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Abstract 
One of society's most pressing environmental concerns is the safe and long-term 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 criteria 

dictating 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 geosynthetic clay liners or compacted clay liners. 

Irrespective of the liner type, the development of cracks when subjected to changing stress-state 

conditions during landfill operations has always been an alarming downside. The limited-to-no 

approachability to repair these cracks further worsens the scenario mandating developments towards 

a sustainable approach to overcome this challenge. Existing techniques that rely on the modification 

of liner properties with various additives are not sustainable, cost-effective, and adequate 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 liner cracking is one of such major steps towards achieving sustainability 

in liner management. Recently, olivine has emerged as a sustainable soil additive due to its ability to 

sequester CO2, prompting the development of stable carbonates with strength and hydraulic 

conductivity enhancement properties. This research aims to develop an innovative landfill base liner 

material utilizing olivine-treated marine clay. The innovative refers to its ability to sequestrate any 

excess CO2 emission in the landfill, which 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 in engineered landfills. The assessment was done by conducting a series of 

experimental investigations on the clay's hydro-mechanical, geochemistry, and mineralogical 

properties. Secondly, natural forsteritic olivine was employed to improve the engineering and hydraulic 

properties of the marine clay, which is an environmentally friendly alternative to traditional stabilizers. 

Next, the leachate-treated clay interaction was evaluated for its suitability as an effective bottom liner 

material. Microstructural studies were also carried out to determine the processes behind the 

alterations in the hydro-mechanical behavior of the leachate-contaminated olivine-treated clay. 

Fourthly, the influence of induced-desiccation 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 
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particles in the fine size class prior to carbonating the clay since the olivine-clay reactivity increases 

with the fineness of the olivine particle. Finally, the strength and hydraulic conductivity improvement 

of the CO2 carbonated olivine-treated marine clay was evaluated for its suitability as an innovative 

landfill base liner material. The findings indicate that the CO2 carbonated olivine-admixed marine clay 

can be used as an innovative base liner material in engineered landfills with the potential of 

sequestering landfill CO2. This research provides a baseline for the possibility of developing an 

innovative olivine-treated marine clay landfill liner material that will utilize landfill CO2 for its strength 

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

compacted 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. In recent years, the effects of climate change are 

widely noticed both in developed and developing countries due to increasing anthropogenic 

greenhouse gas emissions. Possible unavoidable consequences of climate change include increasing 

temperatures, shifting precipitation patterns, the rise in sea levels and floods, and acidification of ocean 

[1]. Thus, to mitigate these effects, it is necessary to minimize the emission and concentration of 

anthropogenic carbon dioxide (CO2), the principal greenhouse gas and climate change driver.  

    Global increases in CO2 emissions due to human activities mainly result from fossil fuels for energy 

generation [2]. However, apart from CO2 released by human activities, substantial emission of CO2 

greatly results from landfills, which accounts for approximately 40 ð 60% v/v of total landfill gas [3]. 

Landfill gas was ranked as the third-largest source of global anthropogenic greenhouse emissions in 

2005, accounting for about 9ð12% of total emissions [4]. Besides the production of CO2, landfills also 

generate leachate, resulting from the decomposition of the wastes deposited in the fills. These 

generated by-products (CO2 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 the generated leachate and CO2 has 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 engineered landfills [5,6-13]. 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 landfills [5,11,14,15]. Because 

of their availability, low hydraulic conductivity, good compatibility with the penetrating leachate, high 

attenuation capacity, and cost-effectiveness, CCLs are extensively used in barrier systems [7,8,16]. 

CCLs, on the other hand, can be damaged in the field during installation. Likewise, after installation, 
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failure mechanisms and environmental conditions, including day-night temperature variations, 

freeze/thaw and dry/wet cycling, intrusion of biota, piping, hydraulic fracturing, unequal settlement, 

and desiccation, can cause cracks in the CCLs [17-19]. 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, natural, artificial, and waste 

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

     Consequently, several studies have been conducted to address the aforementioned problem, 

among them include the modification of liner properties 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., [5,18,20-28]. A review of the above studies shows that it is possible to use the 

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 sustainable and cost-effective 

way to seal the cracks and maintain a low hydraulic 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 materials with the 

potential to curtail the increased hydraulic conductivity due to liner cracking is of great attraction and 

a state-of-the-art solution for addressing this challenge.  

    A self-sealing or self-repairing liner is one with the ability to lessen the increased hydraulic 

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 strength. A novel technique used to reduce industrial greenhouse 

emissions in recent years involves the capture of CO2 by reactive minerals (mineral carbonation) to 

generate stable products such as carbonates and bicarbonates. Studies by [30-34] show that 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. 

    CO2, the most common component of landfill gas constituting about 40 - 60% v/v after 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 CO2; 

nonetheless, complete capture is not feasible (approximately 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 mineral carbonation seems 
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a logical option and an innovative technique for counteracting the anthropogenic emissions of CO2 

and simultaneously preventing the contamination of groundwater and soil, as well as environmental 

degradation. 

    In line with ASTM D5370, olivine is a sustainable, cost-effective, and extensively available 

pozzolanic material that can improve soil strength characteristics by adsorbing CO2 and forming stable 

carbonates with strength enhancing capabilities [35,36]. Olivine carbonation has been and continues 

to be a leading mineral for the sequestration process, involving the conversion of minerals rich in 

magnesium to stable precipitates of magnesium carbonate after reacting with CO2 in the presence of 

water [37]. The carbonated products may potentially bind the soil particles together, increase strength 

and decrease hydraulic conductivity. Studies of carbonated olivine-admixed soils have recently 

concentrated primarily on the strength characteristics [38-40]. To the best of my knowledge, no 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 for liner application. Hence, a possible 

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 base liner material utilizing 

olivine-treated marine clay. The innovative refers to its ability to sequestrate any excess CO2 emission 

in the landfill, which may then be used for its strength and hydraulic conductivity improvement. The 

findings of this study will assist geotechnical and geo-environmental engineers in designing an 

innovative liner material that would be economically feasible, socially acceptable, and environmentally 

friendly with the potential to sequester landfill CO2, thereby rendering it superior to the existing 

traditional compacted clay liners.  

1.2 Hypothesis of the study 

It is hypothesized that if the carbonation time, carbonation pressure, and the olivine content increase, 

then the strength of the treated clay will increase with a decrease in pore volume and hydraulic 

conductivity because mineral carbonates will be formed and bind the clay particles together, fill empty 

pores, and seal cracks.  
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1.3 Aim and objectives of the study 

This study aims to develop an innovative landfill base liner material utilizing olivine-treated marine 

clay. The innovative refers to its ability to sequestrate any excess CO2 emission in the landfill, which 

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 as a liner material for engineered 

landfills. 

 

ii. To assess the effect of olivine on the geomechanical and microstructural properties of the marine 

clay samples when saturated and permeated with water. 

 

iii. To evaluate the leachate-olivine treated clay interaction for its suitability as an effective bottom 

liner material. 

 

iv. To evaluate the influence of induced-desiccation 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 CO2 carbonated olivine-treated marine clay as an innovative bottom 

liner material in engineered landfills. 

 

1.4 Significance of the study 

The following key benefits are derived from the study: 

i. Marine clay, usually considered as construction waste, has been characterized and evaluated for its 

utilization as an innovative landfill base liner material not only for minimizing groundwater and 

soil contamination but also for sequestrating landfill CO2. 

ii. This study has helped researchers to uncover critical areas in the development of an innovative 

landfill base liner material that they never thought of or explored. The study has also established 

a baseline in the domain of innovative landfill base liner development. 
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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 landfill base liner material was evaluated 

by a series of laboratory, prototype, and numerical investigations. The properties considered are the 

physico-chemical, microstructural, geotechnical, and hydraulic properties of the natural and treated 

clay specimens as well as the carbonated-treated clay. The effects of wet-dry 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. Finally, laboratory-scale prototype carbonating soil column 

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

terms of varying CO2 pressure, carbonation time, and olivine content.  

 

1.6 Organization of the thesis 

The thesis comprises of nine (9) chapters. A 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 will be embedded in the thesis's respective chapters to enhance readability. 

 Chapter 1: òBackground and motivation.ó This chapter includes a brief background of the 

research, which consists of the challenges associated with landfills and conventional landfill base 

liner materials, the motivation behind the research is also presented, a summary of the research 

scheme and the breakdown of the objectives that must be fulfilled to arrive at the thesis is also 

explained, the scope and hypothesis of the research are included, the significance of the research 

is also presented, and finally, the thesis organization is illustrated. 

 Chapter 2: òLiterature review.ó This chapter provides a review of related literature with the aim 

of providing the necessary theoretical background to the research objectives, which includes 

review on marine clay soils and their properties, compacted clay liners and their classification, 

olivine classification, occurrence, and uses, mineral carbonation and its potential applications, etc. 

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

research gaps. 
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Á Chapter 3: òUtilization of marine clay as a bottom liner material in engineered landfills.ó 

This chapter focus on assessing the feasibility 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 the hydro-mechanical, 

geochemistry, and mineralogical properties of the clay in line with the regulatory requirements 

specified by the regulatory authorities. Also, chemical compatibility and microstructural studies were 

also carried out to gain insight on the impacts of leachate on the clay properties. 

 Chapter 4: òImproving the engineering properties of a soft marine clay with forsteritic 

olivine.ó This chapter explores the use of natural forsteritic olivine as an environmentally friendly 

alternative to traditional stabilizers to improve the engineering properties of the soft marine clay, 

hence fulfilling Objective 2 of the research. Moreover, comparison was made with lime-treated 

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: òInteraction of landfill leachate with olivine-treated marine clay: suitability for 

bottom liner application.ó This chapter aimed at evaluating the interaction of landfill leachate 

with olivine-treated marine clay for its suitability as an effective bottom liner material in engineered 

landfills, hence fulfilling Objective 3 of the research. Microstructural investigations were also 

performed to elucidate the mechanisms responsible for the changes in the hydro-mechanical 

behavior of the contaminated olivine-treated clay. 
 Chapter 6: òEffects of desiccation-induced cracks and leachate infiltration on the hydraulic 

conductivity of natural and olivine-treated marine clay.ó This chapter evaluates the effects of 

desiccation-induced cracks and leachate infiltration on the hydraulic conductivity of natural and 

olivine-treated marine clay specimens, hence fulfilling Objective 4 of the research. Also, 

microstructural investigations were performed to elucidate the mechanisms responsible for the 

changes in the hydraulic conductivity and crack dimensions of the olivine-treated clay. 
 Chapter 7: òAttainable region approach in analyzing the breakage behavior of a bed of 

olivine sand particles: optimizing particle size.ó This chapter aimed at examining the breakage 

behavior of olivine sand particles to identify optimal operating 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 Objective 5 of the research. This chapter is partitioned into two sub-sections. In the first 
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section, the breakage behavior of the olivine sand particles is investigated using a drop-weight 

impact test, while a Los Angeles abrasion machine is employed in the second section to assess the 

breakage behavior of the olivine sand particles. 
 Chapter 8: òAn optimization approach in evaluating the strength and hydraulic conductivity 

of CO2 carbonated olivine-admixed marine clay: Suitability for bottom liner application.ó 

This chapter aimed at employing both attainable region and response surface methodology 

optimization techniques to evaluate the strength and hydraulic conductivity of CO2-carbonated 

olivine-admixed marine clay for possible utilization as an innovative hydraulic barrier in engineered 

landfills to minimize leachate migration, hence addressing Objective 6 of the research. This chapter 

is further partitioned into two sub-sections. In the first section, the strength development of the 

CO2-carbonated olivine-admixed marine clay is evaluated, while the improvement in the hydraulic 

conductivity of the CO2-carbonated olivine-admixed is evaluated in the second section. 
 Chapter 9: òConclusions and future outlooks.ó In this chapter, the conclusion of the thesis 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. 
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Chapter 2 

Literature review 

 

2.1. Marine clay soil 

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 globe. Their occurrences have been noted in various 

counties, including Malaysia, Indonesia, Singapore, India, China, Japan, Thailand, Cyprus, Iran, USA, 

Australia, Norway, Brazil, Nigeria, etc. It is often called quick clay in the northern, deglaciated areas, 

which is infamous for being involved in landslides. Marine clay is mostly derived from the oceanic 

bed and is formed in saline coastal water conditions [41]. Marine clay can be found in the bottom of 

rivers, harbors, and channels, as well as other bodies. This type of marine clay is referred to as degraded 

marine clay. It is a type of marine clay that is often removed through excavation for river development, 

flood control, and access to the harbor and port-channel. 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 hydro-mechanical properties, such as high plasticity, high compression and settlement, low 

shear strength, low hydraulic conductivity, and low bearing capacity [42]. Furthermore, marine clays 

are fine-grained and typically consist of soil minerals such as chlorite, kaolinite, montmorillonite, illite, 

quartz, and feldspar, all of which are linked by organic matter [43]. For the scope of this research, the 

focus is on marine clay deposits along the 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 around 

132,265 km2 or almost 40% of the country's total size; East Malaysia covers the remaining 60%. Marine 

clay is extensively deposited in large quantities along the coastal regions of Peninsular Malaysia, 

specifically at Selangor, Jeram, Penang, Johor, Klang, Malacca, Kedah, and Alor Star [43]. The clay is 

typically derived from the oceanic bed and is formed in saline coastal water conditions. The marine 

clay consists of clay and non-clay minerals, including chlorite, montmorillonite, kaolinite, illite, quartz, 
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and feldspar [43]. According to Taha et al. [44], marine clay in the Klang region consists of soft clay, 

peat, and other soft organic deposits. The soft clay thickness in Southeast Asian regions (Malaysia, 

Indonesia, Singapore, Thailand, etc.) 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 a depth of 80 m below ground level. These deposits 

were formed about 10,000 years ago due to a change in sea level. Quaternary deposition, according to 

Oh & Chai [47], is responsible for the occurrence of dense marine clay deposits in Peninsular 

Malaysia's north-western region. According to Kaniraj and Joseph [48], most coastal areas and major 

river basins in Malaysia resulted in quaternary erosion, which was exacerbated by climate and sea-level 

fluctuations. As a result of these procedures, alluvial deposits have become 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 projects are 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 soil 

In order to advance the fundamental understanding and knowledge of the Peninsular Malaysia marine 

clay, various experimental investigations have been conducted on different properties of the clay by 

several researchers [41, 43 ð 47]. Many of the marine clays in Peninsular Malaysia are greenish or 

bluish, with fine organic matter streaks. Several little shards of shells are also common on the clay. 

The oxidation of Sulphur and 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 marine clay 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 each Atterberg 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. The values may 

vary depending on the locations of sampling, depth of sampling, and testing procedure. 
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2.1.2.2. Grading properties of Peninsular Malaysia marine clay soil 

Rahman et al. [43] classified the marine clay as clayey silt per the unified soil classification 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 sand, silt, and clay fractions are 17.8%, 56.4%, and 25.9%, respectively. The 

fines fraction also ranges between 78% to 88.8%, with a mean value of 82.3%. Shell fragments were 

also identified in the marine clay samples, according to the researchers. They also mentioned that 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 (MDD) values for the marine clay ranged from 1.5 to 1.6 g/cm3, with a 

mean value of 1.5 g/cm3, according to Rahman et al. [43]. Meanwhile, the optimal moisture content 

(OMC) values ranged from 18.2% to 25%, with a mean value of 22.3%. Yunus et al. [50] also indicated 

that the maximum dry density of the marine clay was 1600 kg/m3, while the optimum moisture content 

was 21%. Rahman et al. [43] reported preconsolidation stress values of the marine clay in the range 

14 to 65 kPa. Marto et al. [51] studied the unconfined compressive strength (UCS) of the marine, and 

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 1.10 to 2.44 × 10-9 ms-1 with a mean 

value of 1.77 × 10-9 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, and their engineering 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, with each mineral 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 minerals. The 

pre-mentioned 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 minerals seem to determine the degree of compressibility and 

swell ability of 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 marine clay soil 

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 reasonably large range of pH, soft and nonabrasive nature, excellent plasticity 

characteristics, low hydraulic conductivity, and cost-effectiveness 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 commercial quantities 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 Government, Malaysia 

(MHLGM) [57], the United States Environmental Protection Agency (USEPA) [58], have specified 

that earthen liners such as compacted clay liners (CCLs) may be utilized as an effective hydraulic 

barrier in engineered landfills to prevent leachate migration, insofar they meet the minimum required 

specifications. CCLõs are made up of cohesive soils that have been compacted to increase bulk density 

and homogeneity so as to minimize leachate migration through them. A CCL can serve as a single 

liner, composite 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]. CCLs are defined 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 hydraulic conductivity. They also indicated that due to the fine particles of the 

soils, CCLs could attain a hydraulic conductivity of the order of 10-7cm/s 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 years. 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 properties has gained 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 divided into five categories: 

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 double liner 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 leachate. The merit of a double liner system is 

that it can be used in both municipal solid waste and hazardous waste landfills. On the other hand, 

they are enormously difficult to successfully construct. A double liner system with a bottom composite 

liner comprises a single liner at the top and a composite liner at the bottom. It also consists of an LCS 

above the top liner and an LDS between the liners. Such liners make it suitable to collect the leachate 

with its primary/upper liner and act as a leak-detection system and backup to the primary liner with 

its lower/secondary liner. This ensures there is no contamination of the groundwater outside the zone 

of attenuation. Nonetheless, their construction has shown to be complex, difficult to coordinate, and 

easily subject to interruptions by weather. Double 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 when a high level of environmental 

protection is required. Conversely, they sometimes provide ambiguous data, making it difficult to 

monitor the performance of the municipal solid waste landfills. A single liner system consists of a 

single liner and an LCS above it. A geomembrane or a low-hydraulic-conductivity soil can be used as 

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

contrary, such landfills cannot hold the disposal of harmful liquid wastes such as paint, tar, etc. A 
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single composite liner system is made up of two or more low-hydraulic-conductivity materials that are 

in direct contact with one another [62]. A geomembrane and a low-hydraulic-conductivity soil layer 

are excellent examples of such a liner system. Such liner systems are more effective at limiting leachate 

migration, thus making it more suitable for municipal solid waste landfills. Usually, even with the single 

composite liner in Municipal Solid Waste landfills, a double liner still has to be installed to prevent 

contamination of the ground water and additional monitoring capabilities for the environment and 

the community. 

 

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 a landfill is depicted 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, hence avoiding 

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 sides of landfill sites. 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 lateral flow 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 accommodating differential settlement due to the founding materials' 

consolidation and helps in erosion control. 

 

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 over their typical 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 

geomembranes) have been studied by several scholars [64-66] and are summarized below: 

 They can record very low hydraulic conductivity of ×10-7 cm/s or less. 

 They have high attenuation potential. 

 They are naturally occurring materials and readily available. 

 They are relatively inexpensive when present on-site or nearby. 

 CCLs have lower contaminant diffusive flux. 

 Their hydraulic conductivity can be reduced as a result of precipitation, biomass growth, and solid 

accumulation. 

 Mechanical failures (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 over their traditional 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 and drying cycles, as 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 application 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 naturally self-seal cracks. 
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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 natural soils available on-site or in proximity with various additives have proven 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 

complicated and 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 required, as indicated in [69]. 

 Others 

Other disadvantages of CCLs include difficulties withstanding differential settlement without cracking, 

difficult repairing, slow and complicated construction, field hydraulic conductivity testing is frequently 

required, high cost if onsite soils are not suitable, and a delayed installation process [65]. 

2.2.5. Requirements of compacted clay liners 

Soil liners should have a low hydraulic conductivity (< 10ḍ7 cm/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 meq/100 g is required. 

 A permissible hydraulic conductivity of 1× 10-7 cm/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 10ḍ8 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 [72] and O'Sullivan 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 

 
 
 
Grain Size Analysis 

Clay-size content >20% 
Largest grain size Ò 63mm 
Silt-size content Ó 15% 
Largest grain size Ò 50mm 
% gravel Ò 30 
Clay fraction Ó 10% 
Fines content Ó 30% 
Fines content > 8% 

       [75] 
    [76, 77] 
       [77] 
       [78] 
       [79] 
       [73] 
       [80] 
       [57] 

 
 
Atterberg Limits 

LL Ó 20%   PI Ó 7% 
LL Ó 30%   PI> 10% 
LL Ó 30%  
LL < 90%   
PI Ó 7% 

        [81] 
        [82] 
        [83] 
        [84] 
        [85] 

Classification CL & CI 
CL & CH 

        [75] 
        [86] 

Specific Gravity Ó 2.5       [77, 87] 

 
Activity 

Ó 0.3 
Ó 0.3 
< 1.25 

        [71] 
        [88] 
        [75] 

Moisture Content- 
Density 
Relationships 

MDD Ó 1.71g/cm3 
> 95% Proctor density 

        [77]  
        [89] 

Unconfined Compressive 
Strength 
Remoulded undrained shear 
strength 
Volumetric shrinkage 

Ó 200kPa 
 
Ó 50kN/m2 
 
Ò 4% 

        [80] 
 
        [79] 
 
        [80] 

 
Coefficient 
     of 
Permeability 

Ò 1  ρπ cm/s 
 

Ò 1  ρπ cm/s 
 

Ò 1  ρπ cm/s 

        [57]  
 
      [71, 87] 
 
         [75] 
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2.3. Olivine 

2.3.1. Definition and classification of olivine 

Olivine is a common rock-forming 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 mineral. The ability 

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 chemical composition of X2SiO4; 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 group, of which Fe-rich (fayalite) and Mg-rich (forsterite) are the most common end 

members. The olivine group also includes Mn-rich (tephroite), Ca-Mn rich (glaucochroite), Ca-Mg 

rich (monticellite), Fe-Mn rich (knebelite), and the Ca-Fe rich (kirschsteinite) end members, in addition 

to the Fe-rich and Mg-rich end members [90]. The Fe- and Mg-dominated end members of the series 

are often difficult to discern, and their ratios can vary in various percentages from pure Mg2SiO4 to 

pure Fe2SiO4 [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 Mg-rich olivine, which comprises approximately 90% forsterite and is also contained 

in peridotites, whereas gabbros and basalts usually contain 50ð80% Mg-rich olivine. Plagioclase, 

pyroxenes, and iron-titanium 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 crystallize from a mafic melt at temperatures ranging from 1500oC to 1300oC [90]. Because 

of the formation of orthopyroxene enstatite in the presence of excess silica, as shown in equation 2.1, 

forsteritic olivine is unstable and never in equilibrium with quartz in high-silica environments. 

                         -Ç3É/3É/O -Ç3É/                                                                        (2.1) 
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Nevertheless, quartz coexists in equilibrium with fayalite in iron-rich granites and rhyolites. Fayalite 

can also be present in acidic plutonic rocks like granites, where it is associated with iron-rich 

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 forsterite as a result of gradual decarbonation in the contact zones. 

Metamorphosed iron-rich sediments are another common zone for the formation of fayalitic olivine. 

Fayalitic olivine is associated with the minerals greenalite, grunerite, and minnesotaite in various stages 

of metamorphism in a quaternary system Fe2O3 ð FeO - SiO2 ð H2O. In chemically more complex 

environments, fayalite can also be associated with lime (CaO), alumina (Al2O3), hedenbergite, 

orthopyroxene, grunerite, and almandine (iron-garnet) [90]. 

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 older geological 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, Mexico, Ethiopia, Russia, Pakistan, and the United States [91]. As 

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 

andesite-dacite association [92]. The rocks contain plagioclase, olivine, 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], olivine weathers faster than any other major rock-forming silicate mineral 

or common orthosilicate [94]; hence it is rarely found in the heavy-mineral component of most soils, 

sediments, or sedimentary rocks. As a result, olivine alteration textures are rarely reported in the 

weathering and 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 when carbonate saturation is reached in the fluid 

stage, culminating in the formation of magnesite, as shown in the equation. 2.2. 

    -Ç3É/σ(/ ς#/ᴼ-Ç -Ç3É//( ς(#/                                       (2.2) 

It's vital to remember that olivine has almost 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 magnetite and orthopyroxene 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 cation movements: olivine to iddingsite or other phyllosilicates. 

Olivine has a compact and solid physical structure, but the minerals are made up of independent (SiO4) 

tetrahedra connected by soluble divalent ions (Mg++) or 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: l) easily results in a chemical attack on the olivine's outer surfaces or along its 

inner fractures. The magnesium bonds 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 smectites or montmorillonites 

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 generated if both 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 well-oxidized soil horizons, fresh olivines are almost non-existent. 

It's always difficult to tell whether an olivine alteration product results from shallow or deep-seated 

processes. This is especially true for secondary minerals such as iddingsite and chlorite, which form at 

relatively low temperatures. Other minerals, such as serpentine and talc, can be affected in the same 

way [97]. Olivine has the highest weathering potential index (WPI) of the rock-forming silicates, 

ranging from 44 to 65 [98]. 

2.4. Uses of olivine 

Olivine is used in a variety of applications. Peridot is a gemstone 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 more Fe-rich variants make the greatest gem 

material. San Carlos olivine is extensively utilized in scientific studies due to its purity and lack of flaws. 

Olivine-rich rocks (dunites and olivine-rich sand) are frequently utilized as refractory bricks in high-

temperature furnaces. Olivine has also been used as a mineral abrasive that is less harmful than silica 

[99]. The propensity of olivine to react with CO2 and form magnesite during weathering makes it a 

potential CO2 sequestration candidate [100]. Olivine is a common element of basaltic rocks, a rock 

which, due to the nutrients they contain, serve as the parent material for many fertile soils. Olivine-

bearing rocks and soils can be found over long distances, making them attractive targets for both big 

and small-scale agricultural endeavors [97]. Olivine is used as a dolomite 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 during repeated 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 also used as a casting 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. Although they exist various solutions for CCS in the subsurface, mineral carbonation, which 

involves the chemical reaction between CO2 and reactive minerals (e.g., forsterite, Mg2SiO4) to form 

carbonate minerals, is the most thermodynamically stable solution for CCS in 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 sequestering CO2 safely and permanently. 

Mineral sequestration is an alternative approach to the widely used technique of geological 

sequestration in underground cavities. It is an option under the CCS. Mineral carbonation is a multi-

step process that occurs in nature and is thermodynamically favored. The steps of mineral carbonation 

are depicted in equations 2.3ð2.8, though other steps, such as the formation of metastable Mg-

carbonate solids (e.g., hydromagnesite, nesquehonite), may occur [102]. 

                                                     -Ç3É/τ( ᴼς-Ç (3É/                                          (2.3) 

                                                     (3É/3É/ ς(/                                                         (2.4) 

                                                   ς#/ ς#/                                                                                 (2.5) 

                                                   ς#/ ς(/ ς(#/ ς(                                                       (2.6) 

                                                   ς(#/ ς#/ ς(                                                             (2.7)                          

                                                          ς#/ ς-Ç ᴼς-Ç#/                                                                  (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 acid (H4SiO4) (equation 2.3). The silicic acid precipitates 

as possibly hydrated amorphous silica (SiO2(am)) (equation 2.4) in low-temperature environments, 

where quartz precipitation is kinetically constrained, and amorphous silica solubility is low compared 

to olivine (and other silicate minerals) [103]. CO2 dissolves simultaneously (equations 2.5ð2.6), 

releasing carbonic acid, bicarbonate ions, and carbonate ions in pH-dependent proportions. The 

dissolved magnesium ions combine with bicarbonate and carbonate ions to form carbonate minerals, 

which precipitate at high saturation indices (equation 2.8) [104]. Examples of natural mineral 

carbonation involving Mg-silicates, which are both abundant and highly reactive [105], can be found 

in Oman [106], Italy [107], and California [108]. 

Mineral carbonation has several benefits over other CO2 storage techniques, as summarized below: 

 Mineral carbonation is a chemical sequestration method of thermodynamically stable and 

environmentally friendly formed products. Mineral carbonates are formed due to geologic 

processes and are considered to be stable over long periods of time. As a result, CO2 storage is 

permanent and essentially safe. 

 Carbonation is an exothermic reaction. The reaction energy has the potential to be useful. 
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 Mineral carbonation has a massive potential for CO2 sequestration. There are sufficient minerals 

on the planet to sequester all possible CO2 emissions from fossil fuel combustion. 

 Mineral carbonation is a leakage-free CO2 fixation method that does not require post-storage 

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 viable mineral 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 dissolution and high affinity for CO2 capture; Finally, 

mafic and ultramafic rocks are basic, which aids in the neutralization of protons produced when CO2 

reacts with H2O to form H2CO3, speeding up the mineral carbonation process [111]. Olivine is a 

magnesium iron silicate with the two members Mg2SiO4 and Fe2SiO4, 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 on an 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, amongst them include grading, temperature, 

solution chemistry, etc. [112]. There are three steps to the carbonation process of Mg-rich olivine. In 

the first place, atmospheric CO2 dissolves in water to generate carbonic acid, which has a pH of about 

5.6. The second 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 CO2 concentration, residence time, and water vapour concentration, have been shown to 

influence olivine-based CO2 mineralization to varying degrees in previous research. Thermodynamic 

simulations for the CO2 carbonation process show that the CO2 and olivine reaction loses a substantial 

amount of heat energy. Heat from the reaction with CO2 can be recycled as part of the energy required 

to heat olivine to the necessary temperature [114]. As a result, olivine absorbs CO2 and separates into 

sand, magnesium, and bicarbonate when exposed to water, as shown in equation 2.9. 

-Ç3É/τ#/ ς(/ᴼς-Ç 3É/τ(#/                                                        (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 the degree of carbonation 

[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 increases, the reaction 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 size to above 90%. 

Huijgen and Comans [116] found that a reduction between 106 and 150 µm 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 rapidly by chemical means relative to larger 

particles. Figure 2.3 depicts that as the particle size decreases, the total surface area available for 

chemical weathering also increases. 

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

1. area of each face = l × w = 3ó x 3ó = 9 in2 

Total SA = 6 faces × 9 in2 = 54 in2 

2. area of each face l ×  w = 1.5ó x 1.5ó = 2.25 in2 

Total SA = 6 faces × 8 blocks × 2.25 in2 = 108 in2 

3. area of each face l ×  w = 1ó x 1ó = 1 in2 

Total SA = 6 faces × 27 blocks × 1 in2 = 162 in2 

 

Figure 2.3. Illustration 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 CO2 pressure on the 

dissolution and carbonation of olivine 

Temperature has a dynamic relationship with a number of other factors. The dissolution of forsterite 

becomes more pH-dependent at higher temperatures. According to a previous study, olivine dissolves 

10 times faster at 298°K than it does at 273°K [111]. The effect of carbonation pressure (PCO2) on 

the olivine's carbonation efficiency was the subject of a previous analysis. The effects of PCO2 and 

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 hours. The degree of reaction was increased even further, 

to about 85%, by increasing the PCO2 to 115 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 the unconfined compressive strength of a carbonated sample under a carbonation pressure 

of 200 kPa when compared to a corresponding 90-day ambient cured olivine-treated soil. Based on 

previous investigations, the rate of strength increment with increasing CO2 pressure is dependent on 

the magnesium content of the blend. An increase in CO2 pressure cause an increase in the acidity of 

the pore solution, thus allowing more Mg2+ ions available for carbonation reactions [117]. Moreover, 

carbonated specimens may record higher 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 hydromagnesite are the three 

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 ground 

improvement 

Magnesium oxide (MgO) constitutes approximately 45% to 49% of olivine. Hence, olivine is a major 

source of MgO. Previous research has shown that MgO can be utilized for soil reinforcement 

applications, for instance, the application of magnesium hydroxide for the stabilisation of a swelling 

clay [118]. Garcia et al. [119] investigated the influence of low-grade MgO on contaminated soil 

stability. The low-grade MgO efficiently stabilized the contaminated soil, according to their findings. 

There have been studies on the usage of sustainable materials like reactive magnesia and zeolite for 
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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 to reduced environmental 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 examined in their investigation. Their study found that reactive carbonated magnesia 

treated soil had the same strength as 28-day cured Portland cement stabilized soil after only a few 

hours of carbonation. The major products of the carbonated reactive magnesia are nesquehonite, 

hydromagnesite, and dypingite, which were accountable for the strength improvement. Equations 

[2.10-2.13] represent the generated products of the carbonated reactive magnesia responsible for the 

strength development. Olivine is a carbon-sequestering mineral with a high MgO concentration in its 

natural state. In both uncarbonated and carbonated states, it has a great potential as a ground 

improvement additive. 

                                                 -Ç/(/ᴼ-Ç/( "ÒÕÃÉÔÅ                                                   (2.10) 
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2.7. Summary 

This chapter reviewed, among others; Peninsular Malaysia marine clay and its engineering properties, 

compacted clay liners, including their merits and demerits, as well as their requirements, olivine 

formation, olivine distribution, as well as olivine carbonation and its application in ground 

improvement. From the review, it is clear that the importance 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 applications. Table 2.2. present 

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

engineering applications with a view of identifying the research gap. In line with this, little to no study 

has assessed the hydraulic conductivity of carbonated olivine soils, which is 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 development of innovative landfill base liner material. Hence, this research sought to investigate 
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the suitability of CO2 carbonated olivine-admixed marine clay for use in engineered landfills as an 

innovative base liner material to decrease leachate migration while sequestering landfill CO2.  

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

engineering applications 

SN Title  Authors Aim 
1 Utilisation of carbonating olivine for 

sustainable soil stabilisation. 

M.H. Fasihnikoutalab, 
A. Asadi, B.K. Huat, 
R.J. Ball, S. Pourakbar, 
and P. Singh. 

The study aimed at investigating 
the role of olivine as an intelligent 
sustainable soil stabiliser. 

2 Laboratory-scale model of carbon dioxide 
deposition for soil stabilisation. 

M.H. Fasihnikoutalab, 
A. Asadi, B.K. Huat, P. 
Westgate, R.J. Ball, 
and S. Pourakbar. 

The study aimed at investigating 
the strength performance of 
carbonated olivine treated soil at 
different carbonation pressures 
and times. 

3 Utilization of alkali-activated olivine in soil 
stabilization and the effect of carbonation 
on unconfined compressive strength and 
microstructure. 

M.H. Fasihnikoutalab, 
A. Asadi, C. Unluer, 
B.K. Huat, R.J. Ball, 
and S. Pourakbar 

The study aimed at exploring the 
carbonation of alkali-activated 
olivine for use in soil stabilization. 

4 The effect of olivine content and curing 
time on the strength of treated soil in 
presence of potassium hydroxide. 

M.H. Fasihnikoutalab, 
S. Pourakbar, R.J. Ball, 
and B.K. Huat. 

The study aimed at exploring the 
use of olivine in the presence of 
KOH for the development of 
high strengths during soil 
stabilization 

5 Sustainable soil stabilisation with ground 
granulated blast-furnace slag activated by 
olivine and sodium hydroxide. 

M.H. Fasihnikoutalab, 
S. Pourakbar, R.J. Ball, 
C. Unluer, and N 
Cristelo. 

The study aimed at investigating 
the effectiveness of olivine (i.e. 
individually and in the presence 
of NaOH) for ground granulated 
blast-furnace slag activation and 
for soil stabilisation applications. 

6 New Insights into Potential Capacity of 
Olivine in Ground Improvement. 

M.H. Fasihnikoutalab, 
P. Westgate, B.B.K. 
Huat, A. Asadi, R.J. 
Ball, H. Nahazanan, 
and P. Singh. 

The study discussed the 
properties and potential 
application of olivine in 
geotechnical engineering. 

7 Strength performance and microstructural 
evolution of carbonated steel slag 
stabilized soils in the laboratory scale. 
 

C. Yu, C. Cui, Y. 
Wang, J. Zhao, and Y. 
Wu. 

The study aimed at investigating 
the improvement in the 
engineering performance of 
stabilized soils with carbonized 
steel slag. 

8 CO2 carbonation-induced improvement in 
strength and microstructure of reactive 
MgO-CaO-fly ash-solidified soils. 

D. Wang, J. Zhu, F. 
and He. 

The study evaluated the feasibility 
and performance of CO2 
carbonation combined with 
reactive MgO plus industrial 
byproducts in soil improvement. 
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9 Property changes of reactive magnesiað
stabilized soil subjected to forced 
carbonation. 

Y. Yi, K. Lu, S. Liu, 
and A. Al-Tabbaa. 

The study aimed at investigating 
the property changes of reactive 
magnesiaðstabilized soil 
subjected to forced carbonation. 

10 Permeability comparison of MgO-
carbonated soils and cement-treated soils. 

G.H. Cai, S.Y. Liu, 
G.Y. Du, L. Wang, and 
C. Qin. 

The study aimed at comparison 
the permeability of MgO-
carboanted soils and cement-
treated soils. 

11 Physical properties, electrical resistivity, 
and strength characteristics of carbonated 
silty soil admixed with reactive magnesia. 

G.H. Cai, Y. J. Du, 
S.Y. Liu, and D.N.  
Singh. 

The study aimed at evaluating the 
physical properties, electrical 
resistivity, and strength 
characteristics of carbonated silty 
soil admixed with reactive 
magnesia. 

12 Effect of carbonation on leachability, 
strength and microstructural 
characteristics of KMP binder stabilized 
Zn and Pb contaminated soils. 

Y.J. Du, M.L. Wei, 
K.R. Reddy, and H.L.  
Wu.  

The study aimed at systematically 
investigating the effects of 
carbonation on the leachability 
and strength properties of KMP 
stabilized soils spiked with high 
levels of individual and mixed Zn 
and Pb contaminants. 
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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 

and hydraulic 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 this chapter accesses 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, geochemical, 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 mechanical suitability included 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 conductivity 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 the clay-water and clay-leachate 

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 classification. The 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 

leachate 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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 Emmanuel, E., Anggraini, V., Raghunandan, M.E., and Asadi., A., (2020), Utilization of marine 

clay as a bottom liner material in engineered landfills. Journal of Environmental Chemical 

Engineering, 8 (4), 104048. 
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Chapter 4 

Improving the engineering properties of a 

soft marine clay with forsteritic olivine 

 

4.1. Preface 

By building on the previous chapter (chapter 3), experimental investigations demonstrated that the 

studied marine clay could be used for liner application due to its low hydraulic conductivity and 

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 bottom liner 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 findings revealed that 

olivine inclusion had a substantial impact on the clayõs fine content, resulting in a decrease in clay-

sized contents and an increase in the silt-sized contents. Up to 30% olivine content, the clay's 

unconfined compressive strength (UCS) and California 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 phases (M-S-H and M-A-

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 olivine-marine clay stabilization and determining the fundamental mechanisms 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 stabilizer for constructions such as hydraulic barriers. The content of this 

chapter is entirely a manuscript published in European Journal of Environmental and Civil 

Engineering. 

 Emmanuel, E., Anggraini, V., Raghunandan, M.E., Asadi., A., and Bouazza, A., (2019), 

Improving the engineering properties of a soft marine clay with forsteritic olivine. European 

Journal of Environmental and Civil Engineering, 1-28. 
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