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ABSTRACT 
Expansive road subgrade has been in existence for decades resulting in major road pavement 
defects, high maintenance/construction costs and detrimental environmental effects associated with 
using traditional cement and lime in subgrade stabilisation. Taking a sustainable approach, this 
research aims to address these issues using waste and industrial by-products (i.e. brick dust waste 
(BDW), ground granulated blast-furnace slag (GGBS), recycled plastic (RP) and recycled glass (RG) 
as partial replacements for cement and lime in subgrade stabilisation. The study investigates the 
sample characteristics, mineral structure, Atterberg limit, compaction, California Bearing Ratio 
(CBR), swell and microstructural properties of treated and untreated expansive subgrade materials. 

Sustainable waste materials and industrial by-products at proportions of 23.5%GGBS, 23.5%RP, 
23.5%RG, 23.5%BDW and 11.75%GGBS, 11.75%RP, 11.75%RG, 11.75%BDW were used to 
achieve the optimum results. This reduced 20%Cement and 8%Lime (control mix design) to 
2.5%Cement and 2%Lime. The 2.5%Cement was later eliminated and GGBS increased to 26%  to 
see the effect on subgrade. Untreated high plasticity index (PI) (103) subgrade recorded Optimum 
Moisture Content (OMC) of 34.46% with a standard deviation (SD) of 23.41% and Maximum Dry 
Density (MDD) of 1.25Mg/m³ (SD=0.31%). A Liquid Limit (LL) of 131.26% (SD=18.18%) and Plastic 
Limit (PL) of 28.74% (SD=1.85%) were also recorded for untreated high PI subgrade. Untreated 
extremely high PI subgrade (249) recorded higher OMC of 40.97% (SD=9.42%) and MDD of 1.17 
Mg/m³ (SD=0.28%) with much higher LL of 294.07% (SD=48.48%) and PL of 45.38% (SD=1.13%). 
CBR values for untreated subgrade increased from 0.6% (SD=4.38%) to 109% (SD=34.10%) and 
200% (SD=53%) and up to 220% (SD=54%) after 28 and 90 days of curing when 20%Cement+8% 
Lime were partially replaced with 23.5%GGBS, 11.75%GGBS+11.75%BDW and 26%GGBS. Swell 
values reduced from 56.76% (SD=7.72%) to 0.04% (SD=0.01%) after 20%Cement+8%Lime were 
partially replaced with 23.5%GGBS and 11.75%GGBS+11.75%BDW translating into reduced 
pavement thickness and depth of construction when pavement design was conducted in the study. 

Road pavement thickness of 700mm and depth of construction of 800mm recorded for untreated 
subgrade with CBR values less than 2% reduced to 40mm and 50mm with CBR values between 
80-100% when 20%Cement+8%Lime were partially replaced with 23.5%GGBS and 11.75%GGBS 
+11.75%BDW. Pavement design conducted using CBR values between 80-100% achieved for 
waste-treated subgrade in accordance with Design Manual for Roads and Bridges (DMRB) recorded 
a slight reduction in pavement thickness with reduced stresses responsible for pavement defects. A 
gradual reduction in CBR values from 230% (SD=54,61%) to 16% (SD=29.81%) for high PI 
subgrade and from 200% (SD=47.79%) to 15% (SD.=20.44%) for extremely high PI subgrade was 
observed after ten (10) wetting-drying cycles when 20%Cement+8%Lime was partially replaced with 
23.5%GGBS and 11.75%GGBS+11.75%BDW. These acceptable CBR values achieved for wetting-
drying cycle were due to the formation of high Calcium Silicate Hydrate (CSH) gel in the mix where 
up to 44.87% (SD=11.98%) of calcium (Ca) was recorded after 28 days of curing. Mix design 
2%Lime+2.5%Cement+23.5%GGBS was selected as the optimised and most viable mix design in 
this study followed by mix design 2%Lime+2.5%Cement+11.75%GGBS+11.75%BDW due to their 
ability to achieve acceptable results for the set objectives including reduced Life Cycle Cost (LCC). 

Furthermore, a 55% reduction in LCC (£268,433,336) was observed for a kilometre (km) of road 
subgrade treated using 23.5%GGBS; whilst a high LCC of £488,754,774 was recorded for a km of 
road subgrade removed and replaced with foreign materials. Sustainably treated subgrade using 
23.5%GGBS recorded 21% lower embodied carbon (0.0018 Co₂e/kg); whilst subgrade treated using 
20%Cement+8%Lime recorded high embodied carbon of 0.0084 Co₂e/kg. Based on these findings, 
the study concluded that the engineering properties of expansive subgrade can be enhanced with 
reduced pavement thickness/construction depth, defects, carbon emission and overall LCC using 
sustainable waste as additives in subgrade stabilisation. However, the findings are based entirely 
on laboratory generated data and not field data. Therefore, as a next step, and before widespread 
uptake is considered, it is important that the findings are tested and verified in real-life field settings.
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SYMBOLS AND ABBREVIATIONS  
ASS……................................ Artificially Synthesised Subgrade 

BCS……................................ Black Cotton Soil 

BDW……............................... Brick Dust Waste 

C-A-H…….............................. Calcium-Aluminate-Hydrate 

CBR……................................ California Bearing Ratio 

CCP……................................ Coal Combustion Products 

CCP……................................ Coal Combustion Products 

CDA……................................ Cow Dung Ash 

CDW……............................... Construction and Demolition Waste 

CMA……............................... Cold Mix Asphalt 

Co₂…….................................. Carbon Dioxide 

C-S-H…….............................. Calcium Silicate Hydrate 

DEHA…….............................. Diethylhydroxylamine 

DMRB……............................. Design Manual for Roads and Bridges 

DSC……................................ Differential Scanning Calorimetry 

EDX……................................ Energy Dispersion X-Ray 

EPMA……............................. Electron Probe Micro-Analyser 

EU……................................... European Union 

EUAC……............................. Uniform Annual Costs 

GGBS……............................. Ground Granulated Blast-Furnace Slag 

HBM……............................... Hydraulic Bound Material 

HBM……............................... Hydraulic Bound Mixture 

HDPE……............................. High-Density Polyethylene 

HMA……............................... Hot Mix Asphalt 

KM……………………………. Kilometre 

LCCA……............................. Life Cycle Cost Analysis 

LDPE……............................. Low-Density Polyethylene 

LL……................................... Liquid Limit 

MDD……............................... Maximum Dry Density 

Mt……................................... Metric Tonne 

NPV……................................ Net Present Value 

OMC……............................... Optimum Moisture Content 



 Symbols and Abbreviations 
 

vi | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

OPC……................................ Ordinary Portland Cement 

PC…….................................. Portland Cement 

PETE…….............................. Polyethene Terephthalate 

PL……................................... Plastic Limit 

RG…………………………….. Recycled Glass 

RHA……................................ Rice Husk Ash 

RP…………………………….. Recycled Plastic 

SBD……................................ Solid-State Backscattered Detector 

SCBA…….............................. Sugarcane Bagasse Ash 

SD…...………………………… Standard Deviation 

SEM……................................ Scanning Electron Microscopy 

SL……................................... Shrinkage Limit 

TGA……................................ Thermo Gravimetric Analysis 

ToT……................................. Tetrahedral Octohedral Tetrahedral 

TSCS…….............................. Thin Surface Course System 

UCS……................................ Unconfined Compressive Strength 

UN……................................... United Nations 

UNSDG……........................... United Nations Sustainable Development Goals 

VA……................................... Volcanic Ash 

VDOT……............................. Virginia Department of Transport 

WHO……............................... World Health Organisation 

WMA…….............................. Warm Mix Asphalt 

XRD……................................ X-Ray Diffraction 
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1. CHAPTER 1 – INTRODUCTION 
Chapter 1 explains the background of the research, its aim and objectives, and the 

methodologies used. It also describes the impact and contribution to knowledge and 

a brief description of the structure of the thesis. 

1.1 BACKGROUND OF THE RESEARCH  

Expansive soils have the potential to swell when wet and shrink when dry (Abbey et 

al., 2019). The clay mineral smectite found in expansive soils usually exhibits evident 

volume change with changes in moisture content, causing major structural and 

geotechnical challenges worldwide (Wu et al., 2019). Structures built on expansive 

clay soils develop defects due to swell-shrink activities causing fissures in the structure 

(Pritchard et al., 2013; Khademi et al., 2016 and Abbey et al., 2019). Each year, 

damage caused by expansive soils in buildings and infrastructural systems are more 

than the damage caused by floods, hurricanes, tornadoes, and earthquakes combined 

(Wu et al., 2019; López-Lara et al., 2017). Over the past 10 years, the negative impacts 

of expansive soils have cost the UK economy an estimated amount of £3 billion making 

it the most damaging geohazard (Jones et al., 2019).  

 

Subgrade materials refer to the ground or soil underneath a road or pavement and 

oftentimes, these materials do not have sufficient capacity to support the weight of the 

road pavement and the traffic load and will require some modification and re-

engineering to enhance their capacity to support traffic loads. So, when the subgrade 

materials are made up of expansive soil they are termed Expansive subgrades, which 

leads to early distress within the pavement causing the premature failures of the road 

pavement structure. The common method of treating expansive subgrades involves 

the use of chemical stabilisation techniques, these techniques have reportedly been 

used to address the problems associated with expansive subgrades for many years 

(Jalal et al., 2020). Chemical stabilisation involves adding different types of 

admixtures, such as lime and Ordinary Portland cement (OPC) among others, as 

binders to stabilise soil (Rivera et al., 2020). CEM I cement type is popularly used to 

improve the engineering properties of expansive subgrade materials (Abbey et al., 

2017; Abbey et al., 2018).  
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Before the introduction of cement, lime was mostly used in subgrade stabilization, and 

it has proven to be an effective modification agent for the stabilization of highway and 

airport pavement subgrade. However, apart from cement and lime, other materials 

including fly ash, bituminous, rice husk ash, lime, construction and demolition waste, 

electrical and thermal waste, geotextile fabrics and recycled waste can be used as 

admixtures in this process (Rivera et al., 2020). The addition of these materials as 

admixtures can alter the geotechnical properties of expansive soil, such as the 

strength, bearing capacity, hydraulic conductivity, compressibility, workability, 

durability and swelling potentials (Cabezas et al., 2019). The use of waste in soil 

stabilisation provides environmental and economic advantages (Zorluer et al., 2020). 

In civil engineering applications, knowing the California Bearing Ratio (CBR) of road 

subgrade is very important in determining the thickness and materials to be used 

during construction. Good California Bearing Ratio (CBR) and swelling results were 

achieved when 80% lime was used in the expansive subgrade stabilization for flexible 

pavement, and 3–8% of lime was used to improve high plasticity clays (Ingles et al., 

1972). Figure 1.1 shows areas in the UK and the US that are susceptible to swell-

shrink effects and Figure 1.2 shows the distribution of expansive clay in South Africa. 

Figure 1.3 and Figure 1.4 show a typical low-strength expansive soil with high potential 

for swelling and shrinkage and road pavement defects caused by expansive subgrade. 

Figure 1.5 -  Figure 1.8 shows road pavement defects caused by expansive subgrade 

materials. 
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Figure 1.1:Shrink-Swell potential areas in the UK (Jones and Jefferson, 2012) and areas in the US where soils are susceptibility soils to swelling (Wang et al., 2016) 
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Figure 1.2: Distribution of expansive clay in South Africa (Aneke et al., 2019) 
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Figure 1.3: Typical wet expansive soil 
 (Hossain et al., 2019) 

 

 
Figure 1.4: Typical dry expansive soil typical dry expansive soil 

(British Geological Survey, 2021) 
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Figure 1.5:Uplifting of flexible pavement 
(White et al., 2021) 

 

 
Figure 1.6:Typical longitudinal crack on road pavement 

(The geological society, 2012) 
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Figure 1.7:Differential settlement due to expansive 

subgrade (U.S. Department of Transport, 2020) 

 

 
Figure 1.8: Slope failure of embankment caused by expansive soil 

(Jalal et al., 2020) 
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1.2 PROBLEM STATEMENT  

Expansive soils expand and shrink with changes in moisture content within the soil 

causing defects in roads pavements, houses, embankments and structures to the tune 

of billions of pounds worldwide (Pritchard et al., 2013; Khademi et al., 2016; López-

Lara et al., 2017; Wu et al., 2019; Jones, 2019 and Abbey et al., 2019;) (Figure 1.5 – 

Figure 1.8). The process of modifying and re-engineering the subgrade materials or 

road pavement to make them suitable for use in construction is referred to as subgrade 

stabilisation. cement and lime have been successfully used for decades to stabilise 

road subgrade materials because of their higher binding and particle binding 

properties compared to other materials. After water, concrete is the most widely used 

material on the planet and is considered the most destructive material on Earth 

(López-Lara et al., 2017). During cement production, a large amount (4-8%) of the 

world’s CO₂ destroys natural resources such as limestone and vegetation, discharging 

waste sludge and wastewater from concrete batch plants which have harmful effects 

on the water ecosystem (Federica et al., 2014). 

 

It is clear that the production and use of cement and lime in subgrade stabilisation are 

associated with a high carbon footprint and are not environmentally friendly. Due to 

these global challenges, this research seeks to develop a more sustainable approach 

to stabilise expansive road subgrade materials for use in road construction. Therefore, 

the study will explore the use of sustainable waste materials and industrial by-

products. An economic appraisal will conduct to investigate the cost of stabilising 

expansive road subgrade using waste materials in comparison with the cost of using 

cement and lime. Furthermore, the study will carry out road pavement thickness and 

construction depth optimisation to determine the effect of treating subgrade using 

waste materials in road construction. Lastly, a durability test will be conducted on 

stabilised subgrade materials. Stabilising expansive subgrade materials using waste 

to improve the engineering properties of road subgrade would create a robust 

understanding of the use of sustainable waste materials in road subgrade stabilisation. 

This would increase the prospects of introducing possible changes to the current road 

subgrade stabilisation practices based on the findings, decisions, and 

recommendations of this research. 

 

 



 Chapter 1 – Introduction 
 

5 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

 

1.3 RESEARCH AIM AND OBJECTIVES  

1.3.1 Aim 

This research aims to stabilise expansive road subgrade materials using sustainable 

waste and industrial by-products to obtain a desirable and acceptable subgrade 

strength (CBR), reduced pavement thickness and construction depth similar to cement 

and or lime stabilised road subgrade. The study aims to carry out durability and defects 

analysis to determine the effect of wetting-drying cycles and repeated traffic loadings 

on road subgrade stabilised using sustainable waste materials. Furthermore, the 

research aims to conduct road pavement design using CBR values achieved for 

waste-stabilised road subgrade and economic appraisal using the LCCA approach 

and compare the cost effects and benefits of using sustainable waste materials to the 

cost of using unsustainable materials (cement and lime), against the environmental 

effect (carbon emission) associated with cement and lime production. 

 

1.3.2 Objectives 

The objectives of the research are as follows: 

1. Carry out detailed laboratory testing on stabilised and unstabilised expansive 

road subgrade materials with varying plasticity index used for the engineering 

of sustainably stabilise expansive road subgrade materials. Investigate the key 

engineering properties of stabilised expansive road subgrade materials 

including California Bearing Ratio (CBR) test and swell test. 

 

2. Conduct microstructural analysis on treated expansive road subgrade using 

Scanning Electron Microscopy (SEM) and Energy Dispersion X-ray (EDX) to 

determine the elemental composition of treated expansive road subgrade 

materials. 

 

3. Carry out road pavement thickness and construction depth optimisation. 

Conduct road pavement design using DMRB to determine the effect of 

sustainably stabilised expansive road subgrade on the thickness and 

construction depth of road pavement. Carry out road pavement defect analysis 
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to determine how sustainably stabilised expansive road subgrades are affected 

or can withstand/prevent defects within the pavement structure.  

 

4. Establish the durability of sustainably stabilised expansive road subgrade 

materials by carryout a wetting-drying cycle test to determine the ability of 

treated subgrade to withstand harsh weather conditions.  

 

5. Conduct economic appraisal using the Life Cycle Cost Analysis (LCCA) 

approach to determine the cost-effects and cost-benefits of using sustainable 

waste materials in expansive road subgrade stabilisation. 

 

6. Establish the environmental effects of using sustainable waste materials in road 

subgrade stabilisation compared with using unsustainable materials by 

determining the embodied carbon of each binder used in this study. Figure 1.9 

shows the correlation between the objectives and chapters of this study. 

 

 
Figure 1.9: Objective and chapter correlation 

 

1.4 ANTICIPATED IMPACT OF THE RESEARCH 

1.4.1 Climate change 

The entire globe is battling climate change and the findings of this research will help 

speed up the efforts by many countries and organisations including the United Nations 

(UN) and the World Health Organisation (WHO) in the fight against climate change 

(The World Health Organisation, 2021; United Nations (UN), 2021). The challenges 
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the world is facing today with climate change are a result of the high greenhouse gases 

emitted into the atmosphere due to human activities, especially in the civil engineering 

and construction sector. Some of the causes of global warming include the production 

and use of unsustainable construction materials such as cement and lime which have 

a high demand for energy and natural resources like clinker, however, they are 

associated with very high carbon dioxide (CO2) emission. The dumping of waste 

materials in landfills by humans also has a great impact on the environment leading to 

the current climate change we experience.  

 

According to the World Health Organisation (WHO) (2021) report on climate change 

in the Western Pacific, it is estimated that climate change will cause an additional 

250,000 deaths annually between 2030 to 2050 (The World Health Organisation, 2021 

and United Nations (UN) 2021). The United Nations (UN) 2021 report on climate 

change states that countries are committing to net-zero emission by 2050, and about 

half of the emission cuts must be in place by 2030 to keep global warming below 1.5℃ 

(The World Health Organisation (WHO), 2021; United Nations (UN), 2021). This 

research provides solutions to how waste materials dumped at landfills can be used 

in road construction to reduce the overreliance on traditional binders such as cement 

and lime which has contributed greatly to the recent climate change we experience.  

 

1.4.2 The United Nations Sustainable Development Goals (UNSDGs). 

Findings from this research are the way forward to the future of sustainable 

engineering and industrial revolution which forms part of the United Nations 

Sustainable Development Goals (UNSDG) (UNSDG, 2022). The finding from this 

research will help the drive towards achieving the sustainable development paradigm 

of the United Nations (UN) which focuses on the four intertwined dimensions of 

sustainable development– society, environment, culture and economy. The concept 

of sustainable development was described by the 1987 Brundtland Commission 

Report as “development that meets the needs of the present without compromising 

the ability of future generations to meet their own needs.” Sustainable development 

has been intergraded into many global frameworks and conventions related to the key 

areas of sustainable development such as Climate change – Article 6 of the United 

Nations Framework Convention on Climate Change, Biodiversity – Article 13 of 
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Convention on Biological Diversity and Disaster Risk Reduction – Sendai Framework 

for Disaster Risk Reduction 2015-2030 (Convention on Biological Diversity, 2021 and 

Disaster Risk Reduction, 2015). 

 

1.4.3.1 Society (Social Sustainability): the ability of a society or any social system 

to achieve good social well-being. This research provides a solution to a sustainable 

and cost-effective way of road subgrade stabilisation using waste materials dumped 

in landfills instead of using traditional cement and lime in subgrade stabilisation. This 

will benefit society through the reduction of greenhouse gas emissions into the 

atmosphere during cement production (responsible for climate change) and reducing 

the amount of waste dumped in landfills. Through the utilisation of waste materials in 

road construction, as prescribed in this study, governments will save money on the 

purchase of disinfectants to fumigate landfills, whilst eradicating the outbreak of 

diseases in society, which can be caused by the contaminated landfills. 

1.4.3.2 Economy (Economic Sustainability): the ability of a county to use its 

resources efficiently and responsibly so that it can operate in a sustainable manner to 

consistently produce an operational profit. Findings from this research will help 

countries to save money and make a profit for use in other ventures to improve the 

economy through the utilisation of waste materials dumped in landfills in road 

stabilisation. Instead of using cement and lime which are expensive and associated 

with negative environmental effects. 

1.4.3.3 Environment (Environmental Sustainability): this means living within the 

means of our natural resources and consuming these natural resources at a 

sustainable rate. Findings from this research will help reduce our over-reliance on 

scarce natural resources such as clinker used in cement production, to the use of 

waste materials in road construction. This will as save the environment from further 

human destruction due to the high demand for cement. Figure 1.10 shows a Venn 

diagram of how the four dimensions of sustainable development intertwine. 
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Figure 1.10: Sustainable Development Venn diagram 
(ConceptDraw, 2022) 

 

 

1.5 STRUCTURE OF THESIS 

The body of the thesis consists of nine chapters and their arrangements are as follows; 

Chapter 1 introduces the research and the report. It discusses the background of the 

research and the basis in a contextualised manner. The chapter expands on the nature 

of the problem of road pavement defects due to expansive subgrade material. The 

chapter summarises the main aims and objectives of the research methodology used 

to address the problem. This chapter further captures the researcher's view of the 

impact of the research work in the UK and its contribution to global knowledge. 

Chapter 2 reviews existing literature on road subgrade stabilisation to establish the 

level of current knowledge and thinking to provide an intellectual contest of the 

research. A critical review of the current techniques used in subgrade stabilisation are 

outlined in this chapter. 

Chapter 3 describes the materials used and their characterisation, including details 

regarding their current usage in road subgrade stabilisation, their sources, chemical 

and oxide compositions, some physical properties, and particle size distribution. 

Chapter 4 outlines the method and research design used in this research and the 

analytical techniques for the formulation of mix designs. In addition, the sample 
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preparation process, the test for engineering properties, such as CBR, Swell, 

microstructural analysis, durability tests such as wetting-drying cycles, road pavement 

defect analysis, optimisation of road pavement and road construction depth, cost 

analysis using the LCCA approach are presented in this chapter. Chapter 4 describes 

the process and the types of road pavement analysis, and the guidance used such as 

DMRB road pavement design, road pavement thickness and construction depth 

optimisation and road pavement defect analysis. The chapter also describes the 

process and how the various materials and software applications used in this research 

were adopted. The chapter also outlines the process of economic appraisal and the 

approach techniques used in the research such as the Life Cycle Cost Analysis 

(LCCA) approach. The chapter compared the cost effects and benefits of using 

sustainable waste materials in road subgrade stabilisation against unsustainable 

materials such as cement and lime. 

Chapter 5 describes the detailed results obtained from the research work for the 

various test including the pavement and cost analysis conducted in this study. I this 

chapter, the analytical results are discussed, based on the physical observations and 

the correlation derived from this research. Next, the chapter shows the engineering 

performance of the laboratory tests and discusses the pavement and cost analysis 

conducted using various parameters based on this research. 

Chapter 6 is the final chapter of the thesis, and it summarises the main conclusions 

and recommendations of the research work suggesting new areas for further research. 

1.6 CHAPTER SUMMARY  

Chapter 1 gives an in-depth background of the research, its impacts on the 

environment and climate change and how the research helps to achieve the United 

Nations Sustainable Development Goals (UNSDGs). The aim, objectives, 

methodology used, and structure of the thesis are fully described in this chapter. 

Chapter 2 presents some literature on the theories and techniques in subgrade 

stabilisation to establish the status of current knowledge to provide an intellectual 

context for the research. The review aims to provide knowledge and information 

surrounding soil and expansive subgrade stabilisation, which influence the 

development of this research. 
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2. CHAPTER 2 – LITERATURE REVIEW 

2.1 SOIL 

Soils are the extreme outer part of the Earth’s crust. They are regarded as the ‘skin of 

the earth. Soils are formed over time under chemical, physical and biological 

processes where rocks and sediments are influenced by five factors: parent materials, 

biota, relief, climate and time (Dokuchaev, 1883). According to Garrison et al. (2021), 

soil can be defined as the biologically active, porous medium that has developed in 

the uppermost layer of the earth's crust. Civil engineers define soil as a natural 

aggregate material or grain that can be separated by such gentle mechanical means 

as agitation in water (Terzaghi et al., 1996). Soils are classified and categorised based 

on their grain shape, size and aggregate properties. The most significant aggregate 

properties of soil are its density (non-cohesive soil) and consistency (cohesive soil). 

Cohesive soils such as (clay soils) <0.002mm are sticky silt and their strength depends 

on the surface tension of capillary water. Non-cohesive soils such as gravel 4.75-

75mm or sand 0.42mm have a particle size that does not bond together. In addition, 

soils serve as a natural medium to support plants' growth because they serve as a 

natural reservoir of water and nutrients for plants and facilitate the cycling of carbon 

and other elements through the global ecosystem. 

 

Kaolinite is a white or grey mineral which is the main constituent in the manufacturing 

of China clay (Bristow, 1994 and 1993). China clay production in Devon and Cornwall, 

South-west England was 2.5 Mt per year representing approximately 10% of the 

world’s output. Companies producing kaolinite clay include IMERYS, Goonvean and 

WBB Minerals. IMERYS account for 25% of the world’s total China clay production of 

24.4 Mt both in Devon and Cornwall and in the USA, Brazil and New Zealand (Bristow, 

1994 and 1993). There are approximately 9 tonnes of waste rock and debris 

production for 1 tonne of China clay product and the clay-bearing ground in Cornwall 

covers approximately 40km² (Geography, 2010). According to Wilson. (2003), 87% 

and 30% of the over 60 grades of China clay produced in Cornwall are exported 

through the port of Par and Fowey respectively. The paper, ceramic and performance 

mineral market dominated the sales of kaolinite from Devon and Cornwall with 75% 

paper, 13% ceramics, and 12% performance mineral (mainly for paint, rubber and 

plastics) (Thurlow, 2001). There has been uninterrupted mining and processing of 
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China clay for a wide range of markets since the discovery in 1746 at Tregonning Hill 

near Helston, Cornwall by William Cookworthy. In the early 1900s, China clay was 

utilised in porcelain and tableware mainly in paper production as a filler and coating 

pigment (Wilson, 2003). The production of China clay exceeded 0.5 Mt for the first 

time and by 1900, 60% of the sales were for the paper industry. Kaolinite are soft clays 

which cannot be used on their own in construction and would require treatment to 

make them suitable for use. Alrubaye et al. (2016) used various percentages of lime 

(3%, 5%, 7% and 9%) and 4% silica fume to stabilise soft kaolinite to improve its 

engineering properties. Figure 2.1 shows China's clay production from 1748 to 2001.  

 

The original name for Bentonite was ‘mineral soap’ or ‘soap clay’. A pioneering 

geologist known as Wilbur C. Knight came to Wyoming in 1897 and served as state 

geologist, first used the name taylorite for bentonite in an article “the engineering and 

mineral journal (1897)” who made the first shipment of bentonite in 1888 (Sutherland, 

2014). The highest quality bentonite was found in the upper Cretaceous Mowry Shale. 

Bentonite that swells contains a high concentration of sodium ions and will 

substantially increase in volume when it comes into contact with water. The bentonite 

in Wyoming originated from intense, explosive volcanism associated with the 

emplacement of the Idaho batholith in what is known as Idaho (Sutherland, 2014). 

Bentonite was first produced at $25 per ton in 1888 by William Taylor from a property 

near Rock Creek. Taylor shipped 5,400 tonnes of bentonite from the quarry to buyers 

across the country. Bentonite pit was opened near Newcastle and Wyoming in 1897 

and the total output for the year amounted to 150 tonnes. Bentonite production from 

1921 to 1937 showed a substantial overall increase in both volume and total value 

(Sutherland, 2014).  

 

Bentonite Clays are an absorbent swelling clay formed from the weathering of volcanic 

ash in seawater (Sutherland, 2014). As a swelling clay, bentonite possesses the ability 

to absorb large amounts of water leading to an increase in volume making bentonite 

beds unstable grounds for road construction and buildings (Sutherland, 2014). In fresh 

exposures, bentonite is pale or white-blue or green, they can turn to cream and yellow 

colour, brown or red by further wreathing of the exposure (Sutherland, 2014). There 

are three types of bentonites namely sodium bentonite, calcium bentonite and 

potassium bentonite. Sodium bentonite expands when wet and can absorb moisture 
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several times as its dry mass in water (Odom, 1984). Sodium bentonites are often 

used in drilling mud for boreholes, lining the base of landfills gas and oil wells for 

geotechnical and environmental investigations due to their excellent colloidal 

properties (Hosterman et al., 1992). Bentonites are used as sealants due to their 

swelling property, providing a self-sealing and low permeability barrier (Hosterman et 

al., 1992). 

 

Calcium bentonites are a useful adsorbent of ions fats and oils in solution. It is 

classified as one of the earliest cleaning agents and the main active ingredient of 

Fuller’s Earth (Lagaly, 1995). Calcium bentonite can be converted to sodium bentonite 

by a process called ion exchange (Lagaly, 1995). This process involves the addition 

of 5-10% of a soluble sodium salt such as sodium carbonate to wet bentonite, mixing 

well and allowing time for the ion exchange to take place and water to remove the 

exchanged calcium (Christidis et al., 2006; Eisenhour et al., 2009). Some properties 

may not be fully equivalent to those of natural bentonite due to viscosity and fluid loss 

of suspensions of sodium-beneficiated calcium bentonite (Odom, 1984). Potassium 

bentonite also known as k-bentonite or potash bentonite are illite clay rich in potassium 

formed from the alteration of smectic clay (McCarty et al., 2009). Illite is a high-charge 

ToT clay mineral with sheets bounding relatively strongly by more numerous 

potassium ions, so it is not a swelling clay and has few industrial uses (Nesse, 2000). 

Figure 2.2 shows Wyoming bentonite production from 1921 to 2012. 

 

Figure 2.1:Production of kaolinite from Devon and Cornwall from 1748 to 2001 (Wilson et al., 2003) 
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Figure 2.2: Wyoming bentonite production from 1921 to 2012 (Sutherland, 2014) 

 

2.2 EXPANSIVE SOIL  

Expansive soils are composed of high percentage of clay minerals such as 

montmorillonite expandable illite and vermiculite, with their liquid limit exceeding 50% 

and the plasticity index exceeding 30% (Elarabi, 2010). The swelling ability of 

expansive soils are dependent on the total internal and external areas of their mineral 

particles. A small amount of swell can occur as a result of the enlargement of the 

capillary films in clay minerals when water absorbs through their outer surface (Al-

Rawas et al., 2006). Expansive soils are highly plastic soils that typically contain clay 

minerals such as montmorillonite that attract and absorb water (Mitchell et al., 2005). 

Water molecules in expansive soils absorb into the gaps between the clay plates when 

the soil is introduced to water, causing the soil to absorb more water as the moisture 

content increase, forcing the plates further apart (Zaid, 2017). A study conducted by 

Reda et al. (2016) reviles that, expansive soils contain smectite clay materials which 

at the microscopic level look like layered sheets due to their moisture-retaining abilities 

(See Figure 2.3) (Reda et al., 2016). The diffused double layer influences the 

engineering properties of clayey soil, especially the hydraulic conductivity (Besq et al., 
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2003). The swelling potential of expansive clay soils are due to the adsorption of water 

into the interlayer region due to surface forces that can cause clay minerals to swell 

(Mitchell et al., 2005). Osmosis is the known process through which clay minerals can 

swell as a result of the movement of solvents through a semi-permeable membrane 

from a region of higher concentration to a region of lower concentration (Mokni et al., 

2009).  

 

A net expansion is produced in the crystal structure of montmorillonite when water 

moves into the interlayer regions in response to the interlayer cations (Mitchell et al., 

2005). It is common for sodium montmorillonite to adsorb water into the interlayer 

region, they usually exhibit greater swelling compared to calcium montmorillonite. 

Sodium ions in the interlayer region cause greater osmotic pressure than calcium 

(Janovák et al., 2009). Unlike kaolinite, illite and calcium montmorillonite, the crystal 

of sodium montmorillonite expands which can be observed by x-ray diffraction 

(Janovák et al., 2009; Mitchell et al., 2005). Expansive soil although exerts large 

pressure against non-yielding structures; can also exhibit high shrink-swell with 

changes in moisture content which can cause damage and deformation to road 

pavement structures (Mitchell et al., 2005). Figure 2.3 illustrates the mechanism of 

expansive soils. Expansive soils are classified using their properties such as plastic 

index and liquid limit. Table 2.1 Swelling potential of soils based on the liquid limit, 

Table 2.2 shows the classification of shrink potentials of expansive soil based on their 

plasticity index and Table 2.3 shows  therelation of soil index properties and probably 

volume change for highly plastic soil and Table 2.4 shows the values of thickness, 

planar diameter, specific surface area and cation exchange capacity of clay minerals. 
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Figure 2.3: Mechanism of expansive soils showing expansion of expansive soil due to water adsorption in (B) 
and shrinkage expansive soil due to dryness  (Harraz et al., 2016) 

 

Table 2.1: Swelling potential of soils based on liquid limit 
 (Dakshanamurthy et al., 1973) 

Liquid limit Classification 

0-20 

20-35 

35-50 

50-70 

70-90 

>90 

Non-Swelling 

Low-Swelling 

Medium-Swelling 

High-Swelling 

Very High-Swelling 

Extra High-Swelling 

 

 

Table 2.2: Classification of shrink potentials based on plasticity index 
 (Jones and Jefferson, 2012) 

Ip’ (%) 
Clay Fraction 

(<0.002mm) 

Shrinkage 

potential 

>35                  

22-48 

12-32 

<18 

>95 

60-95 

30-60 

<30 

Very High 

High 

Medium 

Low 

Where Ip’ = Plasticity Index 
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Table 2.3: Relation of soil index properties and probably volume change for highly plastic soils 

 (ACPA Concrete Pavement Technology Series) (2021) 

Data from Index Tests1 

Estimation of probable 

expansion2, percent total 

volume change (dry to 

saturated condition) 

Degree of 

expansion 

Colloid Content 

(percent minus 

0.00004 in. 

(0.001mm) 

(ASTM D422) 

Plasticity 

Index 

(ASTMD4318) 

Shrinkage Limit 

Percent 

(ASTM D427) 

> 28 > 35 > 11 > 30 Very High 

20 - 31 24 - 41 7 - 12 20 - 30 High 

13 - 23 15 - 28 10 - 16 10 - 20 Medium 

< 15 < 8 < 15 < 10 Low 

1. All three index tests should be considered in estimating expansive properties. 2. Based on a vertical loading of 
1.0 psi (0.007 MPa). For higher loadings, the amount of expansion is reduced, depending on the load and the 

clay characteristics. 

 

Table 2.4: Values of thickness, planar diameter, specific surface area and cation exchange capacity 

of clay minerals (Baker et al., 2017; Uddin et al., 2017) 

Edge View 
Typical  

Thickness 
(nm) 

Planar  
Diameter  

(nm) 

Specific Surface 
Area (SSA) 

(m2/kg) 

Cation Exchange 
Capacity (CEC) 

(meq/100g) 

Kaolinite         

Halloysite         

Chlorite         

llite           

Montmorillonite (Bentonite)      

Vermiculite      

100 

- 

30 

20 

2 

- 

10-1,000 

- 

100-2,000 

100-2,000 

10-1,000 

- 

10-15 

- 

70-90 

80-120 

700-800 

- 

3-18 

5-40 

10-40 

10-40 

60-150 

100-215 

 

2.3 CHARACTERISTICS AND MINERALS OF CLAY SOIL 

It is important in this research to understand the characteristics and behaviour of clay 

minerals and how they impact road pavement as subgrade materials. This section 

looks at how clay minerals influence the formation of carbonates, hydroxides and 

oxides, sulphates, swelling and double-layer formation. Clay minerals are a diverse 

group of hydrous layer aluminosilicates that constitutes the greater part of the 

phyllosilicate family of minerals. They are fine-grained sediments and rocks 

(mudrocks, shales, claystone, clayey siltstones, clayey oozes and argillites) (Huggett, 

2015) Geologist commonly defines clay soils as hydrous layer aluminosilicates with 

particle size < 2µm, whiles engineering and soil scientists define clay as any mineral 

particle < 4µm (Huggett, 2015). Clays are normally classified according to their layer 

type and because of their particle size, clay minerals are not easily identified by optical 
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methods (Huggett, 2015). The mineral structures of clay go through a geometric 

arrangement of atoms and ions with time and these transformations as a result of 

weathering (Huggett, 2015).  

 

Clay minerals act as ‘chemical sponges’ which hold water and dissolved plant nutrients 

weathered from other minerals (Mitchell et al., 2005; Sposito, 2008). This results in the 

presence of an unbalanced electrical positively charged surface of clay grains with 

other surfaces acting as negatively charged (Sposito, 2008; Waltham, 2009; Mitchell 

et al., 2005). Clay minerals attract water molecules by way of surface adsorption which 

is the process where ions and water are not attracted deep inside the clay grains 

(Mitchell et al., 2005; Sposito, 2008). The presence of clay minerals (typical clay) are 

important in engineering because they dominate the soil’s behaviour and clays 

sometimes contain organic minerals like dolomite, feldspar, calcite, mica, gibbsite and 

pyrite (Lekha et al., 1998; Venugopal, 1992; Mitchell et al., 2005; Sposito, 2008). 

These non-clay materials such as pyrite can be problematic during engineering 

applications because of the high amount of pyrite oxidises to form gypsum (Mitchell et 

al., 2005; Sposito, 2008). The adsorption properties of clay minerals are replicated 

when the decay of dead plants and animals in the soil are promoted by organic matter 

from soil microbes (Yang et al., 2009; Czerewko et al., 2003).  

 

Some chemical compositions of organic materials can influence the sorption 

properties of soil (Wang et al., 2007). Extra admixtures were used with cement by 

Chen et al. (2006) to stabilise soft soil with high organic content which can control soil-

borne pathogens through several mechanisms such as the release of fungi-toxic 

compounds, and the generation of fungistatic (Lockwood, 1977). Research has found 

aliphatic carbon to be a dominant sorbing phase of clay soils with organic matter 

composition (Liang et al., 2006; Wang et al., 2007). The chemical foundation, 

geometric arrangements of the atoms, ions and the electrical forces of clay minerals 

that bind them together are responsible for the determination of the properties and 

composition of the mineral (Klein et al., 1985; Mitchell et al., 2005). Clay minerals 

belong to the larger class of sheet silicates known as phyllosilicates, and their sheet 

arrangement within the alumina-silicate layers varies resulting in variable physical and 

chemical properties that differentiate the clay mineral classes (See Figure 2.6) (Wang 

et al., 2007).  
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2.3.1 Structure of Clay Minerals  

Clay structures are composed of two units (octahedral sheet and tetrahedra sheet) 

(Gopal et al., 2000). The tetrahedral sheets are composed of silicon-oxygen 

tetrahedral linked to neighbouring tetrahedra by sharing three corners resulting in a 

hexagonal network (Uddin et al., 2017). The remaining fourth corner of each 

tetrahedron forms a part of the adjacent octahedral sheet (Uddin et al., 2017). The 

octahedral sheets are usually composed of aluminium or magnesium in six-fold 

coordination with oxygen from the tetrahedral sheet and with hydroxyl (Chen et al., 

2009). The two sheets together form layers and individual octahedra are linked 

laterally by sharing edges (Ke et al., 2005). Vander Waals and electrostatic forces or 

hydrogen bonding may join individual layers each other in a clay crystallite interlayer 

cation (Gopal et al., 2000; Mitchell et al., 2005; Ke et al., 2005; Chen et al., 2009; 

Uddin et al., 2017). Complex chemistry can arise from Ionic substitution in any of these 

sheets due to replacing the primary source of both negative and positive charges in 

clay minerals (Gopal et al., 2000). When cations are small enough to enter into 

tetrahedral coordination with oxygen cations like Fe3+ and Al3+, they can substitute for 

Si4+ in the tetrahedral sheet (Bentabol et al., 2009).  

 

A gain of only one negative charge is achieved with the substitution of one Al3+ for a 

Si4+ in the tetrahedron and a cation such as Mg2+, Fe2+, Fe3+, Li+, Ni2+, Cu2+ and other 

medium-sized cations can substitute for Al3+ in the octahedral sheet (Varma, 2002). 

Negatively charged layers are produced from such substitution and a replacement of 

a lower valence cation by one with a higher valence (Fe2+ by Fe3+) resulting in a gain 

of one positive charge (Bentabol et al., 2009). Chemical bonding between layers is 

achieved by balancing cations between the layers exhibiting substitution that results 

in both positive and negative charges (Janovák et al., 2009). Clay minerals structures 

have double layers on their surface due to swelling and comprise electrically charged 

colloidal particles. Clay minerals surfaces are negatively charged and cations adsorb 

into this surface (Janovák et al., 2009). The importance of the double layer of the clays 

are dependent on the particle size in the clay mineral (Mitchell et al., 2005). The double 

layer of clay minerals are about 30mm (Mitchell et al., 2005; Janovák et al., 2009; 

Mokni et al., 2009). The double layer in clay minerals causes two clay mineral particles 

to repel against each other on approach. Hence the double layers of different particles 

may overlap each other and control flocculation and dispersion (Mitchell et al., 2005).  
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In simple terms, calcium ions in the interlayer region compress the double layer 

(divalency Ca2+) bringing the sheets closer together to prevent water absorption to 

reduce swelling. However, sodium ions (monovalency Na+) swell more easily (Mitchell 

et al., 2005; Janovák et al., 2009; Mokni et al., 2009). The increasing negative charges 

observed in the soil system due to cation exchange is result from unbalanced ionic 

substitution and broken bonds of soil particle edges within the clay mineral lattice 

(Bailey, 1998). The net charge of the mineral is determined by a balance in the electron 

loss and gain within the structure (Sposito, 2008). Clay minerals are divided into 

groups which include the Kaolinite, the Mica, the Illite, the Chlorite, the Smectite, the 

Vermiculite and the Attapulgite groups (Mokni et al., 2009). These groups help in the 

understanding of how the structural sheet of clay minerals forms the clay structure 

(Bailey, 1998; Mitchell et al., 2005; Sposito, 2008). Figure 2.4 shows the bentonite clay 

structure, Figure 2.5 shows the kaolinite clay structure, Figure 2.6 shows the Clay 

mineral structure and Table 2.5 shows typical values for cation exchange capacities 

 

 

Figure 2.4: Bentonite clay structure (Bananezhad et al., 2019) 
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Figure 2.5; Kaolinite clay structure (Jaradat et al., 2017) 

 

 

 

Figure 2.6; Clay mineral structure (Nuruzzaman et al., 2016) 
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Table 2.5: Typical values for cation exchange capacities (Uddin et al., 2017) 
 

Liquid limit       meq/100g 
Kaolinite        3-18 

Halloysite        5-40 

  Chlorite        10-40 

      llite            10-40 

Montmorillonite     60-150 

Vermiculite       100-215 

 

2.3.2 Kaolinite and Attapulgite Group 

In this group, the tetrahedral sheets are occupied by silicon and the octahedral sheets 

by aluminium. In kaolinite, the tetrahedral sheet carries a small permanent negative 

charge due to the isomorphous substitution of Si4+ by Al3+ leaving a single negative 

charge for each substitution (Giese et al., 1986; Costanzo et al., 1990). The formula 

Al2Si2O5(OH)4 is used to express the chemical composition of kaolinite and the 

octahedral sheet and crystal edges of kaolinite have a pH-dependent variable charge 

(Lackovic et al., 2003; Srivastava et al., 2005). This allows electrostatic interaction with 

positively charged ions because the tetrahedral sheets of clay are permanently 

negatively charged (Lackovic et al., 2003; Srivastava et al., 2005). However, this 

permanent charge is a minor component in kaolinite-type of clays because the layers 

exposed OH groups and may exhibit acid-based behaviour (Papini et al., 2002; Hizal, 

2006). Kaolinites are natural soil with a higher density of hydroxyl groups than clay 

minerals of the smectite group and its interlayer chemistry is much less developed in 

comparison with smectites.  

 

The structure of kaolinite is a 1:1 dioctahedral layered mineral whose layers are 

formed of silicon tetrahedral sheets linked to aluminium octahedral sheets. The 

stacked layers are linked by Van der Waals and hydrogen bonds making it difficult to 

access the alumino group (Al-OH) of the interlayer spaces (Letaief, 2005; Letaief et 

al., 2008). Kaolinite clay is named after a locality in China called Kaolin, which invented 

porcelain (known as China clay) using the local clay mineral. Attapulgites are 

crystalline hydrated magnesium aluminium silicate with a unique three-dimensional 

structure and have a fibrous morphology (Yang et al., 2009; Sun et al., 2009). 

Attapulgite mineral has a special property that smectite lack as it is stable in a saltwater 

environment and as a drilling fluid. Attapulgite resembles clay minerals more than 

amphiboles. Attapulgite clays are composed of a finer-like morphology with an ideal 
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structural formula Si8O20Mg5(Al)(OH)2(H2O)4.4H2O (Yang et al., 2009; Sun et al., 

2009). The mica group (Figure 2.6) is a representation of the joining of two tetrahedral 

sheets with one from each side and one octahedral sheet which produces a three-

sheet mineral type called 2:1. The mica group typically represent an electrically neutral 

2:1 type mineral in which adjacent layers are joined to each other by Van der Waals 

bonds.  

 

2.3.3 Chlorite and Mica Group 

The structure of micas is similar to that of talc and pyrophyllite, the only difference is 

the substitution of Al3+ for Si4+ in every fourth tetrahedral site results in an excess of 

one negative charge per formula unit. Monovalent cations satisfy the negative charge, 

primarily K+, that resides on interlayer sites between the 2:1 layer (Waltham, 2009). A 

strong bond is formed between adjoining tetrahedral sheets by the interlayer cation 

which limits the expansion of the mineral. The mica group is subdivided into tri- and 

dioctahedral minerals according to cation substitutions in the octahedral sheet and 

within the interlayer (Sposito, 2008; Waltham, 2009). The trioctahedral group of micas 

contains interlayer K+ cations and is represented by phlogopite [KMg3(AlSi3O10)(OH)2] 

with Mg2+ occupying the octahedral sites and biotite, which contains both Fe2+ and 

Mg2+ in the octahedron. Muscovite [KAl2(AlSi3O10)(F,OH)2, or 

(KF)2(Al2O3)3(SiO2)6(H2O)] is a dioctahedral mica (Sposito, 2008) containing Al3+ in the 

octahedral sheet and K+ in the interlayer, while paragonite exhibits similar dioctahedral 

coordination with interlayer K+ and Na+ cations (Sposito, 2008and Waltham, 2009). 

Mica in the clay fraction exhibits poorer crystallinity higher water content, lower K+ and 

possible substitutions of Fe2+ and Fe3+ in the octahedral sheets and Ca2+ in the 

interlayer.  

 

Micas occur in an unweathered state in the sand and silt fractions which is inherited 

from the parent material. Other cations (such as Vanadium, lithium, titanium, 

chromium, and manganese) occur in varying amounts in these fine-grained micas 

(Sposito, 2008; Waltham, 2009). Chlorites are mineral groups that exhibit a basic 2:1 

layer structure which is similar to that of pyrophyllite, but with an interlayer brucite or 

gibbsite-like sheet which forms a 2:1:1 structural arrangement. This clay mineral is the 

weathering product of mafic silicates (such as Olivine, Labradorite and Biotite) and is 
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stable in cool, dry or temperate climates and occurs along with illite (Sposito, 2008; 

Zanazzi et al., 2009; Lázár et al., 2009; Waltham, 2009). A variety of cation species 

may exhibit in these brucites or gibbsite-like islands that contribute to a large number 

of mineral spices within the chlorite group (Sposito, 2008; Zanazzi et al., 2009; Lázár 

et al., 2009; Waltham, 2009). Chlorites are generally non-expansive minerals because 

there is adsorption within the interlayer space and their cation exchange capacity and 

surface charge densities are low (Sposito, 2008; Zanazzi et al., 2009; Lázár et al., 

2009; Waltham, 2009). The cation exchange capacity and surface charge densities of 

chlorite are low and the negative charge generated by isomorphous substitution is 

compensated by brucite (Mg Hydroxide) of ten positive charges due to isomorphous 

exchange of Mg2+ by Al3+ (Sposito, 2008; Zanazzi et al., 2009; Lázár et al., 2009; 

Waltham, 2009). 

 

2.3.4 Smectite, Illite and Vermiculite Group 

The occurrence of weathering products of mafic silicates are termed smectite clay and 

are stable in a temperate climate. Smectite clay belongs to the family of dioctahedral 

layers, lattice silicate with a 2:1 structure and montmorillonite is a common member of 

this group. A Wander Waals holds together the 2:1 layers in the smectites with weak 

cation-to-oxygen linkages (Gates et al., 2009; Wolters et al., 2009; Benhammou et al., 

2009). Expansion of the crystal lattice is allowed as the mineral hydrates due to the 

presence of exchangeable cations located between water molecules in the interlayer. 

Basal spacing between layers can approach 2mm under dry conditions when the 

mineral is saturated with water (Gates et al., 2009; Wolters et al., 2009; Benhammou 

et al., 2009). Smectites such as bentonite are used in civil and environmental 

engineering, and in the oil drilling and chemistry industry. Engineers find smectite clays 

problematic due to their propensity for cracks to form and the general instability of the 

soil surface. The expansion and contraction behaviour of smectites is known as shrink-

swell potential.  

 

Smectite has a very high negative surface charge which is partially compensated by 

hydrated cations positioned in the interlayer spacing of the solid. In most cases, 

smectite has a large cation exchange capacity and high specific area and swells in the 

presence of water or polar organic molecules (Kloprogge et al., 1999; Guimarães et 
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al., 2009). The physical properties of the smectite may change due to the fifth inorganic 

cation of smectites being replaced by large alkylammonium ions. The swelling ability, 

high surface area and high cation exchange capacity of the smectite family have made 

it the subject of many investigations. Sodium smectite and calcium smectite are the 

two main varieties of the smectite family and can absorb up to 18 layers of water 

molecules between layers of clay (Tonle et al., 2003). Although Calcium smectite are 

commonly used as drilling mud, the most preferred clay mineral for drilling mud is 

sodium smectite (Gates et al., 2009; Wolters et al., 2009; Benhammou et al., 2009). 

When sodium smectite is used in drilling, it creates a protective clay liner for the 

prevention of seepage of groundwater into residential basements. Sodium smectite is 

also used in for hazardous waste landfills to guard against future groundwater 

contamination or as a commercial clay absorbent to soak up liquid spills (Gates et al., 

2009; Wolters et al., 2009; Benhammou et al., 2009).  

 

Vermiculites are formed as a result of weathered mica replacing interlayer K+ with 

hydrated exchangeable cations. The clay group is mostly used as an additive for the 

retention of water in potted plants and sometimes as protective materials for shipping 

packages (Marwa et al., 2009; Chmielarz et al., 2009). Vermiculite exists as an Al3+ 

dominated dioctahedral and to a lesser extent, Mg2+ dominated trioctahedral mineral. 

Vermiculite can be present in mixed-layer clays (chlorite and mica). The 2:1 layers in 

vermiculite are held together by the strong bonding of the interlayer cations which 

reduces expansion (Marwa et al., 2009; Chmielarz et al., 2009). Vermiculites have a 

high cation exchange capacity which are weak (K+ and NH4+). Exchangeable cations, 

water molecules, tetrahedral charge, preliminary Mg2+ and Ca2+ are firmly absorbed 

within the interlayer space of vermiculites. Each formula unit of vermiculite is derived 

from a charge of 0.6 – 0.9 per formula unit in the minerals by tetrahedral substitution 

of Al3+ for Si4+ (Marwa et al., 2009; Chmielarz et al., 2009).  

 

2.4. IDENTIFICATION OF CLAY MINERALS 

Microstructural properties of clay are the properties influencing the physical properties 

such as hardness, strength, high/low-temperature behaviour, toughness wear 

resistance etc (Benhammou et al., 2009). Microstructural properties can be 

determined by conducting Scanning Electron Microscopy (SEM). However, the 
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identification and quantification of clay minerals are carried out using Energy 

Dispersion X-ray (EDX), X-Ray Diffraction (XRD), Solid-state Backscattered Detector 

(SBD) and Thermo Gravimetric Analysis (TGA). 

 

2.4.1 Scanning Electron Microscopy (SEM): this is the primary tool for resolving 2D-

3D image processing and analysis and has various magnification and resolution 

ranges depending on the equipment type. SEM analysis is used to access the 

morphology, chemical composition, crystalline structure and orientation of materials 

making up the sample (Goldstein et al., 2003; Covelli et al., 2009; Migliavacca et al., 

2009). Sample preparation for SEM is easy because SEM only required samples to 

be conductive. The electrons are made up of a focused beam of high-energy electrons 

to generate a variety of signals at the surface of solid specimens. (Goldstein et al., 

2003; Covelli et al., 2009; Migliavacca et al., 2009). The capability of SEM to perform 

analysis of selected point locations on samples is useful in quantitatively or semi-

quantitatively determination of chemical compositions (EDX).  

 

SEM is one of the most used instruments in research due to the combination of high 

magnification, larger depth of focus, greater resolution and easy observation of 

samples (Goldstein et al., 2003; Covelli et al., 2009; Migliavacca et al., 2009). During 

thermal methods, specific clay minerals lose their structural OH water known as 

thermogravimetric analysis (TGA) based on the characteristic temperature regions. 

The enthalpy are associated with the dihydroxylation reaction also known as the 

differential scanning calorimetry (DSC) and the mineral quantities are estimated from 

comparisons of the OH- or enthalpy fractions measured and the standard quantities 

of representative pure minerals (Serapiglia et al., 2009; Rauma, 2009). 
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Figure 2.7: The testing process of SEM analysis (Havancsák, 2021) 

 

2.4.2 Energy Dispersion X-ray (EDX): this analysis uses a beam inside a scanning 

electron microscope to displace electrons from their energy levels (Osman et al., 2003; 

Lal, 2006; Bhaskaran et al., 2009). EDX techniques are successfully used alongside 

SEM in the application as an analytical detection technique. A high-energy electron 

from an outer shell occupies a position vacated by an ejected inner shell electron, 

accompanied by X-ray emission. X-rays with unique amounts of energy are released 

by atoms of each element during the electron transfer process. The energies of the X-

rays emitted can be used to identify the elements (Osman et al., 2003; Lal, 2006; 

Bhaskaran et al., 2009;). Unlike SEM, Energy Dispersion X-ray (EDX) analysis gives 

concrete evidence of particle identification. The identification of minerals with 

overlapping d-spacing regions is based on specific diffraction peak shifts and the 

energy of the beam is typically in the range of 10-20keV (Osman et al., 2003; Lal, 

2006; He, 2009). 
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Figure 2.8: The testing process of Energy Dispersion X-ray (Colpan et al., 2018) 

 

2.5 EXPANSIVE SUBGRADE STABILISATION  

Subgrade materials refer to the original ground or soil underneath a road pavement 

(Reddi et al., 2000). Many times, these materials do not have sufficient capacity to 

support the weight of the road pavements and the traffic loads and will require some 

sort of modification and re-engineering to enhance their capacity to support load 

(Ikeagwuani et al., 2019). Expansive subgrade means when road subgrade materials 

are made up of expansive clay soil (Afrin et al., 2017). In civil engineering practice, 

expansive soils are stabilised using chemical stabilisation techniques. Chemical 

stabilisation is the process of adding binder/additives materials to soil (expansive soils) 

as a way of treatment to make them usable for use in civil engineering and construction 

(Afrin et al., 2017). Many geotechnical solutions such as soil treatment and 

modification have been adopted to overcome the problems of expansive subgrade 

materials (Jawad et al., 2014). Soil stabilisation techniques via chemical stabilisation 

have been used in addressing the problems associated with expansive subgrade 

materials (Ikeagwuani et al., 2019). In this study, chemical subgrade stabilisation 

techniques were used to stabilise expansive road subgrade materials. Chemical 

subgrade stabilisation is the process of adding chemicals to improve the engineering 
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properties of expansive subgrade material (Afrin et al., 2017). The treatment of 

expansive subgrade using lime and other additives to improve its engineering 

properties has been effective for road pavement construction (Reddi et al., 2000).  

 

The addition of these chemicals changes the gradation and physico-synthetics within 

and around the soil particles promoting cation exchange which leads to flocculation 

and agglomeration of the expansive soil particles (Jawad et al., 2014). Cement, fly 

ash, bituminous, rice husk ash, lime, construction and demolition waste, electrical and 

thermal waste, geotextile fabrics and recycled waste can be used as admixtures 

(Lucena et al., 2014). The addition of these materials as admixtures can alter the 

geotechnical properties of expansive soil such as strength, bearing capacity, hydraulic 

conductivity, compressibility, workability, durability and swelling potential (Cabezas et 

al., 2019). Chemical subgrade stabilisation is an effective technique to improve 

expansive subgrade (Phanikumar et al., 2020). An investigation into the application of 

stabilisation of wastewater sludge proves that cement, lime and bitumen can be used 

as subgrade materials (Lucena et al., 2014). During chemical road subgrade 

stabilisation, the shear strength of the expansive subgrade improves when stabilisers 

react with water within the soil leading to an increase in the stiffness of the soil 

(Phanikumar et al., 2020). Expansive subgrade can be removed and replaced with 

higher-quality fill. However, this simple concept can be very expensive and 

unsustainable compared to chemical stabilisation techniques. Figure 2.9 – Figure 2.12 

show different road subgrade stabilisation processes. Figure 2.13 and Table 2.6 show 

real-life insitu subgrade stabilisation processes. 
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Figure 2.9: Cement stabilisation process in road construction (Pleasants Construction, Inc, 2020) 

 

Figure 2.10: Fly ash stabilisation process in road construction (Beeghly et al., 2003) 
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Figure 2.11: Lime stabilisation process in road construction (Saranya et al., 2017) 

 
 

 

Figure 2.12: Construction and demolition waste, geogrid and textile used in road construction  (ABG Geosynthetics, 2020)  
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Figure 2.13: Application process of binder agent in real-life road construction (Wirtgen-group.com, 2021) 
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Table 2.6: Advantages of insitu treated subgrade and disadvantages of removal and replacement of subgrade 

Cement/lime treated subgrade 

• Less time, less cost Reduce environmental impact 

• Improves the workability of subgrade of soil. 

• Reduces plasticity and shrink/swell potential 

• Reduce moisture susceptibility and migration 

• Increase speed of construction  

• Increase bearing capacity compared to untreated subgrade 

• Promotes soil drying 

• Provides significant improvement to the working platform 

• Uses onsite soil rather than removal and replacement 

• Provides permanent soil modification (no leaching) 

• Does not require mellowing period 

 
Insitu soil stabilisation process (Wirtgen-group.comc, 2021) Insitu soil treatment process in mixing chamber (Wirtgen-group.com, 2021) 
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Removal and Replacement 

 

• Time-consuming 

• Very costly 

• Greater environmental impact 

Removal and replacement of expansive subgrade with imported materials (Valley Trading and Roadpacker, 2021) 
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2.6 PROCESSED WASTE MATERIALS 

Various kinds of waste materials are generated worldwide as a result of human 

activities. Due to our inability to recycle all the waste society produces, a large section 

of these waste materials are dumped in landfills and others are dumped in water 

bodies contributing to some of the environmental problems society faces today. Over 

the past decades, more than 80 billion tonnes of waste have been produced worldwide 

and it is still growing (Laura, 2018). Countries such as China Malaysia and Cambodia 

have been buying recyclable trash from the first world's Western nations. However, in 

2018, Malaysia and China sent back about 4900 tonnes of plastic and paper waste to 

the USA, UK, Australia and Canada because China could not recycle all the waste 

and they end up in landfills (Laura, 2018). According to The World Bank, (2021), the 

world generates 2.01 billion tonnes of municipal solid waste annually and it is expected 

to grow to 3.40 billion tonnes by 2050. To mitigate the problem, many strategies have 

been implemented, including recycling incineration. However, these strategies are not 

enough to deal effectively with all the waste we produce. This has encouraged the use 

of processed waste in the engineering and construction sector to construct roads, 

pavements, and buildings. However, the availability of processed waste in high 

quantities for use in subgrade stabilisation and their associated environmental effects 

have been questioned (Chakraborty et al., 2014). Before waste materials can be used 

in subgrade stabilisation, the waste must, first of all, be processed to remove toxic 

chemicals and contamination to make them suitable for use as an additive in road 

construction (Hoornweg et al., 2012).  

 

Using processed waste in subgrade stabilisation is arguably the new trend in chemical 

stabilisation to reduce the amount of greenhouse gas emissions and the 

environmental effects associated with cement production (Chakraborty et al., 2014). 

The United States Department of Transportation, in 2021, stated that a considerable 

amount of processed waste is produced around the world for use in various 

engineering activities. Other studies have also shown that there are enough processed 

industrial by-products and waste materials available to meet the current demands for 

subgrade stabilisation and the processing of these waste materials are cheaper and 

more sustainable compared to the cost of cement, Lime and its production 

(Chakraborty et al., 2014). Over 20 million metric tonnes (22 million tonnes) of fly ash 
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are used annually in a variety of engineering applications typically highway 

engineering (United States Department of Transportation, 2017). The use of GGBS at 

high volumes as supplementary cementitious materials is good from an environmental 

point of view. The higher the amount of GGBS used to replace cement in soil 

stabilisation, the lesser the carbon footprint is expected due to the lower cement 

content used (Onn et al., 2019). The use of processed waste (such as fly ash) has 

significant environmental benefits including a net reduction in energy use and 

greenhouse gas emission. Sixty-two million metric tonnes (68 million tonnes) of fly ash 

were produced in 2001 and only 20 million metric tonnes (22 million tonnes) or 32% 

of the total production was used (United States Department of Transportation, 2017). 

The total production of hypo-sludge in Bangladesh which is capable of replacing 

cement is equivalent to 550,000*6 = 3,300,000kg per year.  

 

A reduction in the amount of coal combustion products that must be disposed of in 

landfills has been observed due to their use in subgrade stabilisation (United States 

Department of Transportation, 2017). The use of waste in soil stabilisation provides 

environmental and economic advantages (Zorluer et al., 2020). According to the Word 

Bank (2012) report, about 1.3 billion tonnes of solid waste are generated by cities 

globally each year and the volume is expected to increase to about 2.2 billion tonnes 

by 2025 (Hoornweg et al., 2012). Statistics have shown approximately 780 million 

tonnes of waste are generated worldwide this includes coal combustion products 

(CCP), such as fly ash, bottom ash, cenospheres, conditioned ash and flue gas 

desulphurization gypsum (Kumal et al., 2014). Out of these, the largest CCP of 395 

million tonnes were produced by China, 118 million tonnes by North America, 105 

million tonnes by India, 52.6 million tonnes by Europe, 31.1 million tonnes by Africa 

and a minor contribution from the Middle East (Heidrich et al., 2013). Motz et al. (2015) 

state approximately 400 million tonnes of GGBS are produced annually worldwide 

whiles the production of steel slag is around 350 million tonnes. Studies have shown 

that an estimated 70 -120 million tonnes per year of red mud are produced worldwide 

(Motz et al., 2015). While an estimated 100 – 280 million tonnes of phosphogypsum 

are produced every year (Tayibi et al., 2009).  
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Cement kiln dust of approximately 510 – 680 million tonnes are produced yearly 

(Kumal et al., 2014). India had a fly ash production of about 163.56 million tonnes per 

year in 2014, which increased to 184.14 million tonnes in 2014 (Central Electricity 

Authority, 2014, 2015). Figure 2.14 shows the projected waste generation, by region 

Mt per year showing a gradual increase in waste generation year by year Table 2.7 

shows the 2001 fly ash production and use showing the underutilisation of fly ash. 

Table 2.8 shows the major industrial solid wastes generated in India. Figure 2.15 

shows the modes of the utilisation of fly ash in the year 2014-15. Figure 2.16 shows 

the utilisation of fly ash in areas of engineering. Table 2.9 shows the coal combustion 

products (CCP) production around the world, and Figure 2.17 shows the modes of fly 

ash utilisation in 2012-13. 

 

Figure 2.14: Projected waste generation, by region Mt per year (The World Bank, 2021) 

 

 

Table 2.7: Fly ash production and use in the year 2001 
 (United States Department of Transportation, 2001) 

 
Million metric tonnes 

Million short 

tonnes 
Percent 

Produced 61.84 68.12 100 

Used 19.98 22.00 32.3 
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Table 2.8: Major industrial solid wastes generated in India (James et al., 2016) 

Solid 

waste 

Fly 

Ash 
GGBS 

Steel 

slag 

Red 

mud 

Lime 

sludge 

Lead-

zinc 

slag 

Phosphorus 

furnace 

slag 

PG Jarosite Kimberlite 
Mine 

rejects 

Annual 
production 

(million 
tonnes) 

184.14 10 12 4.71 4.5 0.5 0.5 11 0.6 0.6 750 

 

 

Figure 2.15: Modes of the utilisation of fly ash in the year 2014-15 
 (Central Electricity Authority, 2014) 
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Figure 2.16: Utilisation of fly ash in areas of engineering (James et al., 2016) 
 

 

Table 2.9: CCP production around the world (Heidrich et al., 2013). 

Country/Region 

CCP 

Production 

(Mt) 

CCP 

Utilisation 

(Mt) 

Utilisation 

rate (%) 

CCP 

Production 

/Person 

(Mt) 

CCP 

Utilisation/Person 

(Mt) 

Australia  13.1 6.0 45.8 0.60 0.27 

Canada 6.8 2.3 33.8 0.20 0.07 

China 395 265 67.1 0.20 0.20 

Europe 52.6 47.8 90.9 0.11 0.10 

India 105 14.5 13.8 0.09 0.01 

Japan 11.1 10.7 96.4 0.09 0.08 

The Middle 
East and Africa 

32.2 3.4 10.6 0.02 0.01 

United States 118 49.7 42.1 0.37 0.16 

Other Asia 16.7 11.1 66.5 0.05 0.03 

Russian 
Federation 

26.6 5.0 18.8 0.19 0.04 
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Figure 2.17: Modes of fly ash utilisation in 2012-13 (Central Electricity Authority, 2014). 

2.6.1 Sustainability of Using Processed Waste in Subgrade Stabilisation 

Climate change has been a huge challenge to the world and many efforts have been 

made to remedy the situation by ensuring a more sustainable way of production, 

especially in the construction sector to reduce greenhouse gas emissions (Booth et 

al., 2012). According to Benhelal et al. (2013), 7% of the world’s CO2 emission comes 

from cement and lime production due to the high demand for cement and lime. One 

tonne of CO2 is emitted for every tonne of cement produced (Onn et al., 2019). During 

cement production, 50% of the carbon is emitted as a result of the calcination of the 

raw materials and 50% of the energy used (Geng et al., 2019). Recent studies have 

shown the efforts made by many countries to mitigate carbon emissions in cement 

plants. However, the problem of greenhouse gas emissions persists and the total 

replacement of cement and lime with sustainable waste materials can help mitigate 

the problem and reduce the associated environmental problems (Onn et al., 2019). 

Some concerns have been raised about the availability and the production of 

processed wastes including their associated environmental effects, such as CO2 

emission and high energy consumption.  

 

However, the environmental impact associated with the production of processed waste 

is far less compared to the problems associated with the use of cement and its 
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production. Using GGBS in high volumes as supplementary cementitious materials is 

good from an environmental point of view (Onn et al., 2019). The higher the amount 

of GGBS used in replacing cement in soil stabilisation the less carbon footprint is 

expected due to the reduction in the use of cement (Onn et al., 2019). Furthermore, 

the use of processed waste such as fly ash has significant environmental benefits 

including a net reduction in energy use and greenhouse gas emission. Figure 2.18 

shows the contribution of the top ten countries to global CO2 emissions in 2008. 

 

 

 

Figure 2.18: Contribution of the top 10 countries in global CO₂ emission in 2008 (International Energy Agency 2010) 
 

2.6.2 Effect of Process Waste on The Engineering Properties of Road 

Subgrade 

Processed waste, such as brick dust waste (BDW), among others, can improve the 

engineering properties of road subgrade materials. BDW is mainly sourced from the 

cutting and demolition of brick and brick structures. Brick dust waste has been 

reportedly used in various studies to stabilise expansive road subgrade material. 

According to Anand et al. (2014), the California Bearing Ratio (CBR) value increased 

to over 400% and a high Unconfined Compressive Strength (UCS) was achieved when 

an optimum brick dust waste (BDW) content of 40% was used during expansive 

subgrade stabilisation. Compressive strength and CBR of soil reached their maximum 
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values based on the standard compaction test when an optimum content of 40% BDW 

was used in subgrade stabilisation in accordance with ASTM D2166/D2166M-13 and 

ASTM D1883-14. Other studies have shown an increase in CBR values at optimum 

BDW content from 5% to 20% (Al-Baidhani et al., 2019). Best stabilisation effects were 

obtained with brick dust waste at an optimum content of 50% (Sachin et al., 2014).  

 

A reduction in swell linear shrinkage and compaction water content was recorded 

when an optimum content of 50% brick dust waste was used in subgrade stabilisation 

(Teja et al., 2018). Good CBR and swelling results were achieved when 20% of brick 

dust waste proportions were used in expansive subgrade stabilisation for flexible 

pavement (Reddy et al., 2018). Unconfined compressive strength increased with the 

addition of 30% brick dust waste and began to decrease at 40% brick waste in 

accordance with ASTM D2166/D2166M-13 (Hairulla et al., 2016). Studies on the use 

of brick waste as a partial replacement for cement in expansive subgrade stabilisation 

have shown that the optimum or the highest proportion of brick waste used in subgrade 

stabilisation to achieve good engineering properties of soil is up to 50%. Brick dust 

waste proportion from 5%, 10%, 15%, 20% and 25% was used in subgrade 

stabilisation and the results obtained are as follows CBR 7.36, 8.54, 13.70, 19.13 and 

7.36. UCS 0.60 kg/cm2, 2.60 kg/cm2, 4.31 kg/cm2 and 2.84 kg/cm2, respectively. 

Unconfined compressive strength increased with the addition of 30% brick dust waste 

and began to decrease at 40% brick waste (Hairulla et al., 2016). Table 2.10 shows a 

summary of findings of improved engineering properties of expansive subgrade 

stabilised using various types of processed waste. 
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Table 2.10: Summary of findings of improved engineering properties of expansive subgrade stabilised using various types of processed waste. 

 

Waste Type 
Content        

(%) /Ratio 
Information Source Test Type 

Results: UCS (kN/m2), CBR (%), 
Swell (mm), Shrinkage (%) 

Standards 

Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 
Brick dust 

GGBS 
GGBS 
GGBS 
GGBS 
GGBS 
GGBS 

Plastic waste 
Plastic waste 
Polypropylene 
Polypropylene 
Polypropylene 
Polypropylene 
Polypropylene 
Polypropylene 
Polypropylene 

30-50 
30-50 
0-16 
10-30 
5-25 
0-30 
10-50 
10-30 
30-50 
10-40 
10-20 
10-20 
10-20 
10-20 
5-10 

70 ratio 
0-30 
0-30 
3-9 

3-12 
0.0-1.0 
0-1.5 
0.5-2 

0.05-0.25 
0.2-0.5 
0.5-2 

0.1-1.3 
0-1.4 

0.05-0.30 

Teja et al., 2018 
Bhavsar et al., 2014 
Kumar et al., 2018 
Khan et al., 2020 

Kumar et al., 2016 
Pokale et al., 2015 
Pundir et al., 2017 
Rizwan et al., 2019 
Kinjal et al., 2018 

Hairulla et al., 2016 
Rank et al., 2020 
Rank et al., 2020 
Rank et al., 2020 
Rank et al., 2020 

Estabragh et al., 2020 
Sharma et al., 2016 
Prasad et al., 2019 
Duyu et al., 2015 
Yadu et al., 2013 
Yadu et al., 2013 
Ashraf et al., 2011 
Wani et al., 2021 

Prasad et al., 2019 
Tang et al., 2007 

Tharini et al., 2020 
Murthi et al., 2021 
Tomar et al., 2020 
Vakili et al., 2018 
Ding et al., 2018 

CBR and UCS increased 
Shrinkage reduced 

CBR increased 
CBR increased 

UCS and CBR increased 
UCS increased & swell decreased 

Swell reduced &CBR increased 
CBR increased 

CBR improved from 
UCS improved 
UCS improved 
CBR improved 

Swell decreased 
Shear strength improved 

UCS increased with 
UCS increased 
CBR increased 
UCS increased 
CBR increased 
Swell reduced 

CBR values increased 
UCS and CBR increased 

CBR increased 
UCS increased 

Swell reduced considerably 
Swell pressure reduced 

UCS increased 
UCS increased by 
UCS decreased 

CBR = 19 & UCS = 20 
Shrinkage = 23.7 to 7.3 

CBR = 7.9 
CBR = 4.6 

UCS = 3544 &CBR = 21.90 
UCS = 297.76 & Swell = 23.98 

Swell = 0 & CBR = 12.54 
CBR = 7.4 

CBR = 1.6 to 6.8 
UCS = 197 

UCS = 142.2 
CBR = 2.86 
Swell = 0.83 
UCS = 67.15 

5% and 10% GGBS 
UCS = 450 
CBR = 2.69 
UCS = 263.5 

CBR = 2.05 to 8.29 
Swell = 67 and 21 

CBR = 1.967 to 2.479 
UCS = 40 and CBR = 2.35 

CBR = 8.51 
UCS = 1280 
Swell = 21.73 

Swell = 110 to 59 
USC = 338.7 
UCS = 29.87 

UCS = 600 to 330 

ASTM D1883-16 
IS 2720 

ASTM D1883-16 
BS1377 

IS:2720 part 16 
IS:2720 Part X1991 

IS 2720 
IS:2720 part 16 
IS:2720 Part 16 
IS:2720 Part 16 
IS:2720 Part 16 
ASTM D1883-16 

1977STM D1883-16 
BS 1377-1:2016 

IS:4332 Part 5 (1970) 
IS:2720 Part 16 

IS:2720 Part 10-1991 
IS:2720 Part 16 
IS:2720 Part 40-

1977STM D1883-16 
IS:2720 Part 16 
IS-2720: Part 7 
IS:2720 Part 16 
IS 2720 part 10 

IS:2720 Part 40-1977 
IS:2720 Part 40-1977 

IS 2720 part 10 
IS:4332 Part 5 (1970) 
IS:4332 Part 5 (1970) 
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2.7 BRICK DUST WASTE (BDW) 

Brick dust waste is recycled waste materials mostly sourced from demolishing of 

buildings made with clay bricks or as a by-product after the manufacturing, cutting, 

and fabrication process of fired clay bricks. Brick dust waste contains crystalline silica 

which is a deadly substance. Wet brick dust after wet cutting is collected in hessian 

bags to allow the water to drain out and later be transported and dumped in a landfill 

(Kinuthia et al., 2011). Brick dust waste is classified as part of construction and 

demolition waste which makes up about 14% of the volume of waste generated during 

construction (Malek et al., 2007). Construction and Demolition Waste (CDW) are 

unwanted materials from construction activities such as new construction, renovation 

and demolition (Bektas, 2007). One of the voluminous and heaviest waste streams 

generated in the EU is Construction and Demolition Waste (CDW), this accounts for 

approximately 25% - 30% of the total waste stream generated in the EU and an annual 

CDW generation of 200 million tonnes generated each year in Europe (Müller, 2004; 

European Commission, 2016). European Commission reported CDW as the largest 

waste stream in the European Union (EU) in 2017 and accounts for more than 350 

million tonnes/year excluding excavated soil and dredging spoil (European 

Commission, 2017).  

 

According to Mülller (2006), CDW is made up of 42-92% of typical CDW mass and 30-

80% of brick and tiles materials. CDW consist of materials such as bricks, wood, 

gypsum, glass concrete, plastic, metals, asbestos, solvents and excavated soil 

(European Commission, 2016). Brick was first used in Mesopotamia (now Iraq) as a 

sun-dried brick in 4500 BC and is still being used in the 21st century (Campbell, 2003). 

Recently, efficient ways of brick making are being adopted with the aim of reducing 

waste thanks to technology and research. However, there are still millions of tonnes 

of brick waste around the world. According to Mazumder et al. (2006), developing 

countries discard 13% of the world’s total brick waste normally stockpiled or dumped 

in landfills Figure 2.19. These wastes can be used as raw materials in sustainable 

production. Brick Dust Waste (BDW) is manufactured by the calcination of alumina-

silicate clay which is ground into fine powder giving it pozzolanic properties and can 

be used as cement replacement in road subgrade stabilisation (Kartini et al., 2012). A 

reduction in effective grinding time and specific weight of a blend can occur while 
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setting time increases when brick waste is blended with cement in a mix (Naceri, 

2009).  

 

During production, a liquid phase is formed when clay bricks are highly fired at a 

temperature of about 1000℃ to 1100℃, which solidifies to an amorphous glass phase 

when it cools. This gives it high pozzolanic properties such as pulverised fuel ash 

(O’Farrel et al., 2001). This glassy phase cements the crystalline and other phases 

that make up the brick and enhances the resistance to chemical attack in cementitious 

mixtures (Wild et al., 1996). Pozzolans are materials that contain alumina/silica, which 

react to form new compounds (Calcium silicate hydrate (C-S-H) and Calcium 

aluminium Hydrates (C-A-H) when lime is added and have the ability to modify the 

properties of a lime mixture (Rogers, 2011). Pozzolans of siliceous and aluminous 

materials (possess little or no cementitious value) in a finely divided form react 

chemically with the right amount of water with calcium hydrate at ordinary temperature 

to form compounds that possess the properties of cement (O’Farrell et al., 2001). The 

addition of pozzolanic materials (e.g. brick waste) to a soil mix will enhance the 

properties; hence, speeding up setting time and increasing the strength and durability 

of soil (Rogers, 2011). Pozzolanic reaction enables the formation of a secondary C-S-

H gel, which fills up voids and improves the internal structure and increases durability 

and strength. According to Rogers (2011), Greeks in ancient days constructed durable 

structures using volcanic ash from Santorini Island in the Aegean Sea.  

 

There are two characteristics of pozzolans (the ability to form insoluble products with 

binding properties and the ability to react with lime) (Rogers, 2011). Some pozzolanic 

features are exhibited in clay materials especially when they are burnt between the 

temperature of 600℃ and 900℃, and are grounded to form a powder (Figure 2.20). 

During the process of making a material pozzolanic, its crystal structures are 

destroyed and water content in their interlayers is removed. Studies have shown that 

high pozzolanic activities are observed when kaolinite clay is heated around a 

temperature of 600℃ to form metakaolin (a dehydrated clay mineral) (Bektas et al., 

2008). According to Naceri (2009), an increase in strength was observed for blends 

composed of up to 10% by-weight brick waste after 90 days of curing. 
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Figure 2.19: Stockpile of brick waste (Crisands.com, 2022) 

 

 

Figure 2.20: Recycling of brick waste to produce brick dust waste 
 (YiFan concrete crusher, 2012) 
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2.8 GROUND GRANULATED BLAST-FURNACE SLAG (GGBS) 

GGBS is a by-product of the iron manufacturing process. GGBS is collected from a 

blast furnace as a molten liquid. These by-products are mostly dumped in landfills 

which can lead to environmental effects (Higgins et al., 1998). GGBS can be 

processed and used in subgrade stabilisation for road construction to solve the 

problem of landfills and reduce construction costs (Hewlett, 2003). During the 

processing of GGBS, GGBS molten liquid solidifies to form a crystalline material with 

virtually no cementitious properties when allowed to cool slowly. However, when it is 

rapidly quenched in water (granulated) it remains in a glassy, non-crystalline and is a 

latent hydraulic binder (Taylor, 1997). GGBS is sometimes grounded into powder form 

for use as a supplementary binder in many cement applications to enhance durability 

(Escalante-Garcia and Sharp, 2004). The alkaline properties of Portland cement, lime 

and other activators such as sulphates, chlorides and alkali silicates are sufficient to 

activate the cementitious properties of GGBS. According to Telling et al., (1989, 1993), 

additional alumina, calcium, silica and magnesia are introduced to the system with the 

addition of GGBS (Oner and Akyuz, 2007). Lime and GGBS used in soil stabilisation 

have proven to be effective in the stabilisation of kaolinite clay with strength 

improvement at 7 days and 28 days (Wild et al., 1998; Higgins et al., 1998).  

 

In various engineering applications, GGBS is mostly used in addition to lime to improve 

durability, workability, and economic benefits (Hewlett, 2003). Lime is used with GGBS 

because the strength development of GGBS alone is very slow under standard 20℃ 

curing conditions compared to other conventional stabilisers (Escalante-Garcia and 

Sharp, 2004). The factor that affects the strength of GBBS when used as a binder is 

the rate of quenching which influences the glass content. Studies have shown that the 

higher the amount of GGBS blend, the greater the hydraulic activity (Hewlett, 2003). 

Strength increases with alumina (Al2O3) content and calcium oxide (CaO) 

compensated by a large amount of magnesia (MgO) when a constant amount of 

GGBS is added to a mix. However, a decrease in silica (SiO2) can be recorded with 

the addition of less GGBS content (Frearson and Higgins, 1992). Figure 2.21 shows 

Ground Granulated Blast-furnace Slag (GGBS) stockpile and Figure 2.22 shows a 

schematic diagram of the manufacturing process of GGBS. 
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Figure 2.21:Ground Granulated Blast-furnace Slag (GGBS) stockpile (Steel360, 2019) 

 

 

 

Figure 2.22: Schematic diagram of the manufacturing process of GGBS (Oti, 2010) 
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2.9 PLASTICS  

Plastic is any synthetic or semisynthetic organic polymer sometimes of high molecular 

weight and is usually derived from petrochemicals. Thermoplastics and thermosetting 

are types of polymers and the name “plastic” refers to the plasticity and ability to 

deform without breaking. Thermosetting polymers solidify into a permanent shape. 

They are amorphous and considered to have infinite molecular weight whiles 

thermoplastics can be heated and remoulded repeatedly (Kassa et al., 2020). Plastic 

always includes carbon and hydrogen which improve performance, polymer may 

contain other additives like plasticizers, stabilisers, ultraviolent (UV) absorbing 

material, lubricants, and flame retardants. The chemical composition, properties and 

mechanical properties of plastic and be altered during production with the addition of 

colourants, plasticisers, stabilisers, fillers, and reinforcements (Kassa et al., 2020). 

Plastics are composed of a network of molecular monomers that bond together to form 

macromolecules and are usually referred to by acronyms for their chemical formulas 

(Kassa et al., 2020). Polyethene terephthalate (PETE) is mostly used for soft plastic 

drinks and ridged containers. High-density polyethylene (HDPE) is used to make milk 

and water jugs and soda bottles. Low-density polyethylene (LDPE) is used in 

cellophane wrap, diaper liners and squeeze bottles (Kassa et al., 2020). Light 

thermoplastic resin (PP) is used in packaging, pipes, tubes and coating. 

 

The properties of plastics and the ease of plastic production have made the use of 

plastic popular and have become part of our everyday lives. Plastics are used for 

various purposes such as packaging, building construction water transportation, 

packaging, telecommunication, medicine, education, agriculture etc. This has 

increased the demand for plastics to meet our modern-day lifestyle which has 

increased plastic waste. The world produces 381 million tonnes of plastic waste each 

year and is set to double by 2034 (Plastic in the Ocean, 2021). According to “Plastic 

in the Ocean” statistics for 2020-2021, about 8 million pieces of plastic make their way 

into our oceans and there are 5.25 trillion macro and micro pieces of plastic in our 

ocean and 46,000 places in every square mile of ocean, weighing up to 269,000 

tonnes. Plastics such as polythene used in shopping are non-degradable, which 

means it does not break naturally in landfills and can stay in the ground for years hence 

contaminating the ground and leading to environmental problems. Statistics have 
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shown that the US alone produces over 230 million tonnes of plastic each year and 

less than 25% of that waste is recycled (Plastic in the Ocean, 2021).  

 

The breakdown of plastic bottles can release DEHA, a type of carcinogen that can 

cause reproductive problems, liver issues and weight loss. Using plastic waste and 

recycled plastic in road construction will reduce the challenges the world is facing 

when it comes to the use of plastics and their disposal. Plastic wastes are used in 

various studies as an additive to stabilise expansive road subgrade material. CBR 

value of 3.04% was achieved for soil stabilised with up to 2% plastic strip and UCS 

values of up to 316.4kN were achieved (Kassa et al., 2020). Figure 2.23 shows waste 

plastic bottles and other types of plastic waste at the waste disposal site in Thilafushi, 

part of the Maldives and Figure 2.24 shows plastic recycling process. 

 
Figure 2.23: Waste plastics bottles and other types of plastic waste (Theguardian.com) 
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Figure 2.24: Plastic recycling process (Bezner, 2013) 

 

2.10 RECYCLED GLASS 

Glass is a state of matter and soil produced by cooling molten material so that the 

internal arrangement of atoms or molecules remains in a random or disordered state, 

similar to the arrangement in a liquid (Bezner, 2013). Other studies also defined glass 

as a silica-based product of inorganic, non-crystalline amorphous solid material fusion 

obtained by cooling down molten inorganic materials to a rigid condition (Brooks et al., 

1973). Glass has broad practical and technological properties which include 

longstanding function in decorative applications such as windows, tableware and 

household appliances. Glass grits transmits, reflects and refract light, all qualities that 

can be enhanced through cutting and polishing for use in optical lenses, prisms, fine 

glassware and optical fibres for high-speed data transmission that uses light. Natural 

glass has been in existence as early as 75,000 BC long before human beings learnt 

how to make glass, they used natural glass to fashion knives, arrowheads and other 

useful articles (Douglas et al., 1972). The most common natural glass is obsidian 

which is formed when the heat of volcanos melts rocks, such as granite, which then 

becomes glassy upon cooling.  
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Other natural glasses are pumice, a glassy foam produced from lava, fulgurites, glass 

tubes formed by lightning striking sand or sandy soil and tektites, lumps or beads of 

glass probably formed during meteoric impacts (Kampfer et al., 1966). Manmade or 

synthetic glass has existed as far back as 4000 B.C.E and may have been a by-

product of copper smelting or pottery glazing (Kampfer et al., 1966). Ancient glasses 

were based on silica (sand), modified with considerable amounts of various metal 

oxides, mainly soda (𝑁𝑎2𝑂) and lime (CaO). However ancient glass was usually 

coloured and opaque due to the presence of various impurities, in contrast, most 

modern glass has the useful property of transparency (Kolb et al., 1988). Glass is 

composed of three basic types of ingredients namely formers, fluxes and stabilizers. 

Glass former is the key component in the structure of a glassy material (Kampfer et 

al., 1966). The former used in most glasses is silica (𝑆𝑖𝑂2). It is difficult to melt pure 

silica due to its extremely high melting point (1,723℃) fluxes are sometimes added to 

reduce the melting temperature (Kampfer et al., 1966). Other glass formers with much 

lower melting points (400℃ - 600℃) are boric oxide (𝐵2 𝑂3) and phosphorus pentoxide 

(𝑃2 𝑂5) but they dissolve in water and have limited usefulness (Rogers et al., 1948). 

Stabilisers are added to make glass stronger and more durable (Philips, 1981). The 

most common stabiliser is lime (CaO), but others are magnesia (MgO), baria (BaO) 

and litharge (PbO).  

 

Glass grits used in this research are high-quality glass grains resulting from the 

specialised processing of selected glass cullet. The angular profile of crushed glass 

grit allows for aggressive surface profiling. Glass grits deliver very low grit embedment 

and are therefore regularly specified as a secondary process to remove embedment 

caused by other friable abrasives is suitable for blasting of all non-ferrous metals, weld 

seams prior to inspection. The special effect of the angular particles in crushed glass 

grit allows for aggressive surface profiling and removal of coatings such as epoxy, 

paint, alkyds, vinyl, polyurea, coal tar and elastomers. Glass grit is normally used as 

abrasive blasting. There are different arrays of silica-based glass but the most ordinary 

glazing and container glass is referred to as soda-lime glass or soda-lime-silica glass. 

The type of glass accounts for approximately 90% of all manufactured glass and is 

most commonly used in windowpanes, glass containers for beverages and food and 

various other goods. 
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2.11 PORTLAND CEMENT 

Cement is popularly used to improve the engineering properties of subgrade materials 

(Lucena et al., 2014; Abbey et al., 2017; Saha et al., 2017; Abbey et al., 2018; Morales 

et al., 2019). Portland cement is a common subgrade stabilisation material popularly 

used to improve the engineering properties of subgrade materials. it is a finely ground 

powder (hydraulic binder) that becomes solid when mixed with water through a 

process known as hydration (Neville, 2011). This hydraulic binder is derived through 

the crushing, milling and proportioning of raw materials such as 

calcareous/limestones/chalk rock and clay/shale. Hydration is the chemical 

combination of Portland cement compounds and water to form sub-microscopic 

crystals. In other words, hydration in cement is the process of solidification and 

strengthening of cement when it comes in contact with water. This results in a 

combination of Portland cement compounds and water to form sub-microscopic 

crystals (Dadsetan, 2015). During the manufacturing process, the raw materials are 

mixed intermittently in appropriate proportions to form powder through a dry process 

or slurry (wet process) (Neville, 2011).  

 

The materials are burnt in a large rotary kiln at a temperature of up to 1450℃ or 

2600℉. After heating, the slurry undergoes some chemical and physical changes to 

produce greyish-black pellets which fuse partially into balls called cement clinker 

(Neville, 2011). The cement clinker is cooled, pulverized and gypsum are added to 

regulate setting time or prevent flash setting (rapid stiffening of the cement paste). The 

alumina and iron present in the mix act as a fluxing agent which lowers the melting 

point of silica from 3000℉ to 2600℉ (c). The mixture is then ground into extremely fine 

powder to produce Portland cement. Cement clinker is an intermediary product of 

cement production and a multiconstituent substance composed of four main clinker 

phases, known as tri- and dicalcium-silicates (3CaO.SiO2 and 2CaO.SiO2), tricalcium-

aluminate (3CaO.Al2O3) and tetracalcium aluminoferrite (4CaO.Al2O3.Fe2O3), usually 

together with some unreacted CaO (free lime). Cement clinker is made by 

mineralogical transformation of a precisely specified mixture of raw materials based 

on oxides of calcium, silicon aluminium and iron and small quantities of other elements 

(Kassa et al., 2020). The basic constituents of cement are lime (CaO), silica (SiO2) 

and alumina (Al2O3) and the hydration rate of Portland cement follows the sequence; 
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Tricalcium aluminate (C3A) → Tricalcium silicate (C3S) → Tetrecalcium alumino-ferrite 

(C4AF) → Dicalcium silicate (C2S) (Kassa et al., 2020).  

Tricalcium aluminate (C3A): is a minor component and the most basic about 5-15% in 

volume and releases high amount of heat in the first few days. It has a significant 

contribution to early and rapid hydration products such as ettringite.  

Tricalcium aluminate (C3A) contributes slightly to the early strength development 

without calcium hydroxide (Ca(OH)2) and is resistant to sulphates (Kassa et al., 2020). 

The most reactive of the four phases is the strongly exothermic reaction from the C3A 

hydration. However, it does not last long. Tricalcium aluminate (C3A) occurs in 

Portland cement clinker as an ‘interstitial phase’ crystalizing the melt to obtain liquid 

at the peak kiln processing temperature (1400℃-1450℃) to facilitate the formation of 

the desired silicate phases (Kassa et al., 2020). 

Tricalcium silicate (C3S): hydrates and hardens rapidly, it is a major component of PC 

which constitutes the silicate phase, and the bulk of the hydration products (calcium 

silicate hydrate gel (C-S-H gel) and calcium hydroxide (Ca(OH)2) during the hydration 

of PC (Kassa et al., 2020). The primary responsibility of C3S is to develop strength at 

an early age (1 – 28 days)  

Tetrecalcium alumino-ferrite (C4AF): is a minor component of about 5% which 

contributes to little hydration. It hydrates quickly with the addition of water and slows 

down when a layer of iron hydroxide gel is formed (Kassa et al., 2020). This becomes 

a coat on the ferrite and acts as a barrier that prevents further reaction and reduces 

clinkering temperature (Kassa et al., 2020). 

 

Hydrates and hardens slowly, it is the second component of PC (20-30%) and 

constitutes the silicate phase. It provides a significant contribution to hydration 

products (C-S-H gel) and Ca(OH)2) (Kassa et al., 2020). The dicalcium silicate phase 

is responsible for strength development at later ages (28 days on) and hydrates at a 

slower rate compared to (C3S) (Kassa et al., 2020). In road construction, using cement 

as a stabilisation agent is accepted and, in some situations, the use of cement and 

other conventional stabilisers can be avoided based on the design. High strength 

again is observed in subgrade specimens in the formation of a Portland cement gel 

matrix that binds together the soil particles and the bonding of the surface-active 
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particles within the soil (Prusinski and Bhattacharja, 1999). Studies have shown that 

Portland cement at high levels in soil stabilisation improves the surface coating and 

reduces erosion with a considerable influence on improving the resistance of soil 

vulnerability to frost attack (Bekhiti et al., 2019). However, the permeability of the soil 

to allow the natural passage of moisture is reduced significantly (Bhattacharja, 1999; 

Walker, 2000; Lyons, 2010 and Prusinski).  

 

In subgrade stabilisation, the amount of Portland cement used is in the range of 4% 

and 15% to increase strength and resist erosion depending on the grading and 

characteristics of the subgrade material (Walker, 2000). Generally, cement is suitable 

for the stabilisation of the subgrade with a low plasticity index ranging between 2% 

and 30%, this is because clay presence in the subgrade limits the effectiveness of 

cement during stabilisation (Gooding et al., 1995). According to Nasir and Fall, (2009), 

a high pH of 12-13 can occur during cement hydration and C-S-H production as alkalis 

become solubilised due to pozzolanic reactions (Lea, 1980; Lin et al., 2004). The high 

pH can lead to a reaction between hydroxides and silica derived from clayey soils 

which results in the development of a gel phase. The gel-phase act as a cementing 

agent similar to the reaction between lime and soil. Swell potential was reduced to 

15.5% with the addition of cement proportions of 5, 7.5 and 10% (Bekhiti et al., 2019).  

 

Chemical stabilisation was investigated by adding 0%, 4%, 6%, 8%, 10%, 12%, 15% 

or 20% cement by weight of soil achieving a UCS value of 6MPa (Bahar et al., 2004). 

UCS increased when ordinary Portland cement was used in subgrade stabilisation at 

proportions of 10%, 15% and 20% (Liang et al., 2020). Subgrade material strength 

was improved from 564.87KPa to 636.19 KPa, 649.26 KPa, 673.34 KPa and 707.37 

KPa respectively when Portland cement proportion 1,5, 3, 6 and 9% was added during 

the stabilisation process (Nazari et al., 2021). CBR values of subgrade materials 

increased to upto 60% with an increase in cement content when cement proportions 

of 3%, 5%, 7%, 9% and 11% were used during road subgrade stabilisation in 

accordance with ASTM D 1883-67 (Pongsivasathit et al., 2019). The compressive 

strength of specimens with 15% and 22% cement increased by 14.2%, and 7.8%, for 

30, days respectively in accordance with ASTM D2166 (Meng et al., 2017). Table 2.11 

shows a summary of findings of improved engineering properties of subgrade using 

cement.
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Table 2.11: Summary of findings of improved engineering properties of subgrade using cement 

 

 

 

 

 

 

 

 

 

 

Waste Type 
Content        

(%) /Ratio 
Information Source Test Type Results: UCS (kPa) Standards 

Cement 

Cement 

Cement 

Cement 

Cement 

Cement 

Cement 

Cement 

Cement 

8-33 

0-16 

1.5-7 

0-10 

5-8 

3-12 

0-10 

0-5 

2-12 

Miura et al., 2001 

Al-Tabbaa et al., 2003 

Jauberthie et al., 2010 

Consoli et al., 2009 

Tang et al., 2007 

Ding et al., 2018 

Balkıs et al., 2019 

Cabalar et al., 2014 

Edi et al., 2018 

UCS increased 

UCS increased 

UCS increased 

UCS increased 

UCS increased 

UCS decreased 

CBR increased 

CBR increased 

CBR increased 

165 

1400-7550 

1700 to 2300 

400 and 1020 

630 and 1280 

480 to 150 

22% – 69% 

1.50% – 136.89% 

2.54% - 59% 

IS:2720 part 16 

IS:2720 part 16 

IS:2720 part 16 

IS:2720 Part-16 

IS:2720 part 16 

IS:2720 part 16 

ASTM-D1883-07 

ASTM-D1883-07 

ASTM-D1883-07 
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2.12 HYDRAULIC LIME  

Natural hydraulic lime is produced by burning a form of low-grade limestone containing 

silica and alumina which, above certain temperatures, are combined with calcium 

oxide (Venkatarama, 1998). The resulting silicates and aluminates impart hydraulic 

properties to the product. Lime was widely used in road subgrade stabilisation and 

applications before Portland cement was manufactured. Quicklime and hydraulic lime 

are the most common lime used in subgrade stabilisation. Lime has over the years 

been tested and proven to be a good agent for the modification and stabilisation of 

highway and airport pavement subgrade (Venkatarama, 1998). The addition of lime in 

subgrade stabilisation improves strength, workability, stiffness, and enhances 

durability. Unlike cement, lime works well with clay minerals in soils and the least 

amount of lime treatment in dry and temporarily modified soils produces a working 

platform for the construction of temporary roads (Lepore et al., 2009). A plasticity index 

greater than 10% and minimum clay content of 10% are desirable. According to 

studies conducted by Boardman et al. (2001), Sakr et al. (2009), and Bell (1996), soil 

with a plasticity index between 20% and 30% with a liquid limit from 25% to 50% is 

recommended for lime stabilisation in most civil engineering applications. An optimum 

lime dosage of between 6-12% by dry weight is suitable and will increase the 

compressive strength of expansive soil (Houben, 1994; Norton, 1997; Venkatarama, 

1998; Lepore et al., 2009). Unlike cement, lime is slow in achieving its strength hence 

curing period of lime stabilised subgrade should be at least three times more than 

cement stabilised subgrade.  

 

The liquid limit of soil may decrease and the plastic limit may increase when lime is 

added to the soil (Lepore et al., 2009). This will lead to a reduction in the plasticity 

index of the soil hence increasing workability. When soil is stabilised with lime, a lime-

soil reaction takes place which may change the moisture to density relationship of the 

soil due to the addition of more lime (Lepore et al., 2009). The reaction may lead to a 

decrease in maximum dry density and an increase in optimum moisture content of the 

soil. certain clay with a highly negative-charge surface such as plastic clays reacts 

with lime to attract free cations (positively charged ions) and water dipoles (Lepore et 

al., 2009). This lime-soil reaction forms a highly diffused water layer around the plastic 

clay particles. This separates the particles causing instability and weakness in plastic 

clay. The morphology and mineralogy of clay influence the extent of separation 
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depending on the amount of water present in the clay soil. (Little, 1987; Lime-Treated 

Soil Construction Manual, 2004). Cation exchange and flocculation-agglomeration 

reactions take place when lime is added to natural fine-grain soil. This reaction 

produces an immediate improvement in the soil plasticity, workability, uncured 

strength and load-deformation properties (Osula, 1996; Prusinski and Bhattacharja, 

1999; Sakr et al., 2009).  

 

Lime stabilisation can be classified as immediate and long-term. However, immediate 

modification effects are achieved without curing due to the cation exchange and 

flocculation-agglomeration reactions that occur when lime is mixed with soil (Bell, 

1996). Long-term stabilisation effects occur during and after curing for improvement in 

strength and durability (Ingles et al., 1972). These effects are generated as a result of 

pozzolanic reactions which occur depending on the characteristics of the soil being 

treated, forming various cementing agents that further increase mixture strength and 

durability depending on curing time and temperature (Bell, 1996; Consoli et al., 2009). 

A gradual increase in strength is observed and continuous for a long period of time. 

Temperatures of 16℃ and below reduce the reaction whiles higher temperatures 

accelerate the reaction (Ingles et al., 1972). Lime can also react with atmospheric 

carbon dioxide to form a relatively insoluble carbonate which negatively affects the 

stabilisation process. Ingles et al. (1987) used 1% of lime for every 10% of clay content 

in the soil. Jha et al. (2019) used 6% of lime to stabilise expansive subgrade. 4 to 6% 

lime proportion was adopted to achieve the best performance of expansive subgrade 

material (Wang et al., 2019).  

 

Swell potentials of lime-stabilised soil decreased from 90.1% to 0.2% with the addition 

of 5% lime (Hozatlioğlu et al., 2021). The Swell percentage of soil was reduced to zero 

with the addition of 6% lime (Al-Rawas et al., 2005). Swell percentage was reduced 

significantly when 4% lime content was added to expansive soil (Phanikumar et al., 

2020). UCS values increased between 400-1503 KPa at 56 days of curing for 6% and 

9% lime proportions when 4%, 6%, and 9% hydrated lime were used to stabilise 

expansive subgrade material in accordance with ASTM D2166/D2166M-13. Table 

2.12 shows a summary of some findings of improved engineering properties of 

subgrade using lime. 
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Table 2.12: Summary of findings of improved engineering properties of subgrade using lime 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Waste 
Type 

Content        
(%) /Ratio 

Information Source Test Type Results: UCS Standards 

Lime 

Lime 

Lime 

Lime 

Lime 

3-9 

2 

1-4 

1-4 

1.5-7 

Kumar et al., 2016 

Oviya et al., 2016 

Kulkarni et al., 2016 

Al-Tabbaa et al., 2003 

Jauberthie et al., 2010 

UCS and CBR increased 

CBR and UCS 

Swell reduced & CBR increased 

UCS increased 

UCS ranged from 

3544 N/mm2 & 21.90 

6.1 & 350kN/m2 

16 and 2.26 

1400-7550kPa 

0.8Mpa to 1.0MPa 

IS:2720 part 16 

ASTM D 1883-67 

IS:2720 Part 40 

IS:2720 part 16 

IS:2720 part 16 
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2.13 CATION EXCHANGE AND FLOCCULATION-AGGLOMERATION 

Cation exchange and flocculation-agglomeration reactions occur rapidly when lime is 

mixed with soil. the general order of replaceability of the cations is given by the 

Lyotropic series, Na+<K+<<Mg++<Ca++ (Bell. 1990, Osula, 1996, Bell 1996, Prusinski 

and Bhattacharja, 1999; Consoli et al., 2009). In cation exchange, higher valence 

cations replace those of lower valency and larger cations replace smaller cations of 

the same valency. The addition of lime to the soil in sufficient quantities supplies 

excess Ca++ which replaces the weaker metallic cations from the exchange complex 

of the soil (Consoli et al., 2009). A reduction in the size of diffused water layer may 

occur during cation exchange. This allows clay particles to flocculate i.e come more 

closely to each other (Little, 1987). An apparent change in texture occurs as a result 

of flocculation and agglomeration. During this reaction, clay particles agglomerate or 

clump together into large-sized particles (Terrel et al., 1979). Flocculation and 

agglomeration occur as a result of an increased electrolyte content of the pore water 

and as a result of ion exchange and are responsible for soil modification (Little, 1987). 

The reaction gives rise to a significant reduction and stabilisation of the adsorbed 

water layer causing an increase in the internal friction among the agglomerates (Terrel 

et al., 1979). This gives greater shear strength and workability due to the change in 

texture from plastic clay to a friable, sand-like material. 

 

2.14 POZZOLANIC AND CARBONATION REACTIONS 

Pozzolanic reaction takes place between lime, water, soil silica and alumina that forms 

various cementing-type materials such as calcium-silicate-hydrate (C-S-H) and 

calcium-aluminate-hydrate (C-A-H). A variety of cement-like compounds are formed 

between lime and certain clay minerals during pozzolanic reaction to bind soil particles 

together and reduce water absorption by clay particles (Bell, 1996; Consoli et al., 

2009). The stabilisation behaviour of a soil lime mixture is caused by the flocculation 

of the clay particles that aggregate together to form larger-size particles that create 

new cementing materials due to the pozzolanic reaction of lime with the clay minerals. 

A significant increase in pH is observed during lime-soil reactions which increase the 

solubilities of silica and alumina (Little, 1987). Pozzolanic reaction continuous as long 

as enough residual calcium from lime remains in the system and the pH remains high 

enough to maintain solubility (Bell, 1996; Consoli et al., 2009). Lime carbonation is an 
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unpleasant reaction that may occur during lime-clay mixtures. During this reaction, 

lime reacts with carbon dioxide from the atmosphere to form calcium carbonate 

instead of cementitious C-A-H and C-S-H.  

 

The strength of some soil-lime stabilised systems may increase for the modification of 

their porous system as a result of the hardening of lime (Taylor, 1997; Shih et al., 

1999). Free water and calcium carbonate are the main products of the carbonation 

reaction. The carbonation process is controlled by two mechanisms: carbon dioxide 

from the air through the porous system up to the reaction front and the reaction of the 

diffused carbon dioxide with Ca(OH)2 (Taylor, 1997 and Van Balen, 2005). The 

behaviours of conventional and unconventional materials are unpredictable because 

the extent to which they react in stabilised soil is influenced by the natural soil 

properties and the stabilising agent (Consoli et al., 2009). Therefore, it is imperative to 

understand the reaction mechanism in stabilised soil and the stabilising agent. 

 

2.15 ROAD PAVEMENT THICKNESS AND CONSTRUCTION DEPTH 

OPTIMISATION 

Road pavement design is the major component in road construction and forms nearly 

one-third or half of the total cost of construction which includes the surface course and 

any underlying base or subbase layers (Paul et al., 2014). Road pavement design 

process was used to determine the material composition and thickness of the different 

layers within a pavement structure required to accommodate a given loading regime 

(Paul et al., 2014). Road pavement thickness optimisation is the process of delivering 

the most economical and sustainable road design whiles striking a balance between 

reducing pavement thickness with increased trafficking performance (Dhir OBE et al., 

2019). Pavement thickness includes the total thickness of asphalt including the various 

layer compositions on the subgrade (Dhir OBE et al., 2019). There are three types of 

pavement and including fully flexible, flexible composite and rigid pavements (Dhir 

OBE et al., 2019). During pavement design, many factors affect the selection of 

pavement types for construction these include initial cost, availability of good 

materials, cost of maintenance, environmental conditions and traffic intensity (Paul et 

al., 2014). Pavement designs are focused on the structural design of new pavement 

based on the CBR value of the subgrade. Road pavement structures are made up of 
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multiple layers of proposed and compacted materials, in different thicknesses and in 

both unbound and bound forms, which together form a structure that primarily supports 

vehicle loads as well as provides a smooth riding quality (Dhir OBE et al., 2019). 

 

2.15.1 Flexible, Flexible Composite and Rigid Pavements 

Pavement structures made up of a combination of aggregate and bitumen are termed 

flexible pavement, it is heated and blended precisely and then put and compacted on 

a bed of granular layer (Parry et al., 1999). Flexible-composite pavements are 

pavement structures where asphalt is laid on a hydraulic-bound material (HBM). These 

pavements transfer the load to the subgrade through the combination of layers (Parry 

et al., 1999). Flexible pavements require proper maintenance to avoid crumbling due 

to heavy traffic load because it is made up of asphalt whose viscous nature permits 

plastic distortion. Although almost all asphalt pavements are constructed on a gravel 

base, some ‘full; depth’ asphalt surfaces are constructed directly on the subgrade. 

There are three different classifications of asphalt depending on temperature: (i) Hot 

mix asphalt (HMA); (ii) Warm mix asphalt (WMA) and (iii) Cold mix asphalt (CMA) 

(Parry et al., 1999). Rigid pavements comprise a combination of aggregates and 

cement, it is blended precisely and then put and compacted on a bed of granular layer 

(Parry et al., 1999). Rigid road pavement has no subbase and is non-flexible, they are 

constructed from reinforced concrete rigid road consisting of three layers. Rigid 

pavements are mostly used to build airport runways and highways and typically 

provide heavy-duty industrial floor slabs, ports and dock plant pavements and heavy 

high-traffic park or concluding pavements (Parry et al., 1999).  

 

Rigid pavements are designed as long-lasting structures with high-quality surfaces for 

a ride for the purpose of safe driving (Parry et al., 1999). The structural layers of rigid 

pavement transmit traffic load to the subgrade. A description of the various layers of 

road pavements are outlined as follows; Surface course: is a carefully proportioned 

mixture of bitumen-bound minerals mixed to the required specification. It provides skid 

resistance, weather resistance and low traffic noise. It can withstand traffic load and 

transfer the load to lower layers (Parry et al., 1999). The base course is the area 

immediately under the surface course. The materials used in a base course are 

extremely high quality as the base course lies close underneath the pavement surface 
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and is subjected to severe loading (Parry et al., 1999). The Subbase course is the 

lower layer of the road pavement and is made up of cement-bound granular materials 

containing crushed rock or gravel. It is the foundation of the road, and it transfers the 

load from above to lower layers (Parry et al., 1999). The subgrade is the existing 

ground whether improved by stabilisation or compacted to the appropriate level of 

strength required to carry traffic load (Parry et al., 1999).  

 

In situations where subgrade materials are not strong enough on their own, a capping 

course can be provided as a construction platform to work on. Capping courses are 

generally a layer of granular product from crushed rock quarry and recycled materials. 

In some circumstances depending on the particular need of the road being built, a 

pavement structure may require a Binder course at the lower part of the surfacing 

(Parry et al., 1999). Binder Course carries part of the load the surface course carries 

and helps to waterproof lower layers. Binder courses are made up of a type of asphalt 

concrete with different gradings of aggregate types and quantities (Parry et al., 1999). 

The results achieved in this study are applicable to flexible pavements, flexible 

composite and rigid Pavements. Figure 2.25 shows the difference between flexible 

and rigid pavement. 

 

 

Figure 2.25: Difference between flexible and rigid pavement (Allaboutengineering, 2022) 
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2.16 ECONOMIC APPRAISAL  

Economic appraisal is the process of investigating the cost-benefit and effects of an 

assertion by conducting LCC on the asset. LCCA serves as a tool for operators and 

service owners to enable them to determine the most appropriate solution for their 

requirements (White et al., 2013). It uses economic principles to compare the cost or 

value of competing options based on the long-term, net benefit to a society or asset 

owner (Walls et al., 1998). In estimating the life cost of an asset, LCCA takes into 

account initial agency cost, discounted future costs and other relevant costs where 

they are known (Rangaraju et al., 2008). The concept of LCCA was first introduced in 

the 1930s as part of federal legislation regarding flood control and later into highway 

construction projects (Wild et al., 2001). LCCA has been used in the comparison of 

many different road pavement structure designs and municipal infrastructure such as 

roads and bridges (Val et al., 2003; Zakeri et al., 2015). The approach has also been 

used to analyse the life cycle cost of Portland cement concrete pavement (Wild et al., 

2001). The approach has been used to compare rigid and flexible pavement design 

(Rangaraju et al., 2008) and used in road and airport pavement maintenance 

interventions (Gendreau et al., 1998; Giustozzi et al., 2012).  

 

LCCA allow objective comparison of solutions with high construction cost, long life and 

low maintenance requirements against other structurally equivalent and visible options 

that are less expensive to initially construct but have higher maintenance requirements 

for flexible pavement (White et al., 2013). With help of technology, many life cycle cost 

analysis software programs have been developed to make LCCA easy and simple, 

whiles minimising human errors. For four decades, many life cycle cost methods have 

been developed by various agencies, industries and universities. However, the most 

noticeable pavement life cycle cost analyst program and methods have been 

developed and are being used by Pennsylvania, Maryland, Alabama, and Ohio (Wild 

et al., 2001). In the general theory of LCCA, several studies (Gendreau et al., 1998; 

Giustozzi et al., 2012) have been undertaken to detail the appropriate junctures to 

maintain the structural integrity of the pavement at a minimum financial cost to the 

asset owner. Expansive road subgrade can influence the life cycle cost of road 

pavement in many ways. This is because expansive road subgrades are weak and 

require modification. These modifications can sometimes affect the life cycle cost of 

the road pavement. 
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2.17 CHAPTER SUMMARY  

Chapter 2 outlined a detailed literature review in the subject area of this research giving 

theories and techniques used in road subgrade and soil stabilisation. The chapter also 

presented the characteristics and mineralogy of expansive subgrade materials, the 

use of processed waste and its availability for use in road subgrade stabilisation, and 

the environmental effect associated with using cement and lime compared with using 

waste materials. The chapter presented current knowledge and techniques used in 

road subgrade stabilisation to provide an intellectual context for the research.  

 

Chapter 3 gives detailed information on the materials used, this includes their particle 

size distribution, materials source, physical properties, and oxide/chemical 

compositions. The basic characterisation of these materials was carried out in 

accordance with the British standard and other internationally accepted engineering 

standards in line with the UK road construction regulations. 
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3. CHAPTER 3 – MATERIALS 
3.1 BENTONITE CLAY 

The term bentonite is used to describe a rock with high plastic swelling clay belonging 

to the smectite mineral group. Bentonite is generated from the alteration of volcanic 

ash, predominantly made up of smectite minerals usually montmorillonite (Barbieri et 

al., 2022). Road subgrade made up of bentonite has the lowest CBR and MDD values 

and a high plasticity index (PI) (Rahman et al., 2021). Bentonite exhibited high water 

holding capacity with an increase in OMC, and MDD up to 15% as bentonite content 

increased (Thakur et al., 2018). CBR value reduces drastically with the addition of 

bentonite in a mix, an increase in cohesion and a reduction in the angle of internal 

friction was observed with an increase in bentonite content in a mix (Thakur et al., 

2018). The Bentonite clay used in this research was high-quality sodium bentonite 

selectively mined and processed in Wyoming. The clay was a multi-purpose 

suspending, emulsifying, and binding agent used in industrial products with a minimum 

dry particle size of 65% passing 200 mesh (74 microns), a viscosity of 8-30cps and a 

pH of 8.5 to 10.5. The clay was a Hydrous aluminium silicate made up of clay mineral 

montmorillonite which contains small portions of feldspar, calcite and quartz. The clay 

was supplied by Potclays Ltd, Brickkiln Lane, Etruria, Stoke-on-Trent England. The 

oxide, chemical composition, consistency limits and other properties of bentonite used 

in this research are shown in Table 3.1 and  Table 3.2. Figure 3.2  shows bentonite 

clay used in this study research. 

  

Figure 3.1: Package of the bentonite clay used in this study Figure 3.2: Bentonite clay used in this study 
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3.2 KAOLINITE (CHINA CLAY) 

Kaolinite soil is formed by the weathering or hydrothermal alteration of aluminosilicate 

minerals. These are rocks rich in feldspar and are a common source of kaolinite. In 

order to form ions such as Na, K, Ca, Mg and Fe kaolinite must first be leached away 

by the weathering process, favoured by acidic conditions (low pH). The plasticity of 

kaolinite is very poor and is often used in conjunction with additives, and shrinkage 

(Abbey et al., 2020). The Kaolinite used in this research is a hydrated aluminium 

silicate crystal mineral formed over many million years by the hydrothermal 

decomposition of granite rocks with the chemical formula Al₂Si₂O₅(OH)₄. It was 

manufactured by IMERYS and supplied by Potclays Ltd, Brickkiln Lane, Etruria, Stoke-

on-Trent England. The oxide, chemical composition, consistency limits and other 

properties of kaolinite used in this research are shown in Table 3.1 and  Table 3.2. 

Figure 3.4 show the kaolinite clay used in this study. 

  

Figure 3.3: Package of the kaolinite clay used in this study Figure 3.4: Kaolinite clay used in this study 

3.3 PORTLAND CEMENT  

Portland cement is a common road subgrade stabilisation material used to improve 

the engineering properties of subgrade materials. it is a finely ground powder 

(hydraulic binder) that becomes solid when mixed with water through a process called 

hydration (Neville et al., 2011). During the hydration process, a cement gel called 

calcium silicate hydrate gel (C-S-H) is produced. This gel binds soil particles together 

and is responsible for strength gain (Prusinski et al., 1999). The Portland cement used 

in this research was a Dragon Alfa Portland cement in compliance with BS EN 197-

1:2019 CEM I 42.5R with high strength at early stages and was supplied by Decking 

delivery Morton farm, Old Gloucester Road, Thornbury, BS35 3UF, UK. CEM I 
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Portland cement are the most widely specified in the UK and is used in various 

applications from mortar, concrete, and render soil stabilisation to the manufacture of 

pre-cast units such as blocks, bricks, pipes and tiles. The oxide, chemical composition, 

consistency limits and other properties of Portland cement used in this research are 

shown in Table 3.1 and  Table 3.2. Figure 3.6 shows the cement used in this study. 

  

Figure 3.5: Package of the cement used in this study Figure 3.6: Cement used in this study 

 

3.4 QUICK LIME  

Lime is a calcium-containing inorganic mineral composed primarily of oxides and 

hydroxides usually calcium oxide and calcium hydroxide. Lime can be sourced from 

other calcareous materials such as aragonite, chalk, coral, marble and shall. The Lime 

used in this research was calcium oxide (CaO) commonly known as quicklime 

manufactured by Saint-Astier and in compliance with BS EN 459-1-2015. The lime 

was supplied by Womersley’s Ltd, Ravensthorpe Industrial Estate, Low Mill Lane, 

Ravensthorpe, West Yorkshire, WF13 3LN UK. The oxide, chemical composition, 

consistency limits and other properties of hydraulic lime used in this research are 

shown in Table 3.1 and  Table 3.2. Figure 3.8 shows the Lime used in this study. 
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Figure 3.7: Package of the Lime used in this study Figure 3.8: Lime used in this study 

3.5 BRICK DUST WASTE 

Brick dust waste is brick waste from demolition waste grounded in powdered form. 

Brick dust waste possesses pozzolans which can enhance the engineering properties 

of subgrade materials (Lihua et al., 2020). Pozzolans are materials that contain high 

silica and/or alumina content that reacts chemically when mixed with lime to form a 

compound with cementitious properties (Walker et al., 2011). Adding pozzolanic brick 

dust waste to lime will create an initial set in the soil giving it the early stage strength 

and overall strength when soil samples are cured (Spence et al., 1983). According to 

Anand et al., (2014), CBR value increased to over 400% and a high UCS was achieved 

when an optimum brick dust waste content of 40% was used during expansive 

subgrade stabilisation. Compressive strength and CBR of soil reached their maximum 

values based on the standard compaction test when an optimum content of 40% BDW 

was used in subgrade stabilisation in accordance with ASTM D2166/D2166M-13 and 

ASTM D1883-14 (Walker et al., 2011). Other studies have shown an increase in CBR 

values at optimum BDW content from 5% to 20% (Al-Baidhani et al., 2019).  

 

The BDW used in this research was a red coloured pozzolan manufactured by Cornish 

Lime Company in accordance with BS EN 771-1:2011 + A1:2015 and supplied by 

Celtic Sustainable Ltd, Unit 9 Parc Teifi Business Park Cardigan UK. The oxide, 

chemical composition, consistency limits and other properties of BDW used in this 
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research are shown in Table 3.1 and  Table 3.2. Figure 3.10 shows the brick dust 

waste used in this study.  

  

Figure 3.9: The package of the brick dust waste used in this study Figure 3.10: Brick dust waste used in this study 

3.6 GROUND GRANULATED BLAST-FURNACE SLAG (GGBS) 

The GGBS is a latent hydraulic binder normally mixed with cement and water for 

construction purposes. The GGBS consist of non-crystalline oxides of aluminium, 

calcium, silicon and magnesium together with sulfur compounds and small quantities 

of alkalis (Wild et al., 1998). GGBS is a by-product of steel manufacturing process and 

has been successfully used in various studies as cement replacement to stabilise 

expansive road subgrade material (Obuzor et al., 2012). The first application of GGBS-

based stabiliser combination in road pavement construction in the UK was on the A421 

Tingwick bypass in Buckinghamshire, and on the A130 road near London (Wild et al., 

1998). The engineering properties of expansive soil were improved with the addition 

of up to 7.5% GGBS (Corrêa-Silva et al., 2020).  

 

Subgrade materials were stabilised with 16% GGBS and the results obtained show an 

increase in UCS value over time to 1500kN/m2 in accordance with ASTM 1633 

(Obuzor et al., 2012). The addition of 6% GGBS to a lime-treated soil reduced swell 

from 8% to 0% (Celik et al., 2013). High compressive strength of 14.2kPa, 89kPa, 

211.9kPa and 656 kPa was achieved when GGBS proportions of 6%, 12%, 18% and 

24% were used in subgrade stabilisation after 28 days of curing (Gokul et al., 2020). 

The GGBS used in this research was a Francis Flower finely ground white powder 

insoluble in water in accordance with BS EN 15167-1:2006. It was supplied by Francis 

Flower, Gurney Slade, Radstock, Somerset BA3 4UU. The oxide, chemical 
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composition, consistency limits and other properties of GGBS used in this research 

are shown in Table 3.1 and  Table 3.2. Figure 3.12 shows the GGBS used in this 

study.  

 
 

Figure 3.11: The package of the GGBS used in this study Figure 3.12: GGBS used in this study 

3.7 RECYCLED PLASTIC  

Plastic waste has been successfully used in various studies as an additive to stabilise 

expansive road subgrade material. CBR value of 3.04% was achieved for soil 

stabilised with up to 2% plastic strip and UCS values of up to 316.4kN were achieved 

(Kassa et al., 2020). Synthetic fibres such as polypropylene have been reportedly used 

in various studies as an additive to stabilise expansive road subgrade material. The 

recycled plastic used in this research was high-definition super-strong lightweight 

plastic pellets with a melting temperature of over 100℃. They are long-lasting and 

mold/mildew resistant. The pellets are safe to use and are slightly more irregular in 

shape than virgin material. the plastic pellets are manufactured and supplied by Poli 

Plastics Pellets Ltd, Monor farmhouse, Hawarden, Flintshire, CH5 3PL, UK. The oxide, 

chemical composition, consistency limits and other properties of the plastic used in 

this research are shown in Table 3.1 and  Table 3.2. Figure 3.14 shows the Recycled 

plastic used in this study. 
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Figure 3.13: Package of the recycled plastic used in this study Figure 3.14: Recycled plastic used in this study 

3.8 RECYCLED GLASS 

Glass grits used in this research are angular and subangular abrasive glass particles 

with the ability to cut coatings exceptionally well when used in abrasive blasting. The 

glass does not contain significant chlorides and has a much lower dust generation with 

many health and safety benefits (Syed et al., 2020). Glass grits are free from silicates 

and heavy metals meaning it is a safe product for use. Glass grits used in this research 

are non-toxic and inert, unlike copper and other metal. Glass grits can be used when 

working in and around environmentally sensitive areas (such as watercourses, 

marina’s, etc.) because the media is completely inert and will pose no environmental 

risks should spillage occur (Ateş et al., 2016). Ground waste recycled glass was used 

as a partial replacement for clay used in fired brick manufacturing, the glass acted as 

a flux in the mix reducing firing temperature (Abbey et al., 2020).  

 

The health and safety of the glass grits used in this research are guaranteed unlike 

other minerals-based abrasives, glass has no detectable “free” or “crystalline” silica, 

greatly reducing the potential health hazards for the user and eliminates users from 

silicosis, a lung-damaging disease which can be fatal. The glass grits are completely 

non-sharp and can be handled without the risk of cutting. The glass grits used in this 

research were a course grade with a particle size of 1.0mm – 3.0mm (1000 to 

3000µm). It was manufactured by Centurywise Ltd in accordance with BSI PAS102 

and under ISO 9001 quality control systems and supplied by Centurywise Ltd, Unit 2 

Bridge House, Stuart road Bredbury, Stockport, Greater Manchester, SK6 2SR. The 

oxide, chemical composition, consistency limits and other properties of glass grit used 
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in this research are shown in Table 3.1 and  Table 3.2. Figure 3.16 shows the recycled 

glass grits used in this study.  

 
 

Figure 3.15: The package of the glass grits used in this study Figure 3.16: Recycled glass grits used in this study 

 

Table 3.1: Oxide and some chemical composition of Bentonite, Kaolinite clay and the binders used in 
this study (Datasheet from suppliers) 

Oxide SiO2 Al2O3 Fe2O3 FeO MgO CaO K2O SO3 TiO2 Na2O BaO Cr2O3 Trace L.O.I 

Bentonite Clay(%) 63.02 21.08 3.25 0.35 2.67 0.65 - - - 2.57 - - 0.72 5.64 

Kaolinite Clay (%) 48.5 36.0 1.00 - 0.30 0.05 2.15 - 0.06 0.15 - - - 11.7 

Cement (%) 20 6.0 3.0 - 4.21 63 - 2.30 - - - - - 0.80 

GGBS (%) 35.35 11.59 0.35 - 8.04 41.99 - 0.23 - - - - - - 

Lime (%) 3.25 0.19 0.16 - 0.45 89.2 0.01 2.05 - - - - - - 

BDW (%) 52 41 0.7 - 0.12 4.32 0.53 0.33 0.65 0.05 - - - 2.01 

Plastic (%) 45.47 12.11 1.04 - - 38.49 0.94 0.43 - - - - - - 

Glass (%) 72.20 1.50 0.07 - 1.30 10.90 0.45 0.16 0.06 13.30 0.04 0.02 - - 

 

These components are important in ensuring high strength gain through pozzolanic 

reaction and the production of calcium silicate hydrate (C-S-H) and calcium aluminate 

hydrate (C-A-H) gel. The SiO₂, Al2O3 elements are the basic constituents of cement 

and lime and when added to clay particles produce hydrated gels of C-S-H and C-A-

H responsible for strength gain. The reasonably high Magnesium Oxide (MgO) content 

in GGBS also contributes to high strength in the mix with an increase in curing age. 

GGBS-MgO stabilised soil could gain higher unconfined compressive strength relative 

to the Portland cement stabilised soils (Yi et al., 2012). MgO acts as an effective alkali 

activator of GGBS, achieving higher 28 day compressive strength (Yi et al., 2014). 

Figure 3.17 shows the particle size distribution of materials used in this study. 
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Figure 3.17: Particle size distribution of materials used in this study 
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Table 3.2: Consistency limits, chemical and physical properties of kaolinite, Bentonite, Portland cement, lime, brick waste plastic and glass 

Properties 
   Description  

KC BC PC LIME BDW GGBS PLASTIC GLASS 

Consistency limits         

Liquid limit wL (%) 59 310 - - - - - - 
Plastic limit wP (%)          28 49 - - - - - - 
Plasticity index IP (%)            31 261 - - Non-plastic - - - 
Others         
Appearance Fine powder Fine powder Fine powder Fine powder Fine powder Fine powder Solid Solid 
Colour Greyish-

white 
Beige Grey White Brick red Off white Light grey 

Multi-
coloured 

Trade name 
China clay Bentonite CEMEX Cement 

Hydraulic Lincolnshire 
Lime 

Brick dust GGBS 
Plastic 
pellets 

Glass grit 

Mean particle size (micron) 25-35 60-74 1 – 50 2-4 - 5-92 3000-4000 1000-3000 
Odour Earthy odour Odourless Odourless slight earthy odour Odourless Odourless Odourless Odourless 
Boiling point (℃) - - >1000 580 - >1700  - 
Melting point (℃) 1750 1550 >1250 580 <850° >1200 165 1300C 
Flashpoint (℃) - -21 Not flammable - >450 - 275 - 
Vapour pressure (℃) - - >1250 >450 >450 - - <700 
Viscosity  - 8-30 cps 1450 mPas @ 20℃ >450℃ - 110cPs - - 
P84 demand (mass %) - 0.44 - - -  - - 
Casting concentration (mass% solids) 0.4 - - - -  - - 
Concentration - 7.0 - - -  - - 
Casting Rate (mm2 min-1) 3.0 - - - -  - - 
Brightness (%) 81.0 81.0 - - -  - - 
Water absorption - 16.0 - - -  - - 
Density  2.4 2.5 at 20℃ 2800 – 3200kg/m³ - - 2.4-2.8 g/cm³ 1.1 g/cm³ 2.53 
Bulk density  - 1.18glcc 1100 – 1600kg/ m³ 0.43 – 0.48 g/cm³ -  - 1.5 kgs/dm³ 
Maximum dry density (kN/m³) 1430 11.8 - - 1.5  - - 
Optimum moisture content (OMC) (%) - - - - 17  - - 
Relative density  1.8 g/cm³ 2.7 g/cm³ 2.75g/cm³ 2.24 0.9-1.6 10 >1.0 2.45kgs/dm³ 
Specific gravity  2.7 2.20 - 2.3 -  - 2500 
Specific surface - - - 300-1500 m²/kg -  - - 
Particle size distribution  - - - 99% <90𝜇 -  - - 
pH 

6 at 25℃ 8.5 
pH of wet cement 12 - 

14 
12.4, approx. 2g/l - 

When wet, up to 
12 

6-8 7.2 

Solubility in water (g/l) Insoluble Insoluble 0.1 1844.9 mg/L Negligible <1 Insoluble Insoluble 
Natural moisture content (%)         28 14 - - -  - - 

Autoignition temperature ℃ - -  
No relative self-ignition 

temperature below 400℃ 
 - >340 - 

Notation 
BC    –      Bentonite clay    KC    –      Kaolinite clay    PC    - Portland cement    BDW   - Brick dust waste     GGBS   - Ground Granulated Blast-furnace Slag 
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3.9 CHAPTER SUMMARY 

Chapter 3 introduced the type of materials used in this research, their sources, particle 

size distribution, physical properties, and oxide/chemical compositions. The chapter 

also mentioned the constituents present in the sustainable waste materials used such 

as pozzolans in brick dust waste (BDW) and the presence of calcium, silicon and 

magnesium in GGBS that are responsible for improving road subgrade. Furthermore, 

the chapter mentioned how CBR values of weak subgrade were enhanced in other 

studies using waste materials. 

 

Chapter 4 outlines the research methodological process and analytical techniques 

used to achieve the set aim of this study. The chapter includes details of preliminary 

tests, mix design, and test sample preparation. The chapter also describes laboratory 

tests for the engineering properties such as moisture content and Atterberg limit test, 

swell test, California Bearing Ratio (CBR) test and microstructural analysis. The 

research methodological process is shown in  Figure 4.1.
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4. CHAPTER 4 – METHODOLOGY AND RESEARCH DESIGN 
The research methodological process and analytical techniques below were used to 

achieve the set aim of this research. The method includes conducting preliminary 

tests, mix design, and test sample preparation, moisture content, Atterberg limit test, 

swell test, California Bearing Ratio (CBR) test and microstructural analysis. The 

methodology shows the various processes of conducting road pavement and life cycle 

cost analysis in this research. Figure 4.1 shows the research methodological process. 

 
Figure 4.1: Research methodological process 
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4.1 SOIL SAMPLING AND MATERIAL CHARACTERISATION  

In this section, the process of soil sample preparation and the characterisation of the 

materials used in this research are outlined. The target materials are bentonite and 

kaolinite clay and the binders used include BDW, GGBS, Recycled Plastic and 

Recycled Glass. These waste materials were locally sourced from suppliers after 

detoxification and decontamination in accordance with relevant standards. Materials 

characterisation to determine the physical properties, particle size distribution, 

chemical compositions, mineralogy composition, oxide composition and others in 

accordance with the relevant standards were provided by the supplier in the form of 

datasheets. This information was used to describe the characteristics of each material 

and assisted in the completion of a comprehensive health and safety risk assessment 

for this study. Two ASS materials were formulated for use in this study. These 

subgrade materials consist of a mixture of untreated bentonite and kaolinite at various 

percentages by weight of the total sample to form subgrade materials with varying 

plasticity index and with properties similar to that of a naturally existing expansive clay 

subgrade material. The two Artificially Synthesised Subgrade (ASS) materials were 

formed in proportions of ASS1 (25% Bentonite, 75% Kaolinite) and ASS2 (75% 

Bentonite, 25% kaolinite) respectively.  

 

4.2 PRELIMINARY TESTS 

4.2.1 - Moisture content  

Moisture content tests of the various types of ASS materials was conducted and used 

as a guide and a control standard for the classification of specimen used for the 

laboratory test. Moisture content for ASS materials composed of various proportions 

of bentonite and kaolinite was determined using the oven-drying method in 

accordance with BS EN ISO 17892-1-2014. Each of the two types of ASS material 

was placed separately in an empty container after the weight of the empty container 

was weighed and recorded. ASS specimen was placed in the container and the weight 

of the container and soil were recorded. The container and the soil were put in the 

oven to dry for 24 hours at a temperature of 1050C to 1100C. The oven-dry method 

was adopted because according to BS 1924-1:2018, it is the most convenient and the 

materials used are unlikely to be affected by heating at 1050C. The specimen was 

removed after drying and allowed to cool and the weight was recorded. The moisture 
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content for the various ASS materials was determined and plotted against the 

Maximum Dry Density (MDD) to determine the Optimum Moisture Content (OMC) of 

the various ASS materials. The moisture content of the subgrade materials was 

calculated as a percentage of the dry weight of the soil using Equation 1 

 

Equation 1…………………….. Moisture content (MC) = 
𝑀𝑚

𝑀𝐷
 x 100 

Where: 

𝑀𝑚 = Mass of moisture   𝑀𝐷 = Mass of the oven-dried specimen 

 

 

4.2.2 - Atterberg limits 

Atterberg limits are also known as consistency limits, this classification method was 

developed by a Swedish soil physicist called Albert Mauritz Atterberg in 1911 (Lal, 

2006). The method defines the boundaries of four states of soil in terms of ‘limits’ to 

measure the plasticity range of soil specimens in numerical terms and to determine 

the states of consistency of the soil. In clay soils, there is a range of moisture contents 

within which clay becomes plastic. Knowing the Atterberg limits of soil helps to 

understand the nature of fine-grained soil, to distinguish between silt and clay and the 

different types of silt and clay. Depending on the water content of the soil, four states 

of consistencies may occur: solid, Semi-solid, plastic and liquid. Each state of 

consistency and behaviour presents different engineering properties. A gradual 

increase in water content in the soil would result in changes in the consistency of the 

clay soil from semi-solid to a plastic state and lastly to a liquid state. Hence, the change 

in soil behaviour can be determined based on the boundaries between each state. The 

plastic limit (PL), liquid limit (LL) and shrinkage limit (SL) of soil are collectively referred 

to as Atterberg or consistency limit of the soil specimen. The consistency values of a 

soil specimen can be influenced by the various parameters of soil such as particle size 

distribution and specific surface area due to the differences in their water absorption 

potentials. Table 4.1 shows Atterberg limit results for untreated subgrade materials, 

Equation 2 shows the formula for calculating plasticity index and Table 4.2 shows the 

apparatus used in the Atterberg limit in this study. 
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Table 4.1: Atterberg limit results for untreated subgrade materials 

Parameters ASS1 (25%Bentonite + 75% Kaolinite) ASS2 (75%Bentonite + 25% Kaolinite) 

Liquid Limit (LL) 131.26 294.07 

Plastic Limit (PL) 28.74 45.38 

Plasticity Index 102.52 248.69 

 

 

Equation 2……………………. Plasticity index (PI) = Liquid Limit (LL) - Plastic Limit (PL) 

 

 

Table 4.2: Apparatus needed for Atterberg Limit Test 

Equipment 

• Penetrometer apparatus and flat glass plate • Palette knives or spatulas 

• Metal cup, 55mm diameter and 40mm deep • Moisture content apparatus 

• Wash bottle containing distilled water  

Description 

 

4.2.2.1 - Plastic limit (PL) 

The PL state of soil is classified as the minimum moisture content at which the soil can 

be deformed plastically or the condition at which the soil can be remoulded to any 

shape without any development or cracks. A PL test was conducted on ASS materials 

in accordance with BS EN ISO 17892-12:2018+A1:2021. Plastic limit results in this 

research were used as part of the calculations to determine the plasticity index of the 

various ASS materials. Air-dried ASS material of about 20g was weighed and a 

measured amount of water was added and mixed in an evaporation dish and then 

transferred onto a glass plate. The pH level of the water used was measured as 6.64 
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which falls within the range required for sample preparation as specified in BS 1924-

1:2018. The soils were allowed to partially dry on the plate, so they become plastic 

enough to be shaped into a ball (Abbey et al., 2020). The ball was moulded and rolled 

between the palms of the hand until the heat of the palm dried the soil for significant 

slight cracks to appear on the surface of the soil.  

 

The moulded rolled soil specimen was then divided into two equal halves of about 10g 

each. Each half of the rolled soil was further divided into four equal parts to be treated 

separately. By applying uniform and continuous rolling pressure, each part of the four-

soil specimen was rolled in between the palms into rods or thinner threads. With a 

diameter of about 3mm with strikes of about 80 to 90 per minute, where the soil 

specimen starts to crumble due to lack of plasticity. The crumbled soil was transferred 

into suitable numbered containers that meet the requirements in BS 1924-1:2018 for 

moisture content determination after the weight of the container was recorded. The 

specimen was placed in the container and the weight of the container and specimen 

were also recorded. The container with the specimen was placed in the oven for 24 

hours at a temperature of 1050C. The specimen and container were allowed to cool 

for 20 hours after drying in the oven and their weights were recorded for plastic limit 

determination. Equation 3 Shows the formula for calculating plastic Limit, Table 4.3 

shows Plastic limit results for untreated subgrade materials and Figure 4.2 (a) – (h) 

shows the laboratory test process and how plastic limit samples were prepared.  

 

Equation 3…………………Plastic Limit (PL) = (
𝑚2−𝑚3

𝑚3−𝑚1
) x 100 

Where: 

m2 = Mass of wet soil + container, m3 = Mass of dry soil + container 

and m1 = Mass of container 

 

Table 4.3: Plastic limit results for untreated subgrade materials 

Parameters ASS1 (25%Bentonite + 75% Kaolinite) ASS2 (75%Bentonite + 25% Kaolinite) 

Plastic Limit (PL) 28.74 45.38 
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(a) (b) 

  
(c) (d) 

 

 

(e) (f) 
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(g) (h) 

Figure 4.2: Laboratory test process and how plastic limit samples were prepared 
 (a) ASS in plastic limit state (b) Dividing rolled plastic limit state ASS ball into two for rolling between the palms (c) 

Rolling specimen into rods between the palms until specimen cracks/breaks (d) Rolled specimen rods (e) Rolled 

specimen rods in a container ready for oven-drying (f) Specimen and container on scale (g) Specimen in the oven 

(h) Oven-dried specimen in a container 

 

4.2.2.2 - Liquid limit (LL) 

Liquid limit is the state at which a fine-grained soil (ASS material) flows on its own 

weight. Liquid limit (wL or LL) is expressed as the water content at which the soil stops 

acting as a plastic solid and starts acting like a liquid. In this study, the cone penetration 

method was used to determine the liquid limit of all types of ASS in accordance with 

BS EN ISO 17892-12:2018+A1:2021. The test was based on the measurement of 

penetration of a specific cone standard mass and dimensions into the soil sample. The 

liquid limit was expressed as the water content which corresponds to a cone 

penetration of 20mm. Liquid limit was plotted against plasticity index to determine the 

level of plasticity of the various ASS Materials (Abbey et al., 2020). The cone 

penetration method was used in this research to determine the liquid limit of all types 

of ASS materials. The test was based on the measurement of penetration of a specific 

cone standard mass and dimensions into the soil sample. The liquid limit was 

expressed as the water content which corresponds to a cone penetration of 20mm. 

Air-dried artificially synthesised Subgrade (ASS) material composed of various 

proportions of kaolinite and Bentonite of about 300g was weighed and placed on a 

glass plate.  
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Dried ASS was mixed thoroughly by hand until homogeneity was achieved after which 

a measured amount of water was added and mixed using palette knives to form a 

paste. The pH level of the water used was measured as 6.64 which falls within the 

range required for sample preparation as specified in BS 1924-1:2018. ASS paste was 

transferred to a brass cylindrical cup carefully to ensure no voids are allowed. The 

surface of the brass cup filled with the ASS paste was flattened to the brim of the cup 

ready for the fall cone penetration test. The ASS sample and the brass cup were 

placed centrally under the cone penetration apparatus and making sure the pointed 

part of the cone penetrator was hung directly at the centre with the tip just in contact 

with the surface of the sample. The dial gauge on the cone penetrometer apparatus 

was adjusted to zero and an automatic timer was set for five seconds. The cone was 

released to penetrate the soil sample paste and the reading on the dial gauge was 

recorded. The process was repeated for all three types of ASS, and moisture content 

was measured by taking about 10g of the ASS sample in the brass cup from the area 

penetrated by the cone, using the tip of a small spatula. The collected sample was 

placed in numbered containers that meet the requirements in BS 1924-1:2018. The 

container plus wet samples were weighed, recorded and oven-dried for 24 hours. The 

container plus dry samples were weighed, and the values were recorded. Table 4.4 

shows Liquid limit results for untreated subgrade materials, and Figure 4.3 (a) – (h) 

shows the laboratory test process and how liquid limit samples were prepared. 

Equation 4 Shows the formula for calculating Liquid Limit and Table 4.4 shows the 

Liquid limit for untreated subgrade materials. 

 

Equation 4…………. Liquid Limit (LL) = (
𝑚2−𝑚3

𝑚3−𝑚1
) x 100 

Where: 

m2 = Mass of wet soil + container, m3 = Mass of dry soil + container 

and m1 = Mass of container 

 

Table 4.4: Liquid limit results for untreated subgrade materials 

Parameters ASS1 (25%Bentonite + 75% Kaolinite) ASS2 (75%Bentonite + 25% Kaolinite) 

Liquid Limit (LL) 131.26 294.07 
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(a) (b) 

  
(c) (d) 
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(e) (f) 

 
 

(g) (h) 

Figure 4.3: Laboratory test process and how liquid limit samples were prepared 
 (a) Testing pH level of water used (b) Soil at liquid limit state (c) Cone penetration process during liquid 

limit test (d) Taking specimen after cone penetration for liquid limit test (e) Specimen and container on a 

scale (f) Wet specimen in containers ready for oven-drying (g) Specimen in the oven (h) Oven-dried 

specimen in containers 

4.3 PROCTOR COMPACTION TEST 

Proctor compaction test was conducted in this research to determine the moisture 

content and target dry density values of the various types of subgrade materials used 

in accordance with BS 1377- 4:1990 and BS EN ISO 17892-1-2014. The test was 

conducted to establish the compaction characteristics (optimum moisture content 

(OMC) and maximum dry density (MDD)) of untreated ASS materials. The compaction 

mould plus base without the collar was weighed and the value was recorded. A 

measured amount of ASS material was mixed with different percentages of water and 

mixed at different moisture content levels. The ASS subgrade material was placed in 

a proctor test mould with a collar in three different layers and with the help of a 2.5kg 

hammer, twenty-seven blows were applied at different areas of the surface of each 

layer to ensure even distribution of force. After the last layer was compacted, the collar 

was carefully removed, and the compacted ASS subgrade material was trimmed off 

using a pallet knife so that it was completely even with the top of the mould.  

 

The compacted ASS subgrade material with the mould and the base was weighed and 

the value was recorded. The base of the mould was detached, and the compacted 

ASS material was extruded from the mould using a mechanical extruder. A sample 

was collected from the centre of the compacted ASS subgrade material and placed in 
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a numbered container after the weight of the empty container was recorded. The 

weight of the container with the compacted ASS subgrade material was recorded, and 

the process was repeated for all types of ASS subgrade materials. Figure 4.4 (a) – (h) 

shows the laboratory testing process and how proctor compaction samples were 

prepared. Table 4.5 Proctor compaction data for untreated subgrade materials. 

 

Table 4.5: Proctor compaction data for untreated subgrade materials 

Subgrade Type Moisture Content Dry density 

ASS1 (25%Bentonite + 75% Kaolinite) 

65.37 
34.46 
17.96 
13.81 

0.519 
1.254 
0.760 
0.735 

ASS2 (75%Bentonite + 25% Kaolinite) 

59.84 
49.80 
40.97 
39.39 

0.525 
1.033 
1.174 
0.826 

 

 

 
 

(a) (b) 

  

(c) (d) 
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(e) (f) 

 

 

(g) (h) 
Figure 4.4: Laboratory testing process and how proctor compaction samples were prepared 

(a) Empty mould used for the test (b) Weighed ASS ready for mixing with water (c) Process of compacting soil in layers (d) 

Trimming off the sample to make even with the top of the mould (e) Weighing compacted soil in mould plus base (f) 

Extruding compacted soil using hydraulic jack (g) Splitting compacted soil sample (h) Taking specimen from the middle of 

sample for oven-drying. 
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4.4 MIX DESIGN 

This section describes the process of selecting and identifying suitable ingredients to 

determine the mix proportion of additives and binders for use in expansive subgrade 

stabilisation to obtain high strength and maximise the performance of subgrade 

materials used in road construction. 

4.4.1 Preliminary Mix Design and Mix Optimisation 

To establish mix designs for use in this research, the engineering properties of ASS 

materials were first of all investigated. California Bearing Ratio (CBR) test was 

conducted for untreated ASS materials to establish their bearing capacity and shrink-

swell potentials on their own without any treatment. The results achieved showed a 

very low CBR and high swell potentials which are not suitable for use as subgrade 

materials in road pavement construction (IAN73/06). After establishing the swell and 

bearing capacity of untreated ASS materials, it was necessary to improve their 

engineering properties by adding traditional binders (cement and lime) at varying 

proportions to establish a control mix. To achieve the control mix, a benchmark 

subgrade CBR value of 80% capable of carrying heavy traffic load of 5443kg was 

adopted as the worst-case scenario which complies with the CBR method 

recommended by the California State of Highways (The Constructor Building Ideas 

(TCBI), 2021). 

 

According to Southern Testing, (2021), a high-quality subgrade normally has a CBR 

value between 80-100% maximum. The range of cement and lime proportions used 

to formulate the control mix was recommended by Design Manual for Roads and 

Bridges (DMRB) HA 74/07. This range of cement and lime proportions was increased 

gradually until a CBR value of 80% was achieved. After a series of preliminary 

investigations using varying additive proportions to achieve a CBR value of 80%, a 

binder proportion of 8% lime + 20% cement achieved a CBR of 80% after 7 days of 

curing at normal room temperature of 20 ± 2℃. Using such a high stabiliser dosage of 

cement and lime in subgrade stabilisation is unsustainable and expensive due to the 

cost of cement and lime and their associated environmental effects during production. 

This called for the reengineering of more sustainable and cost-effective subgrade 

materials by partially replacing cement and lime using sustainable waste materials. 
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After establishing the control mix, waste materials and industrial by-products (GGBS, 

BDW, Recycled Plastic and Recycled Glass) were investigated to establish their 

potential for use as a partial replacement for cement and lime. The aim was to achieve 

high CBR value and low swell potential by partially replacing cement and lime with 

waste materials normally dump in landfills. After trying several proportions of each 

waste material on their own in the mix, it was observed that the mix design composed 

of a high amount of 23.5% GGBS achieved a very high bearing capacity (CBR) and 

low swell compared with the other sustainable binders. Due to this observation, 

another laboratory-engineered mix design was formulated by adding 11.75%GGBS 

which is half of the 23.5%GGBS to the other sustainable mix design which was without 

GGBS content to enhance and improve the engineering properties of ASS materials.  

 

Through this discovery, an optimised mix design was achieved with a reduction in 

cement and lime proportions from 8%lime + 20%cement (control mix) to 2%lime + 

2.5%cement, while achieving a CBR value of 80% and a drastic reduction in swell 

(0.01%). To ensure the results achieved in this research are correct, accurate and 

reliable for use in road construction, two or three samples were made for each mix 

design per test and their average CBR value was recorded and used in the analysis. 

Samples were prepared for the best-performing mix to conduct wetting-drying test to 

determine the durability of the subgrade after 28 days of curing. The best-performing 

mix samples were further cured for 90 days to see the impact of long-term curing on 

sustainably treated subgrade materials using waste. Furthermore, cement was 

eliminated in the best-performing mix and GGBS increased to 26% and cured for 90 

days to see the effect of the absence of cement and long and long-term curing on 

sustainably treated subgrade materials. A total of 318 samples were prepared and 

tested in this study. Table 4.6 shows the optimisation process from the control mix 

formulation until the optimised mix design was achieved. 
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Table 4.6: Preliminary Mix design and Mix Optimisation used in this study 

ASS 

Subgrade 

types 

Sustainable mix design 

Curing 
days 

CBR 
(%) 

Soaked 
CBR 
(%) 

Mix proportion in (%) by weight 

Lime Cement GGBS Plastic Glass BDW 

ASS1 x x x x x x x 8 x 

ASS2 x x x x x x x 9 x 

ASS1 2 5 x x x x 7 22 x 

ASS2 2 5 x x x x 7 14 x 

ASS1 4 10 x x x x 7 28 x 

ASS2 4 10 x x x x 7 20 x 

ASS1 6 15 x x x x 7 19 x 

ASS2 6 15 x x x x 7 21 x 

ASS1 8 20 x x x x 7 80 x 

ASS2 8 20 x x x x 28 80 x 

ASS1 2 2.5 23.5 x x x 7 70 79 

ASS2 2 2.5 23.5 x x x 7 73 46 

ASS1 2 2.5 23.5 x x x 28 92 97 

ASS2 2 2.5 23.5 x x x 28 68 65 

ASS1 2 2.5 x 23.5 x x 7 13 12 

ASS2 2 2.5 x 23.5 x x 7 12 6 

ASS1 2 2.5 x 23.5 x x 28 13 8 

ASS2 2 2.5 x 23.5 x x 28 8 3 

ASS1 2 2.5 x x 23.5 x 7 14 17 

ASS2 2 2.5 x x 23.5 x 7 11 3 

ASS1 2 2.5 x x 23.5 x 28 16 11 

ASS2 2 2.5 x x 23.5 x 28 8 4 

ASS1 2 2.5 x x x 23.5 7 23 17 

ASS2 2 2.5 x x x 23.5 7 14 18 

ASS1 2 2.5 x x x 23.5 28 26 28 

ASS2 2 2.5 x x x 23.5 28 18 17 

ASS1 2 2.5 11.75 11.75 x x 7 44 59 

ASS2 2 2.5 11.75 11.75 x x 7 21 47 

ASS1 2 2.5 11.75 11.75 x x 28 82 93 

ASS2 2 2.5 11.75 11.75 x x 28 51 50 

ASS1 2 2.5 11.75 x 11.75 x 7 51 59 
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ASS 

Subgrade 

types 

Sustainable mix design 

Curing 
days 

CBR 
(%) 

Soaked 
CBR 
(%) 

Mix proportion in (%) by weight 

Lime Cement GGBS Plastic Glass BDW 

ASS2 2 2.5 11.75 x 11.75 x 7 21 31 

ASS1 2 2.5 11.75 x 11.75 x 28 80 72 

ASS2 2 2.5 11.75 x 11.75 x 28 46 46 

ASS1 2 2.5 11.75 x x 11.75 7 61 61 

ASS2 2 2.5 11.75 x x 11.75 7 27 16 

ASS1 2 2.5 11.75 x x 11.75 28 109 67 

ASS2 2 2.5 11.75 x x 11.75 28 44 24 

ASS1 2 2.5 11.75 x x 11.75 90 180 x 

ASS2 2 2.5 11.75 x x 11.75 90 120 x 

ASS1 2 2.5 23.5 x x x 90 200 x 

ASS2 2 2.5 23.5 x x x 90 96 x 

ASS1 2 x 26 x x x 90 220 x 

ASS2 2 x 26 x x x 90 98 x 

Where: ASS = Artificially Synthesised Subgrade, GGBS = Ground Granulated Blast-furnace 

Slag, BDW = Brick Dust Waste, ASS1 (25%Bentonite + 75% Kaolinite), ASS2 

(75%Bentonite + 25% Kaolinite) 

 

4.5 CBR TEST SPECIMEN PREPARATION  

CBR test samples were prepared for all two types of ASS materials (treated and 

untreated), after determining the total sample mass of (4kg) required to achieve a fully 

compacted CBR mould using trial mixes. The binder percentages were calculated 

based on the total sample mass and dry mixed by hand until homogeneity was 

achieved. A measured amount of water was gradually added based on the OMC 

achieved during the proctor compaction test. Continuous hand mixing was carried out 

until a uniform mixture was formed and the mixture looks and feels dry at OMC during 

the preparation of treated ASS materials due to the addition of binders (cement, lime, 

BDW, GGBS, plastic, glass) which can sometimes imbibe a lot of water. A 

recommended amount of water within the range of 10-20% above the OMC of 

untreated ASS materials was added to the original moisture content (OMC) achieved 

during the proctor compaction test in accordance with BS EN ISO 17892-1-2014, BS 
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EN 13286-47:2012 and section 3/9 of Virginia Department of Transport (VDOT) 

document. 

 

A CBR mould (152mm diameter X 178mm high) with a collar was weighed on a scale 

without the collar and the weight was recorded. The collar was later attached to the 

mould and the uniformly mixed ASS material (4kg) was divided into three equal parts 

and placed in layers in the mould during compaction. Each part was placed in the CBR 

mould and with the help of a mechanical compactor fitted with a 2.5kg rammer, 62 

blows were applied at different areas of the surface of each layer to ensure even 

distribution of force. After the last layer was compacted, the mould containing the 

compacted sample was detached from the mechanical compactor. The collar was 

carefully removed, and the compacted ASS material was trimmed off using a pallet 

knife so that it was completely even with the top of the mould. The compacted ASS 

material with the mould and the base was weighed and the value was recorded. At 

this stage, untreated ASS materials were tested for soaked and un-soaked CBR 

without curing. Also, treated ASS samples were wrapped in an airtight plastic bag 

while in the CBR mould ready for curing at room temperature of 20±2℃ for 7 and 28 

days respectively. Figure 4.5 shows the recommended OMC range in the Virginia 

Department of Transport (VDOT) document. Figure 4.6 and Figure 4.7 shows the test 

sample preparation process for untreated soaked and un-soaked ASS materials and 

Figure 4.8 and Figure 4.9 shows the test sample preparation process for treated 

soaked and un-soaked ASS materials. 
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Figure 4.5: Moisture content control chart (VDOT) (2016) 
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Figure 4.6: Untreated un-soaked ASS CBR sample preparation process 
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Figure 4.7: Untreated soaked ASS CBR sample preparation process 
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Figure 4.8: Treated un-soaked ASS CBR sample preparation process 
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Figure 4.9: Treated soaked ASS CBR sample preparation process 



Chapter 4 – Methodology and Research Design  

99 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

4.6 LABORATORY TESTING 

4.6.1 California Bearing Ratio (CBR) 

California Bearing Ration is a penetration test conducted to evaluate the strength and 

bearing capacity of road subgrade material. Knowing the CBR value of subgrade 

material prior to any road construction influences the design and construction of road 

pavement. According to BS EN 13286-47:2012, ASTM D1883-16 and AASHTO T193, 

the classification of a road in terms of pavement thickness and how much traffic a road 

can carry are dependent on the CBR value of the subgrade material. A typical CBR 

value of 2% equates to clay, while some sands may have a CBR value of 10%. A high-

quality subgrade normally has a CBR value between 80-100% maximum (Southern 

Testing, 2021). According to relevant road pavement design guides such as Design 

Manual for Roads and Bridges (DMRB) and Indian Roads Congress - IRC-37-2001, 

the higher the CBR value the thinner the road pavement and the lower the CBR value 

the thicker the road pavement. During road pavement design thicker pavements are 

mostly recommended to compensate for the low CBR value of weak road subgrade 

material to enable it to carry traffic load. According to the constructor building ideas 

(TCBI), 2021 document on flexible pavement design by the CBR method shows that 

CBR of 2% would require a road pavement thickness of 700mm to carry heavy traffic 

(5443kg) while of CBR of 80% would require pavement thickness of 70mm to 

withstand heavy traffic load (5443kg). Subgrade CBR values <2% are unacceptable 

for use in road construction and required engineering or modification to make them 

suitable for road construction (DMRB, 2021 and The Constructor Building Ideas 

(TCBI), 2021). This means that CBR values affect the design, overall thickness and 

eventually the cost of road construction and must be taken seriously during a road 

project. 

 

CBR test in this research was carried out for ASS1 and ASS2 types (treated and 

untreated) to determine their bearing capacity in accordance with BS 13377-4:1990 

and BS EN 13286-47:2021 using the DMRB CD 226 and DMRB HA 74/07 as a guide. 

The process used also satisfies AASHTO T193-13-2021 and ASTM D 1883-16. The 

test was conducted to evaluate the subgrade strength of road and pavement by 

determining the ratio of force per unit area required to penetrate a soil mass with a 

standard circular plunger. Before testing for CBR, two surcharge weights of 2.5kg each 
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were placed on top of the sample. The surcharge weights are equivalent to the weight 

of the road pavement expected above the subgrade in the final design. ASS material 

in the mould with surcharge weights on top was placed in the CBR test apparatus. The 

CBR test apparatus is made up of a plunger (50mm diameter and fits through an 

annulus) attached to a frame, and an electric motor drives a ram which pushes the 

sample in the mould upwards onto the plunger. The penetration force is measured by 

a load cell mounted above the plunger. The load cell is a transducer used to create an 

electric signal whose magnitude is directly proportional to the force being measured. 

A vertical displacement transducer provides a reading of the penetration. The plunger 

provides a surcharge weight equivalent to the weight of road pavement expected 

above the soil in the final design. The CBR test apparatus is connected to a computer 

that records the CBR data. The test was conducted for treated and untreated Artificially 

Synthesised Subgrade (ASS) samples. The samples were later extruded from the 

mould using a mechanical extruder and discarded. Figure 4.10 (a) – (c) shows CBR 

sample preparation and testing process used in this study. 
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(a) (b) (c) 
Figure 4.10: CBR testing process (a) CBR apparatus used in this study (b) CBR Mould with surcharge weight and transducer during testing (C) Extruding 

CBR sample using hydraulic jack after testing is complete. 
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4.6.2 CBR Test for Untreated Artificially Synthesised Subgrade (ASS) 

CBR test samples were prepared and tested for all types of untreated expansive ASS 

subgrade material in accordance with the relevant standards following the step-by-

step procedure outlined elsewhere (sections 4.5 and 4.6.1) of this study. The aim of 

conducting CBR test on untreated expansive Artificially Synthesised Subgrade (ASS) 

materials was to determine their bearing capacity for use as subgrade materials 

without any modification, re-engineering or treatment. Untreated-un-soaked ASS 

Samples were tested for CBR immediately after compaction without soaking. The 

same samples were prepared and soaked immediately after compaction for 96 hours 

(4 days) at a temperature of 20±2℃ at a level that the sample was fully immersed in 

water in accordance with BS EN 13286-47:2021 and their CBR values were 

determined. The idea of conducting soaked CBR in this research was to simulate the 

effect and behaviour of untreated expansive subgrade in the event of a flood and how 

the subgrade material would behave when the air voids are filled with water. 

 

4.6.3 CBR Test for Treated Artificially Synthesised Subgrade (ASS) 

Expansive subgrade materials are mostly treated because they do not have the 

capacity to support the weight of the road pavement and traffic load and would 

normally require some form of modification or re-engineering to enhance their capacity 

to carry and support the load. In this study, all ASS materials were re-engineered and 

modified using chemical stabilisation techniques to increase their bearing capacity and 

reduce swell. Cement and lime were used as additives in a controlled mix to improve 

the engineering properties of ASS materials whiles reducing their swelling potential. 

The cement and lime used were later replaced with sustainable waste materials with 

the aim of reducing the environmental effect associated with the use of cement and 

lime. Portland cement and lime have been used to improve the engineering properties 

of subgrade materials. During the hydration process, a cement gel matrix is produced 

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

binds subgrade particles together and is responsible for strength gain (Neville et al., 

2011). According to Walker et al. (2000) and Gooding et al. 2021, a cement range of 

4 and 15% was used to enhance the engineering properties of subgrade materials.  

A lime soil reaction takes place when soil mixed with lime changes the moisture and 

density relationship of the soil. This reaction triggers a lime hydration process and with 
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the help of calcium, releases cementitious products (calcium-silicate-hydrate (C-S-H) 

and calcium-aluminate-hydrate (C-A-H)) responsible for strength increase in the 

subgrade (Abbey et al., 2021). In this study, a measured amount of cement, lime and 

water were added to the ASS materials and mixed until homogeneity was formed. 

CBR test samples were prepared from the mix in accordance with the relevant 

standards following the step-by-step procedure outlined in Sections 4.5 and 4.6.1 of 

this report. Samples were made for all types of ASS material and tested for un-soaked 

CBR after 7 and 28 days of curing at room temperature of 20± 2℃ and soaked CBR 

tests were conducted on samples soaked in water for 96hours (4 days) after 7 and 28 

days curing at room temperature of 20± 2℃ in accordance with BS EN 13286-

47:2021. 

 

4.6.4 Swell Test 

In this research, swell tests were conducted for all treated and untreated ASS 

materials in accordance with BS EN 13286-47:2021 and BS EN 13286-49:2004, 

respectively. The aim of conducting two swell tests was to compare the swell potentials 

of ASS materials after a long and short period of soaking in water (28 days swell BS 

EN 13286-49:2004 and 4 days swell BS EN 13286-47:2021). 

 

4.6.4.1 Swell Test in Accordance with BS EN 13286-47:2021 

During swell testing, in accordance with BS EN 13286-47:2021, CBR samples were 

prepared as described in section 4.5. The joints of the base and collar of the mould 

were sealed with silicon to avoid penetration of water through the side of the mould 

during soaking (immersion). For untreated CBR samples, the swell test was conducted 

immediately after the samples were prepared. However, treated CBR samples were 

cured at room temperature of 20±2℃ for 7 and 28 days, respectively, for the binders 

to react before conducting the swell test on them. A CBR swell filter paper was put on 

the top of the sample followed by a perforated swell plate and surcharge weights (4kg). 

The CBR swell assembly were placed inside an empty tank. A dial gauge (measuring 

vertical expansion) was attached to a metal bar fitted to the tank with the plunger 

adjusted to come in contact with the swell plate. The empty tank with the CBR swell 

assembly was then filled with water until the CBR assembly was completely 

submerged in water. The dial gauge was then zeroed to begin measuring vertical 
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expansion, with the help of a regulated heater inside the tank, the temperature of the 

water was set to a constant 20±2℃. Dial gauge readings were recorded daily for a 

soaking period of 4 days and at the end of the soaking period, the recorded results 

were used to calculate the final swell as a percentage of the initial height of the 

specimen. Figure 4.11 and Figure 4.12 shows untreated and treated swell testing 

process.



Chapter 4 – Methodology and Research Design  

105 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

 

 

Figure 4.11: Untreated swell testing process in accordance with BS EN 13286-47:2021 
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Figure 4.12: Treated swell testing process in accordance with BS EN 13286-47:2021 
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4.8.10.2 Swell Test in Accordance with BS EN 13286-49:2004 

At this stage, swell tests were conducted on both untreated and treated ASS materials 

only using the control mix for comparison purposes to investigate the longer swell limit 

(28 days soaking) of treated and untreated ASS materials. The swell behaviour for 

untreated and treated expansive ASS materials was tested using the linear expansion 

measurement method in accordance with BS EN 13286-49:2004. At this stage, the 

amount of swell or expansion observed in the various ASS materials was measured 

using a self-contained basic swell consolidometer apparatus. The apparatus includes 

a stainless-steel compaction ring with a diameter of 2.42, two porous stones (top 

porous stone diameter 61.5mm, 6.35mm thick and bottom porous stone diameter 

84mm, 6.35mm thick), a loading weight of 2.87 kPa and a dial gauge. Treated and 

untreated ASS materials were weighed with a total mass of 100g with or without binder 

inclusive and compacted into a stainless-steel compaction ring. The compacted 

samples are placed in the consolidometer between the two porous stones which 

allows water to seep through and come in contact with the soil specimen in the 

stainless-steel ring.  

 

A loading weight to produce 2.87kPa was placed on top of the porous stone on the 

sample and a dial gauge indicator was set to the initial sample height with the tip of 

the plunger touching the top of the loading weight. The dial gauge reading was set to 

zero and the consolidometer was filled with water to begin the test. Untreated ASS 

subgrade materials were tested for swell immediately after compaction without curing. 

Treated ASS subgrade materials were wrapped in cling film and cured at room 

temperature of 20± 2℃ for 7 and 28 days before testing for swell. The aim of wrapping 

treated samples in cling film was to slow the rate of water evaporation from the sample 

and allow the binders to chemically react in anticipation of reducing the swelling 

potential of the subgrade materials. Dial gauge readings of the amount of swell were 

recorded daily for 28 days and the data was analysed to establish the swelling 

potentials of both treated and untreated ASS materials using Equation 5. Figure 4.13 

and Figure 4.14 show obvious swell after soaked CBR test, consolidometer apparatus, 

compacted swell samples in stainless-steel compaction ring, Swell set-up for treated 

and untreated ASS materials and samples after the swell test. Figure 4.15 shows 
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treated and untreated ASS1 (High plasticity subgrade) and ASS2 (Extremely high 

plasticity subgrade) samples after swell test. 

 

Equation 5…………………………… Linear expansion (%) = 
𝛥𝐿

𝐿
 x 100 

Where 

L = Length of specimen (mm) 

𝛥𝐿 = change in length (mm)  

 

 
Figure 4.13: Consolidometer apparatus used in this research  
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Figure 4.14: Swell set-up for treated and untreated ASS materials 

 

 
Figure 4.15: Treated and untreated ASS1 (High plasticity subgrade) and ASS2 (Extremely high plasticity 

subgrade) samples after swell test. 
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4.6.5 Durability Test – Wetting-drying Cycle 

Wetting-drying cycle test was conducted in this research for the best performing mix 

design following the wetting and drying procedure outlined in ASTM D559/D559M – 

15. Wetting-drying cycles were conducted in this research to simulate the effect of 

repeated wetting and drying cycles on treated road subgrade materials during the wet 

(flood) and dry (drought) seasons. CBR samples were prepared in compliance with 

BS EN 13286-47-2021, wrapped in clingfilm and cured for 28 days ready for wetting-

drying cycle test. After curing the samples, the clingfilm was removed and the samples 

were wrapped using duct tape leaving the top and bottom of the sample. This was 

done to hold the sample together in one piece during the wetting-drying cycles test. 

All CBR samples were submerged in water for 5 hours at a room temperature of 20± 

2℃ to simulate flood during heavy rainfall. After 5 hours of soaking, the samples were 

removed and weighed, and their mass was recorded per the procedure outlined in 

ASTM D559/D559M – 15. After the soaking, one sample was set aside for CBR test 

(wetting-cycle No 1) and the CBR value was recorded.  

 

The remaining soaked samples were then placed in an oven at a temperature of 71± 

3℃ for a period of 42 hours to simulate extreme dryness (drought) or high temperature 

in accordance with the procedure outlined in ASTM D559/D559M – 15. After 42 hours 

the dry samples were removed, and their mass was recorded. After drying in the oven, 

one sample was set aside for CBR test (drying-cycle No 1) and the CBR value was 

recorded. This procedure constitutes one cycle (48 hours) of wetting and drying per 

ASTM D559/D559M – 15. The process was repeated until all 10 cycles were achieved. 

The purpose of conducting wetting-drying test in this research was to ascertain the 

durability of expansive subgrade materials treated using sustainable waste. And to 

establish at which cycle of wetting or drying the CBR value of the subgrade materials 

becomes unsuitable for use in road construction. A normal subgrade has a CBR value 

between 80-100% (Southern Testing Environmental and Geotechnical, 2020). 

According to The Constructor Building Ideas (TCBI), (2021), subgrade with CBR value 

< 2% is unacceptable for use in road construction and would require modification or 

treatment. 
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4.6.6 Microstructural Properties of Treated Subgrade Materials  

Microstructural investigations were conducted to understand the morphology of the 

cementitious materials and homogeneity and compactness of the stabilised subgrade. 

These properties are determined by conducting SEM analysis, EDX analysis, Radar 

detection, and Mises strain test among others. SEM analysis results in a study 

conducted by Parihar et al. (2020) show a high C-S-H gel development resulting in 

high strength after adding 6% of limited leather waste ash (LLWA) in a mix. EDX 

patterns show high formation of calcium silicate hydrate (C-S-H) gel after 28 days 

when expansive soil was stabilised with 20% GGBS (Sharma et al., 2016). In this 

study, analyses were conducted to determine the elemental composition of stabilised 

ASS materials providing high-resolution imaging for identifying and evaluating the 

materials' surface structure, contaminants, flaws or corrosion, unknown particles, the 

cause of failure and interaction between materials.  

 

After testing the CBR samples, a piece of the sample was taken and attached to tabs 

using glue and sputter gold coated for convenient viewing and rendering. A 

combination of SEM and EDX analysis provides a better understanding of the surface 

material and the elemental composition of a sample allowing for a more quantitative 

result offering chemical composition and elemental investigation to provide a 

comprehensive evaluation of the results. The SEM and EDX equipment used in this 

research are FEI Quanta 650 field emission scanning electron microscope and Oxford 

Instruments Aztec Energy EDX system using an X-Max 50 detector with a coverage 

area of 50mm² and a sputter Coater Emscope SC500 gold sputter coating unit. Figure 

4.16 (a) – (c) describes how samples are mounted, Figure 4.17 shows the stub holder 

for the SEM chamber, Figure 4.18 shows Gold Sputter Coating Unit and Figure 4.19 

shows treated ASS samples ready for SEM and EDX tests. Figure 4.1 shows the 

research methodological process. 
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Figure 4.19: Treated Artificially Synthesised Subgrade (ASS) material mounted and ready for SEM and EDX analysis. 

 
  

Figure 4.16: Describes how samples are mounted. 

(a) Samples are mounted on standard aluminium stubs 13mm in 
diameter. The stub has a groove at the side to facilitate handling 
using forceps. (b) Aluminium stub with a double-sided adhesive 
black conductive carbon tab. A piece of filter paper has been cut to 
size and pressed down at the corners using forceps onto the tab. (c) 
This stub allows one to see a transverse view. The sample is 
mounted against the vertical face (blue arrow). The red arrow 
indicates a 45° angle face. 

Figure 4.17: Stub holder for the SEM chamber. 

Stub holder for the SEM chamber. The blue 
arrow indicates a piece of metal which requires 
no further preparation. The red arrow shows a 
non-conductive sample which has been sputter 
coated with gold to make it conductive. 

Figure 4.18: Gold Sputter Coating Unit. 
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4.7 ROAD PAVEMENT ANALYSIS AND ECONOMIC APPRAISAL 

4.7.1 DMRB Road Pavement Design 

Road pavement thickness optimisation was carried out in this research using various 

pavement design approaches for varying CBR values and traffic loads to establish the 

best-performing mix design in terms of CBR values and pavement thickness. A 

selected range of CBR values (low, medium and high) obtained from this study was 

used in the pavement thickness optimisation process. Design traffic 3msa, 8msa, 

60msa, 100msa and CBR value of 3% for mix-design ASS2 +2% lime +2.5% cement 

+ 23.5% glass, soaked after 7 days of curing, CBR value of 8% for ASS1 +2% lime + 

2.5% cement + 23.5% plastic soaked after 28 days of curing and CBR value of 109% 

for ASS1 + 2% lime + 2.5% cement + 11.75% GGBS + 11.75% BDW after 28 days of 

curing were used in the optimisation process. The Design Manual for Roads and 

Bridges (DMRB) CD 226, HD 26/06, IAN 73/06 and the CBR method recommended 

by the California State of Highways (The Constructor Building Ideas (TCBI), 2021) 

were used as a guide in this study. Using different pavement design approaches, these 

guidelines were used to establish the effects of varying CBR values on road pavement 

thickness. During the process, the most viable mix design was established based on 

the best performing pavement in terms of strength, durability and performance of the 

road pavement structure without compromising relevant standards. CBR values and 

the mix design used include stiffness modulus above 30MPa in accordance with 

IAN73/06.  

 

A flexible composite pavement construction with performance design Class 3 was 

adopted due to its durability and cost-effectiveness compared to a fully flexible 

pavement. Heavy-duty road pavements are usually built using flexible composite 

pavement options because it provides the same quality as fully flexible pavement. 

Composite pavement structures have a Cement Bound Granular Materials (CBGM) 

base with an asphalt overlay. This research used a three-layer flexible composite 

pavement structure (Figure 4.20) to determine the thickness and stiffness modulus for 

the various pavement layers. Based on the design, a hydraulic bound class (B) CBGM 

B – C8/10 (or T3) was adopted as subbase materials (See Table 4.7). A Hydraulic 

Bound Mixture (HBM) was adopted as base material and a Hot Rolled Asphalt (HRA) 

was adopted as surface material for the various layers of the road pavement in 
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accordance with DMRB CD 226. Figure 4.21 shows Class 3 design – single foundation 

layer (IAN 73/06) and Figure 4.22 shows the nomograph for determining the design 

thickness for flexible pavement (DMRB CD 226). 

 

4.7.2 Road Pavement Thickness and Construction Depth Optimisation 

Pavement thickness optimisation was conducted according to the CBR method 

recommended by the California State of Highways (The Constructor Building Ideas) 

using CBR values achieved in this study. Road pavement thickness optimisation was 

carried out to cater for light traffic (3175kg), medium traffic (4082kg) and heavy traffic 

(5443kg) using the pavement thickness determination chart in compliance with the 

CBR method recommended by the California State of Highways. Road pavement 

construction depths and their corresponding CBR values for various traffic 

classifications were also investigated. The aim was to see the effect of varying CBR 

values and traffic loads on pavement thickness and construction depth. The pavement 

thickness determination chart recommended by the California State of Highways was 

used as a guide to determine light, medium, and heavy traffic classification for the 

construction depth determination (The Constructor Building Ideas (TCBI)). 

 

Figure 4.20: Three-layer flexible composite pavement structure 
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Figure 4.21: Class 3 design – single foundation layer (IAN 73/06) 
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Figure 4.22: Nomograph for determining the design thickness for flexible pavement (DMRB CD 226) 
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Table 4.7: Hydraulic Bound Base Materials (HBM) (DMRB CD 226). 

HBM Category A B C D 

Crushed rock coarse 
aggregate: (using aggregate 
with a coefficient of thermal 
expansion <10𝑥10−6 per ℃ 

- 

CBGM B – C8/10 (or 
T3) 
SBM B1 – C9/12 (or T3) 
FABM1 – C9/12 (or T3) 

CBGM B – C12/15 (or T4) 
SBM B1 – C12/16 (or T4) 
FABM1 – C12/16 (or T4) 

CBGM B – C16/20 (or T5) 
SBM B1 – C15/20 (or T5) 
FABM1 – C15/20 (or T5) 

Gravel coarse aggregate: 
(using aggregate with a 
coefficient of thermal 
expansion ≥ 10𝑥10−6 per 
℃ 

CBGM B – C8/10 (or 
T3) 
SBM B1 – C9/12 (or 
T3) 
FABM1 – C9/12 (or 
T3) 

CBGM B – C12/15 (or 
T4) 
SBM B1 – C12/16 (or 
T4) 
FABM1 – C12/16 (or 
T4) 

CBGM B – C16/20 (or T5) 
SBM B1 – C15/20 (or T5) 
FABM1 – C15/120(or T5) 

- 

Pavement layers Materials Description 

Surface course Hot Rolled Asphalt (HRA) 

Base course Hydraulic Bound Mixture (HBM) 

Subbase Cement Bound Granular Mixture (CBGM) 

 

4.7.3 Road Pavement Defect Analysis 

Road pavement defect analysis in this research was conducted using a selected mix 

design and CBR values achieved in this current research to evaluate their durability 

when used as road pavement subgrade materials. The CBR values used would 

determine the level of stresses and their behaviours within the pavement structure. 

The intensity of these stress and stains determines the type of defect and how long it 

would take for the defect to occur within the pavement structure. Some of these 

damages include fatigue, rutting and deformation in the pavement. Fatigue is the 

ability of an object or material to withstand concentrated stresses before it fails 

completely (Lowa State University, 2021). Rutting is the surface or longitudinal 

depression that occurs in the wheel paths of flexible pavement and deformation is the 

change in a road surface from the originally intended profile (Lowa State University, 

2021).  

 

In this research fatigue, rutting and deformation analyses were conducted to determine 

the effect of varying CBR values and how they affect the pavement structure using 

KENPAVE software. KENPAVE provides a solution for elastic multilayer pavement 

systems under a circular loaded area. The software is designed to analyse different 

wheel configurations under linear elastic, nonlinear elastic, and visco-elastic layer 

behaviours. KENPAVE software was used to analyse a three-layer pavement system 

at the bottom of the asphalt layer and the vertical compressive strain on the top of the 

subgrade at four points. The loaded areas were determined using the same radius 
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and contact pressure (tyre inflation pressure). Materials adopted for the various layers 

include a bituminous surfacing material - Thin Surface Course System (TSCS), 

granular base and subbase material - Dense Macadam Binder and subbase Course 

(DBM50) respectively. The subgrade CBR values achieved for high plasticity 

Artificially Synthesised expansive subgrade stabilised using cement and lime were 

used in the analyses to see the effect of stabilised high plasticity subgrade on 

pavement fatigue, rutting and deformation.  

 

A traffic design of 30msa (Light traffic) and 80msa (Heavy traffic) was adopted with a 

single axle dual wheel load configuration. A contact radius of 10.4cm and contact 

pressure of 586KPa on a circular loaded area was adopted. The pavement was 

assumed to behave as a linear elastic structure with Poisson’s ratio of 0.35 for all the 

layers and 0.4 for the subgrade. The critical stress and strain are estimated in the 

pavement layers at radial distances of 13cm away from the centre of the wheel load. 

Vertical compression strain above the subgrade and tensile strain at the bottom of the 

bituminous layer were considered critical conditions for the pavement system. 

Resilient modulus MR1, of the bituminous layer, was considered to be 1350MPa for a 

standard UK asphalt material at temperatures 20℃ and 5Hz in accordance with DMRB 

CD226. Resilient modulus of the subgrade, subbase and base were estimated using 

CBR values of Artificially Synthesised Subgrade (ASS) materials achieved in this 

research and calculated using Equation 6, Equation 7 and Equation 8 in Box 4. 1 (IRC, 

2001). Resilient modulus is a measure of the elastic behaviour of pavement under 

repeated loadings and helps characterise different materials used in the construction 

of pavement under simulated field conditions. Values for long-term elastic stiffness 

modules 4700MPa of standard UK asphalt material (DBM50) used in the analytical 

design were adopted in accordance with DMRB HD 26/06. Equation 9, Equation 10 

and Equation 11 (Box 4. 1) used by Asphalt Institute and IRC were adopted to 

calculate the allowable load repetition for fatigue, permanent deformation, and rutting 

life of the road pavement. Repeated loading is the number of loadings required to initial 

fatigue crack, before fatigue crack can be initiated, three basic factors are required. (i) 

The loading pattern must contain minimum and maximum peak values with large 

enough variation or fluctuation.  
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The peak values may be in tension or compression which may change over time, but 

the reverse loading cycle must be sufficient to initiate a crack. (ii) peak stress must be 

very high, if peak stresses are low, they may not initiate crack (iii) the materials must 

experience a sufficiently large number of cycles of the applied stress. The higher the 

stress concentration the more likely a crack may initiate (Lowa State University, 2021). 

Fatigues are usually associated with tensile stresses, but fatigue crakes have been 

reported due to compressive loads, hence the greater the applied stress range, the 

shorter the life (Fleck et al., 1985). Tensile and compressive stress values used in this 

research were derived from KENPAVE after the analysis. Figure 4.23 shows 

Pavement deflection in tensile and compressive stress in the pavement structure. 

Figure 4.24 shows the types of stresses within a road pavement structure. Figure 4.25 

shows the types of road pavement failures and shows pavement details and 

responses for the actual tyre contact area for selected ASS materials. 

 

Box 4. 1: Detailed description of equations 

Equation 6 Surface Resilient Modulus --------------------MR1 = 17.6 × 𝐶𝐵𝑅0.64 

Equation 7: Subbase Resilient Modulus ----------------MR2 = E3 × 0.2 × ℎ0.45 

Equation 8: Subgrade Resilient Modulus ---------------MR3 = 17.6 × 𝐶𝐵𝑅0.64 

 
Where MR1 is the resilient modulus of base course, MR2 resilient modulus of subbase 
course, MR3 resilient modulus of subgrade 
 
Damage Analysis 

Equation 9: Fatigue --------------------------𝑁𝑓𝑎𝑡𝑖𝑔𝑢𝑒 = 𝑓1(Ɛ𝑡)
-f2 (𝐸1)-f3 

Equation 10: Permanent deformation-------------𝑁𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛=𝑓4𝐸−9(Ɛ𝑐)-f5  

 
Where Ɛ𝑡= is the tensile strain at the bottom of the asphalt layer, and 𝐸1= the modulus of 
the asphalt layer, and Ɛ𝑐=compressive strain at the top of the subgrade layer, and 𝑓1−5 are 
empirical values used by Asphalt Institute for these calculations.  
 
Rutting Life Prediction 

Equation 11: Rutting Life Prediction---------------------------N = 4.1656 x 10−08 x [
1

Ɛ𝑐
]4.5337  

Where N = Number of cumulative standard axles 
Ɛc = Compressive strain in the subgrade  
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Figure 4.23: Pavement deflection in tensile and compressive 
stress in the pavement structure (IRC-37, 2021). 

Figure 4.24: Types of stresses within a road pavement 
structure (IRC-37, 2021). 
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Figure 4.25: Types of road pavement failures (Ahmad et al., 2018). 
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4.8 ECONOMIC APPRAISAL 

4.8.1 Life Cycle Cost (LCC) Estimate 

Economic appraisal in this research was conducted using the Life Cycle Cost Analysis 

(LCCA) approach to determine the cost effects and benefits of using waste materials 

in road pavement subgrade stabilisation in accordance with BS ISO 15686-5:2017. 

Comparing the cost of stabilising road subgrade materials to the removal and 

replacement of expansive or weak subgrade materials during road construction. LCCA 

involves the calculations of the true cost of an asset over its useful or design life. Life 

Cycle Cost Analysis serves as a tool for operators and service owners to enable them 

to determine the most appropriate solution for their requirements. The components of 

LCCA comprises initial construction costs, user cost and maintenance costs. The 

concept of LCCA was first introduced in the 1930s as part of federal legislation 

regarding flood control and later into highway construction projects (Wild et al., 2001). 

Prices of the binders used in this research were investigated and cost analysis was 

carried out to determine the cost of each mix design to establish the best performing 

mix design for a typical design period of 35 years to compare the LCC per kilometre 

of road with treated (sustainable waste materials) subgrade material with a kilometre 

of road with subgrade removed and replaced with imported materials. Economic 

appraisal for optimised road pavement structure in this research can inform road 

contractors on the choice of binder proportions and pavement structure to adopt when 

they encounter expansive subgrade with similar characteristics to that used in this 

study.  

 

The cost of materials was investigated using current market prices (2022) for the 

number of materials used to stabilise expansive subgrade material for each mix 

design. The cost of the binders used to stabilise a square meter area of road subgrade 

was calculated based on the binder percentages used in the mix design. To arrive at 

the total cost of stabilising a kilometre of road subgrade, plant cost was considered 

and estimated using (Newmarket Plant Hire (NPH)) Group document and ecoinvent, 

2022 to get product and materials data for the analysis. LCC analysis was based on 

economic principles to compare the cost of constructing road pavement using the 

approach of stabilising or removal and replacement of expansive road subgrade 

materials. LCC comparison for these road construction approaches was conducted 
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using a range of design traffic to determine the long-term cost and economic viability 

of road pavement structures designed based on the CBR values achieved for ASS 

materials using RealCost 2.5 software. The software was created to provide an 

instructional tool for pavement design decision-makers to investigate the effects of 

cost, service life and economic inputs on life cycle cost. According to Babashamsi et 

al. (2016), the LCCA method is utilised by several agencies due to its realistic analysis 

of pavement economics. The software allows pavement designers to incorporate life-

cycle costs into their pavement investment decisions. The software was used to 

calculate the life cycle values for agency and user costs associated with construction 

and rehabilitation. Furthermore, according to Babashamsi et al. (2016), the LCCA 

method has been utilised by several agencies due to its realistic analysis of pavement 

economics.  

 

Conducting LCCA for road pavement can help the designer put in place measures to 

reduce pavement life cycle costs and impact on users and identify opportunities to 

reduce agency and user costs throughout the pavement life cycle. This would help 

inform and guide decision-making for policy planning or design. In this research, the 

Net Present Value (NPV) indices shown in Equation 12 in Box 4. 2 were used to project 

the initial costs, maintenance cost rehabilitation cost and salvage value of the road. A 

discount rate factor was applied to calculate the time value of money. Net Present 

Value (NPV) is the discounted monetary value of expected net benefits that is, 

assigned to benefits and costs, discounting future benefits and costs. This is done 

using an appropriate discount rate and subtracting the sum of discount costs from the 

sum of discounted benefits. The discount rate was calculated using Equation 13 in 

Box 4. 2. The RealCost software was used to calculate all the parameters used in the 

Life Cycle Cost analysis. Table 4.8 shows the description of the parameters used in 

LCCA. Figure 4.26 shows the five sections of the RealCost Switchboard used for data 

input and results. Figure 4.27 shows an example of an expenditure stream diagram 

for a 35-year life road pavement. 
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Table 4.8: Description of parameters used in LCCA 

Parameters Description 

Initial construction cost (ICC) 

Initial construction costs are derived from bid records of 

projects constructed in the past and are presented in 

unit prices.  

Maintenance and Rehabilitation cost 

(M&R) 

Cost to keep pavement in use through service life 

derived from historical records of actual pavement M&R 

costs and activities of previously constructed projects 

Salvage Value (SV)  

Evaluation of the pavement structure beyond the 

analysis period and determine if the road pavement 

has a useful life at the end of the life analysis period. 

Discount Rate (DR) 

The rough difference between interest and inflation 

rates is used to indicate the real value of money over 

time.  

Life Cycle Cost (LCC) ICC + (M&R x DR) 

 

 

Box 4. 2: Detail description of equations 

 

 

Equation 12 : Initial Cons.Cost ---NPV = Initial Cons.Cost + ∑ 𝐹𝑢𝑡𝑢𝑟𝑒 𝐶𝑜𝑠𝑡𝐾
𝑁
𝑘=1  

[
1

(1+𝑖)𝑛𝑘
] – Salvage Value [

1

(1+𝑖)𝑛𝑒
] 

Where: 

N = number of future costs incurred over the analysis period 

𝑖 = discount rate in the present 

𝑛𝑘 = number of years from the initial construction to the 𝐾𝑡ℎ expenditure 

𝑛𝑒 = analysis period in years. 

Equation 13: Discount Rate -------------Discount Rate = [
𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 − 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛

1 + 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 
] 

Where:  

interest = Expected interest rate  

inflation = Expected inflation rate.  
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Figure 4.26: The five sections of the RealCost Switchboard 

 

 

 
Figure 4.27: Example of expenditure stream 
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4.9 LIMITATIONS 

 The research method used in this study has lots of advantages and gives the 

researcher control over the experiment. However, there are some limitations to the 

experimental method used in the current research and these are as follows; 

1. Human and machine error: the methodology used in this research are subject 

to possible human errors due to the levels of variable control. Human errors 

could reveal information about other variables hence invalidating the results of 

the research. Also, machine errors due to incorrect calibration, faulty equipment 

and power fluctuation could affect experimental results. 

2. Unrealistic data: because the research method used in this study gives the 

researcher total control over the data, there could be a possibility of corrupted 

data. Data can still seem authentic even though they are corrupted or 

inaccurate and the experimental results of the research cannot be achieved in 

a real-life environment. 

3. Consume a lot of time and money: the method used in the research is time-

consuming due to the many tests that need to be carried out to ensure all areas 

are investigated. Also, during these tests, each variable must be isolated and 

investigated hence more materials would be required leading to the 

consumption of large financial resources. 

4.  Other constraints: apart from human errors, there could be other 

environmental constraints such as allergy, inability to withstand loud noise from 

machines, extractors and high heat from ovens. Also, the experimental method 

requires lots of manual handling and the researcher needs to be physically fit 

to carry out these tasks. These situations could create a distraction to the 

researcher that could eventually influence the results. 

5. Data manipulation: the research method used in this current study gives room 

to the researcher to manipulate results. This is because the researcher has too 

much control over the process and even though manipulated results could give 

sensible and reasonable observations, they may not provide realistic results for 

future use. 
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4.10 CHAPTER SUMMARY  

Chapter 4 presented an in-depth step-by-step methodological process used to achieve 

the set aim of this research. The chapter showed how the soils were sampled, the 

process of preliminary testing (moisture content and Atterberg limit test) of subgrade 

materials, how the various mix design was formulated from preliminary to optimised 

mix, and the process of California Bearing Ratio (CBR) test sample preparation. The 

chapter also describes the process of swell test, durability test (wetting-drying cycles) 

and microstructural analysis process. The standards used to conduct these tests and 

analyses were described and adhered to in this chapter to ensure the results obtained 

are valid and widely accepted. The Chapter also introduced and described the process 

of conducting road pavement thickness and construction depth optimisation and road 

pavement defect analysis. The chapter gives details of the selected mix design, the 

design traffic load adopted and the various road pavement design standards used in 

this research and the parameters adopted for the DMRB road pavement design and 

the pavement defect analysis. Furthermore, the chapter describes the software 

application used in this research. 

 

Chapter 4 introduced the process and techniques of conducting economic appraisal 

in the research were described in this chapter 6. The chapter throws more light on the 

cost analysis approach used (Life Cycle Cost Analysis (LCCA) and how this approach 

has benefited the industry. The chapter referred to how the LCCA process has been 

used in other projects and the benefits it brings to a project. Furthermore, the chapter 

described the parameters and formulas used in the various stages of calculating the 

LCC. Finally, the chapter describes the cost analysis software used in this research to 

calculate all the parameters needed to complete a whole Life Cycle Cost Analysis 

(LCCA).Chapter 4 describes the process and the types of road pavement analysis, 

and the guidance used such as DMRB road pavement design, road pavement 

thickness and construction depth optimisation and road pavement defect analysis. The 

chapter also describes the process and how the various materials and software 

applications used in this research were adopted. 

Chapter 5 gives a detailed description of the results obtained in this research are 

shown in this chapter. This includes details of the various laboratory test results for all 

Artificially Synthesised Subgrade (ASS) materials outlined in this chapter. 



Chapter 5 – Results and Discussion  

128 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

5. CHAPTER 5 – RESULTS AND DISCUSSION 

5.1 COMPACTION AND ATTERBERG LIMITS FOR UNTREATED ASS 

MATERIALS 

The results obtained show a high Optimum Moisture Content (OMC) and Maximum 

Dry Density (MDD) for ASS1 (25% Bentonite and 75% Kaolinite) and ASS2 (75% 

Bentonite and 25% Kaolinite). An OMC of 34.46% was achieved for ASS1 and an 

OMC of 40.97 was achieved for ASS2. The maximum dry density (MDD) recorded for 

ASS1 was 1.25 Mg/m³ followed by 1.17 Mg/m³ for ASS2, respectively. A liquid limit 

(LL) of 131.26% was recorded for ASS1 followed by a Liquid limit of 294.07% for 

ASS2. The plastic limit of 28.74% achieved for ASS1 increased to 45.38% for ASS2. 

These results influenced the plasticity index of ASS materials to increase from 

102.52% for ASS1 to 248.69% for ASS2. The plasticity index chart shows that ASS1 

(25% Bentonite and 75% Kaolinite) falls under soils with a high plasticity index within 

category ‘C’ above the A-line making ASS1 a soil with high clay content. The plasticity 

index chart also shows that ASS2 (75% Bentonite and 25% Kaolinite) falls under soils 

with extremely high plasticity index within category ‘C’ above the A-line making ASS2 

a soil with extremely high clay content. 

 

The increase and decrease in proctor compaction and Atterberg limit test results 

observed in the various ASS materials are a result of high/low bentonite content in the 

mixture. Bentonite clays are very expansive with high plasticity and imbibe a lot of 

water which can result in high OMC and very low MDD. After the preliminary test, the 

results show high plasticity for ASS1 (25% Bentonite and 75% Kaolinite) and 

extremely high plasticity for ASS 3 (75% Bentonite and 25% Kaolinite) respectively. 

the highest MDD was recorded for ASS1 with high kaolinite content. This increase in 

dry density could be a result of high kaolinite in the mixture. Accorded to Arefnia et al. 

(2014), pure kaolinite observed the highest dry density due to the specific gravity of 

kaolinite clay. The gradual increase in plasticity index as bentonite proportion 

increases can be attributed to the high clay content or the high plasticity nature of 

bentonite. According to Abbey et al. (2020), the gradual increase in the percentage of 

bentonite clay in a mixture increases the plasticity index of the soil mix. Bentonites, 

however, are highly water absorbent and have high shrinkage and swell 

characteristics (Asad et al., 2013). The results obtained by Srikanth et al. (2016) in a 
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study conducted on the characteristics of sand-bentonite mixtures state that the 

plasticity characteristics of sand-bentonite mixture depend upon the clay content and 

the type of clay mineral present in the bentonite. Figure 5.1 shows proctor compaction 

results, Figure 5.2 shows Atterberg limit test results against plasticity index and Figure 

5.3 shows plasticity index chart. 

 
Figure 5.1: Proctor compaction test results 
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Figure 5.2: Atterberg limit test results against plasticity index 

 

 
Figure 5.3: Plasticity index chart 

 

5.2 CALIFORNIA BEARING RATIO (CBR) 

5.2.1 Untreated Artificially Synthesised Subgrade Materials 

A CBR value of 9% was recorded for untreated ASS2 (75%Bentonite + 25%Kaolinite) 

and a reduction in CBR values to 1.3% was recorded after untreated ASS2 was 

soaked in water for 4 days. These samples represent the highest CBR values recorded 

for untreated and untreated-soaked ASS materials in this study. ASS1 (25% Bentonite 

and 75% Kaolinite) also achieved a CBR value of 8% for untreated-un-soaked 

samples followed by CBR values of 0.6% recorded for untreated soaked ASS 

materials respectively. It was observed that only CBR values for un-soaked samples 

crossed the 2% limit line making them suitable for use in road construction. Soaked 

ASS samples could not meet the criteria for use in road construction. Figure 5.4 shows 

the CBR results for ASS materials used in this study. 
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5.2.1.1 Variation in CBR values 

Several studies have reported that expansive subgrade materials exhibit evident 

volume changes with the potential to swell and shrink with changes in moisture content 

due to the presence of clay minerals (Reda et al., 2016). This highly expansive 

subgrade material does not have the capacity to support the weight of the road 

pavement and traffic load and will normally require some form of modification or re-

engineering to enhance its capacity to support load. High and extremely high plasticity 

subgrade materials ASS1 and ASS after testing for soaked and un-soaked CBR 

indicated the highest CBR value recorded for ASS2 soaked and un-soaked CBR 

followed by ASS1. The highest CBR values of 9% and 1.3% (soaked) recorded for 

ASS2 were due to the high bentonite content in the mixture. A reasonably high CBR 

value of 8% for un-soaked and 0.6% (soaked) was achieved by ASS1 (25% Bentonite 

and 75% Kaolinite). The low CBR values observed for soaked ASS1 of 0.6% followed 

by soaked ASS2 with a CBR value of 1.3% indicated that high and extremely high 

plasticity subgrade materials have low bearing capacity when they come in contact 

with water. However, ASS2 composed of high bentonite content recorded the highest 

soaked CBR value of 1.3% compared with ASS1 with a CBR value of 0.6%. According 

to Rabab’ah et al., (2021), CBR value for expansive non-stabilised soils was as low as 

1.8%, indicating that the expansive soil had very low strength and stabilisation is 

needed before use in pavement construction.  

 

CBR values achieved expansive soil was 6.29% (Hastuty et al., 2020). This shows 

that ASS samples with high bentonite content recorded high soaked CBR values even 

though they are very expansive when they come in contact with water. Bentonites are 

expansive soils that have high plasticity, low permeability and high swelling potential 

(Estabragh et al., 2016). During the laboratory experiment, a naturally high bearing 

capacity (CBR) was observed for untreated bentonite even though they exhibit very 

high shrink-swell potentials. However, this naturally high bearing capacity of bentonite 

was affected by the addition of binders to reduce its swelling potentials in a mixture 

resulting in a reduction in CBR value with an increase in bentonite content in treated 

ASS samples. According to Schanz et al., (2015), pure bentonite has a high CBR 

value, which equates to 35.8%. Gratchev et al., (2018) confirmed that soils with high 

plasticity index exhibit reasonable CBR values. This confirms the findings in this 

research that, bentonite subgrade materials exhibit naturally high CBR values. Even 
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though some value of CBR was recorded for soaked and un-soaked ASS samples, 

these values are unacceptable for use in road construction because they fall below 

the 2%CBR mark. According to IAN73/06, CBR values below 2% are not acceptable 

for use as subgrade materials in road construction and will require some modification 

or re-engineering to make them suitable for use. This confirms that expansive 

subgrade materials with high and extremely high plasticity index do not have the 

capacity to support the weight of the road pavement and traffic load and will normally 

require some form of modification or re-engineering to enhance their capacity to 

support load. 

 

Figure 5.4: Results for untreated ASS materials where B is Bentonite and K is Kaolinite 

 

5.2.2 CBR for Artificially Synthesised Subgrade Treated with Cement and Lime 

5.2.2.1 Control Mix  

The highest CBR value of 96% was recorded for ASS1 (25% Bentonite and 75% 

Kaolinite) treated with cement and lime after 28 days of curing, followed by a CBR 

value of 80% for ASS1(25% Bentonite and 75% Kaolinite) after 7 days of curing at 

room temperature of 20± 2°C. Treated ASS2 (75% Bentonite and 25% Kaolinite) with 

cement and lime recorded a CBR value of 38% after 7 days of curing followed by a 

later increase in CBR value of 80% after 28 days of curing. Soaked ASS samples 
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treated with cement and lime recorded relatively low CBR values compared with 

treated un-soaked ASS samples. The highest CBR value recorded for soaked ASS 

samples was 61% recorded for ASS2, which was soaked after 28 days of curing, 

followed by ASS1 at 50% after 28 days of curing. ASS1 treated and soaked after 7 

days of curing achieved a CBR value of 45% followed by ASS2 of 34% after 7 days of 

curing at room temperature of 20± 2°C. It was observed that CBR values for all 

samples crossed the 2% limit line making them suitable for use in road construction. 

Figure 5.5 shows CBR results for the various treated, soaked and un-soaked ASS 

materials at varying curing ages. 

 

The CBR values of expansive road subgrade materials in this research were increased 

using cement and lime as binders during the stabilisation process. ASS1 treated using 

8% lime and 20% cement recorded the highest CBR value for soaked (50%) and un-

soaked (96%) after 28 days of curing while ASS2 with high bentonite content treated 

with 8% lime and 20% cement recording a CBR value of 80% after 28 days of curing. 

This confirms that the naturally high bearing capacity of bentonite can be affected by 

the addition of binder in a mixture leading to a reduction in CBR value. This reduction 

in CBR for a treated sample as bentonite content increased was observed in a study 

conducted by Thakur et al. (2018) on treated subgrade materials which saw a 

reduction in CBR values from 15.41% to 3.56% as bentonite content in a mix increase 

from 5%, 10%, 15%, 20% and 25%, respectively. According to Abbey et al., (2020), 

traditional cement and lime are popularly used to enhance the engineering properties 

of subgrade materials and other soil stabilisation purposes. The addition of 3% cement 

with 1% nano-silica and nano-alumina resulted in a 196% and 164% increase in the 

soaked CBR of the nontreated clay (Karimiazar et al., 2022). Unconfined compressive 

strength (UCS) was increased when cement was used in subgrade stabilisation at 

proportions of 10% 15% and 20% (Liang et al., 2020) subgrade materials were 

improved from 564.78 kPa to 636.19kPa (Nazari et al., 2021). Lepore et al. (2009) 

also recorded that an optimum lime dosage between 6-12% by dry weight is suitable 

to enhance the engineering properties of subgrade materials.  

 

A gradual increase in CBR value with an increase in curing age was observed for all 

ASS samples both soaked and un-soaked at a temperature of 20±2℃. This shows that 

CBR values increase with respect to curing age when subgrade materials are 



Chapter 5 – Results and Discussion  

134 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

stabilised using cement and lime as binders. Hence, the longer the curing time the 

higher the CBR value. Cement and lime have been reportedly used in the stabilisation 

of expansive subgrade materials in many instances which have yielded very good 

CBR results. Highly effective clay stabilisation is also provided by Portland cement, 

generally with the advantage of high strength gain (Athanasopoulouet, 2016). The high 

CBR value observed with an increase in curing age can be attributed to the formation 

of calcium silicate hydrate (C-S-H) gel and calcium aluminate hydrate (C-A-H) gel also 

referred to as Tobermorite in the mixture.  

 

Tobermorite are chemicals composed of calcium silicate hydrate minerals and are 

responsible for detoxification and strength gain in a mix. During the hydration process 

in a cement/lime mix under normal room temperature, cementitious products are 

released (C-S-H and C-A-H gel) which are responsible for strength gain in the mixture 

(Faith et al., 2007). According to Zhang et al. (2014), High long-term temperatures can 

affect the strength behaviour of cement-stabilised clays. The continuous formation of 

C-S-H gel with an increase in curing age within a pore structure can contribute to 

strength development in a mix, the higher the C-S-H gel the high the strength in the 

samples (Abbey et al., 2020). The formation of C-S-H and C-A-H gel in this research 

acted as a binding agent responsible for strength gain and high CBR value of the 

subgrade materials. According to Ingles et al. (1987), Portland cement with lime in the 

presence of water forms hydraulic compounds. Unlike untreated ASS samples, CBR 

values for soaked-treated samples decreased with an increase in bentonite (highly 

plastic clay) content can be linked to the effect of the addition of binders and the weak 

compression nature of clay when they come in contact with water. Treated ASS 

samples both soaked and un-soaked crossed the 2% CBR line making them good 

enough for use in road construction in accordance with IAN73/06. Cement and lime 

stabilisation are traditional means of improving the engineering properties of soil for 

use as both base and subbase materials (Olutoge et al., 2018). This confirms that 

using cement and lime as binders in road subgrade stabilisation can good CBR yield 

results that can be used in road construction. 
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Figure 5.5: Control mix for treated Artificially Synthesised Subgrade 

 

5.2.3 CBR for ASS materials treated with sustainable materials  

5.2.3.1 Brick Dust Waste 

A reasonably high CBR value was recorded for ASS materials treated using 23.5% 

Brick Dust Waste (BDW) as partial replacement for cement and lime in the mix. It was 

observed that soaked samples exhibited high CBR values compared with un-soaked 

samples. The highest CBR value of 28% was recorded for soaked treated samples 

after 28 days of curing followed by ASS1 with CBR values of 26% after 28 days of 

curing. ASS1 also recorded a CBR value of 23% after 7 days of curing and later 

recorded a reduction in CBR values of 17% after the sample was soaked in water at 

room temperature of 20± 2°C for 4 days. ASS2 was cured for 7 days and recorded 

CBR values of 14%. However, ASS2 soaked after 7 days of curing and ASS2 cured 

for 28 days both recorded CBR values of 18%. This was followed by a 1% reduction 

in CBR value for ASS2 soaked after 28 days of curing which recorded a CBR value of 

17%. It was observed that CBR values for all samples crossed the 2% limit line making 

them suitable for use in road construction. Figure 5.6 shows CBR results for the 

various treated, soaked and un-soaked ASS materials at varying curing ages. 

 

The use of sustainable waste materials in road subgrade stabilisation was considered 

in this research due to the cost, and environmental effects associated with cement and 
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lime production. Fly ash, bituminous, rice husk ash, lime, construction and demolition 

waste, electrical and thermal waste, geotextile fabrics and recycled waste can be used 

as admixtures in this process (Rivera et al., 2020). Very high CBR values were 

recorded for all ASS materials soaked and un-soaked with an increase in curing age 

for un-soaked ASS when 23.5% BDW was used as a partial replacement for cement 

and lime in a mixture. Zhu et al. (2020) stated that clay brick wastes are a potential 

partial cement replacement. It was found that the addition of brick dust resulted in an 

increase in the soil strength between 1.7 and 2.3 times with respect to the non-

stabilised materials (Hidalgo et al., 2019). The high CBR values observed for ASS 

materials can be attributed to the pozzolanic reaction responsible for the formation of 

C-S-H and C-A-H gel due to the presence of BDW in the mixture which acted as a 

binding agent responsible for strength gain and the high CBR value of the subgrade 

materials (Rogers et al., 2011).  

 

Pozzolans are materials such as BDW that contain alumina/silica which reacts to form 

new compounds (Calcium silicate hydrate (C-S-H) and Calcium aluminium Hydrates 

(C-A-H) when lime is added and have the ability to modify the properties of a lime 

mixture (Rogers, 2011). BDW exhibits pozzolanic properties, which can be used as 

cement replacement in road subgrade stabilisation (Kartini et al., 2012). According to 

O’Farrel et al. (2001), the liquid phase is formed during the production of BDW when 

clay bricks are highly fired at a temperature of about 1000℃ to 1100℃, which solidifies 

to an amorphous glass phase when it cools and gives it high pozzolanic properties. 

Pozzolans of siliceous and aluminous materials (possess little or no cementitious 

value) in a finely divided form reacts chemically with the right amount of water with 

calcium hydrate at ordinary temperature to form compounds that possess the 

properties of cement (O’Farrell et al., 2001). The addition of pozzolanic materials 

(Brick waste) to a soil mix will enhance the properties hence speeding upsetting time 

and increasing the strength and durability of soil (Rogers, 2011). Pozzolanic reaction 

enables the formation of a secondary C-S-H gel, which fills up voids and improves the 

internal structure and increases durability and strength. 

 

The highest CBR value 26% for un-soaked ASS samples was recorded for ASS1 after 

28 days of the curing temperature of 20±2℃. Followed by ASS1 of 23% after 7 days 



Chapter 5 – Results and Discussion  

137 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

of curing under normal room temperature of 20±2℃. This shows an increase in CBR 

values as curing age increases. This same trend was observed for ASS2 with a CBR 

value of 14% after 7 days of curing and 18% after 28 days of curing under normal 

room temperature of 20±2℃. This shows that the addition of BDW in the mix does not 

affect strength development with respect to curing age. Soaked ASS samples 

recorded high CBR values of 17% after 7 days of curing followed by an overall highest 

CBR for both soaked and un-soaked ASS of 28% after 28 days of curing. This shows 

that very high CBR values can be obtained when high plasticity subgrade materials 

composed of high BDW content are subjected to a long period of soaking at normal 

room temperature of 20±2℃. Soaked CBR samples composed red-brick power 

recorded high CBR value of 15% (Salimah et al., 2021). According to a study 

conducted by Blayi et al. (2020), the maximum soaked CBR value was achieved by a 

mixture composed of the highest brick powder (BP) of 20%. Soaked CBR values 

increase from 4% to 8% only with the addition of brick dust (Mir et al., 2019).  

 

The Soaked CBR value of 21.17% achieved using brick dust was higher than that of 

black cotton soil at 2.4% (Tiwari et al., 2018). Un-soaked ASS2 composed of high 

bentonite content after 7 days of curing recorded the lowest CBR value of 14% even 

though there was an increase in CBR value of 18% after 28 curing these CBR values 

are nowhere close to what was achieved for ASS1 after 7 and 28 days curing. Also, 

ASS2 un-soaked achieved low CBR compared to ASS1 un-soaked. this could be 

attributed to the high presence of bentonite in the mix which exhibits low bearing 

capacity when in contact with binders. This reduction in CBR for treated samples as 

bentonite content increased was observed in a study conducted by Thakur et al. 

(2018) on treated subgrade materials which saw a reduction in CBR values from 

15.41% to 3.56% as bentonite content in a mix increase from 5%, 10%, 15%, 20% 

and 25%. After the analysis, it was observed that the highest CBR values of 28% 

achieved for soaked ASS1 after 28 days of curing with 23.5% BDW used as partial 

replacement for cement and lime did not even match up to the lowest CBR values of 

34% obtained for soaked ASS2 sample after 7 days using traditional lime and cement 

only as binders. However, the results achieved are greater than 2% making them 

usable in road construction as subgrade materials according to IAN73/06.  
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The addition of brick dust increased the soil strength and its suitable materials for use 

in practical applications in construction (Hidalgo et al., 2019). As part of the 

commitment of many countries to reduce greenhouse gas emissions, using brick 

waste as binders in place of cement and lime in subgrade stabilisation will help reduce 

the greenhouse gas emitted to the atmosphere due to cement and lime production as 

well as reduce the environmental effect associated with a brick stockpile and landfill. 

According to the World Health Organisation (WHO) (2021) report on climate change 

in the Western Pacific, it is estimated that climate change will cause an additional 

250,000 deaths annually between 2030 to 2050. However, countries are committing 

to net-zero emissions by 2050, and about half of the emission cuts must be in place 

by 2030 to keep global warming below 1.5℃ (The United Nations, 2021). 

 

Figure 5.6: CBR results for the various treated, soaked and un-soaked ASS materials at varying curing ages 

 

5.2.3.2 Ground Granulated Blast-furnace Slag (GGBS) 

A high CBR value was recorded for ASS materials treated using 23.5% GGBS as 

partial replacement for cement and lime in the mix. Very high CBR values of 97% were 

recorded for soaked ASS1 sample after 28 days of curing when 23.5% GGBS was 

used to partially replace cement and lime in the mix. This high CBR value was also 

observed for ASS1, which recorded CBR values of 92% after 28 days of curing at 

room temperature of 20± 2°C. A CBR value of 79% was recorded for soaked ASS 
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samples soaked after 7 days of curing and a CBR of 70% was recorded for ASS1 

sample after 7 days of curing. A reduction in CBR values of 46% was observed for 

ASS2 soaked after 7 days of curing compared CBR value of 73% recorded for ASS2 

after 7 days of curing. ASS2 cured for 28 days recorded a CBR value of 68% followed 

by a slight reduction in CBR value of 65% for ASS2 soaked after 28 days of curing at 

room temperature of 20±2°C. It observed that CBR values for all samples crossed the 

2% limit line making them suitable for use in road construction. Figure 5.7 shows CBR 

results for the various treated, soaked and un-soaked ASS materials at varying curing 

ages. 

 

GGBS has been reportedly used as binders in road subgrade stabilisation to improve 

the engineering properties of road subgrade materials. The application of GGBS is a 

useful material for soil stabilisation (Saravanan et al., 2017). Extremely high CBR 

values were recorded for ASS materials due to the high GGBS content of 23.5%GGBS 

used as partial replacement for cement and lime in the mix. These extremely high CBR 

values achieved could be attributed to the high amount of GGBS present in the mix. 

Strength in expansive soil stabilisation increased with the addition of 20% GGBS for 

the curing periods of 7 and 14 days and up to 40% for the curing period of 28 days 

(Sharma et al., 2012). High compressive strength up to 100Mpa was observed after 

7, 14 and 28 days of curing when high GGBS content of 60% was added to the mix 

(Saludung et al., 2018). Soaked and un-soaked CBR of soil-lime and GGBS samples 

increased by 9.02% and 8%, respectively, with an increase in lime and GGBS content 

and found maximum UCS value at proportions of 6% lime and 10% GGBS (Darsi et 

al., 2021). GGBS are highly cementations and high in strength-enhancing compounds 

calcium silicate hydrate (C-S-H) which improves strength and durability in a mix. 

Studies have shown that the higher the amount of GGBS blend, the greater the 

hydraulic activity (Hewlett, 2003).  

 

The addition of a minimal amount of 2% lime and 2.5% cement to the mix in this 

research also contributed to the high strength gain of ASS materials because GGBS 

works well with the addition of lime. The alkaline properties of Portland cement, lime 

and other activators, such as sulphates, chlorides and alkali silicates, are sufficient to 

activate the cementitious properties of GGBS (Oner and Akyuz, 2007). The process 

of adding GGBS and lime induces the calcium silicate hydrate bond in the soil to 
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accelerate the formation of cementitious substances in the soil during curing under 

standard room temperature of 20±2℃. (Saravanan et al., 2017). Adding lime to GGBS 

helps in strength development because GGBS alone in a mix exhibits very slow 

strength development under standard 20℃ curing conditions compared to other 

conventional stabilisers (Escalante-Garcia and Sharp, 2004). GGBS and lime react 

chemically with the right amount of water at ordinary temperature to form compounds 

that possess the properties of cement (O’Farrell et al., 2001). CBR values for un-

soaked ASS1 (high plasticity subgrade) material in this research increased with an 

increase in curing age. Un-soaked CBR values were found to be higher than soaked 

CBR values with the addition of GGBS in a mixture (Rabbani et al., 2012). 25% GGBS 

achieved higher CBR values of 35% compared to other percentages and at 28 days it 

had shown maximum values than other curing periods (Rao et al., 2012).  

 

The engineering properties of expansive soil were improved with the addition of up to 

7.5% GGBS (Corrêa-Silva et al., 2020). Subgrade materials were stabilised with 16% 

GGBS and the results obtained show an increase in UCS value over time to 

1500kN/m2 in accordance with ASTM 1633 (Obuzor et al., 2012). The addition of 6% 

GGBS to a lime-treated soil reduced swell from 8% to 0% (Celik et al., 2013). High 

compressive strength of 14.2kPa, 89kPa, 211.9kPa and 656 kPa was achieved when 

GGBS proportions of 6%, 12%, 18% and 24% were used in subgrade stabilisation 

after 28 days of curing (Gokul et al., 2020). Unlike ASS1, ASS2 (extremely high 

plasticity subgrade) with high bentonite of 75% saw a reduction in CBR values with an 

increase in curing age for un-soaked ASS sample. However, an increase in CBR value 

was observed for soaked ASS2 samples with an increase in curing age. This 

observation shows that CBR values for extremely high ASS materials (ASS2) with high 

GGBS content reduce with an increase in curing age and increase with an increase in 

curing age when soaked. Soaked CBR values increased by about 400% and 28% with 

the addition of an optimum amount of GGBS (Yadu et al., 2013).  

 

The decrease in CBR value with an increase in curing age for ASS2 (extremely high 

plasticity subgrade) with respect to an increase in curing age could be a result of high 

GGBS content in the mix. CBR value of Black Cotton soil (very high plasticity) further 

decreased from 5.16% to 4.93% with an increase in GGBS from 16% to 20% in the 

mixture (Patel et al., 2019). Soaked ASS1 recorded the highest CBR value of 97% 
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after 28 days of curing. This confirms the study conducted by Gali et al. (2018), where 

the CBR value of soil-GGBS mix was higher in soaked conditions compared to 

unasked conditions. The CBR values achieved for using GGBS are extremely high 

and in the same range as using cement and lime only (Control mix) in a mixture. This 

means GGBS can be used in place of cement and lime. Overall CBR values achieved 

for ASS2 both soaked and un-soaked are on-the-low due to the high bentonite content 

and extremely high plasticity nature of ASS2. During the laboratory experiment, a 

naturally high bearing capacity (CBR) was observed for untreated bentonite even 

though they exhibit very high shrink-swell potentials. According to Schanz et al. (2015), 

pure bentonite has a high CBR value and soils with high plasticity index exhibit 

reasonable CBR values (Gratchev et al., 2018).  

 

CBR values achieved for adding 2.35%GGBS are higher than that of 23.5% BDW 

even though they are all acceptable for use in road construction. CBR values for the 

addition of 23.5% GGBS in a mixture are greater than 2% making them usable in road 

construction as subgrade materials according to IAN73/06. As part of the commitment 

of many countries to reduce greenhouse gas emissions, using GGBS as binders in 

place of cement and lime in subgrade stabilisation will help reduce the greenhouse 

gas emitted to the atmosphere due to cement and lime production as well as reduce 

the environmental effect associated with brick stockpile and landfill. The use of GGBS 

binders at high volumes as supplementary cementitious materials are good from an 

environmental point of view; hence, the higher the amount of GGBS used in replacing 

cement in soil stabilisation the lesser the carbon footprint (Onn et al., 2019). 
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Figure 5.7: CBR results for the various treated, soaked and un-soaked ASS materials at varying curing ages 

5.2.3.3 Recycled Plastic 

High CBR value was recorded for ASS materials treated using 23.5% recycled plastic 

as partial replacement for cement and lime in the mix. CBR value of 13% was recorded 

for ASS1 after 7 and 28 days of curing. This was followed by a 1% reduction in CBR 

value to 12% for ASS1 sample soaked after 7 days of curing. ASS2 also recorded a 

CBR value of 12% after 7 days of curing and later observed a drastic reduction in CBR 

values to 6% after the ASS2 sample was soaked after 7 days of curing. ASS1 recorded 

CBR values of 8% after the sample was soaked in water after 285 days of curing. 

ASS2 also recorded 8% CBR value after the sample was cured for 28 days at room 

temperature of 20± 2°C. A very low CBR value of 3% slightly above the limit line was 

observed for ASS2 sample after 28 days of curing. It was observed that CBR values 

for all samples crossed the 2% limit line making them suitable for use in road 

construction. Figure 5.8 shows CBR results for the various treated, soaked and un-

soaked ASS materials at varying curing ages.  

 

Plastic waste produced due to human activities has become a major problem to deal 

with using plastic in road subgrade stabilisation will help reduce the environmental 

effect associated with plastic waste. The world produces 381 million tonnes of plastic 

waste each year and is set to double by 2034 (Plastic in the Ocean, 2021). After 

stabilising expansive road subgrade materials using high recycled plastic waste 
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content as a partial replacement for cement and lime shows a high CBR value usable 

in road construction. Soil stabilisation using plastic waste can be used in embankment 

and road pavement layers to improve the soil strength value (Gardete et al., 2020). 

Waste plastics were used by Ashraf et al. (2011), to stabilise soil and the results show 

a reasonably high CBR value Un-soaked. ASS1 samples (high plasticity subgrade) 

composed of 23.5% plastic waste recorded the highest CBR value of 13% after 7 and 

28 days. Apart from the small amount of C-S-H gel formed due to the 2% lime and 

2.5% cement addition in the mix, the plastic granules/pellets, interlocking during 

sample compaction (mechanical stabilisation) are also responsible for strength gain. 

Mechanical stabilisation can be possible by interlocking granular binders with soil-

aggregate particles during the compaction process (Mishra et al., 2017).  

 

However, un-soaked ASS2 with high bentonite content recorded a reduction in CBR 

value from 12% at 7 days to 8% after 28 days of curing. A decline in soaked CBR 

values with an increase in curing age with observed. This shows no indication of CBR 

increase with respect to curing age because plastic does not react with cement and 

lime to form C-S-H gel to increase CBR in a mixture. However, the minimal amount of 

cement (2.5%) and lime (2%) was responsible for the generally low CBR values 

achieved because no C-H-S gel was formed to increase the strength. The reduction 

in soaked CBR could be a result of the granular nature of recycled plastic used in this 

study, granular materials are weak in compression when soaked because they have 

open structures that allow water and air to penetrate through during soaking. Granular 

soils are basically crumbed structures with open structures that allow water and air to 

penetrate through the soil (Bo et al., 2015). Stabilising expansive soil using plastic 

waste strips and lime has a greater influence on the plasticity and strength parameters 

of the soil (Amena et al., 2022). Plastic polypropylene fibre mixed with lime can be 

used to stabilise clay soil (Amena et al., 2021). A combination of cement and lime 

resulted in a significant increase in UCS (Hassan et al., 2021). Even though the plastic 

used in this research is granular, the generally low CBR values of 13%, 12%, 8%, 6% 

and 3% achieved for ASS samples with high plastic content compared with GGBS are 

lower than the range of CBR range for sand and gravel.  
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According to section 3/9 of the Virginia Department of Transport (VDOT) (2016), sands 

are more granular and grain better and will generally have a CBR value between 15% 

and 35%. Soaked ASS2 samples after 28 days recorded the lowest CBR or 3% only 

1% beyond the 2% mark for acceptable CBR value. This shows that high plasticity 

subgrade materials stabilised with a high amount of plastic are very weak when 

soaked in water. CBR values for all ASS samples with the addition of 23.5% recycled 

plastic waste in a mixture are greater than 2% making them usable in road construction 

as subgrade materials according to IAN73/06. However, the CBR values recorded are 

very low compared with CBR values achieved for using a high amount of GGBS and 

BDW. As part of the commitment of many countries to reduce greenhouse gas 

emissions, using recycled plastic waste as binders to partially replace cement and lime 

in subgrade stabilisation will help reduce the greenhouse gas emitted to the 

atmosphere due to cement and lime production as well as reduce the environmental 

effect associated with landfill.  

 

According to “Plastic in the Ocean” statistics for 2020-2021, about 8 million pieces of 

plastic make their way into our oceans and there are 5.25 trillion macro and micro 

pieces of plastic in our ocean and 46,000 places in every square mile of ocean, 

weighing up to 269,000 tonnes. By partially replacing Portland cement with recycled 

waste plastic, this design may have the potential to contribute to reduced carbon 

emissions (Schaefer et al., 2017). Plastics are one of the leading waste materials 

found suitable for the purpose of subgrade stabilisation. They reduce the cost of 

stabilisation at a large rate and using plastic for this purpose simultaneously solves 

the challenge of improper plastic recycling (Kassa et al., 2020). Sustainability and 

environmental benefits can be achieved when recycled materials/by-products are 

used efficiently in road construction (El-Badawy et al., 2019). 
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Figure 5.8: CBR results for the various treated, soaked and un-soaked ASS materials at varying curing ages 

 

5.2.3.4 Recycled Glass 

A reasonably high CBR value was recorded for ASS materials treated using 23.5% 

recycled glass as partial replacement for cement and lime in the mix. The highest CBR 

of 17% was recorded for ASS1 soaked after 7 days of curing followed by a CBR value 

of 16 for ASS1 cured for 28 days. ASS1 sample recorded a CBR value of 14% after 7 

days of curing, meanwhile ASS1 soaked after 28 days of curing and ASS2 cured for 

7 days recorded a CBR value of 11%. ASS2 cured for 28 days recorded a CBR value 

of 8% and ASS2 soaked after 7 and 28 days of curing recorded a CBR value of 3% 

and 4% slightly above the limit line. It was observed that CBR values for all samples 

crossed the 2% limit line making them suitable for use in road construction. Figure 5.9 

shows CBR results for the various treated, soaked and un-soaked ASS materials at 

varying curing ages. 

 

Glass waste dumped in landfills has been a major challenge facing today. Recycling 

glass and using them in road construction and other construction activities would 

reduce the environmental issues associated with glass landfills. In this study, 23.5% 
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of recycled glass used in a mixture recorded CBR values usable in road construction. 

A generally low CBR value in the range between 17% and 3% was recorded for all 

ASS samples soaked and un-soaked with a reduction in CBR up to 3% with the 

addition of recycled glass. According to Hastuty et al. (2020), CBR values at a mixture 

of 2% limestone and 10% slag was 8.86% and the variation of a mixture of 4% 

limestone and 10% glass recorded a CBR of 10.5%. This confirms that CBR values 

do not increase significantly with the addition of a glass of any sort in subgrade 

stabilisation. The highest CBR value of 17% was recorded for soaked ASS1 sample 

after 7 days of curing and a gradual increase in CBR value with an increase in curing 

age was observed for un-soaked ASS1 samples. However, a reduction in CBR values 

with an increase in curing age was observed for ASS2 with high bentonite content. 

This could be due to the effect of binders on high bentonite content and observed in 

other mixtures as mentioned and confirmed in the study earlier.  

 

This highest soaked CBR value of 17% for ASS1 after 7 days of curing was reduced 

to 11% after 28 days of curing. soaked ASS2 recorded a CBR value of 3% after 7 days 

of curing with a little increase in CBR value of 4% after 28 days. This shows that CBR 

does not increase with respect to curing age because glass does not react with cement 

and lime to form C-S-H gel to increase CBR value in a mixture. However, the little 

amount of cement (2.5%) and lime (2%) was responsible for the generally low CBR 

values achieved for ASS samples. Overall, the CBR values achieved for 23.5% 

recycled glass were in the same range as CBR values for recycled plastic waste but 

were very low compared with the CBR values achieved for 23.5% BDW and 23.5% 

GGBS used in the mixture. Soaked ASS2 recorded very low CBR 0f 3% at 7 days and 

4% after 28 days making them weak for use as a subgrade material even though they 

could be used. Recycled glass can be used in subgrade stabilisation to achieve some 

level of CBR, however higher levels of CBR can be achieved using GGBS and BDW. 

CBR values achieved for all ASS samples with the addition of 23.5% recycled glass 

waste in a mixture are greater than 2% making them usable in road construction as 

subgrade materials according to IAN73/06 (2020).  

 

As part of the commitment of many countries to reduce greenhouse gas emissions, 

using recycled glass waste in subgrade stabilisation would reduce the greenhouse gas 

emitted to the atmosphere. And reduce the environmental effect associated with 
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landfill and cement and lime production. Using glass waste normally dumped in 

landfills would reduce greenhouse gas emissions and the environmental effect that 

emanates from glass landfills. Using glass produced from recycled glass reduced 

related air pollution by 20% and related water pollution by 50% and reduced the space 

in landfills (World Wide Fund for Nature, 2021). 

 

Figure 5.9: CBR results for the various treated, soaked and un-soaked ASS materials at varying curing ages 

 

5.2.3.5 GGBS and Recycled Plastic 

High CBR value was recorded for ASS materials treated using 11.75% GGBS and 

11.75% recycled plastic as partial replacement for cement and lime in the mix. A very 

high CBR value of 93% was recorded for ASS1 samples soaked after 28 days of curing 

followed by a CBR value of 82% for ASS1 cured for 28 days. ASS1 sample soaked 

after 7 days of curing recorded a CBR value of 59% and ASS1 cured for 7 days 

recorded a CBR value of 44%. A CBR value of 51% was recorded for ASS2 after 28 

days and ASS2 soaked after 28 days of curing recorded a CBR of 50% respectively. 

ASS2 soaked after 7 days of curing recorded a CBR value of 47% and a reduction in 

CBR value of 21% was observed for ASS2 after 7 days of curing at room temperature 

of 20± 2°C. It was observed that CBR values for all samples crossed the 2% limit line 

making them suitable for use in road construction. Figure 5.10 shows CBR results for 

the various treated, soaked and un-soaked ASS materials at varying curing ages. 
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After conducting CBR test for ASS materials using individual sustainable binders at 

very high percentages, it was observed that GGBS achieved extremely high CBR 

values making GGBS the best performing binder in this study. Due to this reason, 

GGBS was added to each mix design by half the weight of the individual sustainable 

binders with the aim of achieving higher CBR values for ASS mix designs. 11.75% 

GGBS was added to 11.75% recycled plastic in a mixture and the results show very 

high CBR values with the highest CBR value of 93% and the lowest CBR value of 21% 

compared with the previous addition of 23.5% recycled plastic only which achieved a 

highest CBR value of 13% and a lowest CBR value of 3% the mix. It was found that 

the presence of GGBS in the mixes significantly increased the compressive strength 

of geopolymer (Saludung et al., 2018). GGBS are rich in calcium, the main reaction 

product of C-S-H gel responsible for strength development (Sasui et al., 2019).  

 

The highest CBR value of 13% was recorded for ASS1 after 7 and 28 days with the 

addition of a higher proportion of 23.5% recycled plastic increased drastically to 44% 

after 7 days and 82% after 28 days of curing with the addition of GGBS. The lowest 

CBR values of 6% after 7 days and 3% after 28 days were recorded for soaked ASS2 

samples with the addition of a higher proportion of 23.5% recycled plastic shot up to 

CBR values of 47% after 7 days and 50% after 28 days of curing. This shows that 

CBR values have significantly improved with the addition of GGBS which contains high 

amounts of C-S-H gel responsible for strength increase. GGBS contains a high 

amount of calcium forming C-S-H gel which contributed to strength development 

(Saludung et al., 2018). It was found that with the increase in GGBS content, the CBR 

also increased up to the immediate formation of cemented products by hydration which 

increases the density of soil (Narendra et al., 2017). CBR values increase significantly 

with the addition of 10% GGBS in black cotton soil stabilisation (Darsi et al., 2021). 

Adding 15% GGBS to 1% polypropylene plastic fibre to expansive soil increased CBR 

values (Prasad, et al., 2019). Expansive soil subgrade flexible pavement was 

improved by 90.48% with the addition of GGBS as a binder when compared with 

untreated expansive soil subgrade flexible pavement (Prasad, et al., 2019). It was 

observed that the strength improvement of sodium bentonite, black cotton clay and 

organic clay depends on the amount of GGBS in the mix (Narendra et al., 2017). 
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An increase in CBR values with an increase in curing age was observed for both 

soaked and un-soaked ASS samples. However, the CBR values recorded for un-

soaked ASS samples are higher compared with CBR values for soaked ASS samples. 

The lowest CBR value of 21% was recorded for ASS2 with high bentonite content after 

7 days of curing which later increased to 51% after 28 days and can be increased 

further by increasing the GGBS content in the mix. An increase in CBR values was 

observed with an increase in GGBS (Kumar et al., 2020), and studies have revealed 

that using GGBS waste materials has the potential to modify the properties of clays 

(Narendra et al., 2017). It could be observed that CBR values for both soaked and un-

soaked ASS2 composed of high bentonite content are on the low, due to the high 

amount of bentonite in the mix. According to Schanz et al., (2015), pure bentonite has 

a high CBR value, which equates to 35.8%. Gratchev et al., (2018) confirmed that soils 

with high plasticity index exhibit reasonable CBR values. CBR values achieved for all 

ASS samples with the addition of 11.75%GGBS and 11.75% recycled plastic waste in 

a mixture are greater than 2% making them usable in road construction as subgrade 

materials according to IAN73/06. As part of the commitment of many countries to 

reduce greenhouse gas emissions. Using GGBS and recycled plastic waste as binders 

to partially replace cement and lime in subgrade stabilisation would reduce 

construction costs, greenhouse gas emissions and the environmental effect 

associated with landfills. GGBS can be utilised as an alternative to reduce the 

construction cost of the road, particularly in the rural areas of developing countries 

(Prasad, et al., 2019). 
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Figure 5.10: CBR results for the various treated, soaked and un-soaked ASS materials at varying curing ages 

5.2.3.6 GGBS and Recycled Glass 

Acceptable CBR value was recorded for ASS materials treated using 11.75% GGBS 

and 11.75% recycled glass as partial replacement for cement and lime in the mix. A 

very high CBR value of 80% was recorded for ASS1 after 28 days of curing followed 

by a slight reduction in CBR values of 72% for ASS1 soaked after 28 days of curing. 

ASS1 sample cured for 7 days recorded a CBR value of 51% and later recorded a 

higher CBR value of 59% after soaking for 7 days at room temperature of 20± 2°C. 

ASS2 soaked and un-soaked after 28 days of curing recorded a CBR value of 46%. 

However, ASS2 recorded a CBR value of 21% after 7 days of curing and later recorded 

a higher CBR value of 31% when soaked in water after 7 days of curing at room 

temperature of 20± 2°C. It was observed that CBR values for all samples crossed the 

2% limit line making them suitable for use in road construction. Figure 5.11 shows 

CBR results for the various treated, soaked and un-soaked ASS materials at varying 

curing ages. 

 

After 11.75% GGBS was added to 11.75% recycled glass in a mixture, the results 

show very high CBR values with the highest CBR value of 80% and the lowest CBR 

value of 21%. Compared with the previous addition of 23.5% recycled glass only which 

achieved the highest CBR value of 17% and a lowest CBR value of 3% of the mix. 
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This indicated that the addition of GGBS to the mixture has significantly improved the 

CBR value of the subgrade material. It was found that the presence of GGBS in the 

mixes significantly increased the compressive strength of geopolymer (Saludung et 

al., 2018). GGBS are rich in calcium, the main reaction product of C-S-H gel 

responsible for strength development (Sasui et al., 2019). GGBS contains a high 

amount of silica that upon activation with excess calcium form C-S-H gel which 

contributed to strength development (Saludung et al., 2018). It was found that with the 

increase in GGBS content, the CBR also increased up to the immediate formation of 

cemented products by hydration which increases the density of soil (Narendra et al., 

2017). CBR values increase significantly with the addition of 10% GGBS in black 

cotton soil stabilisation (Darsi et al., 2021). Adding 15% GGBS to 1% polypropylene 

plastic fibre to expansive soil increased CBR values (Prasad, et al., 2019). 

 

Expansive soil subgrade flexible pavement was improved by 90.48% with the addition 

of GGBS as a binder when compared with untreated expansive soil subgrade flexible 

pavement (Prasad, et al., 2019). An increase in CBR values with an increase in curing 

age was observed for both soaked and un-soaked ASS samples. However, the CBR 

values recorded for un-soaked ASS samples are higher compared with CBR values 

for soaked ASS samples. The lowest CBR value of 21% recorded for un-soaked ASS2 

with high bentonite content after 7 days of curing later increased to 46% after 28 days 

can be increased further by increasing the GGBS content in the mix. An increase in 

CBR values was observed with an increase in GGBS (Kumar et al., 2020) and studies 

have revealed that using GGBS waste materials has the potential to modify the 

properties of clays (Narendra et al., 2017). It could be observed that CBR values for 

both soaked and un-soaked ASS2 composed of high bentonite content are on the low, 

due to the high amount of bentonite in the mix. It could be observed that CBR values 

achieved for 11.75% GGBS and 11.75%recycled glass are in the same range 

compared with CBR values achieved for 11.75% GGBS and 11.75%recycled plastic 

waste. This confirms that plastic pellets and glass grits used in this research behave 

in a similar manner due to their granular nature when used as binders in subgrade 

stabilisation. Mixing of randomly oriented glass and plastic granules to soil samples 

may be considered the same in soil stabilisation (Subash et al., 2016).  
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Even though the glass grits used in this research are randomly oriented and do not 

react chemically with other binders to form cementitious materials (C-S-H gel), their 

interlocking (mechanical stabilisation) within the mixture was not enough to increase 

the CBR value of subgrade materials. CBR values achieved for all ASS samples with 

the addition of 11.75%GGBS and 11.75% recycled glass waste in a mixture are 

greater than 2% making them usable in road construction as subgrade materials 

according to IAN73/06. As part of the commitment of many countries to reduce 

greenhouse gas emissions, and the environmental effect associated with landfills and 

overall road construction costs, GGBS and recycled glass waste can be used as 

binders to partially replace cement and lime in subgrade stabilisation. and the. GGBS 

can be utilised as an alternative to reduce the construction cost of the road, particularly 

in the rural areas of developing countries (Prasad, et al., 2019). 

 

Figure 5.11: CBR results for the various treated, soaked and un-soaked ASS materials at varying curing ages 

 

5.2.3.7 GGBS and Brick Dust Waste (BDW) 

CBR value was recorded for ASS materials treated using 11.75% GGBS and 11.75% 

BDW as partial replacement for cement and lime in the mix. An extremely high CBR 

value of 109% was recorded for ASS1 after 28 days of curing with a slight reduction 

in CBR value of 97% for ASS1 sample when soaked after 28 days of curing at room 

temperature of 20± 2°C. A CBR value of 61% was recorded for both ASS1 soaked 
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and un-soaked after 7 days of curing. ASS2 sample after 28 days of curing recorded 

a CBR value of 44% and later recorded a reduction in CBR value of 24% after it was 

soaked in water after 28 days of curing. ASS2 recorded a CBR value of 27% after 7 

days of curing and when later soaked in water after 7 days of curing at room 

temperature of 20± 2°C recorded a CBR value of 16%. It was observed that CBR 

values for all samples crossed the 2% limit line making them suitable for use in road 

construction. Figure 5.12 shows CBR results for the various treated, soaked and un-

soaked ASS materials at varying curing ages. 

 

Adding GGB and BDW as partial replacements for cement and lime in stabilising ASS 

materials observed extremely high CBR values for soaked and un-soaked ASS1 after 

28 days of curing. An increase in CBR value with an increase in curing age was 

observed for both soaked and un-soaked ASS materials and the highest CBR value 

of 109% in this research was recorded for un-soaked ASS1 after 28 days of curing. 

Soaked ASS1 after 28 days also recorded a very high CBR value of 97% after 28 

days. This shows that C-S-H gel formation increases with an increase in curing age 

when GGBS and BDW are used as binders in a mix. The highest CBR value of lime 

and red brick powder was found in the 15% mixture, while the CBR-un-soaked result 

of red brick powder has the highest CBR value of 19.2% (Salimah et al., 2021). BDW 

are pozzolanic materials that form C-S-H gel responsible for strength gain in a mixture.  

 GGBS is high in calcium and forms C-S-H gel during the hydration process for 

strength gain in a mixture. It was found that the addition of brick dust increased the 

soil strength between 1.7 and 2.3 times with respect to the non-stabilised materials 

(Hidalgo et al., 2019). The high CBR values observed for ASS materials can be 

attributed to the pozzolanic reaction responsible for the formation of C-S-H and C-A-

H gel due to the presence of BDW in the mixture which acted as a binding agent 

responsible for strength gain and the high CBR value of the subgrade materials 

(Hewlett, 2003).  

 

Pozzolans are materials such as BDW that contain alumina/silica which reacts to form 

new compounds (Calcium silicate hydrate (C-S-H) and Calcium aluminium Hydrates 

(C-A-H) when lime is added and have the ability to modify the properties of a lime 

mixture (Rogers, 2011). BDW exhibits pozzolanic properties which can be used as 

cement replacement in road subgrade stabilisation (Kartini et al., 2012). GGBS are 
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highly cementations and high in strength-enhancing compounds calcium silicate 

hydrate (C-S-H) which improves strength and durability in a mix. Studies have shown 

that the higher the amount of GGBS blend, the greater the hydraulic activity (Hewlett, 

2003). The addition of a little amount of 2% lime and 2.5% cement to the mix in this 

research also contributed to the high strength gain of ASS materials because GGBS 

works well with the addition of lime. The alkaline properties of Portland cement, lime 

and other activators such as sulphates, chlorides and alkali silicates are sufficient to 

activate the cementitious properties of GGBS (One et al., 2007). Adding GGBS and 

lime induces the calcium silicate hydrate bond in the soil to accelerate the formation 

of cementitious substances in the soil during curing under standard room temperature 

of 20±2℃. (Saravanan et al., 2017).  

 

Adding lime to GGBS helps in strength development because GGBS alone in a mix 

exhibits very slow strength development under standard 20℃ curing conditions 

compared to other conventional stabilisers (Escalante-Garcia and Sharp, 2004). 

GGBS and lime react chemically with the right amount of water at ordinary temperature 

to form compounds that possess the properties of cement (O’Farrell et al., 2001). 

Soaked and un-soaked ASS1 recorded a CBR value of 61% after 7 days of curing. 

This shows that CBR values for high plasticity subgrades ASS1 do not increase by 

soaking in water after 7 days of curing. However, a later increase in CBR values was 

observed after 28 days of curing. When compared with un-soaked ASS1, ASS2 

soaked and un-soaked recorded low CBR values. This could be a result of high 

bentonite content in ASS2 (extremely high plasticity index). The lowest CBR value was 

recorded for soaked ASS2 after 7 days of curing. However, all CBR values achieved 

for all ASS samples with the addition of 11.75%GGBS and 11.75% BDW in a mixture 

are greater than 2% making them usable in road construction as subgrade materials 

according to IAN73/06. As part of the commitment of many countries to reduce 

greenhouse gas emissions, and the environmental effect associated with landfills and 

overall road construction costs, GGBS and BDW can be used as binders to partially 

replace cement and lime in subgrade stabilisation.  

 

GGBS can be utilised as an alternative to reduce the construction cost of the road, 

particularly in the rural areas of developing countries (Prasad, et al., 2019). The use 

of GGBS binders at high volumes as supplementary cementitious materials are good 
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from the environmental point of view, hence the higher the amount of GGBS used in 

replacing cement in soil stabilisation the lesser the carbon footprint (Onn et al., 2019). 

The addition of brick dust resulted in an increase in the soil strength and its suitable 

materials for use in practical applications in construction (Hidalgo et al., 2019). Using 

brick waste as binders in place of cement and lime in subgrade stabilisation will help 

reduce the greenhouse gas emitted to the atmosphere due to cement and lime 

production as well as reduce the environmental effect associated with brick stockpiles 

and landfills. 

 

 

Figure 5.12: CBR results for the various treated, soaked and un-soaked ASS materials at varying curing ages 

 
 

5.2.3.8 CBR for Best-performing Mixes After 90 Days of Curing  

Best performing mixes recorded extremely high CBR values of 180% and 120% for 

ASS1 and 2 + 2%Lime +2.5% cement +11.75%GGBS+11.75%BDW, 200% and 96% 

for ASS1 and 2 + 2%Lime +2.5% cement +23.5%GGBS after 90 days of curing. The 

highest CBR value of 220% was observed for ASS1+ 2%Lime + 26%GGBS with total 

elimination of cement in the mix. A CBR value of 98% was recorded for ASS2+ 

2%Lime + 26%GGBS, respectively. Figure 5.13 shows CBR results for best-

performing mixes and mixes without cement cured and tested after 90 days. The very 
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high CBR values recorded for the best performing mixes after 90 days of curing could 

be attributed to the long curing period. This proves that subgrade materials treated 

using GGBS and BDW accumulate strength with increased curing age. The highest 

CBR value of 220% recorded for mix design without cement but high GGBS content 

and a little lime shows that GGBS is capable of improving the engineering properties 

of subgrade materials after a longer period of curing (Escalante-Garcia and Sharp, 

2004). 

 

Figure 5.13: CBR results for best performing mixes and mix without cement cured and tested after 90 days 

  

5.3 SWELL FOR ASS MATERIALS 

5.3.1 Treated and Untreated Artificially Synthesised Subgrade Materials 

Swell test in this research was conducted in accordance with two different standards 

BS EN 13286-47:2021 and BS EN 13286-49:2004 with the aim of comparing short-

term swelling and long-term swelling pressure of untreated ASS materials. BS EN 

13286-47:2021 recommend soaking CBR samples and measuring swell for a period 

of 4 days (96 hours). So, in order to investigate the extent of swell for ASS materials 

beyond 4 days, BS EN 13286-49:2004 standard for testing was used to measure the 

swell of ASS samples after 28 days. After the treatment, it was observed that swell 
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potentials reduced drastically with the addition of 8% lime and 20%cement as binders 

in the mixture. The swelling potential of ASS samples using BS EN 13286-49:2004 

reduced drastically after 28 days of soaking. Untreated ASS2 (75% Bentonite and 25% 

Kaolinite) with the highest swell percentage of 56.76% reduced to 0.2% after treating 

ASS materials using cement and lime.  

 

Untreated ASS1 (25% Bentonite and 75% Kaolinite) with an unacceptable swell value 

of 35.92% reduced to 0.04% after curing using cement and lime as binders. The lowest 

swell value of 0.04% was recorded for ASS1. However, a swell value of 0.2% (even 

though acceptable) was recorded for ASS2 with the highest amount of bentonite 

(extremely high plasticity index) content. This indicates very high swell potentials for 

subgrade materials with high plasticity index. Swell values for treated ASS materials 

using BS EN 13286-47:2021 recorded acceptable swell values of 0.06% for ASS2 and 

0.04 % for ASS1 after 7 and 28 days of curing. ASS1 of 4.11% was reduced to 0.03% 

after 7 and to 0.02% after 28 days of curing. This shows that adding high cement and 

lime content to a mix can reduce the swell potentials of expansive subgrade making 

them usable as subgrade materials. swell potentials were reduced by 42.5% at 4% 

lime and by 46.4% at 20% cement (Phanikumar et al., 2015). Using cement and lime 

reduces the plasticity index of ASS materials leading to swell potential reduction. This 

was responsible for the low swell values recorded for ASS1 and 2 after 7 and 28 days 

of curing. According to Abbey et al. (2020), the addition of 5% and 8% cement after 

28 days of curing saw a reduction in plasticity index resulting in decreased swell 

pressure of the bentonite-kaolinite mixed clays.  

 

A dosage of 6% lime reduced swelling pressure by 27% with a later reduction of 96% 

in swell pressure (Kechouane et al., 2015). The reduction in swell value observed with 

an increase in curing age can be attributed to the formation of calcium silicate hydrate 

(C-S-H) gel and calcium aluminate hydrate (C-A-H) gel also referred to as Tobermorite 

in the mixture. During the hydration process in a cement/lime mix under normal room 

temperature, cementitious products are released (C-S-H and C-A-H gel) which are 

responsible for strength gain and reduced swell pressure in the mixture. According to 

Zhang et al (2014), the continuous formation of C-S-H gel with an increase in curing 

age within a pore structure contributes to reduced swell pressure hence the higher the 

C-S-H gel the lower the swell pressure in the samples (Abbey et al., 2020). After 
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comparing untreated ASS with treated ASS materials swell pressure for ASS materials 

was reduced drastically using cement and lime. the mixing of cement in the soil 

improved swell potential by 70% (Hindu et al., 2015). Comparing soaked CBR with 

swell values shows the highest swell value of 0.06% for treated ASS2 after 7 days of 

curing recorded the lowest CBR value of 34% and later recorded the highest CBR 

value of 61% with further reduction in swell values of 0.04% after 28 days of curing. 

  

A similar trend was observed for ASS1 swell value of 0.03% recorded the second-

lowest CBR value of 45% after 7 days of curing and later recorded the second-highest 

CBR value of 50% with further reduction in swell values of 0.02% after 28 days of 

curing. This trend shows that a reduction in swell pressure results in an increase in 

CBR value for ASS materials and vice versa. Mixing cement in the soil improved the 

CBR values and decreased the swelling potential of the soil (Hindu et al., 2015). The 

addition of lime reduced free swelling from 80.00% to 6.70% and increased CBR value 

from 1.20% to 86.70% (Ismaiel et al., 2013). The addition of 10% lime makes black 

cotton soil non-plastic, non-swelling and attains increased CBR values (Rao et al., 

2021). Comparing treated ASS materials with treated CBR values it was observed that 

all treated swell values are < 2.5% and CBR values are > 2% making all ASS samples 

suitable for use in road construction. According to standard practice, subgrade swell 

>2.5% are unacceptable and would require treatment or removal and replacement 

(Troy, 2016). IAN73/06 states that CBR values > 2% are accepted for use in road 

construction as subgrade materials.  

 

Even though cement and lime can be used in subgrades stabilisation, they are 

associated with high costs and high CO₂ emissions. Due to this, they are not 

sustainable, and their use must be discouraged by finding novel binders as a 

replacement. Cement and lime production consume very high energy and heavily 

pollute the environment through CO₂ emission. A large number of CO₂ emissions were 

produced by the decomposition of calcium carbonate in the lime production process 

(Zhang et al., 2019). Climate change and carbon emissions are the main 

environmental issue for the cement and lime industry (Environmental Agency, 2020). 

Using non-traditional stabilisers in subgrade stabilisation has proven to be more 

environmentally friendly, cheaper and effective in improving the engineering properties 

of expansive subgrade materials (Kassa et al., 2020). Using waste materials in 
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subgrade stabilisation will reduce overall project costs and greenhouse gas emissions 

whiles saving landfill space. 

 

5.3.2 Swell Test in Accordance with BS EN 13286-47:2021 

After conducting swell test using BS EN 13286-47:2021, high swell potentials were 

recorded for untreated ASS1 and 2. However, ASS2 composed of high bentonite 

content recorded the highest swell with a swell value of 5.03% followed by untreated 

ASS2 of 4.11%, respectively. This shows that high and extremely high plasticity 

subgrade materials (ASS1 and 2) have very high swell potentials and swell potentials 

increase with an increase in bentonite content in a mix. A maximum swell value of 

5.03% was recorded for ASS2 (75% Bentonite + 25% kaolinite) without treatment, 

followed by ASS1 (25% Bentonite + 75% kaolinite) which recorded a swell value of 

4.11%. A gradual increase in swell was observed for ASS1 and 2 on day 1 of 1.83% 

and 1.29% and later increased to 4.06% and 3.36% on day 2, the sample later 

increased in swell on day 3 of 4.64% and 3.87% and finally increased to 5.03% and 

4.11% at day 4, respectively. It was observed that ASS1 and 2 crossed the limit line 

making them unsuitable for use as subgrade materials in road construction. After 

cement and lime were used as binders to treat ASS materials, swell at the end of day 

4 reduced from 5.03% to 0.06% and 0.04% for ASS2 after 7 and 28 days of curing. 

Swell value for ASS1 was reduced from 4.11% to 0.02% after treating ASS1 using 

lime and cement as binders.  

 

A gradual reduction of ASS samples was observed on day 1 with a 0.01% and 0.02% 

increase and later with a 0.01%, 0.02%, 0.03 and 0.04% on day 2, this trend continued 

until day 4 with a maximum swell value of 0.06% for ASS2, 0.04% for ASS1 after 28 

days curing followed by a swell of 0.02% for ASS1 after 7 and 28 days curing at room 

temperature of 20± 2°C. A drastic reduction in swell potential was observed with 

treated ASS materials way below the limit line with the highest swell value of 0.06% 

after comparing treated and untreated ASS samples after 7 and 28 days of curing. 

From the comparison, it can be seen that treated ASS materials using cement and 

lime are below the limit line and are suitable for use as subgrade materials in road 

construction while untreated ASS materials above the limit line are not suitable for use 

as subgrade materials in road construction. Figure 5.14 shows swell results for 
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untreated ASS materials only, Figure 5.15 shows treated ASS materials using cement 

and lime as binders and Figure 5.16 shows combined results of treated and untreated 

ASS materials for comparison purposes. Figure 5.17 shows 4 days of cement and lime 

treated swell values and soaked CBR values. 

 
Figure 5.14: Swell results for untreated ASS materials only 
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Figure 5.15: Treated ASS materials using cement and lime as binders 

 

 
Figure 5.16: Combined results of treated and untreated ASS materials for comparison purposes 
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Figure 5.17: 4 days cement and lime treated swell values and soaked CBR 
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5.3.3 Variation in Swell Using BDW In Accordance with BS EN 13286-47:2021 

A reduction in swell was recorded for all ASS samples after 7 and 28 days of curing. 

The highest ASS value was recorded for ASS2 with a swell value of 0.63% at the end 

of day 4 followed by ASS1 of 0.58%at day 4. A sharp increase in swell value was 

recorded on day 1 for all ASS samples with swell values of 0.59%, 0.51%, 0.45% and 

0.31%, respectively, after 7 and 28 days of curing at room temperature of 20± 2°C. 

Swell values began to stabilise on day 2 through till day 4 with the maximum swell 

values of 0.63 for ASS2 and 0.58 for ASS1. After comparing untreated ASS samples 

with samples treated using BDW, it was observed that ASS values recorded for treated 

ASS materials are below the limit line making them suitable for use as subgrade 

materials in road construction. 

 

A reduction in swell values was achieved after stabilising expansive ASS materials 

using BDW. ASS2 (extremely plastic) with an unacceptable swell value of 5.03% was 

reduced to 0.53% and 0.51% after 7 and 28 days of curing. it was observed that ASS2 

after 7 days recorded the highest swell of 0.63% followed by ASS2 with a swell of 

0.61% after 28 days. ASS1 recorded a swell value of 0.58% after 7 days of curing and 

later swell was reduced to 0.56% after 28 days of curing. This shows a decrease in 

swell pressure with an increase in curing age for ASS1 and 2. Brick dust significantly 

decreased the swell potential of soil with an increase in curing age (Michael et al., 

2016). This shows that BDW has the potential to reduce swell in expansive subgrade 

materials and improve its engineering properties. Studies have shown that partial 

replacement for cement in expansive subgrade stabilisation with BDW achieved good 

engineering properties (Lihua et al., 2020). The addition of 50% BDW reduced swell 

liner shrinkage in subgrade stabilisation (Ali et al., 2014). After comparing swell values 

for treated ASS using BDW to untreated ASS it was observed that ASS treated using 

BDW are < 2.5% making them acceptable for use as subgrade maitake according to 

Troy, (2022).  

 

It was observed that ASS1 recorded the lowest swell value of 0.56% after 28 days of 

curing with the highest soaked CBR value of 28%. The highest swell value of 0.63% 

recorded for ASS2 with high bentonite content after 7 days of curing recorded the 

lowest soaked CBR value of 18%. This shows an increase in CBR value with a 

decrease in swell potentials for ASS samples. Comparing the swell values for BDW 
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treated ASS samples with cement and lime (control) treated ASS samples, 

observation showed that swell values for cement and lime treated ASS samples were 

very low. The lowest swell for cement treated sample was 0.02% and the highest was 

0.06% while the lowest swell for BDW treated sample was 0.56% and the highest was 

0.63%. However, swell values achieved for BDW-treated ASS samples are acceptable 

for use in road construction. CBR increased to over 400% when an optimum brick dust 

waste (BDW) of 40% was used during expansive subgrade stabilisation (Anand et al., 

2014). CBR increased with BDW content from 5% to 20% (Al-Baidhani et al., 2019). 

Good CBR and swell results were achieved when 20% of brick dust waste was used 

in expansive subgrade stabilisation for flexible pavement (Reddy et al., 2018).  

 

The low swell and high CBR values observed for ASS materials can be attributed to 

the pozzolanic reaction responsible for the formation of C-S-H and C-A-H gel due to 

the presence of BDW in the mixture which acted as a binding agent responsible for 

strength gain and high CBR value of the subgrade materials (Consoli et al., 2009).  

Pozzolans are materials such as BDW that contain alumina/silica which reacts to form 

new compounds (Calcium silicate hydrate (C-S-H) and Calcium aluminium Hydrates 

(C-A-H) when lime is added and have the ability to modify the properties of a lime 

mixture (Rogers, 2011). Brick Dust Waste (BDW) exhibits pozzolanic properties which 

can be used as cement replacement in road subgrade stabilisation (Kartini et al., 

2012). Using BDW as cement and lime replacement in subgrade stabilisation would 

reduce overall construction costs, reduce CO2 emission due to cement and lime 

production and ease the pressure on scarce raw materials such as clinker used in 

cement production. Blended stabilisers achieved better performance and results 

suggest the technological, economic and environmental advantages of using brick 

dust to achieve sustainable infrastructure development (Kinuthia et al., 2011). Figure 

5.18 shows swell results for ASS samples treated using 23.5% BDW as partial 

replacement for cement and lime in the mix Figure 5.19 shows combined results of 

treated and untreated ASS materials for comparison purposes. Figure 5.20 shows 4 

days swell values at the various points of the curve for sustainable treated ASS and 

soaked CBR values. 
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Figure 5.18: Swell results for ASS samples treated using 23.5% BDW 

 

 

Figure 5.19: Combined results of treated and untreated ASS materials 
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Figure 5.20: 4 days swell values for sustainable treated ASS and soaked CBR 
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5.3.4 Variation in Swell Using GGBS In Accordance with BS EN 13286-47:2021 

A reduction in swell potential was observed for ASS materials treated using 23.5% 

GGBS as partial replacement for cement and lime in the mix. The highest swell value 

of 0.50% for ASS2 on day 4 and the lowest swell value was recorded for ASS1 at 

0.32% at the end of day 4. A gradual increase in swell values was observed from day 

1 to day 4 with small values of 0.46% for ASS1 after 7 days of curing, and 0.32% for 

ASS1 after 28 days of curing all on day 4. ASS2 recorded swell values of 0.50% and 

0.43% after day 7 and 28 days of curing at room temperature of 20± 2°C. After 

comparing untreated ASS samples with samples treated with GGBS, it was observed 

that ASS values recorded for treated ASS materials are below the limit line making 

them suitable for use as subgrade materials in road construction. Figure 5.21 shows 

swell results for ASS samples treated using 23.5% GGBS as partial replacement for 

cement and lime in the mix. Figure 5.22 shows the combined results of treated and 

untreated ASS materials for comparison purposes. 

 

GGBS has been reported to be a binder with high calcium content with the ability to 

reduce swell potentials and increase strength in expansive subgrade. GGBS are rich 

in calcium, the main reaction product of C-S-H gel responsible for strength 

development (Sasui et al., 2019). ASS materials were stabilised using a high amount 

of 23.5% GGBS as partial replacement for cement and lime and the reductions saw 

an improvement in the engineering properties of expansive subgrade. A reduction in 

swell value with an increase in curing age was observed for ASS samples. ASS2 after 

7 days of curing recorded the highest swell of 0.50% followed by ASS2 with a swell 

value of 0.47% after 28 days of curing. ASS1 recorded a swell value of 0.46% after 7 

days of curing and later swell was reduced to 0.32% after 28 days of curing. This 

shows a decrease in swell pressure with an increase in curing age for ASS1 and 2. 

The decrease in swell for ASS samples are as a result of high calcium content in 

GGBS. Calcium is the main ingredient for the formation of C-S-H gel responsible for 

the swell reduction and strength gain in a mix. GGBS contains a high amount of 

calcium forming C-S-H gel which contributed to strength development (Saludung et 

al., 2018). It was found that with the increase in GGBS content, the CBR also 

increased up to the immediate formation of cemented products by hydration which 

increases the density of soil (Narendra et al., 2017). CBR values increase significantly 

with the addition of 10% GGBS in black cotton soil stabilisation (Darsi et al., 2021). 
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Adding 15% GGBS to expansive soil increased CBR values (Prasad et al., 2019). 

Expansive soil subgrade flexible pavement was improved by 90.48% with the addition 

of GGBS as a binder when compared with untreated expansive soil subgrade flexible 

pavement (Prasad et al., 2019). 

 

Comparing the swell values for GGBS treated ASS samples with cement and lime 

(control) and BDW treated ASS samples, It was observed that swell values for cement 

and lime treated ASS samples were very low. The lowest swell for cement-treated 

sample was 0.02% and the highest was 0.06% while the lowest swell for BDW treated 

sample was 0.56% and the highest was 0.63%. However, the lowest swell for GGBS 

treated sample was 0.32% and the highest was 0.50%. even though cement and lime 

recorded very low swell values, GGBS samples had the lowest swell compared with 

BDW samples. The swell values achieved for GGBS-treated ASS samples are 

acceptable for use in road construction. ASS2 after 7 days of curing recorded the 

highest swell value of 0.50% and the lowest soaked CBR value of 46% and ASS1 with 

the lowest swell value of 0.32% recorded the highest soaked CBR value of 97%. 

Hence, a reduction in swell pressure using GGBS as a binder in a mix translates to 

very high soaked CBR values usable in road construction. According to standard 

practice, subgrade swell >2.5% are unacceptable and would require treatment or 

removal and replacement (Troy, 2016). IAN73/06 states that CBR values >2% are 

accepted for use in road construction as subgrade materials. Even though cement and 

lime can be used in subgrade stabilisation, they are associated with high costs and 

high CO₂ emissions. Figure 5.23 shows 4 days swell values at the various points of 

the curve for sustainable treated ASS and soaked CBR for comparison. 
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Figure 5.21: swell results for ASS samples treated using 23.5% GGBS 

 

 
Figure 5.22: Combined results of treated and untreated ASS materials 
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Figure 5.23: 4 days swell values for sustainable treated ASS and soaked CBR 
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5.3.5 Variation in Swell Using Recycled Plastic in Accordance with BS EN 

13286-47:2021 

A reduction in swell potential was observed for ASS materials treated using 23.5% 

recycled plastic as partial replacement for cement and lime in the mix. The highest 

swell value of 0.61% for ASS2 at end of day 4 and the lowest swell value was recorded 

for ASS1 at 0.51% at the end of day 4. A gradual increase in swell values was 

observed from day 1 to day 4 with swell values of 0.56% for ASS1 after 7 days of 

curing, and 0.51% for ASS1 after 28 days of curing all on day 4. ASS2 recorded swell 

values of 0.59% and 0.61% after day 7 and 28 days of curing at room temperature of 

20± 2°C. After comparing untreated ASS samples with samples treated with recycled 

plastic, it was observed that ASS values recorded for treated ASS materials are below 

the limit line making them suitable for use as subgrade materials in road construction. 

Figure 5.24 shows swell results for ASS samples treated using 23.5% recycled plastic 

as partial replacement for cement and lime in the mix. Figure 5.25 shows the combined 

results of treated and untreated ASS materials for comparison purposes. 

 

Recycled plastic waste has been used in subgrade stabilisation and has proven to be 

successful. Soil stabilisation using plastic waste can be used in embankment and road 

pavement layers to improve the soil strength value (Gardete et al., 2020). Waste 

plastics were used by Ashraf et al. (2011), to stabilise soil and the results show a 

reasonably high CBR value Un-soaked. ASS materials were stabilised using a high 

amount of 23.5% recycled plastic waste as partial replacement for cement and lime. 

The reductions improved the engineering properties of expansive subgrade. A 

reduction in swell value with an increase in curing age was observed for ASS samples. 

ASS2 after 7 days of curing recorded the highest swell of 0.61% followed by ASS2 

with a swell value of 0.59% after 28 days of curing. ASS1 recorded a swell value of 

0.56% after 7 days of curing and later swell was reduced to 0.51% after 28 days of 

curing. This shows a decrease in swell pressure with an increase in curing age for 

ASS1 and 2. ASS1 sample with low bentonite content recorded the lowest swell. 

Plastic does not react with cement and lime to form C-S-H gel responsible for the swell 

reduction. However, the minimal amount of cement (2.5%) and lime (2%) was 

responsible for the low swell values achieved. 
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It was observed that the swell values obtained for ASS samples are lower than those 

of untreated ASS samples and are acceptable for use in road construction. Comparing 

the swell values for recycled plastic waste treated ASS samples with cement and lime 

(control), BDW and GGBS treated ASS samples, It was observed that swell values for 

ASS samples treated with plastic are within the range of BDW. it was observed that 

the swell values achieved do not correspond with CBR values with respect to curing 

ages. The highest swell value of 0.61 for ASS2 after 7 days recorded a soaked CBR 

value of 6% and ASS2 after 28 days with a swell value of 0.59% recorded the lowest 

CBR value of 3%. This shows that recycled plastic-treated ASS samples exhibit low 

swell vales but are weak in compression. Hence, the samples exhibit low bearing 

capacity with low swell values due to the granular nature of the plastic used in the 

study. A substantial reduction in free swell of soil was observed due to the addition of 

plastic strips (Kassa et al., 2020). Granular soils are basically crumbed structures with 

open structures that allow water and air to penetrate through the soil (Bo et al., 2015). 

comparing treated ASS materials with treated CBR values it was observed that swell 

values are < 2.5% and CBR values are >2% making all ASS samples suitable for use 

in road construction.  

 

According to standard practice, subgrade swell >2.5% are unacceptable and would 

require treatment or removal and replacement (Troy, 2016). IAN73/06 states that CBR 

values >2% are accepted for use in road construction as subgrade materials. 

Stabilising expansive soil using plastic waste will simultaneously solve improper 

recycling (Kassa et al., 2020). As part of the commitment of many countries to reduce 

greenhouse gas emissions, using recycled plastic waste as binders to partially replace 

cement and lime in subgrade stabilisation will help reduce the greenhouse gas emitted 

to the atmosphere due to cement and lime production as well as reduce the 

environmental effect associated with landfill. According to “Plastic in the Ocean” 

statistics for 2020-2021, about 8 million pieces of plastic make their way into our 

oceans and there are 5.25 trillion macro and micro pieces of plastic in our ocean and 

46,000 places in every square mile of ocean, weighing up to 269,000 tonnes. By 

partially replacing Portland cement with recycled waste plastic, this design may have 

the potential to contribute to reduced carbon emissions (Schaefer et al., 2017). 

Plastics are one of the leading waste materials found suitable for subgrade 

stabilisation. They reduce the cost of stabilisation at a large rate and using plastic for 
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this purpose simultaneously solves the challenge of improper plastic recycling (Kassa 

et al., 2020). Figure 5.26 shows 4 days swell values at the various points of the curve 

for sustainable treated ASS and soaked CBR for comparison. 

 

 
Figure 5.24: Swell results for ASS samples treated using 23.5% recycled plastic 

 

 
Figure 5.25: Combined results of treated and untreated ASS materials 
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Figure 5.26: 4 days swell values for sustainable treated ASS and soaked CBR 
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5.3.6 Variation in Swell Using Recycled Glass In Accordance with BS EN 

13286-47:2021 

A reduction in swell potential was observed for ASS materials treated using 23.5% 

recycled glass as partial replacement for cement and lime in the mix. The highest swell 

value of 0.64% for ASS2 at end of day 4 and the lowest swell value was recorded for 

ASS1 at 0.46% at the end of day 4. A gradual increase in swell values was observed 

from day 1 to day 4 with swell values of 0.52% for ASS1 after 7 days of curing, and 

0.46% for ASS1 after 28 days of curing all on day 4. ASS2 recorded swell values of 

0.64% and 0.57% after day 7 and 28 days of curing at room temperature of 20± 2°C. 

After comparing untreated ASS samples with samples treated with recycled glass, it 

was observed that ASS values recorded for treated ASS materials are below the limit 

line making them suitable for use as subgrade materials in road construction. Figure 

5.27 shows swell results for ASS samples treated using 23.5% recycled glass as 

partial replacement for cement and lime in the mix. Figure 5.28 shows combined 

results of treated and untreated ASS materials for comparison purposes. 

 

Swell reduction with an increase in curing age was observed for ASS samples. ASS2 

after 7 days of curing recorded the highest swell of 0.64% followed by ASS2 with a 

swell value of 0.57% after 28 days of curing. ASS1 recorded a swell value of 0.52% 

after 7 days of curing and later swell reduced to 0.46% after 28 days of curing. This 

shows a decrease in swell pressure with an increase in curing age for ASS1 and 2. 

ASS1 sample with low bentonite content recorded the lowest swell after 28 days. The 

reduction in swell values observed could be attributed to the formation of some small 

amount of C-S-H gel with the addition of 2%lime and 2.5% cement in the mix because 

plastics do not react with cement and lime to form C-S-H gel responsible for the swell 

reduction. it was observed that the swell values achieved do not correspond with CBR 

values with respect to curing ages. The highest swell value of 0.64% for ASS2 after 7 

days of curing recorded a soaked CBR value of 3% and ASS2 after 28 days with a 

swell value of 0.57% recorded the lowest CBR value of 4%. This shows that recycled 

glass-treated ASS samples exhibit low swell vales but are weak in compression. 

Hence, the samples exhibit low bearing capacity with low swell values due to the 

granular nature of the glass used in this study.  
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According to Hastuty et al. (2020), CBR values at a mixture of 2% limestone and 10% 

slag was 8.86% and the variation of a mixture of 4% limestone and 10% glass was 

recorded as a CBR of 10.5%. This confirms that CBR values do not increase 

significantly with the addition of a glass of any sort in subgrade stabilisation. Granular 

soils are basically crumbed structures with open structures that allow water and air to 

penetrate through the soil (Bo et al., 2015). Comparing treated ASS materials with 

treated CBR values, swell values are < 2.5% and CBR values are >2%, making all 

ASS samples suitable for road construction. According to standard practice, subgrade 

swell >2.5% are unacceptable and would require treatment or removal and 

replacement (Troy, 2016). IAN73/06 states that CBR values >2% are accepted for use 

in road construction as subgrade materials. As part of the commitment of many 

countries to reduce greenhouse gas emissions, using recycled glass waste as binders 

to partially replace cement and lime in subgrade stabilisation would reduce the 

greenhouse gas emitted to the atmosphere due to cement and lime production as well 

as reduce the environmental effect associated with landfill. Using glass waste normally 

dumped at a landfill would reduce greenhouse gas emissions and the environmental 

effect emanating from glass landfills. Using glass produced from recycled glass 

reduced related air pollution by 20% and related water pollution by 50% and reduced 

the space in landfills (World wide Fund for Nature, 2021). The use of recycled materials 

is a key element in generating sustainable pavement designs to save natural 

resources, and reduce energy, greenhouse gas emission and costs (Zhao et al., 

2021). Figure 5.29 shows 4 days swell values at the various points of the curve for 

sustainable treated ASS and soaked CBR for comparison. 



Chapter 5 – Results and Discussion  

177 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

 
Figure 5.27: Swell results for ASS samples treated using 23.5% recycled glass 

 

 

Figure 5.28: Combined results of treated and untreated ASS materials 
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Figure 5.29: 4 days swell values for sustainable treated ASS and soaked CBR 
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5.3.7 Variation in Swell Using GGBS and Recycled Plastic In Accordance with 

BS EN 13286-47:2021 

A reduction in swell potential was observed for ASS materials treated using 11.75% 

GGBS and 11.75 recycled plastic as partial replacements for cement and lime in the 

mix. The highest swell value of 0.94% was achieved for ASS2 at end of day 4 and the 

lowest swell value was recorded for ASS 0.37 at the end of day 4. A gradual increase 

in swell values was observed from day 1 to day 4 with swell values of 0.47% for ASS1 

after 7 days of curing, and 0.38% for ASS1 after 28 days of curing all on day 4. ASS2 

recorded swell values of 0.94% and 0.37% after day 7 and 28 days of curing at room 

temperature of 20± 2°C. After comparing untreated ASS samples with those treated 

with GGBS and recycled plastic, it was observed that ASS values recorded for treated 

ASS materials are below the limit line making them suitable for use as subgrade 

materials in road construction. Figure 5.30 shows swell results for ASS samples 

treated using 11.75% GGBS and 11.75% recycled plastic as partial replacement for 

cement and lime in the mix. Figure 5.31 shows combined results of treated and 

untreated ASS materials for comparison purposes.  

 

It was observed during a swell test conducted for ASS materials using individual 

sustainable binders at very high percentages of GGBS and plastic in the mix achieved 

low swell values. Due to this reason, GGBS and plastic were added to the ASS sample 

at percentages of 11.75% GGBS and 11.75% recycled plastic respectively. After the 

swell test, ASS samples recorded low swell values which are acceptable for use in 

road construction. ASS2 (high bentonite content after 7 days of curing recorded the 

highest swell value of 0.94% and ASS2 after 28 days recorded a swell value of 0.47%. 

ASS1 with less bentonite content observed the lowest swell value of 0.36% after 28 

days of curing. this shows a reduction in swell value with an increase in curing age 

observed for ASS samples. Comparing the swell values with untreated ASS samples 

shows that, ASS samples treated using GGBS and Recycled Plastic Waste recorded 

low swell. The reduction in swell values observed could be attributed to the formation 

of some small amount of C-S-H gel with the addition of GGBS in the mix because 

plastics do not chemically react with other binders to form C-S-H gel responsible for 

strength gain and swell reduction (Sasui et al., 2019).  
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GGBS contains a high amount of calcium forming C-S-H gel which contributed to 

strength development (Saludung et al., 2018). It was found that the presence of GGBS 

in the mixes significantly increased the compressive strength of geopolymer (Saludung 

et al., 2018). it was observed that the swell values achieved correspond with CBR 

values with respect to curing ages. The highest swell value of 0.94% for ASS2 after 7 

days of curing recorded a soaked CBR value of 47% and ASS2 after 28 days with a 

swell value of 0.47% recorded the lowest CBR value of 50%. ASS1 with the lowest 

swell value of 0.36% recorded the highest soaked CBR value of 93%. This shows that 

CBR values have significantly improved with the addition of GGBS which contains high 

amounts of C-S-H gel responsible for the swell reduction in the expansive subgrade. 

The increase in GGBS content increased CBR values in a mix (Narendra et al., 2017). 

The addition of GGBS in a mix reduced the free swell index and swelling pressure by 

about 67% and 21% from its un-stabilised counterparts (Yadu et al., 2013). The Swell 

values achieved for all ASS samples with the addition of 11.75%GGBS and 11.75% 

recycled plastic waste in a mixture are acceptable and usable in road construction as 

subgrade materials. According to standard practice, subgrade swell >2.5% are 

unacceptable and would require treatment or removal and replacement (Troy, 2016).  

 

As part of the commitment of many countries to reduce greenhouse gas emissions. 

Using GGBS and recycled plastic waste as binders to partially replace cement and 

lime in subgrade stabilisation would reduce construction costs, greenhouse gas 

emissions and the environmental effect associated with landfills. GGBS can be utilised 

as an alternative to reduce the construction cost of the road, particularly in the rural 

areas of developing countries (Prasad et al., 2019). Partially replacing Portland 

cement with recycled waste plastic, this design may have the potential to contribute to 

reduced carbon emissions (Schaefer et al., 2017). Plastics are one of the leading 

waste materials found suitable for the purpose of subgrade stabilisation. They reduce 

the cost of stabilisation at a large rate and using plastic for this purpose simultaneously 

solves the challenge of improper plastic recycling (Kassa et al., 2020). Using recycled 

materials is a key element in generating sustainable pavement designs to save natural 

resources, and reduce energy, greenhouse gas emission and costs (Zhao et al., 

2021). Figure 5.32 shows 4 days swell values at the various points of the curve for 

sustainable treated ASS and soaked CBR for comparison. 
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Figure 5.30: swell results for ASS samples treated using 11.75% GGBS and 11.75% recycled plastic 

 

 

Figure 5.31: combined results of treated and untreated ASS materials 
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Figure 5.32: 4 days swell values for sustainable treated ASS and soaked CBR 
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5.3.8 Variation in Swell Using GGBS and Recycled Glass In Accordance with 

BS EN 13286-47:2021 

A reduction in swell potential was observed for ASS materials treated using 11.75% 

GGBS and 11.75 recycled glass as partial replacements for cement and lime in the 

mix. The highest swell value of 0.56% for ASS2 at end of day 4 and the lowest swell 

value was recorded for ASS1 at 0.40% at the end of day 4. A gradual increase in swell 

values was observed from day 1 to day 4 with small values of 0.50% for ASS1 after 7 

days of curing, and 0.40% for ASS1 after 28 days of curing all on day 4. ASS2 recorded 

swell values of 0.56% and 0.40% after day 7 and 28 days of curing at room 

temperature of 20± 2°C. After comparing untreated ASS samples with samples 

treated with GGBS and recycled glass, it was observed that ASS values recorded for 

treated ASS materials are below the limit line making them suitable for use as 

subgrade materials in road construction. Figure 5.33 shows swell results for ASS 

samples treated using 11.75% GGBS and 11.75% recycled glass as partial 

replacement for cement and lime in the mix. Figure 5.34 shows combined results of 

treated and untreated ASS materials for comparison purposes. 

 

Stabilising ASS materials using 11.75% GGBS and 11.75% recycled glass yielded 

improved swell results usable in road construction. After the swell test, ASS2 (high 

bentonite content after 7 days of curing recorded the highest swell value of 0.56% and 

ASS2 after 28 days recorded a swell value of 0.50%. ASS1 with less bentonite content 

observed the lowest swell value of 0.41% after 28 days of curing. This shows a 

reduction in swell value with an increase in curing age observed for ASS samples. 

Comparing the swell values with untreated ASS samples shows that, ASS samples 

treated using GGBS and recycled glass waste recorded low swell. The reduction in 

swell values observed could be attributed to the formation of some small amount of C-

S-H gel with the addition of GGBS in the mix because glass does not chemically react 

with other binders to form C-S-H gel responsible for strength gain and swell reduction. 

GGBS are rich in calcium, the main reaction product of C-S-H gel responsible for 

strength development and a reduction in swell (Sasui et al., 2019). It was found that 

the presence of GGBS in the mixes significantly increased the compressive strength 

of geopolymer (Saludung et al., 2018).  
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Swell values for ASS materials stabilised using GGBS and Recycled Glass Waste 

were compared with untreated ASS materials and the results of low swell values for 

treated ASS samples were acceptable for use in road construction. It was observed 

that the swell values achieved corresponded with CBR values with respect to curing 

ages. The highest swell value of 0.56% for ASS2 after 7 days of curing recorded a 

soaked CBR value of 31% and ASS2 after 28 days with a swell value of 0.50% 

recorded the lowest CBR value of 46%. ASS1 with the lowest swell value of 0.39% 

recorded the highest soaked CBR value of 72%. This shows that the highest swell 

values recorded the lowest CBR values and the lowest swell recorded the highest 

CBR value, respectively. Adding GGBS to glass significantly improved the engineering 

properties of ASS materials. GGBS contain high amounts of C-S-H gel responsible for 

the swell reduction in the expansive subgrade. The Swell values achieved for all ASS 

samples with the addition of 11.75%GGBS and 11.75% recycled glass waste in a 

mixture are acceptable for use in road construction as subgrade materials. According 

to standard practice (Troy, 2016), subgrade swell >2.5% are unacceptable and would 

require treatment or removal and replacement (Troy, 2016).  

 

As part of the commitment of many countries to reduce greenhouse gas emissions. 

Using GGBS and recycled glass waste as binders to partially replace cement and lime 

in subgrade stabilisation would reduce construction costs, greenhouse gas emissions 

and the environmental effect associated with landfills. GGBS was used as an 

alternative to reduce road construction costs (Prasad, et al., 2019). Using glass waste 

normally dumped in landfills would reduce greenhouse gas emissions and the 

environmental effect emanating from glass landfills. Using glass produced from 

recycled glass reduced related air pollution by 20% and related water pollution by 50% 

and reduced the space in landfills (Worldwide Fund for Nature, 2021). The use of 

recycled materials is a key element in generating sustainable pavement designs to 

save natural resources, and reduce energy, greenhouse gas emission and costs 

(Zhao et al., 2021). Figure 5.35 shows 4 days swell values at the various points of the 

curve for sustainable treated ASS and soaked CBR for comparison. 
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Figure 5.33: swell results for ASS samples treated using 11.75% GGBS and 11.75% recycled glass 
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Figure 5.34: combined results of treated and untreated ASS materials 
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Figure 5.35: 4 days swell values for sustainable treated ASS and soaked CBR 
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5.3.9 Variation in Swell Using GGBS and Brick Dust Waste (BDW) In 

Accordance with BS EN 13286-47:2021 

A reduction in swell potential was observed for ASS materials treated using 11.75% 

GGBS and 11.75 BDW as partial replacement for cement and lime in the mix. The 

highest swell value of 0.54% for ASS2 at the end of day 4 and the lowest swell value 

was recorded for ASS1 at 0.49 at the end of day 4. A gradual increase in swell values 

was observed from day 1 to day 4 with swell values of 0.51% for ASS1 after 7 days of 

curing, and 0.52% for ASS1 after 28 days of curing all on day 4. ASS2 recorded swell 

values of 0.54% and 0.49% after day 7 and 28 days of curing at room temperature of 

20± 2°C. After comparing untreated ASS samples with samples treated with GGBS 

and recycled BDW, it was observed that ASS values recorded for treated ASS 

materials are below the limit line making them suitable for use as subgrade materials 

in road construction. Figure 5.36 shows swell results for ASS samples treated using 

11.75% GGBS and 11.75% recycled BDW as partial replacement for cement and lime 

in the mix. Figure 5.37 Shows combined results of treated and untreated ASS 

materials for comparison purposes. 

 

GGBS and BDW proportions of 11.75% GGBS and 11.75% BDW were used as 

binders in ASS materials and the swell results obtained were good for use in road 

construction. ASS2 (high bentonite content after 7 days of curing recorded the highest 

swell value of 0.54% and ASS2 after 28 days recorded a swell value of 0.49%. ASS1 

with less bentonite content observed the lowest swell value of 0.42% after 28 days of 

curing. This shows a reduction in swell value with an increase in curing age observed 

for ASS samples. Comparing the swell values with untreated ASS samples shows 

that, ASS samples treated using GGBS and BDW recorded low swell. The reduction 

in swell values observed could be attributed to the formation of some small amount of 

C-S-H gel with the addition of GGBS and BDW in the mix GGBS are highly 

cementations and high in strength enhancing compounds calcium silicate hydrate (C-

S-H) which improves strength and durability in a mix. BDW are pozzolanic materials 

that form C-S-H gel responsible for strength gain in a mixture. GGBS is high in calcium 

and forms C-S-H gel during the hydration process for strength gain in a mixture. It was 

found that the addition of brick dust increased the soil strength between 1.7-2.3 times 

with respect to the non-stabilised materials (Hidalgo et al., 2019). Pozzolanic reaction 

is responsible for the formation of C-S-H and C-A-H gel due to the presence of BDW 
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in the mixture, which acted as a binding agent responsible for strength gain and high 

CBR value of the subgrade materials.  

 

Pozzolans are materials (such as BDW) that contain alumina/silica which reacts to 

form new compounds (Calcium silicate hydrate (C-S-H) and Calcium aluminium 

hydrates (C-A-H) when lime is added and have the ability to modify the properties of 

a lime mixture (Rogers, 2011). BDW exhibits pozzolanic properties which can be used 

as cement replacement in road subgrade stabilisation (Kartini et al., 2012). GGBS are 

highly cementations and high in strength-enhancing compounds calcium silicate 

hydrate (C-S-H) which improves strength and durability in a mix. Studies have shown 

that the higher the amount of GGBS blend, the greater the hydraulic activity (Hewlett, 

2003). GGBS are highly cementations and high in strength-enhancing compounds 

calcium silicate hydrate (C-S-H), which improves strength and durability in a mix. 

Studies have shown that the higher the amount of GGBS blend, the greater the 

hydraulic activity (Hewlett, 2003). After comparing treated ASS swell values using 

GGBS and BDW as binders with untreated ASS swell, it was observed that treated 

ASS using GGBS and BDW recorded very low swell values usable in road 

construction. It was observed that the swell values achieved corresponded with CBR 

values with respect to curing ages. The highest swell value of 0.54% for ASS2 after 7 

days of curing recorded the lowest soaked CBR value of 16% and ASS2 after 28 days 

with a swell value of 0.49% recorded the lowest CBR value of 24%. ASS1 with the 

lowest swell value of 0.42% recorded the highest soaked CBR value of 97%.  

 

This shows that the highest swell values recorded the lowest CBR values and the 

lowest swell recorded the highest CBR value respectively. All swell values achieved 

for ASS samples with the addition of 11.75%GGBS and 11.75% BDW in a mixture are 

< 2.5% and acceptable for use as subgrade materials in road construction. Any swell 

>2.5% is unacceptable and would require treatment or removal and replacement 

(Troy, 2016). As part of the commitment of many countries to reduce greenhouse gas 

emissions, the environmental effect associated with landfills and overall road 

construction costs, GGBS and BDW can be used as binders to partially replace 

cement and lime in subgrade stabilisation (Prasad et al., 2019). The use of GGBS 

binders at high volumes as supplementary cementitious materials are good from the 

environmental point of view; hence, the higher the amount of GGBS used in replacing 
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cement in soil stabilisation the lesser the carbon footprint (Onn et al., 2019). The 

addition of brick dust resulted in an increase in the soil strength and its suitable 

materials for use in practical applications in construction (Hidalgo et al., 2019). Using 

brick waste as binders in place of cement and lime in subgrade stabilisation will help 

reduce the greenhouse gas emitted to the atmosphere due to cement and lime 

production as well as reduce the environmental effect associated with a brick stockpile 

and landfill. According to the World Health Organisation (WHO) 2021 report on climate 

change in the Western Pacific, it is estimated that climate change will cause an 

additional 250,000 deaths annually between 2030 to 2050. However, countries are 

committing to net-zero emissions by 2050, and about half of emission cuts must be in 

place by 2030 to keep global warming below 1.5℃ (The United Nations, 2021). Figure 

5.38 4 days swell values for sustainable treated ASS and soaked CBR. 

 
Figure 5.36: Swell results for ASS samples treated using 11.75% GGBS and 11.75% BDW 
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Figure 5.37: Combined results of treated and untreated ASS materials for comparison purposes 
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Figure 5.38: 4 days swell values for sustainable treated ASS and soaked CBR 
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5.4 Swell test in accordance with BS EN 13286-49:2004  

Swell conducted using BS EN 13286-49:2004 shows that ASS materials began to 

swell after day 1 and ASS1 continue to swell until day 14 where no further swell was 

observed till the end of 28 days. ASS2 continues to swell until day 3 with a slight 

reduction in swell on day 4 and a rise in swell on day 5 until no further swell was 

recorded till the end of 28 days. The highest swell percentage of 56.76% was recorded 

for ASS2 (75% Bentonite and 25% Kaolinite) and the lowest swell percentage of 

35.92% for ASS1 (25% Bentonite and 75% Kaolinite) all after 28 days of curing. 

 

ASS materials began to swell after day 1 and ASS1 continue to swell until day 14 when 

no further swell was observed until day 28. ASS2 continues to swell until day 3 with a 

slight reduction in swell on day 4 and a rise in swell on day 5 until no further swell was 

recorded until day 28. The highest swell percentage of 56.76% was recorded for ASS2 

(75% Bentonite and 25% Kaolinite) and the lowest swell percentage of 35.92% for 

ASS1 (25% Bentonite and 75% Kaolinite) whiles ASS2. The swelling potential of ASS 

reduced drastically from 56.76% for untreated ASS2 (75% Bentonite and 25% 

Kaolinite) to 0.2% after treating ASS materials using cement and lime. The lowest 

swell value of 0.04% was recorded for ASS1 compared with ASS2. However, a swell 

value of 0.2% recorded for ASS2 was the highest recorded for treated ASS samples. 

Swell values recorded for treated ASS materials in this research fall below the 

unacceptable 2.5% swell limit. Hence, all treated ASS materials in the study meet the 

standard for use as subgrade materials in road construction. 

 

This indicates a high swell with an increase in bentonite content and proves that 

extremely high and high plasticity subgrade materials exhibit very high swell potentials. 

Swell results achieved for BS EN 13286-47:2021 and BS EN 13286-49:2004 do not 

meet the standard for use as subgrade material. According to standard practice, 

subgrade swell >2.5% are unacceptable and would require treatment or removal and 

replacement (Troy, 2016). Diman et al. (2008) state that bentonites are known to have 

very high swelling pressures. Sodium bentonite clays are widely known for their high 

swelling characteristics. A typical sodium bentonite clay has the ability to absorb 4-5 

times its own weight in water and can swell 5-15 times its dry volume at full-unconfined 

saturation (ASTM D5890).  
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Bentonite clays have high swelling capacity in low electrolyte water solutions i.e the 

bentonite swell in water to a volume several times the original dry clay volume (Oy et 

al., 1998). Bentonite absorbs water to a greater extent than any other ordinary plastic 

clay consequently, it swells depending on the change in its moisture content (Diman 

et al., 2008). Bentonite has low hydraulic conductivity and high swelling capacity (Wan 

et al., 2020). A high CBR value was observed for ASS2 (extremely high plasticity) 

composed of high bentonite content even though it recorded the shiest swell potential. 

However, the swell and CBR values obtained for ASS1 and 2 are unsuitable for road 

construction. Swell values for all ASS materials after 4 and 28 days of soaking were 

greater than 2.5% making them unacceptable for use as road subgrade in road 

construction and will require modification or re-engineering. Figure 5.39 shows swell 

results for untreated ASS materials after 28 days. Figure 5.40 shows swell results  for 

treated ASS materials after 28 days and Figure 5.41 shows the combined swell results 

for untreated and treated ASS materials after 28 days for easy comparison.  

 

 
Figure 5.39: Swell results for untreated ASS materials after 28 days 
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Figure 5.40: Swell results for treated ASS materials after 28 days 

 

 
Figure 5.41: Combined swell results for untreated and treated ASS materials after 28 days 

 

5.5 DURABILITY TEST - WETTING-DRYING CYCLE  

A reduction in CBR values was observed for all subgrade samples both wet and dry 

with extremely high CBR values recorded for dry samples. ASS1 + 2%Lime + 2.5% 

Cement + 23.5%GGBS after 28 days recorded the highest dry CBR values of 230% 

and a lowest CBR value of 70%. Wet samples recorded the highest CBR value of  
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180% and a lowest CBR value of 52%. ASS2 + 2%Lime + 2.5% Cement + 

23.5%GGBS after 28 days recorded the highest dry CBR values of 200%, and a lowest 

CBR value of 43%. Wet CBR values recorded include 100%, 83%, 70%, 56%, 43%, 

42%, 33%, 29%, 27% and 23%. ASS1 + 2%Lime + 2.5% Cement + 11.75%GGBS + 

11.75%BDW after 28 days recorded dry CBR values of 190%, 180%, 110%, 98%, 

93%, 88%, 79%, 70%, 69% and 58%. Wet CBR recorded 120%, 89%, 88%, 83%, 

78%, 69%, 58%, 46%, 39% and 16%. ASS2 + 2%Lime + 2.5% Cement + 

11.75%GGBS + 11.75%BDW) after 28 days recorded dry CBR values of 84%, 79%, 

70%, 66%, 58%, 45%, 38%, 33%, 23% and 19%. Wetting sample recorded CBR 

values of 79%, 67%, 52%, 51%, 45%, 38%, 33%, 27%, 19% and 15%. The mass of 

wet samples was greater compared to the mass of dry samples. However, a gradual 

reduction in mass was observed for both wetting and drying samples as cycle number 

increased. Figure 5.42 - Figure 5.45 shows CBR results for subgrade materials after 

the wetting-drying cycle test. Figure 5.46 - Figure 5.49 shows the results of mass for 

wetting-drying samples. 

 

After the conducting wetting-drying cycle on subgrade samples, deeper cracks were 

observed for ASS2 (extremely high plasticity index) composed of a high percentage 

(75%) of bentonite compared to ASS1 (25% bentonite). This was due to the high 

shrinkage potential because of the high amount of bentonite content in the mix. Weight 

loss in the samples was observed for all mix designs as the number of cycles 

increased (Harichane et al., 2010). The significant loss in mass of the samples was 

observed from cycles 3 through to cycle 10 for both wet and dry samples. This weight 

loss was a result of the sample eroding and falling off due to repeated wetting and 

drying causing the binders to weaken leading to the disintegration of the subgrade 

particles. Binders used in subgrade stabilisation disintegrate and losses their binding 

ability to hold soil particles together when exposed to extreme heat. According to 

Zihms et al. (2013), high temperature affects mass loss of soil leading to a decrease 

in particle size with increasing heat. A drastic drop in sample mass after oven drying 

was observed. However, during the wetting process (soaking) the samples regained 

some weight due to water filling the air voids in the samples and water is denser than 

air. The occurrence of mass loss was due to the evaporation of moisture out of the 

sample during oven drying at 71± 3℃ creating cracks and air voids within the sample 

hence reducing the mass of the sample (Tu et al., 2022).  
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Cracking after different numbers of wetting-drying cycles was obtained in the subgrade 

(Tu et al., 2022). According to the British Lime Association, (2015), more moisture loss 

was observed through evaporation due to heat in soil stabilisation using cement, lime 

and GGBS. There are two stages of cracks at the end of the drying process of high 

plasticity index subgrade: The stage of rapid growth and the stage of study state, these 

stages affect the strength of the soil and reduced soil mass (Tu et al., 2022). This is 

what happens to naturally existing high plasticity index subgrade materials when they 

come under extremely high temperatures, especially in tropical areas. When oven-dry 

samples were submerged in water during the wetting cycle process, water quickly 

occupied the air voids expelling the air from within the sample hence increasing the 

mass of the sample because water is denser than air. The bearing capacity (CBR) of 

the subgrade samples began to decrease with an increase in the number of cycles. 

This observation confirms the findings by Hu et al. (2019), which state that subjecting 

soil to wetting-drying cycles caused the decrease in soil strength. The CBR value of 

ASS2 (extremely high plasticity index) composed of a high percentage (75%) of 

bentonite was less compared to ASS1 (25% bentonite). 

 

The reduction in CBR values was observed for all subgrade samples with an increase 

in wetting-drying cycles. The reduction in CBR value as wetting-drying increases could 

be attributed to the repeated swelling and shrinkage due to the wetting-drying cycle 

process resulting in weakness within the core of the samples (Hu et al., 2019). Very 

high CBR values more than twice as high compared with wet samples were recorded 

for dry cycle samples. The extremely high CBR observed in dry cycles was due to the 

ability of highly plasticity index soil (clay) to harden when they come in contact with 

elevated temperatures. This occurrence could be observed during the process of pot 

making. The early people discovered in the 29,000 – 25,000BC that clay becomes 

hard and maintains its shape when mixed with water and cooked in fire (Lesley, 2022). 

When clay comes in contact with high heat, it undergoes major physical and chemical 

changes where the clay change from soluble clay to hard insoluble ceramic (Lesley, 

2022). The hardening of the clay (high plasticity index soil) increased the bearing 

capacity (CBR) of the soil, hence, the high CBR values were recorded for drying-cycle 

samples. The low CBR values recorded for wet-cycle samples compared with dry-

cycle samples could be due to the fact that high plasticity index (clay) is weak when 
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they come in contact with water. Overall, the CBR values recorded for ASS2 

(extremely high plasticity index) were lower compared with ASS1.  

 

This was due to the high amount of bentonite content in the mix making it expansive 

and weak in compression. Subgrade materials with high bentonite content have low 

CBR values and subgrade mix design composed of high GGBS content (23.5%) 

recorded the highest CBR values for the wetting-drying cycle test making it the best 

performing mix for the wetting-drying test. The high CBR values achieved with the 

addition of high amounts of GGBS in the mix. GGBS are rich in calcium, the main 

reaction product of Calcium Silicate Hydrate (CSH) gel responsible for strength gain 

in a mix. GGBS are highly cementitious and high in strength-enhancing compounds 

(Roger, 2011). Studies have shown that the higher the amount of GGBS blend the 

greater the strength and durability of the mix (Hewlett, 2003). This shows that 

subgrade material treated using a high amount of GGBS (23.5%) as binder can 

withstand a large number of wetting-drying cycles and still maintain very high CBR 

values required for use in road construction. The addition of an equal proportion of 

GGBS and BDW exhibited good CBR values usable in road construction at the end of 

the wetting-drying cycle testing process. Brick Dust Waste (BDW) are pozzolanic 

materials that can form CSH gel to increase strength in a mix.  

 

It was found that the addition of brick dust increased soil strength between 1.7 - 2.3 

times (Hidalgo et al., 2019). Pozzolanic materials like BDW contain alumina/silica 

which reacts to form new compounds (calcium silicate hydrate (CSH) and calcium 

aluminium hydrate (CAH) gel when lime is added (Roger, 2011). According to 

According to The Constructor Building Ideas (TCBI), (2021), subgrades with CBR 

value < 2% are unsuitable for use in road construction and would require modification 

or re-engineering. The results show that CBR values achieved for all subgrade 

samples after the wetting-drying cycles test are very good and greater than 2% making 

them suitable for use in road construction. Hence, expansive subgrade materials 

treated with GGBS and BDW are highly durable and can withstand harsh weather 

conduction without losing their strength. Figure 5.42 - Figure 5.45 Wetting-drying cycle 

results for ASS1 and 2. Figure 5.46 - Figure 5.49 shows sample mass for ASS1 and 

2. Figure 5.50 - Figure 5.52 shows oven dry sample exhibiting cracks similar to a 

typical existing naturally dry expansive. Loose subgrade particles as a result of the 
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disintegration of binders due to high temperature. Air bubbles coming from cracks due 

to water filling the air voids during the wetting process immediately after oven drying 

and eroded subgrade sample due to cyclic wetting. 

 
Figure 5.42: Wetting-drying cycle results for subgrade 1 composed of GGBS after 28 days of curing 
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Figure 5.43: Wetting-drying cycle results for subgrade 2 composed of GGBS after 28 days of curing 

 

 
Figure 5.44: Wetting-drying cycle results for subgrade 1 composed of GGBS and BDW after 28 days of curing 

 
Figure 5.45: Wetting-drying cycle results for subgrade 2 composed of GGBS and BDW after 28 days of curing 
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Figure 5.46: Sample mass for subgrade 1 composed of GGBS after 28 days of curing 

 

 

 
Figure 5.47: Sample mass for subgrade 2 composed of GGBS after 28 days of curing 
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Figure 5.48: Sample mass for subgrade 1 composed of GGBS and BDW after 28 days of curing 

 

 
Figure 5.49: Sample mass for subgrade 2 composed of GGBS and BDW after 28 days of curing 
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Figure 5.50: Oven dry sample exhibiting cracks 

similar to a typical existing naturally dry 
expansive 

Figure 5.51: Loose subgrade particles as a result of 
the disintegration of binders due to high temperature 

Figure 5.52: Eroded subgrade sample due to cyclic 
wetting 
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5.6 MICROSTRUCTURAL PROPERTIES  

In this study, the SEM images and EDX results (Figure 5.55 - Figure 5.58 and 

Appendix 7.5 SEM and EDX) for treated ASS samples show the formation of calcium 

silicate hydrate (C-S-H) gel and calcium aluminate hydrate (C-A-H) gel with an 

increase in curing age. A clear presence of high Ca-Si-Al elements responsible for the 

formation of tobermorite gel was observed from the SEM Map for the various chemical 

compositions in different areas of the ASS materials. At the end of 7 days of curing, 

ASS1 and ASS2 were treated using 8% lime + 20% cement recorded with the 

formation of 16.21% Calcium and 21.96% Calcium respectively. All ASS Samples 

cured for 28 days exhibited a very high presence of C-S-H and C-A-H gel. At the end 

of 28 days of curing ASS1 and ASS2 treated using 8% lime + 20% cement, the 

formation of 16.21% Calcium observed after 7 days for ASS1 increased to 24.75%, 

and 21.96% Calcium formed in 7 days for ASS2 increased to 33.08% respectively. 

The highest Calcium of 44.87% was recorded for ASS1 + 2%Lime + 2.5%cement + 

11.75%GGBS +11.75%BDW after 28 days of curing and the lowest Calcium of 2.77% 

was observed for ASS1 + 2%Lime + 2.5%cement + 11.75%GGBS +11.75%Plastic 

after 7 days of curing.  

 

ASS1 + 2%Lime + 2.5%cement + 23.5% Glass after 7 days of curing recorded the 

highest Silicon of 50.28%. the lowest Silicon of 4.54% was observed for ASS1 + 

2%Lime + 2.5%cement + 11.75%GGBS + 11.75%BDW after 7 days curing. ASS1 + 

2%Lime + 2.5%cement + 23.5%Plastic after 28 days of curing also recorded the 

highest Aluminium of 26.76%. ASS1 + 2%Lime + 2.5%cement + 11.75%GGBS 

+11.75%Glass and ASS2 + 2%Lime + 2.5%cement + 23.5% BDW after 28 days of 

curing recorded the lowest Aluminium of 2.34%. Figure 5.53 shows detailed results of 

calcium silicon and aluminium oxides for treated ASS materials. Figure 5.54  shows 

ASS samples with dark green colour formed during the hydration process to produce 

C-S-H gel responsible for strength gain.  Figure 5.55 – Figure 5.58 and Appendix 7.5 

SEM and EDX shows detailed results of SEM images and EDX results for treated ASS 

samples at various points of the sample after 7 and 28 days of curing ages. The best 

performing mixes after 90 days curing ASS1 + 2%Lime + 2.5%cement + 11.75%GGBS 

+ 11.75% BDW and ASS + 2%Lime + 2.5%cement + 23.5%GGBS recorded 26.09% 

Calcium, 22.13% Silicon and 12.57% Aluminium. ASS2 + 2%Lime + 2.5%cement + 

11.75%GGBS + 11.75%BDW and ASS + 2%Lime + 2.5%cement + 23.5% GGBS 
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recorded 12.28% Calcium, 40.06% Silicon and 20.52%. Samples without cement 

(ASS1 + 2%Lime + 26%GGBS recorded Calcium 11.16% Silicon 34.12% and 

Aluminium 29.41%. Further details for ASS+2%Lime+2.5%Cement+23.5%GGBS and 

more can be found in Figure 5.55 – Figure 5.58 and Appendix 7.5 SEM and EDX. 

 

High Ca-Si-Al, which is the main ingredient for the formation of C-S-H gel responsible 

for strength development, was observed in all ASS materials with an increase in curing 

age. The continuous formation of C-S-H gel with an increase in curing age within a 

pore structure can contribute to strength development in a mix, the higher the C-S-H 

gel the high the strength in the samples (Abbey et al., 2020). The highest calcium (Ca) 

oxide was found in mix design with high GGBS and BDW content (2% lime + 2.5% 

cement + 11.75% GGBS + 11.75% BDW) after 28 days of curing. The high formation 

of Ca in this mix was due to the presence of GGBS rich in Calcium and BDW 

pozzolanic materials. These two binders with a high ability to form C-S-H gel coming 

together in a mixture after a long curing period recorded the highest CBR value of 

109% and very low swell values in this research due to the high C-S-H gel found in 

the mix. The SEM micrograph and XRD results show that the formation of C-S-H gel 

became prominent as GGBS increased (Saludung et al., 2018). BDW are pozzolanic 

materials that form C-S-H gel responsible for strength gain in a mixture. GGBS is high 

in calcium and forms C-S-H gel during the hydration process for strength gain in a 

mixture (Hidalgo et al., 2019). GGBS are rich in calcium, the main reaction product of 

C-S-H gel responsible for strength development (Sasui et al., 2019).  

 

Soaked CBR values increased by about 400% and 28% with the addition of an 

optimum amount of GGBS (Yadu et al., 2013). Pozzolans are materials such as BDW 

that contain alumina/silica which reacts to form new compounds (Calcium Silicate 

Hydrate and Calcium Aluminium Hydrates when lime is added and have the ability to 

modify the properties of a lime mixture (Rogers, 2011). Brick Dust Waste (BDW) 

exhibits pozzolanic properties, which can be used as cement replacement in road 

subgrade stabilisation (Kartini et al., 2012). GGBS are highly cementations and high 

in strength-enhancing compounds which improve strength and durability in a mix. 

Studies have shown that the higher the amount of GGBS blend, the greater the 

hydraulic activity (Hewlett, 2003). Although the formation of high C-S-H gel although 

good can harm the sample under high temperature. Therefore, too much formation of 
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C-S-H may harm the structure of the specimen at high temperatures due to 

decomposition (Saludung et al., 2018).  

 

The highest Silicon (Si) was recorded for mix design with very high glass content (2% 

lime + 2.5% cement + 23.5% Glass) after 7 days of curing. this observation of high 

silicon in mixtures with high glass content can be attributed to the high silicon content 

in glass. Silicon dioxides (SiO2) are a common fundamental constituent of glass 

because glass is made from chemically-pure silica (Chawla et al., 1993). High silicon 

oxide often refers to high purity silica glass (Wang et al., 2011). High Aluminum (Al) 

oxide was recorded for mix design with very high glass content (2% lime + 2.5% 

cement + 23.5% Plastic) after 28 days of curing. The formation of aluminium in the mix 

could be due to the hydration process of cement and lime. Furthermore, aluminium 

oxides are formed during cement and lime hydration to generate calcium carbonate 

hydrate (Zhang et al., 2011). The reasonably high Magnesium Oxide (MgO) content 

in GGBS also contributed to high strength in the mix with an increase in curing age. It 

was observed that ASS1 2% Lime + 2.5% Cement + 23.5% GGBS after 7 days of 

curing recorded Mg of 1.49%. Mg increased up to 4.74% at a later curing age of 28 

days.  

 

Extremely high plasticity subgrade ASS2 2% Lime + 2.5% Cement + 23.5% GGBS 

after 7 days of curing recorded Mg of 0.66% which later increase to 3.69%. this shows 

that ASS2 (extremely high plasticity) recorded lower Mg at 7 and 28 days compared 

with ASS1 (high plasticity). This shows that Mg decreases with an increase in plasticity 

index. GGBS-MgO stabilised soil could gain higher unconfined compressive strength 

relative to the Portland cement stabilised soils (Yi et al., 2012). MgO acts as an 

effective alkali activator of GGBS, achieving higher 28-day compressive strength (Yi 

et al., 2014). Although higher carbon was recorded for other mixtures, the high carbon 

oxide (C) found in mixtures containing recycled plastic could be due to the plastic 

content in the mix because plastics are basically full of carbon. High carbon oxides (C) 

were found in the mixtures containing high plastic content and the carbon oxide 

increased with an increase in curing age. ASS1 2% Lime + 2.5% Cement + 23.5% 

Plastic after 7 days of curing recorded C of 19.82% and later increased to 21.71% 

after 28 days of curing. how carbon content was observed for ASS2 (extremely high 

plasticity) with a slight increase with increase in curing age. ASS2 2% Lime + 2.5% 
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Cement + 23.5% Plastic after 7 days recorded carbon of 5.06% and later increased to 

18.1% after 28 days of curing. Plastics are carbon more specifically because almost 

all plastics are fossil carbon locked up in polymer form (Zhu et al., 2021).  

 

The high CSH gel formation observed for the best performing mixes composed of 

GGBS and BDW was due to the formation of high calcium, Silica and Aluminium found 

in the mix. The high strength of samples without cement composed of high GGBS 

content and a small amount of lime shows that GGBS and lime only can be used in 

subgrade stabilisation to improve their engineering properties. During the laboratory 

test, an obvious dark green colour change was observed in ASS samples containing 

GGBS with very high CBR and low swell values. About 90% of the sample changed 

to dark green with increased GGBS content and curing age. After investigating this 

colour reaction (SEM and EDX analysis) it was confirmed that the dark green 

emanates from carbonation due to the formation of carbon minerals or C-S-H gel 

during the hydration process. It was observed that the more the dark green colour the 

higher the CBR value. 
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Figure 5.53: Ca, Si, Al responsible for strength gain 
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Figure 5.54: ASS samples with dark green colour formed during the hydration process to produce C-S-H gel responsible for strength gain 
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Figure 5.55: SEM image and EDX results for ASS1 + 8% lime + 20% cement after 7 days of curing 

  
Figure 5.56: SEM image and EDX results for ASS1+ 8% lime + 20% cement after 28 days of curing 

 
 

Figure 5.57: SEM image and EDX results for ASS2 + 8% lime + 20% cement after 7 days of curing 

  
Figure 5.58: SEM image and EDX results for ASS2+ 8% lime + 20% cement after 28 days of curing 
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5.7 ROAD PAVEMENT THICKNESS AND CONSTRUCTION DEPTH 

OPTIMISATION  

5.7.1 Variation in Pavement Thickness and Construction Depth 

5.7.1.1 Un-soaked Treated and Untreated ASS Materials 

Pavement thickness optimisation was conducted for treated and un-soaked ASS 

materials after 7 and 28 days of curing and untreated ASS materials shows a reduction 

in road pavement thickness with an increase in CBR value for all ASS samples. An 

increase in pavement thickness was observed when traffic loads increased from light, 

medium to heavy traffic for all ASS materials. It was observed that CBR values for all 

ASS samples are greater than 2% making them suitable for use as subgrade materials 

in road construction. Road construction depth optimisation conducted for treated-un-

soaked ASS materials after 7 and 28 days of curing and untreated ASS materials 

shows a reduction in road construction depth with an increase in CBR value for all 

ASS samples. An increase in construction depth was observed when traffic load 

increased for light, medium to heavy traffic for all ASS materials. It was observed that 

CBR values for all un-soaked ASS samples are greater than 2% making their depth of 

construction accepted for use in road construction. ASS samples with a CBR value of 

8% recorded the deepest depth of construction of 205mm, 240mm and 400mm for 

light, medium and heavy traffic loads. 

 

After conducting road pavement thickness and construction depth optimisation using 

CBR values achieved in this study, a reduction in road pavement thickness and depth 

of construction with an increase in CBR value was observed. Hence the higher the 

CBR value the thinner the pavement thickness and the shallower the depth of 

construction. A significant difference in pavement thickness and depth of construction 

was observed between using the lowest and the highest CBR value and between light 

and heavy traffic types. 19% increase in CBR value reflected in a reduction in the 

overall thickness and life cycle cost of a road in Uganda (Melling et al., 2017). 

According to the Constructor Building Ideas, (2021), pavement thickness is 

determined by the subgrade strength and it's good to make the subgrade as strong as 

possible. Pavements are built to a set thickness dependent only on the subgrade 

quality, being independent of anticipated traffic (Dawson et al., 2008). It was more 

economical to design road pavement for the existing subgrade capacity than to import 
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or raise the subgrade support by using an extra-thicker subbase (Li et al., 1964). It 

was observed that heavy traffic load requires thicker pavement to be able to carry 

traffic load and light traffic load requires thinner pavement.  

 

This is to ensure the road pavement withstands deformation and can sustain the 

weight of heavy traffic during its design life. Pavement design involves determining a 

pavement thickness that can sustain the heaviest traffic load over an extended design 

life without additional structure (National Asphalt Pavement Association, 2019). Nunn 

et al. (1997), road pavements are designed for predicted levels of traffic to control 

deterioration due to the accumulation of small amounts of damage caused by the 

passage of each vehicle. Pavement with less than about 180mm of asphalt deforms 

at a high rate but thicker pavement deforms at a lesser rate (Nunn et al., 1997). 

Untreated un-soaked ASS samples with a CBR of 8% for ASA 1 and 9% for ASS2 

recorded thicker pavement and construction depth. After treating ASS materials using 

cement and lime (Control), CBR value shot up to 80% and 96% for ASS1 after 7 and 

28 days of curing due to the formation of C-S-H gel responsible for strength gain. This 

translated to a drastic reduction in road pavement and construction depth. 

 

5.7.2 Sustainable Treated – Soaked and Un-soaked CBR 

ASS materials treated using sustainable waste materials also recorded thinner 

pavement thickness with an increase in CBR values at various binder proportions and 

curing ages. ASS1 was treated using 23.5% Brick Dust Waste as a partial replacement 

for cement and lime with a CBR value of 23% after 7 days of curing at room 

temperature of 20± 2°C recorded pavement thickness of 150mm, 170mm and 190mm 

for light, medium and heavy traffic load. Untreated ASS, glass and plastic on their own 

with little cement and lime used as binders to stabilise ASS materials recorded thickest 

pavement of 260mm, 280mm and 320mm for light, medium and heavy traffic. They 

also recorded the deepest construction depth of 205mm, 240mm and 400mm due to 

their low CBR values at the end of 7 and 28 days of curing. Glass and plastic do not 

react with cement and lime to form C-S-H gel to increase CBR in a mixture. However, 

the minimal amount of cement (2.5%) and lime (2%) was responsible for the generally 

low CBR values achieved because no C-H-S gel was formed to increase the strength. 

The acceptable CBR and their resultant pavement thickness for glass and plastic could 
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have been obtained due to the interlocking of the granular (plastic and glass) 

materials.  

 

The very high CBR values achieved for using a high amount of 23.5%GGBS only and 

the addition of 11.75% GGBS to BDW in a mixture record the thinnest pavement 

thickness of 40mm for light, medium and heavy traffic loads and construction depth of 

50mm, 55mm and 80mm for light, medium and heavy traffic. The CBR values are 

expected to increase with the inclusion of brick kiln dust in stabilised soil, helping to 

decrease the design thickness of subgrade and hence decreasing the overall 

construction cost (Mehta et al., 2019). Pavement thickness and construction depth 

began to reduce with the addition of 11.75%GGBS to each mix due to their high 

calcium responsible for the formation of C-S-H gel. GGBS are rich in calcium, the main 

reaction product of C-S-H gel responsible for strength development (Sasui et al., 

2019). Stabilising subgrade using waste materials such as GGBS will increase the 

load-bearing capacity of the subgrade for heavy-wheeled vehicle traffic and reduce 

the cost of pavement (Joshi et al., 2021). All pavement thickness and construction 

depths achieved for un-soaked ASS samples are good and acceptable for use in road 

construction because their CBR values are >2%. According to relevant guidance, such 

as the IAN73/06, CBR values less than 2% are unacceptable for use in road 

construction and would require modification or treatment to improve their engineering 

properties. Soaked ASS samples recorded very low CBR for untreated samples <2% 

making them unacceptable for use in road construction. treated soaked ASS samples 

recorded low CBR even thigh acceptable which translates to thicker pavements and 

deeper construction depth.  

 

Soaked ASS samples treated using 23.5% glass with CBR 3% recorded thicker 

pavement of 450mm, 490, and 540mm for light, medium and heavy traffic loads. It 

also recorded a corresponding construction depth of 350mm, 400mm and 610mm for 

light, medium and heavy traffic loads, respectively. A reduction in the swell was 

observed with a reduction in pavement thickness after comparing pavement thickness 

for soaked ASS samples with their swell values. A similar observation was found for 

depth of construction with deduced corresponding to reduced swell for soaked ASS 

samples. Hence, the higher the swell potentials of subgrade materials the thicker and 

deeper the pavement and vice versa. Lower CBR and swell values are allowed at 
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greater depth as the wheel-load stresses are more widely distributed (O'Flaherty et 

al., 1961). Figure 5.59 shows untreated ASS Swell values against pavement 

thickness. Figure 5.60 shows treated swell values against pavement thickness. Figure 

5.61 shows untreated ASS Swell values against the depth of construction. Figure 5.62 

shows treated swell values against the depth of construction. Further details on ASS1 

treated using 11.75% and 23.5% GGBS, recycled plastic, glass and BDW including 

road pavement thickness optimisation for un-soaked treated and untreated subgrade 

materials in accordance with California state of highways guidance are shown in 

Figure 5.63 - Figure 5.65. 

 

 

Figure 5.59: Untreated ASS Swell values against pavement thickness 
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Figure 5.60: Treated swell values against pavement thickness 

 

 

Figure 5.61: Untreated ASS Swell values against the depth of construction 
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Figure 5.62: Treated swell values against the depth of construction 
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Figure 5.63: Road pavement thickness optimisation for un-soaked treated and untreated subgrade materials 
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Figure 5.64: Road pavement thickness optimisation for un-soaked treated and untreated subgrade materials 
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Figure 5.65: Road pavement thickness optimisation for un-soaked treated and untreated subgrade materials 

 

. More details on subgrade treated using 11.75% and 23.5% GGBS, recycled plastic, 

glass waste and Brick Dust Waste are shown in Figure 5.66 – Figure 5.68. 
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Figure 5.66: Road pavement thickness optimisation for soaked treated and untreated ASS materials 
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Figure 5.67: Road pavement thickness optimisation for soaked treated and untreated ASS materials 
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Figure 5.68: Road pavement thickness optimisation for soaked treated and untreated ASS materials 
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5.8 ROAD CONSTRUCTION DEPTH OPTIMISATION  

5.8.1 Treated and Untreated ASS Materials 

Results for subgrade treated using 11.75% and 23.5% GGBS, recycled glass, plastic 

and BDW are shown in Figure 5.69 - Figure 5.71. 
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Figure 5.69: Road pavement construction depth optimisation for un-soaked treated and untreated ASS materials 
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Figure 5.70: Road pavement construction depth optimisation for un-soaked treated and untreated ASS materials 
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Figure 5.71: Road pavement construction depth optimisation for un-soaked treated and untreated ASS materials 
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Figure 5.72 - Figure 5.74 shows road pavement construction depth optimisation 

soaked treated and untreated ASS materials using 11.75% and 23.5% recycled plastic 

and glass, GGBS and BDW in accordance with California State of Highways guidance 

2021. 
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Figure 5.72: Road pavement construction depth optimisation soaked treated and untreated ASS materials 
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Figure 5.73: Road pavement construction depth optimisation soaked treated and untreated ASS materials 
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Figure 5.74: Road pavement construction depth optimisation soaked treated and untreated ASS materials 

 

5.9 DMRB PAVEMENT DESIGN  

An increase in road pavement thickness was observed with an increase in CBR values 

and design traffic. It was observed that the subbase course of the road pavement 

influences the increase and or reduction of pavement thickness. A slight reduction in 

subbase course thickness was observed as the CBR value increased from 3% to 8% 

however, subbase course thickness remained the same even with a CBR value as 

high as 109%. The thickness of the base and surface course remains the same as 

specified by DMRB standards for the various traffic loads.  

 

Design Manual for Roads and Bridges (DMRB) (2021) road pavement design 

guidance used in this research was to validate the findings in this research that, higher 

CBR translate to thinner pavement. After carrying out DMRB pavement design, a 

reduction in pavement thickness and an increase in CBR values were observed for 

ASS1 and with design traffic 3msa, 8msa, 60msa and 100msa, respectively. increase 

CBR value which will considerably reduce total pavement thickness and hence the 
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total cost of the project (Otoko et al., 2014). 19% increase in CBR value reflected in a 

reduction in the overall thickness and life cycle cost of a road in Uganda (Melling et 

al., 2017). According to the Constructor Building Ideas, (2021), pavement thickness is 

determined by the subgrade strength and it's good to make the subgrade as strong as 

possible. Pavements are built to a set thickness dependent only on the subgrade 

quality, being independent of anticipated traffic (Dawson et al., 2008). only a little 

change in pavement thickness was observed using DMRB in road design compared 

to using other pavement design guidance. This change in pavement thickness was 

mostly due to the change in thickness in the subbase layer.  

 

A significant change in pavement thickness can only be observed for subgrade CBR 

values from 2 - 5% when using DMRB in road pavement design guidance. This is 

because the subbase layer forms a major of the road pavement structure and the class 

3 subbase chart offers the thicker subbase layer only for subgrade CBR values 

between 2 - 10.5% after which subbase thickness remains the same (180mm). Hence, 

no significant change in pavement thickness was observed even with a CBR value of 

100%. The reduction in pavement thickness with an increase in CBR value observed 

using DMRB guidance validates the earlier statement that, high CBR translate to 

thinner pavement. High CBR values were achieved using sustainable waste materials 

in this research recorded thinner pavement thickness. The thickest pavement recorded 

using selected CBR values was 600mm (100msa) with a CBR value of 3% and the 

thinnest was 418mm (3msa) with a CBR value of 109%. Due to the low CBR values 

(5%) a thicker pavement was required to limit the pavement deterioration rate due to 

stresses (Parry et al., 1999). The thickness of asphalt layers is necessary to limit 

stresses and reduce the severity of reflective cracking. Figure 5.75 - Figure 5.76 shows 

detailed results of road pavement designed using DMRB and Figure 5.77 shows a 

summary of DMRB road pavement design using various design traffic and CBR values 

achieved in this study. 
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Figure 5.75: Results of road pavement designed using DMRB for traffic 3msa and 8msa 
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Figure 5.76: Results of road pavement designed using DMRB for traffic 60msa and 100msa 
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ASS1 (25% Bentonite + 75% Kaolinite) High Plasticity 

Flexible 
Pavement 

Layers 
Material 

Thicknes
s (mm) 

Treated 
Curing 
(Days) 

Soaked  
CBR 
(%) 

Design 
Traffic 
(msa) 

Surface 
Course  HRA 130 

  
  
   

  
  

  

  
  
   

  
  

  

  
  

  

Base Course HBM 160 

Subbase CBGM 180 

Subgrade ASS 
 

× × × 8 3 

Total pavement 
thickness 470   

 

 

ASS2 (75% Bentonite + 25% Kaolinite) Extremely High Plasticity 

Flexible 
Pavement 

Layers 
Material 

Thicknes
s (mm) 

Treated 
Curing 
(Days) 

Soaked  
CBR 
(%) 

Design 
Traffic 
(msa) 

Surface 
Course  HRA 130 

  
  
   

  
  

  

  
  
   

  
  

  

  
  

  

Base Course HBM 160 

Subbase CBGM 180 

Subgrade ASS 
 

× × × 9 8 

Total pavement 
thickness 470   

(ASS1+ 2L+2.5C+23.5BDW) High Plasticity 

Flexible 
Pavement 

Layers 
Material 

Thicknes
s (mm) 

Treated 
Curing 
(Days) 

Soaked  
CBR 
(%) 

Design 
Traffic 
(msa) 

Surface 
Course  HRA 180 

  
  
   

  
  

  

  
  
   

  
  

  

  
  

  

Base Course HBM 210 

Subbase CBGM 180 

Subgrade ASS 
 

× × × 23 60 

Total pavement 
thickness 570   

 

(ASS2+ 2L+2.5C+23.5BDW) Extremely High Plasticity 

Flexible 
Pavement 

Layers 
Material  

Thickness 
(mm) 

Treated 
Curing 
(Days) 

Soaked  
CBR 
(%) 

Design 
Traffic 
(msa) 

Surface 
Course  HRA 180 

  
  
     

  
  

  
  
     

  
  

  
  

  

Base 
Course HBM 210 

Subbase CBGM 180 

Subgrade ASS  √ 7 × 14 100 

Total pavement 
thickness 570   
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(ASS1+ 2L+2.5C+23.5GGBS) High Plasticity 

Flexible 
Pavement 

Layers 
Material  

Thickness 
(mm) 

Treated 
Curing 
(Days) 

Soaked  
CBR 
(%) 

Design 
Traffic 
(msa) 

Surface 
Course  HRA 100 

  
  
     

  
  

  
  
     

  
  

  
  

  

Base 
Course HBM 150 

Subbase CBGM 180 

Subgrade ASS 
 

√ 7 × 70 3 

Total pavement 
thickness 430   

 

(ASS2+ 2L+2.5C+23.5GGBS) Extremely High Plasticity 

Flexible 
Pavement 

Layers 
Material  

Thickness 
(mm) 

Treated 
Curing 
(Days) 

Soaked  
CBR 
(%) 

Design 
Traffic 
(msa) 

Surface 
Course  HRA 130 

  
  
     

  
  

  
  
     

  
  

  
  

  

Base 
Course HBM 150 

Subbase CBGM 180 

Subgrade ASS 
 

√ 7 × 73 8 

Total pavement 
thickness 460   

 

 (ASS1+ 2L+2.5C+23.5PLASTIC ) High Plasticity 

Flexible 
Pavemen
t Layers 

Material  
Thicknes
s (mm) 

Treated 
Curing 
(Days) 

Soaked  
CBR 
(%) 

Design 
Traffic 
(msa) 

Surface 
Course  HRA 180 

  
  
     

  
  

  
  
     

  
  

  
  

  

Base 
Course HBM 210 

Subbase CBGM 180 

Subgrade ASS 
 

√ 28 × 13 60 

Total pavement 
thickness 570   

 

 (ASS2+ 2L+2.5C+23.5PLASTIC) Extremely High Plasticity 

Flexible 
Pavement 

Layers 
Material  

Thickness 
(mm) 

Treated 
Curing 
(Days) 

Soaked  
CBR 
(%) 

Design 
Traffic 
(msa) 

Surface 
Course  HRA 180 

  
  
     

  
  

  
  
     

  
  

  
  

  

Base 
Course HBM 210 

Subbase CBGM 180 

Subgrade ASS 
 

√ 28 × 6 100 

Total pavement 
thickness 470   

 

NOTE: HRA = Hot Rolled Asphalt ASS = Artificially Synthesised Subgrade HBM = Hydraulic Bound mixture CBGM = Cement Bound Granular Mixture 
Figure 5.77: Summary of DMRB road pavement design using various design traffic and CBR values 
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5.10 ROAD PAVEMENT DEFECT ANALYSIS  

5.10.1 Stress Effect on Treated and Untreated ASS Materials 

After conducting KENPAVE analysis on subgrade materials, the results showed that 

stresses within road pavement subgrade increase with an increase in pavement 

thickness and a reduction in CBR value. Untreated ASS1 soaked without curing with 

a CBR value of 0.6% for light and heavy traffic recorded a very high compressive strain 

of 5.20E-04 for light traffic, 5.09E-04 for heavy traffic, a tensile strain of -9.22E-06 for 

light traffic, -5.77E-06 for heavy traffic load.  A high potential for pavement damage 

was observed with an increase in compressive and tensile strain for light traffic in 

untreated ASS material as CBR values of 0.6% for ASS1. These stresses began to 

decrease when CBR values for untreated ASS1 increased to 1.34%. CBR values 

recorded for untreated ASS1 and 2 for heavy traffic exhibited high compressive and 

tensile strains responsible for pavement damage. However, these stresses reduce as 

CBR values increase. Overall, very high CBR values with low compressive and tensile 

strain responsible for pavement damage were recorded for treated ASS materials for 

light and heavy traffic loads compared with untreated ASS materials. This means that 

treated ASS materials with very high CBR values can withstand pavement defects for 

longer compared with untreated ASS with low CBR values.  

 

An increase in compressive and tensile strain was observed with an increase in 

pavement thickness due to low CBR values for light and heavy traffic load 7 and 28 

days treated ASS materials. The reduction in stresses with an increase in CBR values 

proves that stabilising ASS materials using sustainable waste can reduce pavement 

defects. Waste plastic is the type of material to use for improving the performance of 

flexible pavements against rutting (Dhiman et al., 2021). For fatigue crack to initiate in 

road pavement structure peak stress (compressive and tensile) must be very high, if 

peak stresses are low they may not initiate a crack. The higher the stress concentration 

the more likely a crack may initiate and the greater the applied stress range, the shorter 

the pavement life (Fleck et al., 1985; Lowa State University, 2021). This means the 

higher the CBR value the least likely a defect may occur in the road pavement 

structure. These are the reasons why pavement thickness increases with low CBR 

values to cattail or reduced stresses in the pavement structure to prolong the life of 
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the road pavement. Pavement with less than about 180mm of asphalt deforms at a 

high rate but thicker pavement deforms at a lesser rate (Nunn et al., 1997).  

 

A reduction in elastic modules within subgrade materials with increased stresses was 

observed for ASS materials. Untreated ASS1 (high plasticity) with a CBR value of 0.6 

recorded an elastic module of 13000kPa and ASS2 (extremely high plasticity) with a 

CBR value of 1.34% recorded an elastic modulus of 21000kPa. This shows that the 

higher the CBR value the higher the elastic modulus and vice versa. Elastic modulus 

is the ratio of the force exerted upon a substance or body to the resultant deformation 

(Lowa State University, 2021). This means the higher the elastic modulus the lesser 

deformation can occur within the pavement structure. Furthermore, observation 

indicated that ASS2 (extremely high plasticity) exhibited high elastic modulus even 

though they have high swelling potential. This confirms the findings in this research 

that high plasticity subgrade with high bentonite content exhibits high bearing capacity. 

However, due to their high swell potentials, they are prone to deformation when used 

as subgrade materials.  

 

High plasticity clays involve the formation of surface cracks (Aubeny et al., 2002). 

According to Putri et al., (2012), high plasticity clay exhibit, high modulus since clay 

shrinks and becomes very stiff when dry. ASS1 with low plasticity compared with ASS2 

recorded very high CBR values and elastic modulus resulting in less stress within the 

subgrade that can cause deformation. Very high elastic modulus was recorded when 

untreated ASS materials were treated using sustainable waste materials which 

resulted in low stresses within the subgrade. However, a reduction in elastic modulus 

for treated ASS materials with observed with a reduction in CBR values. Detailed 

results for compressive and tensile strain results for treated and untreated ASS 

materials at various curing ages using 11.75% GGBS, recycled plastic, glass and 

BDW are Figure 5.78 - Figure 5.86. A high elastic modulus was recorded for treated 

ASS samples with high CBR values for light and heavy traffic loads, respectively, and 

higher elastic modulus was observed for low CBR subgrade with thicker pavement. 
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Figure 5.78: Stresses and Kenpave results for untreated soaked ASS materials 
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Figure 5.79: Stresses and Kenpave results for treated ASS materials using cement and lime 

 

 



Chapter 5 – Results and Discussion  

256 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

 



Chapter 5 – Results and Discussion  

257 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

 
 



Chapter 5 – Results and Discussion  

258 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

  
Figure 5.80: Stresses and Kenpave results for treated ASS materials using sustainable waste materials 
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Figure 5.81: Stresses and Kenpave results for treated ASS materials using sustainable waste materials 
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Figure 5.82: Stresses and Kenpave results for treated ASS materials using sustainable waste materials 
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Figure 5.83: Stresses and Kenpave results for treated ASS materials using sustainable waste materials 
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Figure 5.84: Stresses and Kenpave results for treated ASS materials using sustainable waste materials 
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Figure 5.85: Stresses and Kenpave results for treated ASS materials using sustainable waste materials 
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Figure 5.86: Stresses and Kenpave results for treated ASS materials using sustainable waste materials 
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5.10.2 Permanent Deformation, Fatigue and Rutting Failure for Treated and 

Untreated ASS Materials  

A high allowable number of load repetitions to reach permanent deformation was 

observed in subgrade materials with high CBR values. While a lower allowable number 

of load repetitions to reach permanent deformation was recorded for subgrade 

materials with lower CBR values. An increase in load repetition was observed as traffic 

load increased. An increase in load repetition to reach fatigue and rutting failure with 

an increase in CBR value was observed for all ASS materials. Untreated soaked ASS1 

with a CBR value of 0.6% recorded failure load repetition of 3.22E+09 for light traffic 

fatigue, 1.51E+10 for heavy traffic fatigue, 5.91E+43 for light traffic rutting life and 

5.67E+34 for heavy traffic rutting life.  

 

An allowable number of load repetitions to reach fatigue, rutting and permeant 

deformation for light and heavy traffic load recoded for untreated ASS1 CBR 8% 

reduced for untreated ASS2 CBR 5% and later increased when CBR for untreated 

ASS 3 increase to 9%. An allowable number of load repetitions to reach fatigue for 

light and heavy traffic load was recorded for 7 days treated ASS1 CBR 80% and ASS2 

60% decreased when CBR value decreased to 30% for 7 days treated ASS 3. An 

allowable number of load repetitions to reach rutting failure for light and heavy traffic 

load recorded for 7 days treated ASS1 CBR 80% and ASS2 60% also decreased when 

CBR value decreased to 30% for 7 days treated ASS 3. An allowable number of load 

repetitions to reach permanent deformation for light and heavy traffic load recorded 

for 7 days treated ASS1 CBR 80% and ASS2 60% decreased with a decrease in CBR 

value to 30% for 7 days treated ASS 3. This was the case for treated 7 and 28 days 

CBR values, the allowable number of load repetitions reduces with a reduction in CBR 

value and increases with an increase in CBR value. 

 

This means subgrade materials with high CBR can withstand fatigue, rutting and 

permeant deformation for a long time before failure occurs compared with subgrade 

materials with low CBR values. High cycle load repetition means the applied cyclical 

stresses are low and failure occurs after many cycles, typically more than 10,000 

cycles (Lowa State University, 2021). Low cycle load repetition involves higher applied 

cyclical stresses. Failure occurs after fewer cycles because the stresses involved are 
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above the materials yield stress both elastic and plastic deformation (Lowa State 

University, 2021). Figure 5.87 - Figure 5.92 shows permanent deformation results for 

treated and untreated ASS materials for 11.75% GGBS, recycled plastic, glass and 

BDW. Figure 5.93 – Figure 5.98 show more details for fatigue and rutting failure for 

treated ASS materials using 11.75% GGBS, recycled plastic, BDW. 

 

 
Figure 5.87: Permanent deformation results for treated and untreated ASS materials 
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Figure 5.88: Permanent deformation results for treated ASS materials 

 

 
Figure 5.89: Permanent deformation results for ASS materials 
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Figure 5.90: Permanent deformation results for ASS materials 

 
Figure 5.91: Permanent deformation results for ASS materials 
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Figure 5.92: Permanent deformation results for treated and untreated ASS materials 
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Figure 5.93: Fatigue and rutting failure for treated and untreated ASS materials 

 

 

Figure 5.94: Fatigue and rutting failure for treated ASS materials 
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Figure 5.95: Fatigue and rutting failure for treated ASS materials 

 

 

Figure 5.96: Fatigue and rutting failure for treated ASS materials 
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Figure 5.97: Fatigue and rutting failure for treated ASS materials 

 

Figure 5.98: Fatigue and rutting failure for treated ASS materials 
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5.11 ECONOMIC APPRAISAL  

5.11.1 Variation in Cost of Using Sustainable Waste or Cement and Lime 

A rise in maintenance and rehabilitation costs with a rise in the discount rate was 

observed with an increase in the road age. A huge rehabilitation and maintenance cost 

was observed at a later age (Years 28 and 30). After the LCCA, a huge difference in 

cost was observed between subgrade materials stabilised using cement and lime and 

subgrade materials removed and replaced with foreign material, the most expensive 

approach. The cost of using sustainable waste materials exceeded the cost of using 

cement and lime in subgrade stabilisation however they are economical. Stabilisation 

exhibited a high unit cost but was moderately economical (Cote et al., 2012). The 

environmental benefits (such as low carbon emissions and environmental pollution) 

are far greater compared to using cement and lime which are associated with high 

carbon emissions and environmental pollution. 

 

Stabilising pavement subgrades using cement has proved to be very costly and 

unsustainable due to the amount of carbon dioxide (Co₂) emitted during cement 

production (Abbey et al., 2017). However, using waste materials in road subgrade 

stabilisation will enhance the engineering properties of expansive soils while reducing 

environmental effects and overall construction costs (Kassa et al., 2020). Using GGBS 

in high volumes as supplementary cementitious materials is good from an 

environmental point of view (Onn et al., 2019). The higher the amount of GGBS used 

in replacing cement in soil stabilisation the less carbon footprint is expected due to the 

reduction in the use of cement (Onn et al., 2019). The use of processed waste (such 

as fly ash) has significant environmental benefits including a net reduction in energy 

use and greenhouse gas emission. The use of recycled materials may not only provide 

less costly alternatives for subgrade stabilisation, but their use may also alleviate 

landfill disposal challenges (Bandara et al., 2013). The LCC for subgrade stabilisation 

and subgrade removal and preplacement was greatly influenced by the initial cost at 

year zero. 

 

According to Fuller et al., (2016), land acquisition, renovation, modification, 

construction and equipment can increase the initial cost during LCCA. It is more 

economical to design road pavement for the existing subgrade capacity than to import 
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or raise the subgrade support by using an extra-thicker subbase (Li et al., 1964). This 

shows that the initial cost incurred during the construction of road pavement can 

influence the life cycle cost of the road. Even though maintenance and rehabilitation 

costs began to increase gradually for road pavement with stabilised subgrade for all 

binder types after year zero, a high maintenance cost compared to rehabilitation cost 

was observed followed by a drop in the cost of salvage value at year 35 was observed. 

A very high initial cost at year zero was recorded for road subgrade removal and 

replacement followed by a gradual increase in maintenance and rehabilitation cost 

and a drop in salvage value. This high initial cost was responsible for the overall high 

cost of removing and replacing subgrade materials. the cost of removing and replacing 

rod subgrade materials was almost three times the cost of stabilising subgrade 

materials.  

 

According to Cole et al. (2013), the high cost of removing and replacing subgrade is 

influenced by the disposal options, availability and coat of replacement materials, cost 

of equipment and operations. Compared to cut-and-fill, lime treatments are less than 

1/3 of the cost of remove-and-replace subgrade (Cole et al., 2013).  

The subgrade treatment technique works better for construction loads and is less 

costly (Cole et al., 2013).  

 

The highest cost of £269,087,587 for stabilising a square meter of road subgrade using 

sustainable waste materials was recorded for a design mix of 2% lime + 2.5% cement 

+ 11.75% GGBS + 11.75% Plastic due to the high cost of plastic pellets used in this 

study. The lowest cost of £268, 344,106 for stabilising a square meter of road 

subgrade was recorded for the control mix (8% Lime + 20% Cement) due to the low 

cost of cement used in this research even though they are associated with high 

greenhouse gas emissions. Portland cement and lime are low-cost and effective for 

soil stabilisation (Ramaji et al., 2012). Using cement and lime in subgrade stabilisation 

is far cheaper (Chandola et al., 2001). Using waste materials in subgrade stabilisation 

is economical and less harmful to the environment. Figure 5.99 shows the assumed 

discount rate, and estimated maintenance and rehabilitation cost which is applicable 

to all types of roads with good subgrade. The changes in the total LCC emanates from 

whether the subgrade was removed and replaced or stabilised using cement, lime or 

waste materials. Figure 5.100 shows LCCA for lime and cement-treated ASS against 
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subgrade removal and replacement. Figure 5.101 - Figure 5.108 shows the LCC 

comparison between sustainable subgrade stabilisation and subgrade removal and 

replacement cost. 

 

 

 
Figure 5.99: Discount rate, estimated maintenance and rehabilitation cost 
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Figure 5.100: LCCA for lime and cement treated ASS against subgrade removal and replacement 
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Figure 5.101: LCCA for sustainable treated ASS against subgrade removal and replacement 
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Figure 5.102: LCCA for sustainable treated ASS against subgrade removal and replacement 
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Figure 5.103: LCCA for sustainable treated ASS against subgrade removal and replacement 
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Figure 5.104: LCCA for sustainable treated ASS against subgrade removal and replacement 
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Figure 5.105: LCCA for sustainable treated ASS against subgrade removal and replacement 
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Figure 5.106: LCCA for sustainable treated ASS against subgrade removal and replacement 
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Figure 5.107: LCCA for sustainable treated ASS against subgrade removal and replacement 
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Figure 5.108: LCCA for sustainable treated ASS against subgrade removal and replacement 
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5.12 CLASSIFICATION OF PARAMETERS AND EMBODIED CARBON  

The lowest embodied carbon was recorded for mix design 2%Lime+26%GGBS 

(0.0011 Co₂e/kg) compared with the control mix 8%Lime+20%Cement of 0.0084 

Co₂e/kg. However, sustainably stabilised mix recorded low embodied carbon except 

for mix designs containing plastic. The highest embodied carbon of 0.0107 Co₂e/kg 

was recorded for 2%Lime +2.5%Cement +11.75%GGBS +11.75%Plastic as a result 

of the plastic. Plastic has very high embodied carbon. This confirms EDX findings in 

this research which shows that high carbon was recorded for other mixtures, the high 

carbon (C) found in mixtures containing recycled plastic could be due to the plastic 

content in the mix because plastics are full of carbon. Zhu et al., (2021) stated that 

plastics are carbon more specifically because almost all plastics are fossil carbon 

locked up in polymer form. Mix design 2%Lime +2.5%Cement +11.75%GGBS 

+11.75%BDW recorded a LCC of £268,536,644.10. However, the Control mix of 8% 

Lime + 20% Cement recorded the lowest Life Cycle Cost (£268,344,106.46) for treated 

subgrade followed by mix design without cement (2%Lime+26%GGBS) of 

£268,383,863.20. There is no significant difference in their LCC which means using 

waste materials in subgrade stabilisation is the best option to achieve more 

sustainable construction. Even though traditional cement and lime are cheaper 

compared to sustainable waste-treated subgrade, they are none-environmentally 

friendly and unsustainable due to their high embodied carbon and greenhouse gas 

emissions. 
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5.13 UNITED NATIONS SUSTAINABLE DEVELOPMENT GOALS (UNSDGs)  

Reaching the goal set by the United Nations as part of the UNSD agender is very 

crucial and steps have been taken by many countries to achieve these goals. Findings 

of this research would help achieve the following United Nation Sustainable 

Development Goals: 

Table 5.1: United Nations Sustainable Development Goals achieved by this research 

UNSDG 

Goal/target 
Focus Findings from research 

Goal 9  

Industry, Innovation, and 

infrastructure: inclusive and 

sustainable industrialisation together 

with innovation and infrastructure to 

accelerate the 2030 target to scale up 

investment in scientific research and 

innovation. 

This research provides solutions for sustainable 

and innovative ways of road construction using 

waste materials. The quality of the sustainable 

and innovative ways of road construction used 

in this research meets the required standards 

so quality is not compromised. Findings in this 

research would lead to more economical 

infrastructure (cheaper/affordable) due to the 

use of waste materials in the research. 

Target 9.1 

Develop of quality, reliable, 

sustainable and resilient 

infrastructure. 

This research encourages the development of 

quality, reliable, sustainable and resilient 

infrastructure to support economic development 

and well-being with a focus on affordable and 

equitable access for all. 

Target 9.4 
Upgrading infrastructure to make 

them sustainable. 

The research looks at upgrading infrastructure 

to make them sustainable, with increased 

resource-use efficiency and greater adoption of 

clean and environmentally sound technologies 

by the end of 2030. 

Goal 12 

Responsible Consumption and 

Production: Ensure sustainable 

consumption and production patterns. 

This means doing more and better 

with less and decoupling economic 

growth from environmental 

This research provide solutions for sustainable 

consumption and environmental degradation 

(this study uses waste inserted of raw 

materials) and low-carbon for green economies 

(this study uses less or no cement to reduce 

carbon emission) 
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UNSDG 

Goal/target 
Focus Findings from research 

degradation, increasing resource 

efficiency, promoting sustainable 

lifestyles and transitioning towards a 

low-carbon and green economy 

Target 12.2 

encourage the drive towards 

achieving sustainable management 

and efficient use of natural resources 

Encourage the drive towards achieving 

sustainable management and efficient use of 

natural resources (this study uses waste 

inserted cement which is produced using 

natural resources (clinker)). 

Target 12.4 
Achieve the environmentally sound 

management of waste 

This study uses waste in road construction, and 

significantly reduce the release CO2 into the air, 

and toxic into water bodies and the ground 

(solutions from this study will reduce carbon 

emission, the release of wastewater (chemical) 

from cement plants into soil and water bodies 

by using waste materials in road construction 

inserted of cement). 

Target 12.5 

Sustainably reduce waste generation 

through prevention, reduction, 

recycling and reuse 

finding from this study would reduce waste 

generation by using recycled waste materials in 

road construction. 

Goal 13  

Climate Action taking urgent actions 

to combat climate change and its 

impacts 

Findings from this research will reduce the 

impact of climate change by using less cement 

and lime in road construction to reduce global 

warming from the heat generated by cement 

plants during cement production. 
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Table 5.2: Summary results of all parameters described in this research 

Subgrade Type 

Binder composition 

Curing 

age 

range 

(days) 

CBR 

Range 

(%) 

Traffic 

Load 

(kN) 

Traffic 

Class 

Road 

Pavement 

Thickness 

(mm) 

 

Road 

Pavement 

Cons. Depth 

(mm) 

Embodied Carbon 

for binders 

(Co₂e/kg) (BSRIA 

Guide 2022) 

Life Cycle Cost (LCC) 35 years 

High 
Extremely 

high 

Treated 

subgrade 

Subgrade 

Removal & 

Replacement 

ASS1 ASS2 8%L+20%C (control) 7 – 28 38 – 96 

31.75 Light  40 – 110  50 – 100  

0.0084 £268,344,106 £488,754,774 40.82 Medium 42 – 120  60 – 110  

55.43 Heavy 44 - 130 100 – 200  

ASS1 ASS2 2%L+2.5%C+23.5%BDW 7 – 28 17 – 23 

31.75 Light  150 – 180  110 – 120 

0.0036 £268,447,414 £488,754,774 40.82 Medium 160 – 210  150 – 160 

55.43 Heavy 190 – 240  220 – 310 

ASS1 ASS2 2%L+2.5%C+23.5%GGBS 7 – 28 46 – 97 

31.75 Light  50 – 90  50 – 90 

0.0018 £268,433,336 £488,754,774 40.82 Medium 51 – 100  60 – 110  

55.43 Heavy 52 – 110  100 – 190  

ASS1 ASS2 2%L+2.5%C+23.5%PL 7 – 28 3 – 13 

31.75 Light  190 – 440  170 – 350  

0.0195 £268,998,357 £488,754,774 40.82 Medium 210 – 490  200 – 400  

55.43 Heavy 240 – 550  320 – 650  

ASS1 ASS2 2%L+2.5%C+23.5%GL 7 – 28 3 – 17 

31.75 Light  180 – 440  150 – 350  

0.0069 £268,383,764 £488,754,774 40.82 Medium 200 – 490  160 – 400  

55.43 Heavy 220 - 550 290 – 650  

ASS1 ASS2 2%L+2.5%C+11.75%GGBS+11.75%BDW 7 – 28 16 - 109 

31.75 Light  40 – 180  50 – 150  

0.0028 £268,536,644 £488,754,774 40.82 Medium 40 – 220  52 – 190  

55.43 Heavy 40 – 240  70 – 290  

ASS1 ASS2 2%L+2.5%C+11.75%GGBS+11.75%PL 7 – 28 44 - 93 

31.75 Light  50 – 100  50 – 90  

0.0107 £269,087,587 £488,754,774 40.82 Medium 51 – 110  60 – 110  

55.43 Heavy 52 – 120  100 – 190  

ASS1 ASS2 2%L+2.5%C+11.75%GGBS+11.75%GLASS 7 – 28 21 – 80 

31.75 Light  50 – 160 60 – 120  

0.0072 £268,472,993 £488,754,774 40.82 Medium 51 – 180 70 – 150  

55.43 Heavy 52 – 190 130 – 250  

ASS1 ASS2 2%L+2.5%C+23.5%BDW 90 120 –180 

31.75 Light  40 50 

0.0036 £268,447,414 £488,754,774 40.82 Medium 40 50 

55.43 Heavy 40 50 

ASS1 ASS2 2%L+2.5%C+23.5%GGBS 90 96 – 200 
31.75 Light  40 50 

0.0018 £268,433,336 £488,754,774 
40.82 Medium 40 50 
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Subgrade Type 

Binder composition 

Curing 

age 

range 

(days) 

CBR 

Range 

(%) 

Traffic 

Load 

(kN) 

Traffic 

Class 

Road 

Pavement 

Thickness 

(mm) 

 

Road 

Pavement 

Cons. Depth 

(mm) 

Embodied Carbon 

for binders 

(Co₂e/kg) (BSRIA 

Guide 2022) 

Life Cycle Cost (LCC) 35 years 

High 
Extremely 

high 

Treated 

subgrade 

Subgrade 

Removal & 

Replacement 

55.43 Heavy 40 50 

ASS1 ASS2 2%Lime+26%GGBS 90 98 – 220 

31.75 Light  40 50 

0.0011 £268,383,863 £488,754,774 40.82 Medium 40 50 

55.43 Heavy 40 50 

Where: L = Lime, GGBS = Ground Granulated Blast-furnace Slag, C = Cement, PL = Plastic, GL = Glass and BDW = Brick Dust Waste 
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5.14 CHAPTER SUMMARY  

Chapter 5 presented detailed results and discussion of all the tests and analyses 

conducted to achieve the aim of this research. The dynamics of the results for 

Atterberg limits Compaction, California Bearing Ratio (CBR), Swell, Durability 

(Wetting-drying cycles), Microstructural analysis (SEM and EDX), Road pavement 

thickness and construction depth optimisation, Road pavement defect analysis, DMRB 

road pavement design, Economic appraisal and embodied carbon were presented in 

this chapter. The chapter presented a critical analysis and investigations of the 

dynamics of results achieved in this research and what influenced these results. 

Furthermore, the chapter referenced similar studies by comparing their results to the 

research results to buttress, support or disagree with the results of the research. It was 

observed during the discussion that, all results obtained are within the range of other 

studies conducted in the subject area in accordance with the standards used in this 

study. Finally, the chapter concluded that waste materials used as binder/additive 

agents in this research can improve the engineering properties of road subgrade 

materials making them useable in road construction. the chapter also emphasised how 

the results could help achieve some of the UNSDGs by reducing carbon emissions, 

and overall construction costs using waste materials in road subgrade stabilisation. 

 

Chapter 6 summarises the main conclusions and recommendations of the research 

work suggesting new areas for further research. The chapter also describes the 

limitations of this research. 
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6. CHAPTER 6 – CONCLUSIONS AND RECOMMENDATIONS 
6.1 INTRODUCTION 

Chapter 6 presents conclusions of the findings in this research to address the problem 

of road defects due to expansive road subgrade. The benefits and effects of using 

sustainable waste materials to reduce the environmental effects of using traditional 

cement and lime in subgrade stabilisation were summarised in this chapter. 

Furthermore, the chapter presented conclusions on the analysis carried out on road 

pavement thickness and construction depth optimisation, Road pavement design 

using DMRB, economic appraisal and embodied carbon using sustainably treated 

subgrade materials. Thus, this research has great benefits in terms of technology, 

economy and environment. Finally, the chapter presented research recommendations 

for future works.  

6.2 REVIEW OF RESEARCH OBJECTIVES 

6.2.1 Objective One 

Objective one was successfully carried out in this research by providing an intellectual 

context to achieve the set aim of the research. Even though an in-depth literature 

review to establish the level of current knowledge on expansive road subgrade 

stabilisation was addressed in the current study, there were limited or no studies 

conducted in the area of road pavement design using DMRB and road pavement 

thickness and construction depth optimisation. This research gap identified has been 

addressed in this research. 

6.2.2 Objective Two 

Laboratory tests were conducted in this research in accordance with relevant 

standards to Investigate the key engineering properties of treated and untreated 

expansive road subgrade materials. Atterberg limit test, compaction test, California 

Bearing Ratio (CBR) test and swell test were successfully conducted. 

6.2.3 Objective Three 

Investigating the microstructural properties of treated subgrade was well carried out 

achieving good results in this research. The Scanning Electron Microscopy (SEM) and 

Energy Dispersion X-ray (EDX) method were used to determine the elemental 

composition of treated expansive road subgrade materials. 
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6.2.4 Objective Four 

Road pavement thickness and construction depth optimisation, and road pavement 

design using DMRB were successfully conducted in compliance with relevant 

standards and guidelines. The effect of sustainably stabilised expansive road 

subgrade on the thickness and construction depth of road pavement and road 

pavement defect using waste materials in subgrade treated was well established. 

6.2.5 Objective Five 

The durability of sustainably stabilised expansive road subgrade materials was 

established in this study. The study investigated the durability of treated subgrade 

using waste materials by carryout a wetting-drying cycle test. Good results were 

achieved with a decline in CBR values as the cycle number increased. 

6.2.6 Objective Six 

Life Cycle Cost Analysis (LCCA) was successfully carried out to determine the cost-

effects and cost-benefits of using sustainable waste materials in expansive road 

subgrade stabilisation. The cost dynamics of using waste-treated subgrade compared 

with subgrade removal and replacement were discussed in the current research. 

6.2.7 Objective Seven 

The environmental effects and benefits of using sustainable waste materials in road 

subgrade stabilisation were addressed. The embodied carbon of each binder used in 

this study was investigated and the UNSDGs achieved in this current research were 

presented. 

6.3 RESEARCH LIMITATIONS 

6.3.1 Research Results and Conclusions 

The results achieved in this study are experimental results based on laboratory testing 

and numerical analysis and not real-life field test results. Therefore, the results 

achieved in this research could defer in a real-life field test. Hence the researcher 

acknowledges that the findings of this current research could be tested in the field in 

future studies.  

6.3.2 Limited Literature in the Research Area 

There was limited literature or previous studies in the area of road pavement thickness, 

construction depth optimisation and DMRB road pavement design. This made it 
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difficult for the researcher to cite other studies. However, this limitation exposed the 

research gap that needs filling, hence the novelty of the current research. 

6.3.3 Sample Size 

The sample size set for this research was very high and was not easy for the 

researcher to make all these samples. However, for the research results to be 

considered a true representation, a large sample size was necessary. At a point during 

the stage of wetting-drying cycles sample preparation, the mechanical compactor 

broke down and the researcher had to compact CBR samples manually. This could 

affect the wetting-drying CBR results due to human error and uniform compaction 

pressure due to fatigue. However, the results achieved in this study are within the 

range when compared with results achieved in other wetting-dry studies using similar 

parameters used in this research. Hence this limitation did not significantly impact the 

conclusions of this research. 

6.3.4 Data Analysis 

The software applications used in this research were sourced by the researcher as the 

university could not provide software applications need for use by the researcher. The 

researcher aimed to conduct finite element analysis on treated subgrade materials 

using the Abaqus software application, to investigate the stress distributions within the 

treated subgrade when traffic load is applied. However, this was not possible because 

the specification of the researcher's laptop computer provided by the university was 

too low to run the number of nodes. Also, the Abaqus licence installed on the campus 

computers are student licences and limited to a small number of nodes and loan 

laptops do not have Abaqus installed on them. So the researcher could not carry out 

this analysis. However, this limitation did not stop the researcher or affect the 

conclusions of the research as KENPAV software was sourced by the researcher and 

used in place of Abaqus to carry out these analyses. 

6.3.5 Limited CBR Moulds 

During California Bearing Ratio (CBR) sample preparation, there was limited number 

of CBR mould available to share with other students. The researcher could only make 

one sample a day and be cured in the mould for up to 28 days. Meaning other students 

who need to use the CBR mould would have to wait for 28 days for the researcher’s 

sample to cure. This was a huge setback and the researcher could not have made 
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and cured a total of 318 samples within the time frame of the PhD research. Due to 

this challenge, the researcher found an innovative way to line the inside of the CBR 

mould using PVC pipes so that freshly compacted CBR samples can be extruded from 

the mould and cured separately. So, the mould can be used multiple times a day. This 

limitation did not significantly impact the conclusions of this study because the 

researcher validated the results for CBR samples cured in PVC pipes by making a 

total of 8 samples where four samples were cured in CBR mould and the remaining 4 

samples cured in PVC pipes. After testing the samples in the CBR mould and PVC 

pipes, similar results were achieved with a difference of about  ± 3%. The average of 

these results was used as the true representation of the findings in this study. This 

confirms that CBR results achieved in this research using PVC pipes are suitable for 

use. See Appendix 7.1 Research limitations. 

6.3.6 Limited Swell Apparatus 

They were not enough swell setup apparatus such as dial gauge holders and cross 

bars for mounting dial gauge on the swell tank. Also due to the limited CBR mould, 

swell samples were tested in the confines of a PVC pipe. The researcher fabricated 

cross bars and swell plates using scrap metals and plastics to ensure the research 

can be completed within the stipulated time of the PhD programme. There was no 

significant impact of this limitation on the conclusions drawn in this research. The 

researcher validated the results by conducting swell test using a CBR mould and 

compared the results to swell test carried out using PVC plastic and the results were 

similar (±2%). See Appendix 7.1 Research limitations. 

6.3.7 Delays in Delivery of Materials 

At the start of this research, the university supplied the researcher with materials until 

a certain point in the research when the researcher was asked to provide their own 

materials for the research. During this time, materials ordered by the university could 

sometimes delay for months causing a lot of inconvenience for the researcher in 

meeting the research limestones. Regardless of these delays, the conclusions drawn 

in this research were not affected as the researcher worked hard despite the delays 

to meet the milestones set for the PhD programme. 
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6.3.8 Financial Constraints 

Due to the high cost of some materials used in this study, the researcher was 

financially drained due to the large sample size and the increase in the price of goods 

and services in recent times. However high cost of some materials used in this study 

did not affect the conclusions of the study because quality materials were purchased 

and the right quantity was used throughout the laboratory stage of this research to 

ensure good and valid results are achieved. 

 

6.4 REVIEW OF RESEARCH FINDINGS 

6.4.1 Preliminary Findings 

High liquid limit, plastic limit and plasticity index were recorded for subgrade materials 

(ASS2) composed of high bentonite content. this shows that the amount of bentonite 

present in the mix can influence the moisture content of the subgrade materials. this 

means bentonite imbibes water and has high swell potential. 

6.4.2 California Bearing Ratio (CBR) 

Untreated subgrade materials unsoaked recorded very low CBR values with their 

soaked CBR values below 2% making them unacceptable for use. Despite the low 

CBR values achieved for untreated subgrade materials, using waste materials in 

treating the subgrade improved their CBR significantly making them usable in road 

construction. 

6.4.3 Swell 

Swell test results achieved for untreated subgrade materials were high and above the 

unacceptable limit of 2.5%, hence cannot be used and requires treatment. However, 

a drastic reduction in swell was observed after treating subgrade using sustainable 

waste materials. These swell values were below the unacceptable limit and are 

suitable for use. 

6.4.4 Durability 

Durability tests carried out using the wetting-drying cycle approach saw a gradual 

reduction in CBR values after each cycle. however, at the end of the ten cycles, the 

CBR values recorded for both wet cycle and dry cycles were above the unacceptable 

limit of 2%. This shows that subgrade treated using waste materials are durable and 

can withstand repeated wet and dry weather conditions for many years. 
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6.4.5 Microstructural Properties 

The microstructural properties of the treated subgrade exhibited high formation of CSH 

gel responsible for strength gain. This confirms that waste materials have the ability to 

enhance the engineering properties of subgrade materials and can be used as partial 

replacements for cement and lime.  

6.4.6 Road pavement Analysis 

Road pavement thickness and depth of construction were reduced when waste 

materials were used in subgrade treatment. This shows that using waste materials to 

improve the strength and bearing capacity of road subgrade could results in a 

reduction of road pavement thickness and depth of construction, hence reducing 

overall road construction cost. Good CBR values were achieved for use in the design 

of road pavement using the DMRB guide when waste materials were used in road 

subgrade treatment. The result showed a slight reduction in pavement thickness for 

varying traffic designs. In determining the ability of waste-treated subgrade to 

withstand defects, a road pavement defect analysis was conducted. The results 

showed a reduction in stresses, permanent deformation, Fatigue and rutting failure 

after treating subgrade using waste materials.  

6.4.7 Economic Appraisal 

The long-term cost of road projects are very important and must be considered during 

the design stage. This research conducted a Life cycle Cost analysis (LCCA) for 

treated and untreated road subgrade. At the end of the analysis, it was observed that 

waste-treated subgrade recorded the lowest Life cycle Cost. This means long-term 

cost reduction of road projects could be achieved using waste materials in subgrade 

stabilisation. 

6.4.8 Environmental Effects 

The environmental benefits of using waste materials in subgrade stabilisation were 

investigated by calculating the embodied carbon for all waste materials used in this 

research. the lowest embodied carbon was recorded for subgrade treated using 

sustainable waste materials. Furthermore, findings in the current research achieved 

some of the United Nations Sustainable Development Goals (UNSDGs) and when 

implemented would lead to a greener and cleaner way of construction.  
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6.5 IMPLICATIONS OF THE RESEARCH FINDINGS  

Findings from this research provide sustainable and environmentally friendly solutions 

to solving the problems of road pavement defects caused by expansive subgrade and 

the high cost of road construction. The research findings show the feasibility of using 

waste materials in road subgrade stabilisation to reduce road pavement thickness and 

construction depth and road pavement defects. The research findings also sustainable 

solutions to the environmental and climate change problems associated with 

stabilising expansive road subgrade using traditional cement and lime. The findings 

provide sustainable and eco-friendly alternatives to cement and lime to reduce the 

over-reliance on natural resources such as clinker. The findings of this study also 

address the problem of landfill by providing ways to use waste materials normally 

dumped in landfill during road construction. Findings from this research provide 

sustainable solutions to deal with the problem of carbon dioxide emission. Very high 

amounts of carbon dioxide are emitted into the atmosphere each year due to cement 

and lime production leading to the current climate change challenges. Using waste 

materials as partial replacement for cement and lime in road subgrade treatment would 

reduce the use of cement and lime hence reducing carbon dioxide emission. The 

findings of this research achieved some of the United Nations Sustainable 

Development Goals (UNSDGs) focused on reducing greenhouse gas emissions, 

winning the fight against climate change, and protecting the planet.  

 

6.6 CONTRIBUTION TO THE BODY OF KNOWLEDGE  

• Little or no attention has been devoted to the use of waste and industrial by-

products as cement and lime replacement in the engineering of road pavement 

design to withstand the deteriorating effect due to traffic load and investigate 

pavement thickness and construction depth. This research has contributed to 

filling this gap by investigating and finding possible use of waste and industrial 

by-products in subgrade stabilisation to reduce road pavement thickness, 

construction depth and the deteriorating effect of road pavement due to traffic 

load. 

• There are several pavement design techniques available to determine the 

thickness of road pavement for specific designs, but no method specifically 

established the exact mix design of waste materials required in road subgrade 
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stabilisation to achieve reduced pavement and construction depths for 

expansive subgrades with varying plasticity index. And this is one of the key 

findings and contributions of the research to the body of knowledge. 

• The area of elimination or reduction of defects in road pavement structure for 

high plasticity index subgrade stabilised using waste materials has not been 

explored. This research has contributed to fill this gap by reducing road 

pavement defects for high plasticity index subgrade stabilised using waste 

materials. 

• Little or no attention has been devoted to reducing the Life Cycle Cost Analysis 

(LCCA) of road pavement by using sustainable waste materials as partial 

replacements for cement and lime in expansive road subgrade stabilisation. 

This research has contributed to filling this gap by conducting a Life Cycle Cost 

Analysis (LCCA) of road pavement by using sustainable waste materials as 

partial replacement for cement and lime in expansive road subgrade 

stabilisation. 

 

6.7 CONCLUSIONS 

The findings of this research show the possibility of improving the engineering 

properties of expansive road subgrade materials using waste materials normally 

dumped in landfills while saving the environment and reducing defects, pavement 

thickness and Life Cycle Cost (LCC) of roads. The conclusions of this research are as 

follows: 

6.7.1 Ranking of Treatments 

After treating expansive road subgrade using waste materials, mix proportion 2%Lime 

+ 2.5% Cement + 23.5% GGBS with unsoaked CBR value of 92%, soaked CBR value 

of 97% after 28 days of curing and swell value of 0.32% after 4 days of soaking and 

CBR value of 200% was recorded after 90 days of curing makes mix design composed 

of 23.5%GGBS the best performing mix in this study. The second-best performing mix 

was recorded for mix proportion 2%Lime + 2.5% Cement + 11.75% BDW + 

11.75%GGBS which achieved unsoaked CBR value of 109%, soaked CBR value of 

67% after 28 days of curing and swell value of 0.42% after 4 days of soaking. The mix 

further recorded a CBR value of 180% after 90 days of curing respectively. Mix 

proportion 2%Lime + 2.5% Cement + 23.5%Plastic recorded unsoaked CBR values 



  

Chapter 7 – Conclusion and Recommendation 

311 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

of 13%, soaked CBR value of 12% after 28 days of curing and swell value of 0.59% 

after 4 days of soaking. Followed by mix proportion 2%Lime + 2.5% Cement + 23.5% 

Glass with unsoaked CBR value of 16%, soaked CBR value of 11% after 28 days of 

curing and swell value of 0.46% making mix design composed of recycled plastic and 

glass the worst performing mix in this study.  

The treatment ranking proves that GGBS is the best-performing additive/binder in this 

research due to its ability to improve the engineering properties of subgrade materials 

resulting in very high CBR and low swell values when added to a mix design. The high 

CBR values recorded for mix designs composed of GGBS resulted in the reduction in 

pavement thickness, depth of construction and LCC of road pavement. Furthermore, 

stresses within the subgrade responsible for pavement defects such as fatigue, rutting 

and permeant deformation were reduced for mix designs composed of GGBS due to 

its ability to increase CBR values and reduce swell of expansive road subgrade. 

 

6.7.2 Enhancement of Engineering Properties 

The engineering properties of expansive subgrade materials were enhanced with the 

addition of sustainable waste materials. Further details of how the engineering 

properties of expansive subgrade were improved are as follows: 

1. The engineering properties of expansive road subgrade were improved as CBR 

values for ASS materials increased with an increase in curing age after using 

sustainable waste materials as binders in subgrade stabilisation. Very high 

CBR values were recorded for all ASS materials soaked and un-soaked with 

an increase in curing age with the addition of waste materials proving that 

sustainable waste materials can be used as partial replacement for cement and 

lime in a mixture.  

 

2. Cement and lime can partially be replaced with sustainable waste materials 

such as GGBS can be used due to their ability to exhibit extremely high CBR 

values for ASS materials due to the high amount of calcium present in GGBS 

responsible for the formation of C-S-H and C-A-H gel. Adding BDW to GGBS 

in a mix would escalate the engineering performance of stabilised road 

subgrade because BDW are pozzolans that activate pozzolanic reaction 
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responsible for the formation of C-S-H and C-A-H gel, which acted as a binding 

agent responsible for strength gain in subgrade materials. 

 

3. Untreated bentonite exhibited a naturally high bearing capacity even though 

they are highly susceptible to swelling. However, their naturally high CBR was 

affected by the addition of binders leading to a reduction in the bearing capacity 

of expansive subgrade materials composed of high bentonite content. 

 

4. A reduction in CBR value with an increase in swell was observed for extremely 

high bentonite subgrade material (ASS2). There was no indication of CBR 

values increase with respect to curing age for mixtures composed of recycled 

glass or plastic because glass or plastic do not react with cement and lime to 

form C-S-H gel to increase CBR in a mixture. However, their interlock ability 

during the mechanical stabilisation (compaction) process helped with strength 

increase in subgrade materials. 

 

5. Soaked CBR samples generally observed a reduction in CBR value with high 

swell values compared with un-soaked CBR samples. CBR values for soaked 

samples composed of high recycled plastic or glass content were generally low 

with a high swell value due to their granular nature allowing air and water to 

pass through.  

 

6. Extremely high plasticity and high plasticity subgrade materials exhibit very high 

swell potentials and the addition of sustainable binders reduced swell and 

improved other engineering properties of expansive subgrade. Subgrade 

stabilised using sustainable waste materials and industrial by-products are 

durable and can withstand wetting-drying conditions for several cycles without 

losing their strength. CBR values obtained for sustainably treated subgrade of 

wetting-drying cycles were very high and suitable for use in subgrade 

stabilisation. 
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6.7.3 Effect on Road Pavement 

The used of sustainable waste materials improved the engineering properties of 

expansive subgrade and the resulting effects are as follows: 

1. Besides improving the engineering properties of expansive subgrade using 

sustainable waste materials, the improvement resulted in a reduction in 

pavement thickness and depth of construction with an increase in CBR values 

using various pavement design guidance. 

 

2. A significant difference in pavement thickness and depth of construction was 

observed between using the lowest and the highest CBR value and between 

light and heavy traffic types. Hence, the higher the CBR value the thinner the 

pavement thickness and the shallower the depth of construction.  

 

3. The thinners pavement and shallowest construction depth was recorded for the 

best performing mix ASS1+ 2% lime + 2.5% Cement + 11.75% GGBS + 11.75% 

BDW after 28 days of curing with a CBR of 109%. Similar to this observation 

was found for depth of construction, which saw a reduction corresponding to 

reduced swell for soaked ASS samples. Hence, the higher the swell potential 

of subgrade materials the thicker and deeper the pavement and vice versa. 

 

4. A reduction in swell value was observed with a reduction in pavement thickness 

and construction depth after comparing pavement thickness for soaked ASS 

samples with their swell values it was observed. A reduction in pavement 

thickness and constriction depth achieved in this research proves that 

sustainable waste materials can be used to achieve thinner pavement through 

subgrade stabilisation.  

 

5. A high potential for pavement damage was observed with an increase in 

stresses within the road subgrade due to weak subgrade. A decrease in these 

stresses within the subgrade was observed with an increase in the CBR value 

of the subgrade using sustainable waste materials. This means that sustainably 

treated expansive with very high CBR values can withstand pavement defects 

for longer compared with untreated ASS with low CBR values. 
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6. Increased stresses were observed with an increase in pavement thickness due 

to low CBR values. Therefore, subgrades with low CBR values have thicker 

pavement to help reduce the stresses within the subgrade emanating from 

traffic load.  

 

7. This study established that the higher the stress concentration the more likely 

a crack may initiate and the greater the applied stress range, the shorter the 

pavement life. This means subgrade materials with high CBR can withstand 

fatigue, rutting and permeant deformation for a long time before failure occurs 

compared with subgrade materials with low CBR values. In addition, load 

repetition achieved for various pavements shows the number of times cyclical 

stresses can be applied before the pavement finally fail under repeated load.  

 

 

6.7.4 Microstructural Analysis 

Expansive subgrade materials treated using waste materials as binders developed 

strength and high bearing capacity. Details of the strength improvement observed after 

conducting microstructural analysis are as follows: 

1. SEM and EDX analysis shows high formation of C-S-H gel with the addition of 

sustainable waste materials as binders. The formation of additional C-S-H gel 

through the pozzolanic process was due to the addition of BDW which is a 

pozzolanic material.  

 

2. High amounts of C-S-H gels were formed for samples composed of high GGBS 

due to the high Calcium and silica content in GGBS responsible for strength 

gain. 

 

3. Higher C-S-H gels are formed with an increase in curing age for subgrade 

materials treated using sustainable waste. The presence of other elements 

apart from Calcium (Ca) are of low contribution to the hydraulic activity of the 

system.  

 

4. Ettringites responsible for expansion in road subgrade were found in all 

samples but predominantly in a sample composed of high bentonite content. 
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6.7.5 Cost Effects 

The Life Cycle Cost (LCC) of road pavement was affected after stabilising expansive 

subgrade using sustainable waste materials as detailed as follows: 

1. The Life Cycle Cost (LCC) of road pavement with subgrade stabilised using 

sustainable waste materials show a rise in maintenance and rehabilitation costs 

with a rise in the discount rate as the age of the road increase. A huge 

rehabilitation and maintenance cost was observed at the later age in years 28 

and 30 years of the road. 

 

2. The LCC for subgrade stabilisation using sustainable waste and subgrade 

removal and replacement was greatly influenced by the initial cost at year 0. 

This shows that the initial cost incurred during the construction of road 

pavement can influence the LCC of the road. 

 

3. The high cost of subgrade removal and replacement was influenced by the 

disposal options, availability and cost of replacement materials, and cost of 

equipment and operations. 

 

4. The highest LCC cost for stabilising a square meter of road subgrade using 

sustainable waste materials was recorded for a mix design of 2% lime + 2.5% 

cement + 11.75% GGBS + 11.75% Plastic due to the high cost of plastic used 

in this study. After the LCCA, a huge difference in cost was observed between 

subgrade materials stabilised using sustainable waste materials and subgrade 

materials removed and replaced with foreign material. The cost of using 

sustainable waste materials exceeded the cost of using cement and lime in 

subgrade stabilisation however they are economical and environmentally 

friendly.  

 

5. The lowest LCC was recorded for traditional cement and lime (control mix) 

treated subgrade. However, the was no significant difference between the LCC 

of the cheapest sustainably treated subgrade and the LCC of the control mix. 

This makes using waste materials an option in road constriction due to their 

environmental benefits. 



  

Chapter 7 – Conclusion and Recommendation 

316 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

6.7.6 Environmental and Sustainability 

The effect of these research findings on the environment and sustainability of the 

process are outlined as follows: 

1. This study has shown that using cement and lime as binders in subgrade 

stabilisation are associated with high emissions from cement and lime 

production and the energy used in this process. Using sustainable waste 

materials in road subgrade stabilisation would help reduce cost and the 

environmental damage (carbon emission) due to cement and lime production. 

This would also help cattail the climate change problem society faces today.  

 

2. This research achieved some of the UNSDGs including Goal 9 - Industry, 

Innovation, and Infrastructure, Goal 12 - Responsible Consumption and 

Production and Goal 13 - Climate Action. Achieving these goals would help in 

the fight against climate change to achieve a more sustainable and carbon-free 

environment. 

 

3. Waste materials used as binders in place of cement and lime in subgrade 

stabilisation will help reduce the greenhouse gas emitted to the atmosphere 

due to cement and lime production as well as reduce the environmental effect 

associated with brick stockpiles and landfills. 

 

4. The sustainable material combinations used as binders through this research 

for road subgrade stabilisation would reduce the demand for cement and lime 

leading to more sustainable and greener road construction. 

 

5. The sustainable waste materials used in this research provided an alternative 

to traditional cement and lime. The addition of GGBS provided more effective 

and sustainable ways to achieve even higher engineering properties than 

cement and lime provide. Hence, using waste materials like GGBS would 

reduce the demand for cement and lime which would translate to a reduction in 

cement and lime production and its associated emission.  

 

6. Sustainable stabilised subgrade recorded the lowest embodied carbon 

compared with traditional cement and lime which are associated with high 
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greenhouse gas emissions and are non-environmentally friendly. These 

findings prove that using sustainable waste materials in subgrade stabilisation 

would help reduce the effect of climate change due to carbon emissions during 

road construction. 

 

6.8 RECOMMENDATIONS 

6.8.1 Recommendations for Clients and Decision-makers 

Clients and decision-makers must investigate the Life Cycle Cost (LCC) of road 

projects before making any investment decisions. Clients can save money and make 

informed decisions by achieving cheaper Life Cycle Costs (LCC) of road using waste 

materials in subgrade treatment.  

6.8.2 Recommendations for Designers 

When expansive subgrade materials are encountered on site, road designers 

recommend the use of waste materials in subgrade stabilisation to the client to push 

the drive towards sustainable road construction. Designers can give discounts on road 

projects using waste materials as stabilisation agents. Institutionalising a significant 

percentage discount for such projects across all consultancy firms would encourage 

clients to invest in sustainable projects to reduce carbon emissions due to the use of 

cement and lime.  

6.8.3 Recommendations for Road Contractors 

Expansive soil encounters on-site during road construction should be stabilised or 

treated using sustainable waste materials. Road constructors who propose to use 

waste materials in road construction should be given special consideration during the 

bidding process. This would encourage construction companies to move towards a 

more sustainable and eco-friendly way of construction.  

6.8.4 Recommendations for Policy-makers 

Policy-makers can review the current road construction regulation to identify the 

hindrance and bottlenecks that resist the use of waste materials in road construction. 

Removing these hindrances would encourage clients, contractors and designers to 

consider an eco-friendly way for wider application in construction. 
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6.8.5 Recommendation for Future Research 

Even though this research investigated a wide range of parameters related to 

expansive road subgrade stabilisation and their cost effects, there are still areas and 

scopes that can further be investigated based on the finding of this current research. 

The following recommendation is outlined for further work: 

1. The mix composition of the best performing mixes and the worst performing 

mixes can be changed to determine their effect on the engineering properties 

of subgrade materials. 

2. Further investigation into the use of cheaper sustainable waste materials can 

be done to further reduce the cost of road subgrade stabilisation 

3. Durability tests like freezing and thawing, sulphate attach, water adsorption and 

water permeability can be conducted on the various mix design to ascertain the 

durability of the various mixtures. 

4. Samples with low CBR values can be cured for longer periods (such as 56 and 

90 days) to see their true strength. 

5. Other sustainable waste materials like road cam, fly ash, rice husk etc can be 

used in subgrade stabilisation to see their effect in improving their engineering 

properties. 

 

6.9 CHAPTER SUMMARY  

The conclusions drawn in the current study were presented in Chapter 9. The chapter 

presents a summarised conclusion on the ability of waste materials to enhance of 

engineering properties of subgrade, the effect of using waste materials as stabilisation 

agents on road pavement, and how the microstructural properties of subgrade 

improved with the addition of waste materials as binders. Chapter 9 also concluded 

the cost effect and benefit (Life Cycle Cost Analysis (LCCA)) of stabilising subgrade 

materials using waste which are normally damped in landfill. Furthermore, the 

environmental benefits and sustainability of using waste materials in road subgrade 

treatment were mentioned in this chapter. Finally, the chapter concluded that using 

waste materials in road subgrade stabilisation can improve subgrade strength, reduce 

road pavement thickness and construction depth, reduce road pavement defects, 

reduce negative environmental effects due to carbon emission, reduce the Life Cycle 
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Cost of road and provide a sustainable and eco-friendly way of road subgrade 

stabilisation. The chapter presented recommendations for clients, decision-makers, 

designers, contractors, and policy-makers. Areas for further research based on the 

finding of this current study were also recommended in this chapter.
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APPENDIXES  

Appendix 1: Preliminary test 

Appendix 1.1  Data table for Figure 82 

 

Data for Proctor compaction data for untreated subgrade materials 

Subgrade Type 
Moisture 
Content 

Dry density 

ASS1 (25%Bentonite + 75% 
Kaolinite) 

65.37 
34.46 
17.96 
13.81 

0.519 
1.254 
0.760 
0.735 

ASS2 (75%Bentonite + 25% 
Kaolinite) 

59.84 
49.80 
40.97 
39.39 

0.525 
1.033 
1.174 
0.826 

 

Appendix 1.2  Data table for Figure 83 
 

Data Table for Atterberg limit data for untreated subgrade materials 

Parameters 
ASS1 

(25%Bentonite + 
75% Kaolinite) 

ASS2 
(75%Bentonite + 

25% Kaolinite) 

Liquid Limit (LL) 131.26 294.07 

Plastic Limit (PL) 28.74 45.38 

Plasticity Index 102.52 248.69 

 

Appendix 2: California Bearing Ratio (CBR) 

Appendix 2.1 Data table for Figures 85 – 94 

 

Data Table for California Bearing Ratio (CBR) for all samples tested in this research 

ASS 

Subgrade 

types 

Sustainable mix design 

Curing 
days 

CBR (%) 
Soaked 
CBR (%) 

Mix proportion in (%) by weight 

Lime Cement GGBS Plastic Glass BDW 

ASS1 

untreated  
x x x x x x x 8 x 

ASS2 

untreated 
x x x x x x x 9 x 

ASS1 8 20 x x x x 7 80 x 
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ASS 

Subgrade 

types 

Sustainable mix design 

Curing 
days 

CBR (%) 
Soaked 
CBR (%) 

Mix proportion in (%) by weight 

Lime Cement GGBS Plastic Glass BDW 

Control 

ASS2 

Control 
8 20 x x x x 7 80 x 

ASS1 2 2.5 23.5 x x x 7 70 79 

ASS2 2 2.5 23.5 x x x 7 73 46 

ASS1 2 2.5 23.5 x x x 28 92 97 

ASS2 2 2.5 23.5 x x x 28 68 65 

ASS1 2 2.5 x 23.5 x x 7 13 12 

ASS2 2 2.5 x 23.5 x x 7 12 6 

ASS1 2 2.5 x 23.5 x x 28 13 8 

ASS2 2 2.5 x 23.5 x x 28 8 3 

ASS1 2 2.5 x x 23.5 x 7 14 17 

ASS2 2 2.5 x x 23.5 x 7 11 3 

ASS1 2 2.5 x x 23.5 x 28 16 11 

ASS2 2 2.5 x x 23.5 x 28 8 4 

ASS1 2 2.5 x x x 23.5 7 23 17 

ASS2 2 2.5 x x x 23.5 7 14 18 

ASS1 2 2.5 x x x 23.5 28 26 28 

ASS2 2 2.5 x x x 23.5 28 18 17 

ASS1 2 2.5 11.75 11.75 x x 7 44 59 

ASS2 2 2.5 11.75 11.75 x x 7 21 47 

ASS1 2 2.5 11.75 11.75 x x 28 82 93 

ASS2 2 2.5 11.75 11.75 x x 28 51 50 

ASS1 2 2.5 11.75 x 11.75 x 7 51 59 

ASS2 2 2.5 11.75 x 11.75 x 7 21 31 

ASS1 2 2.5 11.75 x 11.75 x 28 80 72 

ASS2 2 2.5 11.75 x 11.75 x 28 46 46 

ASS1 2 2.5 11.75 x x 11.75 7 61 61 

ASS2 2 2.5 11.75 x x 11.75 7 27 16 

ASS1 2 2.5 11.75 x x 11.75 28 109 67 

ASS2 2 2.5 11.75 x x 11.75 28 44 24 

ASS1 2 2.5 11.75 x x 11.75 90 180 x 
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ASS 

Subgrade 

types 

Sustainable mix design 

Curing 
days 

CBR (%) 
Soaked 
CBR (%) 

Mix proportion in (%) by weight 

Lime Cement GGBS Plastic Glass BDW 

ASS2 2 2.5 11.75 x x 11.75 90 120 x 

ASS1 2 2.5 23.5 x x x 90 200 x 

ASS2 2 2.5 23.5 x x x 90 96 x 

ASS1 2 x 26 x x x 90 220 x 

ASS2 2 x 26 x x x 90 98 x 

Where: ASS = Artificially Synthesised Subgrade material, GGBS = Ground Granulated Blast-furnace 

Slag, BDW = Brick Dust Waste,  ASS1 (25%Bentonite + 75% Kaolinite),   ASS2 (75%Bentonite + 25% 

Kaolinite) 

 

 

Appendix 3: Swell 

Appendix 3.1 Data tables for Figures 95 - 111 
 

Data Table Swell test data in accordance with BS EN 13286-47:2021 

Mix design 

Curing 
days 

Observation Period (Days) 

1 2 3 4 

Swell (%) 

ASS1 untreated x 1.29 3.36 3.87 4.11 

ASS2 untreated x 1.83 4.06 4.64 5.03 

ASS1 + 8%Lime + 20% Cement - CONTROL 
7 0.01 0.02 0.02 0.03 

28 0.01 0.01 0.02 0.02 

ASS2 + 8%Lime + 20%Cement - CONTROL 
7 0.02 0.04 0.05 0.06 

28 0.02 0.03 0.03 0.04 

ASS1 + 2%Lime + 2.5% Cement + 23.5%BDW 
7 0.45 0.57 0.58 0.58 

28 0.31 0.43 0.50 0.56 

ASS2 + 2%Lime + 2.5% Cement + 23.5%BDW 
7 0.59 0.61 0.62 0.63 

28 0.51 0.58 0.60 0.61 

ASS1 + 2%Lime + 2.5%Cement + 23.5%GGBS 
7 0.23 0.34 0.39 0.46 

28 0.15 0.23 0.27 0.32 

ASS2 + 2%Lime + 2.5%Cement + 23.5%GGBS 
7 0.27 0.38 0.44 0.50 

28 0.29 0.35 0.40 0.47 

ASS1 + 2%Lime + 2.5% Cement + 23.5% PLASTIC 
7 0.37 0.44 0.50 0.56 

28 0.26 0.39 0.48 0.51 

ASS2 + 2%Lime + 2.5% Cement + 23.5% PLASTIC 
7 0.49 0.53 0.57 0.61 

28 0.39 0.47 0.53 0.59 

ASS1 + 2%Lime + 2.5%Cement + 23.5%GLASS 
7 0.25 0.40 0.47 0.52 

28 0.20 0.35 0.44 0.46 
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ASS2 + 2%Lime + 2.5%Cement + 23.5%GLASS 
7 0.46 0.53 0.62 0.64 

28 0.40 0.46 0.55 0.57 

ASS1 + 2%Lime + 2.5% Cement + 11.75% GGBS +11.75 PLASTIC 
7 0.20 0.29 0.35 0.38 

28 0.12 0.24 0.33 0.36 

ASS2 + 2%Lime + 2.5% Cement + 11.75% GGBS +11.75 PLASTIC 
7 0.54 0.78 0.89 0.94 

28 0.35 0.41 0.46 0.47 

ASS1 + 2%Lime + 2.5% Cement + 11.75% GGBS +11.75% GLASS 
7 0.22 0.31 0.40 0.41 

28 0.19 0.31 0.39 0.39 

ASS2 + 2%Lime + 2.5% Cement + 11.75% GGBS +11.75% GLASS 
7 0.31 0.46 0.53 0.56 

28 0.22 0.38 0.48 0.50 

ASS1 + 2%Lime + 2.5%Cement + 11.75%GGBS+11.75BDW 
7 0.25 0.37 0.41 0.43 

28 0.24 0.34 0.40 0.42 

ASS2 + 2%Lime + 2.5%Cement + 11.75%GGBS+11.75BDW 
7 0.30 0.41 0.48 0.54 

28 0.28 0.39 0.42 0.49 
Where: ASS = Artificially Synthesised Subgrade material, GGBS = Ground Granulated Blast-furnace Slag, 
BDW = Brick Dust Waste,  ASS1 (25%Bentonite + 75% Kaolinite),   ASS2 (75%Bentonite + 25% Kaolinite) 

 

 

Appendix 3.2 Data table for Figures 112 - 114 

Data Table for Swell test in accordance with BS EN 13286-49:2004 

Untreated  Treated 

Mix 
design 

 

Observation 
Period 
(Days) 

Curing 
days 

Swell (%) 
 Mix design 

 
Observation 

Period 
(Days) 

Curing 
days 

Swell 
(%) 

ASS1 
1 x 

18.32 ASS1 + 8% Lime + 20% Cement 
1 7 

0.04 

ASS2 21.12 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
2 x 

24.24 ASS1 + 8% Lime + 20% Cement 
2 7 

0.04 

ASS2 35.88 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
3 x 

27.28 ASS1 + 8% Lime + 20% Cement 
3 7 

0.04 

ASS2 47.88 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
4 `x 

29.24 ASS1 + 8% Lime + 20% Cement 
4 `7 

0.04 

ASS2 55.00 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
5 x 

30.08 ASS1 + 8% Lime + 20% Cement 
5 7 

0.04 

ASS2 55.16 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
6 x 

31.36 ASS1 + 8% Lime + 20% Cement 
6 7 

0.04 

ASS2 56.04 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
7 x 

32.60 ASS1 + 8% Lime + 20% Cement 
7 7 

0.04 

ASS2 56.04 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
8 x 

33.52 ASS1 + 8% Lime + 20% Cement 
8 7 

0.04 

ASS2 56.40 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
9 `x 

33.52 ASS1 + 8% Lime + 20% Cement 
9 7 

0.04 

ASS2 56.52 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
10 x 

34.04 ASS1 + 8% Lime + 20% Cement 
10 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
11 x 

34.36 ASS1 + 8% Lime + 20% Cement 
11 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 
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ASS1 
12 x 

34.76 ASS1 + 8% Lime + 20% Cement 
12 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
13 x 

35.32 ASS1 + 8% Lime + 20% Cement 
13 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
14 x 

35.48 ASS1 + 8% Lime + 20% Cement 
14 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
15 `x 

35.56 ASS1 + 8% Lime + 20% Cement 
15 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
16 x 

35.64 ASS1 + 8% Lime + 20% Cement 
16 `7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
17 x 

35.92 ASS1 + 8% Lime + 20% Cement 
17 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
18 x 

35.92 ASS1 + 8% Lime + 20% Cement 
18 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
19 x 

35.92 ASS1 + 8% Lime + 20% Cement 
19 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
20 x 

35.92 ASS1 + 8% Lime + 20% Cement 
20 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
21 `x 

35.92 ASS1 + 8% Lime + 20% Cement 
21 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
22 x 

35.92 ASS1 + 8% Lime + 20% Cement 
22 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
23 x 

35.92 ASS1 + 8% Lime + 20% Cement 
23 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
24 x 

35.92 ASS1 + 8% Lime + 20% Cement 
24 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
25 x 

35.92 ASS1 + 8% Lime + 20% Cement 
25 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
26 x 

35.92 ASS1 + 8% Lime + 20% Cement 
26 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
27 `x 

35.92 ASS1 + 8% Lime + 20% Cement 
27 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

ASS1 
28 x 

35.92 ASS1 + 8% Lime + 20% Cement 
28 7 

0.04 

ASS2 56.56 ASS2 + 8% Lime + 20% Cement 0.2 

Where,  ASS1 (25%Bentonite + 75% Kaolinite),   ASS2 (75%Bentonite + 25% Kaolinite) 

 

Appendix 4: Durability test - wetting-drying cycle 

Appendix 4.1 Data table for Figures 115 – 122 
 

Data Table for Durability Test - Wetting-drying Cycle 

Cycle No 
Mix 

design 
Curing days Wet Cycle Dry Cycle 

Wet Cycle 
Mass 

Dry Cycle 
Mass 

 2% Lime + 2.5% Cement + 23.5% GGBS 

1 ASS1 28 180 230 3.75 2.84 

2 ASS1 28 160 220 3.69 2.81 

3 ASS1 28 140 210 3.12 2.81 
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4 ASS1 28 120 200 2.99 2.78 

5 ASS1 28 110 190 2.97 2.77 

6 ASS1 28 100 180 2.95 2.75 

7 ASS1 28 88 160 2.72 2.73 

8 ASS1 28 70 120 2.61 2.73 

9 ASS1 28 66 98 2.63 2.72 

10 ASS1 28 52 70 2.61 2.72 

 

1 ASS2 28 100 200 3.84 3.66 

2 ASS2 28 83 100 3.83 3.65 

3 ASS2 28 70 83 3.69 3.42 

4 ASS2 28 56 66 3.67 3.01 

5 ASS2 28 43 56 3.67 2.82 

6 ASS2 28 42 52 3.61 2.81 

7 ASS2 28 33 50 3.51 2.78 

8 ASS2 28 29 48 3.51 2.76 

9 ASS2 28 27 45 3.52 2.71 

10 ASS2 28 23 43 3.42 2.68 

 2%Lime + 2.5%Cement + 11.75%GGBS+11.75BDW 

1 ASS1 28 120 190 3.91 3.35 

2 ASS1 28 89 180 3.92 3.31 

3 ASS1 28 88 110 3.91 3.31 

4 ASS1 28 83 98 3.89 3.29 

5 ASS1 28 78 93 3.88 3.28 

6 ASS1 28 69 88 3.87 3.28 

7 ASS1 28 58 79 3.87 3.26 

8 ASS1 28 46 70 3.86 3.25 

9 ASS1 28 39 69 3.85 3.25 

10 ASS1 28 16 58 3.84 3.24 

 

1 ASS2 28 79 84 3.93 3.32 

2 ASS2 28 67 79 3.88 3.31 

3 ASS2 28 52 70 3.87 3.31 

4 ASS2 28 51 66 3.87 3.28 

5 ASS2 28 45 58 3.84 3.28 

6 ASS2 28 38 45 3.83 3.28 

7 ASS2 28 33 38 3.83 3.26 

8 ASS2 28 27 33 3.83 3.25 

9 ASS2 28 19 23 3.82 3.25 

10 ASS2 28 15 19 3.82 3.22 
Where,  ASS1 (25%Bentonite + 75% Kaolinite),   ASS2 (75%Bentonite + 25% Kaolinite) 
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Appendix 5 : Calculation 

Appendix 5.1  Defect calculations procedure for Figures 186 – 197 
 

Fatigue  

𝑁𝑓𝑎𝑡𝑖𝑔𝑢𝑒 = 𝑓1(Ɛ𝑡)
-f2 (𝐸1)-f3  

ASS1 (25% Bentonite + 75% Kaolinite) untreated soaked CBR = 0.6% Light Traffic 

0.0796(9.2E − 05)−3.291(1350)−0.854 = 3.22E+09 

 

ASS1 + 2%Lime + 2.5% Cement + 23.5 GGBS Soaked 28days curing CBR = 97% 

Light Traffic 

0.0796(3.58E − 06)−3.291(1350)−0.854 = 3.58E-06 

 

Permanent deformation  

𝑁𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛=𝑓4𝐸−9(Ɛ𝑐)-f5  

ASS1 + 2%Lime + 2.5% Cement + 23.5%BDW Soaked 28 days curing CBR 17% 

Heavy Traffic 

1.37E-09 x 1350−9 (6.81E − 06)−4.477  = 1.24E-14 

 

ASS2 + 2%Lime + 2.5% Cement + 11.75%GGBS + 11.75%Plastic 7 days curing 

CBR 21%  Heavy Traffic 

1.37E-09 x 1350−9 (5.32E − 04)−4.477  = 4.19E-23 

 

Rutting Life Prediction 

N = 4.1656 x 10−08 x [
1

Ɛ𝑐
]4.5337  

ASS1 + 2%Lime + 2.5% Cement + 23.5%Plastic Soaked after 28 days of curing  

CBR 8% Light Traffic  

4.1656 x 10−08 x [
1

5.57𝐸−06
]4.5337 = 2.40E+06 

 

ASS2 + 2%Lime + 2.5% Cement + 23.5%Glass Soaked after 28 days of curing  CBR 

4% Light Traffic  

4.1656 x 10−08 x [
1

9.88𝐸−04
]4.5337 = 1.76E+06 
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Appendix 6 Economic appraisal 

Appendix 6.1 Cost calculations procedure used for Figures 239 – 247   

Data Table for Cost calculations for binder per mix design 

Mix design Binder 

Mass of 
binder 

(kg)/mix 
design 

Mass of 
binder/ 

cubic 
meter (kg) 

Mass of 
binder/ 
km (kg) 

Unit 
price 

(£) 
25kg 

  20% 
VAT of 
25kg  

Price (£) 
per 25kg 
+ (20%) 

VAT 

Price (£) 
per kg + 

VAT 

Estimated 
delivery 

charge (£) 
(2%) 

Cost (£) 
per kg 

Cost of 
Binder 
(£)/mix 
design 

Cost of 
binder 

(£)/squar
e meter 

Cost (£) of 
binder per km 

of road 

Overall cost 
(£) of binder 

per km of 
road 

ASS+ 
8%Lime + 

20%Cement 
(CONTROL) 

Lime 0.32 0.065 64800 £13.40 £2.68 £16.08 £0.64 £0.013 £0.656 £2.050 £0.13 £132,852.96 

£182,325.82 
Cement 0.8 0.162 162000 £4.99 £1.00 £5.99 £0.24 £0.005 £0.24 £0.305 £0.05 £49,472.86 

ASS+ 
2L+2.5C+23.

5BDW 

Lime 0.08 0.016 16200 £13.40 £2.68 £16.08 £0.64 £0.01 £0.66 £8.201 £0.13 £132,852.96 

£285,633.86 Cement 0.1 0.020 20250 £4.99 £1.00 £5.99 £0.24 £0.00 £0.24 £2.443 £0.05 £49,472.86 

BDW 0.94 0.190 190350 £10.42 £2.08 £12.50 £0.50 £0.010 £0.51 £0.543 £0.10 £103,308.05 

ASS+ 
2L+2.5C+23.

5GGBS 

Lime 0.08 0.0162 16200 £13.40 £2.68 £16.08 £0.64 £0.01 £0.66 £8.201 £0.13 £132,852.96 

£271,555.42 Cement 0.1 0.02025 20250 £4.99 £1.00 £5.99 £0.24 £0.00 £0.24 £2.443 £0.05 £49,472.86 

GGBS 0.94 0.19035 190350 £9.00 £1.80 £10.80 £0.43 £0.01 £0.44 £0.469 £0.09 £89,229.60 

ASS+ 
2L+2.5C+23.

5PLASTIC 

Lime 0.08 0.0162 16200 £13.40 £2.68 £16.08 £0.64 £0.01 £0.66 £8.201 £0.13 £132,852.96 

£836,577.07 Cement 0.1 0.02025 20250 £4.99 £1.00 £5.99 £0.24 £0.00 £0.24 £2.443 £0.05 £49,472.86 

PLASTIC 0.94 0.19035 190350 £65.99 £13.20 £79.19 £3.17 £0.06 £3.23 £3.437 £0.65 £654,251.26 

ASS+ 
2L+2.5C+23.

5GLASS 

Lime 0.08 0.0162 16200 £13.40 £2.68 £16.08 £0.64 £0.01 £0.66 £8.201 £0.13 £132,852.96 

£221,983.42 Cement 0.1 0.02025 20250 £4.99 £1.00 £5.99 £0.24 £0.00 £0.24 £2.443 £0.05 £49,472.86 

GLASS 0.94 0.19035 190350 £4 £0.80 £4.80 £0.19 £0.00 £0.20 £0.208 £0.04 £39,657.60 

ASS+ 
2L+2.5C+11.
75GGBS+11.
75PLASTIC 

Lime 0.08 0.0162 16200 £13.40 £2.68 £16.08 £0.64 £0.01 £0.66 £8.201 £0.13 £132,852.96 

£925,806.67 
Cement 0.1 0.02025 20250 £4.99 £1.00 £5.99 £0.24 £0.00 £0.24 £2.443 £0.05 £49,472.86 

GGBS 0.47 0.095175 95175 £9.00 £1.80 £10.80 £0.43 £0.01 £0.44 £0.938 £0.09 £89,229.60 

PLASTIC 0.47 0.095175 95175 65.99 13.198 £79.19 £3.17 £0.06 £3.23 £6.874 £0.65 £654,251.26 

Lime 0.08 0.0162 16200 £13.40 £2.68 £16.08 £0.64 £0.01 £0.66 £8.201 £0.13 £132,852.96 £311,213.02 
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Mix design Binder 

Mass of 
binder 

(kg)/mix 
design 

Mass of 
binder/ 

cubic 
meter (kg) 

Mass of 
binder/ 
km (kg) 

Unit 
price 

(£) 
25kg 

  20% 
VAT of 
25kg  

Price (£) 
per 25kg 
+ (20%) 

VAT 

Price (£) 
per kg + 

VAT 

Estimated 
delivery 

charge (£) 
(2%) 

Cost (£) 
per kg 

Cost of 
Binder 
(£)/mix 
design 

Cost of 
binder 

(£)/squar
e meter 

Cost (£) of 
binder per km 

of road 

Overall cost 
(£) of binder 

per km of 
road 

ASS+ 
2L+2.5C+11.
75GGBS+11.

75GLASS 

Cement 0.1 0.02025 20250 £4.99 £1.00 £5.99 £0.24 £0.00 £0.24 £2.443 £0.05 £49,472.86 

GGBS 0.47 0.095175 95175 £9.00 £1.80 £10.80 £0.43 £0.01 £0.44 £0.938 £0.09 £89,229.60 

GLASS 0.47 0.095175 95175 £4 £0.80 £4.80 £0.19 £0.00 £0.20 £0.417 £0.04 £39,657.60 

ASS+ 
2L+2.5C+11.
75GGBS+11.

75BDW 

Lime 0.08 0.0162 16200 £13.40 £2.68 £16.08 £0.64 £0.01 £0.66 £8.201 £0.13 £132,852.96 

£374,863.46 
Cement 0.1 0.02025 20250 £4.99 £1.00 £5.99 £0.24 £0.00 £0.24 £2.443 £0.05 £49,472.86 

GGBS 0.47 0.095175 95175 £9.00 £1.80 £10.80 £0.43 £0.01 £0.44 £0.938 £0.09 £89,229.60 

BDW 0.47 0.095175 95175 £10.42 £2.08 £12.50 £0.50 £0.01 £0.51 £1.085 £0.10 £103,308.05 

ASS+ 
2L+26GGBS 

Lime 0.08 0.0162 16200 £13.40 £2.68 £16.08 £0.64 £0.01 £0.66 £8.201 £0.13 £132,852.96 
£222,082.56 

GGBS 0.94 0.19035 190350 £9.00 £1.80 £10.80 £0.43 £0.01 £0.44 £0.469 £0.09 £89,229.60 
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Appendix 6.2 Agency and user cost data. 

Data Table from RealCost Software 

Total Cost Alternative 1 Alternative 2 

Agency Cost User Cost Agency Cost User Cost 

Undiscounted 

Sum 

£6,000,000.00 £80,000.06 £7,200,000.0

0 

£133,000.

43 

Net Present 

Value 

£5,521,000.40 £80,000.06 £6,632,000.9

1 

£133,000.

43 

EUAC £295,000.82 £4,000.29 £355,000.37 £7,000.15 

Lowest Net Present Value User Cost Alternative 1 

 

 

Appendix 6.3 Estimated maintenance, rehabilitation cost and discount rate  

Data Table from RealCost Software 

Year 

Estimated 

Maintenance 

Costs (£) 

Estimated 

Rehabilitation 

Cost (£) 

Assumed 

Discount 

Rate (%) 

Year 6   Year 9 24,000,300 35,080,000.06 2% 

Year 19 Year 21 44,006,000 40,080,000.06 6% 

Year 28  Year 30 67,002,000 52,080,000.06 8% 

 

Appendix 6.4 Life cycle cost analysis calculations procedure  

Appendix 6.4.1 LCCA treated subgrade  

LCCA calculation using treated subgrade - 8%Lime + 20%Cement (CONTROL MIX) 

as an example 

1. Initial Cost Year 0 = Alternative 1 (Net Present Value Agency Cost) + 

Alternative 1 (User Cost) + Overall cost of binder per square km of road = 

£5,783,326.28 

2. Maintenance #1 Cost Year 6 = £24,000,300 

3. Rehabilitation #1 Cost Year 9 = £35,080,000.06 

4. Maintenance #2 Cost Year 19 = £44,006,000 

5. Rehabilitation #2 Cost Year 21 = £40,080,000.06 

6. Maintenance #3 Cost Year 30 = £67,002,000 
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7. Rehabilitation #3 Cost Year 35 = 52,080,000.06 

8. Salvage value (0.67% of Rehab#3) Year 35 = £312,480 

9. Total Life Cycle Cost (Stabilised Subgrade) = £268,344,106.46 

 

Appendix 6.4.2 LCCA calculation subgrade removal and replacement  

Data Table for removal and replacement of square km subgrade  

Item  Cost (Estimate) 

Cost of plant hire and operation £20,600,450.00 

Cost of transporting excavated materials & dumping site fees £60,000, 235.00 

Cost of buying and transporting granular materials to the site £200,000,224.00 

The total cost of removing and replacing a square km of subgrade £220,600,674.00 

 

 

Initial Cost Year 0 = Alternative 1 - Net Present Value + Alternative 1 - User Cost + 

Overall cost of binder per square km of road 

1. Initial Cost Year 0 = Alternative 1 (Net Present Value Agency Cost) + 

Alternative 1 (User Cost) + Total cost removing and replacing a square km of 

road subgrade = 226,201,674.46 

2. Maintenance #1 Cost Year 6 = £24,000,300 

3. Rehabilitation #1 Cost Year 9 = £35,080,000.06 

4. Maintenance #2 Cost Year 19 = £44,006,000 

5. Rehabilitation #2 Cost Year 21 = £40,080,000.06 

6. Maintenance #3 Cost Year 30 = £67,002,000 

7. Rehabilitation #3 Cost Year 35 = 52,080,000.06 

8. Salvage value (0.67% of Rehab#3) Year 35 = £312,480 

9. Total Life cycle cost (Subgrade Removed & replaced) = £488,754,774.64 
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Appendix 7 Laboratory photos  

 

Appendix 7.1 Research limitations 

 
PVC pipes were used for lining the inside of CBR mould 

 

 
 PVC pipes cut to size ready for lining the inside of the CBR mould  
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CBR mould with PVC lining ready for soil 
compaction 

Soil compaction process using  CBR mould with PVC 

 

 
Extruding compacted soil inside PVC pipe ready for curing 
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Curing process of extruded compacted soil in PVC pipe wrapped in cling film 

 

  
PVC pipe end-cover used to cover sample base during 

swell test 
Sample base covered and joint sealed using water-

tight silicon sealant  
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Sealing the wall gaps of sample in PVC pipe to ensure top to bottom direction soaking only  

 

  

Researcher fabricating swell plates for swell test  Researcher fabricating swell plates for swell test 
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Researcher fabricating swell plates for swell test  Researcher fabricating swell plates for swell test 

 

  

Swell setup process using the fabricated swell plate 
and PVC pipes 

Swell setup complete and ready for testing 
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Researcher fabricating crossbar for curing tank during the swell testing process 

 

 
Fabricated cross bar ready for use in swell testing  process 
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Swell setup using the fabricated crossbar, PVC pipes and swell plates  

 

Appendix 7.2 Preliminary test process 
 

  
Testing the pH of water used in the mixture pH value of water used in the mixture 
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Plastic Limit testing process 

 
Liquid Limit testing process 

  
Proctor compaction test sample preparation  Proctor compaction test sample preparation 
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Appendix 7.3 California Bearing Ratio sample preparation and testing 
 

   

Brick dust waste and other binders 
added to subgrade material during the 

mixing process 

Recycled glass grits and other binders 
added to subgrade material during the 

mixing process 
 

  
Recycled plastic pellets and other 

binders added to subgrade material 
during the mixing process 

The mixing process of treated subgrade 
materials 
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Manual CBR test sample compaction 
Process 

 
Trimming CBR test sample 

  

Curing CBR test sample 

Sealing joints of CBR mould with 
sample using silicon gel ready for swell 

test 
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CBR testing process 
 

Swell test setup 

 

Appendix 7.4 Wetting-drying sample preparation and testing process  

  

Soaking CBR samples for  wetting cycle test 
 

CBR sample eroded after due to cyclic wetting  

  
Oven-drying samples for drying cycle test CBR sample cracking due to cyclic drying  
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Appendix 7.5 SEM and EDX  

 

 
SEM and EDX samples prepared and ready for testing 
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SEM image and EDX results for ASS1+2% Lime 2.5% Cement + 23.5%BDW after 7 days of curing 

  
SEM image and EDX results for ASS1+2% Lime 2.5% Cement + 23.5%BDW after 28 days of curing 

 
 

SEM image and EDX results for ASS2+2%Lime 2.5%Cement + 23.5%BDW after 7 days of curing 

  
SEM image and EDX results for ASS2+2%Lime+2.5%Cement+23.5%BDW after 28 Days curing 



Appendixes 

383 | P a g e  Samuel Yaw Owusu Amakye (GMICE) – Doctor of Philosophy (PhD) In Civil Engineering – December 2022 
 

  
SEM image and EDX results for ASS1+2%Lime+2.5%Cement+23.5%GGBS after 7 days of curing 

 

 

SEM image and EDX results for ASS1+2%Lime+2.5%Cement+23.5%GGBS after 28 days of curing 

 

 

SEM image and EDX results for ASS2+2%Lime+2.5%Cement+23.5%GGBS after 7 days of curing 
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SEM image and EDX results for ASS1+2%Lime+2.5%Cement+23.5%Plastic after 7 days of curing 

 
 

SEM image and EDX results for ASS1+2%Lime+2.5%Cement+23.5%Plastic after 28 days of curing 

  
SEM image and EDX results for ASS2+2%Lime+2.5%Cement+23.5%Plastic after 7 days of curing 

 

 

SEM image and EDX results for ASS2+2%Lime+2.5%Cement+23.5%GGBS after 28 days of curing 
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SEM image and EDX results for ASS2+2%Lime+2.5%Cement+23.5%Plastic after 28 days of curing 

 

  
SEM image and EDX results for ASS1+2%Lime+2.5%Cement+23.5%Glass after 7 days of curing 

  
SEM image and EDX results for ASS1+2%Lime+2.5%Cement+23.5%Glass after 28 days of curing 

  
SEM image and EDX results for ASS2+2%Lime+2.5%Cement+23.5%Glass after 7 days of curing 
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SEM image and EDX results for ASS2+2%Lime+2.5+Cement+23.5%Glass after 28 days of curing 

 

  
SEM image and EDX results for ASS1+2%Lime+2.5%Cement+11.75%GGBS+11.75%Plastic after 7 days of curing 

  
SEM image and EDX results for ASS1+2%Lime+2.5%Cement+11.75%GGBS+ 11.75%Plastic after 28 days of curing 

  
SEM image and EDX results for ASS2+2%Lime+2.5%Cement+11.75%GGBS+11.75%Plastic after 7 days of curing 
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SEM image and EDX results for ASS2+2%Lime+2.5%Cement+11.75%GGBS+11.75%Plastic after 28 days of curing 

 

 
 

SEM image and EDX results for ASS1+2%Lime+2.5%Cement+11.75%GGBS+11.75% Glass after 7 days of curing 

  
SEM image and EDX results for ASS1+2%Lime+2.5%cement+11.75%GGBS+11.75%Glass after 28 days curing 

  
SEM image and EDX results for ASS2+2%Lime+2.5%Cement+11.75%GGBS+11.75%Glass after 7 days of curing 
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SEM image and EDX results for ASS2+2%Lime+2.5%Cement+11.75%GGBS+11.75%Glass after 28 days of curing 

 

 
 

SEM image and EDX results for ASS1+2%Lime+2.5%Cement+11.75%GGBS+11.75%BDW after 7 days of curing 

 
 

SEM image and EDX results for ASS1+2%Lime+2.5%cement+11.75%GGBS+11.75%BDW after 28 days of curing 
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SEM image and EDX results for ASS2+2%Lime+2.5%Cement+11.75%GGBS+11.75%BDW after 7 days of curing 

  
SEM image and EDX results for ASS2+2%Lime+2.5%Cement+11.75%GGBS+11.75%BDW after 28 days of curing 

 

 
 

SEM image and EDX results for ASS1+2%Lime+2.5%Cement+11.75%GGBS+11.75%BDW after 90 days of curing 

 
 

SEM image and EDX results for ASS2+2%Lime+2.5%cement+11.75%GGBS+11.75%BDW after 90 days of curing 

  
SEM image and EDX results for ASS1+2%Lime+2.5%Cement+23.5%GGBS after 90 days of curing 
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SEM image and EDX results for ASS2+2%Lime+2.5%Cement+23.5%GGBS after 90 days of curing 

  

SEM image and EDX results for ASS1+2%Lime+26%GGBS after 90 days of curing 

  
SEM image and EDX results for ASS2+2%Lime+26%GGBS after 90 days of curing 
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Appendix 8 Publications 

Appendix 8.1 Publications (Journal) 
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