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Abstract

Knowledge of the behavior of highly compacted expansive clays, as an engineered barrier, in disposal of high-level nuclear waste
(HLW) systems to prevent the pollution due to migration of radionuclide is extremely essential. The prominent properties of
globally and widely used bentonites have been extensively studied during past two decades. In China, GaoMiaoZi (GMZ)
bentonite is the first choice as a buffer or backfill material for deep geological repositories. This review article presents the recent
progresses of knowledge on water retention properties, hydromechanical behavior, and fractal characteristics of GMZ bentonite-
based materials, by reviewing 217 internationally published research articles. Firstly, the current literature regarding hydrogeo-
chemical and mechanical characteristics of GMZ bentonite influenced by various saline solutions are critically summarized and
reviewed. Then, the role of osmotic suction 7t alongside the application of surface fractal dimension Dy is presented from the
standpoint of fractal theory. Finally, the strength characteristics of GMZ bentonites using fractal approach have been discussed.
Furthermore, this study sheds light on gaps, opportunities, and further research for understanding and analyzing the long-term
hydromechanical characteristics of the designed backfill material, from the standpoint of surface fractality of bentonites, and
implications of sustainable buffer materials in the field of geoenvironmental engineering.

Keywords Expansive clays, - GMZ bentonite, - Hydromechanical behavior, - Osmotic suction, - Surface fractal dimension (D), -
Fractal theory

Introduction

Expansive clays such as bentonites have numerous applica-
tions in the construction industry and deep nuclear waste dis-
posal systems to deal with municipal solid wastes (MSWs)
(Gens 2019; Ray et al. 2021). Bentonites are mainly Na-
bentonites and Ca-bentonites. Sodic type has more swelling
capacity than calcic bentonites because of lesser hydration
energy of exchangeable monovalent (Na*) cations (Cui
2017). Other general applications of bentonites include
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drilling fluids, cosmetic formulations, and use as natural mul-
tivitamin (Churchman et al. 2002). Montmorillonite (from
hereon referred to as Mt) clay mineral, having less than 2-p
particle size, is the main ingredient of natural bentonite with
traces of cristobalite, crystalline quartz, and feldspar (Barakan
and Aghazadeh 2020). It has an overall negative charge due to
the isomorphous substitution and is responsible for the water
uptake and swelling phenomena. It has alternating layered
structure of silicon oxygen tetrahedron and hydroxyl octahe-
dral (T-O-T) with six OH and four O, molecules (Fattah and
Al-Lami 2016; Jalal et al. 2020; Jiang et al. 2014; Rao et al.
2013; Uddin 2008; Ye et al. 2014) as shown in Fig. la.
Bentonite is famous for providing waterproofing capabilities
in leachate liners and in contributing to swelling impedance in
bentonite-based materials (BBMs) (Pathak 2017; Reijonen
etal. 2020). The swelling mechanism of BBMs resembles that
of pure bentonites (Liu 2013). Highly expansive clays tend to
produce negative electric charge in water that is capable of
adsorbing any positively charged toxins (Miazzo et al.
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Fig. 1 Water uptake process in
bentonite is shown schematically
alongside the microstructural
changes in swelling phenomenon,
adapted from (Liu 2013; Masin
and Khalili 2015; Xu 2019) with
modification
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2005), as visulized in Fig. 1a to c. In addition, BBMs exhibit
low hydraulic conductivity, high swelling potential, better
self-sealing ability, good gas release capacity and rheological
properties and enhanced radionuclide retardation capacity (He
et al. 2019a; Liu et al. 2020; Liu 2013; Pusch 1999; Wang
2010). Expansive soils are function to total suction (h; or ¥)
comprises two major components i.e., matric (h,,) and osmot-
ic suctions (h,; or 71) and can be measured by experiments or
analytical techniques (Mokni et al. 2014). Also, the swelling
pressure (Py) of bentonites is governed by both the compo-
nents of total suction. The swelling pressure induced by the
hydration of cations and surfaces of the clay platelets is called
crystalline swelling (Xu 2018). Subsequent swelling induced
after completion of crystalline swelling is attributed to the
osmotic process and is called the osmotic or double layer
swelling (Liu 2013) (Fig. 1d). Osmotic suction component
comes from dissolved solutes in soil pore-water and benton-
ites. It is also shown in Fig. 1d that the clay particles of ben-
tonite also exhibit an inherent osmotic suction because of ions
present in their pore water. Osmotic pressure can be deter-
mined by employing the thermodynamic principles and the
Van't Hoff equation (Leong and Abuel-Naga 2018; Li and
Xu 2020; Rao and Shivananda 2005; Xu et al. 2014).
Furthermore, in geoenvironmental engineering, bentonites
are used for lining of dams and for the disposal of high level
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nuclear waste (HLW) disposal in the form of buffer material
across the globe (Arifin et al. 2015; Cui 2017; Dixon 2000;
Kaufthold et al. 2015; Kim et al. 2019; Komine 2004a;
Komine 2004b; Pusch 1999; 2015; Siddiqua et al. 2011;
Stewart et al. 2003; Sun et al. 2017; Tripathy et al. 2015;
Villar and Lloret 2004; Wieczorek et al. 2017; Xu 2003; Xu
et al. 2003). Fig. 2a and b illustrates the mechanism of under-
ground geological repository for disposal of HLW within a
bentonite clay buffer. Highly expansive clays such as benton-
ites play a key role in the various stages of the deep geological
disposal of high-level nuclear waste (Christopher and
Chimobi 2019; Gens 2019). Different materials are used in
engineered barrier system (EBS), such as vitrified nuclear
waste, canister, buffer as well as backfill materials in the con-
struction of artificial barrier to form deep geological repository
(DGR) (Zhi-jian 2009). Fig. 2c illustrates the canisters, back-
fill, near-field rock and buffers in the EBS. The buffers are
filling materials, for instance bentonite-based materials, be-
tween the canister and the disposal hole. The buffers used here
are designed to protect the canisters from shearing effects of
nearby rocks, to suppress microbial activity, and to inhibit the
leakage of nuclides by reducing groundwater inflow
(Baltrénaité et al. 2018; Briggs et al. 2017; Yoon et al. 2019).

According to 3-stages Chinese HLW disposal program ini-
tiated in the late 1980s, the major objectives were (i) to select
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Fig. 2 Schematic of underground geological repository for high-level radioactive waste disposal with gaps/cracks developed in bentonite bricks
overtime, modified after (Jia et al. 2019; Sinnathamby et al. 2015; Yokozeki 2007; Yoon et al. 2019)

site and construct underground research laboratory (2006—
2020), (ii) to conduct underground in-situ tests (2021-2040),
and (iii) to complete the first geological repository using vit-
rified HLW (2041-2050). In the HLW disposal system, the
hazardous and nuclear waste accumulates in the interim stor-
age facilities and therefore the final waste repositories are
established for efficacious disposal of radioactive waste in
the form of waste-filled-canisters at greater depths
(500~1000 m below the ground surface) (Wang 2010; Xu
2018; Zhang et al. 2016).

The mechanical behavior of clay is largely affected by the
pore fluid composition since the clay particles are electrically
charged (Lietal. 2019, n.d.; Xu etal. 2014). Ye et al. (2010b)
studied the influence of salinity and salinization-desalinization
phenomena on the swelling properties of heavily compacted
GMZ01 bentonite by incorporating NaCl, CaCl, and KCl (0.5
and 2 M). Furthermore, it was found by Yu et al. (2019) that
soil compressibility, strength, and hydraulic conductivity of
the buffer material are largely affected by the soil suction.
For known total suction of the clay, the specimen inundated
in high concentration solution exhibits a larger h,; and thus has
a smaller value of h,, (He et al. 2016; Nowamooz and
Masrouri 2010). The increasing h,; of the solution concentra-
tion tends to weaken the clay swelling in containment of HLW
repository. Moreover, the higher h,; at elevated temperature
and high solution concentration may enlarge the decrease in
the Pg (Chen et al. 2018). The h,; due to high saline solutions
may also slightly reduce the P, of bentonite-based buffer

materials (Castellanos et al. 2008). The sodic montmorillonite
is more sensitive to osmotic phenomenon in contrast to the K-
montmorillonite and Ca-montmorillonite owing to their small-
er double layers. In addition, the blending of NaCl, CaCl,,
KCl in the bentonites produced ion diffusion into the pore
fluid resulting in reduced volume which increased the residual
shear strength mainly due to osmotic consolidation (Di Maio
1996). Zhang et al. (2016) found that, the shear strength un-
dergoes a noticeable improvement with increasing NaCl con-
centration (0, 0.2, 0.5, 1 and 2 mol/L) and concluded that the
internal friction angle increases fairly, whereas cohesion re-
mains almost unchanged. Li et al. (2019) proved a uniform
relationship of the volume change and the modified effective
stress equation in various saline solutions (NaCl, CacCl,,
NaNO;, Ca (NOs),) using a unique equation that validates
the modified effective stress concept.

The concept of fractals quantifies the complexity of surface
topographies and disordered objects on the basis of self-
similarity among the surfaces at various scales. Benoit
Mandelbrot introduced the term “fractal,” meaning “to frag-
ment” and “irregular” implying to broken or fractured for the
self-similar geometric figures which scale a dimension in
whole number powers, e.g., Sierpinski triangle is 1.262 di-
mensional and Von Koch snowflake is 1.585 dimensional,
whereas, the value for soil particles is between 2 and 3
(Lathrop et al. 2009; Mandelbrot 2013; Mandelbrot 1983;
Young etal. 2001). Fractal is that object whose dimensionality
lies midway (i.e., 1 and 2, 2 and 3, etc.), such as, 1.3
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dimension refers to an uneven line, whereas, an object having
2.2 dimension represents a surface (He 2016). In case of
smooth boundary, the fractal dimension of the object will be
close to unity, while for a rougher boundary the fractal dimen-
sion approaches equal to two (Castillo and Melin 2020).
Fractal dimension in variety of clays has been used to repre-
sent the water retention, grain size distribution, and the me-
chanical performance under impact loading of the soils (Yang
and Wang 2020). The surface fractal dimension (from hereon
referred to as SFD or D) of expansive clay serves to charac-
terize the surface roughness or irregularities of clay particles
surfaces. Furthermore, the surface irregularity and roughness
of bentonite also directly affect its heavy metal adsorption
performance. The magnitude of the SFD is relevant to many
vital physico-chemical processes, for example, adsorption,
surface diffusion and catalysis. The lower value indicates a
smooth surface while the higher value suggests that the sur-
face is rough (Peng et al. 2020; Xu et al. 2014). The Dy helps
to characterize the microstructure of porous materials such as
soils, rocks, ceramic gels and cement pastes (Zeng et al. 2013).
The microstructure of expansive clays can be quantified by
fractals because the DDL theory assumes smooth surface of
Mt regardless of the rough surface of bentonite thus relating
the swelling characteristics with fractals (Xiang et al. 2014b;
Xu and Liu 1999). Modified effective stress incorporates the
effect of osmotic suction and has been found to follow fractal
nature by exhibiting a unique straight line on logarithmic plot.
The volume change behavior of bentonite or expansive soils is
represented by the unique curve using the proposed effective
stress for the bentonites in saline solution having various con-
centration levels. The proposed subsequent formula is based
on fractal model for the surface of clay structure such that
osmotic suction is determined from the Van't Hoff equation
and the volume change behavior of expansive soils can be
expressed by the aforementioned curve of e—p° which is also
validated by experimental data (Xu et al. 2014; Zhang et al.
2013). From the standpoint of salinity of solutions, the Dy is
highly related to the h,; of the compacted mixture, for instance,
in the calculation of peak shear strength of saline solutions
(Xiang et al. 2019b). The effect of h,, has been explained
quantitatively after determining the D of Tsukinuno bentonite
by nitrogen adsorption test and a modified form of the effec-
tive stress has been proposed which incorporates the effect of
the h,, (Xu et al. 2014).

Numerous research are available on application of fractal
theory in determining soil properties in general; along with
some special focus on the effect of Dy on the hydro-
mechanical nature of expansive soils (Li and Xu 2020; Li
et al. 2019; Liu et al. 2014; Mandelbrot 1983; Schanz and
Al-Badran 2014; Xiang et al. 2015; 2019b; Xu 2019; Xu
et al. 2003; Xu et al. 2004; Ye et al. 2009).Therefore, on the
basis of established applications of GMZ as bentonite buffer
material in geological repositories with respect to swelling
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behavior, hydraulicity properties and mechanical characteris-
tics, a review on fractal theory approaches is presented. This
review article takes into consideration the progresses made on
hydrochemomechanical behavior and the efficacy of fractal
theory for the GMZ based materials, which has not been ad-
dressed till date. The main objectives to determine these prop-
erties include (a) hydrogeochemical and mechanical charac-
teristics influenced by various saline solutions to assess buff-
ering materials, and (b) the role of osmotic suction and appli-
cation of surface fractal dimension Ds., and (c) the effects on
the volume change and compression characteristics based on
previous studies pertaining to GMZ bentonite. In addition, the
standby problems needing solutions and the key points and
frequent issues that should be addressed in future are also
suggested for GMZ bentonite-based materials.

Basic properties of prominent bentonites
in the world

Some of the physical, chemical and mineralogical properties
of global bentonites, including GMZ, are presented in Table 1.
It is evident that sodic bentonites exhibit an overall better
performance than the calcic bentonites in terms of usage as
potential buffer material in the deep geological repositories. It
can be observed that the liquid limit (LL) and plasticity index
(PI) of Na-bentonites are almost three times and five times that
of Ca-bentonites, respectively. The LL and PI tests are con-
ducted according to ASTM D-4318 standard for determining
the water-holding capacity of clays. Also, the values of LL
and PI for volclay bentonites are the highest of all and reported
as 628% and 583%, respectively. Note that, according to
Horpibulsuk et al. (2011) the reduction of the LL is generally
caused by the compression of DDL. Furthermore, the SFD for
Na-bentonite has lower values (Dg = 2.55 to 2.67) than those
of Ca-bentonite (D, = 2.67 to 2.80), while the Dy values of
Ponza and FoCa7 bentonites are reported to be 2.55 and 2.80,
respectively. The decrease in Dy is an indicator of the complex
behavior of pore system Liu et al. (2014). The Mt amount in
GMZ is comparatively lesser than that in Febex and MX-80,
whereas, it is higher than that of Kunigel VI, which according
to Liu (2010), leads to establishing reliable correlations be-
tween the Mt content and cation exchange capacity (CEC) of
respective bentonites. Ye et al. (2014) argued that, Mt content
is directly related to CEC value of bentonites. Xiang et al.
(2019b) studied that, the diffusion of alkaline solutes into
bentonite-based mixtures dissolves Mt mineral which will
weaken the properties of the bentonite, as pH is raised to
13—14 (Liu et al. 2018). However, according to another study
by Herbert et al. (2008), after reaction with alkaline solution
the Mt aggregates were broken apart between MX-80 benton-
ite and alkaline solution after elapsed time of 3 years. The
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temperature also has a significant impact on bentonite corro-
sion in saline solution (Xiang et al. 2019b).

The artificial neural network (ANN) analysis was per-
formed on the data given in Table 1, by considering smectite
(%), particle density (Mg/m3), PI (%), CEC (meq/100mg) and
SSA (m%/g) as input, while Dy as the output variable. The
details of performing ANN analysis are outlined elsewhere
(Das 2013; Sathyapriya et al. 2017; Shahin 2013). The model
was trained using Levenberg-Marquardt method and the num-
ber of hidden neurons were selected as 10. The dataset was
divided into 60% training, 20% validation and 20% testing
data for the formulation of ANN model, in accordance with
the requirement of a minimum ratio of 3 (and, preferably > 5)
between data points and input variables, as stated by Gandomi
and Roke (2015). A strong overall correlation coefficient (R)
of 81% (Igbal et al. 2020) was recorded between the observed
and predicted values (Fig. 3). The R values measure the cor-
relation between outputs and targets and an R value of 1
means a strong relationship, while zero represents no relation-
ship. The mean absolue error (MAE) was 0.042. MAE is the
average squared difference between outputs and targets.
Lower values are better whereas zero means no error.
Various evaluation criteria, i.e., Nash-Sutcliffe efficiency
(NSE) (Shah et al. 2020), root mean square error (RMSE)
(Jalal et al. 2021), and performance index (P;) (Igbal et al.
2020) were used to assess the performance of the ANN model
(Raheem et al. 2017; Shah et al. 2020). The values of afore-
mentioned indices were determined using proposed equations
in literature and are also tabulated in the Fig. 3. All values can
be seen to lie in permissible limits required for an optimum
neural model (Shahin et al. 2009).

The elemental composition of 25 global bentonites deter-
mined by the X-ray fluorescence (XRF) test is listed in
Table 2. It is observed that, the average range of silica, iron
oxide and alumina is between 50 — 60%, 1 — 10%, and 12—
30%, respectively. Quartz or SiO, is an imperative mineral
that significantly affects the thermal conductivity of highly
expansive clays (Cui et al. 2011; Tang et al. 2008).
According to the definition of a pozzolan by the ASTM, all
the listed bentonites are “pozzolanic” in nature since the cu-
mulative percentage of SiO,+Al,03+Fe,05 exceeds 70%
(Agarwal 2006; Mohammed 2017).

GaoMiaoZi bentonite

The GaoMiaoZi bentonite has proved to be a reliable material
for Chinese geological repository located in Beishan area of
Gansu province (Fig. 4) (Zuo et al. 2019). The GMZ bentonite
(GMZO01, GMZ07) has been the first choice for use as buffer
or backfill material owing to its hydrophilic character and
good sealant characteristics (He et al. 2019b; Schanz and Al-
Badran 2014; Xu 2019; Ye et al. 2013; Zhang et al. 2019a).
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For determining the suction of GMZ bentonite-sand mixtures,
pressure plate method and the filter paper method were previ-
ously used (Meng et al. 2012). Note that, the GMZ bentonites
are mainly classified as GMZ01 and GMZ07 which are ex-
tracted from different sources in Wulanchabu city of northern
Chinese Inner Mongolia autonomous region, 800 km from
Beijing (He et al. 2019b; Sun et al. 2020; Ye et al. 2013;
Zhang et al. 2019b). According to the small-angle X-ray scat-
tering (SAXS) technique, scattering intensity of GMZO01 is
smaller than that of GMZ07 while both have similar fractal
dimensions with pore size reported to be much concentrated
and a higher Py is recorded in the former type (Long et al.
2016). The SAXS technique is based on the difference in
electron density and is capable to detect the interlayer pores
of the Mt (Peng et al. 2020). The difference in the mechanical
behavior of the two types is attributed to the grain size and the
amount of Mt content (Long et al. 2016). The expansivity
properties of the sodic and calcic GMZ bentonites are approx-
imately equal in the range of higher densities (Sun and Fang
2014). The physical properties of the GMZ bentonite and the
ground water characteristics in the geological repository site
of Beishan (with granite as host rock) are also shown in Fig. 4
(Liu et al. 2001; Sun et al. 2018; Wang 2010; Ye et al. 2014).

GMZ bentonite exhibits large thermal conductivity (1.51
W/mK at py=1.6 Mg/m3 , w =27%), greater SSA (570 mz/g),
reduced saturated hydraulic conductivity (ke = 1.94 x 101
m/s at pg =1.6 Mg/m® and 25 °C), large CEC (77.30 meq/100
), higher (11.7%) quartz content, high liquid limit LL=313%
and plastic limit PL=38%, greater UCS (1740 kPa at pq =1.6
Mg/m® , w = 24%), relatively large P, (3170 kPa at pq =1.6
Mg/m?), and specific gravity G, = 2.66 (Cui et al. 2011; Ye
etal. 2014).

The X-ray diffraction (XRD) analysis is commonly con-
ducted to investigate the mineralogical characteristics of pow-
dered sample (Mutaz and Dafalla 2014; Wang et al. 2019).
The XRD analysis of GMZ07 bentonite in Fig. 5a signifies
that GMZ bentonite contains 61% Mt, 26% quartz, 7% pla-
gioclase and 6% feldspar (Xu 2019). The scanning electron
microscopy (SEM) results performed on rough sodic GMZ
bentonite in Fig. 5b suggest that the particles are spaced apart
distantly from each other as pointed by arrows. The evolution
of rough surfaces evidences the fractality characteristics in the
Na- GMZ bentonite. The distribution of pore sizes determined
by Barrett—Joyner—Halenda method is shown in Fig. 5c,
where Na- GMZ bentonite has been categorized as mesopo-
rous Liu et al. (2014). In addition, Transmission electron mi-
croscopy (TEM) performed by Xiang et al. (2019b) reveals
that, the Mt particles are flaky and intact in the GMZ bentonite
which shows smooth morphology without any corrosion at
microstructural level (Fig. 5d). Considering the above-
mentioned points regarding GMZ bentonite, initially, we dis-
cuss the thermal and hydromechanical characteristics of GMZ
bentonite as compared with rest of the bentonites.
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Hydro-mechanical characteristics of GMZ
and other bentonites

The hydraulicity of the compacted GMZ bentonite and its
mechanical characteristics have been studied in the recent past
as shown in Figs. 5 and 6, respectively. The soil water reten-
tion curves (WRCs) of GMZ bentonite for unconfined and
confined conditions and other prominent bentonites are also
depicted in the plot between water content and suction (Fig.
6). It is important to state that, the negative pore water pressure
refers to suction property. The WRC determines the capability
of bentonite to hold moisture with change in suction value
(Arifin et al. 2015; Villar et al. 2010). In Fig. 6, the WRCs
for GMZ are plotted at room temperature (20 C) and at dry
density of 1.7 g/em® (Ye et al. 2010a). The water contents
below 20% have higher suction values ranging from 6000 to

50,000 kPa for all given bentonites, whereas, for water con-
tents greater than 40% the suction is logarithmically reduced
between 800 kPa and 3000 kPa. Furthermore, at any given
water content, the suction is minimum for Kunigel VI, while it
is the highest for MX-80 bentonite. It is to say that, the ability
of MX-80 to retain water is higher than that of Kunigel VI. Cui
et al. (2008) attributed it to the presence of 79% and 46-49%
Mt content in MX-80 and Kunigel VI, respectively.
Moreover, Sun et al. (2014) determined the Soil water char-
acteristics curve (SWCC) of highly compacted calcic GMZ at
greater suctions (3 - 287 MPa) using the vapor equilibrium
method. The SWCC explains the correlation among soils’
moisture content (saturation degree and gravimetric moisture
content) and suction, and it is considered as the key soil char-
acteristics for evaluation of hydromechanical behavior, mois-
ture movement. The effect of the SWCC on the stiffness and
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Fig. 3 Regression plot for evaluating surface fractal dimension (D) using ANN along with the respective values of performance indices for the

predictive neural model
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Table 2  Elemental composition of randomly selected global bentonites
S. Bentonite source/ Country Elemental composition (% weight) References
No  name
Si0, Fe,0; ALO; S+F+A TiO, LOI CaO Na,0 K,O MgO
S ® A
1 B75 Czechia 51.9 89 155 763 23 - 46 12 13 22 (Sunetal 2019)
2 Kyeongju Korea 56.8 6.0 20.0 82.8 0.8 - 26 1.3 09 08 (Leeetal 2012)
3 GMZ China 69.2 3.1 144 867 01 54 13 19 08 33 (Liu2013)
4 VC-EL-COL4 Brazil 629 82 226 937 02 01 20 01 0.1 3.5 (Alvesetal 2016)
5 Unye Turkey 76.8 1.1 123 902 01 59 14 03 04 1.5 (Sakizcietal 2010)
6 Egyptian Local Egypt 549 93 170 812 15 81* 1.0 28 1.0 2.5 (Abdouetal 2013)
7 Jordanian Raw Jordan 60.9 6.5 130 804 1.1 - 1.2 29 3.0 3.1 (Al-Jariri and Khalili 2010)
8 Azzouzet Morocco  53.4 - 173 70.7 - 142 1.7 1.0 0.3 3.7 (Erramly and Ider 2014)
9 Sardinia southern  Italy 594 24 189 80.7 02 11.1 09 1.0 05 55 (Caraetal 2000)
10 Takhtbhai Pakistan ~ 53.1 9.1 124 746 10 6.1 129 0.0 25 2.6 (Afzaletal 2014)
11 Lygumai Lithuania 49.5 3.7 30.1 833 09 10.8 02 02 39 1.1 (Kiiplietal 2008)
12 Grétlingbo Sweden 50.8 20 267 795 04 105 09 05 54 32 (Kiiplietal 2008)
13 Ruhnu Estonia 551 1.7 245 813 03 73 04 07 63 3.6 (Kiiplietal 2008)
14 Cape Mine South 659 3.6 153 848 05 51 1.1 27 1.1 3.1 (Masindietal 2015)
Africa
15  ThuanHai clay Veitnam 62.6 3.0 16.7 823 - - 21 24 0.6 1.9 (Thucetal 2010)
16  Ardestan mine Iran 56.4 143 70.7 17.0 4.1 (Faghihian and Godazandeha
2009)
17 Maghian clay Algeria 703 2.6 123 852 02 - 1.7 1.9 24 1.5 (Angaretal 2017)
18  BRS-291 UK 531 24 274 89 05 59 04 04 72 2.6 (Huffetal 1993)
19 Chioarului Romania  73.2 1.2 142 886 04 - 0.8 27 10 22 (Komlésietal 2007)
20  Tango Nigeria 499 5.1 150 700 - - 1.2 - 1.8 - (Abdullahi and Audu 2017)
21 Wyoming USA 554 30 201 785 0.1 147 05 3.8 0.6 2.5 Mahto and Sharma (2008)
22 Gujarat India 594 128 150 872 13 57 1.7 12 0.1 3.1 Mahtoand Sharma (2008)
23 KW+4 Japan 845 28 57 930 01 33 06 05 08 1.6 (Fukushietal 2010)
24 Miles Australia  71.2 3.3 173 91.8 0.6 - 29 1.7 07 1.7 (Gates etal. 2002)
25  Puskwaskau Canada 472 4.6 175 693 03 233 1.7 05 04 44 (Fanti2009)

Note: LOLI: loss on ignition, * at 1000 C, T Fe,05, BaO, MgO, Ca0, K,0, SrO, ZnO, MnO, TiO, = 7.97%; If the combined percentage of the bold values

exceed 70%, it is regarded as pozzolanic material by ASTM

strength characteristics of unsaturated soils is significant.
Also, it is important for understanding soil-environment inter-
actions, flow of water, solute transport processes, and could be
employed for estimation of the hydraulic conductivity, shear
strength and deformation of soils (Ye et al. 2019). On the other
hand, for the compacted sodic GMZ bentonite, it was revealed
that in low suction range (< 4 MPa), the confined specimens of
soil caused relatively reduced water retention, whereas, at
greater suctions (> 4 MPa) the confined and the unconfined
specimens both yielded same water retention (Ye et al. 2014).

In suction versus water content graph, the WRCs are mea-
sured by using various concentrations of salt (S, Sy, S, S3)
and deionized water for the compacted GMZ bentonite (Fig.
6). So, Sy, S,, and S5 are the salt (NaCl) concentration/
bentonite ratio Ry (mmol/g) in each solution having values
equaling 0, 0.101, 0.2014, and 0.310, respectively (He et al.
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2019b). At a constant suction, the measured water content
rises at high concentration of the pore fluid such that the rate
of influence is directly related to suction (Ye et al. 2014).
Equation 1 represents the modified model to explain the
WRCs of heavily compacted GMZ bentonite while consider-
ing the effect of pore fluid concentration (He et al. 2019b). Itis
established that the predictions made by equations proposed
by Fredlund and Xing (1994) better describe the SWCC and
that this model shows good agreement among calculated
values and measured data (Fig. 6).

Oy (C) _
{imle+ w/a(e)y]}

6= C(1) x (1)

where 0 is water content, C (1) is a correction function, \{ is
the total suction, 04(c) is the saturated moisture content at
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Fig. 4 Location and general features of Chinese GMZ bentonite deposits and geological repository site

existing chemical concentration, a(c) is the air entry value-
related parameter (i.c., a) and the pore fluid chemical concen-

tration, and n(c) is the slope value and pore fluid chemical  fractal theory.
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Fig. 5 Mineralogical and morphological characteristics of GMZ bentonite

concentration. Furthermore, Xu and Dong (2004) concluded
that the water retention property can also be expressed by the

Flaky and intact montmorillonite
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Fig. 7 indicates the findings on P and permeability versus
dry density obtained from the previous researches. The in-
crease in dry density leads to higher Py, larger unconfined
compressive strength (UCS), and increased modulus of elas-
ticity for all given bentonites thus depicting an exponential
relationship (Liu 2013). GMZ bentonite with 15% water con-
tent is easily compactible to a more dense state in contrast to
less than 10% or more than 20% water content. Wen and
Jintoku (2005) found that, the UCS of GMZ bentonite with
a water content near to optimum (w=14%) is greater than the
rest of the moisture contents. In addition, at higher dry densi-
ties (1.4to0 1.7 g/cm3) the P is minimum for Kunigel VI while
it is the highest for Febex bentonite. The degree of fluctuation
in the GMZ bentonite ranges between the P curves of these
two bentonites. A logarithmic relation is also obtained which
correlates Pg and dry density of GMZ having regression coef-
ficient of 93%. Zhang et al. (2019a) introduced a critical void
ratio for highly compacted GMZ bentonite inundated with
NacCl solution to demarcate the combined swelling due to
double-layer swelling as well as crystalline swelling from that
of only crystalline swelling. For specimens with a larger void

Fig. 6 Comparison of suction 1,000,000.00
versus water content of GMZ
bentonite and other global
bentonites, with focus on soil
water retention curves of GMZ 100,000.00
bentonite inundated in saline -
solution, (Arifin et al. 2015; ™
Komine 2004a; Masin and Khalili g 10.000.00
2015; Ye et al. 2010a) g
o
=
n
1,000.00
100.00
1,000,000.00
100,000.00
s
=
.5 10,000.00
k31
=
%)
1,000.00
100.00
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ratio than this critical value, the Pg was inversely related to the
concentration of NaCl solution because the double-layer
swelling and crystalline swelling were inhibited. On the con-
trary, when these values are equivalent, the salt solution ef-
fects were almost negligible (Zhang et al. 2019a). It is note-
worthy that P; shows a nonlinear trend with time along with
higher rate of increase in Py obtained in early stages while
attaining a straight horizontal line afterwards.

Additionally, the semi logarithmic plot of permeability and
dry density reveals that increase in dry density of GMZ ben-
tonite from 1.4 to 1.8 g/em’ reduces the permeability from
1x107'2 to 1x107"3 m/s, as shown in Fig. 7. Korean Ca-
bentonite somehow follows the similar pattern at aforemen-
tioned range of dry density with decrease in hydraulic conduc-
tivity reported as 1x10™"" to 1x10™'? m/s. The range of dry
density is between 0.2 and 1 g/cm® for other bentonites in
accordance with the previous literature, wherein the reduction
of permeability is several degrees higher than the compacted
bentonites because of compaction. It is shown that hydraulic
conductivity increases with the elevation of temperature, how-
ever, the hysteretic behavior in WRCs of highly compacted
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GMZ bentonite exhibits minimal effect at 20 or 40 °C (Ye
etal. 2010a). The modified equation based on fractal approach
containing the effect of osmotic suction can well predict the
hydraulic conductivity of unsaturated expansive clays. In ad-
dition, Ye et al. (2010a) reported that the unsaturated perme-
ability of unconfined compacted GMZ bentonite is greater
than that of the confined case which could be associated with
microstructural changes at the time of hydration in confined
case.

In Belgium, repositories were designed by analyzing clay
that is based on multiple barrier system between the HLW
and the biosphere. In 1980, decision was taken to build high
activity disposal experimental facility (HADES) in Belgian
Boom clay formation at 223 m depth for evaluating the feasi-
bility of the disposal concepts. According to Xiangling et al.
(2000), it aimed at providing reliable data on the performance
of repository barriers. A large-scale long-term (8.5 years) ex-
periment employing more than 500 sensors was conducted by
designing full-scale thermal-hydro-mechanical (T-H-M) mock-
up test for the HLW in Granite subjected to specified boundary
conditions. The sensors were capable to bear mechanical stress,
high temperature, and harsh environment. Major implications
of the thermal aspects in the transport processes were yielded at

Dry density, pq (Mg/m?)

the end of the experiment (Cui and Tang 2013; Martin et al.
2006). Also, an engineering-scale test facility (KENTEX) was
constructed to validate the T-H-M behaviors in South Korea
(Lee et al. 2006). Yet another large-scale heating test on
FEBEX bentonite was conducted by subjecting to cooling
and subsequent partial dismantling wherein all the conditions
of an HLW repository were reproduced at full scale under re-
alistic conditions. Important THM parameters, such as temper-
ature, relative humidity, stresses, and fluid pressures, were de-
termined in the EBS and nearby field rock. It was concluded
that, the thermal field has a substantial effect on the hydration
time, hydraulic gradient and rate of cooling. Also, the model
predictions were in close agreement with the experimental re-
sults (Sanchez et al. 2012). Similarly, in China, a large-scale
mock-up facility was made in the Beijing Research Institute of
Uranium Geology (BRIUG) which comprised a heater for sim-
ulating a container of radioactive waste and was kept in the
compacted GMZ-Na-bentonite blocks and pellets. According
to Chen et al. (2012), the model of Alonso-Gens was employed
to generate the mechanical behavior of the BBMs under unsat-
urated conditions. It was revealed that the temperature distribu-
tion is affected by the thermal conductivity that rises with the
increasing saturation percentage and the specific heat of
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bentonite. Additionally, Liu et al. (2014) explained that the
stress evolution in the GMZ buffer material was observed to
be affected by the gravity, thermal expansion at elevated tem-
perature, and the P, generated by water penetration.

The summary of obtained correlations and their studied
ranges in Figs. 6 and 7 are tabulated in Table 3, which sug-
gests that the regression coefficient values are higher except
for the relationship between coefficient of hydraulic conduc-
tivity and dry density that falls below 80% (Gueddouda et al.
2016). All other relationships have R* values above 86% that
corroborates the previous findings.

Fractality characteristics of GMZ and other
bentonites

A number of researchers have conducted research in the field
of fractal geometry (FG) since 1990 owing to the promising
characteristics and cutting-edge application to research under-
taken today. According to Mandelbrot (1983), FG helps in
describing the surface texture since Euclidean geometry ex-
hibit four topological dimensions. According to Gareche et al.
(2016), the rheological measurements indicate that particles of
highly expansive clays such as bentonite are structured in a
fractal network. Furthermore, the fractal approach efficacious-
ly describes the solid-pore-fracture geometry of coal and
quantifies its porous structure and helps to understand the
surface roughness and methane (CH,) storage capacity of a
coal reservoir (Liu and Nie 2016; Wang et al. 2019).

A number of researchers have published articles related to
the SFD or D, of GMZ bentonites (Xiang et al. 2014a; Xu
2003; Xu et al. 2004), its calculation and effect on swelling
characteristics of geological repository (Liu et al. 2014; Xiang
et al. 2014b; Xu and Dong 2004; Xu et al. 2004), the role and
calculation of osmotic suction in determining Dy value (Li
et al. 2019; Li et al. ; Xiang et al. 2015), and the calculation
of peak shear strength of saline solution inundating the GMZ
(Xu 2019), among others. In the following, the role of osmotic
suction, methods of calculating surface fractal dimension, and
effect on volume change and strength properties will be scru-
tinized in relation to fractality of bentonites-based materials
with focus on GMZ bentonite. A short summary of the

methodologies used along with the derived models are pre-
sented in Table 4. It can be seen from Table 4, that the SFD of
GMZ bentonite can be found from NAIT results and it is
directly related to amount of clay fraction. While, it is inverse-
ly proportional to NaCl solution concentration. The swelling
characteristics decreases while the strains decline with in-
creasing salt concentration. The results obtained for the Dy
from swelling deformation agree with those from NAIT re-
sults. The determination of Py of GMZ bentonite is better
explained by fractal model since the DDL theory underesti-
mates the P values. Moreover, the disintegration of Mt parti-
cles upon corrosion led to a more uneven surface and thus Dy
rises significantly. However, in the absence of saline solu-
tions, the effect of osmotic suction will be no more thus lim-
iting the applicability of fractality characteristics of the GMZ
bentonite.

Implications and limitations of fractal approach

In 1988, the fractal theory was firstly introduced by Dexter
regarding soil structure. Such theories are applicable to ex-
plain the processes of water retention and movement in soils
(Young et al. 2001), because the solid phase of different nat-
ural porous materials exhibit fractal behavior (Tyler and
Wheatcraft 1992). Perfect and Kay (1995) concluded that
fractals are applied as a powerful tool in case of expansive
clays to explain their physical properties (grain and pore size
distribution, bulk density, pore surface area, and
microtopography) and physical processes (diffusion, adsorp-
tion, water and solutes transportation, and fragmentation).
Usually, the Dy of grain size distributions of clays are in-
creased with the clay fraction content and, thus, the adhesion
and frictional force are increased subsequently (Ren et al.
2001). Also, the fractal dimensions of the pore structures can
be used to quantitatively describe the complexity of pore
structures (Guo et al. 2012). The Dy of soil pores is indepen-
dent of the compaction and the net normal stress, and remains
constant for various combinations of compaction and the nor-
mal stress. Furthermore, it has an obvious physical meaning,
so it is beneficial in regards to the empirical parameters of the
SWCC. Correlations between the Dy and the compression
curve, hydraulic characteristics, soil cohesion and swelling

Table 3  Summary of correlations obtained for hydromechanical behavior of GMZ bentonite (from past data)

No. Relationship Correlation based on past data Remarks R

1 Swell pressure ~ dry density P, = 0.19¢>7%0 P, range: 93-4887 kPa 0.93
2 Hydraulic conductivity ~ dry density k=5 x 10723750 k range: 1x107°-3x10" my/s 0.78
3 Suction ~ water content ~ s=3x10% 7338 s range: 900-350,000 kPa 0.88
4 Suction ~ water content ' s=4x10"3w 737 s range: 100-350,000 kPa 0.86

Note: * unconfined GMZ, t confined GMZ
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Table 4  Previous literature (2000 to 2020) on fractality characteristics of Chinese GMZ bentonite-based materials (1 represents increase and |repre-

sents decrease)

No. Reference

Bentonite material Type

Characteristics
examined

Key findings

1 (Zhang 2002)

2 (Xu 2003)

3 (Jiang et al. 2014)

4 (Xiang et al. 2014b)

5 (Xu 2018)

6 (Xiang et al. 2019a)

7 (Xiang et al. 2019b)

8 (Li and Xu 2020)

bentonite and Commercial
bentonite—
polymer muds

GMZ Na-type
GMZ Na-type
GMZ Ca-type
GMZ Na-type
GMZ Na-type
GMZ Na-type and
Ca-type

GMZ commercial

Fractality of granularity
distribution data

D, of swelling clay minerals

DDL ~ fractal theory

D, , swell deformation

Relation between U~w, of
bentonites

Swelling properties of
compacted bentonite in
NaCl and CaCl,

Effect on Dy by corrosion

calculation of modified
effective stress related to
7t of saline solutions

» The inhomogeneity in granularity distributions are effectively and
quantitatively explained using the fractal dimensions.

» For aqueous bentonite muds Ds 1 as clay content 1. In addition, Dy
| with 1 NaCl content.

» T=28-180 °C, Dy exhibits slight changes, whereas, at higher
temperature the Dy 1 greatly.

* Swelling deformation and Py are directly related to amount of
water volume absorbed, which is related the surface fractality of
bentonite.

* D, of swelling clay minerals is estimated by: X—‘; =K swe”PD 53

* D, of Wyoming bentonite (i.e. 2.64) from the swelling tests is
identical to the one by the N, adsorption method. However, this
D; is greater than that obtained by MIP.

* DDL and fractal theories are explained on comparative basis.

1/K = Double layer thickness (cm), D = dielectric constant, k =
Boltzmann constant, 1o = bulk solution electrolyte
concentration, € = unit electrolyte charge, v = cation valence, T=
absolute temperature

#1 _ | _DkT__.
K 82y

« Effect of electrolyte concentration on Py is not explained
quantitatively by DDL and the predicted Py is lower than the
experimental data at lower swelling strain.

* There is lack of method to determine K so both theories are
merged while proposing a new prediction method.

* D, was determined from swelling deformation test that was also
confirmed by N, isotherm test. Values from both tests were
identical.

* Dy is also helpful in estimation of swelling deformation, when
swelling coefficient K of montmorillonite is determined using
the DDL model.

* Correlation of total suction versus water content can be expressed

by a power-law function having exponent Dg—3.

D _ D3 _ Cupy Vy _ _RT
cw=alP  Ww=ap; T, w = ﬂ VoD = Ve [In(,%)]

* Dy is determined using N, adsorption technique. Satisfactory
agreement of the relation with the experimental data has been
attained.

* Alternate and reliable method for determining Ds.

* Swelling characteristics | with salt concentration 1. Swelling
strains in NaCl solution were relatively 1.

* Dy was measured using N, adsorption and swelling fractal model
was used to predict modified effective stress.

* Swelling coefficient K was also considered for explaining swell
due to exchangeable cations. DDL used to calculate K (good
prediction for Na-bentonite in dilute solutions in contrast to that
for Ca-bentonite).

* D, tends to 1 as the corrosion process progresses.

» | in Mt had no specific relation with D that was also confirmed by
swelling deformation tests.

* Swelling characteristics was defined by a unique e, —ps
relationship with a same Dy value.

» From SEM and TEM, the disintegration of Mt particles upon
corrosion led to more uneven surface and thus Dy 1.

« 7t were achieved using the calculated ¢ and two filter paper
techniques were conducted for verification purposes.

* Microscopic and macroscopic aspects of the clay behavior in salt
solutions were described and quantified using modified effective
stress concept.

Note: * Poisson-Boltzmann equation is applicable for large monovalent ions only (Barbour and Fredlund 1989)

MIP mercury intrusion porosimetry, e,, void ratio of Mt., pg: vertical stress

properties are already available (Kravchenko and Zhang 1998;
Xu 2004). Tao et al. (2019) used the fractal theory to estimate

the unsaturated hydraulic conductivity of Hunan clay with
different initial void ratios in order to characterize its structure
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in contrast to the tedious conventional methods of integral and
sectional calculation. Hence, time was saved and accuracy
was achieved as the measured and the predicted values were
found in close agreement with each other. Substantial linear
relationships existed between Dy and, clay content, silt con-
tent, fine sand and the soil porosity. Except the sand content,
positive correlations with the fractal dimension were obtained
for other parameters (Liu et al. 2009).

The limitations associated with modelling via fractal ap-
proach are important to better estimate the desired parameters.
Perfect and Kay (1995) stated that, when the fractal algorithms
were applied to estimate the SWCC, discrepancies in selection
of type of algorithm arises that leads to erroneous and limited
implications of the fractal model. In many fractal models
which incorporated the concept of the Von Koch curve repre-
sented only the pore-solid interface thus limiting their use to
model the resultant clay structure. However, mass fractals
exhibit an improved performance in the sense that they closely
associate the solid and pore phases (Perrier et al. 1999).
Furthermore, the morphology of clay structure is fractal within
some scale limits, however, there is a need of further research
to understand the relationship among fractal dimensions of the
expansive clays structure. As a result, fractal models with
contrasting assumptions were employed by Gimenez et al.
(1997) for the estimation of soil hydraulic characteristics.
The molecular Dy of soil particle surfaces is also a significant
parameter that affects soil adhesion. Ren etal. (2001) conclud-
ed that it is directly related to SSA and soil adhesion, and its
relation with the Dy is still not clear. Also, the interpretation of
the power-law parameters is complex which are obtained by
performing fractal analysis. Variety of researchers take the
observation of a power-law in a clay process as evidence of
fractal nature implying that the process follows power-law
behavior. But fractal processes do comprise power-laws that
are not synonymous with fractals. Thus, research is in prog-
ress in this area and it is expected to continue in coming years
(Young et al. 2001).

Role of osmotic suction

In the presence of a saline solution, the osmotic component is
reported to significantly affect the swell parameters and
strength of bentonite or bentonite-sand mixture in the design
of geological repository for the disposal of HLW (Arifin and
Schanz 2009; DI MAIOC 1996; Li and Xu 2020; Rao et al.
2013; Schanz and Al-Badran 2014). When the clay containing
distilled water is immersed in a saline solution, the interparticle
forces are believed to control the initial clay structure and the
clay volume may experience changes due to chemical and os-
motic consolidations, which are results of changes in the con-
centration of ions and osmotic pressure, respectively (Mitchell
and Soga 2005). A summary of governing equations used for
calculation of swelling characteristics of highly compacted
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expansive clays incorporating the effect of osmotic suction in
the viewpoint of surface fractality are listed in Table 5.

Methods of calculating D,

Fig. 8a and b shows the methods of determining the SFD of
both calcic and sodic GMZ bentonites using N, adsorption
test (Xiang et al. 2014a) and swell deformation test (Xu
et al. 2014), respectively. Avnir and Jaroniec (1989) proposed
an easy-to-use method to find the Dy from the N, adsorption
method using Frenkel-Halsey—Hill (FHH) theory. According
to the FHH theory, the volume of nitrogen adsorbed by ben-
tonite powder V4 bears a relationship with the relative air
pressure P o/ P (Li et al. 2019; Xu 2018). Furthermore, other
methods have been used in the literature for determination of
Ds; X-ray CT imaging (Wang et al. 2019), SAXS (Peng et al.
2020), X-ray computed tomography (Gouze et al. 2003; Zeng
etal. 1996), SEM image analysis (using a box-counting meth-
od) and electrochemical impedance spectroscopy methods
(Li et al. 2019; Risovi¢ et al. 2008), mercury intrusion
porosimetry (MIP) (Zeng et al. 2010) among others. Of these,
SAXS has been the most commonly employed technique
(Peng et al. 2020).

The fractal dimension values of Na-GMZ are 2.66 and 2.72
whereas that of Ca-GMZ are 2.80 and 2.84, by nitrogen adsorp-
tion isotherm technique, NAIT, (analyzed using FHH) and
swell deformation method, respectively (Xiang et al. 2014b).
It is found that for low Na*, the D, has higher value while for
high Na* the D, drops down (Xiang et al. 2015). In NAIT, the
hysteresis loop between adsorption and desorption isotherm
(Type IV isotherm) shown in Fig. 8a provides an insight about
slit-shaped mesoporous structure of bentonite. In the N, adsorp-
tion technique, Pfeifer and Cole (1990) found that the interface
is governed by liquid-gas surface tension, which means that
capillary condensation is dominant instead of adsorption.
According to Xiang et al. (2019a), the global adsorption process
suggests P/Py = 0.01 to 0.99 for estimation of D,. Moreover, it
is recommended as highly accurate method to determine D by
Xiang et al. (2014b). However, Lii et al. (2019) concluded that
increasing Dy tends to lower the compression strength but it
enhances the permeability characteristics.

Xu et al. (2014) calculated the Dy of various Mts by using
Equation 2 which incorporates fractal approach (Fig. 9).

v }
VVCV = kP2 (2)

The range of selected Mt ranges from 2.38 to 2.82. As
mentioned earlier, the lower value indicates smooth surface
while the higher value suggests that surface is rough. The Dy
values of GMZ, Febex and Foca7 are 2.78, 2.80, and 2.82,
respectively. The void ratio is plotted against Py values over
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Table 5

in viewpoint of surface fractality

Summary of governing equations in swelling characteristics of highly compacted expansive clays incorporating the effect of osmotic suction

Governing equation

Remarks

References

1. Concept of fractals

2. Modified effective
stress (p°)

3. Osmotic suction (7r)
determination

(a) property«scale
(b) Hausdorff measure, ' f (F)

HS(F) = inf{Z\Uil : {U,-}},{U,-}

is a d- cover of F
(¢) Hausdorff dimension, Dy
Therefore, at F € R,,, the Hausdorff
dimension equals:

Dy=inf{s:H(F)=0} = sup {s: H'(F)=o0}

(a) Modified effective stress equation
(by Sridharan):

C=70a, =0-u,R+A

(b) Hamaker’s equation:

F = 67/:7, (where F is force

in dyne/cm?)
(c) Modified effective stress equation
(by Rao and Thyagaraj):
p':a—ua+aA7r , where «v is osmotic
efficiency.

(d) Modified effective stress equation (by

Xu):

P=p~ul)+px
D2
pr=m()
, n ) Dgs—2
p=r+x m(ij)
fn

(e) Peak shear strength of bentonite
T=C +p tany

(a) Total suction = Matric suction +
Osmotic suction

h=h,,+h, or =—(u,~u,)+m
_RTp, (P _ P

he="5m (k) = 1371820 %)
(at 25 °C)

(b) Van’t Hoff equation

h,==—vRT¢

T=RT(C.—2Cy)

(c) Osmotic suction for dilute solution

7 = R RTnp RTcy
\%4 n,V’
mA mA

(d) Lang’s equation (1967)
¢ = Pulp ( Jid ) T

vmw Py

(e) Simplified Debye-Hiickel (SDH)
equation
by Pitzer and Mayagora
¢ = vevalf + C(%>BMX
3/2
A Hnl Oy + 1

Bux = Bux ) + Bux Ve
o ]1/2

f=-d 1+1.21'2

(f) Osmotic coefficients obtained by
deriving G™*

1= T RTyci

* The exponent D is defined as the fractal dimension of
the object while the scale is a characteristic measure
of the disorderly object.

* Fractal geometry can be defined by H's5 (F) and Dy at
various levels of magnification.

« In this regard, fractal is defined as: If Dy (a fraction) of
a set in n-dimensional Euclidean space R,, exceeds
the topological dimension then that set is known as
“fractal set’ or simply ‘fractal’.

 Examples of common fractals are Koch curve, Koch
snowflake, Sierpinski triangle, and Cantor set among
others.

« In the modified effective stress equation incorporating
osmotic suction the IP electrical attractive and
repulsive forces are considered.

* Repulsive forces assist in supporting the external loads
and are generated due to coulomb repulsion and
osmotic forces (DDL forces, in particular). The
attractive forces, which tend to reduce the volume of
specimen, are due to the weak van der Waals forces.

* Rao and Thyagaraj proposed, p,, = 37t with 3 value in
the range of 0 to 1, which is still difficult to
determine.

* The surface of bentonite is characterized by peak shear
strength and accordingly a fractal model is developed
for bentonite surface.

* Using Mohr-Coulomb criterion, the peak shear
strength for GMZ bentonite treated with saline solu-
tion has been explained theoretically with the aid of
modified effective stress.

* The shear strength of compacted weak expansive clay
treated using NaCl having concentration (0.5 and 1
mol/L) reduces.

* The swell pressure of bentonite is equal to sum of
matric and osmotic components of the total suction.

» Osmotic suction in bentonites is due to the dissolved
salt (or ion or solute) concentration in the pore water,
whereas, matric suction is due to the capillary and the
sorptive forces and the adsorption of solid surfaces.

* The osmotic suction of saline solution is determined
by considering valence of interlayer cation, the
universal gas constant, the absolute temperature and
molar concentration of salt solution.

* C<Cy = crystalline swelling only, C.>C, => osmotic
swelling occurs.

C.: cations concentration (mol/L) at mid of clay
platelets, Cy: cations concertation (mol/L) in bulk
solution.

« It is used to determine osmotic coefficient considering
unit weight, specific volume, molecular mass of
water and the water vapor pressure.

* The osmotic coefficient calculation is complex due to
saturated vapor pressure dependence upon solute
type and concentration, so, this equation is derived to
ultimately determine osmotic suction.

« ( is the number of ions that the solute can dissociate in
solution (e.g., NaCl = 2), where [SMX(O) and Byx
are empirical parameters. I is referred to as the ionic
strength.

* SDH is suitable for aqueous solutions having
monovalent ions.

(Avnir and Jaroniec 1989; Chen
et al. 2016;
Fernandez-Martinez et al.
2019; Zhang 2002)

(Rao and Thyagaraj 2007;
Sridharan and Venkatappa
Rao 1979; Xi et al. 2015;
Xiang et al. 2017; Xu and Liu
1999; Yu et al. 2019)

(Arifin and Schanz 2009; Bulut
et al. 2001; Masin and Khalili
2015; Mokni et al. 2014; Rao
et al. 2013; Thyagaraj and
Salini 2015; Zhang et al.
2020)

(Avnir and Jaroniec 1989; Li and
Xu 2020; Mokni et al. 2014;
Rao et al. 2013; Watt-Smith
et al. 2005; Xu 2018)

(Lang 1967)

(Li and Xu 2020; Li et al. 2019;
Lietal)
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Table 5 (continued)

Governing equation

Remarks

References

4. Surface fractal
dimension (D)

(a) By Frenkel-Halsey—Hill (FHH)
Model
S —C? P
Vinax
S = (RT/)lv In(p/py)dV
r==29V,/[RTIn(p/po)]

InVags = C + (3-Dy)in [ln (%)]

(b) By Swell deformation test

en =y = KP,"?

where, K = emPe%D s

* According to the FHH equation, the adsorbed nitrogen
by bentonite and the corresponding relative air
pressure are interrelated.

* The molecular diameter of N, and hydrone resembles
s0 it is suitable to describe the water imbibing by
FHH equation.

* The Dy of Tsukinuno (Japan), commercial (China) and
GMZ calcium bentonites are 2.66, 2.65 and 2.78,
respectively.

* Dy is also calculated by swell deformation test
undertaken in laboratory. The Dg of 36 Na-Mts range
from 2.44 to 2.72.

* The void ratio of montmorillonite is plotted on the

(Li et al. 2019; Mahamud and
Garcia 2018; Mendhe et al.
2017; Tripathy et al. 2019;
Watt-Smith et al. 2005; Xiang
et al. 2014a; Xiang et al.
2014b; Xu 2019; Zeng et al.
2013; Zhang et al. 2014)

(Agus and Schanz 2008; Xiang
et al. 2014a; Xiang et al.
2017; Xu and Lacidogna
2011; Xu 2003; Xu 2018)

_ Vv _Vw _ CaVw _
e=yr=v =7, = Cne

ordinate and the effective stress incorporating

osmotic suction on abscissa on log-log plot.

* As in DDL model, the vertical overburden pressure
must be equal to net interactive force between Mt
layers, so,

P.= frepulsive - lattractive (Guoy Chapman & Hamakers’s
equ used).

* D, obtained from swelling deformation are similar to
that of FHH equation. So, it is a reliable method for
determining Dy.

(c) By Neimark model in the form of

Kiselev and Kelvin equation:
Ae?P
14

A= (RT)) Iy, Inp/py)dV

r=—29V,,/[RTn(plpy)]

(d) By Freundlich isotherm model
method

0, =KrC;

N=D;—2

Note: The Freundlich isotherm of Pb (II)
ion adsorption on the Na- GMZ
bentonite has;
1/m=0.3921, Kg =4.9317

* Freundlich isotherm model yields smaller Dy values
than the FHH isotherm model.

* The latter is comparatively accurate and complex as
the liquid-phase adsorption involves greater compli-
cations as compared with vapor-phase adsorption.

* Dy is determined by Small-angle X-ray scattering
(SAXS), adsorption-, nuclear magnetic resonance
(NMR)-based methods, and Transmission electron

* Unlike the FHH model, which is based on multilayer (Jaroniec 1995; Xiang et al.
adsorption, it employs model independent method.

* D, from Neimark model are smaller than obtained by
FHH because surface is characterized by larger pores
(r > 2nm) where capillary condensation occurs.

2014b)

(Liu et al. 2014; Lv et al. 2020;
Malekani et al. 1996;
Matusewicz et al. 2013; Xu
et al. 2020)

microscopy (TEM).

log-log plot and the slope of power function of the fitted line is
D,-3 (Fig. 9). Note that the D¢ of Mt from Alaska has been
calculated as 2.625 using Eq. 2 based on swell deformation
data for the sake of clarifying the calculations.

Fig. 10(a) depicts that Dy increases with the increase in Mt
content in sodic bentonite whereas it decreases in the case of
higher Mt content for calcic bentonite (Xiang et al. 2014b;
Xiang et al. 2015; Xu 2018; Xu et al. 2004; Xu et al. 2014).
The swelling coefficient (3 or K in the Eq. 2 increases as the Dy
value drops (Li et al.). Although the swelling coefficient and
SFD of GMZ bentonite are both instinct physical properties of
bentonite, they can be correlated in the form of Eq. 3 as below;

Dy = 3.14K700% (3)

Secondly, Fig. 10(b) shows that Dy increases with salinity
(up to 3 g/L NaCl) whereas it decreases afterwards. Peng et al.
(2020) concluded that higher amount of NaCl will bring about
higher deterioration in the surface morphology thus attaining a

@ Springer

greater D value (ranging from 2.44 to 2.51). It is to say that, the
structure of compacted silty soil is largely governed by the
salinity of pore water, however, according to the findings of
Leong and Abuel-Naga (2018), the shear strength remained
unaffected due to the development of osmotic suction or the
osmotic gradient. Moreover, with increase in average pore size
of the bentonite particles the D undergoes a slight reduction
from 2.7 to 2.5.

Effect on volume change and strength properties

At a total vertical pressure to P ratio of less than unity, when
the osmotic suction in pore water increases it acts as an addi-
tional total stress component which leads to lowering the
swelling potential of the compacted clay specimens (Rao
and Thyagaraj 2007; Xu et al. 2014). Therefore, the modified
effective stress denoted by p°® is related to the osmotic suction
and effective stress is modified by added osmotic suction
component to the vertical pressure in compacted bentonite.
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Fig. 8 Method of determining D of GaoMiaoZi bentonite by N, adsorption technique and oedometer test

The p® incorporating with osmotic suction can be expressed in The shear strength of GMZ07 bentonite was plotted against
the form of Eq. 4. According to the Mohr-Coulomb criterion, conventional effective stress and the modified effective stress
the peak shear strength of bentonite saturated by saline solu- incorporating osmotic suction. In addition, the comparison of
tion is expressed in Equation 5 (Xu 2019): direct shear test results data obtained from Fang et al. (2019)
o and Xu (2019), respectively, was done which is visualized in
" . . .

pe— p/ —p4p.=p+ I < P ) 4) Fig. 11. The shear strength at cons‘Fant'conver%tlonal effective
i=1 i stress are recorded to increase with increasing dosages of

NaCl concentration in both cases (Fig. 11a). On the other
hand, in the plot of shear strength versus modified effective
stress in Fig. 11b, the data by Xu (2019) has been replotted
here (using Egs. 4 and 5) that followed a unique line in t¢- p’
plane while yielding an effective cohesion equaling 118 kPa
and the internal friction angle of 12.82 . The data by Fang et al.
(2019) was also replotted similarly, and since it had a large

Tr=c +ptany (3)

where, P or P is the modified effective stress incorporating
effect of osmotic suction, p is effective stress, 7t is the osmotic
suction, Dy is the surface fractal dimension, T¢ is shear
strength, ¢’ is effective cohesion, and ¢’ is the effective angle
of internal friction.

Calculation of D, from swell deformation test data
V,/V. =p.p, D3
2.82 4 Alaska
=2.9598p 0341 waberdeen .
2.77
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Fig. 9 Surface fractal dimension (Dy) of variety of bentonites across the world, calculated using fractal approach, Data from (Li et al. 2019; Low 1980;
Xu 2018; Xu et al. 2014)
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Fig. 10 (a) Variation of Dy with
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variance in salt solution concentration it led to a scattered plot
with regression coefficient of 61.42%. The effective cohesion
lowered to 115 kPa while the internal friction angle was
halved to 5.22 . The deviation of direct shear test results from
Coulomb criterion in the latter case is attributed with assump-
tion of Dy = 2.78 as well as the nonuniform variance between
NaCl dosages ranging from 0 to 0.83 mol/L and from 0.83
mol/L to 2 mol/L.

Additionally, the volume change behavior of GMZ benton-
ite was discussed in viewpoint of microstructure and the mer-
cury intrusion porosimetry (MIP) analysis; therefore, Eq. 6
was derived which determined the post-swelling void ratio
of unconfined GMZ (pq = 1.7 g/em’) taking into consideration
the DDL effect (Mokni et al. 2014; Yu 2006).
e = 10[14570.2c0sh*l (2.02p+1)] (6)
where e represents void ratio; p is pressure of repulsion of the
suction or DDL; cosh™' is inverse hyperbolic cosine.
Moreover, the experimental data obtained from past literatures
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has shown that critical void ratio e, versus p° or € versus p°
curve of the same bentonite immersed in NaCl solution of
different concentrations is expressed by a uniform line on
log-log plot with a slope equaling Dy - 3 (Li et al. 2019; Li
et al.).

Discussion

Classical soil mechanics is shortsighted when the P, of expan-
sive soils is investigated by microporosity. Expansive clayey
soils in their inherent micro properties carry numerous doubts.
Their combination in complex systems such as BBMs to serve
as underground geological repository for disposal of HLW,
and EBS to form DGR increases the uncertainties to their
multipurpose functions. These simultaneous functions have
impact on their functionality and the coupled effects on the
material properties can be envisaged only thorough all-
inclusive approaches. Where permeability is supposed to be
inhibited in buffer systems, P, undesirably varies with degree
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Fig. 11 Shear strength of GMZ bentonite calculated using; (a) conventional effective stress, (b) modified effective stress incorporating osmotic suction,

from published data

of compaction and dry densities (Table 6). The reason could
be due to different amounts of Mt within soil structure, which
is most responsible for water uptake. However, it is not the
absorbed water alone that contributes to the overall swelling
as the buffer systems are usually delivered to contain soil

soluble contaminations. So, it is justified to consider several
solute concentrations when the Py is meant to be calculated.
Table 6 illustrates the important geotechnical properties of
prominent bentonites that have been picked from the previous
literature.

Table 6 Summary of geotechnical properties of predominant global bentonites

Bentonite py e €well 0y, Ds Py Ovield ¥ Wce References
Mg/ - % MPa MPa MPa MPa %
"
Calcigel 1.56 097 - 1 272 1.4 - 143 21 (Arifin et al. 2015; Blatz et al. 2002; Cui et al. 2011; Komine 2010; Masin and
GMz T 1.50 0.98 - 1 278 1.1 12 246 21 Khalili 2015; Schanz and Al-Badran 2014; Xu 2019; Ye et al. 2010a)
FEBEX 1.50 0.8 0.09 1 2.80 35 4 10.9 19
FoCa7 1.50 0.5 - 0.7 280 0.7 - 119 22
Avonseal 131 1.5 - 1 2,67 2.6 3.7 14.8 19
Kunigel 1.50 - 50 0.06 262 0.5 - 40.3 20
MX-80 1.60 - 31 035 262 58 37 765 16

Note: pq dry density, e void ratio, €y swelling strain, o, effective overburden stress, Ovielq yield stress

thk=1.1 %102 m/s, o = 2x10™ / C coefficient of thermal expansion, For: NaCl solution; cohesion = 8 kPa, internal angle of friction = 4.8
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To calculate P of inundated bentonites with different con-
centrations of solutions, several methods have been proposed
based on hydro mechanical characteristics. Among those,
Zhang et al. (2019a) introduced a critical void ratio for highly
compacted GMZ bentonite inundated with NaCl solution and
incorporated both the double-layer swelling and the
crystalline swelling. It was found that at a larger void ratio
than the critical value, the Py is inversely related to the
concentration of NaCl solution. But, their assumptions were
based on a critical void ratio regardless of the variation of
effective pressures or higher rate of increase in suction while
being inundated in solution with time leading to the critical
state. In addition, the salt solution concentration was found to
have negligible effects on P; when the void ratio equaled the
critical value. However, Cui (2017) produced smaller values
using constant-volume methods as a broader concept of
Zhang et al. (2019a) critical void ratio thereby indicating that
the latter methods tend to report higher value of P; when a
certain critical void ratio is determined. In order to measure the
anisotropy, the anisotropy coefficient C, is a dimensionless
number that is the ratio between radial SP to the axial SP.
According to Cui (2017), the dry densities of bentonites are
classified as; Low (> 1.1 Mg/mS), medium (1.16 Mg/m3 to1.3
Mg/m®) and high (> 1.3 Mg/m?), for which anisotropy coef-
ficient C, ranges from 0.82 to 0.48 (highly anisotropic and no
microstructure collapse), 0.76 to 0.9 (almost isotropic and
greater microstructure collapse), and close to unity (medium
anisotropic and limited microstructure collapse), respectively.
Findings of both Cui (2017) and Zhang et al. (2019a) accen-
tuate recent suggestions by Middelhoff et al. (2020) that du-
ration of inundation also has a major role on the pore water
effect specially at longer durations when salt presence de-
creases P while at shorter periods this effect is not that signif-
icant. Consequently, along with determination of a critical
void ratio, solution chemistry influence on pore space should
also be considered in different time periods.

Akinwunmi et al. (2019) studied the influence of tempera-
ture on the Py at three different temperature ranges. It was
revealed that at 300 Kelvin (K), an exponential decrease in
P is observed that is associated with increase in d-spacing and
reduction in dry density of compacted bentonite. P rises due
to increased dry density such that increase in Pg at low dry
density is not significant, between the range of 300 and 600 K.
The Py is recorded to exhibit highest value at 250 K within the
range of 150 to 300 K (Akinwunmi et al. 2019). In addition,
the P of densely compacted bentonite subjected to elevated
temperature has been reported to lower down according to
Kale and Ravi (2019) which also led to stoichiometric disso-
lution of magnesium and silicon at 110 °C and also changed
the ratio of dissolved Mg/Si (Kauthold et al. 2019). However,
the increase in Py is also reported with increasing temperature
because the interlayer spacing is increased and the diffusion
coefficient of water also increases (Akinwunmi et al. 2019).
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The exposure of bentonite to elevated temperature will reduce
the undrained shear strength, however, for the samples sub-
jected to temperature of 200 C prior to compaction, Dueck
and Borgesson (2015) reported that the mechanical properties
of clay remain unchanged.

At a variety of dry densities and temperature ranges, the
saturated hydraulic conductivity (kg,) of GMZ bentonite has
been found to lower down at higher dry densities. The kg, 1S
important to be calculated considering constraint conditions in
order to evaluate the feasibility of densely compacted GMZ
bentonite as engineered barrier in the DGR. The k¢, of con-
fined GMZ is calculated (pg=1.7 g/cm®) and it ranges from
1.13x107"° m/s and 8.41x10™"> m/s, while it rises for higher
suction values (up to 70 MPa) and is recorded to drop with
further increase in suction till 80 MPa. According to Oren and
Akar (2017) and Biju and Arnepalli (2020), the permeability
values in the case of landfill leaches were found to range from
2.3x107"? m/s and 2.0x10™"" m/s. On the other hand, Ye etal.
(2010a) found that the ks, of unconfined GMZ was approx-
imately 1.0x107'* m/s. It appears that this value is attained
gradually with the increase in suction however some varia-
tions at the beginning and final stages are experienced while
conducting experiments. Note that, ks, of unconfined
densely compacted GMZ is greater in the case of confined
bentonite which is attributed to changes brought in micro-
structure when water is added for various constraint condi-
tions. Moreover, the decrease in hydraulic conductivity with
increasing dry density is higher in compacted bentonites
which could be associated with higher degree of compaction.
The coefficient of thermal expansion of compacted GMZ ben-
tonite is 2x10™*/ C (Table 6). At saturation degrees more than
20%, the thermal conductivity and saturation show linear be-
havior (Cui et al. 2011; Liu et al. 2007). This clearly shows
that the dry density significantly affects the two important
properties including P, and hydraulic conductivity of expan-
sive clays and bentonite-based materials.

The presence of saline solution leads to development of
osmotic suction 7t due to which compacted BBMs undergo
reduction in swelling parameters. The engineering behavior of
expansive clays is affected by the salt concentration in pore
water solution and the volume change is brought as a result of
salt contentration difference (referred to as “osmotic suction”
in unstaurated soil mechanics) between regions formed in the
soil due to osmotic or osmotically iduced consolidation
(Bulolo and EC L 2019). It is believed that osmotic compo-
nent of suction has the governing dominance in saline solution
even for solutes with lesser salt concentration, however due to
repulsive forces, which adds to the external forces, the net
stress equilibrium maintains the primary effect on the shear
strength and compressibility of inundated bentonites in saline
solutions which contradicts the findings of Miller and Nelson
(2006) thus demarcating the negligible effect of matric suction
on total suction. Thyagaraj and Salini (2015) found by SEM
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test results that with the increase in pore fluid osmotic suction,
aggregation will occur due to decrease in the double layer that
leads to reduced micropores and large macropores. The degree
of saturation of these macropores drop thus increasing the
matric suction as a result (Thyagaraj and Salini 2015).
Because the DDL size depends on the concentration of ions
in the solution, with increasing osmotic suction the DDL size
reduces and thus the interparticle repulsion is also decreased
(Masin and Khalili 2015). The most conventional method of
determining osmotic suction is through Van’t Hoff equation,
however due to neglecting many parameters in the equation,
Li et al. (2019) developed Simplified Debye-Hiickel (SDH)
equation after Pitzer and Mayagora to determine more reliable
values of osmotic suction. Increase in osmotic suction showed
delay in reaching swelling strain which is also observed in
osmotic consolidation as well as swelling of Na- montmoril-
lonite (Arifin and Schanz 2009).

The surface fractal dimension (Dy) is highly related to the
osmotic suction of the compacted mixture, for instance, in the
calculation of peak shear strength of saline solutions. Dy is a
measure of surface roughness or irregularities. SFD or Dy
means the surface fractal dimension and is an efficacious pa-
rameter for characterizing the buffer/backfill properties of
bentonite and it can also successfully predict other important
characteristics such as swelling capacity, hydraulic conductiv-
ity, and surface absorbability (Xiang et al. 2019b). It is imper-
ative due to its connection with real-world data. Its applica-
tions are found in various important physico-chemical pro-
cesses such as adsorption. Celis et al. (1998) calculated Dy
and the critical exponent (S) in FHH model from the NAIT
results. In addition, Dy of rough membrane surface is yielded
by analyzing the atomic force microscopy (AFM) image data
by employing power spectrum method (Cai et al. 2017). Xu
et al. (2014) explained the effect of osmotic suction quantita-
tively after determining the Dy of Tsukinuno bentonite by
NAIT and proposed a modified form of the effective stress
incorporating with osmotic suction. Guerin et al. (2019) re-
vealed that the morphological fractal dimension is insufficient
to replicate and explain the flocs shape in contrast to the Dy
calculated by diffraction measurements which better describes
the average trend of largest available aggregate size. Xiang
et al. (2019b) studied the change mechanism of Dy in com-
mercial Na-bentonite because of corrosion by alkaline
solution and found that the e, versus Py curves were
obtained for all tested cases revealed negligible effect of
alkaline corrosion on Dg. Avnir and Jaroniec (1989) used the
FHH equation for calculating Dy that relates the adsorbed
nitrogen by the bentonite and the corresponding relative air
pressure. The resemblance of molecular diameter of N, and
hydrone render the NAIT suitable method to describe the wa-
ter absorbed by FHH equation. Furthermore, Dy is also calcu-
lated by the swell deformation test undertaken in laboratory
with limitation of vertical overburden pressure, i.e., Py

equaling the total suction ¥ in bentonite. The Dy obtained
from swelling deformation are similar to that of FHH equa-
tion. Hence, it is a reasonable technique for determining Dy
The FHH model is based on multilayer adsorption whereas
Neimark method is a model independent and the D from the
latter is comparatively lesser due to surface being character-
ized by larger pores ( > 2nm). In addition, the Freundlich
isotherm model yields smaller D values than the FHH iso-
therm model. The latter and the SAXS techniques are com-
paratively accurate and complex as the liquid-phase adsorp-
tion involves greater complications as compared with vapor-
phase adsorption.

Finally, the shear strength of the unsaturated expansive clays
is one of the major characteristics needed in geotechnical engi-
neering designs (Zhai et al. 2019), and it has been concluded that
the stress strain behavior of bentonite subjected to undrained
shearing depends on temperature, stress, strain, dry density, wa-
ter content, saturation, gypsum content, exchangeable cations
etc. (Dueck and Borgesson 2015). Leong and Abuel-Naga
(2018) performed UCS tests on compacted low plasticity silt
specimens at specified intervals and found that the
compression strength remain unchanged at similar moisture
content and was independent of time and pore water type.
Additionally, the set of specimens experiencing osmotic
suction gradient did not affect the shear strength of soil which
leads to the conclusion that the effect of osmotic suction on
shearing strength of aforementioned soil was minimal. Among
many researches available, Zhang et al. (2016) revealed that the
increase of NaCl concentration significantly enhances the shear
strength of GMZ bentonite at same vertical pressure whereas,
Dutta and Mishra (2016) studied the effect of saline solutions
such as NaCl and CaCl, of different concentrations on the vol-
ume changes of two compacted and mineralogically different
bentonites. It was found that a unique line depicted the void
ratios of the same bentonite in different concentrations of alka-
line solutions. Moreover, the decrease of Mt content in the ben-
tonite due to alkali corrosion from NaOH or Na,COj; leads to
reduction of adsorption capacity, SSA, and swelling capacity
(Xiang et al. 2019b). Results of experimental study conducted
by Bulolo and EC L (2019) on highly expansive clay in saline
solution concluded that upon application of mechanical stress an
extra settlement along with the consolidation settlement is gen-
erated due to the osmotic suction, however the soil compress-
ibility remains unaffected. Hence, the peak shear strength of
GMZ bentonite exhibits a significant variation when it is calcu-
lated using fractal approach wherein a unique line defines the
strength relationship at numerous levels of saline concentrations.

Conclusion

GMZ bentonite is one of significant highly expansive clays in
China. It has been studied in terms of mineralogical
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characteristics and chemical composition, hydromechanical
and chemical behavior, swelling nature, temperature effects,
microstructure, and volume change and compression behav-
ior. Upon extensive literature review of reviewing 217 re-
search studies, this review article incorporates the achieve-
ments of recent trends in investigating the hydromechanical
behavior and the theoretical fractal approach to bentonites-
based materials BBMs over past two decades with focus on
GMZ bentonite as engineered barrier/backfilling material in
the Chinese program of high-level nuclear waste disposal.

1. The water retention capacity of the densely compacted
Na-GMZ bentonite lowers with elevation of temperature,
irrespective of confining conditions. The water retention
curves (WRCs) suggest that water rests inside bentonite
and it is noted that in range of low suction the WRCs are
significantly affected by the confining conditions whereas
the in the range of high suction the effect of confinement
appears to have no effect on the WRCs, which is due to
process of exfoliation in clay particles.

2. With the increase in dry density and moisture content, the
thermal conductivity of BBMs is greater than the pure
GMZ bentonite, whereas the hydraulic conductivity on
saturation initially lowers and increases afterwards with
reduction in suction that is also consistent with behavior
of macro-pore volume observed during the mercury intru-
sion porosimetry tests. At the same suction, the unsaturat-
ed permeability of GMZ bentonite in unconfined case is
greater than in confined state that could be because of
various microstructural transformations when confined.
At very low suction values, the macro-pore volume rises
due to the presence of pores that leads to an increase in
permeability. It is clear from the results that with temper-
ature rising and diminishing dry density the permeability
increases. At greater suctions than 20 MPa, temperature
effect is more pronounced as the water uptake of benton-
ites at lower suctions is attributed to microstructural level
where thermal effect at micro level is neglected.

3. For salt amended solutions, the osmotic suction can be ef-
fectively calculated using modified Pitzer and Mayagora
equation that is further used in obtaining the modified effec-
tive stress P° using the fractal approach in expansive clays to
which the bentonite in salt solution is subjected. After that,
the swelling characteristics and compression behavior of
BBMs inundated in salt solutions are quantified using the
fractal equation that incorporates the osmotic suction effect.
Moreover, the microstructural characteristics assist in de-
scribing the mechanical behavior of clays in viewpoint of
water chemical potentials related to osmotic suctions. This
suggests that the use of fractal theory to explain the hydro-
mechanical behavior of bentonites assists in simplifying the
existing knowledge, which is analyzed using conventional
effective stress equation.

@ Springer

4. Nitrogen adsorption isotherm test (NAIT) and SAXS are
concluded to be accurate methods for calculating Dy along
with Frenkel-Halsey—Hill (FHH) model. The D of ben-
tonite can be determined by easy-to-perform swelling de-
formation tests. Dy obtained from swelling deformation
are similar to that of the FHH equation. Dy from
Neimark model are smaller than obtained by the FHH
because surface is characterized by larger pores (r >
2nm) where capillary condensation occurs. In addition,
Freundlich method also yields lesser values than the
FHH equation.

5. Subsequent swelling induced after completion of crystal-
line swelling is attributed to the osmotic process and is
called the osmotic or double layer swelling. Osmotic suc-
tion component comes from dissolved solutes in soil pore-
water and bentonites. The osmotic efficiency is the extent
to which the bentonite acts as a fully semipermeable
membrane. Modified effective stress incorporates the ef-
fect of osmotic suction and has been found to follow frac-
tal nature by exhibiting a unique straight line on logarith-
mic scale. The proposed subsequent formula is based on
fractal model for the surface of clay structure such that
osmotic suction is determined from the Van't Hoff equa-
tion and the volume change behavior of expansive soils
can be expressed by the aforementioned curve of e—p,
which is also validated by experimental data.

6. With the knowledge of available literature and to under-
stand the recent progresses of fractal theory, the equations
governing in determining the swell deformation and
strength characteristics, along with correlations between
swelling parameters and suction were gathered and repre-
sented in Tables 4 and 5, respectively. In addition, Table 1
gives a succinct idea about various physical, chemical and
geotechnical properties of the predominant global benton-
ites used for the disposal of nuclear waste.

Future recommendations

As compared to the investigations on the rest of bentonites
across the world, it can be seen that GMZ bentonite has been
studied to a limited extent in terms of hydromechanical and
swelling behavior however the progresses of fractal applica-
tion in GMZ bentonite in contrast to other bentonites appears
to be studied in more detail. In addition, keeping in view the
complexity of coupled conditions involving thermal, hydrau-
lic, mechanical and chemical (T-H-M-C) processes that acts
simultaneously in the geological repository waste, issues such
as thermal effects on the properties of the GMZ bentonite-
based materials, the hydraulic behavior of the contact surface
between the GMZ bentonite and the granite has been scarcely
studied the sealing properties of the GMZ BBMs subjected to
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T-H-M-C coupled conditions, for instance, should be
researched in future. Furthermore, the effect of electrostatic
forces to shear strength and compression characteristics until
date are inconsistent and need further research.

List of abbreviations: FSSS, fully softened shear strength; RMSE, root
mean square error; HLW, high level nuclear waste; DGR, deep geological
repository; GMZ, GaoMiaoZi bentonite; EBS, engineered barrier system;
SED, surface fractal dimension; NAIT, nitrogen adsorption isotherm
technique; SAXS, small-angle X-ray scattering; FHH, Frenkel-Halsey
—Hill model; CEC, cation exchange capacity; SSA, specific surface area;
LOI, loss on ignition; XRF, x-ray fluorescence analysis; XRD, x-ray
diffraction analysis; SEM, scanning electron microscopy; TEM, transmis-
sion electron microscopy; MIP, mercury intrusion porosimetry; DDL,
diffuse double layer; WRC, water retention curve; UCS, unconfined com-
pressive strength; AFM, atomic force microscopy; ANN, artificial neural
network; MAE, mean absolute error; NSE, Nash-Sutcliffe efficiency; LL,
liquid limit; PL, plastic limit; PI, plasticity index; E-F, edge to face ori-
entation; F-F, face to face orientation; Mt, montmorilloniteList of
symbols 7t or h,, osmotic suction; ¥ or h;, total suction; h,,, matric
suction; Dy, surface fractal dimension; o, structural stress; o™, mineral
stress; 0", interparticle stress; ey, void ratio of swelled Mt; P, swell
pressure; ps, vertical stress; w, water content (%); pg, dry density (Mg/
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