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Abstract

The use of sand-bentonite mixtures as a part of engineered multi barrier systems to
ensure long-term confinement and isolation of radioactive waste contained canisters
from the geoenvironment is common in deep geological repositories (DGR). The
efficacy of DGR to contain these canisters highly depends on the long-term
performance of the buffer materials under combined influence of physical, chemical
and thermal loadings. In this study, the fundamental behavior of sand-bentonite buffer
material over wide range of environmental conditions were analyzed and simulated

for several years to evaluate the long-term performance of DGR.

First of all, the selected materials (sand and bentonite) were characterized for
their physico-chemico-mineralogical and geotechnical properties. The thermal
characteristics of sand-bentonite buffer materials were quantified in terms of their
thermal conductivity by employing an in-house fabricated thermal probe. As the
buffer materials need to endure the varying environmental conditions including
temperature and moisture imbalance, a generalized model was developed based on the

experimental studies for the estimation of thermal conductivity.

From the realization of alteration in the moisture regime due to the imposed
thermal loads, state-of-the-art coupled flow studies were developed by simulating a
real life DGR model. The canister was represented by a line heat source and the
spatial and temporal variations of temperature, relative humidity, and volumetric
moisture contents were recorded using data logger. The vapor flow along the radial
distance from the line heat source was quantified from the above measured data by

employing experimentally obtained isothermal vapor diffusivity value.

Further, the buffer material was characterized for their contaminant transport
properties especially gas transport characteristics as the most prominent waste form in
high temperature canister is gaseous in nature. The gas permeability characteristics of
the sand-bentonite buffer materials were ascertained from the pressure decay method,
and the role of molding moisture content and temperature on the gas permeability
characteristics of buffer materials were established by performing gas permeability
experiments at varying test conditions. A generalized relationship for gas permeability
determination was developed by considering the synergetic effect of volumetric air
content (estimated from soil air characteristic curve) and temperature variation.

Similarly, the buffer materials were characterized for their gas diffusion properties in

i



terms of the gas diffusion coefficient and the effect of molding moisture content on

gas diffusion was verified.

The contaminant transport properties of sand-bentonite buffer materials were
also estimated, in terms of their sorption coefficient. The effect of temperature on the
sorption characteristics of buffer materials was recognized by conducting batch
sorption tests at varying temperatures. In addition, the realistic contaminant buffer
material interaction was simulated by estimation of sorption coefficients from column
flow through experiments. Finally, the long-term performance of sand-bentonite
buffer materials was ascertained from the numerical analysis using finite element

based numerical tools for heat flow as well as contaminant migration.

From the analysis it could be inferred that sand-bentonite mixture with 30 %
bentonite content exhibits favorable geotechnical, thermal, and contaminant transport
properties. The long-term performance analysis of the buffer material for heat flow
and contaminant transport properties also reveals the suitability of SB30 with a
maximum elevated temperature of 95°C at the end of 9.5 years, when the initial
canister temperature is 120 °C. Moreover, the effect of canister temperature was
found to have no significant influence beyond a distance of 10 m from the canister
surface. The analysis for safe placement distance between the canisters, resulted in a

reasonable placement distance of 4 m between the canisters.

Keywords: Buffer material, Thermal conductivity, Coupled flow, Water vapor
diffusion, Gas permeability and diffusion, Soil water characteristic curve, Sorption,

Long-term performance.
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Chapter 1
INTRODUCTION

1.1 General

Ever since the mid-twentieth century, nuclear power generation, radioactive materials
utilization in medicine and industry, and nuclear weapons production, etc. have
produced a significant amount of radioactive wastes. The management of the
radioactive wastes is very challenging as it causes or results in physical, chemical and
radioactive hazard. In the present chapter, a brief outline of the role of nuclear power,
classification and disposal strategies of radioactive wastes, etc. are discussed. Further,
the need for the present study, objectives and scope of the study, as well as

organization of the thesis are presented.
1.2 Role of Nuclear Power

Rapid urbanization and industrialization lead to a tremendous increase in demand for
energy. India, the seventh largest country in the world is having a population of
around 1.3 billion with an area of 3.3 million km? (www.indiaonlinepages.com). Even
today, approximately 10 % of India's population faces a severe shortage of electricity
and the remaining is deprived of access to the clean energy such as nuclear power
(Load generation balance report 2016-17). Therefore, ensuring energy security for the
future generations is one of the essential responsibilities the society needs to shoulder
these days. Figure 1.1 depicts the present resources of country’s energy mix for
producing electricity. Even though hydro and coal-fired thermal power plants remain
the mainstay of our electricity production, there is a large need to supplement our
available energy resources with sizable alternative resources to ensure long-term
energy security without compromising environmental impacts. Considering the
waning non-renewable energy resources and inadequate technical advancement in the
renewable energy sector, nuclear energy seems to be the most promising solution to
the forthcoming energy crisis in India. It is an elegant alternative to both thermal and
hydraulic energies. Moreover, the inimitable feature of getting rejuvenated while
being spent also makes nuclear energy sustainable and eco-friendly (carbon-free).
Therefore, the complete dependency of nuclear technology on the availability of fresh

fuel materials gets reduced in a long run (Sengupta et al., 2013).
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Figure 1.1Breakup of installed power capacity in India as on January 31, 2016
(modified from MNRE, CEA)

As on February 2018, nuclear power provides world over about 11 % of
electricity through 450 nuclear power plants with a total installed capacity of 392
GW. At present, 128 nuclear power plants connected to the world energy grid are

built in Asia (nuclear energy institute, www.nei.org).
1.3 History of Nuclear Power in India

Nearly forty years ago Homi Jehangir Bhabha formulated the strategy of Indian
nuclear program. On 10™ August 1948, the government of India has constituted the
atomic energy commission (AEC), under the atomic energy act to launch the atomic
energy program. Precisely, the Indian nuclear power program has commenced in 1969
with the building of the twin-reactor units of the Tarapur atomic power station
(TAPS), employing boiling water reactors (BWRs), with the assistance of United
States of America. Presently, there are 21 nuclear power reactors in operation with a

capacity of 4.56 GW (Bhardwaj, 2013).

The Indian nuclear fuel cycle program primarily depends on uranium imports
since the domestic nuclear fuel reserves of the nation are meager. Russia has been a
major supplier of nuclear fuel to India from early 1990's (The Indian Express, 22
August 2010). In September 2008, India commenced international nuclear trade and
has initiated bilateral agreements for the supply of civilian nuclear energy technology
with countries including France, the United States of America, the United Kingdom,

Canada, Mongolia, Kazakhstan, Argentina, Namibia, and South Korea. Incidentally,



in March 2011 large deposits of natural uranium have been discovered in
Tummalapalle belt in the Southern part of Kadapa basin in Andhra Pradesh, India

(www.wikipedia.org).
1.4 Strategies for Disposal of Radioactive Waste

As of today, India has gained a commendable experience in operating the nuclear
reactors with closed-fuel cycles and is gradually moving towards the amalgamation of
the overall program. The closed-fuel cycle involves reprocessing of spent fuel and
recycling of plutonium and uranium 233 which in turn beneficial in terms of volume
of waste generated (Bhardwaj, 2013). Figure 1.2 presents the schematic of closed-fuel

cycle adopted by Indian nuclear industry.
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Figure 1.2 Schematic of fuel cycle of nuclear industry in India
(modified from Wattal, 2013)

However, this avenue has its own problems pertaining to safe disposal of
waste generated, disposition of spent fuel and possible risks of nuclear weapons
proliferation. The radioactive waste is being regulated by government agencies in
order to prevent environmental degradation and to protect the eco-system as it is
harmful to most forms of life. As per the International Atomic Energy Agency
(IAEA) guidelines, radioactive wastes can be categorized into three kinds based on

the time elapsed for radioactivity to die down, and exposure risk to the environment



and people. They are low-level wastes, intermediate level wastes, and high-level
wastes denoted as LLW, ILW, and HLW respectively. As a waste management
doctrine, the paramount importance is given to the minimization of waste generation

at all stages of design, operation, and maintenance.

In general, radioactive waste management involves three principles: (a) dilute
and disperse; (b) concentrate and contain and (c¢) delay and decay applicable to LLW,
ILW, and HLW, respectively (IAEA, 1994; AERB, 2001). The waste management
strategies for treatment and disposal of LLW and ILW are well established and being
practiced for several decades in an impeccable fashion. These strategies involve
categorization and incineration of the combustible waste, interim storage, treatment,
conditioning, and ultimate disposal in concrete trenches at shallow depths (< 30 m)
called near-surface disposal facilities, NSDFs. Prior to disposal, the solid and liquid
wastes are concentrated, immobilized in cement-based polymer matrices and stored in
interim storage facilities. The gaseous wastes consisting of the exhaust from
ventilation of plant buildings are filtered through high-efficiency particulate scrubbers
and discharged through a high stack (Raj et al., 2006). It has been observed that the
metallic melter technology was established for efficient waste management;
nevertheless, the continuous ceramic-based technology is being pursued for HLW

management and the same is being set up at Tarapur (Raj et al., 20006).

Due to the presence of long-lasting radioactive transmutation reactions, HLWs
cannot be subjected to the similar disposal practices. Because of the hazardous nature
of the HLW, it is first calcinated to immobilize and then vitrified using borosilicate
glass, sealed in stainless steel containers known as canisters, and disposed into deep
geological formations (depth > 300 m) called deep geological repositories, DGR. This
disposal practice is considered to be the best way to isolate radioactive waste from the
surrounding geoenvironment for few thousands of years, as the half-life of major
radionuclides present in these wastes is in the same order of magnitude. Such
repositories involve multi-layer engineered barrier systems to ensure long-term
confinement and isolation of these waste contained canisters from the surrounding
environment. The engineered barrier system (EBS) comprises of either the natural

intact rock mass or salt deposits, engineered buffer or backfill materials.

In view of developing Indian DGR, suitable sites were identified based on in-

situ as well as laboratory investigations. For this purpose, mockup (heat migration)



studies have been commenced in the early eighties at a depth of 1000 m in an
abandoned gold mine. Based on the experimental studies, numerical codes were
developed to model the heat migration phenomena (Raj et al., 2006). Geologically
India is gifted with a number of suitable rock formations viz. granites, basalts, shales,
etc. However, major studies were conducted on granitic formations since the
continental crust in Indian region is covered by these formations with sound thermo-

mechanical, geochemical and geohydrological properties (Mathur et al., 1998).

The pivotal component of the EBS is the buffer material which is made of
either bentonite or a sand-bentonite mixture. Bentonite is a clayey soil with a high
content of smectite clay mineral, having properties that are conducive for isolating
radioactive waste canisters. It has a very low hydraulic conductivity and ion diffusion
characteristics for positively charged radionuclide as well as anions. In addition, the
high swelling potential of bentonite enables the self-sealing of microcracks within the
EBS, interfaces between the EBS and host rock as well as the waste contained
canister. Its thermal properties are adequate to conduct heat away from the canister.
However, the application of bentonite alone as an EBS results in desiccation cracking
upon exposure to moderate temperature emanating from the waste contained canister,
owing to the high volume change behavior of the bentonite. In view of this, it is
recommended to mix the bentonite with non-swelling soils such as quartz sand so that
its volume change behavior is mitigated and hence the chances of desiccation
cracking are minimized. Therefore, the application of sand-bentonite mixtures in
place of natural clays as barriers are less susceptible to shrinkage (Dixon et al., 1985)

and frost damage (Kraus et al., 1997).

During the serviceability of a DGR, the performance of the EBS is influenced
by complex hydro-geological, thermo-mechanical, chemical and biological processes,
due to the release of heat by radioactive decay, multiphase flow of contaminants,
waste dissolution and chemical reactions. Consequently, the efficacy of DGR to
contain the wastes highly depends on the long-term performance of sand-bentonite
buffer under the combined influence of physical, chemical and thermal loadings. In
view of this, the sand-bentonite buffer is expected to hold the containers in place. The
plastic deformability of bentonite is essential to redistribute the stresses resulting from
the excavation and creep of host rock, which in turn may damage the waste contained

canisters. The buffer is also required to facilitate heat transfer from the canister to the



near field host rock and hence to the far field surrounding geoenvironment. It should
have low hydraulic conductivity to limit the entry of groundwater containing
potentially corrosive substances into the repository, and at the same time prevent the

escape of radionuclide through it.

Another important property of the compacted sand-bentonite mixture is the
swell potential which should be reasonably high to warrant the sealing of any
fractures that might have formed during the construction as well as the service life of
DGR. Besides the mechanical and hydraulic barrier functions, buffer material must
also exhibit low diffusion characteristics and sufficiently high sorption affinity
towards contaminants. This will ensure the minimal escape of radionuclides via
diffusion mechanism and optimal retardation towards radionuclides. In addition, the
buffer material should maintain its physical and engineering integrity at elevated
temperatures (up to 150 °C), particularly under a saline environment that may exist in
a waste disposal facility (Dixon et al., 1985). Keeping in view of above-mentioned
requisites, it is essential to understand the fundamental behavior of buffer material
over a wide range of environmental conditions, to ascertain its long-term

performance.
1.5 Objectives and Scope of the Study

Though many researchers have conducted studies on buffer materials pertaining to
their thermo-mechanical behavior and sorption-desorption characteristics
individually, majority of the studies lack a synergetic approach for characterization of
these materials by considering the effect of thermal flux on the migration of moisture
which in turn results in a change of thermal properties. This scenario creates the
coupled transport of moisture and heat which is responsible for the changes of their
fundamental behavior in terms of unsaturated hydraulic conductivity, sorption-
desorption, gas diffusion and permeability characteristics. So, it is mandatory to
characterize the buffer material considering the combined influence of above-

mentioned factors.

In view of this, the primary objective of the present study was to understand
the fundamental behavior of buffer materials under the synergetic effect of physical,
chemical and thermal loadings. In order to achieve this, the study aimed to quantify
the coupled flow of heat and moisture through buffer material. Further, the effects of

temperature and moisture on liquid as well as gaseous contaminant migration
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properties of buffer material were evaluated. The secondary objective of the study

was to ascertain the long-term performance of the buffer material by considering its

contaminant, water vapor, and thermal transport properties variation with time using

numerical tools. Ultimately, this study paves the way to develop a design

methodology for identifying suitable buffer material to contain the hazardous waste in

it.
In order to achieve these objectives, the scope of the study includes the
following.

e Characterization of selected geomaterials (fine sand and sodium bentonite) for
their physical, mineralogical and geotechnical properties.

e Fabrication of an experimental setup to obtain the thermal characteristics of
geomaterials and loss of moisture under the given thermal flux in terms of water
vapor diffusion.

e Quantification of coupled migration of heat and moisture properties of buffer
material.

e Establishing the role of temperature and moisture on the diffusion and
permeation characteristics of buffer material for gaseous contaminants.

e [Evaluation of sorption parameters as a function of temperature (10 °C, 27 °C,
and 50 °C) so as to incorporate the influence of temperature on retardation
behavior of buffer materials.

e Assessment of the long-term performance of buffer material using numerical
tools such as SVHeat and POLLUTE by considering the synergetic effect of
environmental conditions that prevail in a DGR.

1.6 Organization of the Thesis

Chapter 1: Describes the introduction, scope, and objectives of the present study.

Chapter2: Presents the review of literature related to the buffer material

characterization in terms of thermal characteristics and contaminant
transport properties. Based on the reviewed literature, a critical appraisal

of the same is also presented.

Chapter 3: Details the methodologies employed to obtain physical, mineralogical and

geotechnical characteristics of the buffer materials. Methodologies



pertaining to the determination of thermal characteristics, liquid and
gaseous contaminant transport properties such as gas diffusion and
permeation, sorption characteristics, and hydraulic conductivity of buffer
materials are also presented in this chapter. Further, the methodology to

assess the unsaturated soil properties of buffer materials is described.

Chapter 4: Illustrates the results and discussions pertaining to thermal characteristics,

Chapter 5:

gaseous and liquid contaminant transport properties of buffer materials.
The influence of various geotechnical properties and temperature on
these characteristics is established and the details are reported in this

chapter.

Explains the numerical modeling for the estimation of long-term
performance of the buffer materials in DGR. The long-term performance
of buffer materials was assessed by considering the synergetic effect of
environmental conditions that prevail in a DGR, and the details are

illustrated in this chapter.

Chapter 6: Summarizes the findings and major conclusions of the study.



Chapter 2
LITERATURE REVIEW

2.1. General

This chapter presents an overview of literature pertaining to the characterization of
buffer materials for containment of radioactive waste. It includes a brief account of
studies highlighting the influence of various phenomena such as the coupled heat and
moisture migration, gas permeability, gas diffusion, sorption etc. on the long-term
performance of buffer materials. Further, both experimental and numerical
methodologies reported in the literature for assessing these parameters are presented

in this chapter.

In view of providing the comprehensive understanding of buffer materials, the
reviewed literature was purposefully divided into subcategories and the same is

presented in the following.
2.2. Studies on Buffer Material Characterization

As highlighted in the previous chapter, clay mineral based geomaterials are widely
accepted as an efficient buffer material for the effective containment of radioactive
waste. Therefore, majority of the literature pertaining to the studies on buffer material
discusses the characterization of smectite clay mineral based geomaterials particularly
bentonite, and mixtures of sand and bentonite. Though the studies pertaining to this
area have been initiated in the early eighties, they are still in active evolution. The
following paragraphs describe briefly about the attempts made by the previous
researchers to characterize the buffer materials and thereby designing an efficient

buffer material.

Dixon et al. (1985) described a study on the maximum attainable densities of
candidate buffer materials comprised of mixtures of sand and sodium bentonite (Na-
bentonite), and illite for their potential application in the nuclear waste disposal. The
study reported the significant increase in compacted density of Na-bentonite based
buffers with the addition of sand without altering their swelling potential. The
presence of sand in the buffer material also decreased its shrinkage potential as well
as effective soil porosity and thereby the rate of contaminant mass diffusion
decreased. The study concluded that the presence of 50 % sand by weight in the

buffer material resulted in optimal physical properties.



Guven (1990) have investigated the longevity of bentonite as a buffer material.
It has been reported that the longevity of bentonite depends on the stability of the
smectite mineral component as well as on its ability to retain the intended functional
property for a long period of time. Hydrothermal stabilities of smectites considerably
vary according to their chemical and crystal structure properties. Trioctahedral
smectites with Mg>" and Li" as base cations are characterized with very high
hydrothermal stabilities (up to 850 °C) whereas iron-rich smectites exhibit the least
hydrothermal stability. The most common smectites in bentonite are montmorillonites
which are found to be stable up to 400 °C. For extremely hot repository conditions
(i.e., above 300 °C), trioctahedral smectites like saponite and hectorites are considered

to be effective.

Madsen (1998) investigated the mineralogical and geotechnical characteristics
of compacted bentonite in view of its plausible application as a buffer material.
Authors conducted an elaborate study on the influence of steam on the swelling
behavior of bentonite. It has been reported that steam lowered the swelling pressure of
compacted bentonite to about 60 % of its swelling pressure in the presence of water.
The compacted mixtures of bentonite and 20 % by weight of cement showed higher
swelling pressure and lower swelling strain compared to that of compacted virgin
bentonite. The properties of bentonite are influenced to an extent by heat, steam, and
cement; however, the compacted virgin, as well as modified bentonite, are found to be

efficacious.

Further, Studds et al. (1998) measured the swelling behavior and hydraulic
conductivity of sodium bentonite and sand-bentonite mixtures with distilled water and
various ionic salt solutions. The swelling behavior of a sand-bentonite mixture is a
function of the pore fluid chemistry, the applied effective stresses, and the clay-size
fraction. It is observed that in dilute solutions, the bentonite mixtures subjected to
small confining stress swells sufficiently to segregate the sand particles from the
mixture to attain the void ratio corresponding to bentonite alone. Whereas, at high
confining pressure or interaction with strong ionic solutions, the bentonite in the
mixture has inadequate swelling capacity to segregate the sand particles and swelling
is confined to the pore volume created by the sand. The swelling nature of a sand-
bentonite mixture upon interaction with various aqueous solutions is predicted based

on the swelling properties of the bentonite and the load-deformation properties of
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sand. Similarly, the hydraulic conductivity of a sand-bentonite mixture depends on the

void ratio of bentonite, porosity and the tortuosity of the bulk matrix.

Yong (1999) conducted a detailed study on the influence of clay
microstructure and internal energy on transport phenomenon through partially
saturated expansive soils. The study also attempted to identify the compatibility

between conceptual and numerical models.

Stewart et al. (2003) conducted studies on swelling and hydraulic conductivity
of bentonite enhanced sand (BES) mixtures for their performance as environmental
barriers. Authors observed sufficient swelling of bentonite within BES mixture at low
effective stresses and described a prediction model based on Archie's equation by
considering the tortuosity for swelling and hydraulic conductivity of BES upon

interaction with various pore solutions.

In the following year, Komine and Ogata (2004) proposed a new method for
predicting swelling characteristics of buffer materials. The swelling characteristics
were determined from two sets of experiments; the first test is dedicated for
measurement of bentonite swelling pressure and the other is for estimating the rate of
swelling. This study evaluated the applicability of the proposed model by comparing

the experimental results of different bentonites with that of predicted values.

Ada (2007) assessed the performance of compacted sand-bentonite mixtures in
terms of hydrological and mechanical properties. Based on the extensive laboratory

testing, the dosage of 30 % bentonite resulted in optimal engineering properties.

Wersin et al. (2007) evaluated the stability of bentonite at elevated
temperatures. The alteration of the mineralogical composition is attributed to
cementation by precipitation of silica which in turn transformed the smectite mineral
into non-swellable illite with low swelling and plasticity as well as high hydraulic
conductivity and diffusivity. Under wet conditions hydraulic and mechanical
properties of the bentonite were not subjected to significant change; however, under

dry conditions, bentonite was stable even at high temperature of 350 °C.

In 2008, Rao et al. characterized bentonite samples collected from north-west
regions of India for their index properties, compaction, hydraulic conductivity and

swelling characteristics. The variation of liquid limit, swell potential, swell pressure,
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and hydraulic conductivity with exchangeable sodium percentage and effective

montmorillonite dry density has been quantified.

Alba et al. (2009) investigated the transformation of argillaceous materials
present in the engineered barrier system into rare earth disilicates upon exposure to
elevated temperature conditions that may prevail in a typical DGR. For this purpose,
the saponite mineral was hydrolyzed using different ionic concentrations of the rare
earth elements (viz. Sc, Lu, Y, Sm, Nd, La) at temperatures of 175 °C and 150 °C.
The transformation of the mineral was quantified using X-ray diffractometer (XRD),
nuclear magnetic resonance (NMR) and electron microscopy. It has been observed
that the mineral saponite was transformed permanently into rare earth silicates upon

exposure to the simulated DGR environmental conditions.

Yong et al. (2009) investigated the effect of Cu®" cations (plausibly aroused
from corrosion of the copper-based canister) on smectite consolidation behavior and
transmission characteristics with and without the addition of sodium carbonate in the
clay. The experiments aimed to identify the effect of copper ions in variable
concentration on buffering capacity, permeability and consolidation. Authors
concluded that swelling forces and buffering capacity are the dominant factors in
deciding the performance of the buffer materials, through the formation and

restructuring of microstructures in the buffer materials.

Galunin et al. (2011) established the stability range of the rare earth (RE= Se,
Lu, or Y) disilicate and examined whether this disilicate phase would permit RE
leaching under DGR experimental conditions. The experimental results were analyzed
for the leaching rate and transformation of the crystalline and amorphous phases of
RE by powdered X-ray diffraction and nuclear magnetic resonance technique. It could
be observed that the stability of RE is related to its hydrated ratio and is stable within
a wide range of pH. The stability was found to be increasing with the ionic radius of
RE and it was confirmed that the confinement of radioactive wastes in engineered

buffers is contributed by the formation of disilicate phases.

Wilson et al. (2011) reviewed the key issues and processes influencing the
performance of bentonite barriers in radioactive waste disposal facilities. The major
aspects such as temperature, the effects of radiation, canister corrosion, effects of
ground water, and waste compositions govern the performance of bentonite. It has

been concluded that the mechanisms involved in the transformation of bentonite
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under DGR conditions is complex and are strongly coupled. It was observed that in
order to ensure the homogeneous nature of buffer, a swelling pressure of at least 1
MPa should be developed within the buffer. Also, the hydraulic conductivity of a
bentonite barrier is strongly related to the density of the buffer material as well as

interlayer cation density, and ionic strength of the groundwater.
2.3. Studies on Thermal Characteristics

Estimation of thermal characteristics of geomaterials is imperative for the applications
like design of cover systems for landfills, mine tailing ponds, buffer materials for
deep geological repositories, thermal stabilization of fine-grained soils, thermal
storage, performance of pavements in extreme climatic conditions, studies on
shrinkage of soil, design and lying of underground power cables, oil and gas
pipelines, etc. (King and Halfter, 1982; Thomas, 1985; Issa, 1996; Rao and Singh,
1999; Arnepalli and Singh, 2004a). Among the thermal properties, thermal
conductivity is the most important soil property associated with the conductive heat
flow. In view of this, many studies devoted to determine thermal conductivity of

geomaterials.

One of the pioneers in the field of thermal characterization of geomaterials,
Johansen (1975) made an effort to arrive at relations which can be used for indirect
determination of thermal conductivity parameters which in many cases are ignored
during geotechnical analysis. A significant portion of the report was devoted to
investigate the relationship between accuracy and level of information from the
mathematical model developed. The effects of uncertainties in thermal conductivity

values on thermal computations were also discussed.

Galbraith et al. (1998) described investigations in which moisture flux
experiments were carried out using small-scale soil models subjected to both humidity
and temperature gradients. The significance of temperature-driven transport compared
to concentration driven component was identified from the analysis of the results. The
study reported the importance of experimental facilities which overcome the
limitations of small sample measurements carried out to produce reliable non-

1sothermal data.

Tarnawski and Leong (2000) analyzed thermal conductivity of soils over a

range of moderate temperatures and at very low moisture content. It has been reported
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that the thermal conductivity of soils has not varied significantly till the critical
moisture content. The study proposed two simple models for estimating the critical

moisture content based on permanent wilting point and clay mass fraction.

Cho et al. (2001) reviewed the thermal and mechanical properties of
compacted bentonite and sand-bentonite mixtures reported in the literature. It was
found that thermal conductivity is increasing almost linearly with increasing dry
density and water content of the bentonite. The coefficient of thermal expansion was
found to be independent of the dry density, however, the specific heat of soil

exhibited a linear relationship with water content.

Lahoucine et al. (2002) developed a thermistor based thermal probe to
determine the thermal conductivity of bentonite and mixtures of bentonite and
variable amounts of silica sand in them over a range of densities and water contents.
The thermal conductivity was determined by comparing the measured and simulated
temperature-time histories. The simulated temperature-time history was obtained from
numerical computations of the two-dimensional heat conduction model of a sample
including a thermistor. The temperature of the sample could be known from the
resistance of the inserted thermistor. It has been concluded that the thermistor probe
method provides good thermal contact between sample and thermistor and demands a

less quantity of sample than the line heat source method.

Nichol et al. (2003) characterized unsaturated moisture movement through
mine waste rock using thermal conductivity sensors which provide an estimation of
matric suction. Long-term performance and accuracy of thermal conductivity (TC)
sensors were evaluated using two years of monitoring data. Thermal conductivity
variation with temperature and volumetric moisture content were measured using
eighteen thermal conductivity sensors. The matric suction for each sample was
measured independently using jet-fill tensiometers. TC sensors and tensiometers were
installed at different depth and radial distances. The tensiometers were installed
within 0.5 m of the TC sensors. In order to improve the contact of the ceramic thimble
of the tensiometer with the waste rock, its tip was coated with saturated silica flour
paste. A correction method for the ambient temperature was derived and a comparison
between the corrected and uncorrected field measurements indicated that the
magnitude of these corrections could be similar. Comparison of corrected

measurements to the tensiometer measurements showed that the response of the
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thermal conductivity sensor to the initial arrival of a wetting front lagged behind the
tensiometer measurements by 1-3 days. When compared to the tensiometer data, the

TC sensor data tend to overestimate matric suction in the waste rock.

In 2004, Arnepalli and Singh developed a generalized relationship for
determining the thermal resistivity of various soils from their dry density, moisture
content, and percent fraction of various particle sizes. The field thermal resistivity of
soils has been investigated using a field thermal probe and validated the proposed

generalized equations with the results available in the literature.

Later, Tien et al. (2005) discussed improved thermal probe method for thermal
conductivity measurement of sand-bentonite based buffer material. The relationship
for the estimation of thermal conductivity with clay dry density, water content, and

sand/crushed granite was established.

Rochais et al. (2008) characterized the particle layers at microscopic scale
using the photo-reflectance microscopy technique and proposed a model to estimate
the effective conductivity of different layers in the soil pore system by considering the
properties of the gases confined in the pores and simulating the conduction flux
through the layers in relation to its microstructure. Infrared microscopic
measurements of thermal diffusivity were used to validate this approach and the

characterization of silicon carbide layers was also presented in their work.

Tang et al. (2008) measured the thermal conductivity of compacted bentonite
specimens using a thermal probe based on the hot wire method. The influence of
various factors such as dry unit weight, moisture content, hysteresis, the degree of
saturation and volumetric fraction of soil components on thermal conductivity was
assessed. Further, a linear correlation for thermal conductivity of compacted bentonite

with a volumetric fraction of air was developed based on experimental data.
2.4. Studies on Thermo-Hydro-Mechanical Characteristics

The thermo-hydro-mechanical (THM) behavior of buffer materials plays a pivotal
role in assessing the performance of deep geological repositories, oil & gas
extraction, geothermal energy systems and carbon sequestration technologies (Vardon
et al.,, 2011). The major thermo-hydro-mechanical properties associated with buffer
materials are that related to the coupled flow of heat and moisture in the form of water

vapor diffusion due to the imposition of moderate temperature from the canisters.
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In view of this, Kanno et al. (1994) investigated the moisture movement
through buffer materials in response to a temperature gradient for their role in deep
geological repositories by a series of experiments and numerical simulations. Highly
compacted blocks of Japanese sodium bentonite were used as the buffer materials.
The study showcased the theory and numerical formulation for the measurement of
temperature and water content distribution in compacted bentonites under a
temperature gradient. The experiment was designed to have one-dimensional vertical
movement of heat and moisture and the results could be reproduced by the proposed

mechanistic model.

Selvadurai (1996) attempted to solve the governing differential equation for
the coupled heat and moisture movement in clay buffer using Galerkin finite element
technique. The study primarily focused on the axisymmetric modeling of the
hygrothermal process encountered in the single borehole element configuration
developed for laboratory simulation. The results indicated that the thermal integrity of
buffer material was maintained even after considerable amount of moisture from the

buffer has lost.

Yong et al. (1997) experimentally verified that the moisture moves from both
ends of the horizontal soil column specimen headed for the mid part of the soil
column owing to both thermal and hydraulic gradient from the respective ends. It was
observed that apart from overall volume change, a volume change occurs locally in
the system. The study estimated the diffusivity parameters using the moisture and
temperature profiles measured experimentally as well as that combined with the finite

difference method, which employed Powell’s optimization algorithm.

Ikonen (2003) have calibrated the thermal flux obtained from a line heat
source and extended the solution of a line heat source with homogeneous material to
analyze the actual canister. The maximum design temperature on the canister surface
was limited to 100 °C. Due to parameter uncertainties in thermal analysis, the
maximum canister temperature was set to 90 °C causing a safety margin of 10 °C.
The study indicated that the temperature in the DGR can be restricted to 90 °C with

reasonable canister and tunnel spacing and an initial canister power of 1700 Watts.

Agus (2005) presented a study on the hydro-mechanical characterization of

sand-bentonite mixtures. A series of experiments, including basic and
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physicochemical characterization, microstructure and fabric studies, suction and
swelling pressure measurements, wetting and drying tests, one-dimensional
compression rebound test, one-dimensional cyclic wetting-drying test under constant
vertical stress and saturated permeability test, were conducted on mixtures of calcium

bentonite and quartz sand.

Poltze et al. (2007) simulated the effect of heat-producing waste in a
repository by embedding a heater element in compacted bentonite blocks saturated for
35 months and then subjected to a heating phase of 18 months. Minute modifications
in bentonite and a weak change in layer charge density as well as smectite chemical
composition were noticed. Moreover, the THM characteristics such as water intake,
thermal characteristics and porosity changes were observed which is an indication of

cementation process.

Gens et al. (2010) detailed a fully coupled THM formulation that has been
incorporated as an integral part of numerical tool CODE_BRIGHT. This version of
the CODE_BRIGHT is capable of analyzing THM processes as well as homogeneous
and heterogeneous chemical reactions and migration of chemical species. A one-
dimensional axisymmetric analysis was conducted for investigating the behavior of
bentonite barrier and intermediate adjacent rock. The THM results were obtained
from three locations in the buffer material viz. one near to the interface of buffer and
canister (heater), second in the central region of the buffer, and the third close to the
interface of buffer and surrounding rock. Variation of temperature and degree of
saturation with time and distribution of ionic strength and distribution of chalcedony
concentration over a period of time was presented. An example of the application was
briefly described which simulate the conditions of a repository for high-level
radioactive waste. The study showcased the application of the computational tool as a

feasible option for the THM analysis of engineering problems.

Cui and Tang (2013) presented the recent findings of the thermo-hydro-
mechanical behavior of geological and engineered barrier materials in the nuclear
waste disposal. The study used the natural Boom clay and compacted bentonite-based
materials. Volume change behavior and shear strength studies revealed the role of
carbonate content on engineering behavior. Soil with higher carbonate content
correspond to higher effective cohesion and was more compressible. The thermal

volume change depends on the over consolidation ratio (OCR), as the low OCR leads
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to thermal contraction while dilation occurs for high OCR values. The volume change
behavior was also found to be time depended and this behavior was governed by the
stress level and temperature. High smectite content signifies the effect of pore water
salinity on volume change behavior of materials. Thermal contraction also found to
occur at low OCR values for bentonite-based materials, but this was suction
dependent which promoted thermal dilation. Under constant volume conditions,
hydraulic conductivity decreased as a result of wetting and then increased in relation
to macro-pore size. Wetting induced a decrease of macro-pore size, followed by an

increase due to aggregate fissuring.

Rao and Ravi (2013) characterized Barmer-1 bentonite for hydro-mechanical
properties such as swell pressure, saturated permeability, soil-water characteristic
curve (SWCC) and confined compression strength at different dry densities. The
relationships between swell pressure and saturated permeability coefficients of
bentonite buffers were obtained by comparing the properties of Barmer-1 bentonite

with bentonite buffers reported in the literature.
2.5. Studies on Water Vapor Diffusion

Moisture migration in soil affects heat and solute transport through it. The moisture
transport defines the rate of biological processes in soil and water supply to plants,
governs transpiration and ground water replenishment, controls runoff and has many
other important functions in the environment (Pachepsky et al., 2003). Transfer of
moisture and chemicals dissolved therein plays the pivotal role in the durability of
structures as well as health and comfort of occupants. The correct description of
moisture flow phenomena and their transport potentials are the key aspects (Janssen,

2011).

Cary (1979) measured the flow of heat through silty loamy soil at 7 °C and
36 °C under matrix potential near -30 kPa. An empirical correlation was proposed for
deVries' method and calculated the thermal vapor diffusion coefficient for the three
soils considered. The values were compared with the experimental results from the
calorimeter. The thermal water vapor flow was estimated from the thermal
conductivity of saturated soil, quartz content, water content, bulk density, and

temperature.
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Dobchuk et al. (2004) studied the fundamental mechanisms of water vapor
diffusion through waste rock. This was achieved by conducting column tests on glass
marbles and waste rock and developing a numerical model. The numerical model
considered the diffusion coefficient, porosity, dry density, and sorption while
determining the water vapor diffusion in the waste rock. It has been observed that the
transient vapor flux depends on the slope of the sorption isotherm. The comparison of

measured and predicted water vapor flux validated the estimated diffusion coefficient.

Jabro (2009) proposed an experimental setup for determining the isothermal
water vapor diffusion through soil over a range of temperature and porosity
conditions. The experimental setup comprised of a plexiglass box partitioned into two
compartments by a soil specimen. Movement of water vapor was achieved by creating
a gradient in water vapor across the soil reservoir by placing calcium chloride (CaCl,)
drying agent in a container suspended by a spring in one compartment and water in a
container suspended by spring in the other compartment. The controlled temperature
was achieved by keeping the apparatus inside a percival environmental chamber.
Aggregate sizes varied from 2.8-2 mm, 2-1mm, and 1-0.5 mm. Samples were air-
dried and contained 0.3-0.35 % water at the beginning of each set of measurements.
The porous medium reservoir consists of a ring plexiglass with an inside diameter of
50.8 mm and a 200 mesh screen mounted below it. The springs inside the
compartments were calibrated and the amount of water evaporated was measured in

terms of the change in lengths of the spring.

Cleall et al. (2011) have conducted extensive investigations on non-isothermal
moisture movement through unsaturated kaolin by considering thermal gradient,
thermal hydraulic gradient, and isothermal hydraulic gradients. In the thermal gradient
tests, overall moisture movement showed significant drying in the hot regions and a
corresponding wetting in the cold regions. The accumulation of conservative chloride
ions in hot regions indicated the cycle of vapor and liquid movement. As a whole, the

study improved the water vapor flux calculations.

Cleall et al. (2013) investigated the movement of vapor in unsaturated
bentonite, quantified water vapor fluxes and compared with the existing mechanistic
theories. Accumulation of soluble chloride ion near the heat source indicated a cycle
of movement of moisture away from the warmer region in the vapor phase and a

subsequent movement of liquid phase towards the warmer regions due to the
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hydraulic gradient. Further, an empirical correlation was proposed to calculate the
water vapor fluxes by knowing the variation of soluble chloride ion concentration and

moisture content with time.

Belleghem et al. (2014) presented a new coupled heat and moisture migration
model through porous building materials. This model was capable of estimating vapor
diffusion as well as capillary moisture transport, simultaneously. The better agreement
between the simulated and measured water vapor flow has been achieved by altering

the liquid permeability or retention properties of the porous material.
2.6. Studies on Sorption

Calvet (1989) investigated the adsorption of organic chemicals on geological
sediments. The adsorption of gaseous and liquid phases was examined and the
physical meaning of the shape of the sorption isotherms has been described. The
findings did not exhibit a general rule that describes univocally the relationship
between the shape of isotherms and the nature of the adsorbate-adsorbent system. The
adsorption kinetics were discussed by considering factors like the structure and

properties of adsorbents, and organic carbon content in the adsorbate.

Devulapalli and Reddy (1996) evaluated the influence of nonlinear adsorption
behavior on contaminant transport through clay liners. Two types of contaminants like
hexavalent chromium and pentachlorophenol were studied using batch sorption
experiment. It has been observed that the contaminant transport models grossly over
predict retardation of contaminants at high solute concentrations by assuming linear
adsorption kinetics. Therefore, it is important to incorporate the nonlinear adsorption

behavior for precise estimation of contaminant transport through the liners.

Tsai et al. (2001) studied the transport of radionuclides through bentonite
based buffer materials by considering the sorption and diffusion processes. The
sorption and diffusion behavior of Cs and Sr through Jih- Hsing bentonite were
established. It has been observed that the retardation factor obtained from diffusion
experiments is one order less than that obtained from the batch sorption experiments;

though, the diffusion experiments represents the field scenario in a better fashion.

Itakura et al. (2003) compared the sorption coefficients of natural clayey soils
obtained from various methods. The sorption coefficient obtained from batch sorption

experiments were compared with that of predicted based on organic carbon content
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present in the soil. On the contrary, the sorption coefficients resulted from the
diffusion test represents the intermediate range and hence it is essential to assess the

sorption parameters by employing at least two methods.

Sezer and Turkmenoglu (2003) studied the mineralogical and sorption
characteristics of Ankara clay for the purpose of its potential application as a liner.
Mineralogical analyses were carried out by XRD (X-ray diffraction), morphological
features by SEM (scanning electron microscopy) and CEC (cation exchange capacity)
by FAAS (flame atomic absorption spectroscopy). The study demonstrated the

efficacy of fluvial clays as a landfill liner.

Nakayama et al. (2004) measured the dissolution rates of montmorillonite and
diffusivity of hydroxide ions through compacted sand-bentonite specimens under
alkaline groundwater conditions. The dissolution rate of montmorillonite was
quantified using a linear relationship over a range of pH and temperatures. The
diffusivity of hydroxide ions through the bentonite has been assessed with the help of
pore diffusion model. At low temperatures, the dissolution of bentonite is
insignificant and hence, the variation in permeability of compacted sand-bentonite
buffers was established based on the coupled mass transport as well as reaction

kinetics.

Bellir et al. (2005) investigated the suitability of natural clay as landfill liners
by considering the influence of physicochemical parameters on clay contaminant
interaction. The experimental results were fitted using theoretical Langmuir and
Freundlich sorption isotherms. The results showed that the natural clay has a great
retention capacity for the contaminant copper and hence, clay barriers are efficacious

in containing it.

Vejsada and Vokal (2006) compared the sorption characteristics of various
bentonites for cesium by employing batch sorption and diffusion experiments.
Though the batch sorption experiments lack to simulate the geomaterial contaminant
interaction, these experiments were conducted using very high liquid to solid ratios.
On the contrary, the diffusion experiments do not recognize the slow changes in
solution chemistry which may occur due to the interaction of bentonite with ground
water on sorption characteristics. In view of these limitations, the sorption coefficients
were obtained using both the sorption and diffusion-based methods. The study shows

that the diffusion and batch sorption methods yield interchangeable results for
21



bentonites having high smectite contents; however, the sorption characteristics are

primarily dependent on L/S ratio.

Knop and Gulok (2008) employed laboratory column flow-through
experiments to analyze the contaminant transport of acidic leachate through the
compacted artificially cemented soil. The result showed that the intense of cement
content increases the solute pore volumes required for the occurrence of a
breakthrough. It has been observed that the addition of cement slightly enhanced the
hydraulic conductivity and reduced the acidity of the effluent. It has been concluded
that the amendment of cement to the soil is primarily responsible for enhanced

attenuation of cement treated soil towards the acidic contaminants.

Vinsova et al. (2008) investigated the effect of groundwater exposure at
elevated temperatures on the sorption properties of bentonite that was used in Mock
up Cz experiment. Vertical placement of a canister was simulated in accordance with
Swedish KBS-3 for a period of three years. The study evaluated the chemical changes
caused by the long-term exposure of bentonite to thermal and hydraulic gradients. The
short-term exposure of bentonite to elevated temperatures higher than 1000 °C may
transform the smectites to illite. Even, if the temperature exceeds 900 °C for a short
period, the physicochemical properties such as CEC and SSA undergo substantial
changes and hence, deteriorate the performance of the bentonite as a buffer. For
instance, a drop in CEC by 50 % leads to a decrease of sorption affinity by 10 %

towards cationic radionuclides.

Cuevas and Liguey (2009) studied the ability of compacted Spanish ceramic
clays as landfill barriers wusing leaching experiments. The mineralogical,
physicochemical and heavy metal ions adsorption properties were characterized upon
interaction with synthetic leachate containing Zn, Pb, Cd and Cr ions in it. It has been
observed that the upper portion of the liner, which is in contact with the synthetic
leachate, has been coated with a bio-film which in turn reduced the specific surface
area of the clay without altering the mineralogical composition. The clay mineralogy
and the presence of carbonates and soluble salts greatly influenced the barrier
performance. It is concluded that the diffusion of anions and alkaline cations was

faster than predicted based on the advective flow.

Werner et al. (2011) assessed the efficacy of various theoretical sorption

isotherms using results of batch sorption and column flow-through experiments. It has
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been reported that the Freundlich sorption model performed well when the
concentration independent sorption coefficients are used. Further, the modeling of the
fate of the contaminant in pervious aquifers, which contains low carbonaceous
particles, require considering relatively high advective groundwater velocities, slow

diffusion limited by low sorption kinetic rates.

Sivachidambaram and Rao (2012) attempted to enhance the retention ability of
bentonite for iodide by mixing it with 10 and 20 % silver kaolinite (Ag-K) on the dry
mass basis. The Ag-K has been produced by heating the mixture of silver nitrate and
kaolinite at 400 °C. The desorption of iodide retained by Ag-K was found to be
nominal under extreme acidic and alkaline environments. The mixing of Ag-K with
bentonite did not alter the chemical properties of the bentonite and thereby its

expansive nature.

Xie et al. (2012) investigated the diffusion coefficient of chemo-toxic
elements through bentonite in view of its function as an engineered barrier material.
Authors reported that the transport parameters like diffusion and sorption coefficients
are crucial for the safety assessment of chemo-toxic contaminants. Bentonite is found
to be widely used as engineered barrier material considering its properties like low
permeability, self-sealing capacity, and long-term stability. The permeability of

bentonite increased with the ionic strength of the solution.
2.7. Studies on Gas Diffusion

Lai and Mortland (1962) studied the diffusion of sodium, cesium and calcium ions in
bentonite by solving Fick’s law. The study introduced radioactive tracer for
measuring the interdiffusion of isotopes in an approach to determine self-diffusion.
This technique also offers the advantage of measuring trace level concentration thus
obtaining a diffusion coefficient by mitigating the effect of concentration on it. For
each element, the corresponding isotope was allowed to diffuse into the clay plug for
a specified time and the plug was then cut into slices and the radioactivity of each
slice was measured. The graphical method at special boundary conditions solved the

Fick’s law and evaluated the self-diffusion coefficients of the ions.

Cho et al. (1993) assessed the various techniques such as in-diffusion,
through-diffusion, and time-lag diffusion for determining diffusion characteristics of

barriers for Cesium ('*°Cs) and Iodine (**’I). The diffusion characteristics of '*°Cs
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and 129

I merit close attention in long-term disposal of nuclear fuel waste because of
their long half-lives of 1.6x10” years for '*I and 2.3x10° years for *°Cs. They can
also serve as useful models for the behavior of anions and cations in densely saturated

clays as the chemistry of I and Cs" is comparatively simple.

Lambert and Renken (1999) assessed the utilization of industrial by-products
as a concrete admixture to reduce the porosity, air permeability, and transport of
radionuclides through concrete. Among the tested industrial by-products (fly ash,
bottom ash, slag, silica fume and crumb rubber), the fly ash and slag are found to be

efficacious in minimizing the contaminant transport properties.

Higashihara et al. (2001) proposed a new experimental approach to determine
the diffusion coefficient of hydrogen gas through water-saturated compacted
montmorillonite. The study estimated the diffusion coefficients for hydrogen gas in
the montmorillonite using diffusion coefficients of helium using transient diffusion
technique. The estimates were based on the assumption that the geometric factors in
the compacted montmorillonite are approximately the same for diffusion of helium

and hydrogen since both the molecules are non-sorptive in nature.

Itakura et al. (2003) estimated the effective molecular diffusion coefficient and
sorption coefficient for volatile organic compounds through natural clays using curve

fitting method.

Montes et al. (2005) studied the properties of bentonite in view of its use as a
barrier material for radioactive waste confinement. The objective of this study
includes simulation of chemical transformations with the help of thermo-kinetic-
hydro-chemical code (KIRMAT: Kinetic Reactions and Mass transport), and
estimation of swelling capacity by volume balance method. The study considered a
barrier system consisting of 1 m thick zone of the engineered barrier which was
sandwiched between geological fluid on one side and source metallic iron on the other
side so that the difusion of geological fluid will occur into the barrier. Based on the
numerical simulations it was observed that the engineered barrier in contact with the
geological fluid was transformed significantly after 10,000 years of interaction. It is
reported that the illitization, cation exchange and saponization are the most significant
chemical processes whereas neo-formation of silicates, anhydrite, laumonite,

magnetite and chlorite in the system are of minor importance.
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Snoddy (2005) attempted to measure permeability and diffusivity of concrete
and correlated with its physical parameters such as mix design, porosity, surface
finish etc. For the determination of diffusion coefficient, uranium mill tailings were
used as a source for radon gas emission. It is found that both diffusivity and
permeability primarily depends on water binder ratio. Considering the favorable
pozzolanic properties of flyash it was used as the cementing agent along with the
cement. The study indicated that small defects with high tortuosity in the concrete
acted as channels for air flow, however, these defects did not alter the diffusivity of

concrete.

Allaire et al. (2008) compared various laboratory-based methods for the
determination of the diffusion coefficient (Dy/D,) using loamy sand. The study
included: (1) small repacked soil columns in a closed system, (2) long repacked soil
columns in a closed system, (3) small repacked or intact soil columns in an open
system, (4) large flat soil columns containing macropores in a closed system, and (5)
large intact monoliths in a closed system. In the absence of macro-pores, all methods
yielded similar diffusion coefficient. Whereas, near a macropore, the diffusion
coefficient might be higher than the regions without macro-pores. It is showed that
preferential paths are very important for the diffusion in soil. In view of mitigating the
sampling difficulties in preserving the preferential paths, an in-situ method is
considered to be attractive. It is also observed that in the case of small samples,
installation of samples on pressure plates or tension tables modify the soil air porosity
(0,) and it becomes harder to obtain uniform 6, with an increase in length of the soil

column especially when the column is installed vertically.

Mazzeiri et al. (2010) discussed chemically modified bentonite for ensuring
low hydraulic conductivity for permeants containing potentially aggressive chemicals.
The study considered a combined chemico-osmotic diffusion test in order to
investigate solute diffusion and to evaluate the potential for membrane behavior of
propylene carbonate treated multi swellable bentonite (MSB). Combined chemico-
osmotic diffusion test was performed on the specimen using 5 mM CaCl, solution,
and the diffusion stage was preceded by permeation with distilled water followed by

permeation with 5 mM CacCl, solution.

Unatrakarn et al. (2011) performed a series of experiments to estimate

diffusion coefficients from pressure profile as a function of time coupled with a semi-
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analytical solution of the one-dimensional diffusion equation. The diffusion
coefficient resulting from the best fit curve was taken as the average diffusion
coefficient. The significance of this study was to have a better understanding of the
molecular diffusion coefficient which is important in several oil recovery and carbon
dioxide (CO,) storage processes. The diffusion coefficients of CO; and CH4 in heavy
oil were determined experimentally and it is observed that CO, is having higher
diffusivity compared to CHs. It is also observed that due to the tortuosity of the
porous medium diffusivity of CO, in porous media is less compared to that in bulk oil
and the increase in temperature in both the systems seems to increase the diffusion

coefficient.
2.8. Studies on Gas Permeability

Altena et al. (1983) studied the applicability of gas permeation methods to
characterize microporous and asymmetric ultra-filtration or hyper-filtration
membranes. In this study, a better method to handle the data was presented by
modifying the basic governing equations. Mean radius of the membrane pores were
determined in terms of mean pressure across the membrane, and coefficient of gas
permeability through it. The study conducted experiments on microporous millipore
membranes with a nominal pore radius of 50 nm and on ultra filtration membranes of
poly (2, 6-dimethyl-1, 4) phenylene oxide with a sharp pore-size distribution around 2
nm. The calculated pore radius for the Millipore membrane depends on the type of the
gas used in the experiment. It is not possible to determine permeability coefficient of
ultra-filtration membranes accurately since the permeation involves viscous flow

thereby the study reported some limitations of the gas permeation method.

Abaci et al. (1992) investigated the two-phase flow of the mixture of liquids
and gases at different proportions. An experimental technique for the measurement of
relative permeability under steady state dynamic conditions was developed. Results
for the combination of nitrogen with de-aired water and air with de-aired water were
reported in this study. Three different sand samples such as fine sand, heterogeneous

sand, and coarse sand were tested.

Calogovic (1995) presented the theoretical approach for the determination of
the coefficient of gas permeability through porous material based on the variation of
gas pressure with time. Theoretical results obtained were verified experimentally by

using modified laboratory equipment. The comparison of results obtained using the
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proposed method with the results of popular constant pressure method confirmed the

efficacy of the present study.

Stormont (1997) conducted gas permeability measurements in bedded rock
salt formation. Two types of tests were conducted: constant pressure flow tests for
permeability values higher than 10'® m?® and pressure decay tests for smaller
permeabilities. The details of the equipment and measurement technique used were
discussed, elaborately. Further, different test conditions for each type of tests were

explained.

Bouazza and Vangpaisal (2003) measured the gas permeability through
geosynthetic clay liners (GCL) by measuring pressure difference across the GCL at
different flow rates and the tests were repeated for different gravimetric moisture
contents. It has been observed from the experiments that the intrinsic permeability
decreases with increase in gravimetric moisture content and it is found to be affected

by the hydration process.

Billiotte et al. (2008) conducted experimental studies on gas permeability of
mudstones. Transient pulse method was employed to measure permeability. The study
investigated the relationship between the permeability and state of stress between the
rupture of the sample and the permeability. From experimental observations, it was
concluded that gas permeability decreases with the increase of confining stresses due
to the sealing of micro-fissures in the sample and this reduction is irreversible after
loading-unloading cycle. Furthermore, it was found that at confining pressures
equivalent to the lithological pressure at a depth of 467 m, the variability in the

permeability was not observed.
2.9. Numerical Analysis of Buffer Materials

Rowe (1990) discussed about the various mathematical techniques for the
contaminant transport modeling such as finite layer techniques, inversion of
transforms, space and time discretization, sensitivity analyses etc. The manuscript

mainly described the background for programs using POLLUTE and MIGRATE.

Franz and Rowe (1993) conducted numerical and analytical studies for
groundwater flow and contaminant transport at a landfill site in Canada. Three models

such as FLOWPATH, USGS MOC and POLLUTE were described in the manuscript.
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Authors concluded that these models are successful in simulating groundwater flow

and contaminant transport conditions at landfill sites.

Selvadurai (1996) used Galerkin finite element technique for solving the
coupled heat and moisture movement through clay buffers. Main attention of the
study was focused on the axisymmetric modeling of the hygrothermal process
encountered in the single borehole element configuration developed for laboratory
simulation. The results indicated that the buffer is able to maintain its thermal
integrity even in situations where there is a significant loss of moisture from the
buffer. Inspecting the condition of the buffer at the termination of the experiment,
there was no evidence for shrinkage of the buffer as a result of the moisture depletion

process.
2.10. Studies on Soil Suction and Hydraulic Conductivity

Dixon et al. (1985) developed a common relation for hydraulic conductivity in terms
of dry density and showed that mineralogy is not governing the saturated hydraulic
conductivity. Experiments were performed on Kunigel VI bentonite at different

mineralogy and dry density.

Feng et al. (2002) proposed a mathematical approach from the experimental
data by considering the effects of capillary hysteresis. Authors found that the main
hysteresis loop and the primary scanning curves are stable and reproducible over a
two-year testing period and therefore, the thermal conductivity matric suction sensor

is suitable for long-term suction measurements.

Loiseau et al. (2002) observed that the permeability of compacted sand-
bentonite mixtures depend on the hydraulic gradient when they are at the saturated
condition. A significant interaction between the clay and water was found and
therefore in the unsaturated case also the hydraulic conductivity governs the

permeability.

Shuai et al. (2002) have studied the influences of the environmental factors
(such as ambient temperature, pH value, freeze-thaw cycles and wetting-drying
cycles) on the performance of the newly developed soil suction sensor. Authors
proposed a technique for temperature correction in order to eliminate the effect of
thermal influences. Tests were conducted in a freezing environment using a pressure

plate apparatus with three thermal conductivity soil suction sensors placed inside. The
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test results indicate that the freeze-thaw cycles do not appear to influence the soil
suction measurements after thawing. However, a drop in suction measurement was
observed during freezing process which was attributed to the latent heat of fusion
associated with water. As a result, the sensor readings are meaningless when the soil
becomes frozen. Authors proposed a hysteresis model to account for hysteresis which
can be used to modify the data obtained according to the wetting and drying history of

the sensor.

Ye et al. (2009) determined the hydraulic conductivity of GMZ bentonite by
simultaneous profile method through a specific infiltration cell with five relative
humidity probes. The results of studies on water retention properties showed that the
confining conditions do not govern the water retention capacity at high suctions above
4 MPa and at low suctions below 4 MPa, the confined condition reduced the water
retention capacity. Mercury intrusion porosimetry (MIP) and environmental scanning
electron microscope (ESEM) were used to find the microstructure at different states of
compaction under constant volume condition. Authors concluded that the bentonite
hydration in the infiltration test is a diffusion controlled process rather convection

process.
2.11. Summary and Critical Appraisal

Based on the literature review reported above, many attempts have been made by the
pioneer researchers to identify suitable buffer material to contain radioactive wastes.
Majority of the studies focused on the maximum attainable density of the buffer
material and its longevity in terms of geotechnical properties. In general, clay mineral
based fine-grained geomaterial such as bentonite is preferred as buffer material of a
typical deep geological repository to isolate and contain the radioactive waste
contained canisters from the surrounding geoenvironment. This is primarily due to the
favorable contaminant transport properties and self-healing ability associated with the
bentonite. However, due to the substantial volume change behavior of the bentonite as
a result of alteration in moisture regime when subjected to moderate temperature
conditions and subsequent desiccation cracking, sand-bentonite mixtures are
commonly considered as efficient buffer materials (Dixon et al., 1985; Ada, 2007;
Rao et al., 2008). Optimum mixtures of buffer material are selected by assessing the
performance of compacted sand-bentonite mixtures in terms of hydrological and

mechanical properties by carrying out a variety of laboratory tests. Finally, previous
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researchers recommend an optimum sand-bentonite mixture with 30 percent bentonite

by weight (Dixon et al., 1985; Ada, 2007; Rao et al., 2008).

Researchers have experimentally demonstrated the coupled heat and water
flow in soil column and presented the numerical solution for differential equations
governing coupled heat flow and moisture movement in buffer materials (Cary, 1979;
Kanno et al., 1994; Selvadurai, 1996; Yong et al., 1997; Galbraith et al., 1998;
Tarnawski and Leong, 2000; Cho et al., 2001). In order to demonstrate the heat flow
characteristics, it is essential to quantify the thermal conductivity of the geomaterials.
Many authors developed thermal probes to measure thermal conductivity of soils and
have established relationship of thermal conductivity with dry density, water content,
percent size fraction, degree of saturation, volumetric fraction of soil constituents, etc.
(Lahoucine et al., 2002; Arnepalli and Singh, 2004b; Tien et al., 2005; Tang et al.,
2008). In most of the studies, it is observed that at very low moisture content there is
no significant variation in thermal conductivity of soils, and then begins to increase
from a certain critical moisture content, the value of which tends to depend on clay

mass fraction, dry density and water content of the buffer.

Contaminant transport properties are also critical in the characterization of
buffer materials for effective and safe disposal of the radioactive waste. Many
researchers have conducted batch sorption studies and laboratory column flow-
through experiments to analyze the transport of contaminants through soils
(Devulapalli and Reddy, 1996; Tsai et al., 2001; Bellir et al., 2005; Knop and Gulok,
2008). Authors concluded that the experimental results can be analyzed by fitting
well-known theoretical sorption models such as Langmuir and Freundlich to

understand the contaminant-geomaterial interaction.

Moreover, the high-level radioactive waste contained in the canister generates
hazardous gases during the service life which may escape through the buffer material.
However, the efficiency of the buffer material to contain these canisters highly
depends on the fundamental interaction between the materials and hazardous gases
under variable environmental conditions (Lambert and Renken, 1999; Snoddy, 2005;
Higashihara et al., 2001; Unatrakarn et al., 2011). This interaction is quite complex in
nature and may alter the physicochemical characteristics of the materials formed. To

understand the above-mentioned phenomena from the fundamental point of view, it is
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very much essential to evaluate the gas permeability and diffusion characteristics of

various materials under simulated DGR conditions.

Even though many researchers have conducted studies on buffer materials
pertaining to their thermo-mechanical behavior and sorption and desorption
characteristics individually, majority of the studies lack a synergetic approach for
characterization of these materials by considering the effect of thermal flux on the
migration of moisture which in turn results in a change of thermal properties. This
scenario creates the coupled transport of moisture and heat which is responsible for
the change of their fundamental behavior in terms of unsaturated hydraulic
conductivity, sorption & desorption as well as gas diffusion and permeability
characteristics. Hence it is mandatory to characterize the buffer material considering

the combined influence of above-mentioned factors in a synergetic fashion.
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Chapter 3

METHODOLOGY AND EXPERIMENTAL INVESTIGATIONS
3.1. General

This chapter presents the experimental investigations and methodologies employed
for characterizing physical, chemical, geotechnical and mineralogical properties of
buffer materials in view of assessing their efficacy to contain high-level radioactive
waste canisters. The design details of a newly developed test setup for the
determination of coupled heat and moisture transport properties of buffer materials
are also reported. Further, the methodologies to evaluate liquid and gaseous
contaminant transport properties and sorption characteristics of buffer materials are

tllustrated.
3.2. Materials Selection

Clay mineral based fine-grained geomaterial such as bentonite is considered as buffer
material of a typical deep geological repository (DGR) due to its favorable
contaminant transport properties and superior self-healing ability, as highlighted in
the previous chapter. However, the substantial volume change behavior of bentonite
upon the alteration in moisture content has enforced in considering sand-bentonite
mixtures as an efficient buffer material (Dixon et al., 1985; Ada, 2007; Rao et al.,
2008). Therefore, different sand-bentonite mixtures were synthesized using
commercially available fine-sand and sodium bentonite with different weight
fractions of bentonite in them viz. 30 %, 50 %, 70 % and 100 % denoted as SB30,
SB50, SB70, and SB100, respectively. The physical, mineralogical, geotechnical,
thermal and coupled flow properties, sorption characteristics, and contaminant
transport characteristics of the selected geomaterials were obtained using various

methodologies and the same is presented in the following.

3.3. Physical Characteristics
3.3.1. Specific gravity

The specific gravity (G) of the selected materials were determined with the help of a
helium gas pycnometer (Quantachrome, USA) as shown in Figure 3.1, by following

the guidelines in ASTM D5550 (2006).

Representative samples of the chosen materials were oven-dried and a known
weight of the sample was transferred into the pycnometer sample holder to measure

its solid volume. Prior to the measurement of solid volume, the sample was evacuated



to expel the entrapped gas or vapor present in it. From the measured solid volume and
weight of the sample, the specific gravity was determined using mass-volume
relationships given in Equation 3.1. The specific gravity values of the geomaterials

were then reported by averaging the values of five independent measurements.

G =(M;/vs) (3.1)

where M is mass of soil specimen, Vi is volume of soil solids and py is density of

distilled water at 4 °C.

Figure 3.1 Helium gas pycnometer

3.3.2. Particle size distribution characteristics

The particle size distribution characteristics of the selected materials were obtained by
conducting both sieve- and sedimentation- analyses as per ASTM D6913 (2009) and
ASTM D422 (2007), respectively. Approximately 500 g of air-dried sample was
considered for this purpose and washed through sieve number 200 (i.e., 75 pm) using
a jet of water. The material retained on 75 pum sieve was subjected to dry-sieve
analysis and the material passed through 75 pum was utilized for sedimentation
analysis. Results of sieve and sedimentation analyses were combined to obtain the

complete particle size distribution characteristics of the selected materials.
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3.3.3. Consistency limits

Consistency limits (known as Atterberg’s limits) such as liquid limit (wp), plastic
limit (wp), and shrinkage limit (ws) were determined as per the guidelines in ASTM

D4318 (2002) and ASTM D427 (2008).

3.4. Chemical and Mineralogical Characteristics

3.4.1. Chemical characteristics

The chemical composition of the geomaterials in the form of major oxides was
determined using an X-ray fluorescence test setup, XRF (Phillips 1410, Holland). For
this purpose, approximately 4 g of finely ground sample, 1 g of microcrystalline
cellulose and isopropyl alcohol were mixed thoroughly using mortar and pestle and
the mixture was kept below an infrared lamp for slow drying. A small aluminum dish
of 33 mm inner diameter and 12 mm height was taken and two third of it was filled
with a mixture of 70 percent methylcellulose and 30 percent paraffin wax, followed
by the dried sample. In order to make sample pellet, the soil-filled aluminum dish was
compressed with the help of a hydraulic jack by applying a load of approximately 5
tons. Further, the chemical composition of the material was determined by mounting

the sample pellet in the sample holder of the XRF test setup.
3.4.2. Mineralogical characteristics

The mineralogical characteristics of the geomaterials were obtained using powder X-
ray diffraction technique, XRD (PANanalytical X pert Pro, Netherlands) with copper
monochromated Cu-K, as the source radiation. The X-ray diffractometer was set to a
continuous scan mode with the range of scanning angle 20 from 5 ° to 90 °. The
powdered soil samples were air-dried and stored in a low relative humidity desiccator
under controlled temperature to avoid the adsorption of water vapor. Further, the
desiccated powder sample was transferred to the sample holder of the XRD machine
and irradiated with the incident radiation within the focal plane of the source and
detector (Goniometric circle). The scanning process was initiated from lower 26 angle
to the higher and the corresponding relative intensities of the diffracted radiations
were filtered using a monochromator placed between the sample and the detector.
Subsequently, the intensity of diffracted X-ray radiations was recorded in order to
obtain the X-ray diffraction patterns of the sample. The minerals present in the sample

were identified using the international center for diffraction data (ICDD, 2010).
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3.5. Geotechnical Characteristics

3.5.1. Compaction characteristics

Standard Proctor compaction tests were performed on the selected geomaterials to
assess their compaction characteristics as per the guidelines in ASTM D698 (2012).
The compaction characteristic curves were established by plotting the variation of dry

unit weight (yq) with the molding moisture content (w).

In order to minimize the amount of the sample and compaction energy
required for establishing the compaction characteristics of the geomaterials, a
miniature compaction apparatus developed by Sridharan and Sivapullaiah (2004) was
employed (as depicted in Figure 3.2). The miniature compaction apparatus consisted
of a cylindrical mold having an internal diameter of 38 mm and height of 100 mm.
Based on the energy required per unit volume of the sample corresponding to the
standard Proctor compaction test, the weight of miniature hammer was taken as 1 kg,
and the drop height was limited to 160 mm. A detachable base plate and a collar of
height 35 mm were attached to either side of the compaction mold to obtain a

compacted specimen of 38 mm diameter and 100 mm height.

Air-dried samples of sand-bentonite mixtures such as SB10, SB20, SB30,
SB40, SB50, SB70 and SB100 were synthesized. Approximately, 300 g of sample
was mixed with predetermined moisture contents and stored in air-tight polyethylene
bags in a humidity controlled desiccator for sample maturation. After 24 h of the
maturation, the moist samples were taken out of desiccator and compacted in the
miniature compaction mold in three layers by imparting thirty six blows per layer.
Later, the collar was detached from the miniature compaction apparatus and the
projected soil layer above the brim of compaction mold was trimmed using a wire
knife. The compacted specimen was ejected from the cylindrical mold and its bulk
unit weight was measured. Three representative samples were collected from the
compacted specimen for measuring its mean gravimetric moisture content using the
oven-drying method. Knowing the bulk unit weight and corresponding gravimetric
moisture content, the compaction characteristic curve was established. By following
the above methodology the compaction characteristics of the selected sand-bentonite

mixtures were obtained.
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Figure 3.2 Miniature compaction test setup

3.5.2. Hydraulic conductivity

The low hydraulic conductivity is one of the most demanding properties of a buffer
material to limit the influx of groundwater containing potentially corrosive substances
into the repository, and at the same time to prevent the migration of radionuclide from
the waste into the surrounding geoenevironment. Further, the United States
Environmental Protection Agency, USEPA, recommended that the hydraulic
conductivity of compacted clay liners used for disposal of hazardous waste should not

be more than 1x10” m's™ (USEPA, 1989).

With this in view, the hydraulic conductivity of the selected buffer materials
was evaluated using flexible wall permeameter (Humbolt, USA) by following the
guidelines presented in ASTM D5084 (2010). For this purpose, cylindrical samples of
38 mm diameter and 76 mm height were prepared in the split cylindrical mold, by
compacting the geomaterial in three layers using the handheld hammer to achieve its
maximum dry unit weight at OMC. In order to reduce the testing time required, the
sample height was restricted to 25 mm, the minimum height recommended by
standards. Before commencement of the test, the top and bottom drainage tubes
leading to the permeameter cell were vented to remove the entrapped air. The bottom
porous stone was placed over the bottom pedestal of the cell with a filter paper and
then the soil sample was carefully placed over the filter paper. The top filter paper
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with the porous stone and top cap were placed above the sample. The rubber
membrane was placed around the soil sample using a membrane stretcher, and the O'
rings were placed at both top and bottom to seal the membrane to the base and top
pedestal. The permeameter cell was placed in position on a bottom pedestal and the
cell was fixed by bolting it to the bottom plate of the permeation cell. The top and
bottom drainage were connected to a burette. The flexible wall permeameter setup is

shown in Figure 3.3.
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Figure 3.3 Flexible wall permeameter

Initially, the sample was pressurized to a minimum pressure of 35 kPa and
later the soil sample was saturated by applying the back pressure till the Skempton’s
pore pressure parameter B approaches unity. Further, a constant head test was
performed to obtain the hydraulic conductivity. In order to achieve this, a pressure
head difference of 50 kPa was maintained between the top and bottom of the soil
specimen with the help of a pressure-volume control system. The amount of the
permeant (q) passed through the soil sample was monitored and the hydraulic

conductivity of the geomaterials was obtained by using the following relationship
(ASTM D5084, 2010).

AgxL
AxhxAt

k= (3.2)
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where, k is hydraulic conductivity in m's™'; Aq is quantity of flow for given time in
m’; L is height of the soil specimen in m; A is cross-sectional area of specimen m*; h

is hydraulic head causing flow in m, and At is time interval in seconds.
3.6. Thermal Properties

The long-term performance of the buffer material is governed by the hydrogeological,
thermomechanical, and chemical processes. The buffer material is subjected to
variable temperatures due to its spatial and temporal variation in thermal properties as
well as the decay of radioactive compounds and associated exothermic reactions.
Hence, it is mandatory to understand the variation in the buffer material properties
with temperature. The existence of the temperature gradient across the buffer material
results in moisture imbalance in the direction of heat migration which in turn imposes

coupled migration of heat and moisture through it.

Among the thermal properties, thermal conductivity is the most important soil
property associated with heat migration. The heat capacity of a soil is usually
proportioned with fractions of water and soil solids present in it. With this in view, the
present study evaluated the thermal conductivity of buffer materials using an in-house
fabricated thermal probe. Experimental setup for assessing the thermal properties of
buffer materials comprised of thermal probe, PVC molds, constant DC supply, and a

data acquisition system.
3.6.1. Experimental setup

Thermal probe was designed and fabricated in-house using stainless steel tube of 7
mm internal diameter, 10 mm external diameter and 100 mm length, as shown in
Figure 3.4. Nichrome wire was used as heating element provided at the center of the
probe and the annular space around the heating element was filled with magnesium
oxide (MgO) to act as an electrical insulator and to ensure uniform dissipation of heat
generated by the heating element. To measure the temperature of the probe, two T-
type thermocouples were provided each at one-third distance from both top and
bottom ends. In order to minimize the heat loss from the top end of the probe, 25 mm
distance from the top was made as non-heating portion referred as cold region. The
probes were kept in position with the help of thermal insulating support system as
depicted in Figure 3.4b. In Figure 3.4b, the wires in white color are the power supply
leads to connect to the constant DC power supply unit and blue color wires are T-type

thermocouples for temperature measurement. The Agilent make constant DC power
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supply unit, as depicted in Figure 3.5, was employed for supplying constant power to
the probe and a Campbell scientific data logger (refer Figure 3.6) was employed for
continuous monitoring of the temperature of the probe. Figure 3.7 depicts a closer
view of the data logger terminals with thermocouples connected to it. PVC sample
mold with an internal diameter 100 mm and height 210 mm was used for compacting
the geomaterial. Figure 3.8 depicts the compacted soil specimens in PVC sample

molds connected to constant DC power supply unit.

Design of the probe
Thermocouples
Power supply leads

5 (Non heating portion)

[
I

Steel casing S

MgO as filler material—

Nichrome wire/ heating
element (22 ohm/m)

\
T-type thermocouple 1

5 (Heating portion)

~

T-type thermocouple 2

Support system

All dimensions in mm

Figure not to scale Thermal probe

(a) Schematic view (b) Photographic view

Figure 3.4 Thermal probe fabricated for assessing thermal properties

Figure 3.5 DC power supply unit used for constant power supply to the thermal probe
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Figure 3.7 A closer view of thermocouples connected to the data logger
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Figure 3.8 Apparatus used for determining thermal conductivity of buffer materials

3.6.2. Working principle of thermal probe

Working principle of the thermal probe was based on the transient heating technique
of thermal conductivity measurement. The transient heating technique incorporates
the fact that the rate of temperature increase of heat source when subjected to constant
heat flux, depends on the thermal conductivity of the material in which it is
embedded. In this method, the heat source was assumed to be a line of infinite length
and infinitesimal diameter and the embedded material was assumed to be
homogeneous, isotropic, and of infinite extent. Moreover, the temperature at any point
in the medium in which the line heat source was embedded depends on the duration of
heating and the thermal conductivity of the medium, and mathematically it can be
represented by Equation 3.3 (Arnepalli et al., 2004; Joseph, 2014).

aT PT 18T
—= -= 33
a D[y ér] (3-3)

where T is temperature of the medium, t is time, ap is thermal diffusivity [=
K/(y*xC,)] and K 1s thermal conductivity (inverse of thermal resistivity, Rr) of the soil,
v 1s bulk unit weight of the soil, C,, is specific heat capacity of the soil and r is radial
distance. The temperature rise AT between times t; and t, can be obtained using

Equation 3.4 (Arnepalli et al., 2004; Joseph, 2014).
—Q 150]2]= )
AT 47l_Klog [ﬁ] sxlog [t1] (3.4)
From the above relationship, it is comprehensible that the variation of
temperature with time in logarithmic scale yields a straight line and its slope, s can be

related to thermal conductivity, K of the medium using the following relationships.

_Q
s=1 o (3.5)
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Qe (3.6)
where Q is heat generated, & is electrical resistance per unit length of the heating
element (22.5 Q-m), V is applied voltage and I is applied current (Arnepalli et al.,
2004; Joseph, 2014; Surya et al., 2014). From Equations 3.4, 3.5 and 3.6, the thermal
conductivity of the medium can be obtained as:

_2.303xI*xE__2.303xV?

K 4ms 47s

(3.7)
3.6.3. Calibration of thermal probe

The thermal probe was calibrated using glycerol whose thermal conductivity value is
known. For this purpose, the PVC sample mold was filled with analytical grade
glycerol (Merck made, > 99.5 % purity, density 1.231 g-cm™) and the probe was
inserted in it. The thermal probe was allowed to attain thermal equilibrium with
glycerol till both the thermocouples of the probe measured identical ambient
temperature of glycerol. Further, power supply leads of the probe were connected to
the constant DC supply unit and the leads of T-type thermocouples were connected to
the data acquisition system. Calibration of the thermal probe was performed by
applying different voltages viz. 15V, 20 V, 25 V and 30 V with the help of a constant
DC power supply. For each of these applied voltages, variation of probe temperature

with time was recorded as shown in Figure 3.9.

The thermal conductivity value was determined from the slope of temperature
versus logarithmic time response using Equation 3.7. The slope was precisely
obtained from regression analysis of the linear portion of the temperature versus time
response, as shown in Figures 3.9 and 3.10. For the sake of brevity, Figure 3.10
presents the regression results for an applied voltage of 20 V. From the slope value,
the thermal conductivity of glycerol was determined and compared with the known
thermal conductivity value of glycerol (0.287 W-m™-K™). The percent difference
along with regression coefficient, R* between the experimentally measured and
known values of thermal conductivity of glycerol was obtained and the same is
reported in Table 3.1. Based on the percent difference as well as the regression
coefficient, the optimal voltage to be applied for precise measurement of the thermal
conductivity using the thermal probe was found to be 15 V. Therefore, the thermal
conductivity of buffer materials was obtained experimentally by supplying the DC
voltage of 15 V to the probe. To enhance the confidence regarding the optimal voltage

to be applied, calibration efforts were extended using Ennore sand whose thermal
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conductivity is established as 0.225 W-m™-K™" (Joseph, 2004). The obtained results

pertaining to the thermal conductivity of Ennore sand is also presented in Table 3.1.

From the data presented in Table 3.1, it can be seen that the thermal conductivity

values obtained with the applied voltage of 15 V yield satisfactory results with

reasonable percent difference and R* value.

Table 3.1 Calibration results of the probe using glycerol and Ennore sand

Applied | Current | Thermo | Slope Rt K Percent R
Voltage @ couple (m-K-W Y (W-m'1 -K'l) difference
M) (%)
Glycerol
1-TC1 4.36 3.17 0.32 9.94 0.997
1-TC2 5.12 3.73 0.27 -6.50 0.970
15 0.05 2-TC3 3.97 2.89 0.35 20.59 0.989
2-TC4 3.63 2.64 0.38 32.11 0.995
3-TCS 5.79 4.21 0.24 -17.24 0.983
3-TCé6 6.27 4.56 0.22 -23.67 0.984
1-TC1 12.36 5.62 0.18 -38.01 0.982
1I-TC2 | 13.95 6.34 0.16 -45.06 0.980
20 0.06 2-TC3 9.61 4.37 0.23 -20.22 0.986
2-TC4 9.72 4.42 0.23 -21.13 0.990
3-TC5 13.65 6.21 0.16 -43.87 0.986
3-TC6 | 16.11 7.33 0.14 -52.43 0.984
1I-TC1 | 25.09 6.85 0.15 -49.10 0.981
1-TC2 | 29.74 8.11 0.12 -57.05 0.969
25 0.08 2-TC3 12.26 3.34 0.30 4.18 0.992
2-TC4 | 12.09 3.30 0.30 5.65 0.990
3-TCS 16.39 4.47 0.22 -22.07 0.985
3-TCé6 18.75 5.12 0.19 -31.89 0.984
I-TC1 | 22.55 4.10 0.24 -15.06 0.990
1-TC2 | 24.58 4.47 0.22 -22.05 0.990
30 0.10 2-TC3 | 22.23 4.04 0.25 -13.81 0.987
2-TC4 | 22.05 4.01 0.25 -13.12 0.984
3-TC5 | 25.57 4.65 0.22 -25.07 0.994
3-TC6 | 27.44 4.99 0.20 -30.19 0.986
Ennore sand
1-TC1 6.38 4.64 0.22 -4.25 0.989
1-TC2 6.23 4.53 0.22 -1.94 0.987
15 0.05 2-TC3 5.96 4.34 0.23 2.50 0.927
2-TC4 5.72 4.16 0.24 6.80 0.994
3-TC5 6.13 4.46 0.22 -0.34 0.972
3-TC6 6.10 4.44 0.23 0.15 0.975
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Figure 3.9 Variation of temperature with time for different applied voltages
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Figure 3.10 Regression analysis of experimental data for an applied voltage of 20 V
The calibration and corresponding regression coefficients obtained for three
different probes over a range of applied voltages are shown in Table 3.1. The

respective thermocouples in the probes are designated as probe number-thermocouple
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number viz. 1-TCI1 to 3-TC6. In the table, Ry is thermal resistivity value; K thermal

conductivity value and R? is regression coefficient.
3.6.4. Thermal conductivity of buffer materials

The thermal conductivity values of sand-bentonite mixtures were determined using
the same experimental setup employed for calibration of thermal probe. The samples
of sand-bentonite mixtures were synthesized and compacted to predetermined
compaction states. A hole of diameter and length slightly smaller than that of thermal
probe was precisely drilled through the center of compacted buffer material using a
high precision drilling machine with a helical drill bit. The probe was carefully
inserted into the predrilled hole ensuring intimate contact between the compacted

material and the probe.

The power supply leads of the thermal probe were connected to the constant
DC power supply unit and the T-type thermocouples were connected to the Campbell
Scientific data logger, which enabled to monitor the variation of temperature with
time. Subsequently, the thermal conductivity value of the buffer materials was

obtained.
3.7. Coupled Flow Characteristics

The existence of thermal gradient results in the migration of heat and moisture in a
coupled fashion (Villar et al., 2018). In view of this, efforts were made to investigate
the migration of heat and moisture through various buffer materials. The coupled flow
of heat and moisture studies involved the imposition of the constant heat source to
simulate the conditions similar to that of radioactive waste disposal scenario in the

real field.

Experimental setup for coupled flow studies consisted of two parts namely
constant heat source and mold, which were indigenously fabricated. The mold was
made up of PVC tube having an internal diameter 150 mm and length 285 mm. The
PVC mold was provided with a bottom polypropylene plate. The constant heat source
was made up of a copper heater having a length of 280 mm and 19 mm diameter with
25 mm cold regions at top and bottom. Nichrome wire was employed as the heating
element with a resistance of 22.5 Q-m™ and wattage of the heater was 120 W. Core of
the heater was filled with magnesium oxide (MgO) to serve as thermal conductor and

assist in achieving uniform distribution of temperature along the length of the heater.
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At the same time, MgO also served as an electrical insulator and prevented the

nichrome heating element from short-circuiting with the heater body.

Three T-type thermocouples were encapsulated in the constant heat source to
measure the internal surface temperature of the heater. Though the 25 mm long cold
regions do not have the heating element; however the conduction of heat takes place
through the external surface of the heater body. In order to minimize the heat loss
through these cold regions, two wooden sleeves were provided to insulate these
regions from contact with the surrounding soil. Figure 3.11 illustrates the schematic of
the experimental setup used for coupled flow studies. As shown in Figure 3.11, the
constant heat source was placed at the center of the mold surrounded by the candidate
buffer material which resembles the canister buffer assembly in the field. As the
surface of the heater was at a higher temperature than its surroundings, the
temperature gradient made the heat to migrate from the center of the experimental
setup towards periphery which in turn caused moisture migration in the similar
direction as the heat. In order to capture the spatial and temporal variation of
temperature, relative humidity and volumetric moisture content, few thermocouples,
relative humidity (RH) sensors (DHT-11 along with Arduino micro-chip board) and
time domain reflectometer (TDR), respectively were provided along the radial

distance from the center as well as the depth of the setup.

The sand-bentonite mixture SB30 was found to be optimal as buffer material
in terms of its compaction characteristics and thermal conductivity properties. Hence,
SB30 was considered as the candidate buffer material for coupled flow studies. Since
the buffer material in the field is expected to be compacted at its maximum
compaction densities, the compaction state of the candidate buffer material in the
study was selected as that of optimum moisture content and maximum dry unit
weight. A representative specimen of SB30 was prepared by compacting it in the PVC
mold using standard Proctor compaction hammer. Prior to the compaction of buffer
material, the heater was positioned at the center of the PVC mold, its verticality was
maintained by fixing it to the polypropylene base plate with the help of wooden peg
and silicon glue. While preparing the specimen, the thermocouples, TDR probes and
RH sensors were placed at predetermined positions. Subsequently, the TDR probes
and thermocouples were connected to the data logger and the power supply leads of
the heater were connected to power supply unit through temperature controller, as

shown in Figure 3.12. At the same time, RH sensors compatible to Arduino micro-
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chip board were also connected to a computer for recording the variation of relative
humidity throughout the experiment. Thus, the variation of temperature, humidity and
volumetric moisture content with respect to time was recorded when the buffer
material subjected to a constant heat flux was at its center. Further, an isothermal
vapor diffusion test was conducted to determine the isothermal vapor diffusion
coefficient (i.e., moisture evaporation coefficient) and the rate of vapor flow was

calculated by employing the relationship proposed by Bittelli et al. (2008).
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8 /{H sensor

Thermocouple
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Figure not to scale

Figure 3.11 Schematic view of experimental setup used for assessing coupled flow
properties of buffer materials

The isothermal vapor diffusivity, D, through sand-bentonite buffer materials
was determined as per the methodology proposed by Evgin and Svec (1988). For this
purpose, a PVC pipe of 15.6 mm diameter and 63.7 mm length was employed as the
evaporation test setup, as depicted in Figure 3.13. A representative sand-bentonite
buffer material was compacted at its optimum moisture content in the PVC pipe with
an end cap. The specimen was placed horizontally throughout the evaporation process
to minimize the effects of gravity on water vapor migration. The water vapor
diffusion experiments were conducted in a temperature and humidity controlled
chamber so as to maintain the boundary and physical conditions of the specimen
constant and hence to achieve a controlled rate of drying and evaporation from the
specimen. The rate of evaporation, in terms of weight loss of moisture from the

specimen, was recorded as a function of time. At the end of the test, the moisture
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profile within the specimen was established by measuring the variation of gravimetric
moisture content along with its length. Further, the D, was obtained for the one-
dimensional vapor flow condition under isothermal scenario using the mathematical

relationship proposed by Evgin and Svec, 1988.

Temperature comroller
connected to heater

Figure 3.12 Experimental setup for assessing coupled flow properties
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Figure 3.13 Schematic view of evaporation test setup for determination of isothermal
vapor diffusion properties

3.8. Soil Water Characteristic Curve

Soil water characteristic curve (SWCC) is considered as the basis for the prediction of
unsaturated soil parameters like permeability, diffusion, and hydraulic conductivity.

The SWCC is defined in three stages as suction increases (Barbour, 1998). At low
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suction values until the air entry value is reached, the soil remains fully saturated. In
the second stage, until the residual water content is reached, there is a decrease in
water content with suction. In the third stage, vapor diffusion can only be used to
remove the remaining water. Therefore, the third stage is of interest in investigations
of water vapor diffusion, whereas, most of the other cases focus on the first two stages
of SWCC (Dobchuk et al., 2004). The SWCC for the selected buffer materials were
obtained by quantifying the variation of suction corresponding to volumetric moisture
content. Suction value of soil over the drying curve was obtained by employing dew
point potentiometer (WP4-T, Decagon Devices, USA). The suction range which could
be measured using this equipment was 0 to 300 MPa. Figure 3.14 depicts the WP4
apparatus used for the present study. Further, the SWCC for the selected buffer
materials was established by plotting suction value against logarithm of volumetric

moisture content.

Sample Equilibration Area

= WP4-TO®

Figure 3.14 Dewpoint potentiometer (WP4)

In order to establish the SWCC, the samples were extracted from the
compacted soil mass using stainless steel rings with 34.5 mm diameter and 6.7 mm
height. The extracted samples were immersed in water for 5 to 6 h after sealing the
exposed sides with filter paper and porous disc arrangement to attain complete
saturation. The saturated soil sample was placed in SWCC cup and the same was
tested for its suction value using Dewpoint potentiometer. Once the wet weight and
corresponding suction value was obtained, the sample along with the ring was kept in

humidity controlled desiccator to allow controlled drying of the specimen. The
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procedure was repeated till the sample get dried completely and the final suction
reading was taken by keeping the sample in the oven for 24 h. Using the dry weight of
the sample, water content corresponding to each reading was obtained and the SWCC

was established by plotting suction value against volumetric moisture content.

Similarly, SWCC was obtained for different sand-bentonite mixtures
compacted at different compaction states and the SWCC for each sand-bentonite
mixture was taken as the average value of that for different compaction state. The
SWCC curves obtained were modeled using Fredlund and Xing (1994) model with

the help of a numerical tool called Soil Vision systems.
3.9. Gas Permeability Characteristics

The decay of radionuclides present in the high-level nuclear wastes leads to the
generation of sister compounds, which are predominantly gaseous in nature such as
radon (Fall et al., 2014). Hence, the gas transport properties of the buffer materials
need to be evaluated for its efficient design to contain the radioactive waste canisters.
Among the mechanisms of gas transport, advective flow is predominant as these gases
are at a moderate pressure under repository conditions (Billiotte et al., 2008). In
addition to this, the buffer materials are subjected to elevated temperatures throughout
their service life due to the presence of natural geothermal gradient at DGR level as
well as radiation and exothermic fission reactions occurring within the waste.
Previous researchers have attempted to predict the gas permeability characteristics of
various geomaterials under ambient conditions based on their unsaturated
characteristics. However, not many efforts were made in the literature to establish the
gas permeability properties over a range of elevated temperatures (Brace and Martin,
1968; Alzaydi and Moore, 1978; Calogovic, 1995; Skoczylas and Henry, 1995;
Stormont, 1997; Bouazza and Vangpaisal, 2003; Innocentini et al., 2007; Billiotte et
al., 2008; Fedor et al., 2008; Gardner et al., 2008). In view of these facts, gas
permeation properties of buffer materials were evaluated over a range of temperature.
The effect of dry unit weight and placement moisture content of the buffer material on

these characteristics was established by considering different compaction states.

For determination of gas permeability, either steady state or transient methods
are employed. The steady-state method yields accurate results and is suitable for
materials exhibiting gas permeability value larger than 10" m” This method requires
a high precision gas flow meter in order to measure the slow flux and a substantial

experimental duration for assessing steady state flow at a lower range of permeability.
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In addition to this, the steady-state methods require a constant flow rate to be
maintained throughout the experiment for efficient determination of gas permeability
characteristics. Apart from the fact that the steady state methods are time intensive,
Klinkenberg slippage further deteriorates the efficacy of the method to a large extent,
particularly for low permeable materials. In view of the above, transient techniques
are popularly used to determine the gas permeability of low permeable materials as
these methods are less cumbersome and time intensive. Moreover, it is not necessary
to have the knowledge of gas flux, since this can be calculated from changes in
pressure with time. In the transient technique, the test region is initially filled with a
model gas of desired pressure and subsequent pressure decay is measured with time.
The pressure decay method is usually deployed when the flow rates become
infinitesimally small and difficult to measure it experimentally. In this scenario, the
flow rates are quantified precisely in terms of change in pressure which can be easily
recorded. In view of these beneficial factors, the present study employed the transient
pressure decay method to establish the gas permeability characteristics of the selected

buffer materials.
3.9.1. Working principle of transient pressure decay method

The transient pressure decay method is proposed by Brace and Martin (1968), which
works based on the principle illustrated in Figure 3.15. In this method, the sample is
sandwiched between two reservoirs which are kept at constant and uniform pressure
at the beginning of the test. A sudden incremental pressure is then applied to the
upstream reservoir and corresponding pressure changes in both the reservoirs are
recorded with time. The pressure decay through the sample during the test can be

expressed by the following relationship.

oP
a[K Xuxa—x aP

~ eX (3.8)

The rate of permeation of gas from the high-pressure reservoir to low-pressure
reservoir varies with time which in turn imposes transient flow conditions. In view of

this, the governing equation for gas flow can be modified as follows.

2p 1 aKa []2=Bﬂ_ux5_1’ (3.9)

pell Ka ot
where P is pressure in kPa; x is linear distance in m; K, is effective gas permeability
in m%; p is density of gas in kN'm™; W is dynamic viscosity of gas in Pa‘s which is a

function of temperature and pressure; B is compressibility factor of the gas, its
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variation with temperature and pressure is obtained as per Green and Perry, 1984, and

n is effective porosity of the sample.

Once the pressure variation of both source and receiver reservoirs with time is
experimentally obtained, the difference in pressure between the reservoirs with time is
normalized with a pressure difference between them at the start of the test. The
coefficient of exponential fit of the normalized pressure variation curve indirectly
provides the coefficient of gas permeability using the simplified solution of Brace and

Martin (1968) as explained in Equations 3.10 and 3.11.
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Figure 3.15 Schematic view of the principle of pressure decay method

AP
—0 —g-0t (3.10)
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K,A
o= BreL f T (3.11)
X L,
H (Vsource receiver)

where AP is initial pressure difference between source and receiver reservoirs; APgg
is pressure difference between the reservoirs at a given time; a is coefficient of
exponential function; A is cross-sectional area of the sample; L is length of the

sample; Vsource aNd Vieceiver are volumes of source and receiver reservoirs.
2
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3.9.2. Gas permeability apparatus

The experimental setup developed to determine the gas permeability characteristics of
geomaterials over a range of compaction states and temperature is detailed in Figure
3.16. The test setup comprised of a cylindrical sample holder and two gas reservoirs
(source and receiver) on either side of it. The sample holder, receiver, and source
reservoirs were of 93 mm diameter and lengths 50 mm, 54 mm, and 190 mm,
respectively. All components of the permeability apparatus were connected together
by two end plates and two intermediate plates using four tie rods and wing nuts. The
chances of leakage through the interface between various components were
completely arrested using silicon O-rings. The source and receiver reservoirs were
fitted with two gas-tight valves (Swagelok, USA) each. One of the valves (valve 1)
was used for filling the model gas into the reservoirs and was set to the initial desired
gas pressure. The other valve (valve 2) on both the reservoirs were short-circuited for

initial pressure equilibration across the sample during the early phase of testing.

7. Valve-1
8. Valve-2
@ e 9. Shortcircuited tubes
\l: —\l/ 10. Intermediate plates
; ‘_ . End plates
. Tie rods

x ----- . Receiver reservoir
. Sample holder

1
2
3. Source reservoir
4. Pressure transducer
5. Readout unit

6. NIdata logger

Figure 3.16 Gas permeability apparatus

Both the reservoirs were connected to pressure sensors having 0-6 bar pressure
range by which pressure of respective chambers was measured with the help of
readout units and data logging system (National Instruments, USA). The soil sample
was placed in the sample holder with porous metal discs on either side of it to avoid
crumbling and spalling of the soil particles into the reservoirs. Gas pressure was
directly supplied by connecting to the inlet valve which was controlled by a pressure
regulator to maintain a constant pressure. The preferential flow of the candidate gas

through the annular space between the compacted specimen and the inner
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circumference of the sample holder was arrested by providing a bentonite paste filled
groove of 2 mm width and 5 mm depth along the circumference on either side of the
specimen. In order to ensure leak-proof, the interfaces between the inlet and outlet
chambers were sealed using silicon glue and leak tests were conducted prior to the

commencement of the experiment.

Efficacy of pressure decay method in assessing the gas permeability
characteristics of various sand-bentonite mixtures was assured by employing high
precision gas pressure transducers (Keller, Germany) with an accuracy of £0.25 % of
full scale with maximum total error of 1.5 %, for working temperatures of -10 °C to
80 °C, respectively. The transducers were calibrated using the pressure calibration
unit (Toshniwal, USA) over a pressure range of 20-600 kPa. The applied pressure
versus voltage output was used to establish the calibration response of the pressure

transducer, as depicted in Figure 3.17.
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Figure 3.17 Calibration response of pressure sensors

3.9.3. Gas permeability of buffer materials

The sample for gas permeability test was prepared by mixing the dry weight
proportions of sand and bentonite with the desired amount of moisture and stored it in
the high humid desiccator for a maturation period of 24 h. After maturation, the
sample was compacted to 50 mm thickness and the system was assembled to form the

gas permeability cell as depicted in Figure 3.16.

Both the reservoirs were filled with model gas through valve-1 of source
reservoir and short-circuited valve-2 of both the reservoirs. This enabled filling of
model gas to the desired pressure in both the reservoirs, simultaneously. Once the

pressure in both reservoirs attained constant value, it was kept undisturbed until all the
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pores of the specimen attained the gas pressure as that of the reservoirs by monitoring
the variation of applied pressure in both reservoirs. The inert nitrogen gas was chosen
as the model permeating gas, and hence, the error incurred due to its sorption on the
geomaterial was insignificant. The initial pressure equilibration was essential to
minimize the error due to non-uniform pressure distribution within the pores of the
specimen. It is also necessary to mitigate the gas pressure loss due to its dissolution in

pore water and sorption on available potential sites under testing conditions.

Once the initial pressure equilibration was achieved, the gas pressure in the
receiver reservoir was reduced to the desired value by opening valve-1 to impose a
known initial pressure gradient across the specimen. It could be noted that valve-2 of
both reservoirs were turned off and short-circuiting tube between them was
disconnected prior to the application of pressure gradient across the specimen. Thus, a
predetermined pressure gradient was applied across the sample and under this
gradient, the gas molecules started permeating through it from source (high pressure)
reservoir to the receiver (low pressure) reservoir. The variation of pressure with time
was monitored and recorded using pressure transducers and data acquisition system
(National Instruments, USA), as shown in Figure 3.16. The test was continued till the
flow of gas ceased from source reservoir to the receiver reservoir and the pressure
gradient across the specimen became insignificant. From the pressure variation with
time response of the specimen, its gas permeability coefficient was determined.
Similarly, permeability tests were carried out at different compaction states of the
geomaterials. Likewise, to study the influence of temperature on the permeability
characteristics, the tests were also performed in a temperature controlled chamber by

maintaining it at different temperatures such as 10 °C, 27 °C and 50 °C.

The variation of difference in gas pressure between the source and receiver
reservoir (AP;) was normalized with initial pressure difference (AP,) and the
normalized pressure variation (AP/AP,) was obtained with time. From the exponential
variation of AP/AP,, the exponential coefficient (o) was obtained and the coefficient
of gas permeability was determined using the solution suggested by Brace and Martin

(1968).
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3.10. Gas Diffusion Characteristics

The concentration of HLW contaminants in the surrounding environment is
insignificant compared to that in the canister. The concentration gradient imparts flow
of contaminants from the canister to the surrounding by means of diffusion.
Therefore, the gas transport characteristics of various sand-bentonite buffer materials,
in terms of diffusion characteristics were assessed and their ability to contain high-
level radioactive waste was evaluated. In addition, the influence of various factors
such as dry unit weight and moisture content on their diffusion characteristics was

evaluated.

Gas diffusion may be defined as the phenomena of gas transport from higher
concentration regions to the lower concentration regions by random motion of
gaseous molecules. The motion of a single molecule can be described in terms of the
familiar ‘random walk’ picture. At the same time as it is possible to calculate the
mean square distance travelled by a single molecule in a given interval of time, it is
not possible to say in what direction a given molecule will move in that time (Crank,
1975). In view of this, Fick (1855) attempted to quantify the diffusion rate by
modifying the mathematical equation of heat conduction proposed by Fourier (1822).
The theory of diffusion in isotropic substance is based on the hypothesis that the rate
of transfer of diffusing substance through unit area of a section is proportional to the
concentration gradient measured normal to the section. This can be explained

mathematically as,

F=—-DS- (3.12)
where F is rate of transfer per unit area of the section; C is concentration of the
diffusing substance; x is spatial coordinate measured normal to the section, and D is
diffusion coefficient. The negative sign of D indicates that the diffusion occurs in the

opposite direction of increasing concentration.

Consider a rectangular parallelepiped element with sides parallel to the axes of
coordinates as shown in Figure 3.18. The center of the element is considered to be at
P (x, y, z) where the concentration of the diffusing substance is C. The rate at which
the diffusing substance enters the element through the face ABCD in the plane x-dx is
given by,

4dydz (Fy-5-dx) (3.13)

where F is rate of transfer through unit area of the corresponding plane through P.
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Figure 3.18 Element of volume (modified from Crank 1975)
Similarly, the rate of loss of diffusing substance through the opposite face
A'B'C'D' is given by,
4dydz (F o+ S d) (3.14)
The rate of increase of diffusing substance in the element from the two faces

can be written as,

OFx
-8dxdydz S (3.15)

and from the other faces, it is

OF
-8dxdydz—* 3.16
xdydz - (3.16)
OF,
and -8dxdydz 5 (3.17)

The rate at which the amount of diffusing substance in the element increase is

given by,

8dxdydz (3.18)
and hence it can be written as,

oC | OF, , OFy  OF,
R, S Rl A Rl A
o4 oOx oy 0z -0 (3.19)

Fx, Fy, F, are given by (3.12) assuming the diffusion coefficient D is constant. Then,

(3.19) becomes,

* C 6 C o C
—D [ azz] (3.20)
which can be reduced as,
oc ___&*C
= = pe) (3.21)

The Equations (3.12) and (3.21) are referred to as Fick’s first and second laws

of diffusion.
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When D is not constant and it depends on the concentration of diffusing
substance C and also in the case when the medium is not homogeneous so that D

varies from point to point, the relation (3.21) can be modified as,

oC o oC 0 oC 0 oC
== =)+—= =)+= =
ot 0x (D 6x) oy (D 8y) 0z (D 62) (3.22)
where D is a function of X, y, z, and C (Crank, 1975).
The diffusion theory is based on Fick’s laws (i.e., Equations 3.12 and 3.21).

3.10.1. Gas diffusion apparatus

The gas diffusion characteristics of buffer materials were assessed by employing
carbon dioxide (CO,) as the model contaminant gas since CO, possess similar state
and properties as that of the radioactive gases encountered in a typical DGR. CO; is
also one of the constituents of the gaseous contaminants in the HLW as a result of the
emission reactions (Quintessa, 2011). The diffusion apparatus fabricated in the
present study was similar to two reservoir diffusion cell developed by Shakelford
(1991) to determine the diffusion characteristics of geomaterials for liquid
contaminants. The diffusion cell was made of perspex and consisted of three
cylindrical chambers such as source reservoir, receiver reservoir and a sample holder
(93 mm inner diameter and 100 mm outer diameter) as depicted in Figure 3.19. Each
source and receiver reservoirs were provided with 8 mm diameter gas inlet and outlet
ports which could be operated with the help of gas-tight quick coupling sockets
(Festo, USA). These reservoirs and sample holder were cylindrical in shape, separated
with perspex plates of 23 mm thick. Net length of the source, sampling, and receiving
chambers was 150 mm, 30 mm and 150 mm, respectively. The separating plates were
having dimensions 130x130%23 mm and a groove of 4.5 mm depth and 5 mm width
was provided on these plates to fix the cylindrical chambers. The intermediate plates
were provided with 70 mm diameter hole for allowing the gas to flow from source
reservoir to receiver reservoir through the soil sample and vice versa. In order to
ensure gas-tight connection, the joints between the cylinders and intermediate plates
were provided with six rubber washers with 93 mm inner diameter and 100 mm outer
diameter each. All the chambers and plates were connected together with four
stainless steel rods of 500 mm length. In order to keep the soil sample in position, two
93 mm diameter and 10 mm thick acrylic perforated discs were placed on both sides

of the sample (which also act as porous discs).
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A gas distribution panel as depicted in Figure 3.20 was employed for filling
CO; in the gas diffusion apparatus. This panel was made of perspex sheets, and SS
tubes of one-fourth inch, connected to the CO; cylinder with a regulator in between to
control the gas flow. End connections were made up of a one-eighth inch stainless

steel tubing and ferrule and nut connections.

Gas inlet & outlet ports Gas inlet & outlet ports
Intermediate plate

~ Endplate
Tie rod Yy
He=etH H=et EmE t H-—
s
lJSBfm11F¢J
100 Source reservoir Receiver reservoir

All dimensions are in 2

i}

150 30 150

Figure 3.19 Schematic diagram of the gas diffusion apparatus
(modified from Aswathy, 2012)

Figure 3.20 Gas distribution and pressure control panel

In order to measure the carbon dioxide concentration, an Infrared (IR) sensor

(as shown in Figure 3.21) named 100 % -CO, sampling data logger and CO, probe
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(CO; meter, USA) were used. The IR sensor had an inbuilt sampling pump which
drew the gas at a particular interval and its concentration was measured. The
instrument was provided with a data logger as well as real-time data collection system
for data acquisition. Calibration of the sensor was done with the help of calibration
gases. The sensor was placed inside the receiver chamber and the CO, concentration
in the receiver reservoir was measured with respect to time. USB fan was attached to
the top of the receiver reservoir to ensure the uniform mixing of the gases inside the
reservoir. The fan was programmed with the help of a control box in such a way that
the fan was powered a couple of minutes prior to the predetermined sampling time
and turned off soon after sampling. This helped in increasing the sensing speed of
sensors and also to ensure the accuracy of concentration measurement. Further, to
validate the measurements made by the IR sensors, gas samples were collected at
specified intervals from the receiving reservoir using a gas-tight syringe (Hamilton,
USA) and then analyzed for CO, concentration using Agilent make gas
chromatograph (GC) equipped with thermal conductivity detector (TCD), as depicted
in Figure 3.22.

K-30 Probe

CO2Meter.com

CO;Sampling Data Logger CO; probe
Figure 3.21 Infrared sensors for measuring CO, concentration

3.10.2. Calibration of infrared sensors

Prior to the utilization of infrared sensors for the measurement of carbon dioxide gas
concentration during the diffusion test, the IR sensors were calibrated using
calibration system developed. The calibration system consisted of an air-tight
reservoir, sensor units, and valves for controlling the gas in and out flows, as shown in
Figure 3.23. Two gas inlet ports of one-eighth inch size permitted the gas flow into
the reservoir. A gas cylinder filled with a calibration gas of known concentration of
CO, was connected to the reservoir through gas distribution panel. Further, the
concentration of carbon dioxide was monitored by the sensors connected to the
computer, using data analysis software (DAS). First, the calibration box was flushed
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with nitrogen gas for displacing the ambient gas and then connected to the calibration
gas supply ports. The regulator was adjusted such that the gas flow within the
reservoir was maintained constant. Once the flow was set, the carbon dioxide gas was

introduced to the system and the pressure development within the reservoir was

avoided by opening the outlet valve.

i;-/:E._-

\Illllm TR
e

Figure 3.22 Gas chromatograph used for analyzing CO, concentration

Further, the system was allowed to stabilize for a few minutes and the
measurement was monitored continuously with the help of DAS software. The same
procedure was repeated for different known concentrations of calibration gas and the
calibration curve was obtained by plotting the known concentrations and the

corresponding concentrations displayed by the sensor as shown in Figure 3.24.

Figure 3.23 Infrared sensor calibration system
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Figure 3.24 Calibration response of infrared sensors

3.10.3. Calibration of gas chromatograph

The calibration of gas chromatograph was achieved by analyzing different
concentrations of CO, in the gas chromatograph for obtaining the area of eluted peak
and corresponding retention time. Gas canisters with standard CO, gases of different
concentrations such as 0 % (i.e., 100 % nitrogen), 10 %, 30 %, 50 %, and 100 % of
CO, concentration were injected at the inlet of the GC using gas-tight syringe and the
eluted peak area and retention time was noted. The test was repeated for a minimum
of 5 times. The average value of eluted peak area was plotted against the known
concentration of the standard CO, which represented the calibration curve. The
standard deviation of each concentration value was obtained and the accuracy of
calibration was also established. Calibration results of the gas chromatograph are

presented in Figure 3.25.

The soil sample was prepared in the same manner as that prepared for gas
permeability test. The sample was compacted to 10 mm thickness in the sample
holder at desired compaction state with the help of handheld tamper and spacer discs.
In order to avoid boundary leaking effects, a layer of bentonite paste of liquid limit
consistency was applied around the interface between the sample holder and sample
edge. Porous discs were then placed on both sides of the sample to avoid spalling of
the sample towards the source and receiver side. Further, the sample holder containing
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the sample was placed in between the source and receiver reservoir connected by
intermediate plates. In addition to this, the infrared sensor was also placed in the
receiver reservoir side for the measurement of diffused gas concentration. The entire

system was then assembled to form the diffusion cell as shown in Figure 3.26.

Prior to the experimentation, all the joints of the diffusion cell were made
airtight by tightening the threaded rod-nut system connecting the intermediate and end
plates. In addition to this, the joints were sealed using silicon glue. Once the gas
tightness was ensured, the gas inlets of the source and receiver chambers were
connected to the nitrogen gas supply ports of the distribution panels and both the
chambers were flushed with nitrogen gas at atmospheric pressures to displace the
ambient gas. In order to avoid the development of pressure within the chambers, the
outlet valves were kept open to atmosphere while filling as well as flushing the
chambers. The chamber was flushed with nitrogen gas for 15 minutes and then left the
system for attaining equilibrium for a time span of 5 h. The IR sensor was configured
such that the carbon dioxide concentration within the receiver chamber was monitored

continuously with the help of the DAS software.
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Figure 3.25 Calibration response of gas chromatograph
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Figure 3.26 Gas diffusion apparatus

Further, carbon dioxide gas was filled into the source reservoir to the desired
concentration by connecting the inlet valve to an intermediate gas reservoir with IR
sensor for measuring the concentration, which in turn was connected to the carbon
dioxide gas supply cylinder through the gas distribution panel. During filling of the
model gas into the source reservoir, the pressure within reservoir was maintained
close to atmospheric pressure to ensure zero pressure gradient across the sample.
After this step, the infrared sensor was configured with the help of DAS software.
Soon after connecting the sensor to the computer, the system was monitored for CO,
gas concentration in the receiver reservoir with respect to time. Further, the source
reservoir was connected to a CO; reservoir with CO; gas of known concentration at

ambient pressure which maintained the source reservoir concentration constant.

The variation of effluent gas (CO,) concentration, C;, was normalized with the
source reservoir gas concentration, Cy, over a period of time. The experiment was
continued till the normalized effluent concentration, C/C, approached close to unity.
By employing the methodology presented above, a variation of normalized effluent
concentration, C/Cy, with time for different buffer materials over a range of moisture
contents, in terms of the breakthrough curves (BTCs) was obtained. All the tests were
conducted in a temperature controlled room (25+2 °C) where density and viscosity of

gas were assumed to be constant.
3.11. Sorption Characteristics

Sorption characteristic studies on buffer materials were conducted to quantify the
mass of contaminant sorbed by them. It provided a quick understanding of the
geomaterial-contaminant interaction over variable environmental conditions. Sorption

characteristics of the geomaterials can be obtained by adopting two methods such as
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batch sorption and column flow-through experiments. Among the two methods, batch
sorption studies are simple and easy to conduct whereas, column flow-through
experiments better represent the contaminant-geomaterial interaction. The sorption
characteristics of geomaterials predominantly depend on their physico-chemico-
mineralogical properties; liquid to solid ratio, L/S; temperature; chemical composition
of the contaminant and geomaterial-contaminant interaction time (Harter, 1983; Gray
et al., 1988; Yong and Phadungchewit, 1993; Gao et al., 1997). Keeping these
parameters in mind, batch sorption experiments were conducted over a wide range of
L/S at different temperatures of 10 °C, 27 °C, 50 °C and relative humidity of 50

percent was maintained constant throughout the experiment.

The liquid to solid ratio, L/S, is defined as the ratio of mass (or volume) of the
solution to the mass of the dry soil. According to ASTM D4646 (2004) and Roy et al.,
(1991), it is very difficult to perform batch sorption experiments for L/S values less
than 4, as the resulting paste hinders separation of the solid particles from the mixture
of contaminant solution and geomaterials. With this in view, in the present study, L/S
values of 10, 20, 50, 100, and 200 were adopted to obtain the sorption characteristics

of geomaterials.

To achieve different L/S values such as 10, 20, 50, 100 and 200, the sample
weighing 10, 5, 2, 1 and 0.5 g, respectively, were mixed with 100 ml of the
corresponding contaminant solution with a different initial concentration in air tight
polypropylene sample bottles. The samples were weighed according to their dry
weight proportions to obtain different sand-bentonite mixtures. Since sorption is a
physicochemical phenomenon, the equilibration time (the optimal geomaterial-
contaminant interaction time) was obtained by following the recommendations
proposed by Roy et al. (1991) and Nithya (2011). To obtain equilibration sorption
time, experiments were conducted by allowing buffer materials in different L/S ratios
to interact with contaminant solution of initial concentration C; equal to 100 mg/L.
The contaminants selected for the present study were strontium, Sr*™ in its nitrate
form and cesium, Cs®" in its chloride form and the buffer materials considered were
SB30, SB50, SB70, and SB100. The mixture of geomaterial and contaminant was
allowed to interact over a wide range of interaction time as minimum as 5 minutes to
as long as 10 days. Proper interaction was obtained by shaking the sample bottles in a
mechanical wrist shaker for specified interaction time. After the interaction time, the

contents of these bottles were centrifuged at 1000 g for 30 minutes to separate the
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solid particles from the solution. The filtrate thus obtained was analyzed for the
contaminant concentration using atomic absorption spectrophotometer, AAS (Thermo
scientific, USA). Further, similar experiments on sample bottles filled with a certain
concentration of heavy metal solution without the geomaterial (blank samples) as well
as that on sample bottles filled with the geomaterials and the distilled water (control
samples) were performed to establish the sorption affinity of the sample bottle and the
trace level concentrations of the concerned contaminant initially present in various
geomaterials (Grolimund et al., 1995; Gao et al., 1997; ASTM D4646, 2004; Nithya,
2011). Using the obtained sorption capacity of the sample bottles and trace level
initial concentrations present in different geomaterial, the corrected initial
concentration of the solution, C; and equilibrium solution concentration, C. were
determined. Later, the mass of contaminant sorbed by the geomaterial, C; was

computed using the following relationship.

c=(ci-C)x(L/g) (3.27)

The equilibrium was considered to be achieved if the change in variation was

not more than five percent between two consecutive solution concentration values
during 24 h of interaction. From the result, it could be observed that the contaminant
concentration decreased gradually from its initial concentration to equilibrium
concentration value corresponding to interaction time of 96 h and later remained
constant. Similarly, the equilibrium concentration values for other buffer materials
with selected contaminant solution were obtained and incidentally, these values were
found not to be more than 96 h and hence interaction time of 96 h was considered as
equilibrium interaction time. Further, the experiments on different sand-bentonite
mixtures with corresponding contaminants at temperatures of 10 °C, 27 °C, and 50 °C

were conducted for an equilibration time of 96 h.

The column flow-through sorption experiments represent geomaterial-
contaminant interaction in a very realistic way (Jackson et al., 1984). For this purpose,
column test setups were fabricated to study the sorption characteristics of the
geomaterials as depicted in Figure 3.27 and Figure 3.28. The setup was made up of
perspex material and consisted of a cylindrical column of 50 mm diameter and 80 mm
height. The bottom 30 mm of the cylindrical portion was filled with geomaterial and
compacted in three layers by providing a specified number of blows using a hand-held
hammer to achieve compaction state corresponding to maximum dry unit weight. To
facilitate the drainage at top and bottom of the specimen, two porous discs were
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placed at both ends of the sample. The void ratio of the sample was maintained
constant throughout the experiment by keeping the height of the sample same with the
help of loading ram and tie rod arrangement. Initially, the soil column was saturated
by permeating distilled water under constant hydraulic gradient. Once the steady-state
flow condition was achieved, the permeant was replaced with the model contaminant
of specified concentration. The effluent coming out of the compacted geomaterial was
collected at the top of the sample in the sample collection bottle and was withdrawn
regularly into glass vials. The effluent in the vials was stored in a refrigerator and
analyzed for their metal concentration, C, using AAS. This process was repeated until
the normalized effluent concentration, C/C,, of the effluent approaches to 0.5 or

higher.

Oring

Paorous disc

Figure 3.27 The laboratory (1-g) column flow-through the experimental setup
Similarly, column flow-through experiments were conducted in geotechnical
centrifuge at 100g. The sorption characteristics corresponding to 1g test was achieved
by applying scaling laws (Nithya, 2011). The geotechnical centrifuge and column
flow-through experimental setups placed in a swinging bucket of the geotechnical

centrifuge are detailed in Figure 3.29 and 3.30.
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Figure 3.28 The schematic diagram of laboratory (1-g) column flow-through
experimental setup (modified from Nithya, 2011)

Figure 3.29 Column flow-through experimental setups placed in a swinging bucket of
a geotechnical centrifuge
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GEOTECHNICAL CENTRIFUGE

Figure 3.30 Two-meter diameter balanced beam geotechnical centrifuge
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Chapter 4
RESULTS AND DISCUSSIONS

4.1. General

This chapter presents the results of experimental investigations carried out according
to the methodologies described in chapter 3. The physico-chemico-mineralogical and
geotechnical properties of the selected materials are elaborately discussed. The heat
and contaminant migration properties of the synthesized buffer materials are reported.
The generalized relationships for estimation of transport properties of buffer materials
were developed, and the same is illustrated. Further, the efficacy of the buffer
materials was assessed for containing the radioactive waste and the details pertaining

to this aspect are described.
4.2. Physical Characteristics

The physical properties and consistency indices of the selected virgin materials were
obtained, and the results are reported in Table 4.1 and Figure 4.1. Based on the
particle size distribution characteristics and consistency limits, the selected virgin
materials were classified as per Unified Soil Classification System, USCS (ASTM
D2487, 2011) and the same is reported in Table 4.1.

Table 4.1 Physical properties and consistency indices of the materials

Propert Value

perty Sand Bentonite
Specific gravity 2.70 2.72
Particle size Percent fraction by weight (%)
Gravel size (i.e., > 4.75 mm) 0 0
Coarse sand size (i.e., < 4.75 mm and > 2 mm) 0 0
Medium sand size(i.e., <2 mm and > 0.425 mm) 0 0
Fine sand size (i.e., < 0.425 mm and > 0.075 mm) 100 1
Silt size (i.e., < 0.075 mm and > 0.002 mm) 0 38
Clay size (i.e., < 0.002 mm) 0 61
Consistency limits Percent by weight (%)
Liquid limit (wy) 364
Plastic limit (wp) ) 46
Plasticity index (PI) Non-plastic 318
Shrinkage limit (wg) 4
Soil classification as per USCS* SP CH

*Unified soil classification system (ASTM D2487, 2011)
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Figure 4.1 Particle size distribution characteristics of the materials

4.3. Chemical and Mineralogical Characteristics

The chemical composition of the selected materials was determined using XRF and
the results obtained are presented in Table 4.2 in their major oxide form. It can be
observed that the selected geomaterials predominantly constitute oxides of silica,

alumina, and iron.

Table 4.2 Chemical composition of the materials

Oxide | Percent by weight (%)
Sand Bentonite

SiO, 41.8 59.7
Al,O; 10.2 17.6
Fe,O; 26.8 10.6
CaO 14.2 0.7
MgO 1.2 1.7
Na,O 0.1 3.7
K,0 0.7 1.5
TiO, 3.0 42
P,0Os 1.6 0.0
MnO 0.4 0.3

The mineralogical properties of the selected materials were examined using
powder XRD technique. Figure 4.2 depicts the X-ray diffractograms of the selected

materials. The minerals present in the geomaterials were identified with the help of a
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Figure 4.2 X-ray diffractograms of the materials

Table 4.3 Mineralogical characteristics of the materials

Material

Minerals present

Sand

quartz

Bentonite

montmorillonite, quartz, kaolinite

4.4. Geotechnical Characteristics

4.4.1. Compaction characteristics

The engineering behavior of the materials is strongly influenced by their dry unit

weight and placement moisture content.

In view of this,

the compaction

characteristics of virgin bentonite, and mixtures of sand and bentonite were

established. For the sake of brevity, the compaction characteristic curve of bentonite

(referred as SB100) is illustrated in Figure 4.3, along with the corresponding zero air

void line. The pivotal compaction characteristics such as maximum dry unit weight

(Ydmax) and optimum moisture content (OMC) of the sand-bentonite mixtures were

obtained and the same is reported in Table 4.4.
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Figure 4.3 Compaction characteristics of bentonite

Table 4.4 Compaction characteristics of sand-bentonite mixtures

Material | Yamax (kN-m"") OMC (%)
SB10 19.5 14.6
SB20 20.3 12.0
SB30 17.9 13.5
SB40 20.3 14.2
SB50 18.9 19.6
SB70 19.2 13.8
SB100 12.8 293

4.4.2. Hydraulic conductivity

The hydraulic conductivity of the geomaterial determines its suitability as a liner or
buffer material (Daniel, 1987 & 1990). Therefore, the hydraulic conductivity of the
sand-bentonite mixtures (referred as buffer materials) was determined using flexible
wall permeameter. The variation of cumulative volume of the effluent (permeant)
with time was obtained under the steady state conditions. Based on the observed
cumulative volume of the permeant per unit time through a unit cross section of the
buffer material under applied hydraulic gradient, its hydraulic conductivity was
determined using the following relationship. The experimentally obtained hydraulic
conductivity of various buffer materials is reported in Table 4.5.

_a

At 4.1)
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where k is hydraulic conductivity in m-s™”, Q is cumulative volume of water collected
in m’, L is length of the soil specimen in m, A is cross-section area of the soil

specimen in m%, h is head difference in m, and t is time elapsed in seconds.

Table 4.5 Hydraulic conductivity of the buffer materials

Material Hydraulic conductivity (<10 m-s™)
SB10 21.3
SB20 4.20
SB30 0.12
SB40 0.14
SB50 0.19
SB70 0.22
SB100 0.20

It can be noticed that the buffer materials considered in this study exhibited
lower hydraulic conductivity than the stipulated value for construction of compacted

clay liners of an engineered landfill (1x10™ m's™ as per USEPA, 1989).
4.5. Thermal Properties

The thermal characteristics of buffer materials in terms of their thermal
conductivity were obtained using transient heat technique by employing thermal
probe. In order to quantify the influence of soil fabric on thermal conductivity,
specimens compacted at different compaction states were selected. For this purpose,
three specimens compacted on dry of optimum, one specimen in the proximity to
OMC and three more specimens compacted on wet of optimum were considered. The
schematic representation of these compaction states is illustrated in Figure 4.4. Upon
compaction of the buffer material to the desired compaction state, the thermal probe
was inserted and the thermal conductivity of it was determined. Table 4.6 depicts the

variation of thermal conductivity values with the compaction state.

Further, the performance of the thermal probe was established by comparing
the thermal conductivity of a wide variety of geomaterials vis-a-vis with that of
obtained from the widely accepted C-Therm TCi'™. The C-Therm TCi™ thermal
analyzer primarily measures thermal effusivity of the bulk material using transient
plane heat source which in turn enable the determination of its thermal conductivity
precisely (www.ctherm.com). The C-Therm TCi'™ thermal analyzer consists of high
precision temperature measuring sensor, electronics to precisely impose the heat flux
and to control the heat emission from the sensor and the software to measure the

thermal properties, as shown in Figure 4.5. The plane heat source of C-Therm TCi™

74



comprises of a spiral-shaped primary heating element which in turn is surrounded by
the secondary heat source in the form of a guarded heat ring. The heat emanated from
the guarded ring ensures the one-dimensional heat flow from the primary heat source
into the material under consideration. The electrical potential difference across the
primary heat source is monitored precisely and the same is used for determining the
thermal effusivity of the material using TCi's patented iterative technique
(www.ctherm.com). The thermal effusivity of the material can be defined as the
square root of the product of thermal conductivity, K, unit weight, p and specific heat

capacity, Cp, (i.e., ,/KxpxC;) and has units of W-s***m? K. From the measured

thermal effusivity, the thermal conductivity of the material was determined by
knowing its specific heat capacity. The C-Therm TCi'™ has the ability to compensate
variations in ambient temperature, which enables its suitability for measuring the
thermal conductivity of various materials over a wide range of temperatures. The
efficient determination of thermal conductivity of geomaterials using C-Therm TCi™
demands an intimate contact between the material surface and the heat source of the
device. For this purpose, the manufacturer recommends applying a very thin layer of
non-wettable contact agent such as Anabond 652C between the plane heat source of

the thermal analyzer and the material.

Table 4.6 Variation of thermal conductivity of buffer materials with compaction state

Material | w (%) | ya’kN-m™) | 0(%) | K(W-m" K"
SB0-A 1.0 14.1 14.1 0.651
SB0-B 2.0 13.9 27.7 0.721
SB0-C 3.0 13.6 40.8 0.759
SB0-D 4.0 13.9 55.8 0.870
SBO-E 5.0 13.9 69.4 0.930
SBO-F 6.0 14.2 85.3 1.053

SB10-A 4.5 16.1 7.4 0.648
SB10-B 6.4 16.5 10.8 0.726
SB10-C 8.5 16.6 14.5 0.786

SB10-D 15.0 16.3 25.0 1.095
SB10-E 20.2 16.1 33.1 1.121
SB10-F 28.1 15.9 45.5 1.384

SB20-A 5.2 15.9 8.5 0.676
SB20-B 7.4 16.3 12.2 0.895
SB20-C 10.9 16.8 18.7 0.966

SB20-D 16.3 17.1 28.4 1.346
SB20-E 19.2 16.7 32.6 1.650
SB20-F 25.4 15.0 38.8 1.772

SB30-A 10.7 14.2 15.5 0.299
SB30-B 12.0 14.7 18.0 0.357
SB30-C 13.7 14.5 20.3 0.476
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Material | w (%) | ya ’kN'm™) | 0(%) | K(W-m"K")
SB30-D 18.2 14.2 26.3 0.553
SB30-E 22.0 13.7 30.8 1.231
SB40-A 10.1 16.0 16.5 0.806
SB40-B 17.2 17.1 30.0 1.271
SB40-C 20.1 16.9 34.6 1.466
SB40-D 25.2 15.7 40.2 1.579
SB50-A 12.3 12.7 16.0 0.249
SB50-B 15.2 12.8 19.8 0.490
SB50-C 18.0 13.4 24.6 0.531
SB50-D 19.8 14.5 29.3 0.568
SB50-E 20.9 14.0 29.9 0.572
SB50-F 22.1 13.6 30.6 0.619
SB60-A 5.4 16.2 8.9 0.572
SB60-B 9.7 16.7 16.5 1.516
SB60-C 10.1 16.8 17.3 1.701
SB60-D 15.0 17.0 26.0 1.784
SB60-E 16.8 16.6 28.4 1.850
SB70-A 5.2 16.0 8.5 0.496
SB70-B 10.5 16.4 17.6 1.280
SB70-C 13.2 16.6 22.3 1.53
SB70-D 16.7 16.5 28.1 1.775
SB70-E 18.4 16.2 30.4 1.783
SB80-A 4.9 15.8 7.9 0.420
SB80-B 113 16.5 19.1 1.034
SB80-C 16.5 16.6 27.9 1.350
SB80-D 18.9 16.1 31.0 1.784
SB80-E 20.2 15.8 32.5 1.720
SB90-A 10.5 13.4 14.3 0.365
SB90-B 14.5 13.6 20.1 0.851
SB90-C 19.2 14.5 28.4 1.345
SB90-D 22.5 14.5 33.3 1.693
SB90-E 24.1 15.1 37.1 1.557

SB100-A 12.8 11.0 14.4 0.292

SB100-B 17.2 11.4 20.1 0.597

SB100-C 23.9 12.3 29.9 1.439

SB100-D 26.3 12.4 33.1 1.734
SB100-E 28.1 12.3 35.2 1.795
SB100-F 29.4 12.2 36.5 1.840
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Figure 4.4 Compaction states of the samples used for determination of thermal
conductivity of buffer material SB100
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Figure 4.5 C-Therm TCi™ thermal analyzer (www.ctherm.com)

For the determination of thermal conductivity of buffer materials employing
C-Therm TCi'™, a disc-shaped soil specimens of 34.5 mm diameter and 6.7 mm
height were extracted from the compacted mass of the buffer material using a
stainless steel ring. The thermal conductivity of selected buffer materials (viz. SB30,
SB50 and SB100) were obtained using the C-Therm TCi™ thermal analyzer and the

results are presented in Table 4.7.
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Table 4.7 Variation of thermal conductivity of buffer materials obtained from probe
and C-Therm TCi™

Material w Ya \ 0 K (W-m'l-K'l) . Percent
(%) |(KN-m™) (%) Probe C-Therm TCi difference
SB30-A | 7.17 | 13.76 | 10.06 0.226 0.254 11.0
SB30-B 9.53 | 14.04 | 13.64 0.271 0.294 7.8
SB30-C 10.7 | 14.21 15.50 0.299 0.304 1.6
SB30-D 12 14.74 | 18.04 0.357 0.368 3.0
SB30-E | 13.67 | 14.55 | 20.27 0.476 0.499 4.6
SB30-F | 18.23 | 14.15 | 26.31 0.553 0.569 2.8
SB30-G | 22.03 | 13.71 30.80 1.831 1.886 2.9
SB50-A 123 | 12.73 15.97 0.443 0.469 5.54
SB50-B | 15.17 | 12.80 19.8 0.49 0.524 6.49
SB50-C 18.0 | 13.42 | 24.62 0.531 0.565 6.02
SB50-D 19.8 | 14.51 | 29.28 0.568 0.572 0.70
SB50-E 209 | 14.04 | 2991 0.572 0.596 4.03
SB50-F 22.1 | 13.59 | 30.61 0.619 0.634 2.37
SB50-G | 254 | 13.17 | 34.11 1.602 1.667 3.90
SB100-A | 12.8 | 11.05 14.41 0.522 0.543 4.02
SBI100-B | 17.2 | 11.44 | 20.06 0.597 0.618 3.40
SB100-C | 219 | 12.04 | 26.87 0.641 0.662 3.17
SB100-D | 23.9 | 12.25 | 29.85 1.439 1.499 4.00
SBI100-E | 26.3 | 12.36 | 33.14 1.734 1.758 1.37
SB100-F | 28.1 | 12.29 | 35.21 1.795 1.813 0.99
SB100-G | 294 | 12.16 | 36.46 1.84 1.887 2.49

For establishing the efficacy of the thermal probe, the thermal conductivity of
typical buffer materials obtained using it was compared with that obtained using C-
Therm TCi'™ as illustrated in Figure 4.6. It can be observed that the thermal
conductivity of buffer material obtained using the thermal probe is in good agreement
with that of obtained using C-Therm TCi™. Hence, it can be concluded that the
thermal probe yields accurate thermal conductivity of various geomaterials including
the buffer materials, for all practical purposes. Further, the percent difference between
the thermal conductivities arrived using probe and C-Therm is in the order of ten
percent in few instances, however, the majority of the measurements are well within

five percent.

Figure 4.7 depicts the variation of thermal conductivity with volumetric
moisture content, 0 for a typical buffer material (SB30). It is evident that the thermal
conductivity of the buffer material is increasing with the volumetric moisture content.
This increase in thermal conductivity with volumetric moisture content is owing to the
enhanced packing density attributed from the higher placement moisture content up to
OMC and beyond this threshold moisture content, the increase in thermal conductivity

is ascribed to variation in the degree of saturation.
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Figure 4.6 Comparison of thermal conductivity of SB30, SB 50 and SB 100 from
probe and C-Therm TCi™

The proportionate increase in thermal conductivity of buffer material with its
volumetric moisture content reveals the significance of placement moisture content
(Arnepalli and Singh, 2004a; Joseph, 2014). When the moisture is added to the soil, a
thin layer of water develops around the soil particles, which bridges the voids between
the particles and increases the effective contact area; which in turn is responsible for
better heat flow and enhanced thermal conductivity. Similarly, with the increase in
dry unit weight more number of particles are packed into a unit bulk volume and thus
formation of large number of contact points between the soil particles, which in turn
results in higher thermal conductivity (Salomone et al., 1984; Salomone and Kovacs,

1984; Salomone and Marlowe, 1989).

The sand with high quartz content exhibited a greater thermal conductivity
compared to the counterpart, comprised of plagioclase, feldspar, and pyroxene
(Kersten, 1949; Mitchell and Soga, 2005). Whereas, the soils with high organic
content yield lower thermal conductivity (Salomone and Marlowe, 1989). In the
present study, it was observed that with a decrease in sand content (primarily made up
of quartz) by increasing the bentonite fraction in the sand-bentonite buffer material,
the thermal conductivity value has increased. For instance, this observation appears to
be contradicting with the findings reported in the literature. This is attribute to the fact

that, the increase in bentonite fraction in the buffer material results in improved
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packing density, which in turn provides an effective contact area for surface heat flow
and leads to enhanced thermal conductivity. Moreover, bentonite considered in the
synthesis of buffer material is also characterized by moderate amounts of quartz
mineral which might be partly responsible for the increased thermal conductivity of

the buffer.
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Figure 4.7 Variation of thermal conductivity with volumetric moisture content for
SB30

Further, for a given moisture content and dry unit weight the thermal
conductivity of coarse-grained angular soils is higher than that of fine-grained soils
(Kersten, 1949; Salomone and Marlowe, 1989). In addition, uniformly graded soils
generally exhibit lower thermal conductivity when compared to well-graded soils
(Salomone and Marlowe, 1989). In the present study, it is observed that the thermal
conductivity of compacted SB100 is highest when compared to the other sand-
bentonite mixtures. This may be attributed to synergetic contribution from bridging
water as well as improved contact between the particles, and hence the improved

surface heat transfer.

Incidentally, the variation of thermal conductivity of various buffer materials
with the volumetric moisture content corroborated with the findings reported in
literature. For the sake of completeness, the obtained results are presented in Table 4.6

and Figure 4.8.
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Figure 4.8 Variation of thermal conductivity of buffer materials with volumetric
moisture content

4.5.1. Generalized model for predicting thermal conductivity of buffer materials

The buffer materials are subjected to variable environmental conditions including the
temperature variation and moisture imbalance, which alter their thermal conductivity.
To ensure the long-term performance of buffer material in typical DGR conditions,
the comprehensive understanding of variability in its thermal conductivity owing to
the above factors is essential. For this purpose, the experimentally obtained thermal
conductivity of buffer materials considered in this study was corroborated with
various prediction models available in the literature in view of assessing their
suitability for predicting the thermal conductivity. This revealed the lacuna of existing
models in the precise estimation of thermal conductivity of buffer materials and

highlighted the need for the development of a generalized prediction model.

In general, the heat migration phenomenon through the porous materials is
determined by three fundamental mechanisms viz. conduction, convection, and
radiation. Among these mechanisms, conduction contributes to the heat migration
significantly via contact between the particles. In general, a typical engineered buffer
material exhibits reasonable contact area among the particles owing to the presence of
different sized particles in it. The effective contact area, which is a function of their

relative size and packing density, has relevance to conductive heat flow. In addition,
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among the major minerals occurring in natural geomaterials, quartz, 1:1 kaolinitic
clay mineral, and 2:1 smectite-based clay minerals contribute the lion's share. It is
interesting to note that the quartz and smectite-based clay mineral exhibit greater
thermal conductivity when compared to the other minerals (Mitchell and Soga, 2005;
Jobmann and Buntebarth, 2009). Further, literature established the thermal
conductivity of quartz, kaolinite and smectite as 7.8, 2.8 and 1.8 W-m'-K',
respectively (Horai, 1971). In the case of sand-bentonite based buffer materials,
quartz along with smectite-based clay minerals are present abundantly. Therefore, it is
quite rationale to incorporate the mineralogical nature of buffer materials while
predicting their bulk thermal conductivity. The dry unit weight of geomaterial
represents the packing density which in turn governs the heat flow, and hence, it is
essential to consider the influence of dry unit weight in estimating the thermal
conductivity. On the contrary, the heat migration through partially saturated
geomaterials is governed by the fraction of voids filled by the pore fluid and their
interconnectivity since the thermal conductivity of pore water (K~ 0.58 W-m™-K™) is

higher than the air phase (Fredlund et al., 2012).

From the above discussion it can be realized that, the four inherent properties
of the geomaterials viz. mineralogical nature, particle size distribution characteristics
(percent fraction of various sized particles), and compaction state (dry unit weight and
molding moisture content) predominantly determines its thermal conductivity
(Arnepalli and Singh, 2004 a & b; Jobmann and Buntebarth, 2009; Gualtieri et al.,
2010; Caridad et al., 2014). In view of this, an effort was made to evaluate the
efficacy of various existing prediction models in terms of statistical measures, by
considering the input parameters originally proposed by the authors. The present
study considered various prediction models for comparison viz. Kersten model
(1949), de Vries model (1963), series and parallel heat flow equations (McGaw, 1969;
Farouki, 1982), Johansen model (1975) and MDDTherm (Arnepalli et al., 2004b).
Table 4.8 presents the experimental results of various buffer materials and predicted
thermal conductivity values along with the percent difference between them. It can be
observed that the average percent difference between the predicted and measured
thermal conductivity values from all the models are more than 50 %. In addition,
Table 4.9 enumerates the input variables considered, prediction efficiency in terms of
statistical parameters and lacuna of each model mentioned above. Further, Figure 4.9

furnishes a graphical comparison between experimental and predicted thermal
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conductivities of the geomaterials obtained by employing the empirical relationships

listed in Table 4.9.

The correlation coefficient (R?) and the root mean square error (RMSE)
obtained by comparing the thermal conductivity values obtained using the prediction
models with the experimental values are also presented in Table 4.9. It can be noted
that none of the models predict the experimental thermal conductivity of the buffer
materials precisely. The correlation coefficient obtained for all the models are less
than 70 percent and most of the models yield even less than 50 percent. Further, the
RMSE values are found to be high (more than 50 percent). Hence, the need of
proposing a generalized model for prediction of thermal conductivity of sand-

bentonite based buffer materials was ascertained.

For the development of a generalized prediction model, a multiple linear
regression (MLR) based empirical model, which is in line with the MDDTherm
proposed by Arnepalli and Singh (2004b), incorporating the effects of particle size
distribution characteristics (in terms of fraction of sand-, silt- and clay-sized
particles), and mineralogical composition (in terms of amounts of quartz, kaolinite,
and montmorillonite). For comparison purpose, an artificial neural network (ANN)
based prediction model was also proposed.
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Figure 4.9 Comparison of measured and estimated soil thermal conductivity by
existing prediction models
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Table 4.8 Efficacy of various empirical models in predicting the thermal conductivity of buffer materials

Predicted K (W-m™-K™)

Measured K Percent Percent . Percent Percent |Flow model| Percent (Flow model| Percent
Material (W'm'l'K'l) Klﬁiilt:ln difference 'll“\l/{]e)r]r)n difference dlfl\o](lileeis difference J(:Il:sg:fn difference | (arithmetic | difference | (geometric (difference
(%) (%) (%) (%) mean) (%) mean) (%)
0.65 0.14 78.44 1.07 -64.89 0.34 47.98 0.47 26.90 0.37 43.41 0.43 33.58
0.73 0.33 55.12 0.87 -20.49 0.36 50.07 0.60 16.89 0.38 47.74 043 40.69
SB10 0.79 0.48 39.26 1.28 -63.12 0.39 50.86 0.70 10.98 0.39 50.15 0.43 44.96
1.10 0.73 32.92 1.70 -54.93 0.44 59.54 0.86 21.18 0.42 61.37 0.44 59.49
1.12 0.85 24.01 1.84 -63.73 0.49 56.43 0.95 15.65 0.52 53.84 0.52 53.38
1.38 0.98 29.29 1.97 -42.52 0.53 61.86 1.00 27.75 0.56 59.85 0.55 60.06
0.68 0.25 62.61 0.18 72.84 0.17 74.65 0.49 27.55 0.38 43.62 0.44 34.76
0.89 0.44 50.31 0.75 16.03 0.19 78.59 0.63 29.98 0.39 56.41 0.44 51.15
SB20 0.97 0.69 28.69 1.23 -27.73 0.20 79.77 0.78 19.16 0.40 58.25 0.43 55.17
1.35 0.95 29.72 1.64 -22.15 0.27 79.76 0.93 30.96 0.42 68.75 0.43 68.02
1.65 0.98 40.74 1.67 -1.30 0.29 82.39 0.96 41.80 0.43 74.04 0.43 73.71
1.77 0.88 50.14 1.47 17.29 0.31 82.28 0.97 45.49 0.44 74.96 0.45 74.66
0.30 0.51 -71.26 0.69 | -130.04 | 0.14 53.76 0.63 -110.19 0.44 -45.66 0.48 -61.24
SB30 0.36 0.60 -68.28 0.82 -129.33 0.15 57.96 0.70 -94.92 0.45 -25.40 0.48 -35.75
0.48 0.64 -33.61 0.87 -83.74 0.16 66.50 0.73 -53.39 0.46 345 0.49 -3.39
0.55 0.71 -28.30 0.98 -77.17 0.19 66.47 0.81 -46.14 0.48 13.35 0.50 9.14
0.81 0.70 13.12 0.72 10.62 0.52 35.18 0.71 11.99 0.44 45.76 0.47 41.64
1.27 1.14 10.23 1.29 -1.52 0.65 49.18 0.95 24.96 0.65 48.81 0.65 48.95
SB40 1.47 119 | 1868 | 136 | 7.4 | 067 | 5427 | 099 | 3225 0.71 51.69 0.71 51.74
1.58 1.11 29.73 1.28 19.11 0.67 57.53 1.00 36.67 0.73 53.71 0.73 53.68
0.53 0.73 -36.65 0.69 -29.80 0.27 48.82 0.75 -41.48 0.52 2.30 0.54 -1.56
0.57 0.89 -56.90 0.86 -50.74 0.30 46.39 0.85 -49.43 0.75 -32.49 0.73 -28.50
SB50 0.57 0.85 -49.12 0.82 -44.08 0.30 46.83 0.84 -47.15 0.78 -36.36 0.75 -31.19
0.62 0.82 -32.29 0.80 -28.49 0.30 50.85 0.84 -35.14 0.79 -27.17 0.75 -21.84




¢8

Predicted K (W-m™"-K™)
Measured K Percent Percent . Percent Percent |Flow model| Percent |Flow model| Percent
Material (W'm'l'K'l) Knelgzt:ln difference ’ll}l/{g'lr)n difference d;‘;:il:is difference J(;:ll(z:g:len difference | (arithmetic | difference | (geometric |difference

(%) (%) (%) (%) mean) (%) mean) (%)

0.57 0.49 13.88 0.10 82.93 0.25 56.61 0.45 21.30 0.43 25.69 0.47 17.65

SB6O 1.52 0.88 41.99 0.58 61.90 0.29 80.65 0.71 53.28 0.49 67.65 0.51 66.28
1.70 0.92 46.17 0.61 63.88 0.30 82.47 0.73 57.12 0.50 70.73 0.52 69.65

1.78 1.19 33.04 0.93 48.01 0.35 80.54 0.90 49.76 0.54 69.70 0.55 69.40

1.03 1.17 -13.55 0.55 47.08 0.19 81.50 0.75 27.88 0.55 46.83 0.56 45.90

SB8&0 1.27 1.44 -14.12 0.78 38.16 0.23 81.71 0.91 28.36 0.75 40.62 0.74 41.48
1.78 1.43 19.91 0.80 54.95 0.24 86.30 0.93 47.96 1.01 43.34 0.98 44.84

0.60 0.70 -17.74 0.33 45.40 0.27 54.09 0.56 5.63 0.60 -0.73 0.60 -1.31

0.64 0.85 -32.10 0.42 34.12 0.32 50.31 0.71 -10.70 0.63 1.70 0.63 2.46

SB100 1.44 0.90 37.21 0.46 67.99 0.34 76.54 0.76 47.02 1.04 28.00 0.93 35.70
1.73 0.95 45.16 0.50 71.42 0.36 79.40 0.81 53.21 1.14 34.39 1.02 41.34

1.80 0.96 46.29 0.51 71.62 0.37 79.49 0.84 53.46 1.14 36.29 1.03 42.54

1.84 0.96 47.75 0.51 72.14 0.37 79.70 0.85 54.01 1.02 44.79 1.04 43.58
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Table 4.9 Nature of various empirical models in predicting the thermal conductivity of buffer materials and their limitations

£=0.01x [ax10™0924%]; a=f(w, type of soil)

Prediction Model nature R | RMSE" Comment/limitations
model
Flow models _ KyptKpy _ 0.59 0.66 |Primitive model, doesn't represent actual soil
(arithmetic = P2 K K =1 4K Kor) geometry "
mean)
Flow models K=K{"*K}, 0.58 | 0.65 | Applicable for lower values of XS/
(geometric Xe
mean)
Kersten model |For sandy soils 0.72 0.47 |Particle size and mineralogy is not considered
K,=0.1442[0.7log(w)-0.4]x10%624*%a
K=0.001096 10°3!1%%+ 0.00461wx 10%115%
For fine-grained soils
K,=0.1442[0.91og(w)-0.2] x 10%6243*a
K=0.001442 10" + 0.01226w x 10%4994*7q
DeVries model Ke XfKﬂ+stSKs+faXaKa 0.39 0.93 |Several important input parameters such as
tef dry Flensity, weight fraction, mineralogy are
missing
Johansen model |For sandy soils 0.69 0.55 |Degree of saturation can be representative of
K.,=0.7log(S,)+1; K.=S, soil moisture, contribution of clay minerals
For fine-grained soils along with placement density is not given
K =log(S,)+1; K=S, enough due
K=K, (KK ary ) Kary
MDD Therm 0.32 0.63 |Mineralogy is not considered

K.yp, Kiw are the upper and lower bound for thermal conductivity; ys, x¢ are the fraction of solids and fluid respectively in the soil; K, Ky are the thermal conductivity
of solid and fluid phase respectively; 1 is the porosity of the geomaterial; K,, Kg are thermal conductivity for unfrozen and frozen soils respectively; w is the
gravimetric moisture content of the soil; y4 is dry unit weight of the soil; yg ¥s, ¥a are fractions of fluid, solid and air respectively in the soil; K, K, K, are thermal
conductivities of fluid, solid and air respectively; f; f, are the weighing factors for solid and air phase respectively; K,,, K,rare normalized thermal conductivity for
unfrozen and frozen soils respectively; S, is Degree of saturation; K, K, K4, are normalized, saturated and dry thermal conductivity of soil; *Correlation coefficient
(R) is a measure of nature (positive or negative) and strength of the formulation; * Root mean square error (RMSE) relates to the scatteredness in a data set; it is
calculated as the square root of sum of mean squared errors.




Multiple linear regression based prediction model

The proposed MLR based empirical model relies on the experimentally obtained
thermal conductivity of various buffer materials such as SB10, SB20, SB30, SB40,
SB50, SB60, SB70, SB80, SB90, and SB100 (Mishra et al., 2016). It assumes the

following relationship:

K = ar[log (w) + B] X 100-:06363x74 (4.2)
where K is thermal conductivity of buffer materials in W-m™-K™, w is gravimetric
moisture content in percent, g is dry unit weight of the buffer material in kN-m™, ot
and B are fitting parameters relied upon particle size- and mineral-fractions of the
buffer material, i.e., ar=&(f, fi, fsc) and Br=y(fy, fk, fm), fsa 1s fraction of sand-sized
particles present in the buffer material, f; is fraction of silt-sized particles present in
the buffer material, fy is fraction of clay-sized particles present in the buffer material,
fo 1s fraction of quartz minerals present in the buffer material, fx is fraction of
kaolinite minerals present in the buffer material, and fy is fraction of smectite based

montmorillonite minerals present in the buffer material (refer Figure 4.10).
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Figure 4.10 Various size (sand-, silt-, clay-size) and mineralogical (quartz, kaolinite,
montmorillonite) fractions present in the buffer materials considered in this study
The fitting parameters ar and Pr obtained based on Equation 4.2 and thermal

conductivity along with corresponding compaction state data are presented in Table

4.10. Further, an attempt was made to correlate o and B in terms of several basis
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functions and linear regression technique as per the Equations 4.3 and 4.4. The nature
of the basis functions along with the relevant weights, correlation coefficient (R*) and

standard error (SE) are summarized in Table 4.11.

or= Zi:sa, si, sc W;B; (4.3)
Br=2i-q, k, M W;B; 4.4)

where W; is weight for i'th input variable, B is basis function for i'th input variable.

The basis functions enumerated in Table 4.11 seem to deliver similar
performance in terms of statistical indices. However, negative exponential basis
(NEB) models are in line with the theoretical understanding. This is mainly due to the
fact that K> K> K. and K> Kg= Ky is being represented by the absolute weights
predicted by NEB.

Table 4.10 Fitting parameters for different buffer materials

Material ar Br

SBO 0.046 | 0.080
SB10 0.093 | -0.096
SB20 0.159 | -0.396
SB30 0.347 | -0.895
SB40 0.091 | 0.051
SB50 0.333 | -0.996
SB60 0.211 | -0.417
SB70 0.207 | -0.465
SB80 0.210 | -0.523
SB90 0.485 | -0.877
SB100 0.666 | -1.032

The comparison of experimentally measured and predicted thermal
conductivity of buffer materials using the proposed model is presented in Figure 4.11.
It can be perceived that the proposed MLR model performs well in terms of statistical

indices with an overall R? of 0.95 and RMSE of 0.148.
Artificial neural network based prediction model

An ANN model based on the experimental data was also developed in the present
study. The proposed model has incorporated different input parameters (w, Yy, fsa, fsi,
fi, fo, fk, fm) for estimating the soil thermal conductivity (K). The model was
developed as a feed-forward network with the sigmoid basis and trained using
Levenberg-Marquardt backpropagation algorithm, which is quite efficient compared
to gradient descent backpropagation algorithm (Juang and Elton, 1997; Demuth and
Beale, 2000; Goh et al., 2005). Experimental data from Table 4.6 and Figure 4.8 were
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randomized; 60 % of the data for training, 20 % for validation and 20 % of the data

used for testing the proposed ANN network.

N
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Figure 4.11 Performance of the proposed multiple linear regression model to predict
thermal conductivity of buffer materials

The governing equation for the network is presented below:

K:fsig{bo+ i [witig (bt S Wikli)]} (4.5)
where h is number of neurons in the hidden layer, f;, is sigmoid basis or transfer
function, b, represents bias at the output layer, by is bias at the k™ neuron of hidden
layer, wy is connection weight between k™ neuron of hidden layer and the single
output neuron, wi, is connection weight between i input variable and k™ neuron of

hidden layer.

The weights and biases for the proposed model are evaluated by following the
principles depicted by Das and Basudhar (2006), and the same is summarized in Table
4.12. For sake of validation, the Equation 4.5 is rewritten in terms of the weights and

biases for 8-3-1 network architecture and the same is also presented in Table 4.12,

eC_eC
TG (4.6)

where
C=-0.1614+B,+B,+B; 4.7)
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eAleAl

B,=0.8355x ——— (4.8)
B ef2.eA2

B,=-1.3940x ———— 4.9
_ ef3-eAs

By=-1.1897x o—— (4.10)

A =-1.6249+1.6848w+0.0367y -0.1188f,,-0.86341,-1.401 1£,.+0.0750f(+0.0417f

-0.8658fy 4.11)
A,=0.772140.2044w-1.19141y +0.3715£,-0.1762£,+0.5484f,.+0.9508f+0.6268f;

-0.9254fy (4.12)
A3=-2.2819-2.2608w+0.3495y,-0.32511,,+0.7981£,+0.5577£,.+0.0589f,+0.048691
+1.3419f, (4.13)

The architecture and the performance of the proposed ANN model in training,
validation and testing phase are detailed in Figures 4.12 and 4.13. The proposed ANN
scheme detailed in Equation 4.6 has an overall R* of 0.951 and RMSE of 0.151. The

performance of ANN scheme is comparable to MLR based model.

SEEllEhle

Input layer Hidden layer Output layer

Figure 4.12 Architecture of the proposed artificial neural network

Further, cumulative probability plotted against the ratio of predicted to the
measured thermal conductivity of the buffer materials for the proposed MLR and
ANN model are superimposed in Figure 4.14. Ideal prediction models free from
overprediction and underprediction should have a ratio of predicted to measured
output at 50 % cumulative probability (Pso) close to 1 (Mishra et al., 2016). The Ps,
for ANN and MLR model was observed to be 0.946 and 0.984, respectively. Hence,
the MLR model seems to perform better than the ANN model.
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Table 4.11 Basis functions, weights and statistical parameters for estimation of o and 3

Type of basis B For oy For Br
function : Wa | Wg | Wee | R? SE | Wo | W | Wy R’ SE
Linear i 0.05 0 0.52 | 0.92 0.15 | -0.21 0 -0.99 0.87 0.38
Exponential exp(i) 032 | -1.31 | 0.64 | 093 | 0.14 | 0.13 | -0.29 | -0.30 | 0.87 0.41
Negative exp(—i) 149 | -1.33 | 098 | 093 | 0.14 | -0.72 | -043 | 0.47 | 087 | 041
exponential
. . exp(i) — exp(—i -
S d 0.25 | 56.82 | -295| 095 | 0.14 | -0.33 1.24 0.87 0.41
ot exp(i) + exp(—i) 24.78
Power 10! 0.02 | -0.05 | 0.07 | 094 | 0.14 | 0.03 | -047 | -0.05 0.87 0.41
Table 4.12 Weights and biases for the proposed network
Identification of Weights (wix) Biases
the neuron W Yd £ fo fk fm Output bk b,
H‘dde(rliﬁ‘f‘)mn b 1208 | 028 | 122 | -059 | -040 | 028 | 139 | 0.66 | 070 | -230
Hidden neuron 2 - 0.42
(k=2) 0.37 -1.19 | -0.75 | -0.25 | -0.49 1.02 | -0.34 | -0.40 -1.66 1.18
Hidden neuron 3 -
(k=3) 163 1.77 | -0.84 | 0.95 0.51 -1.29 | 0.06 1.52 -1.01 -3.87
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Figure 4.13 Performance of the proposed artificial neural network model to predict
thermal conductivity of buffer materials
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4.6. Coupled Flow Characteristics

When the buffer materials are subjected to temperature, it leads to moisture imbalance
due to the coupled flow of heat and moisture. This phenomenon affects the integrity
of buffer materials in a long run. In view of this, the coupled flow characteristics of
buffer materials were determined by employing the methodology presented earlier.
The sand-bentonite mixture was compacted in the PVC mold at its OMC.
Thermocouples, RH sensors, and TDR probes were placed at radial distances of 10
mm, 21 mm, and 33 mm from the heater surface and at depths of 10 mm, 100 mm,
190 mm, and 280 mm from the bottom of the mold. The line heat source, representing
the canister in the real life in a typical DGR, was placed at the center of the mold and
maintained at a constant temperature of 45 °C using temperature control unit. The
temporal and spatial variation of temperature, humidity, and volumetric moisture

content was recorded using the data logger.

The isothermal water vapor diffusion test was also conducted to measure the
variation of moisture loss with respect to time. Though the study has considered a
wide variety of buffer materials for assessing their compaction, hydraulic, and thermal
properties, sand-bentonite mixtures containing bentonite fraction greater than 30
percent only exhibited favorable engineering properties for DGR application (Dixon
et al., 1985; Ada, 2007; Rao et al., 2008). Therefore, sand-bentonite mixtures viz.
SB30, SB50, SB70, and SB100 were considered for the vapor diffusion studies. For
the sake of brevity, the variation of moisture loss from a sand-bentonite mixture SB30
with time is depicted in Figure 4.15. A typical evaporation (drying) rate curve of a
capillary active hygroscopic material can depict the state of the art convective drying
model. It has been reported that during the evaporation process free moisture at the
material interface with the atmosphere evaporates first, and the water vapor diffusion
rate within the material governs the evaporation rate from its surface. Under this
steady state evaporation rate the moisture within the bulk matrix is transported
towards the evaporating surface via capillary forces. The drying rate remains constant
as long as the moisture transport sustains the loss of moisture from the surface
(Belleghem et al., 2014). Hence, the rate of evaporation, E, was experimentally
obtained from the slope of the straight line portion of the moisture loss versus time

response (Evgin and Svec, 1988).

In addition to moisture loss, the variation in volumetric moisture content with

distance from the evaporating surface of the specimen was quantified. For the sake of
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completeness, the variation in volumetric moisture content of a sand-bentonite
mixture SB30 with a distance form the evaporating end is reported in Figure 4.16.
Using the established relationship between volumetric moisture content and distance,
the gradient of volumetric moisture content at the evaporating end of the specimen
was obtained and the same was employed for determining the water vapor diffusion
coefficient using Equation 4.14.

SR VN S
VoA, T (d0/dx)

end

(4.14)

where E is evaporation rate from the specimen, A is cross-sectional area of the
specimen, p; is density of the specimen and (d6/dX)enq 1s volumetric moisture content
gradient across 5 mm of the specimen at its open end. Similarly, the water vapor
diffusion coefficients of rest of the sand-bentonite mixtures were determined and the

results are presented in Table 4.13.
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Figure 4.15 Variation of moisture loss with time for SB30

Table 4.13 Water vapor diffusion coefficient of buffer materials

Material Isothermal vapor
diffusion coefficient (10 m*-s™)
SB30 1.45
SB50 1.56
SB70 1.62
SB100 0.83
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Figure 4.16 Volumetric moisture content distribution along the length of the specimen
for SB30

Based on the observed spatial (radial) variation in relative humidity and
temperature in coupled heat and moisture migration test setup (refer to Figure 3.12),
and the water vapor diffusion coefficient obtained from the isothermal evaporation
test, the water vapor flow along the radial distance was quantified using the relation

proposed by Bittelli et al., 2008 (Equation 4.15).

qv=4,+q!=Dy - Cy - 5 = Dyhys - (4.15)
where gy corresponds to rate of vapor flow, q,' is isothermal vapor flow rate and q," is
non-isothermal (i.e., thermally driven) vapor flow rate, D, is isothermal vapor
diffusivity of the material in mz-s'l, h; is fractional relative humidity, C,' is saturation
vapor concentration in g'm™, s is slope of the saturation vapor concentration function,

T is temperature in K, and z is linear distance (depth or radial distance).

The variation of vapor flow along the radial distance from the heater surface
for sand-bentonite mixture SB30 is detailed in Figure 4.17. From the vapor flow
variation along the linear distance, the variation in other parameters of a typical buffer
material (viz. thermal conductivity, contaminant transport properties etc.) can be

estimated and thereby the real-life behavior of the buffer material can be estimated.
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4.7. Gas Permeability Characteristics

The gas permeability characteristics of buffer materials were established using
pressure decay method. The pressure decay experiments were conducted in triplicate
using various sand-bentonite mixtures compacted at different compaction states. The
results pertaining to mean normalized pressure decay variation along with standard
deviation of sand-bentonite mixture SB30 is reported in Figure 4.18. The
corresponding exponent value (o) is also reported in Figure 4.18. Based on the
experimentally obtained exponent value, the coefficient of gas permeability of buffer
materials was determined using the specimen geometry and physical properties of the
permeant gas. The measured gas permeability values of SB30 prepared at different
compaction states (SB30-A to SB30-H) are detailed in Table 4.14. In addition, the
effect of temperature on gas permeability was assessed by conducting experiments
under controlled temperatures such as 10 °C (283 K ), 27 °C (300 K ) and 50 °C (323
K). Though the variation of coefficient of gas permeability with volumetric moisture
content over a range of temperatures for all sand-bentonite mixtures was established;
however, the results pertaining to sand-bentonite mixture SB30 are only presented in

Figure 4.19.
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Figure 4.17 Vapor flow along the radial distance from heater surface for SB30
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Table 4.14 Variation of gas permeability coefficient with compaction state at 27 °C

Material | Compaction state of the sample 10 2
W (%) | ya(kN-m?) | 0 (%) | e C107Tm)
SB30-A 13.5 15.9 21.9 3.6
SB30-B 14.5 14.9 22.0 2.87
SB30-C 14.9 14.8 22.5 2.52
SB30-D 15.7 16.0 25.6 0.29
SB30-E 16.2 16.8 27.7 0.26
SB30-F 19.5 16.3 324 0.29
SB30-G 20.5 15.6 32.6 0.26
SB30-H 22.6 15.6 35.9 0.16
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Figure 4.18 Variation of normalized pressure change with time for SB30 at 27 °C,
compacted to dry unit weight of 16.3 kN-m™ and moisture content of 19.5 percent

The observed reduction in permeability value with increase in temperature can
be explained as per particle theory. According to this theory, when the temperature
raises, the collision between gas molecules gets enhanced and thereby the viscosity
increases. When the viscosity of the gas increases, a constraint is imposed on
permeation of gas through the pores present in the buffer material; therefore, the gas
permeability decreases. However, the influence of gas viscosity will be minimal when
the soil is compacted on the wet side of optimum (Ye et al., 2012). Hence, the effect
of temperature is mainly due to change in viscosity of the gas when the specimens are

compacted in moderately dry state and the corresponding matric suction is in the
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range of 60 MPa. Whereas, at low suction (y<60 MPa), the effect of both viscosity

and pore closing phenomena are predominant (Ye et al., 2012).

In addition, the water retention capacity of soil decreases with increase in
temperature. Therefore, the pores are filled with more free water at elevated
temperatures. This causes reduction of the transport porosity available for the gas to
permeate, which in turn decreases the gas permeability. Moreover, the water
entrapped in isolated pores may form continuously interconnected water-filled pores
with the increase in temperature. This may be attributed to the reduction of attractive
forces between water and solid surfaces with an increase in temperature. Further, the
increase in temperature also leads to reduction in the residual moisture content of the
soil (Hopmans and Dane, 1986). According to diffused double layer (DDL) theory,
the repulsion between double layers increases as the temperature increases, resulting
in an increase in swelling capacity. This causes a reduction in transport porosity and

tortuosity, and thus the reduction in gas permeability (Hopmans and Dane, 1986).
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Figure 4.19 Variation of gas permeability with temperature and volumetric moisture
content for SB30

The coefficient of permeability was observed to be decreasing with increase in
volumetric moisture content (as depicted in Figure 4.19). This is attributed to the fact
that at higher moisture contents more number of pores are filled with water which will

reduce the gas-filled porosity or air content of the soil thus finding it difficult for the
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gas to permeate through the geomaterial. Also, the montmorillonite mineral present in
the bentonite exhibits significant swelling in the presence of high moisture content,
which results in a reduction of effective transport porosity and hence the permeability
reduces (Komine, 2006). In view of the above-mentioned facts, the effect of bentonite
content on gas permeability was examined and the variation of gas permeability
coefficient with bentonite content is depicted in Figure 4.20. The obtained results
showed decrease in gas permeability with increasing bentonite content, owing to the
fact that the dry unit weight increases with increase in bentonite content. The increase
in dry unit weight results in a reduction of porosity and inter connected pores, thereby

reducing the gas permeability (Burak et al., 2004; Chen and Huang, 2013).
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Figure 4.20 Variation of permeability with bentonite content at 27°C

Experimental results revealed that the gas permeability of geomaterials was
significantly influenced by the placement moisture content, temperature, nature of the
permeating fluid and unsaturated properties of the geomaterials. Few attempts were
made by the previous researchers to develop a prediction model based on the basic
characteristics of geomaterials for prediction of gas permeability under ambient
conditions. However, none of the prediction models could incorporate the effect of
temperature which is one of the major parameters influencing the gas permeability
property when the geomaterial is exposed to different temperatures as in the case of

buffer materials of DGR. In view of this, it was intended to develop a prediction
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model for gas permeability of geomaterials by considering the influence of
temperature on it. In order to achieve this, the experimentally obtained gas
permeability coefficients were compared with the existing models available in the
literature for the prediction of gas permeability and necessary modifications were
done to the existing models by considering the temperature effect, as explained in the

following section.
4.7.1. A generalized model for estimation of gas permeability of buffer materials

The sound knowledge of gas permeability characteristics of the material is essential to
understand the mechanism of radon gas escape from a DGR, greenhouse gas
mitigation and soil vapor extraction for hydrocarbon contaminated site remediation.
Among the various governing parameters, the gas permeability plays a vital role in
assessing the performance of remediation techniques. Hence, a renewed interest has
been created towards the development of an accurate gas permeability prediction
model (Moldrup et al., 2003). The SWCC has been effectively considered for
quantifying the gas permeability characteristics (Fredlund et al., 2012).

The SWCC relates volumetric moisture content of the material and
corresponding suction value. The experimental results of suction measurement using
dewpoint potentiometer were represented with Fredlund and Xing (1994) fit using a
numerical tool called Soil Vision. The obtained SWCC of sand-bentonite mixtures
SB30, SB50, and SB100 are presented in Figures 4.21, 4.22, and 4.23. From the
established SWCC, it was observed that the residual moisture content of all the sand-
bentonite mixtures considered (viz. SB30, SB50, and SB100) were observed to be
around 1.08 %. However, the air entry value was increasing with increase in finer

particles (bentonite content), attributed to their lower permeability and finer pores.

100



Volumetric moisture content (-)

Volumetric moisture content (-)

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.00

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

o Experimental data
- = Fredlund and Xing (1994)

-
-
-~

20
PO I I T TN (T T T NI

L L DL LA LA DL DL DL |
0

J—
[«
o)
/
J—
(e
>

10° 100 100 100 10
Suction (kPa)

Figure 4.21 Soil water characteristic curve for SB30

Ju—
S
S
J—
S

_I_I'I'I'I11I'| |||||I'I'I'| |||||I'I'I'| LB LLLL L LU, L) L |

i o Experimental data

- — Fredlund and Xing (1998)_

10> 100 10" 10 10° 100 10

Suction (kPa)

Figure 4.22 Soil water characteristic curve for SB50

101

ERTTT IR ETT B RTTT BT AR T AR ATTT BRIt BRI |

10’

N\

10°



0.9 B o Experimental data ]
L - — Fredlund and Xing (1994)| |
208 -
= E S ~o-q, .
Q
< 0.7 - \ -
S} R i
© o
g 0.6 \\ -
:(Z): 0 5 L \O -
S}
g r 2 -
é 04 3 =
° R Oa\ .
g 03 — \ -
& - (O 1
> 02 OGD\ o
0.1 | . -
= \—

2

10° 10 10 10° 10

Suction (kPa)
Figure 4.23 Soil water characteristic curve for SB100
It has been observed that rather than SWCC, the prediction of gas permeability
will be precise when soil air characteristic curve (SACC) is considered. The SACC
can be derived from the SWCC and correlates the volumetric air content and soil

suction value.

In view of estimating the gas permeability of undisturbed soils as a function of
soil air content (g), a mathematical correlation has been developed in the past and the

same is shown below (Moldrup et al., 1998).

%=(§)n (4.16)
where € is volumetric soil air content, K,* and € are benchmark gas permeability
value and corresponding soil air content at a specified soil suction (y), and n_ is
tortuosity or pore connectivity parameter (n=2 represents the gas permeability of
sandy and loamy soils), K, is coefficient of gas permeability. Further, it has been

observed that the pore connectivity value is analogous to the tortuosity of fluid

permeability (Millington and Quirk, 1960) and gas diffusivity (Buckingham, 1904).

However, this model overestimates the gas permeability of clay-loam soils;
this is due to the selection of benchmark gas permeability and corresponding
volumetric air content. The benchmark gas permeability considered in this model is in

correspondence to the dry state of the soil. To overcome this limitation, a gas
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diffusivity models have been proposed (Moldrup et al., 2000, 2001 and 2003). In gas
diffusivity model, the benchmark gas permeability value corresponding to the suction
value of -100 cm water has been considered. The suction value of -100 cm water is
close to the natural field capacity of agricultural soils. By considering the suction
value of -100 cm water, it is convenient, rapid and non-invasive to alter the moisture
content of an undisturbed soil specimen and measuring its respective benchmark gas
permeability, K, (Inversion et al., 2001). The value of K, at the suction of -100 cm of
water is closely linked to soil saturated hydraulic conductivity (Loll et al., 1999).
Hence, by considering the same benchmark point, the model can effectively predict

both air and water permeability.

Moldrup et al. (2001) suggested n_value as a function of pore size distribution
index, b;. The pore size distribution index proposed by Campbell (1974) represents
the slope of the soil water characteristic curve (SWCC). Moldrup et al. (1998 & 2001)
found that the originally proposed expression for n (i.e., 1+0.25xb;) failed to represent
the measured K, value of wide varieties of geomaterials (Moldrup et al., 2003).
Subsequently, Moldrup et al. (2001) suggested an alternative expression for n_(i.e.,
1+0.05xb;), which precisely predicted the gas permeability of undisturbed soils

representing a broad soil texture having clay-size fraction of 11 to 46 %.

In view of the above, the efficacy of existing prediction models was evaluated
by comparing the quality controlled experimental results of the present study. For this
purpose, the €* was obtained from the established SWCC corresponding to matric
suction of -100 cm water, the corresponding K,* was determined experimentally and
the same is detailed in Table 4.15. It can be noted that all the prediction models failed
to estimate the gas permeability values of buffer materials considered in this study, as
the deviation of predicted value from the experimental value is close to 100 percent.
Further, to evaluate the efficacy of various prediction models, the variation of
experimentally obtained and predicted gas permeability coefficients of buffer
materials were estimated. For the sake of brevity, the comparison of results pertaining
to sand-bentonite mixture SB30 is presented in Figure 4.24. Based on the data
presented in Table 4.15 and Figure 4.24, it can be noted that the existing models

underestimated the gas permeability of buffer material.
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Figure 4.24 Experimentally obtained coefficient of gas permeability versus predicted
using models available in literature for SB30 under ambient condition

The observed variation in gas permeability of buffer material is due to the
effect of fabric arrangement. In Moldrup model (2001), the gas permeability
characteristics have been evaluated by considering coarse-textured silty soil at a
temperature of 20 °C (293 K). To account the fine-grained nature of the buffer
materials, the model has been further modified with n=1+4xb;. This can be
substantiated due to the fact that, the selected buffer materials are expected to exhibit
distinct SWCC as well as pore size distribution characteristics when compared to that

of coarse-textured silty soils considered by previous researchers.

The proposed model needs to be further modified to consider the influence of
temperature on gas permeability characteristics, as the air content present in the
geomaterials might be altered with temperature. Hence, it is quite reasonable to
extend similar rationality as earlier in choosing the benchmark air content (¢*) and
corresponding permeability (K,*) values, since the variation in temperature, is not
expected to alter the SWCC significantly (Zhang et al., 2013). In view of these facts,
the proposed prediction model for estimation of gas permeability of wide range of

geomaterials including the buffer material may be of the following form.

300,71
Ky [‘C’X eO'OOSX(ﬁ)]

(4.17)

* *

Ka €
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where AT is difference in temperature in Kelvin with respect to a reference
temperature of 300 K. When the temperature is around 300 K, the value of AT is taken
as unity, and when the temperature is less than or greater than the reference

temperature (300 K), AT is taken as the absolute difference between the temperatures.

Table 4.15 Comparison of experimentally obtained coefficient of gas permeability
with predicted values using models available in the literature for SB30 at 27 °C

Reference Benchmark €(-) K, (x10"'m%) Percent
values Predicted Present error RMSE
(Eq. 4.16) study (%)
0.20 0.41 3.60 -88.6
0.21 0.44 2.87 -84.7
1 021 0.43 2.52 -82.9
Moldrup | K72 3107m™ o 13017 029 | 413 | 4.3x10™
(1998) |2 0.07 0.05 0.26 -80.8
0.06 0.03 0.29 -89.7
0.04 0.02 0.16 -87.5
R*| 0.90
0.20 0.32 3.60 91.1
0.21 0.33 2.87 -88.5
11 021 0.33 2.52 -86.9
Moldrup | K210 7o 1370 20 029 | 310 |, o
et al. _ (1'+0 25b) 0.07 0.11 0.26 -57.7 :
(2001) lr)L:O 0047 0.06 0.09 0.29 -69.0
e 0.07 0.11 0.26 -57.7
0.04 0.06 0.16 -62.5
R*| 0.85
0.20 0.32 3.60 91.1
0.21 0.33 2.87 -88.5
1 021 0.33 2.52 -86.9
Moldrup | K210 70 1370 21 029 | 276 | , 4 o
et al. _ (1'+0 05b) 0.07 0.11 0.26 -57.7 '
(2003) ]‘}:0 0947 0.06 0.09 0.29 -69.0
b 0.07 0.12 0.26 -53.8
0.04 0.07 0.16 -59.4
R'| 0.85

The efficacy of the proposed model was evaluated by comparing the
experimental results obtained for different sand-bentonite mixtures with that of values
estimated using the proposed model (Equation 4.17), and the same is illustrated in
Table 4.16. The accuracy of the proposed model was evaluated by measuring the
regression coefficient, root mean square error (RMSE) and percent error between the
measured and predicted values, and the obtained results are reported in Table 4.16. It
can be observed that the proposed model predicts the gas permeability values

satisfactorily over a range of temperature considered in this study. Further, the percent
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error between the predicted and measured values is minimal at lower temperature and
volumetric air content values. As indicated in the Table 4.16, the proposed model is
effective in predicting the gas permeability characteristics of typical sand-bentonite
mixtures with moderate clay content as well as silt-based geomaterials. However, the
proposed model is recommended for further improvement to precisely estimate the
gas permeability behavior of pure clayey type soils.

Table 4.16 Comparison of experimentally obtained coefficient of gas permeability
with the predicted values using proposed model for SB30 at different temperatures

Benchmark K, (<10"'m’)
Reference values T(K) | €(-) | Predicted | Present RMSE
(Eq.4.17) | study
0.21 8.40 7.90
e 210 2
i) 0.14 | 4.9 560 | 4.5x10™
P 283 | 0.10 2.79 2.40
= + J=1.
= S:ggg 4; 38 0.05 | 126 0.39
e R’ 0.95
0.20 2.78 3.60
K.*=2.5%10"" m? 0.21 2.91 2.87
ffsjrﬂzrt?l’;‘ £%=0.16 300 007 [ 063 026 | 3.0x10™M
p Y1 1= (1+4b)=1.38 0.06 | 0.48 0.29
b=0.0947 0.04 0.32 0.16
R’ 0.90
*: 102
Ka 5.%x10 m 0.18 0.32 0.66 4.5x101!
£%=0.16 103 008 0.14 0.47
n= (1+4b)=1.38 0.05 0.05 0.37
b=0.0947 R’ 0.98
_ , K, *= 6.1x10° m? 0.41 88.80 63.57 9
(ﬁgﬁl‘l’ﬂzt £¥=0.39 293 | 039 | 8189 6103 | 1>*10
) 2001;) n= (1+4b)=1.4 0.19 | 31.19 45.72
K b=0.1 R’ 0.99
Singapore | K,*=8.8x107"' m” 0.05 | 0.001 0.09 8.6x10™"2
residual soils £*=0.25 293 0.18 0.66 0.74
amingan et = (1+4b;)=1. 2
(Saming n= (1+4b)=1.61 R 100
al., 2003) b=0.15 :

In order to enhance the confidence in the application of the proposed model,
the predicted gas permeability values were compared vis-a-vis experimentally
measured gas permeability values for different sand-bentonite mixtures over a range
of temperature and compaction states, and the same is reported in Figure 4.25.
Further, to demonstrate the generalized nature of the proposed prediction model, the
results pertaining to silt-based materials reported in literature were superimposed
(Moldrup et al., 2003, Samingan et al., 2003), as depicted in Figure 4.25. It is realized
that the proposed model effectively estimates gas permeability values of a variety of

geomaterials over a range of temperature and compaction states, with 95 percent
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precision. Further, it can be noted that the difference between predicted and measured
values at elevated temperature and at higher moisture content becomes prominent;
hence, proper caution must be exercised while implementing the proposed model in

these situations.
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Figure 4.25 Comparison of experimentally obtained coefficient of gas permeability
with predicted values using proposed generalized model for different geomaterials

4.8. Gas Diffusion Characteristics

The gas diffusion experiments were conducted on different sand-bentonite mixtures
and BTCs were obtained. From the BTCs and inverse solution to the one-dimensional
advective dispersion equation (1D-ADE) presented by STudio of ANalytical MODels,
STANMOD, the gas diffusion characteristics were determined in terms of gas
diffusion coefficient (Toride et al., 1999). The input parameters, as well as initial and
boundary conditions pertaining to the proposed diffusion apparatus, were considered
for the analysis. The mathematical models available in STANMOD provide an
analytical solution to the 1D-ADE (Equation 4.18) proposed by Freeze and Cherry
(1979).

0C_Dn (FC) v &C
ot R<ax2>'R ax) (4.18)
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where C is concentration of the contaminant, t is time, D, is longitudinal
hydrodynamic dispersion coefficient, R is retardation coefficient, v¢ is seepage

velocity and x is spatial distance.

Among the various mathematical models available in STANMOD, CXTFIT
model was used for the determination of transport parameters with the help of inverse
problem method. The inverse problem works by fitting analytical solution of the
above governing partial differential equation to the observed experimental data, and
the diffusion and sorption parameters were obtained. In this method, the parameter
estimation was done by minimizing the objective function that consists of the sum of
squared differences between the concentrations of experimentally observed and
analytical values. As mentioned above, the BTCs obtained numerically using
STANMOD was superimposed on experimental BTCs. For the sake of brevity, the
results pertaining to the sand-bentonite mixture, SB30 is presented in Figure 4.26 with

the estimated gas diffusion coefficient.

The measured variation of gas diffusion coefficient over volumetric moisture
content of SB30 is detailed in Figure 4.27. It is observed that similar to the gas
permeation, gas diffusion also decreases as the moisture content increases. This is
attributed to the fact that as the moisture increases, the available gas-filled pores

decreases and therefore the gas diffusion as well as permeation decreases.
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Figure 4.26 Break through curve at 12 % moisture content for SB30
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4.9. Sorption Characteristics

4.9.1.Batch sorption experiments

The batch sorption experiments are commonly employed to quantify the mass of
contaminant that can be sorbed by the geomaterial when the liquid contaminant comes
in contact with it. In addition to this, these experiments also provide a quick
understanding of the geomaterial-contaminant interaction over a range of

environmental conditions (Holzlohner et al., 1997; Jessberger et al., 1997).
Suitability of sorption isotherm

The results of batch sorption experiments were modeled using various theoretical
sorption isotherms such as Linear, Langmuir, and Freundlich isotherms available in
the literature (Spark, 2003). For this purpose, the amount of contaminant sorbed by
the geomaterial, Cs and the equilibrium concentration of the solute, C. were used as

model parameters.

If the variation of the C;is linear with C. over a wide range of concentration
values, the geomaterial-contaminant interaction can be modeled effectively using the
theoretical linear sorption isotherm, designated as LR and represented mathematically
by Equation 4.19 (Sposito, 1989).

Cs=K;xC, (4.19)
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where K is partition coefficient. Previous researchers have classified the linear
sorption isotherm as C-type sorption isotherm that represents the constant partitioning
of various contaminants between the solute and geomaterial over a range of solute

concentrations (McBride, 2000; Nithya, 2011).

Further, if the relation between Cs and C. is non-linear in nature, it can be
modeled by Freundlich sorption isotherm, designated as FH and is represented in

Equation 4.20 (Freundlich, 1926).

Cy=K4/C. (4.20)
where Ky is Freundlich sorption constant which is a measure of sorption capacity of

the geomaterial and n is constant.

It can be noted that linear isotherm is a special case of Freundlich isotherm
when n value equals to one. When n value is less than one, it indicates unfavorable
sorption scenario, as the mass of the contaminant present in the solution is quite
higher than that sorbed by the geomaterial. Likewise, if the value of n is greater than
one, it is considered to be favorable for sorption phenomena. In that case, the
Freundlich sorption isotherm with higher n value is classified as L-type sorption
isotherm that reflects the affinity of geomaterial by chemisorption (Giles et al., 1960;
Nithya, 2011). For better analysis, Equation 4.20 can be modified as follows.

log (C)=1log (K¢)+n"'x log (C,) (4.21)

Langmuir sorption isotherm is based on the assumption that solid surface have

finite amount of active sorption sites for sorption to take place i.e., if all the active
sorption sites are occupied with the contaminants, the solid surface will no longer be
able to exhibit the affinity towards the contaminant present in the solution (Langmuir,
1918). Hence, this isotherm offers an advantage over the other two by limiting the
amount of contaminant sorbed by the geomaterial (Giles et al., 1960; Nithya, 2011).

Langmuir isotherm can be represented as follows.

Ky Ceb

) (422)
or

Ce 1  Ce

_:_+_

C. Koo D (4.23)

where Ky is Langmuir sorption coefficient and b is the maximum amount of solute

that can be sorbed by the geomaterial (Veith and Sposito, 1977; Nithya, 2011).
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With the results obtained from batch sorption experiments, the suitability of
various theoretical sorption isotherms to represent the geomaterial-contaminant
interaction in terms of sorption characteristics was assessed. For this purpose,
variation of normalized mass of contaminant sorbed on the geomaterial (C) to the
equivalent concentration of the solution (C.) called as sorption isotherm
corresponding to the equilibrium interaction time of 96 hours (Nithya, 2011) over
wide range of liquid to solid (L/S) ratios were developed for contaminants cesium
(Cs) and strontium (Sr). Further, the experimental results were modeled using
theoretical linear, Freundlich and Langmuir sorption isotherms and the sorption
parameters obtained for different isotherms are presented in Tables 4.17 and 4.18.
Though, the present study evaluated sorption isotherms to represent the geomaterial-
contaminant interaction between the selected geomaterials (SB30, SB50, SB70, and
SB100) and the contaminants considered (Cs and Sr); for the sake of brevity, the
sorption isotherms of SB30 is only presented in Figures 4.28 and 4.29. It can be
observed that the sorption behavior of buffer material is nonlinear in nature and hence
the geomaterial-contaminant interaction can be represented effectively using
Freundlich/Langmuir sorption isotherms. It is reported that the Langmuir sorption
isotherm assumes monolayer sorption and uniform surface energy distribution within
the geomaterial (Chen et al., 1999). However, the majority of the geomaterials are
heterogeneous in nature and exhibits nonuniform surface energy distribution which
results in multilayer sorption of contaminants. Freundlich sorption isotherm yields
higher regression coefficient compared to the counterparts and is considered to be
appropriate to model multilayer mechanism of heterogeneous geomaterials considered
in the present study (Ho et al., 2002; Arnepalli et al., 2010; Nithya, 2011). Therefore,
Freundlich isotherm is considered to be the best suitable sorption isotherm to

represent the geomaterial-contaminant interaction of the selected geomaterials.
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Table 4.17 Sorption characteristics of buffer materials for strontium

Material

K K b KL R’
L/S|@Lgh| @wegh n | (x10° mg-g") | (L-mg™) | Linear | Freundlich | Langmuir
10 | 94.54 | 712.85 | 1.77 10.04 0.06 0.96 0.97 0.80
20 | 138.93 | 544.39 | 1.39 28.69 0.01 0.96 0.90 0.47
SB100 | 50 | 55.83 | 1325.35| 1.79 10.04 0.06 0.67 0.75 0.80
100 | 69.28 [ 1556.04 | 1.85 29.72 0.03 0.82 0.91 0.99
200 ) 39.34 | 2774.73 | 2.54 45.25 0.01 0.62 0.91 0.94
10 | 4.78 | 23149 | 2.32 2.23 0.02 0.62 0.76 0.87
20 | 832 | 314.85 | 2.56 2.25 0.01 0.65 0.52 0.10
SB70 50 | 150.13 | 267.45 | 1.36 -117.40 0.00 0.77 0.67 -0.33
100 | 4.84 | 948.37 | 1.93 2.77 0.03 0.54 0.61 0.99
200 | 14.88 | 893.06 | 4.61 7.67 0.05 0.24 0.46 0.96
10 | 7.84 | 189.27 | 2.61 4.86 0.01 0.80 0.69 0.61
20 | 6.60 | 339.49 | 3.46 4.16 0.01 0.45 0.57 0.42
SB50 50 | 66.61 | 300.10 | 1.99 58.97 0.00 0.95 0.65 -0.27
100 | 57.39 | 466.02 | 4.09 14.27 0.00 0.79 -0.31 -0.48
200 ) 210.10 | 1371.80 | 2.39 47.92 0.01 0.82 0.10 -0.16
10 | 15.61 | 262.82 | 1.79 7.09 0.02 0.84 0.97 0.96
20 | 15.27 | 515.78 | 2.19 13.86 0.01 0.88 0.86 0.96
SB30 50 | 17.84 | 715.98 | 2.24 21.52 0.00 0.83 0.93 0.61
100 | 24.20 | 1007.28 | 2.49 38.88 0.00 0.94 0.94 0.28
200 | 39.26 | 1276.50 | 2.42 9.13 0.02 0.95 0.84 0.88
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Table 4.18 Sorption characteristics of buffer materials for cesium

) K, Ks b Ky R’
Material | L/S = = n 3 T 3 T - : .
L-g)| (L-g) (x10°mg-g) [ (x10” L-mg ) | Linear | Freundlich | Langmuir
10 | 16.03 | 147.09 | 1.26 11.25 10.58 0.72 0.94 0.98
20 | 16.03 | 342.77 | 1.73 9.62 20.80 0.72 0.85 0.99
SB100 | 50 | 9.75 | 786.32 | 2.62 7.58 44.00 0.56 0.72 0.99
100 | 497 |1309.18 | 3.89 4.03 62.00 0.04 0.27 0.99
200 | 52.00 [ 1131.36|2.41 7.04 275.19 0.52 0.69 0.97
10 | 22.19 | 23442 | 1.49 166.67 62.57 0.80 0.89 0.99
20 | 13.30 | 457.09 | 1.96 200.00 46.30 0.69 0.83 0.99
SB70 50 | 9.58 | 933.25 | 294 166.67 46.88 0.55 0.70 0.92
100 | 26.45 | 870.96 | 2.00 166.67 162.60 0.88 0.90 0.82
200 | 2.65 |5495.4111.22 22.73 55.14 0.18 0.28 0.98
10 | 206.79 | 275.42 | 1.05 78.74 343 0.99 0.99 0.95
20 | 284.57 | 239.88 [ 0.92 1040.58 0.275 0.99 0.98 0.25
SB50 50 | 14590 | 363.08 | 1.09 116.14 2.69 0.85 0.86 0.41
100 | 122.13 | 724.44 | 1.30 104.06 4.00 0.86 0.87 0.89
200 | 118.26 | 1348.96 | 1.49 106.38 5.53 0.83 0.86 0.95
10 | 268.16 | 1949.84 | 1.82 94.34 4.08 0.99 0.68 0.91
20 | 185.49 | 724.44 [ 1.22 103.09 4.41 0.89 0.82 0.8
SB30 50 | 131.39 | 229.09 | 0.96 44.64 34.04 0.81 0.90 0.96
100 | 61.57 | 436.52 | 1.10 130.38 4.26 0.42 0.99 0.45
200 | 152.16 | 2089.30 | 1.64 194.55 1.35 0.86 0.83 0.11




Effect of liquid to solid ratio (L/S)

The effect of liquid to solid (L/S) ratio on sorption was demonstrated by plotting the
variation of Cs with L/S for the geomaterials and contaminants considered in the
study. For the sake of brevity, the variation of the mass of contaminant sorbed by the
sand-bentonite mixture SB30 is presented in Figures 4.30 and 4.31. Further,
percentage removal (PR) of the contaminant from 100 ml solution of the contaminants
over a range of concentrations and L/S were obtained as per Equation 4.24.

PR= @CJ %100 (4.24)

1

where C; is initial concentration of the contaminant in mg-L'1 and C. is equilibrium

concentration of the contaminant in mg-L™.

Figures 4.30 and 4.31 demonstrate the non-linear variation of the amount of
contaminant sorbed by the buffer material SB30 with L/S and its variation becomes
insignificant at high L/S values. This indicates that the mass of the contaminant
present in the solution is significantly high at large L/S values as compared to the
affinity of the potential sorption sites available (Shackelford and Daniel, 1991; Roy et
al., 1991; Vengris et al., 2001; Nithya, 2011). At the same time, the potential active
sites available for sorption to take place are quite higher at low L/S values compared
to that at high L/S values. This is more visible from the data presented in Tables 4.19
and 4.20.

Effect of initial concentration (Cj)

Effect of initial concentration of the contaminant present in the solution on sorption
characteristics of buffer materials was evaluated by conducting batch sorption
experiments with different initial contaminant concentrations. Figure 4.32 presents the
results obtained for sand-bentonite mixture, SB30 in the form of variation of C, with
C; as well as variation of PR of contaminants with C; for L/S of 50 for all buffer
materials and contaminants considered in the study. It can be observed that the
increase in contaminant concentration in the solution results in an increase in the
amount of contaminant uptake per unit weight of the sorbent and decrease in percent
removal rate of the contaminant. This may be due to the fact that, at high initial
concentration the number of moles of the contaminant available for the sorption sites
is high as compared to that at low initial concentration. Further, the difference in

percent removal rate of the contaminant at same initial concentration (as observed in
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Figure 4.32) is attributed to the difference in their chemical affinity and cation
exchange capacity. It can also be observed from Table 4.19 and 4.20 that the
contaminant removal efficiency of SB100 is high compared to the other mixes
considered in the study. Therefore, it can be concluded that the effect of initial
concentration of contaminants depends on the nature of the geomaterial and

contaminant (Ayala et al., 2008; Shu-li et al., 2009; Nithya, 2011).
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Figure 4.30 Variation of the mass of strontium sorbed by SB30 with liquid to solid
ratio

116



80000 — T T T T T = T ] |1 L L L
G (mg-L")
[ |-o- 10 -0~ 50 -2~ 100 - v- 200 - < 500/ ]|
60000 R o -
7 /,,v
i ’ _ -7 i
e / P
50 / -7
240000 - K @ o
72] / 7 ’/’
o = < // /” -
! Y A=
/ / PR
20000 ! / P -
& 1 7 __--0°
v, /A ’—___
- / // —’_O—’ _
v _ o7 .
0 1 |ﬁ_g|—+—[:|"1'_—l_ _I--l_l—-i—l_T '
25 0 25 50 75 100 125 150 175 200 225
L/S

Figure 4.31 Variation of the mass of cesium sorbed by SB30 with liquid to solid ratio
Effect of sorbent

The influence of sorbent or the buffer material nature was demonstrated by the
variation of mass of contaminants sorbed by buffer materials with initial
concentration. For the sake of brevity, the results pertaining to L/S value of 50 is
presented in Figure 4.33. It is observed that the buffer material SB30 exhibits higher
sorption affinity towards both the contaminants considered in the study. Generally,
the high reactive geomaterial like bentonite exhibits higher affinity towards all the
contaminants including heavy metals because of their high cation exchange capacity,
specific surface area, pH, and a high percent of organic and carbonate content
(Buchter et al., 1989; Nithya, 2011). But, the results obtained from the present study
are quite contrary to the previous findings. This may be due to the fact that, even
though the total L/S considered is same, actual liquid to bentonite ratio is different
depending on the sand-bentonite mixture. However, it is clear that SB30 also exhibits
considerable sorption characteristics. It can be noted that the pH of the solution was

maintained constant around 8.0 during all the batch sorption experiments.
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Table 4.19 Percent removal of strontium by SB30 over a wide range of L/S
values

Initial concentration (mg-L'l)
10 50 100 200 500 1000
10 99.53 | 98.88 | 99.00 98.06 91.31 90.22
20 97.47 | 89.66 | 94.28 97.41 89.95 86.94
SB100 50 94.68 | 88.93 | 93.10 97.69 82.93 50.58
100 92.82 | 87.85 | 76.98 88.71 52.46 38.75
200 91.78 | 82.20 | 67.86 55.89 25.85 13.99
10 87.16 | 84.93 | 87.15 70.79 26.31 23.23
20 87.21 | 67.22 | 54.97 55.25 6.86 25.37

Material L/S

SB70 50 84.00 | 45.93 | 37.98 39.05 -5.52 73.68
100 73.72 | 1571 | 24.65 | -527.97 5.09 2.61
200 31.56 | -0.77 | 21.81 23.75 -6.14 3.63

10 90.67 | 78.16 | 94.52 5231 22.21 28.35
20 94.55 | 81.16 | 53.33 55.14 8.12 13.77
SB50 50 88.50 | 34.98 | 28.03 33.07 43.21 -1.78
100 76.29 | 14.00 | 3.49 25.64 -9.89 -2.03
200 48.88 | 87.26 | 21.91 36.15 -18.02 | -13.29
10 96.75 | 96.43 | 93.69 83.81 79.46 58.80
20 94.42 | 96.68 | 94.57 80.06 49.35 41.78
SB30 50 90.96 | 91.44 | 67.63 53.27 37.49 23.77
100 91.29 | 71.97 | 47.84 29.83 17.76 19.31
200 83.86 | 56.99 | 29.16 18.62 11.58 17.19

Effect of temperature

The sorption tests were conducted on various sand-bentonite mixtures (SB30, SB50,
SB70 and SB100) with corresponding contaminants at different temperatures of
10 °C, 27 °C, and 50 °C. The obtained results are explained by plotting the variation
of sorption coefficient with L/S value for three different temperatures considered in
this study as depicted in Figure 4.34 for the contaminant strontium. It is observed that
the sorption coefficient decreases with increase in temperature. This is attributed to
the fact that with increasing temperature the attractive forces between buffer material
surface and contaminant ions are weakened and the sorption decreases (Horsfall and
Spiff, 2005). Moreover, at high temperature, the thickness of the boundary layer
decreases due to an increased tendency of the contaminant ion to escape from the
buffer material surface to the solution phase which results in a decrease in adsorption
(Aksu and Kutsal, 1991). Also, the 1/n values were found to be more than unity at

higher temperatures, signifying that desorption occurs, especially at lower L/S values.

118



This implies that at low-temperature significant amount of adsorption takes place and

it becomes insignificant at higher temperatures (Horsfall and Spiff, 2005).

Table 4.20 Percent removal of cesium by SB30 over a wide range of L/S values

Initial concentration (mg-L'l)
10 50 100 200 500 1000
10 90.94 | 90.73 | 91.78 93.10 87.53 75.50
20 88.47 | 89.97 | 90.44 89.69 66.15 41.03

Material L/S

SB100 50 83.70 | 86.54 | 81.56 55.54 24.71 13.55
100 74.06 | 69.99 | 56.70 33.14 -0.17 3.66
200 67.32 | 52.38 | 39.88 15.60 -1.53 -2.10

10 89.34 | 9146 | 58.26 92.53 78.59 58.26
20 86.77 | 89.21 | 28.40 83.13 46.67 28.40

SB70 50 81.94 | 79.37 | 10.42 45.31 13.27 10.42
100 7549 | 65.71 | 15.08 23.62 -4.38 15.08
200 62.92 | 4398 | 0.39 7.52 -3.27 0.39

10 92.24 | 92.23 | 91.12 91.31 90.62 88.51
20 6791 | 78.19 | 79.15 88.97 85.41 71.76
SB50 50 59.25 | 65.24 | 81.47 80.60 60.56 40.76
100 56.68 | 56.62 | 71.14 58.50 33.58 11.25
200 49.21 | 48.19 | 52.95 39.31 12.84 19.21
10 92.44 | 93.04 | 93.06 92.84 92.11 90.91
20 82.36 | 87.39 | 89.61 90.91 89.66 87.17
SB30 50 64.38 | 67.64 | 80.32 85.72 75.92 56.61
100 59.93 | 5947 | 69.17 76.46 46.67 35.40
200 51.60 | 53.12 | 65.95 52.77 28.40 20.64

The effect of temperature on sorption behavior is generally explained in terms
of thermodynamic parameters such as enthalpy, AH®; entropy, AS°; and Gibb’s free
energy, AG°.

4.9.2. Column flow-through experiments

The column sorption experiments were also conducted as part of the present study to
simulate the actual geomaterial-contaminant interaction. With this in view, effluent
was collected at regular intervals and the concentration of the effluent was analyzed
using atomic absorption spectrophotometer (AAS). Further, a variation of the
normalized effluent concentration, C/C, with time was established in terms of BTCs.

The observed BTC for SB30 for the contaminant Sr is presented in Figure 4.35.
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Figure 4.34 Effect of temperature on sorption behavior of strontium for SB100
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Figure 4.35 Breakthrough curves obtained from laboratory (1-g) column flow-through
experiments for SB30 for the contaminant strontium

It can be observed that the selected buffer material attained a maximum C,/C,
of 0.01 over the interaction period of 512 days. Using the BTC and mathematical

models available with STANMOD the sorption characteristics of buffer materials
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were determined in terms of retardation factor, R and hydrodynamic dispersion
coefficient D (Toride et al., 1999). As explained in section 4.8, the mathematical
models available in STANMOD provides an analytical solution to the 1D-ADE
contaminant transport equation (Equation 4.18) proposed by Freeze and Cherry, 1979.
In Equation 4.18, the retardation coefficient R can be defined by Equation 4.25.

R=1+% (4.25)
where K4y is distribution coefficient, p is density of the sample and 7 is porosity.

To solve the one dimensional advection-dispersion equation for the column
flow-through experiments, the initial and boundary conditions are considered as:
Initial condition: C (x, 0) = 0; top boundary condition of the sample in the column

test: C (0,t) = Cy and assumed to be constant throughout the experiment; the bottom
boundary condition of the sample in the column test: Z—)C( (o0,t)=0. (Shakelford, 1991).

For comparison, the calculated effluent concentration based on the predicted fitting
parameters at the bottom of the sample was obtained and superimposed with the
experimental data as depicted in Figure 4.35. Using the retardation value obtained
from STANMOD the sorption parameter i.e., distribution coefficient K4 in L-kg™ is
found to be 192.98 L-kg™ for Sr.

4.9.3. Prediction of equivalent column distribution coefficient

Even though the batch sorption experiments are easy and simple to conduct, they fail
to simulate the buffer material-contaminant interaction (Jackson et al., 1984;
Arnepalli et al., 2010; Nithya, 2011). To overcome this, an elaborate comparison
study between column flow-through experiments and batch sorption experiments
were conducted and a generalized relation was developed to predict the equivalent
column distribution coefficient Kg.cquivalent based on the measured batch sorption
results (Nithya, 2011). The generalized relationship for predicting the equivalent
column distribution coefficient by knowing the distribution coefficient K4 from the
batch sorption experiment and corresponding L/S is presented in the form of Equation

4.26.

average K ... =A;exp[ ';ﬁ +C, (4.26)
1

where average Ky, 1S the ratio of distribution coefficient obtained from batch
sorption experiments and equivalent column distribution coefficient; L/S is liquid to
solid ratio; A, By, and C,; are constant parameters for the respective contaminants. In
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the above equation the values of the constants A;, B; and C, are considered as 2.29,

29.7, and 1.00 for Sr and 3.28, 8.97, and 1.01 for Cs (Nithya, 2011).

The variation of average Ky aio estimated for the contaminants Sr and Cs are
presented in Figure 4.36 and the predicted Kq values obtained for the buffer materials
for the contaminants Sr and Cs are presented in Table 4.21. It can be observed that the
estimated Ky values of column sorption are lower than that of batch sorption owing to
the realistic buffer material-contaminant interaction. In batch sorption experiments
greater part of the sorption sites within the buffer material interact with the

contaminants and results in high sorption coefficient (Celorie et al., 1989).

Table 4.21 Equivalent column Kad of the buffer materials for strontium and cesium

Contaminant Sr Contaminant Cs
Material | L/S | o (L-g™) | Column Ky (L-g") | K¢(L-g") | Column K (L-g™)
10 | 712.85 270.50 147.09 70.52
20 | 54439 251.12 342.77 251.52
SB100 | 50 | 1325.35 929.87 786.32 769.06
100 | 1556.04 1442.13 1309.18 1296.16
200 | 2774.73 2767.19 1131.36 1120.16
10 | 231.49 87.84 234.42 112.39
20 | 314.85 145.24 457.09 335.40
SB70 | 50 | 267.45 187.64 933.25 912.76
100 | 94837 878.94 870.96 862.30
200 | 893.06 890.63 5495.41 5441.00
10 | 189.27 71.82 275.42 132.05
20 | 339.49 156.60 239.88 176.02
SB50 | 50 | 300.1 210.55 363.08 355.11
100 | 466.02 431.90 724.44 717.23
200 1371.8 1368.07 1348.96 1335.60
10 | 262.82 99.73 1949.84 934.84
20 | 51578 237.92 724 .44 531.58
SB30 | 50 | 715.98 502.33 229.09 224.06
100 | 1007.28 933.54 436.52 432.18
200 1276.5 1273.03 2089.3 2068.61
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Figure 4.36 Variation of average Kd-ratio with liquid to solid ratio for contaminants
strontium and cesium
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Chapter 5

NUMERICAL ANALYSIS FOR ASSESSING LONG-TERM
PERFORMANCE OF BUFFER MATERIALS

5.1. General

The efficacy of buffer material to contain hazardous waste depends on its long-term
performance under the synergetic influence of physical, chemical and thermal loadings.
In view of this, the present chapter demonstrates the long-term performance of buffer
materials in terms of thermal and contaminant transport properties using numerical tools
SVHeat™ and POLLUTE. For this purpose, heat migration in a typical DGR was
investigated by considering the single canister and multiple canisters scenarios. The
importance of safe placement distance between the canisters in case of multiple canisters
was also established. Further, the contaminant transport through the buffer material was

demonstrated for 200 years using POLLUTE.
5.2. Two-dimensional Modeling of Heat Migration through Buffer Material

As the radioactive waste is associated with moderate temperature, the thermal properties
of buffer materials and the rate of loss of moisture from them for a given exposure
condition determine their performance without losing integrity, in terms of engineering
properties. These properties need to be evaluated over the service life of DGR to assess
its long-term performance. With this in view, heat migration through the buffer material
of a typical DGR was modeled and analyzed using a commercially available finite

element based numerical tool called SVHeat™.

SVHeat™ is commonly employed for understanding the heat migration through
saturated as well as partially saturated porous media, by both conductive and convective
heat transport phenomena. SVHeat™ has the ability to model natural thermosyphons of
heat exchange mechanism. The numerical tool has the capability to incorporate
atmospheric weather data to predict its influence while modeling the heat and moisture
migration mechanisms through barriers. Further, SVHeat™ allows analyzing steady-state

or transient thermal models.

The numerical model considered in the present study is aimed to obtain the spatial
and temporal variation of temperature in a buffer material as well as in host rock of a

DGR, for 200 years so as to establish the long-term performance of the DGR. Figure 5.1



depicts the schematic of a typical DGR used in the model with horizontal tunnel whose

geometry and the parameters adopted for modeling are discussed in the following.

Host rock —_

Disposal pit —— |

Canister with I
Radioactive waste

Buffer material

Figure not to scale

Figure 5.1 Schematic of the deep geological repository used in the model
5.2.1. Model geometry

The model DGR in the present study consisted of a horizontal tunnel with the canister
surrounded by the buffer material. Figure 5.2 depicts the schematic representation of the
model DGR. The modeled DGR was situated at a depth of 500 m from the ground
surface and the extent of the host rock was considered to be infinite in the radial
direction. The canister was of 1.25 m diameter, situated at a depth of 500 m from the
ground surface. It was surrounded by a candidate buffer material (viz. SB30) to an extent
of 2.5 m diameter. Since the spatial variation of temperature is confined to the finite
region of the host rock adjacent to the buffer material, the present study considered the
model dimension as 100 mx100 m. This also helped to minimize the computational

efforts to model the heat and contaminant transport in a typical DGR.
5.2.2. Material property

As indicated in Figure 5.2, the model comprised of host rock, buffer material, and
canister. The lithology of the continental crust of the planet earth at shallow depths
predominantly consist of alkaline sedimentary formations as evident in Canadian
prototype DGR (Mitchell and Soga, 2005). Therefore, the present study considered
limestone as the host rock with a thermal conductivity value of 2.3 W-m™-K™' and dry

unit weight of 25.5 kN-m~ (Wolfaardt and Korber, 2012). The thermal conductivity of
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the steel component of the canister was taken as 300 W-m™-K™' with a dry unit weight of
76.52 kN-m™ (Wolfaardt and Korber, 2012). The buffer material considered to be a sand-
bentonite mixture with 30 percent bentonite in it (SB30). The dry unit weight, moisture
content and thermal conductivity of the candidate buffer material were established and

the details were presented in Table 4.7.

Ground surface

Host rock

500 m

Buffer of diameter 2.5 m

100 Canister of diameter 1.25 m

Figure not to scale

100 m

Figure 5.2 Geometry of the model deep geological repository

5.2.3. Initial and boundary conditions

After defining the geometry of the model, material properties were assigned and the
initial and boundary conditions of the model were specified. The model was divided into
several finite elements with the specified material properties and initial and boundary
conditions. For this purpose mesh generation algorithm was used, by defining the

corresponding material properties.

The numerical model considered the temperature of 30 °C at the ground surface
and a geothermal gradient of +0.016 °C-m™". Therefore, the temperature of the geological
formation where the typical DGR is located (the canister level i.e., 500 m from the
ground surface) was ascertained using the relationship: T=30+0.016z, where z is the

depth in meters from ground surface. The surface temperature of the canister is expected
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to vary with time owing to the decay of radionuclides present in it and hence the
temperature at the interface between canister and buffer material is subjected to a
temporal variation of temperature. With this in view, majority of the prototype studies
approximated this variation of temperature using a step function. Wolfaardt and Korber

(2012) proposed the variation in temperature of the canister as reported in Table 5.1.

Table 5.1 Variation of temperature of the canister with time

Time (years) Temperature (°C)
0-10 120
10-20 115
20-30 110
30-50 100
50-100 80
100-200 60

5.2.4. Properties of mesh

The DGR was modeled as two-dimensional and analyzed under transient heat conditions
for 200 years. Since the temporal and spatial variation in temperature of the buffer is
expected to change its engineering behavior significantly compared to the host rock, the
buffer material was discretized using a fine mesh size of 0.05 m. The variation in
temperature within the canister is not of primary interest, its discretization was restricted
to 0.1 m in view of avoiding computational efforts and for all the regions in the host rock,
the coarser mesh size of 1 m was used. Figure 5.3 presents the model with generated
mesh. After defining the input parameters and mesh size, the model was analyzed for

temporal and spatial variation of temperature.
5.2.5. Results and discussion

The DGR was modeled and analyzed for the performance evaluation of buffer material
over its service life. The variation of temperature with time at the interface of the
canister-buffer and buffer-host rock is given in Figures 5.4 and 5.5, respectively. It can be
observed that the variation of temperature at the canister (i.e., at a distance of 0 m from
the canister surface) is following a stepped decay. The temperature variation in the buffer
and host rock also followed a similar trend as above. Further, it can be observed that the
magnitude of the temperature at any given time is governed by the molding moisture

content.
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Figure 5.3 Schematic of the mesh generated for SB30
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Figure 5.4 Variation of temperature with time at the interface of the canister and buffer
for SB30

129



13O|||||||||||||||||||||||

120 B Whuffer material (70) N
110 | —0—17.17 —A—9.53 |-

- —v—10.7 —o—12 |1
1o —a—13.67  —>—18.23[]
S 90 22.03 _
8 - -
2 80 I -
g - -
= 70 -
q) - =
= 60 |- -
50 |- _

40 |- -

30 i 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 ]

20 0 20 40 60 80 100 120 140 160 180 200 220
Time (years)

Figure 5.5 Variation of temperature with time at the buffer-host rock interface for SB30
having different placement moisture

Figure 5.6 presents the temperature variation with time at the mid-depth of the
buffer material. At the middle of the buffer, the temperature rose to a maximum extent of
105 °C and then decreased. Beyond 100 years, the temperature dropped to 60 °C.
Whereas at 10 m distance from the canister surface the temperature rose for the first 50
years and then remained almost constant as shown in Figure 5.7. Therefore, it can be
concluded that after 10 m from the canister surface the higher temperature of the canister

has no significant effect.

From the Figures, it can be concluded that when the placement moisture content is
on dry of optimum, the heat migration towards the host rock is very slow and as the
moisture content of the buffer increases the temperature within the host rock also
increases. This can be attributed to the fact that, buffer material compacted on wet of
optimum exhibits high thermal conductivity than that of compacted on dry of optimum,
and hence, transport more heat towards the host rock. The time of arrival of peak
temperature at buffer-host rock interface is about 9.5 years and thereafter the temperature

receded. Further, beyond 100 years the temperature variation is found to be negligible.

130



Temperature (°C)

Figure 5.6 Variation of temperature with time at the middle of the buffer for SB30
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Figure 5.7 Variation of temperature with time at a distance of 10 m from canister surface
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Figure 5.8 depicts the variation of temperature along the radial distance
corresponding to the peak temperature arrival time of 9.5 years. It can be observed that
the maximum temperature occurs at the canister surface and reduces with radial distance.
Beyond 20 m radial distance (i.e., 19.375 m within the host rock) the temperature is more
or less equal to ambient. Figure 5.9 presents the variation of temperature with radial
distance at the end of the analysis period (i.e., t = 200 years). At the end of 200 years the
variation in temperature with radial distance is negligible which indicates that buffer

material and host rock attains steady state thermal equilibrium with the canister.
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Figure 5.8 Variation of temperature with radial distance for SB30 corresponding to peak
temperature time of 9.5 years

Figure 5.10 depicts the variation of temperature with radial distance for SB30
corresponding to the time intervals at which stepped temperature decay happens at the
canister and buffer material interface for the buffer material compacted at optimum
moisture content. It can be observed that at t=100 years when the canister temperature
dropped to 60 °C, the buffer is still at a higher temperature and slowly dissipating heat to
the host rock; however, it attains 60 °C within a six months time. From the above

discussion, when the temperature of the canister decrease, the temperature at the buffer-
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host rock interface increased to a maximum of 95 °C corresponding to 9.5 years and

eventually dropped to 60 °C only at the end of 200 years.
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Figure 5.9 Variation of temperature with radial distance for SB30 at the end of the
analysis period

In order to evaluate the effect of stepped variation of temperature, an additional
model was considered and analyzed with 120 °C constant elevated temperature at the
canister-buffer interface. Based on the analysis carried out, a maximum temperature
within the buffer material was observed to rise to 113 °C at the end of 200 years and
increases continuously. Therefore, if a DGR is modeled with the assumption that the
canister is subjected to constant elevated temperature, the result shows a continuous
heating up of buffer material and host rock, which is not desirable. This scenario may
result in complete drying of the buffer material, which in turn leads to severe desiccation
cracking of the buffer as well as host rock. Therefore, modeling the canister temperature
variation with time represents the real-life scenario since majority of radionuclides
present in the waste have half-life in the order of few decades and mostly less than a

century.

When the molding moisture content of the buffer material was on dry of optimum,

the temperature increased slowly as the thermal conductivity of the buffer material on dry
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side of optimum was low. Therefore, it can be concluded that for the effective heat
transfer from the canister to the host rock, the buffer material shall have high molding
moisture content and it should be compacted using modified proctor energy. It can be
inferred from the above discussion that higher the bentonite content in the buffer material
higher will be the heat migration through it, as the pores of the coarser fraction of buffer
material are filled with the bentonite and water resulting in superior thermal conductivity.
However, in arriving at the optimal bentonite content in the buffer material; the thermal
properties, volume change and strength characteristics of the buffer material are to be
considered. Needless to mention, the economics of the design as well as construction
require special attention while finalizing the optimal design mixture of the buffer material

of a DGR.
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Figure 5.10 Variation of temperature with radial distance for SB30 corresponding to the
time intervals at which stepped temperature decay happens at canister

5.3. Appraisal of Safe Placement Distance between Canisters in a DGR

5.3.1. Two-dimensional analysis

Prior to the placement of canisters in a DGR, a safe horizontal placement distance
between them has to be maintained to ensure the effective heat migration to the
surrounding host rock and hence to the geoenvironment without rising the temperature in
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the buffer material beyond the threshold value. Considering this fact, numerical analysis
using SVHeat™ was extended to the analysis of heat migration with time for various
modes of placement distances. Two DGRs with horizontal tunnels were considered for
this purpose. The boundary conditions and properties of the materials are maintained
identical to the previous section and the analysis was conducted for different placement
distances of 2 m, 4 m, 6 m, and 8 m centre to centre. For the sake of brevity, a schematic
of the model DGR with 2 m placement distance is depicted in Figure 5.11. From the
thermal conductivity results, it can be noted that the water content of 22 % in the case of
SB30 sample furnished the highest value of thermal conductivity i.e. 1.831 W-m™ K.
Giving regards to preciseness and conciseness, the further analyses were carried out
considering this water content. It was observed that as the placement distance between
the canisters increases, the maximum observed temperature at the interface reduces.
Figure 5.12 depicts the variation of temperature with time at the interface of buffer and

host rock for various placement modes of the canister.

Ground surface

Host rock

500 m

Buffer of diameter 2.5 m

/ Canister of diameter 1.25 m

%oo m @ E‘

R Figure not to scale

100 m

Figure 5.11 Schematic of the model deep geological repository with 6 m placement
distance
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Figure 5.12 Temperature variation with time at buffer-host rock interface

The analysis explained in the previous section demonstrated a maximum rise of
temperature up to 95 °C at the end of 9.5 years near the buffer host rock interface. The
present model also endorsed the fact that maximum rise of temperature at the buffer host
rock interface occurred after 9.5 years. However, as the distance between canisters
increases, the highest temperature observed at the interface reduced. The temperatures
observed at the interface of buffer and host rock when the thermal migration to the host
rock was at its peak were 120 °C, 107 °C, 102 °C and 101 °C for placement distances of
2 m (radial coordinates of 49 and 51 at the centers of the canisters), 4 m (radial
coordinates of 48 and 52 at the centers of the canisters), 6 m (radial coordinates of 47 and
53 at the centers of the canisters), and 8 m (radial coordinates of 46 and 54 at the centers
of the canisters), respectively. For all the placement distances considered, an ambient
temperature of 60 °C was noticed after 150 years. A stepped decay in temperature was
also noticed irrespective of the placement distance. Figure 5.13 emphasizes the
temperature variation along the radial distance when maximum heat migration to the host
rock occurs. It can be observed that heat is getting more dispersed as the placement
distance increases. The temperature reduced to more than 10 °C when the placement

distance changed from 2 m to 4 m. At 8 m spacing, the temperature observed at the buffer
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interface is more or less independent of each other. After that, for every 2 m increase in
placement distance, the maximum observed temperature is reduced 5 °C. As the disposal
area is limited, placement distance between adjacent canisters of 4 m distance is
preferable. The caution must be exercised while extending this conclusion to the
conditions other than the one considered in this study. Figure 5.14 exhibits the variation
of temperature with distance at the end of analysis period of 200 years for the second

canister. An ambient temperature range of 60 °C to 63 °C is observed.
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Figure 5.13 Temperature along the radial coordinates when maximum heat migration to
host- rock occurs

5.3.2. Three-dimensional analysis

Heat migration studies using SVHeat™ were further extended to three dimensional (3D)
analyses using the identical material properties and other parameters and the results were
compared with that obtained from two dimensional (2D) analyses. It was observed that
the 2D analyses results are overestimating the temperature variation when compared to
3D analysis. Figure 5.15 shows the variation of temperature with time for SB30 at
different moisture contents obtained from both 2D as well as 3D analyses. It can be

observed from the Figure that the 2D analyses are overestimating the temperature values

137



in the order of 20 °C and therefore 3D analysis is preferred over 2D analyses for precise

estimation of temperature variation with time.
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Figure 5.14 Temperature along radial coordinates at the end of analysis period
Further, the analysis of heat migration with time for various modes of placement
distances was extended to a three-dimensional analysis using SVHeat™. Two DGRs with
vertical tunnels were considered for this purpose. The identical properties and placement
distances as in the previous section were considered for the analysis and the results were
compared with that obtained from two-diemnsional analysis. The variation of
temperature with time at the buffer host rock interface is presented in Figure 5.16 and the
variation of temperature with time at the interface in between the canister is depicted in

Figure 5.17.
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Figure 5. 15 Variation of temperature with time at buffer host rock interface
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Figure 5.16 Temperature variation at buffer host rock interface outside the second
canister
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From Figure 5.16 it is observed that the maximum temperature reached up to
62 °C after 10 years at the buffer host rock interface outside the canister and at the buffer
host rock interface in between the canisters (Figure 5.17), a maximum temperature of 115
°C is observed for a placement distance of 2 m. Further, as the placement distance
increases, the maximum temperature at the buffer host rock in between the canister
reduces and reached up to 65 °C for 4 m placement distance and it is further reducing
with the increase in placement distance. Therefore, from the 3D analysis also 4 m

placement distance is considered as the safest.
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Figure 5.17 Temperature variation at buffer host rock interface in between the canisters

5.4. Modeling of Contaminant Migration through Buffer Material in a DGR

The contaminant migration through the buffer material involves different transport
mechanisms like advection, diffusion, and sorption as explained in the preceding
chapters. Freeze and Cherry (1979) reported that the contaminant transport through a
highly porous media is governed by the dispersion mechanism, whereas, for compacted
geomaterials with low hydraulic conductivity the contaminant migrate in response to the
concentration gradient which is also called diffusion. Further, if the porous material is
rich in reactive clay minerals, it results in attenuation of contaminants by sorption

phenomena.
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Among the existing the numerical tools to model contaminant transport through
waste containment and disposal facilities, the tool developed by Rowe and Booker (1987)
is considered to be efficient and popular. The present study considered the finite layer
technique POLLUTE proposed by Rowe and Booker (1985, 1994) to demonstrate the
contaminant transport phenomenon through buffer material in a DGR. The POLLUTE
solves the advection-dispersion equation for layered deposits of finite thickness and
infinite extent. This technique predicts the concentration profiles in spatial and temporal
domains for the predefined initial and boundary conditions. The real-life contaminant
transport scenarios can be modeled and this method is widely used for evaluating the

long-term performance of engineered landfill liners (Rowe, 1989).

The governing differential equation for the possible phenomena taking place in a

DGR is presented as follows.

ac »’c. ac ac
N> =ND(57)-v 5, -PKa 7 MAC (5.1

where 1 is porosity; C is concentration of the contaminant in mg-L'; D is diffusion
coefficient in m*s™'; v is permeability coefficient in m's™; p is density of the buffer
material in kN-m™; Ky is distribution coefficient or the sorption coefficient in mg-L™; A is

decay constant.

A typical DGR considered for the heat migration analysis was considered for the
contaminant transport analysis. The contaminant transport parameters such as diffusion
coefficient, permeation coefficient, and sorption coefficient were obtained experimentally
at corresponding compaction state. Decay constant was taken as 30 years (US Nuclear
Waste Technical Review Board). After inputting the parameters, initial and boundary
conditions were defined. A concentration of 1000 mg-L™ as initial concentration was
imposed at the surface of the canister and buffer material, and zero flux boundary
condition at the buffer host rock interface was also considered. Further, the analysis was
carried out with contaminant transport parameters at different temperatures. Figures 5.18,
5.19, and 5.20 show the variation of contaminant concentration over the thickness of the

buffer material at different temperatures of 10 °C, 27 °C, and 50 °C respectively.
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Figure 5.20 Variation of concentration with distance from the canister surface at 50 °C

It is can be observed from the Figures that, as the temperature of the buffer
material increases the distribution coefficient decreases and therefore the concentration
range is on the higher side as depicted in Figure 5.20 when compared to companion
results presented in Figure 5.19 and 5.18. It can also be seen that there is a drastic
decrease in the concentration of the contaminant after 30 years and the concentration
reaches almost zero at 200 years. Further, if we consider the variation of concentration
with time at a radial distance from the canister surface as shown in Figure 5.21, at the
middle portion of the buffer material (0.3125 m from the canister surface) there is an
increase in concentration at around 25 years and after 30 years it starts decreasing.
Whereas at the interface of buffer and host rock (0.625 m) there is a slight increase in
concentration and as an average, the concentration is close to 50 mg/L. Therefore, from
the above discussion, it can be inferred that the DGR modeled in the study is safe in

terms of contaminant transport properties at a temperature of 10 °C.

Figures 5.22 and 5.23 depict the variation of concentration with time at a different
radial distance from the canister surface at temperatures of 27 °C and 50 °C. It can be
observed from the figures that, at an elevated temperature since the sorption coefficient is

less, more concentrated contaminant comes out at the buffer host rock interface (almost
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half of the initial concentration) when the temperature of the buffer material is 50 °C.

Therefore, at elevated temperatures, thicker buffer material should be provided.

1200 T I T I T | T | T | I | ) | ]
- Distance from canister surface (m)|
1000 |- ! -o- 0 -o- 03125 —
5 h - 2- 0.625 -v- 5.00 -
T, 800 |- o —
&n B \ i
g \
= 600 R -
.8 B \ i
5 R
£ 400 |- LN -
2 i ™ 7
o
S 200 | o CPo N, -
/ ~ - ~
B (@) A A DD~ -8? :E':*:—:—‘.:.-_,_ l
OF Shvvvv---v-v------- ST
_200 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

-30 0 30 60 90 120 150 180 210
Time (years)

Figure 5.21 Variation of concentration with time at different radial distance from canister
surface at temperature of 10 °C
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Figure 5.22 Variation of concentration with time at different radial distance from canister
surface at temperature of 27 °C
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Chapter 6
SUMMARY AND CONCLUSIONS

The application of sand-bentonite mixtures as an engineered buffer material of deep

geological repositories (DGR) to ensure long-term confinement and isolation of
radioactive waste contained canisters is a common practice. The efficacy of DGR to
contain the radioactive waste primarily depends on the long-term performance of the
buffer materials under the combined influence of physical, chemical and thermal
loadings. In view of this, the sand-bentonite buffer material is expected to facilitate
heat transfer from the canister surface to the host rock and hence, to the surrounding
geoenvironment, effectively. The essential properties of a buffer material are low
hydraulic conductivity, low diffusion characteristics, low gas permeability
characteristics and high sorption affinity towards radionuclides and heavy metals. In
addition, the buffer material must maintain its physical and engineering integrity at
elevated temperatures for a prolonged period. Keeping in view of the quite demanding
requisites, it is essential to understand the fundamental behavior of buffer material

over a wide range of environmental conditions to ascertain its long-term performance.

With this in mind, experimental investigations were carried out to characterize
the buffer materials. The selected virgin geomaterials such as sand and bentonite were
characterized for their physico-chemico-mineralogical and geotechnical properties.
The performance of synthesized sand-bentonite buffer materials was assessed in terms
of their thermal properties, the rate of loss of moisture from them for a given exposure
condition, and contaminant migration mechanisms, viz. diffusion, permeation, and
sorption. Further, the long-term performance of buffer materials upon the application
of physical, chemical and thermal loadings was assessed using numerical techniques.
Based on the experimental findings and numerical analyses the following conclusions

can be drawn.

e In terms of thermal and contaminant transport properties, the buffer material with
30 % bentonite was found to be optimal for its efficacious long-term performance.

e The generalized prediction model developed in this study showed that thermal
conductivity of buffer material increases with the increase in volumetric moisture
content and amount of quartz mineral present in it.

e With the experimental methodology proposed in this study, for assessing the

coupled flow of heat and moisture through a buffer material upon application of



thermal flux, an exponential decrease in vapor flow along the radial distance was
obtained.

The prediction model proposed for estimating the gas permeability coefficient of
buffer materials by considering the effect of temperature on it was efficacious in
estimating the gas permeability characteristics of wide varieties of geomaterial
with a precision of 95 %.

The coefficient of gas permeability of compacted buffer material decreased with
increase in temperature, placement moisture content, and bentonite mass fraction.
However, the addition of bentonite content higher than 30 % by weight failed to
bring further noticeable change in its gas permeability.

It was reaffirmed that the geomaterial-contaminant interaction can be represented
by a nonlinear Freundlich sorption isotherm. The sorption affinity of the buffer
material decreased with increase in temperature.

As a whole, the present study described an integrated approach for evaluating the
long-term performance of buffer materials by considering the combined influence

of physical, chemical, and thermal loadings which prevail in a typical DGR.
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Future Scope of Research

The present study made an attempt to characterize the buffer materials to contain
HLW canisters based on their physico-chemical, geotechnical, thermal and
contaminant transport properties under the combined influence of physical, chemical
and thermal loadings. The coupled flow of heat and moisture under the given thermal
flux in terms of water vapor diffusion characteristics were quantified for SB 30 as it
was exhibiting favorable engineering properties for DGR application. The study needs
to be extended to other sand-bentonite mixtures in future including SB10, SB20,
SB50, SB70, and SB100. Even though, it is given in literature that the temperature
variation does not affect the SWCC, proper quantification of this is required to

support the fact.

The efficacy of the generalized gas permeability model needs to be validated
with more experimental data. Gas diffusion studies need to be extended to study the
effect of temperature on diffusion characteristics. Column flow through experiments
and centrifuge tests need to be performed for more samples and the generalized model
need to be validated to predict the equivalent column distribution coefficient from

batch sorption data.

Numerical analysis for the long-term performance of buffer materials in DGR

should be upgraded by incorporating other parameters.
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