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Abstract

Bentonite was selected as the candidate buffer material in deep geological disposal
project for dealing with high level radioactive waste from nuclear power industry. As
two important factors for assessing the properties of bentonite, swelling pressure and
hydraulic properties (hydraulic conductivity and water diffusivity) were studied.
Three bentonites, including MX80, KV1 and KB, were used to study swelling pressure
and hydraulic properties under confined wetting. A newly designed swelling pressure
apparatus and a developed multi-ring were applied to conduct swelling pressure, water
distribution and X-ray diffraction (XRD) tests at the same time. The effects of dry
density, salt solution concentration, salt type and temperature on swelling pressure and
hydraulic properties of bentonites were researched. The results from this study can be
summarized as the followings.

Swelling pressures during saturation of bentonites increase with the rise of dry density
and reduce as the concentration increases. The liquid salt type has opposite impact on
swelling pressures of different cation bentonites. For sodium bentonites (MX80 and
KV1), Ca?" saturated specimens have bigger swelling pressures during saturation than
Na' saturated ones. In case of calcium bentonite (KB), swelling pressure increases when
saturation liquid changes from Ca?* to Na*. No matter the bentonite cation type, distilled
water obtained larger swelling pressure than those from salt solutions. Temperature also
has inconsistent influence on swelling pressure during saturation. Particle bentonite
(MX80) has larger swelling pressure during saturation as the temperature reduces. For
powder bentonites (KV1 and KB), swelling pressures are larger in higher temperature
conditions. There are no effects from initial water content and specimen preparation

method on equilibrium swelling pressure of KV1.



With the relation between volumetric water content and a new parameter y, the water
diffusivity of bentonites during saturation was calculated. Hydraulic conductivity was
obtained by the relation between hydraulic conductivity, water diffusivity and soil
water retention curve. Hydraulic conductivity shows a N shape with the variation of
volumetric water content and decreases as the dry density rises. Water diffusivity
reduces with the increases of volumetric water content and degree of saturation. Water
diffusivity rises as the increases of concentration and temperature. Similar with the
swelling pressures, liquid cation type has opposite impact on the water diffusivity of
different cation bentonites. Sodium bentonites saturated by Ca®" have larger water
diffusivities than those from Na'. For calcium type bentonite, Na" saturated specimens
had larger water diffusivities than saturated Ca®>" ones. No matter bentonite type, water
diffusivities saturated by distilled water were lower than those saturated by Ca** and
Na".

Basal spacing was achieved by the results of XRD tests for slices from multi-ring. Basal
spacing under wetting process grows with the rise of volumetric water content and
degree of saturation. The dry density and concentration have negative influence on the
basal spacing during wetting. Basal spacing decreases when saturation liquid changes
from distilled water to salt solutions. For sodium bentonites, basal spacing saturated by
Ca?" is greater than that by Na*. Regarding calcium bentonite, basal spacing is larger
when saturation liquid is Na" instead of Ca?". Initial water content has no effect on the

basal spacing of distilled water saturated bentonite.
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Chapter 1

INTRODUCTION



1.1 Background

With the progress of urbanization and industrialization, the global electricity demand
grew quickly in the past decades. Figure 1-1 shows the global change in electricity
demand from International Energy Agency (IEA). As we can easily found from Fig. 1-
1, from 2015 to 2018, the demand of electricity increased rapidly. Even though the
demand decreased to some degree due to the Covid-19 pandemic virus in 2019 and
2020, the demand recovered very fast in 2021. It can be seen as Fig. 1-1, electricity
demand in subsequent years has stabilized annually at approximately 800 TWh, which

is a pretty big number.
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Figure 1-1 Global change in electricity demand (IEA 2022)
For offering such a huge amount of electricity demand, various electricity generation
methods had been accepted by countries, such as coal, gas and renewables. The survey
for the electricity generation methods is presented in Fig. 1-2 from IEA. It is a generally
truth from Fig. 1-2 that, the coal and gas still occupied the vast majority. The percent
of renewables and nuclear generations was just a small part. However, the production

of electricity from coal and gas would generate a great amount of greenhouse gases,

such as carbon dioxide (COz).
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Figure 1-2 Global change in electricity generation (IEA 2022)
The over emission of carbon dioxide has been an emergent issue world-widely. Figure
1-3 reveals the regional evaluation of CO2 intensity (IEA 2022). It is apparently from
Fig. 1-3 that, the average of COz intensity for the world in 2020 was about 500 g
CO2/kWh. The CO:2 over-emission induced the temperature rise of the earth, which is
generally designated as global warming, leading the frequent occurrence of unforeseen
disasters. Due to this situation, efforts were made by the societies to changing coal and

gas methods to renewables and nuclear ways.
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1.2 Deep Geological Disposal for High Level Radioactive Waste

As one of clean powers, nuclear power was paid more and more attention by massive
countries in the world. However, as presented in Fig. 1-2, the percent of nuclear power
in total electricity generation is still very limited. Japanese government has decided to
progress the nuclear power industry widely in Japan (METI 2020). Thus, the disposal
of high level radioactive waste (HLW) from nuclear power industry is a very significant

issue for utilizing nuclear power.

SPACE. ! .7 - SN ICE SHEET 'rw
YR % EENBUTATIONEE Mt P
. 9 \ . .

Figure 1-4 Disposal methods for high level radioactive waste (WNA 2022)

Several methods were proposed for dealing with HLW as revealed in Fig. 1-4, including
space, ice sheet, island, sub seabed. Among these methods, many countries planned to
seal HLW in very deeply underground, which is designated as deep geological disposal

method. Comparing to other methods, the reasons why deep geological disposal method



was widely selected are the feasibility and economy.

Table 1-1 shows the details for deep geological disposal method of some countries in
the world from Chen 2022. As we can see from Table 1-1, a multi-barrier system would
be employed for the deep geological disposal project by massive countries all over the
world. The multi-barrier system usually consists of waste container, surround rock,
buffer material as indicated in Table 1-1 and Fig. 1-5. For some ingredients of multi-
barrier system, different country has different choices. For example, the depths for
constructing the multi-barrier system.

Table 1-1 Details for deep geological disposal world widely (from Chen 2022)

Nation | Waste canister Surround rock Buffer material | Depth (m)

Copper shell, Bentonite sand
Canada carbon steel Crystalline rock mixture (50:50) 500-1000

inner tank
Finland | Copper - steel Crystalline rock Pure bentonite 500
Concrete Crystalline Rock Pure bentonite 400-1000
Copper shell,

h . Bentonite sand
French stainless steel Crystalline rock mixture (30:70) 400-1000

inner tank
C'arbon steel Clay rock Pure bentonite 500
inner tank
Copper - steel Crystalline rock 400-700
Sweden | Copper — steel . Pure bentonite
Stainless steel Crystalline rock 400-700
shell
China Granite Pure bentonite 800-1000

A multi-barrier would be employed in the deep geological disposal project for Japan as
well, including Engineering barriers and Natural barriers as presented in Fig. 1-5. In a
Japanese deep geological project, the multi-barrier system would be constructed in
more than 300m underground to prevent the leakage of nuclide waste (JNC 1999; METI

2020; NUMO 2022). For the engineering barriers, there are solidified body, packing



container and buffer/backfill material. The natural barriers consist of rocks and
surrounding soils. Meanwhile, the Japanese deep geological disposal planned to cite

in coastal area for the feasibility of transportation (JNC 1999; METI 2020; NUMO

2022).
(1) Engineering barriers: (2) Natural barriers:
olidified body Rocks
Packaging containers { Surrounding soils
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Figure 1-5 Deep geological disposal method in Japan (modified from NUMO

2022)

1.3 Hydraulic properties and swelling pressure of bentonites
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Figure 1-6 Host rock, buffer material and over packer
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As one of the most crucial ingredients of multi-barrier system, buffer material requires
selected mechanical characteristics as (Fig. 1-6): good thermal conductivity, low
permeability, stable chemical properties, good mechanical properties and strong nuclide
adsorption capacity. Bentonites were chosen as candidate buffer materials by numerous
countries all over the world, such as China (Wang et al. 2018), Japan (METI 2020),
Sweden (SKB 2011), Finland (Posiva 2012) etc. Different bentonites were chosen by
different countries for the buffer materials, as: MX-80, USA; GMZ, China; Kunigel-

V1, Japan; and FEBEX, Spanish.

Table 1-2 Bentonites selected by different countries as buffer material

Nation Bentonite Location
USA MX-80 Wyoming
China Gaomiaozi (GMZ) Inner Mongolia
Japan Kunigel-V1 Yamagata
. Cortijo de Archidona
Spanish FEBEX deposit, Almeria

Comparing to other soils, the thermal conductivity of bentonite is much better. As the
experimental observations by Xu et al. (2019a) and Xu et al. (2019b) for GMZ and MX-
80 bentonites, the thermal conductivity of GMZ and MX-80 are approximate 0.3-1.5
W/mK. Low permeability is very important for avoiding the outflow of HLW in multi-
barrier system. The saturated hydraulic conductivities of bentonites are approximate
1071° 210712 m/s by the testing studies from Komine (2008). Meanwhile, as reported
by Liu et al. (2006), bentonites have pretty good physical and chemical stabilities.
Meanwhile, according to Kubota et al. (2013), bentonite has strong adsorption capacity

for nuclide molecules as cesium, strontium and iodine. As discussed above, bentonites



are suitable candidate buffer materials.

nH, 0
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Figure 1-7 Mineral structure of montmorillonite (Mitchell and Soga 2005)

Bentonite is generally considered as the soil consists of swelling minerals and non-
swelling minerals. Montmorillonite is generally accepted as the only swelling mineral
in bentonites by some scholars (e.g., Komine and Ogata 1996; Komine and Ogata 2004).
Montmorillonite is also designated as smectite for soil science researchers. As well
known in geotechnical area, montmorillonite has a special 2:1 mineral structure, which
includes an alumina octahedral sheet and two silica tetrahedral sheets as indicated in
Fig. 1-7 from Mitchell and Soga (2005).

Figure 1-8 shows the traditional microstructure of montmorillonite from Ruan et al.
(2021). The fabric units, pores and their evolution were concluded in Ruan et al. (2022).
As we can see from Fig. 1-8, unit layers are often stacked one above another in a face-
to-face orientation, further composing particles (Yong 1999). The number of unit layers

required to form a particle varies. Reportedly, it decreases as the degree of saturation



increases (Saiyouri et al. 2004; Chen et al. 2021), meaning that, through the evolution
of hydration, a “big particle” would change to a “small particle” (Laird 1996; Laird
2006). Aside from that point, aggregates comprising several particles are configured.
The aggregate structure is also flexible as wetting proceeds. With an increasing degree
of saturation, “big aggregates” are expected to divide to “small aggregates” and
particles (Suzuki et al. 2005; Musso et al. 2013; Chen et al. 2021). Fabric units are often
divided into three aspects according to their sizes (Fig. 1-8): 1) micro-level, unit layer,
2) meso-level, particle, and 3) macro-level, aggregate. Additionally, pores can be
classified into three types by their respective positions: 1) Micro-pores, inter-layer-

pores; 2) Meso-pores, inter-particle pores; and 3) Macro-pores, inter-aggregate pores.

Inter-layer Particle Unit layer
‘ (TOT)
%Basal spacing (d,) ,""““'““-1 _
b J

TOT (8,=0.96nm)
@Interlayer distance(d,,)

--->» Water molecule

~ . Inter-layer
~=> Exchange cation y

pores
Wk .
% \7 pores (Micro-level)
\\N/ ——————————
- 3 -~ -~ Inter-particle
4 PN -, z \ ~
. ~ 5 Inter-aggregate . & A
S gy gy S S o
SN Y

-~ Goo o rae AN T Meso-level
'I'—/r“'\\\‘\‘\ ‘\%@ \ ',/ ,{:é/x \\\§:T,$}: _‘:,:— \‘ (Meso-level)
={‘S\\“\ \‘\\‘: ] : ‘{ ‘\\\\\\\: f:: g %’II@\\\ ! Inter-aggregate
\ ‘z“'\‘\,\.—»" ! [77'\ / = T ¢@;/I pores
N \ <% 7 (Macro-level)

R\ e

_—-—

Unsaturated state Saturated state

Figure 1-8 Microstructure of montmorillonite (Ruan et al. 2022)
The hydrological properties and swelling pressure of bentonites are very important for
the disposal of HLW. Many scholars paid attention and made effort to the hydrological
properties and swelling pressure of bentonites by experiments (e.g., Samper et al. 2008;

Zheng et al. 2011) and simulations (e.g., Zheng et al. 2017). However, there is still

9



lacking microstructural investigations for hydrological properties and swelling pressure
of bentonites due to the technological shortages of testing methodology.

1.3.1 Hydraulic properties

The hydrological properties, including water diffusivity and hydraulic conductivity, of
bentonites is very crucial for the deep geological disposal project. As reported by Posiva
(2012) and SKB (2011), thousands or even millions of years are needed for the HLW
to decay fully. In this extremely long term, the ground water would intrude consistently
into buffer material, thereby inducing the movement of ground water into buffer
material. Hydrological properties, which are adopted to assess the movement of water,
are significant for the application of bentonite as buffer material.

Water diffusivities (D) of bentonites were studied by scholars with experimental
investigations (Takeuchi et al. 1995; Komine et al. 2018; Wang et al. 2020) and
simulations (e.g., Chijimatsu et al. 2000). From the aspect of tests, there were generally
two methods (Ruan 2022): 1) instantaneous profile method (Fredlund and Rahardjo
1993; Lu and Likos 2004); and 2) reading the reduction of the water in water tube

(Komine et al. 2018; Shirakawabe 2021).

 — —
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Figure 1-9 Instantaneous profile method by cutting evenly height slices (Modified

from Cho 2022)
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Firstly, instantaneous profile method. Normally, scholars studied water diffusivity of
soils by cutting evenly height slices from unsaturated specimens wetted by different
durations (Fig. 1-9). And then, by the relation between water contents (gravimetric
water content, w; volumetric water content, ¢), wetting time () and distance from the
bottom of specimen (z). Takeuchi et al. (1995) studied the water diffusivity of Kunigel-

V1 bentonite with instantaneous profile method by using the following equation:

1 l
D(e) — tz_tlezi(9t=f2_9f=t1)dz

43+ G|
zl zZl

(1-1)

Figure 1-10 reveals the water diffusivity changing with degree of saturation for
1.6g/cm® Kunigel-V1 bentonite from Takeuchi et al. (1995) by using equation (1-1). It
is apparent from Fig. 1-10 that, the water diffusivity exhibits a “U” shape with the
changing degree of saturation. Changing another word, water diffusivity decreases with
increasing degree of saturation, when degree of saturation is low. And, water diffusivity
rises as degree of saturation increase, when degree of saturation is high. Different

phenomenon was found in different degree of saturation levels in Takeuchi et al. (1995).

10—
- ]
2 1 Komine et al. (2018)
g 1 p~1.59g/cm’ by equation (1-3)
Q 1074 ‘ . E
P I
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E \i o ,
.5 - —'\';—'—‘—""':'./-_ ---------
2 | A
B (10| Takeuchi ct al { 1995) 1
% 1 pil .59g/cm’® by equation (1-1) .
= Wang et al. (2020)
p.i~1.53g/cm’ by equation (1-2)
10 . . . .
0 30 60 90 120 150

Degree of saturation, S, (%)

Figure 1-10 Water diffusivity changing with degree of saturation by using

different equations
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Additionally, other investigators tried to find a mathematic relation between water
diffusivity and volumetric water content. An exponential function was found by Wang
et al. (2020) between volumetric water content and a parameter y=z/t. And then, by
bringing that exponential function into Darcy equation, an easy equation for obtaining

the water diffusivity during wetting was obtained, as:

D(6) =A7B—§2 (In(@ - C) - 1) (1-2)
where 4 and B in equation (1-2) are fitting parameters between volumetric water
content and new parameter y. Figure 1-10 reveals the relation between water diffusivity
and degree of saturation by equation (1-2) from Wang et al. (2020) when the dry density

is 1.53g/cm>. It is a generally truth from Fig. 1-10 that, water diffusivity decreases

consistently with the increase of degree of saturation.

Water tube

( : %Q WT

Figure 1-11 Water diffusivity by reading the reduction of the water in tube

Secondly, water diffusivity by reading the reduction of water in water tube (Fig. 1-11).
A linear relation was found between amount of adsorbed water (Q) and V¢ by Komine

et al. (2018), and the water diffusivity calculating equation was proposed as:

Q= 2A’ne’\/§\/? (1-3)
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where A is the sectional area of the specimen; n. is the effective porosity. And, the D
in equation (1-3) can be viewed as an average D during saturation as shown in Fig. 1-
10 for 1.59g/cm® Kunigel-V1 bentonite. As it is clearly from Fig. 1-10, different
calculation equation brings different water diffusivity patterns. However, at the similar

dry density, the difference in the water diffusivity is somewhat small.

10°® ' . ' ' :
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Figure 1-12 Effect of dry density on water diffusivity by instantaneous profile

method
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Figure 1-13 Effect of dry density on water diffusivity by reading water reduction

in water tube
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Figure 1-14 Effect of temperature on water diffusivity by instantaneous profile
method
As a significant parameter to evaluate the movement of water in soil, water diffusivity
was generally accepted being affected by tremendous ingredients. Figure 1-12 reveals
the effect of dry density on water diffusivity by instantaneous profile method from
Takeuchi et al. (1995). Figure 1-13 indicates the effect of dry density on water
diffusivity by reading the water reduction in water tube from Komine et al. (2018). It
can be easily concluded from Fig. 1-12 and Fig. 1-13 that, water diffusivity increases
with the increase of dry density. Takeuchi et al. (1995) also conducted the effect of
temperature on water diffusivity of Kunigel-V1 bentonite during saturation, which is
presented in Fig. 1-14. As can be seen from Fig. 1-14, water diffusivity increases as the
temperature rises. Shirakawabe (2019) and Shirakawabe et al. (2021) putted powder
bentonites into different temperature for different durations and detected the water
diffusivity of compacted bentonite by reading the water reduction in water tube. The
results from Shirakawabe et al. (2021) are that: thermal history has no effect on the
water diffusivity of bentonites. As described above, there is still lacking the research

concerning the effect of salt solutions on water diffusivity of bentonites.
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Measuring hydraulic conductivity (k), including saturated hydraulic conductivity and
unsaturated hydraulic conductivity, of bentonite is pretty hard from the aspect of the
technology. Firstly, the saturated hydraulic conductivity of bentonite is extremely low

at approximately 10™'% - 10™!> m/s as indicated in Fig. 1-15. Traditional falling head
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Figure 1-15 Saturated hydraulic conductivity changing with the dry density of

some bentonites
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and constant head tests are too hard for getting the testing database of such low saturated
hydraulic conductivity material. Secondly, among the hydraulic conductivity testing
duration, the hydration of montmorillonite in bentonite would bring extra volume

deformation, thereby inducing unprecise results.

Regulator Specimen Regulator

P out Outflow Testing cell Inflow P
Burette Burette

Figure 1-16 Hydraulic conductivity test device for bentonite by adding air

pressure (from Ito 2022)

Figure 1-17 Hydraulic conductivity for bentonite by compression apparatus

(from Butsuda 2006)
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Efforts were made by investigators to progress the testing device in order to measure
hydraulic conductivities of bentonites. Now, there are generally two methods adopting
by scholars. Firstly, adding air pressure in traditional falling head tests (Fig. 1-16 from
Ito 2022) to accelerate the flow of water in compacted bentonite. Secondly, transferring
the compression index from compression test to hydraulic conductivity (Fig. 1-17 from
Butsuda et al. 2006). Both these two experimental methodologies can obtain relative
precise saturated hydraulic conductivity of bentonite.

As well known, saturated hydraulic conductivity of bentonite is greatly affected by
many factors, such as dry density, temperature, saturation liquid and testing
methodology. Figure 1-15 presents saturated hydraulic conductivities of MX-80,
Kunigel-V1, GMZ, Kunibon and FEBEX bentonites from literatures. It is a generally
truth from Fig. 1-15 that, for all bentonites, saturated hydraulic conductivity decreases
with the increase of dry density. Attention was paid to the effect of temperature on
saturated hydraulic conductivity of bentonites by scholars. The results from Cho et al.
(1999) showed that, saturated hydraulic conductivity increases with growing
experimental temperature. Some researchers concluded that, saturated hydraulic
conductivity rises when saturation liquid changed from distilled water to salt solutions
(e.g., Komine 2020). Besides that, it was reported that, the saturated hydraulic
conductivities from above mentioned two methods have somewhat difference (Ruan et
al. 2020).

In addition to saturated hydraulic conductivity, unsaturated hydraulic conductivity of
bentonite testing technology was also proceeded recent years. Cui et al. (2008), Ye et
al. (2009) and Wang et al. (2013) installed relative humidity sensors in a column
permeability-meter (Fig. 1-18) to achieve hydraulic conductivities of bentonites during

saturation. By instantaneous profiling method, Takeuchi et al. (1995) transferred water
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Figure 1-18 An apparatus for measuring hydraulic conductivity of unsaturated

bentonite (from Cui et al. 2008)
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Figure 1-19 Hydraulic conductivity changing with suction for MX-80 bentonite
diffusivity to unsaturated hydraulic conductivity by Darcy equation. A “U” shape was
reported by Cui et al. (2008), Ye et al. (2009) and Wang et al. (2013) for the relation
between hydraulic conductivity and suction as reveled in Fig. 1-19. But, there is still
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not so many experimental databases for the effect of dry density, temperature and salt
solutions on unsaturated hydraulic conductivity of bentonites.

1.3.2 Swelling pressure

In addition to low hydraulic conductivity, another important characteristic of bentonite
is its high self-healing ability. As interpreted above, during the decay period of HLW
decaying, ground water would intrude into buffer material. After bentonite contacts
water, its volume will expand, thereby filling the possible voids in multi-barrier system,
which is designated as self-healing capability. As important ingredients to evaluate self-
healing ability, swelling pressures (ps) during saturation, including pressures at peak
(ppeak), valley (pvaiiey), re-peak (prepea) and equilibrium (peq) points of swelling curve
(Fig. 1-20) had been studied by experiments (e.g., Wang et al. 2021; Wang et al. 2022).
As Wang et al. (2022) reported that, pressures at peak, valley, re-peak points increase
with the increase of dry density (Fig. 1-21). However, among those swelling pressures,
most scholars specifically examined equilibrium swelling pressure instead of peak,

valley, re-peak swelling pressures.
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= peak point o .
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Time

Figure 1-20 Traditional swelling pressure evolution curve and definition of

swelling pressures
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density from Smm thickness specimen (Wang et al. 2022)

There are generally four methods adopting to obtain equilibrium swelling pressure of

compacted bentonite (Sun et al., 2009; Tang et al., 2011): 1) stepwise consolidation

method, 2) one step consolidation method, 3) constant volume method and 4) zero

swelling method. With those methods, equilibrium swelling pressures of bentonites

were greatly investigated. Equilibrium swelling pressure is sensitive to many factors

such as dry density and saturation liquid. A literature survey is revealed in Fig. 1-22 for

indicating the trend of equilibrium swelling pressure with changing dry density. It is a

general truth from Fig. 1-22 that, for all these bentonites, equilibrium swelling pressure

increases with the increase of dry density. Besides that, equilibrium swelling pressure

was reported decreasing when the saturation liquid changed from distilled water to salt
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solutions (Zhu et al. 2013; Sun et al. 2015; Chen et al. 2019). And, equilibrium swelling

pressure reduces as increasing concentration of salt solution (e.g., Lee et al. 2012; Sun

et al. 2015).
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Figure 1-22 Equilibrium swelling pressure of some bentonites changing with dry

density from literatures
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Different from above ingredients, temperature effects on equilibrium swelling pressure
were inconsistent based on the results of a literature survey presented in Table 1-3. As
one might be noted from Table 1-3, equilibrium swelling pressure of Kunigel-V1
bentonite (Kodama et al. 2004; Kanazawa et al. 2020) and Bikaner bentonite (Bag and
Rabbani 2017) increased with increasing temperature. Equilibrium swelling pressure of
MX-80 (Pusch et al. 1990; Bag 2011; Tripathy et al. 2015), FEBEX (Villar and Lloret
2004; Villar et al. 2010), GMZ01 (Ye et al. 2014; Chen et al. 2018; Chen et al. 2019),
and B bentonite from India (Jadda and Bag 2020) decreased as the increase of
temperatures.
Table 1-3 Temperature effect on equilibrium swelling pressure of bentonites

from Literatures

"Kunigel-
Bentonite 2MX-80 | *FEBEX | “GMZ01 | *Bikaner ‘B
Vi
Type Na Na Ca-Mg Na Ca Na
Temperature
2090 20-90 20-80 20-80 25-90 25-95
°C)
Dry density 1.6 and
1.2-2.0 1.5-1.8 1.7 1.6 1.6
(g/cm?) 1.8
Effect Increase | Decrease | Decrease | Decrease | Increase | Decrease

Notes: Increase, increase with rising temperature; Decrease, decrease with rising temperature.

! Kodama et al. 2004, Kanazawa et al. 2020; 2 Pusch et al. 1990, Bag 2011, Tripathy et al. 2015;
3Villar and Lloret 2004, Villar et al. 2010;  Chen et al. 2018, Chen et al. 2019:

5 Bag and Rabbani 2017; ¢ Jadda and Bag 2020.

1.3.3 X-ray diffraction
X-ray diffraction (XRD) technology was employed to make sense of soil characteristics
in geotechnical area. Normally, the XRD was used to analysis the mineral composition

in the soils. A specific XRD diffraction angle degree (¢) is considered to correspond to

22



a specific mineral. An example is presented in Fig. 1-23 as the XRD profile of Kunigel-
V1 bentonite in this study. It can be seen from Fig. 1-23, for the detection of mineral in
bentonite, the diffraction angle is corresponding to approximate. 6° and 29°. However,
it is pretty hard to obtain the percent of specific mineral in a soil by the intensity of a
specific diffraction angle. Thus, a great mount of scholars just made use of the

diffraction angle instead of intensity.

400000 -—
3 2 Kumigel-V1
3500001 E E .
!E —
¢ 3000004 | 2 g .
3 =k
. 250000{ | = = 1
2
w1
g 200000 - .
2 ]
(=]
= 150000 1 .
100000 - .
50000 - k| -
0 N MNJU’—‘WJLA_JLAW* ]
0 20 40 60 80 100

XRD diffraction angle, 2¢ (°)

Figure 1-23 XRD profile of Kunigel-V1 bentonite used in this study
Recently, for bentonite researchers, XRD was used to detect the difference in interlayer
distance (basal spacing, door) of liquid-saturated bentonite specimens (Suzuki et al.
2005; Lee et al. 2012; Villar et al. 2012), furthermore explaining the difference in
equilibrium swelling pressure. When bentonite absorbs water, the montmorillonite
crystal layers undergo a hydration reaction, causing swelling in the ¢ direction (001).
Along with the increase of adsorbed water molecules, the swelling of montmorillonite
proceeds and the distance between montmorillonite (basal spacing, door) crystal layers
increases. This distance can be detected using XRD tests results (e.g., Holmboe et al.
2012; Villar et al. 2012). As Villar et al. (2012) reported, the basal spacing can be

calculated from the peak position when 2¢ =approx. 4-8° using Bragg’s law as:
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A
door = ———— (1-4)

2sin @peak
where A denotes the wavelength of incident wave (=1.5418 A), n expresses the position
integer (=1), and @pear signifies ¢ at the peak (°). About the unsaturated state, water
vapor with a certain humidity was often used to obtain unsaturated specimen for XRD
detection instead of liquid water (Saiyouri et al. 2004; Likos and Lu 2006). Meanwhile,
for unsaturated bentonite XRD tests, powder specimen rather than compacted one was
adopted (Moore and Hower 1986; Morodome and Kawamura 2009). Another important
parameter can be observed from basal spacing is the state of water molecule
arrangement in inter-layer space (L, Fig. 1-24). As Wang et al. (2020) reported,
door=1.01 nm, 1.25 nm, 1.55 nm and 1.90 nm are viewed as the dividing values for

L=0w, 1w, 2w and 3w, respectively.
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Figure 1-24 Schematic showing state of water molecule arrangement between
montmorillonite layers (L)
Regarding the basal spacing of saturated specimen, it was reported by experimental
investigations that being affected by many factors. It was found that basal spacing of
saturated specimen decreases with the increase of dry density as revealed in Fig. 1-25
for MX-80 bentonite from Holmboe et al. (2012) and Villar et al. (2012). And, it was
discovered that basal spacing of saturated specimen reduces as concentration of salt

solution rises (Lee et al. 2012). In case of basal spacing of specimen during saturation.
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Wang et al. (2020) saturated Kunigel-V1 bentonite with distilled water. The results
indicated that basal spacing increases step wisely with rising water content as presented
in Fig. 1-26. But there is lacking the testing database for basal spacing of bentonite

saturated by salt solutions.
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Figure 1-25 Basal spacing of saturated specimen changing with dry density for
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1.4 Research objectives

In this thesis, a newly developed multi-ring was applied in a newly designed swelling
pressure apparatus to evaluate the hydraulic properties and swelling pressure of three
bentonites (two sodium bentonites: MX-80 and Kunigel-V1; one calcium bentonite:
Kunibond) during saturation. At the same time, slices from the multi-ring were sent to
X-ray diffraction tests to observe the basal spacing. The effects of dry density, salt
solution, concentration, temperature and initial water content on hydrological properties
and swelling pressure of bentonites were researched. Basal spacings from X-ray
diffraction tests were used to explain the effects of dry density, salt solution,
concentration, temperature and initial water content on hydraulic properties and

swelling pressure of these bentonites.

1.5 The innovations of this study

Firstly, this study used a newly developed swelling pressure apparatus. Comparing to
other traditional swelling apparatus, this new swelling pressure apparatus can obtain
repeatable swelling pressures of bentonites during saturation process.

Secondly, this study used a new multi-ring. By applying this new multi-ring in the
newly developed swelling pressure apparatus, swelling pressure, hydraulic properties
and XRD information can be obtained at the same time.

Thirdly, a new dual pore system was proposed basing on the microstructure of bentonite.
Meanwhile, basing on the assumption that montmorillonite unit layers uniformly
distributed in the compacted specimen during saturation, new equations for quantifying

the dual pore system were proposed. Additionally, the new dual pore system was
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adopted to evaluate the swelling pressure and hydraulic properties of bentonites during

hydration.

1.6 Construction of the thesis

Background and Literature survey Chapter 1
[

Materials and physical parameters Chapter 2
Swelling pressure test, water I

water and Na*
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test synchronous] \ Devices and Testing details
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1-27 Research flow
This thesis is divided into 11 chapters and can be seen as the following flow chart in
Fig. 1-27. The details were presented as followings:
Chapter 1: Introduction. In this chapter, the background and literature survey were
carefully interpreted.
Chapter 2: Materials and physical parameters. Three bentonites used in this study were
introduced. The testing methodologies for physical parameters and their values were
introduced.

Chapter 3: Devices and testing methodology. The newly developed swelling pressure
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apparatus and the new multi-ring were introduced.

Chapter 4: Hydraulic properties and swelling pressure of bentonites with XRD. The
results, including swelling pressure, water distribution and XRD profiles, from new
devices were displayed. By introducing a new parameter ¥, a simple equation for
calculating the water diffusivity was proposed. Furthermore, by water diffusivity and
soil water retention curve, the hydraulic conductivity during saturation was achieved.
Basing on the XRD profiles, the basal spacing was calculated with Braag law.

Chapter 5: The effect of dry density on hydraulic properties and swelling pressures of
bentonites with XRD. Swelling pressure, water diffusivity and hydraulic conductivity
during saturation of different dry densities bentonites were displayed. The basal
spacings from different dry densities bentonites were used to make sense the dry density
effect on swelling pressure and hydraulic properties.

Chapter 6: The effect of Na“ concentration on hydraulic properties and swelling
pressure of bentonite with XRD. In this chapter, NaCl solutions with different
concentrations were used as saturation liquids to investigate the concentration effect of
swelling pressure and water diffusivity of bentonite under wetting process. Additionally,
by the XRD results, the concentration effects were discussed.

Chapter 7: The effect of Na" concentration on movement of water and salt in bentonites
with XRD. By using a simple wetting apparatus and multi-ring, infiltration tests wetted
by NaCl solutions with different concentrations were conducted. The movements of
water and salt were assessed by the water content and soil water concentration,
respectively.

Chapter 8: The effect of salt types on hydraulic properties and swelling pressure of
bentonites with XRD. In this chapter, distilled water, 0.5mol/l NaCl solution and

0.5mol/l CaClz solution were used as saturation liquids. Combining XRD results,
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swelling pressure and water diffusivity of different cation bentonites saturated by
different solutions were discussed.

Chapter 9: The effect of temperature on hydraulic properties and swelling pressure of
bentonites. In this chapter, swelling pressures and water diffusivity tests of bentonites
were carried out at different temperature. By the grain size of bentonite, the swelling
pressure and water diffusivity phenomenon were explained.

Chapter 10: The effects of initial water content and specimen preparation method on
swelling pressures of bentonite with XRD. In this chapter, the swelling pressure
evolution curve pattern of specimen with different initial water contents was discussed.
The effects of specimen preparation method and initial water content on equilibrium
swelling pressure were interpreted. Basal spacing of specimen before and after wetting
test was used for discovering the mechanism.

Chapter 11: Conclusion and Application. The conclusions from this thesis were
concluded in this chapter. Besides that, how this thesis can progress the application of

bentonite in deep geological disposal project was interpreted.
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2.1 Materials

Three bentonites were used in this study: 1) a sodium type bentonite from Wyoming,
USA: MX-80 (MX80). MX80 has be selected as candidate buffer material for many
countries, such as USA; 2) a sodium type bentonite from Yamagata, Japan: Kunigel-
V1 (KVI). KV1 was chosen as the candidate buffer material for Japanese deep
geological disposal project; and 3) a calcium type bentonite from Miyagi, Japan:
Kunibond (KB). Figure 2-1 shows outlooking of these three bentonites. As we can see
from Fig. 2-1, MX80 has a brown particle prefecture. KV1 is a grey powder and KB is

a yellow powder.

Figure 2-1 Outlooking of bentonites

2.2 Physical parameters

40



2.2.1 Grain size distribution

Figure 2-2 Sieve and hydrometer for grainsize distribution test

The grain size distributions of bentonites were tested generally following JIS A 1204-
2020. Herein, grain size distributions of MX80 bentonites were tested with both sieve
and hydrometer (Fig. 2-2). The grain size distributions of KV1, and KB were detected
using only hydrometer (Fig. 2-2). Grain size distribution with the sieve was decided by
weighing the soil mass. It is noteworthy that in JIS A 1204-2020, when using a
hydrometer to obtain grain size distribution for clayey soil, an approx. 65 g soil mass is
recommended for mixing with 1 L solution. However, Wang et al. (2020) tested the
grain size distribution of KV1 bentonite with a hydrometer and recommended 15-30 g
for hydrometer test can obtain better repeatable results. For this study, an approx. 20 g
mass was adopted for hydrometer tests. Figure 2-3 indicates the grain size distributions
of these three bentonites as the method introduce above. Mitchell and Soga (2005)
divided soil grain sizes into two aspects: 1) fine (powder) soils, with grains of diameter
less than 0.07 mm; and 2) particle soils, with grains of diameter greater than 0.07 mm.
It is apparent from Fig. 2-3 that grains larger than 0.07 mm of MX80 are both over 50%,

which shows that particle soils dominate the contents of MX80 bentonites. For this
41



study, MX80 was designated as particle bentonite. For KV1 and KB bentonites, 95%
of grains were smaller than 0.07 mm, reflecting that powder soils account for most of

the composition. Therefore, KV1 and KB are designated as powder bentonites.
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Figure 2-3 Grain size distributions of bentonites

2.2.2 Soil particle density

Figure 2-4 Soil particle density testing details
Soil particle density was measured by JIS A 1202:2020. It is noted that 5g powders was
used for the soil particle density tests, even though ~10 g was recommended by JIS A
1202:2020. This is because of the fact that, as the experimental observation by Wang

et al. (2021), ~10 g powder with 100 ml pycnometer (Fig. 2-4) is very hard for letting
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all the air out when vacuuming the pycnometer (Fig. 2-4). The test apparatuses required
are as followings:

(1) Pycnometer

(2) Thermometer

(3) Ultrasonic disperser

(4) Desiccator, decompression pump

Procedures for the test method are as follows:

(1) Measure the mass of the pycnometer and the mass when the pycnometer is filled
with pure water. Also, measure the temperature of distilled water.

(2) Put 50 ml of pure water and ~ 5 g of powdered sample in a beaker and disperse the
sample using an ultrasonic disperser.

(3) Use a funnel to transfer the beaker contents to the pycnometer and add pure water
to two-thirds of the total pycnometer.

(4) Place the pycnometer in a desiccator decompressed by a pump and continue vacuum
degassing for 1 week. In addition, shake the pycnometer once a day to promote
degassing. Figure 2-5 shows the appearance of vacuum degassing.

(5) Determine the density of soil particles.

Soil particle densities of bentonites are indicated in Table 2-1.

Table 2-1 Soil particle densities of bentonites

MX80 KVl KB

Soil particle density (g/cm?) 2.88 2.76 2.63

2.2.3 Liquid limit and plastic limit
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Figure 2-5 Liquid and plastic limits testing details

The liquid limit and plastic limit tests were conducted to investigate the changes in the
state of soil depending on its water content. If the liquid limit test is performed
according to general method (JIS A 1205:2020) the sample swells every time as water
is added. Hence, the sample need to be cured about one week (Fig. 2-5) so that to avoid
the problem of thixotropy. In this study, the following method was performed to obtain
reliable results. Following list presents the test apparatus.

(1) Liquid limit measuring apparatus

(2) Groove-cutting gauge

(3) Glass plate

(4) Spatula

(5) Dryer

(6) Evaporating dish

(7) Constant temperature drying oven

(8) Round bar of 3 mm in diameter

Outline of test method are as followings:
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(1) For the plastic limit test, the above method is used because reliable results can be
obtained by standard method (JIS A 1205:2020). For the liquid limit test, the following
method is used.

(2) Prepare about 100 g of the sample and transfer it to a vat. Add pure water to the vat,
cover with plastic wrap, and cure for one week. The amount of water added should be
such that the number of blows would be about 10 times when using a liquid limit
measuring device.

(3) Transfer an appropriate amount of the cured sample to a glass plate and knead it
with a spatula. At the time, a dryer is utilized to reduce the water content, and moisture
on the surface is blown off by the dryer, so the entire sample is kneaded evenly (Fig. 2-
5).

(4) Measure the liquid limit of the sample after adjusting the water content ratio in the
method described in 3) using the liquid limit measuring instrument.

Plastic and liquid limit of bentonites are indicated in Table 2-2.

Table 2-2 Liquid and plastic limits of bentonites

MX80 KV1 KB
Liquid limit (%) 4373 468.1 128.7
Plastic limit (%) 28.7 29.1 58.4

Plasticity index (%) 408.6 439 70.3

2.2.4 Montmorillonite content

The swelling properties of bentonite are mainly attributed to montmorillonite.
Therefore, the content of montmorillonite is a significant indicator to describe the
property of bentonite. Montmorillonite content was determined by the methylene blue

adsorption capacity test using the spot method (JIS Z 2451:2019). The final results are
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revealed in Fig. 2-6. And, the montmorillonite contents of bentonites are listed in Table

2-3.

KVl1

‘f’“‘ T3

Figure 2-6 Montmorillonite content testing details

Table 2-3 Montmorillonite contents of bentonites

MX80 KV1 KB

Montmorillonite content (%) 61 50 78

2.2.5 Cation exchangeable capacity

o=

o H-=S &

Figure 2-7 CEC testing details
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Table 2-4 CECs and EXCs of bentonites

MX80 KV1 KB

Bentonite type Na Na Ca
CEC 1.237 1.043 0.775

CEC, Total cation exchangeable
EXCna 0.727 0.613 0.114
capacity (meq/100 g);
EXCca 0.408 0.404 0.570
EXC, amount of extractable
EXCwmg 0.091 0.02 0.07
cations (meq/100 g)

EXCk 0.011 0.01 0.02

As a very special soil, cation exchangeable exchange capacity (CEC) is crucial for
understanding the physical properties of bentonite. In Komine and Ogata (2004), CEC
was used to predict the swelling characteristics of several bentonites. And Komine
(2008) used the CEC to estimate saturated hydraulic conductivity of bentonite. The
CECs of these three bentonites were tested with JGS 0261-2020. In this method, in
order to determine CEC of bentonite, bentonite samples are leached with BaCl, and
MgSOs4 solution and the leached solutions are analyzed by inductively ICP-OES (Fig.
2-7). Because bentonite has relatively higher CEC than other soils, as reported by Yan
(2021), only leaching one time by BaCl> and MgSOa is not enough. Thus, this study
leached the powder bentonites 3 times before taking to concentration test by ICP-OES.
Table 2-4 lists the CECs and EXCs of bentonites. As we can see from Table 2-4, Na*

dominates the EXC of MX80 and KV1 and Ca?" dominates the EXC of KB.
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Chapter 3

DEVICES AND TESTING METHODOLOGY
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3.1 Devices

3.1.1 Swelling pressure apparatus

As significant ingredient to assess swelling ability, swelling pressures (ps) of bentonites

had been greatly researched by different experimental methods. There are generally

four methods adopting to obtain swelling pressure of compacted bentonite (Sun et al.,

2009; Tang et al., 2011): 1) stepwise consolidation method, 2) one step

Table 3-1 Physical parameters values of materials in literature survey

Montmorillo tCEC or EXC
Material | Mining location Reference
nite content (meq/100g)
Tsukinuno mine, Na: 51.3, Ca: 41.7 Suzuki et
50-55%
Yamagata, Japan Mg: 8.8 K: 0.89 al., 1992
Na: 53.9, Ca: 48.5 | Maeda et al.,
ditto 50%
Mg: 74 K: 1.4 1998
KV1 Na: 54.6, Ca: 41.9
ditto 46-49% INC 1999
Mg: 6.6 K: 1.3
CEC:73.2
Komine and
ditto 48% Na: 40.4, Ca: 28,7
Ogata 2004
Mg: 3.0K: 0.9
Cortijo de CEC: 102+4
Villar et al.,
Archidona deposit, 92+3% Na: 27+1, Ca: 35+2
2012
Almeria, Spain Mg: 3143
FEBEX
CEC: 102+4
ENRESA
ditto ditto Na: 2542, Ca: 42+3
2000

Mg: 3242 K: 2.5+0.3

 CEC: total cation exchangeable capacity; EXC: amount of extractable cations.
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consolidation method, 3) constant volume method and 4) zero swelling method. Among
these methods, zero swelling method is most often used because this method is most
close to actual condition - deformation of buffer material is restricted by surrounding

natural rock.
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Numerous investigations studied equilibrium swelling pressure (peq, swelling pressure
in equilibrium state) of compacted bentonites, which has been proved sensitive to many
factors, such as dry density (Villar and Lloret, 2008; Kaufhold et al., 2015; Wang et al.,
2021). A literature survey was conducted to find the variation of equilibrium swelling
pressure with dry density by utilizing zero swelling method. Testing results of KV1
(sodium type bentonite, candidate buffer material for Japanese project) and FEBEX
(calcium-magnesium bentonite, buffer material for Spanish project) by some
researchers are indicated in Fig. 3-1. Their materials physical parameters values are
presented in Table 3-1. As easily found from Figure 3-1 that equilibrium swelling
pressures of similar specimens under the same dry density might have several hundred
kilopascals or even several megapascals difference. For example, as KV 1 bentonite, the
equilibrium swelling pressure from JNC (1999) and Komine and Ogata (1994) have
somewhat difference, even though their physical parameters were similar. Reasons for
this phenomenon can be explained from the experimental instrument issues (Tanaka
2011; Tanaka and Watanabe 2019). Therefore, it is needed to improve apparatus for

getting consistent results.

outlet
Stainless steel mesh
Bolt T and filter paper

Inlet 7L
nle ﬁ'— /SP/EC/W’H/§|
—g [T oading |u‘ﬁ .
—Hi | L plate ) —— Mould ring

- —_— \‘ |
—— Middle
. Sensor | — rine
Stainless steel mesh — £
and filter paper D::p L
——-//J"
Supporting —"| 7l \“‘“— Rolling
plate bearing

Loading screw

Figure 3-2 New swelling pressures apparatus
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In this study, a developed apparatus (Wang et al. 2022) was used for measuring swelling
pressure. The new swelling pressure apparatus overview is presented in Fig. 3-2. A
10mm-height ring is confined by the top cap and middle ring, the vertical deformation
of specimen (10 mm-height, 28 mm-diameter) is restricted by the top cap and loading
plate. Under the loading plate, there are sensor, rolling bearing, supporting plate and
loading screw. Initial touch between specimen and loading plate can be achieved by
rotating the loading screw. The loading plate diameter is designed to be greater than the
ring inner diameter to avoid imparting stress on the specimen when rotating the loading
screw for initial contact. Water is designed to be supplied from the opening of middle
ring. After passing through an approximately 0.3 mm-wide gap between loading plate
and middle ring, water flows into the specimen from around the loading plate. All the
parts of swelling pressure apparatus were made by SUS303 stainless steel. Herein,
several issues concerning the apparatus design are clarified as followings:

(1) The application of loading plate. A loading plate was used in the new swelling
pressure apparatus instead of porous metal/stone for increasing system stiffness of
swelling pressure apparatus. As reported by Tanaka and Watanabe (2019), slight
volumetric strain of compacted bentonite caused by the finite apparatus stiffness may
induce a reduction of measuring swelling pressure. The stiffness of loading plate is
much greater than porous metal/stone, further increasing the system stiffness.

(2) Sensor vertical deformation. A strain-gauge type sensor (CLS-10KNB, Tokyo
Measuring Instruments Lab.) was applied in the new swelling pressure. From the
personal communication, the theoretical vertical deformation is approx. 1.35 (um/ MPa
of ps), which is very small. Meanwhile, no obvious deformation was found for specimen

after swelling pressure test as Fig. 3-3.
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Figure 3-3 Schematic diagram of specimen after swelling pressure test

(3) Penetration issue. As described above, there is an only 0.3-mm gap for the
testing liquid to flow into the specimen, it is reasonable to suspect whether the specimen
can be supplied effectively. For checking whether the specimens were effectively
saturated during wetting, another sets of infiltration tests by different swelling pressure
apparatus were conducted. Figure 3-4 shows a traditional swelling pressure apparatus
by applying a porous metal in the bottom of the specimen. The water volume flowing
into the compacted bentonite with the change of wetting duration by traditional device
as Fig. 3-4 and new swelling device as Fig. 3-2. In case of traditional swelling pressure
apparatus, it is noted that the porous metal was pre-saturated before the infiltration test.
It can be easily found from Fig. 3-5, the water volume flowing into the specimen at the
similar dry density with two devices are somewhat close with each other, which may
indicate that the specimen applied in the new swelling pressure device can be saturated

effectively during hydration process.
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After that, it is necessary to check the repeatability of the newly designed swelling

apparatus comparing to other swelling pressure apparatus. Figure 3-6 presents two
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traditional swelling pressure apparatus from Komine Lab, Waseda university. These
two devices are pretty different from the newly developed apparatus. For the traditional
apparatus 1, the deformation of specimen was designed to be restricted by the bolt in
the top cap. And, the sensor was installed between two metal cylinders. Regarding the
traditional apparatus 2, the sensor was installed under the loading plate. However, there
is no loading screw under the loading plate to ensure the initial touch of specimen and
Sensor.

a) Traditional apparatus 1 b) Traditional apparatus 2

Bol outlet
olt .
Top cap | Bolt Wj / —— Mould ring

- | Top éap
Sensor P
Metal — ~Specimen Y
cyhnd.er ~-Out Inlet TN T ©
Specimen — R ring = plate 8]
N 4 y—{Inlet
Porous —+| ‘ Sensor — |
metal o X2 —
T /

Figure 3-6 Two traditional swelling pressure apparatuses
Figure 3-7 reveals the swelling pressure evaluation curves of KV1 from two traditional
swelling pressure apparatus when their dry densities are approximately. 1.6 g/cm’. It
can be easily seen from Fig. 3-7 that, under the similar specimen dry density, neither
the swelling pressure evolution curve and equilibrium swelling pressure have good
repeatability. From Fig. 3-7 (a), for the traditional apparatus 1, the peak and valley
points of swelling pressure evolution curves are pretty different. Meanwhile, the
equilibrium swelling pressure have somewhat difference. Additionally, the swelling
pressure evolution curves with traditional apparatus 2 are presented in Fig. 3-7 (b).
Comparing to the traditional apparatus 1, the repeatability of swelling pressure
evolution was greatly progressed. But, the equilibrium swelling pressure did not exhibit

consistent results.
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Figure 3-8 indicates some swelling pressure evolution curves of three bentonites used
in the study by using the new swelling pressure apparatus. It can be easily concluded
from Fig. 3-8, for all three bentonites (MX80, KV1 and KB), the swelling pressure
evolution curves become very close when they have similar specimen initial conditions.
Besides that, regarding equilibrium swelling pressures of these three bentonites. The

equilibrium swelling pressures are very close when the dry densities are similar.
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traditional apparatus

58



|¥5]
[==]

=~ 2) MX80
EZ.S - -
e 4 4
2.0 rv/i 1
L
E 4 i
g 1.5+ .
a,
e01.0 -
= ]
20.5- —— 1.63g/cm’|
@ —— 1.63g/cm®| 1
0.0 . . . 1
0 50 100 150 200 250 300
Time, 7 (h)
1.5 T T T T T T T
= b)KV1 —— 1.61g/cm’
% — 1.61g/cm?| ]
o
o 1.0 .
5
2
w
2
2005 -
=]
;E
I5)
=
N
0.0+ -
0 50 100 150 200 250 300 350
Time, 7 (h)
35 T T T T T T T T T
= c) KB
E 3.0 :
L2251 .
=
5 2.0 .
wn
we
g 15 §
a8,
o0
é 1.0 8
E 05 - —1.48g/cm’| |
n ——1.49g/cm?
0.0 1 T T T T T T T T T T —
0 50 100 150 200 250 300
Time, 7 (h)

Figure 3-8 Some swelling pressure evolution curves of bentonites by the new

apparatus

59



3.1.2 Multi-ring

In this study, for combing hydrological-mechanical tests with X-ray diffraction (XRD)
test, a multi-ring was designed to apply in the swelling pressure apparatus, which is
indicated in Fig. 3-9. By combing 5 approximately 2 mm mold rings (Fig. 3-10) and 4
approximately. 0.25 mm two-piece rings (Fig. 3-10), the multi-ring has the height of

approximately. 11 mm and the inner diameter of 28 mm (Fig. 3-9).

Mold Two-piece
/ ring ring

= 7 / 'No.5

= \ i 'No.4

— | | No.2

l | | No. ]|
28mm

Two-piece ring (~0.25mm)

Figure 3-10 Schematic of Mold ring and Two-piece ring
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3.2 Testing Methodology

Static compaction by jack

Enclosing ring @

Outer ring

Compacting

Compacting

Basal block

Basal block

Multi-ring

Figure 3-11 Schematic of making compacted specimen

Figure 3-12 Static compression device
Firstly, air dried powders were putted into the multi-ring (Fig. 3-11) and compressed in
the static compaction device (Fig. 3-12). For each bentonite, several specimens were

prepared for different wetting duration. After specimens were wetted for various
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durations, multi-rings were taken out from swelling apparatus. Vertical deformation of
the multi-ring was constrained by the clip immediately (Fig. 3-13). Later, two-piece
rings were removed. The specimen was sliced carefully into five slices using a thin saw
(0.20-0.25 mm thickness, Fig. 3-13). Then, each slice was sealed with Para film
immediately. Slices were left in constrained condition (Fig. 3-13) at room temperature

for at least 48 h to achieve a uniform water distribution inside the slice.

Figure 3-13 Schematic for making slices from multi-ring

Subsequently, slices were taken to XRD tests (Fig. 3-14). The XRD device is RINT-
Ultimalll; Rigaku Corp., Japan (Fig. 3-15). The X-ray scan range was 2.7°-10° with
scan speed of 20°/min. After swelling and XRD tests, the water content of each slice

was measured.

Detector

Irradiated
area 2mm ring

Figure 3-14 Schematic for XRD test
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Figure 3-15 XRD apparatus
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4.1 Testing overview

In this chapter, MX80, KV1 and KB were used. For each bentonite, seven specimens
were prepared for the wetting duration of 2-240 h. Specimen details are presented in
Table 4-1. The swelling pressure apparatus used in chapter is shown as Fig.3-2. And
the testing methodology was followed as interpreted in Chapter 3.

Table 4-1 Specimen details

Target dry Initial water Size (Hightx Wetting
Bentonite
density (g/cm®) | content (%) Diameter) duration (h)
MX80 1.6 8.92-8.99
2,4,8,24,48,
KV1 1.6 8.27-8.46 ~1 Immx*28mm
120 and 240
KB 1.3 13.63-14.02
4.2 Results

4.2.1 Swelling pressure

Figure 4-1 presents the swelling pressure evolution curves for the bentonites: MX80,
KV1, and KB. A curve with peaks and valleys were reported massively by scholars
(Imbert and Villar 2006; Wang et al. 2020) for the swelling pressure changing with
wetting duration. Additionally, this curve can be divided into 4 areas, as: 1) initial quick
increase area, 2) drop area, 3) re-increase area, and 4) long-term stable area. As might
be apparent from Fig. 4-1, swelling pressures increase quickly for all three bentonites
during the first approx. 5 h. Swelling pressures subsequently dropped at approx. 20 h.
Later, stable rising of swelling pressures occurred. Finally, swelling pressures remained
at relative stable values for a long time. The swelling pressure developing patterns in

this study are similar as Imbert and Villar (2006) and Wang et al. (2020).
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Figure 4-1 Swelling pressure evolution curves of bentonites
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Swelling pressures of bentonites at different wetting durations is indicated in Fig. 4-2.
Firstly, regarding MX80 and KV1 bentonites swelling pressure during saturation.
MX80 and KV1 are both sodium bentonites. Meanwhile, the dry density of MX80 and
KV1 are both 1.6g/cm?, respectively. As we can see from Fig. 4-2, swelling pressures
during saturation of MX80 are bigger than KV 1. Table 2-3 presents the montmorillonite
contents of MX80 and KV1. The montmorillonite content of MX80 (61%) is greater
than KV1 (50%). A ready conclusion might be made herein that, for the same cation
type bentonite at same dry density, larger montmorillonite content has bigger swelling
pressure along with the saturation. However, there is still no clear trend can be found
from Fig-4-2 for the effect of bentonite cation type on swelling pressures during

saturation. Because the dry density of KB adopted in this study is much lower than

MX80 and KV1.
1.5 T T T T T T
=y —=— MXS80
ay —ea— KVI
é 1.2 1 —a— KB -
N
0 — -
?, 09 L a
n 3
L
Q4 0.6 .
o0
g
© i i
= 03
72}
0.0 . T

0 50 100 150 200 250 300
Time, ¢ (h)

Figure 4-2 Swelling pressures of bentonites at different wetting durations
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4.2.2 Hydraulic properties
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Figure 4-3 Gravimetric water content of slice changing with distance from

bottom of bentonites
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Gravimetric water contents in slices after water absorption are presented in Fig. 4-3. It
is a general truth from Fig. 4-3, gravimetric water content generally decreases as
increasing distance from bottom of specimen and increases with the rising wetting
duration, when the wetting duration shorter than 120h. After 120h, gravimetric water
contents stay in relative stable values. Bruce and Klute (1956) and Corey (2003) related
water diffusivity (D) of soil with volumetric water content (¢) and hydraulic

conductivity (k) by Darcy equation as:

7= mPO) (@)

When analyzing the results, the influence of gravity (0k/0z) on water flow was often

ignored. Therefore, equation (4-1) can be expressed as:

20
5 =5 (0OF) @2
Klute and Dirksen (1986) brought a parameter y (=z/\t) into equation (4-2), and used

Boltzmann transformation changed that partial differential equation into an ordinary

equation as:

D) = ~3 (%) Jor x(0) o (4-3)

deé

where 6y signifies the initial volumetric water content, %. In this study, specimens were
cut into slices of equal height to obtain water diffusivity. Clothier et al. (1983) and
Wang et al. (2020) tried to use mathematical methods to fit the relation between y and
0. As Wang et al. (2020) reported, the relation between y and € can be given as:

x(0) = A—Bln(6 - C) (4-4)
where A, B and C are fitting parameters with testing data. Besides that, by bringing
equation (4-4) into equation (4-3), an easy equation for the calculation of water

diffusivity can be proposed:
2
D) =2 -7 (In(8 —C) — 1) (4-5)
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Figure 4-4 presents the relation between @ and y for MX80, KV1 and KB, respectively.
It can be seen from Fig. 4-4, experimental database generally follows equation (4-4).
Therefore, the determination for water diffusivity in this study can be calculated by
using equation (4-5). Figure 4-5 depicts water diffusivity changing with the volumetric
water content. It is apparent from 4-5, water diffusivity decreases with the increase of
volumetric water content. Water diffusivity changing with the degree of saturation is
revealed in Fig 4-6. As we can found from Fig. 4-6 that, water diffusivity reduces
consistently with increasing degree of saturation. In Fig. 4-6, it can be observed that
degrees of saturation of bentonites all over 100%, which was also revealed in Wang et

al. (2020). This phenomenon may because of the fact that the water density in

compacted bentonite > 1g/cm?® (Wang et al. 2020), which may result from the higher

density for the water in inter-layer pores of bentonite.

A U shape curve for the relation between water diffusivity and degree of saturation was
reported by Takeuchi et al. (1995) by using the equation (1-1). And, a linear relation
was informed by Komine et al. (2018). A continuous decreasing curve was reported by

this chapter and Wang et al. (2020).
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Figure 4-7 Water diffusivity changing with degree of saturation for KV1 from
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Figure 4-7 shows the water diffusivity results of KV1 for dry density at approximate

1.6g/cm® from Takeuchi et al. (1995), Komine et al. (2018), Wang et al. (2020) and this

study. As we can see from Fig. 4-7, even though different curves shape were obtained

by different calculating equations, the differences between different equation are

somewhat small.
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Additionally, the relation between water diffusivity and hydraulic conductivity can be

given as (Corey 2003; Lu and Likos 2004):

k(©) = D) (52) (4-6)

where O(y)/0(6) can be obtainable from SWRC (Soil water retention curve). For
obtaining the SWRC of bentonite, a set of simple wetting tests were carried out as Fig.
4-8. Herein, air dried bentonites were compressed into a Smm-height and 28mm-
diameter ring. Then, the vertical deformation of ring and specimen was restricted by
two stainless plates, whose deformation was constricted by the bolts. After that, this
wetting system was immersed into the distilled directly. The wetting system was taken
out from the distilled water after different wetting durations. The ring and specimen
were sealed by the para film and cured for at least 5 days for achieving the uniformly
water distribution in the specimen. Hereafter, the specimens were sent to the suction
detection by using WP4C dew-point potentiometer. Finally, the water content of

specimen was measured.

/ Distilled water

- 28mm
Bolt ﬁ Stainless
Filter paper ‘ =] [ ‘ plate
é ‘ - 37\—]» Filter paper
Specimen
- P \ Stainless
plate

Figure 4-8 Schematic for showing the SWRC test
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Table 4-2 Fitting parameters values of SWRCs by Van Genuchten model

Bentonite MX-80 Kunigel-V1 Kunibon
pa (g/em?) 1.6 1.6 1.3
a 0.25 0.56 0.34
n 1.81 1.69 1.44
Os 53.14 50.63 62.60
Or 17.88 16.57 13.39

The SWRC of these three bentonites is presented in Fig. 4-9. Different equations were
proposed for fitting and predicting the SWRC of soil. In this study, Van Genuchten
(VG) (Van Genuchten 1980) equation was adopted. The relation between the
volumetric water content and total suction from Van Genuchten 1980 can be expressed

as:

056

0=0,+——"—
[1+(ayp)n]

(4-7)
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where o and n are fitting parameters with testing database; 6s is volumetric water
content of saturated specimen, %; 6 is residual volumetric water content, %. The fitting
lines by VG equation are also presented as dash lines in Fig. 4-9. It is apparent from
Fig. 4-9, the results in this study can be fitted by VG equation well. The fitting
parameters and their values are presented in Table 4-2. By combining Fig. (4-5), Eq.
(4-6) and Table 4-2, hydraulic conductivities during saturation can be achieved. Figure
4-10 shows hydraulic conductivity changing with volumetric water content of
bentonites. It is apparently from Fig. 4-10 that, hydraulic conductivity exhibits a “(1”
shape with the change of volumetric water content. A “(1” shape was also reported by

Takeuchi et al. (1995) for & - 8 curve of KV 1 bentonite.

4.2.3 XRD results

Figure 4-11 and 4-12 and 4-13 show XRD profiles of slices in vertical direction at some
wetting durations. It is noteworthy that the Y axis in Fig. 4-11, 4-12 and 4-13 are an
arbitrary scale, not a specific scale. It can be easily found from Fig. 4-11, 4-12 and 4-
13, for all three bentonites, water content generally decreases when slice changes from
No. 1-No. 5, when =4h and 24h. And when =240h, water contents are in relative stable
values. Besides that, from Fig. 4-11, 4-12 and 4-13, one can readily inferred is the peaks
exist in the XRD profiles. As we can see from Fig. 4-11, 4-12 and 4-13, for all three
bentonites, when =4h and 24h, the peaks slowly move to the right when slice changes

from No. 1-No. 5. When =240h, peaks seem to occur in similar diffraction angles.
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Figure 4-11 XRD profiles of slices in vertical direction for MX80
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Figure 4-12 XRD profiles of slices in vertical direction for KV1
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Figure 4-13 XRD profiles of slices in vertical direction for KB
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Figure 4-14, 4-15 and 4-16 depicts XRD profiles of some slices changing with wetting
duration. Unlike Fig. 4-11,4-12 and 4-13, Y axis in Fig. 4-14, 4-15 and 4-16 is a specific
scale. As indicated in Fig. 4-14, 4-15 and 4-16, water contents of slices generally
increase as wetting duration rises.

Regarding the peak position, from Fig. 4-14, 4-15 and 4-16, peaks happen when 2¢
=approx. 4-8°. A generally trend from Fig. 4-14, 4-15 and 4-16 can be concluded that,
peak moves from approx. 8° to approx. 4° as wetting duration rises.

Another phenomenon can be found from Fig. 4-14, 4-15 and 4-16 that, intensity of
XRD profile seems grow as increasing wetting duration, which means that intensity of
XRD profile might increase as the increase of water content.

Another important ingredient can be observed from Fig. 4-14, 4-15 and 4-16 is the state
of water molecule arrangement in inter-layer space (L). As Wang et al. (2020) reported,
doo=10.1 A, 12.5 A, 15.5 A and 19.0 A are viewed as the dividing values for L=0w,
lw, 2w and 3w, respectively. Meanwhile, from Wang et al. (2021), the dividing values
for 2¢ppeak of different L states are 2@peak= 9° (0Ow), 2¢@peak= 7° (1w), 2@peak= 5.6° (2w)
and 2¢peak= 4.7° (3w), respectively. As we can see from Fig. 4-14, 4-15 and 4-16, L

states slowly move to 3w as wetting duration increases.
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Figure 4-17 reveals the basal spacing of each slice for bentonites used in study. By
connecting average values of five slices with the same saturation periods by dash lines
in figure, the overall trend of specimens with the same dry density is indicated. It can
be readily inferred from Fig. 4-17 that, for three bentonites in this study, basal spacings
increase dramatically at the beginning of the wetting period. Then, basal spacings enter
into stable state. Times for different bentonites to reach stable values are various:
approx. 120 h for MX80, approx. 120 h for KV1, and approx. 50 h for KB. Figure 4-17
also reveals state of water molecule arrangement in inter-layer space (L) for different
bentonites during saturation. Following definition of the water molecule arrangement
in inter-layer space indicated in Fig. 1-24. As we can see from Fig. 4-17, over time, all
three bentonites eventually reach 3w state (MX80: 1w-3w; KV1: 1w-3w; KB: 2w-3w).

Basal spacing changing with volumetric is presented in Fig. 4-18. It is noted herein, the
basal spacing and volumetric water content are the average of five slices. An easy
conclusion can be made from Fig. 4-18 that, basal spacing rises with the increase of
volumetric water content. Same conclusion was draw by the experimental observations
from Saiyouri et al. (2003), Likos and Lu (2006) and the simulation from Sedighi and
Thomas (2014). Basal spacing changing with degree of saturation is presented in Fig.

4-19. As Fig. 4-19 shown that, basal spacing rises with increasing degree of saturation.

4.3 Discussion

4.3.1 The developing pattern difference for hydraulic conductivity during saturation
between bentonite and normal soil
As introduced in Fig. 4-10, the hydraulic conductivity during saturation exhibits a “N”

pattern with the variation of the volumetric water content. Changing another word, the
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hydraulic conductivity increases with the rising volumetric water content in the
beginning wetting durations. After arriving the peak point, hydraulic conductivity
decreases as the increase of volumetric water content. These results do not correspond
to the observations made on non-expansive unsaturated soils, in which hydraulic

conductivity increases in a continuous way upon wetting (Meerdink et al. 1996).

® Potassinum

Kaolinite Tllite
Figure 4-20 Water flow path in Kaolinite and Illite
This difference may be due to the fabric unit evolution difference during saturation for
different soils. From Ruan et al. 2022(a) and Ruan et al. 2022(b), unlike Kaolinite and
Illite that water can flow through inter-layer space (Fig. 4-20), the inter-layer pore is
very hard for the moveable water in montmorillonite to flow through. At the same time,
many other researchers also reported that the inter-layer pore is negligible for the
movement of water in compacted bentonite (Ichikawa et al. 1999; Suzuki et al. 2005).
Thus, in this study, the moveable water was assumed flow through the pores outside
the inter-layer space (Fig. 4-21). In this study a new dual system was proposed (Fig. 4-
22) as: 1) micropore (inter-layer pore) and 2) macropore (inter-particle and inter-
aggregate pores). As the discussion above, the macropore was assumed as the water

flowing path in bentonite.
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Figure 4-22 Fabric units of bentonite and their evolution during saturation
With MIP and SEM tests, Musso et al. (2013) and Romero (2013) indicated that the
fabric units of bentonite is dynamic due to water adsorption. With increasing water
content, aggregates are expected to become divisible into particles (e.g., Musso et al.
2013, Fig. 4-22). At the relatively dry stage, permeability was dominated by the suction
gradient. As water infiltrates, the suction decreases with increasing water content and

the permeability increases. As saturation approached, aggregates were expected to
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break into particles. The permeability is converted to be controlled by the macropore.
As saturation progresses, the volume of the particles expands, thereby compressing the
macropore pores. As the inter-particle pores decrease, the permeation channels become
smaller and the permeability decreases.

Another possible reason for the “N” shape between volumetric water content and
hydraulic conductivity is the calculation method in this study. In this study, the
hydraulic conductivity was calculated by the water diffusivity and SWRC. The results
from equation (4-5) shows a continuously decrease of water diffusivity with increasing
volumetric water content. 0(y)/0(6) was reported by Takeuchi et al. (1995) has a “N”
shape with the change of volumetric water. A decreasing curve multiplied by a “N”
shape as equation (4-6), leading a “N” shape between volumetric water content and

hydraulic conductivity.
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Conclusion

Swelling pressures and water content distributions of bentonites during saturation
process were achieved with a developed swelling pressure device and a new multi-ring.
Basal spacings were got by sending slices from multi-ring to X-ray diffraction tests. By
bringing the relation between volumetric water content and new parameter y into
traditional Darcy equation, an easy equation for calculating water diffusivity was
proposed. With the relation between water diffusivity and hydraulic conductivity,
hydraulic conductivity during saturation process was obtained. The results can be
concluded as:

1. Swelling pressure evolution curves of bentonites show a pattern with obvious peaks
and valleys;

2. Water diffusivity decreases with the increases of volumetric water content and
reduces as degree of saturation rises. A N shape was discovered for the relation
between hydraulic conductivity and volumetric water content;

3. Basal spacing during saturation rises with increasing volumetric water content and

increases with the increase of degree of saturation.
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Chapter 5

THE EFFECT OF DRY DENSITY ON HYDRAULIC
PROPERTIES AND SWELLING PRESSURE OF

BENTONITES WITH XRD
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5.1 Testing overview

In this chapter, three bentonites (MX80, KV1 and KB) were used to study the effect of
dry density on hydraulic properties and swelling pressure. For each bentonite at
different dry densities, seven specimens were prepared for the wetting duration of 2-
240 h. Specimen details are presented in Table 5-1. The swelling pressure apparatus is
shown as Fig.3-2. And, the testing methodology was followed as Chapter 3. In this
chapter, MX80 1.6g/cm*, KV 1 1.6g/cm?® and KB 1.3g/cm? are the database from chapter
4. Herein, the effect of dry density on swelling pressures, water diffusivities, hydraulic
conductivity and basal spacings of those three bentonites are researched, respectively.
And comprehensive comparisons between testing database in this study and literatures
are carried out. The effect of dry density on hydraulic properties and swelling pressure

are explained by the basal spacing.

Table 5-1 Specimen details

Dry density Initial water Size (Hightx Wetting
Bentonite
(g/cm?) content (%) Diameter) duration (h)

MX80 1.4,1.5and 1.6 8.92-8.99

2,4,8,24,48,
KV1 1.4,1.5and 1.6 8.27-8.46 ~1 Immx28mm
120 and 240
KB 1.2and 1.3 13.63-14.02
5.2 Results

5.2.1 Swelling pressure
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Figure 5-1 Swelling pressure evolution curves of MX80 at different dry densities
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Figure 5-3 Swelling pressure evolution curves of KB at different dry densities
As interpreted in chapter 4, a well reported swelling pressure evolution curve of
bentonite shows a pattern with obvious peak and valley. Swelling pressure evolution
curves for bentonites at different dry densities are revealed in Fig. 5-1, 5-2 and 5-3,
respectively. In this chapter, for all three bentonites at different dry densities, almost all
swelling pressure evolution curves show clear peaks and valleys. Another interesting
phenomenon can be found from Fig. 5-1, 5-2 and 5-3 that, for all three bentonites, the
times for arriving peaks, valleys and re-peak points seems increase with the rise of dry

density.
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Figure 5-4 indicates the swelling pressure at different wetting durations for bentonites
at different dry densities. It can be easily found from Fig. 5-4 that, along with the
saturation, swelling pressure increases with the increase of dry density for all three
bentonites. The swelling pressure evolution pattern with peak and valleys can also be
seen from Fig. 5-4.

Figure 5-5 presents the equilibrium swelling pressure of MX80, KV1 and KB form
literatures and this study, respectively. As we can easily conclude from Fig. 5-5, the
equilibrium swelling pressure increase with rising dry density, no matter from

literatures and this study.
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Figure 5-6 Swelling pressure apparatus with multi-ring

Another founding can be easily seen from Fig. 5-5 that, for all three bentonites, among
all the testing database, the database from this study is somewhat lower. This
phenomenon may be due to the application of multi-ring in this study. As introduced in
chapter 3, the multi-ring is consisting of 2mm ring and two-piece ring. After inserting
the multi-ring into swelling apparatus, the two-piece ring may in touch with the swelling
pressure apparatus (Fig. 5-6), thereby giving a friction between multi-ring and
apparatus.
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5.2.2 Hydraulic properties
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Figure 5-7 Gravimetric water content of slices for MX80 at different dry

densities
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Figure 5-9 Gravimetric water content of slices for KB at different dry densities
Gravimetric water contents in slices after water absorption for MX80, KV1 and KB are
presented in Fig. 5-7, 5-8 and 5-9, respectively. It can be seen from Fig. 5-7, 5-8 and 5-
9, gravimetric water contents of MX80, KV1 and KB generally decrease as increasing
distance from bottom of specimen. Meanwhile, in shorter wetting durations (MX80 and
KV1:t <120 h; KB: ¢ <24 h), water content of slice increases with the rising wetting
duration. In longer wetting durations, water contents of slices seem stay in relative

stable values.
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Figure 5-12 Relation between 0 and y of KB at different dry densities

Meanwhile, from Fig. 5-7, 5-8 and 5-9, the times for gravimetric water content reaches
relative stable values vary with the change of dry density. It can be concluded from Fig.
5-7, 5-8 and 5-9 that, those times decrease with the rising dry density, which means that
more time are needed for higher dry density specimen to reach saturated state. Figure
5-10, 5-11 and 5-12 present the relations between 6 and y for MX80, KV1 and KB,
respectively. It can be seen from Fig. 5-10, 5-11 and 5-12, experimental database
generally follows equation (4-4). Therefore, the determination for water diffusivity in

this study can be calculated by using equation (4-5).
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Water diffusivity changing with degree of saturation of bentonites are indicated in Fig.
5-13. A clear trend from Fig. 5-13 can be easily concluded that, water diffusivity
decreases with the increase of degree of saturation. Same phenomenon was reported in
chapter 4. Meanwhile, when the degree of saturation is the same, water diffusivity rises
with increasing dry density. Figure 5-14 shows water diffusivity changing with
volumetric water content of KV1 bentonite from Takeuchi et al. (1995) and this study.
It can be viewed from Fig. 5-14, different shapes were obtained from Takeuchi et al.
(1995) and this study. This phenomenon was explained in chapter 1 and chapter 4.

Figure 5-15 shows the SWRCs of bentonites at different dry densities. Followed the
method in Chapter 4, hydraulic conductivities changing with volumetric water content
for different dry densities bentonites are revealed in Fig. 5-16. It is a generally truth
from Fig 5-16 that, hydraulic conductivity deceases with the increasing dry density
when their volumetric water contents are the same. Additionally, a N shape was found
for the relation between volumetric water content and hydraulic conductivity, which is

similar as the founding in Chapter 4.
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5.2.3 XRD results
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Figure 5-18 XRD profiles of different dry densities MX80 at 24h
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Figure 5-19 XRD profiles of different dry densities MX80 at 240h
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Figure 5-20 XRD profiles of different dry densities KV1 at 4h
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Figure 5-21 XRD profiles of different dry densities KV1 at 24h
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Figure 5-22 XRD profiles of different dry densities KV1 at 24h
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Figure 5-23 XRD profiles of different dry densities KB at 4h
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Figure 5-24 XRD profiles of different dry densities KB at 24h
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Figure 5-25 XRD profiles of different dry densities KB at 240h
Figure 5-17, 5-18 and 5-19 show XRD profiles of different dry densities MX80 at 4h,
24h and 240h, respectively. Figure 5-20, 5-21 and 5-22 present XRD profiles of
different dry densities KV1 at 4h, 24h and 240h, respectively. Figure 5-23, 5-24 and 5-
25 indicate XRD profiles of different dry densities KB at 4h, 24h and 240h, respectively.
Regarding the water content of slices at different wetting durations. As we can see, for
MX80, KV1 and KB, when =4h and 24h, water content increases as slice number

decreases. But, at 240h wetting duration, the water contents
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Figure 5-26 Basal spacing changing with time of MX80 bentonite at different dry

densities
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Figure 5-28 Basal spacing changing with time of KB bentonite at different dry

densities

of slices remain stable for all bentonites at different dry densities. In case of peak
position exists in the XRD profiles. When /=4h and 24h, peak angle generally moves
to right as the slice number rise. However, when /=240, peak angle has not so much

difference with the change of slice number.

125



By connecting average values of five slices with the same saturation periods by dash
lines in figure, the overall trend of bentonites specimens with the different dry densities
are indicated in Fig. 5-26, 5-27 and 5-28. It can be readily inferred from Fig. 5-26, 5-
27 and 5-28 that basal spacings increase dramatically at the beginning of the wetting
period. Then, basal spacings enter into stable states. For those dry density conditions,
all three bentonites gradually reach 3 w state. MX80 moves from 1-3 w, KV1 moves

from 1-3 w and KB moves from 2-3 w.
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Figure 5-29 Final basal spacing changing with dry density of bentonites
Final basal spacing changing with dry density of MX80, KV1 and KB are presented in
Fig. 5-29. An apparent conclusion can be made from Fig. 5-29, final basal spacing
decreases with the increase of dry density. Figure 5-30 and 5-31 show final basal
spacing for MX80 and KV from literatures and this study, respectively. Same founding
can be easily seen from Holmboe et al. (2012) and Villar et al, (2012) for MX80 as this
study that, final basal spacing reduces with increasing dry density. However, there is
no clear trend for KV1 from Wang et al. (2021).
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Figure 5-31 Final basal spacing of KV1 from literatures and this study

5.3 Discussion

Reports of numerous studies (Villar et al. 2012; Wang et al. 2020) had described that
basal spacing has a marked effect on swelling pressure. Regarding specimen during
saturation, it was reported that swelling pressure increases with growing basal spacing

(Wang et al. 2020). Figure 5-32, 5-33 and 5-34 indicates basal spacing changing with
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densities M X80
128



0.6 T T T T
= a) KV1, 1.4g/cm? O l4glem’
By 0.54 1
S ]
S 0.4- -
5
2 03 1
o
2
on 0.2+ T
8 _--=""0
- - a
2 0.1+ oo 70 -
2 -
0.0 T T T T T
14 15 16 17 18 19 20
Basal spacing, dj,; (A)
0.6 T T T T T
= b) KVI, 1.5g/em’ O 1.5g/km’ |
By 0.5- 1
S
R 041 -
g o
2 031 s
2 -
g, _---D"
&0 0.2+ ele i
2 0.1- 1
7 ]
0.0 T T T T T
14 15 16 17 18 19 20
Basal spacing, dj,; (A)
0.6 T T T T T
—_ ¢) KV1, L6g/em?
<
% 0.5 1
3 A
0.4 A
% 03 JAN - - A .
o -7 FaN
a,
oy 0.2 .
i
5 0.1 1
)
0.0 T T T T T
14 15 16 17 18 19 20

Basal spacing, d,,;, (A)

Figure 5-33 Basal spacing changing with swelling pressure of different dry

densities KV1
129



10—

a) KB, 1.2g/cm? 0 1.2g/em’

0.8 - 8

041 .

s
R

0.2 T T T T T T T T T T T
16 17 18 19 20 21 22

Basal spacing, d,,; (A)

Swelling pressure, p, (MPa)
<o
N

1.0 T T T LI T T T ) T "
s b) KB, 1.3g/cm? O 13g/em’
5 ]
= s
< 081 o I
- -
Y 7
[}] - - o
=l o -7 ©
% 0.6 7 i
a O e
%D -~
= 0.4 i
L)
=
7]
0.2 T T T T !

16 17 18 19 20 21 22
Basal spacing, d,,, (A)

Figure 5-34 Basal spacing changing with swelling pressure of different dry
densities KB
swelling pressure of different bentonites during saturation in this study. As we can see
from Fig. 5-32, 5-33 and 5-34, for all three bentonites at different dry densities, swelling
pressure generally increases with increasing basal spacing. Figure 5-35 shows the
montmorillonite evolutions during saturation. As we can see from Fig. 5-35, the
saturation process can be considered to a process of gradual differentiation of grains
into aggregates and particles (Musso et al. 2013; Romero 2013). In the unsaturated stage,

the back stress from the grains dominates the detection of swelling pressure (Fig. 5-35,
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Stage 1). Growing basal spacing from the entering of water molecules into inter-layer
space would give grains increasing back stress to each other. In the constant volume
condition, bigger back stress from the grains gives greater measured swelling pressure.
This may be the reason that swelling pressure increases with the rise of basal spacing

during wetting process.
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For saturated compacted bentonites, larger final basal spacing is generally assumed

accompanying smaller equilibrium swelling pressure from testing studies (e.g., Villar

etal. 2012). Figure 5-36 shows equilibrium swelling pressures changing with final basal

spacings for MX80, KV1 and KB in this study, respectively. Figure 5-37
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presents testing equilibrium swelling pressures changing with final basal spacings for
MX80 and FEBEX bentonites from Villar et al. (2012). It is apparently from Fig. 5-36
and 5-37, equilibrium swelling pressure decreases with the increase of final basal
spacing. After specimen is fully saturated, it was assumed that the force between layers
dominates the specimen instead of the force between the grains. Bigger basal spacing
would lead to smaller repulsive between unit layers (Komine and Ogata 2004; Tripathy
et al. 2004), thereby inducing decreasing measured swelling pressure.

As Fig. 5-17 presents, hydraulic conductivity during saturation decreases with the
increase of dry density. It can be interpreted from the micropore and macropore as
introduce before. As discussed in Chapter 4, the macropore was assumed as the water
flowing path. Figure 5-38 shows the micropore and macropore for bentonite at different
dry densities. Although the small basal spacing occupies the smaller micropore in the
case of high dry density, the macropore actually becomes smaller due to the existences

of more unit layers, furthermore leading smaller hydraulic conductivity.
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Figure 5-38 Micropore and Macropore for bentonite at different dry densities
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Conclusion

Three dry densities for bentonites were adopted to investigate the effect of dry density

on swelling pressure, hydraulic properties and basal spacing during saturation. The

results from the testing observations can be concluded as:

1. Swelling pressures of bentonites during saturation increases with the increase of dry
density;

2. Water diffusivities of bentonites increase as dry density rises. Hydraulic
conductivity decreases with the increasing dry density;

3. Final basal spacing decreases with increasing dry density.
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Chapter 6

THE EFFECT OF NA® CONCENTRATION ON
HYDRAULIC PROPERTIES AND SWELLING

PRESSURE OF BENTONITE WITH XRD
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6.1 Testing overview

The device used in this chapter is shown in Fig. 6-1. As we can see from Fig. 6-1, this
is a traditional swelling apparatus, in which the vertical and lateral displacement of

compacted specimen in the metal mold was constrained.

| Bolt
o s -1 Displacement
} monitor
| ‘ —
Load
sensor L —
\
|
|
Mould | _

T | Specimen
Permeate 11 1w -
mental Ml O-rin
ﬁ\j.:f%ﬁ | ——nd

| Inlet pipe

Figure 6-1 Traditional swelling pressure apparatus
During swelling pressure test, the stress from specimen was measured by the upper load
sensor and recorded by the data logger. In this study, the metal mould was changed to
the multi-ring as introduced above in chapter 3. Air dried bentonite powders were putted
into the multi-ring mold and compressed in the static load device to achieve the height
of ~11mm, the diameter of 28mm (Fig. 6-2) and the target dry density of 1.65 g/cm?,
respectively. The specimen details were listed in Table 6-1. And another outer O-ring
was (Fig. 6-2) placed in the outer side of the multi-ring to avoid the evaporation of
specimen and movement of multi-ring during tests. Additionally, another separate serial
test (same conditions as swelling tests) was carried to measure the electrical
conductivity (EC) of soil water. Their soil waters were extracted by the ASTM (D 4542-
85). Electrical conductivities of soil waters were measured at once after the extraction

of soil water.
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Figure 6-2 Multi-ring mold applied in traditional swelling pressure apparatus

Table 6-1 Specimen details

Material Dry density (g/cm?) Saturation liquid

Distilled water, 0.5mol/l NaCl, 1.0 mol/l NaCl

KV1 1.65
and 2.0 mol/l NaCl
6.2 Results
6.2.1 Swelling pressure
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Figure 6-3 Swelling pressure evolution curves for KV1 bentonite saturated by

different concentrations NaCl solutions
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Figure 6-3 shows the developments of swelling pressures saturated by different
solutions (distilled water, 0.5 mol/l NaCl, 1.0 mol/l NaCl and 2.0 mol/l NaCl). As can
be seen from Fig. 6-3, for all the solutions, swelling pressures increase very rapidly at
the beginning of swelling. After these fast developments, drops of swelling pressures
happen. Then, drops of swelling pressures would recover in a several hours duration,
and stable rises of swelling pressures follow. At last, swelling pressures stay in a relative
constant value for a long time. This phenomenon is similar as the swelling pressure
evolution pattern as distilled water introduced above in chapter 4. Figure 6-3 also
reveals that, durations for the initial quick increase of swelling pressures vary with
solutions. Distilled water for ~8 hours, 0.5 mol/l NaCl for ~5 hours, 1.0 mol/l NaCl for
~2.5 hours and 2.0 mol/l NaCl for ~1 hour. Thus, with the increase of concentration,
the time needed for arriving the initial quick decreases.
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Time, ¢ (h)
Figure 6-4 Swelling pressure changing with wetting duration saturated by
different concentration NaCl solutions
Figure 6-4 presents the swelling pressures saturated by different solutions at different

wetting durations. It can be easily found from Fig. 6-4 that, swelling pressure reduces

when saturation liquid changed from distilled water to NaCl solutions at same wetting
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duration. Meanwhile, swelling pressure decreases as the increasing concentration when

they were wetted for same durations.
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Figure 6-5 Equilibrium swelling pressure changing with concentration of NaCl
solution

Figure 6-5 indicates equilibrium swelling pressure changing with the concentration of
NaCl solution. It is apparent from Fig. 6-5, equilibrium swelling pressure reduces with
the increase of concentration. Similar conclusion was draw by Lee et al. (2012), Zhu et
al. (2013) and Sun et al. (2015).

6.2.2 Water diffusivity

Figure 6-6 shows gravimetric water content changing with position saturated by NaCl
solutions with different solution. It can be found from Fig. 6-6 that, gravimetric water
content increases as distance from bottom of specimen grows, when the wetting
duration is short. With the process of wetting duration, gravimetric water contents

generally go towards stable values.
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Figure 6-6 Gravimetric water content changing with position saturated by NaCl
solutions with different concentration

Times needed for gravimetric water contents to reach relative stable values change with

the concentration of solution. These times seem to decrease with increasing

concentration, as: distilled water (~120h), 0.5 mol/l NaCl (24h), 1.0 mol/l NaCl (4h)

and 2.0 mol/l NaCl (2h).
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Figure 6-7 Relation between 6 and y of specimen saturated by NaCl solutions
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The determination of water diffusivity was followed as introduced in Chapter 4. Thus,
it is necessary to check the relation between y and 6. Relations between y and 6 for KV1
bentonite saturated by NaCl solution with different concentrations are presented in Fig.
6-7. As indicated in Fig. 6-7, for distilled water and 0.5 mol/l NaCl, the testing database
preforms well with the fitting lines. However, in cases of 1.0 mol/l NaCl and 2.0 mol/l
NaCl, the fitting lines just generally follow the fitting lines. This phenomenon can be
contributed to the experimental device. As we can see from Fig. 6-2, the gap between
outer ring and multi-ring may give an extra tunnel for the water to go into the specimen,

thereby inducing the greater measured gravimetric water content.
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Figure 6-8 Water diffusivity changing with NaCl solution concentration
Water diffusivity changing with NaCl solution concentration are revealed in Fig. 6-8.
It is a generally truth as Fig. 6-8 that, water diffusivity decreases with the increase of
volumetric water content, which is consistent with the former observations. Meanwhile,
it is apparently from Fig. 6-8, when the volumetric water contents are the same, water
diffusivity increases with rising concentration. This phenomenon may because of the

increasing osmotic suction as concentration rises.
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6.2.3 XRD results
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Figure 6-9 Some XRD profiles for KV1 saturated by NaCl solutions
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Figure 6-10 Average basal spacing for KV1 saturated by NaCl solutions
XRD profiles for KV1 bentonite saturated by NaCl solutions when wetting duration is
2h are presented in Fig. 6-9. As we can see, as slice changes from No. 1-5, water content
decreases. At the same time, it seems that, with the increase of concentration, the
average water content of 5 slices rises. Regarding the peak angle, the peak angle moves

to right as slice change from slice 1 to slice 5. Changing another word, the peak angel

Figure 6-10 reveals the average basal spacing of KV1 bentonite saturated by NaCl

solutions. It can be seen that, in general, average basal spacing of slices increases



quickly in the beginning wetting durations. Then, basal spacing stays in relative stable
value. Meanwhile, it might be concluded from Fig. 6-10, the increasing speed of basal

spacing in the beginning wetting duration rises with the increase of concentration.
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Figure 6-11 Final basal spacing changing with NaCl concentration
Figure 6-11 shows final basal spacing (when /=240h) of KV1 bentonite changing with
NaCl concentration. An easy conclusion can be found from Fig. 6-11 that, final basal
spacing decreases with the increase of concentration.
6.2.4 Osmotic suction
The osmotic suction induced in the soil specimens were experimentally measured by
the USAD (1954) method. This method relates the osmotic suctions to the electrical
conductivities of soil water, as the following:
7=31.92(EC2! "4-EC, 1074 (6-1)

where Ax is the osmotic suction, kPa; EC: is the electrical conductivity of soil water,
mS/cm; EC1=0.65 mS/cm (Rao et al. 2006). Osmotic suction of soil waters at different

wetting durations are presented in Fig. 6-12. As can be seen from Fig. 6-12, osmotic

suction increases with the evolution of wetting time. Figure 6-13 indicates the final
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osmotic suction (=240h) changing with concentration. It is apparent from Fig. 6-13

that, final osmotic suction increases with rising concentration.
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Figure 6-13 Final osmotic suction changing with concentration

6.3 Discussion

6.3.1 Relation between osmotic suctions and swelling pressures

The relationship between swelling pressure and osmotic suction during saturation

process is shown in Fig. 6-14. As can be seen from Fig. 6-14 that, swelling pressure

increases with the increasing osmotic suction for specimen during hydration.
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Figure 6-15 Swelling pressure and osmotic pressure evolution during saturation
During saturation process, the increase of swelling pressure induced by the rise of basal
spacing (as introduced in Chapter 5) conquers the decrease of swelling pressure
triggered by the increase of osmotic pressure (Fig. 6-15). Therefore, the swelling

pressure exhibits an increasing curve.
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Figure 6-16 Final osmotic suction changing with equilibrium swelling pressure
Figure 6-16 indicates the relationship between equilibrium swelling pressure and final
osmotic suction. As can be seen from Fig. 6-16, equilibrium swelling pressure decrease
with the increasing osmotic suction, agrees with the conclusions by Rao and Thyagaraj.
(2007) and Musso et al. (2013) for saturated specimen and disagrees with the
phenomenon for unsaturated specimen as mentioned above. Osmotic suction would
lead to the osmotic consolidation of compacted bentonite, thereby resulting in the drop

of equilibrium swelling pressure (Castellanos et al. 2008).
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Conclusions

NaCl solutions with different concentrations were used as saturation liquids for

researching the concentration effect on sodium type bentonite swelling pressure, water

diffusivity and basal spacing during saturation process. The results can be concluded

as:

1. Swelling pressure during saturation decreases with the increase of NaCl
concentration;

2. Water diffusivity increases as the concentration rises.
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Chapter 7

THE EFFECT OF NA® CONCENTRATION ON
MOVEMENT OF WATER AND SALTS IN BENTONITES

WITH XRD

158



7.1 Testing overview

This chapter used MX80 and KV1 bentonites. Meanwhile, the multi-ring (Fig. 3-6) was
applied in a simple confined wetting device (Fig. 7-1). In each bentonite, twelve
specimens were prepared for dismantling times of 1-3840 h. Specimen details are
presented in Table 7-1.

After different wetting durations, water supply was terminated. Then, multi-ring and
specimen were taken out and vertical deformation was constrained by a clip
immediately (Fig. 7-2 (a)). Later, two-piece rings were removed one by one and
specimen was carefully sliced from the tiny gap between mold rings into five slices
using a thin saw (~0.20 mm thickness, Fig. 7-2 (a)). Afterwards, slices were sealed
immediately using a Para film (Fig. 7-2 (a)). For achieving uniformly water distribution
in slices under constrained condition, slices were sandwiched by two wooden boards,
whose vertical deformation was restricted by bolts (Fig. 7-2 (b)), as soon as possible.
Then, these combinations were placed at room temperature (20°C) for at least 48 h.
Subsequently, slices were taken to XRD tests. A diffractometer, RINT-Ultimalll
(Rigaku Corp., Japan), with Cu Ka source was employed and the X-ray scan range was
2.7°-10° with a scan speed of 20°/min under Bragg-Brentano geometry. A relative fast
scanning speed was chosen in order to minimize the possible specimen rebound and

water evaporation during scanning. Finally, water content of each slice was measured.
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Figure 7-1 Scheme showing wetting device

Table 7-1 Specimens details

Target dry Concentration of  Initial gravimetric Dismantling
density (g/cm?) NaCl (mol/T) water content (%) time (h)
KV1 1.8 0.5, 1.0 and 2.0 8.27-8.46 1,2,4,8, 24,48,
120, 240, 480,
MX80 1.8 0.5,1.0 and 2.0 8.92-8.99 960, 1920 and
3840

After oven dried and the measurement of water contents, slices were crushed and passed
through a 0.25mm sieve. The method of making leaching liquid for Na" remained in
soil was followed modified SL237-063-1999 as: ~1g (accurate to 1 mg) dried soil was
put into 50ml telecentric tube, and 50ml distilled water was injected into telecentric
tube. Hereafter, telecentric tubes were swayed in oscillator for 24h. Later, leachate and
soil were distinguished by telecentric separator with a rotation speed of 5000r/min for
20min. Then, ~30ml clean leachate was carefully moved to another 50ml tube for
obtaining Na" concentration. Measurement of Na" concentration in leachate was done
by Rao et al. 2006 and Malusis et al. 2015 as: Na* concentration was calculated from

the electrical conductivity (E¢) of leachate. The concentration calculating equation was
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followed by Malusis et al. 2015 and Sample-Lord et al, 2020 as:
¢, =845Xx107° X E, (7-1)
where c» represents the Na* concentration in leachate (M or mol/L). Additionally, Na*

concentration in bentonite can be obtained by:

1000
msViw

Cm = Cp (7-2)

where cn is the Na" concentration in bentonite specimen (M/g); Viw represents the
volume of distilled water for making leachate (ml, ~50ml in this study); and ms stands

for the mass used for making leachate (g, ~1g in this study).

a) Making slice

[

o2
4 II/

Stainless plates
| |
|

Mold ring

Bolt

Figure 7-2 Scheme showing making slices and XRD test

7.2 Results

7.2.1 Movement of water

Gravimetric water contents of slices after different water absorption durations are
presented in Fig. 7-3 and 7-4. It can be easily found from Fig. 7-3 and 7-4 that,
gravimetric water content increases as the position close to the water supply ends in
relative shorter saturation durations range. After ~ 480h, gravimetric water contents of

slices in different positions at different durations tend to similar values.
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Figure 7-4 Gravimetric water contents of KV1 slices
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Figure 7-5 and 7-6 indicates degree of saturation for bentonite specimen changing with
wetting duration. By combining Figure 7-5 and 7-6, degree of saturation for different
concentrations saturated bentonites are revealed in Fig. 7-7. As we can see from Fig. 7-
7, for both KV1 and MX80, at the beginning of saturation, as the saturation liquid
concentration increases, the degree of saturation becomes greater at the same saturation
time. Meanwhile, Figure 7-7 shows that times for specimen reach saturated state
(degree of saturation reaches and stays in relative stable value) varies with saturation
liquid concentration. It can be easily concluded by Fig. 7-7, the time required to
saturated state decreases with increasing concentration. This phenomenon may be due
to the greater osmotic suction caused by the larger saturation liquid concentration. An
interesting point can be indicted from Fig. 7-7 that, degree of saturation for different
bentonites saturated by different concentration liquids all exceeds 100%. Similar
phenomenon was reported by Komine (2018) and Wang et al. (2020). Wang et al. (2020)

attributed degree of saturation > 100% issue to the average water density in compacted
bentonite > 1g/cm?.

Additionally, it can be found from Fig. 7-7 that, the greater saturation liquid
concentration induces smaller value of degree of saturation in saturated state. This may
because of the issue for calculating degree of saturation. Generally used equation for

obtaining degree of saturation can be given as:

wGg

Sr = T X 100% (7-3)
w = Dwet Y o 100% (7-4)
Mdry

where Sris degree of saturation (%); e is the void ratio of specimen; G; is the soil particle
density; w is the gravimetric water content (%); mwer is the wet mass for measuring dry

density (g); mary 1s the oven dried mass for measuring dry density (g).
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Figure 7-7 Degree of saturation for different concentrations saturated bentonites
In the saturated state, a higher concentration of saturation liquid would bring more
solutes into specimen. After drying in the oven, these solutes still remain in the dried
specimen, inducing a larger measurement value of ma-. Larger mary value results in the
smaller calculating value for w. e was assumed as the consistent for same dry density
bentonite because no apparent deformation was observed during saturation. According
to equation (7-3) and equation (7-4), same e and Gs with smaller w, leads to smaller S;.
The determination of water diffusivity was followed as introduced in Chapter 4. Thus,

it is necessary to check the relation between y and 6.
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As indicated in Fig. 7-8 and 7-9, NaCl with different concentrations, the relations
between y and 6 can agree with the fitting lines. Thus, the calculation can follow

equation (4-5).
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Figure 7-10 Water diffusivity changing with volumetric water content for
bentonites saturated by NaCl solutions
Figure 7-10 depicts water diffusivity changes with the volumetric water content for
NaCl saturated bentonites. A ready conclusion can be drawn from Fig. 7-10 that, for all
bentonites, water diffusivity increases with rising saturation liquid concentration, which

is consistent with the founding in chapter 6 for low dry densities ones.
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7.2.2 Movement of Na*
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Figure 7-11 and 7-12 present Na* concentrations in slices at different wetting durations
for KV1 and MX80, respectively. It can be easily found from Fig. 7-11 and 7-12 that,
in short wetting durations (approximately < 240h), Na® concentrations in slices
increases as the position close to the water supply ends. After that, concentrations in
five slices at each time point tend to be similar. But unlike the case of gravimetric water
content in Fig. 7-3 and 7-4, after 240h, these values still raise with increasing wetting
times.

Percentage of salt intrusion for specimen changing with time is indicated in Fig. 7-13
and 7-14. The percent of salt intrusion (Si) is defined as the Na" concentration in
specimen to the Na" concentration of saturation liquid as:

S; = %m X 100% (7-5)
where c is the Na" concentration of saturation liquid (mol/l). It is apparently from Fig.
7-13 and 7-14, percent of salt intrusion increases with increasing time. In the beginning
240h, the increase of percent of salt intrusion is very limited for KV1 and MX80 are
very limited. After, 240h, the percent of salt intrusion much faster as the increasing
wetting time than beginning 240h.

By combing Fig. 7-13 and 7-14, percent of salt intrusion changing with wetting duration
for MX80 and KV1 are indicated in Fig. 7-15. It can be found from Fig. 7-15, in the
shorter wetting times, percent of salt intrusion reduces with the rise of saturation liquid
concentration. However, in the relative longer wetting durations range (approximately >

1920h), percent of salt intrusion rises with increasing saturation liquid concentration.
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7.2.3 XRD results

beginning of the wetting period. Then, basal spacing
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By connecting average values of five slices with the same saturation periods by dash
lines in Fig. 7-16, the overall trend of specimens with the same dry density is indicated.
It can be readily inferred from Fig. 7-16 that basal spacings increase dramatically at the
s enter into stable state. Meanwhile,
as we can easily found from Fig. 7-16, in the starting duration of wetting period (1-24h),

higher concentration saturated specimens have bigger basal spacing in the same time
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Figure 7-16 Basal spacing changing with wetting duration for bentonites
Figure 7-17 presents final basal spacings (doos,s) of specimens (average basal spacings
of five slices, from 3840h). An easy conclusion can be summarized from Fig. 7-17 that,
for all bentonites, final basal spacings reduce as Na' concentrations rise. Similar
phenomenon was reported by Lee et al. (2012). Meanwhile, as we can see from Fig. 7-

17, final states of saturated specimens gradually move from 2w to 1w with increasing

concentration.
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7.3 Discussion

7.3.1 Mechanism for the movement of water and Na' in high dry density bentonite
basing on pores distribution

The new dual pore system as introduce in Chapter 4 was used here to make sense the
movement of water and salts in compacted bentonite, as: 1) micropore (inter-layer pore),
and 2) macropore (inter-particle pore and inter-aggregate pore). As discussed in Chapter
4, the micropore has limited effect on the movement of water in compacted bentonite,
which means the macropore is the main flowing path for the moveable waters. The
cations movement mechanism is explained by different scholars, including an
enrichment of cations in double diffusive layer (DDL) space, and an additional move
pathway in the inter-layer space (Bourg et al. 2006; Appelo and Wersin 2007; Tachi et
al. 2014). As the definition of pores in this study, it can be concluded that cations only

move through micropore.
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Figure 7-18 and 7-19 indicates basal spacing, degree of saturation and percent of salt
solution changing with saturation durations. Meanwhile, Figure 7-18 and 7-19 was
divided into saturation region and diffusion region. Additionally, there are several
interesting phenomena found from Fig. 7-18 and 7-19. Firstly, it can be easily found
that most of salt intrusion happened after specimen was saturated. Just a small portion
of salt intrusion occurred in saturation process. This observation may indicate that the
movement of water was carried out prior the movement of Na'. Secondly, the
developing curves for degree of saturation and basal spacing had similar shapes. This
investigation may reveal that, the movement of water and the development of interlayer
distance proceed simultaneously. Thirdly, in diffusion region, the basal spacings stayed
in relative stable values. This may indicate that the intrusion of Na" may had no effect
on the development of basal spacing.

Basing on the above discussions, efforts were made to making sense the mechanisms
for the movement of water and Na" during saturation process. Figure 7-20 presents the
mechanisms for the movement of water and Na'. In initial state, montmorillonite
aggregates, voids and non-swelling minerals exist together in the compacted bentonite
(Fig. 7-20). During saturation process, after bentonite meets water, water move through
macropores and some water is attracted into the micropore. Distance between
montmorillonite layers increases with the increasing amount of immobile water
between unit layers from swelling between layers, which induces the expanding of
micropore volume. The void would gradually be occupied by the enlarging micropore
volume. In this condition, salt movement is considered does not happen. After specimen
saturated, Na" would diffuse from macropore to micropore and move through

micropore (Fig. 7-20).
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Conclusion

A multi-ring mold was applied in wetting device to assess movement of water,

movement of Na” and development of basal spacing during saturation by infiltrating

specimen with different concentrations NaCl solutions. Mechanisms for movement of
water and Na" under confined wetting were discussed by the dual pores system.

Conclusions include the followings.

1. Degree of saturation and basal spacing rise with saturation time initially, and then
stayed in stable values. In the testing duration of this study, percent of salt intrusion
increases along with saturation time. Movement of Na* mainly happened after
specimen was saturated.

2. Water diffusivity decreases with the increase of volumetric water content and

increases with the rise of saturation liquid concentration.
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Chapter 8

THE EFFECT OF SALT TYPES ON HYDROLOGICAL
PROPERTIES ANS SWELLING PRESSURE OF

BENTONITES WITH XRD
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8.1 Testing overview

The testing methodology was the same as introduced in chapter 3. In each condition, 7
specimens were prepared for dismantling times of 2 h-240 h. The specimen details are
presented in Table 8-1. The saturation liquids are distilled water, 0.5mol/l NaCl and
0.5mol/l CaCla, respectively.

Table 8-1 Specimen details

Test type
Dry Uncovered
Material . . Swelling CEC,
density  Time XRD* Moisture  XRD"
pressure EXC
MX80 2,4,8, 24,
KV1 l4g/em® 48,120 ol ol v x x
KB and 240h
MX80
KV1 l.4g/cm®  240h (x3)° v v ol ol v
KB

Note: ?, scan range 2.7°-20°

® scan range 4°-40°

¢, specimens saturated for 240h was carried out for 3 times. The later 2 times just measured
the swelling pressure

Besides the tests in Chapter 3, some extra tests were added in this chapter. After the
detecting of moisture, slices from 240h wetted durations were left for the discovery of
mineral composition, CEC (total cation exchange capacity) and EXC (amount of
extractable cations). Firstly, slices were crushed and passed through a 0.25mm sieve.

For removing the remained salts in specimens, the crushed powders were washed by
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ultra-pure water (produced by Environmental safe center, Waseda University) for 6
times. The liquids left over from the last wash were sent for concentration tests to ensure
that there is no salt in bentonites. Then, washed powders were air died and brought to
XRD tests again for achieving the mineral compositions. In this time, X-ray scan range
was set from 4° to 40° with scan speed of 10°/min. Hereafter, powders were taken to
CEC and EXC tests followed JGS 0261-2008 (all concentrations measurements
mentioned above, including concentration for calculating CEC and EXC, were tested
by ICP-OES in Environmental safe center, Waseda University) as introduced in

Chapter 2.

8.2 Results

8.2.1 Swelling pressure

Figure 8-1, 8-2 and 8-3 presents swelling pressure evolution curves of three bentonites
saturated by distilled water, 0.5mol/l NaCl and 0.5mol/l CaClz, respectively. As
mentioned in chapter 4, the development of swelling pressure can be divided into four
regions: 1) initial quick increase region, 2) drop region, 3) re-increase region, and 4)
long-term stable region. As we can see from Fig. 8-1, 8-2 and 8-3, swelling pressure
evolution curves of MX80, KV1 and KB saturated by different liquids in this study
agree with those reported in chapter 4. It is apparently from Fig. 8-1, 8-2 and 8-3 that,
swelling pressures increase quickly for all three bentonites during the first approx. Sh.
Swelling pressures subsequently drop at approx. 25 h. Later, another stable rising of
swelling pressures occurs. Finally, swelling pressure remains a constant value for long

time.
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Figure 8-4 indicates swelling pressures at different wetting duration of MX80, KV1 and
KB saturated by distilled water, 0.5mol/l NaCl and 0.5mol/l CaCla, respectively. Figure
8-5 indicates equilibrium swelling pressures of compacted bentonites saturated by
distilled water and salt solutions from 3 repeated tests. As we can see from Fig. 8-1, 8-
2 and 8-3, swelling pressure evolution curves have somewhat dispersion. This
phenomenon may be due to the fact that mold ring was changed to multi-ring mold. For
240h wetting tests, three repeated tests were adopted in order to observe the effect of
saturation liquids on equilibrium swelling pressure accurately. As we can see from Fig.
8-5, for all three bentonites, equilibrium swelling pressures saturated by salt solutions
are smaller than those saturated by distilled water. Massive investigators (e.g., Wang et
al., 2014; Sun et al., 2015; Chen et al., 2018) saturated sodium type bentonites with
different liquids, and showed consistent results with this study. However, some studies
reported different results about calcium type bentonite. Lee et al. (2012) saturated
Korean calcium type bentonite by NaCl solutions with different concentrations. There
was an interesting founding reported by Lee et al. (2012) that equilibrium swelling
pressures by 0.04mol/l NaCl were greater than distilled water.

Moreover, equilibrium swelling pressures of compacted bentonites saturated by NaCl
and CaClz are presented in Fig. 8-5. It is readily apparent from Fig. 8-5 that: 1) for
sodium type bentonites (MX80 and KV1), equilibrium swelling pressures saturated by
CaCl are bigger than those saturated by NaCl. Zhu et al. (2013) and Chen et al. (2018)
saturated sodium GMZ bentonite with NaCl and CaCl2, and reported the same
conclusion. 2) for calcium type bentonite (KB), equilibrium swelling pressures
saturated by CaClz are smaller than those saturated by NaCl. NaCl and CaCl2 may have
totally different effect on the final swelling for different types of bentonites.

8.2.2 Water diffusivity
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The distributions of gravimetric water contents in slices after water absorption are
presented in Fig. 8-6, 8-7 and 8-8. It is a general truth from Fig. 8-6, 8-7 and 8-8 that,
gravimetric water content increases as the position close to the water supply end and as
time increases. Figure 8-9, 8-10 and 8-11 show relations between € and y for bentonites
saturated by different solutions. As we can see from Fig. 8-9, 8-10 and 8-11, those
relations can generally perform well with testing database. Thus, the calculation of
water diffusivity can follow Wang et al. (2020) as introduced in Chapter 4.

Water diffusivity for bentonites saturated by different solutions is indicated in Fig. 8-
12. It can be easily concluded from Fig. 8-12 that, water diffusivity decreases with
volumetric water content. It may be clearly seen from Fig. 8-12, water diffusivity
saturated by distilled water are smaller than those of salt solutions. Meanwhile, results
about diffusivities of water saturated by different salt solutions are shown in Fig. 8-12.
Easy conclusion can be made from Fig. 8-12 that, sodium bentonites (MX80 and KV1)
saturated by CaCl; has bigger diffusivities than NaCl. However, for calcium type
bentonite (KB), NaCl saturated specimens have higher diffusivities.

8.2.3 XRD

Figure 8-13, 8-14 and 8-15 present the XRD profiles of MX80 saturated by different
liquids at 8h, 48h and 240h, respectively. Figure 8-16, 8-17 and 8-18 reveal the XRD
profiles of KV1 saturated by different liquids at 8h, 48h and 240h, respectively. Figure
8-19, 8-20 and 8-21 show the XRD profiles of KB saturated by different liquids at 8h,
48h and 240h, respectively. As we can see, when /=8h, water content of slice decreases
with the increase of slice number. For the sodium bentonites (MX80 and KV1), the
average water content of five slices saturated by CaCl: seems bigger than those
saturated by NaCl. And the average water content of 5 slices saturated by distilled may

be smaller than salt solutions. In case of calcium bentonite, average water
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Figure 8-17 XRD profiles for KV1 saturated by distilled water, 0.5mol/l NaCl

and 0.5mol/1 CaCl; at 48h
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Figure 8-21 XRD profiles for KB saturated by distilled water, 0.5mol/l NaCl and

0.5mol/l CaCl; at 240h
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water contents of five slices saturated by NaCl are greater than ones saturated by CaCl2
and distilled water. The peak positions of slices generally move right with the increase
of slice number. When /=48 and 240h, water contents of slices stay in relative stable
values. The water content does not change greatly as the slice number changes. The
peak angles of XRD profiles seems remain in similar values. However, about the
intensity in XRD profile, no clear trend can be found from those XRD profiles.

Basal spacings of 5 slices and specimen (average basal spacing of five slices) saturated
by different liquids during wetting is presented in Fig. 8-22, 8-23 and 8-24. Figure 8-
22, 8-23 and 8-24 show that basal spacing increases with rising time drastically in the
starting wetting period. Then, basal spacing enters into long term stable state. By
combining Fig. 8-22, 8-23 and 8-24, Fig. §-25 presents the basal spacing of bentonites
saturated by different liquids. An interesting phenomenon might be found from Fig. 8-
25, salt solutions may have higher basal spacing growing speed than distilled water in
beginning duration. There is no clear trend for the effect on salt solution type on basal
spacing growing speed in the beginning wetting durations.

Final basal spacings of compacted bentonites (=240h) saturated by different liquids are
shown in Fig. 8-26 and their XRD profile are indicated in Fig. 8-15, 8-18 and 8-21. It
can be easily found from Fig. 8-26 that, final basal spacings saturated by distilled water
are bigger than those saturated by salt solutions (NaCl and CaClz). Other interesting
results could be achieved from Fig. 8-26 are: 1) for sodium bentonites (MX80 and KV1),
final basal spacings saturated by CaCl: are greater than those by NaCl. 2) for calcium
bentonite (KB), final basal spacing is larger when saturation liquid is NaCl.

8.2.4 Mineral detection, CECs and EXCs
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Figure 8-27 Mineral detection of bentonites saturated by distilled water, 0.5mol/l
NaCl and 0.5mol/l CaCl;

Figure 8-27 presents the mineral detection of bentonites saturated by different liquids
(uncovering at 240h) by XRD. As reported by tremendous scholars, the
montmorillonite amount can be estimated by the intensity of the peak when the 2-
diffraction angle at approximate. 6°. Even through there are some other peak positions
can represent montmorillonite, the 2-diffraction angle at approximate. 6° was adopted
as the determination of montmorillonite in this study.

It can be concluded from Fig. 8-27, distilled water saturated bentonite seems have more
montmorillonite than salt solutions (0.5mol/l NaCl and 0.5mol/l CaClz). However, the
montmorillonite difference between NaCl and CaCl: seems very small. Hence, this
study assumes NaCl and CaClz have equal influence on the mineral composition of

bentonites.
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Table 8-2 CECs and EXCs of different bentonites saturated by different liquids

(meq/g).

Material MX80 KV1 KB

Liquids DIW NaCl CaClz DIW NaCl CaClz DIW  NaCl CaCl:

CEC 1.213 1.204 1.212 1.023 1.028 1.090 0.819 0.836 0.818
EXCna" 0.838 0.812 0477 0.648 0.653 0.343  0.078  0.050 0.057
EXCca®* 0.361 0382 0.724 0.368 0.308 0.738  0.604  0.627 0.622
EXCkx" 0.003 0.004 0.003 0.002 0.004 0.004 0.002 0.003 0.002

EXCwmg®* 0.011 0.006 0.008 0.002 0.003 0.003 0.135 0.156 0.133

It 1s generally recognized that cation exchange is a significant ingredient affecting the
equilibrium swelling pressure. The cation exchange is greatly affected by the size of
cation, valence and type (Abdullah et al., 1888; Mata, 2005). A typical order for cation
exchanging capacity is: Na'< K*<Mg?'<Ca?" (Mitchell and Soga, 2005; Pusch, 2001).
Hence, when sodium bentonites infiltrated with CaClz, sodium will be replaced by
calcium, resulting in the transform from sodium bentonite to calcium bentonite (Zhu et
al., 2013). In order to find whether sodium type bentonites undergo cation exchange
when infiltrated with CaClz, CEC and EXC tests were performed. Table 8-2 expresses
the CEC and EXC of different bentonites saturated by different liquids. In Table 8-2,
EXCca®" of sodium type bentonites saturated by CaClz increases greatly than distilled
water and NaCl, and same phenomenon was reported about sodium GMZ01 bentonite
by Xiang et al. (2017). This phenomenon represents that, cation exchange might happen
when sodium type bentonites saturated with CaCl2. Meanwhile, as Table 8-2 indicates,

there may be no cation exchange happens for KB infiltrated with NaCl and CaCl..

8.3 Discussion
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8.3.1 The effect of solutions on water diffusivity

The movement of water is affected greatly by the pores distribution as discussed in
chapter 4. As introduced in Chapter 4 and Chapter 5, the new macropore proposed in
this study was assumed as the water flowing path in compacted bentonite. Ruan et al.
(2022) associated micro porosity (#micro, porosity of micro pore) and macro porosity
(Mmacro, porosity of macro pore) in bentonite with basal spacing by supposing that
montmorillonite layers uniformly distributed in the compacted bentonite during

saturation, as given:

Mmicro ~ Mmonmicro Cm + nnonmicro(]- - Cm) (8'1)
Nmonmicro = do;:m(ss (8-2)
Meotar = 1 =2 (8-3)
Nmacro = Ntotal — Mmicro (8-4)

where pq is the dry density of the bentonite; G; is the soil particle density of bentonite;
0s 1s the thickness of montmorillonite (ds=9.6 nm from Likos and Lu 2007). Cy is the
montmorillonite content in bentonite; nwwm is the total porosity; #monmicro 1S the
montmorillonite microporosity; #nonmicro 1S non-montmorillonite microporosity (=0
from Ruan et al. 2022).

Macro porosity and water diffusivity changing with degree of saturation are indicated
in Fig. 8-28. As Fig. 8-28 depicts, the effects of liquids on water diffusivity and macro
porosity during saturation are consistent. This phenomenon shows that the water
diffusivity might be controlled by macro pore. With the increase of macro pore, the

water moving path was enlarged, thereby bringing larger water diffusivity.
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Figure 8-28 Macro porosity and water diffusivity changing with degree of
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8.3.2 Equilibrium swelling pressure of different type bentonites saturated by different

salt solutions

Ca> Na*
Cation exchange happens No cation exchange happens
Na® Na” Na® Na~

larger half distance z-------=-=----- $
between layers
Snﬂller half
layers

Sodium P"lrml Calcium Sodium
bentonlte bentonite bentonite

Smaller DDL repulsive | _______ t _ _Lager DDL

force - repulsive force

Figure 8-29 Sodium type bentonite saturated by different salt solutions
As interpreted above, salt solutions have inconsistent effect on swelling pressures of
different cation type bentonite. A summary was conducted herein: 1) for sodium type
bentonite (KV1 and MX80) in this study, Ca** solution saturated specimens have larger
equilibrium swelling pressure than Na" solution saturated ones; 2) for calcium type
bentonite (KB), Na* solution obtains larger equilibrium swelling than those from Ca**
Firstly, the effect of salt solutions on swelling pressure of sodium type bentonite. As
indicated in Fig. 8-27, the Na" and Ca*" might have equal influence on the mineral
composition of bentonites. The discussion in this section was considered from the
aspect of basal spacing and cation exchange. In Table 8-2, it was reported that, when
sodium bentonite saturated by Ca®", cation exchange may happen (Fig. 8-29), leading
sodium type bentonite partially changes to calcium type bentonite. Some scholars

considered that calcium type bentonite has larger swelling pressure than sodium type
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bentonite (e.g., Jadda and Bag 2020). By applying a sodium type bentonite and another
calcium type bentonite in swelling pressure tests, Jadda and Bag (2020) reported that
calcium type bentonite has larger swelling pressure than sodium type bentonite during
saturation. However, in Jadda and Bag (2020), in addition to the bentonite cation type,
the specimens sent to swelling pressure tests still have certain difference in other
conditions including montmorillonite content. Thus, it cannot be determined that the
larger swelling pressure is only due to the bentonite cation type. Swelling pressure tests
for different cation type bentonites of similar montmorillonite should be performed in
the future. Additionally, the final basal spacing increased when saturation liquid
changed from Ca®" to Na* (Fig. 8-26), which would result in smaller DDL repulsive
force (Komine and Ogata 2004, Fig. 8-29). The increase of equilibrium swelling
pressure from cation exchange conquers the decrease of equilibrium swelling pressure
from increasing basal spacing, thereby giving larger equilibrium swelling pressure

saturated by Ca?",

Na*® Ca?

No cation exchange happens No cation exchange happens

larger half distance
between layers Na® Ca

{

Smaller DDL L it i ______ repulsive

IepulSive - - -

+4 4 t41 1

| Smaller osmotic force ‘ ‘ Larger osmotic force |

Figure 8-30 Calcium type bentonite saturated by different salt solutions
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Secondly, the effect of salt solutions on calcium type bentonite. As interpreted and
revealed in Table 8-2, when calcium bentonite saturated by Na" and Ca’, cation
exchange may does not happen (Fig. 8-30), thus the cation exchange on equilibrium
swelling pressure for calcium type bentonite can be negligible. As indicated in Fig. 8-
26, calcium bentonite from Na* has larger final basal spacing than Ca**, giving smaller
DDL repulsive force. However, the larger osmotic force from 0.5mol/l CaClz in
bentonite (Castellanos et al. 2008) would give a negative effect on equilibrium swelling
pressure, leading larger equilibrium swelling pressure for calcium bentonite saturated

by 0.5mol/l NaCl.
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Conclusions

NaCl, CaCl: solutions and distilled water were used as the saturation liquids to observe
the effect of liquid salt type on swelling pressure and water diffusivity of different
cations bentonites. The testing findings can be concluded as:

1. For all three bentonites, distilled water saturated ones obtain bigger equilibrium
swelling pressure than those saturated by NaCl and CaClz. Larger equilibrium
swelling pressure was achieved when sodium bentonites (MX80 and KVI)
saturated by CaClz than those saturated by NaCl. Equilibrium swelling pressure of
KB increases when saturation liquid changed from CaCl: to NaCl.

2. No matter bentonite type, water diffusivities infiltrated by distilled water were lower
than those infiltrated by NaCl and CaClz. Sodium bentonites saturated by CaClz
has bigger water diffusivities than NaCl. For calcium type bentonite, NaCl
saturated specimens have larger water diffusivities.

3. Final basal spacings saturated by distilled water are larger than those saturated by
salt solutions. For sodium bentonites, final basal spacings saturated by CaCl: are
greater than those by NaCl. Regarding calcium bentonite, final basal spacing is

larger when saturation liquid is NaCl.
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Chapter 9

THE EFFECT OF TEMPERATURE ON HYDRAULIC
PROPERTIES AND SWELLING PRESSURE OF

BENTONITES
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9.1 Testing overview

This chapter used 3 bentonites, including MX80, KV1 and KB, to research the effect
of temperature on swelling pressures and water diffusivity. This study measured the
swelling pressure and water diffusivity separately instead of the multi-ring as
introduced above. For swelling pressure test. The swelling apparatus used was
introduced in Chapter3 as Fig. 3-2. Herein, in order to control the testing temperature,
the swelling pressure device was placed into the oven with a water supply container
(Fig. 9-1).

Oven

rd

Water supply
container \

[ling pressure
argtus

Figure 9-1 Testing methodology for measuring swelling pressure at different
temperatures

Table 9-1 Specimen details for swelling pressure tests

MX80 KV1 KB
Initial water content (%) 0
Temperature (°C) 25,50 and 80
Dry density (g/cm?) 1.1-1.8 1.2-1.8 0.9-14
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Figure 9-2 Testing methodology for measuring water diffusivity at different
temperatures

Table 9-2 Specimen details for water diffusivity tests

MX80 KV1 KB
Initial water content (%) 8.92-8.99 8.27-8.46 13.63-14.02
Temperature (°C) 30 and 50

Dry density (g/cm?) 1.48,1.61 and 1.75 | 1.48,1.61 and 1.75 | 1.30 and 1.43

Regarding the water diffusivity tests at different temperatures. In this section, the multi-
ring (Fig. 3-9) was applied in a traditional wetting apparatus (Fig. 7-1). In order to
control experimental temperature, the wetting apparatus and water container were put
together into the oven. For avoiding the evaporation of water during wetting tests, the
part of multi-ring in contact of air was protected by plastic film. Specimen details for

water diffusivity tests are presented in Table 9-2.

230



9.2 Results

9.2.1 Swelling pressures
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Figure 9-3 Definitions of swelling pressures during saturation

The generally reported swelling pressure curve of bentonite has been discussed a lot by
scholars and the former chapters in this thesis. Normally, the swelling pressure
evolution curve exhibits obvious peaks and valleys. The definitions of swelling
pressures are indicated in Fig. 9-3, including peak swelling pressure, valley swelling
pressure, re-peak swelling pressure and equilibrium swelling. From the literature
review in Chapter 1, former studies focused on equilibrium swelling pressure instead
of peak swelling pressure, valley swelling pressure and re-peak swelling pressure. Even
though some scholars paid the attention on the dry density effect on swelling pressures
during saturation (e.g., Wang et al. 2022; Wang et al. 2022). There is almost no research
about the temperature effect on swelling pressures during saturation.

Figure 9-4. 9-5 and 9-6 show the swelling pressure evolution curves of MX80, KV1
and KB at different temperatures, respectively. As we can see from Fig. 9-4. 9-5 and 9-

6, almost all swelling pressure evolution curves have clear peaks and valleys.
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Figure 9-4 Swelling pressure evolution curves of MX80 at different temperatures
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Figure 9-5 Swelling pressure evolution curves of KV1 at different temperatures
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Figure 9-6 Swelling pressure evolution curves of KB at different temperatures
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Other important information can be achieved from the swelling pressure evolution
curve is the times for reaching peak, valley and re-peak point. An easy conclusion can
be made from Fig. 9-4, 9-5 and 9-6 is that, for all three bentonites, times at peak, valley
and re-peak points reduce as temperature rise. Figure 9-4 reveal the swelling pressure
evolution curves of MX80 at different temperatures. It can be inferred from Fig. 9-4
that, for 25 °C, the times for peaks and re-peaks are, respectively, approx. 35 h and
approx. 60 h. When the temperature for experiments is 50 °C, the times for swelling
pressures to arrive peaks and re-peaks are, respectively, approx. 12.5 h and approx. 45
h. Then, after the temperature reaches 80 °C, those times change to approx. 9 h and to
approx. 40 h. As might be apparent from Fig. 9-5, times for KV1 bentonite to arrive
peak points are approx. 25 h, approx. 9 h, and approx. 5 h, respectively, at 25 °C, 50 °C,
and 80 °C. From 25 °C to 50 °C to 80 °C, the times in the re-peak points decrease from
approx. 90 h to approx. 50 h to approx. 30 h. The times for getting to peaks and re-peak
points for KB are indicated in Fig. 9-6. Times in peak and re-peak points decrease
gradually from approx. 9 h and approx. 45 h to approx. 5 h and approx. 25 h, then go
to approx. 3 h and approx. 15 h, with rising temperatures.

Swelling pressures during saturation of MX80, KV1 and KB at different temperatures
are presented in Fig. 9-7, 9-8 and 9-9, respectively. It is an apparent trend from Fig. 9-
7 that, peak swelling pressure, valley swelling pressure and valley swelling pressure of
MX80 reduce as the experimental temperature increases. However, opposite conclusion
was made for KV1 as Fig. 9-8. A general truth from Fig. 9-8 is that, swelling pressures
during saturation of KV1 increase with the rise of temperature. For KB, as Fig. 9-9
indicated swelling pressures during saturation increase with rising temperature, which

is the same as KV1 and different with the finding for MX80.
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Figure 9-7 Swelling pressures during saturation of MX80
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Figure 9-10 Equilibrium swelling pressures at different temperatures
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As the literature survey in Table 9-3, the effect of temperature on equilibrium swelling
pressures of bentonites was not consistent. Some studies informed that equilibrium
swelling pressure decreases with the increase of temperature. But some investigations
reported that temperature had a positive effect on equilibrium swelling pressure. In this
chapter, the trend of temperature effect on equilibrium swelling pressure is also not
consistent. Figure 9-10 indicates the equilibrium swelling pressure of three bentonites
in this study at different temperatures. It can be easily found from Fig. 9-10 (a),
equilibrium swelling pressure of MX80 decreases as increasing experimental
temperature. The conclusion agrees with the research from Pusch et al. (1990), Bag
(209), Tripathy et al. (2015). However, for KV1 and KB as revealed in Fig. 9-10 (b)
and (c), equilibrium swelling pressure rises with the growth of temperature. Same
founding was informed for KV1 by Kodama et al. (2004) and by Kanazawa et al. (2020).
Table 9-3 Temperature effect on equilibrium swelling pressure of bentonites

from Literatures

Bentonite KV1 ’MX80 | *FEBEX | *‘GMZ01 | *Bikaner ‘B
Type Na Na Ca-Mg Na Ca Na
Temperature
2090 20-90 20-80 20-80 25-90 25-95
(°C)
Dry density 1.6 and
1.2-2.0 1.5-1.8 1.7 1.6 1.6
(g/cm?) 1.8
Effect Increase | Decrease | Decrease | Decrease | Increase | Decrease

Notes: Increase, increase with rising temperature; Decrease, decrease with rising temperature.

! Kodama et al. 2004, Kanazawa et al. 2020; 2 Pusch et al. 1990, Bag 2011, Tripathy et al. 2015;
2 Villar and Lloret 2004, Villar et al. 2010; * Chen et al. 2018, Chen et al. 2019;

5 Bag and Rabbani 2017; ¢ Jadda and Bag 2020.

9.2.2 Water diffusivity
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Figure 9-12 Water contents of different dry densities KV1 slices at 30°C
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Figure 9-13 Water contents of different dry densities KB slices at 30°C
Water contents of slices of different dry densities MX80, KV1 and KB at 30°C are
revealed in Fig. 9-11, 9-12 and 9-13, respectively. It is clearly from Fig. 9-11. 9-12 and
9-13, water contents of slices generally decrease with the increase of distance from the
bottom of specimen, in the beginning wetting durations. Then, as the hydrations
proceeds, the water contents values do not change a lot, indicating the specimen get
into the saturated state. Another interesting founding can be seen from Fig. 9-11, 9-12
and 9-13 that, the maximum water contents of bentonites seem decrease with the

increase of dry density.
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Figure 9-14 Water contents of different dry densities MX80 slices at 50°C
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245



—
\S]

S —
a) KB (1.30g/cm?, 50 °C)

10 -
8 - i
6 - - i

—=—2h

—e— 4h

—a— 8h ]
—w»— 24h

2 - —e— 48h
—4— |20h|
—»—240h|

0 10 20 30 40 50 60
Gravimetric water content, w (%)

Distance from bottom of specimen, z (mm)
N

b) KB (1.43g/cm?, 50 °C)

T T T T T T T T T

0 10 20 30 40 50 60
Gravimetric water content, w (%)

g

&

N

Q«IO- g
E5)

g |
D

&

oy ©O- ]
o —a—2h

g —e—4h

g 4 —a— 8h 7
o —v—24h

© 21 e -48h .
g —<«—120h

H 0- —»— 240h |
)

Q

§

.4

a

Figure 9-16 Water contents of different dry densities KB slices at 50°C

Figure 9-14, 9-15 and 9-16 show water contents of slices of different dry densities
MX80, KV1 and KB at 50°C, respectively. Same phenomenon can be found for 50°C
condition to the 30°C condition that, water contents of slices generally decrease with
the increase of distance from the bottom of specimen. And the maximum water contents

of bentonites seem decrease with the increase of dry density.
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Figure 9-22 Relations between 6 and y for different dry densities KB at 50°C
Relations between 4 and y for different dry densities MX80, KV1 and KB at 30°C are
presented in Fig. 9-17, 9-18 and 9-19, respectively. Figure 9-20, 9-21 and 9-22 show
relations between 6 and y for different dry densities MX80, KV1 and KB at 50°C,
respectively. It is apparent from these figures that, the database generally can follow
equation (4-4). Therefore, the calculation for water diffusivity at different temperatures

can use equation (4-5).
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Figure 9-27 Water diffusivities of KB at different temperatures

Figure 9-23 and 9-24 show water diffusivities of different dry densities bentonite at 30
°C and 50 °C, respectively. It is apparent from Fig. 9-23 and 9-24 that, no matter the
testing temperature, water diffusivity decreases with the increase of volumetric water
content, which is consistent as the conclusions above. Meanwhile, when the volumetric
water contents are the same, water diffusivity rises as the dry densities increases. Same
phenomenon was reported in chapter 5.

Water diffusivity at different temperatures of MX80, KV1 and KB are presented in Fig.

9-25, 9-26 and 9-27, respectively. It is a general truth from Fig. 9-25, 9-26 and 9-27,
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for all three bentonites, when the volumetric water contents are same, water diffusivity
rises with increasing testing temperature. Figure 9-28 reveals the water diffusivities of
KV1 at different temperatures from Takeuchi et al. (1995) and this study. As clearly
from Fig. 9-28, same phenomenon can be found from Takeuchi et al. (1995) that: water

diffusivity grows as the temperature rises.

10_8 E T T T v T T T T T T T T
—_ ] ‘l 1.75g/cm’, this study
= X L30°C
\ ’ A 50°C
g \
N \ [ !
Q1074 Ve ;
" A
@ R Lol a
g g e
= 10774 B AT
= 1.8g/cm?, Takeuchi et al. (1995) -
= 1 25°C
= 1 |---40°c
- = =-60°C
10-11 T T T T T T
0 10 20 30 40 50 60 70

Volumetric water content, & (%)

Figure 9-28 Water diffusivities of KV1 at different temperatures from literatures

and this study

9.3 Discussion

9.3.1 Equilibrium swelling pressure at different temperatures for bentonite with
different grain sizes

The effects of temperature on montmorillonite fabric units can be summarized as the
following (Villar and Lloret 2004; Chen et al. 2019): 1) change of adsorbed water in
inter-layer space (basal spacing); 2) change of distance between particles; and 3) free
water volume change. For adsorbed water, increasing temperature can be expected to

encourage adsorbed water in inter-layer spaces to flow out (Fig. 9-29, Romero et al.
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2001; Villar and Lloret 2004; Villar et al. 2010; Chen et al. 2018; Chen et al. 2019),
leading to smaller basal spacing (Fig. 9-29). Swelling between layers decreases with
increasing basal spacing (Chen et al. 2019). Regarding the distance between particles,
in the case of high temperature situation, the distance between particles becomes larger.
The outflow of adsorbed inter-layer water might cause single particle volume reduction,
which gives more space between two particles (Fig. 9-29). Greater distance between
particles lead to decreasing swelling between particles. Aside from that, with increased
temperature, free water volume can be expected to expand. In the confined condition,
for higher temperature specimens, insufficient space exists for free water to expand
arbitrarily, thereby giving grains greater back stress. Thermal expansion is reported

negligible for adsorbed water and can be ignored (Baldi et al. 1988; Chen et al. 2019).
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Figure 9-29 Schematic showing montmorillonite fabric units at different
temperatures

Figure 9-30 presents the movement of water in powder and particle bentonites. The
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grains of powder bentonites are much smaller than those of particle bentonites (Fig. 2-
4). For particle bentonites, much larger voids are left in compacted specimens (Fig. 9-
30) comparing to powder bentonite. For powder bentonite compacted specimen,
because of the smaller void, most of the water would enter the intra-grain space directly.
Consequently, free water volume change effects at different temperatures of powder
bentonites might be negligible. In the case of particle bentonite compacted specimens,
water would pass synchronously into intra-grain spaces and larger inter-grain pores (Fig.

9-30). Therefore, the effects of free water volume changes need to be examined.
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Figure 9-30 Schematic showing movement of water in powder and particle
bentonites
From this study, as might be inferred from Fig. 9-10, all powder bentonites have larger
values of equilibrium swelling pressure at higher temperatures. However, data of Table
9-3 show that not all powder bentonites exhibit the same phenomenon. For GMZ

powder bentonite (Chen et al. 2018; Chen et al. 2019) and B powder bentonite from
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India (Jadda and Bag 2020), equilibrium swelling pressure is smaller at higher
temperatures. Therefore, regarding powder bentonites, the effects of temperature on
equilibrium swelling pressure are not consistent. Figure 9-29 reveals fabric units
changes at the equilibrium point of powder bentonite at different temperatures. In high-
temperature conditions, the larger swelling between layers from smaller basal spacing
competes with smaller swelling between particles from larger distance between
particles, which leads to inconsistent effects of temperature on equilibrium swelling
pressure for powder bentonites.

Secondly, regarding particle bentonite (MX80). Results of this study show that
equilibrium swelling pressure values of all granular bentonites decrease concomitantly
with increasing temperature, as presented in Fig. 9-10. Other particle bentonites (M X80
by Pusch et al. 1990, Bag 2011, Tripathy et al. 2015; FEBEX by Villar and Lloret 2004,
Villar et al. 2010) exhibit the same phenomenon as those shown by results of this study.
It might be assumed that, for all particle bentonites, higher temperatures lead to smaller
equilibrium swelling pressure. This finding can be attributed to the free water expansion
as increasing temperature. Unlike powder bentonites, free water among grains makes
great contributions to the detection of swelling pressure at different temperatures for
particle bentonite. With the increase of temperature, greater back stress caused by the
expansion of free water can be expected to give greater back stress to the grains. These
back stresses may adversely affect the measurement of equilibrium swelling.

9.3.2 Water diffusivity at different temperatures

As introduced above, basal spacing decreases as the temperature rises, thus the
micropore would become smaller with the increasing temperature. The decreasing
micropore would give larger macropore (Fig. 9-31) outside the inter-layer space.

Meanwhile, as interpreted in Chapter 4, the macropore in this study was assumed as the
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water flowing path. With the increase of temperature, larger water diffusivity would be

induced by the bigger macropore.
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Conclusion

Swelling pressure tests and confined wetting tests were conducted in oven with different

temperatures to investigate the temperature on swelling pressures and water diffusivity,

respectively. The results from the experiments can be concluded as:

1. Swelling pressures during saturation (peak, valley and re-peak swelling pressures)
and equilibrium swelling pressure of MX80 decrease as temperature rises;

2. For KV1 and KB, swelling pressures during saturation and equilibrium swelling
pressure increases with the growth of temperature.

3. Water diffusivity of bentonites increase with the increase of temperature and rises

as the growth of dry density.
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Chapter 10

THE EFFECTS OF INITIAL WATER CONTENT AND
SPECIMEN PREPARATION METHOD ON SWELLING

PRESSURES OF BENTONITE WITH XRD
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10.1 Testing overview

In this chapter, the effect of initial water content of bentonite on swelling pressures,
including swelling pressure developing pattern and equilibrium swelling pressure, were
studied by swelling pressure tests. With different specimen producing methods, the
specimen preparation method effect on swelling pressures were researched as well.
Herein, only KV1 bentonite was used. The swelling pressure apparatus was the same
as introduced in chapter 3. In this chapter, an integral ring (Height: 10mm; Inner

diameter: 28mm) was used instead of the multi-ring used in former chapters.

% Water spray can

I\ Distilled water

Oven dried
bentonite powder

Figure 10-1 Schematic of making bentonite powders with different water
contents by water spray method

Table 10-1 Specimens details by water spray method for swelling pressure and

XRD tests
Test type Swelling pressure XRD
Height (mm) % Diameter (mm) 10 x 28 2 x28
Dry density, pa (g/cm?) 1.2-2.0
Initial water content, wi (%) 0-22.51

There were two methods adopting to the study the specimen preparation method on
swelling pressures of KV1 in this chapter. Firstly, spray water to the oven dried powder

samples (Water spray method). The water contents of powder bentonites were achieved
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as described followings: 1) KV1 bentonite powders were dried in the oven at 110 °C
for approximate. 24 h; 2) bentonite powders were taken out from the oven; 3) by using
a water spray can, the distilled water was sprayed immediately to the oven-dried
powders (Fig. 10-1); 4) distilled water was mixed with bentonite powders as evenly as
possible by using a spoon; 5) wetted bentonite powders were sieved through a 0.25 mm
sieve; 6) sieved bentonite powders were sealed in polyethylene bags and were placed
at 25°C for at least 120 h for obtaining samples with uniformly distributed water; 7)
bentonite powder with different water contents were putted into the integral ring and
compressed in static compacted device. The specimen details for swelling pressure tests
by water spray method are indicated in Table 10-1.

Secondly, control the relative humidity of bentonite powder (Humidity control method).
The testing details were listed as followings as: saturated salt solutions and natural air-
dried bentonite powders were put together in sealed boxes for 5 months (Fig. 10-2).
The relative humidity and powder bentonite water contents are presented in Table 10-
2. After that, bentonite powders with different water contents were putted into the
integral ring and compressed in static compaction device. The specimen details for
swelling pressure tests by humidity control method are revealed in Table 10-3.

Sealed box

Natural air dried
bentonite powder

“Air with a

Saturated salt
solutions

Figure 10-2 Schematic of making bentonite powders with different water

contents by humidity control method
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Table 10-2 Relative humidity and water contents of powder bentonites from

saturated salt solutions

Relative humidity, RH (%) | Water content of bentonite, w (%)
Salt solution
LiCl 11.34 3.53
MgClz 33.28 6.15
NaNOz 66.32 9.17
NaCl 75.47 11.16
NH4H2PO4 93.02 14.18
K2SO4 97.27 15.93

Table 10-3 Specimens from humidity control method for swelling pressure and

XRD tests
Test type Swelling pressure XRD
Height (mm) x Diameter (mm) 10 x 28 2 x28
Dry density, pa (g/cm?) 1.2-2.0
Initial water content, wi (%) 3.53-15.93

Besides swelling pressure tests, XRD tests were conducted in this study as well for
making sense the initial water content and specimen preparation method effects on
bentonite microstructure. Herein, in this section, a 2mm ring was used for wetting tests
with a simple wetting apparatus as presented in Fig. 10-3. Details for specimens
prepared by different producing methods with this easily wetting apparatus are revealed
in Table 10-1 and Table 10-3. The compacted 2mm height specimen was made as the

same introduced above by using a static compaction device.
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For every specimen, XRD tests were conducted before and after wetting. Firstly,
specimens with different water contents were used for XRD tests. Then, specimens
were wetted in a confined condition with the simple wetting apparatus (Fig. 10-3) by
immersion of them directly into distilled water. Wetting durations of approximately 48
h were adopted for this study to ensure that the specimen was saturated. Later, the 2
mm ring and specimens were taken from the distilled water and were sealed
immediately using Para film (Fig. 10-4). Each specimen covered by Para film was cured
under a constrained condition at 25°C for at least 48 h to achieve uniform water

distribution. Subsequently, these saturated specimens were subjected to XRD tests

again.
Stainless
Bolt 2mm
Filter Kt ring “mn  Plate
paper 77\1 / |
Specimen mim
P M Stainless
plate

Figure 10-3 A simple wetting apparatus with 2mm ring

Figure 10-4 2mm specimen for XRD tests and specimen sealed by parafilm

10.2 Results
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10.2.1 Swelling pressures and XRD results from water spray method
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Figure 10-5 Swelling pressure evolution curves of specimens with different initial

water contents by water spray method
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Figure 10-6 Traditional swelling pressure evolution curves

Swelling pressure curves of KV1 with different initial water contents by water spray
are presented in Fig. 10-5. Tremendous scholars reported swelling pressure evolution
curves patterns of bentonites as revealed in Fig. 10-6 as: (1) a curve with obvious peak
and Valley (Curve 1); and (2) a curve with continuous rise in the initial wetting duration
(Curve 2 and Curve 3). Pattern Curve 1 is often reported for low and middle dry
densities compacted bentonites. Patterns Curve 2 and Curve 3 are generally revealed
for high dry densities compacted bentonites by some scholars.

As can be seen from Fig. 10-5, for low initial water content specimens (w=0%-10%),
with the increase of dry density, swelling pressure developing pattern changes from
Curvel to Curve 2 and Curve 3. Changing another word, as dry density rises, swelling
pressure evolution curve varies from a curve with peak and valley to a curve with steady
rise in the beginning wetting duration. The same observation was informed by Chen et
al. (2018) and Chen et al. (2019). Regarding high initial water content specimens
(w=10.00%-22.51%), swelling pressure curves all show the pattern as Curve 2 and

Curve 3, which were not affected by the dry density.
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Figure 10-7 Some swelling pressure evolution curves of specimens by water
spray method at similar dry densities

By combining some similar dry densities specimens in Fig. 10-5, Fig. 10-7 shows some
swelling pressure evolution curves of specimens with different initial water contents.
As Fig. 10-7 (a) (b) and (c) shown, in case of low dry density and middle dry density
(pa=approximate. 1.45, 1.60 and 1.76 g/cm?®) specimens, swelling pressure evolution
curve changes from Curve 1 to Curve 2 and Curve 3 as initial water content rises.
However, for high dry density specimens (ps=approximate. 1.91 g/cm?), the swelling
pressure evolution curves all exhibit the pattern as Curve 1.

Figure 10-8 reveals the equilibrium swelling pressures of KV1 bentonite with different
initial water contents by water spray method. It is general truth from Fig. 10-8 that,
equilibrium swelling pressure rises with the increase of dry density. Additionally, an
easy phenomenon can be found from Fig. 10-8 that, initial water content may have no
apparent effect on the equilibrium swelling pressure of KV1 bentonite when the
specimens were made by water spray method. The same conclusion was reported by
the testing investigation from Komine and Ogata (1994), Wang et al. (2022) for KV1

bentonite, Villar and Lloret (2008) for FEBEX bentonite.
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Figure 10-8 Equilibrium swelling pressure of specimen with different initial
water contents by water spray method

XRD profiles of specimens before wetting by water spray method are presented in 10-
9. It can be seen from 10-9 (a) and (b), for low initial water contents (wi=4.72 and
5.56%) specimens, the peak angle seems does not being affected greatly by the variation
of dry density. Figure 10-9 (¢) (d) () and (f) show the XRD profiles of high initial water
contents specimens before wetting. It seems from Fig. 10-9 (c¢) (d) (e) and (f) that, peak
angle moves to right with rising dry density.

Figure 10-10 shows XRD profiles of specimens after wetting by water spray method.
Regarding the peak angle, comparing to the specimen before wetting, the peak angle
generally moves from ~6°-~8° to ~4°-~6°. From Fig. 10-10, the peaks of saturated
specimens were found slowly moves to right with the increase of dry density.
Meanwhile, from Fig. 10-9 and 10-10, no matter unsaturated or saturated specimen,

there is no clear trend for the dry density effect on the peak intensity.
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Figure 10-9 XRD profiles of specimens with different initial water contents

before wetting by water spray method
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Figure 10-10 XRD profiles of specimens with different initial water contents after

wetting by water spray method
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Figure 10-12 Basal spacing of specimens after wetting with different initial water
contents by water spray method
Basal spacings of specimens before wetting with different initial water contents
produced by water spray method is revealed in Fig. 10-11. When initial water contents
are 4.72% and 5.56%, the effect of dry density on the basal spacing in very small. Then,
for the initial water contents are 8.8%, 13.08%, 14.18% and 15.96%. The basal spacing

reduces with the increasing of dry density. Meanwhile, it is an apparent trend from Fig.
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10-11 that, basal spacing rises with the increase of initial water content, when they have
same dry density. The water molecule states in inter-layer pore of specimens stay from
Ow to 2w state with rising initial water content.

Basal spacings of saturated specimens after wetting with different initial water contents
by water spray method is shown in Fig. 10-12. It can be easily concluded from Fig. 10-
12, with the increase of dry density, basal spacing of saturated specimen decreases. The
water molecule states in inter-layer pore of specimens all stay in 2w state with the
variation of dry density. Meanwhile, it seems that there is no effect of initial water
content on basal spacing of saturated specimen.

10.2.2 Swelling pressures and XRD results from humidity control method
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Figure 10-13 Swelling pressure evolution curves of specimens with different

initial water contents by humidity control method
Figure 10-13 shows swelling pressure evolution curves of specimens with different
water contents by humidity control method. By connecting same similar dry densities
conditions, some swelling pressure evolution curves for specimens with different initial
water contents are presented in Fig. 10-14. It can be seen from Fig. 10-14 (a), (b) and
(c), when pi=~ 1.46, 1.63 and 1.73 g/cm’, with the increase of initial water content,
swelling pattern changes from Curve 1 to Curve 2 and Curve 3. When ps=~ 1.91 g/cm?,

all swelling pressure curves exhibit the pattern similar with Curve 3.
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Figure 10-14 Some swelling pressure evolution curves of specimens by humidity

control method at similar dry densities
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Figure 10-15 Equilibrium swelling pressure of specimen with different initial
water contents by humidity control method

Figure 10-15 indicates the equilibrium swelling pressures of KV1 bentonite with
different initial water contents by humidity control method. It can be seen from Fig. 10-
15 that, equilibrium swelling pressure increases as dry density grows. At the same time,
it is apparent from Fig. 10-15 that, there is no initial water content effect on the
equilibrium swelling pressure of KV1 bentonite, which agrees with the founding for
water spray method.

From Fig. 10-8 and Fig. 10-15, the effect of specimen preparation method on
equilibrium swelling pressure of KV'1 bentonite can be discovered. As can be seen from
Fig. 10-8 and Fig. 10-15, the changing lines of dry density and equilibrium swelling
pressure is similar with the equilibrium swelling pressures when wi=0%. Therefore, it
can be concluded that, specimen preparation method has no effect on the equilibrium

swelling pressure of KV1 bentonite.

288



40000

a) w=3.53%
Py (glem’)|
1.41
30000 - sl
N — 1.67
6 —1.92| ]
220000 E—
B2
=}
g
= 10000- -
0_ u
2 3 4 5 6 7 8 9 10 11
2 diffraction angle, 2¢ (°)
70000 T T T T T T T T T T T T T T T
b) w=7.15%
60000 pa(glem’) ]
1.27
i ——1.61] |
E’j 50000 77
Q | — 1.80] |
>240000 s
Z 30000 i
&
= 20000 .
10000 .
0_ ' ' ' ' ' ' ' ' ' u
2 3 4 5 6 7 8 9 10 11
2 diffraction angle, 2¢ (°)
70000 T T T T T T T T T T T T T T T
{1 0)w=9.17% 1
60000 pu(glom)) ]
] 1.34] |
i ——1.59] |
E’i 50000 . 175 ]
@) | — 1.87| |
=, 40000 T
2 3 4 5 6 7 8 9 10 11

2 diffraction angle, 2¢ (°)

289



d) w=11.16%

Py (glem?)| |
1.31] |
152
—1.72] |
184
199

4 5 6

9 10 11

e) w=14.18%

Py (g/em?)|
131
— 159/
——1.74
185 1
—1.87

4 5 6

4 5 6
2 diffraction angle, 2¢ (°)

7

8

9 10 11

Figure 10-16 XRD profiles of specimens before wetting with different initial

water contents by humidity control method
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contents by humidity control method
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Figure 10-19 Basal spacing of specimens after wetting with different initial water
contents by humidity control method
Figure 10-16 and 10-17 show XRD profiles of specimens with different initial water
contents by humidity control method before and after wetting. As we can see from Fig.
10-16, for specimens before wetting, when wi=3.53%, the peak angle seems stay in

relative stable values. When wi=6.15,9.17, 11.16, 14.18 and 15.93%, the peak position

293



slowly moves to right as dry density increases. Regarding the XRD profiles of
specimens after wetting, the peak moves to right with the increase of dry density.

Figure 10-18 and 1-19 show basal spacings of specimens with different initial water
contents by humidity control method before wetting and after wetting, respectively. It
can be concluded from Fig. 10-18 that, for specimens before wetting, when wi=3.53%,
basal spacing was not affected by the dry density. With the rise of initial water content,
basal spacing reduces with the increasing of dry density. Additionally, at similar dry
densities, increase of initial water content induces bigger basal spacing. Additionally,
the water molecule states in inter-layer pore of specimens stay from Ow to 1w as initial
water content increases. Basal spacing of saturated specimen with different initial water
contents by humidity control method is revealed in Fig. 10-19. It is a general truth from
Fig. 10-19, with the increase of dry density, basal spacing decreases. This founding is
the same as the results from water spray method. The water molecule states in inter-
layer pore of specimens all stay in 2w - 3w state with the change of dry density. At the
same time, in Fig.10-19, one can inferred that, the basal spacing of saturated specimen

is not affected by the initial water content.

10.3 Discussion

10.3.1 Effects of specimen preparation method and initial water content on basal
spacing of specimens in initial and saturated states

Figure 10-20 shows some basal spacings of specimens before wetting produced by
different specimen preparation methods. As Fig. 10-20 illustrates, for specimens before
wetting, water spray method has larger basal spacing than the humidity control method

when their initial water contents are similar.

294



p—
|

Water spray ||Humidity control| |
W) | (%)

—&—13.08 | 0 13.05
—o—14.18 || O 14.18

p—
N
()]
1
I

p—
AN
1

Basal spacing of specimen before
saturation, d,, ; (A)
V)]
(V)]

15 i
14.51 *5:;A ]
14 T T T T T T T T
1 1.2 1.4 1.6 1.8 2
Dry density, p, (g/cm?)

Figure 10-20 Basal spacing of specimens at similar initial water contents before
wetting by different methods.
This phenomenon can be inferred from the liquid types that produce powders with
different water contents. Water spray method uses liquid water to wet powders. The
water molecules in a liquid state are separated by smaller mutual distances and have
greater attraction (Linus 1988). Therefore, it is easier for water molecules in a liquid
state to enter spaces between interlayers (Fig. 10-21). By contrast, water molecules in
a gaseous state have greater mutual distance separating them and smaller mutual
attraction, which raise the difficulty for water molecules to enter interlayer interstices.
Because a larger amount of gaseous water molecules cannot enter the interstices, they
adsorb on the particle surface to form a “gaseous water film” (Fig. 10-21). Given similar
initial water contents, more water molecules would occupy the interstices when using

a water spray method for preparation, thereby leading to larger initial basal spacing.
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Figure 10-21 Schematic showing specimen preparation effects on the
microstructure of the initial specimen.
Herein, Figure 10-12 and 10-19 are combined together in Fig. 10-22 for making sense
the specimen preparation method effect on basal spacing after wetting. As indicated in
Fig.10-22, for specimens after wetting, humidity control method leads to larger basal
spacing than the water spray method because a “gaseous water film” exists among
particles of the initial specimen by humidity control method, which causes the larger
initial distance among particles (Fig. 10-23). As described in some reports of the
relevant literature (Suzuki et al. 2005; Liu 2013), swelling pressure among particles
decreases concomitantly with increasing distance among particles. Consequently,
during saturation processes, smaller back stress from swelling among particles for
humidity-controlled specimens give smaller obstacle to the swelling between layers,
leading to the fully development of swelling between layers and larger basal spacing in

saturated state (Fig. 10-23).
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Additionally, Figure 10-12 and 10-19 reveal that initial water content has no effect on
the basal spacing of a saturated specimen. One can examine the initial specimens used
for the water spray method as an example for explanation, as presented in Fig. 10-24.
This figure shows that a smaller initial basal spacing from low water content specimen
would leave a larger void outside the interlayer space for swelling between layers.
However, larger initial basal spacing from a high water content specimen can not leave
a sufficiently large void outside the interlayer space for swelling between layers. These
phenomena might contribute to the possibility of two initial water content specimens

reaching a similar state in saturated state (Fig. 10-24).

Smaller initial
basal spacing

_____ \ Bigger Void

Saturated state

High water content

Initial state

Figure 10-24 Schematic showing effects of initial water contents on
microstructures of initial and saturated states.
10.3.2 Effects of specimen preparation and initial water contents on equilibrium

swelling pressure
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From Fig. 10-8 and 10-15, one can infer that the specimen preparation method has no
effect on the equilibrium swelling pressure. Larger basal spacing and distance among
particles leads to less swelling pressure among layers and particles (e.g. Liu 2013). As
Fig. 10-23 shows, in a saturated state, application of the water spray method leads to
smaller basal spacing and larger distance among particles. The humidity control method
leads to larger basal spacing and smaller distance among particles. The mutual
compensation of the two swellings results in the similarity equilibrium swelling
pressure produced by the two specimen preparation methods.

As Fig. 10-8 and 10-15 shows, the equilibrium swelling pressure is unaffected by the
initial water content. According to the discussion above, specimens with different initial
water contents might reach a similar state in a saturated state (Fig. 10-24), which leads

to similar equilibrium swelling pressures.
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Conclusion

Compacted bentonite with different water contents were achieved by spraying water
and controlling the relative humidity of bentonite powder. Effects of initial water
content and specimen preparation method on swelling pressures, including swelling
pressure pattern and equilibrium swelling pressures, were researched. Another
individual set of X-ray diffraction test was conducted to make sense the effects of initial
water content and specimen preparation method on microstructure of bentonite. The
results can be summarized as:

1. With the increase of initial water content, swelling pressure developing pattern
changes from a curve with apparent peaks and valleys to a curve with quick
continuous increase in initial stage;

2. There is no apparent effect from initial water content to equilibrium swelling pressure
of bentonite. Specimen preparation method has no effect on equilibrium swelling
pressure;

3. The initial water content just affect the basal spacing of specimen before saturation
and have no influence on basal spacing of saturated specimen. The specimen

preparation affects both basal spacings of specimens before and after wetting.
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Figure 11-1 Global change in electricity demand (IEA 2022)

The responsibility of civil engineer and geotechnical engineer is not only to build a
better society, but also help the world to be a better place. As Figure 11-1 shows, the
demand of electricity all over the world is increasing very quickly in recent years for
progressing the industrialization. However, electricity generation methods in nowadays
brought massive damage to the earth and environment. For example, temperature
increased quickly in recent years because of the over emit of CO2 from coal electricity,
thereby inducing the fluent occurrence of natural disasters. It is an emergent issue to
find a way that can provide human beings enough energy without damaging the
environment of the earth.

In recent years, nuclear power has been paid more and more attention. However, it is a
very hard issue to handle the high-level radioactive waste from nuclear power industry.
Deep geological disposal method, which tried to seal nuclide water in deeply
underground, had been selected by Japanese government to deal with high level
radioactive waste (JNC 1999; NUMO 2022). Figure 11-2 reveals the timeline for

Japanese Geological Disposal program from NUMO (2022). The technical feasibility
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research was conducted in 1992 and 2000. From approximate. 2005- approximate. 2030
is the R&D programs of supporting organizations. The disposal site would be
determined in approximate. 2030. And, the operation of repository would be carried out
in approximate. 2040. Therefore, the application study of bentonites for Japanese deep
geological disposal project in needed to be finished in recent years. As mentioned above
in Chapter 1, a multi-barrier system would be applied in the Japanese deep geological
project. And bentonite was selected as the buffer material, which is a very important
part in multi-barrier system, for avoiding the leakage of nuclide waste. Thus, it is an

urgent issue to comprehensive study the properties of bentonites.

Timeline of Japanese Geological Disposal Program

Second Progress

Report (H12)
R&D (technical reliability) Repository

operation

First Progress
Report (H3)
(technical feasibility)

Selection of
disposal site

Amendment to Final Disposal Act for
TRU waste (June 2007)

Start of R&D
program

.
1976

Start of open solicitation (Dec. 2002)

Final Disposal Act (June 2000)

\Eslabtishment of NUMO

Implementation

Figure 11-2 Timeline for Japanese Geological Disposal Program (from NUMO

2022)
As introduced in Chapter 1, in Japanese deep geological project, the multi-barrier

system would be constructed in more than 300 m underground (Fig. 11-3). In such a
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deep position, the underground environments are very complicated and unforeseen. The
underground environments effects on bentonites properties are needed to be taken into

consideration in order to make sure the long-term stability of the multi-barrier system.

Crver 300 m
deep

*1 HLW disposal area
#2 TRU waste disposal area
Figure 11-3 Visual impression of a repository (from NUMO 2022)

Self-healing capacity of bentonite is a very crucial characteristic of bentonite. As shown
in Fig. 11-4, there would be some cracks or pores (Fig. 11-4) existing in the multi-
barrier system after the construction of the multi-barrier. These cracks and pores would
have a negative effect on the long-term characteristics of the deep geological project.
After bentonite meets water, the volume of bentonite would expand and fill possible
cracks in multi-barrier system, which is designated a self-healing capacity. In
geotechnical engineering, the self-healing capacity was normally evaluated by swelling
rate and swelling pressure (Komine and Ogata 1994). In this study, swelling pressure

was adopted as the evaluation parameter to assess self-healing capacity of the bentonite.
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Figure 11-4 Multi-barrier system after construction and in saturated state
The hydraulic properties of bentonite are very significant for avoiding the leakage of
nuclide waste. Comparing to other soils, the saturated hydraulic conductivities of
bentonites are much lower than non-swelling soils (Komine 2008), which can
effectively prevent the nuclide water going out. Besides hydraulic conductivity, the
water diffusivity was adopted as an important parameter to assess the movement of
water in bentonite (Wang et al. 2020). Additionally, as introduce in Chapter 4, the
hydraulic conductivity can be obtained combing soil water retention curve and water
diffusivity. In this research, the hydraulic properties, including water diffusivity and
hydraulic conductivity, were studied carefully.

Usually, scholars all over the world paid most of the attention to the properties of
bentonite in saturated state. The reason that they focused on the saturated state
properties may be that in traditional soil mechanics or geotechnical engineering, the
saturated state is the weakest state. However, the properties for bentonites in
unsaturated state in also very important. As reported by massive studies (Komine et al.
2009; Wang et al. 2020) and technical reports (SKB 2011; Posiva 2012), thousands or
even millions of years are needed for nuclide waste to decay fully. During that such a

long period, hundreds of years saturation process would be included (Fig. 11-4). In this
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such a long wetting duration, the underground environments may vary greatly.
Therefore, the swelling pressure and hydraulic properties changes of bentonite in this

special process should be taken into consideration.

11. 2 The choice of dry density

A sufficiently large swelling pressure and a sufficiently small hydraulic conductivity of
bentonite need to be provided not only in the saturated state but also in the unsaturated
state. As reported by massive scholars, the dry density of bentonite affects the
equilibrium swelling pressure (e.g., Komine and Ogata 1994; Komine and Ogata 1996)
and saturated hydraulic conductivity greatly (e.g., Komine 2008). The results from
those testing observations indicated that, equilibrium swelling pressure increased with
the rise of dry density and saturated hydraulic conductivity decreased as the growth of
dry density as mentioned in Chapter 1. However, there is still a lack of swelling pressure
and hydraulic conductivity for bentonite during saturation. In this study, new swelling
apparatus and new multi-ring as introduced in Chapter 3 were used to obtain swelling
pressure and hydraulic conductivity of bentonites during saturation. New method for
calculating the hydraulic conductivity of the bentonite during saturation was followed
as Chapter 4. The effect of dry density on swelling pressure during saturation of MX80
bentonite is shown in Fig. 11-5 from Chapter 5 and the dry density effect of hydraulic
conductivity during saturation of KB bentonite is revealed in Fig. 11-6 from Chapter 5.
As can be found from Fig. 11-5 and concluded in Chapter 5, the swelling pressure
during saturation increase with the increasing dry density. Meanwhile, an easily
conclusion can be made from Chapter 6 that, hydraulic conductivity during saturation

decreases as the dry density rises. Larger swelling pressure and lower hydraulic
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conductivity give better resistance to nuclide waste seepage. Thus, a larger dry density

of bentonite was recommended for the buffer material in deep geological disposal.

12v~¥4—————— 77—

—a— 1 4g/cm’
o— 1.5g/cm?| |
—a— 1.6g/cm’| |

a

—
=]
L

ot
oo
L.

Swelling pressure, p, (MPa)
=
=)}

00— . T . T . ; . ' .
0 50 100 150 200 250
Time, £ (h)

Figure 11-5 Swelling pressure changing with wetting duration for MX80

bentonite at different dry densities
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Figure 11-6 Hydraulic conductivity changing with volumetric water content for
KB bentonite at different dry densities

11. 3 The choice of bentonite cation type

Different locations were chosen by different countries to cite deep geological disposal

project. The ions compositions of the liquid intrude into the buffer material were
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different due to the project location. Japanese deep geological had been decided to cite
in coastal area (JNC 1999; Komine 2009; NUMO 2022, Fig. 11-7) because of the
feasibility of transportation. As well known, Japan is an island country. The
transportation by ship is much easier and economic than by trains and roads. Now, in
Japan, two countries in Hokkaido are discussing by the government to site the deep
geological program (Fig. 11-7, NUMO 2022). These two countries are both beside the
sea. However, siting the deep geological project in coastal area has some disadvantages.
During the decay of nuclide waste, the seawater may intrude into the deep geological
project, especially the multi-barrier system, including buffer material and waster
container. It is necessary to study the effect of seawater on the hydraulic properties and
swelling pressure of bentonites for ensuring the long-term reliability of multi-barrier

system.
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Figure 11-7 The location in discussion for Japanese Deep Geological project

(modified from NUMO 2022)
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Figure 11-8 The location in discussion for Chinese Deep Geological project
(Wang et al. 2018)
After comprehensive geological, hydrogeological and geophysical investigations based
on surface mapping and drilling of deep boreholes have been conducted in parallel at
several candidate sites, providing a sound basis for comparison. Two sites (Xinchang
and Shazaoyuan areas) in Beishan region in Gansu Province (Wang et al. 2018) were
recommended to the deep geological project in China. Considering that the Xinchang
area has better rock quality, the Chinese deep geological disposal project is determined
to be constructed in Xinchang (Wang et al. 2018). Among the long-term operation
period of deep geological disposal project, the ground water in Beishan area would
intrude into the buffer material. Thus, it is very important to investigate the Beishan
area ground water effect on hydraulic properties and swelling pressure of bentonite to
ensure the safety of deep geological disposal project.

Table 11-1 Ions and concentration of seawater in Japanese coastal area (Komine

et al. 2009)
Ton concentration Na® Ca*" K* Mg?*
mol/m? 454 4 6.2 9.0 50.0
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Table 11-2 Ions and concentration of groundwater in Beishan area (Sun et al.

2019)
Ton concentration Na* Ca®* K* Mg?*
mol/m? 62.96 8.09 3.14 10
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Figure 11-9 Swelling pressure during saturation of sodium type bentonite
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Table 11-1 shows the ions compositions and concentrations of seawater in Japanese
coastal area. Table 11-2 indicates the ions compositions and concentration of
groundwater in Beishan area. As we can see from Table 11-1 and Table 11-2, the ions
difference between two countries conditions is very big. The ions composition has great
effect on the properties of bentonites. It is necessary to investigate the ions compositions
of groundwater and select the suitable bentonite for the deep geological disposal
projects in different countries.

In Chapter 8, Ca** and Na* were used as the saturation liquid solutes to observe the
swelling pressure of bentonites. As presented in Fig. 11-9, for sodium type bentonite,
Ca?" saturated specimens have larger swelling pressures during saturation than Na*
saturated ones. Additionally, in Fig. 11-10, in case of calcium type bentonite, Na*
obtained larger swelling pressure during saturation than Ca**. Through the investigation
of groundwater quality, it is determined which cation dominates the composition of

groundwater, further suitable bentonite can be selected as buffer material.

11. 4 The choice of bentonite grain size

Additionally, during the decay period of nuclide waste, a great amount of heat is
expected emitting (Fig. 11-11). Thus, the temperature in the buffer material is much
higher than that of room. Figure 11-12 presents the temperature inside and outside the
buffer material among the operation of deep geological disposal project. As Fig. 11-12
indicates, the temperature would increase to approximate. 100 °C with the proceeding
time in the beginning 100 years. After that, the temperature will decline to approximate.

60 °C. It can be easily found that in Fig. 11-12, temperature changes greatly during the
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operation of deep geological project. The effect of temperature on the properties of

bentonite is needed to be studied.
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Figure 11-11 The emission of heat in deep geological disposal project (Gens et al.

2021)
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In this thesis, the effect of temperature on swelling pressures during saturation was
carefully researched in Chapter 9. As introduced in Chapter 9, particle and powder

bentonites have inconsistent effect on equilibrium swelling pressure. For particle
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Figure 11-13 Equilibrium swelling pressure of particle bentonite (MX80) at
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Figure 11-14 Equilibrium swelling pressure of powder bentonite (KV1) at

different temperatures
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bentonite, equilibrium swelling pressure decreases with the rise of temperature as
indicated in Fig. 11-13. In case of powder bentonite, as shown in Fig. 11-14,
equilibrium swelling pressure increases as the temperature increases. This discovery
gives designers a reference for what grain size bentonite to choose for deep geological

disposal project by the conditions in different countries.

11. 5 The choice of Initial water content and specimen preparation method

As introduced before, larger dry density compacted bentonite was recommended to the
deep geological disposal project for providing big enough swelling pressure and low
enough hydraulic conductivity. If bentonite can be compressed in optimize water
content, the maximum dry density can be achieved. Thus, it is necessary to study
whether the initial water content has significantly influence on swelling pressure. The

results from Chapter 10 for the initial water content effect on equilibrium swelling
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Figure 11-15 Equilibrium swelling pressure from different initial water content
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Figure 11-16 Equilibrium swelling pressure from different initial water content

KV1 specimen by humidity control method

pressure for KV1 bentonite is revealed in Fig. 11-15 and Fig. 11-16. It can be easily
concluded from Fig. 11-15 and Fig. 11-16 that, initial water content has very limit effect
on equilibrium swelling pressure. Thus, it is recommended that bentonite sample can
be compressed in optimize water content for obtaining maximum dry density.

Additionally, a convenient method needs to be found to obtain samples of target water
content. In geotechnical engineering, two methods, including water spray and humidity
control method (as introduce in Chapter 10), were normally adopted to achieve soils
with different water content. The results from Chapter 10, which is also presented in
Fig. 11-15 and Fig. 11-16, indicated that the specimen preparation method does not
have apparent effect on equilibrium swelling pressure. The water spray method is more
convenient and more timesaving than humidity control method. Therefore, the water

spray method is recommended during the construction on site.
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11. 6 Future plan

In this study, the hydraulic conductivity was just researched for different dry densities
bentonites. The reasons that other effects were ignored is the fact that the soil water
retention curve for compacted bentonite saturated by salt solutions and soil water
retention curve for compacted bentonite at different temperatures were lacked. It is
pretty hard to obtain precise soil water retention curves of bentonite saturated by salt
solutions because it is hard to achieve a uniformly distribution of salts in bentonite
during saturation. For achieving suction of bentonites at different temperature, the
existing technology still has certain shortcomings. For example, by using Whatman 42
filter paper method to measure the suction of bentonite at different temperatures, it is
impossible to make sure the loss of water content of filter paper is controllable during
the process between the filter paper is taken out at different temperatures and the weight
of filter paper mass. More efforts should be made to progressing the technology for
measuring the suction of bentonite saturated by salt solutions and at different
temperatures.

In this thesis, only Na* and Ca*" ions were used as saturation solutes. However, the
compositions of the liquid intrude into the buffer material is very complicated as
introduce above. Thus, it is not enough to just take the Na® and Ca®" ions into
consideration. In the future, more saturation liquid ions, for example K" and Mg*"

would like to be focused.
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