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ABSTRACT 

 

The increasing urgency for sustainable development, driven by challenges such 

as global warming and extreme weather, necessitates innovative solutions in 

construction practices. Construction and demolition waste (CDW) recycling is a pivotal 

strategy to address environmental concerns while conserving natural resources. This 

study investigates the use of recycled concrete aggregate (RCA) and lime as stabilizers 

for improving the engineering properties of laterite soil (LS), a material commonly 

employed in road construction in Thailand but often deficient in required subgrade 

properties. RCA, a byproduct of demolition waste, offers potential as a sustainable 

alternative to natural aggregates.  

A series of laboratory tests, including compaction, unconfined compressive 

strength (UCS), direct shear, California Bearing Ratio (CBR), and permeability tests, 

were conducted on various mix designs comprising LS, RCA, and lime. The results 

demonstrated that incorporating 45% RCA and 6% lime yielded the highest UCS and 

CBR values, meeting the Department of Highways (DOH) standards for subbase 

materials. UCS tests revealed a 7.1-fold strength increase in lime-treated mixtures after 

56 days of curing, with the formation of calcium silicate hydrate (C-S-H) gels 

confirmed through FESEM and EDS analyses. This microstructural improvement was 

attributed to the pozzolanic reactions and cementitious properties of RCA and lime. 
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Furthermore, the addition of RCA enhanced soil gradation, reduced plasticity, and 

increased permeability, while lime mitigated water absorption and further stabilized the 

soil structure. These findings highlight the efficacy of RCA and lime in transforming 

laterite soil into a sustainable and cost-effective construction material, contributing to 

environmentally responsible infrastructure development in Thailand and beyond. 

 

Keywords: Laterite soil, Recycled concrete aggregate, Lime, Compaction, UCS, Shear 

strength, CBR, Permeability test. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background of the Study 

With the accelerating pace of urbanization and technological development, 

global consumption patterns have resulted in a significant rise in solid waste production. 

Construction and Demolition Waste (CDW), has emerged as a significant contributor 

to this problem, presenting both environmental and economic difficulties (Hoang et al., 

2020; Jain et al., 2017). In Thailand, CDW generation increased dramatically from an 

average of 1.1 million tons between 2002 and 2005 to 7.2 million tons by 2014 

(Kofoworola & Gheewala, 2009; Thongkamsuk et al., 2017). This surge highlights the 

need for sustainable waste management strategies, particularly in the context of road 

infrastructure development (Nghiem et al., 2020). CDW, which includes waste created 

from the renovation, construction, and demolition of buildings, is often disposed of in 

landfills, contributing to the already strained landfill capacities (Reis et al., 2021). 

Several countries have documented the vast amounts of waste generated from 

construction and demolition. Australia, for example, produces over 3.3 million tons of 

demolition concrete, 1.3 million tons of demolition bricks, and 8.7 million tons of 

excavated rock annually (Rahman et al., 2015). Similarly, Spain's construction sector 

generates approximately 72 tons of waste daily, while across the European Union (EU), 

about 900 million tons of CDW are produced each year (Arulrajah et al., 2012; 

Arulrajah et al., 2013). Asian countries also face challenges in managing CDW; China 

generated 1.6 billion tons in 2016, while Myanmar and Vietnam produced 9.49 and 8.8 

million tons, respectively (Makul et al., 2021; Zhang et al., 2021).  

Given the escalating production of CDW and the limited capacity of landfill 

sites, especially in urban areas, there is an increasing need for sustainable waste 

management solutions. Crushed Brick (CB), Recycled Concrete Aggregate (RCA), and 

Reclaimed Asphalt Pavement (RAP) have emerged as common materials in 

geotechnical applications (Arulrajah et al., 2014). In Thailand, the management of 

CDW, particularly in densely populated regions like Bangkok, has become critical due 
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to rapid urbanization and the growing number of construction projects (Chinda et al., 

2012).  

Although many governments have implemented regulations to manage solid 

waste, Thailand's existing framework lacks adequate enforcement and a permanent 

disposal system for construction waste (Yukalang et al., 2017), Table 1.1 highlights the 

overburdened capacity of landfills in Thailand. The use of RCA in road construction 

offers a potential solution by reducing the reliance on natural aggregates while 

promoting sustainability (Chinda et al., 2012; Kofoworola & Gheewala, 2009; 

Tanthanawiwat et al., 2024). 

Due to the abundance of CDW and its ability to reduce reliance on limited 

natural aggregate resources, utilizing construction waste in pavement base and subbase 

layers is regarded as an effective and eco-friendly option (Arulrajah et al., 2013; Ok et 

al., 2020). In road construction, the unbound base and subbase layers are essential in 

distributing wheel loads to the subgrade and bearing the weight transferred from the 

surface, which typically consists of existing soil (Blankenagel & Guthrie, 2006). 

Numerous research has explored the mechanical properties of RCA as alternative 

materials for unbound bases and subbases, with the goal of creating long-lasting and 

sustainable pavement systems (Bennert & Maher, 2008; Thai et al., 2022).  

RCA are known to have higher water absorption capacity, lower specific 

gravity, and less resistance to abrasion when compared to natural aggregates (Poon & 

Chan, 2006). Due to concerns about potential performance limitations, RCA are 

commonly utilized as materials for base and subbase layers in road pavement 

construction (Arulrajah et al., 2014; Haider et al., 2014). Despite these limitations, RCA 

have been successfully used in many projects, providing the significant benefit of 

conserving natural aggregate resources (Tavakol et al., 2020). Research has shown that 

the use of RCA can improve the stabilization of soils with high liquid limits. Soils with 

high liquid limits are usually avoided for subgrade filling during construction because 

of their high natural moisture content, poor load-bearing capacity, and instability when 

immersed (Ma et al., 2022). Untreated soils are unsuitable for direct use in road surfaces 

due to risks of engineering failures, such as uneven settlement, slope collapse, or debris 

flows. However, with appropriate treatment, soils with high liquid limits can still be 

used effectively for road embankment filling (Arulrajah et al., 2013; Ma et al., 2022). 
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Table 1.1 Amount of landfill with capacity overload ((Chinda et al., 2012)). 

Region Location of landfill Province Area (m²) 

Amount of waste 

transferred (tons / 

day) 

North Maesot Tak 27.2 70-90 

Central 

Town Municipality Ayutthaya 30 80-100 

Provincial 

administrative 

organization 

Nonthaburi 186 1000-1200 

Northeast Town Municipality Loei 52 70-90 

East 

Pattaya Chonburi 140 330-400 

Maptaphut Rayong 33 100-120 

Town Municipality Chanthaburi 117 100-200 

Aranyaprathet Sakaeo 8 20-35 

South 

Town Municipality Chumphon 56 60-80 

City Municipality 

Nakhon 

Sithammarat 
200 300-400 

Town Municipality Phatthalung 65 40-60 

 

1.2 Statement of Problem 

Although the use of RCA as a sustainable construction material in Thailand is 

gaining attention, various challenges persist. There is a lack of clear guidelines and 

standards for its use, insufficient testing methods, and limited awareness among 

stakeholders in the construction industry. The enforcement of regulations surrounding 

CDW management also remains inadequate. Given that Bangkok’s soil is 

predominantly expansive and has a high liquid limit, the need for effective soil 

stabilization techniques is paramount. Current mechanical stabilization methods are 

often hindered by the moisture sensitivity of expansive soils, which can lead to swelling 

and other engineering failures (Kianimehr et al., 2019; Ma et al., 2022; Yaghoubi et al., 

2021).  

Laterite soils, which are widely used in road construction throughout Thailand, 

present additional challenges. These soils are characterized by low plasticity and poor 
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drainage capacity, which often lead to issues such as shrinkage, swelling, and structural 

instability under varying moisture conditions. Research has indicated that the 

engineering characteristics of lateritic soils often fail to comply with the required 

specifications for road base and subbase layers, resulting in considerable road 

degradation. This issue is particularly pronounced in rural regions, where inadequate 

drainage conditions further worsen the problem (Jotisankasa et al., 2020). Common 

failures include the development of potholes, cracking, and surface deformations, all of 

which increase maintenance costs and pose safety risks 

This study aims to tackle these issues by investigating the potential of RCA 

combined with lime as a stabilizing agent to enhance the mechanical performance of 

lateritic soils for applications in road base and subbase layers. Soil improvement 

through the use of construction waste materials like RCA offers a promising solution 

to enhancing soil strength while minimizing environmental impact. 

 

1.3 Objectives of the Study 

RCA, produced from construction and demolition waste, exhibits a particle size 

distribution comparable to that of natural aggregates, making it a viable material for 

pavement construction. This study seeks to evaluate the potential of RCA in stabilizing 

lateritic soils, with a focus on achieving the following objectives: 

1. Evaluate the effectiveness of RCA in the light stabilization of lateritic soils 

while promoting sustainability by reducing the disposal of construction waste 

in landfills.  

2. Evaluate the influence of RCA and lime on the compaction characteristics of 

soil mixtures. 

3. Measure the changes in unconfined compressive strength (UCS) and shear 

strength (Direct Shear) when RCA and lime are used as stabilizers. 

4. Determine the bearing capacity of stabilized material through California 

Bearing Ratio (CBR) tests. 

5. Conduct microstructural analysis through Field Emission Scanning Electron 

Microscopy (FESEM) and Electron Dispersive X-Ray Spectroscopy (EDS). 
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1.4 Significance of the Study 

The rising amounts of construction waste, coupled with diminishing landfill 

space, are pressing environmental concerns in many countries, including Thailand. This 

situation has led to serious environmental impacts and has become a major focus of 

research. The use of waste materials in soil stabilization has gained considerable interest 

in various geotechnical engineering applications, driven by the rapid increase in 

construction demolition waste. Researchers are actively investigating methods to 

reduce waste through its application in soil stabilization. 

In this study, the use of RCA and lime as stabilizers in soil not only addresses 

waste disposal challenges but also offers cost-effective alternatives to natural materials 

in road construction. This research will contribute to the growing body of knowledge 

on soil stabilization using construction waste materials, providing valuable insights for 

geotechnical engineering projects and paving the way for more sustainable construction 

practices. 

 

1.5 Scope of Work 

This research investigated the stabilization of laterite soils through the 

utilization of recycled concrete aggregates sourced from construction and demolition 

waste, in combination with lime. The study addressed the following aspects: 

I. Materials 

▪ Type of soil   : Lateritic Soil (LS) 

▪ Type of stabilizer  : Recycled Concrete Aggregate (RCA) 

▪ Type of binding material : Hydrated lime (L) 

 

II. Mixtures 

▪ The Amount of RCA : 0, 5, 15, 30 and 45% by weight of dry soil 

▪ The Amount of lime : 6% by weight of sample 

▪ The amount of water  : based on the OMC of mixes. 
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III. Laboratory Tests 

▪ Basic laboratory tests consist of the Atterberg limit test (LS), specific 

gravity determination, particle size distribution through sieve and 

hydrometer analyses, the Los Angeles abrasion test (RCA), and 

compressive strength measurement (RCA) 

▪ Standard Compaction Test 

▪ Unconfined Compressive Strength (UCS) Test 

▪ Direct Shear (DS) Test 

▪ California Bearing Ratio (CBR) Test 

▪ Permeability Test 

 

IV. Curing Conditions 

▪ Humid curing at room temperature 

 

V. Curing Periods 

▪ Unconfined Compressive Strength Test: 0, 7, 28 and 56 days 

▪ Direct Shear Test: 0, 28 and 56 days 

▪ CBR Test: 0 and 7 days 

▪ Permeability Test: 28 and 56 days 

▪ FESEM and EDS: 56 days 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Variety of Soil in Thailand 

Thailand predominantly experiences a tropical climate  and diverse topography, 

which ranges from lowlands to mountainous regions, contribute to the presence of 

various soil types (Bhurtel & Eisazadeh, 2020; Horpibulsuk et al., 2013). Common soils 

include alluvial soils, rich in minerals and ideal for rice cultivation, as well as lateritic 

soils, typically found in the central and northeastern regions. Additionally, red and 

yellow soils are prominent in the north and east, while sandy and clayey soils are present 

in other areas (Kumar et al., 2022b).  

A notable soil type is Bangkok Clay, which occurs primarily along the Chao 

Phraya River basin, including Bangkok and adjacent provinces like Pathum Thani 

(Bhurtel & Eisazadeh, 2020; Suksiripattanapong et al., 2022). This clay is characterized 

by its high smectite content, mixed with illite and montmorillonite (54% to 71%), 

kaolinite (28% to 36%), and mica (Eisazadeh et al., 2019; Teerachaikulpanich & 

Phupat, 2003; Vichan & Rachan, 2013). The high-water content in Bangkok Clay 

makes it highly susceptible to water-induced swelling and shrinkage, with its swelling 

potential increasing at greater depths, complicating its geotechnical properties. 

Bangkok Clay exhibits limited shear strength and a strong water affinity, posing 

substantial construction challenges. When subjected to moisture, it tends to swell, while 

drying causes shrinkage, resulting in instability within the soil structure (Ratananikom 

et al., 2015; Teerawattanasuk et al., 2015). As a result, ground improvement techniques 

are often required before constructing large structures on this soil type. 

In contrast, laterite soils (LS) are more commonly utilized, particularly in road 

construction across central and northeastern Thailand. This soil type possesses good 

binding properties and sufficient strength when dry, making it suitable for use in 

pavement layers. However, the engineering characteristics of lateritic soils can vary 

significantly depending on location, often necessitating stabilization to meet strength 

requirements, especially for highway construction (Panoottikorn, 2018; Vejchasarn et 

al., 2021). Stabilization methods, such as lime or cement, are frequently employed to 
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enhance the soil's load-bearing capacity and mitigate its susceptibility to moisture-

related expansion and contraction. While LS is generally more favorable for 

construction compared to Bangkok Clay, its variable properties still require careful 

consideration to meet infrastructure project standard. 

In both Bangkok Clay and LS, the application of appropriate soil improvement 

techniques is critical for improving performance in construction, ensuring the long-term 

stability and durability of infrastructure projects in Thailand under operational and 

environmental stresses. 

2.2 Laterite Soil 

The word "laterite" is originating from the Greek term "later," which means 

"brick," or, more specifically, "lateritis," which means "brick disease." It is widely 

attributed to Buchanan et al. (Buchanan, 1807), who first introduced it in 1807 to 

describe a material that is initially soft and can be easily cut with iron tools but hardens 

like brick when exposed to air, responding to both atmospheric and moisture conditions 

(Archwichai et al., 1993; Buchanan, 1807; Vallerga & Van Til, 1970). LS are 

predominantly found in tropical areas, exhibiting colors ranging from reddish to brick 

red in shaded regions, with variations from dark brown to rusty red (Abd Rashid et al., 

2019; Kumar et al., 2022a; Udoeyo et al., 2006).  

Laterite soil forms through extensive weathering and is characterized by high 

concentrations of alumina and/or iron oxide (Tan et al., 2016). Its cohesive and non-

cohesive properties are largely dependent on particle size distribution. LS with a higher 

proportion of clay and silt exhibit cohesive behavior, whereas those dominated by sand-

sized particles are non-cohesive (Kumar et al., 2022a; Oyelami & Van Rooy, 2016). 

Cohesive LS are notable for their plasticity, stable strength, and susceptibility to erosion 

and swelling (Tran et al., 2022). In Thailand, where the climate is tropical, laterite soils 

are widespread across lowland areas and the rocky, mountainous regions of the north 

(Horpibulsuk et al., 2013). 

In Thailand, LS is commonly employed as a primary material for road pavement 

bases and subbase layers and as backfill material due to its load-bearing capacity 

(Chantruthai et al., 2017). However, this material is not universally applicable, as 

various laterite soil types found in tropical regions may fail to meet the necessary 
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strength requirements. High-quality laterite soil is often abundant, particularly in 

protected forest areas (Kheoruenromne, 1987). Nonetheless, due to the limited 

availability of crushed rock in many parts of Thailand and the environmental concerns 

associated with rock quarrying, laterite soil is increasingly favored as a viable 

alternative (Chan & Low, 2010; Chantruthai et al., 2017). Unfortunately, deforestation 

has resulted in severe environmental challenges, such as increased atmospheric carbon 

dioxide, altered water cycles, accelerated soil erosion, and biodiversity loss. 

Consequently, sustainable practices, such as mechanical or chemical stabilization or the 

incorporation of industrial by-products, are crucial for preserving virgin laterite soil 

(Meepon et al., 2019; Tam & Tam, 2006).  

 

Figure 2.1 Laterite soil distribution map in Thailand,(Soe et al., 2008). 
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The northeastern region of Thailand dominates laterite soil production, 

providing approximately 42% of the total supply, whereas the southern region 

contributes a comparatively smaller share of 12.23% (Chantruthai et al., 2017). 

Historically, laterite soil has been employed as a substitute for crushed rock due to its 

notable load-bearing capacity (Kumar et al., 2022a). The distant location of quarry 

materials from construction sites often results in higher construction costs (Meepon et 

al., 2019). Table 2.1 summarizes the standard characteristics of laterite soil, 

encompassing specific gravity, liquid limit, plasticity index, and CBR values. Laterite 

soil is characterized by its reddish hue, which is primarily attributed to its high iron 

oxide content. The liquid limit ranges from 14.33 to 43.40, and the plasticity index 

varies between 3.50 and 22.56. The specific gravity of fine-grained laterite soil falls 

between 2.5 and 3.6, with maximum dry density (MDD) values ranging from 17.7 to 

22.7 kN/m³, and optimal moisture content spanning from 4.10% to 13.10%. 

The gradations requirements for base and subbase materials, as specified by the 

Department of Highways in Thailand, are detailed in Table 2.2. In Thailand, lateritic 

soils are categorized into grades A through E, where grade A represents the superior 

quality and grade E denotes the lowest standard. Soil stabilization is essential for 

enhancing both the structural integrity and durability of these materials, especially since 

lower-grade lateritic soils often demonstrate poor load-bearing capacity and are prone 

to erosion and degradation under changing environmental conditions
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Table 2.1 Typical properties of Laterite soils in Thailand. 

Properties of 

Laterite soil in 

Thailand 

Authors 

(Hoy et al., 

2023) 

(Chindaprasirt 

et al., 2023) 

(Suksiripatt

anapong et 

al., 2022) 

(Meepon 

et al., 

2019) 

(Pongsivas

athit et al., 

2019) 

(Chantruthai et al., 2017) 

(Phummip

han et al., 

2017) 

Location 

Nakhon 

Ratchasim

a 

Nakhon 

Ratchasima 

Nakhon 

Ratchasima 

Chachoen

gsao 
Ratchaburi Songkhla, Thailand 

Rayong, 

Thailand 

Color - Reddish - - - 
Dark 

Brown 

Light 

Brown 

Dark 

Brown 
- 

Liquid limit (%) 21 27 31 30 - 23.8 35.5 43.2 27.72 

Plastic Limit (%) 8 7 21 19 - 15.47 23.76 24.52 20.9 

Plasticity Index (%) 13 20 10 11 - 8.33 11.29 18.68 6.07 

Specific Gravity 2.78 2.75 2.73 2.67 2.74 - - - 2.58 

Maximum dry 

density (kN/m3) 
21.3 17.1 20.15 19.13 19.91 21.5 17.73 20.32 20.85 

Optimum water 

content (%) 
8.07 17.7 9.78 10 8 7 12.5 13 8 

Classification 

AASHTO 
- SP - - A1-A A-2-4 A-6 A-7-6 A-2-4 

USCS GC ML SC SC GW SC CL GC SC-SM 

CBR (%) 18 14.7 - 17 - - - - 14.7 
**Note: - (not detected) 
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Table 2.2 Gradations of Base and Subbase materials (Department of Highways 

Thailand). 

Sieve Size (mm) 
Requirements 

A B C D E 

50 100 100 - - - 

25 - - 100 100 100 

9.5 30-60 40-75 50-85 60-100 - 

2 15-40 20-75 25-50 40-70 40-100 

0.425 8-20 15-30 15-30 25-45 20-50 

0.075 2-8 5-20 5-15 5-20 6-20 

 

2.3 Chemical Composition of Lateritic Soil 

Laterite soil is characterized by distinct stratified layers, with the upper horizons 

predominantly containing sesquioxides, especially iron (Fe₂O₃) and aluminum oxides 

(Al₂O₃), while the lower layers exhibit varying degrees of kaolinization. Upon exposure 

to atmospheric conditions, the soil undergoes a hardening process. This hardening 

occurs due to the precipitation, accumulation, and crystallization of iron and aluminum 

oxides. Water leaching facilitates the downward migration of iron, resulting in iron-rich 

concentrations in deeper layers (Maignien, 1966; Pereira-De-Oliveira et al., 2019). 

Table 2.3 details the chemical composition of laterite soil in Thailand as reported by 

various studies. On average, the soil consists of approximately 62.8% silica (SiO₂), 

23.2% alumina (Al₂O₃), and 8.6% iron (Fe₂O₃). 

Table 2.3 Chemical composition of Laterite soil. 

Authors 
Oxide 

SiO₂ Al₂O₃ Fe₂O₃ CaO SO₃ TiO₂ K₂O MnO MgO 

(Chindaprasirt et 

al., 2023) 

61.8

4 
25.08 9.02 0.77 0.06 - 0.96 - 0.98 

(Suksiripattanapon

g et al., 2022) 
54.7 22.15 11.3 6.5 - - - - 1.3 

(Chindaprasirt et 

al., 2020) 

49.9

3 
45.48 2.52 0.26 0.47 - 0.42 - 0.1 

(Pongsivasathit et 

al., 2019) 

73.9

6 
19.06 4.47 0.34 0.06 0.67 0.84 - 0.39 

(Phummiphan et 

al., 2017) 

77.8

1 
4.42 10.93 1.13 1.36 1.33 2.33 0.55 - 

(Donrak et al., 

2016) 

58.8

2 
23.06 13.38 1.42 - 0.86 0.82 - 0.84 

**Note: - (not detected) 
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2.4 Soil Stabilization 

Soil stabilization encompasses a range of techniques and chemical treatments 

aimed at improving the strength and durability of naturally unstable soils, making them 

more suitable for supporting construction activities (Xu et al., 2021). The primary goal 

is to address poor soil engineering properties, such as low bearing capacity, 

susceptibility to erosion, and volumetric changes caused by moisture variations. 

Stabilization methods include traditional practices like mechanical compaction and 

advanced techniques, such as jet grouting, deep soil mixing and electro-osmotic 

stabilizaton (Fondjo et al., 2021). Mechanical compaction reduces pore space and 

increases soil density through applied pressure. Additionally, stabilization procedures 

often involve compaction testing, pre-consolidation, and drainage measures, among 

other methods (Archibong et al., 2020). 

Poor soil conditions can compromise the longevity and structural integrity of 

construction projects. Establishing a stable foundation is crucial for maintaining the 

durability and performance of buildings and pavements over time. Unstable soil can 

cause serious problems, such as differential settlement during seismic activity or shrink-

swell behavior of expansive soils, which may result in pavement cracking (Negi et al., 

2013). The utilization of soil stabilization methods can substantially enhance the 

strength and longevity of construction materials, leading to a reduction in overall 

project expenses. By improving the load-bearing capacity of the foundation, these 

methods enable the development of complex structures without necessitating expensive 

excavation or additional reinforcement measures (Zada et al., 2023). Furthermore, 

utilizing local materials as stabilizing agents can reduce transportation and material 

expenses, further lowering overall construction costs by minimizing the reliance on 

imported or expensive resources (Magnusson et al., 2015). 

2.4.1 Chemical Stabilization 

Chemical stabilization refers to the use of various additives, including lime, 

cement, fly ash, bottom ash, rice husk ash, polymers, and recycled construction 

materials, to enhance soil properties. Ongoing research continues to explore the use of 

these stabilizing agents in geotechnical engineering (Anupam et al., 2016; Barman & 

Dash, 2022), each presenting unique advantages and limitations. Studies have 
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demonstrated that these stabilizers can improve several geotechnical properties, 

including UCS, shear strength, CBR, hydraulic conductivity, and reduce soil shrinkage 

and swelling (Anupam et al., 2016; Barman & Dash, 2022; Bhurtel & Otaghsaraei, 

2018). 

Polymer compounds are typically manufactured through synthetic processes, 

resulting in challenges related to sourcing and high production costs. Commonly 

employed materials in soil stabilization include Fly Ash (FA), lime (L), and Rice Husk 

Ash (RHA), each offering distinct advantages such as cost-effectiveness, wide 

availability, and eco-friendliness (Domphoeun & Eisazadeh, 2024). In recent years, the 

focus on sustainable construction methods has intensified, leading to the exploration of 

alternative materials for soil stabilization. One promising approach involves utilizing 

demolition waste, particularly Recycled Concrete Aggregate (RCA), to enhance soil 

properties while concurrently addressing the issue of construction waste management 

(Kianimehr et al., 2019; Shourijeh et al., 2022).  

2.4.2 Traditional Stabilizers 

Lime is one of the most extensively utilized agents in soil stabilization, either 

by itself or in combination with other additives. This method is well-established in civil 

engineering for enhancing both the mechanical and chemical properties of soils (Al-

Swaidani et al., 2016). Lime is commonly found in two variants: quicklime (CaO) and 

hydrated lime (Ca(OH)₂), both of which are utilized in soil stabilization to enhance 

strength, durability, and workability. This technique is particularly effective for 

stabilizing soils with high plasticity, expansive clays, or low bearing capacities (Ebailila 

et al., 2022; Negi et al., 2013; Obuzor et al., 2012). As an alternative to traditional 

cement stabilization, lime provides a cost-effective solution that can reduce both 

financial and environmental costs, often delivering results that are comparable or even 

superior to cement. 

Cement is another traditional stabilizers that contains significant amounts of 

pozzolanic compounds, primarily silica and alumina, which enhance soil stabilization 

by improving its geotechnical characteristics, such as strength and durability 

(Pourakbar & Huat, 2017). However, cement use presents certain challenges. It is often 

costly, and its transportation and application can be difficult, particularly in remote 

Ref. code: 25676522040077WTA



15 

 

 

areas. Moreover, cement’s high alkalinity may alter soil pH, negatively impacting plant 

growth (Consoli et al., 2021). The energy-intensive production of cement, which relies 

heavily on fossil fuels such as petroleum and natural gas, also leads to substantial CO₂ 

emissions. Additionally, improper application or inadequate curing of cement-

stabilized soils can undermine long-term strength and durability, compromising 

structural integrity (Al-Mukhtar et al., 2012).  

Lime-treated soil undergoes four key chemical processes: cation exchange, 

flocculation and agglomeration, carbonation, and pozzolanic reactions. Since the 1960s, 

significant advancements have been made in understanding these reactions and their 

effects on soil-lime mixtures (Thompson, 1967). Various forms of lime, particularly 

quicklime (CaO) and hydrated lime (Ca(OH)₂), have been widely used in geotechnical 

applications (Amadi & Okeiyi, 2017). Lime treatment is recognized as an economical 

method for modifying and stabilizing soils by improving their engineering properties. 

The term “lime modification” refers to the initial strength gains through cation 

exchange, while the pozzolanic reaction leads to further cementation effects. When lime 

reacts with water, it creates a cementing agent that enhances soil properties (Al-

Mukhtar et al., 2012; Eisazadeh et al., 2011; Thompson, 1967).  

The interaction between lime and pozzolanic materials generates calcium 

silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) compounds, which 

significantly enhance the properties of the soil. These reactions improve soil strength 

and reduce its density, making lime a highly efficient binder. Additionally, naturally 

occurring pozzolanic materials, such as clay minerals, fly ash, and blast furnace slag, 

can participate in these reactions, albeit to a lesser extent (Jha & Sivapullaiah, 2015). 

The breakdown of the Ca(OH)₂ complex produces Ca²⁺ and OH⁻ ions. The OH⁻ ions 

interact with the soil, attracting Ca²⁺ ions, which enhances cohesion and increases the 

soil's density and Strength combination of lime with pozzolanic materials forms 

calcium-silicate-hydrate (C-S-H) or calcium-alumina-hydrate (C-A-H) compounds, 

which further improve the soil’s characteristics. The breakdown of the Ca(OH)₂ 

complex produces Ca²⁺ and OH⁻ ions. The OH⁻ ions interact with the soil, attracting 

Ca²⁺ ions, which enhances cohesion and increases the soil's density and strength 

(Muntohar & Hantoro, 2000).  
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These cementitious compounds are analogous to those produced in 

conventional Portland Cement (PC), although the mechanism of calcium silicate 

formation differs. In Portland cement, calcium silicate forms through the hydration of 

anhydrous calcium silicate, whereas in lime-treated soil, the silica originates from the 

soil minerals (Muntohar & Hantoro, 2000; Muntohar et al., 2013). When quicklime 

reacts with water, it produces Ca(OH)₂ and heat, a process known as lime slaking as 

represented by the following equations: 

𝐶𝑎(𝑂𝐻)2 + 𝑆𝑖𝑂2   = 𝐶 − 𝑆 − 𝐻                                                                                    (2.1)  

𝐶𝑎(𝑂𝐻)2 + 𝐴𝑙𝑂3  =  𝐶 − 𝐴 − 𝐻 

Where, C-S-H stands for Calcium Silica Hydrates and C-A-H stands for Calcium 

Alumina Hydrates. 

The application of lime stabilization is extensively employed in geotechnical 

and environmental engineering, encompassing areas such as pollutant containment, 

stabilization of backfill materials (e.g., wet cohesive soils), highway subgrade capping, 

slope reinforcement, and foundation enhancement through lime piles or lime-treated 

soil columns (Afrin, 2017). 

 

2.5  Construction and Demolition Waste 

The management of waste is typically classified into two primary types: 

Municipal Solid Waste (MSW) and Construction and Demolition Waste (CDW). The 

US Environmental Protection Agency (2012) defines MSW as the waste generated from 

household activities, including organic waste such as food scraps and yard trimmings, 

along with paper, plastic, glass, and metal. This type of waste accounts for 

approximately 50% of the global MSW, while inorganic materials like paper and 

plastics contribute about 30%. Alternatively, construction, renovation, and demolition 

activities generate CDW, which includes materials like concrete, steel, wood, brick, and 

asphalt, accounting for 10–30% of the total waste volume in landfills worldwide 

(Hoornwerg & Bhada-Tata, 2012).  

Over the past decade, the volume of CDW has grown significantly in many 

countries due to increased urbanization and infrastructure development (Arulrajah et 
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al., 2012; Huang et al., 2002). CDW presents a global challenge, with many countries 

experiencing increasing amounts of this waste due to urban growth and construction 

activities. For example, in 2014, the European Union generated approximately 13.3 

million tons of CDW, while the United States produced 534 million tons. Myanmar 

contributed around 9.49 million tons, followed by Vietnam at 8.88 million tons (Huang 

et al., 2002; Thongkamsuk et al., 2017). In Thailand, CDW generation saw a sharp 

increase from an average of 1.1 million tons between 2002 and 2005 to 7.2 million tons 

by 2014 (Kofoworola & Gheewala, 2009; Thongkamsuk et al., 2017). Other Southeast 

Asian countries, such as Singapore, produced around 1.54 million tons since 2015, 

while Cambodia, Indonesia, and Laos continue to face challenges in CDW 

management, with limited data available on waste generation (Menegaki & Damigos, 

2018; Wu et al., 2014). 

In Thailand, rapid industrial and urban expansion has led to a rise in both MSW 

and CDW production. The country's construction industry is a major contributor to this 

increase. Figure 2.2 illustrated the composition of MSW and CDW in Thailand, the 

composition of these waste streams shows that organic waste, paper, and plastic are 

dominant components of MSW, while CDW is primarily composed of concrete, steel, 

sand, and wood, especially in areas with high-rise construction activities (Chinda et al., 

2012; Kofoworola & Gheewala, 2009). Concrete and brick accounts for 46% of CDW 

by weight, followed by gypsum, insulation, metal and others, which together constitute 

6%, 2%, 1% and 26%, respectively (Arisha et al., 2016).  

   

Figure 2.2 Waste management in Thailand (a) MSW and (b) CDW (Chinda et al., 

2012). 
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Bangkok’s waste management system relies on a network of transfer stations 

due to the lack of a permanent landfill within the city, as illustrated in Figure 2.3. Waste 

generated in Bangkok is transported to transfer stations such as Nong Kham, Sai Mai, 

and On-Nuch, where it is processed before being sent to landfills outside the city. For 

example, the Khampangsan landfill in Nakornpathom Province receives waste from the 

Nong Kham and Sai Mai stations, while the Phanomsarakham landfill in Chachoengsao 

Province processes waste from the On-Nuch station. The On-Nuch transfer station, 

which handles around 1,000 tons of waste per day, also operates as a composting 

facility, contributing to both waste reduction and resource recovery efforts (Arulrajah 

et al., 2012; Chinda et al., 2012; Kofoworola & Gheewala, 2009; Thongkamsuk et al., 

2017). 

 

Figure 2.3 Transferred station in Bangkok(Modified by (Chinda et al., 2012). 

 

An effective method for improving soil properties in geotechnical construction 

involves utilizing demolition waste materials, such as CB, RCA, and and RAP 

(Shourijeh et al., 2022). The reuse or recycling of demolition waste in construction not 

only mitigates pollution but also helps conserve natural aggregate resources. Among 

these materials, RCA constitutes a substantial fraction of the solid waste stream relative 

to CB and RAP, thereby making it a more widely utilized option in construction projects 
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(Kianimehr et al., 2019). Concrete waste is especially prevalent, accounting for 58% of 

the total weight, while brick, excavated rock, and asphalt contribute 16%, 15%, and 

7%, respectively (Arulrajah et al., 2012; Victoria, 2010). The recycling of these 

materials, particularly through methods like converting concrete waste into crushed 

concrete aggregate, offers a more sustainable alternative to conventional soil 

stabilization techniques. Incorporating construction and demolition waste (CDW) into 

construction processes supports the circular economy framework by decreasing the 

reliance on virgin materials and mitigating the environmental impact associated with 

waste management  (Villagrán-Zaccardi et al., 2022). Numerous studies have examined 

the sustainability of CDW for various technical applications, and many countries have 

successfully integrated recycled CDW as a key resource in geotechnical engineering. 

 

2.5.1 Use of Recycled Concrete Aggregate as a Stabilizer 

The rapid pace of urbanization and industrialization, driven by growing 

populations and economies, has led to significant exploitation of natural resources. 

Road construction, in particular, demands a large quantity of aggregate materials, 

constituting approximately 70 to 80 percent of the total road volume. The continuous 

extraction of these aggregates through quarrying not only depletes natural resources but 

also accelerates environmental degradation (Chiranjeevi et al., 2024). As a result, the 

need for sustainable alternative materials with performance comparable or superior to 

natural aggregates has become increasingly urgent. Recycled concrete aggregate (RCA) 

presents a viable alternative for use in the lower layers of pavement, offering a solution 

to both waste management challenges and resource conservation. The application of 

RCA in construction, especially for non-structural purposes, began over two decades 

ago and has since become a common practice (Bassani et al., 2019). However, RCA 

requires careful handling, which may involve mechanical or chemical stabilization to 

optimize its performance. 

RCA, sourced from crushed concrete waste, not only reduces construction and 

demolition debris sent to landfills but also contributes to a more sustainable and 

environmentally friendly construction industry. Furthermore, RCA typically offers a 

more economical alternative to conventional aggregates, delivering significant cost 

advantages in soil stabilization applications. Incorporating RCA into soil stabilization 
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enhances the compressive strength, shear strength, and durability of treated soils, 

making them suitable for construction applications. By using RCA, the demand for 

virgin materials is diminished, thereby reducing environmental impact. The primary 

component of RCA is crushed concrete, although its composition can vary depending 

on the source material. 

Compared to virgin aggregates, RCA typically exhibits lower density, higher 

water absorption capacity, and increased Los Angeles abrasion loss. While natural 

aggregates usually have water absorption rates below 3%, RCA can have absorption 

rates ranging from 3% to 10% (Arulrajah et al., 2013). Research has extensively 

investigated the use of RCA in enhancing the properties of clayey soils, particularly for 

road construction subbases and bases. Numerous studies have also explored the 

potential of RCA in improving fine-grained soils.  

 

2.5.2 Properties of Recycled Concrete Aggregate 

Evaluating RCA for various construction purposes depends on their physical 

properties. RCA, obtained from the crushing of demolished concrete structures, shows 

considerable variation in particle size, requiring proper gradation for effective 

pavement base and subbase layer design. Additionally, RCA generally has a lower 

density than natural aggregates due to the presence of residual mortar and potential low-

density contaminants. The leftover mortar increases particle volume, leading to RCA's 

lower specific gravity relative to natural aggregates. Additionally, RCA generally 

demonstrates greater porosity and water absorption than natural aggregates due to the 

porous structure of the residual cement paste adhering to its surface. Table 2.4 

summarizes the physical characteristics of RCA as reported in studies conducted in 

different countries. 
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Table 2.4 Physical properties of recycled concrete aggregate. 

Properties of 

RCA 

Authors 

(Ma et 

al., 

2022) 

(Tran et 

al., 

2022) 

(Kumar 

et al., 

2022a) 

(Cabrera 

et al., 

2021) 

(Kianimehr 

et al., 

2019) 

(Mohammadinia 

et al., 2019) 

(Bestgen 

et al., 

2016) 

(Haider 

et al., 

2014) 

(Azam & 

Cameron, 

2013) 

(Gabr & 

Cameron, 

2012) 

Location 
Wuhan, 

China 
Thailand 

Delhi, 

India 

Malaga, 

Spain 

Shiraz, 

Iran 

Victoria, 

Australia 

United 

States 
Maryland Australia 

South 

Australia 

Max Particle 

Size (mm) 
2 25 20 20 2.36 20 20 20 20 20 

Compressive 

Strength 

(MPa) 

30 24.7 35.6 ND 23 - 28 ND ND ND ND 15-75 

Specific 

Gravity (Gs) 
2.26 2.57 

2.24-

2.45 
ND 2.61 ND 2.29 2.29 2.55 2.55 - 2.6 

Los Angeles 

Abrasion 
ND 31 

30.2-

33.8 
36 ND 31.1 55 55 43 37 - 39 

Water 

absorption - 

coarse (%) 

ND 3.2 4.23 8.31 ND 6.05 4.2 4.2 ND 5.5 

Water 

absorption - 

fine (%) 

ND 5.3 6.8 10.27 ND 13.6 9.23 9.23 ND 8.9 

Water 

absorption - 

average (%) 

21.42 4.25 5.52 9.29 ND 9.7 6.7 6.7 6.8 7.2 

**Note: N.D (not detected) 
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2.5.3 Chemical Composition of Recycled Concrete Aggregate 

The chemical composition of RCA is a critical factor in evaluating its 

effectiveness for construction purposes, especially in soil stabilization and concrete 

production. Numerous studies (Bui et al., 2018; Martínez-Lage et al., 2020; Moreno-

Pérez et al., 2018; Saravanakumar et al., 2016; Sohail et al., 2020; Yang & Lim, 2018)  

have investigated the chemical characteristics of RCA, highlighting a considerable 

variation in composition. This variability primarily results from differences in the 

original concrete source, including the types of cement and aggregate used and the 

properties of the adhered cement paste, which may be influenced by contaminants or 

degradation over time (Katz, 2003).  

The major chemical components of RCA include silica (SiO₂), alumina (Al₂O₃), 

and ferric oxide (Fe₂O₃), similar to those found in natural aggregates. However, RCA 

also contains significant amounts of calcium oxide (CaO) and potassium oxide (K₂O). 

The high calcium content, predominantly originating from residual mortar and the 

absorbed cement binder within the recycled material, significantly affects the reactivity 

of RCA, particularly by contributing to pozzolanic reactions during cement hydration 

(Moreno-Pérez et al., 2018). The ratio of calcium to silica in RCA is a pivotal factor 

that influences pozzolanic activity and the material’s performance in concrete mixes or 

stabilization processes (Angulo et al., 2009). 

Structures from earlier construction periods often utilized traditional concrete 

with well-established properties. Upon demolition, the resulting concrete waste can be 

processed into RCA, thus addressing the issue of construction and demolition debris 

while promoting sustainability by reducing reliance on virgin resources (Mohammed, 

2023). RCA typically shows a lower bulk specific gravity and higher water absorption 

capacity, consistent with previous research findings. Finer RCA particles exhibit even 

higher absorption rates, which can increase the moisture content within a mixture 

(Kianimehr et al., 2019; Mohammed, 2023; Mohammed & Najim, 2020). Research 

conducted by (Sanchez-Cotte et al., 2020) has demonstrated that, although RCA 

samples share similar chemical compounds, their concentrations can vary significantly. 

RCA tends to have elevated levels of silicon (Si) and aluminum (Al), likely due to the 

residual cement paste or mortar. A distinguishing feature between conventional 

Ref. code: 25676522040077WTA



23 

 

 

concrete and RCA is the higher concentrations of calcium (Ca) and sodium (Na) found 

in RCA. The residual cementitious properties of RCA can interact with water and soil 

minerals, forming additional cementitious bonds that enhance the strength of stabilized 

soil. 

A comprehensive understanding of RCA’s chemical composition is essential 

for optimizing its use in construction, as it directly affects the material's mechanical 

properties and behavior over time in various environmental settings. The following 

sections provide an in-depth examination of specific chemical oxides in RCA, 

summarized in Table 2.5, and discuss their implications for construction applications. 

Table 2.5 Chemical composition of RCA. 

Author 
Chemical Composition RCA 

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO TiO2 

(Martínez-Lage 

et al., 2020) 13.24 3.42 1.71 5.77 65.3 0.2 0.37 0.08 0.17 

(Sohail et al., 

2020) 53.9 1.7 18.2 12.5 10.8 1.1 0.2 0.2 - 

(Moreno-Pérez 

et al., 2018) 56.64 14.68 5.18 1.23 14.03 4.69 1.91 0.94 0.7 

(Yang & Lim, 

2018) 54.67 8.58 3.21 2.1 17.38 1.32 2.08 0.07 0.33 

(Bui et al., 

2018) 62.56 12.52 5.82 1.83 12.01 2.69 1.3 0.12 0.62 

(Saravanakumar 

et al., 2016) 53.44 11.9 5.9 0.94 18.84 2.19 3.89 - 0.1 
 

2.6 Effect of Compaction on Lime and RCA as stabilized Soil  

The Standard Proctor compaction test, a common method in geotechnical 

engineering, is pivotal in determining the optimal moisture content necessary to achieve 

maximum compaction and dry density for specific soil types. This procedure is essential 

for regulating soil behavior such as settlement, strength, and swelling, which are crucial 

for ensuring infrastructure stability. Research by Bell (Bell, 1996) and Ingles and 

(Ingles & Metcalf, 1972) highlights the importance of this test in understanding soil 

responses to varying moisture levels during construction. The correlation between 

moisture content and dry density is meticulously evaluated to forecast soil behavior, as 

achieving optimal compaction is crucial for ensuring the required strength and long-

term durability. 

Ref. code: 25676522040077WTA



24 

 

 

Lime stabilization is a widely recognized method for enhancing soil properties, 

particularly suitable for clayey soils with elevated plasticity and liquid limits. The 

incorporation of lime modifies the soil's chemical composition and physical 

characteristics, resulting in increased strength, reduced plasticity, and improved 

workability. Studies by Sharma et al. (2008) and Al-Mukhtar et al. (2012) have 

demonstrated significant improvements in strength and stability in lime-treated soils 

due to pozzolanic reactions, which form C-S-H and C-A-H. Research indicates that the 

maximum dry density of lime-stabilized soils generally falls within a 4% to 8% range; 

however, higher lime content can lead to a reduction in dry density, as noted by Güllü 

and Fedakar (2017). This decreases results from the flocculation and agglomeration of 

clay particles, leading to larger voids and reduced compaction densities. 

When RCA is used as a partial soil replacement, its compaction behavior differs 

from that of natural soils. Studies by Poon and Chan (2006) and Sasanipour and Aslani 

(2020) demonstrates that the reduced specific gravity and increased water absorption 

properties of RCA lead to a decrease in the maximum dry density of soil-RCA 

composites. This effect is largely attributed to the porous nature of RCA, which absorbs 

more water than natural aggregates, thereby increasing the optimal moisture content 

required for compaction. Furthermore, while RCA’s rough surface texture promotes 

particle interlocking, its lightweight nature hinders it from achieving the same level of 

compaction as natural aggregates. As summarized in Table 2.7, these characteristics 

necessitate adjustments to compaction methods to optimize soil performance when 

RCA is incorporated in construction. Research by da Silva et al. (2023) underscores the 

environmental advantages of using RCA in soil stabilization, such as reducing the 

dependency on virgin materials and decreasing landfill waste. 

 

Figure 2.4 Compaction curve from (Kianimehr et al., 2019). 
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Table 2.6 Research done related to compaction test with lime as stabilized soil. 

Author 
Type of 

stabilizer 

Type of 

soil 

Stabilizer 

(%) 
lime (%) Results 

Phai and 

Eisazadeh (2020) 

Rice Husk 

Ash (RHA) 

Bangkok 

Clay 
4, 8, 12, 16 

0, 4, 8 and 

12 

The addition of lime causes the MDD to fall dramatically, 

whereas the OMC of lime-RHA soil combinations increase. 

Eisazadeh et al. 

(2019) 

Bottom Ash 

(BA), Rice 

Husk Ash 

(RHA) 

Bangkok 

Clay 

10, 20, 30, 

and 50 

4, 8, and 

12 

Increased amount of BA, RHA, and Lime results in increased 

OMC and decreased MDD due to the hydration impact and 

attraction for additional moisture during the chemical reaction 

processes. 

Todingrara et al. 

(2017) 
- 

Laterite 

Soil 
- 

0, 2, 4, 6, 

8 and 10 

The ideal lime level is 6%, while the lime combinations tend 

to raise the OMC and decrease the MDD. 

Dutta et al. (2017) 
Fly Ash (FA) 

& Gypsum 
- 0,5 to 4 2 to 10 

The blend of 2% gypsum and 8% lime-FA yields the maximum 

MDD. 

Muntohar et al. 

(2013) 

Rice Husk 

Ash (RHA), 

Fibers 

Laterite 

clay 

12 and (0.1, 

0.2, 0.4, 0.8 

and 1.2) 

12 
The presence of lime in the combinations resulted in an 

increase in OMC. 

Obuzor et al. 

(2012) 

Ground 

Granulated 

Blast Furnace 

Slag 

Clay soil 
4, 8, 12 and 

16 

4, 8, 12 

and 16 

The presence of lime in the combinations results in increased 

OMC and decreased MDD. 

Saeed et al. 

(2012) 

Copper 

Nitrate 

Trihydrate 

and Zinc 

Laterite 

clay 

0.1, 5 and 

10 
5 and 10 

The MDD reduced and the OMC increased as the lime content 

increased. 

Muntohar and 

Hantoro (2000) 

Rice Husk 

Ash (RHA) 
Clay soil 

7.5, 10 and 

12.5 

2, 4, 6, 8, 

10 and 12 

MDD reduces as the proportions of lime and RHA in the soil 

increase, while the OMC rises. The reduction in MDD 

indicates a decrease in compaction energy compared to the 

original soil, and the rise in OMC is a typical response to lime 

addition. 
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Table 2.7 Researchers done related to compaction test. 
Author Soil Type Stabilizer Type Stabilizer (%) Result 

Ma et al. (2022) Clay soil RCA 15, 30, 45 An increase in %RCA leads to a decrease both OMC and 

MDD. 

Tran et al. (2022) Laterite Soil RCA 50, 70 An increase in %RCA leads to increased OMC and lower 

MDD. 

Shourijeh et al. (2022) Clay soil RCA 5, 10, 15 An increase in %RCA leads to increased OMC and lower 

MDD. 

Datta and Mofiz (2021) Clay soil RCA 30, 50, 70 A rise in the %RCA reduces the OMC and increases the 

MDD. 

Tavakol et al. (2020) Clay soil RCA 50, 100 A rise in %RCA decreases the OMC and increases the 

MDD. 

Mohammed and Najim (2020) Clay soil RCA 15, 25 An increase in %RCA leads to increased OMC and lower 

MDD. 

Olufikayo and Benjamin (2019) Laterite Soil RCA 2, 4, 6, 10, 12 An increase in %RCA leads to increased OMC and 

MDD. 

Kianimehr et al. (2019) Clay soil RCA 5, 10, 15 An increase in %RCA leads to increased OMC and lower 

MDD. 

Kashoborozi et al. (2017) Laterite Soil RCA 30, 40, 50 An increase in %RCA leads to a drop in OMC and an 

increase in MDD. 
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2.7 Effect of UCS on Lime and RCA as Stabilized Soil 

2.7.1 UCS Under Normal Conditions 

The UCS test evaluates the compressive strength of materials, particularly for 

stabilizing soils without lateral confinement. This test is commonly applied to evaluate 

the improvement in soil strength after stabilization using various additives. The 

influence of lime on UCS has been extensively investigated, as lime is recognized for 

its ability to substantially improve the strength properties of soils, especially those with 

clay or lateritic compositions. The addition of lime to soil triggers pozzolanic reactions, 

resulting in the generation of cementitious materials that enhance the mechanical 

performance of the soil. Studies show that lime content between 2% and 14% of the dry 

soil mass results in substantial increases in UCS values (Muntohar et al., 2013), with 

optimal performance typically observed around 6% lime content (Todingrara et al., 

2017). Additionally, the curing period plays a vital role, as extended curing durations 

from 1 day to 56 days allow for more complete pozzolanic reactions, leading to even 

greater improvements in UCS over time (Al-Mukhtar et al., 2012; Obuzor et al., 2012). 

These findings highlight lime's effectiveness in soil stabilization, with increased lime 

content and longer curing times consistently yielding higher UCS values. 

The effect of RCA on UCS has also been the subject of considerable research, 

particularly in the context of replacing natural aggregates in soil stabilization projects. 

Studies investigating the impact of RCA on UCS indicate that as the proportion of RCA 

increases, so does the UCS value. For instance, research findings summarized in Table 

2.9 reveal a consistent trend of higher UCS values as RCA content increases from 5% 

to 100%. In particular, Ma et al. (2022) and Kianimehr et al. (2019) observed that 

stabilizing soils with RCA in proportions between 5% and 30% led to notable 

enhancements in compressive strength, as depicted in Figure 2.5. The findings indicate 

that the inclusion of RCA improves soil strength and satisfies the standards for subbase 

and subgrade applications, particularly at a 15% RCA content, with further strength 

gains achieved over extended curing periods (Kianimehr et al., 2019; Ma et al., 2022; 

Tran et al., 2022) 
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Figure 2.5 UCS value, left side by (Ma et al., 2022) and right side by (Kianimehr et 

al., 2019). 
 

Table 2.8  UCS test of lime stabilized soil. 

Author 
Type of 

stabilizer 

Type of 

soil 

Curing 

period 

(day) 

Results 

Domphoeun 

and Eisazadeh 

(2024) 

RHA, 

Lime and 

CF 

Laterite 

Soil 
28 days 

20%RHA8L and 

30%RHA8L the strength of 

UCS increased by 7.8 and 

7.4-fold compared to 

untreated laterite soil. 

Todingrara et 

al. (2017) 
Lime 

Laterite 

Soil 
7 and 14 

Increasing the lime content 

can enhance the UCS until 

it reaches the optimal 6%. 

Dutta et al. 

(2017) 

Fly Ash 

(FA) & 

Gypsum 

- 
7, 28, 56 

and 90 

Increase the UCS value up 

to 300-fold with an increase 

in the curing time. 

Muntohar et 

al. (2013) 

 (RHA), 

Fibers 

Laterite 

clay 

1, 7, 14, 

28and 56 

Lime-stabilized soil 

increases UCS strength, 

while the amount of RHA in 

soil lime combinations 

increases UCS marginally. 

Saeed et al. 

(2012) 

Copper 

Nitrate 

Trihydrate 

and Zinc 

Laterite 

clay 
7 and 14 

The strength of lime-treated 

laterite clay soil polluted 

with metal will be more 

problematic as the heavy 

metal content increases and 

cure times increase. 

Al-Mukhtar et 

al. (2012) 
- Clay soil 7 and 90 

Increasing the curing time 

additionally raises the UCS 

value. 

Obuzor et al. 

(2012) 
GGBFS Clay soil 

7, 14, 28, 

56 and 90 

Increasing curing time 

increases the UCS value. 
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Table 2.9 UCS test utilizing RCA in soil. 

Author 
Soil 

Type 

Stabilizer 

Type 

Stabilizer 

(%) 

Curing 

(day) 
Results 

Shourijeh et al. 

(2022) 
Clay soil RCA 5, 10, 15 14, 28 

An increase in %RCA results in increased UCS strength 61 times 

compared to clay soil which have value 141 kPa. 

Tran et al. (2022) Laterite 

Soil 
RCA 50, 70 7, 28 

Increased %RCA leads to increased UCS strength, 12% higher than 

LS-SS mixtures and 16 times different from untreated soil. 

Tavakol et al. (2020) 

Clay soil RCA 50, 100 
7 and 

28 

50%RCA and 50%clay have UCS value 335 psi compared to 

untreated soil is 106 psi, however the required strength of 1,725 

kPa was not met. 

Kianimehr et al. 

(2019) 
Clay soil RCA 5, 10, 15 

7, 14, 

28 

With 15% RCA, the UCS value is increase 67% compared to UCS 

of untreated clay soil. 

Olufikayo and 

Benjamin (2019) 

Laterite 

Soil 
RCA 

2, 4, 6, 

10, 12 
0 and 7 

The UCS increases as the amount of RCA increases to 10%, then 

decreases at 12% of RCA. 

Karkush and Yassin 

(2019) 
Clay soil RCA 5, 10, 15 1 Increased %RCA leads to increased UCS strength. 

Gabr and Cameron 

(2012) 
Clay soil RCA 60, 80, 90 

7 and 

28 

Increased %RCA leads to increased UCS strength, the UCS value 

after 28 days range from 0.69 to 0.88 MPa. 
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2.7.2 UCS under Wetting-Drying Conditions  

 In geotechnical engineering, UCS testing under wetting-drying cycles is a 

critical method for evaluating the durability of soil and stabilization materials under 

varying environmental conditions, such as changes in moisture content and temperature 

fluctuations. This test is particularly relevant in tropical climates like Thailand, where 

high humidity, extreme heat, and heavy rainfall pose significant challenges to soil 

stability. The ability of stabilized soil to withstand these cycles without significant loss 

of strength is essential for ensuring the longevity and performance of construction 

materials in infrastructure projects (Consoli et al., 2021; Horpibulsuk et al., 2016; 

Neramitkornburi et al., 2015; Wahab et al., 2021). 

The use of lime as a stabilizing agent in soils has been extensively studied, 

particularly in environments subjected to repeated wetting and drying. Lime improves 

soil strength and durability by inducing pozzolanic reactions that bind soil particles 

together, resulting in a more cohesive and resilient structure. Several studies have 

demonstrated that lime-stabilized soils exhibit higher UCS values, which are crucial for 

enhancing their resistance to the detrimental effects of wetting-drying cycles. Research 

by Kampala and Horpibulsuk (2013) on silty clay stabilized with calcium carbide 

residue and fly ash in Thailand highlights the importance of initial UCS in determining 

the soil's long-term performance under such conditions. Higher UCS values, achieved 

through lime stabilization, significantly improve the material's ability to endure 

repeated moisture and temperature variations, preventing excessive degradation. 

Another study by Bhurtel and Eisazadeh (2020) focused on stabilizing high-

plasticity Bangkok clay for road construction using a mixture of lime and bottom ash. 

Their results indicated that the inclusion of lime, particularly in combination with 

bottom ash, enhanced the clay's durability under wetting-drying conditions. The 

optimal mix of 12% lime and 50% bottom ash exhibited superior resistance to moisture-

related degradation, as reflected by the high UCS values recorded during the durability 

tests. This suggests that lime plays a pivotal role in strengthening soils subjected to 

extreme environmental conditions, especially in tropical regions. 

Studies have shown that RCA-stabilized soils can achieve UCS values 

comparable to, or even exceeding, those of traditional stabilization methods. However, 
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the durability of RCA under wetting-drying cycles depends on several factors, 

including the calcium-to-silica ratio and the presence of adhered mortar. Research has 

demonstrated that RCA's lower density and higher water absorption capacity make it 

more susceptible to moisture-induced strength loss compared to lime-stabilized soils. 

Nevertheless, when properly processed and combined with other stabilizing agents, 

RCA can provide adequate resilience under wetting-drying conditions. For instance, 

when RCA is incorporated into soil stabilization projects, it enhances not only the UCS 

but also reduces reliance on virgin materials, promoting more sustainable construction 

practices. 

In summary, while both lime and RCA improve UCS and soil durability, lime 

tends to provide more consistent performance under extreme wetting-drying cycles due 

to its pozzolanic reactivity. RCA, on the other hand, offers an environmentally friendly 

alternative that, when combined with other stabilization techniques, can effectively 

enhance soil strength and durability in tropical environments. Table 2.10 presents an 

overview of numerous studies examining the durability of lime and RCA-stabilized 

soils when subjected to wetting-drying cycles. 
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Table 2.10 Wetting-drying tests performed by different researchers. 

Author Materials 
Curing period 

(day) 

Type of 

soaking 

Soaking 

period 
Test Done 

Domphoeun and 

Eisazadeh (2024) 

LS, CF, RHA, and 

Lime 
56 Complete 5 hours UCS Test (3 and 6 cycles). 

Chiranjeevi et al. 

(2024) 
RCA, NA & cement 28 Complete 5 hours 

UCS and Weight Loss (12 

cycles). 

Wahab et al. (2021) LS, Cement & Lime 7 Complete 5 hours 
UCS (1, 2, 4,7, 12 and 15 

cycles). 

Tiwari et al. (2021) 

Expansive Soil, 

Coir Fiber & 

Bottom Ash 

28 Complete 12 hours 
UCS Test (every 2, 4, 6, 8 and 10 

of freeze and thaw test). 

Bhurtel and Eisazadeh 

(2020) 

Bangkok Clay, BA 

& Lime 
28 

Capillary 

soaked and 

Complete 

24 hours UCS and Permeability Test. 

Biswal et al. (2020) LS & Cement 7 and 28 Complete 5 hours 
UCS, Mass loss and Volume 

changes test (12 cycles). 

Donrak et al. (2016) 
LS, Melamine 

Debris & Cement 
28 Complete 5 hours 

UCS and Mass loss Test (3, 7 

and 12 cycles). 
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Table 2.11 Wetting-drying test related to RCA performed by different researchers. 

Author Materials 
Curing 

period  

Type of 

soaking 

Soaking 

period 
Results 

 Hoy et al. (2023) 
RCA, cement 

& Steel slag 28 days Complete 5 hours 

The UCSw-d increased with the number of w-d cycles up to 

the third cycle, and gradually decreased thereafter. 

Li and Hu (2020) RCA, NA, 

cement 

7 and 28 

days Complete 5 hours 

The UCS tests showed a decrease in strength compared to 

traditional materials, but the increase in cement content and 

curing time helped improve the performance. 

 Rangel et al. 

(2020) 

RCA, NA, 

cement 
28 days Complete 24 hours 

RCA’s performance was tested for its resistance to moisture 

variation, demonstrating its potential under w-d conditions. 

Tam et al. (2018) 

RCA & FA 28 days Complete 12 hours 

Nothing significant impacts on both UCS and durability 

under environmental conditions such as wetting-drying 

cycles. 

Arulrajah et al. 

(2016) 

RCA, FA & 

Lime 

7, 28, and 

56 days Complete 12 hours 

Their study focused on UCS and found that lime-stabilized 

RCA performed well under wetting-drying cycles. 

 Ismail and Ramli 

(2013) 
RCA, Cement 

& FA 

7, 28, and 

56 days Complete 12 hours 

The treated RCA exhibited improved UCS and durability 

under prolonged wet-dry cycles, particularly with lime 

stabilization. 

Kou and Poon 

(2012) 
RCA & 

Cement 28 days Complete 5 hours 

RCA mixed with cement has a significant increase in UCS. 

However, after several w-d cycles, the strength decreases 

gradually due to the increase in material porosity.  

Etxeberria et al. 

(2007) 

RCA & 

Cement 28 days Complete 5 hours 

Found that up to 25% RCA replacement did not 

significantly affect compressive strength.  

Poon and Chan 

(2006) 
RCA, Cement 

& Lime 

7 and 28 

days Complete 5 hours 

Demonstrated improved performance of RCA when treated 

with lime, resulting in enhanced UCS and resilience under 

cyclic wetting and drying conditions. 
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2.8 Effect of Direct Shear on Lime and RCA as Stabilized Soil 

The direct shear test serves as a fundamental method for analyzing soil shear 

strength, both in controlled laboratory conditions and real-world applications, yielding 

critical insights into soil stability and its mechanical performance under shear loading. 

The effects of soil stabilization using lime and RCA on shear strength have been 

extensively studied, with varying outcomes depending on factors such as soil type, 

stabilizer properties, and curing conditions. This section discusses the influence of lime 

and RCA on soil behavior during direct shear testing, beginning with lime treatment 

followed by the use of RCA as a replacement. 

Lime has long been utilized as a soil stabilizer due to its ability to improve soil 

stability through pozzolanic reactions, which enhance the material's strength and 

stiffness. The inclusion of lime enhances the cohesion and internal friction angle of 

soils, leading to notable improvements in their shear strength. Research indicates that 

the efficiency of lime stabilization depends on factors such as lime dosage, curing 

duration, and the properties of the soil being treated. For instance, studies by 

Pushpakumara et al. (2023) highlighted that varying lime concentrations lead to 

different degrees of strength enhancement, with curing time being a critical factor in 

the development of soil strength. Longer curing periods facilitate the ongoing 

pozzolanic reactions, further improving the mechanical properties of lime-treated soils. 

Direct shear tests have consistently demonstrated that incorporating RCA into 

soils enhances peak shear strength by modifying both cohesion and the internal friction 

angle of the mixture. As outlined in Table 2.13, the degree of strength improvement 

varies across different soil types when RCA is introduced. The proportion of RCA in 

the soil mixture significantly affects changes in cohesion and peak internal friction 

angle, with higher RCA contents typically resulting in greater strength enhancements. 

Additionally, the stabilization performance is influenced by the quality of RCA, which 

is determined by the properties of the original concrete.

  

Ref. code: 25676522040077WTA



35 

 

 

Table 2.12 Direct Shear test of lime stabilized soil. 
Author Type of soil lime Results 

Domphoeun and 

Eisazadeh (2024) 
Laterite soil 8 

The addition of lime improves the cohesiveness of natural soil. The 

presence of a lime activator causes pozzolanic reactions, which 

explain this behavior. 

Rosone et al. (2023) Clay Soil 2, 4, and 6% 
After 28 days of curing, the soil treated with 6% lime yielded the 

best mixes and shear strength. 

Pushpakumara et al. 

(2023) 
Clay Soil 0, 10, and 20% 

The soil treated with 20% lime has the maximum friction angle, 

but the cohesiveness decreases. 

Sani and Eisazadeh (2023) Laterite soil 6 

During 7 days of curing under normal stress of 100 kPa, the lime-

treated samples exhibited brittle failure and the highest shear 

stress. 

Eliaslankaran et al. (2021) Coastal Soil 
0, 2, 4, 6, 8, 10 

and 12 % 

Soil treated with 8% lime raised the friction angle to 38.5 and 

enhanced cohesiveness by 33% when compared to untreated soil. 

Pongvithayapanu et al. 

(2021) 
Silica Sand 

Waste Tire (0, 

5, 15 and 25%) 

For silica-Tire20mm, the greatest amount of tire corresponding to 

reduce the friction angle of DS test compared to untreated silica 

sand, the waste tire showed reduction trend for friction angle. 

Liu et al. (2019) Expansive soil 
90, 225, 270, 

and 360 grams 

The sheer strength of stabilized soil increases dramatically during 

the curing time. 
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Table 2.13 Direct Shear test utilizing RCA in soil. 

Author Soil Type 
Stabilizer type 

& percentage 
Conditions 

N load 

(kPa) 
Results 

Anda et al. (2023) 

- 

RCA (relative 

density 20, 70 

%) 

Dry test 
50, 100, 

150 

At low relative density, the RCA attained the shear stress value 

without experiencing any noticeable reduction. The strength 

development curve of the RCA-Geogrid interface showed no 

noticeable peaks. 

Ma et al. (2022) 
Clay soil 

RCA (15, 30, 

45 %) 
Dry test 

100, 200, 

300, 400 

An increase in %RCA will enhance total shear strength as well 

as cohesion (c) and peak internal friction angle. 

Saberian et al. 

(2020) 
- RCA (100 %) Dry Test 

50, 100, 

150 

By increasing the duration of the shear stage, the shear stress 

grew to a maximum value and then stayed nearly constant. 

Kianimehr et al. 

(2019) 
Clay soil 

RCA (5, 10, 15 

%) 
Dry test 

25, 55, 

105, 205 

An increase in %RCA leads to increased strength, evidenced by 

increases in both cohesion (c) and peak internal friction angle. 

Azam and 

Cameron (2013) 

Clay 

Masonry 
RCA (80 %) - 25, 50, 75 Moisture content level affects shear strength. 

McKelvey et al. 

(2002) 

Clay slurry 

soil 

RCA (100, 90, 

80 %) 

Dry and 

Wet 

60, 120, 

240, 300 

Most of the samples examined reached their maximal shear 

stresses. 
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2.9 Effect of CBR on Lime and RCA as Stabilized Soil 

The CBR test is a widely used penetration-based method to assess the strength 

and suitability of pavement and road subgrade materials. The CBR values are crucial 

in determining the appropriate design of pavement layers, including base and sub-base 

courses. This section discusses the effect of lime and RCA on CBR values, highlighting 

findings from various studies on soil stabilization. The addition of lime can significantly 

improve the CBR values as illustrated in Table 2.14, particularly in clay or lateritic 

soils. For instance, research by Phai and Eisazadeh (2020) demonstrated that the highest 

CBR values under unsoaked conditions were achieved by combining 10% rice husk ash 

(RHA) with 12% lime, with the maximum improvement observed after seven days of 

curing. Additionally, the optimal CBR under soaked conditions was attained by using 

30% RHA and 12% lime, with testing conducted after 28 days of curing. These findings 

indicate that lime, when used in conjunction with other stabilizers like RHA, can 

substantially improve the bearing capacity of soils. Further studies Muntohar and 

Hantoro (2000); Muntohar et al. (2013) on lateritic soils stabilized with lime and RHA 

revealed an increase in CBR from 6.2% for untreated soil to 22.5% for a lime-RHA-

treated mixture, demonstrating the significant enhancement in soil strength. These 

results suggest that lime stabilization not only improves soil performance under soaked 

and unsoaked conditions but also enhances the durability and load-bearing capacity of 

the treated soils.  

The effect of RCA on CBR values is presented in Table 2.15. Research by Poon 

and Chan (2006) revealed that the use of RCA did not significantly alter the CBR values 

under both soaked and unsoaked conditions, whereas NA demonstrated a slight 

improvement, with an approximate 2% increase in CBR under unsoaked conditions. 

This suggests that RCA may not always provide the same performance enhancement as 

natural aggregates. However, other studies have shown more promising results with 

RCA. For instance, Haider et al. (2014) observed that RCA with varying gradations 

improved CBR by 114–131% and 148–167% after 7 days of curing. This demonstrates 

RCA's potential to enhance road subgrades, though its performance depends on factors 

like gradation and curing time, warranting further study to optimize its use in soil 

stabilization. 
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Table 2.14 CBR test of lime stabilized soil. 

Author 
Type of 

stabilizer 
Type of soil 

Curing 

period 

(days) 

Conditions Results 

Muntohar et al. 

(2013) 

Rice Husk Ash 

(RHA), Fibers 
Laterite clay 

3 days for 

soaked and 

0 days for 

unsoaked 

Soaked 

and 

Unsoaked 

The lime/RHA mixture enhanced the bearing of 

soil in which the CBR increased from 6.2 to 22.5 

and met the requirement to use as subgrade and 

subbase. The CBR value increased with an 

increase in the amount of fiber up to 0.8% and 

thereafter decreased. 

Todingrara et al. 

(2017) 
- Laterite soil - 

Soaked 

and 

Unsoaked 

During soaked conditions, increasing the lime 

content can raise the CBR value, with 6% being 

the ideal lime. Similar tendencies can be seen 

during saturated conditions. 

Muntohar and 

Hantoro (2000) 

Rice Husk Ash 

(RHA) 
Clay soil 7 Unsoaked 

Lime and RHA can improve engineering 

characteristics, with the optimal CBR value at 6% 

lime combinations. Practically, the effective lime 

content should be blended between 6-10%. 

Ghorbani and 

Hasanzadehshooiili 

(2018) 

- Clay soil 7 Unsoaked 

The CBR value increased by increasing lime 

concentration up to 8%, however the CBR value 

was reduced by 10% of lime. 

Phai and Eisazadeh 

(2020) 

Rice Husk Ash 

(RHA) 

Bangkok 

Clay 
7 and 28 

Soaked 

and 

Unsoaked 

Increased percentage of lime/RHA results in CBR 

value-soaked conditions at 28 days (12% lime and 

30% RHA) exhibit the best CBR value, whereas 

12% lime and 10% RHA show the maximum CBR 

value for unsoaked conditions. 

Sharma et al. 

(2008) 

Calcium 

Chloride and 

Rice Husk Ash 

Clay soil 28 Soaked 

Increased lime/RHA content leads to an increase 

in CBR value; 4% lime and 12% RHA has the 

highest CBR value. 
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Table 2.15 CBR test utilizing RCA in soil. 
Author Stabilizer type Condition Uses Result 

Beja et al. (2020) RCA Soaked Sub-base 

The strength CBR increases over time due to the 

pozzolanic processes generated by the mixing of 

water and non-hydrated cement from the mortar 

or concrete aggregate, and the soaked CBR has 

value 51% after 4 days of soaking. 

Arisha et al. (2016) 
RCA with clay 

masonry 
Soaked Sub-base 

The soaked CBR values ranged from 70% to 

153%, with the 100%RCA showing the highest 

CBR value. 

Haider et al. (2014) RCA Unsoaked Base 

The CBR value on the first day of curing is 114% 

and 148% for two types of RCA, and it increases 

to 131% and 167% after 7 days of curing. 

Gabr and Cameron 

(2012) 
RCA Soaked Base 

The CBR value for RCA class 1 is much greater 

than that of combinations with virgin aggregate. 

The increase in CBR value is due to the residual 

cement in RCA material. 

Aatheesan et al. 

(2009) 

RCA with clay 

masonry 
Soaked Sub-base 

The soaked CBR values were at least 80%, 

meeting the requirements of Victoria's road 

specification. 

Poon and Chan 

(2006) 
NA & RCA 

Soaked & 

Unsoaked 
Sub-base 

The CBR values of NA and RCA are 83% and 

66%, respectively, during the soaked period, and 

85% and 66% during the unsoaked period. 

Blankenagel and 

Guthrie (2006) 

RCM (Recycled 

concrete masonry) 
Soaked Base 

The Soaked CBR value with a 7-day curing 

period is 55%. 
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2.10 Effect of Permeability on Lime and RCA as Stabilized Soil 

Permeability is a key factor in assessing the ability of materials, including soil 

and pavement base layers, to allow water to pass through. Understanding the 

permeability characteristics of materials is essential for designing effective drainage 

systems in road construction. Efficient water drainage is crucial for prolonging the 

lifespan of pavement structures, as poor drainage can lead to significant structural 

deterioration over time. Permeability tests, commonly conducted using the constant 

head or falling head methods, provide valuable data on how well materials manage 

water flow, which is critical for preventing issues such as water accumulation and frost 

damage in pavement systems (Xue et al., 2013). Table 2.16 summarizes the differences 

in drainage efficiency between RCA and natural aggregate-based systems, highlighting 

the time required to remove water from pavement structures. 

Table 2.16 Research done related to Permeability test. 

Authors 
Stabilizer 

Type 

Stabilizer 

(%) 
Method Result 

Sani and 

Eisazadeh 

(2023) 

Bottom 

Ash, Coir 

Fiber and 

Lime 

BA 30%, 

CF 0.5, 1 

and 1.5%, 

L 6% 

Constan 

Flow 

Method 

The addition of 30% BA 

increased 20 times the k value 

to 7.9E-08 compared to 

untreated soil which is 3.7E-09. 

Ye Htun et 

al. (2022) 

Bottom 

Ash 

0, 20, 40, 

and 60 

Constan 

Flow 

Method 

At 20% BA the k value rises 10 

times higher compared to 

laterite soil grade B. whereas at 

40% BA the k value reduces to 

4.9E-9 and for Laterite soil 

grade D the highest k value is 

4.14E10-8. 

Agarwal et 

al. (2021) 
RCA RCA only 

Constant 

Head 

The permeability of RCA 

comparison to Sand result in 

similar value range of 1.E-05 

and 1.E-04 respectively.  

Azam and 

Cameron 

(2013) 

RCA 

(Resource

Co & 

Adelaide 

Resource 

Recovery) 

Resource

Co 80% 

and 

Adelaide 

Resource 

Recovery 

80% 

Falling 

Head 

RCA from Adelaide Resource 

Recovery was significantly 

more permeable than RCA 

from ResourceCo, because the 

material was coarser and 

although it had much of the 

same fines content. The k value 

for RCO is 1.8E-08 and ARR is 

2.00E-07. 
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Lime, commonly used as a stabilizing agent in soil, has a pronounced effect on 

the permeability with different soil types (Al-Mukhtar et al., 2012). Its effectiveness 

depends largely on the mineral composition of the soil being treated. Research by 

Cardoso et al. (2016) has demonstrated that when lime is incorporated into fine-grained, 

highly plastic soils, it enhances permeability by inducing flocculation of clay particles, 

which increases soil porosity. This process facilitates the movement of water through 

the soil, improving drainage. However, the opposite effect is observed when lime is 

used in coarse-grained soils, such as lateritic soils. In these cases, the addition of lime 

reduces permeability by filling soil voids and altering the flow paths of water through 

the material (Amadi & Okeiyi, 2017). This dual effect of lime on different soil types 

highlights the importance of understanding the specific soil characteristics before 

selecting lime as a stabilizing agent in construction projects. 

In the context of road pavement construction, permeability is a critical property 

for securing the long-term performance and durability of the pavement structure. Proper 

drainage prevents water accumulation and the associated issues of pressure build-up 

and cracking, which can compromise the pavement's integrity. (RCA has gained 

popularity as an alternative to natural aggregates in both flexible and rigid pavement 

applications, not only for its structural support but also for its permeability 

characteristics, which are essential for managing drainage. Studies have shown that the 

permeability of RCA can match or even exceed that of natural aggregates, depending 

on its composition and processing. For instance, Bennert and Maher (2008) found that 

pavement mixtures containing up to 75% RCA achieved permeability coefficients 

comparable to those of natural aggregates, indicating that RCA can provide adequate 

drainage in pavement applications. 

Further research Poon and Chan (2006) into the self-cementing properties of 

fine RCA in unbound subbase layers has also revealed promising results. When 

comparing subbase layers made from RCA and natural aggregates (NA), RCA samples 

consistently exhibited higher permeability. This suggests that RCA not only serves as 

a structural substitute but also enhances the drainage properties of the pavement system. 

These findings underscore the potential of RCA as a sustainable alternative to NA 

particularly in implementations where efficient water drainage is essential for pavement 
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longevity. Roadway drainage systems must be carefully designed to accommodate the 

specific permeability characteristics of the materials used, ensuring effective water 

removal and preventing structural issues.  

 

2.11 Stabilization Mechanism of Recycled Concrete Aggregate 

RCA generally exhibits a lower specific gravity, largely due to the presence of 

lightweight residual cement paste (mortar) that remains attached to the aggregate after 

the concrete waste is crushed. RCA is produced by crushing waste concrete, which is 

then repurposed as aggregate material for road construction (Fanijo et al., 2023). 

According to  Verian et al. (2018), RCA consists of approximately 60–75% aggregate 

(both coarse and fine) and 25–35% residual mortar from the crushed concrete. During 

the production of RCA, some of the original mortar remains adhered to the aggregate. 

The higher the proportion of adhered mortar, the lighter the RCA, as the mortar is highly 

porous and has a lower density. This results in a substantial interface between the 

aggregate and paste, commonly referred to as the interfacial transition zone. The 

residual mortar plays a significant role in determining the physical properties and 

strength performance of RCA. The durability of RCA is typically assessed using 

crushing and Los Angeles (LA) abrasion tests. LA abrasion tests often show that RCA 

particles undergo mass loss ranging from 10 to 60%, as interaction with steel balls 

generates finer particles from the aggregate. This elevated mass loss is attributed to the 

presence of the residual mortar and fractured particles resulting from the crushing 

process (Fanijo et al., 2023; Verian et al., 2018).  

 

Figure 2.6 Process creates recycled concrete aggregate from crushing concrete waste. 
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Figure 2.7 Chemical composition inside laterite soil and RCA. 
 

RCA, which consists of crushed concrete, serves as an alternative to traditional 

aggregates, contributing to improved structural stability and interlocking of soil 

particles during compaction. This interlocking effect reduces soil deformation, 

enhances load-bearing capacity, and mitigates the expansion that frequently occurs in 

weak lateritic soils. The stabilization mechanism of RCA encompasses both physical 

and chemical processes (Shamsi Susahab et al., 2024). From a chemical perspective, 

the hydration of the residual cement paste within the RCA is essential. Upon contact 

with water, the residual cement undergoes a slow hydration process, producing calcium 

silicate hydrate (C-S-H) and calcium hydroxide (Ca(OH)₂). These compounds fill the 

voids and cracks within the soil, enhancing its cohesion and structural integrity (Fanijo 

et al., 2023; Shamsi Susahab et al., 2024). C-S-H, in particular, serves as a binding 

agent, strengthening the soil matrix. This process unfolds over several hours or days, 

depending on the availability of anhydrous cement and water. Increased temperature 

and humidity can accelerate the reaction. Meanwhile, the hydration of cement also leads 

to the formation of calcium hydroxide, which subsequently initiates a slower pozzolanic 

reaction, occurring over weeks to months (Gaboreau et al., 2020). RCA fosters this 

pozzolanic reaction by interacting with calcium hydroxide, silicon dioxide, and 

aluminum oxide in the soil to form calcium silicate hydrate (C-S-H) and calcium 

aluminate hydrate (C-A-H). These newly formed compounds bond soil particles 

together, reducing porosity and enhancing resistance to water infiltration and volume 

changes caused by moisture fluctuations (Shamsi Susahab et al., 2024; Zhao & 

Khoshnazar, 2021). 
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𝐶𝑎(𝑂𝐻)2 + 𝑆𝑖𝑂2   

= 𝐶 − 𝑆 − 𝐻                                                                                           (2.2) 

𝐶𝑎(𝑂𝐻)2 + 𝐴𝑙𝑂3  =  𝐶 − 𝐴 − 𝐻 

Where, C-S-H is Calcium Silica Hydrates, C-A-H is Calcium Alumina Hydrates. 

 

Figure 2.8 Cation exchange and pozzolanic reaction process. 

 

 

Figure 2.9 Interlocking particles of LS with RCA. 
 

2.12 Requirements for Road Construction 

In Thailand, road pavements are typically divided into two categories: flexible 

and rigid, both of which require stable soil foundations to ensure successful 

construction. In some instances, chemical stabilization techniques are employed to 

enhance the mechanical properties of weak soil foundations before road construction, 

enabling faster strength development (Obuzor et al., 2012; Sarhosis et al., 2016). The 

base and sub-base layers critical components of the pavement structure located beneath 

the surface layer are usually composed of natural aggregates, such as granular materials. 

Occasionally, soil stabilization methods are integrated into road construction projects 

to improve the performance of these layers (Tran et al., 2022). 

Table 2.17 outlines the standards established by the Thai Department of 

Highways (DOH) for the direct use of lateritic soil in road construction. If the lateritic 
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soil does not meet the required standards set by the DOH, additional stabilization with 

materials such as demolition waste and lime is necessary to render it suitable for use in 

road construction. This process not only enhances the soil’s suitability for 

infrastructural applications but also helps reduce transportation costs (Donrak et al., 

2016; Meepon et al., 2019; Phummiphan et al., 2017). Table 2.18 provides a 

classification system for road aggregates according to the Unified Soil Classification 

System (USCS) and the American Association of State Highway and Transportation 

Officials (AASHTO), offering a general rating for various uses based on CBR values. 

The system categorizes materials as excellent, good, fair, poor to fair, and very poor, 

depending on their suitability for base, subbase, or subgrade layers in road construction. 

Table 2.17 The specifications for engineering properties necessary for the utilization 

of subbase and base materials are outlined by the Department of Highways in Thailand 

(DOH-206/2532', 1989; DOH 201/2544, 2001; DOH 205/2559, 2016). 

Properties 

Department of Highways (DOH), Thailand 

Subbase material (DOH 

205/2559, 2016) 

Base materials (DOH 

201/2544, 2001) 

California Bearing ratio, (%) ≥ 25 ≥ 80 

Liquid Limit, (%) ≤ 35 ≤ 25 

Plastic Limit, (%) ≤ 11 ≤ 6 

Plasticity Index, (%) ≤ 11 ≤ 6 

Los Angeles Abrasion loss, (%) ≤ 60 ≤ 40 

Passing No. 200 (%) ≤ 40 ≤ 50 

Table 2.18 Classification system to be used as road aggregate based on USCS and 

AASHTO (Chantruthai et al., 2017). 

CBR (%) 
General 

rating 
Uses 

Classification system 

USCS AASHTO 

> 50 Excellent Base GM, GW A-1-A, A-2-4, A-3 

20 - 50 Good Base 
SM, SP, GP, GC, 

GM, SW 

A-1-B, A-2-5, A-2-

6, A3 

7 - 20 Fair Subbase SC, CL, ML, OL A2, A4, A6, A7 

3 - 7 Poor to Fair Subbase CH, MH, OH, OL A4, A5, A6, A7 

0 - 3 Very poor Subgrade CH, CL, MH, OH A5, A6, A7 
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 In alignment with the standards presented in Table 2.17, the engineering 

properties for subbase and base materials are derived from the DOH standards DH-

S205/2532 and DH-S201/2544. Table 2.19 details the requirements for cement-

stabilized materials used in road pavements according to the Department of Highways, 

while Table 2.20 outlines the specifications for unbound base and subbase materials. 

These tables present the key parameters necessary for ensuring the durability and 

performance of road pavements in Thailand (DOH-206/2532', 1989). such as 

unconfined compressive strength, Los Angeles Abrasion loss, liquid limit, plastic 

index, and CBR. 

Table 2.19 Requirements of cemented materials for road pavement based on 

Department of Highways Thailand standard (Teerawattanasuk et al., 2015). 

Materials Standard 
Unconfined Compressive 

Strength (UCS) [kPa] 

Soil cement base DH-S 204/2556 1724 

Soil cement subbase DH-S 205/2532 689 

Selected material "A" DH-S 208/2532 407 

Selected material "B" DH-S 209/2532 332 

Subgrade DH-S 102/2532 294 

 

Table 2.20 Requirements of Unbound Base and Subbase Materials (Department of 

Highways Thailand) (DOH-206/2532', 1989). 

Properties Standard 

Requirements 

Base course Subbase course 

Los Angeles Abrasion (%) AASHTO T-89 ≤ 40 ≤ 60 

Liquid Limit (%) AASHTO T-89 ≤ 25 ≤ 35 

Plastic Index (%) AASHTO T-90 ≤ 6 ≤ 6 

CBR (%) AASHTO T-193 ≥ 80 ≥ 25 

 

  

Ref. code: 25676522040077WTA



47 

 

 

CHAPTER 3 

MATERIALS AND RESEARCH METHODOLOGY 

 

3.1  General Layout 

Figure 3.1 presents a flowchart that illustrates the research methodology, which 

includes a comprehensive literature review, material acquisition, experimental 

procedures, and the final derivation of conclusions. This review was conducted 

meticulously to ensure a solid grasp of both laboratory techniques and previous research 

findings. Concurrently, laboratory experiments were conducted, involving basic tests 

for material classification according to established standards, as well as key tests to 

evaluate the feasibility of the proposed solutions. Following the completion of the 

experimental work, conclusions were drawn and are documented in the subsequent 

section. Aside from the literature review and conclusion sections, each phase of the 

research process is supported by its corresponding flowchart, as depicted below. 

 

Figure 3.1 General outline for methodology.  
 

The materials collected were subjected to basic tests, including Atterberg limits, 

particle size distribution, and specific gravity, for classification. Advanced analytical 

techniques, such as X-Ray Fluorescence (XRF) and Field Emission Scanning Electron 

Microscopy (FESEM), were utilized to determine the chemical compositions and 

microstructural characteristics of the raw materials. Mechanical tests were conducted 

on mixed designs to assess their geotechnical properties and the degree of improvement. 

The selected mixtures were subsequently examined using FESEM and Energy 
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Dispersive Spectroscopy (EDS) to understand the stabilizing mechanisms in 

comparison to untreated laterite soil. The findings were compared with existing studies 

in the literature and the standards set by the Department of Highways, Thailand, leading 

to conclusions and recommendations for future research. 

3.2 Material Collection 

The study identified laterite soil, recycled concrete aggregate, and lime as the 

primary materials. Subsequently, the sourcing and acquisition of these materials for 

experimentation was carried out as shown in Figure 3.2. 

 

Figure 3.2 Collection of material. 

 

3.3 Material Properties 

3.3.1 Laterite Soil 

Laterite soil, a mixture of soil and rock, is rich in silica, iron, and alumina, and 

is primarily found in tropical and subtropical areas. Its characteristic reddish color is 

due to the high content of iron oxide. The laterite soil used in this study, characterized 

by its red color, was sourced from Ban Mai, Pathum Thani, Thailand. The red laterite 

soil and texture of the laterite soil during our investigation are depicted in Figure 3.3, 

while its chemical composition is provided in Table 3.1. The primary oxides present in 

the sample include Silica (69.65%), Alumina (16.85%), and Iron (III) Oxide (7%). 
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Figure 3.3 Texture of (a) Laterite Soil at the field and (b) Laterite soil sample. 
 

Table 3.1 Chemical composition of materials as per XRF. 

Oxides (%) Laterite soil RCA 

SiO2 69.65 24.20 

CaO 0.41 62.82 

Al2O3 16.85 3.74 

Fe2O3 7.00 3.77 

SO3 0.03 2.07 

MgO 1.08 1.06 

K2O 3.47 1.35 

TiO2 1.01 0.36 

MnO 0.12 0.01 

CuO 0.01 0.01 
 

3.3.2 Recycled Concrete Aggregate 

Concrete waste was sourced from the concrete laboratory at Thammasat 

University in the form of large cubes and cylinders, which were unsuitable for direct 

use in geotechnical experiments. To generate recycled concrete aggregates (RCA), the 

concrete waste was manually broken down into smaller pieces using a sledgehammer. 

The texture of the recycled concrete aggregates employed in this study is depicted in 

Figure 3.4. 
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Figure 3.4 Texture of RCA (a) concrete waste and (b) recycled concrete aggregate. 
 

3.3.3 Lime 

Lime has become popular as a soil stabilizer because of its potential to improve 

soil engineering properties. Quicklime for the present study was obtained from Mega 

Home Public Company, a well-known provider in Pathum Thani, Thailand. The texture 

of the lime used for our work could be seen in Figure 3.5. 

  

Figure 3.5 Texture of lime (a) package of lime and (b) texture of lime. 
 

3.4 Methods and Experimental Setup 

Figure 3.6 and Table 3.2 display the systematic experimental setup used in the 

study, along with additional details on the testing procedures. The geotechnical tests 

are categorized into two phases: preliminary (minor) and advanced (major) tests. The 

preliminary phase includes sieve analysis and specific gravity tests for both materials 

(lateritic soil and RCA), Atterberg limit tests (with RCA exhibiting no plasticity), and 

the Los Angeles abrasion test for RCA only. Upon completing the minor tests, the major 

phase involves several key tests, including standard compaction, Unconfined 
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Compressive Strength (UCS), California Bearing Ratio (CBR), Direct Shear (DS), and 

permeability tests. 

 

Figure 3.6 Experimental tests flowchart. 
 

Since this study involved mixing soil with recycled concrete aggregate, all 

experimental work was conducted in a controlled laboratory setting with subsequent 

data analysis. Table 3.2 outlines the components and proportions used in the mix 

design. Soil testing is critical for evaluating the performance of RCA and lime stabilized 

LS, providing insights into their suitability for road applications. Table 3.3 presents the 

proportion of raw materials used in various mix designs based on the dry weight of the  

soil.

  

Ref. code: 25676522040077WTA



52 

 

 

Table 3.2 Summary of the testing scheme. 

Purpose Test Moisture 

RCA (% by 

weight of 

soil) 

L (% by 

weigh of 

sample) 

Curing 

Period 

Moisture - 

Density 

relationship 

Standard 

Proctor 

Compaction 

Various 

moisture 

contents 

to find 

OMC 

0, 5, 15, 30, 

45 
0, 6 - 

compressive 

strength 

development 

Unconfined 

Compressive 

Strength 

OMC 
0, 5, 15, 30, 

45 
0, 6 

0, 7, 28, 

and 56 

days 

evaluate the 

strength of soil 

subgrades or 

base 

California 

Bearing 

Ratio 

OMC 
0, 5, 15, 30, 

45 
0, 6 

0 and 7 

days 

Shear Strength 

development 
Direct Shear OMC 0, 30, 45 0, 6 

0, 28, and 

56 days 

Microstructural 

Analysis 
FESEM/EDS 

Specimens collected after 56 days from Direct 

shear test 

Permeability 

Characteristics 

Hydraulic 

Conductivity 
OMC 0, 30, 45 0, 6 

28 and 56 

days 

 

Table 3.3 Proportion of mixtures. 

No Mix Designation LS (%) 
RCA (% by 

weight of soil) 

L (% by weight of 

sample) 

1 100LS 100 0 0 

2 95LS 5RCA 95 5 0 

3 85LS 15RCA 85 15 0 

4 70LS 30RCA 70 30 0 

5 55LS 45RCA 55 45 0 

6 100LS 6L 100 0 6 

7 95LS 5RCA 6L 95 5 6 

8 85LS 15RCA 6L 85 15 6 

9 70LS 30RCA 6L 70 30 6 

10 55LS 45RCA 6L 55 45 6 

 

3.4.1 Particle Size Distribution 

In this test, the soil samples were subjected to sieve analysis using a range of 

sieves to assess the particle size distribution of both laterite soil and RCA. Prior to the 
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analysis, both materials were oven-dried at 60°C. The sieve analysis for laterite soil 

followed the ASTM D422 standard, as shown in Figure 3.7. 

  

Figure 3.7 Particle size analysis of soils (a) sieve analysis and (b) hydrometer 

analysis. 

 

3.4.2 Specific Gravity Test 

Figure 3.8 presents the specific gravity values for both materials. The specific 

gravity test is employed to evaluate the density of soil particles by comparing the mass 

of a specific volume of soil to the mass of an equivalent volume of water. The specific 

gravity (Gs) of the lateritic soil was determined according to the ASTM D854-2014 

standard, while the specific gravity of recycled concrete aggregate (RCA) was 

measured following the ASTM C128-2015 standard. 

   

Figure 3.8 Specific gravity tests: (a) Pycnometer 500 ml, (b) Specific gravity test of 

soil, and (c) Specific gravity test of RCA. 

 

3.4.3 Atterberg Limits Test 

The Atterberg limit test assesses the plasticity and consistency properties of soil 

and is composed of two primary tests: the liquid limit test and the plastic limit test. The 

determination of the Liquid Limit (LL) and Plastic Limit (PL) for laterite soil was 
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conducted in accordance with ASTM D4318-2020 standards. In contrast, the recycled 

concrete aggregate exhibited a non-plastic behavior. 

  

Figure 3.9 Atterberg limit equipment: (a) Casagrande device for liquid limit 

determination and (b) soil samples after oven drying. 

 

3.4.4 Initial Consumption of Lime (ICL) Test 

The ICL test quantifies the lime necessary to attain a specified pH level in acidic 

soil. In this procedure, soil samples are combined with lime, and the pH level is 

measured after a predefined duration. The ICL test serves as an efficient method for 

determining the lime quantity needed to elevate the pH of soil-lime mixtures to 12.4 

within a one-hour timeframe. The ICL test was performed based on the Eades and Grim 

method prescribed in ASTM D6276 (1999). 

 

Figure 3.10 ICL test: (a) pH indicator and (b) conduct ICL test. 
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3.4.5 Standard Compaction Test 

The moisture and density of 10 mix designs were determined in accordance with 

ASTM D698-2012 using standard proctor method. The standard was chosen to prepare 

the samples in lowest compaction effort. Initially, the materials were manually mixed 

in a dry state before water addition. Laterite soil was air-dried and sieved through No. 

4 sieve. Subsequently, the laterite soil, RCA, and lime were mixed in varying 

proportions while still in a dry state. Moisture content was calculated after each 

compaction using three samples (top, middle, and bottom layers). For mixtures of 

laterite soil, RCA, and lime, compaction was delayed by 1 hour in accordance with 

ASTM D1557-2021. 

  

Figure 3.11 Compaction test: (a) leveling the surface of the soil sample and (b) soil 

samples after oven drying to determine water content. 

 

3.4.6 Unconfined Compressive Strength (UCS) Test 

3.4.6.1 UCS Under Normal Conditions 

The UCS test is a laboratory procedure used to measure the axial compressive 

strength of a soil specimen without any lateral confinement. The compaction energy 

was calculated utilizing the equation 3.1. The specimens needed for the UCS test were 

prepared using the same method as the compaction test. However, their dimensions 

were adjusted to a diameter of 70 mm and a height of 140 mm (twice the diameter). For 

this experiment, PVC pipes were utilized as shown in Figure 3.12. First, the raw 

material was mixed in dry conditions and then water was added in accordance with the 

OMC for each mix design and blend gently and evenly manually. After mixing, the 

samples were stored in zipped plastic for 1 hour to allow for mellowing and even 

moisture distribution. Gravel was utilized for filling the gap between the proctor mold 
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and the pipe, allowing it to be positioned properly. The samples were compacted in 

three layers similar to the standard proctor test and subsequently extruded. Then the 

samples were wrapped in plastic film, and subjected to 100% humidity at room 

temperature in a water bath conditions for 7, 28 and 56 days of curing. UCS tests were 

conducted in accordance with ASTM D5102-2009. The UCS test was carried out in 

accordance with ASTM 2166, employing a strain rate of 1 mm/min. 

𝐶𝑜𝑚𝑝𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 = 

 
(𝑛𝑜 𝑜𝑓 𝑙𝑎𝑦𝑒𝑟𝑠 ∗ 𝑛𝑜 𝑜𝑓 𝑏𝑙𝑜𝑤𝑠 ∗ 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 ℎ𝑎𝑚𝑚𝑒𝑟 ∗ ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑎𝑙𝑙)

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑜𝑙𝑑
              (3.1) 

 

 

Figure 3.12 UCS test: (a) compaction of soil in a PVC mold, (b) extrusion of the 

sample, (c) wrapping the samples for curing, and (d) conducting the UCS test. 

 

3.4.6.2 UCS Under Wetting-Drying Conditions 

The UCS method was utilized with soil material passing through sieve No. 4 

(4.75 mm) as per ASTM 559. ASTM D 559-2003 outlines the standard procedures for 

wetting and drying compacted soil-cement mixes. Upon finishing the designated curing 
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duration for each specimen, they were completely submerged in potable water at room 

temperature for 5 hours. Subsequently, the specimens were dried in an oven at 71°C 

(160°F) for 2 days (48 hours), thereby completing one cycle of wetting and drying. The 

process was repeated, immersing the samples in water repeatedly to achieve 3 and 6 

cycles. According to the standard, the specimens should be submerged in water for an 

additional two hours before conducting the UCS test. Figure 3.13 shows the UCS 

samples for wetting-drying conditions fully submerged in water to simulate heavy 

rainfall-induced flooding. 

 

Figure 3.13 UCS under wetting and drying: (a) samples under wetting conditions, (b) 

samples after soaking for 5 hours, (c) samples during drying conditions, and (d) 

samples after oven drying for 2 days. 

 

3.4.7 California Bearing Ratio (CBR) Test 

The CBR test is a widely accepted method used in road construction to evaluate 

the strength and load-bearing capacity of soil. It is also employed to assess the potential 

strength of materials used in the subgrade, subbase, and base courses. In this research, 

the soil mixture is compacted to its optimum moisture content, determined by the 
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compaction test, and is arranged in three layers, each compacted with 56 blows. Two 

load plates, each applying a force of 50 N, are placed on the surface of the sample before 

it is inserted into the CBR machine. The test is performed at a loading rate of 1 mm/min, 

utilizing a cylindrical piston with a 49 mm diameter. Testing is carried out on both the 

top and bottom surfaces of the sample. The CBR test is performed following ASTM 

D1883 standards, focusing on samples that have been cured for 7 days to replicate the 

short-term behavior of road materials, in accordance with the Department of Highways 

(DOH) standards. 

 

Figure 3.14 California Bearing Ratio: (a) Curing conditions of unsoaked CBR 

samples and (b) set up for performing the CBR test. 

 

3.4.8 Direct Shear Test 

The direct shear test is a commonly employed technique for determining the 

shear strength characteristics of materials, which is essential for evaluating the stability 

of slopes, retaining walls, and foundations that rely on soil shear strength for support. 

This test was conducted in accordance with ASTM D3080-2011 standards. For sample 

preparation, material mixtures were compacted into cylinder molds at the OMC for each 

mix design using the standard Proctor compaction method, with mold dimensions of 

101 mm in diameter and 117 mm in height. The compacted samples were then extruded 

and cut into three specimens, each with average dimensions of 99 mm in diameter and 

30 mm in height, and stored in plastic bags until testing, taking into account the curing 

time for samples without lime mixtures. In contrast, lime mixtures were left in the same 

shape for 5-7 days to prevent trimming difficulties caused by strong cementation bonds 
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during extended curing times. Researchers noted that cutting the samples into three 

specimens immediately after extrusion was impractical due to the weak characteristics 

of lime-treated mixes at that stage. To prevent moisture loss, the trimmed direct shear 

specimens were placed back into plastic containers until testing. Normal loads of 25, 

50, and 100 kPa were applied to the soil specimens to simulate field pressures. The 

loading rate was maintained at 0.2 mm/min until failure occurred or the strain reached 

the maximum accepted value of 15% for drained test conditions. Figure 3.15 illustrates 

the stages of direct shear sample preparation and testing. 

 

Figure 3.15 Direct shears: (a) curing conditions (b) sample preparation, (c) sample 

measurement, and (d) shear box set up. 

 

3.4.9 Permeability Test 

The constant-flow procedure, typically commonly used to determine the 

hydraulic conductivity of concrete specimens, was applied in this work to assess the 

permeability of soil mixtures. This technique provides a benefit over the standard 

falling-head methodology by allowing for the consistent application of pressure, which 

speeds up testing time. Sani and Eisazadeh (2023); Ye Htun et al. (2022) showed that 

this procedure is also successful in evaluating soil mixtures. Once a steady flow had 
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been achieved, hydraulic conductivity was measured. The permeability coefficient was 

derived using an equation 3.2 and Figure 3.16 illustrates the permeability equipment 

used to conduct the test. 

𝑘 =  
𝑄𝐿𝜌𝑔

𝑃𝐴
                      (3.2) 

where in this equation, k represents the coefficient of permeability (m/s), Q 

stands for the velocity of water movement (m3/s), L denotes the longitudinal dimension 

of the sample (m), p indicates the density of water (kg/m3), g represents the acceleration 

due to gravity (m/s2), P signifies the applied water pressure (Pa), and A represents the 

cross-sectional area of the specimen (m2). 

 

Figure 3.16 Permeability: (a) Entire permeability test assembled and (b) schematic 

diagram. 

 

3.4.10 FESEM & EDS Analysis 

FESEM stands for Field Emission Scanning Electron Microscopy, while EDS 

refers to Energy-Dispersive Spectroscopy. These analytical techniques play a vital role 

in examining the morphology and chemical composition of materials. FESEM enables 

researchers to examine the microstructure of samples at elevated magnification, 

offering valuable insights into the spatial distribution and organization of soil particles, 

as well as any changes resulting from the application of stabilization agents. Similarly, 

EDS analysis provides information about the elemental composition of samples. Figure 
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3.17 depicts the instrument model JSM-7800F Prime, manufactured by JEOL Asia Pte. 

Ltd., which was utilized for conducting FESEM and EDS tests. 

 

Figure 3.17 FESEM (left) & EDS machine (right). 

 

Prior to conducting FESEM and EDS analyses, it is essential to coat samples to 

enhance conductivity. This precaution is necessary because the primary electrons used 

in SEM imaging can induce charging effects on non-conductive surfaces, resulting in 

blurred or distorted images and inaccurate EDS spectra. Gold coating is commonly 

employed for this purpose. The coating process typically requires only a few moments, 

depending on the coating method and specimen size. Generally, samples are coated 

with a thin layer of gold using techniques such as spray coating or thermal evaporation. 

This method involves depositing a thin layer of gold atoms onto the sample surface 

within a high-vacuum chamber, as shown in Figure 3.18.  

 

Figure 3.18 (a) Sputter Coater and (b) sample coated with Gold. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Basic Engineering Properties 

The engineering properties of LS and RCA are detailed in Table 4.1. The red 

LS used in this study was obtained from Ban Mai, Pathum Thani, Thailand. This 

location was chosen due to its representative soil conditions. The specific gravity (Gs) 

values for the LS and RCA were 2.67 and 2.43, respectively. Initial assessments 

indicated that the RCA had a compressive strength of 30.4 MPa. Based on the USCS 

and AASHTO classification system, LS is classified as lean clay (CL) and A-6, while 

RCA is classified as Poorly Graded Sand (SP) and A-3. 

Table 4.1 Geotechnical properties of laterite soil and RCA. 

Properties Laterite Soil RCA 

Sieve Analysis   

Gravel (%) [D>4.75 mm] 0.00 0.00 

Sand (%) [0.075 mm<D<4.75 mm] 42.1 68.7 

Fines Content (%) [D<0.075 mm] 57.9 31.3 

Specific gravity 2.67 2.43 

Proctor Compaction   

Optimum Moisture Content (OMC) (%) 11 11.8 

Maximum Dry Unit Weight (MDUW) (kN/m³) 19.9 18.8 

USCS Classification CL SP 

AASHTO Classification A-6 A-3 

Los Angeles Abrasion - 30.1 

Color Brown to red Grey 
**Note (-) Not possible 

 

4.2 Atterberg Limit 

Atterberg limits test was performed to assess the liquid limit (LL), plastic limit 

(PL), and plasticity index (PI) of the soil mixtures, with the results provided in Table 

4.2. The outcomes of the Atterberg limit tests show that an increase in the proportion 

of RCA in the laterite soil mixture leads to a decrease in the PI, suggesting that RCA 

contributes to reducing the plasticity of the natural soil. In mixtures containing a high 

proportion of RCA and lime, non-plastic (NP) behavior was observed, indicating that 
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the combination of lime and a high RCA content further reduces the plasticity of the 

material. Interestingly, pure RCA also exhibited non-plastic behavior. 

Table 4.2 Atterberg limit properties. 
Mix Design  LL (%) PL (%) PI 

100LS 31.6 15.3 16.2 

95LS5RCA 31.5 15.8 15.7 

85LS15RCA 31.0 18.4 12.6 

70LS30RCA 30.2 22.8 7.3 

55LS45RCA 28.9 23.5 5.4 

100LS6L 32.8 24.9 7.9 

95LS5RCA6L 32.6 25.5 7.1 

85LS15RCA6L 33.3 28.4 4.8 

70LS30RCA6L - - NP 

55LS45RCA6L - - NP 

100RCA - - NP 
**Note (-) Not possible 

 

4.3 Particle Size Distribution 

The particle size distribution of the LS and RCA materials was analyzed. The 

gradation curves are presented in Figure 4.1, with additional details regarding their size 

distributions provided in Table 4.1. The LS material contains approximately 42.1% 

sand particles and 57.9% fines, whereas the RCA is primarily composed of sand-sized 

particles, accounting for 68.7% of the total.  

 
Figure 4.1 Particle size distribution of laterite soil and RCA.  
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4.4 ICL Test 

Reactive components in RCA, such as silica and alumina, participate in 

pozzolanic reactions with soil particles (Disfani et al., 2014; Donrak et al., 2016), which 

require an alkaline environment with a pH around 12.5 (Garber et al., 2011; Prusinski 

& Bhattacharja, 1999). Different from Portland cement, RCA has already undergone 

cement hydration, leading to lower concentrations of calcium ions being released (Al-

Mukhtar et al., 2012; Halsted et al., 2008). The pH values shown in Table 4.3 confirm 

that incorporating RCA produces a highly alkaline environment, favorable for chemical 

soil stabilization. 

The ICL test is commonly used to determine the minimum amount of lime 

required for soil stabilization. This test was conducted on soil slurries composed of 

100% lateritic soil, with varying lime contents from 2% to 6%. To initiate the 

pozzolanic reaction, the minimum lime requirement corresponds to a pH of 12.4, which 

is equivalent to the pH of a fully saturated lime solution. After one hour of curing, a 

lime content of 6% mixed with 100% lateritic soil was selected for further study. This 

selection was based on the rapid consumption of lime during the first hour of curing, 

followed by more gradual changes, likely due to the absence of ion-exchange minerals. 

According to Al-Mukhtar et al. (2012), this lime content is considered optimal for 

achieving effective soil stabilization.  

Table 4.3 pH values for the materials. 

Category Value 

Laterite soil 7.87 

RCA 12.38 

Laterite soil + 6% lime 12.40 

Laterite soil + 5% lime 12.37 

Laterite soil + 4% lime 12.35 

Laterite soil + 3% lime 12.32 

Laterite soil + 2% lime 12.27 
Note: 1) The ICL  was measured in accordance with ASTM D 6279 (ASTM D 6276, 1999) and 2) the 

pH was determined using ASTM D 4972 (ASTM D 4972, 2019). 
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4.5 Compaction Test 

Figure 4.2 illustrates the compaction characteristics of various mix designs 

incorporating LS, RCA, and lime. The peak observed in the compaction curve of LS 

around the OMC is indicative of its moisture-sensitive nature, a characteristic typical 

of residual soils, where slight changes in moisture content significantly affect their 

compaction properties (Sani & Eisazadeh, 2023). Figure 4.3 demonstrates the impact 

of RCA and lime on the optimum moisture content (OMC) and maximum dry unit 

weight (MDUW) of laterite soil. It is evident that an increase in RCA content led to a 

rise in OMC and a decrease in MDUW, a trend that aligns with the results observed in 

previous studies (Kianimehr et al., 2019; Mohammed & Najim, 2020; Olufikayo & 

Benjamin, 2019; Shourijeh et al., 2022; Tran et al., 2022). The increase in OMC with 

RCA addition can be attributed to the porous and water absorptive nature of RCA 

particles. RCA has a relatively lower specific gravity (Gs=2.43) compared to the LS 

(Gs=2.67) and has sand-sized particles with rough surface, which reduces the particles 

rearrangement within the soil matrix, therefore reducing the overall unit weight. The 

flocculation of soil particles due to addition of lime also contributed to this reduction 

(Beja et al., 2020; Gangu & Shankar, 2024). Furthermore, adding lime increased the 

OMC while lowering the MDUW. The increase in OMC is due to the hydration reaction 

in lime treated soils, where calcium ions react with water and require more moisture for 

optimal compaction (Al-Mukhtar et al., 2012; Bell, 1996). The reduction in MDUW 

resulted from the agglomeration and flocculation of soil particles (Muntohar et al., 

2013; Sani & Eisazadeh, 2024). The combination of RCA and lime may alter the 

particle size distribution and compaction behavior, as the relatively larger and rough-

surfaced RCA particles create additional voids and lime causes fine particle 

aggregation, creating pore spaces that reduce the unit weight of the compaction samples 

(Aldaood et al., 2014; Koohmishi & Palassi, 2022).  
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Figure 4.2 Compaction curve for all mix designs.  
 

 

Figure 4.3 Variation of OMC and MDUW. 

 

4.6 UCS Test 

4.6.1 Axial Stress-strain Curve 

Figure 4.4 illustrates the stress-strain curves obtained from UCS tests for 

various mix designs over curing periods ranging from 0 to 56 days, capturing both early 

and long-term mechanical properties. The findings reveal that replacing LS with RCA 

and adding lime improved the mechanical properties of the soil. The UCS values of LS-

RCA mixtures progressively increased with higher RCA content, showing a 3.5-fold 
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improvement over untreated soil at 45% RCA content in uncured conditions (Figure 

4.4a). The inclusion of lime had a significant impact on strength behavior, RCA alone 

exhibited more ductile characteristics, with higher strain but lower strength. In contrast, 

the addition of lime resulted in brittle failure at higher axial stresses, indicating a higher 

compressive strength. The calcium-based additives from both RCA and lime contribute 

to the formation of a stiffer and more brittle soil matrix (Mohammadinia et al., 2020; 

Sosahab et al., 2023). This improvement can be attributed to the chemical composition 

of RCA, which includes residual anhydrous cement. Although the cementation 

provided by RCA is weaker than that of traditional cement, its presence, derived from 

concrete debris, contributes to strength improvement.  

 

  

  

Figure 4.4 Stress-strain curve (a) uncured, (b) 7 days, (c) 28 days and (d) 56 days 

curing. 
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4.6.2 Maximum compressive strength (qu) 

The UCS test results presented in Figure 4.5 indicate a significant improvement 

in compressive strength (qu) as the curing progresses from 0 to 56 days, emphasizing 

the influence of RCA and lime on the strength of LS. The uncured samples showed 

relatively low qu values across all mixtures, indicating limited strength due to the 

insufficient time for hydration and pozzolanic reactions between the RCA and lime. 

After 7 days of curing, a steady increase in qu values was observed, signifying the 

initiation of bonding and early strength development as a result of ion exchange and 

hydration. Mixtures incorporating lime showed a continuous increase in strength with 

extended curing time, which is attributed to enhanced bonding and stiffness from 

ongoing hydration and pozzolanic reactions, consistent with previous research findings 

(Bassani et al., 2019; Beja et al., 2020; Blankenagel & Guthrie, 2006; Cardoso et al., 

2016; Haider et al., 2014).  

The LS-RCA-L mixtures demonstrated higher qu values at the early curing 

stages than the free-lime mixtures. This phenomenon can be attributed to the porosity 

of RCA, which hinders the effective filling of larger pores by soil particles, thereby 

compromising compactness and strength relative to lime-based mixtures. However, as 

curing duration extended, the formation of additional reaction products occurred, which 

effectively occupied voids and contributed to an increase in compressive strength. It is 

essential to recognize that both cementitious hydration and pozzolanic reactions require 

sufficient time to develop and should not be regarded unfavorably (Skibsted & 

Snellings, 2019; Verian et al., 2018). Notably, the majority of mixtures achieved the 

minimum UCS threshold determined by the DOH Thailand for subgrade or subbase-

cemented soil materials within 7 days. 

A significant increase in the UCS values was observed after 28 days of curing 

across all the mixed designs. This improvement can primarily be attributed to the 

sustained pozzolanic reaction between lime and RCA, coupled with ongoing hydration, 

which secure particle bonding and improves the stability of the soil structure. The 

elevated UCS values observed in mixtures with higher RCA content (e.g., 30% and 

45%) at this point indicate that RCA contributes positively to stabilization, particularly 

when used in combination with lime. The prolonged curing period facilitates the 

Ref. code: 25676522040077WTA



69 

 

 

complete development of the pozzolanic reaction, resulting in materials that are 

stronger and more rigid. 

 

Figure 4.5 UCS test – Maximum compressive strength (qu) for all mix designs. 
 

The combination of RCA, lime, and extended curing resulted in substantial UCS 

gains. The cementitious reaction triggered by RCA upon interaction with water and LS, 

alongside lime-induced pozzolanic reactions, supported continuous hardening of the 

soil matrix. Table 4.4 shows significant UCS improvements for RCA and lime-treated 

mixtures compared to untreated soil, with untreated soil showing a UCS of 328.1 kPa, 

below the DOH Thailand minimum for subbase materials after 56 days (Arulrajah et 

al., 2014; DOH 205/2559, 2016; Phummiphan et al., 2017). According to DOH 

standards, cement-stabilized UCS must reach a minimum of 689 kPa for subbase and 

1724 kPa for base materials after 7 days. The 45% RCA and 6% lime mixture yielded 

a 7.1-fold increase due to lime-initiated pozzolanic reactions and unhydrated RCA 

cement particles (Li, 2020; Tavakol et al., 2019). The strength development index (SDI) 

was calculated as follows: 

𝑆𝐷𝐼 =  
𝑞𝑢(𝑚𝑖𝑥 𝑑𝑒𝑠𝑖𝑔𝑛) −  𝑞𝑢(𝐿𝑆)

𝑞𝑢(𝐿𝑆)
                                                                       (4.1) 

where qu represents the UCS values of the specific mix design and LS denotes the 

laterite soil. 
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Table 4.4 Strength Development Index (SDI). 

Mix Design 

 Maximum stress (qu) - [kPa]  SDI 

0 

Day 

7 

Days 

28 

Days 

56 

Days 

0 

Day 

7 

Days 

28 

Days 

56 

Days 

100LS 74.0 153.3 257.3 328.2 0.0 0.0 0.0 0.0 

95LS 5RCA 144.5 184.0 294.2 439.0 1.0 0.2 0.1 0.3 

85LS 15RCA 204.9 297.4 389.2 565.5 1.8 0.9 0.5 0.7 

70LS 30RCA 254.5 366.0 549.1 755.1 2.4 1.4 1.1 1.3 

55LS 45RCA 333.0 584.6 896.2 1024.4 3.5 2.8 2.5 2.1 

100LS 6L 174.1 380.3 1037.1 1910.4 1.4 1.5 3.0 4.8 

95LS 5RCA 6L 255.9 498.5 1294.7 2015.5 2.5 2.3 4.0 5.1 

85LS 15RCA 6L 274.7 593.4 1341.1 2390.9 2.7 2.9 4.2 6.3 

70LS 30RCA 6L 266.6 827.6 1734.6 2423.3 2.6 4.4 5.7 6.4 

55LS 45RCA 6L 344.7 1238.1 2416.7 3272.3 3.7 7.1 8.4 9.0 
 

4.6.3 Secant elastic modulus (E50) 

While the qu values of the soil reflect its capacity to bear loads and resist external 

forces, the elastic modulus (E50) represents the stiffness and deformation resistance 

under similar conditions. Figure 4.6 presents the E50 values for all mixtures at different 

curing ages. Similar to the qu results, the mixtures treated with lime consistently 

exhibited higher E50 values than those without lime across all curing periods. The 

highest E50 values were recorded at 56 days, highlighting the role of the curing duration 

in enhancing the stiffness of the material. The 55LS45RCA6L mix exhibited the most 

significant increase in E50, indicating the effectiveness of RCA as a high-strength 

aggregate and the beneficial effect of lime as a binder. The results revealed a steady 

increase in E50 with an increase in RCA content from 5% to 45%, suggesting that RCA 

improves the structural integrity and load-bearing capacity of the mixture, which is 

consistent with findings from previous studies (Hoy et al., 2023; Karkush & Yassin, 

2019; Kianimehr et al., 2019). 
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Figure 4.6 UCS test – Secant Elastic Modulus (E50) for all mix designs. 
 

4.6.4 Relationship between qu and E50 

Figure 4.7 illustrates the relationship between qu and E50 values for both the 

treated and untreated mixtures at various curing ages. Notably, the correlation followed 

a linear trend, with a determination coefficient (R2) of 0.95. This strong correlation 

suggests that qu and E50 values are closely interconnected, regardless of the RCA 

content and curing time. Furthermore, this suggests that the changes in the stiffness of 

the soil matrix are closely correlated with its load-bearing capacity. Similar trend were 

observed for RCA-soil mixtures (Shamsi Susahab et al., 2024). 

 

Figure 4.7 Relation between qu and E50 values of mixtures at all curing age. 
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4.6.5 Effect of wetting and drying cycles on UCS 

The UCS of subbase materials is crucial for assessing their ability to withstand 

compressive loads in pavement engineering applications (Arulrajah et al., 2012). The 

UCS can vary widely depending on the material type (Azam & Cameron, 2013; Bui et 

al., 2018). Figure 4.8 illustrates the correlation between the UCS after wetting-drying 

(w-d) cycles and the number of cycles for the studied mixtures at 28- and 56- days of 

curing. The untreated soil failed during the first cycle, while the UCS(w-d) of treated 

mixtures increased through the 3rd cycle and then decreased after the 6th cycle. This 

initial increase is attributed to the accelerated formation of cementitious compounds, 

which enhance strength development and improve bond stability. The strength gain 

observed up to the third cycle suggest that the formation of new cementitious 

compounds reinforces UCS(w-d) without deterioration. However, the subsequent 

decrease in the sixth cycles is likely caused by volumetric changes that induce internal 

stresses within the soil samples, weakening bond integrity. Additionally, the dissolution 

of cementitious compounds may contribute to surface degradation and microcracking, 

further reducing strength. These results were consistent with those reported (Hoy et al., 

2023; Neramitkornburi et al., 2015; Tran et al., 2022).  

  

Figure 4.8 UCS under wetting drying conditions (a) 28 days and (b) 56 days curing 

period. 
 

4.6.6 Effect of wetting and drying cycles on water absorption 

The wetting and drying cycles have a significant influence on the water 

absorption of the mixtures. As illustrated in Figure 4.9, water absorption is observed 

after 28 and 56 days of curing. The water absorption shows the progressive increase 
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with each cycle. This is primarily due to structural deterioration, which raises the 

porosity and facilitates water penetration. For samples cured for 56 days, lime played a 

vital role in mitigating water absorption by enhancing the bond between RCA and soil 

particles and forming cementitious compounds, which reduced porosity and water 

ingress. These observations align with previous research on water absorption under 

wetting and drying conditions involving lime treatments (Aldaood et al., 2014; 

Muntohar, 2019; Razali et al., 2023). 

 

Figure 4.9 Effect of wetting-drying conditions water absorption. 
 

4.7 Direct Shear Test 

The shear stress-horizontal displacement curve of all mix designs cured for 28 

and 56 days under a normal stress of 100 kPa are presented in Figure 4.10. The natural 

soil demonstrated a better ductility compared to the treated samples. The RCA lime-

stabilized mixtures exhibited a significant increase in the peak shear stresses especially 

after 56 days of curing with a brittle failure characteristic. This improvement is due to 

the formation of new cementitious materials (calcium silicate hydrate (C-S-H) gel) that 

bonded the particles together and resulted in improved cohesion. The irregular shape 

and rough surface of RCA particles also increased the interlocking and friction between 

particles, as reported in previous studies (Azam & Cameron, 2013; McKelvey et al., 

2002; Saberian et al., 2020).  In Table 4.5, the effect of RCA on the shear strength 

parameters, i.e., cohesion (c’) and friction angle (ϕ’), were listed. The results suggested 

that increasing the RCA content and curing duration could enhance both the cohesion 

and friction angle of the treated soil. The untreated soil displayed relatively small 
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changes in the cohesion and friction angle values over time, which aligns with the 

absence of chemical reactions in the natural soil. 

 

Figure 4.10 Shear stress-displacement behavior of all mixes under 100 kPa normal 

stress. 
 

Table 4. 5 Shear strength parameters. 

Mix Designs 
Uncured 28 days 56 days 

c’ (kPa) ɸ’ (°) c’ (kPa) ɸ’ (°) c’ (kPa) ɸ’ (°) 

100 LS 22.7 44.3 24.8 41.0 30.1 39.4 

100 RCA 34.9 56.4 325.8 67.3 414.3 61.3 

55 LS 45 RCA 28.3 48.8 107.6 40.6 258.9 34.3 

100 LS 6 L 25.6 41.9 177.5 57.4 319.8 55.4 

70 LS 30 RCA 6 L 33.9 48.9 182.8 58.3 265.5 50.4 

55 LS 45 RCA 6 L 64.6 39.8 237.3 45.8 394.1 55.1 

 

4.8 California Bearing Ratio Test 

The influence of incorporating RCA into soil stabilization processes on the CBR 

test results can vary depending on the properties and condition of the RCA used. RCA 

has shown potential to increase the strength and load-bearing capacity of stabilized soil, 

thereby improving the CBR (Ma et al., 2022). The CBR results presented in Table 4.6 

demonstrate a significant improvement in the soil-bearing capacity when treated with 

RCA and lime. The untreated LS, with a CBR value of 6.7%, reached a CBR value of 

32.7% with the addition of 45% RCA after seven days of curing. This value exceeds 

the minimum threshold of 25% specified by DOH Thailand for subbase pavement. The 
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improvement in the CBR value was due to the unhydrated cement within the RCA, 

which promoted self-cementing properties when mixed with soil. The results align with 

previous studies that have highlighted the role of unhydrated cement in crushed 

concrete in improving soil strength during curing (Blankenagel & Guthrie, 2006; 

Haider et al., 2014; Thai et al., 2022). The addition of lime further boosted the CBR 

values by ion-exchange reactions and flocculation of clay particles.  

Table 4.6 California Bearing Ratio with different curing time. 

Mix design Uncured 7 Days DOH Standard for subbase  

100 LS 2.8 6.7 NP 

95 LS 5 RCA 4.1 13.0 NP 

85 LS 15 RCA 7.6 15.8 NP 

70 LS 30 RCA 12.3 17.8 NP 

55 LS 45 RCA 16.7 32.7 P 

100 LS 6L 4.0 17.3 NP 

95 LS 5 RCA 6L 5.8 29.7 P 

85 LS 15 RCA 6L 10.5 33.7 P 

70 LS 30 RCA 6 L 14.1 37.2 P 

55 LS 45 RCA 6L 19.7 46.6 P 
Note: P = Passed, NP = Not Passed 

 

4.9 Hydraulic Conductivity Results 

Figure 4.11 demonstrated the changes in hydraulic conductivity when RCA and 

lime were incorporated into the soil. The hydraulic conductivity (k) of natural laterite 

soil was determined to be 2.6 × 10⁻⁸ m/s and 3.8 × 10⁻⁸ m/s after 28 and 56 days of 

curing, respectively. Similar low permeability coefficients have been reported for 

tropical laterite soils by (Sani & Eisazadeh, 2023; Ye Htun et al., 2022). The addition 

of 45% RCA increased the k value to 3.01 × 10⁻⁷ m/s after 56 days of curing. This 

indicated an increase of more than seven times compared to the natural soil. This 

increase was due to the porous and coarse-grained nature of RCA and enhanced water 

absorption capacity (Islam et al., 2023; Rahman et al., 2015). Nonetheless, the addition 

of lime significantly reduced the permeability coefficient. This reduction is likely due 

to the void-filling effect of cementitious materials formed during the pozzolanic 

reaction. This behavior is further supported by the microstructural changes observed 

through FESEM images which revealed the development of a denser matrix. 
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Figure 4.11 Effect of RCA content on the k values with different mixed designs. 
 

4.10 FESEM and EDS analysis 

Field Emission Scanning Electron Microscopy (FESEM) is a powerful tool for 

studying the changes in morphology of the soil and detecting the formation of 

cementitious materials. Figure 4.12 showed the FESEM images for various mix designs 

cured for 56 days. As seen in Figure 4.12(b), in pure laterite soil, the flaky soil structure 

is relatively dense and less porous. However, in mixes containing 45% RCA (Figure 

4.12(c)), larger agglomerates with rougher surface are clearly visible. In samples 

containing lime (Figure 4.12(d)), white lumps were observed indicating the formation 

of cementitious materials on the soil surface (Domphoeun & Eisazadeh, 2024; Sani & 

Eisazadeh, 2023; Suksiripattanapong et al., 2022). Figure 4.13 shows the EDS spectra 

of the natural and RCA-lime treated soil after 56 days of curing. The rectangular 

selection area was chosen to include the white lumps (Figure 4.13(b)). The findings 

indicated that in RCA-lime stabilized soil, substantially higher Ca peaks were evident. 

Furthermore, the reduction in Si and Al peaks clearly indicated the consumption of 

these chemicals in the pozzolanic reaction and the formation of cementitious materials, 

which is consistent with the high strength and low permeability values (Danso & Manu, 

2020; Domphoeun & Eisazadeh, 2024; Jha & Sivapullaiah, 2015; Sani & Eisazadeh, 

2023).  
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Figure 4.12 FESEM images (a) 100LS (x100), (b) 100LS (x5K), (c) 45%RCA, and 

(d) 45%RCA 6%L. 
 

 

 

Figure 4.13 EDS spectra of specimens (a) 100LS and (b) 55LS45RCA6L. 
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CHAPTER 5 

CONCLUSION 

 

5.1 Conclusion 

This study evaluated the compaction characteristics, compressive strength 

development, shear strength, CBR and permeability of tropical laterite soil stabilized 

using RCA and lime as a subbase material. The findings indicate that the inclusion of 

RCA and lime significantly improves the strength, resulting in notable improvements 

in the engineering properties of the laterite soil. The principal outcomes are as follows: 

1) The addition of RCA to LS increased the OMC and reduced the MDUW. The 

decrease in MDUW was consistent with the lower Gs of RCA and rougher irregular 

shaped particles. The addition of lime further increased the OMC and decreased the 

MDUW of the LS and LS-RCA mixed. The former was attributed to the water 

demand of lime hydration reaction whereas the latter was linked to the increased 

interparticle porosity due to agglomeration and flocculation in lime-treated mixes. 

2) Utilizing RCA and incorporating lime into LS improved the UCS values, with 

longer curing durations resulting in higher qu values. The use of RCA only exhibited 

ductile behavior, while the addition of lime resulted in brittle failure under higher 

axial stress. The calcium-based components from both RCA and lime contributed 

to a stiffer and more brittle soil matrix. The mix designs containing 30% and 45% 

RCA along with 6% lime attained the highest UCS values after a 7-day curing 

period, meeting the DOH standards for subbase materials in Thailand. After 28 

days, other mixed designs also conformed to these standards. This performance is 

due to the involvement of RCA in cementitious and pozzolanic reactions facilitated 

by the addition of lime, resulting in the formation of calcium silicate hydrate gels. 

3) The UCS(w-d) behavior of RCA-stabilized LS demonstrated progressive 

improvement over time, in contrast to untreated soil, which failed during the initial 

cycle. Stabilized mixtures showed an increase in UCS(w-d) values up until the third 

cycle, after which a reduction was observed at the sixth cycle. This initial strength 

increase can be attributed to the accelerated formation of cementitious compounds 

that enhance bonding stability and strength development. The observed decrease in 
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UCS(w-d) after the sixth cycle likely stems from volumetric changes that introduce 

internal stresses within the soil samples, weakening the bond strength. Additionally, 

the dissolution of cementitious compounds may lead to surface degradation and the 

formation of microcracks, further reducing the UCS(w-d). Despite this reduction, 

UCS(w-d) values remained above the DOH Thailand minimum strength 

requirement (UCS > 689 kPa) even after the sixth cycle. 

4) The repeated wetting-drying cycles significantly influenced water absorption. 

Structural deterioration of RCA increased porosity, enabling greater water 

penetration. However, for samples cured over 56 days, the addition of 6% lime 

mitigated these effects. The lime enhanced the bond between RCA and soil 

particles, generating additional cementitious compounds that reduced porosity and 

filled voids, thereby limiting water ingress.  

5) Treating the soil with RCA and lime improved both cohesion (c’) and friction angle 

(ϕ) parameters. This improvement is due to the formation of new cementitious 

materials (calcium silicate hydrate (C-S-H) gel) that bonded the particles together 

and resulted in improved cohesion. The irregular shape and rough surface of RCA 

particles also increased the interlocking and friction between particles. 

6) The inclusion of RCA and lime increased the bearing capacity of the soil, meeting 

the subbase CBR value requirements set by the DOH, Thailand. The improvement 

in the CBR value was due to the unhydrated cement within the RCA which 

promoted self-cementing properties when mixed with soil and pozzolanic reactions 

of lime. The results align with UCS values that have highlighted the role of 

unhydrated cement in crushed concrete in enhancing soil strength during curing. 

7) For road applications requiring higher load-carrying capacity and lower 

permeability, the use of lime in RCA treated laterite soil is advisable. The presence 

of lime could minimize the water infiltration, which can weaken the cementation 

bond and degrade durability of the subbase layer over time. 

5.2 Recommendation for Future Works 

Drawing from the conclusions presented above, it is evident that further 

research is essential to address several key areas, the further studies should be done as 

the follows: 
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1) To enhance the understanding of the suitability of RCA and lime in road pavement 

design, it is recommended to perform California Bearing Ratio (CBR) tests across 

a broader range of particle sizes under both soaked and unsoaked conditions. 

2) To thoroughly evaluate UCS under wetting and drying conditions, it is essential to 

increase both the variety of mix designs and the number of wetting-drying cycles. 

This method is vital for obtaining a more comprehensive understanding of material 

performance under diverse environmental and loading scenarios. Furthermore, the 

inclusion of durability assessments is crucial. 

3) RCA-lime stabilized laterite soil has shown promising potential for use in subbase 

pavement applications. While the economic feasibility of using recycled concrete 

aggregate as a soil replacement material varies by region, its advantages include 

reducing landfill waste and lowering carbon emissions. Future research should 

focus on field investigations to better assess its practical applications. 
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APPENDIX A 

DATA COLLECTED 

 

1. Particle Size Distribution 

Table A.1 Particle size distribution of Laterite soil. 

Sieve No. Sieve size (mm) 
Mass of soil 

retained (g) 

Percent of 

mass retained 

(%) 

Cumulative 

percent 

remained (%) 

4 4.740 0 0.00 100.00 

10 2.000 0.18 0.30 99.70 

20 0.850 4.78 7.97 91.73 

40 0.425 4.88 8.13 83.60 

60 0.250 3.8 6.33 77.27 

100 0.150 4.05 6.75 70.52 

200 0.075 7.55 12.58 57.93 

pan < 0,075 34.76 57.93 0.00 

Mass < 0,075 34.76 

  The amount of weight retained 60 

 

Table A.2 Particle size distribution of recycled concrete aggregate. 

Sieve No. Sieve size (mm) 
Mass of soil 

retained (g) 

Percent of 

mass retained 

(%) 

Cumulative 

percent 

remained (%) 

4 4.740 0 0.00 100.00 

10 2.000 15.86 26.43 73.57 

20 0.850 8.7 14.50 59.07 

40 0.425 5.83 9.72 49.35 

60 0.250 4.91 8.18 41.17 

100 0.150 4.23 7.05 34.12 

200 0.075 1.67 2.78 31.33 

pan < 0,075 18.8 31.33 0.00 

Mass < 0,075 18.8 

  The amount of weight retained 60 
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Table A.3 Values of correction factor, a, for different specific gravities of soil particles. 

 

Table A.4 Values of Effective Depth Based on Hydrometer and values of K. 
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Table A.5 Values of Temperature and Specific Gravity of soil particles. 

 

Table A.6 Particle size distribution of Laterite soil according to hydrometer analysis. 

t 

Hydrometer 

scale 
Temp 

(°C) 

R'= 

R1+m 
L1 L cm 

Constant 

(K) 
(D mm) 

Interpol

ation Ct 
R A 

Weight 

percent 

PA 

(%) 
R1 R2 

2 43 20 30 44 3.22 9.05 0.012098 0.0257349 3.8 27.8 0.9951 0.4611 26.71 

5 38 20 31 39 4.35 10.18 0.011884 0.0169571 4.6 23.57 0.9951 0.3909 22.64 

30 31 20 32 32 5.93 11.76 0.011691 0.0073203 5.2 17.22 0.9951 0.2856 16.54 

60 27 18 32 28 6.83 12.67 0.011691 0.0053715 5.2 15.22 0.9951 0.2524 14.62 

250 25 18 32 26 7.28 13.12 0.011691 0.0026780 5.2 13.22 0.9951 0.2192 12.70 

1440 21 18 33 22 8.19 14.02 0.011498 0.0011346 6.5 10.52 0.9951 0.1744 10.11 

Ref. code: 25676522040077WTA
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2. Specific Gravity 

Table A.7 Specific Gravity of Laterite Soil. 
Test No A1 A2 A3 

Mass of flask (g) 161.06 165.67 169.78 

Method of air removal Heat Heat Heat 

WBWS = W flask + water + soil (g) 718.05 722.61 728.86 

Temperature (T1) 31.5 31.25 31.25 

Temperature (T2) 30.5 31.5 31 

WBW = W flask + Water (g) 657.55 662.66 666.93 

Ws = W dry soil (g) 95.63 95.96 99.26 

Vp = (Wpw,c-Wp)/Pwc 498.85 499.35 499.51 

Ww = Ws + WBW - WBWS (g) 35.13 36.01 37.33 

Gs = Ws/Ww 2.72 2.66 2.66 

Specific gravity, Gs  2.71 2.66 2.65 

Average Gs 2.67 

 

Table A.8 Specific Gravity of Recycled Concrete Aggregate. 

W of P 

+ 

water, 

g (B) 

W of 

SSD, g 

(S) 

W of P + 

S + 

water, g ( 

C ) 

W of 

oven-dry, 

g (A) 

Bulk 

sp,gr 

Bulk 

sp, gr 

(SSD) 

Apparen

t sp, gr 

Absorptio

n (%) 

657.65 502.7 949.24 468.53 2.219 2.381 2.648 7.293 

658.16 504.07 958.49 470.27 2.308 2.474 2.767 7.187 

Average 2.264 2.428 2.708 7.240 
Note: W is weight, P is pycnometer, S is sample, and SSD is Saturated surface dry. 

3. Atterberg Limit 

Table A.9 Plastic limit of laterite soil. 
Container No A11 A12 A13 

Wt. Cup, g (W1) 17.33 17.07 17.05 

Wt. Cup + Wet soil, g (W2) 39.83 39.80 39.81 

Wt. Cup + Dry soil, g (W3) 36.81 36.73 36.86 

Wt. Water, g (Ww) 3.02 3.07 2.95 

Wt. Dry soil (Ws) 19.48 19.66 19.81 

Water Content, w  15.50 15.62 14.89 

Average 15.34 

 

 

 

 

Ref. code: 25676522040077WTA



98 

 

 

Table A.10 Liquid Limit of Laterite Soil. 
No of trial 1 2 3 4 5 

Container No A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 

No of blow 

count 35 33 30 26 24 22 20 18 13 11 

Wt. Cup,g 

(W1) 16.55 16.40 16.17 17.16 17.14 17.16 15.73 16.37 16.36 14.96 

Wt. Cup + 

Wet soil,g 

(W2) 41.86 41.76 41.76 43.37 43.12 43.83 40.98 42.51 43.44 39.02 

Wt. Cup + 

Dry soil, g 

(W3) 36.31 36.17 35.74 37.32 36.80 37.48 34.54 35.78 36.66 32.16 

Wt. Water, g 

(Ww) 5.55 5.59 6.02 6.05 6.32 6.35 6.44 6.73 6.78 6.86 

Wt. Dry soil 

(Ws) 19.76 19.77 19.57 20.16 19.66 20.32 18.81 19.41 20.30 17.20 

Water 

Content, w  28.09 28.28 30.76 30.01 32.15 31.25 34.24 34.67 33.40 39.88 

Average 28.18 30.39 31.70 34.45 36.64 

 

4. Compaction Results 

 

 

 Figure A.1 Compaction of 100% laterite soil. 
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Table A.11 Compaction results for all mix designs. 
Mix Design MDUW (kN/m3) OMC (%) 

100%LS  19.86 10.500 

95%LS 5%RCA 19.44 11.300 

85%LS 15% RCA 19.07 11.550 

70%LS 30%RCA 18.19 12.780 

55%LS 45%RCA 17.75 13.850 

100%LS + 6%Lime 18.72 11.600 

95%LS 5%RCA + 6%Lime 18.44 12.100 

85%LS 15% RCA + 6%Lime 17.67 12.600 

70%LS 30%RCA + 6%Lime 17.22 13.000 

55%LS 45%RCA + 6%Lime 16.46 13.670 

100%RCA 18.8 11.8 

 

5. Unconfined Compressive Strength 

 

Figure A.2 UCS results form in Excel. 
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6. California Bearing Ratio 

Table A.12 CBR value calculation of Laterite soil. 
100 LS (7 Days) UNSOAKED 

Penetration Standard Stress (MPa) 
Stress CBR (%) 

Top Bottom Top Bottom 

2.54 mm 6.9 0.42 0.43 6.1 6.2 

5.08 mm 10.3 0.80 0.69 7.7 6.7 

 

 

Figure A.3 CBR curve of laterite soil. 
 

 

Figure A.4 CBR curve of 95LS5RCA. 
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Figure A.5 CBR curve of 85LS15RCA. 

 

.  

Figure A.6 CBR curve of 70LS30RCA. 
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Figure A.7 CBR curve of 55LS45RCA. 

 

 

Figure A.8 CBR curve of 100LS6L. 
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Figure A.9 CBR curve of 95LS5RCA6L. 

 

 

Figure A.10 CBR curve of 85LS15RCA6L. 
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Figure A.11 CBR curve of 70LS30RCA6L. 

 

 

Figure A.12 CBR curve of 55LS45RCA6L. 
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7. Direct Shear 

 

Figure A.13 Relation shear and normal stress of 100LS at 56 days curing period. 
 

 

Figure A.14 Relation shear and normal stress of 100RCA at 56 days curing period. 
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Figure A.15 Relation shear and normal stress of 55LS45RCA at 56 days curing 

period. 
 

 

Figure A.16 Relation shear and normal stress of 100LS6L at 56 days curing period. 
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Figure A.17 Relation shear and normal stress of 70LS30RCA6L at 56 days curing 

period. 
 

 

Figure A.18 Relation shear and normal stress of 55LS45RCA6L at 56 days curing 

period. 
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8. Permeability 

Table A.13 k values result from different mix designs. 

Mix Design 
k (m/s) 

 
28 days 56 days  

100 LS 2.58E-08 3.75E-08  

100LS 6L 5.29E-08 1.09E-07  

70LS 30RCA 6L 5.85E-08 8.25E-08  

55LS 45RCA 6L 3.86E-08 4.26E-08  

55LS 45RCA 2.27E-07 3.01E-07  

 

Table A.14 Permeability calculation of 55LS45RCA. 
Length 

L, (m) 

D 

(m) 

Area 

(m2) 

Flow 

Vol. 

(m3) 

Time 

(Sec) 

Flow 

rate 

(m3/sec

) 

Pressur

e 

(kgf/m2) 

1 bar = 

10197 

kgf/m2 

Hydraulic 

Conductivity

, k (m/sec) 

Average

, k (m/s) 

0.0820

3 0.1 

0.00785

4 

5.0272E-

06 211.3 

2.38E-

08 10197 2.39E-07 

2.27E-07 

0.0820

3 0.1 

0.00785

4 

5.0272E-

06 

226.5

1 

2.22E-

08 10197 2.23E-07 

0.0820

3 0.1 

0.00785

4 

5.0272E-

06 

226.6

4 

2.22E-

08 10197 2.22E-07 

0.0820

3 0.1 

0.00785

4 

5.0272E-

06 

225.1

3 

2.23E-

08 10197 2.24E-07 
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9. XRF (X-ray Fluorescence) 

Table A.15 XRF result of laterite soil. 

 

Table A.16 XRF result of RCA. 
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