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Abstract

Due to their high swelling ability, high water retention capacity and low permeability, compacted bentonites have been
considered as a key component of cover lining systems for storage of low and medium level toxic wastes and as
barrier and backfilling materials for long-term safe storage of high level toxic waste in many countries. This thesis
presents an experimental, theoretical and numerical study of thermo-hydro-mechanical-chemical behaviour of MX80
bentonite in geotechnical applications.

The determination of swelling pressures of compacted bentonites is an important aspect of most bentonite-based
barrier systems. Swelling pressures of bentonites are usually determined in the laboratory under constant volume
conditions using oedometers. Powdered bentonites are usually compacted in stainless steel cylindrical specimen rings
and tested immediately after the compaction process is completed. The swelling pressures thus measured are
influenced by some post compaction residual stresses. However, bentonites in the form of pellets and bricks are
prepared and used in repository conditions that, in turn, are free from any post compaction residual stresses. The
influence of post compaction residual stress on swelling pressures of compacted bentonites for a range of dry density
that are of interest has not been explored in the past. Such studies are of potential interest for the safe and efficient
designs of toxic waste disposal repositories. Many of the waste repositories are commissioned in locations where the
ground water either contains significant amount of salts or the repositories are anticipated to receive saline water from
sea. Additionally, in some cases, the wastes that are disposed emit very high temperatures (e.g. spent fuel). Under
these repository conditions, compacted bentonite barriers are subjected to both thermal and hydraulic loadings at
opposite boundaries. A detailed study devoted to appreciate the combined influence of an elevated temperature, bulk
fluid type and solute transport due to both hydraulic and thermal gradients are necessary to better the understanding of
the mechanical behaviour of compacted bentonites in many practical engineering problems.

Constant volume swelling pressure tests were carried out on compacted MX80 bentonite specimens in order to study
the influence of post compaction residual stress, electrolyte concentration and temperature (for isothermal conditions)
on the swelling pressure. The dry density of the bentonite was varied between 1.1 to 1.9 Mg/m? to cover a wide range
of compaction conditions. Theoretical assessments of swelling pressures were made using the Gouy-Chapman diffuse
double layer theory and the Stern theory, as applicable to interacting clay platelet systems. Further, the experimental
and the theoretical swelling pressures were compared in order to bring out the applicability of the electrical theories in
assessing swelling pressures of bentonites for both compacted saturated and initially saturated slurried conditions. A
series of thermal and thermo-hydraulic tests were carried out on bentonite specimens under laboratory scale settings.
During the thermal tests, temperatures of 85 and 25 ‘C were applied at the bottom and top ends of the specimens,
respectively. During the thermo-hydraulic tests, in addition to unequal temperature at opposite ends, distilled water
was supplied from the top end of the specimens. The temperature and the relative humidity were monitored along
predetermined depths of the specimens during both types of testing methods. The swelling pressure variations were
monitored at the opposite end of the heat source. Changes in water content, dry density and concentrations of cations
and anions along predetermined depths of the specimens were measured after termination of each of the tests. A
thermo-hydro-mechanical finite element simulation was undertaken specifically for swelling pressures using the
numerical code COMPASS (COde for Modelling PArtially Saturated Soils). Further, the experimental and the
simulated results were compared both for thermal and thermo-hydraulic boundary conditions.

Compacted bentonite specimens with post compaction residual stresses exhibited lesser swelling pressures as
compared to their stress released counterparts. Agreements between the calculated swelling pressures from the Stern
theory and the experimental swelling pressure results were found to be reasonable for compaction dry densities of less
than 1.45 Mg/m°®, whereas at higher dry densities, agreements between the measured swelling pressures and those
calculated from the electrical theories were found to be poor. Conversely, compressibility behaviour of initially
saturated slurried bentonites was found to be captured well by the electrical theories. On account of vapour flow under
thermal gradients, compacted bentonite specimens exhibited swelling pressures at the opposite end of the heat source.
The measured swelling pressure for the thermal gradient adopted varied between 0.5 to 1.2 MPa, whereas greater
swelling pressures were noted due to an applied thermo-hydraulic gradient. Evaporation, condensation, diffusion and
advection processes influenced the distribution of ions in compacted bentonite when subjected to both thermal and
thermo-hydraulic gradients. The finite element code, COMPASS, enabled assessing changes in suction and swelling
pressure of compacted bentonite satisfactorily under both thermal and thermo-hydraulic hydraulic gradients.
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Chapter 1
| ntroduction

1.1 Introduction

The sustainability of the geoenvironment is highlfyjected by the continued
depletion of natural resources and imposing phy;soteemical and biological impacts to
the geoenvironment from the various human actsjtiedicating an increasing threat to
the environment (Yong et al.,, 2006). Developmenithiw the fields of civil and
environemntal engineering focused on the sustanal@velopment, remediation of
contaminant land and management of municipal addaative waste (Thomas et al.,
1998). Therefore, it is necessary to develop aebetppreciation of the physical and
chemical processes occurring in geoenvironment tandmprove the knowledge and
technology for appropriate management of geoenmienmtal resources (Yong et al.,

2006).
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The safe disposal of radioactive waste is an ingmbraspect in geoenvironmental
engineering (Thomas et al., 1998). Similarly, progisposal and management of low and
intermediate level nuclear waste (Roffey, 1990) andicipal solid waste (Rowe et al.,
1995; Sharma and Reddy, 2004; Benson, 2005; Crazzr@n et al., 2006) are necessary
to minimise the migration of contaminants of chesthgpecies into the ground water and
environment. One of the possible solutions forghate disposal of high level radioactive
waste is the deep geological disposal. In the dmepogical disposal concept, the spent
fuel canisters are planned to be stored at a mmirdapth of 500 m below the ground
surface (Pusch, 1982). The waste canisters aredlac a regular fashion in tunnels
which are bored inside the host rock. Host rockwafste disposal repositories are
different types such as crystalline, sedimentamaystone, volcanic and salt rock
depending on retrievability requirement (IAEA, 2009In case of crystalline rock the
retrievability is feasible than salt rock. Howevealt rocks will creep and will close the
mined gaps, thereby creating better water tightresd generate pressure on the
repository. Salt rock formation exists in low seis@reas as well as thermal properties of

salt rock are better than any other type of rock.

Several types of soil such as Opalinus clay (Gers. e2007, 2009), Boom clay
(Vaunat and Gens, 2007; Alonso et al., 2010), Avalelay (Yong et al., 1997), Foca and
Serata Clays (Vaunat and Gens, 2007) and compbetadnites (Pusch, 1982, Pusch and
Yong, 2006) are used as possible barrier and Wkogfin waste disposal repositories.
Compacted bentonites in the form of rings are Eanto be placed in the gap between
the canister and the host rock (Pusch and Yongg;2Délage et al., 2006). Compacted
bentonites are preferred to be used as barrietbankfilling material in the high level

radioactive waste disposal repositories in ordefiXcstructurally hold the radioactive
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waste canisters in place and prevent collapseeoéticavation andif create a very high
level of water tightness to limit the access of evainto the geoshphere, and,
simultaneously should transfer the heat generaiele waste to the host rock (Tripathy

et al., 2004).

During the operational period of radioactive waslesposal repositories,
compacted bentonite systems are subjected to thamdahydraulic loading at opposite
ends of the barrier. The section of bentonite, thah contact with waste canisters is
subjected to elevated temperature upon receivirgf frem the radioactive waste,
whereas the other section of the compacted beptanitontact with saturated host rock
receive ground water from the saturated host rdok.case of direct disposal of
radioactive wastes, the bentonite buffer will b&éjeated to a temperature between 110
and 150 C. At temperatures higher than 1@, the smectite mineral may transform to
illite (Pusch et al., 2010). Therefore, undersiagdthe behaviour of compacted
bentonites under thermal, hydraulic and mecharaading is necessary for long term

safety assessment of the waste disposal repositorie

During the hydration process and under restrainedintdary conditions,
compacted bentonite is expected to exhibit swellmgssures on the canisters. The
swelling pressures exerted by compacted bentomimgs damage the fuel canister and
cause rock failure in the waste repository (Pusah ¥ong, 2006). In the past, swelling
pressure measurements were carried out on complaetednite specimens in controlled
laboratory environment by several researchers @tWonmoos and Kahr, 1982; Pusch,
1982; Dixon and Gray, 1985; Swedish Nuclear Fuel Afaste Management Company,

1983; Komine and Ogata, 1994; Empresa Nacional eé&dBos Radiactivos SA, 200;
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Villar and Lloret, 2004, 2008; Karnland et al., ZQ&Komine et al., 2009; Schanz and
Trpathy, 2009). For the laboratory tests, compadtieatonite specimens were hydrated

immediately after completion of the compaction g

For actual use in repositories, compacted bentorate usually planned to be
prepared by compacting the bentonite powder. Aféempletion of the compaction
process, compacted bentonites are usually remonad fthe compaction mould and
hence the post compaction residual stresses aa&sezl. The release of post compaction
residual stresses may cause significant lateraresipn of the compacted bentonites. The
influence of release of post compaction residuadsses on the swelling pressures of

compacted bentonites has not been studied.

In the waste disposal repositories, the compaceedonites may receive ground
water from saturated host rock. The migrated growater from the saturated host rock
may contain different electrolytes. Additionallyrcentration of NaCl solution in ground
water may vary. The swelling pressure of compabtatonites is known to be affected
by the presence of NaCl solution in bulk fluid (Plus1982, 1985; ENRESA, 2004;
Karnland et al., 2007; Herbert et al., 2008; Koma&teal., 2009). Similarly, the effect of
temperature on swelling pressure has been repbgtedd number of researchers (Pusch,
1980; Romero et al., 2003, 2005; Villar and Llor2@04; Pusch and Yong, 2006).
However, the effect of temperature and electrolgteshe swelling pressure of bentonites

after releasing the post compaction residual stgekas not been studied yet.

Assessments of swelling pressure and compresgilofitoentonites are usually

carried out using Gouy-Chapman diffuse double ladlgeory for interacting clay platelet
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systems (Bolt, 1956; Sridharan and Jayadeva, 10&2ine and Ogata, 199%ripathy et

al., 2004; Tripathy and Schanz, 2007; Schanz amgaffry, 2009). The Stern theory
(Stern, 1924) proposed the closest approach otiatesion to the charged clay surface.
Application of the Stern theory for interacting \clplatelet systems to determine the
swelling pressure of compacted bentonites anddesasthe compressibility behaviour of

saturated bentonite have not been explored indke p

In the high level radioactive waste disposal répass, compacted bentonites are
subjected to elevated temperature close to theewastisters. Additionally, compacted
bentonites in contact with saturated host rock mayibe ground water. Due to thermal
and hydraulic loading applied at opposite ends,pamted bentonites may undergo local
swelling and shrinkage processes. The temperatwaelative humidity, suction, water
content and concentrations of cations and aniogsnmpacted bentonites are known to be
changed with elapsed time. For understanding thg term performance of compacted
bentonites under the conditions of high level raditve waste disposal repositories, it is
necessary to study the variation of temperaturetiauy water content and cations and
anions concentrations in compacted bentonites gldpsed time due to applied thermal
and hydraulic gradients. In the past, several stutliave been carried out to study the
behaviour of bentonite under thermal and hydragiadients (Ewen and Thomas, 1987,
1989; Villar et al., 1996; Yong et al., 1997; Mar8t al., 2000; Borgesson et al., 2001,
Folly, 2001; Collin et al., 2002; Cuevas et al.,020 Cuisinier and Masrouri, 2005;
Romero et al., 2005; Hoffmann et al., 2007; Sirkf{)7; Castellanos et al., 2008; Samper
et al., 2008; Villar et al., 2007, 2008; Akessorakt 2009; Fernandez and Villar, 2010;

GoOmez-Espina and Villar, 2010). The studies coringronly the thermal loading and its
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influence on the development of swelling presswayafrom the hot end of the bentonite

specimen is scarce in the literature (Singh, 28&&sson et al., 2009).

In the past, thermo-hydraulic tests were conduttgdsubjecting the bentonite
specimens to thermal and hydraulic loading simeltassly; anticipating simultaneous
application thermal and hydraulic loadings from ioadtive and the host rock,
respectively, in repository conditions. Howevendses concerning only thermal loading
on compacted bentonites, simulating the early skageéing conditions of the repository
is very limited. During the operational period oaste disposal repositories, compacted
bentonites will be subjected to both thermal andraylic loading. The behaviour of
compacted bentonites under thermal loading follolwgdhermal and hydraulic loading

has not been explored in detalil.

In order to study the solute transport phenomemooompacted bentonites, the
change in concentrations of cations and anions baea measured after termination of
thermo-hydraulic tests (Fernandez et al., 2001;tiaat al., 2000; Cuevas et al., 2002;
Samper et al., 2008; Fernandez and Villar, 2010n&sEspina and Villar, 2010). The
change in concentrations of cations and anionmpacted bentonites due to thermal

loading is scarce in the literature (Singh, 2007).

1.2 Scope and objectives of the research

Concerning the use of compacted bentonites asebamd backfilling materials in

high radioactive waste disposal repositories, tla@nnobjectives of this research was to

study the following aspects:
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(1) To establish the effect on swelling pressure whest gcompaction residual
stresses were released

(2) To determine the effects of electrolyte concentraind temperature on swelling
pressure.

(3) To assess the swelling pressure and compressibflibentonite using electrical
theories (the Stern theory and the diffuse doulfer theory) based on interacting
clay platelet systems.

(4) To investigate the influence of thermal and themmgdraulic gradients on the
development of swelling pressure of compacted latetoparticularly at opposite
end of the heat source

(5) To investigate the influence of thermal and thetmdraulic gradients on
concentration changes in of cations and aniongsacthe length of compacted
bentonite.

(6) To implement the numerical code COMPASS (Thomea.etLl998) to assess the
thermo-hydro-mechanical behaviour of compacted dyetags both for applied

thermal and hydraulic loading conditions.

Experimental studies concerning the swelling pagénthe hydraulic conductivity,
the compressibility behaviour of compacted sataraentonites, and the use of numerical
code to assess the changes in concentration afneatind anions along the depth of
compacted bentonite specimens due to both themaahgdraulic loading conditions are

beyond the scope of this study.
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1.3 Thesisoutline

This thesis is divided into ten consecutive chapter

Chapter 1 presents the background of the research, the oigectives of this

research and outline of the thesis.

Chapter 2 presents a review of literature pertaining to stisdy. A brief review
of the structure of montmorillonite and compact@shtonite is detailed, along with the
concept of suction in unsaturated soils, methodsedsuring and controlling suction that
have been reported, as well as the effects of dngity and temperature on suction in
unsaturated soils are presented. The mechanisswedling of expansive clays and the
swelling pressure of expansive clays are discusdeel methods of determining swelling
pressure of compacted bentonites, the devices arsedresented. The influence of post
compaction residual stress release, electrolyteartration and temperature effects on

the swelling pressure of compacted bentoniteslacediscussed.

Assessments of swelling pressures of compactedohiges using electrical
theories are briefly reviewed. Effects of the Stixyer on the swelling pressure and

compressibility of bentonites is presented.

The initial and testing conditions of thermal ahdrtno-hydraulic tests reported in
the literature are reviewed. The testing deviced tie experimental setup used for
carrying out thermal and thermo-hydraulic testskarefly reviewed. The mechanisms of

coupled heat, water and solute transport in unatdrsoils are presented. The numerical
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models, known as codes, used to study coupled tiagmdro-mechanical behaviour of

unsaturated soils are reviewed.

Compacted MX80 bentonite has been considered asfesence barrier and
backfilling material in the high level toxic wastissposal repositories in many countries
(Pusch and Yong, 2006). The properties of MX80 teite used for this research and the
experimental methods adopted are describe@Ghapter 3. The physical and chemical
properties of the bentonite studied are presentld.suction-water content relationships
for the bentonite established from desiccator tesid from chilled-mirror dew-point
technique are presented. Chapter 3 also descritgesnbdified oedometers used for
measuring swelling pressures of compacted bent@peximens by constant volume
method and the cylindrical cell used to carry dwg thermal and thermo-hydraulic tests.
Calibration of the modified oedometers for defororatand temperature are presented.
Calibration of the relative humidity sensors usednteasure temperature and relative

humidity during thermal and thermo-hydraulic test presented.

The method used for preparing compacted specimeopted for swelling
pressure tests, thermal and thermo-hydraulic testslescribed in detail. Test procedures
adopted for constant volume swelling pressure tast-dimensional consolidation test
and thermal and thermal-hydraulic test methodsdaseribed. Dismantling procedure of
thermal and thermo-hydraulic test setup and chdnaicalysis ofbentonite specimens

after the thermal and thermo-hydraulic tests isdlesd.

Chapter 4 presents the swelling pressure of the MX80 betdoss affected by:

(i) compaction load,ii) release of post compaction residual stresga$,eglectrolyte
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concentration andiy) temperature. Once the compaction process was, dher
compacted bentonite specimens were extruded anmseded back to the ring before
testing. The process of extrusion and re-inseribgompacted bentonite specimens is
described. The effect of electrolyte concentratmn swelling pressure of compacted
bentonite is studied by saturating the bentonitecispens with distilled water, 0.1 M
NaCl and 1.0 M NaCl solutions. To evaluate the afief temperature on the swelling
pressure of compacted bentonite, swelling presssis are conducted at ambient (@5

and elevated (7{C) temperatures.

Chapter 5 presents the theoretical assessment of swelliegspres of compacted
MX80 bentonite using the Stern theory and the GOGbgpman diffuse double layer
theory. The Stern theory equations for interactity platelet systems are presented
following Verwey and Overbreek (1948)'s approachhe Tdistribution of electrical
potential and electronic charge with distance betwelay platelets is presented. The
effects of various parameters, such as electralgtecentration, the weighted average
valence of exchangeable cations, the dielectristam of pore fluid in the Stern layer,
the specific adsorption potential and the surfamemnial on the pressure — void ratio and
the dry density-swelling pressure relationshipsaipacted bentonite are brought out.
Comparisons between experimental and theoreticgl dinsity-swelling pressure

relationships are shown.

Chapter 6 presents the influence of the Stern-layer on thenpressibility
behaviour of initially saturated slurried benton(teitial water content > liquid limit).
Compressibility tests are carried out on initiabgturated slurried MX80 bentonite

specimen. The pressure-void ratio relationship®rted in the literature for a Na-Ca

10



Chapter 1

bentonite and a Ca-bentonite are also considereccdmparing with the theoretical
results. Comparisons between experimental and ahieal pressure versus void ratio
relationships calculated based on the Stern theody diffuse double layer theory for

three bentonites are presented.

Chapter 7 presents the thermal and thermo-hydraulic testltsesDuring the
thermal tests, compacted cylindrical bentonite spens were subjected to temperatures
of 85 'C and 25°C at the bottom and at top ends of the specimesspectively.
Variations of the temperature and the relative ity with elapsed time at
predetermined heights of the bentonite specimenpm@@sented. The variation of suction
was calculated from the measured temperature dativeehumidity. The elapsed time
versus swelling pressure at the opposite end didlae source of the compacted bentonite
specimens during the thermal and the thermo-hydrdaests are presented. The water
content, the dry density and the degree of saturatariations along the depth of the
compacted bentonite specimens were computed aftepletion of thermal and thermo-

hydraulic tests.

Chapter 8 presents the change in concentrations of catindsaaions along the
depth of the compacted bentonite specimens aftemplation of thermal and thermo-
hydraulic tests. The concentrations of anions aatiols were measured using lon
Chromatography (IC) and Inductively Coupled PlasDyical Emission Spectroscopy
(ICP-OES), respectively. The change in concentnatiof Nd, K*, C&£*, Mg®*, CI', NOy
and SQ* ions with distance from the heater are presentéde effect of thermal and
thermal and hydraulic gradients on solute transjpotbmpacted bentonite is brought out

in detail.

11
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Chapter 9 presents the results of thermo-hydro-mechanicalanical simulation
of two dimensional axi-symmetric model using aténelement based code COMPASS
(COde for Modelling PArtially Saturated Soils) (Thas and He, 1994; Thomas et al.,
1998, 2003). The theoretical formulations considdreat flow, water flow, water vapour
flow and the deformation of unsaturated soils. Heat flow in unsaturated soil was
studied considering Ewen and Thomas (1989)’s appro@he liquid water and water
vapour flow were formulated using Darcy’s law (1886d equations suggested by Philip
and de Vries (1957), respectively. The deformatimihaviour was formulated using
Barcelona Basic Model (BBM) proposed by Alonso ét (4990). The initial and
boundary conditions of the simulation are presenfBue material parameters were
obtained from experimental results. Some parameten®e also chosen from results
reported in the literature. The transient tempeeat@and suction variations at
predetermined depths of the model were calculatad. swelling pressure variations at
the opposite end of the heat source were calcul@enhparisons between experimental
and simulated results for temperature, suctionsavelling pressure with elapsed time are

presented.

The main conclusions drawn based on the findinghisfresearch are presented

in Chapter 10.

12
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Chapter 2

Literature Review

2.1 Introduction

One of the important applications of bentonitéssuse as barrier and backfilling
material in waste disposal repositories (Thomasalet 1998; Cleall et al., 2011).
Radioactive and toxic wastes are planned to bedtanderground at a depth of about
500 to 1000 m surrounded by compacted bentoniteg. tbxic waste canisters are
planned to be stored in deposition holes excavatedrystalline rock. A schematic
diagram of deep geological disposal concept is shiowFig. 2.1. Compacted bentonites
are planned to be placed immediate vicinity tovlaste canisters are known as bentonite
buffer. The excavated tunnels and access gallareeproposed to be sealed after storing

the waste canisters using backfilling materialsemgineered barrier systems, compacted

13
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bentonites around the waste canisters will be stdygeto elevated temperature and

hydraulic pressure. Similarly, bentonites are used barrier material in low and

intermediate level nuclear waste disposal repasidfFig. 2.2).
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Figure 2.1. Schematic representation of toxic wegposal concept in the UK (modified

after NDA report, 2009).
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Figure 2.2. Design of final repository for Low amdtermediate level nuclear waste

(Roffey, 1990).
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Several physical and physico-chemical processeardigipated in the compacted
bentonites during the operational period of wastpabal repositories. This chapter
presents a detailed literature review on the ploysieemical aspects and the physical
processes that may occur in the compacted bensanitder to understand the long term
behaviour of compacted bentonites in the wasteodmprepositories. The structure of
montmorillonite and the micro-structure of compdctbentonites are presented in
sections 2.2 and 2.3, respectively. Section 2.4gmis the suction of unsaturated soils,
methods available for measuring and controllingtiencin unsaturated soils. The
influence of dry density and temperature on thdisn®f unsaturated soil is presented.
Section 2.5 presents the mechanisms governingisgelf expansive clays. The swelling
pressure of expansive soil is defined. Methods &bgor measuring the swelling
pressure of compacted bentonites are briefly reste\evices used to carry out swelling
pressure tests in the past are reviewed. The effiepbst compaction residual stress,
temperature and electrolyte concentration on thellswy pressure of compacted
bentonites is discussed. The physical state ofrvmatdecules in compacted bentonites is

presented.

Section 2.6 presents the determination of swellprgssure of compacted
bentonites using Gouy-Chapman diffuse double ldlgeory (Gouy, 1910; Chapman,
1913) and the Stern theory (Stern, 1924). The etieStern-layer on swelling pressure

and compressibility behaviour of bentonites is lgidwut in section 2.7.

Section 2.8 presents brief review of laboratoryestt@ermal and thermo-hydraulic
test conditions. Various devices used to carrytbetmal and thermo-hydraulic tests are

reviewed. Section 2.9 presents the mechanisms giogeheat, water and solute transfer

15
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in soils. Variation of cations and anions concdrdres along the depth of the compacted
bentonites due to thermal gradient and thermal lydtaulic gradients are presented.
Section 2.10 presents a brief review on the efficyeof theoretical models used to asses
the long term behaviour of compacted bentonitegusthulated conditions of the waste

disposal repositories. A summary of the chapterésented in section 2.11.

2.2 Structur e of montmorillonite

Bentonite, a smectite group of clay contains laggeantity of montmorillonite
mineral. Montmorillonite in contact with water egthin liquid form or in vapour form
expands in volume. The expansion or swelling ofyxlés due to the mineralogical
composition of the elementary layer or structunait.uAccording to Mitchell and Soga
(2005), the structure of montmorillonite is a umade of an alumina octahedral sheet
sandwiched between two silica tetrahedral sheeégs 23). The alumina octahedral sheet
is composed of an aluminium atom at the centresiadhydroxyls at each corner of an
octahedral, whereas the silica tetrahedral is caepof a silicon atom at the centre and

four oxygen atoms at each corner of a tetrahedron.
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Figure 2.3Schematic diagram montmorillonite mineral (Mitcheland Soga, 2005).

An aggregate imade of several scks of elementarglay mineral (Mitchell and
Soga, 2005).Clay particles carry net negative charges on tlsirfacs due to
isomorphoussubstitution in their crystal lattice (Mitch and Soga200£). Exchangeable
cations present in the clay media are attracted to thegative charges. The negativ
charged surfaced the clay platelets, the wa and the ions in the clay media, form
electrical double layer around the clay plate. The physicazhemical interacon
between montmorillonitenineral and water molecules t®nsidered ¢ the basis for
analysis of thdehaviour of bentonisin contact with water or electrolyt (Mitchell and

Soga, 2005).
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2.3 Structure of compacted bentonite

Depending on the water content and the exchangeesilions present in
montmorillonite, particles of bentonites are madlsa@veral elementary layers (Pusch et
al., 1990; Mitchell, 1993; Pusch, 2001; Saiyourakt 2004; Schanz and Tripathy, 2009).
Compacted bentonites consists of aggregates aflglepaced mineral particles (Dixon et
al.,, 1999; Delage et al., 2006). Dixon et al. (19%¢ated that the spaces between

aggregates depend on the energy used during theaobion process.

The presence of structural units, particles argteggates form different types of
pores in bentonites. In general, compacted bem®niossesses two types of pores,
namely micro-pores and macro-pores (Pusch, 198@s @ed Alonso, 1992; Yong, 1999;
Pusch and Moreno, 2001; Delage et al., 2006). Ticeorpores are the pores within the
aggregates (i.e., pores between the elementaryslaye between the particles) or called
as the intra-aggregate pores (Delage et al., 200®) . macro-pores are the pores between
the aggregates or called as the interaggregates.pdhe pores between the particles are

sometimes called as the interparticle pores or puwes (Delage et al., 2006).

The number of elementary layers that constituteédoete particles may vary due
to change in the water content (Delage et al., ROOBerefore, the microstructure of
compacted bentonite changes with a change in ther wantent (Lloret et al., 2003). The
behaviour of compacted bentonites is quite complkexa result of interactions between
the aggregates and particles and rearrangemenhefntacrostructure formed by
aggregates (Pusch, 2001; Lloret et al.,, 2003). dgelat al. (2006) noted the time-

dependent change in microstructure of compacted 0X8ntonites is due to the

18



Chapter 2

redistribution of the pore water. Based on Mercimyusion Porosimetry (MIP) results
on compacted bentonites, several researchers Bpoged bimodal pore size distribution
(i.e., inter-aggregate and intra-aggregate porpédixon et al., 1999; Lloret et al., 2003;

Delage et al., 2006).

A schematic representation of the microstructuremamitmorillonite showing
different pore spaces and presence of water m@esylresented in Fig. 2.4 (Nagaraj and
Murthy, 1985). Water molecules, referred to as ¢aldsd water’, are present between the
elementary layers, in pore spaces known as micesp@ number of elementary layers
are arranged in stacks to form particles. The ftiomaof clay clusters is due to the
arrangement of several aggregates. In the casgartitles and clusters, void spaces
between theses are known as macropores, with aid/ dbntained within these voids
referred to as bulk fluid.

Arrangement of clay unit layers,

3-50 layers (depending on type of CLAY PARTICLE
clay, dry density and water content

0.96 nm
1.0 nn

Bulk water

Macro pores or Interlayer pores «
Intra-aggregate micro pores
interlayer water/
or adsorbed water

or intra-cluster
pore

*——_ Meniscus

Bulk water

Inter-aggredate \
Or Macro pore Clay aggregate

ARRANGEMENT OF or cluster CLAY CLUSTER
CLAY CLUSTERS

Figure 2.4. Representation of micro structure qfagsive clays (modified from Nagaraj
and Murthy, 1985).
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The change in microstructure of compacted bentsmiteesponsible for change in
hydraulic conductivity, swelling pressure and catamion diffusion capacities (Pusch,
2001). Pusch et al. (1990) and Pusch (2001) statsdgel-filled channels are present in
compacted saturated bentonites. During the hydrapoocess of bentonites under
constant volume condition, the tortuous channedsfarmed by interconnected voids.
Komine and Ogata (2003) and Komine (2004) have idersd parallel platelets of
montmorillonite to assess the swelling pressuregmtaulic conductivity of compacted
bentonites. Thomas et al. (2003) stated that therauyic conductivity of compacted
bentonites decreases as the water content of benionreases. Increase in the water
content results in an expansion of the microstmectinereby the void spaces in the

macrostructure reduces (Thomas et al., 2003).

The interparticle pores in compacted bentonitekaosvn as free porosity (Pusch
et al., 1990; Bourg et al., 2003, 2006; Kozakilet2001; Muurinen, 2009; Muurinen et
al., 2004; Suzuki et al., 2004). The anion diffussio compacted bentonites depend on the

amount of available free porosity in bentonites.

2.4 Suction of unsatur ated soils

The soil suction is referred to as the free enatgye of soil water (Edlefsen and
Anderson, 1943). The total soil suction can be meakin terms of relative humidity in
the soil-water system (Fredlund and Rahardjo, 1993)e total suction has two
components, namely matric and osmotic suctionsritatiction is the component of the

suction arising from the combined effects of capylland short-range adsorption forces
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(due to surface charge, van der Waals attracti@hexchangeable cation hydration) in
soils (Lu and Likos, 2004). Osmotic suction is coomhy associated with the chemical

concentration of the pore fluid in soils (Fredluaretl Rahardjo, 1993).

Several methods can be employed for applying, obtimyg and for measuring

suction in unsaturated soils. Table 3.1 presergstibthods adopted for measuring and

controlling suction by several researchers in th&.p
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Table 2.1 Summary of reported suction measuremettiods

Suction measurement method References

Pressure plate apparatus Richards, 1941; Cronel.et 1952; Croney and
Coleman, 1961; Klute, 1986; Vanapalli et al., 1999;
Leong et al., 2004; Oliveria and Fernando, 2006pPé
et al., 2007; Cresswell et al., 2008

Osmotic technique Zur, 1966; Kassif and Ben Shalb®7,1; Delage et al.,
1987; Cui and Delage, 1996; Delage et al.,, 1998;
Fleureau et al., 2002; Blatz et al., 2008, Delagele
2008; Tarantino et al., 2011

Vapour equilibrium technique Delage et al., 1998tBet al., 2008; Delage et al., 2008

Null type axis translation Fredlund and Rahardjo, 1993; Delage et al., 2008;

technique Tarantino et al., 2011
Relative humidity probes Agus and Schanz, 200&dlend, 2006
Tensiometers Fleureau et al., 2002; Tarantino.e2@l 1

Chilled-mirror hygrometer Leong et al., 2003; Agus and Schanz, 2005

technique

Thermal conductivity sensors Shaw and Baver, 19@dlund and Wong, 1989;
Fredlund et al., 2000; Shuai et al.,, 2003; Feng and
Fredlund, 2003; Feng et al., 2002; Nichol et ab02
Rahardjo and Leong, 2006; Leong et al., 2011

Psychrometers Richards, 1965; Krahn and Fredlu@d2;1Ridley and
Wray, 1996; Harrison and Blight, 2000; Tang et al.,
2002; Pan et al., 2010

Filter paper method Gardner, 1937; Fredlund anchRi, 1993; Houston et
al., 1994; Bulut et al., 2000, 2001; Likos and P0OQ2;
Leong et al., 2003; Marinho and Oliviera, 2006; @ul
and Leong, 2008; ASTM D 5298-94, 2010
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Saiyouri et al. (1998, 2000) showed that hydratafncompacted bentonite
proceeds by the combined action of the progressig®rption of water layers along the
clay layers inside the particles and the simultasedivision of the particles. At fully
hydrated state, the elementary layers dissociatbtmut 10 layers from the initial 350
layers. The dissociation of elementary layers eseahterparticle porosity inside the
saturated aggregates as a function of density aatdrvecontent. During the hydration
process, the inter-aggregate porosity decreasesirdadlayer porosity increases in
relation to the development of interparticle pomeside the aggregates (Delage et al.,
2006). The suction in compacted unsaturated bemtgmogressively reduces due to
progressive insertion of successive layers of watetecules in the interlayer spaces

inside the particles (Delage et al., 2006).

2.4.1 Suction versus water content relationship

The relationship between suction versus degreatofaion or water content is
commonly known as the soil water characteristiove(SWCC), when the specimens
have been subjected to continuous drying or coatisuwetting. Typical SWCCs of
sandy and clayey soils are presented in Fig. 2lie BWCC normally exhibits a
sigmoidal function. The suction corresponding te tiven-dried conditions is 1000 MPa
(Croney and Coleman, 1961). During drying and wgttithe void ratio of clayey soils
changes. The amount of water drained out of theisga during drying from saturated
conditions is accompanied by a reduction in thel vatio of the soil. Therefore, although
a significant reduction in the amount of waterhe specimen takes place, the clayey soill
remains saturated up to relatively high suctiorugalThis is due to dominant physico-

chemical effects of the clay-water system at therosicopic level. The SWCC can be
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divided into three regimesi)(a saturation regime where soil remains saturateter
negative pore water pressure characterised byimegaire water pressure, often referred
to as the capillary fringejif a desaturation regime characterised by a coniswuater
phase, andiif) a residual regime characterised by a discontisweater phase (Lu and

Likos, 2004).
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Saturation | Desaturation: Residual
Hysteresis | regime | regime | f€9IMe
i ; ! / ;
é_:w Yy -\\\:\ : E i
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Degree of saturation, Sr
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Suction, ¥

Figure 2.5. TygiSWCCs for different types of soil.

2.4.2 Effect of dry density and temperature on suction-water content relationship

The behaviour of unsaturated soil is greatly inficed by suction-water content
relationship of the soil. At higher temperaturebri@ of the soil changes and surface
tension of water decreases (Klute, 1986). The watention capacity of unsaturated soil
at elevated temperature reduces due to change sothfabric and the surface tension of

water (Romero et al., 2000; Villar and Lloret, 2004ng and Cui, 2005). Klute (1986)
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stated that the effect of temperature on the atisergorces are obscure; however,
increase in temperature leads to reduction in wedetent of the soil at a given matric
suction. The effect of temperature on suction-watertent relationship is not very large

(Klute, 1986).

Suction measurement at elevated temperatures srally) conducted in an
autoclave during water equilibration process (Vilend Lloret, 2004; Jacinto et al.,
2009). Jacinto et al. (2009) noted that the eféédemperature on suction-water content
relationship is limited only at low suction leveBeyond the suction of 30 MPa, the dry
densities of compacted bentonites have insignificafluence on the suction-water
content relationship (Jacinto et al., 2009). Simgiect of the dry density on the suction-
water content relationship of compacted bentonwese noted in other studies

(ENRESA, 2004; Delage et al., 2006; Tang and Qad (2.

The previous studies showed that at higher suctimts an increase in the dry
density and the temperature have insignificantuerice on suction-water content

relationships of compacted bentonites.

2.5 Mechanisms governing swelling of expansive clays

Swelling of expansive clays exposed to water octedytes is primarily due to
two mechanisms:i) the crystalline swelling andi) the diffuse double-layer swelling
(van Olphen, 1977). The crystalline swelling ocdoesause of the hydration of ions and
surfaces of the clay platelets (van Olphen, 197ad$¢n and Mduller-vonmoos, 1995).

During the crystalline swelling, O to 4 discretgdes of water molecules are intercalated
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between elementary layers within a smectite parijean Olphen, 1977). The crystalline
swelling is controlled by the layer charge, intgéa cations, properties of adsorbed
liquid, particle size and temperature (Yong, 19¥)nsidering the presence of various
potential energies in between the elementary laybescrystalline swelling is balanced

by the Columbic and van der Waals attraction anchBepulsion (Laird, 2006).

In heavily compacted unsaturated bentonites, tistalline swelling is of major
Importance pertaining to its use as a containmamnidy for the nuclear waste repository
(Bucher and Mduller-Vonmoos, 1989). Beyond the @abisie swelling, the double layer
swelling is significant (van Olphen, 1977). The dmulayer swelling occurs due to
overlapping diffuse double layer in between thetipias (Pusch et al., 1990; Bradbury
and Baeyens, 2003; Laird, 2006) and also in betvedmmentary layers (Mitchell, 1993;
Delage et al., 2006). Diffuse double layer swelldepends on the specific surface area,
electrolyte concentration of the bulk fluid, digigc constant, valence of the cations and
the distance between the elementary layers (Sadhand Jayadeva, 1982). An increase
in temperature increases the thickness of diffumeébl® layer and decreases the surface
potential of soil. However, an increase in temperatdecreases dielectric constant of
pore fluid. Therefore, the change in temperature llegser influence in double layer

swelling of expansive clays (Mitchell, 1993).

2.5.1 Swelling pressure

The volume of unsaturated bentonite increases wérgposed to water or
electrolytes. Under restrained conditions, comghbintonites exhibit swelling pressure

during the hydration process. Swelling pressurdeBned as the pressure required to

26



Chapter 2

maintain a constant void ratio of the specimensinguthe hydration process of
unsaturated expansive soils (Sridharan et al., 1986e quantification of swelling
pressure during hydration of compacted specimeranismportant aspect in order to
provide safe design of toxic waste disposal bariédetermination of the swelling

pressure of compacted bentonites is discusseda dethe following section.

2.5.2 Deter mination of swelling pressur e of compacted bentonites

The swelling pressures of expansive soils can basored by three different
methods, namely swell load test, swell under loast tand constant volume test
(Sridharan et al., 1986). The swell load test heenlreported to give the highest value of
swelling pressure, swell-load test to give thetle#atue and constant volume test to give
intermediate value (Sridharan et al., 1986). Ddfeér methods of swelling pressure

measurement are illustrated in Fig 2.6.

or volumetric strain, ¢, (%)

Void ratio, e

N Y

t o T
()
Constant volume test \
Q

Vertical pressure, o, (kPa) (log scale)

Figure 2.6. Swelling pressure measured using eéiftemethods (Modified after Sridharan

et al., 1986).
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Several experimental studies have been reportedhenswelling pressure of
compacted bentonites (Muller-Vonmoos and Kahr, 138%ch, 1982; Dixon and Gray,
1985; Swedish Nuclear Fuel and Waste Managementp&oyn 1983; Komine and
Ogata, 1994; Empresa Nacional de Residuos Radiac®A, 2000; Villar and Lloret,
2004; Karnland et al., 2007; Villar and Lloret, 30Komine et al., 2009; Schanz and
Tripathy, 2009). The swelling pressure of expangwés is measured by the constant
volume method in laboratory considering placememddions of compacted bentonites
in the repository where the volume change is r@stli (Madsen and Miller-vonmoos,

1985; Madsen, 1989, Madsen and Miiller-vonmoos, 1989

2.5.3 Swelling pressure measurement devices

The swelling pressure tests are usually carriedimwiedometers. Madsen and
Miller-vonmoos (1985) used a modified oedometem&asure the swelling pressure of
compacted bentonites (Fig. 2.7). Madsen and Mulbemmoos (1985) monitored the
deflection of the specimen using two dial gaugdse 3welling pressure was measured by
accommodating a pressure cell in between a logalingger and a restrained bar. Romero
(1999) developed a device known as Barcelona oelinfeasuring swelling pressures of
compacted bentonites by constant volume method @&8). The device was facilitated
with a load cell for measuring the swelling pressutlay specimens were hydrated by
circulating fluid from both the top and the bottoof the clay specimens. Several
researchers have used the modified oedometer (RoA@99) for measuring the swelling
pressure of compacted bentonites under constantotondition (Hoffman et al., 2007;

Castellanos et al., 2008; Schanz and Tripathy, 2009
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Figure 2.7. Setup for measuring the swelling pnesgivadsen and Miuller-vonmoos,
1985).
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Figure 2.8. Schematic diagram of devices used feasuring the swelling pressure by

constant volume method developed by Romero (1999).

A limited number of devices are available to meadine swelling pressures at

elevated temperatures (Agus, 2005; Arifin, 2007).order to conduct the swelling
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pressure tests at elevated temperature, a specalgament and modification of the

existing devices are required.

2.5.4 Effect of post compaction residual stressrelease on swelling pressure

In practice, compacted bentonites are preparedobypacting bentonite powder
by applying a static compaction load. After comipletof the compaction process, the
compacted bentonites are removed from the compactmuld. Upon removing from the
compaction mould, the post compaction residualsseé® on compacted bentonites are
eliminated. Release of the post compaction resislmesses of compacted bentonites may
cause lateral expansion. Therefore, the swellirfigabieur of compacted bentonites may
be affected due to the release of post compacésidual stresses. A review of literature
suggests that most of the swelling pressure tegisrted so far were carried out in
laboratory condition by hydrating specimens immeljaafter the compaction process
was completed. The effect of post compaction redidiress release on swelling pressure

of compacted bentonites has not been exploredrso fa

2.5.5 Effect of temperature on swelling pressure

Pusch (1980) measured the swelling pressures opacied MX80 bentonite at
temperatures of 20C and 90 C by hydrating the specimens with distilled wated a
different electrolytes. Pusch (1980) reported g$igaintly lower swelling pressure for the
specimens tested at 90 temperature than the specimens tested a€2@usch (1980)
stated that the reduction of swelling pressure das to the presence of less stable

interlayer and interparticle water at higher tenapane. Pusch et al. (1990) noted that an
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increase in the temperature resulted in a decrefaseelling pressure of Ca-bentonite.
Similar results were reported by Villar and Llo(2004) for FEBEX bentonite (i.e., Ca-
Mg bentonite). Romero et al. (2003) reported theperature effects on controlled-
suction swelling pressure test or multi-step swgllpressure test for compacted Boom
clay. It was noted that the swelling pressure \&lae each equilibrium suction (i.e.
suctions of 4500, 2000, 600 kPa and saturated tionjlat 22'C were higher than those

at 80°C.

In general, an increase in the temperature resnltdecreasing the swelling
pressures of compacted bentonites. Further invagiigis required to evaluate the effect
of temperature on swelling pressure of bentoniecispens devoid of post compaction

residual stresses.

2.5.6 Effect of electrolyte concentration on swelling pressure

In several geotechnical engineering applicatioretdnites are used as barrier
and backfilling material in waste disposal repasi#t® The bentonites used may be
subjected to groundwater or electrolytes migratexnnfthe subsurface. The swelling
pressure of compacted bentonites is known to bectsifi due to the pressure of
electrolytes in bulk fluids. Pusch (1980) measutkd swelling pressures of MX80
bentonites using 0.6 M NaCl and 0.3 M Casillutions. It was noted that the swelling
pressure of compacted bentonites reduced for thedansities of compacted bentonites
lower than 2.05 Mg/rh Pusch (1980) concluded that the pore water $limas not a
determinant of the swelling pressure above the befhsity of 2.05 Mg/rh Karnland et

al. (2007) studied the effect of electrolyte corion on the swelling pressure of
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compacted MX80 bentonite. The specimens in these aagere hydrated with 0.1 M, 0.3
M and 1.0 M NaOH solutions. Significant reductionthe swelling pressure was noted
for the specimens that were tested with 0.3 andvL RaOH solutions. Karnland et al.
(2007) stated that the reduction in swelling pressuas due to an instant osmotic effect
and a continuous dissolution of silica mineralglieg to a mass loss and consequently to

a decrease of the bentonite density.

Castellanos et al. (2008) noted lesser swellingqunes at lower dry densities by
saturating compacted FEBEX bentonite specimengssihine solutions. At dry densities
above 1.60 Mg/ the reduction in swelling capacity was repordé smaller. Similar

observations were reported by Komine et al. (2600Na" and C&" type bentonites.

The swelling pressure test results reported byezassearchers were conducted
immediately after completion of the compaction gsx without extrusion of specimens
from the compaction ring. Further investigation required to study the effect of
electrolyte solutions on swelling pressures of caotgd bentonite specimens devoid of

post compaction residual lateral stresses.

2.5.7 Physical state of water in compacted bentonite

The surfaces of montmorillonite form electrical dorg with water molecules.
The possible mechanisms for clay-water interactiom hydrogen bonding, hydration of
exchangeable cations, attraction by osmosis, cHamgeface-dipole attraction, and
attraction by London dispersion forces (MitcheB9B). The properties of sorbed water in

montmorillonite surfaces differ than that of bullater. The adsorbed water is denser and
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viscous than that of the bulk water (Langmuir, 191&rzaghi, 1928; Winterkorn, 1943;
Baver and Winterkorn, 1936). Grim and Culbert (1946d Sposito and Prost (1982)
have shown that the difference between adsorbedrwatlecules and those in the bulk
liquid is due to the exchangeable cations presentday. The type of adsorbed ions
(valence, size and geometry) and the nature ofipgakeatly influence the properties of
the adsorbed water in clays (Grim, 1967). Low (99@8ncluded that the hydrogen-
bonded structure of water adsorbed by Na-montnooité is more extensible and
compressible but also less easily fractured tharsttucture of the bulk liquid water. Low
(1976, 1979) and Bourg (1999) shown that the visgas the adsorbed water is higher

than that of bulk water and increases exponentvallly deceasing water content.

Martin (1962) stated that the density of water sdrim Na-montmorillonite varies
with water content of clays. Tscapek (1934) rembitee density of adsorbed water in
montmorillonite as 1.70 Mg/fn Anderson and Low (1957) noted the density ofewat
Na-montmorillinite as 0.97 Mg/t Skipper et al. (1995) shown that the density afew
in Na-montmorillinite as 1.14 Mg/ Karnland et al. (2006) shown that the adsorbed
water densityn compacted MX80 bentonite specimemsies between 1.03 to 1.3 Mg/m
for the dry densities of compacted bentonite spensrbetween 1.0 to 2.3 MginVillar
and Lloret (2008) showed that the calculated pariel fdensity for compacted FEBEX
bentonite hydrated with distilled water increasemrf 1.04 to 1.22 Mg/ffor an increase

in the dry density of compacted speciméosn about 1.25 to 1.85 Mg/fin

The presence of inorganic compounds such as Na@CLdn bentonite is

attributed to higher adsorbed water density (Karlat al., 2006)Karnland et al. (2006)
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shown that the density of water increases witheasing concentration of NaCl and

CaCbin the pore water of montmorillonite.

From the above literature review, it is evidenttttiee density of pore water in
montmorillonite varies due to electrical bondingreview of the literature suggested that
the density of water in Na-montmorillonite may vasgtween 0.97 Mg/tand 1.14
Mg/m®. Consideration of change in the density of waterimd) the hydration of
compacted bentonites is an important aspect inrotdeanalyse the behaviour of

compacted bentonites at saturated condition.

2.6 Compressibility behaviour of bentonite

In geological waste disposal repositories, commhbtentonites exhibit swelling
pressures upon imbibing fluid from the saturatedtmock. Schanz and Tripathy (2005)
stated that in this condition, the stress convergai the host rock becomes an important
issue and hence so is the pressure — void ratiaeship of the compacted saturated
bentonites. A number of studies have been cartugdm the compressibility behaviour of
expansive clays covering a wide range of void sabwing to large pressure changes
(Bolt, 1956; Mesri and Olson, 1971; Low, 1980; &dcan et al., 1986; Al-Mukhtar et al.,
1999; Fleureau et al., 2002; Marcial et al., 2002 basis of analysing compressibility
behaviour of bentonites was based on initially isdéd clays with water content greater
than the liquid limit. The saturated condition tdys is considered as reference condition
to study behaviour of clays. Tripathy and Schar@{2 showed that the pressure-void
ratio relationship of bentonites at large pressoesbe obtained based on the void ratios

at smaller pressure and using Gouy-Chapman diffiegtble layer theory. Baille et al.
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(2010) studied the compressibility behaviour of paeted saturated bentonites at large

pressures.

2.7 Theoretical assessment of swelling pressure

In the past, electrical theories were considered determining the swelling
pressures of bentonites. The Derjaguin—Landau-\er@eerbeek (DLVO) theory
(Verwey and Overbeek, 1948) considered the repailslectrostatic double layer forces
and the attractive van der Waals forces in a clagt®lyte system. An empirical
relationship between dry density and swelling presgor Na-montmorillonite clays was
suggested by Low and Margheim (1979) and Low (198@¢ anisotropic hypernetted
chain (HNC) theory (Kjellander and Nkja, 1985) took into account the effect of
bivalent cations (e.g., Ca-clay) in the swellingcteys. Sridharan and Choudhury (2002)
proposed a semi-empirical method for determining gwelling pressure of Na-

montmorillonite.

Several researchers have used the Gouy-Chapmaseliffiouble layer theory to
assess the swelling pressure and the compressitditaviour of bentonites (Bolt, 1956;
van Olpen, 1977; Mitchell, 1993; Tripathy et al002; Schanz and Tripathy, 2009he
diffuse double theory assumes that ions in theusifdouble layers are regarded as point
charges and the ion distribution is assumed t@vollhe Boltzmann distribution equation.
The clay platelets are assumed to be paralleldb ether. The electrical potential is assumed
to be determined by the Poisson equation in a amibrm to that used in the
electromagnetism theory. No interactions betweers im the diffuse double layers and

parallel clay platelet arrangemenBecause diffuse double layer theory assumes ttgeimon
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solution have point charges and hence any spegfiiect related to ion size is neglected
(Verwey and Overbeek, 1948). Such assumptions haea shown to yield high values
of ion concentration near the surfaces of the plajelets (Verwey and Overbeek, 1948;

van Olphen, 1954; Hunter, 1981; Mitchell, 1993).

A review of literature suggested that consideratadnthe Stern-layer (i.e., a
compact ion-layer proximity to clay platelet sudagis a more realistic representation of
clay-water electrolyte systems (Stern, 1924; Venaayg Overbeek, 1948; van Olphen,
1977; Pashley, 1981; Israelachvili and Wennerstrt@96; Matelja, 1997). The Stern
theory proposed by Stern (1924) has been applietktermine the electrical potential
distribution in single clay platelet systems (Shangl., 1994; Sridharan and Satyamurty,
1996), to reproduce electrochemical and electrakingroperties for colloidal
suspensions (Leroy and Revil, 2004) and to deterntie swelling pressure of Na-
montmorillonite (Gongalvés et al., 2007). Applicais of the Stern theory to study the
swelling and the compressibility behaviour of beites from interacting electrical

diffuse double layers consideration are scarcheriterature.

2.8 Effect of Stern layer on swelling pressure and compressibility of bentonite

Stern (1924) proposed that the finite size of thesi(either hydrated or not),
limits the closest approach of a counter-ion to ¢harged clay surfaces. Therefore, the
concentration of ions near the clay surface is eppbly lesser as compared to that
calculated by treating the ions as point chargess may have some influence on charge
distribution of the clay-water system that in tummay influence the swelling pressure of

bentonites.
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Figure 2.7 shows the salient features of the iotar@ double layers with an
inclusion of the Stern layer on the clay platelénsthe 2:1 (silica tetrahedral-aluminium
octahedral silica tetrahedral) clay mineral montitumite, the outer sheet of the mineral
carries the siloxane surface sites (Si-O-Si). Ttal tchargegs (C/nf), at the surface is
primarily due to the isomorphous substitutions ire toctahedral sheets (Al-O-Al).
According to Stern (1924), due to the adsorptioncafions on the surfaces of clay
platelets, the total charge (C/n¥), in the clay-water system can be divided into pacts
(Fig. 2.9). The Stern-layer chargs, (C/nf), is considered to be concentrated in a plane

at a distancé from the surfaces of clay plates.
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Figure 2.9. An appreciation of Stern and Gouy |lameat charge distribution in clay-water

electrolyte system.

The charge is null within the Stern layer that aafsa molecular condenser. The

Gouy-layer chargeg, (C/nf), extends from the Stern-plane in accordance whith
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Poisson-Boltzmann’s distribution. The electricatgmiial decreases linearly from a value
wo (V) at the surfaces of the clay platelets to aigak; (V) at the Stern-plane. The zeta
plane (or the shear plane) is usually further afsay the Stern plane (Hunter 1981) and
has a potential af (V). The distribution of the electrical potentialthe Gouy-layer and
its value at the central plane between clay plttele; (V), depend upory; and the

charge available in the Gouy-layep)

The Stern theory can be used to determine eleaetki and electro-chemical
properties, potential energy and swelling presairelay-water electrolyte systems by
considering either a constant charge or a consteatrical potential at the surfaces of the
clay platelets (Verwey and Overbeek, 1948; van &ipli977). Traditionally, because of
iIsomorphous substitution, clay minerals such astmornillonite and illite have been
regarded as constant charge (variable potentiaffacses (Horikawa et al.,, 1988).
Electrical theory based on the surfaces of consthatge, such as the Gouy-Chapman
diffuse double layer theory (without Stern-layeshbeen extensively used in the
geotechnical engineering literature to establiske thwelling pressure-void ratio
relationships and hydraulic conductivity of clay&ipathy et al., 2004). On the other
hand, Verwey and Overbeek (1948), Chan et al. (1884 McCormack et al. (1995)
stated that the clay surfaces appear to behave lkereonstant-potential than constant-

charge surfaces.

van Olphen (1977) presented the theoretical praeedior determining
distribution of the electrical potential for singtéay platelet systems and the procedure
for determining the swelling pressure for the ca@teracting diffuse double layers as

applicable to large clay platelet distances usireg3tern theory. Both the procedures are

38



Chapter 2

based on the constant charge at the surfaces afahelatelets. For strong interactions,
the constant surface charge method needs furthelification (van Olphen, 1977).

Verwey and Overbeek (1948) presented the Stermythecestablish distributions of the
charge and the electrical potential at the Steamgland in the Gouy-layer for both single
and interacting clay platelet systems. Although3tern theory dealt with by Verwey and
Overbeek (1948) has been extensively used in vafields of engineering and science,
studies concerning the influence of Stern-layetrendry density-swelling pressure and

pressure-void ratio relationships of bentonitessagece.

2.9 Ther mo-hydr o-mechanical-chemical tests on compacted bentonite

In several geotechnical engineering applicationsntdnites are subjected to
elevated temperature and hydraulic gradient. Sepérngsical processes are expected to
occur due to the thermal and the hydraulic loadiogditions (Pusch and Yong, 2006).
For example, to assess the behaviour of compactdomites in waste disposal
repositories, understanding the heat and water flmeesses in compacted bentonites are
of great importance. Compacted bentonites are lyssabjected to elevated temperature
and the hydraulic gradients in such a situatione Buthe elevated temperature and the
hydraulic gradient, several processes are expdotemtcur, such asi)(swelling and
shrinkage of the compacted bentonit@&3,tie suction, the water content, the dry density
and the degree of saturation along the compactetbiige barriers may get altered and
(iii) the concentrations of cations and anions aloegctimpacted bentonite barriers may

change due to diffusion and advection processes.
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Due to migration of ground water from the subswefathe water content of
bentonites is likely to increase resulting in aiaton of dry density (Pusch and Yong,
2006; Villar et al., 2008). Pusch and Yong (200@}ed that swelling of the constrained
bentonite in presence of water will produce resultawelling pressures and local
compression of the material. Gens et al. (2007)edtdhat the pore water pressure
generation in unsaturated compacted bentonitesmgluthermal loading is controlled

primarily by an increase in temperature.

2.9.1 Thermo-hydr o-mechanical-chemical test conditions

In the past, several experimental investigation aantherical modelling works
were undertaken to understand the physico-chemicailesses occurring in engineered
barrier systems. The effects of physico-chemicac@sses occurring in engineered
barrier systems on the thermo-hydro-mechanical\netiaof compacted bentonites were
evaluated. Table 2.1 presents the initial andrigstonditions of laboratory scale and in-
situ thermo-hydraulic tests carried out using savbentonites. The maximum applied
temperature on the compacted specimens was vagtegén 70 and 14@. During the
hydration process, hydrating fluid was injectedhwat maximum applied pressure of 1.2
MPa. The tests were conducted for a range of dnsitde of compacted bentonites
between 1.50 and 1.72 MginiThe tests were carried out for different duratigrtime

varying from 1 day to 8 years.

Most of the previous studies were conducted byestingg compacted bentonites
to elevated temperature and hydraulic pressurelsimaously at opposite ends. Studies

concerning the behaviour of compacted bentonitégested to only thermal gradient
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require further investigation. Similarly, the vdiom of swelling pressure under
temperature gradient across compacted bentonitesdidbeen explored in detail. During
the operational period of toxic waste disposal s@#pdes, compacted bentonites may
undergo thermal loading at the early stage. Inl#ter stage, the bentonites will be
subjected to both thermal and hydraulic gradiehterefore, it is necessary to study the
behaviour of compacted bentonites under thermadiigna followed by thermal and

hydraulic gradients.
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Table 2.2 Summary of reported thermal and thernrdnylic tests

Type of Material used Specimen Size  Initial compactionfemperature Fluid Reference
test (bentonite) condition (O injection
Ht. Dia. Pd w pressure
(mm) (mm) (Mg/m®) (%)

T Buffer 600 262 1.66 17.5 100, 80 - Selvadurabg)

TH Avonlea 110 75 1.67 17.7 100, 80, 60 - Yongle{1997)

TH FEBEX 146 150 1.65 11.23 100 1 MPa Samper €2aD1)

TH Bentonite OT-9607 100 50 1.65 16 70, 25 -- Bésga et al. (2001)

TH FEBEX 76 38 1.63 15.33 80, 30 -- Pintado e{2002)

TH FEBEX 25 50 1.65 14.1 100, 60, 35 1 MPa Martiale(2000); Cuevas et al. (2002)

TH FEBEX 7040 2280 1.7 14.4 100, 30 -- Villar et(@096); Samper et al. (2008);
Gens et al. (2007)

TH Kyugnju 7830 2250 1.5 13 90, 25 -- Lee et ad0@)

TH Calcigel 300 100 1.65 13.5 80 -- Mishra et 2008)

TH FEBEX 200 - 1.7 13.3 120, 84 -- Akesson et2000)

TH MX80 -- -- 1.65 17.7 130, 90 1.5 MPa Pusch e(2009)

TH FEBEX 600 70 1.65 13.6 100 1.2 MPa Villar et(a2D08); Fernandez and Villar
(2010)

TH MX80 200 70 1.72 16 140, 30 10 kPa GOmez-EspimhVillar (2010)

T Opalinus clay 14000 300 2.22 4.2-8.000 -- Gens et al. (2009)

T-Thermal, TH-Thermo-hydraulic
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2.9.2 Thermo-hydr o-mechanical-chemical testing devices

In the past, several researchers have carried leeimb-hydraulic tests on
compacted bentonites using custom made devicesy #od Mohamed (1992) conducted
infiltration experiments on unsaturated expansoits sising a cylindrical cell. The device
was facilitated with a metal heater at the tophef tompacted specimen. Kanno et al.
(1996) designed an experimental device so thatdupled heat and water flow had a
one-dimensional vertical movement. Koniger et 2008) studied the moisture spreading
in a multi-layer hydraulic sealing system in isathal condition through a column test.
Borgesson et al. (2001) conducted thermal gradiestis in a twin apparatus called
KIDBEN. Pintado et al. (2002) performed laboratspale thermo-hydraulic tests in the
specially designed experimental apparatus. Cuetad. €2002) conducted a thermo-
hydraulic test on compacted bentonites using a aecmell made up of Teflon. Gatabin
and Billaud (2005) conducted thermal gradient amerrmho-hydraulic gradient test on
MX80 bentonite. The cell used was capable of méaguransient pore water pressure,
swelling pressure, temperature and relative hugiditeall et al. (2011) used a custom

made device in order to carry out thermal and tloehydraulic tests.

Figure 2.10 presents the thermo-hydraulic testosesed by Villar et al. (1996). A
series of experimental investigations were caroedl using the test setup in several
studies (Villar et al., 2007; Fernandez and Vil010; Gomez-Espina and Villar, 2010).
A metal heater was accommodated at the bottom énbeocylindrical specimens to
apply desired temperature on the specimens. Inr aodapply hydraulic loading, fluid
was supplied from the top end of bentonite specgndime fluid supply chamber was

facilitated with volume change and data acquisisgstems.
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® COOLING SYSTEM
d

MEASUREMENT OF
VOLUME CHANGE

DATA ACQUISITION PC

EMIPERATURE CONTROL

Control thermocouple
7ecm

H}'dl.‘ﬂtlon sEEmEEmE Cuo]j_ng I:l Teflon - Steel

circuit

Figure 2.10. Experimental setup for the infiltratidest (Villar et al., 1996, 2007,
Fernandez and Villar, 2010; Gomez-Espina and Vi2809).

Most of the devices used by previous researchersobmuct the thermal and
thermo-hydraulic tests did not have the faciliies measuring the swelling pressure of
the specimen at the opposite end of the heat solmoarder to study the variation of
swelling pressure of compacted bentonites due eothiermal gradient and the thermal

and hydraulic gradients, the testing device needetdesigned and fabricated specially.

2.10 Mechanisms gover ning heat, water and solute transfer in soil

In geotechnical engineering applications, bentgnibay be subjected to elevated
temperature and hydraulic loading at opposite eRdsexample, in toxic waste disposal

repositories, compacted bentonites are subjectetetding in vicinity to the waste
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canisters and hydration close to the saturatedrockt Under these conditions, several
physical processes are expected to occur in theohiésn Bear and Gilman (1995) and
Pusch and Yong (2006) have described the varioysigdl processes occurring in
compacted bentonites in response to heating anchtigd at opposite ends, as shown in

Fig. 2.11.

l Hot canistar Host rock —

‘Shrinkage’ separation
from canister heat input

— Heat input Intedac_e filler :
conduction non-uniform wetting {%
and advection

R S ST

— -’.\:\Swslling pressures .

~ pUB (000

i ;’ Unsaturated buffer maés Hare Lk

Vapour transfer ‘“':} P Whaier uptake | =

diffusi (4 iflusi | s
iffusion ’/ e diffusion and i

e asmotic flow

P
=

Groundwater entry via fractures and fissures ——
water entries as point and line sources

Figure 2.11. Schematic presentation of several gas@s occurring in an unsaturated

porous medium in response to heating (Bear anddiJrh995; Pusch and Yong, 2006).

Heat is transferred from the waste canister towatds host rock by heat
conduction (Mitchell, 1993; Ewen and Thomas, 19B989; Gens et al., 2007). Water
vapour transferred from the hotter region towards tooler region of compacted
bentonites due to an applied thermal gradient. Gateiol bentonites receive groundwater
from the saturated host rock which is transfermedards the canister. Due to an increase

in the water content, compacted bentonites may béxtswelling pressure on the

engineered barrier system (Fig. 2.11).
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The anticipated heat can be transported with theimgovapour in the form of
latent heat (Ewen and Thomas, 1987, 1989). Duhegntal and thermo-hydraulic tests,
the transient temperature distribution in compadtedtonites depends on power of the
and geometry of the heater and relatively indepenaé the water content of the

specimen (Villar et al., 1996).

Bear and Gilman (1995) stated that because of highgour pressure near the
heat source, diffusive vapour flux directed awaynfrthe heater. The overall pressure in
the gas phase increases, resulting in a certaiectide flux of vapour away from the heat
source. Water movement in the buffer material ct@s a result of the thermal gradient
generated by the two different temperatures abgposing ends of the bentonite (Pusch
and Yong, 2006). Since vapour formation occursl tiwansfer of water will include both
liquid water and vapour when a thermal gradierapiplied to compacted bentonit@he
surface tension of water and capillary pressuraedses with the rise in temperature
(Bear and Gilman, 1995). Thus, the pressure idiglued phase tends to increase near the
heat source, resulting in a water flux away from lieat source. This water flux tends to

make the distribution of capillary pressure uniform

Due to applied temperature and hydraulic gradientger movement occurs in
compacted bentonites. Liquid water carries dissebits with it by advection from the
hydration zone of compacted bentonites (Bear anhd&si, 1995). In the zone of
evaporation, the concentration of salts incregsexjucing a diffusive flux of dissolved
salts away from the heat source (Gurr et al., 19¥5sar and Horton, 1989; Bear and
Gilman, 1995; Villar et al., 2008; Cleall et alQ12). Advective and diffusive fluxes of

solute transport may or may not be equal to eabhrpfollowing a certain increase in
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concentration (Bear and Gilman, 1995; Cleall et 2007; Gémez—Espina and Villar,
2010; Buil et al., 2010; Cleall et al., 2011). hietadvective and diffusive fluxes are not
equal to each other the salt concentration neane¢héesource will increase until it reaches
the solubility threshold and salt will begin to pigtate (Bear and Gilman, 1995; Villar et

al., 2008; Gomez-Espina and Villar, 2010).

The solute transport phenomenon in bentonites fisctad by chemical and
mineralogical interaction in the bentonite, dissioln and precipitation of minerals, ion-
exchange reactions and transformation (Murrinenlastdkoinen, 1998; Fernandez et al.,
2001, 2004; Cleall et al., 2007; Samper et al.82@@&rnandez and Villar, 2010; Steefel
et al., 2010). The transport rate of ion speciesl@ys depends on their diffusivity and
their concentration gradients (Pusch and Yong, RO0& temperature is the variable that
mostly influences the process of transport (Maginal., 2000). In highly compacted
bentonites the main mechanism of solute transgodiffusion in consequences of low
hydraulic conductivity and smaller hydraulic grad& (Mitchell, 1993; Martin et al.,
2000). Kozaki et al. (2001) stated that the surfdiffision of ions increases with an
increase in the dry density. A better connectiatynontmorillonite particles attained at
higher dry densities. Pusch and Yong (2006) stttaddiffusive anion transport capacity
Is proportional to the ratio of the pore spaceh#f voids between the stacks of smectite
lamellae. With increasing density the availableepspace for anions migration reduces,
therefore, diffusion coefficient of anions decresaggth increasing density. Diffusion of
anions is affected by the pore water and also btemia the region adjacent to the

montmorillonite surfaces (Kozaki et al., 2001).
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Buil et al. (2010) stated that the sealing andrtteehydro-mechanical properties
of the engineered barriers may not be affectedtadselute diffusion process. During the
solute transport processes the chemical dissolupiatipitation and exchange reaction
occurs causing further change in solute conceatrat{Fernandez et al., 2001, 2004,
2008; Villar et al., 2008; Gomez—Espina and Villag10). It is necessary to carry out
detailed investigation on the processes of heateand solute transfer in compacted
bentonites subjected to thermal and hydraulic gradi in order to improve the

understanding.

2.10.1 Variation of cation and anion concentrations

The change in concentrations of cations and anilensompacted bentonite is
affected by interaction between soil and the chahspecies. However, the conservative
species such as chloride do not interact with @rnandez et al., 2001, 2004, 2008;
Bradbury and Baeyens, 2003; Samper et al., 2008lIGt al., 2011). Fernandez et al.
(2001, 2004, 2008) and Samper et al. (2008) stated that the measured ion

concentrations of soil depend on the solid: liqaito of the system.

In the past, several studies were conducted tordete the change in cations and
anions concentrations along the depth of compaoe&rdonites after completion of the
thermo-hydraulic tests (Fernandez et al., 2001420008; Cuevas et al., 2002; Martin et
al., 2002; Villar et al., 2007, 2008; Samper et, 2008; Gomez-Espina and Villar; 2010;
Fernandez and Villar, 2010; Cleall et al., 20Tje effect of thermal gradient followed
by the thermal and the hydraulic gradients on theations of cations and anions

concentrations has not been studied in detail. hEurinvestigation is necessary to
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determine the change in concentrations of catiomd anions along the depth of
compacted bentonites subjected to the thermal emadollowed by the thermal and

hydraulic gradients for better appreciation of sl&ute transport processes in bentonite.

2.11 Numerical modelsfor coupled ther mo-hydro-mechanical-chemical simulations

The general nature of the processes is expecteatdor due to thermal and
hydraulic loading condition in bentonite is presehtin Section 2.10. This section
presents the numerical models, the termed codésdlva been used for coupled thermo-
hydro-mechanical and chemical behaviour of unstgdraoils. The codes were used to
study the behaviour of the buffer and backfillingterials in relation to the temperature,
the water migration, the deformation behaviour #mel solute transporSome of the
popular codes, such as CODE-BRIGHT (COupled DEfomation of BRIne Gas and
Heat Transport), THAMES (Thermal, Hydraulic And Miamical System analysis) and

COMPASS (COde for Modelling PArtially Saturated ISpiare presented in the

following sections

The CODE-BRIGHT (Olivella et al., 1994, 1996; Gezisal., 1995, 1998, 2006,
2007; Vaunat and Gens, 2003; Ledesma and Chen; B3#% and Olivella, 2003) is a
finite element code for the analysis of thermo-loydrechanical (THM) problems in
geological media was developed by UPC-CIMNE, Bama] Spain. The basic approach
considered a porous medium composed of solid graiager and gashe problem was
formulated in a multiphase and multispecies apgrda&en into account of thermal,
hydraulic and mechanical aspectsie formulations were based on the principal of the

following: (i) balance of momentum for the medium as a whole redsiced to the
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equation of stress equilibrium together with a nagotal constitutive model to relate
stresses with strainsji) small strains and small strain rates are assufoedolid
deformation, iji) balance of momentum for dissolved species andlfiid phases are
formulated using Fick’s law and Darcy’s law amd) Physical parameters in constitutive
laws are function of pressure and temperature. Jdweerning equations that can be
solved using CODE-BRIGHT arei) (mass balance of solidj)(mass balance of water,
(iii) mass balance of ainvf momentum balance for the medium amgifternal energy

balance for the medium.

The finite element code THAMES (Chijimatsu and $agP001; Millard et al.,
2004; Rutqvist et al., 2004) developed in Japan lmarused for analysis of coupled
thermal, hydraulic and mechanical processes inwatad—unsaturated porous medium.
The unknown variables considered were: (a) totasgure, (b) displacement vector and
(c) temperature. The governing equations were ddriwith fully coupled thermal,
hydraulic and mechanical processes. The followsgymptions were made to derived the
governing equationsi)(the medium is poro-elastidj)(Darcy’s law is valid for the flow
of water through a saturated—unsaturated mediunhéat flow occurs only in solid and
liquid phases, i¥) heat transfer among three phases (solid, liguid gas) were
disregarded,) Fourier’'s law holds for heat flux angi) water density varies depending

upon temperature and the pressure of water.

COMPASS (Ewen and Thomas, 1987, 1989; Thomas and, Ki991; Thomas
and He, 1995; Thomas and Lee, 1995; Seetharam,; Z0all et al., 2007; Vardon,
2009) is based on a mechanistic theoretical formuladeveloped at Geoenvironmental

Research Centre, Cardiff University. The formulationcludes heat transfer, moisture
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migration, solute transport and air transfer inatnsated soil, coupled with stress/strain
behaviour. Partly saturated soil was consideredaathree-phase porous medium
consisting of solid, liquid and gas. The liquid phawas considered as pore water
containing multiple chemicals and the gas phaseoas air. A set of coupled governing
differential equations were developed to descritgeflow and deformation behaviour of

the soil.

The main features of the theoretical formulationegaing heat, water and solute
transport in unsaturated soils wer®: rhoisture flow included both liquid and vapour
flow, (ii) heat transfer included conduction, convection kateint heat of vaporization,
(i) flow of dry air arising from an air pressure gead and dissolved air in the liquid
phase was considered and) (deformation effects were included via either a-tinear
elastic, state surface approach or an elasto-plestinulation. Liquid flow was assumed
to be described by a generalized Darcy’s Law, wdger@apour transfer was represented
by a modified Philip de Vries’s approach. The bildikv of air was represented by the use
of a generalized Darcy’'s Law. Henry's Law was emgpbb to calculate the quantity of
dissolved air and its flow was coupled to the floivthe pore liquid. Deformation was
considered to be dependent on suction, stresseamaketature changes. Table 2.3 presents

different processes considered in three numerm@deés described above.
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Table 2.3 Different processes considered in nurakcades

Different processes THAMES Code bright COMPASS
Thermal N N N
Hydraulic \ \ V
Mechanical \ \ v
Chemical - - v

The numerical codeCOMPASS has been used in several studies to further
understand coupled thermo-hydro-mechanical-chembeddaviour of unsaturated soll
(Thomas and He, 1994; Thomas et al., 1998, 2003hd current study, COMPASS was
used to study thermo-hydro-mechanical behavioroofigacted bentonite. Details of the
constitutive equations, numerical simulation and tomparison between experimental

and the simulated results are presented in ch@pter

2.12 Summary

A detailed literature review on the behaviour ofngacted bentonites pertaining to its
use as liner material in engineered barrier sysierpresented in this chapter. The
structure of montmorillonite and the microstructuoé compacted bentonites are
presented. The various parameters affecting thdosuand the swelling pressure of
compacted unsaturated bentonite are reviewed. €healr assessment of the swelling
pressure and the compressibility of bentonites dasephysico-chemical considerations
are presented. A brief review of mechanisms gowgrmioupled mass, heat and solute

transport in compacted bentonites are presenteslthidoretical models used to assess the
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coupled thermo-hydro-mechanical-chemical behaviolrunsaturated soil are briefly

reviewed.

A review of the literature pertaining to the beloari of compacted bentonites
suggested that some of the aspects concerningséhefubentonites as barrier materials in
engineered barrier systems require further invastgs. These aspects includg: the
influence of the post compaction residual latetaéss on the swelling pressurd,) (
application of the diffuse double layer theory aie Stern theory in assessing the
swelling pressure and the compressibility of beiésn (ii) the influence of thermal and
thermo-hydraulic gradients on the swelling pressumgation at the cooler region of
compacted bentonitesv) the influences of thermal and thermo-hydrauliadignts on
chemical transport in compacted bentonite awidefficiency of the numerical code,
COMPASS, in assessing the mechanical behaviouowipected bentonite due to both

applied thermal and thermo-hydraulic gradients.
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Chapter 3

Material and Methods

3.1 Introduction

This chapter presents the properties of MX80 betagarsed in this investigation.
The details of the apparatus used and the testoakettdopted are described. In section
3.2, the physical and chemical properties of thetdogte are presented. The suction-
water content relationship of the bentonite is @nésd in section 3.3. The test methods
adopted are described in Section 3.4. The moddedbmeters used for measuring the
swelling pressures and the cell used to carry loeitthermal and thermo-hydraulic tests
are presented. The test procedure includes: cathraf the modified oedometers against
deformation and temperature, specimen preparaieelling pressure tests, consolidation

test, calibration of the relative humidity and tesrgiure measurement probes, thermal
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and thermo-hydraulic tests, removal of specimenesr dhermal and thermo-hydraulic

tests and chemical analysis. A summary of the @napipresented in section 3.5.

3.2 Properties of bentonite studied

Commercially available MX80 bentonite was usedhis tstudy. The grain size
distribution was found out by hydrometer analysitoiving British standard (BS 1377-2-
1990). Figure 3.1 presents the grain size distributiontloé bentonite. From the
hydrometer test results it was noted that the betetaconsists of about 84% of clay
fraction. The grain size distribution of MX80 benite reported by Singh (2007) is
presented in Fig. 3.1 for comparison. The fractiohslay size in both bentonites were
similar. The finer percentage of the clay partictas be determined using Laser Particle

Sizing (LPS) method (Agus, 2005).
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Figure 3.1. Grain size distribution of MX80 bentieni
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The liquid limit, the plastic limit, and the specifgravity of the bentonite were
determined following the procedures laid out intiBh standards (BS 1377-2-1990, BS
1377-3-1990). The properties of the bentonite assented in Table 3.1. The specific
gravity of soil solids was determined using ker@sas the dispersing fluid. The density
correction for kerosene was applied for calculatimg specific gravity of soil solids. The

specific gravity of the soil solids was found toh&6.

Table 3.1 Properties of MX80 bentonite

Properties of Material Value
Liquid limit (%) 385
Plastic limit (%) 43
Shrinkage limit (%) 15.8
Specific gravity,G 2.76
Specific surface are&,(m?/g) 640
Cation exchange capacity,(meqg/100 g)

Na' 45.7
ca* 31.9
Mg** 9.31
K* 1.55
Total Cation Exchange Capacity 88.44

Weighted average valence of cations* 1.47

* ratio of sum of the product of individual catiomchange capacity and valence of
exchangeable cations to the total cation exchaapaaity.

The specific surface area of the bentonite wasrihgted using Ethylene glycol
mono ethyl ether (EGME) method (Heilman et al., 5)96nd was found to be 64Ciq
The external and the total specific surface ardadays are measured using Brunauer-
Emmette-Teller adsorption (BET) method and Ethylglyeol mono ethyl ether (EGME)
method, respectively. In the current study, EGMEhoé was adopted because the total

specific surface area was of interest.
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The total and the fractional cation exchange capdC€EC) were determined by
ammonium acetate method at pH 7 (Grim, 1968; Thom&82). The fractions of
exchangeable NaK*, C&* and Md* werefound to be 45.7, 1.55, 31.9 and 9.13 meq/100
g, respectively. The weighted average valence &tlip et al., 2004) of exchangeable

cations was found to be 1.47.

The mineralogical composition of the bentonite wasestigated by X-ray
diffraction analysis (Mitchell and Soga, 2005). Aading to Bragg's law, the XRD
determines the minerals based on the relationstiyden the intercept angle and the
axis spacing. A Philips automated powder diffractten PW 1710, was used for XRD
analysis. The diffractometer consists of a Goni@nétpecimen holder), a copper X-ray

generator and a controller (Fig. 3.2).

X-ray generator

Temperature
controlled water bath

Figure 3.2. X-rayfdictometer used in the study.

The procedure adopted for X-ray diffraction anaysias as follows. Two grams
of MX80 bentonite at hygroscopic water content wasated with Ethylene Glycol prior

to testing. The X-ray diffraction analysis of thenbonite is shown in Fig. 3.3. A semi-
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guantitative analysis was carried out to deternthne percentage of various minerals
presents in the bentonite. The X-ray diffractioralgsis indicated that the bentonite
contains 76% montmorillonite, 14% cristobalite @@ quartz. Similar percentage of
montmorillonite was found in MX80 bentonite repartey Gomez-Espina and Villar
(2010) The results indicated that majority of constitutivéneral of the bentonite was

montmorillonite.
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Figure 3.3. X-ray diffraction chart for MX80 benitm

3.3 Suction versus water content relationship

The relationship between the water content andticéion of a soil is commonly
refereed to as the soil-water characteristic c@ifvedlund and Rahardjo, 1993). The soil-
water characteristic curve (SWCC) of the bentonites established by employing

pressure plate tests and the salt solution techniGlay-water mixture was prepared by
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thoroughly mixing the bentonite powder with digdl de-aired water. The targeted initial
water content of clay-water mixture was equal td51times the liquid limit of the

bentonite. The clay-water mixture was stored irsfpdabag and kept in air-tight container
in a temperature controlled room and allowed fotew&quilibration to take place for 7

days. During this period, the clay-water mixtureswigixed intermittently.

Cylindrical stainless-steel specimen rings weraluserepare the test specimens.
The inner surfaces of the specimen rings were dabed with silicon grease. The
specimen ring was made to rest on a wet filter p&ppt over a flat surface. The filter
paper used had a greater diameter than that sjpd@men ring. Bentonite-water mixture
was carefully worked into the ring, a part at agjmsing a spoon and a spatula. Light
tapping helped to eliminate air bubbles from thentbeite specimen. The excess
bentonite was trimmed off using a spatula. The nudsthe bentonite specimen along

with the filter paper and the lubricated specimeg was measured.

In pressure plate tests, the applied air presqyuale the matric suction of the soil
specimen at equilibrium (Fredlund and Rahardjo,312@ong et al., 2004). The pressure
plate tests were carried out by applying air presswf 50, 100 and 400 kPa on the
saturated bentonite specimens using a 5 bar peegtate extractor. At each suction, at
least three specimens were tested. Care was es@rakile preparing the duplicate
bentonite specimens. It is important that during phessure plate tests, the ceramic disks
remain saturated to avoid air-entrapment and dal#lye expulsion of water from the soil

specimens (Leong et al., 2004).

Figures 3.4 and 3.5 show the pressure plate apganaith the bentonite

specimens on ceramic disc. The mass change ofeteriite specimens was monitored
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periodically to infer the suction equilibratiofihe bentonite specimens were equilibrated
within about 15 days in pressure plate tests ab saction level. The void ratios of the
bentonite specimens in the pressure plate tests eaculated based on the volume-mass
relationships and the equilibrium values of thddiwing at each applied suction) ¢he
total volume of the specimen measured by wax metA&IM D 4943-08-2008),ii) the
total mass of the specimen and)(the water content. Knowledge of the density & th
molten wax at specified test temperature is crutmal precise determination of the
volumes of soil specimens. The density of the nmoltex used was measured to be 0.745

Mg/m? in this study.

Pressure regulator

Pressure chambe

High air-entry
ceramic dis

Slurry specimen
Inlet pressure

Figure 3.5. Pressure plate appanatilsinitially slurried bentonite specimens.
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The salt solution tests, also known as the vapquilibrium technique (Delage et
al., 1998; Blatz et al., 2008), were carried ionutlosed-lid desiccatof®r inducing higher
suctions of 21.8, 38, 82.3, 113.3 and 294.8 MPagusaturated salt solutions of KClI,
NaCl, Mg(NG),, KoCOs and LICl, respectively (BTM E 104-85 1998)The bentonite
specimens tested in the desiccators were firsestdij to a suction of 400 kPa in pressure
plates before being transferred to the test desiccaontaining various saturated salt

solutions. The procedure adopted saved signifiesting time.

Figure 3.6 shows the bentonite specimens kepwater content equilibration
inside the desiccators. The relative humidity withthe closed-lid desiccators was
periodically measured using a commercial relativanidity probe manufactured by
Rotronic limited. The accuracy of the probes wad.@% for the range of relative
humidity between 0 and 100%. The accuracy of tlobgs for temperature measurement
was + 1°C for the range of temperature between - 40 and €00 he desiccator tests

were conducted at a temperature of@5

Bentonite specimen

Saturated salt solution

Figure 3.6. Slurried bentonite specimens insideddsaccators (Vapour Equilibrium test).
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The relative humidity of saturated salt solutiosagelated to the total suction of
soil (Fredlund and Rahardjo, 1993; ASTM E 104-898)9 After the equilibrium, at each
suction level the water contents of the specimeesewdetermined. The volumes of the
specimens were measured using the molten wax (AST#P43-08-2008). Figure 3.7
shows the tested bentonite specimen tested inadésis kept for air-drying after coated
with molten wax. The equilibration time for saltlisiion tests took about 15 days to
several months depending on the suction level.eimegnl, a greater equilibration time

was required at smaller suctions.

Thread

Bentonite specimen
coated with molten wax

Figure 3.7. Shrinkagst (with molten wax) setup.

3.3.1 Suction versus water content relationship from chilled-mirror hygrometer

Soil-water characteristic curves at higher sucticas be established using a
chilled-mirror hygrometer (ASTM D 6836-02). A clall-mirror hygrometer yields soil-
water characteristic curves in terms of total sactf soil. Different models of chilled
mirror hygrometers are available. Some models nreathe water activity &) of soil
specimens which is the ratio of the vapour presetiie liquid to the vapour pressure of

water at the same temperature. In the current figad®n, the water activity and
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temperature of bentonite-water mixtures were measuFrom the measured water
activity and temperature data, the total suctiomsbentonite-water mixtures were
calculated. The bentonite-water mixtures were pexpaand tested following the
procedure laid out in ASTM D 6836-02. A photogragbithe chilled-mirror hygrometer is

shown in Fig. 3.8.

Water activity

readin
d Specimen

chamber

Figure 3.8. Photograph of chilled-mirror hygrometer

A set of nine bentonite-water mixtures were prepar€he bentonite-water
mixtures were prepared by adding water to bentataging from the hygroscopic water
content of 11% in an increment of 3%. The bentewdster mixtures were stored in air-
tight containers in a temperature controlled roord allowed for water equilibration to

take place for 7days prior to testing them in tixlgrometer.

The chilled-mirror hygrometer was calibrated ussajurated salt solutions of
known water activity. The bentonite-water mixtungsre transferred to the specimen
chamber inside a retaining dish. The water actigitg temperature were noted for each
bentonite-water mixture. The measurements wereategehrice for each bentonite-water

mixture. The water content of each bentonite-watetture were measured after the tests.
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The total suctions of bentonite-water mixture weadculated from the measured water

activity and temperature using the Kelvin's equagxpressed as:
. RT
Total suctiony = Vln(aw) (3.1)

whereR is the universal gas constant (Jiol'), T is the laboratory temperatur¥J, ay
is the water activity andV is the molecular mass of water. The water content,

temperature, water activity and suction resultspaesented in Table 3.2.

The suction versus water content test results fre@rdesiccator tests and from the
chilled-mirror hygrometer tests are shown in Fi@.3Although, the conditions of the
samples tested were different for the desiccatdrthe chilled mirror hygrometer tests, a
good agreement was noted for water contents irotleelapping suction ranges. Filter
paper method can be used to establish the suatisuy water content of soil. Agus and
Schanz (2005) reported that filter paper methodrd@nes larger suctions than that of the
chilled mirror hygrometer, for specimens having slaene water content and dry density.
Agus and Schanz (2005) also stated that the difteran suction measurement was
attributed to the differences in time required éaah an equilibrium suction for both

techniques.
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Table 3.2 Chilled-noirhygrometer test results

Final Water content (%) Temperature C)

Water activity

Suction (MPa)

(1) 2 3 4
11.0 20.8 0.783 98.83
12.8 20.8 0.557 79.23
15.5 20.8 0.650 58.32
17.4 20.8 0.723 43.91
20.0 20.7 0.826 25.87
22.6 20.7 0.891 15.62
25.3 20.8 0.927 10.26
28.1 20.7 0.944 7.80
32.8 20.8 0.967 4.54

350 1

Q\ ® Pressure plate and dessicator test data
300 | . |
1 \ O Chilled-miror dew-point test data

250 1 ®
S
= 200 \
g ]
E \\
o b \\
© 150 - .
= ] )
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@QB@@&,
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Figure 3.9. Suction versus water content test tegal MX80 bentonite from pressure

plate and desiccator and chilled mirror hygromegets.
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Delage et al. (2006) reported the suction-watertertnrelationship of MX80
powder and compacted specimens of dry density g/t The suction-water content
relationships were established by desiccators .tdst¢ compacted specimens, the
swelling of the specimens were prevented by plativegspecimens inside a rigid cell.
Delage et al. (2006) showed a good agreement betstedion-water content relationship
for MX80 powder and compacted specimens at highetian levels between 10 and 100
MPa. Delage et al. (2006) concluded that the snotelues (between 10 and 100 MPa)
primarily depend on the water content of the s@écmen. Tang and Cui (2010)
conducted tests on MX80 bentonite by vapour equilib technique for the range of dry
density between 1.4 and 1.8 Mdinifang and Cui (2010) showed nearly identical
suction-water content relationship for compacted powder MX80 bentonite specimens.
From the above studies it was noted the dry derisatye insignificant influence on

suction versus water content relationship of batgerat suction levels beyond 10 MPa.

3.4 Experimental program

The experimental program consists of three typesests () swelling pressure
tests, i) consolidation test andiii) thermal and thermo-hydraulic tests. Modified
oedometers were used to carry out the swellingspresgests on compacted bentonites by
constant volume method. The swelling pressure testee carried out at elevated
(temperature = 70C) and ambient temperatures and with distilled watd M NaCl and
1.0 M NacCl solutions as bulk fluids. A consolidatitest was carried out on saturated
MX80 bentonite specimen using a conventional oedemg&aboratory scale thermal and

thermo-hydraulic tests were carried out on cylioalricompacted bentonite specimens.
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The following sections describe the testing deviessd, the test setups, calibration of the

devices and the detailed procedures adopted tp catthe laboratory tests.

3.4.1 Swelling pressure tests

The swelling pressure of initially unsaturated exgee soils can be measured by
three methods (Sridharan et al., 1986), namely Islwatl test, swell under laod and
constant volume test. The difference between theetimethods is discussed in chapter 2
(section 2.5.2). Delage et al. (2006) stated tbastant volume condition may be closer
to the in-situ conditions of engineered barrierteyss. Therefore, the swelling pressures
of compacted bentonite specimens in this investigaivere measured under constant

volume condition.

Several series of constant volume swelling pressests were carried out. The
effects of post compaction residual stress, elBg&raoncentration and temperature on
swelling pressures of compacted bentonite specinvemie studied. The following
sections describe the constant volume swellingspiresmeasurement device, calibration
of the devices against deformation and temperatme the experimental procedure

adopted to measure swelling pressure of compacetethites.

3.4.1.1 Specimen preparation method

Compacted bentonite specimens were statically conmgabentonite powder to

predetermined dry densities using a specimen rimd) & newly designed compaction

mould. The components of the compaction mould usmedshown in Fig. 3.10. The
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compaction mould has four main partg; & base,i{) a collar, {ii)) a spacer and\(
connecting ring. The specimen ring was rested erb#se of the compaction mould. The
collar and the connecting ring were attached agitteéned with bolts. Figure 3.11 shows

a photograph of an assembled compaction mould.

Base

Connecting ring

Specimen ring

Figure 3.10. Various components of the compactionlch

Spacer
Top cap
Collar

Specimen ring
with compacted
bentonite
specimen

Base

Figure 3.11. Compaction mowith compacted specimen inside.

The inner surfaces of the specimen ring and theespaere lubricated with
silicon grease to minimise the friction. The amoahbentonite required to prepare the
specimen of a predetermined dry density was deteni Bentonite powder was

transferred into the ring gently with a spoon. Tiop surface of the bentonite was
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smoothened with a spoon and a spatula. The spaa®mplaced on top of the bentonite

surface.

The compaction mould with bentonite inside the 8pean ring was transferred to
a high capacity static compaction machine and reduioad was applied. After the
compaction process was over, the actual dry dessitf the specimens were calculated
from the measured height and the diameter of teeisens. The specified diameter and

height of specimens were 42 and 10 mm, respectively

To study the effect of release of post-compactesidual stresses on the swelling
pressures of compacted bentonite, compacted bémtspecimens were extruded from
the specimen ring and were re-inserted back paaesting for swelling pressure. The

extrusion and re-insertion processes of test spawmare described in chapter 4.

3.4.1.2 Constant volume swelling pressure measuring device

Modified oedometers with abilities to measure siugll pressures booth at
ambient and at elevated temperatures were used.déhiees were used as suction
controlled oedometers (Folly, 2001). The oedometesse modified to accommodate a
load cell that facilitated measuring swelling press of compacted bentonite specimens
under constant volume condition. A schematic diege the modified oedometer is
shown in Fig. 3.12. The external diameter and heiflihe oedometer are 184 and 151
mm, respectively (Fig. 3.12). The cell body of thedometers are made of grade 304

austenitic stainless steel (Folly, 2001). The congmbs of the suction controlled
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oedometer used are shown in Fig. 3.13. Figure Brédents the experimental setup for

constant volume swelling pressure tests.

||_I Pa— l_lg Restrained bar
O
< | Load cell
—/
U N
Inner Top cap
housing unit \—> Outer housing
g Loading N \\ 7////// % % unit confining ring
£ plunger \\ N/ é \ \
0 o N NEH / N \ L= Porous disc
= Confining ring N * %/ 7
Specimen ring § E g%\ ';'io mm Compacted
P
Outer & N -5 \\\\ | specimen
v housing unit \{\,‘\\_\_‘“\ Fluid supply
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, —> \
! - 42 mm !
al 184 mm I

Figure 3.12. Schematic diagram of constant volumwell;ig pressure measurement

device.

Fluid containe Inner housing unit

Outer housing unit

Metal porous stone

Specimen chambe#—r»i
-

Confining ring
= > 6

Specimen ring

Top cap
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_ Outer housing unit
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Figure 3.13. Components of the modified oedometer.
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Cross be
Load cel
Isochoric
cell
containing Fluid suppl
compacted
specimen Pedest:
Tritech 50kN
Digital
Load mete

Figure 3.14. Experimental setup for constant volsmuelling pressure tests.

The modified oedometers used have two compartm@hptie inner housing unit
or the specimen chamber accommodating the specitoebe tested andi) the outer
housing unit or oil chamber accommodating the legleanent in order to apply desired
temperature on the test specimens. Stainless atggd were used to prepare the
compacted bentonite specimens. The inner diamatktre height of the specimen ring
were 42 and 14 mm, respectively. The height ofcttmpacted specimens was about 10
mm. Two openings at the base of the cell allowecuating fluid in order to hydrate the
specimens. A load cell was accommodated betweemothef a loading plunger and a
restrained bar of loading frame (Figs. 3.12 andt3.The load cell was connected to a

load meter and the load increment during the hyalvaprocess was monitored. The
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swelling pressure was calculated from the measlo@d and the cross-sectional area of

the specimens.

The oedometer cells were calibrated against défleadue to applied pressure
prior to the swelling pressure tests. One of the d@dometers available was used to carry
out constant swelling pressure tests at elevateypdeature. Therefore, the latter was
calibrated against temperature and the maximum eegiyre in the specimen chamber

was determined.

3.4.1.3 Calibration of oedometer cellsagainst deformation

During the swelling pressure measurements, expargithe specimen ring was
anticipated. Therefore, the modified oedometerseveatibrated against deformation due
to applied vertical pressures. External loads wapplied on a dummy stainless steel
specimen (diameter = 42 mm, height = 10 mm) ancttineesponding deformations were
recorded from the displacement transducer. Thespresrersus deformation relationships
are shown in Fig. 3.15. For each oedometer cell deformations against applied
pressures was checked twice. The average defomsafrom two sets of data were
considered. The deformation correction of the cels applied to calculate the swollen
dry densities of the bentonite specimens for eadasured swelling pressure. The
deformations corresponding to measured swellinggures in each test were determined
using the equations shown in Fig 3.15. The heiglt diameter of the specimens were
corrected for the calculated deformation. Using ¢baected diameter and height of the
specimens, the volumes of the specimens were es#dclland hence the swollen dry

densities of the specimens.
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Vertical pressure (MPa)

0.1 1 10
OO 1 1 1 1 1 R 1 1 1 Lo
O Cellno: 1
i & Cellno: 2
0.1 A
€
E 0.2 A
c
2
= |
£
o
s 0.3 . X
e Deformation = 0.0864xLn(pressure) + 0.2004
, R?=0.999
0.4 -
Deformation = 0.1301xLn(pressure) + 0.1663
. R?=0.9916
0.5

Figure 3.15. Applied pressure versus deformatiofatiomships of the modified

oedometers used in this investigation.

3.4.1.4 Calibration of oedometer cell against temperature

For swelling pressure tests at elevated temperathee oedometer used was
calibrated against temperature. The specimen chaaflibe swelling pressure device is
surrounded by a heating coil (Fig. 3.16). The bihmber was filled with commercially
available industrial graded oil. The thermocoupleunmted in the outer chamber of the
cell was connected to a heater controller (Fig68.The heater controller maintains the
temperature of the heater element. The cell wagnally designed to sustain a maximum

temperature of 9GC (Folly, 2001).
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Inner housing
unit

Heating cable

Outer housing
unit
Temperature

controllel Thermocouples

Figure 3.16. Experimental setup of temperaturécatiions in the specimen chamber.

Figure 3.17 presents the equilibrium temperatutesreer and outer housing unit
of the cell. The maximum temperature of the heatas set at 96C. The maximum
temperature at equilibrium in the specimen chambas found to be 70.8C. The
calibration was checked up to 150 minutes duratiotii the measured temperatures were
equilibrated. The temperature in the specimen clearfibner housing unit) and in the oll
chamber (outer housing unit) was measured withbat gpecimen. However, during
swelling pressure tests the temperature measuremehe specimen chamber was not
possible. Therefore, the test results were analfpgecbnsidering a temperature of T

in the specimens.
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Figure 3.17. Equilibration temperatures at innat anter housing unit of the cell.

3.4.1.5 Constant volume swelling pressure tests

The swelling pressure tests were carried out ferdmge of targeted dry densities
between 1.1 and 1.9 MgfiThe compacted bentonite specimens were placédkitise
specimen chamber (Fig. 3.13). Two filter papersen#aced at the top and at the bottom
of the specimens. The specimens were confined leetived porous stones, one at the top
and the other at the bottom of the specimen (EitR)3 The loading plunger and the top
cap of the cell were attached. The oedometer ¢atigawith the compacted bentonite
specimen was transferred to a 50 kN capacity |loaché (Fig. 3.14). The load cell was
attached in between the top of the loading pluraget the restrained bar of the load
frame. The load cell was connected to a load mee® Fig. 3.14). The load meter was
calibrated prior to the tests. Fluid inlet and eutlubes at the base of the cell were

connected to the fluid chambers (Fig. 3.14). Oheefluid was supplied through the fluid
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inlets of the oedometers, the swelling pressungestdo develop. The swelling pressures
exerted by the bentonite specimens were monitorn#d &lapsed time. The tests were
terminated once the swelling pressures exerted Hey dentonite specimens were

equilibrated. In general, 7 to 10 days were reglioe swelling pressure equilibration.

After dismantling the test setup, bentonite speosneere sliced into two pieces
along the height using a spatula and the watereatsbf both slices were measured. The
variation of water content between top and botttoes was within about 1% for all the
tests. The average water contents of each slice wsed to calculate the degree of
saturation of the specimens. The swollen dry dexssaf the specimens were calculated

considering the deformation correction for each tes

3.4.2 Consolidation test

In deep geological waste disposal repositories,pamted bentonites may undergo
very high overburden pressures and hence studiesenung compressibility behaviour
of bentonites at large pressures are necessargridemd Tripathy, 2007). In the past, the
compressibility behaviour of bentonites for diffeterange of pressures have been
reported (Bolt, 1956; Mesri and Olson, 1971; Low8Q; Sridharan et al., 1986; Al-
Mukhtar et al., 1999; Marcial et al., 2002; Flewest al., 2002; Tripathy and Scanz,
2007; Balille et al., 2010). Bolt (1956) studied tt@mpressibility behaviour Wyoming
bentonite up to maximum applied pressure of 170@. kBlson and Mesri (1971)
conducted consolidation tests on sodium and calcionmntmorillonites applying
maximum pressure of 4000 kPa. Sridharan et al. §1%8udied the consolidation

characteristics of homoionized bentonites for trege of pressures between 6.25 and 300
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kPa. Marcial et al. (2002) studied the compresgybidehaviour of three bentonites at
high pressure of 30 MPa. Baille et al. (2010) stddihe large stress compressibility

behaviour of compacted bentonites for the maximpplied pressure of 25 MPa.

In the current study, a compressibility test wasied out on MX80 bentonite for
the range of applied pressures between 6.25 kP8320@ kPa. The test was carried out
on initially saturated bentonite specimen followirgS 1377:5 (1990) using a
conventional oedometer. The consolidation test igps is shown in Fig. 3.18. The lever
arm factor of the consolidation apparatus usedhercurrent investigation was 1:10. The
diameter and height of the specimen ring used 88rand 10 mm, respectively. Three
nos. of saturated slurry bentonite specimens vested applying predetermine load in the
hanger bar. Detailed description of specimen pegjmar, test methods and consolidation

test results are presented in chapter 6.

Lever arm

Load hanger

Oedometer

Figure 3.18. One dimensional consolidation tesbegips.
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3.4.3 Thermal and ther mo-hydraulic tests

A series of thermal and thermo-hydraulic tests weagied out on compacted
bentonite specimens. The thermal test referredsttha tests carried out with thermal
loading only, whereas thermo-hydraulic tests ref#rto as the tests carried out by
subjecting the specimens to both thermal and hyidrenadings. During the thermal tests,
temperatures of 85 and 256 were applied at the bottom and at the top ofcifiedrical
bentonite specimens. During the thermo-hydraulststein addition to the temperatures
applied during the thermal tests, distiled wateaswsupplied from the top of the
specimens. The following sections describe theispat preparation method, the testing
device, the experimental setup, the calibrationreétive humidity and temperature
measurement sensors, the detailed test methodseddmpd the chemical tests carried out
to determine the change in cation and anion coratems at predetermined heights of

the bentonite specimens.

3.4.3.1 Specimen preparation method

Cylindrical specimens were prepared by staticatlyjnpacting bentonite powder
(water content = 11%) to a targeted dry density.60 Mg/n?t in four layers, each 20 mm
thick. The height and diameter of the specimensevwd$ and 100 mm, respectively.
Compaction was carried out inside the central seatif the cell using the compaction
mould shown in Fig. 3.19. An aluminium disc waagad at the bottom of the central
section of the cylindrical cell during the compaatiprocess. The inner surfaces of the
central part of the cell were lubricated with slic grease. The required amount of

bentonite was filled inside the central sectiornthef cell and the bentonite surface was
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smoothened. The spacer was placed on top the bensomface. Static load was applied
in order to compact the specimens to a targetedderysity using a high capacity
compaction device (Fig. 3.20). Removal of the agpltompaction stress caused an axial
expansion of the bentonite specimens. The actugl démsities of the compacted
specimens were calculated based on the mass ofaot@tbspecimens and dimensions

(height and diameter) measurements.

Central section

Collar

Top restrained

Adjustable Pedestal
Controller

Figure 3.20. High stress compaction device.
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3.4.3.2 Description of the testing device

Thermal and thermo-hydraulic tests were carried @utcompacted bentonite
specimens using a cylindrical stainless steel weh a PTFE (Polytetrafluoroethylene)
liner inside. The inner diameter and height of mgtical cell was 100 and 80 mm,
respectively. The device was developed by SingtO{R0The device available was
modified to measure swelling pressures exhibitedcbmpacted bentonite specimens
during the thermal and the thermo-hydraulic teAtschematic diagram of the modified
cell is shown in Fig. 3.21. The cell wall was maidea hollow stainless steel pipe. The
main components of the cell consist of a basen&raesection, an interconnecting ring,

and a top part.

<——1 Restrained bar

Load cel
Water inlet

Loading B T
plunger ;
Top part of the cell Porous disc
Interconnecting ring

. Compacted
Steel cylinder specimen

Relative humidity an
temperature prob

80mm

Metal heater

PTFE
Base of the cell

00 mm

Figure 3.21. Schematic diagram of the cell usedawy out the thermal and thermo-

hydraulic tests.
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Figure 3.22 presents the components of the thewydoahlic test setup. Figure
3.23 presents the experimental setup used to aarrythe thermal and the thermo-

hydraulic tests.

‘Msectior

=

erconnecting rin

Int

e of the

Bas (o3
& L

Metal heat\e""‘ - 'I:empertufe and relative
£ S | Ehumidity measurement prok;

Lgag del

Figure 3.22. Components of thermal and thermo-hydraest setup: (a) base of the cell
and central section, (b) loading plunger, top pérthe cell and interconnecting ring, (c)
metal heater, (d) hydrolog and temperature andiveldumidity measurement probes

and (e) load cell and load meter.
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Restrained
i Load cell
Loading /
plunger ‘ Thermal insulator
Water inlet

Cylindrical cell with
compacted specim

Temperature ang inside

relative
humidity probes

Temperature controller

Hydrolog

Figure 3.23. Thermatlahermo-hydraulic test setup.

A hollow PTFE liner of 20 mm thick was used instte central section of the cell
to reduce the heat loss through the outer wallhef ¢ell during the thermal and the
thermo-hydraulic tests (Fig. 3.22). As describediea(section 3.4.3.1), the central
section was used to prepare the specimens. A imeasér (Figs. 3.21 and 3.22) was used
to apply thermal loading at the bottom end of thecamens. A dual thermocouple was
attached at the centre of the heater. One of #enthcouple was connected to the heater
controller and other one was connected to a dagelo The thermocouple connected to
the heater controller maintained the temperaturethef metal heater. The other
thermocouple measured the actual temperature osutiace of the heater. A loading

plunger (Figs. 3.22 and 3.23) with a metal porags das rested on top of the specimens
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and measured swelling pressures exerted by contpaetetonite specimens during the

thermal and the thermo-hydraulic tests.

The cell contained 3 holes in the central sectioevary 20 mm distance along the
depth. Similarly, three nos. of holes were driltedthe specimens for accommodating the
relative humidity and temperature measurement pgrofdéne relative humidity and
temperature measuring probes were manufactured disoric Instruments Ltd. The
accuracy of the probes used was + 1.0% for theerafgelative humidity between 0 to
100% and + 1C for the range of temperature measurement betwd8rto 100C. The
probes were calibrated using saturated NaCl s@iutib25 C (one-point calibration)
(section 3.4.3.3). For accurate measurement ofiveldoumidity when the probes are
buried inside the specimens are necessary. Duhaeghermo-hydraulic tests, distilled
water was supplied from the top of the specimensigh the openings at the top of the

cell.

3.4.3.3 Calibration of temperature and relative humidity probes

The relative humidity and temperature measurindpg@sovere calibrated prior to
testing using saturated sodium chloride solutidiee saturated sodium chloride (NacCl)
solutions were prepared in 1000 ml glass flaskgurfé 3.24 shows the relative humidity
and temperature measurement probes inside a flagigdhe calibration tests. The necks
of the flasks were sealed air-tight during thelraliion tests. The relative humidity inside
the glass flask corresponding to saturated NaCutisols would be 75.5% at a
temperature of 25C (ASTM E 104-85 1998). The temperature and redatiumidity

readings were monitored with elapsed time.
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Relative humidity and
temperature measuring
probes

Saturated NaCl solution

Figure 3.24. Relative humidity calibration of theipes.

The measured relative humidity with elapsed timeshewn in Fig. 3.25. The
standard relative humidity corresponding to thensdion NaCl solution is shown in Fig.
3.25. For clarity, the equilibration of relative rhigdity with time for three sensors used
are shown in the inset of Fig. 3.25. The equilibritelative humidity of the three probes

was within the range of + 1% of the standard reéathumidity for saturated NaCl

solution.
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Figure 3.25. Relative humidity equilibration of thebes under calibration.
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Agus (2005) reported that the measured suctiorhénlaboratory environment
could be affected due to change in relative humidihe degree of error measured would
be dependent on the range of suction considergdrd-B.26 presents the error in suction
measurement due to change in suction or relativeidity (Agus, 2005). In the current

study the effect was not considered.
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Change in total suction, As: (kPa)

100 1000 10000 100000 1000000
Total suction, s; (kPa)

Figure 3.26. Change in suction or error in suctimeasurement due to change in

temperature (Agus, 2005).
3.4.3.4 Thermal and thermo-hydraulic tests

The experimental setup used for the thermal andthibemo-hydraulic tests is
shown in Fig. 3.23. Compacted bentonite specimeere wprepared at a targeted dry

density of 1.60 Mg/rh(section 3.4.3.1). The electric heater was attacitetthe bottom
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end of the compacted bentonite specimen insideghg&al section of the cylindrical cell

(Figs. 3.21 and 3.22). A PTFE disc was placed iwéen the metal heater and the base
of the cell (Fig. 3.21). The top surface of thespen was covered with a filter paper.

The loading plunger with the metal porous disc wested on the top end the specimens
(Figs. 3.21 and 3.22). The interconnecting ring tnedtop part of the cell were connected
(Figs. 3.21 and 3.22). Three holes were drillethenspecimens at the specified depths of
the specimen using an electric driller. The entet was transferred to a 50 kN capacity
load frame. The relative humidity and temperatueasurement probes were inserted
through the predrilled holes (Fig. 3.23). High tergiure grease was applied at the
junctions between different sections of the celptevent the vapour leakage. The entire
cell was covered with thermal insulator (Fig. 3.2Z@)e load cell was placed on top of the

plunger and restrained against any movement (F23)3

During the thermal tests, the compacted bentompecimens were heated to a
temperature of 85C at the bottom end. The temperature at the topoétite specimens
was maintained at 2& by circulating water from a constant temperatuager bath. The
water was circulated inside a metal coil mountegidi@ the top part of the cell that will
prevent hydration of the specimens. The transientperature, relative humidity and
swelling pressures were monitored during all teBtging the thermo-hydraulic tests, in
addition to the temperatures applied during thentlaé tests, distilled water was supplied
from the top of the specimens. The empty spaceoprthe loading plunger was filled
with distilled water and the specimens were allow@dydrate. Similar to the thermal
tests the temperature, the relative humidity ared dWvelling pressures were monitored

during the thermo-hydraulic tests.
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The modified oedometers and the thermo-hydraullicveere not facilitated with
volume change measurement devices. Therefore olnene of water at inlet and oulet of
the devices during swelling pressure tests anartbdrydraulic tests were not measured.
The water uptake capacity of unsaturated bent@péeimens can be found out from the

measurement of water volume at the inlet and afléte devices.

3.4.3.5 Extrusion of specimens after thermal and thermo-hydraulic tests

After completion of any thermal and thermo-hydrauksts, the electric heater
was switched off. The relative humidity and temp@@ measuring probes were removed
from the specimens and were retrieved. During Hegno-hydraulic tests, it was very
difficult to retrieve the relative humidity and teerature measurement probes which
were placed closer to the hydration end of the ispats. The load cell was removed
from the top of the plunger and disconnected froelbad meter. The top part of the cell
and the interconnecting ring were removed. Therakséection of the cell along with the
heater and the PTFE disc were mounted on top oydmahblic extruder that enabled

extrusion of the tested bentonite specimens.

Figure 3.27 shows the components of the specimdrudex. The extruder
consists of a metal frame, a hydraulic jack, atteadame and a handle. The specimen
inside the central section of the cell along with heater and the bottom porous disc were
made to rest above the top plate of the extrudee fBaction frame was attached and
tightened. The top plate of the extruder was griylpaished up and the specimen was

extruded from the cell as shown in Fig. 3.28.
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Metal frame

Top platt

Hydraulic jac

Reaction plate

Handle

Figure 3.27. Components of the specimen extruder.

Heater

Bentonite specimen

Reaction frame

Central section
of the cell

Hydraulic jack
Handle

Figure 3.28. Extrusion of a bentonite specirager testing.

After the extrusion process, the bentonite specaneere sliced into 8 pieces of

each 10 mm thick. The water contents of each slicee specimens were measured. For
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each slice, the average water content of two measenmts were considered. Parts of the

specimen were stored for chemical analysis.

The concentrations of soluble cations and anioresaoh slice were determined by
agueous extraction technique (section 3.4.3.6).cChaenical analysis was repeated twice
for each slice. The volume of each slice of théetbentonite specimens were measured
using molten wax. The final dry density and therdegof saturation of each slice were
calculated using volume-mass relationships from mheasured water contents and

volumes of each slice.

3.4.3.6 Chemical analysis

During the thermal and thermo-hydraulic tests, exthange, dissolution and
precipitation of minerals occur in compacted beiésn(Fernandez et al., 2001, 2004,
2008; Cuevas et al., 2002; Villar et al., 2008; pamet al., 2008; Gomez—Espina and
Villar, 2010; Fernandez and Villar, 2010). The cemications of cations and anions along
the depth of the bentonite specimens are expeotedidér due to several physical and
chemical processes occurring in the bentonite speEts in response to the thermal and
the hydraulic gradients. Several studies have bagied out to determine the changes in
concentrations of cations and anions due to themieand the hydraulic gradients
(Fernandez et al., 2001, 2004, 2008; Cuevas €2@02; Singh, 2007; Villar et al., 2008;
Samper et al., 2008; Gomez—-Espina and Villar, 26&tnandez and Villar, 2010). In the
current investigation, the change in concentratibcations and anions were measured by

aqueous extraction technique.
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The bentonite specimens of each slice were ovesd @gmnd grounded to powder.
One gram of bentonite powder from each slices wared with 10 ml of distilled water.
The sample mixtures were shaken in a reciprocdtorgzontal mechanical shaker (Fig.
3.29) for 24 hours. After the shaking process,saeple mixtures were transferred into
50 ml centrifuge tube and were centrifuged (Fig303. After centrifugation the
supernatant solutions were collected. A one limewum extraction flask was connected
to a Buchner funnel fitted with a Whatman no. 4tfipaper. The supernatant solutions
after centrifugation were transferred into the Buamhfunnel shown in Fig. 3.31. The
Buchner funnel was connected with vacuum supple 3ample mixtures were filtered.
The filtered solutions at the bottom of the flaskres collected for further chemical

analysis.

Flask containing
bentonite water
mixture

Figure 3.29. Photograph of the reciprocakehand the bentonite-water mixture.
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Figure 3.30. Sig@id-15 centrifuge.

Bentonite-water

Filter paper mixture

Vacuum supply

Filtered solutior

Figure 3.31. Filtration process by applying vacutimough Buchner funnel.

The filtered solutions collected at the bottomte Buchner Funnels were tested.
The concentrations of CISQ? and NQ  were determined using lon Chromatography
(IC; Fig. 3.32) and the concentration of N&&*, Mg®* and K were determined using

Inductively Coupled Plasma Optical Emission Spesiopy (ICP-OES; Fig. 3.33).

91



Chapter 3

Figure 3.32. lon Chromatography (DIONEX ICS-2p00

Figure 3.33. Perkin Elmar Optima-2100 DV InductiveCoupled Plasma Optical
Emission Spectroscopy (ICP-OES).

3.5 Summary

The properties of MX80 bentonite used for the itigegion are presented in this
chapter. The physical and chemical properties efliéntonite, such as the liquid limit,

the plastic limit, the shrinkage limit, the specifyravity, the specific surface area, the
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cation exchange capacity and the weighted averalgmee of exchangeable cations are
presented. The suction versus water content rakdtip of the bentonite established from
dessicator tests and from the chilled-mirror hygeten tests are presented. The results
indicated that at higher suction levels (> 10 Mi#& dry density have insignificant
influence on the suction versus water content imFlahip of the bentonite. At higher
suction levels, the suction of bentonite specimenas found to depend on the water

content of the bentonite.

Modified oedometers used for measuring swellingsguee of compacted
bentonite and the cell used to carry out the theand thermo-hydraulic tests has been
presented. Procedures adopted for specimen preparatalibration of the devices,
constant volume swelling pressure tests, consadidaest, thermal and thermo-hydraulic
tests, removal of specimens after thermal and tbdmraulic tests and chemical

analysis have been presented.

93



Chapter 4

Chapter 4

Effect of post compaction residual stress on swaily
pressure of compacted bentonite

4.1 Introduction

Compacted bentonites used in nuclear waste repesitare usually prepared
either in the form of bricks or pellets. Bricks apéllets of bentonites are prepared by
statically compacting bentonite powder in metal tdsu Following the compaction
process the bricks or pellets are extruded from rtieulds prior to using them in
repository conditions. Removal of applied compatstresses causes vertical expansion
of compacted bentonites, whereas their extrusiom fmoulds causes total release of post
compaction stresses. In the past, studies congeswelling pressures of compacted

bentonites were primarily on specimens with poshgaction residual stresses (Muller-
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Vonmoos and Kahr, 1982; Pusch, 1982; Dixon and GIr885; Komine and Ogata, 1996;
Villar, 2000; Karnland et al., 2007; Herbert et &008; Villar and Lloret, 2008; Komine
et al., 2009; Schanz and Tripathy, 2009). The erfte of post compaction residual

stresses on swelling pressure of compacted beatbag not been explored yet.

The main objective of this chapter is to show tHieoe of post compaction
residual lateral stresses release, electrolyteerdrations of bulk fluid and temperature,
on the swelling pressure of compacted MX80 bertonBection 4.3 presents the
extrusion and re-insertion process of compactedobée specimens. The compaction
loads applied and the dry densities of compacteatonde specimens prior to the
swelling pressure tests are presented in sectibrSéction 4.5 presents the stress history
of the compacted bentonite specimens. Section ré$epts determination of the swollen
dry densities of the specimens. Section 4.7 preshetswelling pressure as influenced by
post compaction residual lateral stresses, elgtérotoncentration and temperature.
Variation of saturated water content with swolley density of compacted specimens are

presented. Concluding remarks from this chaptepegsented in section 4.7.

4.2 Experimental program

The swelling pressures of MX80 bentonite specimemse measured using

modified oedometers shown in Fig. 3.12. The const@atume swelling pressure test

setup is presented in Fig. 3.14. The calibratiorthef device against deformation and

temperature are shown in Figs. 3.15 and 3.17, ctispdy.
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In total 54 swelling pressure tests were carried iouseven series of tests
described as series |, II, 1ll, IV,V, VI and VII.hE detailed experimental program is
illustrated in Table 4.1 and Fig. 4.1. Series | {@4ts), Il (12 tests), Il (9 tests) and IV (8
tests) tests were conducted at ambient temper&26re&C) and series V (5 tests), VI (4
tests), and VIl (5 tests) tests were conductechatlevated temperature of 70 (Table
4.1 and Fig. 4.1). Series | tests were conductedddiately after the compaction process
was completed. For all other series of tests @eses Il, I, IV, V, VI and VIl), the
specimens were extruded from compaction rings aede we-inserted back prior to
testing them. This process was adopted in an attéonpelease the post compaction

residual lateral stresses (Fig. 4.1).

Table 4.1 Detailed experimental program of swelfngssure tests

Test series Specimen  No. of tests Bulk fluid Testing
condition used temperature
1) (2) 3) (4) (5)
o Ambient
Compacted Distilled
I 11 temperature
and tested water s
(25 C)
' Compacted, 12 Distilled Ambient
extruded, re- water temperature
1l inserted 9 0.1 M NacCl (25°C)
Vi and tested 8 1.0 M NacCl
Compacted, Distilled
Vv 5 Elevated
extruded, re- water
. temperature
VI inserted 4 0.1 M NacCl ,
(70 C)
Vil and tested 5 1.0 M NaCl
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Compacted specimens af
removal of axial loa

Bulk fluid used:
Distilled water
Temperature:
25°C (Test series |

Extrusion and re-insertion
of the specimens

Bulk fluid used: Bulk fluid used:
Distilled water 1.0 M NacCl solution
Temperature: v Temperature:

25 C (Test series Il), 25 C (Test series V),
70°C (Test series V) Bulk fluid used: 70°C (Test series VII)
0.1 M NaCl solution

Temperature:

25 C (Test series ll),
70 C (Test seriesVI)

Figure 4.1. Compaction condition of the specimensexperimental program.

The effect of release of post compaction stress stadied by comparing the
swelling pressure results of series | and Il tedtswever, the effects of temperature and
electrolyte concentrations were not studied inddpatly for the specimens with and
without post compaction stresses. Effects of et concentration and temperature

were studied using specimens without post compastiesses.

Sodium chloride is the primary salt present in water amongst other salts. The
NaCl concentration in sea water is about 0.6 M. this study, distilled water
approximately equivalent to 0.0001 M NacCl, 0.1 MQMland 1.0 M NacCl solutions were
used as bulk fluids to study the effect of weak atrdng electrolytes on the swelling

pressure of MX80 bentonit€or the test series |, Il and V, the bentonite spens were
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hydrated using distilled water (Table 4.1 and Fdl). Test series Il and VI were
conducted by saturating the specimens using 0.1d@INolution (Table 4.1 and Fig.
4.1). Series V and VIl tests were carried out byrsding the specimens using 1.0 M
NaCl solution (Table 4.1 and Fig. 4.1). Test seked/I and VII were carried out at a

temperature of 7(C.

4.3 Extrusion and re-insertion of test specimens

Once the compaction process was completed, thenspes were extruded from
the specimen ring using an extruder. Upon extrystbe lateral dimension of the
specimens increased. The specimens were then éwlgdn two reference stainless steel
plates of diameter slightly less than that of thecémen rings. The excess materials were
removed by carefully scrubbing the circumferencehef specimens with the help of a
smooth metal file. Based on the new dimensionshef gpecimens, the mass of the
specimens, and for known water content (= 11%), rtfuglified dry densities of the
specimens were calculated. The specimens were dhigfully inserted back into the

specimen rings for the swelling pressure tests.

The extrusion and re-insertion processes of theisms are shown in Fig. 4.2.
Figure 4.2 (a) shows a compacted specimen withioeglometer ring after removal of an
applied static load. The specimen after extrusromfthe oedometer ring is shown in
Figs. 4.2 (b) and (c). The specimen after dimensmamipulation and reinserted into the
oedometer ring is shown in Figs. 4.2 (d) and (e$pectively. Figure 4.2 (e) indicates
that a small gap existed between the inner surfatethe oedometer ring and the

specimen after the re-insertion process. Durindhiftation process, the gap between the
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ring and the inner surfaces of the oedometer riag mplenished due to expansion of the

specimen. This was accomplished by testing triatspens.

(d) (e)

Figure 4.2. Specimen extrusion and re-insertiorwgsses prior to swelling pressure tests;

(a) after removal of static load, (b) and (c) afextrusion, (d) after dimension

manipulation, (e) after re-insertion.

The swelling pressure tests were carried out feréimge of targeted dry densities
of the bentonite specimens between 1.1 and 1.9 RigAnhigher dry densities, the
extrusion and re-insertion of the specimens didaanise any significant disturbance of
the specimens. However, at dry densities lower th&0 Mg/ni, the specimens were
fractured while extruding from the rings. Therefattee post compaction residual lateral
stress release effect was studied for the specimwghsdry densities greater than 1.30

Mg/m°,
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4.4 Applied compaction load and dry density of sp&mens prior to testing

Prior to preparation of the specimens, the oedametgs were lubricated with
technical grade silicon grease to minimise the fidéon. A high capacity compression
testing device was used for compacting the spe@mBme maximum static load applied
to prepare the specimens and the dry densitidseoédmpacted specimens before testing

are presented in Table 4.2.

Table 4.2 Applied compaction load and dry densitthe specimens prior to testing

Test series | Test series I
Load Dry density Load Dry density after  Dry density after
applied after release of applied removal of axial extrusion and
(kN) axial load (kN) load re-insertion
-- 1.10 10 1.43 1.37
-- 1.33 12 1.52 1.40
-- 1.43 16 1.55 1.45
11 1.48 29 1.61 1.57
12 1.52 34 1.64 1.61
25 1.58 48 1.72 1.64
38 1.67 65 1.78 1.72
60 1.76 70 1.80 1.75
76 1.81 78 1.83 1.77
82 1.85 98 1.92 1.81
112 1.95 92 1.88 1.82
105 1.94 1.86

Specimen preparation method for the test seriell|l}V, V, VI and VII, the
bentonite specimens were similar. Therefore, ineortb avoid the repetition of

information, the applied compaction loads and thed#&nsities of the specimens prior to
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testing of specimens in test series | and Il amsgmted in Table 4.2. The maximum
applied load at the highest dry density was 11A&bplied pressure 72 MPa), whereas

the applied loads were less at lesser dry dengif@sles 4.2). Comparing the dry density
of the specimens for test series T and Il (Taki®, 4t is evident that to achieve same dry
density of the specimen a lesser static load wagined for test series | than that for test
series Il. Similarly, for the test series lll, IV, VI and VII, a higher load was required to

achieve any dry density than that required for sesies |.

4.5 Deformation history of the compacted specimergmior to testing

The height of the compacted specimens was foundctease after releasing the
axial compaction load. Therefore, the dry densibiethe compacted bentonite specimens
were lesser than the targeted dry densities. €gyrthe extrusion of the specimens from
the specimen rings caused lateral expansion ofpleeimens and hence the dimensions
were adjusted to re-insert back into the ring. €fae, the dry density of the specimens

was further reduced due to extrusion and re-ir@efirocesses.

The dry densities of the specimens prior to thellswgepressure tests are plotted
against the corresponding applied static loadsliaseries of tests in Fig. 4.3. Apart from
some scatter in the data due to the workmanshigeaods in dimensions measurements,
the dry densities were found to fall on two distinarves shown as Midnd MP. Curve
MN represents the dry densities of the specimeties eFmoval of axial loads. Curve MP
represents the dry densities of the specimens dfter extrusion and re-insertion
processes. The minimum and maximum dry densitigeeoEpecimens achieved after the

compaction process was at M and at N, respectittalyas noted that upon extrusion and
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re-insertion processes, there was not any signifid@crease in the dry density at M.
However, at higher dry densities the extrusion @muhsertion process caused significant

decrease in the dry densities.
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Figure 4.3. Deformation history of compacted spetis prior to swelling pressure tests.

The slopes of the curves Mihd MP were found to be dissimilar at lesser applie
loads, whereas the slopes were found to be siatildry densities greater than about 1.50
Mg/m? (about 14 kN of applied axial load required forinarease in the dry density of

0.08 Mg/n?). This indicates that the ratios between the chanmgthe dry densities due to
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an axial stress release and that due to both arihithe lateral expansion and further

dimension manipulations were similar.

To explain the compaction condition of the specisantest series | and others,
the dry densities of specimens at points A, BaAd B are shown on the curves MN and
MP. For example, In Fig 4.3, points A and B on @uMN represent the dry densities of
specimens for test series | prior to testing. Tomgaction load required to achieve the
dry density of the specimens at points A and B vii&and 43 kN, respectively. After the
extrusion and re-insertion processes, the dry tessf the specimens at points A and B
on the curve MN shifted to the points at @&d B on curve MP. The dry densities of
specimens at points’Aand B are similar. Therefore, it is evident thdesser load was
required to achieve the same dry densities forsghecimens tested in series | tests as

compared to series Il, 1lI, IV, V, VI and VI tests

The dry densities of the specimens after completibswelling pressure tests
were calculated considering expansion of the deviberefore, the swollen dry densities

of the specimens were lesser than that shown ocuttve MPin Fig. 4.3.

4.6 Swollen dry density

The swollen dry densities of the specimens in smgllpressure tests were
calculated based on the measured water contentthaneblume of the specimens. For
each test, expansion of the specimen ring was rdeted using the pressure versus
deformation relationship (section 3.4.1.2). The amgon of the ring was added to the

diameter and the height of the specimens for cafitig the dimensions after the swelling

103



Chapter 4

pressure tests. The mass and water contents cfp@mens were measured after the
swelling pressure tests. For known mass, waterecb@nd volume of the specimens, the
dry density and void ratio of the specimens weteutated. Knowing the void ratio, the

degree of saturation of the specimens were catmllat

It was noted that the degree of saturation of thecisnens after the swelling
pressure tests varied between 102 and 148%. Seesedrchers have reported that the
degree of saturation of bentonite specimens mageekd00% (Martin, 1962; Komine
and Ogata, 1994; Villar, 2000; Villar and Lloret0B; Marcial, 2010). It was
hypothesized that the structure of water molecudkanges while in contact with
montmorillonite surfaces and the density of wataries in bentonite-water systems
(Pusch and Carlsson, 1985; Sposito and Prost, 1@&2iland et al., 2006; Villar and
Lloret, 2008). A review of literature suggestedtttiee density of water in compacted Na-
bentonite may vary between 0.97 (Anderson and Li®&7) and 1.14 Mg/f{Skipper et

al., 1991).

The degree of saturation is the ratio of volumewatter in voids to the total
volume of voids. Therefore, the degree of satunatid the specimens may not exceed
100%. Restricting the degree of saturation to 1@0#b considering the density of water
as 0.97, 1.0 and 1.14 Mginthe swollen dry densities of the specimens wecalculated

using following equations.

—w— (4.1)
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(4.2)

whereS is the degree of saturatiomjs the void ratiow is the water content (%{3sis
the specific gravity of the bentonite = 2.76is the density of soil solidg,,is the density
of water andpq is the dry density. Considering the degree of sdéitum = 100% and for
known water content, the density of soil solids atm® density of water, the
corresponding void ratio was calculated using dql)( Knowing the void ratio, the
swollen dry density was calculated using eq. (4I2g calculated swollen dry densities of

the specimens were used for analysis of test sesuthe following sections.

4.7 Results and discussion

Figure 4.4 shows the physical appearance of a beatosspecimen after
terminating a swelling pressure test. The unifoewture at both sides of the ring
indicates that the specimen was uniformly saturaiéé gap between the specimen and
the inner surface of the specimen ring prior ttingswas filled by the saturated specimen

as evident from Fig. 4.4.
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Figure 4.4. Physical appearance giezisnen after swelling pressure test.

4.7.1 Time-swelling pressure plot at ambient tempature

The time versus swelling pressure plots for theesel; II, 1l and IV tests are
presented in Fig. 4.5. All these tests were coratlet ambient temperature (Table 4.1
and Fig. 4.1). In series | tests, compacted bet#gm@pecimens were tested immediately
after completion of the compaction process andhéurhydrating the specimens using
distilled water (Table 4.1 and Fig. 4.1). For serig Ill and IV tests, the compacted
bentonite specimens were extruded from the specnmngnand re-inserted back prior to
testing (Table 4.1 and Fig. 4.1). Distilled watér] M NaCl solution and 1.0 M NacCl

solution were used for hydrating the specimen sisteeries 11, 11l and IV, respectively.
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10
Dry density
9 -o- Test series |
—K-Test series I 1.60 Mg/m?®
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Figure 4.5Time-swelling pressure plots for Series |, 1l,dHd IV tests.

Typical time versus swelling pressure results fpecemens at swollen dry
densities of 1.60 Mg/fhand 1.25 Mg/m are shown in Fig. 4.5. The swelling pressures
were found to be equilibrated within about 7 dags dll cases irrespective of the dry
density of the specimens and the bulk fluid typedusReferring to the test results
presented in Fig. 4.5, at a dry density of 1.60 mfgthe swelling pressures were very
nearly similar and independent of the bulk fluigéyfor the specimens tested under series
I, Ill, and IV tests, whereas the swelling pregsuras found to be significantly less for
the specimen that was tested immediately afteconepaction process (i.e., test series I).
At a dry density of 1.25 Mg/fn the effect of electrolyte concentration in buthusion
was distinct in that with an increase in NaCl corication in the bulk fluid, the swelling

pressure was found to decrease.
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For initially unsaturated compacted bentonite gpeas, the time required to
reach equilibrium swelling pressure is dependenthendry density and thickness of the
specimens. Several researchers (Pusch, 1980, WR&B&en and Muller-Vonmoos, 1989;
Villar and Lloret, 2008) have reported that thradirequired to reach maximum swelling
pressure is about 7-10 days; the current studyeagmith this. However, the phenomenon
of the double maxima in the swelling pressure dgwalent, which has been reported by
Pusch (1982) and Schanz and Tripathy (2009) haveen observed during the testing

procedure.

4.7.2 Swelling pressure test results at ambient teparature

The swelling pressures of the specimens tested tataerature of 25C are
shown in Tables 4.3 and 4.4. Table 4.3 presentset$teresults for series | and Il tests,
whereas Table 4.4 presents the test results fassiél and IV. The bulk fluids used to
hydrate the specimens, specimen preparation hjstioeydry densities of the specimens
after release of static load, the dry densitieghef specimens after extrusion and re-
insertion processes, the swollen dry densities,sthelling pressures and the measured
water contents at the end of the swelling prestests are presented in Tables 4.3 and

4.4.

The swelling pressures of compacted bentonite spa@ were found to increase
with an increase in the dry densities for all thst$ carried out in this study concurrent
with earlier findings reported in the literaturau@iéh, 1982; Bucher and Miller-Vonmoos,
1989, Komine and Ogata, 1994; Villar and Lloret0202008; Schanz and Tripathy,

2009).
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Table 4.3Summary of the swelling pressure results for sdraasl Il tests

Test Specimen Dry Dry Swollen Swelling Water
series preparation density density dry pressure content at
(Bulk history after after density (MPa) the end of
fluid release of extrusion (Mg/m°) swelling
used) static load and re- pressure
(Mg/m®  insertion test (%)
(Mg/m®)
1) 2) 3) (4) (5) (6) (7)
Static load 1.10 1.09 0.22 55.1
released 1.33 1.24 0.85 44.6
1.43 1.29 1.20 41.3
1.48 1.35 1.91 37.7
I 1.52 1.37 2.11 36.8
(Distilled 1.58 - 1.42 2.86 34.1
water) 1.67 1.46 3.70 32.2
1.76 1.49 4.52 31.0
1.81 1.53 5.85 29.0
1.85 1.56 6.04 28.0
1.95 1.60 8.22 26.1
Static load 1.43 1.37 1.26 0.99 43.4
released, 1.52 1.40 1.28 1.30 41.9
specimen 1.55 1.45 1.40 2.70 35.2
extruded and  1.61 1.57 1.39 2.81 35.8
I re-inserted 1.64 1.61 1.42 3.26 34.4
(Distilled  back to the 1.72 1.64 1.43 4.06 33.7
water)  specimenring 178 1.72 1.49 5.20 31
1.80 1.75 1.52 5.90 29.7
1.83 1.77 1.52 6.57 29.5
1.92 1.81 1.55 7.06 28.1
1.88 1.82 1.53 7.33 29.1
1.94 1.86 1.60 9.00 26.3
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Table 4.4Summary of swelling pressure results for serieant IV tests

Test Specimen Dry Dry Swollen Swelling Water
series preparation density density dry pressure content at
(Bulk history after after density (MPa) the end of
fluid release of extrusion (Mg/m°) swelling
used) staticload and re- pressure
(Mg/m®  insertion test (%)
1) (2) 3) (Mg/m?®) ) (6) (7)
(4)
Static load 1.13 -- 1.08 0.22 56.2
released
Static load 1.37 1.35 1.24 0.55 44 .4
released, 1.43 1.39 1.24 0.77 44.1
[ specimen 1.48 1.42 1.29 0.95 41.4
(0.1M  extruded and 1.61 1.55 1.40 2.14 35.0
NaCl)  re-inserted 1.63 1.58 1.43 2.83 34.8
back to the 1.71 1.65 1.49 4.08 30.9
specimenring 181 1.77 1.56 6.35 31.4
1.94 1.88 1.59 9.05 26.5
Static load 1.13 -- 1.08 0.04 55.6
released
Static load 1.39 1.32 1.27 0.33 42.7
v released, 1.56 1.49 1.37 1.08 36.7
(1.0M  specimen 1.73 1.67 1.49 2.67 31.1
NaCl)  extrudedand 1 73 1.68 1.50 2.82 30.5
re-inserted 1.73 1.68 151  2.94 29.8
back to the 1.89 1.79 1.55 4.70 28.3
oedometer ring 1.92 1.82 1.56 5.55 27.4
1.94 1.88 1.59 8.92 26.6
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The minimum and maximum measured swelling pressiorethe bentonite were 40
kPa (test series IV) and 9.05 MPa (test seriesTHe swelling pressures of MX80 bentonites
reported by other researchers (Pusch, 1982; BuaMuller-Vonmoos, 1989; Bbrgesson
et al., 1995; Karnland et al., 2007) were fountecimilar to the measured swelling pressure

values obtained in test series I.

4.7.3 Influence of post-compaction residual stress@n swelling pressure

Figure 4.6 shows the swelling pressure test resoittseries | and Il tests that were
carried out with distilled water as the bulk fluithe results are plotted based on the swollen
dry densities of the specimens. Determination oblm dry densities of the specimens is
explained in section 4.5. The swollen dry densitiésthe specimens after the swelling

pressure tests were calculated considering thetglerisvater as 1.0 Mg/t
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Figure 4.6. Influence of post compaction residei@sses on swelling pressure.

The swelling pressures for series |l specimens wearariably found to be greater
than that for specimens tested in series | atrglldénsities considered in this study. Stress
relaxation upon extrusion of the specimens fromsihecimen rings affected the dry densities
of the specimens. On the other hand, as showngirdE3, at any given dry density a greater
load was applied for preparing series Il speciméra that for series | specimens. An
increase in the swelling pressure for the specinmemsst series Il was between 8 to 25% as

compared to the swelling pressures of specimetestis series |.
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Considering that an increase in the dry densitgaaistant water content causes a
decrease in the interaggregate pores in compalzgsl (Sridharan et al., 1971; Delage et al
2006) and further considering the stress pathsod@t by the compacted specimens
following the axial and the lateral stress releasehis study (Fig. 4.3), the following
conclusions are maddét any given dry density, the increased swellinggsures for the
specimens tested in series Il are on account diehigompressive load applied during
specimen preparation causing reduction in inteeggge pores. Additionally, the release of
the post compaction residual stresses upon extrudiohe specimens from specimen rings
caused further changes in the pore size distribuéiod particle reorientation within the
specimens (Delage et al., 2006). Note that devéithe latter, the dry density-swelling

pressure relationship for the bentonite may be exepeto be unique.

Figure 4.7 shows the comparison between the maxiswelling pressures obtained
from series | and series Il tests conducted in shigly, with those results reported in the
literature. While there is good agreement with #éhoesults reported by Karnland et al.
(2007), the results presented by Bucher and M¥tarmoos (1989) are lower for dry

densities greater than 1.50 MdIm
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Figure 4.7. Comparison between maximum swellingsuees obtained with reported results.

Figure 4.8 shows the swelling pressure test redualtsseries | and Il tests. The
swollen dry densities of the specimens in this vesee calculated considering the density of
water as 0.97 and 1.14 MginfFor comparison test results with = 1.0 Mg/n? are shown in
Fig. 4.7. It was noted that the swollen dry deasitf the specimens increased as the density
of water was increased. lrrespective of the demditvater, the swelling pressures measured
in series |l tests were found to be significantighter than that of series | tests. Henceforth,
the density of waterp(,) considered as 1.0 Mghfurther analysis of swelling pressure test

results in this chapter are basedogre 1.0 Mg/nf.
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Figure 4.8. Effect of density of water on dry dépsiwelling pressure relationship.

4.7.4 Influence of electrolyte concentration on svleng pressure

Figure 4.9 shows the swelling pressures of theispats in test series Il and IV that
were hydrated with 0.1 M and 1.0 M NaCl. The swejlpressures test results for test series
Il are also shown in Fig. 4.9 for comparison. Theasmens tested in series Il, Ill and IV had
similar stress history and hence the test resuéiscamparable. An increase in electrolyte
concentration of bulk fluid clearly affected theedling pressures of the specimens at swollen
dry densities less than 1.60 Mdl/rithe test results are concurrent with the resafisrted by
several researchers in the past (Pusch, 1982; &ainét al., 2006, 2007; Komine et al.,

2009).
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Figure 4.Mfluence of bulk solution type on swelling pressur

Comparing the swelling pressures exhibited by thecisnens with distilled water,
reductions in the swelling pressure were founde@bout 33% for 0.1 M NaCl and 66% for
1.0 M at a dry density of about 1.25 MginSimilarly, a reduction in the swelling pressure
was about 21.5% for 0.1 M and 48% for 1.0 M NaCa ary density of about 1.50 Mgiras
compared to the swelling pressure of the bentamite distilled water. Figure 4.9 shows that
at a dry density of 1.60 Mg/nall the specimens tested exhibited very neantyilai
swelling pressures (shown as the dotted line). $welling pressures exhibited by the
specimens hydrated with different bulk fluids wsiailar at lower (1.10 Mg/f) and higher

(1.60 Mg/n?) dry densities.
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The reduction in swelling pressure may be attridute suppression of diffusion
double layer (Verwey and Overbreek, 1948; van Qipli®77; Pusch, 1982; Mitchell, 1993)
due to an increase in electrolyte concentratiothefbulk fluid. At higher dry densities, the
swelling mechanism is governed by hydration of aregi and the diffuse double layer
swelling is not very significant (Verwey and Ovesbk, 1948; van Olphen, 1977).

Therefore, at dry density of 1.60 Mg/l the specimens exerted similar swelling pressur

4.7.5 Saturated water content after swelling pressa tests at ambient temperature

The water contents at the end of swelling presgests for series |, I, 1ll, and IV
(Columns (5) and (7) of Tables 4.3 and 4.4) arétgdibagainst the corresponding swollen dry
densities in Fig. 4.10. The water contents of tpecsnens against dry densities were
calculated based on the density of water as 1.0ri¥idor any dry density the corresponding
void ratio was calculated knowing the density otevaand the density of soil solids using eq.
(4.3). Knowing the void ratio and the density ofl solids, the saturated water content was
calculated using eq. (4.1). The water contentdhefdpecimens after swelling pressure tests

was found to decrease with an increase in the swalty density for all the tests.
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Figure 4.10.Swollen dry density versus water content of thecspens for series |, II, I,
and IV tests.

The saturated water contents of the specimensdvhaveen 26 and 56% for a range
of dry density considered in this study. Considgtine density of water as 0.97 Mginthe
calculated saturation water contents varied betwkA% and 61.9% for a range of dry
density between 1.0 and 2.0 Md/mvhereas the saturation water contents varied destw
15.7% and 72.7% for the same dry densities wheménsity of water considered was 1.14

Mg/m®,

The swollen water contents of the specimens iresdnvere about 2.5 — 3.0% greater
than that for test series Il at dry densities gredhan about 1.25 Mgfin Higher water
contents and lesser swelling pressures for segpedimens indicated that at any dry density,

the volumes of the interaggregate pores were m@riel{aran et al., 1971; Delage et al.,
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2006) as compared to that of the specimens testegries Il, comparison being made at

similar dry densities.

The saturated water contents for the specimenssexipio 1.0 M NaCl were found to
be lesser than that for specimens in series IlIAndsts. The results clearly suggested that
for compacted bentonites exposed to various corat@n of NaCl solutions, at any dry
density the variation in the water content is withbout O to 3.5% for the range of swollen

dry densities between 1.10 to 1.60 Mg/m

The swelling pressures and water content resutteared that suppression of the
electrical double layer (Verwey and Overbeek, 194&n Olphen, 1977; Pusch, 1982;
Mitchell, 1993) occurs due to an increase in thec@oncentration of the bulk fluid at low
dry densities that was manifested on the reduatidhe swelling pressures of the specimens.
However, it is hypothesized that its influence myarestricted on the boundary of aggregate
pores that expanded due to the collapse of thdagts pores accommodating an equivalent
increased amount of the fluid within the interaggte pores. At very high dry densities (=
1.60 Mg/n?) the effect was different since the swelling metisia followed is only due to
the hydration of cations and overlapping of theristayers (Verwey and Overbeek, 1948;
van Olphen, 1977). Therefore, all the specimensedesbsorbed nearly similar water

contents.

4.7.6 Influence of temperature on swelling pressure

In order to study the effect of temperature on Bmgpl pressure of compacted

bentonites, several swelling pressures tests warducted at an elevated temperature of 70
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“C. The specimen condition and the experimentalraragare presented in Table 4.1. Three
series of tests were conducted at an elevated tatupe of 70C described as series V (5
tests), series VI (4 tests) and series VII (5 jJaststs. The swelling pressure tests were carried
out after extrusion and re-insertion of compactedtbnite specimens. In series V tests, the
bentonite specimens were hydrated using distilledew Test series VI and VII were

conducted by saturating the specimens using 0.hdvil2D M NaCl solutions.

After specimen preparation was over, the bentongescimens were placed in
specimen chamber of the modified oedometer (FitR)3.The entire device was transferred
to a 50 kN capacity load frame. The load cell wiggcaed on top of the loading plunger and
the heater was connected to electric power. Thetreleheater was switched on for
conducting the tests at an elevated temperatu® of. Once the temperature of the heater
reached the equilibrated (within about 20 minutdk)id was supplied to hydrate the

bentonite specimens. The swelling pressures werertionitored with elapsed time.

4.7.6.1 Time-swelling pressure plot at elevated tgrarature of 70 C

The time versus swelling pressure plots for sevie¥1 and VIl tests at swollen dry
density of 1.43 Mg/rhare shown in Fig. 4.11. The time required to attaie equilibrium
swelling pressure for the tests conducted withlgidtwater and 0.1 M NaCl solutions were
about 7-10 days. Note that the swelling pressutresndient temperature also equilibrate in
about 7-10 days. It was noted that the specimesiedeat a temperature of 7G and
saturated with 1.0 M NaCl solution attained equilibh swelling pressures at significantly

lesser elapsed time.
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Figure 4.11. Time swelling pressure plots for sekieVI and VII tests.

4.7.6.2 Swelling pressure test results at elevateemperature of 70°C

A summary of swelling pressure results for serigsligtilled water, 70C), VI (0.1 M
NaCl, 70 'C) and VIl (1.0 M NaCl, 70C) are presented in Table 4.5. The specimen
preparation history, the dry densities of the gpecis after release of static load, the dry
densities of the specimens after extrusion andngertion processes, the swollen dry
densities, the measured swelling pressures andvéter contents at the end of swelling
pressure tests are presented in Table 4.5. Thenmaxiand minimum obtained in series IlI

tests swelling pressures were 9.14 MPa and 0.73 MPa
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Table 4.5Summary of swelling pressure test results for sevieVl and VIl tests

Test Specimen Dry density  Dry density  Swollen  Swelling Water
series preparation  after release after extrusion  dry pressure content at
(Bulk history of static and re- density (MPa) the end of

fluid load insertion (Mg/m®) swelling
used) (Mg/m®) (Mg/m®) pressure

test (%)

(1) (2) (3) (4) (5) (6) (7)

1.56 1.49 1.39 2.15 35.8

v 1.65 1.61 1.42 2.77 34.1

(distilled 1.62 1.58 1.43 2.90 33.7

water) 1.74 1.70 1.51 5.11 30.0

Static load 1.86 1.83 1.58 7.36 27.0

released, 1.53 1.50 1.38 1.40 36.4

Vi specimen 1.62 1.58 1.44 2.86 33.0

(0.1 M  extruded and 1.76 1.70 1.52 4.19 297

fing 1.55 1.50 1.44 0.74 33.4

Vil 1.61 1.59 1.54 1.88 28.9

(1.0M 1.66 161 1.52 1.92 29.7

NaCl) 1.78 172 1.59 4.35 26.7

1.88 1.85 1.66 9.13 24.0

Comparison between the swelling pressures measaredmbient and elevated
temperatures using distilled water, 0.1 M NaCl 4@ M NaCl solutions as bulk fluids are
shown in Figs. 4.12, 4.13 and 4.14. Note that ihal fdry densities of the specimens

calculated considering the density of water asvighm?®.
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Figure 4.12. Comparison of swelling pressures nredsuat ambient and elevated
temperatures using distilled water as bulk fluid.
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Figure 4.13. Comparison of swelling pressures nredswat ambient and elevated

temperatures using 0.1 M NaCl solution as bulkdflui

123



10

Chapter 4
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Figure 4.14. Comparison of swelling pressures nredsuat ambient and elevated

temperatures using 1.0 M NaCl solution as bulkdflui

The swelling pressures measured at an elevatecetatnpe of 70C were lesser than

the swelling pressures measured at ambient teruper5 C) at equal swollen dry densities

of the specimens. The effect of temperature wasfgignt for series VIl tests. Similar results

were reported by several researchers in the pastckP 1980; Villar and Lloret, 2004;

Romero et al., 2005).

Mitchell (1993) stated that an increase in the teragure increases the diffuse double

layer thickness between clay platelets, decreasessurface potential and the dielectric

constant of pore fluid. The combined effect of acrease in the diffuse double layer

thickness and decrease in surface potential arelctlie constant resulted in development of

lesser swelling pressure of MX80 bentonite at avaiked temperature of 70.
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4.7.6.3Saturated water content after swelling pressure tés at elevated temperature

The measured water contents against the swollerdelngities of the specimens for
series V, VI and VIl tests are plotted in Fig. 4.T%e measured water contents of the
specimens after swelling pressure tests are pladgminst the calculated dry densities

considering the density of water as 1.0 Mg/m

100

A Test series V (Distilled water)
@ Test series VI (0.1 M NaCl)
® Test series VIl (1.0 M NaCl)

— — Calculated full saturation line

Saturation water content (%)
/
/

~ iy
*‘\ -
/o
TR w=193%
100% saturation line S~ \

Specific gravity = 2.76 <
Water density = 1.0 Mg/m®

Initial water content = 11% —\

10 w \ ‘ \
1.2 14 1.6 1.8

Swollen dry density (Mg/m?)

Figure 4.15. Swollen dry density versus saturatatemcontents for series V, VI and VII
tests.

The water contents measured after dismantling wedliag pressure tests conducted
at a temperature of 7@ were found to be lesser than the water contem@sored after
swelling pressure tests conducted at a temperafu28 'C. The least water content for the
specimens tested at room temperature was found 2611% (Series 1V), whereas the least

water content for the specimens tested at a termyperaf 70 C was 24% (series VII). Baver
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and Winterkorn (1936) stated that an increaseenémperature increases the kinetic energy

of the water molecules and reduces the hydratigdheoparticles.

4.8 Concluding remarks

The effects of post compaction residual stressctrelgte concentration and
temperature on swelling pressure of compacted MX8@tonite is brought out in this
chapter. The extrusion and re-insertion proces$e$heo compacted bentonite specimens,
stress history of the compacted bentonite specimpéns to testing, calculation of swollen
dry density of the specimens are presented. Thetsesf swelling pressures tests conducted
at ambient and elevated temperature using distdlater, 0.1 M NaCl and 1.0 M NaCl as
bulk fluids are presented. The measured water nts\td specimens after swelling pressure

tests are shown. The following concluding remais lse made from the study.

Compacted bentonite specimens with post compactisidual stress exhibited about
8 to 25% less swelling pressures as compared 1o ghress released counterparts for the
range of swollen dry density between 1.25 and M@0m>. The difference in the swelling
pressures of specimens with and without post cotigracesidual stresses can be attributed
to differences in structure and fabric owing tolaggpbcompaction loads during preparation of
the specimens. The test results showed that insitepp conditions compacted bentonite
bricks or pellets may exihibit greater swelling gseres than that have been reported by

several researchers.

The influence of higher NaCl concentration in thekifluid was found to reduce the
swelling pressures of compacted bentonite specimwghsdry densities between 1.20 to 1.55

Mg/m®. The reduction in swelling pressure is attributedsuppression of electrical double
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layer at lower dry densities. At higher dry derstithe swelling mechanism is only due to
the hydration of cations and overlapping of thertstayers (van Olphen, 1977). Therefore,
the effect of electrolyte concentrations on thelbmge pressures of compacted bentonites at

higher dry densities was negligible.

An increase in the temperature reduced the sweliiegsure of compacted specimens
on account of reduction in dielectric constant ofepfluid and surface potential of bentonites
(Mitchell, 1993). The swelling pressure measureelavated temperature had significantly
decreased when the specimens were saturated Withl NaCl solution. These test results
are for specimens devoid of post compaction resildteral stresses. The trend is similar to

what has been reported in the literature for trexispens tested with post compaction lateral

stresses.
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Chapter 5
Swelling pressure of compacted bentonite from physo-

chemical considerations

5.1 Introduction

The experimental swelling pressure results obtaifredn constant volume
swelling pressure tests are presented in chaptartilis chapter, the dry density-swelling
pressure relationship of compacted MX80 bentonits vestablished from physico-
chemical considerations. The main objective of ttedy was to compare the
experimental and theoretical dry density-swellimgssure relationships and bring out the
applicability of the diffuse double layer and théer® theory in assessing swelling

pressures of compacted bentonites.
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In this chapter, the equations used to determiaeskbctrical charge and potential
distribution and the procedure used to establighdty density-swelling pressure and
vertical pressure-void ratio relationships in clagter-electrolyte systems for interacting
clay platelet systems are presented. The equatomspresented following the Stern
theory and the diffuse double layer theory as glweWerwey and Overbreek (1948). The
experimental swelling pressure results presentedhapter 4 are compared with the
theoretical results obtained from the diffuse deuldyer and the Stern theory. The
analysis was carried out considering the constariace potential method (Verwey and
Overbreek, 1948). The influence of various paramsetn the dry density-swelling

pressure and the vertical pressure-void ratioiogiahips were also studied.

In section 5.2, the Stern theory for interactingycplatelet system is presented.
The procedure used to establish the pressure-watid and the dry density-swelling
pressure relationship is described. The Gouy-Chapdiifuse double layer theory for
constant surface potential case is presented itioses.3. The parameters chosen for
analysis are presented in section 5.4. An exangitailation to establish the dry density-
swelling pressure relationship from the Stern thespresented. Section 5.5 presents the
effect of various parameters on the vertical pnessoid ratio and the dry density-
swelling pressure relationships and comparisonsvdmt the experimental and the
theoretical dry density-swelling pressure relatiops for compacted MX80 bentonite.

The concluding remarks from this chapter are preskim section 5.6.
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5.2 Stern theory for interacting clay platelet sysgms

Clay particles carry net negative charges on theifaces due to isomorphous
substitution in their crystal lattice (Mitchell, 98). Exchangeable cations present in the
clay media are attracted to these negative chafdesnegatively charged surfaces of the
clay platelets, the water, and the ions in the ctedia, form an electrical double layer
around the clay platelets. Stern (1924) proposetl tthe finite size of the ions (either
hydrated or not), limits the closest approach obanter-ion to the charged clay surfaces.
Therefore, the concentration of ions near the dayface is appreciably lesser as

compared to that calculated by treating the iongoast charges.

The salient features of Stern and Gouy layerdradge distribution in clay-water
electrolyte system are presented in Fig. 2.9. Tpeli@ation of the Stern theory in
geotechnical engineering is presented in secti®@n/freview of literature suggested that
there are two approaches of analysis using thex $teory; () constant surface potential
method andii) constant surface charge method. In the curreqstigation, the constant

surface potential method was adopted.

5.2.1 Charge and potential distribution

The electrical charge and electrical potential ritigtions in a clay-water
electrolyte system can be calculated from the Stexary as applicable to interacting clay
platelet systems/erwey and Overbeek (1948) used the following eiqQuat(egs. (5.1) to
(5.6)) to establish the relationship between elegitrcharge, potential and the distance

between clay platelets based on the constant supiatential.
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(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

wheree¢' is the dielectric constant of pore fluid in theel® layergo is the permittivity of a

vacuum (= 8.85x1® C2J'm™), N; is the number of adsorption spots pet anea of

surface (ions/f), v is the valence of exchangeable caticids the electrical charge (=

1.6x 10" C), N4 is the Avogadro’s number (= 6.023%3@ns/mol),py is the density of

solvent (Mg/m), ¢ is the specific adsorption potential (eV or Joules)is the

Boltzmann's constant (= 1.38x1d Joule/Kelvin), T is the absolute temperature in

Kelvin, M is the molecular wt of solvent (Mg/mol), is the concentration of bulk fluid

(ions/n?), D is the dielectric constant of bulk fluid (= 80.4rfwater), z; is the
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nondimensional potential function at the Stern glag is the nondimensional potential

function in the Gouy-layer ang, is the electrical potential in the Gouy-layer (V).

For a given value of and a predetermined value wf, o is calculated from eq.
(5.1) by varying the value af;. For known bulk fluid properties and temperatuhe
chosen values of; must be such that the calculated charge in then&ger 1) from
eq. (5.2) will produce a positive charge in the Gtayer @) and also must satisfy the
charge electoneutrality condition (i.e., eq. (5.8M)owing o, from eq. (5.3) and for any
suitable value ofys andz; from eq. (5.5)uy can be calculated from eq. (5.4) apglfrom

eg. (5.6).

5.2.2 Relationships ofty;, wy, 6, 61 and o, with d

The diffuse double layer theory for interactingyclaatelets is used to establish
relationship between the midplane potentig) @nd the distance functioKKd) (Verwey
and Overbeek, 1948; van Olphen, 1977; Sridharan Jayddeva, 1982; Tripathy and
Schanz, 2007). The difference between the Gouy-@hapdiffuse double layer theory
(without Stern-layer) and the Stern theory is onoaat of two important changes dealt
with in the latter; i) shifting of the start of the Gouy-layer by a #mess equal to the
Stern-layer thickness (Fig. 2.6) anidl) (only a fraction of the total charge becomes
available in the Gouy-layew) that influenceauy. The resulting second integral of the
Poisson-Boltzmann equation with interacting dodaier boundary conditions (i.e., with
integral limitsd - 6 andd) can be used to relatg (or yq) andz; (or y;) to the distance

function, Kd (Verwey and Overbeek 1948) (i.e., eq. (5.7)). KnoyK from eq. (5.8)d
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can be determined. Therefore, the relationshipg;spfiyy, o, 1 and o, with d can be

established using egs. (5.1) to (5.8).

§ 1 d
dy=- |[dé=-Kd
L& JJ(2coshy - 2coshu,) ’ <dL> ‘

whereK is the double layer parameter given as

K :(Znoe'zvzjy2

&,DKT

(5.7)

(5.8)

wherey is the nondimensional potential at distaxdeom the Stern planeg] is the half

the distance between parallel clay platelets (m)¢as the distance function equal Ko

5.2.3 Dry density-swelling pressure and vertical g@ssure-void ratio relationships

Bolt (1956) stated that the swelling pressure ésdiiference between the osmotic

pressure in the central plane between two clayeleis and the osmotic pressure in the

equilibrium solution. Equations (5.9) and (5.10h ¢ used to determine the pressure and

the void ratio, respectively for interacting claiatelet systems (Verwey and Overbeek,

1948; Bolt, 1956; van Olphen, 1977). In eq. (5/@)s the repulsive pressure (i.e., the

osmotic pressure or the swelling pressure at theraleplane of two parallel clay

platelets) in (N/rf). The values ofiy calculated from eq. (5.4) can be used to determine

the swelling pressures for known bulk fluid propest Equation (5.10) proposed by Bolt

(1956) is the interrelationship between the hadtahice between parallel clay platelets
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(d), the specific surfaceSm?/g), the specific gravity of soil solid&§ and the void ratio
(e) of the clay. For a known swelling pressupg ,(the dry densityp) can be determined

from eq. (5.11) wherp,, is the density of water.

p = 2n,kT(coshu, —1) (5.9)

e=G_ p,sdx10° (5.10)
G

P =P (5.11)

5.3 Gouy-Chapman diffuse double layer theory (conant surface potential case)

In case of the Gouy-Chapman diffuse double layeoiy with constant electrical
potential at the surfaces of the clay plateletsnidy and Overbeek, 1948), the Stern
layer is ignored and hence egs. (5.1) - (5.3) aterequired. The surface potentigk,
being a constant valuei.e., the nondimensional potential function at skiefaces of the
clay platelets) can be calculated from eq. (5.1R)s will be a unique value for given
values ofyo, v andT. For any assumed value pf Tand known bulk fluid propertiesy
can be calculated using eq. (5.9). Equation (5af) be used by replacing with z
between limits of integration zero amnidto determineKd. In this case, the distanca,
becomes the clear distance from the surface ofltheplatelets to the midplane between
two parallel clay platelets. Ond&d is known andK from eq. (5.8)d can be calculated
ande from eq. (5.10). Therefore, for any given vertipegssure, the void ratio of the clay

can be determined. It is also possible to calcutaecorresponding vertical pressures for
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a set of assumedl values using the equations available. Note thatdhac effect is not
considered in the diffuse double layer theory amel $tern theory. Therefore, swelling
pressure in compacted systems and vertical pressucensolidation tests are treated

equally. Equation (5.13) is only used when detaation of the total charge is of interest.

vey,
Z5 = 5.12
5= T (5.12)
0 = 8nkTeD,/2coshz, - 2coshu, (5.13)

Note that for the constant surface potential casesideration of the specific
surface area is only required while determiningubiel ratio using eg. (5.10) and is not at
all used while establishing vertical pressure vedstelationship (i.e., egs. (5.1) to (5.9)).
Similarly, the total cation exchange capacity af tilay is not used in the Stern theory,
whereas information on the valence of exchangeadilen is required at various stages of

calculation.

5.4 Choice of parameters for theoretical calculatios

5.4.1 Surface potential )

The electrical potential at the surfaces of claytiggs can be determined by

several currently available methods (van Olpher§4i9.ow, 1981; Miller and Low,

1990; Zhang et al., 1994; Sposito, 2008; Hou et28l09; Li et al., 2009), such as based

on the surface charge, negative ionic adsorptioreasurements, zeta potential
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measurements, ionic concentration equilibrium basedhe diffuse double layer theory,
and based on the chemical reactions at the sudadeat various planes. Verwey and
Overbeek (1948) and van Olphen (1954) stated thatcalculatedy, based on the

specific surface and cation exchange capacity, (based on the surface charge) is
unusually a high value for hydrophobic colloids.rwey and Overbeek (1948) considered
a constant surface potential value of 200 mV. Lakt(2009) shown that the surface
potential of montmorillonites may vary between 28V and 297 mV. The above studies
clearly indicated that the surface potential forntmoorillonites may vary between 200

mV to about 300 mV, the latter being the uppertimi

5.4.2 Stern layer thicknessd)

Verwey and Overbeek (1948) and van Olphen (19&f¢dtthab; is concentrated
at a distance of about 0.5 nm from the surfacéhefday platelets. Shang et al. (1994)
stated thato may vary between 0.5 and 0.6 nm. Sridharan andaBaigty (1996)
considered equal to the hydrated ionic radii of exchangealadgons. Sposito (2008)
stated that the type of exchangeable cations, idtaldition of charge and the size and
shape of the siloxane cavity formed on the surtdgaontmorillonite influence the cation
adsorption. In general, the diameter of siloxanatgas about 0.26 nm (Sposito, 2008).
Note that the value af will influence the close approach of two interagtaouble layers
and the minimum void ratio up to which the Steredtty can be applied. Partial hydration
and unhydrated status of exchangeable cationseirstérn-layer have been discussed by
van Olphen (1954) and Grim (1968). These consiaeraialong with the consideration of

the inner sphere complex (i.e., cations residingelto the surface and not separated by
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water molecules or in the inner Helmholtz plang)q§to, 2008) support the choice of the

thickness of the Stern-layer equal to about 0.5 nm.

5.4.3 Dielectric constant of fluid within Stern laer (&)

The dielectric constant of the pore-fluid) (in the Stern-layer depends upon the
water content of clays (Sridharan, 1968) and serfdtarge properties of clay particles
(Shang et al. 1994). Sridharan (1968) stated that'tof the fluid next to the clay
minerals is about 3. Based on an extensive litezateview, Shang et al. (1994) stated
thate' may vary between 4 and 8, whereas Sridharan aryar8atty (1996) stated that
may vary between 3 and 6. Verwey and Overbeek (l8dBsideredt’ = 6.5, whereas
van Olphen (1977) and Sridharan and Satyamurtyg)l@®nsidered' = 6. Hunter (1981)
stated that the limiting value efis about 6. It appears from these studies thatativer
and upper limits ot' are 3 and 8, respectively. Since the total chaggerding to eq.
(5.1) depends upast andyy, the influence of these parameters on the pressideratio

relationship of bentonite needs further investmyati

5.4.4 Other parameters ¥, No, and &)

Extensive studies have been reported on the cosibiiég and swelling pressure
of montmorillonites as affected by ny, andegy (Bolt, 1956; Mesri and Olson, 1971;
Sridharan and Rao, 1973; Sridharan and Jayade®2, Biucher and Miuller-Vonmoos,
1989). A decreasing order of the reported experialezompressibility curves with an
increase imy andv has been noted to be concurrent with the predistioom the Gouy-

Chapman diffuse double layer theory (without theri$iayer and with constant charge at
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the surfaces of the clay platelets). At low veltigaessures or high void ratios, it may be
expected that the influence of these parameterth@mesults with an inclusion of the

Stern-layer will be similar. On the other hand, Wey and Overbeek (1948) and van
Olphen (1954) showed that with a decrease in tla¢elet distance and for constant
electrical potential at the surfaces of the clagtglets, the electrical potential increased

with an increase ing andv.

Experimental results showing crossing of the comsgilality curves of bentonites
with higherng to that of bentonites with lowet, and crossing of the compressibility
curves of higher valent bentonites to that of beiés of lower valence have been
reported by only a few researchers. Bucher andévibnmoos (1989) have shown that
at very high compaction dry densities, Montigel toaite (a divalent-rich German
bentonite) exhibited greater swelling pressures tha-rich MX80 bentonite. Laboratory
compressibility tests results reported by Marcialak (2002) for various bentonites
showed that with an increase in the applied vdrpcassure, the void ratio of a divalent
rich bentonite (Ca-Fourges) remained higher thaat tf Na-rich bentonites (Na-Ca

MX80 and Na-Kunigel bentonites).

A number of examples have been discussed in t@titre by considering = 0
for calculating the electrical charge in the Stixyer (Verwey and Overbeek, 1948; van
Olphen, 1977; Shang et al.,, 1994; Sridharan andaS8atrty, 1996). Verwey and
Overbeek (1948) stated that the properties of et the wall material are responsible
for the Stern-layer thickness and the adsorpticeni@l. van Olphen (1954) stated that
the clay platelets do not spontaneously dissodiatsolution despite the high charge

density of the surfaces. Therefore, a considerapkific adsorption potential of the
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exchangeable ions to surfaces of the clay platatetg be expected. Sposito (2008) stated
that the inner-sphere surface complex mechanismdikaly to involve both ionic and
covalent bonding. A review of literature on the rogtructure of saturated bentonites
reported by Marcial et al. (2002) indicated that ttumber of stacked clay platelets that
are usually formed at very high water contentst{snc 3.2 kPa) depends upon the type
of exchangeable cations present in the bentonisgw®y and Overbeek (1948) and
Sridharan and Satyamurty (1996) studied the infteen on the electrical charge and
Stern potential for single clay platelet systems. Studies available at this stage on the

influence ofp on the swelling pressures for interacting claygh systems.

Based on the previous studies, the thickness ofthen-layer ), the dielectric
constant of pore fluid in the Stern-layel),(the electrical potential at the surface of the
clay (o) and the specific adsorption potentigl) (were considered for theoretical
calculations. The thickness of the Stern layer whemed for theoretical calculation was
0.5 nm. The effect of' on the pressure-void rati@-(og p) and dry density-swelling
pressure relationship were studied #or 3, 6.5 and 8. The specific adsorption potential
(p) was considered as 0, 0.05 and 0.1 mV for paramstudies. The surface potential

(wo) was considered as 300 (0.3 V), 250 (0.25 V) andr@u(Q0.2 V).

5.5 Results and discussion

This section presents the parameters used to isstahke dry density-swelling

pressure relationships of bentonite from the dédfa®uble layer theory and the Stern

theory. The itemised results from the diffuse deubler theory and the Stern theory are

presented. An example calculation to establish dng density-swelling pressure
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relationship from the Stern theory is shown. Thelteurface charges), the Stern-layer
charge 1), the Gouy-layer chargerd), the swelling pressuregp)( void ratio €) for 2d
varying from 1.0 to 10.0 nm were calculated frora 8tern theory following egs. (5.1) to
(5.11). The parameters used for calculations avesshn Table 5.1. Note that for the case
of constant potential at the surfaces of clay jg#de the specific surface is not required
for determination of the charges and the potentidble 5.2 presents the itemised results

from the Stern theory.

Table 5.1 Parameters used to establish relatiomshgiween electrical charge and

electrical potential with@

Parameters Values
&' 6.5

D 80.4

Ub 0.3V or 300 mV
o (nm) 0.5

N; (ions/nf) 4.0 x 10’
% 1.0

pw (Mg/m®) 1.0

M (Mg/mol) 18.0

N (moles/m) 0.1

¢ (eV) 0

T (K) 298

The total surface charge, the Gouy-layer potentta, void ratio, and the dry
density were calculated from the Gouy-Chapman séfudouble layer theory with
constant surface potential. Table 5.3 show theigethresults from the diffuse double

layer theory.
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Table 5.2 Determination of charges, potentials,llsvgepressures and void ratios from Stern theawyifiteracting clay plateletg/g = 300

mV)
ws/1000 (V) o (C/nf) o1 (CInf) o, (CInT) Ug Zs ¥,/1000 Kd K(1/m) 2d= px 10 e
(assumed) fromeqg. fromeq. fromeq. fromeqg. fromeqg. (V)from fromeq. fromeq. (2Kd/K) (Pa)from from eq.
(5.2) (5.2) (5.3) (5.4) (5.5) eq. (5.6) (5.7) (5.8) (nm) eq. (5.9) (5.10)
266.5 0.0039 0.00345 0.00046 10.38 10.38 266.5 00.00 3.25x 1.00 8.00 1.06
10’
248.8 0.0059 0.00181 0.00408 9.69 9.69 248.73  0.000 1.05 4.00 1.11
2314 0.0079 0.00093 0.00696 9.00 9.01 230.97  0.002 1.18 2.00 1.25
224.4 0.0087 0.00071 0.00799 8.71 8.74 223.65 @.004 1.27 1.50 1.35
215.0 0.0098 0.00050 0.00930 8.32 8.38 21351  6.007 1.46 1.00 1.55
210.0 0.0104 0.00041 0.01000 8.10 8.18 207.90 09.009 1.61 0.80 1.70
203.5 0.0111 0.00032 0.01080 7.80 7.93 200.24 Q@.014 1.87 0.60 1.98
195.0 0.0121 0.00023 0.01190 7.37 7.60 189.26  0.023 2.42 0.40 2.56
185.0 0.0132 0.00016 0.01310 6.76 7.21 173.54  0.044 3.71 0.20 3.93
176.5 0.0142 0.00011 0.01410 6.00 6.88 154.06  6.086 6.32 0.10 6.70
172.0 0.0147 0.00009 0.01464 5.32 6.70 136.60 Q.146 10.00 0.05 10.6
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Table 5.3 Determination of charge, potential, siwglpressures and void ratios from Gouy-Chapmansifdouble layer theory/f = 300 mV)

px 10 (Pa) Ug wy/1000 (V) z Kd K (1/m) 2d=2Kd/K e o (C/nY)
(assumed) from eq. from eq. from eq. fromeq. from eq. (5.8) (nm) from eq. (5.10) from eq. (5.12)
(5.4) (5.6) (5.11) (5.7)
0.05 5.32 136.50 11.690 0.1580 32496275 13.71 13.90 0.2047
0.10 6.01 154.17 0.1500 9.23 9.80 0.2045
0.20 6.70 171.90 0.1040 6.40 6.80 0.2041
0.40 7.39 189.66 0.0720 4.43 4.70 0.2034
0.80 8.08 207.44 0.0490 3.02 3.20 0.2020
1.00 8.30 217.84 0.0440 2.40 2.87 0.2013
1.50 8.71 223.57 0.0350 2.15 2.28 0.1995
2.00 9.00 230.57 0.0290 1.78 1.89 0.1978
4.00 9.69 248.74 0.0190 1.17 1.24 0.1904
6.00 10.10 259.15 0.0143 0.88 0.93 0.1828
8.00 10.38 266.53 0.0142 0.87 0.93 0.1748
10.00 10.61 272.26 0.0094 0.58 0.61 0.1665
20.00 11.30 290.05 0.0042 0.26 0.25 0.1161
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An example calculation to establish the dry denrswtlling pressure relationship
from the Stern theory is shown here. In Table Bi@ @w five from the top. For a surface
potential,yo = 0.3 V,ng = 10% mol/ltr = 10* x1000 mol/m = 10* x1000 x 6.02 x 13
ions/n?, for an assumegs = 0.215 V,¢' = 6.5 andD = 8.85 x 10* CAJ'm™, the total

surface charge (Eq. (5.1)) = 0.0098 C/f

For Nao = 6.023 x16° ions/mol,v = 1, € = 1.6 x 10-19 Cp,, = 1 Mg/nt, M
=(18/100000) Mg/molk = 1.38 x 1G* Joule/Kelvin,T = 298 K, ¢ = 0, the number of
adsorption spots per meter square area for hydiated radii of N& (ionic radii = 0.79
nm), Ny = 1/ (0.79 x 1) = 4 x 18" ions/nf, using eq. (5.2), the Stern-layer charges

0.00050 C/rh

Replacings ando; values in eq. (5.3), the Gouy-layer chargg € 0.0093 C/m
Substitutingo, in eq. (5.4), for known parameters and 80.4,uy can be found as 8.32.
From eq. (5.5)z = 8.375. Substituting these values in eq. (57 1000,000 Pa = 1.0
MPa. K from the eq. (5.8) = 32496275 (1/m). The distanegvben clay platelets 2=
2Kd/K) = 1.46 nm. Substitutind in eq. (5.10) the void ratie = 1.55 forG = 2.65 and5=

800 nf/g.

The following section presents the distributionedéctrical charge and potential
with distance between clay platelets in clay-watgstem. The effects of the valence of
exchangeable cationg)( the concentration of bulk fluidh), the dielectric constant of pore
fluid in the Stern layere(), the specific adsorption potentigl) (and the electrical potential
at the surface of the clayd) on the pressure-void ratio and the dry densitgismg

pressure relationships established from the Steeory are brought out. Comparisons
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between the experimental and the theoretical dngitleswelling pressure relationships of

compacted MX80 bentonite are presented.

5.5.1 Charge and potential distribution

Figure 5.1 shows the total surface chargle the Stern-layer charge;§ and the
Gouy-layer chargeost) for 2d varying from 1.0 to 10.0 nm. The electtipatentials at the
Stern-plane ;) and at the midplane of the Gouy-laye)(for the same range oflzre
shown in Fig. 5.2. The total surface charggdnd the midplane electrical potentiad)X
calculated from the Gouy-Chapman diffuse doubledaleory are shown in Figs. 5.1 and

5.2, respectively for comparison.

0.020

0.25
/— Overlapping of Stern planes

/— o (from Gouy-Chapman theory)

+ 0.20
f o (from Stern theory) L

T 0.15

0.015 +

0.010 A
0=0.12 C/m2 (based on B/S) —»

T 0.10

0.005 +

Charges o, 0,, and o, (from Stern theory) (C/m?)

<4— ¢ =0, =0.037 C/m? (from Stern theory)

Charge, o (from Gouy-Chapman ddl theory) (C/m?2)

T 0.05

\ /— o4 (from Stern theory)

0 1 2 3 4 5 6 7 8 9 10
Distance between clay platelets, 2d (nm)

0.000

0.00

Figure 5.1. Change of charges witd #om Stern theory and Gouy-Chapman diffuse
double layer theoryyp = 300 mV).
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Figure 5.1 and Table 5.2 show that betand ¢, decreased, whereas increased
with a decrease ofd2 The contribution ofo; to the total charge is very small as compared
to that ofo, at large plate distances. Ad 2 1.0 nm, where the Gouy-layers are completely
pushed asider, becomes zero anelbecomes equal te, (= 0.0037 C/mf) indicating the

transition of the electrical charge from the Goaydr to the Stern-layer.

300 T
|
L/— Overlapping of Stern plane
|
|
Ws = Yy = 267.8 mV
‘\
250 - i
I +
[ NN WYy (from Gouy-Chapman diffuse double
< : \\‘ / layer theory)
3 | .
S : S Ws (Stern theory)
IS [
2 200 ! N2
8_ : o - — WYy (Stern theory)
] | ~< T~
Q2 |
g I it
@ I e
L |
|
|
150 - :
|
|
|
|
|
|
|
|
100 ! T T T T T T T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10

Distance between clay platelets, 2d (nm)

Figure 5.2. Change of electrical potentials withfdm the Stern theory and the Gouy-
Chapman diffuse double layer theopg € 300 mV).

A decrease of due to a decrease i Pesults in an increase iy andy; (Table 5.2
and Fig. 5.2). An increase iy andy; is more pronounced at abowt 2 2.0 nm due tos;
being a large fraction af, for the case consideredy(= 10* M). Verwey and Overbeek

(1948) stated that the variation of the electripatential is sensitive to the bulk fluid
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concentration. At@= 1.0 nm, the Gouy-layer is completely eliminated ghusy; andyy
becomes equal (= 267. 8 mV) (Fig. 5.2). This isliimiting value ofy; for yo = 300 mV

that produced a positive.

Figure 5.1 shows that the total chargd €alculated from the Gouy-Chapman
diffuse double layer theory (eq. (5.13)) was fagager than that calculated from the Stern
theory (refer right-hand sideaxis for the charge according to the Gouy-Chapthanory).

At 2d = 10.0 nmg is about 14.6 times larger, whereas at 1.0 nms,abibut 50 times larger

than that ot calculated from the Stern theory.

From the cation exchange capacif§) (@nd the specific surface5)( (say, 100
meq/100 g and 800 7y, respectively) consideration, the total chaige,(the ratio o8
andStimes the Faraday’s constant) (van Olphen, 197idh8ran and Jayadeva, 1982) can
be calculated as 0.12 CInmarked in Fig. 5.1). Althoughk calculated from the Gouy-
Chapman theory withyg = 300 mV (i.e., 0.205 C/fy is far greater than 0.12 Cim
however, due to a constant valueygfor z (eq. (5.12)), @ versusyq relationship from the
Gouy-Chapman diffuse double layer theory is comgarto that of the calculated results
from the Stern theory (Fig. 5.2). Adabout 30 nm, the midplane potential from the Stern
theory and the Gouy-Chapman theory were very neantylar indicating that the Stern-

layer has insignificant influence at very largetelet distances (not shown).

Mitchell (1993) and Sridharan and Satyamurty (198&)wed that for single clay
platelet systems and at any distance away frorgl&yeplatelets, both the ion concentration
and the electrical potential in the Gouy-layer loasa the Stern theory was greater than

that determined from the Gouy-Chapman theory. @rother hand, the results presented in
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Fig. 5.2 clearly showed that the trend is reveisdthe case of the interacting clay platelet
systems. That is, theldyq relationship calculated from the Stern theory nexeé distinctly

below that was established from the Gouy-Chapmearth Some deviation was also noted
at about & = 1.04 nm or less in which casecalculated from the Gouy-Chapman theory
was found to be slightly greater than that caleddtom the Stern theory. The distribution
of yq is expected to influence the dry density-swellprgssure and vertical pressure-void

ratio relationship is discussed in the followingtsen.

5.5.2 Parametric study

Using egs. (5.1) to (5.10), calculations were miagiearying one of the following
parametersy plus the corresponding hydrated ionic radii,&', ¢ andyo while keeping all
other parameters constant. The relevant param#étatswere used for calculation are
shown in Table 5.1. In all cases, the void ratial aorresponding dry densities were
calculated based on the chosen specific surfacecdr@00 r/g. Using eq. (5.10), the void
ratio corresponding tod2 = 1.0 nm was found to be 1.06 fGr= 2.65. The corresponding
dry density was 1.29 Mg/in Therefore, the dry density-swelling pressureti@teship of
compacted bentonites can be established up to ¢hémum dry density of 1.29 Mgfn
using the Stern theory. Similarlg;log p relationship of bentonite can be established up to

a void ratio of 1.06.
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5.5.2.1 Effect of valence

The influence of on thee-log p anddry density-swelling pressurelationship was
studied, by varying the valenoe and the correspondinly; value, whereas all other
parameters in Table 5.1 were used. The dry dessigling pressure relationship was
established for the valeneseof exchangeable cations as 1 and 2 using the $teory.
Figure 5.3 presents the effect of valence of exgbahle cations on the pressure-void ratio

(Fig. 5.3 (a)) and the dry density-swelling pressiiig. 5.3 (b)) relationships of bentonite.

It can be seen in Fig. 5.3 (a) that an increasecaused a decrease in the void ratio
at smaller pressures. Additionally, when the Gayel was completely pushed aside (i.e,
at 4 = 1.0 nm or ae = 1.06), the swelling pressure increased with aneimse inv. The
over all effect was the crossing of tedog p plots. For clarity, the effect of at large

pressures are enlarged and shown in the insegobR (a).

The dry densities were calculated using eq. (5drlknown void ratio and specific
gravity of bentonites. The results showed that tfeg same dry density, the swelling
pressures were calculated for 2 were greater than that calculatedver 1 for the range

of dry density between 1.0 and 1.29 Md/fRig. 5.3 (b)).
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Figure 5.3. Influence of hydrated ionic radii aradence on (ag-log p and (b) dry density

swelling pressure relationships.
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5.5.2.2 Effect of electrolyte concentration

The effect of electrolyte concentration was studiedn, = 10%, 10* and 1.0 M
using the Stern theory. The other paramete@us the corresponding hydrated ionic radii,

&',  andyo) wereconsidered to be constant.

Void ratio, e

0.01 0.1 1 10 100

(b)

Swelling pressure (MPa)

0 | T T T T T T
1 1.2 1.4 1.6 1.8

Dry density (Mg/m®)
Figure 5.4. Influence of bulk fluid concentration @)e-log p and (b) dry density-swelling

pressure relationships.
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Figure 5.4 presents the effect of electrolyte catregions on the pressure-void
ratio (Fig. 5.4 (a)) and the dry density-swellinggsure (Fig. 5.4 (b)) relationships. Similar
to the effect ofv, an increase img resulted in decreasing of the void ratio at smnalle
pressures. At@= 1.0 nm or ae = 1.06, the swelling pressure increased with arease in

no. The effects ofy at large pressures are enlarged and shown imsle¢ of Figs. 5.4 (a).

Figure 5.4 (b) showed that with an increas@gdnthe swelling pressure decreased.
The decrease in swelling pressure is attributetheosuppression of diffuse double layer

(Verwey and Overbreek, 1948).

5.5.2.3 Effect of dielectric constant of pore fluidn Stern layer

The effect of dielectric constant of pore fluid time Stern layer was studied by
varying ¢' as 8.5, 6.5 and 3 while keeping other paramdtenslus the corresponding

hydrated ionic radiing, ¢ andyo) constant.

Figure 5.5 presents effect of dielectric constantle pressure-void ratio (Fig. 5.5
(a)) and the dry density-swelling pressure (Fig5s. (6)) relationships. Figure 5.5 showed
that an increase im' increased the pressure at equal void ratio or ddnysity of the
bentonite. The maximum swelling pressure that carcddculated using the Stern theory

was found to increase with an increase insthe
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Figure 5.5. Influence of dielectric constant of@fuid in Stern layer on (&log p and(b)

dry density-swelling pressurelationships.
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5.5.2.4 Effect of specific adsorption potential

The effect of specific adsorption potential waslgtd by varyingy as 0.0, 0.05 and
0.1 eV. The pressure-void ratio and the dry dersiglling pressure relationships were
established for the valence = 1, the electrolyte concentratiam = 10* M, dielectric
constant of pore fluid in the Stern layer= 6.5 and the surface potentiagJ = 300 mV or

0.3 V (Table 4.1).

Figure 5.6 presents the effect of specific adsormppotential on the pressure-void
ratio (Figs. 5.6 (a)) and the dry density-swellprgssure (Figs. 5.6 (b)) relationships of the
bentonite. The effect of specific adsorption patdnin the pressure-void ratio and the dry
density-swelling pressure relationships was oppdsitthat was noted for variation of the

dielectric constant of pore fluid in the Stern laye

Figure 5.6 showed that an increase in the spead&orption of potential reduces
the pressure at equal void ratio or dry densityhaf bentonite. The pressure-void ratio
relationship forp = 0.0 and 0.05 were very similar. However, sigaifitly lesser pressures
were calculated fop = 0.1 eV. The maximum swelling pressure that cancaélculated
using the Stern theory was found to decrease witinerease in the specific adsorption
potential Fory = 0.0, 0.05 and 0.1 eV, the maximum calculatedsarees were 8.40, 2.52

and 0.60 MPa, respectively.
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Figure 5.6. Influence of specific adsorption poi@non (a)e-log p and (b) dry density-

swelling pressureelationships.

5.5.2.5 Effect of surface potential

The effect of surface potential was studied by vayyo as 300, 250 and 200 mV

and other parameters plus the corresponding hydrated ionic radii,¢' andg) shown in

Table 4.1 were considered to be constant. Figutr@i®sents the effect of surface potential
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on the pressure-void ratio (Figs. 5.7 (a)) anddhedensity-swelling pressure (Figs. 5.7

(b)) relationships of the bentonite.
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Figure 5.7. Influence of surface potentiab) on (a)e-log p and(b) dry density-swelling

pressure relationship.
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Figure 5.6 showed that an increase in the surfatenpal increases the swelling
pressure at equal void ratio or dry density ofliatonite. The maximum swelling pressure
that can be calculated using the Stern theory wasd to increase with an increase in the
specific adsorption potentiaFor yo = 300, 250 and 200 mV, the maximum calculated

swelling pressures were 8.40, 2.8 and 0.55 MPpeotisely.

5.5.3 Comparison between experimental and theoreaitswelling pressure results

The dry density-swelling pressure relationshipal@dsghed from the Stern theory
and the diffuse double layer theory are compareth whe experimental dry-density
swelling pressure relationships in this sectione $twelling pressure tests were conducted
in seven series of tests at ambient @pand elevated (7(C) temperatures. Series |, I1, llI
and IV tests were conducted at ambient temperdR&eC), whereas series V, VI and VI
tests were conducted at an elevated temperatui® of. In test Series |, compacted
bentonite specimens were saturated using distiatr immediately after the compaction
process was completed. Test series Il, lll, IV, W, and VIl were conducted on the

compacted bentonite specimens after extrusionexnusertion processes prior to testing.

The theoretical dry density-swelling pressurelationships were established
following the Stern theory (egs. 5.1 to 5.11) ahe Gouy-Chapman diffuse double layer
theory (egs. 5.6 to 5.12). The properties of thetdrate shown in Table 3. € 1.47,S=
640 nf/g, G = 2.76) were used for the calculations. To essabihe dry density-swelling
pressure relationship of the bentonite from therrStiheory, the hydrated radii of
exchangeable ions and the valence are important8Mkentonite constitutes 53% of

exchangeable Naand K, whereas 47% are €aand Md*. The ionic radii of N&(0.79
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nm) and valence = 1 were used to establish the dry density-sweltiressure relationship
from the Stern theory (egs. 5.1 to 5.11) as the majohangeable cations present in the
bentonite was Na The actual valence of exchangeable ions=(1.47) was used for
calculations using the diffuse double layer the@ther parameters chosen in the case of

the Stern theory calculations wegg:= 300 mV,0 = 0.5 nmg' = 6.5 andp = 0.

Test series |, II, 1l and IV were carried out anlsient temperature (25C).
Therefore, the dielectric constant of water at mpterature of 25C was used for
calculations. Test series V, VI and VIl were contgdcat an elevated temperature of €0
Therefore,T = 70 'C = 243 K and the dielectric constant of water @t Q@ (¢ = 62.2)
(Mitchell, 1993) were used. The following sectiomsesent comparisons of the

experimental and theoretical dry density-swellingssure relationships.

5.5.3.1 Tests conducted at a temperature of 26 using distilled water

Figure 5.8 shows the comparison between experithantatheoretical dry density-
swelling pressure relationships for the specimengrated using distilled water at ambient
temperature of 25C (Test series | and II; Test series |: bentonjtecemens were tested
immediately once the compaction process was coeqiletest series Il compacted
bentonite specimens were extruded and re-inseréet b the specimen rings before
testing). The dry density-swelling pressure relaglup established from the diffuse double
layer theory and the Stern theory are shown in Bi8. The dry density-swelling pressure
relationship established fealencev = 1 using the Stern theory amd 1.47 ¢ = 1, 53%;v

= 2, 47%) using the diffuse double layer theory.
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Figure 5.8. Experimental and theoretical dry dgnsitelling pressures for the specimens

tested at 25C using distilled water as bulk fluid.

Reasonably good agreement was noted between tleeirental and theoretically
calculated dry density-swelling pressure relatigmshat were calculated using the Stern
theory for a range of dry density between 1.0 antb IMg/nt. Swelling pressures
calculated from the diffuse double layer theory doy densities less than or equal to 1.45
Mg/m?® were found to be greater than that of the experiedeswelling pressureét dry
densities greater than 1.45 Md/nswelling pressures calculated from the diffusehie
layer theory were found to be lesser than thathefexperimental results, whereas greater
swelling pressures were calculated from the Steeory. At a dry density of 1.45 Mgfn
thedistance between two parallel clay platelet§) {2 equal to 1 nm, therefore, overlapping

of Stern layers and Born repulsion takes place.

158



Chapter 5

5.5.3.2 Tests conducted at a temperature of 7G using distilled water

Figure 5.9 shows a comparison between the expetaihand the theoretical dry
density-swelling pressure relationships for testeseV (distilled water, 70C). In test
series V, swelling pressure tests were conductednaelevated temperature of 70.
Compacted bentonite specimens were hydrated ugstdledl water. The dry density-
swelling pressure relationships established udiegStern theory and the diffuse double
layer theory are shown in Fig. 5.9. For theoretgatulations morality of bulk fluity was
considered as 0.0001 M. The temperatufe Was considered as 7C or 243 K. The

dielectric constant of pore watdd)was considered as 62.2.
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Figure 5.9. Experimental and theoretical dry dgrsitelling pressures for the specimens

tested at a temperature of Tusing distilled water as bulk fluid.
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Up to a dry density of 1.45 Mgh{3 experimental data points), a good agreement
between the experimental and the theoretical dnsitieswelling pressure relationships
was noted. The swelling pressures calculated usiagdiffuse double layer theory were
found to be greater than that of the experimengdles at dry densities lower than 1.45
Mg/m°. At dry densities greater than 1.45 Md/nthe experimental swelling pressure
values were found to be greater than that wereulzdéd using the diffuse double layer

theory.

Based on the results presented in Figs. 5.8 anditvdas noted that the Stern
theory improved the assessment of swelling presgot® a maximum dry density of 1.45
Mg/m®, both for swelling pressures tests conducted a€28nd 70 C and with bulk fluid

as distilled water.

5.5.3.3 Tests conducted at temperatures of 26 and 70 C using 0.1 M NaCl

Figure 5.10 compares the experimental and theaftetity density-swelling
pressure relationships for test series Ill (0.1 BION 25°C) and VI (0.1 M NaCl, 70C).
The swelling pressure tests were carried out bhyragting the bentonite specimens with 0.1
M NacCl solution after extrusion and re-insertiolmgesses. Series Il tests were conducted
at ambient temperature (28), whereas series VI tests were conducted at ewateld

temperature of 7(C.
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Figure 5.10. Experimental and theoretical dry dgrsivelling pressures the specimens
tested at temperatures of 25 and@@ising 0.1 M NacCl as bulk fluid.

It was noted that following the Stern theory, tlaécalated swelling pressures were
greater than that of the experimental swelling guess at both 25C and 70°'C. On the
other hand, the calculated swelling pressures frioendiffuse double layer theory were
greater at smaller dry densities and smaller ahdriglry densities as compared to the
experimental swelling pressure. The decrease ifllisggressure was due to decrease in

dielectric constant of water at elevated tempeeathtitchell, 1993).
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5.5.3.4 Tests conducted at temperatures of 26 and 70 C using 1.0 M NaCl

Figure 5.11 compares the experimental and theatetity density-swelling
pressure relationships for test series IV (1.0 MCN&5 'C) and VII (1.0 M NaCl, 70C).
The swelling pressure tests were conducted byaaigrthe bentonite specimens using 1.0
M NaCl solution after the extrusion and re-inseartiprocesses. Series IV tests were
conducted at ambient temperature (€9, whereas series VIl tests were conducted at an
elevated temperature of 7G. The theoretical dry density-swelling pressutatienships
were established faw, = 1.0 M. The effect of elevated temperature @Pwas included to

establish the dry density-swelling pressure retestnop.
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Figure 5.11. Experimental and theoretical dry dgrsivelling pressures the specimens

tested at 25C and 70C using 1.0 M NaCl as bulk fluid.
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Referring to Fig. 5.11, it was noted that the singlipressures calculated from the
Stern theory were found to reduce significantlyhwdn increase in the temperature.
Comparison between the experimental and the theakelry density relationships showed
that the swelling pressures calculated from thenSteeory were found to be greater than
that of the experimental results for the range of density considered in this study.
However, a better agreement between the experitr@mdaheoretical dry density-swelling
pressure relationships that were calculated froendifuse double layer theory was noted

up to a dry density of 1.50 MgAn

5.6 Concluding remarks

Comparisons of experimental swelling pressuressavelling pressures calculated
from the diffuse double layer theory and the Stémeory are presented in this chapter.
Assessments of swelling pressures of bentonitex@renonly carried out using colloid
theories. Using the theories, it is usual to deteena relationship between the distance
between clay platelets (eithdror 2d) and the swelling pressure. From geotechnical and
geoenvironmental engineering perspectives, the wvaiib-vertical pressure and dry
density-swelling pressure relationships are ofraggts. In this chapter, thleelog p andpg-p
relationships of bentonites are established from S$kern theory and the diffuse double
layer theory, both applicable to interacting cldgt@lets systems. A constant electrical
potential at the surfaces of the platelets is aersid. Theoretical equations and a step-wise

procedure are presented to estaldisbg p andpg-p relationship of bentonites.

The study showed that the electrical charge anelgxrical potential in the Gouy-

layer calculated from the Stern theory were distynemaller than that calculated from the
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Gouy-Chapman diffuse double layer theory, in cagtta that was reported for single clay

platelet system (Mitchell, 1993).

An increase in the valence and an increase inthefluid concentration produced
stronger interaction between the clay platelets wes manifested on both the maximum
predicted swelling pressure and crossing followgdrdordering of thee-log p plots. A
decrease in the dielectric constant of the poneHin the Stern-layer, an increase in the
adsorptive potential and a decrease in the elattpotential at the surface of bentonite

were found to reduce the void ratio at any givesspure.

The calculated swelling pressures of compacted MK80Otonite from the Stern
theory and the experimental swelling pressureseagial with in a range of dry density
between 1.1 and 1.45 Mgirfor the case of specimens hydrated with distilleder. For
the specimens tested using higher electrolyte curat@ns and at higher temperature, the

agreement between the experimental and the thealretisults were found to be poor.

At dry densities greater than 1.45 Md/ragreements between the experimental and
the theoretical results were poor. At a dry densft§.45 Mg/ni, thedistance between two
parallel clay platelets @ is equal to 1 nm, therefore, overlapping of Staegers and Born
repulsion takes place. Therefore, the applicabibfythe Stern theory to assess the
compressibility behaviour of initially saturatedisied bentonites was studied for a wide

range of void ratios and is presented in chapter 6.
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Chapter 6

Effect of Stern-layer on compressibility behaviour of
bentonites

6.1 Introduction

In the previous chapter, the theoretical procedreggaired to establish the vertical
pressure-void ratio and dry density-swelling pressalationships for bentonites from the
diffuse double layer theory and the Stern theogymesented. The dry density-swelling
pressure relationships for various testing cond#icobtained experimentally were
compared with that of the theoretically establishéy density-swelling pressure
relationships. Good agreements were noted betweeordtical and experimental dry
density-swelling pressure relationships at low densities for compacted bentonite
specimens saturated with distilled water (25 andCj0However, the swelling pressures

calculated from the Stern theory were found to lbeawr at higher dry densities.
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Therefore, the study was extended to bring outeffieiency of the Stern theory for

assessing the compressibility behaviour of satdragmtonites.

This chapter presents the comparison between thecalepressure-void ratio
relationships obtained from the consolidation tesith that of the pressure-void ratio
relationships established from the Stern theory NOX80 bentonite, Na-Ca MX80
bentonite (Marcial et al., 2002) and Calcigel beitwo (Baille et al., 2010). Section 6.2
presents the properties of the MX80 bentonite dred donsolidation test method. In
section 6.3, comparisons between the experimemnidl the theoretical results are

presented. The concluding remarks from this studypaesented in section 6.4.

6.2 Consolidation test

6.2.1 Properties of the bentonites studied

Test methods of 3 bentonites were considered. @nensional consolidation test
was carried out on initially saturated slurried MX8entonite. Additionally, reported
consolidation test results of two other bentoniteamely Na-Ca MX80 bentonite
(Marcial et al., 2002) and Calcigel bentonite (EBaiet al., 2010) were chosen for
comparison with the calculated results from therrStheory and the Gouy-Chapman
diffuse double layer theory. The properties of Neca MX80 bentonite and Calcigel
bentonites are presented in Table 6.1. The prasedi the MX80 bentonite used in this

study presented in Table 3.1 are shown in Tabldéd®.the sake of comparison.

The exchangeable sodium percentage (ESP) showahle 6.1 was the basis for

the selection of the bentonites in this study. Kt (1993) stated that for mixed cation
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montmorillonites, the ESP which is defined as ##orof sodium complex in the clay to
the total exchange capacity of the clay influendee tswelling behaviour of
montmorillonites. The ESP is usually expressed psraentage and is considered as an
indicator for the distribution of cations withinglclay system. For example, bentonites
containing both Naand C&" and with an ESP of greater than 50% would indicate
unlimited swelling between all plates on additidnaater, whereas with an ESP < 15%
would indicate that the interlayer exchange compiexpredominantly Ca-saturated
(Mitchell, 1993). The ESP of MX80 bentonite usedtlms study, Na-Ca MX80 and
Calcigel bentonite was found to be about 52, 88lasslthan 12%, respectively. The ESP

of the bentonites clearly affected the Atterbeligsts (Table 6.1).

Table 6.1 Properties of the bentonites studied

Properties MX80 bentonite* Na-Ca MX80 Calcigel
bentoniterom bentonite
Marcial et al. from Balille et al.
(2002) (2010)
Specific gravity 2.76 2.65 2.8
Liquid Limit (%) 385 520 178
Plastic Limit (%) 43 62 56
Specific surface area 640 700 525
(m°/g)
Total Cation exchange88.44 68 74
capacity (meq/100 g)
cea’ 31.9 5
o4 65.12
Mg 9.31 3
Na' 45.7 60
N 8.88
K 1.55 -
ESP (%) 52 88.23 <12
Weighted average 1.47 1.12 1.92
valence of

exchangeable cations
*Current study
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6.2.2 Experimental Methods

For MX80 bentonite in this study, saturated speasn&ere prepared at an initial
water content of 1.5 times the liquid limit by tbaghly mixing air-dry bentonite with
deionised water. The bentonite-water mixture wasest in a closed-lid container and
cured for 7 days for moisture equilibration priorthe specimen preparation. The height
and diameter of the specimen was 10 and 38 mmecasgely. Saturated specimens were
loaded from 6.25 kPa to 3200 kPa with a load inemnratio (LIR) of 1.0 using a
conventional oedometer. The small diameter of thecisnens allowed applying high
pressure of 3200 kPa using the oedometer. Thredicde specimens were tested. The

test results were found to be very similar.

The test results of Na-Ca MX80 and Calcigel berigoare available up to vertical
pressure of 30.0 MPa and 21.0 MPa, respectivelyr¢idlaet al., 2002; Baille et al.,
2010). The LIR adopted for Na-Ca MX80 bentonite Wa3, whereas that for Calcigel
bentonite, the LIR adopted was 1.0 up to a verjizaksure of 800 kPa and further an
LIR of 0.5 was adopted at higher pressures. Thealnivater content of the chosen
bentonites form the literature was 1.1 times theresponding liquid limit of the

bentonites.

6.3 Comparison between experimental and theoretical results

The calculated pressure-void ratml¢g p) relationships and the experimengal

log p results of MX80 bentonite, Na-Ca MX80 bentonited abalcigel bentonite are

shown in Figs. 6.1, 6.2 and 6.3, respectively. Mweighted average valence of
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exchangeable cations (Tripathy et al.,, 2004) wevesidered for establishing the
theoreticale-log p relationships following the Gouy-Chapman diffuseible layer theory
(egs. (5.6) to (5.12)), whereas the Stern theoey, @gs. (5.1) to (5.10)) results arevier

1 for MX80 and Na-Ca MX80 and = 2 for Calcigel bentonite with the corresponding
hydrated ionic radii equal to that of Ng.79 nm) and G (0.96 nm) ions were used.
The void ratios were calculated based on the aapatific surfaces of the chosen
bentonites (Table 6.1). Other parameters choseheircase of Stern theory calculations
were:yo = 300 mV,0 = 0.5 nmg' = 6.5 andp = 0. Distilled water was used to prepare the
clay-water mixture and flooding of the specimenierEfore, ionic concentration of the

bulk fluid was used as TOM for the theoretical calculations.
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Figure 6.1. Theoretical and experimergdbg p relationships for MX80 bentonite (in this
study).
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Figure 6.2. Theoretical and experimerg#ébg p relationships for Na-Ca MX80 bentonite.
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Figure 6.3. Theoretical and experimerg#dbg p relationships for Calcigel bentonite.
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Figures 6.1, 6.2 and 6.3 showed that up to a \&ntiessure of about 50 kPa for
MX80 and Na-Ca MX80 bentonites and about 200 kPaQalcigel bentonite, the
calculatede-log p results from both the theories remained clearlyvabthat of the
experimental results indicating the influence ofiara adsorption and less dispersive
nature of the bentonites (Mitchell, 1993) even reg tiquid limit water contents. The
calculatede-log p relationships of the bentonites from the Gouy-Chaprmiffuse double
layer theory remained distinctly above that of taéculatede-log p relationships from the

Stern theory at smaller pressures, whereas theseewas true at higher pressures.

It was shown earlier that the specific adsorptiaeptial @) (Fig. 5.6) had
insignificant influence on the vertical pressureevaatio relationship. Therefore, it
appears that the specific surface of bentonitesl rsmeme adjustments based on the
number of clay platelets held together due to ffexific adsorption effect. The calculated
e-log p results from the Stern theory and the experimeetllts agreed reasonably well
for pressures greater than 50 kPa for the MX80N&dCa MX80 bentonites and greater

than 200 kPa for Calcigel bentonite.

Beyond the limiting maximum pressures correspondiingl = 1.0 nm € = 0.883
for MX80 bentonite,e = 0.928 for Na-Ca MX80 bentonite ared= 0.735 for Calcigel
bentonite), comparisons of the experimental resaiftd the calculated results are not
possible and this requires consideration of adaliacepulsive pressures (Verwey and
Overbeek, 1948). In this context, studies carriat ly Israelachvili and Wennerstrom
(1996) and Maelja (1997) have indicated that the hydration s$tme of ions and the
osmotic effect of hydrated cations in the Sterretagf two approaching clay platelets

significantly influence the double layer repulspm@ssure at close platelet spacing.
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6.4 Concluding remarks

The applicability of the Stern theory @og p relationships of intially saturated
bentonites (initial water content > liquid limig presented in this chapter. Comparisons
of the calculated pressure-void ratio relationstimpsn the Stern theory and the Gouy-
Chapman diffuse double layer theory with the expental consolidation test results for
Na-rich bentonites (ESP > 50%) and a divalent-behtonite (ESP < 12%) showed that
the Stern theory for interacting clay platelets iayed the predictions, particularly within
a vertical pressure range of 0.05 to 10.0 MPaHerNa-rich bentonites and between 0.2

and 10.0 MPa for the divalent-rich bentonite coesed in this study.

Based on the results presented in chapter 5 amdcén be concluded that the
Stern theory can be applied to establish the dngitheswelling pressure relationships of
compacted MX80 bentonite up to a maximum dry dgnsiitl.45 Mg/ni. However, the
theory can be applied to determine ¢Heg p relationship of initially saturated bentonites

for a wide range of void ratios.
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Chapter 7

Effect of temperature and hydraulic gradients on
ther mo-hydro-mechanical behaviour of compacted
bentonite

7.1 Introduction

In the past, several large scale laboratory ansltinexperimental investigations
were carried out to study the behaviour of ben&snitnder various boundary conditions.
Previous studies were conducted on compacted higggdyy simultaneous application of
temperature and hydraulic loading (Yong and Mohaothn#992; Villar et al., 1996;
Yong et al., 1997; Selvadurai, 1996; Borgesson.e2@01, Cuevas et al., 2002; Pintado
et al., 2002; Fernandez and Villar, 2010; Gomez#zspand Villar, 2010). The
temperature and the relative humidity variationhwatapsed time were monitored during

the tests along the depth of the bentonite spe@n@manges in the water content, the dry
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density, the degree of saturation, the concentratad cations and anions were measured
after termination of the tests. However, the varatof swelling pressure during the
thermal and the thermo-hydraulic tests were notitamd in the past. Therefore, the
main objective of this chapter was to bring out ithftuence of thermal and thermal and
hydraulic gradients on swelling pressure variabbthe compacted bentonite specimens

at the opposite end of heat source.

This chapter presents the influence of thermal #mefrmal and hydraulic
gradients on the variation of temperature and ix@ahumidity along the depth of
bentonite specimens and development of swellinggures at the opposite end of the
heat source of bentonite specimens. Section 7.2eptge the detailed experimental
program. Section 7.3 presents the temperaturetiveelaumidity and suction variation
with elapsed time at predetermined depths of thedngte specimens tested, during the
thermal and the thermo-hydraulic tests. The swglpnessure variation at the opposite
end of the heat source of the bentonite speciméhsalapsed time is presented. Changes
in the water content, the dry density and the degfesaturation after termination of the
thermal and the thermo-hydraulic tests are predeiitee concluding remarks from this

chapter are presented in section 7.4.

7.2 Experimental program

The device used to carry out the tests and theséstp are presented in chapter 3

(Figs. 3.21 and 3.23). The specimen compactionguha@ and experimental methods are

described in chapter 3 (section 3.4.3). The detabgperimental program is presented in

Table 7.1.
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In total three nos. of thermal tests and two thehydraulic tests were carried out
on compacted bentonite specimens with targetedddnsity of 1.60 Mg/ After the
compaction process was over, the actual heightnaasis of the compacted bentonite
specimens were measured. The diameter of the spesimas equal to the inner diameter
of the cell. Knowing the diameter and the heighttleé specimens volume of the
specimens were calculated. For known mass, volurdenater content, the dry density
of the specimens were calculated. The actual congpadry densities of the bentonite

specimens were calculated from dimensions and maasurements prior to testing.
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Table 7.1 Experimental program for thakrand thermo-hydraulic tests

Test Type of Initial conditions Test Information gathered
no. test duration
w (%) pd (Mg/m®) During tests After the tests
(days)
T (C) RH(®%) p (kPa) w (%) Concentrations of
cations and anions
1. 11 1.63 12 N N N N N
2. Thermal 11 1.61 65 \ v \ \ \
3. 11 1.58 67 \ \ \ \ \
4. 11 1.58 117 N N N N N
Thermo-
hydraulic
5. 7 11 1.60 182 J J N N

pd —Compacted dry densityfr —TemperatureRH —Relative humidityp —Swelling pressuray —water content.
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Figure 7.1 presents the test conditions appliedthednformation gathered during
the thermal tests. Thermal tests (test nos. 1, ® 3nwere carried out on compacted
bentonite specimens by applying temperatures 0€8&nd 25C at the bottom end and at
the top end of the cylindrical specimens (Fig. .7ThHe thermal tests were carried out for
durations of 12, 65 and 67 days (Table 7.1). Theperature and the relative humidity of
the bentonite specimens were monitored at distanic28, 40 and 60 mm from the heater
(Fig. 7.1). The relative humidity and the temperatalong the height of the specimens
were measured using the relative humidity and teatpee measurement probes (section
3.4.3.2, chapter 3). The swelling pressure devel@ehe opposite end of the heat source

of the bentonite specimens were monitored duriegéhts.

Swelling pressul, p

l

° A
E 1 T=25C 20 mm
S Y RH, T
9y Compapted 20 mm
= bentonite x RH T
g specimen 20 mm ’
= 4 RH, T
o 20 mm
@ ¢ | T=85C v
le .
[« >

Specimen dia. = .0 mmr

Figure 7.1. Schematic representation of temperattgkative humidity and swelling

pressures measured in compacted bentonite specduang thermal tests.

The experimental program adopted for the thernm&tktevas based on some trial
tests carried out during the initial phase of theestigation. Trial tests indicated that
swelling pressures developed at the opposite enthefheat source of the bentonite

specimens due to any applied thermal gradientsll kases, it was noted that the swelling
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pressure increased and further decreased andkegtelil with an elapsed time. Therefore
for the thermal tests, 3 specimens were tested.nbed was dismantled once the swelling
pressure measured at the opposite end of the beatesof the specimen attained a
maximum value. Test nos. 2 and 3 were terminateg ¢ime swelling pressures measured
at the opposite end of the heat source of the cotagabentonite specimens were

equilibrated.

Figure 7.2 presents the test conditions appliedthednformation gathered during
the thermo-hydraulic tests. Two nos. of thermo-hwlic tests (test nos. 4 and 5) were
carried out for testing durations of 117 and 18¢sdd able 7.1). The compacted bentonite
specimens were initially subjected to temperatofeds and 25C at the bottom and at the
top of the specimens (Fig. 7.1). Further, distilemter was supplied from the opposite end
of the heat source of the specimens soon afteethperature and the relative humidity at
specified heights along the depth of the bentosecimens were equilibrated (Fig. 7.2).
In test no. 4, the hydration of the bentonite specis was started once the measured
swelling pressure due to thermal loading attairtesl geak value (i.e. after 12 days of
thermal loading). In test no. 5, distilled watersasupplied after 72 days of thermal
loading (i.e. once the measured swelling pressuectal thermal loading was equilibrated).
Test nos. 4 and 5 were terminated once the temyperand the relative humidity along the
depth of the specimens and the swelling pressuesuned at the opposite end of the heat

source were equilibrated.
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Swelling pressure

¢¢¢lH¢¢

= A _ o . A
£ T=25C Water supplied 20 mm
o H RH, T
o0}
» Compacted 20 mm
. bentc_)nlte Y RH, T
S specimen 20 mm
£ X RH, T
[}
& 4 | T=85C }2omm
» >
| Specimen dia. = 100 mm

Figure 7.2. Schematic representation of temperattgkative humidity and swelling

pressures measured in compacted bentonite spectdugang thermo-hydraulic tests.

In order to study the thermal expansion of the PTiREr of the device, two
additional tests were carried out on a dummy PTpd€isnen and a compacted Speswhite
kaolin specimen. The details of these additionstistare presented in Table 7.2. A dummy
PTFE specimen of diameter and height equal to idmaeter and height of the compacted
bentonite specimens was subjected to temperatfi®s 6 and 25C at the bottom and at
the top end. The axial pressure measured at thesappend of the heat source of the
specimen was monitored during the test. A simgat tvas carried out using a compacted

Speswhite kaolin specimen.
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Ta@le Additional tests

Type of test Material used Information gathered
Thermal Dummy PTFE
specimen

Axial pressure measured
Thermal Compacted

Speswhite kaolin

After termination of the thermal and the thermodlaydic tests, the bentonite
specimens were sliced into 8 pieces of 10 mm thgikg a hacksaw. The water content of
each bentonite slice were determined. Additionadlypart of the specimen from each
bentonite slice was used to measure the volumestéd bentonite slices using molten wax
(ASTM D 4943-08-2008). The dry density and the degof saturation of the bentonite

specimens were calculated from the water contahttavolume measurements.

The concentrations of cations and anions in edck slere measured by aqueous
extraction technique using lon Chromatography (#Dd Inductively Couple Plasma
Optical Emission Spectroscopy (ICP-OES). The effexdtthermal and thermo-hydraulic
gradients on the distribution of cations and aniarthe bentonite specimens are presented

in chapter 8.

7.3 Results and discussion

The temperature and the relative humidity variat@iong the depth of the

bentonite specimens during thermal loading waslaimfor all 5 tests. During the thermal
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and hydraulic loadings, the variations of tempemand relative humidity along the depth
of the bentonite specimens were similar for test doand 5. Therefore, typical results of
temperature and relative humidity/suction variatmlistances of 20, 40 and 60 mm from

the heater are presented for test no 5.

7.3.1 Transient temperature variation

Figure 7.3 presents the temperature variation elspsed time at distances of 20,
40 and 60 mm from the heater for test no. 5. Treetirof Fig. 7.3 shows that the
temperatures at distances of 20, 40 and 60 mm th@rheater were equilibrated within
about 3 hours from the start of the thermal loadirtge temperatures at distances of 20, 40
and 60 mm from the heater at equilibrium (about dB8Gutes after the commencement of

the tests) were 62, 54 and €, respectively.

Once the temperature and the relative humidityistadces of 20, 40 and 60 mm
and the swelling pressure at the cold end of tleeispen were equilibrated, distilled water
was supplied. An immediate decrease in temperatasenoted at the start of the hydraulic
loading. At the start of the hydraulic loading, tleenperatures at distances of 20, 40 and
60 mm from the heater were 57.5, 40 and 3€5 respectively. A decrease in the
temperature at the start of the hydraulic loadileg be attributed to the differences
between the temperature of hydrating water (@pand the temperature of the bentonite

specimen.
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Figure 7.3. Transient temperature variations atifipd depths of the specimens due to

thermal, thermal and hydraulic loading (test no. 5)

The temperatures at distances of 20, 40 and 60 nomm the heater were found to
increase during the hydraulic loading period. Tlggildorium temperatures due to the
thermal and hydraulic loading at salient levelshaf bentonite specimen were equal to that
of the equilibrium temperatures due to thermal iogd The thermal conductivity of
bentonite increases with an increase in the wateteat (Tang et al., 2008). It was noted
that during the thermal and hydraulic loadings, tmperatures at salient levels of the

bentonite specimen were increased until the reathwmidity at all levels were
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equilibrated. Therefore, an increase in the tentpezaduring the thermal and hydraulic

loading was due to an increase in the thermal ocindty of the specimens.

7.3.2 Transient relative humidity variation

During the thermal and the thermo-hydraulic tetts,temperature and the relative
humidity were measured at distances of 20, 40 &wh® from the heater. The measured
relative humidity due to thermal loading was similer all tests. The relative humidity
variations with elapsed time due to the thermal laydtaulic loading for test nos. 4 and 5
were found to be similar. Therefore, typical resilthe relative humidity variation along

the depth of the bentonite specimen was considered.

Figure 7.4 presents the transient relative humidiyation at distances of 20, 40,
and 60 mm from the heater for test no. 5 (thermdlthermo-hydraulic phases). The inset
of Fig. 7.4 shows the variations of the relativendity at predetermined heights of 20, 40

and 60 mm from the heater during the thermal lcgageriod.

The relative humidity is the ratio of partial vapqaressure to the saturation vapour
pressure at the same temperature. At the commenteofethe thermal test, the
temperature was found to increase at all predetemhniheights of the specimen. An
increase in the temperature caused an increaskeirpdrtial vapour pressure that was
manifested on an increase in the relative humigitgll salient levels during the thermal
equilibration period of about 2 hours. However, takative humilities at all levels were
found to decrease before an equilibration wasredthiSimilar relative humidity variation

during Temperature Buffer Test (TBT) has been riegbby Akesson et al. (2009).
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Figure 7.4. Transient relative humidity variatioat specified depths of the specimens

during thermal, and thermal and hydraulic loaditegt(no. 5).

The relative humidity at salient levels were edudied after about 50 days of
thermal loading phase. At equilibrium, the relatiwanilities at distances of 20, 40 and 60
mm from the heater were 25%, 45% and 70%, respgt{i#ig. 7.4). During the hydraulic
loading, the relative humilities at all specifiegpths of the specimen were found to
increase. At distances of 40 and 60 mm from theehdaloser to the hydration end), the
relative humidity was found to be 100% after 20 &t days of hydraulic loading,
respectively (Fig. 7.4). The relative humidity atliatance of 20 mm from the heater was

about 60% at the time of terminating the test (Fid).
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7.3.3 Transient suction variation

From the measured relative humidity and temperatiata, the transient suction
changes were calculated using the Kelvin's equairesented in chapter 3 (eq. 3.1). In eq.
3.1, ay is the water activity. The relationship between thater activity &,) and the

relative humidity RH) is expressed as:

RH= 100 xay (7.2)

The relative and the temperature variation aldreydepth of the specimens were
similar for all the tests during the thermal loagirTherefore, the calculated suction
variation with elapsed time were similar for allethests during the thermal loading.
Similarly, the calculated suction variation durithg thermal and hydraulic loading for test
nos. 4 and 5 were similar. Therefore, typical ressaf suction variation with elapsed time

along the depth of the specimen are presented.

Figure 7.5 presents the variation of suction aadises of 20, 40 and 60 mm from
the heater for test no. 5 (thermal and thermo-hydrgphases). The calculated initial
suction at distances of 20, 40 and 60 mm from thatdr was about 96 MPa. At the
commencement of the test, the relative humidity feasid to increase due to increase in
partial vapour pressure at salient levels (distarafe20, 40 and 60 mm from the heater)
(Fig. 7.4). Therefore, the suction at all predetead heights were found to decrease (Fig.
7.5). At equilibrium, due to the thermal loadinige tcalculated suctions at distances of 20,

40 and 60 mm from the heater were 218.2, 110.3%ar®IMPa, respectively (Fig. 7.5).
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Figure 7.5. Transient suction variations at spedifiepths of the specimen (test no. 5).

During the hydraulic loading phase, the relativenidity at all salient levels were
increased with an elapsed time (Fig. 7.4). Consatyethe calculated suctions at all
salient levels were decreased. At a distance ahB0from the heater, the suction became
zero after 20 days from the start of the hydraldading phase (Fig. 7.5). At distances of
40 and 60 mm from the heater, the calculated sugticere equilibrated after 75 days from
the start of the hydraulic loading phase. The doyuilm suctions at distances of 40 and 60

mm from the heater were found to be zero and 75, v#3pectively (Fig. 7.5).

The relative humidities were found to be 100% atadices of 40 and 60 mm from

the heater at the time of terminating the test.(Fid). Therefore, the calculated suctions at
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distances of 40 and 60 mm from the heater were (#g 7.5). At a distance of 20 mm
from the heater, the calculated suction was eqaiiddl at 75 MPa, similar to the initial
calculated suction of the specimen (Fig. 7.5). fdte of movement of water flow towards
the heater was retarded due to constant heat sanccbence the suction at a distance of

20 mm from the heater was equilibrated at 75 MPa.

7.3.4 Swelling pressure due to thermal loading

The time versus swelling pressure development atofbposite end of the heat
source of the compacted bentonite specimens dtreetmal loading (test nos. 1, 2 and 3)
are shown in Figs. 7.6 (@) and 7.6 (b) in semiditiganic and arithmetic scale,
respectively. The swelling pressures measured teabpposite end of the heat source of
the compacted bentonite specimens attained maxisweting pressure after 7 to 10 days
of thermal loading. The measured swelling pressateat the opposite end of the heat
source of the compacted bentonite specimens wenedfdo be decreased for longer
duration of thermal loading. Finally, the swellipgessures exerted by the compacted
bentonite specimens at at the opposite end ofd¢he dource were equilibrated after about
50 days of thermal loading. Water vapour was fotodhave been transferred from the
hotter end of the compacted bentonite specimenhe& dooler end, where it had
subsequently condensed. This resulted in an inedeagter content that was observed at
the cooler end. This increase in water content camse expansion in the bentonite
specimen, but under restrained conditions the Ipéetespecimens will respond to an
increase in water content by demonstrating an asaren swelling pressure. Conversely,
the hotter end may undergo shrinkage due to aweasiain effect; this was not found to be

significant for the compacted bentonite system.t8eite specimen from the middle layer
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iIs subject to both wetting and drying. It shouldnded that the swelling pressure
measured at the opposite end of the heat sourttee dfentonite specimen was the overall

swelling pressure that had been executed alongpia@men depth.
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Figure 7.6. Time versus swelling pressure plotga) semi-logarithmic scale and (b)

arithmetic scale during thermal tests on compabtedonite specimens.
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The maximum swelling pressures measured for testhhd and 3 were 1210, 853
and 700 kPa, respectively (Fig. 7.6 (a)). The Inglpressure was found to increase with
an increase in the initial compaction dry densitge maximum swelling pressures were
attained after 10, 8 and 7 days of the thermalitgpghase for test nos. 1, 2 and 3,
respectively. For test nos. 2 and 3, the swellirggures were equilibrated after 50 days of
thermal loading. The equilibrium swelling pressunese 165 and 191 kPa for the test nos.
2 and 3, respectively (Fig. 7.6 (b)). The axialsstge measured at the at the opposite end
of the heat source of a dummy PTFE specimen angaci®d Speswhite kaolin specimen

are shown in Fig. 7.7 for comparison.
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Figure 7.7. Time versus axial pressure plots dutingrmal tests on dummy PTFE

specimen and compacted Speswhite kaolin.
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The measured axial pressure at the opposite etitedieat source of the dummy
PTFE specimen equilibrated within about 2 hoursnfrime start of the test. The PTFE
specimen exerted pressures of 700 kPa (Fig. 7hé.akial pressure measured at the cold
end of the dummy PTFE specimen can be attributethéothermal expansion of the
material. Compacted Speswhite kaolin specimen eadem axial pressure of 38 kPa due to

an applied thermal loading (Fig. 7.7).

The test results clearly indicated that due to gpecific design of the testing
device, the expansion of PTFE liner subjected ¢éonial loading was not reflected on the
axial pressure exerted by Speswhite kaolin specifhikarefore, it can be stated that the
expansion of the PTFE liner did not influence theasured swelling pressures of the

compacted bentonite specimens during the therratd.te

If a certain volume of moist-soil is being heatédmae side, the water in soil close
to the heater will evaporate. The evaporated wea@our will be transported from the
hotter area to the cooler region of the soil andlaa@ndense to form liquid water (Samper
et al.,, 2001; Pusch and Yong, 2006). During thentla¢ tests on compacted bentonite
specimens and subjected to elevated temperatubeeaend, the water vapour diffused
away from the hotter area to the cooler area ofbretonite specimens and condensed
(Samper et al., 2001). The condensation of theuskifl water at the opposite end of the
heat source of the bentonite specimen contributeaintincrease in the water content as
evident from the relative humidity results shownFig. 7.4. The restrained compacted
bentonite specimens exhibited swelling pressutheabpposite end of the heat source due
to an increase in the water content. Simultaneoaslthe hot end, the bentonite specimen

had undergone a shrinkage process. The overalkteffiean increase in the swelling
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pressures for the first 7 to 10 days of appliedrta loading is attributed to the higher rate
of swelling at the cold end than the rate of shage occurred at the hot end of the

compacted bentonite specimens.

The reduction in swelling pressures can be exptainem the relative humidity
variations shown in Fig. 7.4. The relative humidéy the cold end of the bentonite
specimens (at a distance of 60 mm from the heatas)equilibrated within 7-10 days of
thermal loading. The relative humidity values astainces of 20 and 40 mm from the
heater were found to decrease up to about 50 dasptied thermal loading. Therefore, a
high suction gradient existed from the hot endhi® ¢old end of the specimens. Due to a
higher temperature at the bottom of the specintewater vapour transported from the
hotter area to the cooler area of the specimensweMer, a counter-opposing moisture
flux occurred from the cold to the hot end of tipeamens (Fig. 2.9). Therefore, water

redistribution took place inside the compacted beitt specimens (Akesson et al., 2009).

Liquid water tends to move towards the hot endhef ¢pecimens due to a higher
suction and water content gradie@n the other hand, the swelling of the restrained
bentonite specimen at the cold end was due to leehiyater content that resulted in the
development of swelling pressure and local comprassf the material (Pusch and Yong,
2006). The overall effect was manifested in a desman the swelling pressure at the cold
end of the bentonite specimens for prolonged pasfaiermal loading. The water content
of the bentonite specimens equilibrated after ald@utlays of thermal loading that was

manifested in the equilibrium swelling pressureuhess
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7.3.5 Swelling pressure due to thermal and hydraulic loadings

Figures 7.8 (a) and 7.8 (b) present the time vesstedling pressures measured at
the cold end of the compacted bentonite specimanaglthe thermo-hydraulic tests (test
nos. 4 and 5) in semi-logarithmic and arithmeti@alesc Distilled de-aired water was
supplied from the top end of the specimens afteddys and 72 days of thermal loading
phase for test nos. 4 and 5, respectively. Pri@uggplying water, the swellings pressures
of the specimens were 483 and 382 kPa for testdasd 5, respectivelyhe variation of
swelling pressure during the thermal loading pemas$ found to be similar to that was
noted for test nos. 1, 2 and 3. Upon supplying watan the cold end of the bentonite
specimens, the measured swelling pressure furti@eased. The maximum swelling
pressure measured at equilibrium was about 2550d¢Rmth tests (test nos. 4 and 5) after

105 and 110 days of hydration period (Fig. 7.8).
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Figure 7.8. Time-swelling pressure plots in (a) skmarithmic scale and (b) arithmetic

scale during thermo-hydraulic tests on compactedonée specimen.
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7.3.6 Water content variation

7.3.6.1 Effect of thermal gradient

The measured water contents at various depths t&ftenination of the thermal
tests (test nos. 1, 2, 3) are shown in Fig. 7.% ifitial water content of the bentonite
(11%) is shown for comparison. Due to the applreztrhal gradient, the water contents at
the heater end were lesser than the initial waiatent of the specimens as water vapour

transferred from the hot end to the cold end.
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Figure 7.9. Distribution of water contemsentonite specimens after thermal tests.

The measured water content along the depth thehiémispecimens was found to
be similar after 65 and 67 days of thermal loadifige minimum and maximum water
contents were found to be 0.3% and 17.6% afterr@b G¥ days of thermal laodings,

respectively (Fig. 7.9). The overall mass balacm#éld not be obtained. An overall loss of
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2% water content was noted after termination ofttlegmal test of 67 days. The results
confirmed that water in the form vapour moved adayn the heater and condensed at the

cold end of the bentonite specimens.

7.3.6.2 Effect of thermal and hydraulic gradients

Figures 7.10 and 7.11 show the physical appearasfdesntonite specimens after
terminating the thermo-hydraulic tests (test noand 5). The differences in darkness of
the colour indicates the water content of the spens were not uniform. The darker part
of the specimen with higher water content was re¢dmethe hydration end, whereas the

brightest part with lesser water content was ctogee heater end.

At 20 mm distance At 40 mm distance At 60 mm distance
away from heater away from heater away from heater

Figure 7.10. Physical appearances of the bentspigeimen at three sensors level after
thermo-hydraulic test no. 4 (Photographs were takaie dismantling).
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Figure 7.11. Physical appearances of the bent@péeimen after dismantling thermo-
hydraulic test no. 5.

Figure 7.12 presents the measured water conteortg #he depth of the bentonite

specimens after dismantling the thermo-hydraubtstétest nos. 4 and 5). At the cold end

of the specimens, the measured water contentsldffeand 110 days of hydraulic loading

were found to be similar (about 39.0%). At the beaind, the water contents were found

to be 5.0% and 2.2% for test nos. 4 and 5, respytiFig.7.12).

Water content (%)

v - - - _______-_ »
39.0% P
35 1 z
4 Type of test Duration g 7
: z
1 —/—Thermo-hydraulic 117 days 7z
307 >~
4 —€—Thermo-hydraulic 182 days -
] v
] =
25 7 // /‘
] G
] e //
20 n s/
] *
A
1 /
15 - // / Initial water content
] s/
i /
1. .. b
10 A v
] V2 Ve
5.0% 7
5 1« ¥
122% .~
i
0+ ‘ —r .
0 10 20 30 40 50 60 70

Distance from heater (mm)

80

Figure 7.12. Distribution of water contents in lmemte specimens after thermo-hydraulic

tests.
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7.3.7 Comparison of swelling pressureswith oedometer test results

The swelling pressure test results presented aptelh 4 were compared with the
measured swelling pressures in the thermal anth#reno-hydraulic tests. The maximum
water content at the cold end of the bentonite isp&ts after termination of thermal tests
was found to be about 18%. The water contents aluagepth of the bentonite specimens
were varied between 0.3% and 18% (Fig. 7.9). Theasmmed water content after
termination of the thermal tests was lesser thanstdturation water content (34-35%) for
the specimens with similar compaction dry densifiesble 4.3). Therefore, the measured
swelling pressures due to thermal loading (0.5.®0MPa) were far lesser than swelling
pressures exerted by fully saturated specimen riessé tests (2500 kPa to 2800 kPa)

(Table 4.3).

After termination of the thermo-hydraulic testse thnaximum water content at the
cold end was found to be about 39%. The measuréer wantent along the depth of the
specimens were found to vary between 2.2% and 3986 7.12). Therefore, the swelling
pressure exhibited by the bentonite specimen iearp to be different along the depth of
the bentonite specimen. The average water confehedentonite specimen close to the
hydration end (top 20 mm) was similar to the satan water content of bentonite
specimen at similar dry densities shown in chagtérater content = 34.5%) (Table 4.3).
The measured swelling pressures during the thewydaahblic tests were very similar to
that was noted for constant volume swelling presdests at similar compaction dry
densities (about 2.5 MPa). Therefore, the meassveelling pressure during thermo-
hydraulic tests was due to the local swelling (&p mm) of the compacted bentonite

specimens.
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The actual dry density of the specimens was notsared during the development
of swelling pressure. The dry densities of the Bpens were determined after extruding
the specimens from the cell. Therefore, the comsparis being made at similar compacted
dry densities. On the other hand, due to the thleamé hydraulic gradients the chemical
composition of the bentonite specimen may changeoxerall increase of cations and
anions population is expected close to the heatertd thermal and hydraulic gradients
(see chapter 8) (Fernandez et al., 2004; Cleall. e2007; Samper et al., 2008; Fernandez
and Villar, 2010). However, the measured swellimgssures after the thermo-hydraulic
tests were found to be similar to that of the sdtd bentonite specimens tested in
oedometers. Therefore, it can be concluded thatsthling pressures exerted by the
compacted bentonites due to the thermal and hydrldding primarily on account of

dependent on the dry density and the water coofahe specimens.

7.3.8 Dry density and degree of saturation variation

7.3.8.1 Effect of thermal gradient

The dry density and the degree of saturation ofhelentonite slices were
calculated from measured water content and measwtaches of the bentonite specimens
after termination of the thermal and the thermorhwytic tests. The variation of the dry
density and the degree of saturation for tests hp& and 3 were found to be similar.
Therefore, typical results for test no. 3 are pnesd: Figure 7.13 presents the dry density
and the degree of saturation along the depth ob#mtonite specimen for test no. 3. The
initial dry density and the degree of saturatiorth&f specimen are also shown in Fig. 7.13

for comparison.
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The dry density of the bentonite specimen at thd emd having higher water
content was found to decrease after removal fracéil. The dry density of the specimen
at the heater end was found to increase due tokstye. An overall decrease of dry
density of the bentonite specimen was found to .b& ®g/n? as against the initial dry
density (1.58 Mg/rf) of the compacted specimen prior to testing. Thedgnsity of the
specimen at the cold end was found to be 1.50 Mghereas the dry density was found

to be 1.61 Mg/mat the hot end (Fig. 7.13).

1.62 . 60
, Calculated dry density Testno.3 7 H
A 2after dismantling 7
AN 4
7 / Calculated degree 7 3
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7 to the experiment -~
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Figure 7.13. Dry density and degree of saturatemmetion along the depth of the specimen
after thermal test of 67 days (test no. 3).

The degree of saturation was found to be incredsedo an increase in the water
content of the specimen away from the hot end. ddwee of saturation of the specimen
at the cold end was found to be 60%, whereas tbeirgen remained very dry at the hot

end (degree of saturatien10%) (Fig. 7.13).
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7.3.8.2 Effect of thermal and hydraulic gradients

The variation of dry density and the degree of rediton for tests nos. 4 and 5 were
found to be similar. Therefore, typical resultdest no. 5 are presented. Figure 7.14 shows
the dry density and the degree of saturation abuardepths for test no. 5. The initial dry
density and the degree of saturation of the spetiare also shown in Fig. 7.14 for
comparison. The partially saturated bentonite spegiexpanded once the tested specimen
was extruded from the device. Therefore, the drysie of the specimen at the cold end
having higher water content was found to decreBise.dry density of the specimen at the
heater end was found to increase due to shrinkagei@d during the thermal tests. An
overall decrease of the dry density of the specimas found to be 0.08 Mgias against
the initial dry density (1.60 Mg/fh of the compacted specimen prior to testing. imil
effect has been reported by several researchellar(ét al., 1997; Villar et al., 2007;
Akesson et al., 2009; Espina-Gomez and Villar, 208€randez and Villar, 2010). The
dry density of the specimen at the cold end wasddo be 1.35 Mg/t whereas the dry

density was found to be 1.71 Mgfiat the hot end.
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Figure 7.14. Dry density and degree of saturatemmtion along the depth of the specimen

after thermo-hydraulic test of 182 days (test o. 5

Similar to the effect of thermal loading, the degd saturation was found to be
increased due to an increase in the water confethieaspecimen away from the hot end.
After termination of the thermo-hydraulic testse tthegree of saturation of the specimens
close to the hydration end was found to be 100%. (Fil4). However, the degree of
saturation at the hot end was very similar to Whad noted after termination of the thermal

tests (degree of saturatieri0%) (Fig. 7.14).

7.4 Concluding remarks

In this chapterthe influence of thermal and thermal and hydragliadients on

thermo-hydro-mechanical behaviour of compacted dretds is presented. A detailed
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experimental program and the test methods adopéedescribed. The test results include:
transient temperature, relative humidity and cqoesling calculated suction profiles at
specified depths of the compacted bentonite spawibae time versus measured swelling
pressure at the opposite end of the heat souritee @lompacted bentonite specimen due to
the thermal and the thermo-hydraulic loading andnge in the water content, the dry
density and the degree of saturation along thehdefpthe compacted bentonite specimens
after termination of the thermal and the thermorhwutic tests are presented. Based on the

findings of this study, the following concludingmarks can be made.

The relative humidity, the water content and thgrde of saturation were found to
increase from the hot end to the cold end of thepaxted bentonite specimens due to
applied thermal and hydraulic gradients. Howevee, dry density was found to decrease
from the hot end to the cold end of the bentorpecsnens due to an increase in the water

content. The above findings are in concurrent teseported in the literature.

Due to an applied thermal gradient, the bentosgecimens exerted swelling
pressures of 0.5 to 1.2 MPa (initial compaction dgnsities between 1.58 and 1.63
Mg/m®). The swelling pressures developed in compactatiobite specimens at the
opposite end of the heat source are primarily duagntincrease in the water content. The
difference in suction and water content gradienssde the bentonite specimens lead to

redistribution of water and hence a decrease iswedling pressures with an elapsed time.
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Chapter 8

Effects of temperature and hydraulic gradientson
solute transport in compacted bentonite

8.1 Introduction

Compacted bentonites are extensively used in degeechnical engineering
applications. One of the important applications@ipacted bentonites is proposed to be
used as barrier and backfilling materials in deeplagical repositories. For the safety
assessments of geological disposal of high-lewdibeative waste, migration behaviour
of radionuclide in compacted bentonite is of giestrest. An understanding of the pore
water composition of bentonite is essential, sith@epore water composition influences
the release and transport behaviour of radionu¢kaeaki et al., 2001; Fernandez et al.,

2001, 2004).
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The time required for the decay of radioactivity topthe threshold values of the
natural radioactivity is several thousands of yedise chemical stability of bentonite
during this period is crucial for satisfactory merhance of engineered barrier systems.
The clay barrier needs to be studied for some gbart processes to assure its long-term
effectiveness (Martin et al., 2000). One of theseEgsses is the accumulation of solutes
transported through bentonites during the hydratpmriod. This process can be
influenced by the existence of a thermal gradiergv@n a thermo-hydraulic gradient. A
thermal gradient can give rise to a concentratiosdignt. The higher concentration
gradient due to chemical transport phenomenon nesyltr in increasing hydraulic
conductivity and decreasing osmotic swelling on paated natural clayévong et al.,
1992; Di Maio, 199% The salinity of bentonite buffer accelerates toerosion of the

steel/copper canister containing spent fuel (PaschYong, 2006).

This chapter presents the processes of salt nograticompacted bentonite and the
possibility of accumulation of salts in specificgrens due to thermal and hydraulic
gradients across compacted cylindrical bentoniecigpens. The compacted cylindrical
bentonite specimens were subjected to heatingwellioby hydration at opposite ends of
the specimens described in chapter 7. After ternoinaof the tests, the specimens were
sliced into several pieces and the variation ofcentrations of anions and cations along
the depth of the bentonite specimens were detednii@ection 8.2 presents the
experimental program for chemical analysis. Sec8a® presents the test results and

discussion. Concluding remarks from this chapterpsesented in section 8.4.
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8.2 Experimental program

A series of thermal and thermo-hydraulic tests weagied out on compacted
bentonite specimens for different durations. Thsults concerning changes in the
temperature, the relative humidity, the suctior $twelling pressure, the water content,
the dry density and the degree of saturation aesgmted in chapter 7. Three nos. of
thermal and two nos. of thermo-hydraulic tests wayaducted (Table 7.1, chapter 7).
After termination of the tests, the specimens wsticed into 8 pieces of 10 mm thick.
The sliced specimens were stored in airtight coetai and were oven dried. The oven
dried specimens were grinded to powder. One graarypbentonite powder from each
slices of the specimens were mixed thoroughly wlith ml of distilled water. The
solutions were then shaken horizontally for 24 Bousing reciprocate shaker. Further,
the solutions were centrifuged for 5 minutes areghpernatant solutions were collected.
The supernatant solutions were filtered with Whatma filter paper applying vacuum

using a Buchner funnel.

The concentrations of commonest exchangeable i@sept in clays are chloride,
sulphate, nitrate, sodium, potassium, calcium aadmasium (Grim, 1968). The filtered
solutions were tested using Anton Paar lon Chrography (IC) to determine the
concentrations of GISQ? and NQ ions. Inductively Coupled Plasma Optimal Emission
Spectroscopy (ICP-OES) was used to determine theectrations of Na K*, C&* and
Mg?* ions. The measurements were repeated twice anéwvbege of the measured

values of each slices of the specimens were camrsider analysis.
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The concentrations of cations and anions were fawtdn mg/l of solution using
lon Chromatography (IC) and Inductively Couple Rilas Optimal Emission
Spectroscopy (ICP-OES). The concentrations of natend anions are also presented in
meq/100 g. The concentration of soluble cations @amdns in bentonite were measured
from the aqueous extract of solutions prepared withbentonite: water ratio of 1:10.

The measured concentrations were considered asme&evalues for analysis.

Table 8.1 presents the reference concentrationesatd cations and anions of
MX80 bentonite in the study obtained from the aqse@xtraction technique. The
reference solubilised elements of MX80 bentonifgoreed by Gomez-Espina and Villar
(2010) also presented in Table 8.1 for comparisiime discrepancies of the values
obtained are attributed to the difference in soliguid ratio used during the aqueous

extraction process.

In addition to dilution, several chemical procestdse place during pore water
extraction from clay samples, including dissolutafrsoluble minerals (halite, sulphates,
and carbonates mostly), dissolution and ex-solutbddngases and cation exchange
(Samper et al., 2008). All these processes chdmgedncentrations of dissolved species
in a complex nonlinear manner which makes it difticto derive the chemical
composition of the clay pore water from aqueousaextdata (Fernandez et al., 2001;
Samper et al.,, 2008). The cations and anions ctratems of two MX80 bentonites
presented in Table 8.1 are comparable. Howeveaghtsfi higher concentrations were

observed in consequences of difference in chemarabpositions of the two bentonites.
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Table 8.1 Solubilised minerals of MX80 bentonitdedmined from aqueous extraction

method
Solubilised minerals Solubilised minerals*
(meq/100 g) (meqg/100 g)
(solid: liquid ratio of 1:10)  (solid: liquid ratio of 1:8)

pH 9.85 9.20
Na’ 9.50 9.30
K* 0.11 0.09
of: 0.63 0.50
Mg?* 0.11 0.09
Cr 0.18 0.16
sSQ* 6.05 5.10
NGs 0.14 --

* adopted from reported values by Gomez-Espina\dhar (2010).

Table 8.2 presents the experimental program andighef anions and cations
analysed after thermal and thermo-hydraulic te$twee nos. of thermal test were
conducted for the duration of 12, 65 and 67 dayso hos. of thermo-hydraulic tests
were conducted for the duration of 117 and 182 dsgs also Table 7.1, chapter 7). The
concentrations of Na K*, C&*, Mg?*, CI, SO and NQ ions were measured after
termination of the thermal and the thermo-hydratdits along the depth of the bentonite

specimens.

Table 8.2 Experimental program for chemical analysi

Test type Duration of tests List of cations andasi
analysed

Thermal 12, 65, 67 GISQ”, NOs, Na, K7,
C612+, Mgz+

Thermo-hydraulic 117, 182 CTB0O?, NOs, Na', K,
C£+, Mgz+
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8.3 Results and discussion

The chemicals are transported in compacted bestamiinly by advection,
molecular diffusion and mechanical dispersion (Sangp al., 2008). The measurement of
chemical concentrations in bentonite is affectedalgueous complexation, acid-base,
dissolution/precipitations and cation exchange (when and Lehikoinen, 1998; Cleall et
al., 2007; Samper et al., 2008; Ferndndez andrVR2@10). The main mineral content in
bentonite is montmorillonite that constitute ab@@-85% of total minerals present.
Several other accessory minerals such as gypsuaitecgyrite, quartz, mica, feldspar,
siderite, albite, biotite (Bradbury and Baeyen9)20Montes-H et al., 2005) are present
in bentonites. The accessory minerals participaien exchange reactions when dissolve

in water.

The factors affecting the solute transport phenanedue to applied thermal
gradient across compacted bentonite specimens nemeasing solute concentration
resulted from evaporation at the hot end of thetdrete specimens and molecular
diffusion. During a thermo-hydraulic loading phase, addition to the concentration
gradient and the diffusion processes, advectiondasgblution/precipitation of solutes at
the hydration end governs the solute transport @inemon. The trend of concentration
profiles of cations and anions along the depthhef hentonite specimen due to applied
thermal gradient and thermal and hydraulic gradieate comparable. Therefore, the
variation of cations and anions concentrationstduspplied thermal gradient and thermal

and hydraulic gradients are presented togethérardilowing sections.
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Figure 8.1 shows the profiles of chloride concdmdmalong the depth of the

specimens after termination of thermal and therydrdwlic tests. Chloride ion is the

most mobile ion and remain inactive with other iamlay water system (Fernandez et

al., 2001; Martin et al., 2000; Bradbury and Basy@®03; Cleall et al., 2007; Fernandez

and Villar, 2010). The concentrations are showmay/100 g and mg/l with an increase

in the distance from the heater. The initial clderconcentration (Table 8.1) is shown in

Fig. 8.1 for comparison.
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Figure 8.1. Influence of thermal and thermo-hydragtadients on chloride transport in

compacted bentonite specimen.
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Due to an applied thermal gradient, the chlorideceatration builds up close to
the heater due to evaporation and diffusion (Fetearand Villar, 2010). The maximum
chloride concentration was observed between 250t/ away from the heater. The
maximum chloride concentration after terminatiorthed thermal test was found to be 0.6

meqg/100 g.

Due to applied thermal and hydraulic gradients, ¢chioride ions were carried
with liquid water towards the heater by advecti®he chloride concentrations were not
affected by ion exchange reactions. The maximumnaimidnum chloride concentrations
were found to be 0.9 and 0.06 meqg/100 g (Fig. &Bmez-Espina and Villar (2010)
reported similar chloride concentration profiles asigred after thermo-hydraulic test

(0.89 and 0.066 meq/100 Q).

8.3.2 Sulphate (SO4%) distribution

The effect of temperature gradient and temperatume hydraulic gradients on
sulphate concentration profiles after terminatihgrinal and thermo-hydraulic tests is
presented in Fig. 8.2. The initial sulphate conegin is shown in Fig. 8.2 for
comparison. During the thermal loading phase, aedse in sulphate concentration at
about 10 mm from the heater was noted. The decieagdphate concentration was due

to precipitation of anhydrite (Ferndndez and Vjl2010).
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Figure 8.2. Influence of thermal and thermo-hydragradients on sulphate transport in

compacted bentonite specimen.

Due to an applied thermal gradient, the dissolutbsulphates at hydration end
of the specimens resulted in decrease of sulpluateeatrations (Fernandez et al., 2001).
The maximum concentration of sulphates was fountth@imid height of the specimens
measured after thermo-hydraulic tests (Fig. 8.2he Tsulphate concentration

measurements may be influenced by kinetic and goliliquid ratio when calcite and

dolomite both are present or by oxidation whentpyig present (Fernandez et al., 2004).
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Figure 8.3 presents the profiles of nitrate coneiain along the depth of the

bentonite specimens measured after terminatiohethermal and the thermo-hydraulic
tests. In Fig. 8.3 initial nitrate concentratiorpistted for comparison. The concentration

profiles show an uneven pattern without having pawgicular trend.
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Figure 8.3. Influence of thermal and thermo-hydragradients on nitrate transport in

compacted bentonite specimen.

Due to an applied thermal gradient, the maximurmatét concentration was
observed at a distance of 15 mm from the heatena@@wyaporation and diffusion. The
maximum nitrate concentration during thermal logdivas found to be 0.17 meqg/100 g

(Fig. 8.3).
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Due to applied thermal and hydraulic gradientstatet concentration profiles
along the depth of the bentonite specimens weradida be similar to that was noted
during thermal loading. The maximum nitration cantcation after termination of
thermo-hydraulic test was found to be 0.24 meqg/d@Fig. 8.3). At the hydration end,
the nitration concentration was found to lesserer@VN, a higher nitrate concentration

towards the heater and a lesser concentration tiswhe hydration end were observed.

8.3.4 Sodium (Na") distribution

Figure 8.4 presents the concentration profiles aditsn ion measured after
termination of the thermal and the thermo-hydratégts. The concentration profiles of
sodium are nearly similar to that of chloride. T$w&ium concentration was not varied
significantly along the depth of the specimen aftermal test of 12 days. The overall
concentration of sodium ion was higher than thahivfl concentration. The discrepancy
is attributed to the dissolution/precipitation (Sen et al., 2008) processes during
aqueous extraction technique. With longer duratibthermal tests, the concentration of
sodium ion close to the heater increased due tpogaton of water and diffusion of salts
driven by concentration gradient (Mitchell, 1993n%er et al., 2008; Fernandez and
Villar, 2010).The peak concentration of sodium was observedaitdls mm away from
the heater after 65 and 67 days of thermal teseigitation of salts close to the heater

also increased the sodium ion concentration (BediGilman, 1995).
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Figure 8.4. Influence of thermal and thermo-hydmagradients on sodium transport in

compacted bentonite specimen.

Due to applied thermal and hydraulic gradients, 9bdium ion was transported

towards the heater by advection and a backwardsidh occurred towards the cold end

(Cuevas et al., 2002; Cleall et al., 2007). The imam sodium ion concentration

measured after the thermo-hydraulic tests was fdaarae lower than the concentration

measured after thermal tests (Fig. 8.4). The sodaoncentration during thermo-

hydraulic loading was affected by advection, baadkivdiffusion and ion exchange

reactions.
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8.3.5 Calcium (Ca?") distribution

Figure 8.5 presents the concentration profiles @ltiom ion measured after
termination of the thermal and the thermo-hydratdists. During thermal loading, the
concentration of calcium close to the heating spun@s found to decrease due to

advection. The concentration of calcium was ina@dast a distance of 25 mm from the

heater.
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Figure 8.5. Influence of thermal and thermo-hydaglkadients on calcium transport in

compacted bentonite specimen.

Due to applied thermal and hydraulic gradients,dbwecentration of calcium was

affected by dissolution precipitation and ion exalp@areactions at the hydration end. The
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advection and diffusion govern transport process r@sponsible for change in calcium
concentration profiles due to the thermal and thermo-hydraulic loading. Calcite
dissolution occurred at hydration end resulted iovaer concentration profile (Fernandez

and Villar, 2010; Gémez-Espina and Villar, 2010).

8.3.6 Magnesium (Mg®") distribution

Figure 8.6 presents the concentration profiles afymesium ion measured after
termination of thermal and thermo-hydraulic testfie magnesium concentration profile
found to be similar with other cations. Due to @pleed thermal gradient, the magnesium

concentration was found to increase towards theehea
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Figure 8.6. Influence of thermal and thermo-hydagtadients oomagnesium transport

in compacted bentonite specimen.
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The peak concentration of magnesium during thenthkloading was found to be
at a distance of 30 to 40 mm from the heater. Tiseease in magnesium concentration
towards the hotter region of the specimens was raolbed mainly by

dissolution/precipitation process.

Due to applied thermal and hydraulic gradients, tadcite precipitate and
dissolution of other accessory minerals such asndidé and sulphate occurs (Fernandez
and Villar, 2010). The magnesium concentration at&oeased by ion exclusion in the
cooler region of bentonite specimens in consequehcalcite/sulphate dissolution (Fig.

8.6).

8.3.7 Potassium (K™) distribution

Figure 8.7 presents the concentration profiles @thgsium ion measured after
termination of the thermal and the thermo-hydratdigts. The concentration profiles of
magnesium are scattered in nature. Due to an @ppiiermal gradient, an increase in

potassium concentration was noted towards the heate

Due to applied thermal and hydraulic gradients, iacrease in potassium
concentration towards the heater was noted sirtaléinat was noted for thermal loading.
An increase in potassium concentration was obseaveal distance of 15 mm from the
heater (Fig. 8.7). The results show a lesser cdrat@n at the hydration end due to
advective transport. The general trend of the catnagon profile of magnesium is nearly

similar to the profiles of calcium and magnesium.
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Figure 8.7. Influence of thermal and thermo-hydragtadients on potassium transport in

compacted bentonite specimen.

8.4 Concluding remarks

The processes of salt migration in compacted béetatue to thermal and
hydraulic gradients are presented in this chaftee. possibility of accumulation of salts
in specific regions due to thermal and hydrauliadignt across compacted cylindrical
bentonite specimens are presented in this chapherconcentration profiles of chloride,
sulphate, nitrate, sodium, calcium, magnesium, @oethssium ions in compacted
bentonite specimens measured after terminatiohasfrtal and thermo-hydraulic tests are
shown by aqueous extraction method using Indugtivebuple Optical Emission

Spectroscopy (ICP-OES) and lon Chromatography (IC).
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An overall increase of cations and anions closg¢oheater and a decrease at the
cooler part of the specimens was observed. Theaidbeland sodium ion concentrations
were found to be significantly higher at the hottgion of the specimens. Therefore, the
salinity of the compacted bentonites is expecteoketbigher in vicinity to the heater. The
solute transport processes were influenced by es#ipn, condensation, molecular
diffusion and advection. The determination of aagicand anions concentrations was

affected by ion exchange reaction and dissoluti@aipitation.
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Chapter 9

Numerical ssmulation of ther mo-hydro-mechanical tests

9.1 Introduction

Several numerical investigations have been caoigdn the past in order to study
the behaviour of bentonite under thermal and hydrayradients. A brief review of the
theoretical models used to study the coupled thdmano-mechanical behaviour of
unsaturated soil is presented in Chapter 2. In ithugstigation, a finite element based
numerical modelling was undertaken in order to $ateuthe thermal and thermo-
hydraulic test conditions and to compare the expemtal temperature, suction and
swelling pressure variation with that of the sintethresults:The finite element based
code COMPASS (COde for Modelling PArtially Satuchtgoils) was developed at GRC,
Cardiff ~ University. The model was formulated to dgu coupled

thermo/hydro/chemical/mechanical (THCM) behaviodr umsaturated soil (Thomas,
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1985; Ewen and Thomas, 1987; Ewen and Thomas, 1B88&mnas and King, 1991;

Thomas and He, 1994).

A theoretical model of coupled transient heat amilstare transfer in unsaturated
soil was developed (Thomas, 1985; Ewen and Thot&8¥, 1989). Philip and de Vries
(1957) approach was adopted to model the vapour Which considers liquid, vapour
and heat flow independently and relate them tagtiadients of temperature and moisture
content using Fourier and Darcy's law. Ewen and riia® (1987) carried out an
experimental investigation on the behaviour of tunsded sand surrounding a heating
rod and modified the model to simulate coupled laat moisture transfer processes in
unsaturated soils (Ewen and Thomas, 1989). Thomad¥ag (1991) further developed
the previous model by expressing the coupled he@tnaoisture transfer in unsaturated
soils in terms of potentials for flow. The apprbaresented by Thomas and King (1991)
was then extended to include the effect of elevata@ air pressure in unsaturated soill,
deformation of the soil and transport of variouseroical species by the various
researchers (Thomas and Rees, 1990, 1993; Thondablegn1994, 1995; Thomas and
Sansom, 1995; Thomas et al., 1996; Thomas and997;1Thomas and Cleall, 1997,

1999; Seetharam, 2003; Vardon, 2009).

This chapter presents the simulation of the themnal thermo-hydro-mechanical
test conditions and comparison between the expatahand the simulated results using
COMPASS. Section 9.2 presents the theoretical fatimns for the heat, liquid water
and water vapour transfer and the deformation bebhawas applicable to unsaturated soil.
Section 9.3 presents the details of numerical sittafl and the material parameters used
for the simulations. Section 9.4 presents the tesaihd discussion. The concluding

remarks from this study are presented in sectibn 9.
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9.2 Theoretical for mulation

The detailed theoretical development of the coupleetmo-hydro-mechanical
model called COMPASS can be found in Ewen and Thlso(h889), Thomas and King
(1991), Thomas and He (1995, 1998), Thomas et18Pq), Cleall (1998), Seetharam
(2003) and Vardon (2009). Therefore, a brief dgsiom of the formulations for heat,
liquid water and water vapour flow along with thefamation behaviour of unsaturated
expansive soils are presented in the followingisest The governing equations are
expressed in terms of four primary variables:

(i) Pore water pressura)(

(if) Pore air pressurey),

(i) TemperatureT) and

(iv) Displacementy).

The behaviour of all these variables are includé@tliva coupled thermo-hydro-
mechanical formulation (Seetharam, 2003; Vardom)920 Liquid and vapour water
transfer are considered utilising the principlecohservation of mass as is the transfer of
pore air. The pore air considered a binary mixtwfelry air and water vapour. Heat
transfer is governed by the conservation of ené&igng into account of conduction and
convection and the phase change via the latent dleatapourisation. Radiation is
assumed negligible (Seetharam, 2003). The mecHabatzaviour is governed by a
constitutive relationships developed using an ela$stic relationship for a swelling soil

via consideration of stress equilibrium (Seethara®®3; Vardon, 2009).
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9.2.1 Heat flow

The law of conservation of energy dictates thattémeporal derivative of the heat
contentQ, is equal to the spatial derivative of the heat,flQ. This may be expressed as

(Seetharam, 2003):

J (f;av) - _0Q(V) 9.1)

wheret is the time,0 is the gradient operator ardy/ is the incremental volume. The
heat content of a partially saturated soil per ualume,Q, is assumed to be the sum of
soil heat storage capacity and the contributionultegy from the latent heat of

vapourisation and can be defined as (Seetharan3)200

Q=H_(T-T)+LnS,p, (9.2)

whereH; is the heat capacity of unsaturated doik the latent heat of vapourisatid,is
the degree of saturation of pore diris the absolute temperature ahds the reference

temperature.

Thomas and He (1995) proposed the following equodto heat flow considering

conduction, convection and latent heat of vapotidea
Q = _ATDT + (vav + Vapv)L + (CpIVIIOI + vavvpl + vavapv + deavapda)(T _Tr)
(9.3)

whereQ is thetotal heat flow is the thermal conductivity W, v, arethe velocity of

liquid, vapour and air, respectivel@y, Cy, Codaare the specific heat capacities of liquid,
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vapourand dry airpy, pv, pda are the densities of liquid, vapour and dry aispextively.
The first term in equation (9.3) represents congladlow, second term represents latent

heat of vapourisation and the third term represeotsective flow.
9.2.2 Water flow

Flow of water in unsaturated soil may be descrilzasd a two phase flow
comprising, () the flow of liquid water andi() the flow of water vapour. The volumetric

water contentg, is defined as the sum of these two phases:

0=06,+0, (9.4)

where 4 is the volumetric liquid content an@, is the volumetric vapour content.
Equation (9.4) can be used to split the flow int® liquid and vapour phases. The
conservation of mass for each of the two phasesthey be considered separately. The
principle of thermodynamic equilibrium dictates ttla any point, the volumetric liquid

water and water vapour are in equilibrium (de VriE358) giving:

gv = (n_el )pv (95)

P
wheren is the porosityp, is the density of water vapour apdis the density of liquid
water. Firstly, the liquid water phase is dealthwitThe law of conservation of mass

dictates that the time derivative of the liquid @t is equal to the gradient of the liquid

flux + a sink/source. This can be expressed as:
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06,0V
1% # =-p 0V, - poVE, (9.6)
wherev, is the velocity of liquidEss is a sink/source term representing vaporisatiah an
condensation, the law of conservation of mass wistéhat the time derivative of the

vapour content is equal to the gradient of the uapitux + a sink/source, can be

expressed as:

0 P20 = g vy, ~ovii{ay, )+ OVE, (9.7)

wherev, is the velocity of vapour and, is the velocity of pore air. The volumetric air

content,&,, can be expressed as:

0,=(n-6,) (9.8)

Substituting eqgs. (9.5) and (9.8) into eq. (9.f§ aw of conservation of mass for liquid

vapour flow may now be expressed in terms of pty@sid volumetric air content:

@ =-poVO(v,)-ovO(p,v,)+ pdVE, ©:9

Summing the egs. (9.6) and (9.9), the conservationass for moisture can be expressed

as:

| ae,;v + P Vf{\av = —paVOy, —-vO(pv,)-avO(p,v,) (9.10)
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9.2.2.1 Mechanisms of liquid water flow

The mechanism of liquid water flow in unsaturateil fas been described by
several researchers (Fredlund and Rahardjo, 1988h&l, 1993). The formulations are
based on the four mechanisms (Mitchell, 1993) capudhe flow of water in an
unsaturated soil:

(i) Pressure head,
(i) Elevation head,
(i) Thermal gradients and
(iv) Electrical gradients
The flow of liquid water due to electrical and cheah gradients was not considered

(Seetharam, 2003; Vardon, 2009).

Fredlund and Rahardjo (1993) considered the hydraelad gradient, that is, the
sum of the pressure head, and elevation head agirggdootential for water flow. These
mechanisms may be described by Darcy’s law (1856),this approach has been applied
to unsaturated soil by Childs (1969) and Neilsomle{(1986). For multiphase flow in

unsaturated soil, Darcy’s law can be expressed as:

v %H;_ja} k{D(i—JD} 011)

where v, is the liquid velocity due to pressure and eleratheadsK, is the effective

permeability, 14 is the absolute viscosity of pore liquikl,is the unsaturated hydraulic
conductivity,  is the unit weight of liquid ana is the elevation. The temperature

strongly influences the absolute viscosity of watéaye and Laby (1973) showed the
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relationship between the viscosity of liquid waserd the temperature for a range of

temperature between 0 and 100

[ =6612(T —229 %2 x10°£05%  (Ns/mM) (9.12)

In equation (9.12), the temperatdrés in Kelvin.

9.2.2.2 Mechanisms of water vapour flow

Water vapour transfer occurs as a result of twaxmachanisms) diffusive and
(ii) pressure flow. The bulk air is considered to H@rery mixture of water vapour and
dry air (Pollock, 1986) and is dealt with via a galised Darcy’s law. Philip and de
Vries, 1957) proposed the following equation to suga the velocity of vapour,,Vv

through an unsaturated soil:

V., =— Datmsl\;vr \ﬂ a D,O\, (913)
|

whereDams is the molecular diffusivity of vapour through ,aiy is the tortuosity factor.
Considering the values @f;ms W andp, and rearranging the eq. (9.13) can be expressed

as:

Vv — Datmsvvrvea [po RHJDUI _ Datmsvvrvga (RH%.{. OﬁjDT
£ 5 P ar ar
— Datmsvvrvea [po d?HjDua
P %

(9.14)
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where is the density of saturated water vapdrid is the relative humiditys is the soil

suction.

Philip and de Vries (1957) suggested that the sntipbory defined in equation
(9.14) was not fully valid at increased temperawgnadients. They proposed two factors.
A flow area factor f), was included to achieve a reduction of the vadtaw as the
available flow area decreased at higher moistunetec's and a microscopic pore
temperature gradient factof, ] 7)./(CJT), was introduced, which is the ratio of the averag
temperature gradient in the air filled pores todkerall temperature gradient. This factor
takes account of the microscopic effect of heat flmths being shared between sections
of solid and fluid paths, giving rise to microscopegmperature gradients in the fluid filled
pores, which may be much higher than the macrosdepiperature gradients across the

sample as a whole. Including these two amendmetat®quation (9.14) yields:

Vv - Datmsvvrvea (po OAFQH]DUI _ Datmsvvrvea f (DT)a [h é’po +po OAFQHJDT
2 = o OT)ar T o
— Datmsvvrvea (,00 d:eHjDua
P s

Ewen and Thomas (1989) suggested two alterationtheoextended vapour
velocity equation proposed by Philip and de Vrig857). These alterations affected the
flow area factor fj. The extended vapour velocity equation proposgdPhilip and de
Vries (1957) did not account for the flow area ¢aah the moisture gradient terms and
appear to show the choking of vapour flow at highisture contents. Since it was
assumed that the vapour velocity is proportionadhtovapour density, Ewen and Thomas

(1989) suggested that the vapour flow area fadioulsl be present in both temperature
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and moisture gradients terms. They also suggehetdthie form of flow area factor be
modified to be equal to the porosity, and that mwmking occurs. Adopting these

suggestions the vapour velocity can be writterSagt{haram, 2003):

Vv - Datmsvvn(lo0 O‘RHJDUI _ Datmsvvn (DT)a RH doo +p0 QJDT - Datmsvvn(p0 mHjDua
o) 7S o) OoT or or P 7S

(9.16)

It should be noted that the experimental work bgelrte (1975), de Vries (1966)
and Ewen and Thomas (1989) was conducted on cathessosoil (sand). The application
of the approach in compacted bentonite specimemsres further investigation. Singh
(2007) proposed two factors)y( n2) in order to study the vapour flow in highly
compacted bentonites based on experimental evidenCensidering the proposed

material factors (Singh, 2007) the eq. (9.15) caexpressed as:

\Vj :,72 Datmsvvrvga (,0 O.hJDul _,71 Datmsvvrvga f (DT)a(h doo +,0 OhJDT

Y P 0 g £ aT or 0 7z (917)
_ Datmsvvrvga ( @jmu
,72 ,0| 100 & a

9.2.3 Governing equations for water flow

The previous sections defined the components @f ftor the liquid and vapour
phases. The components of liquid and vapour flawslare now included in the equation
of mass conservation for moisture flow, eq. (9.1e eqg. (9.10) may be rewritten in

terms of its primary variables to yield the govemidifferential equation for moisture
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flow. However, a number of terms must be expandetl developed as detailed in the

following sections.

Expanding the first two terms of the equation (9.40d noting that, = 1-S,
where§ is degree of saturation of pore water &)t the degree of saturation of pore air,

leads to the following expression:

JS pV
+ +
e(o,-0,) 2 o Hell§) Lo 5+ p,(2 |5)] ©.18)
pA+e)ly, +p L+ ey, + 1+ e (pv,)= 0
Dividing equation (9.18) by (1+e) and replacindle&) byn yields:
9 | p
n(1- Y+
n(pmp) G 8) 5 la g a1 3 (1+e)o"t (9.19)
p0v, +p0v, + D.(,ovva) =
Considering the third term, it can be shown that:
de O (9.20)
(L+eot ot

where g, is the volumetric strain which by definition isetihate of change of void ratio

with respect to initial volume. Substituting théesrn into equation (9.19) gives:

(o -pv)§+ n{l-§ )dofv +[p s +p,0-5 )]%+

p OV, +pOv, +0(p,v,)=0

(9.21)
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The first term of eq. (9.21) can be expressed as:

au or
(o - )2 =-n(p, - p,) 2 Xt n(p - p,) 2 T
a ;s a Jar a (9.22)
955 A, '
+n(p -
(o -p)=
The second term of eq. (9.21) can be expressed as:
ap,
nt-8)==
(9.23)
n(l_S) (h%.{_p ﬁj£+(p @j%_(p @jﬁ
a ot )& °) & °&) &
It can be shown that:
%o+ omr 2 pTp Y (9.24)
ot ot ot ot

where g, is the volumetric strain andis the strain vector. The strain matfxand the
differential operatom will be defined in section 9.2.4. The third terifneguation (9.22)

can therefore be expressed as:

g,
ot

Ju

=(a 5+a (1= g)m'P—> (9.25)

(S +0,(1-9))

Substituting equations (9.22), (9.23) and (9.24) tfe first, second and third terms,
respectively and equations (9.10), (9.13) and (9f@bv,, v4 andv,, respectively into

equation (9.21) yields:
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—1+C. —+C —2=2+C —=
G ot Gr ot G t G ot

O[K, Oy ]+ 0K, OT]+0O] KaDLL]+D.Z:,q K Og+1J

where
0 oh
C, =-n(p -p,) ;’ —n(1-8 ),
0 oh
CIT = (p| - pv)a_?- + n(l_ S )(h% *+ Oq Ej
0 oh
C. =n(p - pv)a—j +n(l-3)p, ™

C.=(8a+@-§)o)m'P

K. = 0 {ﬁ_ Datmsvvn [10 @j:|
I | J/, p| 0 &

D vn(DT)a( o ch
K - p atms*v h 0 +,0 "
IT | p|DT d-l- Od-l-

D,V N oh
K. =0k, +0 {T(po gﬂ

J =p0.(KO2)
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(9.26)

(9.27)

(9.28)

(9.29)

(9.30)

(9.31)

(9.32)

(9.33)

(9.34)

232



Chapter 9

9.2.4 Defor mation behaviour

The deformation behaviour of unsaturated soil reenlformulated based on the
elasto-plastic constitutive model developed by Almet al. (1990) known as Barcellona
Basic model (BBM). Use of this model in coupled rthe/hydraulic/mechanical
formulation has been presented previously by Thoaras He (1998), Cleall (1998),
Mitchell (2002), Seetharam (2003) and Vardon (20G9)as assumed that the change in

stress, suction and temperature causes the defomudtsoil.

Alonso et al. (1990) proposed an elasto-plastidvi@ardening constitutive model
using net mean stress and suction as the reletrass variables. BBM model was based
on Cam-clay model (Roscoe and Schofield, 1963). -Clayn model was developed to
study the behaviour of normally consolidated sdiich distinguishes between the yield
surface and the surface properties of the mateBBM was modified to study the

behaviour of overconsolidated or compacted sol& et mean stress was defined as:

o' =o-u, (9.35)

where¢” and o representhe net mean stress arntle total stress, respectively. In the
formulation a tension positive sign convention wadopted for stress, but the pore

pressures); andu, were defined as positive in compression.

For an element of soil with unit length and a cresstional area adxdyunder a

system of two-dimensional stresses and body fo(Eas 9.1), the stress equilibrium

equation in an incremental form can be represessed
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Pdo"+Pmduy, + d =0 (9.36)

whereb is the vector of body forces aRds the strain matrix given as:

X
p= ) Y ) (9.37)
o L o 2
oy 0X

For a two dimensional plane stress or plane stmaalysis, the vectan is defined as:

m'=(1,1,0,0) (9.38)

For axisymmetric analysis analysis:

m'=(1,1,0,0) (9.39)
A
Y
r, +—>dy
o7, g
T, * 3 dy
"""""""""" o7,
I+ dx
d by
y do
o, +—*dx
Ox X
Txy by
o]
e
A dx &
—» X

Figure 9.1. A general two dimensional stress system
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9.2.4.1 Elasto-plastic constitutive relationships

The deformation behaviour of soil has been studmusidering an elasto-plastic
model (Alonso et al., 1990). In order to determithe elastic and plastic strain
components four relationships have to be definegttBand Gunn, 1987; Owen and
Hinton, 1980), such as)(a stress/elastic strain relationship), & yield criterion, defining
a yield surface in stress spaa@,) (@ flow rule, defining the magnitude of plasticasts
produced when the material is yielding and & hardening law, defining the relationship

between the amount a material hardens and thegastin experienced.
9.2.4.2 Material behaviour under elastic condition

The change in specific volume with loading and adiag follow elastic

behaviour for constant suction values (Schofield Aforth, 1968):

dv= —K@ 40)

P

wheredvis the change in specific volumdy is the change in mean stregss the elastic
stiffness parameter for change in net mean stedemso et al. (1990) proposed the

following relationship to determine the specifidume change due to suction changes:

dv, = -« ds

— )
5+ pun) W

wheredvs is the change in specific volume due to swellingtfimg path)xsis the elastic

stiffness parameters for changes in suction.
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9.2.4.3Yidd function

Alonso et al. (1990) proposed the following equatio define a set of yield

values for each associated suctions and expressed a

« \[(0)-«]/[A(s)-«]
BB
p p

wherepo is the preconsolidation stress, is the preconsolidation stress for saturated

conditions p°is the reference stress.
9.2.4.4 Flow rule

In order to derive the relationship between thesfdastrain component and the
stress increment, it is assumed that the plagamsincrement is proportional to the stress
gradient of the plastic potential. This theordtecssumption is termed as the flow rule as
it governs the plastic flow after yielding. Theyed, flow rules are required to define the
magnitude of plastic strains produced when the nahts yielding. Alonso et al. (1990)
proposed two types of flow rules. An associatedtmaflow rule for the Sl (Suction-
Increase) surfaces and a non-associated flow nrlgahe LC (loading-collapse) yield
surface. The plastic potential for LC yield surfaQe as defined by non-associated flow

rule as:

Q =a,a*-M*(p+p,)(p, - p) (9.43)

The plastic potential for Sl yield surface,@s defined by associated flow rule is:
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Q=5"% (9.44)

9.2.4.5Hardening Laws

Strain hardening occurs during plastic deformatiéollowing vyielding the
stresses level at which further deformation ocdaqsends on the amount of plastic strain.
The yield curves demonstrate that the soils exlsitsdéin hardening. After yielding, the
stress level at which further plastic deformatiacws is dependent on the current degree
of plastic straining. Josa et al. (1987) found ttiegre was a coupling between the

hardening of the two yield surfaces. The yield scek are controlled by the hardening

parametersp, ands,, and they depend on the plastic volumetric strairementde .

de’ = e + kP, (9.45)

The two hardening laws for the yield surfaces duehange in pressure and change in

suction are shown in the following egs. (Alonsalet 1990)

dp, v

i de? (9.46)
P A(0)-k

-V gerq=s (9.47)
% )\S_KS v X2 % '

The governing differential equation of deformati@mcthen be written as:

C,dy+ G, dT+ G, dy+ G d-PDep d°+ hi=0 (9.48)
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whereDep is the elasto-plastic stress-strain matrix.

C, = PDepA (9.49)
- A-pdS

Cor = PDep( A - A dT) (9.50)

C.a = ~PDepA +mP (9.51)

C,, = PDepP’ (9.52)

9.3Numerical simulation

Numerical simulation was performed using the thecaeformulations presented
in section 9.2. The simulation was carried out i stages. In the first phase (phase 1),
only thermal gradient was applied at opposite evfdthe model. In the second phase
(phase 1), higher temperature was applied at titeolm end of the model and hydraulic
pressure was applied at the top end of the model. elperimental results of thermo-
hydraulic test (test no. 5) presented in chaptevere compared with the simulation
results. The test (test no. 5) was conducted comsgléoth thermal and thermo-
hydraulic phases (Table 7.1 and Fig. 7.2). The teswtgemperature profile, the variation
in suction and the swelling pressure measured extctid end of the specimen were
compared with the simulated results. The model g&yméhe initial and boundary
conditions and the material parameters used forstimilations are presented in the

following sections.
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9.3.1 Geometry and discretisation

The soil specimen used for the investigation hadhdtar of 100 mm and height
of 80 mm. A two dimensional, axi-symmetric mesh waserated for the simulations.
The mesh consisted of 40 nos. of 4 noded, quadalagééements with a total of 82 nodes.

The geometry of the model used for the simulatisrghbwn in Figs. 9.2 and 9.3.

Top boundary condition
Temperature, T = 298 K = 2&,
v Displacement, dx =dy =0

*
2mm
Iy
E Initial condition Boundary condition normal to
80 mm  Temperature, top or bottom edge

— T =298K =25C, Temperature flux = 2 W/AK
a Pore water pressure,
= u =-98 MPa
=

_‘L_ ....................... » X

50 mm

Bottom boundary condition
Temperature, T = 358 K = 8&,
Displacement, dx =dy =0

Figure 9.2. Geometry of the model and initial amifdary conditions for first phase
(phase 1) of simulation.
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Top boundary condition
Temperature, T = 298 K = 7B,
Displacement, dx =dy =0
Pore water pressure,®1800 Pa

Y 4
Y 2mm
S Initial condition — | Boundary condition normal to
80mm | B Temperature, — | top or bottom edge
= T=298K= 25C, —| | Temperature flux = 2 W/fK
— Pore water pressure, —
= U =-98 MP: =

—‘L-_ ....................... » X
$ 50 mm

Bottom boundary condition
Temperature, T = 358 K = 8&,
Displacement, dx =dy =0

Figure 9.3. Geometry of the model and initial amdidary conditions for second phase
(phase Il) simulation.

9.3.2 I nitial conditions

The thermo-hydro-mechanical simulations were carriedt with initial
temperature of 298 K (2&) based on the temperature of the laboratory. Tit@li
suction of 96 MPa was applied to the model for $aton. The initial suction was
calculated based on the measure temperature attveghumidity of the specimen. The
simulated equilibrium temperature and suction va&loé the thermal phase (phase 1)

noted. The equilibrium temperature and suction \&loé first phase (phase 1) of
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simulation were considered as initial conditions tfte second phase (phase Il - thermal
and hydraulic loading) of the simulation. The iditanditions of first phase (phase 1) and

second phase (phase Il) of simulations are predemtieigs. 9.2 and 9.3, respectively.

9.3.3 Boundary conditions

A constant temperature of 358 K (85) and 298 K (25C) were applied at the
bottom and top end of the model during of the satiohs representing the testing
conditions. A fixed temperature flux of 2 Wik was applied at the vertical boundary of

the specimen.

During hydraulic loading of the experiment (phadg Histilled water was
supplied from the top of the specimens without Hail injection pressure. Therefore,
the applied hydraulic pressure was equivalent ¢opitessure of a water column equal to
the height of the specimen. The calculated hydraaréssure of 800 Pascal was applied
as initial pressure for the simulation. The modek westrained against displacements
normal to the boundaries. The boundary conditiongliegh of phase | (temperature
gradient only) and phase Il (temperature and hyarguadients at bottom and top end of

the model) simulations are shown in Figs. 9.2 aBd 9

9.3.4 Material parameters

The material parameters used for simulations arsepted in Table 9.1The
density of soil solids and density of water wassidered as 2.781g/m* and 1.0 Mg/,
respectively. The dry density of the specimen was Nig/m™ The porosity of the

specimens were calculated from the dry densitygugalume-mass relationships as 0.42.
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Table 9.1 Material parameters used for simulations

Material Parameters Value
Density of solid ) 2.76 Mg/m
Density of water) 1.0 Mg/ n?
Dry density fq) 1.6 Mg/n?
Porosity () 0.42

9.3.4.1 Thermal parameters

Kaye and Laby (1973) have presented the speciticdyzacities of solid, liquid,
vapour and air, the latent heat of vapourisatioth sprecific gas constant. The latent heat
of vapourisation and specific heat capacities dfisbquid water, water vapour, dry air
were adopted from Kaye and Laby (1973). Table 9gsgnts the thermal parameters
used for the simulations. The thermal conductivityMX80 bentonite was considered

from the results reported by Tang et al. (2008).

Tang et al. (2008) shown that the thermal condugtiof compacted MX80
bentonite is lowest (constant) for the degree dtirsion below 20% and highest
(constant) for the degree of saturation above 89&tvever, the thermal conductivity of
MX80 bentonite varied with degree of saturatiorthed material for the range degree of
saturation between 20 and 80%. The maximum and mamirthermal conductivity of
bentonite used for the simulations were 1.2 and/M/@K. A thermal conductivity value
of 0.3 W/mK was used for the degree of saturatietvben 0 and 20%. For the degree of
saturation between 20% and 80%, the thermal comilycivas considered as a function

of the degree of saturation from the experimentdh deported by Tang et al. (2008). A
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thermal conductivity value of 1.2 W/mK was used di@gree of saturations greater than

80%.

Table 9.2 Thermal parameters used for the numeiicallations

Thermal Parameters Value/ Expression
Latent heat of vapourizatioh,(Kaye and 2.4x106 (J/kg)
Laby, 1973)

Specific heat capacity of soli€@ps (Kaye 800 16 (J/kgK)

and Laby, 1973)

Specific heat capacity of liqui€pl (Kaye 4180 (J/kgK)

and Laby, 1973)

Specific heat capacity of vapoGpv (Kaye 1870 (J/kgK)

and Laby, 1973)

Specific heat capacity of dry dpda (Kaye 1000 (J/kgK)

and Laby, 1973)

Thermal conductivity relationship (Tang et At = 0.3 W/mK (for§ =0 to 20%)

al., 2008)
= 1.5351§ — 0.0385 (forS =20 to

80%) where5 is the degreef

saturation

=1.2 (forS> 80%)

9.3.4.2 Hydraulic parameters

The saturated hydraulic conductivity of MX80 benterwas considered from the
experimental results reported by Bérgesson etl89§). At a dry density of 1.6 Mgfn
the hydraulic conductivity of MX80 bentonite repertas 6.810"* m/s. A change in the

hydraulic conductivity with degree of saturationswiacluded by using the following
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relationship,Kunsat = kxS (Huertas et al., 2000, Cleall et al., 2007). Theraytic

conductivity relationships used in model simulasi@mne presented in Table 9.3.

Table 9.3 Hydraulic conductivity relationships usedthe numerical simulations

Hydraulic parameters Value/ Expressions

Saturated hydraulic conductivity ~— ksa = 6.5%10™" m/s
(Bbrgesson et al., 1996)

Unsaturated hydraulic conductivity k = ksax S" whereS is the degree of
(Huertas et al., 2000; Cleall et al., saturationand n=3
2007)

9.3.4.2.1 Suction versus degree of saturation relationship

The suction versudegree of saturation relationship of MX80 bentonised in
this investigation was established by desiccatess (section 3.3.1). The water content,
mass and the volumes of the bentonite specimers neasured after the tests. Based on
the water content, mass and volume measurememgsponding dry density and degree
of saturation of the specimens were calculatedhéncurrent study hysteresis effect was
not considered. The experimentally established @uctiersus degree of saturation
relationship was best fitted using van Genuchté&8@) and Fredlund and Xing (1994)
model for determining the degree of saturatiortiierrange of suction between 0 to 1000
MPa. van Genuchten (1980) proposed the followingtiomship (eq. 9.53) between
suction and volumetric water content of an uns#éddrasoil considering two non-

dimensional parameters:
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o=276 (9.53)
6, -4,

and

o=| 1 (9.54)
1+(ah)"

where ® is the normalized water contert;is the volumetric water contens and r
represent saturated and residual conditidngs the suction heady, n, m are non-

dimensional parameters, and:

m=1- (9.55)

S|

Fredlund and Xing (1994) proposed the followingtieinship (eq. 9.56) to determine the
suction versus degree of saturation relationshig msidual suction considered to be

1000 MPa.

O(y,a,n,m) =C() % (9.56)

]

where C{) is the correction factor and defined as:

InA+y/y,)

CW) =17+ (tooooou g, )]

(9.57)

andy, is the residual suction corresponding to the velsim water conterd;; a, n, m are

materialparameters.
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Table 9.4 presents the hydraulic parameters usethéosimulations. Figure 9.4
presents the suction versus degree of saturatiioreships established using van
Genuchten model (1980) and Fredlund and Xing (1968¥del along with the

experimental results.

It was noted that Fredlund and Xing (1994) modekgd a better agreement with
experimental suction versus degree of saturati@tioaship. Fredlund and Xing (1994)
model considered 1000 MPa (Croney and Coleman,)1&61he residual suction in very
dry condition. The van Guenutchen (1990) model yiedy high suction values at lower
water contents compared to the experimental val@essidering the limitation of van
Genuchten model (1980) at very dry conditions tredlfeind and Xings (1994) approach

was adopted for the simulations.

Table 9.4 Hydraulic parameters used for the numiesinaulations

Hydraulic parameters Value/ Expressions

o,

S

Soil-water retention relationship

O¢,a,nm) =Cy)

(Fredlund and Xing, 1994) am
{In{e+(%] }}

InA+y/y,)

WhereCl) =13 i+ (Looo00u, ||

0 is the volumetric water content,is the
corresponding suctig® = sxn, a = 60000, n
=1.35, m = 1.8y; =10° KPa,fs = porosity
=0.42
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Figure 9.4. Suction versus degfezaturation relationships.

9.3.4.3 Mechanical parameters

The deformation behaviour of model simulation wasied out using Barcelona

Basic Model (Alonso et al., 1990) presented inisacd.2. In eq. 9.40 is the stiffness

parameter in the virgin state of the soil due tange in net mean stress stressorfke

dimensional consolidation test was carried out walturated bentonite specimen. Figure

9.5 presents the suction and vertical pressureusevsid ratio relationship of MX80

bentonite. From the experimental results the stffg@e virgin compression curva(Q))

was found to be 0.74. The slope of the unloadingeurwas found to be 0.23. The

results are consistent with reported results byidat al. (2010).
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Figure 9.5. Suction and vertical presstersus void ratio of MX80 bentonite.

A change in the void ratio due to a change in sucis known to be very small
beyond the air-entry value (Fleureau et al., 1998dlund and Rahardjo, 1993; Tripathy
et al., 2010). The slope of the suction-void ratiove () from the drying path was found
to be 0.04 (Fig 9.5). Fleureau et al. (1993) shothad at higher suctions, the slope of the
drying-wetting paths were similar. Therefokg,was considered to be equalidor the
simulation. Table 9.5 presents the parameters ugedh& simulations to study the
deformation behaviour of the specimen. The shearulnsdand Poisson’s ratio values

used in this study are considerably higher.
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Table 9.5 Mechanical parameters used for the nualesimulations

M echanical parameters Value/Expression
Shear modulus; (Man and Martino, 1.0 MPa

2009)

Poisson’s ratioy (Borgesson et al., 1996) 0.5

Compressibility coefficient for the

saturated state along virgin loadiag)) 0.74 (1/kPa)
Compressibility coefficient for the

saturated state along elastic stress path, 0.23 (1/kPa)
Compressibility coefficient for increments

of suction along virgin statess 0.04 (1/kPa)
Compressibility coefficient for changes in

suction within the elastic regiors 0.04 (1/kPa)

9.4 Results and discussion

9.4.1 Influence of thermal and hydraulic gradients on temperature profile

Figure 9.6 compares the experimental and simulaéedperature profiles at
predetermined heights of the specimen during teenhl loading of test no. 5. A good
agreement between experimental and numerical siiounlaesults was found. The
simulated temperature at distances of 20, 40 anch®0from the heater was found to
equilibrated at about 300 minutes from the commerece of the thermal phase of the
simulation (Fig. 9.6). The results showed that tineutated temperature at distances of
20, 40 and 60 mm from the heater tend to decreafe elapsed time. The thermal
conductivity of soil is known to change with a chanin the water content. Tang et al.
(2008) reported that the thermal conductivity omgacted MX80 bentonite decreased
with a decrease in the degree of saturation. D@ tapplied temperature, the evaporated
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water transported away from the heater end. Thexgeftne thermal conductivity

decreased with longer duration of thermal loadisgwadent from the Fig. 9.6.

Temperature (°C)

80
70 - 20 mm from heater
| &S 3
~ & - <§'§> %Qo‘o"%« oo
60 - e VTV RS
P 40 mm from heater
1 N ey AR\ A A
o5 L= LS\ /R NN
50 L T T 2 T
| ) ' 60 mm from heater
@& a O )
oD @ >
w0 A R Soana,
O X A G <7
/ l
30 - o
a —— measured
20 1 : — — simulated
| —— measured
— - - simulated
10 -
—©&— measured
i simulated
0 T T T TTT7 T T T 1771717 T T T TTT7 T T T TTT7 T T T 11T
0.001 0.01 0.1 1 10

Elapsed time (days)

100

Figure 9.6. Transient temperature changes alondepth of the specimen during thermal

loading.

The increment of temperature at distances of 2060 mm from the heater

was found to be agreed very well with that of tkkpezimental results (Fig. 9.6). The

results also indicated that the temperature fluthatvertical boundary of the specimen

was responsible for the non-linearity of tempemtprofile along the depth of the

specimen.
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A comparison between the measured and the simulenteplerature profiles at 20,
40, and, 60 mm distance away from the heater foih bwermal and thermo-hydraulic
loading phase of the test are shown in Fig. 9.Wak noted that the numerical simulation
predicted very well the temperature profiles alding depth of the specimens with and

without hydraulic loading conditions (Fig. 9.7).

Thermal loading Thermal and hydraulic loading

70

20 mm from heater

;(3
©
-
<
)
Q
IS
)
|—
—>— measured
20 7 — — simulated
1 —A— measured
10 - — -+ simulated
| —©— measured
--- simulated
0 T T T
0 50 100 150 200

Elapsed time (days)
Figure 9.7. Transient temperature changes alondepth of the specimen during thermal

and thermo-hydraulic loading.

9.4.2 Effects thermal and hydraulic gradients on suction profile

During the thermal and thermo-hydraulic loading thfe experiment the
temperature and the relative humidity at distarafe20, 40 and 60 mm from the heater

were measured using the temperature and relatimedity measurement probes (chapter
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3). The corresponding suction values were calculasgay Kelvin's equation. Figure 9.8
compares the experimental and simulated suctiolati@rs with time at distances of 20,

40 and 60 mm from the heater.

240 >
Thermal and hydraulic loading
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*Calculated based on relative humidity and tempgeatmeasurements at different
heights of the specimen.

Figure 9.8. Transient suction changes along théhdefpthe specimens during thermal

and thermo-hydraulic tests.

The calculated suctions from experimental resultdistances of 20 and 40 mm
from the heater increased continuously up to abOutiays of applied thermal loading
period. However, the simulation suction values iatamces of 20 and 40 mm from the

heater were equilibrated faster than the experiahesiiction values. The simulated
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suctions at predetermined heights (distances ofi@@nd 60 mm from the heater) were
equilibrated within 20 days from the start of thppleed thermal loading. The calculated
suctions at distances of 20 and 40 mm from theeheatreased gradually due to water
vapour transported from the hotter area to theezcmlea of the specimen. At a distance
of 60 mm from the heater, the water content in@dague to condensation of water
vapour transferred from the hotter region of thecamen. Therefore, the suction at a
distance of 60 mm from the heater was found toedesa from the commencement of the
thermal loading. The equilibrium suctions at predateed heights of the specimens were

very similar to that of the experimental results.

At the commencement of the hydraulic loading fat t@o. 5, at distances of 20,
40 and 60 mm from the heater, the calculated sugti@creased as a result of an increase
in the water content. At a distance of 20 mm frdra heater, the rate of decrease in
suction during the thermal and hydraulic of test :lowas found to be lesser after about
80 days applied hydraulic loading. However, thewation results showed a continuous
suction decrease with elapsed time (Fig. 9.8). Hamge in hydraulic conductivity of the
bentonite with the degree of saturation was notsiclared in the simulations. At the
heater end, due to constant heat source, the monveshéydrating water was retarded
towards the heater. Due to these two effects,dteeaf decrease in suction was found to
be lesser after 80 days of applied hydraulic logdiRig. 9.8). However, the model

predicted a constant rate of change of suction titb.

After about 80 days of applied hydraulic loadingg simulated results (Fig. 9.8)
show slightly higher suctions than the experimergallts at distance of 40 and 60 mm
from the heater. The experimental suction valuesutated at a distance of 60 mm from

the heater was zero after about 80 days of hydratiliereas simulated suction values
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were equilibrated with some residual suction (FgB). Although some quantitative
differences were noted between the experimental thadsimulated suction values at
distances of 20, 40 and 60 mm from the heater,ntbeel simulations predicted the

experimental results reasonably well.

9.4.3 Development of swelling pressure dueto thermal and hydraulic gradients

The variation of swelling pressure at the opposité ef the heat source of the
compacted bentonite specimens were monitored dtreetapplication of the thermal and
the thermal and hydraulic loading conditions (ckapt, section 7.3.4). In the model
simulation, the stresses in y-direction were cagreid as the axial swelling pressure

(Figs. 9.1, 9.2 and 9.3).

Figure 9.9 presents the comparison between theriexgrgtal and the simulated
swelling pressures measured at the opposite eritieoheat source of the compacted
bentonite specimens due to the application of hieemtal and the thermal and hydraulic
loading conditions. During the thermal loading, thieasured swelling pressure was
found to attain the peak value at about 10 days filse commencement of the thermal
loading. For longer duration of thermal loadinge tmeasured swelling pressure was
found to reduce. The simulation results showed tfagjuilibration of swelling pressure
during the thermal loading period. The variatiorsaflling pressure at the opposite end
of the heat source of the compacted bentonite s during the thermal loading was
not able to assess from the simulation. Duringdbeelopment of the code, the stress

redistribution due to redistribution of moisturesht been considered.
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Figure 9.9. Swelling pressure development at the end of the specimen due to thermal
and thermo-hydraulic loading.

During the thermal and hydraulic loading stage, ¢ékperimental and simulated
results showed continual increase of the swellilsgure. The experimental swelling
pressures were equilibrated after about 80 daysppiication of hydraulic loading.
However, the simulated swelling pressure was faonge increased gradually (Fig. 9.9).
Although, the agreement between the experimentdlsamulated equilibrium swelling
pressure results were not good, the trend of swgejressure developed at the opposite

end of the heat source of the specimen was obtained

255



Chapter 9

9.5 Concluding remarks

In this chapter, the development of finite elembased model COMPASS is
briefly discussedThe salient equations of the model formulation aresgnted. The
experimental thermal and thermo-hydraulic test @t were simulated using
COMPASS to compliment the experimental thermal #memo-hydraulic test results.
The mesh geometry, initial and boundary conditionhe simulations are presented. The
material parameters used for the simulations aesgmted. The material parameters
required for the simulations were calculated fratpeximental results as well as chosen
from the parameters reported in the literature. Taasient temperature and suction
variation along the depth of the bentonite specsraare to thermal and thermo-hydraulic
loading are presented. The swelling pressure desdlajue to thermal and thermo-
hydraulic loading at the opposite end of the heatree of cylindrical specimen are

presented.

Comparisons between the experimental and the sietutasults showed thdte
finite element based code COMPASS enabled asseHsngransient temperature and
suction profiles during the thermal and the thetmydraulic tests reasonably well.
Although there were some quantitative differencetwben the experimental and
simulated swelling pressure values, the model vides @ predict the swelling pressure
development with elapsed time in compacted uns&itzentonite due to the thermal and

hydraulic loading conditions.
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Chapter 10

Conclusions

The objective of this thesis was to study the cedghermo-hydro-mechanical-
chemical behaviour of MX80 bentonite in geotechhigpplications by experimental,

theoretical and numerical investigation.

Commercially available MX80 bentonite was used floe investigation. The
properties of the bentonite were determined by dsteth laboratory tests prior to the
testing programme. Constant volume swelling pressiasts were carried out on
compacted bentonite specimens to study the swelliegsure at ambient and elevated

temperatures. The effects of dry density, post @otipn residual stress, electrolyte
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concentration and temperature on the swelling pressf compacted bentonite were
investigated. The experimental swelling pressut#ained were compared with swelling
pressures calculated using the Gouy-Chapman diffoséle layer theory and the Stern
theory as applicable to interacting clay platelettems. Constant surface potential was
considered for calculating the swelling pressumesgithe diffuse double layer theory and
the Stern theory. Compressibility tests were cdroat using a conventional oedometer
with initially saturated bentonite specimen. Thenpoessibility behaviour was studied

using the Stern theory and the diffuse double |dyeory.

Thermal and thermo-hydraulic tests were carried @sing a custom made
thermo-hydraulic device. The thermal and thermoraytic tests were carried out on
compacted bentonite specimens for durations bet@@eand 182 days. At the bottom
end of the bentonite specimens the temperaturermaastained at 85C, whereas the
temperature at the top end of bentonites specimers 25 C. Distilled water was
supplied from the top of the specimens during therrho-hydraulic tests. The
temperature and the relative humidity were mondoatong the depth of the bentonite
specimens during the thermal and thermo-hydraebtst and the swelling pressures of
the bentonite specimens were monitored at the djgpesad of the heat source. After
termination of the thermal and thermo-hydraulid,t@gster content, dry density, degree
of saturation and change in soluble cations andrngnconcentration along the depth of
the bentonite specimens were measured. Cations aamnohs concentrations were
measured using lon Chromatography (IC) and IndaltivCoupled Plasma Optical
Emission Spectroscopy (ICP-OES). An elasto-plastio dimensional finite element
thermo-hydro-mechanical model was generated, whiotulated the thermal and the

thermo-hydraulic test conditions in COMPASS. Congmars between the experimental
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and the simulated temperature, suction and sweliregsure variation with elapsed time

were studied in detalil.

Based on the findings reported in this thesisféHewing conclusions are drawn.

1. The swelling pressure of compacted bentonite is@@avith an increase in the
compaction dry density. Higher electrolyte concatndn of the bulk fluid reduced
the swelling pressure up to a swollen dry densftit.6 Mg/nT. At an elevated
temperature of 70C, the swelling pressure decreased by about 3@%b #r a
range of compaction dry density of 1.10 to 1.55 mifgas compared to the
specimens tested at 26. The saturated water content of compacted bestoni
specimens reduced with an increase in the dry genshese findings are

concurrent with the experimental results reportelitérature.

2. Release of post compaction residual stresses seulethe swelling pressures of
compacted bentonite specimens. The difference @ selling pressures of
compacted specimens with and without post compaatésidual stresses are
attributed to differences in structure and fabmgrg to applied compaction loads

during preparation of the specimens.

3. The Gouy-Chapman diffuse double layer theory arel $tern theory enabled
assessment of swelling pressures of compacted mentorhe Stern theory
improved the assessment of the swelling pressuré ugp dry density of 1.45
Mg/m® when the specimens were hydrated using distilletery However,

agreements between the experimental and theoretical density-swelling
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pressure relationships for the tests conductedeatited temperature and using
higher electrolyte concentrations were found topber. The swelling pressures
calculated using the diffuse double layer theorg Weaind to be less than that of

the experimental results at lower dry densities gnedter at higher dry densities.

. The Stern theory was found to be more appropriatdd used for initially
saturated slurried bentonites. Good agreements wered between the

experimental and the theoretical vertical presswid-ratio relationships.

. Due to applied thermal and thermo-hydraulic graietine relative humidity, the

water content and the degree of saturation wenedfdo increase from the hot end
to the cold end of the compacted bentonite spedntested. In the past, studies
on the thermo-hydro-mechanical-chemical behaviduwompacted bentonites by

other researchers have also noted similar trends.

. Compacted bentonite specimens exhibited swelliegqures at the opposite end
of the heat source due to an applied thermal gnadiehe measured swelling
pressures of the specimens at the opposite endheothéat source remained
between 0.5 to 1.2 MPa. Development of swellingguees at the opposite end of
the heat source is attributed to an increase inwtaieer content on account of
vapour flow from hotter region towards the coolegion of the specimens and

further condensation of water molecules at theearogion.

. The measured swelling pressures of the bentongeirsiens at the opposite end of

the heat source due to an applied thermal gragierg found to decrease after 7
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to 10 days from commencement of the tests. A deere@athe swelling pressure
during longer period of thermal loading is attridito the combined influence of
a higher suction gradient towards the hot endnkhge of the specimens at the
hot end and redistribution of water content witthie specimens to attain a new

equilibrium state.

Due to applied thermal and thermo-hydraulic gradiethe concentrations of
cations and anions were found to increase towdmrel ot end of the specimens.
The increase in concentrations of cations and anwere initiated by diffusion

and advection processes.

Finite element code COMPASS enabled assessmem ahianges in suction with
elapsed time along the depth of the bentonite spEts and swelling pressure
variation at the cold end of the specimens for kagiplied thermal and thermo-
hydraulic gradients. The agreement between expatahand simulated swelling
pressure results was found to be poor. Howevertrdred of swelling pressure
development with time at the cold end of the spearfor the specific geometry

of cell was obtained.
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