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Abstract

One of society's most pressing environrheotacerns is the safe and lbeign management of
industrial, hazardous, and municipal wastes. Engineered landfills, though the most preferred option
for solid waste management, the generation of leachate and greenhouse gases are the key criteri
dictatirg their performance and operational costs. Landfills, therefore, are designed to contain these
by-products from reaching the environment by encircling them within secured layers composed of
liner and cover materials constructed either as geosynthdiiedagr compacted clay liners.
Irrespective of the liner type, the development of cracks when subjected to chanegtajestress
conditions during landfill operations has always been an alarming downside. THeronited
approachability to repair thesacks further worsens the scenario mandating developments towards

a sustainable approach to overcome this challemgterg techniques that rely on the modification

of liner properties with various additives are not sustainabkffectste, and adeate to seal the

cracks and maintain a low hydraulic conductivity over the required operating period of the liner.
Research attempts on developing innovative liner materials with the potential to curtail the increased
hydraulic conductivity due to linesaking is one of such major steps towards achieving sustainability

in liner managememRecently, olivine has emerged as a sustainable soil additive due to its ability to
sequester CO prompting the development of stable carbonates with strength and hydraulic
conductivity enhancement properfidss research aims to develop an innovative landfill base liner
material utilizing olivieeated marine clay. The innovative refers tdilisy 40 sequestrate any

excess Cgemission in the landfivhich may then be used for its strength and hydraulic conductivity
improvement. In order to achieve this aim, first, the marine clay was assessed for its utilization as a
hydraulic barrier inngineered landfills. The assessment was done by conducting a series of
experimental investigations on the clay's hgdohanical, geochemistry, and mineralogical
propertiesSecondly, natural forsteritic olivine was employed to improve the enginebyidigahd

properties of the marine clay, which is an environmentally friendly alternative to traditional stabilizers.
Next, the leachatecated clay interaction was evaluated for its suitability as an effective bottom liner
material. Microstructural stesl were also carried out to determineptioeessedehind the
alterations in the hydrmoechanical behavior of the leaclcatdaminated oliviAeeated clay.

Fourthly, the influence of indueddsiccation cracks and leachate infiltration on the hydraulic
conductivity of the untreated and treated clay samples was evaluated. Next, the breakage behavior of

the olivine particles was examined in order to determine the operating conditions for obtaining olivine



particles in the fine size class prior to carl@ntite clay since the oliviciay reactivity increases

with the fineness of the olivine particle. Finally, the strength and hydraulic conductivity improvement
of the CQ carbonated olivirgeated marine clay was evaluated for its suitability as ativenov

landfill base liner materi@he findings indicate that t8€, carbonated oliviradmixed marine clay

can be used as an innovative base liner material in engineered landfills with the potential of
sequestering landfill GO his research providesbaseline for the possibility of developing an
innovative olivingreated marine clay landfill liner material that will utilize landffthiGt3 strength

and hydraulic conductivity improvement, thus making it superior to the current conventional

compated clay liners.
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Chapter 1

Introduction

1.1.Background and Motivation

Concern about climate change, groundwater contamination, and environmental degradation have
risen slowly but progressively in recent decades. Inyeaesthe effects of climate change are
widely noticed both in developed and developing countrieso daerg¢asing anthropogenic
greenhouse gas emissions. Possible unavoidable consequences of climattudeargeasing
temperatures, shifting precipitation patterns, the rise in sea levels and floods, and acidification of ocean
[1]. Thus, to mitigatdese effects, it is necessary to minimize the emission and concentration of
anthropogenic carbon dioxide (;@he principal greenhouse gas and climate change driver.

Global increases in G@missions due to human activities mainly result frofrfdessior energy
generation [2]. However, apart from,@&eased by human activities, substantial emission of CO
greatly results from landfills, which accounts for approximadedp%®v/v of total landfill gas [3].

Landfill gas was ranked as thelilargest source of global anthropogenic greenhouse emissions in
2005, accounting for abodl2% of total emissions [Besides the production of g;@ndfills also

generate leachate, resulting from the decomposition of the wastes depositedsinTtieséill
generated byroducts (C@and leachate) have the potential of contaminating the environment,
groundwater, and soil if not adequately managed. Therefore, the prevention of soil and groundwater
contamination and environmental degradation by tleeatgah leachate and Ots and is still a

critical issue associated with landfills.

To isolate the waste in the landfill from the surrounding environment, thereby minimizing soil
and groundwater contamination, as well as environmental degradation, various types of hydraulic
barriers have been proposed and used in engineeretls [§6@13]. Despite substantial
developments in landfill technology and related regulations in recent decades, compacted clay liners
(CCLs) are still an important component of liner systems in engineered%ahtifits 15Because
of their availabtl, low hydraulic conductivity, good compatibility with the penetrating leachate, high
attenuation capacity, and esi$¢ctiveness, CCLs are extensively used in barrier systems [7,8,16].

CCLs, on the other hand, can be damaged in the field duringtiovstalikewise, after installation,



failure mechanismand environmental conditions, includoh@ynight temperature variations,
freeze/thaw and dry/wet cyclingtrusion of biota, piping, hydraulic fracturing, unequal settlement,

and desiccation, carusa cracks in the CCLs-I9]. These cracks can cause a reduction in liner
strength and an upsurge in the hydraulic conductivity, leading to an increased possibility of
groundwater and soil contamination. To improve the liner properties, naturall, amidicvaste

materials, as well as advanced techniques, have been of great interest to researchers in recent decads

Consequently, several studies have been conducted to address the aforementioned problem,
among them include the modification ofrlipeperties with various natural, synthetic, and waste
additives such as lime, sand, bentonite, fly ash, sepiolite, shale, silica fume, cement, zeolite, red mud
bagasse ash, etc., [5,22%0 A review of the above studies shows that it is possilde tbeu
different materials to minimize the use of clays as liner materials and to enhance the engineering and
hydraulic properties of the liner. Despite these efforts, there is still no sustainableectivest
way to seal the cracks and maintamwahlydraulic conductivity throughout the liner's required
operational span. Therefore, it has become of utmost necessity to establish revolutionary strategies to
address this challenge. Under such circumstances, developing innovative liner matbgals with t
potential to curtail the increased hydraulic conductivity due to liner cracking is of great attraction and

a stateof-the-art solution for addressing this challenge.

A seltsealing or sefepairing liner is one with the ability to lessen theasedehydraulic
conductivity by forming precipitates of low permeability to fill up the pores resulting from the
developed cracks [29]. As the precipitates fill the pores, they reduce the hydraulic conductivity and
consequently increase the liner's streAgtiovel technique used to reduce industrial greenhouse
emissions in recent years involves the capture.diyQ®active minerals (mineral carbonation) to
generate stable products such as carbonates and bicarbonates. Stu@iélsdwp\Behat if such
reactive minerals are used as additives, the stable carbonates and bicarbonates formed during this

process can minimize soil voids and increase the strength of the soil.

CO,,the most common component of landfill gas constituting abe6040 v/v afer methane,
is considered the predominant greenhouse gas on earth due to its adverse effects on the environment.
Engineered landfills are generally designed with gas collection systems to capture the generated CO
nonetheless, complete capture is nabfedapproximately 84% v/v gas capture for closed landfills,
and 67% v/v for open landfills) [3]. Therefore, the utilization of this adverse gas by reactive soil liners

to improve their strength and hydraulic conductivity performance through minanaticarbeems



a logical option and an innovative technique for counteracting the anthropogenic emissjons of CO
and simultaneously preventing the contamination of groundwater and soil, as well as environmental

degradation.

In line with ASTM D5370, olive is a sustainable, eeBective, and extensively available
pozzolanic material thegnimprove soil strength characteristics by adsorbingr@@rming stable
carbonates with strength enhancing capabilities [35,36]. Olivine carbonation has etgmuasd
to be a leading mineral for the sequestration process, involving the conversion of minerals rich in
magnesium to stable precipitates of magnesium carbonate after reactingmitie @@sence of
water [37]. The carbonated products may potentially bind the soil particles together, increase strength
and decrease hydraulic conductivity. Studies of carbonatedadinixed soils have recently
concentrated primarily on the strergtaracteristics [38].To the best of my knowledge study
has evaluated the hydraulic conductivity of carbonated olivine soils, which is one of the most
important criteria in assessing the suitability of a material fapiplieationHence, gossible
application of mineral carbonation, which has not attained significant attention so far, is in the

development of an innovative landfill base liner material.

In accordance with this, this study aims to develop an innovative landfill basetiakutifiaing
olivinetreated marine clay. The innovative refers to its ability to sequestrate any sXTeSSE @0
in the landfillwhich may then be used for its strength and hydraulic conductivity improvement. The
findings of this study will assggotechnical angec-environmentalengineers in designing an
innovative liner material that would be economically feasible, socially acceptable, and environmentally
friendly with the potential to sequester landfil}, @@reby rendering it superior to the existing
traditional compacteda# liners.

1.2 Hypothesis of the study

It is hypothesized that if the carbonation time, carbonation pressure, and the olivineaeasgnt

then the strength of the treated clay will increase with a decrease in pore volume and hydraulic
conductivity becae mineral carbonates will be formed and bind the clay particles together, fill empty
pores, and seal cracks.



1.3 Aim and objectives of thestudy

This study aims to develop an innovative landfill base liner material utilizintezieidanarine
clay. Thennovative refers to its ability to sequestrate any excessi€son in the landfihich
may then be used for its strength and hydraulic conductivity improvement. This broad aim would be

realized through the following specific objectives:

Specific objectives

I. To assess the feasibility of a marine clay for possible use amatdinar for engineered
landfills.

ii.  To assess the effect of olivine orgtb@mechanicahd microstructural properties of the marine
clay samples when saturated and permeated with water.

iii. To evaluate the leachat&inetreated clay interaction for itgtability as an effective bottom
liner material.

iv. To evaluate the influence of indudediccation cracks and leachate infiltration on the
permeability of the untreated and treated clay samples.

v. To investigate the breakage behavior of olivine sand particles while maximizing the production
of olivine particles within a defined particle size class.

vi. To assess the suitability of £&@rbonated olivirgeated marine clay as an innovative bottom
liner material in engineered landfills.

1.4 Significance of the study

The following key benefise deried from the study

Marine clay, usually considered as rumtisin wastéhas beenharacterizeand evaluated for its
utilization as an innovative landidisdiner material not only for minimizing groundwater and
soil contamination but also &equestrating landfill GO

This studyhas helpedesearchers tancover critical areas in the developmeahafnovative
landfillbasdiner materiahattheynever thought of or explaterhe study has alestablised

a baseline in the domain of imativelandfillbasdiner development.



1.5 Scope of the study

The study is limited to the use of marine clay from Jeram, Selangor Malaysia, and forsteritic olivine.
The role of carbonating olivine in developing an innovative lbasdiiher material was evaluated

by a series of laboratory, prototype, and numenestigations. The properties considered are the
physicechemical, microstructural, geotechnical, and hydraulic properties of the natural and treated
clay specimens as well as the carbetmatgdd clay. The effects of \dgt cycles and moisture

content variation on the hydraulic conductivity and strength of the treated and untreated clay samples
were also investigated. Further, the breakage behavior of the olivine sand particles was investigated
employing the attainable region technique. Finallsgtiatyscale prototype carbonating soil column

and numerical models were developed to evaluate the system performance as an innovative liner in

terms of varying C{pressure, carbonation time, and olivine content.

1.6 Organization of the thesis

Thethesiscomprise of nine (9) chaptera detailed explanation of the various chapters is reported
below. Due to the extensive nature of the study's methodological framework, which involves
laboratory experimentation, prototype development, and numerical analysis, the research

methodologies wibe embedded in the thesis's respective chapters to enhance readability.

Chapter 1:0 Bac kgr ound a nTdis achapter inclades adorifckground of the
researchwhich consists of the challenges associatethmdtfiils andonventional landfibase

liner material]ghe motivation behind the reseaschlso presentea summary of the research
scheme and the breakdown of the objectives that must be fulfilled to arrive at the thesis is also
explainedthe scope and hypothesis ofrémearclareincluded the significance of the research

is also presentednd finallythethesisorganizatiors illustrated

Chapter 2: 0 LoThisecihaptér proviees a reweiv ef velated literature with the aim

of providing the necessary dhatical background to the research objectvieish includes

review on marine clay soils and their properties, compacted clay liners and their classification,
olivine classificationccurrenceand usesnineral carbonati@ndits potentialpplicationsetc

This is accompanied by a thorough exposition of the attempts made in this work to address the
research gaps.



A Chapter 3: oUtilization of marine clay as a
This chapter focus on assessingfesibility of the marine clay for use as a liner material in
engineered landfills, hence fulfilling Objective 1 of the research. Under this chapter, the assessment
was done by conducting a series of experimental investigations on theeblydnical,
geachemistry, and mineralogical properties of the clay in line with the regulatory requirements
specified by the regulatory authorifiéso, chemical compatibility and microstructural studies were
also carried out to gain insight on the impacts of leachidie clay properties.

Chapter 4: 01 mproving the engineeri ngywihfagtedtict i es ¢
olivine. @his chapter explores the use of natural forsteritic olivineagimmmentally friendly

alternative to traditional stabilizers to improve the engineering properties of the soft marine clay,
hence fulfilling Objective 2 of the research. Moreover, osopavas made with linreated

marine clay samples since lime treatment is considered one of the most common traditional

methods for stabilizing problematic soils for civil engineering applications.

Chapter 5: Ol nteract i ometedted maimeclayi duitabilityéoa c hat e
bott om | i nerThisachgpteriaimedtai evatuatiog the interaction of landfill leachate
with olivinetreated marine clay for its suitability as an effective bottom liner material in engineered
landfills, hece fulfilling Objective 3 of the research. Microstructural investigations were also
performed to elucidate the mechanisms responsible for the changes in theedhalaal

behavior of the contaminated olivireated clay.

Chapter 6: 0 Eibrirdecedcracks anddeachatecindil@ation on the hydraulic
conductivity of natural and olivinet r e at e d md&hisicmapter evhluzates tite effects of
desiccatioinduced cracks and leachate infiltration on the hydraulic conductivity of natural and
olivinetreated marine clay specimens, hence fulfiDinigctive 4of the research. Also,
microstructural investigations were performed to elucidate the mechanisms responsible for the

changes in the hydraulic conductivity and crack dimensions of ile¢reted clay.

Chapter 7.0 At t ai nabl e region approach in analyzin
olivine sand parti cl €elbischaptpriaimediatzxamiging the breakagel e
behavior of olivine sand particles to identify optinebting parameters to get products in defined

particle size classes before applying them to the clay. This was to improve the reactivity between
the olivine and the clay, thus making it suitable for hydration and subsequent carbonation, hence

addressing Qéctive 5 of the research. This chapter is partitioned into tsedcidms. In the first



section, the breakage behavior of the olivine sand particles is investigated usimgightdrop
impact test, while a Los Angeles abrasion machine is employsedoniesection to assess the

breakage behavior of the olivine sand particles.

Chapter 8: O0An optimization approach in evalu
of CO, carbonated olivineadmixed marine clay: Suitability for bottom liner applicatio . 6

This chapter aimed at employing both attainable region and response surface methodology
optimization techniques to evaluate the strength and hydraulic conductivitycafbG@ated
olivineadmixed marine clay for possible utilization as an inndwatraelic barrier in engineered

landfills to minimize leachate migration, hence addressing Objective 6 of the research. This chapter
is further partitioned into two s@lections. In the first section, the strength development of the
CO.-carbonated olivinRedmixed marine clay is evaluated, while the improvement in the hydraulic

conductivity of the C@&carbonated oliviradmixed is evaluated in the second section.

Chapt er 9: sandfotureolitiooksi & rhis chapterthe conclusion of thinesis is
presented. Likewise, it summarizes the findings of the entire study, the contributions made to the

body of knowledge and practice, as well as future outlooks.



Chapter 2

Literature review

2.1.Marine clay soll

Marine clays are quaternary deposits that can be found in a variety of coastal corridors, lowlands, and
offshore areas, as well as in other parts of the gllobie occurrences have been noted in various
countiesincludingMalaysia, Indwesia, Singapotadia, ChinaJapan, Thailand, Cyprlran, USA,
AustraliaNorway,Brazil,Nigeria etc It is often called quick clay in the northern, deglaciated areas,
which is infamous for being involved in landsliskesine clay is mostly derived from the oceanic

bed and is formed in saline coastal water conditions [41]. Marine clay can be fourttbim hfe bo

rivers, harbors, and channels, as well as other bodies. This type of marine clay is referred to as degrade:
marine clay. It is a type of marine clay that is often removed through excavation for river development,
flood control, and access to thebloa and porchannel. The degraded marine clay is disposed of in

the environment, where it becomes a waste [41].

Marine clay is a soft sensitive soil that is known to be structurally unstable and problematic due to its
complex hydremechanical propertiesjch as high plasticity, high compression and settlement, low
shear strength, low hydraulic conductivity, and low bearing capacity [42]. Furthermore, marine clays
are finegrained and typically consist of soil minerals such as chlorite, kaolinite,itooitendlite,

quartz, and feldspar, all of which are linked by organic mattéo[48¢ sope of this research, the

focus ison marine clay deposits altimg coastal regions of Peninsular, Malaysia.

2.1.1. Peninsular Malaysia marine clay soil

Peninsular Malaysia, often known as Malaya or West Malaysia, is the region of Malaysia that
encompasses the Malay Peninsula's southern half as well as the neighboring islands. It covers arounc
132,265 kAor almost 40% of the country's total size; Eastyisialcovers the remaining 60%. Marine

clay is extensively deposited in large quantities along the coastal regions of Peninsular Malaysia,
specifically éelangoJeram, Penang, Johor, Klang, Maldedsh,and Alor Star [43T.he clay is

typically devied from the oceanic bed and is fedim saline coastal water conditions. The marine

clay consists of clay and raday mineraJéncluding chlorite, montmorillonite, kaolinite, illite, quartz,



and feldspar [43]. According to Taha et al. [44], marime ttlayKlang region consists of soft clay,

peat, and other soft organic deposits. The soft clay thickness in Southeast Asian regions (Malaysia,
Indonesia, Singapore, Thailagtd) typically ranges from very thin layers to roughly 40 meters in
depth [45]According to Ting et al. [46], the thickness of soft soil deposits varied between 15 and 30
m for coastal sites and 2 to 9 m for inland areas. The soil is then covered with sand, peat, and other
soft clays before reaching the quartzite bedrock at ati8ptm below ground level. These deposits

were formed about 10,000 years ago due to a change in sea level. Quaternary deposition, according tc
Oh & Chai [47], is responsible for the occurrence of dense marine clay deposits in Peninsular
Malaysia's nortivestern region. According to Kaniraj and Joseph [48], most coastal areas and major
river basins in Malaysia resulted in quaternary erosion, which was exacerbated by cliteatd and sea
fluctuations. As a result of these procedures, alluvial depostiedmave widespread and dense.

They highlighted that the soil has poor engineering properties and that development projects posed a
variety of technological glitches. According to Bushra and Robinson [49], the majority of problems
experienced when projecése constructed on marine clay deposits are due to excessive

compressibility and low shear strength of the clay.

2.1.2. Characteristics of Peninsular Malaysia marine clay soill

In order to advance the fundamental understanding and knowledd&eoirikalar Malaysia marine

clay, various experimental investigations have been conducted on different properties of the clay by
several research¢4d, 430 47] Many ofthe marine clays in Peninsular Malaysia are greenish or
bluish, with fine organic nbat streaksSeveralittle shards of shells are also common on the clay.

The oxidation oSulphurand iron in the clay owing to exposure to the atmosphere may have resulted

in the grey colour [44].

2.1.2.1. Index properties of Peninsular Malaysia marinky soil
The liquid limit (LL) of the marine clay ranged from 70% to 79%, while the plastic limit (PL) ranged

from 42% to 44%, with mean values of 73% and 43%, respectively, according to Rahman et al. [43].
According to the authors, the values of eachbgtig limit are very uniform. With a mean value of

30, the plasticity index (PI) ranged from 28 to 35. Yunus et al. [50] also indicated that the liquid limit
of marine clay was 58%, while the plastic limit was 36%, with a plasticity index of 22. fifag values
vary depending on the locations of sampling, depth of sampling, and testing procedure.



2.1.2.2. Grading properties of Peninsular Malaysia marine clay soll

Rahman et al. [43] classified the marine clay as clayey silt per the uniéissif@tion system.

They reported that the marine clay consists mainly of silt particle size in the range 54.3% to 58.3%,
followed by clay fraction in the range 23.7% to 29.7%, and finally sand fraction in the range 12% to
22%. The mean values for sailtl,and clay fractions are 17.8%, 56.4%, and 25.9%, respectively. The
fines fraction also ranges between 78% to 8&i8%@ mean value of 82.3%. Shell fragments were

also identified in the marine clay samples, according to the researchers. Térdyakso tmat the

presence of higher silt and clay fractions in the clay is a hallmark of Peninsular Malaysia's typical muddy

coastal beach.

2.1.2.3. Strength and permeability properties of Peninsular

Malaysia marine clay soil

The maximum dry density (MDBalues for the marine clay ranged from 1.5 to 1.6,gkdth a

mean value of 1.5 g/énaccording to Rahman et al. [43]. Meanwhile, the optimal moisture content
(OMC) values ranged from 18.2% to 25%, with avagssof 22.3%. Yunus et al. [50] alsadated

that the maximum dry density of the marine clay was 16G0wbil® the optimum moisture content

was 21%. Rahman et al. [43] reported preconsolidation stress values wietloéaynar the range

14 to 65 Ra. Marto et al. [51] studied the unioaaf compressive strength (UCS) of the maiiide

they reported that the clay recorded a UCS value of 23 kPa. The permeability of the marine clay was
reported by Rahman et al. [43] to be relatively low, ranging from 1.1 tbQ® #4%* with a mean

vdue of 1.7% 10° m/s. The low permeability value was attributed by the authors to the increased

presence of finer silt and clay fractions.

2.1.2.4. Mineral composition of Peninsular Malaysia marine clay

soil

Marine clays are complicated in nature, andehgineering properties are not clearly understood.

The mineral constituents and microstructural arrangements of the minerals within the clay determine
the characteristics of the marine clay. Marine clay contains a high proportion of clay and hence can
exhibit the properties of clay minerals, which is thus responsible for the marine clay's poor engineering

properties. Rahman et al. [43] reported that the major minerals of the marine clay are montmorillonite,

kaolinite, illite, quartz, and halite, witbhemineral having a different concentration. Similarly,
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Kamaruddin et al. [52] evaluated the mineralogical composition of the marine clay and reported the
presence of montmorillonite, kaolinite, illite, quartz, mica, and halloysite as the major henerals. T
prementioned studies show that marine clay consists of highly compressible minerals such as
montmorillonite at different concentrations, which is also found to be the most influential clay mineral
in the soil. The concentrations of these minggalsto determine the degree of compressibility and

swell abilitpf the marine clay. Furthermore, the mineral content of marine clay is affected by sample
depth and location, deposition age, and other factors.

2.1.3. Applications of Peninsular Malaysia marirday soll

Millions of tons of clay are utilized each year in a wide range of applications. Several products are
made from them due to their suitable properties, including low electrical and thermal conductivities,
chemical inertness over a reasonabégyri@nge of pH, soft and nonabrasive nature, excellent plasticity
characteristics, low hydraulic conductivity, andetfestiveness relative to most competing
materials. Peninsular Malaysia marine clay is one such clay that has been utilized for different
applications. Based on its properties (geotechnical, chemical, and mineralogical), the clay has been
found to be suitable as a base and cover liner material in engineered landfills [14,43]. Moreover, its
large aerial extent, availability in commerciatitie® and suitable properties caused the local
population to utilize it for ceramic and brick production [53]. Besides, the clay has also been employed
as backfill materials [54]. The clay has also found suitable applications in beach nourishment, land
reclamation, and wetland habitat creation/enhancement [55]. The clay has also been utilized as a raw

material in geopolymer composite [56].

2.2. Compacted clay liners

Various regulatory authorities, including the Ministry of Housing and Local Governfagsia Ma
(MHLGM) [57], the United States Environmental Protection Agency (USERAx\{88pecified

that earthen liners such as compacted clay liners (CCLs) may be utilized as an effective hydraulic
barrier in engineered landfills to prevent leachatdiamgnasofar they meet the minimum required
specifications. CCLO&s are made up of cohesive
and homogeneity so as to minimize leachate migration through them. A CCL can serve as a single
liner, compose liner, or double liner. In recent times, CCLs used in engineered landfills have received
significant attention due to their low permeability, adequate strength, excellent chemical compatibility,
and less vulnerability to mechanical accidents [14]at@Cdefined by Sebastian et al. [59] as low
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permeability barriers made of cohesive soils compacted to increase strength and homogeneity while
reducing porosity and hydrawdonductivity. They also indicatieat due to the fine particles of the

soils, CCk muld attain a hydraulic conductivity of the order dtitlls or less when compacted

properly.

2.2.1. Classification of compacted clay liners

CCLs have been employed as a single or composite liner material in solid waste containment systems
for many yaa. Composite barrier systems consist of a geomembrane overlying either a compacted
clay liner or a geosynthetic clay liner (GCL) or both. Their application as composite liners in the
optimization of liner system properhesgained widespread popularity in the last few decades. There

is no standard categorization for compacted soils, but the sorts of liner systems that compacted soils
are used in can be classed. According to Fluet et al. [60], liners can be dividechtegofies:

double liner systems, double with bottom composite systems, double composite liner systems, single
liner systems, and single composite liner systems (as shown in Figure 2.1). The concept of the double
liner was first developed by [61]. A dolibéx is made up of two liners with a predominant leachate
collecting system (LCS) at the top and a drainage layer at the bottom (LDS). Between the two liners,
the drainage layer is utilized to find, collect, and extract |eEobaterit of a doublenkr system is

thatit can be ugkin both municipal solid waste and hazardous waste |a@dfiltee other hand,

they ar@normously difficult to successfully constAudbuble liner system with a bottom composite

liner comprises a single liner at tipeatind a composite liner at the bottom. It also consists of an LCS
above the top liner and an LDS between the IBwgch. linersakeit suitable to collect the leachate

with its primary/upper liner and act as a-thglkection system and backup to theamy liner with

its lowefsecondary liner. This ensures there is no contamination of the groundwater outside the zone
of attenuationNonetheless, their construction has shown to be complex, difficult to coordinate, and
easily subject toterruptions by weath@&ouble composite liner systems consist of composite liners

as base and top liners. Above the top liner and between the liners, both LCS and LDS exist,
respectively. Such liner systems are often considered in instances wherebdfighvironmental
protection is requiredonverselythey sometimes providenbiguous datapaking it difficult to

monitor the performance of the municipal solid waste lan4fiisngle liner system consists of a

single liner and an LCS above ggeAmembrane or a ldwdraulieconductivity soil can be used as

the liner [62]Landfills that uses single liner systems are cheaper to build and Qairttaen.

contrary such landfills cannot hold the disposal of harmful liquid wastes such ag,patinit) ta
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single composite liner system is made up of two or mengdiaulieconductivity materials that are
in direct contact with one another [62]. A geomembrane andhgdi@ult-conductivity soil layer
areexcellent exampef such a liner syste8uch liner systerasemore effective at limiting leachate
migration thusmaking it more suitable for municipal solid waste latdSiliglly, even with the single
composite liner in Municipal Solid Waste landfills, a doublstilineas to be installed to prevent
contamination of the ground water and additional monitoring capabilities for the envaadment

the community.

Single liner systems Double liner systems

(a) (d)

Geomembrane single o Double (geomembrane)
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Figure 2.1.Different liner systems (Modified after [60])
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2.2.2. Components of compacted clay liners

There are various components in liner materials that help in their function as hydraulic barriers. These
components could be partitioned as base liners, side liners, and cover liners [63]. The fundamental

component and functions of a standard CCL in éllasdepicted in Figure 2.2 and are discussed.

Base Liners:A base liner is a low permeability material laid down on an engineered landfill to prevent
the seepage of leachate and its toxic constituents into the groundwater or nearby rivers,iignce avoidi
contamination of the water body. The base liner also helps provide the waste mass with mechanical

support; it envelops the waste and isolates it from direct environmental interaction.

Side Liners:These are hydraulic barriers placed at the sidesfitifdaad. They function similarly

to the base liners by preventing leachate movement into the subsurface, providing mechanical
resistance to external water pressure, providing enough contact for the overburden materials, as well
as preventing the lateilal of landfill gas.

Top Liners: These are hydraulic barriers situated at the top of the landfill, which help to minimize
the rate of leachate generation by preventing precipitation and surface water infiltration into the
landfill. It also assists in aggnodating differential settlement due to the founding materials'

consolidation and helps in erosion control.

Compacted cover

Compacted sidewall
liner (Lifts parallel to
slope)

Compacted sidewall

liner (Horizontal

Lifts)

Compacted bottom

liner

Leachate collection zone /
Primary liner—-————
Leak detection zone—-ﬂ]]]ﬂ]]]]]lﬂ]]]ﬂ]]]]]][ﬂ]]]]]]]]]ﬂ(ﬂ
Secondary liner —s %

Figure 2.2 Components of compacted clay liner [63]
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2.2.3. Merits of compacted clay liners

CCLs have a range of advantages ovetyhieal counterparts (GCLs and geomembranes), including
their ability to comply with a variety of design requirements and performance expectations while
retaining their integrity. The advantages of CCLs over their traditional counterparts (GCLs and

geomemianes) have been studied by several scholéf gl are summarized below:

They can record very low hydraulic conduco¥ixl0’ cm/s or less.

They have high attenuation potential.

They are naturally occurring mateaatl readily available.

They are relatively inexpensive when presesiteoor nearby.

CCLs have lower contaminant diffusive flux.

Their hydraulic conductivity can be reduced as a result of precipitation, biomass gsolth, and
accumulation.

Mechanicdiailures (punctures) are less likely to occur in CCLs.

Better breakthrough time and solute flux.

CCLs have a good compatibility with the penetrating leachate.

2.2.4. Demerits of compacted clay liners

Although CCLs demonstrate various advantages ovetradé@ional counterparts, they are not

without demerits. The following engineering issues are associated with the utilization of CCLs.

Desiccation cracking
Desiccation cracking is a significant issue with CCLs. Continuous wetting acytthyjras well as
seasonal temperature variations, cause significant soil liner dryness and cracking. Despite this, effective
solutions for improving soil characteristics and decreasing desiccation cracks have been identified,
among them include the apption of a surface moisture barrier above the soil layer and the utilization
of soil additives such as bentonite and fibers [66]. According to Akayuli et al. [67] and Rowe [68], due

to their expansive nature, some soils can naturaflgadeaifacks.
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Material unavailability
Natural soils can be found in abundance all over the world. Despite their widespread availability,
finding soils with suitable engineering qualities to be utilized as compacted clay liners can be difficult
at times. Blending natusalils available esite or inproximitywith various additives\yegproven to

be a common technique used to mitigate this issue.

Difficulty of placement
The placement of compacted clay liners in landfills and other liquid impoundments is often
complicate@nd requires careful consideration. Owing to this, qualified staff are required to position
them. To accomplish an excellent placement of the compacted clay liner material, a variety of

techniques and conditions are requaedhdicated in [69].

Others
Other disadvantages of CCLs include difficulties withstaiftingntial settlement without cracking
difficult repairingslow and complicated constructifeld hydraulic conductivity testing is frequently
required, high cost if onsite soils are not suitable, and a delayed instattaB¢65]

2.2.5. Requirements of compacted clay liners

Soil liners should have a low hydraulic conductivity(<ci@'s), > 10% clay size content, and a
plasticity index of 12 to 65%, according to Marcos and Pejon [70]. The following specifications for
compacted soil liners are also listed by [71]:

A cation exchange capability of at least 10 meqg/100 g is required.

A peamissible hydraulic conductivity of 1x’ &fn/s or less is required.

The CCL must be compatible with the leachate to avoid significant increase in the hydraulic
conductivity.

A chemical flux point of & cm/s or less.

Hydraulic conductivity, compaction, natural moisture content, plasticity characteristics, unconfined
compressive strength, particle size, organic matter content, and moisture condition value are among
the measures recommended by Declan and Paul [72pahid#@D and Quigley [73] for determining

the suitability of a potential source of soil liner. Cation exchange capacity, specific surface area, and

pH have also been established as suitability parameters for evaluating soil liners by researchers [70
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74].Various environmental organizations and researchers have set minimum standards for soil liner

specifications, as shown in Table 2.1.

Table 2.1 Requirements for compacted clay liner materials

Properties Standards References
Claysize content >20% [75]
Largest grain [76, 77]
Sitsi ze content [77]

Grain Size Analysis Largest grain [78]
% gravel O 30 [79]
Clay fraction [73]
Fines content [80]
Fines content 8% [57]
LL O 20% Pl [81]
LL O 30% Pl > [82]

Atterberg Limits LL O 30% [83]
LL < 90% [84]
Pl O 7% [85]

Classification CL&CI [75]
CL&CH [86]

SpecificGravity O 2.5 [77, 87]
O 0.3 [71]

Activity O 0.3 [88]
<1.25 [75]

Moisture Content MDD O 13271g/cn [77]

Density > 95% Proctor density [89]

Relationships

Unconfined Compressive O 2Bal k [80]

Strength

Remouldedindrained shear O 50KN/ m [79]

strength

Volumetric shrinkage O 4% [80]
O 1p T cmis [57]

Coefficient

of O 1pm cmis [71, 87]

Permeability

O 1lpm cmis [75]
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2.3.0livine
2.3.1. Definition and classification of olivine

Olivine is a common rodkrming mineral in mafic igneous rocks like basalt, dunite, diabase, and
peridotite. As a result, olivine is classified as a mineral series rather than a single miniéyal. The a

of two or more elements to substitute for one another without changing their crystal structure is a
common feature of a mineral series. Olivine can also be referred to as a group of minerals sharing
analogous crystal structures with a typical cileogmposition of 6iQ; where X may be
magnesium (Mg), iron (Fe), calcium (Ca), nickel (Ni) and manganese (Mn). Most of the elements can
substitute for each other. For instance, iron (Fe) and magnesium (Mg) result in numerous series in the
superior olivine groypf which Ferich (fayalite) and Mach (forsterite) are the most common end
members. The olivine group also includesidin(tephroite), ClIn rich (glaucochroite), $4g

rich (monticellite), F&In rich (knebelite), and the-Earich (kirschsteinite) end members, in addition

to the Ferich and Mgich end members [90]. The Bed Mgdominated end members of the series

are often difficult to discern, and their ratios can vary in various percentages frorSpye Mg

pure FeSiQ [91].

2.3.2. Parent rock material and occurrence of olivine

Olivine has been found to be formed in igneous rocks as well as in metamorphic rocks as a primary
mineral. It can also be found in meteorites and the mantle of the Earth.

2.3.2.1. Igneous rocks

Chemical weathering of mafic and ultramafic igneous rocks is the primary source of olivine. Dunites'
leading phase is Migh olivine, which comprises approximately 90% forsterite and is also contained

in peridotites, whereas gabbros and basalts usuadiyn G@80% Mgrich olivine. Plagioclase,
pyroxenes, and irditanium oxides are also commonly associated with olivine. This mineralogical
assemblage forms as olivine crystallizes at relatively high temperatures, making it one of the first
minerals to gstallize from a mafic melt at temperatures ranging frof© 16ABOAC [90]. Because

of the formation of orthopyroxene enstatite in the presence of exceas shiown in equation 2.1,

forsteritic olivine is unstable and never in equilibrium wattzqao higksilica environments.

- C3E/ 3EP-C3E (2.1)
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Nevertheless, quartz coexists in equilibrium with fayalite-nciragranites and rhyolitesy&lae
can also be present in acidic plutonic rocks like granites, where it is associateerighth iron
amphiboles and pyroxenes. Olivine is not a common mineral in sedimentary rocks due to its

vulnerability to being easily altered by weathering.

2.3.2.2. Metamorphic rocks

Olivine has been found in metamorphic settings. In zones where igneous intrusions are in contact
with dolomites, monticellite and forsterite are commonly developed. Monticellite tends to develop at
higher temperatures than forsée as a result of gradual decarbonation in the contact zones.
Metamorphosed irench sediments are another common zone for the formation of fayalitic olivine.
Fayalitic olivine is associated with the minerals greenalite, grunerite, and minnesaasstiages

of metamorphism in a quaternary syste@skeFeO - SiG, d H>O. In chemically more complex
environments, fayalite can also be associated with lime (CaO), aluf@ihah@senbergite,

orthopyroxene, grunerite, and almandine-@aonet) [O].

2.3.2.3. In sediments

Some sediments derived from the aforementioned rocks may contain olivine as a minor detritical
constituent. However, olivine does not last long in such sediments, and in most instances, it has totally
vanished in oldegeological sediments. Olivine can only be found as a major constituent of sands
(olivine sands) on volcanic islands' beaches or at the base of ultramafic rock cliffs. It can also be found

as a primary component of the volcanic ash that surrounds volcanoes.

2.3.3. Olivine distribution

Olivine has been discovered in a number of countries throughout the world. Among other places,
olivine has been discovered in India, Egypt, Australia, China, Myanmar, South Africa, Norway,
Sweden, France, Brazil, Germany, MekEitiopia, Russia, Pakistan, and the United [StBteAs

early as 1500 BC, Egyptian pharaohs mined olivine on Zabargad Island in the Red Sea. Olivine has
been found on the green beaches of Hawaii, as well as in meteorites, Mars, and the Moon [91]. The
primary mountainous backbone in the Tawau geological heritage region, which is located in the eastern
portion of the Semporna Peninsula in Sabah, West Malaysia, is formed by volcanic rocks of the
andesitelacite association [92]. The rocks contain deggoolivine, clinopyroxene, hornblende
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phenocrysts, and magnetite microcrystals [92]. There is a good chance that a significant amount of

olivine might be surface mined.

2.3.4. Olivine weathering

According to Wilson [93}ivine weathers faster than attyer major rockorming silicate mineral

or common orthosilicate [94knce it is rarely found in the heageral component of most soils,
sediments, or sedimentary rocks. As a result, olivine alteration textures are rarely reported in the
weatheringind sedimentary petrology literature. Fayalite olivine is more weathered than magnesian
(forsteritic) olivine in naturally weathered volcanic breccia and tephra, according to [95]. According to
Dufaud et al. [96], olivine dissolution occurs mostly whenesée saturation is reached in the fluid

stage, culminating in the formation of magnesite, as shown in the equation. 2.2.
-C3E/ o/ c¢#l©-C -C3E/N( ¢(#l (2.2)

It's vital to remember that olivine hasost always been altered in the rock by deuteric or
hydrothermal processes, or by magmatic differentiation as a result of subsequent equilibria while

studying olivine weathering in soils and rocks [97]:

Magmatic transformations: olivine to magnetit@dhdpyroxene intergrowths, which can then

turn into hornblende or cummingtonite.

Metamorphic transformations with hydration processes: olivine to talc or serpentine, frequently
followed by minute exsolutions of magnetite.

Deuteric alteration with catioromements: olivine to iddingsite or other phyllosilicates.

Olivine has a compact and solid physical structure, but the minerals are made up of indepgndent (SiO
tetrahedraonnectedy soluble divalent ions (Mpor oxidizable divalent ions {Fe Since the

divalent cations are generally unprotected at these sites by silica tetrahedra, the high ratio of divalent
cations to silicon (2: I) easily results in a chemical attack on the olivine's outer surfaces or along its
inner fractures. The magnesioonds to hydroxyl groups or dissolves in solution as the ferrous iron
oxidizes quickly oxidizes to ferric iron [97]. The immediate weathering often produces iron oxide and
hydrated magnesium silicate. This alteration product belongs to the smeatidsanillonites

family if silica and magnesium are partially preserved; or if magnesium is eliminated, it produces a
combination of iron oxide or hydroxide with opal. A combination of goethite and haematite in various
crystallization phases can be gemkrateoth magnesium and silica are eliminated. Under acidic
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weathering conditions, olivine minerals tend to dissolve quickly due to this surface reactivity. As a

result, in welbxidized soil horizons, fresh olivines are almoséxistent.

It's always difficult to tell whether an olivine alteration product results from shallowsaatksdp
processes. This is especially true for secondary minerals such as iddingsite and chlorite, which form at
relatively low temperatures. Other minerals, siggh@entine and talc, can be affected in the same

way [97]. Olivine has the highesathering potential index (WBf the rockforming silicates,

ranging from 44 to 65 [98].

2.4. Uses oblivine

Olivine is used in a variety of applications. Peridogésnatone made up of adequately large,
translucent crystals with no imperfections that is commonly utilized in the jewelry industry. The
ferrous/ferric iron ratio tends to effect color, but the morddRevariants make the greatest gem
material. San Caslolivine is extensively utilized in scientific studies due to its purity and lack of flaws.
Olivinerich rocks (dunites and olivineh sand) are frequently utilized as refractory bricks in high
temperature furnaces. Olivine has also been used asahahnasive that is less harmful than silica

[99]. The propensity of olivine to react with, @l form magnesite during weathering makes it a
potential CQsequestration candidate [100]. Olivine is a common element of basaltic rocks, a rock
which due tothe nutrients they contain, serve as the parent material for many fertile soits. Olivine
bearing rocks and soils can be found over long distances, making them attractive targets for both big
and smalscale agricultural endeavors [97]. Olivine is usehblasnite alternative in steel mills. In

the aluminium foundry industry, olivine sand is used to cast aluminum products. Olivine is promoted
as a good rock for sauna burners in Finland due to its relatively high density and resilience to
weathering duringpeated heating and cooling. In metallurgical processes, olivine is utilized as a slag
conditioner. Forsteritic olivine is added to blast furnaces to remove impurities from steel and form a

slag. Olivine is used to make refractory bricks and is ales asgakting sand.

2.5. Mineral carbonation

The rising amounts of atmospheric carbon dioxide have encouraged research into carbon capture and
storage (CCS) as an important component of an international plan to prevent possible climate change
threats. Althagh they exist various solutions for CCS in the subsurface, mineral carbonation, which
involves the chemical reaction betweepnd®@ reactive minerals (e.g., forsteriteSikag to form

carbonate minerals, is the most thermodynamically stable sotu@@8&fin the subsurface over
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geologic timescales [101]. Mineral carbonation has been and continues to be widely studied around
the globe due to its ability as a natural exothermic process of sequestsaiely@d permanently.

Mineral sequestration @& alternative approach to the widely used technique of geological
sequestration in underground cavities. It is an option under the CCS. Mineral carbonatien is a multi
step process that occurs in nature and is thermodynamically favored. The stepkaairbonation

are depicted in equationsd.8, though other steps, such as the formation of metastable Mg
carbonate solids (e.g., hydromagnesite, nesquehmaytegcur [102].

-C3E/ 1( 9¢-C ( 3 (2.3)
( 3E/ 3E/ q( / (2.4)
C# / C# / (2.5)
c#/ o/ <cC#/1 ¢ (2.6)
o( #/1 c#l (2.7)
¢#l ¢ C O¢-#€/ (2.8)

First, the silicate mineral dissolves and releases divalent cations including iron, magnesium, and
calcium, as well as silica in the form of silicic aS#d(equation 2.3). The silicic acid precipitates

as possibly hydrated amorphous silica(é®i) (equation 2.4) in khemperature environments,

where quartz precipitation is kinetically constranddamorphous silica solubility is low compared

to olivine (and other silicate minerals) [103].. @i@solves simultaneously (equationd &)

releasing carbonic acid, bicarbonate ions, and carbonate iordejpeptient proportions. The
dissolved magnesium ions combine with bicarbonate and carbonat@romsadbbnate minerals,

which precipitate at high saturation indices (equation 2.8) [104]. Examples of natural mineral
carbonation involving Mgjlicates, which are both abundant and highly reactive [105], can be found

in Oman [106], Italy [107], and @ahfa [108].

Mineral carbonation has several benefits over othet@a&ge techniques summarized below:

Mineral carbonation is a chemical sequestration method of thermodynamically stable and
environmentally friendly formed products. Mineral carlsom@age formed due to geologic
processes and are considered to be stable over long periods of time. As a,stetdiyeCio
permanent and essentially safe.

Carbonation is an exothermic reaction. The reaction energy has the potential to be useful.

22



Mineral carbonation has a massive potential fos€fDestration. There are sufficient minerals

on the planet to sequester all possiblge@@sions from fossil fuel combustion.

Mineral carbonation is a leakige CQ fixation method that does not require fgistage
monitoring and operates at a negative net energy input, demonstrating that the process is properly
optimized and employs favourable thermodynamics [109, 110].

2.5.1. Olivine carbonation

Olivine is a viablmineral for carbon capture owing to; it is present in basalt, constituting almost 8%

of the continental and oceanic crust. Secondly, it is a nesosilicate, the silicate cluster with the lowest Si
cation ratio, therefore having the best rate of dissoluttbhigh affinity for CQOcapture; Finally,

mafic and ultramafic rocks are basic, which aids in the neutralization of protons produced when CO
reacts with kD to form H.CO;, speeding up the mineral carbonation process [111]. Olivine is a
magnesium irorilgate with the two members 8. and F&SiQ, forming a solid solution series.

It is very vulnerable to chemical weathering, which occurs because of the isolated tetrahedra of the
olivine crystal structure, thus allowing olivine to be easily dissolved by acidic groundwater and
rainwater. Cracking aan olivine crystal surface increases the area exposed to pure water, thus
increasing the process of chemical weathering. The formation of carbonates will only occur when the

olivine dissolates.

Various factors affect the dissolution rate of olivine, antr@mincludegrading, temperature,

solution chemistrgtc.[112]. There are three steps to the carbonation processraftiMdivine. In

the first place, atmospheric QIxsolves in water to generate carbonic acid, which has a pH of about
5.6. The smnd step involves dissolving olivine in carbonated water. The third and last process is the
precipitation of carbonates and silica [113]. Several parameters, including carbonation temperature,
inflow CQ; concentration, residence time, and water vapouoerdoation, have been shown to
influence olivindased C@mineralization to varying degrees in previous research. Thermodynamic
simulations for the C@arbonation process show that the & olivine reaction loses a substantial
amount of heat energyeét from the reaction with G€an be recycled as part of the energy required

to heat olivine to the necessary temperature [114]. As a result, olivine absmitbséparates into

sand, magnesium, and bicarbonate when exposed to water, as showomi2.8quati

-C3E/ t#/ ¢(/9¢c-C 3E/ 1(#I (2.9)
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2.5.2. Grain size effect on olivine carbonation

Reduced grain size leads to an increase in surface area, which influences theadsmmagoof

[112]. Particle size is recognized as a crucial element in reaction since most mineral dissolution
reactions are surface driven. The minerals should be ground in order to achieve a sufficient reaction
rate. Hence, as the surface area incréesesaction rate also increases. For the test conducted on
37-micron olivine particle size, O'Conner et al. [115] reported a considerable rise in the measure of
the silicate's stoichiometric conversion to carbonate with decreasing particle size9@@bove
Huijgen and Comans [116] found that a reduction between 106 and 150 pm to less than 37 m
improved the conversion from 10% to 90% in their experiments. Because of the increased surface
area, smaller particles are weathered more easily and rapidigital ateans relative to larger
particles. Figure 2.3 depicts that as the particle size decreases, the total surface area available fo

chemical weathering also increases.

1 2 3

SA (surface area) = # blocks x SA of each block

1. areaofeachfacexlw = 36 ® 306 = 9 in
Total SA = 6 faces 9 ire =54 ir?

2. areaofeachfac&lw = 1.56 x2 1.56 = 2.25 1in
Total SA = 6 faces 8 blocks x2.25 iA= 108 ir?

3. areaofeachfac&lw = 16 »® 16 = 1 i n

Total SA = 6 faces 27 blocks x1 ire= 162 ir?

Figure 2.3.lllustration of increasing surface area attained as particle size is reduced for a constant

volume of material [91]
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2.5.3. Influence of pH, temperature, and C@Opressure on the
dissolution and carbonation of olivine

Temperature has a dynamic relationship with a number of other factors. The dissolution of forsterite
becomes more pHependent at higher temperatures. According to a previous study, olivine dissolves
10 times faster at 298°K than it does at 273°K [114 Jeffdct of carbonation pressure (RGD

the olivine's carbonation efficiency was the subject of a previous dimayefifects of PCLand
temperature on the outcome of olivine carbonation was compared. The findings demonstrated that
increasing the temperature to 185°C while maintaining the carbonation pressure constant resulted in
a reaction that was over 65% complete in six hourdegiee of reaction was increased even further,

to about 85%, by increasing the R&OL15 atm while keeping the temperature constant at 185°C
[115]. A similar finding has also been reported by [39]. They reported an approximate three times
increase in thenconfined compressive strength of a carbonated sample under a carbonation pressure
of 200 kPa when compared to a corresponditigu@@mbient cured olivitreated soil. Based on
previous investigations, the rate of strength increment with increasprgss@re is dependent on

the magnesium content of the blend. An increase.pré§3ure cause an increase in the acidity of

the pore solution, thus allowing mor&"Ntgns available for carbonation reactions [117]. Moreover,
carbonated specimens may médogher compressive strength and energy absorption due to less
favourable conditions for olivine to carbonate, creating one or more magnesium carbonate phases
responsible for soil strength increment. Magnesite, nesquehonite, and hydromagnesiteere the th
primary magnesium carbonate phases that may occur [39]. In summary, pH, temperature, and
carbonation pressure are critical factors that affect olivine dissolution rate and subsequent

carbonation.

2.6. Potential application of olivine carbonation in gnend
improvement

Magnesium oxide (MgQO) constitutes approximately 45% to 49% of olivine. Hence, olivine is a major
source of MgOPrevious research has shown that MgO can be utilized for soil reinforcement
applications, for instance, the application of ,magnéydroxide for the stabilisation of a swelling

clay [118]Garcia et al. [119] investigated the influence efrimde MgO on contaminated soil
stability. The lowgrade MgO efficientlyabilized the contaminated sadcording to their findings.

Ther have been studies on the usage of sustainable materials like reactive magnesia and zeolite fol
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soil enhancement [120]. The aim was to demonstrate the sustainability benefits of these sustainable
materials over portland cement and lime in regards tedeziugronmental impacts and improved
engineering performance [120]. The effect of carbonating magnesia for soil enhancement was
explored by Yi et al. [121]. The effects of carbonated reactive magnesia and Portland cement on soil
stability was also exantne their investigation. Their study found that reactive carbonated magnesia
treated soil had the same strength aay&ured Portland cement stabilized soil after only a few
hours of carbonation. The major products of the carbonated reactive magmesguehonite,
hydromagnesite, and dypingiich were accountable for the rggib improvement. Equations
[2.102.13 represent the generated products of the carbonated reactive mespoesidble for the

strength developmem@livine is a carbesequestering mineral with a high MgO concentration in its
natural state. In both uncarbonated and carbonateg #tdtas a great potential as a ground

improvement additive.

N o~ o~ s oA

-C/ (l19-¢l ( "OOAEOA (2.10

-Cl( #/1 c¢(/lo-@/s&(/ .AONOGAETI T EOA (212
v-¢C( T#/ (1°-Cc#l | (8(/ $UPEIT CEOA (212
v-¢C( T#IO-C#/ [ (&(!/ (UAOI T ACT ACE QA3

2.7. Summary

This chapter reviewgaimong others; Peninsular Malaysia marine clay and its engineering properties,
compacted clay liners, inchglitheir merits and demerigs well as their requirements, olivine
formation, olivine distributiopnas well as olivine carbonation and its apjoiic in ground
improvementFrom the review, it is clear thaetimportance of olivine for geotechnical and
geoenvironmental engineering applications cannot be overstated, and more research is needed to
better understand its characteristics and potential for industrial appliCabtns2.2. present
previous studge on soil stabilization using olivine and mineral carbonation for geotechnical
engineering applications with a view of identifying the resealaHigepvith this, little to no study

has assessed the hydraulic conductivity of carbonated oliviwhishiis,one of the most important

criteria in determining the suitability of a material for liner application. To the best of our knowledge,
a possible application of mineral carbonation, which has not attained significant attention so far, is in

the devidpment of innovative landfilesdiner material. Hence, this research sought to investigate
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the suitability of COcarbonated oliviradmixed marine clay for use in engineered landfills as an

innovative base liner material to decrease leachate migrdé@equestering landfill £O

Table 2.2.previous studies on soil stabilization using olivine and mineral carbonation for geotechnical

engineering applications

Title

Authors

Aim

Utilisation of carbonating olivine f
sustainable satabilisation.

M.H. Fasihnikoutalat
A. Asadi, B.K. Huaf
R.J. Ball, S. Pourakb
and P. Singh.

The study aimed at investigat
the role of olivine as an intelligy
sustainable soil stabiliser.

2 | Laboratoryscale model of carbon dioxi¢ M.H. Fasihnikoutalall The study aimed at investigat
deposition fosoil stabilisation. A. Asadi, B.K. Huat, F the strength performance
Westgate, R.J. Bé carbonated olivine treated soi
and S. Pourakbar. | different carbonation pressul
and times.

3 | Utilization of alkalactivated olivine in s¢ M.H. Fasihnikoutalall The study aimed at explaithe
stabilization and the effect of carbona] A. Asadi, C. Unlue| carbonation of alkadictivatec
on unconfined compressive strength | B.K. Huat, R.J. Bal olivine for use in soil stabilizati
microstructure. and S. Pourakbar

4 | The effect of olivine content and cur| M.H. Fasihnikoutalal The study aimed at exploring |
time on the strength of treated soil| S. Pourakbar, R.J. B{ use of olivine in the presence
presence of potassium hydroxide. and B.KHuat. KOH for the development ¢

high strengths during st
stabilization

5 | Sustainable soil stabilisation with grg M.H. Fasihnikoutalal The study aimed at investigai
granulated blastirnace slag activated | S. Pourakbar, R.J. Bi the effectiveness of olivine (
olivine and sodium hydrae. C. Unluer, and N individually and in the preser

Cristelo. of NaOH) for ground granulate
blastfurnace slag activation a
for soil stailisation applicationg

6 | New Insights into Potential Capacity] M.H. Fasihnikoutalal The study discussed t
Olivine in Ground Improvement. P. Westgate, B.B.l properties and potenti

Huat, A. Asadi, R.| application of olivine in
Ball, H. Nahazanal geotechnical engineering.
and P. Singh.

7 | Strength performance and microstruct C. Yu, C. Cui, Y| The study aimed at investigat
evolution of carbonated steel 9 Wang, J. Zhao, and |the improvement in the
stabilized soils in the laboratory scale.| Wu. engineering  performance

stabilized soils with carboniz
steel slag.

8 | CO,carbonatioAanduced improvement | D. Wang, J. Zhu, F. | The study evaluated the feasib
strength and microstructure of reac| and He. and performance of GC(
MgO-CaOHfly ashsolidified soils. carbonation combined  wi

reactive MgO plus industr

byproducts in soil improvemen
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Property changes of reactive magdé

Y. Yi, K. Lu, S. Liu

The study aimed at investigatil

stabilized soil subjected to for¢ and A. AlTabbaa. the property changes of reacti
carbonation. magnesistabilized soill

subjeatd to forced carbonatior]

10 | Permeability comparison of Mgl G.H. Cai, S.Y. Liy The study aimed at compari

carbonatedoils and cemefiteated soils| G.Y. Du, L. Wang, an the permeability of MgC

C. Qin.

carboanted soils andement
treated soils.

11

Physical properties, electrical resist

G.H. Cai, Y. J. Dy

The study aimed at evaluating

and strength characteristics of carbon S.Y. Liu, and D.N physical properties, electric
silty soil admixed with reactive magne¢ Singh. resistivity, and streng
characteristics of carbonated
soil admixed with reacti
magnesia.
12 | Effect of carbonation on leachabill Y.J. Du, M.L. Wei The study aimed at systematic
strength and microstructul K.R. Reddy, and H.l investigating the effects

characteristics of KMP binder stabili]
Zn and Pb contaminatesoils.

Wu.

carbonation on the leachabi
and strength properties KMP
stabilized soils spiked with hi
levels of individual and mixed |
and Phcontaminants.
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Chapter 3
Utilization of marine clay as a bottom liner

material in engineered landfills

3.1. Preface

In order to develop an innovative landfill base liner material, it is vital to first access the engineering
andhydraulic properties of the geomaterials to verify if they meet the minimum standard requirements
for liner application specified by the regulatory authorities. This was the motivation behind the
development of this chapter. The journal article in thidecheccesses the feasibility of a typical
marine clay for use as a hydraulic barrier in municipal solid waste landfills. Under this chapter, the
assessment was done by conducting a series of experimental examinations on the-clay's hydro
mechanical, geochiEal, and mineralogical properties in accordance with regulatory criteria
Chemical compatibility and microstructural studies were also carried out to gain insight on the impacts
of leachate on clay properties. The tests conducted to identify mechiatitity sncluded grading,

plasticity characteristics, volumetric shrinkage strain, compaction, hydraulic conductivity, and
unconfined compressive strength. Chemical compatibility of the clay with the leachate was assessed
by conducting hydraulic conduity tests using leachate as the permeating fluid. The following major
findings were noted. The index properties show that the clay is classified as a high plasticity clay (CH).
The clay recorded plasticity indices of 43.38% and 35.39% for 4vatelapd clayeachate

samples, respectively. From the cation exchange capacity (CEC) viewpoint, the marine clay is
satisfactory as a liner material. Moreover, the clay portrays a medium expansion potential (activity <
1.25) according to Skempton's classifictafihe clay recorded adequate strength and hydraulic
conductivity requirements for use as a liner material in engineered landfills. In summary, the low
hydraulic conductivity, adequate strength, and good chemical compatibility with the penetrating
leacha# make the marine clay an effective geomaterial for use as a hydraulic barrier in engineered

landfills The content of this chapter is entirely a manuscript published in the Journal of

Environmental Chemical Engineering.
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ARTICLE INFO ABSTRACT

Editor: Yunho Lee A typical Malaysian marine clay was evaluated for its suitability as a bottom liner material to minimize leachate

Keywords: migration in engineered landfills. Grading, plasticity characteristics, unconfined compressive strength, volu-
Marine clay metric shrinkage strain, permeability, geochemistry, mineralogical, and microstructural tests were conducted to
Leachate characterize the clay as well as to evaluate it’s potential as an effective bottom liner material. The work findings
Liner material reveal that the clay possesses minimal shrinkage potential and adequate strength to support the overburden
Geochemistry pressure imposes by the waste. The permeability of the clay increased upon permeation with leachate but still

Mineralogical

met the Malaysian regulatory requirement of < 10~ m/s specified by the regulatory authority. X-ray diffraction
Microstructure

analysis shows that the soil mineralogical composition was unaltered after permeation with leachate.
Nonetheless, the appearances of two new low-intensity hercynite peaks were observed for the leachate per-
meated sample. These new peaks, however, did not adversely affect the hydro-mechanical properties of the clay.
The results demonstrate that the studied marine clay can be employed as a bottom liner material in engineered

landfills, hence providing a value-added application of the construction waste material.

1. Introduction

Engineered landfill has proven to be the most frequently used
technique for municipal solid waste (MSW) disposal in Malaysia today
and in other parts of the world owing to its cost-effectiveness, effi-
ciency, simplified technique, and large capacity [1-3]. However, due to
three main bioprocesses, viz. hydrolysis, aerobic, and anaerobic de-
gradation, a considerable quantity of leachate with high concentrations
of ammonia, chlorinated, heavy metals, organic and inorganic com-
pounds are often generated in landfills [4,5]. Seepage of the generated
leachate can contaminate nearby environment, ground, and surface
water if not properly managed, hence causing severe health and en-
vironmental challenges to humans and animals. Consequently, a bottom
hydraulic barrier is often installed in every engineered landfill to
minimize or prevent the migration of the generated leachate [6-9].

Over the past decades, significant advancements in landfill tech-
nology and relevant regulations have been observed; nevertheless,
compacted soil liners (CSLs) still constitute a vital component of hy-
draulic barriers in engineered landfills, either as single or composite
liner. The environmental regulations applied to liner utilization for
MSW landfills in the United States and European Union dictate the use
of CSLs [10]. However, the CSL should satisfy the hydraulic con-
ductivity (= 1 x 10”7 cm/s) and thickness specifications (0.6-1.5m),

* Corresponding author.
E-mail address: vivi.anggraini@monash.edu (V. Anggraini).

https://doi.org/10.1016/j.jece.2020.104048

among other standard specifications outlined in [11,12]. Similarly, the
ministry of housing and local government, Malaysia (MHLGM), re-
commends the utilization of earthen liners in landfills insofar it meets
the minimum specifications of long-term stability, minimum thickness
(= 50cm), permeability (< 1 x 10 em/s), fines content (= 8%),
among other criteria stated in [13].

CSLs are generally constructed with soils that are locally available
owing to their cost-effectiveness, availability, low permeability, ex-
cellent compatibility with the permeating leachate, and less vulner-
ability to mechanical accidents [2,14,15]. As a result, a plethora of
studies utilizing compacted natural soils for liner application can be
found in the literature [7,10,14,16-19]. The inability to attenuate
pollutants [20], the poor self-healing ability after shrinkage cracking
[21], and poor chemical compatibility with leachate [3] are some
challenges associated with some of these natural soils. As a result, it has
become difficult in recent years to identify natural soils that comply
with the minimum specifications for liner utilization set out by various
regulatory authorities.

Marine clay is extensively distributed around the globe. The clay
occurs in significant quantity in the Peninsular, Malaysia, covering an
area of approximately 131,598 km? [22]. The clay is formed under
saline coastal water conditions and originates mainly from the oceanic
bed. Due to its high water content, the clay is naturally soft and
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contains smectite swelling clay minerals like montmorillonite [23].
Upon deposition of the clay on the oceanic flow, it is characterized by a
loose structure with low shear strength, low unit weight, and low
bearing capacity owing to flocculation [24]. Nevertheless, compaction
of marine clay usually leads to an increase in densification, improve
bearing capacity, and adequate strength. Hence, these favourable
compaction characteristics may boost the use of marine clay as a CSL in
engineered landfills, in addition to its low permeability, high attenua-
tion capacity, as well as the economic appeal for using the natural
geomaterial for liner application. Moreover, previous studies have de-
monstrated that compacted natural marine clay possesses suitable
geotechnical properties to be used in the construction of landfill bottom
liners [17,23]. In this context compacted natural marine clay could be
used in the construction of landfill bottom liner materials. Despite this
great potential, the clay is often treated as construction waste during
earthwork projects, causing severe sustainable and environmental
concerns. In spite of some efforts to use the natural clay as an en-
gineered liner material [17], its use is still not fully embraced due to the
limited information available on its hydro-mechanical properties when
in contact with leachate.

In light of this, the current study aimed to evaluate the suitability of
a typical Malaysian marine clay for use as a bottom liner material to
minimize leachate migration in engineered landfills. The hydro-me-
chanical, geochemistry, and mineralogy properties of the clay were
examined, in line with the regulatory requirements specified by the
regulatory authorities. In addition, chemical compatibility and micro-
structural investigations were conducted to gain insight into the effects
of leachate on the clay properties. The findings of this study would
provide a detailed understanding of the hydro-mechanical behaviour of
the marine clay, as well as it will motivate the utilization of the marine
clay, usually considered as construction waste to value-added applica-
tion as a bottom hydraulic barrier in engineered landfills.

2. Materials and methods
2.1. Materials

A typical Malaysian marine clay was used in the study. The clay
samples were obtained from Jeram, Selangor, Malaysia. The physical
properties and significant oxides of the clay are given in Table 1.

Field leachate and tap water were the permeants utilized in the
current study. The leachate was obtained from the Taman Beringin
MSW transfer station located in Kuala Lumpur, Malaysia. The Taman
Beringin station receives approximately 1700 tonnes of MSW per day,
with a peak capacity of 270 tons/h from the city of Kuala Lumpur,
which is a densely inhabited metropolitan area. It is presumed that the
waste composition is very diverse owing to its residents, and hence, the
generated leachate will be representative of the main constituents of the
Malaysian MSW, thus the choice of using the leachate. Standard
methods for the examination of water and wastewater [25] were used
for the leachate characterization. Preservation of the leachate prior to
testing was done following the approach reported in [26]. Table 2 lists
the physico-chemical properties of the leachate and tap water used in
the study.

2.2. Methods

2.2.1. Specimen preparation

Oven-drying was performed on the clay for two days at 105 °C until
they reached a constant weight. After drying, the clay specimens were
manually crushed to pass through a 2-mm sieve opening. The pul-
verised specimens were then kept in labelled plastic containers prior to
testing.

2.2.2. Geotechnical tests
The classification tests (grading, plasticity characteristics, and
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Table 1
Physical properties and significant oxides of the marine clay.

Properties Values Standard method

Physical properties

Sand (%) 18 [271
Silt (%) 44 [271
Clay (%) 38 1271
Fines (%) 82 -
Dso (mm) 0.01 -
Gravel (%) - [271
Specific gravity 23 [271
uscs CH

Liquid limit (%) 77.8 [271
Plastic limit (%) 34.4 [271
Plasticity index (%) 43.4 [271
Activity 1.1

Free swell index (mL/2 g) 18 271
Chemical composition (weight proportion, %)

Si0, 75.8

AlO3 121

Fey03 35

TiO, 0.7

Ca0 0.7

Nay0 11

K20 15

MgO 13

P05 0.1

S0, 0.1

LO1I 3.1

BS = British Standard; USCS = unified soil classification system.

Table 2

The physico-chemical composition of the leachate utilized in the current study.
Parameters Leachate Water
Metals and major

cations (mg/L)

Chromium (Cr) 0.5 0.001
Cadmium (Cd) 0.02 0.001
Nickel (Ni) 0.4 0.003
Copper (Cu) 0.4 0.002
Lead (Pb) 0.1 0.002
Iron (Fe) 369 0.033
Zinc (Zn) 6.1 0.001
Manganese (Mn) 5.1 0.004
Anions (mg/L)
Nitrate (NO3) 35 1.84
Nitrite (NO3) 21 0.005
Sulphate (S0%7) 497 8.20
Phosphate (P03 ") 11.2 0.006
Chloride (C17) 2370 10.20
Physical parameters
pH 3.6 7.30
EC (mS/cm) 12.6 94
Density(g/mL) 1.1 1
TDS (mg/L) 9660 34
Hardness (mg/L) 1900 90
Environmental
Quality (mg/L)
BODs 23,800 0.70
CODc, 61,200 3.0
BODs/COD¢, 0.40 0.23
TSS 12,000 2.30
Ammonia 462 0.011

specific gravity), as well as the soil activity, were determined using the
BS 1377 [27] standard procedures. The swelling property of the clay
was determined using the free swell index (FSI). The FSI test was de-
termined following standard procedures outlined in ASTM D5890 [28].
First, 2 g (in 0.1 g increments) of the dry powdered clay was poured into
100 ml graduated cylinder filled with 90 ml of permeant solution (dis-
tilled deionized water). At the end, the cylinder was filled until 100 ml
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Table 3
Testing programme.

Journal of Environmental Chemical Engineering 8 (2020) 104048

Test type Permeant used ‘Compactive effort Compaction moisture content
Grading Water - -

Atterberg limits ‘Water and leachate - -

Compaction Water MP, SP, RP -

ucs Water MP, SP, RP —4,-2,0, +2, +4 relative to OMC
VSS Water MP, SP, RP —4,-2,0, +2, +4 relative to OMC
Hydraulic conductivity ‘Water and leachate MP, SP, RP —4,-2,0, +2, +4 relative to OMC
XRD Water and leachate - -

AFM Water and leachate - -

Organic matter content Water and leachate

MP, modified Proctor; SP, standard Proctor; RP, reduce Proctor; UCS, unconfined compressive strength; VS, volumetric shrinkage strain; XRD, X-ray diffraction; AFM,

atomic force microscope; OMC, optimum moisture content.

and carefully covered with plastic film to avoid external exchange.
After 24 h of exposure, the observed clay swelling volume was mea-
sured.

Three compactive energies (reduced, standard, and modified
Proctors) were employed to assess the moisture-density relationship of
the soil. The British Standard (BS) light and heavy specifications [27]
were employed for conducting both standard and modified Proctor
compaction tests, respectively, while the reduced Proctor test was
conducted following the procedure recommended by [29]. In an effort
to span the range of reasonable compactive efforts encountered in the
field, the above-mentioned range of energies were employed [18]. Tap
water was used in all cases to prepare the samples.

The volumetric shrinkage strain (VSS) was determined by extruding
compacted cylindrical soil specimens (prepared using tap water at
moisture contents of -4, -2, 0, +2, and +4% relative to the optimum
moisture content (OMC) and employing the aforementioned compac-
tive energies) from the compaction mould and allowing the specimens
to dry on a laboratory table in an air-conditioned room [16,18]. Each
day, the diameter and height of the specimens were measured with a
digital calliper accurate to 0.01 mm. Three heights and three diameter
measurements were recorded for each reading. The average diameter
and height were used to compute the volume, and the measurements
were continued until the volume ceased to change further, which lasted
for about three to four weeks. In order to improve the accuracy of the
results, the test was conducted on duplicate samples, and the mean
value was reported.

The unconfined compressive strength (UCS) test was performed
following the BS 1377 [27] standard specification. The processed soil
was remoulded using tap water at the aforesaid range of moisture
contents and compactive energies. Duplicate tests were conducted, and
the mean value was reported.

To assess the effect of leachate on the hydraulic conductivity of the
clay specimen, two scenarios were considered: (1) specimens were sa-
turated and permeated with tap water, and (2) specimens were satu-
rated with tap water and permeated with leachate. Test specimens were
prepared by remoulding the clay into sample moulds at the pre-men-
tioned range of moisture contents and compactive energies. Hydraulic
conductivity tests were conducted on the specimens using the falling
head technique as recommended by [30]. Duplicate tests were per-
formed on each specimen, and the mean value was reported. A detailed
discussion of the saturation procedure, hydraulic conductivity testing
procedures, and termination criteria are reported in our previous stu-
dies [9,24].

2.2.3. Geochemistry, mineralogy, and microstructure investigations

The geochemistry, mineralogy, and microstructural properties of
the tap water and leachate permeated samples (prepared at optimum
moisture content and employing the standard compactive effort) ob-
tained from the permeability moulds upon completion of the tests, were
determined. The cation exchange capacity (CEC) of the samples was

determined by summing the exchangeable cations, including calcium,
magnesium, potassium, and sodium extracted using the Mehlich-3 (M3)
extraction solution and methods [31]. The exchangeable acidity was
determined using the titration method. Walkley and Black method was
employed for the determination of the organic matter content [32].

The mineralogical compositions of the specimens were determined
by the X-ray diffraction (XRD) technique. The preparation of specimens
for the XRD analysis was performed following the procedures presented
in [26]. A Bruker D8-Focus diffractometer with Nickel-filtered Cu-Ka
tube was used for the analysis at a current and voltage of 40 mA and
40 kV, respectively. Phase identification and quantitative phase ana-
lysis was determined using the DIFFRAC.EVA software.

The surface topographies of the soil specimens were examined using
an atomic force microscope (AFM) [model: multimode 8 Olympus
micro cantilever, OMCL — AC160TS- C3] employing the glass slide
substrate preparation method. The specimens were examined at an
amplitude set-point of 550.87 mV and an aspect ratio of 1.

The detailed testing program, indicating the test types, permeants
used, compactive efforts, and compaction moisture content, are sum-
marized in Table 3. Based on available literature, soils that met with the
minimum requirements listed in Table 4 are suitable for application as a
bottom liner material.

Table 4
Requirements for liner materials.
Parameters Standard References
Grading properties % gravel = 30 51]
Clay fraction = 10 % 52]

[

[
Fines content = 20 % [51]

[

[

Fines content = 8% 13]
Clay fraction = 30 %% gravel 53]

= 20-50
LL =30 %Pl =15% [11]
Atterberg limits LL=20% Pl = 7% [11]
LL = 30%PI = 10% [541
LL <90 %, 10% < PI < 65% [12]
LL = 90 % [511
[55]
[56]
Volumetric shrinkage strain = 4% [18]
Classification CL & CI [571
CL & CH [34]
Specific gravity =22 [58]
Activity > 03 [16]
< 1.25 [571
Unconfined compressive strength = 200 kPa [181
Hydraulic conductivity =108 m/s [13]

LL=liquid limit; PI = plasticity index; CL = clay of low plasticity; CI = clay of
intermediate plasticity; CH = clay of high plasticity.
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3. Results
3.1. Hydro-mechanical characteristics

The grain size distribution, Atterberg limits, activity, and particle
density of the soil are presented in Table 1. Upon changing the pore
fluid from water to leachate, a general decrease in the Atterberg limits
and activity of the clay was noted. The leachate saturated clay recorded
liquid limit, plastic limit, plasticity index, and activity values of 61.5 %,
26.2 %, 35.4 %, and 0.9, respectively. Comparison between the Atter-
berg limits of the water and leachate saturated clay samples and the
Atterberg limits of a good liner material shown in Table 4, indicates
that both the water and leachate saturated clay specimens met the re-
quired specifications to be used as a bottom liner material. Table 1 also
shows the FSI value of the soil. The soil recorded an 18 ml/ 2 g FSI value
which may be attributed to the presence of swelling mineral (mon-
tmorillonite) in the soil. It is interesting to note that the recorded value
is slightly lower than the criterion suggested by Jo et al. [33] i.e.
(FSI > 20mL/2 g), as the threshold value for which geosynthetic clay
liner (GCL) hydraulic conductivity is susceptible to attain 10~ ° m/s.

The compaction characteristics of the soil obtained from the re-
duced, standard, and modified compaction efforts are presented in
Table 5. An increase in maximum dry density (MDD) and a decrease in
the OMC with increasing compactive energy was observed. This is due
to the fact that a more parallel orientation of the soil particles is ob-
served at a higher compactive energy, hence providing a dispersed
structure with the particles becoming closer and thereby decreasing the
porosity [16].

The variation of the mean VSS values of the specimen with moisture
contents employing all three compactive efforts is depicted in Fig. 1.
For the sake of completeness, the VSS test results for the duplicate tests
are also presented in Table 6. As seen in Table 6, for specimen re-
moulded using the modified compactive effort and at moisture contents
in the range, —4 to + 4% of the OMC, VSS values of < 4% (maximum
regulatory) were recorded on the dry side of OMC and 100 % OMC (i.e.,
at moisture contents of 14 %, 16 %, and 18 %). Likewise, VSS values of
= 4% were recorded for specimens remoulded on the dry side of OMC
(i.e., at moisture contents of 16.5 % and 18.5 %) when the standard
compactive effort was employed. When the reduced compactive effort
was applied, VSS values of = 4% was only achieved on the dry side of
OMC (i.e., at a moisture content of 18.1 % and 20.1 %).

The variation of the mean UCS values against moisture contents for
the different compactive efforts is demonstrated in Fig. 2. The UCS tests
result for the duplicate tests are also presented in Table 6. As seen in
Table 6, for specimen remoulded using the modified compactive effort
and at moisture contents in the range —4 to +4% of the OMC, UCS
values of = 200 kPa (maximum regulatory) were recorded on the dry
side of OMC, 100 % OMC, and wet of OMC (i.e., at moisture contents
ranging from 14 %22 %). Likewise, UCS values of = 200 kPa were
recorded for specimens remoulded on the dry side of OMC and 100 %
OMC (i.e., at moisture contents of 16.5 %, 18.5 %, and 20.5 %) when
the standard compactive effort was employed. The recommended UCS
of = 200 kPa was also achieved for specimens prepared at dry of OMC
and 100 % OMC (i.e., at moisture contents of 18.1 %, 20.1 %, and 22.1
%) when the reduced compactive effort was employed.

Hydraulic conductivity is one of the most vital parameters for liner

Table 5
Maximum dry density and corresponding optimum moisture content.

Compactive effort MDD (g/cmz) OMC (%)
Modified Proctor 1.60 18.0
Standard Proctor 1.50 20.5
Reduced Proctor 1.36 221

MDD =maximum dry density; OMC = optimum moisture content.
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Fig. 1. Variation of Volumetric Shrinkage Strain with Moisture Content.

material selection. Hence, it is imperative to measure it utilizing on-site
liquid (leachate) typical of in-situ conditions to effectively assess the
suitability of a geomaterial for liner application. In this study, leachate
was used alongside tap water as the permeants. The relationships be-
tween the mean hydraulic conductivity values, compaction moisture
content, and compaction energy for both water and leachate permeated
specimens are depicted in Fig. 3. The hydraulic conductivity tests result
for the duplicate tests are also presented in Table 6, for the sake of
completeness. As seen in Table 6, for both water and the leachate
permeated specimens remoulded using the modified, standard, and
reduced compactive energies at moisture contents in the range 14-22%,
16.5 to 24.5 %, and 18.1-26.1%, respectively, hydraulic conductivity
values of < 10~ % m/s were recorded on the dry side of OMC, 100 %
OMC, and wet of OMC.

3.2. Mineralogy, geochemistry, and microstructural properties

XRD tests for the water and leachate permeated samples were
conducted to evaluate the effects of leachate on the clay mineralogical
composition as shown in Fig. 4. The quantitative determination of the
principal phases was carried out using the DIFFRAC.EVA software
based on the reference intensity ratios (RIR) values and are presented in
Table 9. The identified minerals were confirmed using the International
Centre for Diffraction Data (ICDD) database. The findings revealed that
quartz (Q) and montmorillonite (M) are the main minerals in the soil.
Kaolinite (K), illite (I), and feldspar (F) were the minor phases also
observed. The physico-chemical properties in terms of exchangeable
cations, exchangeable acidity, cation exchange capacity, effective ca-
tion exchange capacity (ECEC), and organic matter content of both tap
water and leachate permeated specimens (prepared at optimum
moisture content and employing the standard compactive effort) are
presented in Table 7. The AFM imaging analysis was conducted to
observe and analyse the effect of leachate on the surface topography
and texture of the clay. The AFM images of the water and leachate
permeated specimens are shown in Fig. 5a and b, respectively.

4. Discussion
4.1. Hydro-mechanical characteristics

Soils that comply with the characteristics listed in Table 4 are re-
commended as suitable for liner utilization based on available litera-
ture. The grading characteristics and particle density of the marine clay
indicate that it has suitable grading characteristics for utilization as a
liner material. Similarly, the Atterberg limits and activity for both the
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Fig. 2. Variation of Unconfined Compressive Strength with Moisture Content.
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Table 7
Physico-chemical properties of tap water and leachate permeated clay samples.

Properties Water permeated clay Leachate permeated clay
Calcium” (meq/100g) 3 4
Magnesium* (meq,/100g) 6 6
Potassium” (meq/100g) 13 14
Sodium* (meq/100g) 6 4
Aluminium* (meq/100g) 0.2 3.2
Hydrogen™ (meq/100g) 0.1 7.8
CEC (% cations) (meg/100g) 28 27
ECEC (X cations & acidities) 28.3 38
Organic matter content (%) 3.3 4.5
pH 7.6 6.9

* Exchangeable cations; *Exchangeable acidity; CEC = cation exchange
capacity; ECEC = effective cation exchange capacity.

tap water and leachate saturated clay specimens met the minimum
requirements listed in Table 4. However, upon saturation with leachate,
a reduction in the Atterberg limits was noted. This reduction is attrib-
uted to the replacement of the cations of the hydrous layer surrounding
the clay particles by the metal salts, organic and inorganic pollutants,
anions, and cations present in the leachate. Consequently, a decrease in
the diffuse double layer (DDL) thickness occurs, resulting in shrinkage
and flocculation of the clay particles, and hence a decrease in the At-
terberg limits [3].

Based on the unified soil classification system (USCS), both tap
water and leachate saturated samples classify as CH (clay of high
plasticity). Kayadelen [34] suggested that clay of intermediate to high
plasticity are favourable for the construction of clay liners owing to
their potential of attaining a permeability of < 10~ m/s. Regarding
activity, both specimens exhibit medium expansion potential, according
to Skempton classification [35]. Hence, in the presence of leachate, the
clay is less expected to display considerable shrinkage.

In order to satisfy the required regulatory specification of = 4%
VSS, recommended by Daniel and Wu [18], ranges of compaction
moisture contents within which the compacted material will meet the
required specification must be determined. Test results show that the
VSS increases with an increase in compaction moisture content and is
independent of compactive efforts. Taha and Kabir [16]; Eberemu [36]
indicated that soils compacted at higher water contents contain more
water in their voids, thus resulting in higher shrinkage upon drying
since the volume of water escaping the voids is proportional to the
volumetric shrinkage. Likewise, the VSS reduced with increasing
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Fig. 4. X-Ray Diffractograms of Tap Water and Leachate Permeated Clay Specimens.
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Fig. 5. AFM Images of (a) Tap Water Permeated Specimen; (b) Leachate Permeated Specimen.

compaction energy probably due to the small amount of water found in
the voids of the specimens compacted at higher compaction energy. As
shown in Fig. 1, the volume change behaviour of < 4% is attained at
moisture contents in the range 14 and 20 % depending on the com-
pactive energies.

As seen in Fig. 2, the UCS increased with increasing compactive
effort (irrespective of the moisture content employed to prepare the
specimen), due to closer packing of the clay fabric that increased the
bonding forces and subsequently reduced the void ratio. Conversely,
the UCS decreased with an increase in compaction moisture content.
This is because as the moisture content increased, the soil fabric be-
comes increasingly dispersed and deflocculated; thus, reducing the
shear resistance, and hence decreasing the strength [36]. Due to the
compressive stress exerted by the waste material on the liner system,
hence liner materials must have adequate strength for stability. It is fair
to state from Fig. 2 that the studied soil met the minimum strength
recommendation of 200 kPa over a range of moisture content varying
between 14 and 22 % depending on the compactive energies.

As seen in Fig. 3, a reduction in hydraulic conductivity was noted
with an increase in compaction moisture content. This can be explained
on the basis that, at higher moisture content, the ability of breaking
down clay aggregates is increased due to increasing action of repulsive
forces between the clay layer surfaces hence eliminating the inter-ag-
gregate pores, and thus the formation of dispersed fabrics [16,37]. The
figure also shows that lower hydraulic conductivity values were re-
corded at the various compaction moisture contents when the soil
specimens were permeated with water compared to those permeated
with leachate. The increase in the leachate permeated clay is approxi-
mately 98 %, 26 %, and 58 %, respectively, over the water permeated
clay at OMC for the modified, standard, and reduced compactive ef-
forts, respectively. These findings are in line with those reported by
[38,39]. The salinity effect of leachate on the clay was the main factor
that caused the increase in the hydraulic conductivity of the specimens
upon permeation with leachate. Shrinkage of the DDL and flocculation
of the clay particles occurs upon the interaction of the high salinity

Table 8
Acceptable range of compaction moisture content.

leachate (total dissolved solids =9660 mg/L) with the clay. The floc-
culated structure increases the effective pore space and consequently
leads to an increase in hydraulic conductivity. Various researchers have
reported that strongly acidic and basic leachate can dissolve clay mi-
nerals, hence, increases the effective pore space, which in turn caused
an increase in the hydraulic conductivity [40-43]. This process, how-
ever, depends on the contact duration between the soil and leachate.
The contact duration between the clay and leachate in this study was
about four weeks. To that effect, no significant mineralogical changes
were observed in the water and leachate permeated specimens. Hence,
it can be presumed that the hydraulic conductivity increase of the
leachate permeated specimens was not as a result of mineral dissolution
but rather, the salinity effect of the leachate. Nonetheless, further in-
vestigations need to be conducted on the impact of extended contact
duration on the mineralogy of the leachate permeated clay.

It is important to note that the requirement for maximum hydraulic
conductivity value for liner materials depends on the liner location as
well as the waste type that is being contained in the landfill. Hence, for
liner utilization in landfills, a compacted soil should have a hydraulic
conductivity of < 108 m/s according to Malaysian guidelines [13]. As
observed from Fig. 3, all three compactive efforts applied to the soil
yielded hydraulic conductivity values of < 10~% m/s. Thus, it is fair to
conclude that the studied marine clay satisfied the required hydraulic
conductivity of < 10~ % m/s when permeated with water and leachate
irrespective of the compactive energy employed. Hence, the clay was
found to be compatible with the leachate and thus can be used as a
bottom liner material.

4.2. Acceptable range of compaction moisture content for liner design

It is vital to identify the acceptable range of compaction moisture
contents for which the soil would achieve the required specifications of
hydraulic conductivity < 10 % m/s, UCS = 200kPa, and VSS < 4%. As
shown in Table 8, the reduced, standard, and modified Proctor energies
are unsuccessful in meeting the required specifications at all

Compactive energy Range of moisture content (%) within which
permeability <= 107 m/s

Range of moisture content (%)
within which VSS < 4%

Range of moisture content (%) within ~ Overall accepted moisture
which UCS = 200 kPa content range

Modified Proctor 14.0-22.0 14.0-18.0
Standard Proctor 16.5-24.5 16.5-18.5
Reduced Proctor 18.1-26.1 18.1-20.1

14.0-22.0 14.0-18.0
16.5-20.5 16.5-18.5
18.1-22.1 18.1-20.1

VSS = volumetric shrinkage strain; UCS = unconfined compressive strength.
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compaction moisture contents. The overall acceptable compaction
moisture content range for which the soil can be compacted based on
the acceptable ranges of moisture content of all three design parameters
are also presented in Table 8.

4.3. Geochemistry, mineralogy, and microstructure characterization

As seen from Table 7, the leachate permeated sample recorded a
higher organic matter content (a 36 % increase) relative to the water
permeated sample. This increase is attributed to the absorbed organic
matter from the leachate by the clay. The leachate permeated sample
recorded a lower pH value relative to the water permeated sample. The
decrease in the pH indicates soil acidification by the leachate. The re-
duction in the CEC of the leachate permeated specimen may be at-
tributed to the structural dissolution of clay minerals upon interaction
with the leachate. This finding is in line with that of Sucha et al. [44],
who reported a reduction in the CEC of a weathered montmorillonite as
a result of structural dissolution. There are no widely accepted
minimum specifications for CEC values for liner materials. However,
Rowe et al. [12] recommended a minimum CEC of 10 meq/100 g. Taha
and Kabir [45] further mentioned that soils with high CEC have the
potential of removing substantial amounts of pollutants from leachate.
Stewart et al. [46] also reported that soils with a high CEC favour the
sequestration of chromium ions from permeating leachate. Hence, it
might be inferred that the studied marine clay met the required CEC
specification for liner utilization and thus is expected to portray a high
contaminant retention capacity when used as a liner material.

XRD test results (Fig. 4) indicate that both tap water and leachate
permeated samples are composed of quartz and feldspar as the abun-
dant tektosilicate, while montmorillonite, illite, and kaolinite constitute
the phyllosilicate suite, The reflections at 20 of 13.98°, 21.06°, 39.55°,
and 59.99° for the water and leachate permeated clay specimens in-
dicate the presence of montmorillonite. Likewise, the reflections at 20
of 26.71°, 45.84°, and 50.20° for both clay specimens suggests the
presence of quartz. Also, 20 reflections of 19.92°, 40.34°, and 79.93" for
the water and leachate permeated clay specimens indicate the presence
of illite. Similarly, 26 reflections of 35.02° and 54.92° indicate the
presence of kaolinite in both clay specimens. The reflection at 26 of
67.78° for both clay specimens suggests the presence of feldspar. As
observed from the figure, the mineralogical compositions of the water
and leachate permeated samples are identical. Nonetheless, the ap-
pearance of two new low-intensity reflections at 26 of 32.43" and 64.13"
can be observed for the leachate permeated sample. Both reflections are
characteristic of hercynite (FeAl;0,4). A similar finding (appearance of
hercynite reflections) was reported by Frempong and Yanful [26] after
leachate permeation on tropical soils. The above observation (i.e., the
formation of hercynite, owing to the clay-leachate interaction) indicates
that in a leachate environment, oxides can form strong complexes with
Fe.

The results also indicate that quartz had the highest concentration
in the clay, followed by montmorillonite (see Table 9). According to
Bouazza [47] and Gates et al. [48], minerals of the smectite groups are
suitable to be used for landfill liner construction owing to their ability
to self-heal cracks, hence reducing the hydraulic conductivity of the
liner material. Elliott and Watkins [49] also reported that a potential
advantage of smectite-rich liner materials is their increased attenuation
capacity. According to Met et al. [50], illite is a desirable clay mineral
for use in liner construction owing to its ability to remain inactive in the
presence of leachate. Hence based on the identified minerals, the stu-
died clay is expected to exhibit an excellent attenuation capacity and
self-healing property during field application.

The AFM image of the water permeated sample (Fig. 5a) is char-
acterised by a homogenous flat coherent surface layer with no major
discontinuity, thus indicating the fine nature of the marine clay con-
sisting mainly of silt and clay-sized particles as observed from the
grading analysis. Conversely, the AFM image of the leachate permeated
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Table 9
Mineralogical composition of the tap water and leachate permeated clay spe-
cimens.

Mineral Content (%)
Water permeated clay Leachate permeated clay

Quartz 70 69

Kaolinite 5 3

Montmorillonite 20 18

Illite 3 2

Feldspar 2 3

Hercynite 5

@ Percentage content of the minerals in the water and leachate permeated
specimens.

sample (Fig. 5b) depicts a heterogeneous granular surface, resulting
from the interaction between the leachate and the clay. Comparing
Fig. 5(a) and (b) reveals that the clay-leachate interaction results in
textural alteration properly due to the collapse of the DDL, which leads
to an increase in permeability.

5. Conclusion

In the current study, a typical Malaysian marine clay was evaluated
for possible utilization as a bottom liner material for engineered land-
fills. The geochemical, mineralogical, microstructural, and hydro-me-
chanical properties of the clay were examined using tap water and
leachate as the permeating fluid. The findings revealed that with fines
fraction of > 20 %, the hydraulic conductivity of the marine clay met
the Malaysian regulatory specification for earthen landfill liners. The
relationship between the hydraulic conductivity and compaction in-
dicates that the clay could be compacted at various compaction en-
ergies and moisture contents and achieve a low hydraulic conductivity
of = 107® m/s upon permeation with water and leachate. However, a
slight increase in the hydraulic conductivities of the compacted clay
samples was observed after permeation with leachate.

The UCS increased with increasing compaction energy and de-
creased with increasing compaction moisture content. Optimum UCS
values were recorded at dry of OMC for all compactive efforts. The VSS
increased with an increase in compaction moisture content and de-
creased with increasing compactive energy. Based on the obtained
overall acceptable moisture content, the clay should be compacted at
moisture content ranging from 14.0 to 18.0%, 16.5 to 18.5 %, and 18.1
to 20.1% for modified, standard, and reduced Proctor energies, re-
spectively. XRD analysis shows that the clay mineralogical composition
was unaltered after permeation with leachate. Nonetheless, the ap-
pearances of two new low-intensity hercynite reflections were observed
for the leachate permeated specimen.

Summarily, the low permeability, adequate strength, and excellent
chemical compatibility, as well as its availability and large areal extent,
make the marine clay a suitable geomaterial for possible application as
a liner material in engineered landfills. However, field investigations
are vital for ascertaining this experimental observation. Moreover, at-
tention must be considered during mixing, compaction, and lift thick-
ness so that macroscopic defects may not lead to high field hydraulic
conductivity. Chemical stabilization may also be considered as an at-
tractive alternative to further improve the strength, hydraulic, and
engineering properties of the clay. Moreover, other important para-
meters such as diffusion and retention capacity, as well as the self-
healing potential of the clay need to be evaluated before deciding on its
full potential as a liner material in engineered landfills.
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Chapter 4
Improving the engineeringproperties of a

soft marine clay with forsteritic olivine

4.1. Preface

By building on the previous chapter (chaptexgrimental investigations demonstrated that the
studied marine clay could be used for liner application due to its low hydrautitvitgrahd

adequate strength. Nonetheless, the hydraulic conductivity of the clay may be adversely affected in the
long run due to its high swelling potential. Hence, it is vital to stabilize the clay for utilization as an
effective and innovative bottdmer material. Consequently, this was the motivation behind the
development of chapter 4. The journal article in this chapter explores the use of natural forsteritic
olivine, to improve the engineering properties of the soft marine clay. The findalgd tbat

olivine inclusion had a substanti al i mpact o

>

sized contents and an increase in theiz#tl contents. Up to 30% olivine content, the clay's
unconfined compressive strength (UCS) amdi@&l bearing ratio (CBR) increased with increasing
olivine content and curing period; after that, the UCS and CBR values dropped for all curing periods.
The hydration reactions that resulted in the formation of the cementitious ptaBean@IMA-

H) are responsible for the strength increment and hydraulic conductivity reduction. The
microstructural tests, which included FESEM, EDX, XRD, and FTIR, were helpful in determining
the efficiency of olivinmarine clay stabilization and determining the fiedahrmechanisms by

which the soft marine clay was stabilized. In summary, the engineering properties of the soft marine
clay were enhanced by natural forsteritic olivine, hence olivine can be used as an effective and
environmentally beneficial stabiliberconstructions such as hydraulic barriers. The content of this
chapter is entirely a manuscript published in European Journal of Environmental and Civil
Engineering.
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recorded with ascending values of olivine contents and curing time. An
olivine content of 30% was identified as the optimum value to achieve
the targeted improvement for all curing durations. Formation of magne-
sium-aluminate-hydrate and magnesium-silicate-hydrate were found to
be the key components responsible for this strength improvement
based on morphological and mineralogical analyses. Comparative stud-
ies with identical lime-treated marine clay samples revealed that olivine
treatment achieved higher mechanical strength and lower hydraulic
conductivity relative to lime treatment for a limited curing duration.
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1. Introduction

Marine clays are known to be structurally unstable and problematic owing to their complex
hydro-mechanical behaviour, which includes high plasticity, high compression and settlement,
low shear strength, low hydraulic conductivity and low bearing capacity (Ahmad & Harahap,
2016; Bo, Arulrajah, Sukmak, & Horpibulsuk, 2015; Chew, Kamruzzaman, & Lee, 2004; Jiang et al.,
2016; Phetchuay, Horpibulsuk, Arulrajah, Suksiripattanapong, & Udomchai, 2016; Taha, Ahmed, &
Asmirza, 2000; Wu, Xu, & Tjuar, 2015). Moreover, Anggraini, Asadi, Farzadnia, Jahangirian, and
Huat (2016b) indicated that marine clays are susceptible to wet-dry cycles, induced shrinkage
and swelling, thus possibly posing extreme distress to structures constructed with them or
on them.

Numerous ground stabilisation methods have been established over the past three decades
to deal with problematic soft soils (Abdullah & Al-Abadi, 2010; Akhtar, Khan, & Akhtar, 2014;
Anggraini Asadi, Farzadnia, Jahangirian, & Huat, 2016a; Attom & Al-Sharif, 1998; Bouazza, Kwan,
& Chapman, 2004; Campbell, 1980; Emmanuel, Lau, Anggraini, & Pasbakhsh, 2019; Eujine,
Chandrakaran, & Sankar, 2017; Gniel & Bouazza, 2009, 2010; Hanuma & Prasad, 2017; Jafer,
Atherton, Sadique, Ruddock, & Loffill, 2018; Katz et al, 2001; Kamaraj, Janani, Ravichandran,
Nigitha, & Priyanka, 2016; Taha & Taha, 2012). While choosing the appropriate method remains a
challenge in regard to economic, environmental and workability aspects; chemical stabilisation
constitutes the most frequently used technique for improving the strength properties of soft
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problematic soils owing to its swift enhancement of their physical and engineering properties
(Al-Bared, Marto, Latifi, & Horpibulsuk, 2018).

Calcium-based additives (i.e. lime and cement) have been traditionally used for improving
the geotechnical properties of problematic soils such as marine clays due to their robustness
and easy adaptability to different soil types and their ability to immobilise water in the soil
(Anggraini et al, 2016a). Likewise, their availability in various parts of the globe is an added
advantage. Despite the great success of these calcium-based additives, they are under criti-
cism, not only for the adverse environmental impacts associated with their production (e.g.
CO,, dust and waste gases emissions) but also for their cost, including huge energy con-
sumption (e.g. >1450°C of kiln temperature, ~12-15% of total industry energy) (Cai, Liu, &
Zheng, 2019; Horpibulsuk, Phetchuay, Chinkulkijniwat, & Cholaphatsorn, 2013; Puppala, Griffin,
Hoyos, & Chomtid, 2004). Thus, the development of new sustainable additives with cement-
ing properties and low CO, emission is actively sought by industries and is of global interest.

In recent years, reactive minerals including wollastonite, olivine, serpentine and magnesia
have been utilised as additives owing to their potential of forming stable carbonates and bicar-
bonates after reacting with soils in the presence of water and carbon dioxide. Rudge, Kelemen,
and Spiegelman (2010), Yi, Liska, Unluer, and Al-Tabbaa (2013), Yi, Liska, Akinyugha, Unluer, and
Al-Tabbaa (2013), Cai, Dy, Liu, and Singh (2015), Fasihnikoutalab et al. (2016), Fasihnikoutalab,
Asadi, Unluer, et al. (2017), Fasihnikoutalab, Ball, Pourakbar, & Huat (2017), and Fasihnikoutalab,
Asadi, Huat, et al. (2017), indicated that stable carbonates and bicarbonates produced from react-
ive minerals have the ability to improve soils strength and their ultimate bearing capacity.
Amongst the variety mentioned above, olivine has proven to be the most auspicious candidate
with significant environmental benefits (Kelemen & Hirth, 2012; Saldi, Daval, Morvan, & Knauss,
2013). Olivine, a pozzolanic material according to ASTM D5370, is sustainable, cost-effective and
extensively available with the ability to improve soils strength characteristics due to its high
affinity for the adsorption of CO, leading to the formation of stable carbonates and strength
improvement (Fasihnikoutalab, Asadi, Huat, et al, 2017). Likewise, during hydration reaction,
magnesium oxide present in the olivine reacts with soluble alumina and silica in the soil, to pro-
duce stable magnesium aluminate hydrate (M-A-H) and magnesium silicate hydrate (M-S-H)
phases, which contribute to strength improvement, stiffness and durability of the stabilised soil.

Previous studies have evaluated the potential of alkali-activated olivine and carbonating oliv-
ine for soil stabilisation. Prominent among these studies are those of Fasihnikoutalab et al.
(2016), Fasihnikoutalab, Asadi, Unluer, et al. (2017), Fasihnikoutalab, Ball, et al. (2017), and
Fasihnikoutalab, Asadi, Huat, et al. (2017). Their studies focused only on non-shrinkable soils uti-
lising olivine in the presence of alkalies such as sodium hydroxide and potassium hydroxide as
well as carbonated olivine. Hence, there is a lack of knowledge on the effect of natural forsteritic
olivine on the engineering properties of shrinkable soils.

This paper explores the use of natural forsteritic olivine, an environmentally friendly alternative
to traditional stabilisers, to improve the engineering properties of a soft shrinkable marine clay to
address the knowledge gap reported in the above. Moreover, the effect of olivine content and cur-
ing duration are interpreted with the aid of microstructural observations and comparison is made
with lime-treated marine clay samples as lime treatment is considered as one of the most common
traditional methods for stabilising problematic soils for civil engineering applications.

2. Materials and methods
2.1. Materials

2.1.1. Marine clay
The soft marine clay utilised in the current study was obtained from Jeram, Selangor, Malaysia.
Sampling was performed in test pits, 1.5m in length by 1.4m in width and 3m in depth. The
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Table 1. Basic physico-mechanical properties of the untreated marine clay.

Property Value Standard method
Gravel (%) - BS 1377, 1990
Sand (%) 18.1 BS 1377, 1990
Silt (%) 43.5 BS 1377, 1990
Clay (%) 384 BS 1377, 1990
Dso (mm) 0.006 -
Fines content (clay + silt) 81.9 -
Liquid limit (%) 778 BS 1377, 1990
Plastic limit (%) 344 BS 1377, 1990
Plasticity index (%) 434 BS 1377, 1990
Activity 1.1 -
Linear shrinkage (%) 17.9 BS 1377, 1990
Volumetric shrinkage (%) 5.8 BS 1377, 1990
Free swell index (%) 100.2 Indian Standard
(IS 1498, 1987)
Free swell (%) 1122 Holtz & Gibbs (1956)
MDD (g/cm?) 1.50 BS 1377, 1990
OMC (%) 20.5 BS 1377, 1990
UCs (kPa) 2106 BS 1377, 1990
CBR (%) 12.1 BS 1377, 1990
Permeability (m/s) 8.26 x 107'° Head & Epps (1980)
pH 7.6 BS 1377, 1990
Electrical conductivity (mS/cm) 8.8 BS 1377, 1990
Specific gravity 23 BS 1377, 1990

UCS, unconfined compressive strength; OMC, optimum moisture content; MDD, maximum dry density; CBR, California bear-
ing ratio; BS, British Standard; 1S, Indian Standard.

test pits were dug using a pickaxe and shovel up to a depth of 25 m and augered utilising a
hand-operated auger to 3m, under the health and safety rules of the state of Selangor.

A typical top-down soil profile at the sampled point consists of topsoil with vegetation and shell
fragments that vary between 0.1 and 0.4 m, uniformly underlain by moist, soft greyish homogenous
clay with fine strips of organic matter between 0.4 and 1.2m. Underneath this layer is a wet bluish
firm clay with black organic matter that ranges from 1.2 to 2.3 m, underlain by a moist homogenous
bluish-green sandy clay with shell fragments between 2.3 and 3.0m. The collected samples were
bagged, labelled and transported to the soil laboratory for storage and testing.

Clay samples from the different soil profiles were combined to produce one representative
material for analysis. The basic physico-mechanical properties of the untreated marine clay are given
in Table 1, while Table 2 lists the significant oxides of the clay as obtained from X-ray fluorescence
(XRF) analysis. The result shows that the clay contains 75.84% of silicon dioxide (SiO,), 12.09% of
aluminium oxide (Al,Os) and 3.47% of ferric oxide (Fe;03) as the dominant oxides.

2.1.2. Olivine

The olivine used was supplied by the MAHA Chemicals Sdn Bhd Selangor, Malaysia, obtained from
Industrial Minerals & Refractories Olivine India based in Tamil Nadu, India. Its basic physico-chemical
properties are listed in Table 3. The olivine had been derived from Dunite ore and had been proc-
essed using a Raymond three roller mill to grind raw olivine rocks into sand. Hence, the olivine in
its received state had a coarse sand particle size, which required further grinding before adding to
the soft marine clay to increase the reactivity between the olivine and the clay. Figure 1 depicts the
grain size distribution of the olivine before and after grinding. The analysis shows that the median
diameter of the olivine after grinding was changed from 0.35 to 0.018 mm.

2.1.3. Lime

The lime utilised in the current study was a dry powder hydrated lime Ca(OH),, typically used for
stabilisation. The lime was supplied by Evergreen Engineering and Resources, Selangor, Malaysia.
The physico-chemical compositions of the lime are listed in Table 4.
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Table 2. Significant oxides of the marine clay.

Concentration (wt%)

Significant oxides Marine clay
Si0, 75.84
Al,05 12.09
Fe,0; 347
Tio, 0.68
Ca0 0.72
Na,0 113
K;0 151
MgO 133
P20s 0.09
SO 0.05
Lol 3.09

Table 3. Physico-chemical properties of the olivine.

Major oxides

Concentration (wt%)

Si0,

Al;,03

Fe,0;

Ca0

MgO

LOI

Sand (%)

Silt (%)
Dsp(mm)
Specific gravity
pH

Electrical conductivity (mS/cm)
Colour

Light green

40.02
5.98
8.04
0.20

44,01
1.75

3225

67.75

0.018
2.99
8.91
0.17

100 A

—— Before grinding
90 A
-=@--- After grinding

60 A
50 4 s

40 A L ]

Percentage Passing (%)

30 - '

0.001 0.01 0.1
Particle Size (mm)

Figure 1. Grain size distribution of olivine before and after grinding.
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Table 4. Physico-chemical composition of the hydrated lime.

Major oxides Concentration (wt%)
Ca(0H), 90.0
CaC0; 2.1
MgQ 0.9
Si0, 1.8
Al,03 0.8
Fe;04 0.7
503 0.5
H,0 03
Grading (%)

Passing 600 um 94.1
Passing 425 um 915
Passing 300 um 76.7
Specific gravity 23

2.2. Methods

2.2.1. Sample preparation and mix composition

The clay samples were oven-dried for two days at 40°C until a constant mass was reached for
microstructural investigations, while for macrostructural analyses they were dried at 105°C. The
dried samples were then crushed manually into smaller sizes using a mortar and pestle. The
pulverised samples were sieved through a 2-mm sieve opening to confirm the soil uniformity
and later mixed with 10%, 20%, 25%, 30% and 35% olivine contents by weight of the dry soil.
The mixtures were then subjected to further microstructural and geotechnical investigations.
Identical samples were prepared with the same weighted amount (10%, 20%, 25%, 30% and
35%) lime contents by mass of the dry soil to compare the performance of olivine to traditional
lime admixture. These samples were subjected to specific geotechnical investigations, as dis-
cussed in the succeeding sections.

A categorised sample designation scheme was employed to facilitate the presentation of
results. The first and second characters in the scheme indicates the clay name while the latter
characters represent the treatment type, for example: MC + 0%O0OL or MC + 0%L for (parent clay
or untreated marine clay), MC+ 10%OL or MC +10%L for (10%O0OL olivine-treated marine clay or
10%L lime-treated marine clay) and so on, until MC + 35%O0L or MC +35%L for (35%OL olivine-
treated marine clay or 35%L lime-treated marine clay).

2.2.2, Geotechnical tests

2.2.2.1. Grain size distribution. Wet sieving and sedimentation analyses were employed for the
determination of the grain size distribution for the pure olivine, olivine-treated and untreated
clay samples in accordance with standard specifications stipulated in BS 1377 (1990).

2.2.2.2. Atterberg limits. The liquid limit (LL), plastic limit (PL) and plasticity index (PI) of the
untreated clay and olivine-treated clay samples were determined according to BS 1377 (1990)
standard specifications together with the soil activity, which is the ratio of the Pl to the clay-
sized content. The volumetric shrinkage strain (VSS) defined as the change in volume (Av) to the
total volume of the soil sample (v), expressed as: A—V"x 100, as well as the linear shrinkage;
defined as the change in length (Lp) to the original length of the soil sample (Lo), expressed as:
( —i—D) % 100 were also quantified.
0

2.2.2.3. Particle density and pH. The particle densities of the untreated clay and olivine-treated
clay specimens were determined using the density bottle technique in accordance with BS 1377
(1990) standard specification. Determination of the pH values was done using the electrometric
method according to standard procedures stipulated in the BS 1377 (1990).
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2.2.2.4. Swell tests. The swelling properties of the untreated clay and olivine-treated clay speci-
mens were determined using two methods: free swell (FS) and free swell index (FSI). The FS and
FSI tests were determined using the method proposed by Holtz and Gibbs (1956) and IS 1498
(1987), respectively. The FS test consisted of pouring 10g of dry clay (passing 425um sieve)
slowly into a 100 cm® measuring cylinder filled with distilled water and noting the volume of the
clay after it settles at the bottom of the cylinder. The FS was then determined as the increase in
the volume of the clay expressed as a percentage of the initial volume. IS 1498 (1987) provides a
standard for predicting the swelling behaviour of soils, based on the FSI, as follows:

(Vw_vk)
k

FSI = x 100

where V,, is the sediment volume of 10g of dry clay passing 425 um sieve placed in a 100 ml
graduated measuring cylinder containing distilled water, and V, is the sediment volume of 10g
of dry clay passing 425um sieve placed in a 100ml graduated measuring cylinder contain-
ing kerosene.

2.2.2.5. Compaction test. The compaction characteristics of the untreated clay, olivine-treated
clay and lime-treated clay specimens were determined using the Standard Proctor Test. The tests
were conducted following standard procedures outlined in BS 1377 (1990). The first set of com-
paction test was carried out to determine the moisture-density relationship of the untreated
clay. Subsequently, the clay was mixed with the predetermined dosages of the additives by dry
weight of clay, and the compaction tests were repeated. Hand mixing was used to achieve a
homogenous mix. Water was added as required to facilitate the mixing process. Compaction was
then performed immediately after mixing because any delay could lead to enhanced clay
agglomeration and stronger bonding between clay particles, which would cause further resist-
ance to compactability (Ali & Mohamed, 2017).

2.2.2.6. California bearing ratio (CBR) test. Unsoaked CBR tests were performed on the
untreated clay, olivine-treated clay and lime-treated clay specimens remoulded at their respective
optimum moisture content (OMC) and cured for 1, 3 and 7 days in a ~20+1°C temperature-
controlled and constant humidity environment. The CBR test was conducted according to the
standard specification outlined in BS 1377 (1990).

2.2.2.7. Hydraulic conductivity test. The hydraulic conductivity of the untreated clay, olivine-
treated clay and lime-treated clay specimens after 1, 3 and 7 days of curing were measured using
the compaction mould permeameter under falling head condition as recommended by Head
and Epps (1980). The specimens were remoulded at their respective OMC. Before remoulding, a
thin layer of grease was applied to the interior surfaces of the moulds to eliminate the effect of
side-wall leakage during testing, as well as to ensure good contact between the compacted sam-
ple and the mould. A filter paper was placed at each facing side of the test samples to prevent
clogging of the perforated plate by the fines in the soil. The remoulded specimens in the com-
paction moulds were immersed in a water tank for a minimum period of 1 week to allow for
maximum saturation of the specimens, and the specimens were restrained from swelling verti-
cally during saturation. This means that all specimens maintained their initial dry unit weight
throughout the saturation period. This long-time sample saturation process was applied to avoid
any error caused by the flow around the periphery of the samples. Full saturation was distin-
guished by the water outflow coming through the outlets of the compaction permeameters. The
saturated samples were then mounted to the falling head permeameter connected to the per-
meant liquid (tap water) in a flexible tube, before the start of the permeation process.
Permeation continued until flow stabilisation, and the termination criteria specified in ASTM D
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5084 were met (i.e. when there was no systematic trend in hydraulic conductivity over time).
Duplicate tests were conducted on each sample as a quality control check. The coefficient of
variation for the duplicate test was less than 0.5. Measurements of influent intake against efflu-
ent water volume indicated that the samples reach full saturation, and there was no storage of
water in the samples. The heterogeneity of flow in the samples was checked by observing a cut
of samples taken out from the moulds immediately after the test. All observations verified the
heterogeneity of flow in the samples and lack of any flow around their periphery.

2.2.2.8. Unconfined compressive strength (UCS) test. The UCS tests were conducted on the
untreated clay, olivine-treated clay and lime-treated clay samples in accordance with BS 1377
(1990) standard specification. The samples were remoulded at their respective OMC’s. The influ-
ence of curing duration on the UCS was studied by curing the samples in sealed vinyl bags for
1, 3 and 7days in a ~20+ 1°C temperature-controlled and constant humidity room. Limited cur-
ing duration of 7days was chosen to assess the admixture that promotes an early gain in
strength. The tests were conducted on cylindrical samples with length and diameter of 100 and
50 mm, respectively. The samples were tested using the compression test machine at a ramp
rate of 1 mm/min until failure. A data acquisition unit was utilised to record the stress and strain
automatically. Duplicate tests were performed for each specimen, and the mean value was
reported in the current study. The variation of the UCS from the average strength did not exceed
+5% which was considered acceptable and reflects the effectiveness of the specimen preparation
method as the individual strength did not deviate from the average by more than £10% as rec-
ommended by Consoli, Lopes, Prietto, Festugato, and Cruz (2011).

2.2.3. Microstructural investigations
Microstructural investigations were employed to produce explicit microstructural supportive evi-
dence for explaining the improvement in geotechnical properties of the treated clay.

2.2.3.1. X-ray diffraction (XRD) test. The mineralogical compositions of the olivine-treated clay
specimens were determined by the XRD method. XRD test was conducted for clay treated with
10% (lowest) and 30% (optimum) olivine contents. As a reference, the untreated clay and pure
olivine were also subjected to XRD test. Oriented thin sections of a representative fraction of
each sample were prepared by utilising the sedimentation technique using soil specimen passing
through 75 pm sieve opening and allowed for 7 days of curing. A Bruker D8-Focus diffractometer
with Nickel-filtered Cu-Ko tube was employed for the analysis at a generated current of 40 mA
and voltage of 40Kv, and a maximum power level of 3 Kw. The scan performed was recorded at
an angle scan (26) between 5 and 91° with a step size of 0.03°. TOPAS software based on
Rietveld algorithm was employed for the determination of the clay and non-clay minerals.

2.2.3.2. Field-emission scanning electron microscopy (FESEM)-coupled energy-dispersive X-
ray spectroscopy (EDX) tests. The morphology and elemental compositions of the olivine-
treated clay specimens were observed by employing the FESEM and EDX, respectively. FESEM
and EDX analyses were carried out on clay samples treated with 10 and 30% olivine contents
after 1, 3 and 7 days of curing. The untreated clay and pure olivine samples were also subjected
to FESEM and EDX analyses. Before testing, the specimens were frozen by dipping in liquid nitro-
gen and later dried by placing in a freeze dryer for about 24 h. After drying, the specimens were
cautiously fractured to obtain a freshly exposed surface for FESEM examination. The samples
were mounted on aluminium sample holders with adhesive carbon tape and vacuum coated
with platinum for 40 secs, utilising a Quorum/Q150RS Sputter Coater. The FESEM-EDX examin-
ation was performed employing a dispersive X-ray spectrometer fixed with a Horiba X-Max
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Table 5. Testing programme.

Parameters
Olivine Lime
Test type contents (%) contents (%) Variables Fixed Notes
Grading 0, 10, 20, 25, - - CP=0
30, 35 T=20°C
Atterberg limits 0, 10, 20, 25, - - CP=0
30, 35 T=20°C
Swelling 0, 10, 20, 25, - - CP=0
30, 35 T=20°C
Compaction 0, 10, 20, 25, 0, 10, 20, 25, CP=0 Compactive Standard proctor energy
30, 35 30, 35 T=20°C energy
ucs 0, 10, 20, 25, 0, 10, 20, 25, cP=1,3,7 OMC MDD Each combination was
30, 35 30, 35 T=20°C remoulded at their respective
OMC and MDD
CBR 0, 10, 20, 25, 0, 10, 20, 25, CP=1,3,7 OmMC MDD Each combination was
30, 35 30, 35 T=20°C remoulded at their respective
OMC and MDD
Permeability 0, 10, 20, 25, 0, 10, 20, 25, CP=1,3,7 OMC MDD Each combination was
30, 35 30, 35 T=20°C remoulded at their respective
OMC and MDD
XRD 0, 10, 30 - cP=7 T=20°C
FESEM 0, 10, 30 - CP=1,3,7 T=20°C
EDX 0, 10, 30 - =137 T=20°C
FTIR 0, 10, 30 - CP=7 T=20°C

UCS, unconfined compressive strength; OMC, optimum moisture content; MDD, maximum dry density; CBR, California bear-
ing ratio; CP, curing period (in days); T, environmental temperature; XRD, X-ray diffraction; FESEM, field-emission scanning
electron microscopy; EDX, energy dispersive X-ray spectroscopy; FTIR, Fourier transform infrared spectroscopy.

detector operating at a voltage and current of 5000 V and 9400 nA, respectively. The specimens
were viewed under a SU8010 FESEM and the images obtained.

2.2.3.3. Fourier transform infrared spectrometer (FTIR) test. The bonding and functional
groups of the pure olivine, untreated clay, 10% and 30% olivine-treated clay specimens after
7days curing duration were investigated under a Thermo Scientific Nicolet i5S10 FTIR. The
samples were prepared following the potassium bromide (KBr) pressed disc technique as out-
lined by Djomgoue and Njopwouo (2013). The specimens were mixed with KBr, and the KBr/
clay mixtures were later placed into a dye under pressure to form sample pellets. The spectra
were obtained in the region between 500 and 4000cm™~’', utilising an optical velocity of
0.6329, using a medium resolution aperture, with a helium-neon laser as the reference source
at a resolution of 4cm™".

The detail experimental programme indicating the test type, additive contents, testing condi-

tions and variables are summarised in Table 5.

3. Results and discussions
3.1. Geotechnical properties

3.1.1. Grain size distribution

The grading curves of the pure olivine, untreated clay and olivine-treated clay specimens are
presented in Figure 2. Generally, there were reductions in the clay-sized contents with
increasing olivine content. The clay-sized content reduced from 38.40% for the untreated clay
to 16.10% for 35% olivine-treated clay. Conversely, there was an increase in the sand-sized
contents and fluctuations in the silt-sized particle percentage from high to low but with per-
centages higher than that of the parent clay. The silt-sized content increases from 43.50% for
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