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Abstract

Electricity generation at nuclear power plants produces a large amount of high-level
radioactive waste (HLW) every year, which has long-term detrimental effects on humans and
the environment. Other applications of nuclear technology (e.g., medicine, research, nuclear
weapons, industry) also produce radioactive waste (e.g., low-level radioactive waste, LLW,
Intermediate-level waste, ILW). The potential of deep geological repositories (DGRs) as an
option for disposal of radioactive waste (HLW, ILW, LLW) has been examined in several
countries, including Bulgaria, Canada, China, Finland, France, Germany, India, Japan, Russia,
Spain, Sweden, Switzerland, Ukraine and the United Kingdom and are still under discussion.
In Ontario, Canada, DGRs with a multi-barrier system comprised of a sedimentary rock
formation (i.e., a natural barrier) and an engineered barrier system (EBS) are currently under
consideration. An EBS consists of various components, such as waste containers, buffer,
backfill, and tunnel sealing materials, intended to prevent the release of radionuclides. Several
engineered barrier materials, including a mixture of bentonite and sand, are currently being
considered for use in DGRs for nuclear waste in Ontario. Bentonite has some advantageous
physical and chemical properties, such as low permeability, high plasticity, and high swelling
potential, which provide it with a good sealing ability and thus make it an effective barrier.
However, interaction between the compacted bentonite—sand mixture and underground water
chemistry fluids (chemical factor) in the DGR could significantly alter the favourable properties
of bentonite (e.g., swelling potential), thus influencing its performance when used in an EBS
and eventually jeopardizing the overall safety of DGRs. In addition, other parameters, such as
the clay content, initial dry density and moisture content of the compacted barrier (physical
factors), as well as the presence of salts in groundwater may affect the physical and
physiochemical properties of barrier materials. Moreover, during the lifetime of a DGR for

used spent fuel, the bentonite—based barrier material will not only be exposed to a broad range



of groundwaters with different chemical compositions, but also to high temperatures (heat
generated by the nuclear wastes) (thermal factor). Thus, the interaction between the compacted
bentonite—sand mixture, the surrounding groundwater and the heat from the nuclear waste
material could jeopardize the favourable properties of the bentonite-based (bentonite-sand)
barrier material.

Properties of a bentonite-sand barrier is an important characteristic to study while
designing and constructing an EBS for a DGR. Thus, to understand and assess the operations
of DGRs in Ontario, comprehensive studies must be performed on engineering properties like
swelling behaviour, permeability, and thermal conductivity. The goal of this research study is
to experimentally investigate the physical, chemical and thermal factors that influencing the
engineering properties of a barrier material made up of bentonite-sand composite used in DGRs
for nuclear waste in Ontario. Compacted samples are subjected to one-dimensional free swell
test to understand the swelling behaviour of the material. Hydraulic conductivity was
investigated using a flexible wall permeability test. Thermal conductivity and diffusivity were
tested using Decangon KD2 Pro with TR-1 and and KS-1 sensors. The specimens contain
different bentonite—sand mixture ratios (20:80, 30:70, 50:50, and 70:30 dry mass), and they are
tested under conditions with differing bentonite content, dry density, groundwater chemistry,
and temperature. Additional tests were conducted to investigate the microstructure of the
specimens. These tests include X-ray diffraction (XRD) analysis, mercury intrusion
porosimetry (MIP), and thermogravimetric analyses (TG/DTG).

The results reveal that the time and strain required to achieve maximum swelling of
compacted bentonite—sand specimens increase with the increase of initial dry density. The
simulated saline solutions of Guelph and Trenton groundwater are found to suppress the
swelling of the bentonite—sand specimens. This in turn leads to the increase of hydraulic

conductivity and decrease of thermal properties of the barrier material. However, the impact of



the salinity is significantly reduced by increasing the dry densities and sand content of the
compacted material. Moreover, the coupled effect of salinity and temperature decreases the
swelling potential of the bentonite-sand mixture. Also, some transformation of Na-
montmorillonite into Ca-Montmorillonite was observed. The results also indicate that some
montmorillonites might have been transformed into illites, thereby further decreasing the

swelling potential of the bentonite-based barrier.
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Chapter 1: Introduction
1.1  Background

The global demand and consumption of energy/electricity are rapidly increasing due to
continuous growth in the world’s population and economy. This in turn leads to higher
consumption of fossil fuels and the release of greenhouse gases (GHG) in the atmosphere,
which contributes to global warming, also referred to as climate change. The environmental
imperative is to reduce the release of carbon dioxide (CO2) by using cleaner energy sources.
Nuclear energy has been established as a new way to generate electricity around the world to
meet the increased demand in many countries and reduce CO2 emissions. The electricity
produced by different energy sources from 1985-2020, shows that nuclear power produced by
about 450 power reactors provides about 11% of the world’s electricity and is the second largest
source of low-carbon energy source, as shown in Figure 1.1. According to the International
Atomic Energy Agency (2017), there are 225 additional reactors for research purposes.
However, the generation of nuclear energy is accompanied by the production of large amounts
of harmful waste, including spent fuel bundles and radioactive waste, which are a great threat
to human health and the surrounding environment for thousands of years. Moreover, other
applications of nuclear technology (e.g., medicine, research, nuclear weapons, and industry)
also produce detrimental radioactive wastes. It is, therefore, important to find suitable methods
and techniques to dispose these wastes safely. The main principle for the management of
radioactive wastes is total isolation to prevent radionuclide migration from repositories
(European Commission, 2011).

Currently, deep geological repositories are widely agreed to be the best solution for the
disposal of radioactive waste (Yang and Fall, 20214, b, ¢). This approach has a reduced impact
on the economy, human health, and the environment. The option of disposing nuclear waste in

deep sedimentary rock is currently being investigated across the world (e.g., in Argentina,



Australia, Belgium, Canada, Czech Republic, Finland, France, Germany, Japan, the
Netherlands, Republic of Korea, Russia, Spain, Sweden, Switzerland, the UK, and the USA.
Deep geological repositories (DGRs) allow for radioactive waste disposal below the earth’s
surface at depths of 300—1000 m, which prevents radionuclides from reaching people and the
environment (Atomic Energy of Canada Limited, 1994; Japan Nuclear Cycle Development
Institute, 1999; Swedish Nuclear Fuel and Waste Management, 1992). The overall safety of
this method of disposal is dependent upon the rock characteristics at the site (natural barrier,
host rock) and a set of engineered barrier systems (EBSs), which comprises waste containers,
buffer/backfill, and sealing elements (International Atomic Energy Agency [IAEA], 1981).

In Canada, DGRs are employed for disposing of nuclear waste and the process of site
selection (e.g., Northern Ontario) has commenced (Nuclear Waste Management Organization
[NWMOQOY], 2012). The NWMO of Canada has put forward a proposal for the construction of a
DGR in the Municipality of Kincardine in Ontario that would be 680 m deep. A sedimentary
rock formation that forms a natural barrier extends throughout Southern Ontario.

The bentonite-based barrier is an important part of the DGR system. However, compacted
pure bentonite has relatively low mechanical strength. For this reason, the use of bentonite-
sand mixture has been the subject of various studies as a potential buffer and sealing material
of EBS for Canadian DGRs and in other countries. The mixture has suitable performance
properties from an engineering perspective due to its low permeability and high swelling
potential. Furthermore, it is capable of retaining radionuclides if a canister should fail, causing
contaminants to migrate through the barrier (Ito, 2006; Martin et al., 2000; Sato and Suzuki,

2003; Shehata et al., 2020; Stewart et al., 2003; Tripathy et al., 2004; Villar et al., 2005).
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Figure 0.1. World electricity production by energy source from 1985-2020
(Our World in Data, 2021)

1.2 Problem description

There are many factors that affect the engineering performance of bentonite-based barrier
material and the overall safety of a DGR. For instance, the swelling, thermal and hydraulic
properties of bentonite-sand barriers can be changed by physical factors such as the dry density,
and blending ratio (i.e. bentonite content) of the mixture. These properties can be significantly
influenced by the chemical composition of the fluid within its pores. In particular, the
interaction between the bentonite barrier and the saline water in a DGR could significantly alter
its favourable properties (e.g., swelling potential) and negatively impact its long-term
performance in preventing radionuclide migration, as concluded by numerous previous studies
(e.g., Chen et al., 2017; Navarro et al., 2017; Liu et al., 2018; Akinwunmi et al., 2020).
However, the results obtained in these previous studies are not directly transferable to a
bentonite—sand barrier material in Canadian DGR conditions because Canadian groundwaters
feature different chemical compositions than the groundwaters examined in these previous

studies.



In Ontario, groundwater at the depth of the proposed DGR (600-700 m) is highly saline.
This could impair the aforementioned properties of bentonite thereby affecting the safety of
DGRs in Ontario. Thus, it is important to understand and assess the effect of the groundwater
chemistry on the swelling behaviour as well as and hydraulic and thermal properties of
compacted bentonite—sand barrier material. However, the effect of the groundwater chemistry
on the engineering properties (swelling, hydraulic, thermal) of the bentonite-sand barrier is not
fully understood. Furthermore, during the lifetime of a DGR for spent fuel, bentonite—sand
barrier material will not only get exposed to a broad range of groundwaters with different
chemical compositions but could also be subjected to elevated temperatures from the heat
generated by the nuclear wastes. These high temperatures may intensify the groundwater
chemistry-induced chemical attack on the bentonite-based barrier material. Thus, to ensure that
the EBS will perform properly in all groundwater and thermal loading conditions in Ontario’s
or Canadian’s DRG:s, it is essential to understand whether and how significantly the swelling
ability and other engineering properties of the barrier made with bentonite—sand is affected by
the combined effects of groundwater chemistry and temperature. Due to the paucity of
technical information on the coupled effect of the chemistry of Ontario’s groundwater and

temperature on the behaviour of bentonite-sand material, a new study is needed.
1.3  Research objectives

The overall goal of this proposed study is to provide valuable information that will ensure

a better and safer design for DGRs in Ontario. To achieve that, the following specific objectives
are set:

e To assess the effects of the physical factors (bentonite-sand ratio and dry density

bentonite-sand mixture) on the swelling behaviour and the microstructural

characteristics of potential barrier material for a DGR in Ontario (Canada).



e To assess the effects of the physical factors on the hydraulic conductivity and
thermal properties of potential barrier material for a DGR in Ontario (Canada).

e To assess the effects of the physical factors and the salinity of Ontario’s
groundwaters on the swelling behaviour and mineralogical and microstructural
characteristics of potential barrier material for a DGR in Ontario (Canada).

e To assess the effects of the physical factors and the salinity of Ontario’s
groundwater on the hydraulic conductivity and thermal properties of potential
barrier material for a DGR in Ontario (Canada).

e To assess the effects of the physical factors, the salinity of Ontario’s groundwaters,
and temperature on the swelling behaviour and mineralogical and microstructural
characteristics of potential barrier materials for a DGR in Ontario (Canada).

e To assess the effects of the physical factors, the salinity of groundwater and
temperature on the hydraulic conductivity and thermal properties of potential
barrier material for a DGR in Ontario (Canada).

1.4 Research approach and methods

In this research study, the effects of various factors (i.e., bentonite content, temperature,
salinity, and dry density) on the swelling behaviour, as well as thermal, hydraulic,
mineralogical, and microstructural properties of compacted mixtures of bentonite and sand
with different blending ratios (20:80, 30:70, 50:50, and 70/30 dry mass) is experimentally
investigated using many laboratory tests to achieve the aforementioned objectives. Figure 1.2

shows a flowchart of the research method or approach.
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Figure 0.2. Flowchart of the research method

First, a one-dimensional free swell test (according to ASTM D-4546-08) was conducted to
understand the swelling behaviour of the treated compacted bentonite—sand specimens.
Second, mineralogical, and microstructural changes were assessed by conducting XRD EDS,
and TGA/DTG analyses as well as MIP tests. Third, the thermal conductivity of compacted
bentonite—sand mixtures exposed to Ontario’s saline groundwater and/or temperatures was
evaluated using a single-probe technique with Decagon KD2 Pro with a TR-1 sensor. Fourth,
the hydraulic conductivity of the mixtures permeated with saline groundwater and subjected to
varying thermal loadings was determined using an improved flexible wall permeability test by
adding a cutting ring around the specimen to prevent sidewall leakage, which can simulate the

actual stress states around the barrier system in practice.
1.5  Organization of thesis

This PhD manuscript will be organized into seven chapters, as described below. Figure 1.3

presents the organization visually.



Chapter One contains the introduction, providing a background information and stating
the research problem, objectives, and methods.

Chapter Two consists of three main sections. The first section presents sources of
radioactive waste and methods of classifying and managing them; the second section provides
a theoretical and technical background on bentonite-based materials, the concept design of
DGRs, and the characteristics of buffer/backfill and tunnel seals; and the third section reviews
prior literature on the influence of salinity and other factors (temperature, dry density and
bentonite content,) on the swelling behaviour and thermal, hydraulic, mineralogical, and
microstructural properties of a bentonite—sand barrier in a DGR for radioactive waste.

Chapters Three to Five are three technical papers organized in a paper-based thesis
format. Each technical paper includes an introduction, sections on the materials, methodology,
experimental results, a discussion, and a conclusion. Because the main results are presented as
technical papers, they will contain some repeated information. This is because each paper was
independently written, without taking into account the content of the other papers or the rest of
the document, and in accordance with the manuscript preparation instructions of the periodical
in which they were published. Chapter Six integrates the whole results followed by a
discussion. Finally, Chapter Seven concludes the thesis and provides recommendations for

future work.
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1.6 Statement of Authorship

Table 1.1 presents the summary of the technical papers produced from the current

research.

Table 1.1. Technical papers from the PhD research
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Engineering
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Author Contributions
The contributions of each of the authors to the publications are outlined in Table 1.2.
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Chapter 2: Theoretical and Technical Background

This chapter provides a brief overview of deep geological repository (DGR) concepts,
starting with a summary of the types of radioactive waste and management that are typically
considered for DGR. Moreover, it provides a theoretical and technical background on
bentonite-based materials and the characteristics of buffer/backfill and tunnel seals. Then, a
literature review of previous works on the effects of water chemistry on the behaviour of
bentonite-based barrier materials is presented.

2.1 Introduction

Nuclear waste is generated by a number of different human activities, including nuclear
power production, transportation, medical treatment, agriculture, military weapon production,
and scientific research. Safe management and disposal of this radioactive waste have become
an issue of great importance for the protection of human health and the environment, both now
and in the future. Discussion about and implementation of DGRs as a way to dispose of nuclear
waste underground has begun in several countries, including Canada. A number of designs and
concepts are still under discussion, and different countries have considered or adopted different
designs and concepts. Numerous studies have been carried out recently to determine the best
designs for storing nuclear waste safely putting into consideration the location of the DGR,
host rock specifications, engineered barrier system (EBS), and nuclear waste container
materials, among other factors. However, research on this topic is still limited, despite the need
to understand the effects of other factors, such as the salinity of deep groundwater, dry density,
temperature and clay content on the thermal, hydraulic and swelling properties of bentonite-
based barrier materials to ensure the safety of DGRs.

Bentonite clay and bentonite—sand mixtures have been used as buffers between
canisters containing radioactive waste and host rock, backfills, or seals in excavated disposal

galleries in almost all DGRs throughout the world (Guo and Fall, 2018, 2019). These materials
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are used because of their low hydraulic conductivity, excellent swelling potential, and long-
term mineralogical stability. However, the aggressive environment in which DGRs are situated
due to the chemical composition of deep groundwater and confining pressure, may cause
changes in the mineralogy of the bentonite—sand materials and ultimately impact the physical
and chemical properties of EBSs.

Divided into three sections, this chapter is intended to shed light on DGRs for
radioactive waste and the behaviour of bentonite—sand mixture as an engineered barrier. The
first section presents the sources and methods of classifying and managing of radioactive waste
material; the second section provides a theoretical and technical background on bentonite-
based materials, concept designs for DGRs, and the characteristics of buffer/backfill and tunnel
seals; and the third section presents the main factors that affect the swelling behaviour and
thermal, hydraulic, mineralogical, and microstructural properties of bentonite—sand barriers for
DGRs. In addition, the chapter also provides a review on previous studies on the effects of pore
water chemistry on the swelling behaviour and thermal, hydraulic, mineralogical, and
microstructural properties of bentonite—sand barriers in DGRs for radioactive waste is
performed.

2.2 Sources and classification of radioactive waste

Radioactive decay is a natural phenomenon that occurs in waste produced by various
activities in industrial sectors, medicine, military weapons programs and laboratory research.
Nuclear installations and reprocessing of spent fuel produce tons of radioactive waste every
year. The general classification of radioactive waste is the responsibility of the International
Atomic Energy Agency (IAEA) (see Figure 2.1), and such waste is usually classified according
to the level of activity (Miller et al., 2000). This classification includes exempt waste (EW),
very short-lived waste (VSLW), very low-level waste (VLLW), low-level waste (LLW),

intermediate-level waste (ILW) and high-level waste (HLW).
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Figure 2.1. Classification scheme for radioactive wastes (IAEA, 2009)

The form of radioactive waste that is disposed of in a DGR depends on the national
nuclear fuel program and classification system for radioactive waste used in the country in
which the DGR is located. The Canadian Nuclear Safety Commission (CNSC) recognizes that
nuclear waste falls into four broad categories (see Figure 2.2):

I.  Low-level waste (IAEA classification: LLW)
LLW is a common type of nuclear waste that is mainly contaminated by short-lived

radionuclides generated by industrial processes, hospitals, and nuclear reactor
operations. This category of waste represents about 76% of all accumulated nuclear

waste in the world but less than 1% of highly radioactive waste.

I1.  Intermediate-level waste (IAEA classification: ILW)
ILW, which features long-lived nuclides, is defined as materials contaminated from

decommissioned reactors, such as internal reactor components, chemical sludge, and
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cooling water filters. This waste category represents about 23% of all accumulated
nuclear waste in the world and about 4% of highly radioactive waste.

I11.  High-level nuclear waste (IAEA classification: HLW)

HLW is a heat-producing waste mainly generated from nuclear fuel cycles. It includes
spent fuel elements (SFs) such as uranium and plutonium. This type of waste represents
less than 1% of all accumulated nuclear waste in the world but about 95% of highly
radioactive waste.

1VV. Uranium mine and mill waste

Uranium mine waste rock and mill tailings are a major forms of radioactive waste.
Mining activities produce tons of dry mass of mineralized and clean waste rock. This
waste contains significant concentrations of radioactive elements that are long-lived,

namely thorium-230 and radium-226.

Nuclear Fuel Waste Low-Level Intermediate-Level Uranium Mine
Radioactive Waste Radioactive Waste and Mill Waste
I I I - I I I I
- NWMO Ongoing || Historic || Legacy Ongoing || Legacy Operating || Shutdown
-0OPG -LLRWMO -CNL - OPG -CNL -Cameco - Former
-CNL -CNL - Areva Operators
- NB Power - NB Power - Provincial
-HQ -HQ and Federal
- Cameco Governments
NWMO - Nuclear Waste Management Organization ~ NB Power - New Brunswick Power Corporation
OPG - Ontario Power Generation HQ - Hydro-Québec
CNL - Canadian Nuclear Laboratories Limited Cameco - Cameco Corporation
Areva - Areva Resources Canada Inc. LLRWMO - Low Level Radioactive Waste
Management Office

Figure 2.2. Organizations responsible for long-term management of used fuel
and radioactive waste (CNSC, 2017)

2.3 Management of radioactive waste
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For decades, a wide range of management strategies for the effective disposal of nuclear
waste with long-lived toxicity, such as spent nuclear fuel (SNF) and HLW have been discussed.
Such strategies include methods not related to geologic disposal, including seabed disposal,
shooting waste into space, storage in the Antarctic ice sheet, partitioning and transmutation,
long-term temporary disposal, and nuclear guardianship. However, all of these alternative
disposal methods have been dismissed due to problems regarding technical realization, the high
risk of accidents, ethical aspects, or costs. The international consensus (IAEA, 2003) is that
geological disposal is the safest option for long-term disposal of all waste types. This involves
isolating and containment of radioactive waste material in repositories located hundreds of
meters below the ground surface in stable geological media that prevent the waste from
interacting with the biosphere over time. Several countries have proposed building such
repositories and have run extensive research for decades to develop a safe and sustainable
repository for waste with long-lived toxicity. Figure 2.3 shows commonly accepted disposal

and management procedures for different categories of radioactive waste materials.

HLW

>

Low heat generation risk
©0e
0 0 0

High gas release risk

y p (
Repository at depths of tens of metres High heat generation risk
3. Near surface disposal

4. Land-fill type disposal & e}

°
Low gas release risk

Surface storage for decay

T e

Figure 2.3. Commonly accepted management methods and storage depths of
different types of radioactive waste (IAEA classification) with risks illustrations
(figure on the left adapted from Bergstrém et al., 2011)
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2.4 Background on deep geological repositories for radioactive waste

2.4.1 Description of the deep geological repository system
In a 1995 report by the NEA, the DGRs systems should be capable of the following:
(a) “isolate the wastes from the biosphere for extremely long periods of time” and
(b) “ensure that residual radioactive substances reaching the biosphere will be at
concentrations that are insignificant compared, for example, with the natural background
levels of radioactivity.”

DGRs are permanent depositories that safely store, isolate, and contain radioactive
waste for very long periods of time at depths of 300—1000 m (NWMO, 2010, 2012). Geological
repositories comprise of multiple barriers (natural or geological barriers and EBSs or human-
engineered materials) to isolate final waste packages from the biosphere and avoid potential
disasters over long periods (see Figure 2.4; IGSC, 2012; NWMO, 2012; Nasir et al., 2013,

2014).
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Figure 2.4. The outline of deep geological disposal in Canada (NWMO, 2010)
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These multi-barrier systems include the following:

e Natural barrier systems

The geological or natural composition of surrounding rock mass or a competent rock
layer as well as the underground water chemistry play very important roles in the selection of
a DGR site to enclose the EBS (Abdi et al., 2015). Some typical rock formations include clay
rocks, salt rocks, crystalline rocks, and volcanic tuffs. Clay rocks, also referred to as
argillaceous rocks, are sedimentary rocks consisting mainly of clay minerals such as illite,
kaolinite, and montmorillonite (Chamley, 2013; Fall et al., 2014). Salt rocks are usually found
as large deposits in the Earth Cust, with simple hydroloical and structural features (Liang et al.,
2005). Crystalline rocks can either be igneous or metamorphic, with their structure entirely
formed by crystallized minerals rather than glassy components (DiPietro, 2018). Volcanic tuff,
on the other hand, are formations formed entirely by the volcanic ash released during volcanic
eruptions. Over time, the ash compacted into dense rocks by pressure acting on their formations
(De La Fuente et al., 2002). Several countries have determined that different host rock types
have different advantageous and disadvantageous characteristics (IAEA, 2003), as illustrated
in Table 2.1. It is very important that the host rock has low permeability to limit the flow of
underground water through rock layers to ensure stable and safe storage of radioactive waste
for an extended period of time and to preserve the geological environment (IAEA, 2003;
NWMO, 2012; Wilson et al., 2011). Other beneficial properties of a host rock as a natural
barrier include high thermal conductivity, high strength and low ductility. High thermal
conductivity felicitates rapid dissipation of heat generated from the waste canister (Gariette et
al., 2014). Mechanical strength and low ductility are also important to avoid failure from

ground movement caused by seismic activities (Lavallee and Kendrick, 2021).
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Table 2. 1. Main characteristics of potential host rock formations (IAEA, 2003)

Rock Type Rock Characteristics
Permeability lon Thermal Strength Ductility
Exchange | Conductivity
Clay
Salt
Crystalline Variable
Volcanic Moderate
Tuffs
Legend
- Desirable ] Undesirable Fairly desirable
e EBS

The main components of an EBS are (i) the waste form; (ii) disposal containers (i.e.,
waste canisters); (iii) buffer and backfill materials to surround the waste canisters; and (iv)
backfill, seals, and plugs in tunnels, galleries, boreholes, and shafts intended to prevent the
possible escape of radionuclides to the biosphere over time (IGSC, 2012; Radioactive Waste
Management [RWM], 2003) as illustrated in Figure 2.5. The initial three components help
contain the radionuclides present in the waste, especially during the period when radioactivity
levels are highest. The last component isolates waste emplacement zones from other rock zones

that are more susceptible to water flow.
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Sub-surface facility

Figure 2.5. Example of an EBS within a DGR system (with the permission of
SKB, Sweden; from the Integration Group for the Safety Case, 2012)

I.  Waste form
There are several types of nuclear waste forms, which serve as the initial barrier. The
purpose of the waste form is to isolate radionuclides in a matrix that will resist leaching and
cracking and lead to a slow rate of radionuclide release in the long term. For example, spent
fuel waste is formed into durable ceramic pellets enclosed in a corrosion-resistant material,
such as zirconium and aluminium alloys or stainless steel (IGSC, 2012; NWMO, 2011; RWM,
2003).

I1.  Disposal container

Waste containers are used to enclose radioactive waste, ensure retrievability, facilitate
waste handling, provide high corrosion resistance, and withstand shear loading and mechanical
stress from overlying rock and earthquakes for a long period of time (1,000 years or longer,
depending on what type of radioactive waste is being stored). A metal container is typically
designed with either a corrosion-allowance approach (for example, carbon steel is an option
for a thick-walled container that also resists deformation) or a corrosion-resistant approach (in

which case copper is preferred). Many countries, including Canada, have proposed using
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carbon steel inside and copper or stainless steel outside of the containers (see Figure 2.6 and

Table 2; IGSC, 2012; NWMO, 2011; RWM, 2003).
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Figure 2.6. Barrier design for an EBS (NWMO, 2015)

I111. Buffer
A buffer material made of bentonite is used to fill all voids between canisters and the

disposal hole as well as between the canisters and the host rock. This buffer is designed to
stabilize repository excavations, provide favourable thermo-hydro-mechanical-chemical
(THMC) conditions for preserving disposal containers, obstruct groundwater migration to the
disposal container, and prevent any radionuclide movement (Guo and Fall, 2021a,b). Bentonite
materials are common candidates for buffer materials in both crystalline rock and clay
formations (Nasir et al., 2011). They are often prepared in pre-compacted blocks (see Figure
2.7; Melamed and Pitkanen, 1996; Posiva, 2009).

According to the Swedish KBS-3, the target properties of a compacted bentonite buffer

with regard to safety functions are as follows (Posiva, 2009; Wilson et al., 2011):
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e low hydraulic conductivity < 10712 m/s,
o swelling pressure higher than 2 MPa,
e range density of 1900-2050 kg/m3 in saturated conditions, and

e a buffer temperature less than 100°C.

Fuel
Bundle

Q

Used Fuel Container

@ LEGEND

Bentonite
Clay

Rock

1. Surface Facilities
2. Main Shaft Complex

Lateral Tunnel 3. Placement Rooms
Approach 4. Ventilation Exhaust Shaft

Figure 2.7. New design for an EBS (NWMO, 2015)

IV.  Backfill, Seals, and Plugs

To prevent interaction between radioactive disposal areas and eliminate underground
contamination, access tunnels must be sealed and the shafts of all repositories must be
backfilled. Backfill, plugs and seals for repositories are usually made of bentonite clays in
formations of crystalline and sedimentary rocks. Various types of seals and plugs are applied
at different repository development stages. For example, seals are often placed permanently at
strategic points to serve as barriers between deposition zones and rock zones that are

susceptible to water flow, whereas temporary tunnel plugs are used during the operations to
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protect the repository work areas from groundwater infiltration or swell pressure within wet
backfill (IGSC, 2012; Wilson et al., 2011). The target material backfills for backfill, according
to Wilson et al., (2011), include low hydraulic conductivity (less than 10-10 m/s) and a swelling
pressure higher than 0.1 MPa.
2.4.2 Design concepts for deep geological repositories

Design concepts and standards for DGRs vary between countries depending upon the
development stage of the EBSs, economy, and the nature of nuclear waste being disposed of,

as illustrated in Tables 2.2 and 2.3 (RWM, 2003).

Table 2.2. Baseline assumptions underlying DGR and EBS designs across countries
(RWM, 2003)

Country/ Baseline assumptions
program
Belgium A natural geological barrier is the common isolation barrier. Overpacking

provides containment during the thermal phase (500 years for vitrified
HLW, 2,000 years in the case of spent fuel). In a normal evolution scenario,
there would be no early failure of the overpacking method. Backfill provides
an additional, but minor, contribution to safety. A disposal tube facilitates

retrievability.

Canada Constraints on the design include waste type, volume, and inventory (e.g.,
the age and burnup of fuel); the need for maintaining container surface
temperatures under 100 °C; the need for maintaining low permeability,
keeping the rock surrounding the repository saturated; and the need for
keeping the bentonite protecting the spent fuel dense to ensure no

microbiologically influenced corrosion of the containers.
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France

Long-term isolation of waste via the EBS, which is designed to account for
present-day and future conditions at the disposal location and to minimize

disturbances on the rock caused during construction and operation.

Japan

Constraints on the design of the EBS include the provision of long-term
isolation and barrier functions under current and future conditions and the

minimization of disturbances during construction and operations.

US/WIPP

US/ Waste Isolation Pilot Plan (WIPP) Constraints on the design of the

EBS include feasibility and present-day technologies.

US/YMP

US/Yucca Mountain Project (YMP), the repository should be located above
the water table and be capable of supporting different stages of repository
development. Additionally, it should receive waste no later than 2010, the
surface temperature of the cladding should remain below 350°C, there
should be flexibility in the thermal operating mode, and waste should be

retrievable.

2.5 Canadian radioactive waste disposal and deep geological repository concepts

Radioactive waste material has been generated in Canada since the early 1930s.

Currently, Canada has nineteen operating nuclear power plants and most of them are located

in Ontario (Figures 2.8 and 2.9). These reactors produced about 15% of Canada’s electricity in

2019. They have generated over 2 million used SF bundles (consisting largely of radium and

uranium-contaminated soils) and tons of radioactive waste material since the 1960s, based on

the report from the Canadian Nuclear Safety Commission (CNSC, 2008) and NWMO (2010),

as indicated in Figure 2.10.
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Table 2.3. DGR design standards of different countries (RWM, 2003)

Country/ Waste | Waste matrix Container/ Buffer/ backfill Other
program type overpack
Belgium HLW Borosilicate 304 stainless FoCa clay, 60% | Disposal
glass steel container, | calcium tube, tunnel
316L stainless bentonite, 35% lining
steel overpack | quartz sand, 5%
Spent - - graphite -
fuel -
Canada Spent | UO2 Carbon  steel | Bentonite Tunnel and
fuel inner buffer, shaft seals.
container with | bentonite/sand
a copper outer | buffer,
shell. clay/crushed
rock backfill
Czech Republic ILW Concrete Steel Bentonite buffer | Clay seals
Spent uo2
fuel
HLW Glass
Finland Spent UO2  (not | Copper-iron Bentonite Bentonite
fuel considered buffer, backfill | and
part of EBS) of compacted | concrete
crushed  rock | plugs
and bentonite
Sweden/KBS-3 |Spent uo2 Copper-iron Bentonite Tunnel
fuel backfill.
Japan HLW Glass Carbon steel | Bentonite-sand | Tunnel
overpack mixture. sealing
plugs and
grout
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CONSERVATION  NUCLEAR B Nuclear 53.5%

OTHER
BIOMASS B Water 21.3%

SOLAR
WIND Natural Gas 7.5%
NATURAL GAS Wind 6.2%
. Solar 2.0%
B Biomass 0.4%

WATER

B Other 0.4%
B Conservation 8.6%

Figure 2.9. Ontario’s electricity generation and conservation, 2016 (Ministry of
Energy, 2017)
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Figure 2.10. Canadian energy generation by source (Canada Ministry of

Natural Resources, 2018)

DGRs contain different levels of radioactive waste (LLW, ILW, and HLW) with
different uses from various stages of the nuclear fuel cycle, nuclear reactor operations, nuclear

research, and radioisotope manufacture. Currently, all generated radioactive waste is stored in
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a way that allows retrieval when the proposed permanent DGR management facilities become

available in Kincardine, Ontario (see Figure 2.11; NWMO, 2011).

Dolostones (400 m)

Shales (200 m)

Limestones (200 m)

Precambrian Basement

Figure 2.11. DGR for LLW and ILW in the Municipality of Kincardine, Ontario,
as proposed by Ontario Power Generation (NWMO, 2011)

In Canada, DGRs are designed based on a multi-barrier system that includes crystalline
or sedimentary rock to support the geological disposal of SF (Yang and Fall, 2020, 2021d).
This system is still under development, and the best sites for establishing a DGR are still being
studied. The NWMO has been investigating three locations in Northern Saskatchewan and 16
in Ontario (see Figure 2.12). It has proposed constructing DGRs at depths of 300—700 m
(NWMO, 2012).

The design concepts for DGRs, including the components of EBSs, vary from one
country to another (see Tables 2.2 and 2.3). The expectations of the DGRs in Canada are:

e Minimize the rate of radionuclide release from the spent fuel.
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Provide radionuclide containment for a minimum of 100,000 years. The containers are
made of a carbon steel inner container and a copper outer shell with a total thickness of
25 mm (RWM, 2003; Rebak, 2011).

Include EBSs consisting of a buffer made of bentonite or bentonite—sand mixture,
tunnel and shaft seals and clay/crushed rock mixture backfill (IGSC, 2012; Wilson et

al., 2011).

Include buffer/backfill barriers for physical, chemical, hydraulic, and biological
isolation of waste and minimization of radionuclide release into the geosphere in the

long term.

Include tunnel and shaft seals to provide mechanical support during the repository

monitoring phase and hydraulic separation of rooms after repository closure.

Keep the container surface and bentonite buffer temperature below 100 °C (Hicks et al.,

2009; RWM, 2003).
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Communities Communities
in Step 2 in Step 3

Learning More/ Preliminary
Initial Screenings Assessments

6. Nipigon 1. English River

9. White River First Nation
11. Blind River 2. Pinehouse
12. Elliot Lake 3. Creighton
13. North Shore 4. Ear Falls
14. Spanish 5. Ignace
15. Arran-Elderslie 7. Schreiber

8. Hornepayne

16. Saugeen Shores
17. Brockton 10. Wawa
18. Huron-Kinloss

19. South Bruce

Figure 2.12. Proposed locations for Canadian DGRs (NWMO, 2012)

2.6 Conditions in a Canadian deep geological repository

There are many parameters affecting the behaviour and conditions of EBSs in DGRs
within Canada, such as EBS geometry, material composition, corrosion properties, near-field
temperatures, groundwater flow rates, and pore water chemistry (i.e., salinity).
2.6.1 Pore water chemistry

The groundwater conditions vary considerably within the Canadian Shield. The salinity
of a site depends on the depths and location of the groundwater. It can generally be assumed
that salinity will increase with depth, with full salinity of about 400 g/L achieved at depths
greater than 300 m across the Canadian Shield (Gascoyne et al., 1987). The NWMO is

considering sedimentary rock formations (i.e., natural barrier) throughout Southern Ontario as
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potential hosts for used nuclear fuel. A DGR for LLW and ILW was proposed to be located in
the Municipality of Kincardine, Ontario, at a 680 m depth.

At the regional scale, the natural geochemical systems in Ontario can be classified into
two general zones based on groundwater conditions. First, a shallow system located less than
200 m the Earth’s surface containing fresh to brackish waters, which could be Na-Cl, Na-Mg-
Ca-Cl, Ca-SO4, Na-Ca-Cl, or Ca-Na-Cl depending on their ion concentrations. Second, an
intermediate to a deep geological system located at a depth of more than 200 m containing
predominantly brine with hydrocarbons in reservoirs, which could be Na-Ca-Cl or Ca-Na-Cl
waters with total dissolved solids (TDSs) ranging from 200,000-400,000 mg/L (Dollar, 1988;
Jensen et al.,, 2009; NWMO, 2011, 2012). Figure 2.13 shows the actual sedimentary
formation(s) in which shallow systems occur, which vary with stratigraphy across southwestern

Ontario.
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Figure 2.13. Groundwater salinity in sedimentary formations within southwestern Ontario (NWMO, 2011)

33



2.6.2 Temperature

The NWMO has proposed constructing DGRs for the long-term disposal of used fuel
from engineered excavations at depths of 300—700 m in either crystalline or sedimentary rock
(NWMO, 2005). The used-fuel container corrosion rate, the performance of the buffer material
around the containers, and the mechanical stability of DGRs all depend on the temperature
response and groundwater salinity around the repository. Therefore, thermal analyses are
important for designing safe repositories. In Canada, a range of thermo-mechanical analyses of
DGR concepts have been conducted over the past 30 years (Acres et al., 1985, 1993;
Baumgartner et al., 1994; Golder Associates Ltd., 1993; Guo, 2007, 2008; Mathers, 1985; Tsui
and Tsai, 1985). These studies included two- and three-dimensional thermal transient and
thermo-mechanical analyses and were divided into far-field modelling (the rock mass
surrounding a repository of finite dimension) and near-field modelling (the boundary condition
near the placement room materials) to accurately identify at early times and the thermal
response is overestimated at longer times. This previous study was revised by the NWMO
(2016) and applied to a concept for a Mark 11 repository in crystalline rock. To investigate the
effects of this boundary condition, thermal near-field modelling was performed for the Mark
Il repository using COMSOL modelling environment with customized physics interfaces heat
transfer analysis and proposed to account for boundary condition influences. The method was
validated by comparing the modified COMSOL results with a theoretical solution produced
using the HOTROK analytical computer code. The modified analysis showed that a thermal
peak occurs early in the repository lifetime and without any comparable peak for thousands of
years. In the evaluated case, the peak container surface temperature after 45 years is 84 °C, the
peak temperature between two containers after 45 years is 83 °C, and the peak temperature of

rock in the roof above the top layer of containers after 65 years is 77 °C.

34



Figure 2.14 shows the (very uniform) rock temperature along the vertical surface near
the placement room of materials after 45 years. Figure 2.15 shows the temperature along
horizontal cross-sections through the axis of the containers after 45 years. The maximum
container temperature was 84 °C. Figure 2.16 shows the temperature to be time-dependent at
five points along a vertical line, OB4. The temperature at Point O (i.e., the centre of the tunnel
below the upper layer of containers) reaches a maximum peak of 83 °C at 45.8 years after
placement and a second peak of 83 °C at 1,480 years. The roof temperature of the placement
tunnel (Point B1) reaches 77 °C at 65 years and 82 °C at 1,550 years. After 1,590 years, the
temperature 1.0 m over the tunnel roof (B2) reaches 74 °C at 76 years and then 81 °C. After
1,660 years, the temperature at 5 m (B3) and 10 m (B4) from the tunnel centre (O) reaches 80

°C and 79 °C, respectively.

Time=1.412538e9 s Surface: Temperature (degC)

A 837
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1 40

Figure 2.14. Temperatures in the rock along the vertical surface near a tunnel
at 45 years after placement (NWMO, 2016)
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Figure 2.15. Temperatures in the rock along a horizontal cross-section through
the container axis at 45 years after placement (NWMO, 2016)
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Figure 2.16. Temperatures as a function of time at five points along a vertical
line (NWMO, 2016)
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2.7

Background information on bentonite

Natural bentonite was formed millions of years ago when volcanic ash transformed

from rhyolite to dacite and was deposited into saltwater or freshwater and then crystals grew

in saline water using the glassy components of the volcanic ash as source material (Figure

2.17). There are bentonite types (Meunier, 2005), which are named after their dominant

element:

bentonite.

equivalent dry density.
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Figure 2.17. Schematic presentation of the alteration environment of ash
(Meunier, 2005)

Sodium (Na) bentonite is created when volcanic ash is deposited into saltwater rich

with sodium Na*. It has higher swelling potentials and compressibility than Ca-

Calcium (Ca) bentonite is created when volcanic ash is deposited into freshwater rich

with calcium (Ca?"). It has a relatively higher permeability than Na-bentonite with

Each bentonite type has different properties that are dependent on the availability of

montmorillonite and major exchangeable cations (Athanassopoulos, 2011; Liu et al., 2011). It
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has various industrial applications and can be mixed at different ratios to form compounds with
specific properties (Grim and Guven, 1978).

Bentonite is an expansive clay material and belongs to the smectite mineral group with
2:1 clay mineral (consisting of an octahedral sheet located between two silica sheets) (see
Figure 2.18). Montmorillonite is the main component in bentonite clay materials (which
features some substitution of Al for Si in the silica sheet and Fe and Mg for Al in the alumina
sheet) along with other accessory minerals, such as quartz, feldspar, calcite, pyrite and gypsum
(Melamed and Pitkanen, 1996). Bentonite interlayer bonding is by van der Waals forces,
expands or contracts based on the quantity of water and interlayer cations present, when
combined with water the generated negative charges are balanced by exchangeable cations
found between the unit layers. The bonds are weak and easily separated by absorption of water
or other polar liquids. Bentonite has low hydraulic conductivity. The specific surface of
smectites is very large (ranges from 50-120 m?/g. Up to 840 m?/g of the surface which could
be exposed when the lattice expands). Moreover, due to the high number of unbalanced
substitutions, smectites have a high CEC, generally 80—150 meg/100 g, including both external
and internal surfaces. This has a tremendous impact on swelling, plasticity, and other physical

properties (Mitchell, 1993).
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Tetrahedral sheet ® 0 H2O
Octahedral sheet/
H,0

Figure 2.18. Schematic representation of montmorillonite structure (Zhang,
2016)

2.7.1 Types of bentonite
The characteristics of bentonite vary based on the location in which it was formed. It is

often light yellow or green, but sometimes it can be bluish due to the oxidation of iron or the
leaching replacement of exchangeable sodium by calcium at significant depths. Increased
fractions of montmorillonite lead to higher-quality bentonite. Mx-80 Wyoming bentonite is
obtained from the US, Kunigel clay is obtained from Japan, Kinnekulle is obtained from
Sweden, Busachi is obtained from Sardinia, The Milos clay Deponit CA-N is obtained from
the isle of Milos, FEBEX is obtained from Spain, and FoCa7 is obtained from France (Grim
and Guven 1978; Rautioaho and Korkiala-Tanttu, 2009; Sandra, 2013). These are shown and

described in Figure 2.19 and Table 2.4.
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Figure 2.19. Appearance of a different bentonite clays (Svensson et al., 2011)

Table 2.4. Mineral compositions (wt.%) of different types of potential clay barrier materials

(Hicks et al., 2009)

Mineral MX-80 | Avonseal | Kyungju | Deponit | FEBEX | Friedland
CA-N

Montmorillonite 87 79 69.5 81 89-95 30

Quartz / 3 5 14 1 1-3 20.2

Chalcedony

Christobalite 2 6.9 1 1-3 0.1

Feldspar 3 1.5 22.2 2 1-3 1.1

Calcite / 10 0.6 0.5

Siderite

Dolomite 3

Analcite

Pyrite 0.25 0.5 0.02 1.2

Mica 4 7.2

llite 1.6 9.5 26

Gypsum 0.7 2 0.14 0.7

Rutile / Anatase 0.26 0.6

Organic Matter 0.2 0.3 0.2 ~0.3

Other 0.8 10.7

(Kaolin)

2.7.1.1 Mx-80 bentonite

Mx-80 bentonite was formed by in situ alterations of volcanic ash deposited in
Wyoming, USA, hundreds of millions of years ago. It has a particularly good reputation

because it has montmorillonite content that could reach 75-85% (Carlson, 2004) and sodium
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is the primary adsorbed cation (leading to very high CEC). This produces extraordinarily good
colloidal, plasticity, and bonding properties (self-sealing properties) and low hydraulic
conductivity. Mx-80 bentonite also contains accessory minerals, such as quartz and feldspar,
and traces of illite, cristobalite, pyrite, gypsum, calcite, and amphibole (Carlson, 2004; Grim
and Giiven, 1978; Wilson et al., 2011), as illustrated in Table 2.4. The CEC of bentonite ranges
from 74-110 meq/100 g, liquid limit of 526%, plastic limit of 46%, and specific gravity of 2.82

(Villar and Gémez-Espina, 2008). A sample of Mx-80 bentonite is presented in Figure 2.20.

Figure 2.20. MX-80 Wyoming bentonite (Carlson, 2004)

2.7.1.2 FEBEX bentonite

FEBEX bentonites comes from Almeria, Spain. It was formed by the transformation of
acidic volcanic rocks through hydrothermal processes. FEBEX bentonite is considered to be of
excellent quality because it features a high CEC (96-102 meq/100 g) and contains more than
92% montmorillonite. FEBEX bentonite also contains accessory minerals, such as quartz
(about 2%), feldspar, plagioclase, calcite, potassic, cristobalite, and trydimite, which are shown

in Table 2.3. The liquid limit is 102%, the plastic limit is 53%, and the specific gravity is 2.70.
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FEBEX bentonite was used as a buffer material in a Spanish DGR for nuclear waste (Garcia-
Gutiérrez et al., 2011; Hicks et al., 2009; Villar and Gomez-Espina 2008; Villar and Lloret
2007).

2.7.1.3 Asha bentonite

Asha bentonite was formed by hydrothermal alteration of volcanic ash in saline water.
The clay is found on the northwest coast of India and was deposited in the Kutch district
millions of years ago (Karnland et al., 2006). The average content of expandable minerals is
60-65%, and the liquid limit is180% (Johannesson and Nilsson, 2006). A sample of Asha
bentonite is presented in Figure 2.21.

r Asha 8936

Figure 2.21. Asha bentonite sample (Karnland et al., 2006)

2.7.1.4 Friedland bentonite

Friedland bentonite was formed in situ through hydrothermal alteration, sedimentation,
and weathering. The clay is of tertiary origin and was deposited in Neubrandenburg in
Northeast Germany millions of years ago (Karnland et al., 2006; Schomburg, 1997). It has an

average expandable mineral content of 50-60% and a montmorillonite content of 30% (Pusch
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1998). The rest comprises mixed-layer minerals, such as quartz (20%), mica (7.2%), and
feldspar (1.1%), as illustrated in Table 2.3 (Carlson, 2004; Hicks et al., 2009; Karnland et al.,
2006). Its CEC varies from 35-45 meqg/100 g (Carlson, 2004), and the liquid limit of 109%
(Johannesson and Nilsson, 2006). Friedland bentonite is a suitable candidate for backfilling
drifts and shafts in DGRs for nuclear waste (Schomburg, 1997). A sample of Friedland

bentonite is shown in Figure 2.22.

Figure 2.22. Friedland bentonite sample (Carlson, 2004)

2.7.2 Bentonite swelling behaviour
The swelling behaviour of bentonite has both positive and negative effects. The

swelling behaviour of bentonite was described by Komine and Ogata (1996) as shown in
Figures 2.23 and 2.24. It is mainly controlled by water content and hydrological properties.
Furthermore, the magnitude of swelling in bentonite depends upon the active clay minerals.
Compacted bentonite mainly consists of montmorillonite and other accessory minerals, such

as quartz, feldspar, calcite, pyrite, gypsum and voids. The water content in saturated bentonite
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varies based on the level of compaction and available space since bentonite swells to fill in any
void in the presence of water. The voids between mineral and Na-montmorillonite particles are
occupied by air and free water. Water molecules are adsorbed at active sites on layers of Na-
bentonite, and when the interlayer space is filled with only one layer of water molecules, it
expands and swelling begins. The hydration of exchangeable cations is largely responsible for
this adsorption and the accompanied increase in the interlayer spacing. Therefore, at low
relative humidity, hydration of Na-montmorillonite begins on external surfaces and diffuses
double layer (DDLs) of water with one layer of water molecules. As water adsorption
continues, relative humidity increases and water enters between elementary clay layers,
resulting in the development of water layers and increasing the interlayer spacing and the
volume of porosity (Komine and Ogata, 1996; Salles et al., 2009).

If compacted bentonite can swell freely at constant vertical pressure, its volume
increases during water uptake as the volume of montmorillonite minerals increases. This
process continues until the swelling pressure of montmorillonite equals the applied vertical

pressure (see Figure 2.23).
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After water uptake

Vertical
pressure

rin

Vertical
pressure, s

Vertical
pressure

Initial void Montmorillonite swollen by
absorbing water into interlayers

Figure 2.23. Swelling behaviour of compacted bentonite under constant
vertical stress (Komine, 2004b)

If the vertical and horizontal deformation of the compacted clay is restricted to a
constant volume, montmorillonite minerals swell during water uptake and fill most part of the
voids in the compacted bentonite. When the voids are filled, the volume of bentonite cannot
increase further and the pressure from the swelling of montmorillonite minerals would be the

corresponding swelling pressure of the bentonite (see Figure 2.24).
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absorbing water into interlayers
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Figure 2.24. Swelling behaviour of compacted bentonite with a constant
volume (Komine, 2004a)

2.7.3 Bentonite mineralogy
There are two atomic structural units from which most clay minerals, including

smectites, are formed (Grim, 1968). The first is an octahedral sheet consisting of Al®*, Fe3*,
Fe2*, or Mg?* cations surrounded by O% or OH- anions in an octahedral configuration. The
aluminium (AP*) octahedral unit is composed of one AI** atom bound with six OH- atoms,
composing Al2(OH)s (Grim, 1968), as shown in Figure 2.25.a. The second is a sheet consisting
of predominantly silicate tetrahedrons. The silica tetrahedral unit is composed of one silica
atom bound with four O% atoms, composing (Si4O10)*. These units are connected in a
hexagonal sheet (Grim, 1968), as presented in Figure 2.25.b. Hydrous phyllosilicate minerals
are classified depending on the structure of the linkages between octahedral and tetrahedral

sheets as 1:1, 2:1, or modulated layers, as shown in Figure 2.26, with further sub-divisions
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based on the charge deficit across the 2:1 structural layer, the occupancy of the octahedral layer,

the structure of the interlayer region, and its chemical composition (Bailey, 1988).

Aluminum

Oxygen

Hydroxyl

Oxygen Silicon

b. Silicon tetrahedron and tetrahedral structure

Figure 2.25. Clay mineral structure: (a) octahedral unit and octahedral
structure and (b) silicon tetrahedron and tetrahedral structure (Wilson et al.,

2011)
A b ‘3.
<
L=l
\
o 0 & 5 O oH [ A, Fedt

Figure 2.26. The two crystal structures of dioctahedral phyllosilicates: (a) 1:1
layer and (b) 2:1 layer (Meunier, 2005)

Montmorillonite is a swelling clay mineral that consists of parallel stacks of 2:1 layers.

It has a very small crystal size in the lengthwise direction. The crystals are arranged in very
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thin layers (about 1 nm thick) that extend 10 nm in both directions (Murata and Saito, 2003).
A montmorillonite crystal consists of an aluminium octahedral sheet that is covalently

coordinated and located between two silica tetrahedral sheets, as shown in Figure 2.27.

oxygen

oxygen/hydroxyls
aluminium, iron(ll and Ill), magnesium

silicon, iron, alumiunium

interlayer region
‘ . . cations, organic complexes, H,0O
solvated cations

2:1 layer

C axis

b axis

Figure 2.27. Sketch of montmorillonite structure (Wilson et al., 2011)

The silica tetrahedral sheets connect with the AI®* octahedral sheet through a very
strong bond that is formed from the ionic bonds (Mitchell et al., 1993). Montmorillonite layers,
however, are weakly connected and easily disconnect when they combine with water or any
other polar liquids or cleavage caused by van der Waals forces and exchangeable cations
(Mitchell et al., 1993). Mica, chlorite and other minerals from the talc-pyrophyllite group also
have atomic structures based on 2:1 layers (Bailey, 1988).

2.7.4 Bentonite microstructure
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In design concepts of DGRs for nuclear waste, bentonites are often utilized as buffer
and sealing materials. The general safety of the storage system is very important because
expected thermo-hydro-mechanical-chemical (THMC) loadings it may undergo over a long
period of time. To understand the THMC behaviour of bentonite, the changes in the bentonite
microstructures need to be studied (Cui et al., 2002; Delage, 2007). Bentonite is made up of
structural units known as laminae, which pile up, forming elementary particle arrangements
(Villar et al., 2012). These particles aggregate together in face-to-face, face-to-edge, and edge-
to-edge manners (Delage, 2006; Gens and Alonso, 1992; Meunier, 2005), as presented in
Figure 2.28. The organization of laminae, particles, and aggregates creates varying forms of
pore structure (inter-layer or inter-laminar pores, which are usually smaller than 2 nm, inter-
particle pores, or inter-aggregate pores (larger than 0.002 um) (Stepkowska, 1990). Inter-layer
or inter-laminar pores and inter-particle pores are also called micro-pores, as shown in Figure
2.29. Inter-aggregate pores are classified into macro-pores (which are larger than 0.05 um) and
meso-pores (which are less than 0.05 pm), which depends on the compacted dry density, as

shown in Figure 2.30 (Villar et al., 2012).

face-to-
face

edge-to-
edge

Figure 2.28. Particle contact types (modified from Meunier, 2005)
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Clay platelet

Intra-element pore

Figure 2.29. Microstructure of clay consisting of elementary particle
arrangements (Gens and Alonso, 1992)

"

Aggregation or “packet
Inter-aggregate pore

Elementary particle
arrangement

Intra- aggregate pore

Figure 2.30. Macrostructure of a clay that predominantly consists of
aggregations of elementary particle arrangements (Gens and Alonso, 1992)

2.7.5 Cation exchange capacity of bentonite (CEC)
Smectite minerals have exchangeable cations that can be found on the edges and outer

surfaces, as well as in the interlayers. The negative charges on the edges and outer surfaces are
balanced in part by pH. The characteristic properties of bentonite clay could be changed based
on the composition of the exchangeable cations. In clay minerals with 2:1 layers, the most
exchangeable cations are hydrated and situated in interlayer positions. In general, divalent
cations, which have higher charges, are usually substituted for univalent cations, which have
lower charges, in the interlayer position. Positive ions are adsorbed on the clay minerals’
surface in order to balance negative charges. The CEC of bentonite is defined as the total

amount of cations that could be exchanged. The quantities of NH4*, Ba?*, and Na* ions are the
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standard parameters for determining CEC of the clay. Montmorillonite has a very high CEC.
In general, high-power cations replace low-power cations (Meunier, 2005), as follows: Li* <
Na* < K* < Ca?* < Mg?* < Ba?* < AIF* < NH4".

Previous experimental research has shown that the replaceability of cations varies
according to the clay minerals, the cations that are implicated, and the experimental situations.
Other factors include ion concentration, the nature of the anions in the replacement solutions,
cation type, cation valency, and particle size. According to Meunier (2005), the internal CEC

(permanent charges) of montmorillonite is given as:

Internal CEC (permanent charges) = (charge/mass) *1000 *100
CEC =internal CEC variable charges + external CEC (permanent charges)

The external exchange capacity of the main clay mineral (CEC variable charges) can be
used to obtain the total CEC of montmorillonite, The CEC of the various clay minerals as given

in Table 2.5can be determined using the external exchange capacity.

Table 2.5. Total CEC of the major clay minerals (Meunier, 2005)

Mineral CEC (meq/100 g)
Kaolinite 5-15

llite 25-40
Vermiculite 100-120
Montmorillonite 80-120
Chlorite 5-15

2.7.6 Mechanisms of bentonite—water interaction
The smectite component of bentonite is responsible for its swelling potential. There are two

main swelling processes: crystalline and osmotic swelling. In the former, water molecules are

adsorbed at the surface of the clay particles over an inter-layer separation of 10 to 22 A. In
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osmotic swelling, the adsorption occurs over an inter-layer separation of over 22 A (Savage,

2005; Rao et al., 2013). The general swelling mechanism is depicted in Figure 2.31.
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Figure 2.31. Schematic diagram of the swelling mechanism in montmorillonite
(Kunimine Industries)

When water molecules penetrate the crystalline structure of dry Na-montmorillonite, the
separation between the crystalline structure and two water layers increases (Meunier, 2005), as

depicted in Figure 2.32.
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Figure 2.32. Water molecules penetrating the inner crystalline structure of Na-
montmorillonite and increasing the basal spacing (d-space) (Madsen and
Muller-Vonmoos, 1989)

The water adsorption mechanism depends on the degree of water saturation and the
amounts of cations in the interlayers. Moreover, they act within the pore space of the minerals.
These mechanisms are influenced by the breakup of montmorillonite particles and the de-
mixing of ions and cations (Sandra, 2013). Montmorillonite consists of silica and alumina in a
2:1 ratio. Therefore, it has a negative layer charge caused by the isomorphic replacement of
AIR* by Si** ions and Mg?* for AI* ions within the tetrahedral layer and Al octahedral layer,
respectively. The total charge of the octahedral layer is much more than that of the tetrahedral
layer (Laine and Karttunen, 2010). The cations between the interlayers balance the layer with
a negative charge and the water molecules adsorbed within the montmorillonite layers

(Karnland et al., 2006), as shown in Figure 2.33.
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Generally, the crystalline swelling differs from the osmotic swelling based on the
hydration structure of the adsorbed water (Yong, 1999). Montmorillonite particles can attract
water molecules by bonding the negative layer of oxygen on the surface of the clay with the
positive hydrogen ions of the bipolar water molecule or between the layer of positive hydroxyls
on the surface of the clay and negative oxygen ions in water, as shown in Figure 2.34.a. Also,
montmorillonite particles could attract water molecules by the hydration of cations in the
interlayer between the Al octahedral sheet and the two Si tetrahedral sheets, as shown in Figure
2.34.b. Furthermore, montmorillonite particles can attract water molecules by osmosis
attraction, which results from the difference in concentration between ions close to the layer
surfaces of montmorillonite and in the pore water, as shown in Figure 2.34.c., and dipole
attraction from the large net negative charge on the montmorillonite particle surface, which
attracts the positive poles of the water. This leads water to orient with its positive poles towards
the clay surface and connects with other water molecules, thus forming several layers of water

dipoles, as shown in Figure 2.34.d (Sandra, 2013; Shehata, 2015).
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(Al) montmorillonite
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Si (Al)

Cations H,0 ggggyer
Si (Al) tetrahedral sheet
Al (Mg Fe) QRH octahedral sheet

O OH

Si (Al) tetrahedral sheet
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Figure 2.33. Montmorillonite layers showing interlayer cations and water
molecules (Karnland et al., 2006)
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Figure 2.34. Interactions of clay minerals with water: (a) attraction by hydrogen
bonding, (b) interlayer cations interactions (c) attraction by osmosis, and (d)

dipole attraction (Mitchell et al., 1993)
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2.8 Main factors that affect the swelling behaviour and thermal, hydraulic, mineralogical,
and microstructural properties of bentonite—sand barriers in deep geological

repositories

In most countries, bentonite-based materials are used as an engineered barrier material
because of bentonite’s high swelling potential, low hydraulic conductivity, long-term
mineralogical stability, and ability to keep radionuclides in the event of canister failure (Cho
et al., 1999, 2011; Melamed and Pitkanen, 1996; Wilson et al., 2011). However, as bentonite
is active clay, changes in water content, dry density, solvents and salts in the groundwater and
high temperature can affect its properties and, thus, the stability of repositories (Cho et al.,
2011; Herbert et al., 2008; Karnland et al., 2007; Villar and Lloret, 2004). The sections below
discuss the nature of the impact of these factors.

2.8.1 Dry density
Compaction of soil is defined as a method of increasing soil density by applying

mechanical energy to reduce voids between soil particles. High dry density of compacted
bentonite improves the performance of engineered bentonite barrier systems. In all bentonite,
the swelling strain increases proportionately according to the initial dry density (Komine,
2004a). Chen (1988) cited dry density as an important factor governing swelling behaviour.
Rao et al., (2004) studied the influence of dry density on swelling potential, and the results
from their experiments confirmed that the swelling potential is significantly affected by the dry
density; however, other influences, including stress state and moisture content, also contribute
to swelling potential, as shown in Figure 2.35. Later, Ahn and Jo (2008) experimentally
investigated two different bentonite types with varying dry densities (0.8-1.3 Mg/m?®). The
results show that the hydraulic conductivity of the compacted material decreased with
increasing final dry density. Also, Cho et al., (2009) studied the influence of dry density (1.4,

1.6, and 1.8 Mg/m3) on the hydraulic conductivity of Kyungju Ca-bentonite at a 25 °C
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temperature. The results demonstrated that hydraulic conductivity decreases with increasing
dry density, as presented in Figure 2.36. ENRESA (2006) investigated the thermo-hydro-
mechanical (THM) properties of FEBEX bentonite and discovered that the dependence of
thermal conductivity on temperature was least important, and at the same time, water content
and bulk density had a significant influence. Thermal conductivity increased from 0.69 to 1.12

W/m-K with increasing dry density from 1.54-1.71 g/cm? for intact blocks with natural water

content.
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Figure 2.35. Increases in swelling potential with increasing dry density (Rao et
al., 2004)
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Figure 2.36. Influence of bentonite compaction on hydraulic conductivity (Cho
et al., 2009)

2.8.2 Initial water content
The deformation characteristics of buffer and backfill materials in DGRs are mainly

controlled by swelling properties, which are closely connected to the water content and its
hydrological properties. Several authors have observed that the initial water content has a
remarkable influence on the swelling potential of a compacted bentonite barrier (i.e., swelling
behaviour decreases as the water content increases with high dry density). However, this is the
case for compacted bentonite barriers with low dry density (Kassiff and Ben Shalom, 1971;
Villar and Lloret, 2008). Kassiff et al., (1971) studied the impact of different initial water
contents with a dry density of 1.5 Mg/m?® on the swelling strain of plastic clay subjected to
different vertical loads. The test results indicated that the swelling strain decreases as the initial
water content is increased. In another study by Villar and Lloret (2008), the swelling capacity
of highly compacted FEBEX bentonite specimens is significantly decreased as initial water
content increases (Fig 2.37a). Moreover, as shown in Figure 2.37.b, the influence of the initial

water content is less evident as vertical pressure increases. Thus, initial water content has an
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insignificant impact on the swelling strain for compacted bentonite with low dry density and
high vertical loads. Its impact is also negligible when the vertical loads are close to the swelling
pressure. Komine and Ogata (1994) also investigated the effects of the initial water content on
the swelling deformation of Na-bentonite compacted to dry densities of 1.24-1.99 Mg/m?,
finding that the deformation is more or less independent of the water content but increased
proportionately based on the initial dry density with vertical pressure being constant. In
addition, the swelling pressure increased exponentially with respect to the initial dry density

but independently with respect to the initial water content.

=8 T T 1
-33 Initial dry density (Mg/m®) —
28 A1.50 01.60 ©1.70
X 23
i~
© -18 S X0 S—&r
< . o 8 5 1=F< O
- -8 . A
-3
2

10 12 14 16 18 20 22 24 26
Initial water content (%)
@)

59



-38
)
e 1
-33 ———
28 B\\ D
S & ;B
= .28 —
.‘f \\#
g -13 &
. 'A\~A_
(1R -8 7 —é_‘ = e
. Vertical load (MPa) o
A3 O1 ©0.5 00.1
2 t t 1 t

10 12 14 16 18 20 22 24 26
Initial water content (%)

(b)

Figure 2.37. Impact of initial water content in bentonite on its swelling
properties under (a) different dry densities (b) different vertical stresses (Villar
and Lloret, 2008)

Figure 2.38 shows that the initial water content and dry density have a significant
influence on thermal conductivity values measured in blocks from Grimsel underground
laboratory in Switzerland (Villar and Lloret, 2007). Increase in thermal conductivity with an
increase in water content has been noted by numerous other studies as well (e.g., Bérgesson et
al., 2001; ENRESA, 2006; Tang and Cui, 2006). ENRESA (2006) found that while the natural
water content in intact blocks varied from 12-29%, thermal conductivity increased with respect
to water content from 0.69 to 1.12 W/m-K. In partly dried samples, the water content was
between 8-12%, the mean dry density was 1.66 g/cm?3, and thermal conductivity ranged from

0.62-0.82 W/m-K
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Figure 2.38. Thermal conductivity values measured in blocks from Grimsel
(dry density indicated in g/cm3) and fittings obtained from theoretical
evaluation (Villar and Lloret, 2007)

2.8.3 Bentonite content
It has been shown that adding bentonite to a specific amount of sand results in a mixture

with improved properties that could increase the stability and decrease the hydraulic
conductivity of excavated water channels. Furthermore, partial sizes of bentonite clay are very
fine and occupy the pore space between individual grains of sand to perform better than
properties of clayey mixtures in the buffer performance (Cho et al., 2011; Wilson et al., 2011;
RWM, 2003). The swelling pressure and hydraulic conductivity of a bentonite—sand mixture
depend on the bentonite content ratio and dry density of the mixture (Cho et al., 2000, 2011;
Cui et al., 2012). The addition of small quantities of bentonite allows the fulfilment of the
permeability requirement without failing in mechanical stability. The maximum swelling
pressure increases with an increase in the dry density and decreases with an increase in sand
content ratio, according to Cui et al.’s (2012) experimental results for GMZ Na-bentonite

(Figure 2.39). The sand content ratio (Rs) is the mass proportion of the sand in the mixture. On
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the contrary, the hydraulic conductivity and void ratio were observed to decrease with
increasing bentonite content, according to Cho et al.’s (2000, 2011) experimental results for

Kyungju Ca-bentonite.
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Figure 2.39. Maximum swelling pressure vs. sand content ratio (Cui et al.,
2012)

Pusch (2008) and Wilson et al., (2011) showed that adding bentonite to a specific
amount of sand results in both advantages and disadvantages. The advantages include the

following:

e increased thermal conductivity when bentonite is mixed with silica sand with high

thermal conductivity (which increases the ability of the buffer to transfer heat);

e reduced impact of groundwater salinity on the swelling capacity and hydraulic

conductivity of the buffer material,

e reduced risk of increasing swelling pressure more than anticipated, which would result

in an increase in the mechanical stress on the canisters and host rocks; and

e acheaper price than pure bentonite.
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The disadvantages are as follows:
¢ increased hydraulic conductivity (although this can be controlled by increasing the dry

density) and
e reduced swelling capacity (but still within an acceptable range).

2.8.4 Pore water chemistry
Bentonite is composed of a mixture of montmorillonite, non-swelling minerals (e.g.

quartz) and voids. When the montmorillonite swells by absorbing water into interlayers
occupying the voids in the bentonite, the volume of montmorillonite increases and swelling
pressure is produced (Sandra, 2013). The chemical evolution and physico-chemical properties
of bentonite-buffer material are affected by several factors, such as groundwater salinity and
chemicals in the groundwater. Therefore, the swelling properties of the material can be affected
by the chemical composition of the saturating water. Fast chemical processes occur for buffer
with water trapped inside its pores in a saturated state, and slow processes affect its mineral
structure (Pastina and Helld, 2006). The chemical transformations that occur in the external

pores of bentonite are illustrated in Figure 2.40 (1tald, 2009).
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Figure 2.40. Schematic illustration of geochemical processes in a bentonite-
water system in final repository conditions (It&l&, 2009); the montmorillonite
layering and interlayer sites are on the left, while the mineral equilibria are on
the right and the entrapped
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High water salinity could affect the mineralogical stability of bentonite buffer material
used as a component of an EBS, causing mineral alterations and a smectite-to-illite
transformation. Many studies have found that the swelling potential of bentonite diminishes as
the salinity of the saturating water increases, although the effect is less significant at higher
densities (Karnland et al., 2007). Moreover, pore water chemistry is the major factor that
governs the transformation of smectite to illite (Shehata, 2015).

2.8.5 Temperature
Highly elevated temperature is attributed to mineralogical instability of bentonite buffer

material and may cause mineral alterations when used as a component of an EBS. In addition,
they may lead to the transformation of smectite into illite, smectite into Fe-rich clay, or other
types of transformation.

e Smectite to illite transformation

Smectite is not stable at higher temperatures and begins to alter to a more stable form,
which may reduce the swelling of silicate phases such as illite, chlorite, mica, and zeolite as
the temperature rises, as shown in Figure 2.41. Many scholars have discussed the illitization
process. Temperature, the concentration of K* ions in pore water, the pH of the pore water, and
pressure are the factors identified to play role in the transformation of smectite to illite (Laine
and Karttunen, 2010). Linares et al., (1992) indicated that the transformation is independent on
temperature time, temperature and the concentration of potassium. Kascandes et al., (1991)
found that the main parameters that affect the illitization process are the solid/liquid ratio; low
amounts of liquid and high amounts of reacting smectite inhibit illitization. Cuardos and
Linares (1996) and Amouric and Olive (1991) concluded that the illitization process is
accompanied by changes in the charge of the tetrahedral layer and changes in the mineral lattice

due to decreasing contents of Si**, Mg?*, and Fe?* and increasing AI**, Fe?*, and K* contents.
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According to Wersin et al., (2007), smectite is naturally converted to illite at a very slow rate
under heat conditions and in the presence of K*. Finally, Wilson et al., (2011) indicated that
temperature and time are the most important factors that enable the transformation of smectite

to illite
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Figure 2.41. Model of smectite illitization that shows the remaining
montmorillonite part for different temperatures with [K*] = 0.002 mole/litre (80
ppm) according to Huang et al.’s (1993) kinetic model and laboratory-
determined constants (from Karnland and Birger

e Smectite to Fe-rich clay transformation

Many countries are considering multi-barrier concepts for long-term underground
repositories for SF and HLW. Waste containers are designed to isolate radioactive waste,
provide high corrosion resistance, and withstand shear loading and mechanical stresses.
Containers may be made of copper, iron, or steel depending on the country, while bentonite is
universally considered the major component of EBSs (Gates et al., 2009; RWM, 2003).
Corrosion of the waste container may occur when it comes in contact with saline underground
water and heat decay conditions over a long period of time, leading to the release of iron (Fe)
as a corrosion product (Wersin et al., 2008; NWMO, 2007; Smart et al., 2002). The interaction

between bentonite and Fe in the presence of highly saline water and high temperatures may

65


https://www.sciencedirect.com/science/article/pii/B978008100027400005X#bbib186

result in mineralogical changes in the bentonite over a long period of time (Drief et al., 2001,
Guillaume et al., 2003; Mosser-Ruck et al., 2010; Osacky et al., 2010). Some experiments have
found that higher temperatures (>250 °C) resulted in chlorite formation, whereas lower
temperatures tend to not result in significant alterations or the formation of a 1:1 mineral or
altered Fe-rich saponite-type smectite (Wilson et al., 2011).

Many studies have focused on the interaction between bentonitic clays and Fe, with
findings such as the reaction pathways depending on the temperature, pH, liquid to clay ratio,
Fe to clay ratio, and nature of the initial bentonite as shown in Figure 2.42 (Mosser-Ruck et al.,
2010; Osacky et al., 2010; Savage et al., 2010; Shehata, 2015). Expected reaction pathways for
bentonitic clays and waste containers include the transformation of montmorillonite into Fe-
rich smectite through an ion exchange reaction and the conversion of montmorillonite into non-

swelling Fe-rich under very high temperature conditions (Shehata, 2015).
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Figure 2.42. Smectite and Fe reaction pathway, which depends on the redox
state, availability of Fe, and liquid to clay ratio at low temperatures (Mosser-
Ruck, 2010)
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e Other types of alteration (such as chloritization)

Chloritization is a parallel reaction to illitization, and their resulting effects are similar
(i.e., reduction of expandability). Chloritization may occur from buffer alteration processes in
the absence of K* and access to Mg, Fe, or Al, or it may occur in cases without illitization
(Karnland and Birgersson, 2006). The test results of one experiment showed that the formation
of chlorite from pure smectite takes place at 0.5 M KOH at 35 °C after 270 days (Eberl et al.,
1993).

2.9 Review of previous studies on the effect of pore water chemistry, physical factors and
temperature on the swelling behaviour and thermal, hydraulic, mineralogical, and
microstructural properties of bentonite—based barrier material in deep geological

repositories for radioactive waste

Bentonite is composed of a mixture of montmorillonite, voids, non-swelling minerals,
and sand particles. When montmorillonite adsorbs water into interlayers, occupying voids in
the bentonite, the volume of bentonite increases and swelling pressure is produced (Sandra,
2013). The chemical composition of deep groundwater (i.e., pore water), in combination with
high temperatures, can affect the physical and chemical properties of EBS and may limit the
potential of bentonite particles to expand. Thus, saline pore water may compromise the ability
of a bentonite-based material to fulfil its role as a swelling and self-sealing barrier. Many
studies have found that the swelling capacity of bentonite decreases with an increase in the
salinity of the saturating water at low compacted dry densities (Karnland et al., 2007).
Moreover, swelling potential may decrease with time due to the rearrangement of the clay
particles over time (Delage et al., 2006; Herbert et al., 2008). Johannesson and Nilsson (2006)
investigated the effect of pore water salinity with different dry densities on the THMC

properties of Friedland clay. The experimental results indicated a large variation in the
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measured swelling pressure, most of which can be explained by differences in the polarity of

the permeating fluid, as shown in Figure 2.43.
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Figure 2.43. Swelling pressure in Friedland clay as a function of dry density
with different salinities of pore water (Johannesson and Nilsson, 2006)

Karnland et al., (2007) investigated highly compacted MX-bentonite containing 83%
montmorillonite by mass. The compacted bentonite was saturated with four solutions: de-
ionized water, 1.0 M NaCl, 1.0 M NaOH, and 1.0 M NaCl. These solutions were replaced with
1.0 M NaOH after 15 days, as shown in Figure 2.44. The results showed that the average
swelling pressure of the samples treated with 1.0 M NaOH was lower than that of the samples
treated with 1.0 M NaCl and those treated with de-ionized water. Thus, the swelling pressure
of MX-bentonite differs between solutions with regard to ionic strength as well as between

chemical concentrations of the same solution.
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Figure 2. 44. Swelling pressure response in four individual MX-80 samples
(Karnland et al., 2007)

Wang et al., (2012) investigated the effect of pore water chemistry on swelling pressure
under constant-volume conditions for 700 days. Distilled water and synthetic water with
chemical compositions similar to that of in situ pore water were used for hydration. The results
obtained during the first 100 days indicated that the water types have no significant influence
on the evolution of the swelling pressure, and the maximum swelling pressure observed was
close to 4.30 MPa. Over time, however, swelling pressure was observed to decrease for all
samples, and this decrease is more pronounced in the samples subjected to synthetic water. All
the results were analyzed by considering the physico-chemical interactions between the
minerals in the claystone, minerals in the bentonite, and different fluids.

Chen and Huang (2013) investigated the free swelling properties of Zhisin clay as a
potential buffer material under varying groundwater conditions (i.e., immersion in CaClz,
NaCl, and Na2SO4 solutions at various concentrations). The experimental results indicated that
Zhisin clay, as a Ca-bentonite, exhibited reduced swelling strain in saline solutions. The extent
to which the swelling strain decreases when exposed to saline water was affected by both the

concentration and type of electrolytes. At a constant concentration, swelling strain in the CaCl2
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solution was lower than in the NaCl solution due to the quasi-crystals formation in the presence
of calcium ions. Also, the swelling in the Na2SO4 solution was lower than in the NaCl solution.
Chen et al., (2017) studied the swelling behaviour of compacted GMZ bentonite experiencing
chemical cycles of sodium-calcium exchange and salinization-desalinization effect.
Experimental results show that the salinity of groundwater has an influence on the swelling
properties of compacted bentonite and Na-bentonite is partly transformed into Ca-bentonite
once NaCl solution is replaced with CaCl? solution. Liu et al., (2018) studied the swelling
pressure of compacted Gaomiaozi (GMZ) bentonite exposed to hyperalkaline solutions from
the viewpoint of Na+ cations and OH— anions. They found out that high concentrations of Na+
cations inhibit the crystalline swelling as well as the double-layer swelling; while high OH—
anions concentration facilitates the double-layer swelling and fabric re-arrangement.
Furthermore, Akinwunmi et al., (2020) observed a decrease in the swelling pressure of both
Na- and Ca-montmorillonites when subjected to saline water.

Another important parameter is the hydraulic conductivity, which depends on the
montmorillonite content, pore water chemistry, particle size, dry density, swelling pressure,
temperature, and void ratio, but the most important factors are pore water chemistry and dry
density (Pastina and Hell&, 2006). The physio-chemical interaction of pore water with a soil
particle system occurs particularly close to particles’ surface (Terzaghi, 1925). Particle spacing,
particle size (influenced by aggregation or dispersion particle rearrangement), adsorbed layers,
and inter-lamellar swelling all influence hydraulic conductivity and the transportation of
contaminants (Macey, 1942). Michaels and Lin (1954) suggested that the major influence of
the water chemistry was expressed as control over the tendency of clay particles to disperse or
form aggregates, and they experimentally investigated the influence of different permeating
fluids on the hydraulic conductivity of kaolinite. The results indicated that the hydraulic

conductivity of kaolinite markedly decreases as the polarity of the permeating fluid increases
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and that the most important factor affecting hydraulic conductivity was the degree of dispersion
of kaolinite in the permeating fluid.

Mesri and Olson (1970) investigated the effect of pore water chemistry on the hydraulic
conductivity of bentonite clay using several types of fluids as permeants. The test results
confirmed that physio-chemical variables have significant impacts on the hydraulic
conductivity of bentonite, controlling the tendency of the clay to disperse or form aggregates.
They concluded that hydraulic conductivity increases with increasing the concentration of pore

fluid, as shown in Figure 2.45.
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Figure 2.45. Effect of pore fluid on smectite (Mesri and Olson, 1970)

Villar et al., (2003) investigated the effect of three different types of pore water serving
as permeants on the hydraulic conductivity of FEBEX bentonite. The test results revealed that
higher hydraulic conductivity is achieved with saline water than for distilled water and that this

effect is more significant for low densities, as shown in Figure 2.46.
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Figure 2.46. Hydraulic conductivity versus dry density of FEBEX bentonite
measured with three types of pore fluids (Villar et al., 2003)

An increase in hydraulic conductivity with saline permeant fluid was also observed by
Karnland et al., (1992) and Pusch (2001) for Friedland Ton clay, Mata (2003) for a granite/Na
bentonite mixture, and Batenipour (2008) for MX-bentonite. Batenipour (2008) conducted a
series of one-dimensional compression experiments on MX-bentonite that contained 75 wt. %
montmorillonite. The experiments were performed with four different chemical solutions:
distilled water, 100 g/L CaClz, 250 g/L CaCl. and constrained 250 g/L CaClz under different
effective montmorillonite dry densities (EMDDs). The test results confirmed that hydraulic
conductivity increases with increasing solution salinity. The hydraulic conductivity for the
experiments with 100 g/l CaCl2 was several times higher than that of fresh water but less than
that of the tests that used 250 g/l CaCl2 for specimens with the same dry density. Furthermore,

hydraulic conductivity decreased with increasing EMDD, as shown in Figure 2.47.
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Figure 2.47. Hydraulic conductivity versus dry density of MX bentonite using
three types of pore fluids (Batenipour, 2008) (EMDDs: effective montmorillonite
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During the operating life of the repository, the physical properties of bentonite are
highly sensitive to the salinity of the constituent pore fluid (i.e., local groundwater) that
permeates into the disposal vault from the host rock to the used fuel containers, resulting in the
hydration of bentonite-based engineered barriers (Siddiqua et al., 2014). The heat dissipation
rate of the designed barriers is dependent on the thermal properties of the bentonite buffer
material.

Moreover, the penetration of saline groundwater into barriers changes the pore fluid
chemistry in the soil-water system. This could influence the thermal conduction capability of
the bentonite materials. In the past, several laboratory studies have been conducted to determine
impact of salt concentrations and other factors on the thermal conductivity of soil materials or
bentonite-based barrier materials (Abu-Hamdeh and Reeder, 2000, Casas et al., 2013, Siddiqua
et al., 2018). Abu-Hamdeh and Reeder (2000) monitored the thermal conductivity of certain
Jordanian soils with different bulk densities, moisture contents, salinity (NaCl and CaClz), and

proportion of organic matter. The found that an increase in the amount of added salts at a given
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moisture content resulted in the decrease in thermal conductivity and that the sandy soil has

higher thermal conductivity than clay loam under the same salt type and concentration, as
shown in Figure 2.48.
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Figure 2.48. Soil thermal conductivity of sand as a function of the
concentrations of both NaCl and CaCl2 solutions (Abu-Hamdeh and Reeder,
2000)

Casas et al.,, (2013) investigated the specific heat capacity, density, thermal

conductivity, and viscosity of a bentonitic clay (composed mainly of 55% Na+- saturated

trioctahedral smectite, 28% sepiolite, and 15% illite) mixed with different saline solutions (0,
1, 2, 3, and 3.5%) in a temperature range of 293.15-317.15 K. The results indicate that the
mixture of bentonitic clay and seawater reached highest values of thermal conductivity while

the lowest values are associated with the mixture containing distilled water. Thermal diffusivity

increased with increasing temperature, as shown in Table 2.6 and Figure 2.49
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Table 2.6. Experimental thermal conductivity (W-m-1-K-1), density (kg-m-3), and
viscosity (mPa-s) of mixtures of bentonite and seawater solutions at 298.15 and 308.15 K
(Casas et al., 2013)

T/K MO M1 M2 M3 M4
Thermal conductivity/W-m~'-K ™!

298.15 0.772 0.682 0.668 0.655 0.641
308.15 0.784 0.697 0.681 0.662 0.649
Density/kg-m—3

298.15 1330 1290 1240 1180 1130
308.15 1320 1260 1230 1170 1120
Viscosity/mPa-s

298.15 14632 14233 13898 13814 12943
308.15 14356 14037 13427 13392 12786

MO0: 35% bentonitic clay + 65% Pure sea water content (wt.%)
M1: 30% bentonitic clay + 58% Pure sea water content (wt.%

M2: 25% bentonitic clay + 42% Pure sea water content (wt.%)
M3: 20% bentonitic clay + 22% Pure sea water content (wt.%)
M4: 15% bentonitic clay + 0% Pure sea water content (wt.%)
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Figure 2.49. Thermal diffusivity (m2-s—1) of mixtures of bentonite with
seawater solutions as a function of the clay proportion (wt.%): 0 298.15 K, «
308.15 K (Casas et al., 2013)
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Siddiqua et al., (2018) conducted several laboratory tests to evaluate the impact of pore
fluid salinity on the thermal conductivity of a mixture of bentonite and silica sand. A thermal
probe based on the hot wire technique was used for the measurement of the thermal
conductivity. The test results revealed that an increase in the salt concentration in the pore

fluid’s leads to a decrease in the thermal conductivity of the mixture, as shown in Figure 2.50
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Figure 2.50. Thermal conductivity values for the specimens with a target dry
density of 1.24

The properties of bentonite depend on the amount of smectite minerals in the bulk
material and on the exchangeable cations in the interlayer position. These properties could be
affected when compacted bentonite interacts with saline groundwater and absorbs this water
into the inter-lamellar spaces. In particular, the type of hydrated cations present in the solution
has a significant influence (Mitchell, 1993). In the hydration process, water molecules are
absorbed between elementary clay layers to develop water layers. The thicknesses of
dehydrated montmorillonite crystals and complete hydrate layers depend on the CEC of the
clay and could affect the mineralogical stability of bentonite buffer-based material.
Montmorillonite layers are naturally converted to illite layers very slowly in the presence of

high concentrations of potassium (Garrels, 1984). Eberl et al., (1993) indicated that pore water
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chemistry and pH are the main factors that control montmorillonite—illite conversion and that
illitization takes place in the presence of NaOH and KOH solutions at a temperature of 35 °C.
Moreover, Ureana et al., (2013) confirmed that the montmorillonite—illite conversion takes
place within 15-30 days of curing with magnesium hydroxide, seawater, or olive mill
wastewater with different concentrations. Honty et al., (2004) asserted that water chemistry
and temperature are the most important parameters controlling illite formation. Karnland and
Birgersson (2006) concluded that bentonite that contains at least 75% montmorillonite by mass
requires the availability of 5% potassium by mass in order to achieve full illitization of the
buffer material. According to Wersin et al., (2007), smectite is naturally converted to illite at a
very slow rate under heat conditions and in the presence of potassium.
2.10 Conclusions

Nuclear power generation has become an important source of energy in many countries,
but it is associated with large amounts of high-level radioactive nuclear waste every year, which
is detrimental to humans and the environment. Canada and other countries have agreed that the
most appropriate solution is to construct DGRs to isolate and dispose of radioactive waste at
depths of 300-1000 m. Canadian DGRs are based on multi-barrier concept, and the overall
safety of the DGR depends on its stability and that of the natural host rock. Bentonite-based
material is typically used as a buffer material to provide mechanical and chemical protection,
dissipate heat, and retard radionuclide diffusion in the event of canister failure. A composite
compacted barrier made of bentonite and sand has been proposed as a suitable buffer and
sealing material of EBS for Canadian DGRs as well as in other countries. However, the current
literature indicates that the swelling behaviour and mineralogical and microstructural
properties of bentonite-based materials and their hydraulic and thermal properties are generally
affected by the chemical composition of fluid within its pores. It is also suggested that

combined effects of groundwater chemistry and the heat generated by the radioactive waste
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could also negatively impact the long-term performance of the bentonite-based barrier
materials.

However, most of the aforementioned previous studies focused on pure bentonite. The
effects of chemical composition or high salinity of pore water on the engineering (swelling,
hydraulic, thermal) properties of compacted bentionite-sand barrier material (with different
blending ratios of bentonite and sand, as well as with different dry densities) are not well
understood. Moreover, the findings from previous studies on the effects of salinity on the
engineering properties of other bentonite-based materials are not directly transferable to a
bentonite—sand barrier material in Ontario’s DGR conditions because Ontarios’ groundwaters
feature different chemical compositions than the groundwaters examined in previous studies.
In addition, no previous studies have investigated the coupled effect of the chemistry of
Ontario’s groundwater at potential DGR sites in Canada (specifically, the Trenton and Guelph
regions in Ontario) and the heat generated by the nuclear waste material on the swelling
behaviour and thermal and hydraulic properties of compacted bentonite—sand barrier (with
different blending ratios of bentonite and sand, as well as with different dry densities). This

research gap is addressed in this thesis.
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Chapter 3: Technical paper I: Swelling ability and behaviour of bentonite-
based materials for deep repository engineered barrier systems: Influence

of physical, chemical and thermal factors
Journal of Rock Mechanics and Geotechnical Engineering 2022, 14(3):689-702
Mohammed Alzamel, Mamadou Fall, Sada Haruna

Abstract
Compacted bentonite-sand (B/S) mixtures have been used as a barrier material in

engineered barrier systems (EBSs) of deep geological repositories (DGR) to store nuclear
wastes. This study investigates the individual and combined effect of different chemical
compositions of deep groundwater (chemical factor) at potential repository sites in Canada (the
Trenton and Guelph regions in Ontario), heat generated in DGRs (thermal factor), dry densities
and mass ratios of bentonite and sand mixtures (physical factors) on the swelling behaviour
and ability of bentonite-based materials. In this study, swelling tests are conducted on B/S
mixture with different B/S mix ratios (20/80 to 70/30), compacted at different dry densities
(1.6 to 2.0 g/cmd), saturated with different types of water (distilled water and simulated deep
groundwaters of Trenton and Guelph) and exposed to different temperatures (20°C to 80°C).
Moreover, scanning electron microscopy analyses, mercury intrusion porosimetry tests and x-
ray diffractometry analyses are carried out to evaluate the morphological, microstructural and
mineralogical characteristics of the B/S mixture. The test results indicate that the swelling
potential of the B/S mixture is significantly affected by these physical and chemical factors as
well as the combined effects of the chemical and thermal factors. A significant decrease in the
swelling capacity is observed when the B/S material is exposed to the aforementioned
groundwaters. A large decrease in the swelling capacity is observed for higher bentonite
content in the mixture. Moreover, higher temperatures intensify the chemically-induced
reduction of the swelling capacity of the B/S barrier materials. This decrease in the swelling
capacity is caused by the chemical and/or microstructural changes of the materials. The results
from this research will help engineers to design and build EBSs for DGRs with similar
groundwater and thermal conditions.

Keywords: Deep Geological Repository; Engineered Barrier; Bentonite-Sand Material;

Nuclear Waste; Swelling capacity; Swelling strain

95



3.1 Introduction

Continuous growth in the world's population and economy, combined with rapid
urbanisation, has led to an increase in global energy consumption and demand. Many countries
not only face the challenge of meeting energy demands but also have to reduce the release of
greenhouse gases into the atmosphere to restrict their contribution to global warming, which is
also known as climate change. Preserving the global environment is important since Earth is
the only home that humans currently have.

Nuclear energy is a low-carbon energy resource which provides about 10% of the
electricity needs worldwide with one of the lowest carbon dioxide emissions per unit of energy
produced based on the total life-cycle of energy production (International Energy Agency,
2019). However, generating electricity using nuclear power produces a large amount of
hazardous nuclear waste. Other applications of nuclear technology, such as those in the
medical, industrial, and agricultural industries, also produce radioactive waste. Since nuclear
wastes pose serious threat to human health and the environment for thousands of years, it is
important to find suitable methods and techniques to safely dispose the waste. Currently, deep
geological repositories (DGRs) are proposed to store radioactive waste by isolating the waste
from the surrounding environment (European Commission, 2011; Nuclear Waste Management
Organization, 2011; Yang et al., 2020).

Several countries, including Canada, believe that DGRs are the most appropriate
solution for radioactive waste management in terms of safety, economics, environmental
impact, and practicality (Fall et al., 2014; Nasir et al., 2015). DGRs preserve the environment
and human health by disposing radioactive waste at a depth of 300 to 1000 m. The waste is
stored in canisters placed in a multi-barrier system that consists of natural rock and engineered
barrier systems (EBSs; e.g., waste containers, buffers, and sealing elements) (Nasir et al., 2013,

2014; Yang and Fall, 2021). There are many factors to be considered in the design, construction

96



and operation of DGRs, such as the location of the repository, properties of the host rock,
design and construction of the EBS, and materials used for the waste containers (Organisation
for Economic Co-operation and Development and European Commission, 2003; Wilson et al.,
2011; Crowe et al., 2017; Guo and Fall, 2020).

In Canada, DGRs that are based on a multi-barrier system have been studied for many
years. EBSs are considered to be one of the most important components of the multi-barrier
system. Bentonite-based buffer and sealing materials are critical components of the EBSs of
many DGRs designs for different types of host rock where it provides numerous important
functions in a DGR system (Guo and Fall, 2018, 2019, 2021). For instance, the barrier material
must be able to (i) contain and isolate the radionuclides, (ii) provide mechanical support to the
containers, (iii) provide a thermal conductive medium to transfer heat from the waste to the
surrounding natural (rock) barrier, and (iv) seal the access shaft to the repository to ensure that
it will not serve as a rapid pathway for migration of radioactive gas or groundwater to the
biosphere after the closure of a repository. Moreover, the buffer material should contribute to
reducing the risk of microbiologically influenced corrosion of the used fuel containers (Zhang
et al., 2019). A mixture of compacted bentonite and sand has been proposed as a potential
buffer and sealing material for the EBS in Canadian DGRs as well as in other countries (Guo
and Fall, 2018). Figure 3.1 shows an example of the Canadian DGR design concept for the
management of nuclear waste.

Bentonite is a clay that consists of mostly clay minerals from the smectite group (i.e.,
montmorillonite). It is considered as a suitable buffer and sealing barrier material due its high
swelling capacity, high water absorption, low hydraulic conductivity, self-sealing
characteristic, and good ability to contain radionuclides if canisters fail (Cho et al., 1999;
Karnland and Birgersson, 2006; Ye et al., 2010; Wilson et al., 2011; Rawat et al., 2019).

However, compacted pure bentonite has relatively low mechanical strength. This is one of the
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key reasons why a bentonite—sand (B/S) mixture is a preferred material than pure bentonite to
seal the access shafts. Moreover, in addition to have better control on the swelling pressure, the
B/S mixture costs less than pure bentonite, and is easier to compact with higher thermal
conductivity which facilitates the transfer of heat from the nuclear wastes to the surrounding
rock as opposed to pure bentonite (Villar and Lloret, 2008; Sun et al., 2009; Komine et al.,

2009; Kim et al., 2011; Wang et al., 2012; Cui, 2019).
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Figure 3.1. Conceptual design of a deep geological repository in Canada
for the long-term disposal of used or spent nuclear fuel (Crowe et al.,
2017)

The Canadian Nuclear Waste Management Organization (NWMO) has been

considering and assessing several locations in Ontario (Canada) as potential DGR sites based
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on safety and a number of other criteria (Crowe et al., 2010; Nuclear Waste Management
Organization, 2011, 2017). For instance, the NWMO has been assessing whether to build a
DGR at a depth of 680 m in the Municipality of Kincardine, Ontario. However, the chemical
composition of the deep underground water in the Kincardine area, like many locations in
Ontario, is significantly different from that of fresh water (Jensen et al., 2009; Hobbs et al.,
2012). This means that, during the lifetime of the DRG, the B/S barrier material will react with
different chemical components in the groundwater. Therefore, to ensure that the EBS will
perform well in all groundwater conditions, it is important to understand whether and how
significantly the swelling potential of the B/S barrier medium is affected by groundwater
composition.

Numerous studies have shown that increases in the salinity of the groundwater can
considerably decrease the expansion capacity of bentonite which may jeopardize its use as a
barrier material (Suzuki et al., 2005; Villar 2006; Karnland et al., 2007; Castellanos et al., 2008;
Zhang et al., 2012; Chen et al., 2015, 2017; Sun et al., 2015; Zheng et al., 2015, 2017; Navarro
etal., 2017; Liu et al., 2018; He et al., 2019; Akinwunmi et al., 2020; Shehata et al., 2020; Xu
etal., 2021). For example, Chen et al. (2017) investigated the swelling behaviour of Gaomiaozi
(GMZ) bentonite under different cycles of cation exchange and salinization and desalinization.
The experimental results show that the salinity of the water has an influence on the swelling
properties of compacted bentonite since the sodium (Na)-bentonite is partly transformed into
calcium (Ca)-bentonite once the sodium chloride (NaCl) solution is replaced with a calcium
dichloride (CaCl2) solution. These findings are in agreement with Chen et al. (2015) who
concluded that the salinization process results in a reduction in the swelling potential of
compacted GMZ bentonite. Moreover, Navarro et al. (2017) observed that there is an increase
in the rate of swelling of compacted bentonite with a corresponding decrease in the swelling

strain as the salinity of the solution is increased. In addition, Liu et al. (2018) investigated the
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effects of hyperalkaline solutions on the swelling pressure of compacted GMZ bentonite by
examining the sodium ion (Na+) cations and hydroxide (OH-) anions in the solution. The
results indicate that high concentrations of Na+ cations can inhibit crystalline swelling and
double-layer swelling, and high concentration of OH— anions makes it easier for double-layer
swelling and changes in the fabric structure or arrangement of soil. Also, Akinwunmi et al.
(2020) observed a decrease in the swelling pressure of Na- and Ca-montmorillonites as the
salinity of the solution is increased. He et al. (2019) observed in their experimental studies that
the infiltration of potassium ion (K+) salt/alkaline solutions considerably reduces the swelling
pressure of compacted GMZ bentonite. However, these findings cannot be directly applied in
a bentonite—based material, such as a B/S mixture, which is used in Canadian repositories since
the properties of the groundwaters are different from the chemical compositions used in
previous studies. Moreover, most of these studies are focussed on pure bentonite. The effects
of the chemical composition and salinity in the groundwater on the swelling characteristics of
compacted B/S mixture with different B/S ratios and different dry densities have not been
examined in detail. Therefore, our understanding on the swelling potential of compacted B/S
materials with different mix ratios and dry densities with chemical compounds in the
groundwaters in potential Ontario DGR sites is limited. There is a need to address this
knowledge gap to ensure the safety of the DGR sites.

Furthermore, during the lifetime of a DGR for storing used or spent nuclear fuel or
high-level waste (HLW), the barrier material will not only be exposed to a broad range of
groundwater conditions with different chemical compounds, but also subjected to high
temperatures due to heat generated by the nuclear waste (Ye et al., 2013, 2014). These high
temperatures may intensify chemical reactions in the groundwater and induce chemical attacks
on the bentonite-based barrier material. Therefore, to ensure that the EBS will perform properly

in all groundwater and thermal conditions in the Canadian’s DRGs, it is important to
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understand the effects of temperature and chemical reactions on the swelling properties of B/S
material. However, there is a paucity of information on the coupled effects of groundwater
chemistry and temperature on the swelling capacity and mechanical behaviour of compacted
B/S material with different mix ratios and dry densities. Therefore, there is a need to address
this issue for the safe operation of DGRSs.

The objective of this study is to investigate the individual and coupled effects of the
physical characteristics of the B/S mixture (B/S ratios and densities), chemical properties of
the groundwater and temperature on the swelling behaviour of the B/S mixture used in the EBS

of a DGR to store nuclear waste materials.

3.2 Materials and Testing Methods

3.2.1 Solid materials

The testing program examined different mix ratios of bentonite and sand (dry mass
percentage of bentonite:sand 20:80, 30:70, 50:50, and 70:30 ) of commercial MX-80 Na-
bentonite (from Wyoming, USA) and quartz sand (GS-20 silica sand) compacted to different
dry densities (1.4, 1.6, 1.8, and 2.0 g/cm3). The MX-80 bentonite is a smectite clay that
predominantly consists of Na-montmorillonite. Its chemical composition is listed in Table 3.1.
X-ray diffraction (XRD) tests were performed with a Scintag XDS 2000 diffractometer
(Scintag, Cupertino, CA) to characterize the mineralogical composition of the MX-80 bentonite
powder. The XRD patterns (Figure 3.2) show that the MX-80 bentonite contains predominantly
montmorillonite (92%) and a small amount of other minerals, including quartz, calcite, and
feldspar. The main physical and chemical characteristics of the MX-80 bentonite are listed in
Table 3.2. Sieve analysis and sedimentation tests (i.e., hydrometer tests) were carried out to
determine the grain size distribution of the bentonite by following ASTM standard D422-63,

see Figure 3.3. The analysis reveals that all the bentonite particles (fully dispersed material)
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can pass through the No. 100 sieve (0.150 mm) and 98% pass through the No. 200 sieve (0.075

mm; Figure 3.3). The quartz sand contains 99.99% silica (SiO2) with a specific gravity of 2.65.

Based on a sieve analysis following ASTM standard D6913-04, the particle sizes of the sand

range from 0.2 to 1.9 mm.

Table 3.1. Chemical composition of MX-80 bentonite

Chemical Element Composition %

Silicon dioxide SiO2 63.59
Aluminium oxide AlOs 21.43
Iron oxide Fe20s 3.78
Calcium oxide CaO 0.66
Magnesium oxide MgO 2.03
Sodium oxide NazO 2.70
Potassium oxide K20 0.31
Bound water H:0 5.50
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Figure 3.2. XRD pattern of the MX-80 bentonite
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Table 3.2. Physical and chemical properties of MX-80 bentonite powder

Property Bentonite
Average specific gravity, G 2.76
Material passing sieve number 200 >98%
Liquid limit, (%) 530
Total cation exchange capacity (meq/100 g) 105
Montmorillonite (%0) 92
Plastic limit, (%0) 48.5
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Figure 3.3. Grain size distribution curves of the MX-80 bentonite
powder, quartz sand, and bentonite—sand mixtures with different
bentonite:sand mix ratios (20:80, 30:70, 50:50, and 70:30)
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3.2.1.1 Solutions

To investigate the effects of the water chemistry on the B/S mixtures, three different
water solutions were used to simulate the chemistry of different groundwater conditions from
potential DGR sites in Ontario, Canada. The control solution is the DW (DW), which simulates
fresh groundwater close to the ground surface. The other two solutions were made to simulate
the chemical compositions of the groundwater in the Trenton and Guelph regions. The main
chemical characteristics (i.e., main cations and anions, pH, total dissolved solids (TDS)) of the
synthetic groundwaters are listed in Table 3.3. Distilled water is labeled as DW, and
groundwater from the Trenton and Guelph regions are referred to as the T and G solutions,
respectively. CaClz, NaClz, and magnesium chloride (MgCl2) were the main salts used to

prepare the T and G solutions.

Table 3.3. Main chemical composition and properties of the synthetic groundwaters (g/l)

Element (g/l) Distilled Water (DW) Guelph Water (G) | Trenton Water (T)
Ca 0 57.0 23.0

Na 0 39.0 40.0

Mg 0 8.7 55

K 0 3.9 2.0

Cl 0 191.0 121.0

S04 0 0.2 0.6

TDS 0 300.0 192.0

pH 7 5.7 6.5

3.2.2 Specimen preparation and mix ratios

The MX-80 bentonite and sand were oven-dried separately at 105°C for 24 h to
eliminate any moisture accumulated during storage. Then, the required quantities of bentonite
and sand were thoroughly mixed with a food mixer. Four uniform dried B/S mixtures were
created with different mix ratios (bentonite:sand ratios of 20:80, 30:70, 50:50, and 70:30
percent by dry mass). The grain size distribution of each mixture is shown in Figure 3. Next,
compaction tests were carried out on each B/S mixture to determine the compaction curves,

optimum water contents, and maximum dry unit weights. Standard proctor compaction tests
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were carried out with an automatic device in accordance with ASTM D698. The soil was placed
in a mold with an inner diameter of 101.6 mm and a height of 116.4 mm. The soil was
compacted in three layers with the use of a 2.5 kg (5.5 Ib) hammer that falls from a height of
300 mm 25 times for each layer. The required quantities of bentonite and sand were blended
dry to ensure homogeneity, as suggested by Gleason et al., (1997). Then, DW was added to the
B/S mixtures to reach the desired moisture content (which ranged from 5% to 25%). The
samples were stored in sealed polyethylene plastic bags and kept at room temperature (23°C)
for 72 hours prior to compaction. The compaction curves, maximum dry densities and optimum

water contents of the compacted B/S mixtures were determined.

3.2.3 Testing and analysis of specimens

3.2.3.1 One-dimensional free swell test

The swelling induced volume changes of the compacted bentonite are schematically
illustrated in Figure 3.4.

Before water
uptake

Vw = Vv+AV
W
Vsolid
Non swelling Non swelling
minerals Vnm minerals
Sand particles Vsand Sand particles

Figure 3.4. One-dimensional free swelling mechanism (modified from
Liu, 1997)
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Free swelling tests were carried out on the specimens (with different B/S mix ratios)
compacted to the desired dry densities (1.4, 1.6, 1.8, or 2.0 g/cm?®). The water content and initial
dry density were based on the different mix ratios of bentonite and sand. In accordance with
ASTM standard D-4546-08, all of the specimens were compacted to a diameter of 63 mm and
a height of 20 mm inside a polycarbonate tube (Figure 3.5), which has good chemical
resistance. The tube has the same diameter as the specimens with a height of 120 mm, which
allows the mixtures to swell vertically but not laterally. No gap at the interface between the
tube and the B/S was observed. The specimens were then soaked with 150 ml of the appropriate
water solutions (DW, T, or G) under approximately zero vertical stress. A digital dial gauge
was used to monitor the vertical free swell strain of each specimen over time until the samples
achieved full saturation and ceased expanding. At the end of the swelling tests, the degrees of
saturation were determined (according to the soil mechanic approach) to ensure that the

samples were fully saturated.

The free swelling tests were conducted in a temperature-controlled room under two different
temperatures:

e Some tests were carried out at a temperature of 23°C. This serves as a control
temperature to simulate the thermal conditions of a DGR in which no significant heating
is generated due to the nuclear waste (e.g., disposal of low-level waste (LLW)).

e Some tests were carried out at a temperature of 80°C to simulate the heat generated by
used or spent fuels or HWLsin a DGR. Rutqvist et al., (2014) calculated that the heat
released by HWLs will increase the temperature at the interface between the host rock
and the bentonite to about 80°C. Moreover, they found that the temperature can be higher
than 80°C in areas close to the canister. These results are also in agreement with the

TOUGH-FLAC simulation results (Rutqvist et al., 2014). Moreover, Gobien et al.,
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(2018) also found that the temperature in highly compacted bentonite around the
containers could increase to 85°C after closure of the DGR.

e AT least two specimens were tested for each sample to ensure repeatability of results.
As the ASTM standard D-4546 does not specify a standard error for the test due to its

nature, results were accepted within a range of not more than 5% difference.

Figure 3.5. Image of one-dimensional free swell test apparatus

3.2.3.2 X-ray diffraction analysis

XRD analyses were conducted to determine the changes in the mineralogy of pure
bentonite and the B/S mixture after they were immersed in different water solutions and/or
exposed to different temperature conditions (23°C, 80°C). The X-ray powder diffraction data
were collected by using a Philips X'Pert diffractometer (Philips Analytical, Netherlands) with
a Cu tube at an operating power of 45 kV and a current of 40 mA. The XRD patterns were
determined at room temperature, and the data set was collected from 2 to 70° 20. The step size

was 0.02°, and the counting time for each step was 0.6 s.
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3.2.3.3 Thermal analysis

Thermal analysis was carried out on dried pure bentonite and B/S mixture specimens
after immersion in the water solutions and/or exposure to different temperatures. A TGA
Q5000 V3.15 thermal gravimetric analyzer (TA Instruments, New Castle, US) was used to
perform the thermogravimetric analysis (TGA) coupled with derivative thermogravimetry
(DTG) analyses on several samples. The powder samples (17—-20 mg) were heated up to
1000°C at a rate of 10°C/min under nitrogen purge conditions (25 mL/min). The test was

performed at the Materials Characterization Core Facility, University of Ottawa.

3.2.3.4 Mercury intrusion porosimetry tests

MIP testing has been used for many decades to study the microstructure (porosity, pore
size distribution (PDS)) of clays. Hence, the porosity and PSD of some of the B/S samples can
be studied by using mercury intrusion porosimetry (MIP). MIP tests were performed on the
specimens by using a Micromeritics Auto-Pore 111 9420 mercury porosimeter (Micrometrcs,
Norcross, US). AutoPore 111 measures the volume distribution of pores in materials by mercury
intrusion or extrusion. The test was conducted at the porous materials Inc. (PMI) laboratory
facility, New York, USA. It should be emphasized that because of the limited pressure range
of the MIP technique, a significant pore volume (entrance diameter smaller than 6 nm) in the
bentonite aggregates is not detectable. The MIP technique allows the exploration of pore
diameter sizes between 0.006 and 600 um. Since air or oven drying may lead to excessive
shrinkage of the clay sample, the freeze-drying method was used which has been described and
adopted by other researchers (e.g., Wang et al., 2014). This method minimizes the
microstructure disturbance during dehydration which improves the quality of the MIP results
(Delage et al., 2006; Tang et al., 2011). In this method, a B/S sample is cut into small pieces

(approximately 1.5 g) and immersed into liquid nitrogen which has been vacuum-cooled to its
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freezing point (-210°C). Then, the frozen specimen is transferred to the vacuumed chamber of
a freeze dryer for sublimation for approximately 24 h.

However, some researchers (e.g., Sills et al., 1973; Simms and Yanful, 2004) have
questioned the applicability of the MIP test in determining the PSD of clay sample, particularly
on whether the sample is a good representation of the material due to its small sample size and
disturbance during sample preparation. Another possible disturbance of the microstructure can
be caused by the high injection pressure and pore accessibility. However, it should be noted
that other studies (e.g., Lawrence 1978; Sills et al., 1973; Delage and Lefebvre 1984; Penumadu
and Dean 2000) have concluded that the clay pore structure or microstructure is not affected
by high injection pressure since the pore structure is mostly filled with incompressible mercury

in the test.

3.2.3.5 SEM analyses

The microstructure of some of the dried B/S samples was also examined by using a
scanning electron microscope. Scanning electron microscopy (SEM) analysis was performed
by using a JSM-6610LV scanning electron microscope (JEOL Technics, Tokyo, Japan) to
study the pore structure and morphology of the samples. The test was conducted at the
Microanalysis lab, University of Ottawa.
3.3 Results and discussion

3.3.1 Effect of the physical factors of the bentonite-sand barrier material in distilled
water

The swelling strain versus time of the compacted B/S mixtures (with different mix
ratios and dry densities) exposed to DW at a temperature of 23°C are shown in Figure 6. The
final or maximum swelling strains of the B/S samples with different initial dry densities are

shown in Figure 7. In this study, the swelling strain (g, in percent) is calculated from:
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_ 100
E= Hox

where AH is the swelling deformation or change in height and Ho is the initial height of the
sample.

As shown in Figures 3.6 and 3.7, it can be seen that the rate of swelling and the
maximum swelling strain depend on both the initial dry density and the mix ratio. Figure 3.6
shows that, for all cases in this study, the maximum swelling strains are reached between 48
and 88 days. Samples with lower initial dry densities or higher sand contents reach the
maximum swelling strain earlier. It is also observed that, regardless of the initial dry density
and blending ratio, the measured swelling strain follows a sigmoid relationship with log time
(Figure 3.6). The initial increase in strain is slow and less pronounced for the sample with a
lower mix ratio (30/70). This is followed by a rapid increase in strain with time which
represents approximately 80% of the total observed deformation. Subsequently, the strain
increases slowly until reaching an asymptotic value (the maximum swelling strain). From
Figure 3.7, it is obvious that the maximum swelling strain increases as the initial dry density
or the mix ratio increases. For a 70:30 mix ratio, the maximum swelling strains are 266%,
277%, 286%, and 304% for dry densities of 1.4, 1.6, 1.8, and 2.0 g/cm?, respectively. For a
30:70 mix ratio, the maximum swelling strains are 137%, 163%, 176%, and 191% for dry
densities of 1.4, 1.6, 1.8, and 2.0 g/cm3, respectively. Figure 3.7 shows that the maximum
swelling strain and the dry densities follow a linear relationship, emax = a pa + b, (R? > 0.97)
with a positive slope over the ranges of densities. This confirms that increase in the dry density
of the B/S increases the swelling potential.

The observed sigmoidal behaviour of the swelling strain vs log time is the result of the
swelling process of the mixture of bentonite and coarser non-swelling particles (sand particles
in this study). Indeed, it is well known that the swelling mechanism of B/S mixtures can be

divided into three stages: initial swelling (inter-void swelling), primary swelling, and
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secondary swelling (Suzuki et al., 2005; Rao and Thyagaraj, 2007; Cui et al., 2012). The initial
swelling occurs when a B/S sample comes into contact with water and expansive minerals such
as montmorillonite swell into voids (i.e., macropores) created by the coarser, non-swelling sand
particles. The swelling of montmorillonite into the macropores will depend on the boundary
conditions as well as the dry density of the material. However, at a low bentonite content (i.e.,
low mix ratio in this study), the inter-particle voids of the skeleton occupy large space, in which
the bentonite can swell freely during the absorption of water without inducing a significant
amount of expansion during the initial phase of swelling (Sun et al., 2013). This means that the
swelling potential of the bentonite is reduced by filling the inter-particle voids. Therefore, the
swelling strain of the specimens with low B/S ratio is less pronounced as shown in Figure 6b.
Most of the swelling occurs during the primary stage of swelling which is caused by the
hydration of the cations exchanged between the crystal layers. A sudden change in the swelling
curve at 0.1 days in Figure 3.6b marks the beginning of the primary stage of swelling. The
secondary stage of swelling occurs when crystalline swelling is completed and a double layer
is created. During this stage, swelling follows a linear relationship with log time (Suzuki et al.,
2005; Cui et al., 2012; Cui, 2019; Rawat et al, 2019).

The dependency of both the maximum swelling strain and swelling rate on the mix ratio
and initial dry density can be explained by the fact that the swelling potential of the B/S
mixtures is highly related to the volume of bentonite in the unit volume of mixture (Komine et
al., 2009; Cui et al., 2012; Shehata et al., 2021). This means that, for a given dry density, an
increase in the bentonite content or B/S ratio will lead to an increase in the volume of bentonite
per unit volume of the mixture, thereby increasing the swelling strain and the rate of swelling.
This explanation is consistent with the results from the SEM analyses presented in Figure 3.8.
This figure shows the scanning electron microscope images magnified 14 times for B/S

mixtures of 30% (B/S:70/30) and 70% (B/S:30/70) sand contents. It is seen that, with an
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increase in the bentonite content, the sand particles are further apart. In other words, there is an
increase in the volume of bentonite per unit volume of the mixture material.

Moreover, for a given B/S ratio, a higher dry density is associated with a smaller volume
of voids (smaller size of pores) in the B/S mixture. Consequently, the volume ratio of bentonite
to void in the mixture increases with increasing dry density of the B/S material, which in turn
increases the swelling strain and swelling rate. The refinement of the pore structure or reduction
of the volume of voids in the B/S mixture due to higher dry density is experimentally supported
by the results from the MIP tests performed on two samples with a mix ratio of 70/30 and dry
densities of 1.63 g/cm3 and 2.00 g/cm3, see Figure 3.9. This figure shows that an increase in
the dry density does not change the range pore sizes but it significantly decreases the amount
of intruded pores (Figure 3.9a, 3.9b). Moreover, the sample with a higher dry density has a
lower total porosity (Figure 3.9b) and finer PSD (Figure 3.9a) than that with a lower dry
density.

350

300

—8— pd=1.40 g/cm*

pd=1.60 g/cm*
250 pd=1.80 g/cm®
pd=2.00 g/cm?

X
£ 200
©
£ S
e
[7,]
o1}
£ 150
]
UB, /
100 o
,r/
50
0 = —,
0.01 0.1 1 10 100
Time (days)
(@)

112



Swelling strain %

350

300

250

200

150

50

Maximum swelling strain (%)

—0— pd=1.40 g/cm?®
—0— pd=1.60 g/cm?
pd=1.80 g/cm®
pd=2.00 g/cm®

0.01 0.1 1 10 100
Time (days)

(b)

Figure 3.6. Effect of dry densities on the swelling strain of (a) 70:30
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Figure 3.9. Results of MIP tests on two samples with 70/30 bentonite-
sand and dry densities of 1.63 g/cm? and 2.00 g/cm?

3.3.2 Influence of the chemistry of groundwaters on the bentonite-sand mixture with

different dry densities and mix ratios

The changes in swelling strain with time for the compacted B/S mixture saturated with
DW and G and T solutions with different concentrations of TDS are shown in Figures 3.10 to
3.13. Figures 3.10 and 3.11 show the relationship between the swelling strain and time for the
B/S mixtures with the same initial dry density (1.63 g/cm?®) and different mix ratios in T
solution and DW (Figure 3.10) and G solution and DW (Figure 3.11), respectively. Figures
3.12 and 3.13 show the effect of the chemistry of the T and G solutions on the swelling strain

with different mix ratios and initial dry densities.

The results show that, in general, at low dry densities, the rate of swelling is slow but
increases gradually with increase in dry density, regardless of the chemistry of the solution.

Moreover, swelling develops more rapidly in specimens with higher dry densities, irrespective
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of the type of water. Furthermore, the swelling rate is time-dependent. Initially, the increase in
swelling deformation with time is slow. After that, swelling increases rapidly with time
followed by a decrease in the strain rate until reaching the maximum swelling strain. The

mechanisms responsible for these behaviours have been discussed earlier.

The results here indicate that the chemistry of the studied Ontario’s groundwaters has
a substantial effect on the swelling strain, rate of swelling and maximum swelling strain (Figure
3.14) of the B/S mixture, regardless of the initial dry density and bentonite content. However,
the magnitude of this effect is a function of the chemical composition of the groundwater
(particularly the TDS), see Figure 3.15, bentonite content (the B/S ratio) and the initial dry
density. The specimens in DW exhibit the highest swelling rate and require the longest period
of time to reach the final stage of swelling, while the specimens in T and G solutions have a
lower swelling rate and shorter total swelling time, see Figures 3.10 to 3.15. The maximum
swelling strain is reached at 20 to 38 days for the specimens in the G and T solutions, and 48
to 88 days for the specimens in DW, depending on the dry density, TDS, and mix ratio. Also,
the mixtures saturated with DW have a greater maximum swelling deformation compared to
the mixtures saturated with T and G solutions (Figures 3.10-3.15). This means that when the
volume of total dissolved solids is increased, the initial swelling rate, swelling rate during the
primary stage of swelling and the maximum swelling strain are decreased, see Figure 3.15.

Moreover, the swelling strain is decreased significantly with increase in TDS concentration.
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Figure 3.10. Effect of distilled water and the T solution on the swelling
strain of bentonite—sand mixtures with different mix ratios and a
constant initial dry density (1.63 g/cm®)
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This chemically (salinity) induced deterioration of the swelling ability of the B/S
specimens is consistent with the results of the MIP tests, see Figure 3.16. MIP tests were
performed on two samples with a mix ratio of 70/30 and dry density of 1.63 g/cm? in DW and
G solution after 40 days. Figure 3.16 shows that the sample with the G solution shows higher
incremental intruded pore volume and coarser pore structure than the specimen with DW.
However, most of changes in the microstructure takes place in the category of macro-pores.
For the sample with larger swelling strain or swelling capacity, i.e., the sample with DW, more
interlayer hydration has occurred, thus resulting in a constriction of the accessible pores. These
observations on the chemically induced changes of the pore structure of the Mx80 B/S mixture
are in agreement with the findings by Mata (2003) who concluded that saline water has a
significant influence on the macro-pores of bentonite-based material, whereas its effect on the

micro-pores is not significant.
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Figure 3.16. Pore size curves: (a) MIP cumulative porosity curves, (b)
MIP PSD (70/30 bentonite sand; dry density is equal to 1.63 g/cm3; one
sample saturated with DW, one sample saturated with the G solution;
soaking time: 40 days).

The observed deterioration of the swelling characteristics (e.g., swelling strain and rate,
maximum swelling strain) of the B/S mixture saturated with groundwaters T and G,
irrespective of the dry density and B/S ratio, is related to the high TDS values of the
groundwaters T, G. Higher dissolved salt concentrations or TDS reduce the swelling ability of
bentonite (Suzuki et al., 2005; Karnland et al., 2007; Castellanos et al., 2008; Komine et al.,
2009; Zhang et al., 2012; Sun et al., 2017; Shehata et al., 2021). This reduction in the swelling
potential of the bentonite saturated with the G or T solutions can be explained by the two
following mechanisms. First, a higher volume of TDS causes a reduction in the thickness of
the double diffused layer (DDL) of the montmorillonite particles which leads to a decrease in
the repulsive forces between the clay particles. Consequently, this reduces the swelling strain

and swelling pressure of the material (Siddiqua et al., 2011). Secondly, chemical changes take
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place in the montmorillonite minerals due the chemical attacks from the saline G and T
solutions. In other words, the Na-montmorillonite minerals transform, at least partially, to Ca-
montmorillonite minerals during interaction with Ca?* ions in the G or T solutions, as
evidenced from the results of the microstructural analyses (XRD, DT/DTG) that are shown in
Figure 3.17 (XRD patterns) and Fig.18 (TG/DTG analysis results). XRD and TG/DTG analyses
were performed on 30:70 bentonite—sand mixtures saturated with DW and the G solution,
respectively. The results of the microstructural analyses indicate that cation exchange took
place in the specimens saturated with the G (G23) solution due the presence of divalent cations
(Ca?*, Mg?") in the porewater of the bentonite (Table 3.3), which in turn led to the
transformation of Na-montmorillonites to Ca-montmorillonites. The cation, Ca?*, has a much
greater affinity for montmorillonite than the Na* cation and the substitution of the Na* cation
in the Na-montmorillonite creates the Ca-montmorillonite with reduced swelling capacity
(Akinwunmi et al., 2020; Shehata et al., 2021). From Figure 3.17, it is seen that the bentonite-
based material consists predominantly of montmorillonite, with small proportions of illite and
quartz. Moreover, the spacing between the crystal interlayers of bentonite (i.e., basal spacing)
is sensitive to the hydration state of the ions, and the position of the peak in the basal spacing
(doo) is affected by the type of interlayer cation. Therefore, the XRD spectrums of the DW
sample reveal that the first peak of the Na-montmorillonite is at (2-Theta) 8.92° and dooi= 9.9
A, while the G sample (G23) is at (2-Theta) 6.28° with lower reflection intensity and dooi=
14.04 A. These changes in the position of the peak and the reflection intensity indicate a
reduction in the swelling capacity (Moore and Reynolds, 1989). These XRD results are in
agreement with those of the TG/DTG analysis in Figure 3.18a and Figure 3.18b. From Figure
3.18a, it can be seen that the TG/DTG results of the specimen mixed and saturated with DW
indicate that the initial loss of the mass of water of 2.64 wt. % occurs at a low temperature

interval (0-50°C) because of the removal of the surface water. The second loss of the mass of
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water (1.80 wt. %) occurs within the temperature interval of 200-600°C, which corresponds to

water desorption from the interlayers. The last endothermic peak, within the temperature

interval of 600—-1000°C, has a mass loss of about 3.22 wt.%, due to the dehydroxylation of the

O-H structure and collapse of the smectite crystal structure (Drits et al., 1998; Frost and Ding,

2003; Boudriche et al., 2012). Fig. 18b clearly shows that the total mass loss of the specimen

mixed and saturated with G solution within a temperature interval of 50—200°C is 18.20 wt.%.

In addition, the interlayer of chemisorbed water is gradually removed at a temperature interval

of 200-600°C, thus producing a mass loss of 3.85 wt.%. Dehydroxylation of the Al-OH bond

structure occurs at a higher temperature interval (600—1000°C) with an endothermic peak of

9.8 wt.%. Therefore, these TG/DTG results confirm that the B/S microstructure is partially

altered in a highly saline solution.
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Figure 3.18. Results of TG/DTG analyses of a 30:70 B/S mixture that is
mixed and saturated with: a) DW, and b) G solutions

However, Figures 3.12 to 3.14 show that the reduction in swelling due the saline

solutions is smaller for bentonite-based materials with higher dry densities. This reduction in
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swelling with increase in dry density can be explained by the mechanisms of crystalline
swelling and double layer swelling of the bentonite. Crystalline swelling results from the
hydration of exchangeable cations, K+, Na*, Ca?*, and Mg?*, between mineral layers that show
a structure with one alumina octahedral sheet sandwiched between two silica tetrahedral sheets.
This is a mechanism which shows that the adsorption of the maximum volume of hydrates
depends on the nature of the cations (Wang et al., 2014). When three to four water monolayers
are formed, the surface hydration mechanism plays a less important role and electric double-
layer repulsion becomes the key swelling mechanism (Wang et al., 2014; Suzuki et al., 2005;
Bradbury and Baeyens, 2003). For bentonite with high dry density, the low quantity of water
adsorbed is essentially pseudo-crystalline interlayer water. Hence, the latter is not enough to
build the DDL (Pusch 2000; Wang et al., 2014). Consequently, swelling is largely controlled
by the crystalline swelling and the double layer repulsion provides only a slight contribution to
the swelling. In this case, bentonite-water interaction is essentially governed by the

exchangeable cations (Suzuki et al., 2005; Castellanos et al., 2008; Siddiqua et al., 2011).

3.3.3 Coupled effect of the chemistry of groundwaters and temperature on the
bentonite-sand barrier

To properly design the experimental testing program to address the objective of this
section as well as to better analyze the results, preliminary investigations were conducted to
assess the individual impact of temperature on the swelling ability of the bentonite-sand barrier
material saturated with DW (i.e. no chemical effect considered). One-dimension free swelling
tests were conducted on compacted B/S material samples with different mix ratios in DW and
exposed to different temperatures, 23°C and 80°C. The results indicate that temperature has
insignificant effects on the swelling potential of the material. Indeed, the maximum amount of
swelling of the samples with DW at 23°C is only 2% higher than that of the 80°C samples.

These results agree well with the results from previous studies (e.g., Shehata et al., 2021, Pusch,
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2000) that show insignificant changes in the swelling potential of bentonite-based material with
increase in temperature (up to 90°C). However, the following question still remains
unanswered. Does temperature have a significant effect on the swelling ability of bentonite-
based materials saturated with the G groundwater? In other words, how significant is the
coupled effect of the chemistry of groundwaters and temperature on the swelling properties of
bentonite-sand barrier materials? To address these questions, free swelling tests were carried
out on compacted samples with different mix ratios (B/S: 70/30, 50/50) and saturated with the
G solution at room and higher temperatures of 23°C and 80°C, respectively. Typical results are
shown in Figure 3.19. It is seen that, regardless of the mix ratio, the swelling strain is
significantly dependent on the temperature and the chemical composition of water. Higher
temperature results in more intense chemically-induced degradation of the swelling capacity
of the material. It is obvious that the specimens with the G solution at 80°C have a swelling
strain that is lower than those at 23°C with shorter time to reach the stage of constant rate of
swelling and termination of swelling. For example, Figure 3.19 shows that the samples (70:30)
tested at 80°C gives a swelling strain of 17% in 25 days, while the specimen exposed to a
temperature of 23°C shows a swelling strain of 30% in 30 days. In other words, the swelling
potential of the (70:30) sample in the G solution at 80°C is decreased by 43% in comparison to
that of the 23 °C sample. Also, the same trend is observed in the samples with a mix ratio of
50:50 which gives a swelling strain of 7% in 26 days at 80°C, while the sample at 23°C exhibits
a swelling strain of 13% in 30 days. The test results show that higher temperatures intensify
the chemical reaction of the bentonite in the G solution which reduces the swelling potential of
the B/S mixture. Future swelling stress experiments should be performed to determine how this
significant loss in free swelling strain translates into loss in swelling stress, and what may be
the implications for repository performance. This temperature-induced intensification could be

related to the following mechanisms: (i) higher temperatures increase the dissolution rate of
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the smectite, which would reduce the amount of expansive minerals (montmorillonites) in the
B/S mixture; (ii) higher temperature increases the transformation of Na-montmorillonite
minerals to Ca-montmorillonite which has a lower swelling potential; and (iii) higher
temperature leads to lattice contraction in different clay structures.

Indeed, a number of previous experimental studies on smectite dissolution kinetics or
rates of dissolution in different chemical (pH, different chemical solutions) and thermal
(temperature) environments have found that the dissolution rate of smectite increases with
temperature. This is in agreement with the findings from previous numerical studies (Zheng et
al., 2015, 2017; Xu et al., 2021). For example, Amram and Ganor (2005) investigated the
coupled effect of pH and temperature (25°C to 70°C) on the dissolution rate of smectite SAz-
1 by conducting dissolution experiments with the use of non-stirred flow-through reactors in
thermostatic water. Their results show that the smectite dissolution rate is increased with
temperature and decreased with pH. Moreover, Huertas et al., (2001) evaluated bentonite
dissolution in granitic solutions (pH 7.6 to 8.5) in a semi-batch reactor at 20°C, 40°C and 60°C.
They concluded that temperature increases the dissolution rate of smectite and the effect of
temperature on the dissolution rate is a function of the activation energy. These findings on the
reduction of the amount of montmorillonites due to a higher dissolution rate at a higher
temperature are in agreement with the results of the XRD analyses presented in Figure 3.17.
Figure 3.17 shows the XRD patterns of the B/S mixture in the G solution at room temperature
(23°C, G23) and higher temperature of 80°C (G80) as well as the XRD pattern of the DW
sample. It can be observed that the first peaks for the montmorillonite in the DW, G23 and G80
samples are (2e) 8.92° 6.288° and 6.632° with lower reflection intensities and the basal
spacings are d (001) = 9.902, 14.044 and 13.1357 A, respectively. This detected shift to the left
of the first peak of the G80 sample is related to the transformation of Na-montmorillonite to

Ca-montmorillonite, whereas the observed lower intensity indicates a decrease in the amount
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of minerals that undergo swelling. The latter suggests a higher dissolution of montmorillonite
in the G80 sample. An additional mechanism can be suggested as a factor that has contributed
to the higher decrease in swelling ability observed in the samples saturated with G or T
solutions at high temperatures (80°C). The phenomenon can be explained in terms of lattice
contraction at high temperature (Chen et al., 2013; Ureana et al., 2013; Chen et al., 2018). Chen
et al., (2018) carried out swelling and microstructural tests to investigate the combined effects
of temperature (20°C to 60°C) and cation type (in the NaCl and CaCl. solutions used) on the
swelling pressure and microstructure of densely compacted pure GMZ bentonite. They found
that lattice contraction at high temperatures decreases the swelling pressure to a greater degree
in CaClz-bentonite with smaller basal spacing. Due to the heating of the saturated CaCl.-
bentonite, there is a change of the interlamellar adsorbed water to bulk water which weakens
crystalline swelling. The XRD results obtained in this study show that the basal spacing d (001)
of the G80 sample (13.1357 A) is smaller than that of the G23 sample (14.044 A). In other
words, there is a decrease in the basal spacing with temperature. However, it should be noted
that more detailed microstructural and mineralogical investigations should be carried out in the
future to gain more insight into the changes that take place in the microstructure and mineralogy
of compacted MX-80 B/S due to the combined effects of temperature and groundwater

chemistry.
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Figure 3.19. Coupled effect of the chemistry in the G solution and
temperature on the swelling of: (a) 70:30 bentonite—sand mixtures and
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3.4 Conclusions

Based on the results in this study, the following conclusions are made:

- The swelling potential of the studied compacted B/S mixture is significantly dependent
on both its initial dry density and bentonite content. Higher dry density and/or larger
B/S ratio leads to higher swelling strain of the material. The swelling strain follows a
sigmoid relationship with log time, irrespective of the initial dry density and B/S ratio.
The maximum swelling strain and the initial dry density follow a linear relationship for
densities between 1.4 and 2.0 gm/cm?,

- The chemical composition of the studied groundwaters significantly decreases the
swelling potential of the B/S barrier material, irrespective of its initial dry density and

bentonite content. However, the magnitude of this decrease in swelling depends on the
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volume of TDS in the solution. The B/S mixture with more sand is better able to reduce
the effects of chemicals in the water on the amount of swelling.

The chemically induced reduction of the swelling potential of the B/S barrier material
is caused by (i) the reduction of the DDL thickness of the montmorillonite particles due
to a high volume of TDS and (ii) the transformation of Na-montmorillonites to Ca-
montmorillonites with less swelling potential due to cation exchange.

The rate of swelling and swelling potential of the B/S mixture is significantly reduced,
not only due to the increase in salinity of the water (chemical factor), but also affected
by the combined impact of the chemical factor and the temperature (thermal factor).
Higher temperatures lead to more intense chemically induced deterioration of the
swelling performance.

It is recommended that, in the conceptual design of EBSs for HLW repositories in
Ontario or Canada, not only the chemistry of the deep groundwater at potential DGR
sites, but also the temperature expected within the EBS should be carefully considered
to meet the design criteria with respect to swelling potential and swelling pressure of
the selected bentonite-based barrier material.

The findings presented in this paper will contribute to more cost-effective and safer
design of EBS and DGR systems in Canada and other regions with similar groundwater
chemistry.

Despite these results, it is still necessary to investigate the swelling potential and
swelling characteristics of compacted B/S mixtures at temperatures higher than 80°C
in groundwater solutions with different chemical compounds. Moreover, it is necessary
to assess the coupling effect of the chemistry of deep groundwater and temperature on
the swelling pressure or stress of compacted B/S mixtures. This will be the object of

future studies.
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Chapter 4: Technical paper Il: Saturated Hydraulic Conductivity of
Bentonite-Sand Barrier Material for Nuclear Waste Repository: Effects of
Physical, Mechanical Thermal and Chemical Factors

Environmental Earth Sciences Journal 81: Article 223 (2022)
Mohammed Alzamel, Mamadou Fall, Sada Haruna
Abstract
Deep geological repositories (DGRs) have been viewed as the most promising

technology for the long-term management of nuclear wastes. One of the major functions of the
buffer or barrier material used in DGRs for nuclear waste is to prevent the transportation of
high-level radioactive chemicals into the biosphere in the case of failure. To achieve that, the
buffer is usually designed to have very low hydraulic conductivity. The effects of mix-
composition, swelling condition, temperature, and groundwater chemistry on the hydraulic
conductivity of compacted bentonite-sand barrier material were investigated. Permeability tests
were carried out using flexible wall permeameter after inundating the compacted samples in
simulated groundwaters. The obtained results showed that the saline groundwater prevalent in
the Guelph region of Canada as well as high temperature have a negative impact on the swelling
potentials of the buffer material, consequently increasing the hydraulic conductivity. The saline
water reduces the thickness of the diffuse double-layer which is accompanied with low
repulsion between the clay minerals. Similarly, high temperature decreases the basal spacing
between the bentonite clay minerals which also results in less swelling. Furthermore, it was
observed that restricting the swelling of the bentonite-sand mixture produces well-packed
material with very low hydraulic conductivity as compared to free swelling. Increasing both
the percentage of bentonite and the initial dry density of the mixture were also observed to
reduce hydraulic conductivity by eliminating interparticle voids in the material. The research
findings presented in this manuscript provide valuable information that will contribute to gain
a deeper insight into the impact of field conditions (temperature, groundwater chemistry,
confinement) and material characteristics (composition, dry density) on the permeability of
bentonite-sand barrier, which is essential for a safe long-term management of radioactive
wastes.

Keywords: Bentonite—sand mixture; engineered barrier material; deep geological repository;

hydraulic conductivity; pore water chemistry; temperature; nuclear waste management.

143



4.1 Introduction

Deep geological repositories (DGRs) have been regarded as the most promising
technology for the long-term management of nuclear wastes. A critical component of any DGR
is the engineered barrier system (EBS). Compacted bentonite is commonly proposed as a buffer
and sealing material for the construction EBS in the deep geological repositories (DGRs) for
storing radioactive wastes from nuclear power plants (Guo and Fall 2018, 2021; Adamacova
and Frankovska, 2009; Ye et al., 2016; Liu et al., 2019). This is because of bentonite’s
favourable properties, most importantly its high swelling potential owing to its smectite clay
minerals contents (Shehata et al., 2015). At the initial stage, the EBS constitutes unsaturated
bentonite that begins to swell once it comes in contact with groundwater (Pathak, 2017). Being
a clay with high plasticity, the swelling allows the bentonite makes the EBS almost
impermeable, thereby stopping or delaying water from percolating into the repository (Cho et
al., 2010; Pindato et al., 2018). In addition, the smectite minerals have high adsorption capacity,
low thermal conductivity, and high cation exchange capacity (Quintessa, 2011; Pathak, 2017),
all of which are important for reducing the chances of contaminant leakage in case of failure.
However, pure bentonite does not have sufficient mechanical strength to withstand the stress
within and around the deep repository (Martin et al., 2000; Ito, 2006). Moreover, the high
swelling pressure of pure bentonite could result in the development of excessive swelling stress
that may mechanically damage the canisters (Shehata et al., 2021). This has inspired several
research studies in recent years on the use of bentonite-sand mixture as a potential buffer and
sealing material in the EBS (Mollins et al., 1996; Akgun et al., 2006; Gatabin et al., 2016;
Siddiqua et al., 2018). Furthermore, sand-bentonite mixture, which enables a better control of
the swelling pressure, has better thermal conductivity (high thermal conduction facilitates the
transport of the heat generated in the canisters) than pure bentonite, decreases material cost,

and improves compaction ability (Shehata et al., 2015).
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The swelling capacity of bentonite, which governs its hydraulic conductivity, is affected
by certain factors, one of which is the chemistry of the pore water it is exposed to, as shown by
previous studies (Zhu et al., 2013; Weimin et al., 2014; Navarro et al., 2017; Liu et al., 2018;
Shehata et al., 2021). Typically, the smectite minerals that makes up the bentonite absorb water
whenever possible, leading to the increase of the total volume of the clay (Onal, 2006). This is
achieved either through crystalline swelling, in which water enters into the clay’s interlayers
to cause repulsion or by osmotic swelling, in which the repulsion comes from the interaction
of diffuse double layers water (Gonzalez, 2013; Jiang et al., 2014). However, the presence of
salt in the water limits the swelling capacity of bentonite clays (Komine et al., 2009; Xiang et
al., 2019). In one study by Ye et al., (2014), exposing compacted bentonite to NaCl solutions
was found to decrease its swelling strain and increase its hydraulic conductivity. The reason
was cited to be the domination of the osmotic pressure caused by the fluid within the clay layers
by an inward transportation of the salts. Zhu et al. (2013) had similar observations with
infiltration solutions containing NaCl and CaClo.

Both the groundwater chemistry and temperature are key parameters that may vary
within deep geological formations where DGRs are located (Fall etal., 2014; Nasir et al., 2015).
There is also a tendency for the stored nuclear waste to generate heat during the lifetime of the
DGR (Guo, 2016). With respect to salinity, it is important to mention that some of the locations
proposed for building DGRs in Canada (e.g., Guelph area in southern Ontario) are in regions
known to have groundwater with high level of salinity (Sterling, 2011; Fall et al., 2018; Sheheta
etal., 2021). According to Karnland et al. (2007), high salt content in the water may destabilize
the chemical structure of minerals such as, but not limited to the transformation of smectite to
illite. Likewise, an experimental study by Wang et al. (2012) showed that the swelling pressure
of compacted bentonite samples decreases significantly when immersed in water with high

salinity as compared to bentonite samples exposed to distilled water. However, their results are

145



not directly transferable to a bentonite—sand barrier material in Canadian DGR conditions
because Canadian groundwaters feature different chemical compositions than the
groundwaters examined in previous investigations.

The hydraulic conductivity is a significant parameter in the EBS design as it governs
the rate of fluid transport into and out of the repository. In the incidence of cannister failure, a
highly permeable barrier material may allow the migration of radioactive compounds through
advective flow between the DGR and areas with different hydraulic gradients (Rao et al., 2008;
Selvadurai and Glowacki, 2018; Jadda and Bag, 2020). Several factors such as particles size,
swelling potential of the bentonite, compacted density, pore water chemistry and temperature
play a role on the hydraulic conductivity of bentonite-based barrier materials (Stewart et al.,
2003; Ebinaetal., 2004; Jadda and Bag, 2020). The use of bentonite-sand mixture as a potential
barrier material is a recent proposal, therefore its performance under different ground
conditions has not been fully understood. Previous studies have shown that incorporation of
sand in the mixture increases the hydraulic conductivity proportionally with respect to the size
and percentage of the sand (Sivapullaiah et al., 2000; Sallfors and Oberg-Hégsta, 2002).
Another study has shown that increasing the initial compacted density by a about 30% reduces
the hydraulic conductivity from 10-12 to 10-* m/s, which is a significant improvement (Cho et
al., 2000). Also, Mishra and Ohtsubo (2009) investigated the effect of NaCl and CaCl: on the
hydraulic conductivity of bentonite-sand mixtures. They observed that increasing the content
on each of the salts in the barrier material results in the increase of the hydraulic conductivity.
Nevertheless, none of the studies in the literature assessed the hydraulic properties of the
bentonite-sand composite in the presence of naturally occurring saline (Canadian)
groundwaters with a combined effect of the variation of physical (i.e. density, blending ratio),

mechanical (i.e. confinement, free swell) and thermal (i.e. temperature) properties.
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Thus, the current study aims at bridging the gap on the current understanding of the behaviour
of bentonite-sand buffer material exposed different groundwaters under varying physical,
mechanical and thermal factors. The findings will be instrumental on proper design of DGRs
for nuclear waste disposal.
4.2 Experimental Program
4.2.1 Materials

Laboratory tests were conducted on bentonite-sand mixtures with 30:70 and 70:30 dry
mass ratios. The bentonite clay is an MX-80 type that was extracted from Wyoming, USA with
chemical composition presented in Table 4.1. An X-Ray Diffraction (XRD) analysis revealed
that montmorillonite is the dominant mineral in the clay, with traces of other minerals, namely
quartz, calcite, kaolinite and feldspar (Figure 4.1). The main exchangeable cation in the MX-
80 bentonite is Na* and it has a cation exchange capacity (CEC) of 105 meq/100 g. The sand
used is a GS-20 silica with 99.99% quartz (SiOz), specific gravity of 2.65 and grain size

distribution ranging from 0.2 — 1.9 mm.

Table 4.1. Properties of the MX-80 bentonite

Property Description
Specific gravity 2.66
Liquid limit (%) 530
Plastic Limit (%) 48.5
Cation exchange capacity (mmol/100 g) 105
Montmorillonite content (%) 90
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Figure 4.1. Mineralogical content of the MX-bentonite as observed by XRD

analysis

To assess the effect of groundwater chemistry on the bentonite-sand mixtures, distilled

water (DW) and a solution containing total dissolved solids similar to the groundwater located

in the Guelph (G) region of Ontario, Canada were used. Their chemical compositions are given

in Table 4.2.

Table 4.2. Chemical composition of the solutions used in the study

Element (g/l) DW G

CaCl, 0 159
NaCl 0 100
MgClz 0 34.3
KCI 0 6.3
K2SO4 0 0.4
TDS 0 300
pH 7 5.7

DW: distilled water; G: Guelph Groundwater
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4.2.2 Preparation and curing of specimens

The bentonite and sand were first oven-dried for 24 hours to remove any moisture. Two
different mix compositions 70:30 and 30:70 ratios of the dry mass of the bentonite and sand
were used. Weighed portions of the materials were first mixed in a bowl using a spoon to
achieve a uniform mixture. An amount of water equivalent to the moisture content
corresponding to the compacted dry density for each composition was added, and the material
was further mixed to achieve homogeneity. The experimental program with the information on
the compositions and curing conditions is presented in Table 4.3. An acrylic cylinder of 4.5 cm
inside diameter, 5 cm outside diameter and 3 cm height was used to cast the specimen for the
permeability test. The curing of the sample was done by inundating the compacted bentonite-
sand mixture with DW or G solution as the case may be, and then allowed to swell freely (free
swelling) or under confinement (restricted swelling). For the free swelling, the bentonite-sand
mixture was compacted in a 6.3 cm diameter by 10 cm height acrylic plastic mould to the
desired density as shown in Figure 4.2a. The initial height of the specimens was 2 cm to allow
enough room for volume change. After compaction, the mould was filled up with the curing
water, covered with a foil to minimize evaporation and then placed in a temperature control
chamber for 60 days. The mould was checked regularly and refilled with the curing water
whenever needed. At the end of the curing period, a specimen for hydraulic conductivity was
cut using the 4.5 cm by 3 cm cylinder as shown in Figure 4.2b. For the restricted swelling, the
bentonite-sand mixtures were compacted in the 4.5 cm by 3 cm cylinder to the desired density
and then covered on both sides by a porous acrylic disc. The assembly was tied with two metal
clips as shown in Figure 4.2c after which it was immersed in the curing water and kept for 60
days as shown in Figure 4.2d. This approach enabled to keep the volume of the bentonite-sand
material constant during the immersion phase. At the end of the curing period, the clips and the

covers were removed, leaving the specimen in the cylinder for the hydraulic conductivity test.
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4.2.3 Hydraulic conductivity test

The saturated hydraulic conductivity of the bentonite-sand specimens exposed to

different curing conditions was determined using a flexible wall permeability test in

compliance with the ASTM D5084 standard. The curing cylinder containing the specimen was

enclosed in a latex membrane and a confining pressure of 40 psi (275 kPa) was used to

eliminate seepage between the membrane and the cylinder. A constant head method was used

with the pressure difference of 10 psi (69 kPa) between the inflow and outflow. The specimens

were fully saturated prior to the test (degree of saturation determined to equal to 100%),

therefore no further saturation was necessary. Each hydraulic conductivity test was conducted

at least twice to ensure results repeatability, which satisfies the standard error (Sr) of 2.9 x 10

% cm/s as specified by the standard.

Table 4.3. Summary of the mix compositions and curing conditions

Sample name Bentonite Sand Dry Mixing | Curing? Curing® Curing
content | content | density | Water water | Temperatu time®
(%) (%) | (glem®) re (°C) (days)
B/S-70/30-1.63-20C-DW | 70 30 1.63 DW DW 20 60
B/S-30/70-1.63-20C -DW | 30 70 1.63 DW DW 20 60
B/S-70/30-1.63-20C -G 70 30 1.63 G G 20 60
B/S-30/70-1.63-20C -G 30 70 1.63 G G 20 60
B/S-70/30-2.0-20C -G 30 70 2.0 G G 20 60
B/S-30/70-2.0-20C -G 70 30 2.0 G G 20 60
B/S-70/30-1.63-80C DW | 70 30 1.63 DW DW 80 60
B/S-30/70-1.63-80C -DW | 30 70 1.63 DW DW 80 60
B/S-70/30-1.63-80C -G 70 30 1.63 G G 80 60
B/S-30/70-1.63-80C -G 30 70 1.63 G G 80 60
B/S-70/30-2.0-80C -G 30 70 2.0 G G 80 60
B/S-30/70-2.0-80C -G 70 30 2.0 G G 80 60

a: the water used when the samples are being subjected to free and confined swelling; b: the temperature to which the samples are subjected
during c; c: the duration of the free swelling of all samples is equal to 60 days to enable the comparison of the results. B/S = bentonite-sand
mixture; DW: Distilled water; G: Guelph solution
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Figure 4.2. Specimens preparation and curing (a) Free Swelling mould (b)
Specimen cut for permeability test (c) Restricted swelling assembly (d) Curing
of restricted swelling specimens

4.2.4 Microstructural analyses

Two microstructural analysis techniques were adopted to investigate the effect of initial
dry density and curing condition on the pore structure of the studied samples and how that
affects the hydraulic conductivity. Specimens prepared and cured as described in section 4.3
were oven-dried at 45 °C over until there was not any moisture in them (when volume change
becomes zero). The microstructural techniques are mercury intrusion porosimetry (MIP) and
scanning electron microscopy (SEM). The MIP was performed using a Micrometrics AutoPore
111 9420 mercury porosimeter (Micrometrcs, Norcross, US) based on ASTM D4404 standard.
The MIP test was conducted at the porous materials Inc. (PMI) laboratory facility, New York,

USA. The SEM analysis of the specimens was performed using Hitachi S4800 Scanning
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Electron Microscope (Hitachi Ltd., Tokyo, Japan). The test was conducted at the Microanalysis
lab, University of Ottawa.
4.3 Results and discussion

4.3.1 Effect of swelling condition and groundwater chemistry on the hydraulic

conductivity of bentonite-sand mixtures

Effects of mix proportions and swelling conditions on the hydraulic conductivity of
compacted bentonite-sand mixture exposed to different solutions are depicted in Figures 4.3.
It can be observed that the hydraulic conductivity of mixtures under confinement is generally
lower than that of mixtures under free swelling regardless of the chemical composition of the
water it is exposed to. The samples under free swelling have hydraulic conductivity values
ranging from 2.32 x 101t m/s to 7.91 x 10-** m/s while those under confined conditions have
hydraulic conductivity values ranging from 4.52 x 1013 m/s to 1.79 x 101> m/s, respectively.
According to Likos and Wayllace (2010), the total volume change of compacted bentonite is
greater under free swelling, but the excessive swelling pressure in a confined bentonite leads
to less porosity. They associated the large volume change under free swelling to a concurrent
expansion of interparticle voids. Specifically, low confining stress conditions (i.e., free
swelling) yields a material with higher volume of inter-particles and inter-layer voids as well
as more open fabric. Conversely, high confining stress conditions results in densely packed
fabric with lower volume of voids. This argument is in agreement with the results MIP tests
presented in Figure 4.4. This shows total porosity graphs from an MIP analysis on specimens
with a bentonite-sand ratio of 30:70 and cured under the two swelling conditions for 60 days.
It can be observed that the confined specimen has pores with a cumulative volume of only
0.21% against 2% for the specimen under free swelling. Also, only pores of diameter 80 and
100 pum were present in the confined specimen, whereas multiple pores with diameter ranging

from 0.007 to 100 um were observed in the free swelling specimen. The two large pore families
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were probably generated by shrinkage during the drying process, which takes place before the
mercury intrusion test. Thus, optimum sealing from the bentonite-based barrier material is
achieved when it is effectively confined. This conclusion is consistent with the results from
other experimental studies on compacted bentonite as well as bentonite-sand mixtures (Cui et

al., 2008; Gueddouda et al., 2010; Ye et al., 2012; Niu et al., 2020).
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Beside the effect of swelling condition, it can also be observed from Figure 4.3 that
bentonite-sand mixture with 30:70 blending ratio is more permeable than that 70:30 for every

curing condition. This means higher bentonite content results in lower hydraulic conductivity
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as it would be expected. A previous study by Xu et al. (2016) revealed an increase of hydraulic
conductivity of bentonite-sand mixture from 8.39 x101* m/s to 6.47 x 10" m/s by increasing
the sand content from 10% to 50%. The size of the sand used in the composite buffer material
appears to play role on its permeability. Table 4.4 compares the range of hydraulic conductivity
from previous studies with that from the present work with the summary of the bentonite-sand
proportions and the particle sizes of the sand used. It is evident that the range of the particle
size and the proportion of the sand in the mixture have a combined effect on the hydraulic
conductivity. The SEM images presented in Figure 4.5 supports this assertion. As it can be
observed, the sand particles are clearly seen in the 30/70 specimen, but completely covered by
the bentonite clay in the 70/30 specimen. The size and distribution of the pores in the bentonite-
sand material will offer a clearer explanation on the different in permeability in the two
specimens. Although the total porosity is higher in the 70/30 specimen than the 30/70, the
threshold diameter for the mercury intrusion is only about 0.2 um in the former and 9 pum in
the later (Figure 4.6). According to Winslow and Diamond (1969), the threshold diameter
represents the pore size at which the rate of mercury flow in the specimen is the highest.
Typically taken as the first point of inflection on the total porosity curve, it represents the group
of pores that are interconnected, thereby allowing a continuous permeation (Aligizaki, 2006).

Thus, hydraulic conductivity of the 30/70 would be higher as it has larger threshold diameter.
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Table 4.4. Comparison of hydraulic conductivity values from previous studies

Research work

Lower limit of

Proportion of sand

Sand particle

k (m/s) size (mm)
Current study 1x10% 30-70 02-1.9
Xu etal., (2016) 1x10% 0-50 0.075-0.1
Choetal, (2000) | 1x 100 0-70 0.075-0.84
Zhang et al., (2012) | 1x 1010 0-50 0.5-0.1
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Figure 4.5. SEM images of compacted bentonite-sand mixture with different
bentonite/sand ratios (a) 30/70 mixture (b) 70/30 mixture
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Another important information that can be inferred from Figure 4.3a and 4.3b is the
effect of groundwater chemistry on the hydraulic conductivity. Both free and restricted
swelling specimens show higher hydraulic conductivity when exposed to solution G. For
example, the 30/70 bentonite-sand mixture exposed to DW in a free swelling condition has a

hydraulic conductivity of 2.79 x 10-*! m/s. Same mixture that was exposed to the G saline
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solution has a hydraulic conductivity of 7.91 x 101! m/s. It is generally accepted that the
presence of salt in the hydration water reduces the swelling capacity of clay particles which in
turn leads to production of large pores (Studds et al., 1998; Villar et al., 2003; Ye et al., 2014;
Navarro et al., 2017; Chen et al., 2019). The variation is largely due to inhibition or reduction
of swelling capacity of the capacity mixture in the presence of salt in the solution. When
exposed to water, bentonite swells based on two mechanisms: crystalline swelling that occurs
due to the hydration of exchangeable cations (e.g. Ca?* and K*); and diffuse double-layer
swelling due to repulsion between clay minerals (Bradbury and Baeyens, 2003; Savage, 2005;
Puppala et al., 2017). The salt concentration reduces the thickness of the diffuse double-layer,
consequently leading to low repulsion between the clay particles (Tripathy et al., 2004; Zhu et
al., 2013). With the swelling of the bentonite undermined, the clay particles would be less
packed, which will result in higher permeability. This is supported by the SEM images in
Figure 4.7 with the specimen exposed to DW having more intact particle structure than the

specimen exposed to the saline solution G.
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Figure 4.7. SEM images of compacted bentonite-sand mixture cured in
distilled water and G solutions for 60 days (a) DW (b) Solution G

4.3.2 Coupled effect of temperature and ground water chemistry on the hydraulic

conductivity of bentonite-sand mixtures
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Understanding the effect of high temperature is important for EBS design because the
stored spent fuel can generate high amount of heat that may affect the performance of the buffer
material (Inoue, 1995; Wersin et al., 2007). Moreover, the high temperature variation in the
deep geological formation may also have an influence on the EBS (Zhang et al., 2019). Figure
4.8 show the comparison between the hydraulic conductivity of samples cured at room
temperature and those cured at a temperature of 80 °C. It is evident that the high temperature
leads to high hydraulic conductivity for both 30:70 and 70:30 bentonite-sand mixtures. For the
70:30 mixture, the hydraulic conductivity increased by 380% when exposed to DW and by
132% in solution G. Similar increased was observed for the 30:70 mixture. According to
Romero et al. (2001), the increased in the hydraulic conductivity can be associated to changes
in the clay fabric and redistribution of porosity due caused by high temperature (MIP graphs
can be used to support this; Figure 4.9). As described in the previous section, the salt
concentration in the permeating solution slows down the diffuse double layer swelling of the
bentonite-sand mixtures which subsequently leaves more voids in the sample. At high
temperature, the swelling is slower due to the conversion of the interlamellar water into bulk
water accompanied by the reduction of the clay lamellae hydration (Chen et al., 2018). In
addition, it has been observed from previous studies that high temperature decreases the basal
spacing between clay minerals which also contributes to less swelling (Piskova et al., 2010;
Shariatmadari and Sehidijam, 2012). Svensson and Hansen (2013) investigated the combined
impact of salinity and temperature on the hydration of montmorillonite and their findings are
in agreement with the aforementioned observations. Generally, the increase in both the salt
concentration and temperature leads to decrease of the swelling pressure of the clay mineral.
The observation was associated with the undermining of the interlayer hydration in the
montmorillonite which leads to less basal spacing. The total porosity graphs for 30:70

bentonite-sand mixture treated with different solutions and at different temperatures is shown
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in Figure 4.9 a-d. It can be observed that the specimen inundated with solution G at a high
temperature of 80 °C has the highest total porosity while the one exposed to distilled water at
room temperature is the least porous. These observations agree with the recorded hydraulic

conductivity values.
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4.3.3 Effect of initial dry density and swelling condition on the hydraulic conductivity
of bentonite-sand mixtures

The effect of variation of the initial dry density on the hydraulic conductivity on
bentonite-sand mixture exposed to solution G is shown in Figure 4.10. The result shows that
the bentonite-sand mixtures compacted to 2.0 g/cm® have lower hydraulic conductivity than
those with 1.63 g/cm? density after being allowed to hydrate for 60 days. The low hydraulic
conductivity of the samples with higher initial dry density is largely due to increased swelling
pressure as there are more clay particles present. According to Lee et al. (2012), bentonite
compacted at a lower dry density tends to have its particles randomly arranged in form of
micropeds. These micropeds become fused together eliminating interparticle voids when the
bentonite is compacted to a higher dry density. The swelling pressure from such fused clay
particles is high that it results in further elimination of voids in the mixture (Pusch, 1999; Cui
etal., 2012). Lloret et al., (2004) observed a similar behaviour which they also associated with
higher swelling strain for mixtures with higher initial dry density. Figure 4.11 shows the SEM

images of specimens with initial dry densities of 1.63 g/cm?® and 2.0 g/cm?® exposed to DW
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under free swell condition. It can be observed that the denser specimen (Figure 4.11b) has more
intact structure with no obvious cracks or pores. Thus, compacting the bentonite-sand barrier
mixture to a higher density yields less permeable and ultimately a better performing barrier

system.
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4.4 Summary and conclusions
This paper presents and discusses experimental research findings on the combined
effects of factors, such as temperature, restricted swelling, bentonite-sand ratio and dry density,
and groundwater chemistry, on the hydraulic conductivity of bentonite-sand mixture that has
potentials of being used as a buffer material in deep geological repositories. Samples were
prepared with different bentonite to sand ratios (30:70 and 70:30), compacted with different
initial dry densities (1.63 g/cm® and 2.0 g/cm?), permeated in distilled and Ontario’s deep
underground water over a period of 60 days under free and confined swelling conditions. The
curing temperature during the swelling period was also varied (20 °C and 80 °C).
Microstructural analyses, namely mercury intrusion porosimetry and scanning electron
microscopy were used to study the pore structure and the nature of the bentonite-sand bonding
for the different samples. Based on the results obtained, the following conclusions can be made:
a) Confining the bentonite-sand mixture during the swelling process produces a densely
packed material with much lower hydraulic conductivity compared to free swelling.
High confining stress conditions generates higher swelling pressure from the hydration

of clay minerals, which expand to fill up the voids between the sand particles.
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b) The mixture containing 70% bentonite attained lower hydraulic conductivity than the
mixture containing 30% under same curing conditions. In addition to the high
permeability of quartz sand over bentonite clay, higher quantity of bentonite in the
mixture ensures that voids are filled up with clay minerals upon hydration.

c) The saline groundwater from Guelph Ontario (simulated as solution G in the study)
reduces the swelling pressure of the bentonite-sand mixture, thus resulting in higher
permeability. The salt in the permeating water reduces the thickness of the diffuse
double-layer, consequently leading to low repulsion between the clay particles.

d) Combination of high temperature and salt concentration have amplified negative effect
on the hydraulic conductivity. High temperature decreases the basal spacing between
clay minerals which also contributes to less swelling of the clay minerals.

e) Increasing the initial dry density of the bentonite-sand mixture reduces the hydraulic
conductivity of the barrier material after permeation. This is because bentonite
compacted at a lower dry density tends to have its particles randomly arranged in form
of micropeds, which become fused together eliminating interparticle voids when the
bentonite is compacted to a higher dry density.

The results presented in this paper suggest that the mix proportions, swelling
conditions, Ontario’s groundwater chemistry and temperature influence the hydraulic
conductivity of bentonite-sand barrier material. All of these factors need to be considered in

the design of the EBS for better performance.
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Chapter 5: Technical paper I11: Thermal conductivity and diffusivity of
bentonite-sand backfill materials for a deep geological repository exposed

to saline groundwater

Mohammed Alzamel, Mamadou Fall
(Submitted)

Abstract
Compacted bentonite-sand mixture is recognized as a buffer or barrier material in deep

geological repositories (DGRs) due to its low hydraulic conductivity, mechanical strength, and
chemical stability. However, its engineered properties (e.g. thermal properties) under various
field conditions have not been fully understood. This paper presents experimental results on
the thermal conductivity and diffusivity of compacted bentonite-sand mixture exposed to saline
groundwaters prevalent in some part of Ontario, Canada. Various compositions of the mixture
(20/80 30/70, 50/50, and 70/30 bentonite/sand ratios) were compacted to its maximum dry
densities and then inundated with distilled water (DW), simulated solution of Guelph (G) and
Trenton (T) regions groundwater for up to 60 days at room temperature. The results indicated
that an increase in the constituent pore fluid’s salt concentration leads to a decrease in the
thermal conductivity and diffusivity of the material. Also, the increasing the proportion of the
bentonite lowers the thermal conductivity regardless of the chemical composition of the water
which is linked to the low conductivity of clay and water as compared to the quartz sand.
Increase of void ratio was also observed to affect the thermal conductivity negativity by
reducing the compactness of the solid particles and subsequently slowing down the rate of heat
transfer. Prediction models were further developed for the estimation of the thermal
conductivity of bentonite-sand mixtures in G and T saline waters. The findings from the study
will contribute to a safer design of the engineered barrier material for deep geological disposal
of radioactive waste.

Keywords: Thermal conductivity; pore water chemistry; deep geological repository; dry

density; bentonite—sand mixture; radioactive wastes.
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5.1 Introduction

The engineered barrier and backfill material used in deep geological repositories
(DGRs) for nuclear waste disposal is required to be nearly impermeable and have mechanical
as well as chemical stability to ensure a long-term safe storage (Hicks et al., 2008; Liu et al.,
2019; Guo and Fall, 2018, 2019; Orellana et al., 2019). The low permeability of the barrier
ensures that the highly radioactive waste is not transmitted into the nearby groundwater through
seepage. Mechanical stability of the barrier is also required to withstand earth pressure and
other loadings under DGR conditions (Boyle & Meguid, 2015). Likewise, the barrier material
should have good thermal conductivity to facilitate the quick and effective dissipation of the
heat generated from the cannisters containing the nuclear waste material into the surrounding
geoenvironment (Mishra et al., 2017). A composite mixture of bentonite and sand is widely
being considered as a promising barrier and backfill material due to its better performance over
pure bentonite with respect to the heat transfer ability and mechanical properties (Shehata et
al., 2021).

Previous studies have shown that addition of sand to the bentonite improves the overall
thermal conductivity of the barrier material. An experimental study by Xu et al. (2016) revealed
that the thermal conductivity of a bentonite-sand mixture generally increases with the increase
of the sand content. However, the results showed that the rate of the increase of thermal
conductivity diminishes at sand contents greater than 30%. Mishra et al. (2017) also compared
the thermal conductivity of bentonite-graphite mixtures with that of bentonite-sand mixtures at
a drier density and water content at different mixing ratios. Their findings indicated that there
was a significant improvement in bentonite’s thermal conductivity when graphite was added.
Chen et al. (2018) measured thermal conductivity of 17 smectite clays from 13 depositions.
Based on their measurement outcomes, the researchers found the value of thermal conductivity

to be conjointly influenced by soil structure or characteristics, such as mineral composition,
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the microstructure of clay sample, the dry densities and the water contents of the soil. The
results reported from the research indicated that the increase in the sand contents led to the
increase of bentonite/sand mixtures’ thermal conductivity (Chen et al., 2018).

Although both thermal conductivity and diffusivity are associated with the heat
conduction characteristics of materials, the latter is rarely used in the design of barrier systems
despite being equally important (Salazar, 2003). The thermal diffusivity simply represents the
rate of the spread of heat or temperature within a conductive medium (Mishra et al., 2019).
Materials with high thermal diffusivity dissipate heat rapidly, which facilitates fast cooling
(Zhang, 2016). Within rock formations, the thermal diffusivity has been found to increase with
increase in temperatures and water content of the conductive media (Zhang, 2016). Thus,
understanding the variation of the thermal conductivity of a barrier material under different
conditions is vital for a proper design of DGR structures.

The swelling behaviour of bentonite as well as its resulting strength and thermal
characteristics largely depend on the chemistry of the water it is exposed to (Pastina and Hella,
2006; Santiago et al., 2007). The proposed DGRs locations in Ontario, Canada, are known to
have groundwaters with high concentration of salts which may permeate into the engineered
barrier system (Jensen et al., 2009; Fall et al., 2014, 2018). Water salinity has been observed
to limit the swelling potential of bentonite through the alteration of the clay minerals (Karnland
et al., 2007). The inhibition of the clay swelling is proportional to the ionic strength of the
saline solutions, which is further exacerbated by molar concentration (Karnland et al., 2007).
Similarly, a compacted mixture 50% bentonite and 50% sand showed lower thermal
conductivity when exposed to saline water as compared to distilled water (Siddiqua et al.,
2017). This has also been observed in other soils, such as clay loam (Abu-Hamdeh & Reeder,
2000), pluvial particulate (Presley et al., 2009) and loess sediment (Yan et al., 2021). None of

the previous studies examined the impact of the saline Ontario’s groundwater on bentonite-
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sand mixture with different blinding ratios. So, the results of these previous studies cannot be
directly transferred to a backfill material in Ontario’s DGR conditions since the chemical
compositions of Ontario’s groundwaters are different from those examined in these previous
studies. This study is aimed at addressing this research and knowledge gap. In response, this
study assesses the thermal conductivity and diffusivity of compacted bentonite-sand materials
of different dry densities and blending ratio when exposed to distilled water and saline
groundwater in Ontario.

5.2 Experimental Program

5.2.1 Materials

Tests were performed with Na-bentonite and GS-20 silica sand with different blending
ratios (20:80, 30:70, 50:50, and 70:30 dry mass). The particle size distributions form the
different mixtures are shown in Figure 2. These mixtures were immersed with different
chemical compositions of water solutions.
5.2.1.1 Bentonite

An MX-80 bentonite clay extracted from Wyoming; USA was used in this study. Table
5.1 and 5.2 present the physical properties and chemical composition of the bentonite. The
dominant mineral in the clay is montmorillonite, with traces of quartz, calcite, kaolinite and
feldspar as shown by XRD analysis in Figure 5.1. The major exchangeable cation is Na*, which
has a cation exchange capacity (CEC) of 105 meg/100 g. The grain size distribution curve of
the bentonite is given in Figure 5.2. The particle size distribution was determined by conducting
a sieve analysis on particle sizes greater than 75 um and using a sedimentation process on

particle sizes less than 75 um, which follow ASTM standard D422-63.
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Table 5.1. Properties of the MX-80 bentonite

Property Description
Specific gravity 2.66
Liquid limit (%) 530
Plastic Limit (%) 48.5
Total specific surface area (m?/g) 512
Cation exchange capacity (mmol/100 g) 105
Montmorillonite content (%) 90

Table 5.2. Chemical composition of MX-80 bentonite

Chemical Element Composition %

Silicon dioxide Si0O- 63.59
Aluminium oxide AlOs 21.43
Iron oxide Fe20s 3.78
Calcium oxide CaO 0.66
Magnesium oxide MgO 2.03
Sodium oxide Na:O 2.70
Potassium oxide K20 0.31
Bound water H:0 5.50
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Figure 5.1. Mineralogical content of the MX-bentonite as observed by XRD
analysis

5.2.1.2 Sand

Pure quartz sand containing 99.99% silica was used to produce the bentonite-sand

mixture. It has a specific gravity of 2.65 and made up of fine to medium particles with size

ranging from 0.2 to 1.9 mm (Figure 5.2). A sand sieve analysis was performed by following

ASTM standard D6913-04 to develop the grain size distribution of the sand (Figure 5.2),
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5.2.1.3 Solutions

10

Two solutions were prepared in the laboratory with chemical compositions as found in

the groundwaters in the Guelph and Trenton regions of Ontario. Distilled water was used as a

control solution. The chemical compositions and properties of the solutions are presented in

Table 5.3. The main constituent salts in the Guelph and Trenton solutions are calcium chloride

(NaClz) and sodium chloride (NacCl).

Table 5.3. Main chemical composition and characteristics of the synthesized groundwaters

Element Distilled Water (DW) Guelph Water Trenton Water (T)
()

Ca (g/l) 0 57 23.0

Na (g/l) 0 39.0 40.0

Mg (g/l) 0 8.7 55

K (g/l) 0 3.9 2.0

Cl (gl 0 191.0 121.0

SOs4 (g/1) 0 0.2 0.6

TDS (g/l) 0 300 192

pH 7 5.7 6.5
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5.2.2 Specimen preparation and mix proportions
5.2.2.1 Compaction tests

To obtain the maximum dry densities of the various bentonite-sand mixtures,
compaction tests were conducted in accordance with ASTM D698 standard. Each bentonite-
sand mixture was compacted at varying moisture contents using standard Proctor mold and an
intermediate energy level. The maximum dry density and optimum moisture contents (Figure

3) were determined and used for the determination of the thermal conductivity and other tests.
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Figure 5.3. Dry density and moisture content curves of different bentonite—
sand mixtures

5.2.2.2 Treatment of specimens

The different ratios of bentonite -sand mixtures (20:80, 30:70, 50:50, and 70:30 dry
mass) were mixed with DW to achieve the desired water content obtained from Figure 5.3. The
prepared mixtures were then sealed in plastic bags at room temperature (24 °C) for 72 hours to
ensure an even moisture distribution. Afterward, the mixtures were used to prepare compacted

specimen based on the target dry density. A calculated amount of the bentonite—sand mixtures
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were statically compacted to a polycarbonate tube with a diameter of 50 mm and a height of
100 mm. For each specimen, an appropriate amount of the mixtures corresponding to dry
densities of 1.4, 1.6, 1.7, 1.8, or 2.0 g/cm3was compacted to 20 mm height in the tube. The
remaining height of 80 cm was left to allow for free swelling. The specimens were placed into
a reservoir containing an inundation water, DW, G or T as shown in Figure 5.4. The tube was
covered with a porous disk at the bottom to allow capillary based permeation but left open at

the top to allow free swelling.

Figure 5.4. Compacted specimens placed in a water reservoir for inundation

5.2.2.3 Thermal properties measurements

Cured specimens were tested for thermal conductivity and thermal diffusivity using
KD2 Pro analyzer by Decagon Devices (Pullman WA, USA). The instrument measures thermal
properties based on infinite line heat source theory, and thus determines the thermal
conductivity by evaluating the rate of heat dissipation from a metallic probe into the material
being monitored (Decagon, 2006). For this study, a KS-1 probe with a length of 60 mm and
diameter of 1.27 mm was used to measure the thermal conductivity. The needle has an accuracy

of + 5% for measurement values in the range of 0.2 to 2 W/mK. Thermal diffusivity was
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measured using an SH-2 dual needle sensor, which has an accuracy of £ 10% for measurements
values over 0.1 mm?/s. Calibration was done before the actual testing using pure glycerol
liquid. For each specimen, measurements were taken by inserting the KS-1 needle into the
sample and the thermal conductivity was displayed on the sensor monitor after equilibrating
for few minutes. The measurement was repeated at a minimum of 3 different locations and the
average was calculated as the thermal conductivity of the sample. The variation between values
obtained in repeated tests was less than 5%.
5.2.2.4 Specific gravity and void ratio determination

After inundating the bentonite-sand mixtures in solutions with different chemical
compositions, transformations were observed. To compare these changes for the various
samples prepared in the study, specific gravity (Gs) was determined in accordance with the
ASTM D854 using a pycnometer. VVoid ratio was determined based on the dry density (pd) and

the Gs as follows

_Gs_pd
e =
Pa

5.2.2.5 Microstructural analyses

To have a better understanding of the mechanisms responsible for the thermal behaviour
of the bentonite-sand mixtures, additional tests or analyses were carried to study the
microstructural variation of the samples. The tests are mercury intrusion porosimetry (MIP)
and scanning electron microscopy (SEM). For both tests, cured specimens were first oven-
dried at 45 °C temperature for 4 days. MIP was performed using Micrometrics AutoPore I11
9420 porosimeter (Micrometrcs, Norcross, US) to determine the distribution and volume of
pores by mercury intrusion. The MIP test was conducted at the porous materials Inc. (PMI)
laboratory facility, New York, USA. On the other hand, the SEM was conducted using Hitachi

3500-N microscope (Hitachi Ltd., Tokyo, Japan), with which microscopic texture and
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materials configuration of the specimens were observed. The SEM test was performed at the
Microanalysis lab, University of Ottawa.

5.3 Results and Discussion

5.3.1 Time dependent change of thermal conductivity and diffusivity of bentonite-sand
mixture.

Figure 5.5a shows the thermal conductivity of 30/70 bentonite-sand mixture compacted
to an initial dry density of 1.63 g/cm? and inundated in three different solutions (DW, G and T)
for up to 60 days. Measurements were taken when the specimens were fully saturated. As it
can be observed from the figure, the thermal conductivity decreased with time for all the three
waters. Most of the reduction (up to 15%) occurred during the first 14 days and only slightly
decreased thereafter until 60 days (6%). This is because bulk of the change in the structure of
the composite material due to swelling occurs at the initial stage since there is availability of
sufficient absorption water. Generally, the swelling pressure in expansive clays tends to change
exponentially after being exposed to water and then maintain a near uniform trend after a
reaching a peak value (Montes-H et al., 2003; Komine, 2004; Kolay and Ramesh, 2015;
Shehata et al., 2021). The swelling of the mixture controls some of the parameters that are
responsible for how heat is transferred in soils. These parameters include the degree of contact
between solid particles, the soil structure, and the amount of voids (filled with air or water)
(Coté and Konrad, 2005; Wang et al., 2017). Based on the SEM and MIP results presented in
Figure 5.6 and Figure 5.7, the compacted bentonite-sand evidently has less total porosity after
3 days of inundation (swelling) than it has after 60 days. The cumulative pore volume in the
60 day-specimen is 0.05 mL/g as opposed to 0.04 mL/g in the 3 days specimen. With high
degree of swelling, the mixture contains more water after 60 days, which translates to air voids
in the MIP test. It can be clearly seen from the SEM image that the 60 days (Figure 5.6b)

specimen has some pores while 3 days (Figure 5.6a) appears to be intact. It should be mentioned
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that the thermal conductivities of distilled water, bentonite clay and quartz sand in pure forms
are respectively about 0.6 W/mK, 0.7 W/mK and 7.5 W/mK (Li et al., 2013; Zhang et al.,
2015). When fully saturated, bentonite and quartz sand have thermal conductivities of about
1.5 W/mK and 3.4 W/mK, respectively (Zhang et al., 2015; Carpenter, 2019). This range of
values indicate that the thermal conductivity of clay particles increases with the increase of the
amount of the absorbed pore water while that of quartz sand decreases with the increase of
absorbed pore water. Considering that there is 70% sand in the mixture, and the effect of water
on sand thermal behaviour is more pronounced, the observed drop in thermal conductivity of
the mixture is largely due to the change in the amount of absorbed water in the mixture and the
interparticle spacing due to swelling.

Similarly, the thermal diffusivity of the compacted bentonite/sand mixture show a
steady decrease with time regardless of the inundation solution (Figure 5.5b). The change can
also be discussed based on the variations of the thermal diffusivity of the individual elements,
in pure form and as composites. Thermal diffusivities of water, bentonite clay, and quartz sand
in pure form are about 0.14, 0.25 and 1.4 mm?/s respectively (Salazar, 2003; Sun and Hu, 2019;
Xu et al., 2021). Thus, as the barrier material swells by absorbing more water, the thermal
diffusivity will continue to decrease. This is consistent with what has been observed in previous
studies on heat transfer within wet soils. According to Tikhonravova (2007), wetting a soil
containing either saline or non-saline results in the decrease of heat flux within the soil mass
provided the water content is above the maximum hygroscopic level. The hygroscopic water
refers to the water content that is tightly held in the soil due to adhesion, which is much less
than the saturated water content (Amer, 2009). Thus, as the bentonite-sand mixtures absorbed
more water beyond the hygroscopic water level, the thermal diffusivity of the material become

less.
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5.3.2 Effect of pore water chemistry on the thermal conductivity and diffusivity of

bentonite-sand mixture.

On the other hand, Figure 5.5a and 5.5b also reveal that the groundwater chemistry has
a negative effect on the thermal conductivity and diffusivity of bentonite-sand mixture.
Specimens inundated with distilled water has the highest thermal conductivity (1.83 W/mK
after 7 days and 1.69 W/mK after 60 days), followed by solution T (1.78 W/mK after 7 days
and 1.60 W/mK after 60 days) and solution G with the lowest (1.77 W/mK after 7 days and
1.55 W/mK after 60 days). Similarly, the thermal diffusivity varied from 1.55 mm?/s to 1.1
mm?/s; 1.55 mm?/s to 0.99 mm?/s; 1.55 mm?/s 0.6 mm?/s for the DW, T, and G solutions,
respectively. As provided in Table 2, the total dissolved solids in solutions G and T are
respectively 300 g/L and 192 g/L signifying higher level of salinity in the former, which is
dominated by Na and Ca salts. This lower thermal conductivity values of the samples exposed
to the saline solutions G and T results from the combined effects of the following factors.
Firstly, high water salinity has been reported to cause chemical and/or mineralogical
transformations in bentonite-based buffer materials (Honty el al., 2004; Karnland et al., 2007;
Elert et al., 2008). These changes would affect the swelling capacity of the mixture, which
determines the pore structure and configuration of the bentonite-sand particles. Generally, the
swelling pressure in a bentonite-based material is mainly generated by either crystalline
swelling or double layer swelling (Wang et al., 2014; Zhang et al., 2019). The hydration of the
exchangeable cations (i.e., Na*, K*, Mg?*, and Ca?*) in the mineral layers is the source of the
crystalline swelling. Na-montmorillonite, which is the dominant mineral in the MX-80
bentonite (Table 2), is the most expansive of all the montmorillonite minerals that give the clay
its high swelling capacity (Odriozola and Guevara-Rodriquez, 2004). The higher salt
concentration in the solutions T and G reduced the swelling ability of the clay by partially

transforming the Na-montmorillonite into Ca-montmorillonite through cation exchange
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(Charlet and Tournassat, 2005; Segad et al., 2010; Karpinski and Szkodo, 2015). Both solutions
have high amount of the Ca?* ions (Table 3), which have greater affinity for the montmorillonite
minerals than the univalent Na* ions (Tournassat et al., 2011; Akinwunmi et al., 2020). The
transformations can be observed from the XRD diagrams in Figure 5.8 for mixtures exposed
to both DW and G solutions. The predominantly Na-montmorillonite minerals in the DW, were
extensively converted into Ca-montmorillonite when saturated with the saline solution. The
effect of this on the swelling of the mixture can be vividly observed from the SEM images
(Figure 5.9), with the specimen exposed to DW having more intact particle’s structure or finer
pore structure (less void) and the one exposed to solution G has the most spacing or voids
(coarse pore structure). Packed clay and sand particles with less spacing improves the thermal
conductivity (Abu-Hamdeh and Reeder, 2000; Ochsner et al., 2001). Another way the saline
solution affects the swelling capacity of the bentonite clay is weaking the repulsive forces
between the clay particles. This occurs due to the negative effect the dissolved saline ions have
on the diffuse double layer (DDL) of the montmorillonite particles in the mixture (Shiranzi et
al., 2011; Weiman et al., 2014). According to Tessier (2013), increasing the salt concentration
decreases the double-layer swelling between the clay quasicrystals which consequently reduces
the overall swelling pressure in the mixture.

Beside the transformations on the clay, the salt concentration in the pore water of the
compacted bentonite-sand mixture has a strong negative correlation with the thermal
conductivity, as noted by Siddiqua et al., (2018) too. The primary reason for this is the fact that
saline solutions have lower thermal conductivities than pure distilled water (Ramires and Nieto
de Castro, 1994; Casas et al., 2013; Siddiqua et al., 2018). It is important to point out the
positive correlation between the thermal conductivity and thermal diffusivity for the three
different solutions. Mixtures exposed to distilled water has the highest values for both

properties consistently, followed by solution T and then solution G. Previous studies have
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shown that the thermal diffusivity of materials has a direct relation with their thermal

conductivity as (Tikhonravova, 2007; Casas et al., 2013).
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5.3.3 Effect of bentonite content on the thermal conductivity and thermal diffusivity
Regardless of the water salinity, the thermal conductivity of the bentonite-sand mixture
decreases with the increase of the clay proportion as shown in Figure 5.11. As pointed out in
the previous section, quartz sand has higher thermal conductivity as compared to bentonite,
therefore, the variation observed is largely govern by the thermal behaviours of the materials.
Liu et al. (2019b) observed that any increase in the bentonite fraction in a quartz sand-
bentonite-carbon fiber composite beyond 10% is accompanied by the decrease of the thermal
conductivity. They associated the impact with the low thermal conductivity of bentonite
compared to other materials in the mixture. Besides that, high percentage of bentonite clay in
the mixture leads to absorption of more water due to its swelling potential. As the amount of
water within the mixture increases, the contact between the solid particles is weakened, thereby
lowering down the rate of heat transfer of the material (Yun and Santamarina, 2008; Dong et
al., 2015). This in agreement with the pore structure or particles arrangement of the 30/70 and
70/30 specimens as seen from the SEM images in Figure 10 a and b. The grains of sand in
30/70 specimen can be seen clearly with the bentonite serving as a filler. For the 70/30
specimen, the sand is not obvious, and the material has a lot more pores that were formed by

the drying of absorbed water. The evidence of the high porosity can be seen from Figure 5.12,
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with the mixture containing 70% bentonite having a total porosity of 0.09 mL/g while that
containing 30% bentonite has only 0.05 mL/g. Thus, having an adequate amount of sand in the
mixture does not only improve the mechanical strength of the barrier material, but also

improves the thermal conductivity.
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Figure 5.10. Effect of bentonite/sand ratio on the thermal conductivity (a)
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Figure 5.12. MIP cumulative pore volume for compacted bentonite-sand
mixture with different bentonite/sand ratios

5.3.4 Prediction of thermal conductivity in of bentonite-sand mixture in saline solution
Multiple researchers have attempted to model the thermal conductivity of clayey soils
as well as clay-based mixtures based on different input variables. Most of the mathematical

models used geomaterial properties such as particle size, density, clay content, water content
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and mineral contents as the main parameters (Gualtieri et al., 2010; Mishra et al., 2017).

Perhaps, the choice of the input variables relies on the manner by which heat is transferred

through conduction (Mishra et al., 2017). In soils, the conduction occurs through the packed

solid particles and available water molecules, if not dry. The magnitude of thermal conductivity

would, therefore, depends on the nature of the materials and how densely there are packed

(Mishra et al., 2017). As summarized in Table 5.4, the reviewed models have limited

applicability on the barrier material made of bentonite/sand mixture exposed to different

groundwaters.

Table 5.4. Accuracy and limitations of various predictive models of thermal conductivity of
compacted clay materials

Model

Model expression

Notes

Bruggeman

(1935)

Kersten

(1949)

For sandy soils:
k, = 0.1442[0.7 log(w) — 0.4] X
100.6243yd
ke = 0.001096 x 10°8116xa
+ 0.00461w
X 100.9115yd
For Fine grained soils:
k, = 0.1442[0.9log(w) — 0.2] X
100:6243va
kr = 0.001442 x 10°373%7a

+ 0.001226w
X 100.4—994]/d

With Az%. Where kmp is the
predicted thermal conductivity, kd is
the thermal conductivity of
suspended particles, ke is the thermal
conductivity of the continuous
phase, P4 is the volume of fraction of
spherical particles. This model is
only limited to a 50:50
bentonite/sand mixture with sand
being considered in a suspended
phase.

k, 1s the thermal conductivity of
unfrozen soil, kf is the thermal
conductivity of frozen soil, w is the
moisture content, and y, is the dry
unit weight. Even though the model
has a relatively high correlation
coefficient (R = 0.72), it is only
suitable for either purely sandy or
fined grained soils.
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Johansen

(1975)

de Vries

(1963)

Mclnnes

(1981)

For sandy soils:

k., = 0.7log(S,) +1
krf = ST

For fine grained soils:
kr, = log(S;) +1
krf = ST

k:kr (ksat - kdry) + kdry

k = kafl +f:s‘)(sks +fa)(aka
Xf + f.;'XS + fa)(a

k(6) = A+ B6

—(4

— D) exp[—(C6)7]
A =0.65—0.78p, + 0.6p}
B = 1.06p,0

C=1+%[@w

D =0.03 + 0.1pf
E=4

ksat IS the thermal conductivity of the
soil in saturated conditions, Kary is
the thermal conductivity at
completely dry conditions, kr is
termed Kersten number, which is the
influence of the degree of saturation
on normalized thermal conductivity,
Sr is the degree of saturation, ks is
the normalized thermal conductivity
of frozen soil, kry is the normalized
thermal conductivity of unfrozen
soil. This model is only suitable for
pure sandy soils on one hand or for
fined-grained soils having a degree
of saturation above 20% (Mishra et
al., 2017; Siddiqua et al., 2018).

ksis the thermal conductivity of
solids, k. is the thermal conductivity
of air, ky, is the thermal conductivity
of the fluid, f;is the weight factor for
the solids, f, is the weight factor for
the air, y,is the fraction of air in the
soil, xis the fraction of fluid in the
soil, y, is the fraction of solids, The
correlation coefficients for this
model are very low due to errors
causing overprediction (R = 0.32)
and underprediction (R = 0.39).

The parameters A, B, C, D, and E are
empirical terms determined based on
soil properties. p,, is the bulk density
of the soil, 8 is the moisture content,
and f.q, is the clay fraction in the
soil. This model considered soils
that are very closely similar to the
barrier material used in the current
study. However it did not put into
consideration the chemistry of the
water in the soils.
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MDD Therm
by Arnepalli

et al. (2004)

Cote and

Konrad

(2005)

Lu et al.

(2007)

Chen (2008)

2 =0.01 x (ax 1073+06243xva)
k

k
= (ksat

T

_ XlO—nn) [ AS.
1+ A —-1)S,

+ XlO—nn

k:ks (ksat - kdry) X kr + kdry
Ky = exp [a(1 — 5719%)]

kgry =—an+b

k = kgpe[(1— 0.0022)S, +

0.0022]078n

a is an empirical parameter that is a
function of the water content and the
type of soil, y, is the dry unit weight
of the soil. The model has a very low
prediction  accuracy with a
coefficient of correlation, R = 0.32.

ksat is the thermal conductivity of the
soil in saturated conditions, y and n
are material properties related to the
particles shape, A is texture factor for
the soil, and n is the porosity. The
soils used to develop the model were
classified into crushed rocks,
gravels, sand, silt, clay, and peat,
limiting its applicability on soils
with mixed compositions.

Improved version of Johansen
(1975) model with the additional
parameters: a and b are empirical
terms, a is a soil texture parameter,
and n is the porosity of the soil. The
soil modeled in this case is coarse
textured with sand fractions > 40%
which limits the model’s

applicability.

ksat IS the thermal conductivity of
the soil in saturated conditions, Sr is
the degree of saturation, and n is the
porosity. The model was developed
for purely sandy soils with different
gradations.

The thermal conductivity of a mixture of sand and clay can be estimated using the

equation proposed by Mclnnes (1981) as shown by the equation below.

k(9) = A+ BO — (A — D) exp[—(CO)] (1)
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Where 6 is the water content, and the coefficients A, B, C, D, and E are calculated based
on the soil properties. For a saturated mixture, Campbell (1985) stated that the last term of
equation (1) becomes zero. Thus, the thermal conductivity would be

k=A+ B6 (2)

The coefficients are determined from curve fitting using data from DeVries (1963) as

follows
A= 0.65—0.78p, + 0.60p? 3)
B = 1.06p, (4)

Where p, is the density of the mixture in KN/m?,

Because the thermal conductivity results recorded in this research are all for saturated
samples, equation (2) is used to fit the thermal conductivity of bentonite-sand mixtures
permeated with solution G and T. The terms in equations (3) and (4) can be rewritten with four
unknown constants to simplify the modelling process.

A= C; = Cypg + C3pg (5)
B = Cy4pq (6)
Moreover, densities recorded in this research are the initial compacted densities, which differ
from the densities of the mixtures after permeation. However, the final densities of the samples
would be a function of the initial densities, but lower in magnitude. Thus, the equations can be
modified as follows
A= C = Cy[pg — (pa * 6 * C5)] + C3[(pg — (pq * 6 * C5)]? (7)

B = Cu[(pa — (pg * 0 = C5)] (8)

a) Model for estimating thermal conductivity for bentonite-sand mixture permeated in

solution G
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For the mixtures permeated in solution G, the coefficients are estimated as follows:
¢, =0.79; C, = 0.0031; C; = 0.0029; C, = 0.0548; C; = 0.31
The model for the mixture in G becomes
k = 0.79 — 0.0031[p,; — 0.31(py * 6)] + 0.0029[(py — 0.31(p, * 6)]?

+0.0548[(py — 0.31(pg * 6)]

Figure 5.13 show the comparison between the predicted values of thermal conductivity with

those obtained experimentally. It is obvious the model predictions and experimental values

agree well.
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Figure 5.13. Correlation between experimental and predicted data for G solution

b) Model for estimating thermal conductivity for bentonite-sand mixture permeated in
solution T
For the mixtures permeated in solution T, the coefficients are estimated as follows:
¢, =0.80; ¢, =0.003; ¢; =0.0032; C, =0.06; Cs =0.31
The model for the mixture in T becomes
k = 0.80 — 0.003[p; — 0.31(py * 6)] + 0.0032[(pg — 0.31(p, * 6)]>

+ 0.06[(pg — 0.31(py * 0)]
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The results of the model predictions are compared with experimental, and the comparison is
shown in Figure 5.14. It can be seen that there is a good agreement between model predictions

and experimental results.
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Figure 5.14. Correlation between experimental and predicted data for T solution

5.4 Summary and Conclusions

The thermal conductivity and diffusivity of compacted bentonite-sand mixture exposed to
waters of different chemical composition (distilled water, Guelph and Trenton saline
groundwaters) were experimentally investigated and discussed in this paper. Based on the
results, the following conclusions are drawn.

1. The high thermal conductivity of quartz sand dominates the heat transfer behaviour of
the composite buffer material made up of bentonite and sand. Increasing the proportion
of sand in the mixture significantly increases the thermal conductivity as well as the
thermal diffusivity, regardless of the chemical composition of the water. The material
has the greatest thermal conductivity when it is initially compacted as the solid’s
particles are packed closely together allowing the fast transmission of heat. As the clay

particles absorb water, whether pure or saline, the contact between the weakens, which
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lowers down the thermal conductivity. This is because water is the least conductive
material in comparison to bentonite and quartz sand, especially when it contains
dissolved salts.

2. The pore water chemistry or the chemical composition of Ontario’s groundwaters has
a significant influence on the thermal conductivity and diffusivity of compacted
bentonite-sand mixture. Dissolved salts lower the conductivity of the pore water and
also triggers the transformation of the Na-montmorillonite mineral into less swelling
Ca- montmorillonite. Also, increasing the salt concentration decreases the double-layer
swelling between the crystals of the clay which consequently reduces the overall
swelling pressure in the mixture.

3. The porosity of the bentonite-sand mixture, whether filled with air or water, plays a
significant role on the thermal conductivity and diffusivity, irrespective of the chemical
composition of the water. The thermal conductivity was observed to decrease with the
increase of void ratio. Spacing between the solid particles slows down the rate of heat
transfer within the buffer material.

4. Using the volumetric water content and the dry density of the bentonite-sand mixture,
a model was developed to predict the thermal conductivity of a buffer material exposed
to Guelph and Trenton saline groundwaters. Both models agree with experimental
studies and have an R-squared values of 0.93 and 0.90 respectively.

The findings from this study shed light on the thermal properties of compacted bentonite-sand
mixture used as a buffer material in saline groundwaters prevalent in some parts of Ontario,
Canada. It will help in a more effective design of the engineered barrier material for deep

geological disposal of radioactive waste.
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Chapter 6 Synthesis and Integration of Results

6.1 Introduction

For a better understanding of the effects of pore water chemistry and temperature on
the properties (swelling capacity, thermal behaviour, and hydraulic conductivity), the results
obtained from the three technical papers are integrated and discussed in this chapter. Each of
the technical papers has a main objective of investigating a particular performance property,

but the key findings are inter-related. Table 6.1 gives a summary of the tests conducted.

Table 6.1. Summary of influential factors studied in the research work
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In the following sections, the key factors responsible for the variation of the swelling, thermal,
and hydraulic properties of the bentonite-sand barrier material will be discussed. These factors
are i) mix proportion ii) initial density iii) curing time iv) pore water chemistry v). curing

temperature.

6.2 Effect of mix proportion

Quartz sand is introduced in the barrier material mainly its better mechanical and
thermal property as compared with bentonite clay. The experiments conducted used different
bentonite-sand blending ratios (20/80, 30/70, 50/50, 70/30, and 80/20) to study the properties

of the composite barrier material. As shown in Figure 6.1 A major influence observed from the
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results is on the swelling behaviour, which in turn dictates other properties. As measured by a
one-dimensional swelling strain, increasing the proportion of sand in the mixture results in the
decrease of the swelling strain. For example, with an initial compacted density of 2.0 g/cm3,
the specimens containing 30% and 70% sand reached maximum swelling strains of 305% and
191% respectively. Also, specimens with high sand content attain maximum swelling strain
much earlier than the specimens with low sand content. Understandably, the swelling is mainly
caused by the clay particles, therefore mixtures with high bentonite content would undergo
more swelling after being exposed to water. Because the hydraulic conductivity is also
dependent on the swelling, mixtures containing higher sand contents were observed to be more
permeable. Beside its lack of swelling potentials, the range of the particle sizes of the sand also
influences the hydraulic conductivity. Large sand particles increase the hydraulic conductivity
of the mixture. On the other hand, incorporation of sand in the barrier material has beneficial
effects on the thermal properties. Due to its higher thermal conductivity, increasing the
proportion of sand leads to an increase in both thermal conductivity and diffusivity. Also, high
percentage of bentonite clay in the mixture leads to absorption of more water due to its swelling
potential. When the pore water within mixture increases, the contact between the solid particles

is weakened, thereby lowering down the rate of heat transfer of the material.
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Figure 6.1. Effect of sand content on the properties of the bentonite-sand mixture

6.3 Initial compacted density

The initial density of the bentonite-sand mixture plays a significant role on its behaviour
after being exposed to water. The results from this study revealed that compacting the mixture
to a higher initial density significantly improves the swelling strain and other performance
properties. For any given bentonite-sand ratio, higher dry density is associated with a smaller
volume of voids in the mixture, which in turn increases the swelling strain and swelling rate.
In other words, increasing the density means that there is more clay in the barrier material per
unit volume, which would be available for hydration when exposed to water. Thus, mixtures
with higher compaction density will have higher swelling strain mainly from the cumulative
expansion of the clay minerals. As indicated earlier, high swelling pressure leads to more
compact barrier material with low hydraulic conductivity. Moreover, compaction alone is a
common means of reducing the permeability of engineering materials. Likewise, when the clay
and sand particles are intact, the rate of heat transfer becomes high, which translates to high

thermal conductivity and diffusivity.
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6.4 Curing (permeation) time

The permeation time is also an important determinant of the properties of the bentonite-
sand mixture because it governs the water intake by the bentonite clay. Typically, the mixture
continues to swell (as shown by the one-dimensional swelling test) after being inundated with
water until reaching a maximum swelling. The time to reach the maximum swelling strain
depends on different factors namely, the initial dry density, the bentonite-sand proportion, and
the salinity of the permeation water. For lower values of initial compacted density, the mixture
reaches maximum swelling strain earlier than the 100 days employed in the study, while denser
mixtures continued to swell. A 70:30 bentonite-sand mixture with an initial density of 1.4
g/cm3 reached its maximum swelling strain of 265% after about 60 days, and then stays
constant. However, the same mixture compacted to 2.0 g/cm3 reached a swelling strain of
305% after 100 days while still expanding. However, a general trend has been observed in all
the swelling strain curves. The swelling mechanism of the bentonite-sand mixture is divided
into three stages: initial swelling (inter-void swelling), primary swelling, and secondary
swelling (Cui et al., 2012; Rao and Thyagaraj 2007; Suzuki et al., 2005). Most of the swelling
occurs during the primary swelling stage of the clay, whereby the cations exchanged between
the crystal layers are hydrated. The primary swelling has typically been observed to span
between 0.1 days to about 10 days of permeation and its curve is non-linear. The secondary
stage of swelling follows a linear relationship (Cui 2019; Rawat et al., 2019) and is
characterized by the creation of double layer. Moreover, the swelling of the bentonite-sand
mixture is what mainly governs the hydraulic conductivity which decreases with the
permeation time. As the clay expand, the pores in the mixture are eliminated making it less
permeable. The thermal conductivity and diffusivity also have a negative correlation with the
permeation time. The decrease is caused by the absorption of water which has very low thermal

conductivity.
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6.5 Porewater chemistry
The three solutions used for the permeation of the barrier material are distilled water (DW),
simulated Guelph groundwater (G), and simulated Trenton groundwater (T). Highest rate of
swelling of the bentonite-sand mixtures was achieved when exposed to DW, followed by the
T solution and finally the G solution having the least swelling. Thus, the swelling capacity of
the bentonite clay diminishes when exposed to the saline solutions, with the TDS in the solution
being the key determinant factor. Higher volume of TDS causes a reduction in the thickness of
the double diffused layer (DDL) of the montmorillonite minerals which leads to a decrease in
the repulsive forces between the clay particles (Siddiqua et al., 2011). Also, the cations present
in the solutions G and T causes partial transformation of Na-montmorillonite minerals into Ca-
montmorillonite, which less expansive. The reduction of the swelling capacity by the saline
water leads to high porosity in the bentonite-sand mixture, and consequently resulting in high
hydraulic conductivity.
Likewise, thermal conductivity and diffusivity of the barrier material have both been observed
to decrease in the presence of the saline waters. Also, the hinderance on the swelling capacity
of the clay by the saline solutions is the main reason for the decrease in the thermal properties.
In addition, saline water have lower thermal conductivity than pure distilled water (Ramires
and Nieto de Castro, 1994; Casas et al., 2013), and also contribute to the changes observed.
6.6 Curing temperature

In addition to room temperature, the experimental tests were also conducted at a
temperature of 80 oC to investigate how heat may affect the performance of the barrier material.
Using DW for permeation, the high temperature only reduces the swelling strain of the
bentonite-sand mixture by only about 2%, which is insignificant. However, when permeated
with solution G, the swelling strain of the material was observed to significantly decrease. The

mixture containing 70% bentonite recorded the highest decrease in swelling strain of up to 43%
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when the curing temperature was increase from room to 80 °C. This is because higher
temperature accelerates the chemically induced degradation of the swelling capacity of the
material (Cuevas et al., 2022). The chemical degradation could be a) the dissolution rate of the
smectite, which would reduce the amount of expansive minerals (montmorillonites) in the B/S
mixture; b) the transformation of Na-montmorillonite minerals to Ca-montmorillonite which
has a lower swelling potential; and c) the lattice contraction in different clay structures. Both b
and c¢ were confirmed by the microstructural analyses performed in the study. Like the other
factors, reduction of the swelling strain by high temperature consequently influences other
properties of the bentonite/sand mixture. Interestingly, even though the change in swelling
strain for DW is insignificant, the hydraulic conductivity was observed to increase considerably
at the high curing temperature. Main reason for that is the redistribution of the pores in the
mixture when the temperature increases (Romero et al., 2001).
6.7 Novel Contributions of the Research

The use of bentonite-sand mixture as buffer material in DGRs is new, its performance
characteristics are still being studied by many researchers in the field. Some of these studies
have shown the benefits of the incorporation of sand in the mixture such as improvement of
mechanical strength and thermal properties (Akgln et al., 2006; Gatabatin et al., 2016; Shehata
et al., 2015; Siddiqua et al., 2018). However, to ascertain the long-term potentials of the
composite barrier material, its performance under varying ground conditions needs to be fully
understood. One of these conditions is the groundwater chemistry. This PhD research has been
motivated by the recent proposal of locations in Guelph and Trenton, Ontario, for the
construction of DGRs for storing spent nuclear fuel generated by the province (Fall et al., 2018.
The groundwater in these two regions is known to have very high salinity. Previous studies on
the effects of saline water on bentonite-based barrier material have only utilized common salts,

such as NaCl and KCI (e.g., Suzuki et al., 2005; Batenipour, 2008; Shirazi et al., 2011; Zhang
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et al., 2012). The saline groundwaters from the proposed locations contain several other salts
with a total dissolved solids of 300 g/l and 192 g/l for Guelph and Trenton respectively. This
is the first time full-scale experimental research is being conducted to specifically study the
influence of the saline waters from these two regions. Furthermore, the research also
investigated the combined effect other variabilities, namely initial compacted density,
bentonite-sand ratio, permeation time, and temperature on the properties of the composite
material. This is a novel approach as there has not been any research in the literature that

investigated the combined effects of these properties on a bentonite-sand buffer material.
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Chapter 7 General Conclusions and Recommendations

7.1 General conclusions

Experimental investigations were conducted in this study to understand the performance
characteristics of bentonite-sand mixture as a barrier material in DGRs. Four main properties,
namely swelling strain, hydraulic conductivity, thermal conductivity, and thermal diffusivity
were studied. Effects of different parameters (mix composition, initial dry density, chemistry
of the permeation water, curing temperature, and curing time) were also studied. The following
conclusions are drawn based on the findings from the research study.

e The swelling strain, hydraulic conductivity, thermal conductivity, and thermal
diffusivity of bentonite-sand mixtures are significantly influenced by the salinity of the
groundwater.

e The saline water reduces of the swelling potential of the barrier material mainly through
(i) the reduction of the DDL thickness of the montmorillonite particles due to a high
volume of TDS and (ii) the transformation of Na-montmorillonites to Ca-
montmorillonites with less swelling potential due to cation exchange.

e The bentonite/sand mix ratio, dry density, and temperature are other influential factors
on the performance of the bentonite-sand barrier material.

e High temperature amplifies the degradation of bentonite clay swelling by accelerating
the transformation of the clay minerals.

e Using the volumetric water content and the dry density of the bentonite-sand mixture,
a model was developed to predict the thermal conductivity of a buffer material exposed
to Guelph and Trenton saline groundwaters. Both models agree with experimental

studies and have an R-squared values of 0.93 and 0.90 respectively.
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7.2 Recommendations

The following are recommended for future studies.

The temperature of 80°C used in the PhD study is based on the maximum temperature
observed from a modeling of DGRs located at 300-700 m deep rocks. A broader study
of the effect of different range of temperatures would be beneficial towards
understanding the behaviour of the barrier material in different scenarios.

More work needs to be done on the effects of other saline groundwaters beyond those
found in Guelph and Trenton regions of Canada.

Additional laboratory and field experiments should be performed for the validation of
the modeled developed for the prediction of thermal conductivity of bentonite-sand
mixture in saline environment.

New models can be developed for the prediction of the hydraulic conductivity and

thermal diffusivity of bentonite-sand mixture in saline environment.
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