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ABSTRACT 

The research carried out was aimed at improving the properties of the laterite soils while 

using cement and metakaolin in the subbase soil layer. The research was guided by three 

specific objectives which included determining the engineering properties of the neat soils, 

determining the properties of the metakaolin and determining the engineering properties of 

the cement-metakaolin stabilized laterite soil. The case study of the research was Jambula 

road located in Entebbe municipality and the metakaolin was got from Buwambo. 

Furthermore, the study discussed about the sampling and preparation of the materials used. 

Different laboratory tests were carried out at Sterling laboratory while following the specific 

objectives stated in reference with the required standards of British Standards, General 

Specification MOW and others. Different tests of CBR, MDD, PI and UCS were carried out on 

the stabilized cement-metakaolin laterite soil and at optimum cement and metakaolin content 

of 3% and 4%, the mix had an MDD value of 2.071gm/cm³, CBR value of 57%, Pi value of 13.1% 

and USC value 1.41Mpa which all lied in the required range for a subbase soil layer in 

accordance with Ministry of works and Transport. Hence making cement and metakaolin good 

chemical stabilizers for the laterite soils. For this research, some conclusions were drawn and 

as well recommendations for further research were given. 
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CHAPTER ONE: INTRODUCTION 

1.1 Background 

Tropical and subtropical regions are home to laterite soils, which are extensively 

weathered residual soils. These soils exhibit a wide range in particle size, encompassing 

both clay and gravel fractions. (Oyelami, 2016) In tropical regions with alternating hot and 

wet seasons, weathering processes lead to the formation of laterite soils, characterized by 

their reddish-yellow color  (Abdelhalim, 2022). The reddish yellow color is due to the 

presence of large quantities of iron oxide in the form of hematite (Fe2O3) (Brice T 

Kamtchueng, 2015). Uganda, due to its tropical location, has readily available laterite soils 

in many regions. This abundance has led to their widespread use in various engineering 

projects, particularly road construction. Laterite soils are the primary material for 

subgrade and subbase layers in Ugandan roads. However, a significant drawback of these 

soils is their low bearing capacity. Additionally, the presence of clay minerals in laterite 

makes them prone to volume changes, causing problems for drivers. 

A prime example of this challenge can be found on Jambula Road in Akright City, Entebbe 

Municipality. The weak laterite soils used in the subbase have made the road vulnerable to 

damage from heavy traffic. This has resulted in uneven settlement of the road surface and 

the formation of potholes, creating difficulties for motorists who use this route (Richard, 

2023).  

Laterite soils are abundant in the area of stabilization and therefore that reduces the 

overall cost for their use in stabilization and their abundance is evidenced from the map in 

the figure below.  
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                                Figure 1: Pattern of soil distribution in Uganda. 

Source (European Commission, 2020) 

 Several techniques address weak soils, including the use of cement as a chemical 

stabilizer. However, cement presents challenges, such as shrinkage, that require additional 

consideration (Kolovos, 2013). Following the success of meta-kaolin as a partial cement 

replacement in concrete, this research will explore its potential in laterite soil stabilization 

by partially substituting cement with meta-kaolin. 
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1.2 PROBLEM STATEMENT. 

Laterite soils are a result of weathering in tropical conditions which is typical in most parts 

of Uganda (Bouazza, 2018). These soil types are unsuitable as fill materials for two key 

reasons. Firstly, they cannot be compacted back to their original density, leaving them 

unable to withstand traffic loads due to easy crushing under pressure. Secondly, the 

presence of clay minerals makes them highly susceptible to water damage, often leading 

to failures during rainy seasons. This problem can be seen                      along Jambula road located in 

Akright city in Entebbe municipality where the presence of weak laterite soils in the 

subbase has made the road susceptible to heavy traffic causing uneven settlement on the 

road surface leading to formation of potholes causing problems for motorists that use the 

road. A study conducted on the road concluded that the reason for failure of the road 

surface was because the laterite soils used in the subbase that did not offer enough 

resistance to traffic loading (Richard, 2023). The subbase material used was found to have 

a design soaked CBR between 29-32%. Due to the road's traffic demands, a minimum CBR 

of 45% is required for the subbase material. Researchers have explored various methods to 

stabilize these soils, with cement being a popular choice for its ability to enhance bearing 

capacity. However, cement use faces challenges, particularly shrinkage during hydration. 

This study investigated the potential of partially replacing cement with meta-kaolin to 

address this issue and improve laterite soil stabilization. 
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1.3 OBJECTIVES. 

1.3.1 MAIN OBJECTIVE  

To stabilize laterite soils with cement and metakaolin.  

1.3.2 SPECIFIC OBJECTIVES  

1. To determine the engineering properties of the neat laterite soil.  

2. To determine the properties of meta-kaolin.  

3. To determine the engineering properties of laterite soil stabilized with cement and 

varying percentages of meta-kaolin 

1.4  RESEARCH QUESTIONS 

1. What are the engineering properties the laterite soils used on the road? 

2. What are the properties of metakaolin? 

3. What are the engineering properties of the soil when stabilized with of cement and 

different percentages of metakaolin? 

1.5  JUSTIFICATION 

Meta-kaolin (Al2Si2O7) is produced from calcination of kaolinite clay at temperatures 

between 7000C to 8000C (Astutiningsih, 2018). Meta-kaolin has pozzolanic properties 

(Branco.P, 2018). This implies that meta-kaolin can react at room temperature in the 

presence of water to form substances that possess cementitious properties (Peter, 2021). 

Meta-kaolin itself is made up of (50-60) % silica and around (40-45) % alumina which are in 

active form. This silica and alumina will react with the calcium hydroxide (Ca(OH)2) formed 

during hydration of cement to form calcium aluminum feldspars like calcium silicate 

hydrate (C-S-H) and calcium aluminate hydrate (C-A-S-H) which are components of the gel 

(Peter, 2021) that serves to bind the soil particles thus increasing the bearing capacity of 

the soil and reducing the plasticity index (Kolovos, 2013) proved that the shrinkage 
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associated with cement during hydration is reduced by (0-20)% by the use of meta-kaolin 

and reduction in the amount of cement used. 

For a given type of soil, there may be more than one potential stabilizer that can be used, 

however there are some general rules that make certain stabilizers more desirable based 

on soil properties such as the granularity, fluidity, or texture of the soil (Guyer, 2011). 

Traditionally, the two mostly used chemical stabilizers are cement and lime. To determine 

which of the two is most suitable for a stabilization of a given soil, the MoWT General 

specifications for roads and bridges series 3000 guide as follows; 

Table 1: condition for a suitable stabilizer for soil 

% passing the 0.075mm 

sieve BS 1377-2 

Plasticity index (%) 

BS1377: Part 2 

Best suited stabilizer 

Less than 25% PI less than 6 or PI x (% 

passing 0.075mm) is less 

than 60 

Cement only 

6-10 Cement preferred 

More than 10 Cement and/ or lime 

More than 25% Less than 10 Cement preferred 

10 – 20 Cement and/ or lime 

More than 20 Lime preferred 
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From the table, it is concluded that cement is generally suitable for soils with a PI less than 

20. For a PI above 20, then lime is more suitable. Additionally, when the PI of the soil is 

between 10 and 20, then both cement and lime can be used. For lime to be effective, it 

requires the presence of clay particles to react and is therefore used for materials with 

high PI. A high PI indicates that the soil has a large capacity to swell. This is proof of 

presence of clayey particles in the soil ( Ministry of Works and transport, 2005). 

Cement can be used to stabilize soils with a high PI although lime is usually preferred in 

these cases. However, if cement must be used, then the material can be pre- treated with 

addition of 2% lime prior to cement stabilization in order to improve the workability of the 

soil ( Ministry of Works and transport, 2005). 

1.6  SCOPE 

1.6.1 Geographical scope. 

The sample soil was picked from Jambula road in Akright city in Entebbe municipality.  

1.6.2 Content scope 

 The research was focused on chemical stabilization by using meta-kaolin obtained from 

Buwambo wetland in Central Uganda to partially replace cement in order to stabilize the 

laterite soils. The time scope for the research was from  

1.6.3 Time Scope 

The research project was conducted from January 2023 to March 2024. 
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 CHAPTER TWO. LITERATURE REVIEW 

2.0 Introduction 

This chapter discusses relevant theories, research methods, and areas where knowledge 

was lacking in the research and shows how the different materials were chosen for use to 

meet the research objectives.  

2.1 LATERITE SOILS 

Tropical and subtropical regions with hot and humid climates (annual rainfall between 750 

and 3,000 mm) see the formation of laterite soils. These highly weathered and altered 

residual soils result from in-situ weathering and/or decomposition of underlying rocks. 

Intensive weathering is the key process, leading to leaching of bases and silica. This in turn 

causes a relative accumulation of iron and aluminum oxides (Brice T Kamtchueng, 2015) 

and the formation of kaolinite clays. Laterite soils, rich in secondary oxides of iron, 

aluminum, or both, were the product of this intense weathering. Deep lateritic profiles 

develop on flat terrain with limited runoff due to the extensive weathering process. 

Laterite, one of the most common soil types in tropical and subtropical regions, were 

particularly interesting for construction purposes, such as fill material. However, some 

lateritic soils exhibit poor engineering properties, including high plasticity, low bearing 

capacity, high permeability, and a tendency to retain moisture (with a high natural 

moisture content). These drawbacks necessitate improvement of these soils before using 

them in road construction. As highlighted in the study by (Bamwesigye, 2020), utilizing 

readily available local materials can significantly reduce stabilization costs. 

The properties of laterite soils vary considerably depending on the location. These 

variations stem from differences in the local characteristics, as we explored in the 

following section. 
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 The rock and mineral makeup of a region (geology) directly controls how water 

behaves there (hydrology), including rainwater runoff. This, in turn, influences the 

way rocks break down (weathering) and ultimately determines the characteristics of 

the resulting soil. 

 Areas with tropical climates characterized by alternating hot and cold seasons are 

most suitable for the formation of laterite soils. 

 The chemical makeup of a rock (parent rock) acts as the foundation for the 

characteristics of the soil that forms from it. (Oyelami, 2018). 

 Intense Weathering Effects on Soil Composition. Extended periods of weathering can 

significantly deplete the soil's silica content through leaching. This process leaves 

behind a predominance of iron and aluminum oxides, which significantly impact the 

soil's engineering properties. 

 While primarily composed of other minerals, laterite soils do contain small amounts 

of clay minerals (measured in the microns). These clay minerals are responsible for 

causing the soil to undergo some degree of volume change as the moisture content 

fluctuates. (Gidigasu, 2018) 

 The composition of laterite soil determines its cohesive or non-cohesive nature. 

Laterite formed primarily from sand-sized particles (predominantly sand/gravel) 

behaves in a non-cohesive manner. Conversely, laterite composed mainly of silt and 

clay-sized particles exhibits cohesive properties. 

Uganda, a tropical country, has abundant laterite soils, making them a readily available 

and cost-effective option for road construction. However, these soils have a drawback 

they are prone to deformation under traffic loads. This means laterite soils used in a 

road's subgrade layer can fail, causing damage to other road layers and impacting 
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drivers. To address this limitation, it's crucial to stabilize these soils, improving their 

properties and making them suitable for road construction.   

 2.2 SOIL STABILISATION  

Soil stabilization is essential during road construction. This becomes necessary when the 

foundation soils are weak and unsuitable for heavy loads, the readily available natural 

materials are poor quality and replacing them is expensive, or swapping out the subpar 

soils with granular materials is too costly (Tan, 2020). This process involves incorporating 

various elements with soil to improve specific properties. These elements can be 

commercially available additives or act as binding agents that cement the soil particles 

together. Alternatively, the technique may involve simply blending different soils to 

achieve the desired gradation (Guyer, 2011). 

While soil stabilization encompasses various techniques, these methods can be generally 

categorized into two main groups: 

1. Mechanical stabilization 

2. Chemical stabilization 

2.2.1 Mechanical stabilization 

Mechanical soil stabilization involves improving soil's engineering properties through 

physical methods and materials. This aims to enhance its ability to bear loads, minimize 

settling, and ultimately boost its overall performance in construction. It typically involves 

adding various materials like aggregates, cement, lime, or other additives. These additions 

alter the soil's physical properties, increasing its strength. Common applications include 

road construction, foundation building, and other civil engineering projects where ensuring 

soil stability and durability under various loads is crucial (Makusa, 2018). 
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2.2.2 Chemical stabilization 

Chemical soil stabilization is a technique used to improve the engineering properties of 

soil. By adding specific chemical agents, this process enhances the soil's strength, 

durability, and load-bearing capacity. This makes the soil more suitable for construction 

applications, particularly in road building and other infrastructure projects. 

Chemical stabilization relies on several agents namely lime, cement, and fly ash, alongside 

various chemical additives. These react with the soil's components, causing specific 

changes to its properties. This includes increased cohesion, reduced plasticity, and 

ultimately, enhanced overall stability (Guyer, 2011) Chemical stabilization addresses 

problems like swelling, shrinkage, and weak load-bearing capacity in soils. This method 

utilizes chemical reactions between a stabilizer and the soil's minerals to achieve the 

desired improvements for construction purposes (Makusa, 2018). 

2.3. Selecting a suitable chemical stabilizer for a soil 

2.3.1 Cement. 

Cement, a powdery substance with both cohesive and adhesive properties, binds objects 

like building blocks, stones, and bricks. Its key components are clay and calcined lime. 

While calcined lime provides the bulk of the calcium oxide (CaO), the clay contributes silica 

(SiO2), alumina (Al2O3), and iron oxide (Fe2O3) (Dunuweera and Rajapakse, 2018). 

The specific ingredients used in cement vary depending on its intended application. 

However, ordinary Portland cement usually contains 21.9% silicon oxide (SiO), 6.9% 

aluminum oxide (Al2O3), 3.9% iron oxide (Fe2O3) and 63% calcium oxide (CaO) (Tan, Zahran 

and Tan, 2020). Cement stabilization is not suitable for certain soil types: organic soils, 

highly plastic clays, soils with moderate to high sulfate (SO₄) levels, and sandy soils with 

low reactivity. This limitation arises due to two factors. First, the high organic content in 



11 

 

organic soils and the lack of pozzolans (reactive volcanic ash) and silts hinder cement's 

ability to achieve the necessary stabilization strength. Second, for these soils, significant 

dosages of cement would be required to overcome this limitation, making it an impractical 

solution (ACI Committee 230, 2009). Soil with a pH below 5.5 and organic matter exceeding 

2% is unsuitable for cement stabilization. This low pH hinders the mixture's hydration rate, 

consequently leading to slower strength gain (Tan, 2020).  

2.3.1.1. HYDRATION OF CEMENT 

Cement's ability to bind particles stems from an exothermic chemical reaction, known as 

hydration, that occurs upon mixing with water. However, hydration isn't a single reaction. 

Instead, it's a collective term encompassing a series of reactions that happen 

simultaneously and successively when anhydrous cement encounters water. (Branco.P, 

2018). 

Tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A), and 

tetracalcium aluminoferrite (C4AF) are the phase compounds that can be found in cement 

(Ridi, no date). Among the clinker phases, C3S reacts fastest, while C2S reacts slowest. C3A 

plays a critical role in early hydration due to its strong reaction with water, causing rapid 

stiffening of the cement paste. However, C3A reacts even faster than C3S. Gypsum, added 

during cement manufacturing, delays this reaction and prevents immediate stiffening. The 

interaction of water with C3A and gypsum produces ettringite. Once the gypsum is 

depleted, further reaction between C3A and water forms tricalcium aluminate hydrate 

(CAH). Ultimately, the combined gel network of CSH (Calcium-Silicate-Hydrate) and CAH 

forms a soil-cement matrix that binds the soil particles together (Reddi, Inyang and CRC 

Press., 2000). The hardening process of cement paste establishes its strength. This strength 

comes from the formation of two key products: tricalcium silicate hydrate (CSH) and 
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crystallized calcium hydroxide (CH). These are created through the hydration reaction 

between water and the major cement components, tricalcium silicate (C3S) and dicalcium 

silicate (C2S) (Tan, 2020). 

Cement is generally an adequate stabilizer in most engineering applications. An advantage 

of using cement is that leaching of calcium is minimal when it is used (Tan, 2020). Despite 

its effectiveness, widespread cement use for soil stabilization is discouraged due to 

significant environmental drawbacks associated with its production. These drawbacks 

include high energy consumption and substantial carbon dioxide emissions (Firoozi, 2017). 

2.4. Metakaolin 

Metakaolin is a product of the thermal activation of kaolin clay (Rashad, 2015). Kaolin clay 

is a type of clay whose main clay mineral is kaolinite. Kaolinite is a hydrated aluminosilicate 

(Al2Si2O5(OH)4). Thermal activation of the clay removes the water from the clay leaving 

behind a dehydrated aluminosilicate. 

Thermal activation of kaolin clay involves heating it at a high temperature. This specific 

temperature can vary depending on the desired properties of the resulting metakaolin and 

researcher preferences. The typical range falls between 600°C and 800°C (Rashad, 2015). 

Similar to the variations in temperature, the heating duration for the clay also exhibits 

variations. The typical heating time lies between 2 and 12 hours (Camp, 2018).  Metakaolin 

is a pozzolanic material (Peter, 2021). This suggests the material undergoes a reaction with 

water at room temperature, resulting in the formation of cementitious compounds 

(Osinubi, 2016). 
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2.4.1. Chemical composition of metakaolin. 

This table presents the compositional analysis of various oxides found in metakaolin 

samples, as reported by three independent researchers. 

Table 2: Chemical composition of Metakaolin 

Oxides 1 (Lorange, 2020) 2 (Lorange, 2020)  Ana Luisa VELOSA (Velosa, 

Rocha and Veiga, 2009) 

SiO2 55.78 31 60.11 

Al2O3 29.42 53.5 29.61 

Fe2O3 0.55 6.58 1.28 

CaO 0.68 1.1 0.05 

MgO  0.21 0.12 0.15 

SO3  0.00 0.00 0.00 

K2O  2.22 5.79 3.32 

Na2O  0.02 0.04 1.94 

Ti2O3  0.08 0.919 0.36 

P2O5  0.01 - - 

Mn2O3  0.02 - - 

LOI  11.0 - 2.61 
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From the table, it can be seen that Silica (SiO2) and alumina (Al2O3) were the predominant 

oxides in the Metakaolin. In combination with cement, the presence of silica and alumina 

can trigger a reaction with the calcium hydroxide produced during cement hydration.This 

reaction yields products that exhibit pozzolanic properties.  
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CHAPTER THREE: METHODOLOGY 

3.0. Introduction  

This chapter discusses the procedures, methods and materials which were employed to 

meet the specific objectives of the project. 

3.1. Methods and materials 

3.1.1. Properties of the neat soil 

The soil was obtained in disturbed form using a pick mattock and spade from a borrow pit 

along Jambula road from 2 different locations at depths of 1.5m. The total weight of the 

soil sample collected was about 350kg and it was placed in 5 airtight sacks and 

transported to Stirling laboratory in Mbalala for testing. The sample was air dried for 2 

days and the following tests carried out on it. 

1. Particle size distribution with reference to BS 1377: Part 2 1990 

2. Atterberg limit tests with respect to BS 1377: Part 2 1990 

3. Proctor test with respect to BS 1377: Part 1990 

4. CBR with respect to BS 1377: Part 4 1990 

 

Figure 2: Showing collection of neat soil samples 
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3.1.2. Chemical composition 

Cement was obtained from the market. Type II cement was used for the stabilization as it 

is most suited for stabilizing laterite soils. 

The kaolin clay obtained from Buwambo wetland was subjected to temperatures between 

700 and 7500C for a period of 2.5 hours. The product was then left to cool and then ground 

using a pestle and mortar to form metakaolin. The metakaolin was then passed through a 

75mm sieve and the following tests were carried out. 

1. X-ray fluorescence test with reference to ASTM D5381-93 (2021) 

2. Particle size distribution with reference to BS 1377: Part 2 1990  

 

Figure 3: Showing collection of metakaolin 

 

3.1.3. Variation of the strength parameters of the stabilized soil with addition of varying 

percentages of cement and metakaolin 

The soil was then mixed with cement and metakaolin at different percentages. 

The percentage of cement in the sample was maintained at a constant 3% as this has been 

identified as the optimum for cement stabilization by previous scholars. The percentage of 

metakaolin was increased from 0% to 8% in intervals of 2%. 
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The samples were then subjected to the following tests; 

1. Atterberg limit tests with reference to BS 1377: Part 2: 1990 

2. Proctor compaction test with reference to BS 1377: Part 4: 1990 

3. CBR with reference to BS 1377: Part 4: 1990 

4. UCS with reference to BS 1924: Part 2: 1990 

3.2. Methods 

The above tests were carried out in accordance with the standards indicated in order to 

achieve the objectives of this research. 

 

3.2.1. Tests on the laterite soils for objective one. 

3.2.1.1. Particle size distribution using wet sieving method with reference to BS1377: 

Part 2: 1990. 

This test was carried out for the metakaolin to ensure that it was in a similar size range as 

the cement that was to be used for stabilization.  

The purpose of this test in soils and aggregates was to determine how much of each particle 

size was in the sample. This was because the distribution of different sized particles can 

influence the engineering properties of a sample. For coarser particles particle size 

distribution was carried out using sieve analysis while for fine particles, it was done using 

the hydrometer test. 

Sample retained = weight of the sieve with the sample-weight of the sieve without the 

sample  

Percentage retained = (mass retained)/(initial sample mass)×100 
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cumulative % passing = 100-% percentage retained 

 

Figure 4: Showing wet sieving 

 

3.2.1.2. Atterberg limit tests with reference to BS1377: Part 2: 1990. 

The Atterberg limit tests were composed of 3 different soil tests that were: liquid limit, 

shrinkage limit and plastic limit. These tests were important because they informed the 

ability of the soil to expand. They helped to determine the PI. 

3.2.1.3. Liquid limit with references from BS 1377: Part 2:1990. 

The liquid limit was the moisture content for which the soil passed from liquid state to 

plastic state. It enabled the identification and classification of fine-grained cohesive soils. 

3.2.1.4. Plastic limit with reference to BS1377: Part 2: 1990.  

The plastic limit was the water concentration at which soil begins to behave plastically.  

As water was added, the same material from the liquid limit test can be molded with the 

hands. It starts to crack when it was rolled to a thickness of around 3 mm. The rolled 

samples were weighed before being placed on a mold and dried in an oven for 24 hours. 

After oven drying, the final weight was likewise measured, and the amount of water added 

was computed and documented as the plastic limit. 
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3.2.1.5. Plasticity index 

It can be defined as the stomach of the soil as it indicated the capacity of the soil to swell. 

It was the difference between liquid limit and plastic limit, PI= LL-PL. 

3.2.1.6. Proctor compaction test with reference to BS1377: Part 4: 1990  

Five layers of the sample were inserted into the mold, and each layer was blown 27 times 

with a 4.5 kg rammer. The sample was taken out and dried in the oven for 24 hours. The 

dried sample's weight was noted, and the dry density was computed for the given moisture 

content. The dry unit weight and water content are plotted on a graph after this was 

repeated multiple times. The ideal moisture content was identified from the curve 

reached, providing the maximum dry density. 

3.2.1.7. California bearing ratio with reference to BS1377: Part 4: 1990. 

This was a very important strength parameter because it informed the soils resistance to 

penetration. 

Equipment 

 CBR mould 

 Rammer  

 Soaking pit 

 CBR machine 

Used the optimum moisture content from the proctor test a sample was prepared in a mold 

and was compacted. The sample was the soaked in water for four days after which its 

surface was dried and prepared for penetration. The CBR machine can be used to measure 

resistance of the soil to penetration and this was the CBR value. The swell of the sample 

could also be determined. 
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3.3. Tests on Metakaolin for objective two. 

3.3.1. XRF test with reference to ASTM D5381-93 (2021) 

This test was done to determine the chemical composition of the metakaolin. The results 

of this test were to inform on the percentage of different oxides in the material. 

The sample was to be subjected to x-rays using an x-ray spectrometer. The sample would 

then emit florescent x- rays and each element reacted by releasing a unique fluorescent 

fingerprint. An X-ray analyzer then captured these signals and they could be analyzed to 

determine the chemical composition of the sample. 

 

3.4. Tests for objective three. 

Table 3: mix design 

 

Percentage of materials by 

mass. 

                        Test Results 

Laterite 

soil. 

Cement  Meta-

Kaolin 

CBR UCS 

(Mpa) 

PI (%) MDD 

(gm/cm3) 

OMC 

(%) 

100 0 0 33 - 15.6 2.159 10.7 

95 0 5 - - - - - 

95 3 2 - - - - - 

95 2 3 - - - - - 

95 4 1 - - - - - 

97 3 0 - - - - - 

91 3 6 - - - - - 
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The following tests would be carried out with the varying percentages of laterite soil, 

cement and metakaolin in order to achieve the test results.   
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CHAPTER FOUR. RESULTS AND DISCUSSION 

4.0. INTRODUCTION 

This chapter presents findings derived from various tests, such as Atterberg limits, 

maximum dry density-optimum moisture content, particle size distribution, and California 

Bearing Ratio. It also consists of analysis, interpretation and discussion of the obtained 

results. 

4.1. PHYSICAL PROPERTIES OF THE NEAT SOIL.  

The soil sample for this study was reddish brown gravel material. It has a plasticity Index 

of 15.6 % with 55.76 % passing the 0.075 mm sieve. The soil had a soaked CBR of 33 % at 

95% of MDD-OMC. The maximum dry density and optimum moisture content was 2.159 

g/cm³ and 10.7% respectively. 

 4.1.1. PARTICLE-SIZE DISTRIBUTION. 

 

 Figure 5: Showing PSD of the neat soil 

 

Particle size distribution curve showed the distribution of various particle sizes in the soil 

mass. The soil sample was classified as a well graded since the grading line was passing 
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through the middle of the envelope as shown above. The soil had 6.2% particles retained 

on a 2 mm sieve, 4.2% particle sizes being retained on 75-micron sieve and 54 % passing 

the 75-micron sieve.  

According to unified soil classification system (USC) which was used to describe the 

texture and grain size of the soil the description below was got.  

 

 Figure 6: Plasticity chart 

 

Considering the percentage passing sieve No.200 is 55.76% > 50%, then it was fine grained 

soil.The liquid limit was 45.2 < 50, then it falls under silts and clays with low liquid limit. 

The soil was made up of 27.86% gravel and 16.38% sand and since it plots below the A-

line, the soil can be classified as a gravelly silt with sand.  

55% of the soil passes through sieve No. 200 and therefore a large percent of fine-grained 

soils.  
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Since sub-base strength depends on the type of sub base soils, internal structure of the soil 

and the type of stress mode application, the Shear strength parameters of the soil were 

correlated to maximum particle size distribution (Bamwesigye, 2020). 

On comparison of the obtained % passing 75micron sieve values of the soil sample with the 

requirement according to the technical specifications and (CDR Standard Specification, 

2007) as shown in Table below the % passing the 0.075mm sieve of 54% was exceeding the 

required 3-15% and 5-20% required respectively which indicated that the soils can shrink 

and swell during alternate wet and dry seasons thereby causing serious threat on the 

pavement structures. 

Table 6: Percentage passing for different sieve sizes. 

Sieve No. 

(mm) 

Present soil % 

passing 

Required with respect to 

technical standards. 

Required with respect to CDR 

standards specification. 

63.0 100   

37.5 98   

20.0 93 55-95 75-95 

5.0 74 25-60  

2.00 68 7-36 20-45 

0.425 58  15-30 

0.075 54 3-15 5-20 
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4.1.2.  GRADING MODULUS 

The soil had a grading modulus of 1.181 which was below the minimum required of 1.5. It 

showed the relationship between fine material and course material therefore the lower it 

was the finer the soil material hence the soil was found to be of fine material. The 

grading modulus was got as shown below’ 

 

4.1.3.  PARTICLE SIZE DISTRIBUTION (METAKAOLIN). 

The Metakaolin was crashed using a rammer and passed through a 300µm sieve and they 

stored carefully to be used for the second and third objective. It was passed through that 

sieve so that it can be at the same particle size as the cement that it was going to 

partially replace for proper mixing. 

4.1.4. ATTERBERG LIMITS. 

 

 Figure 7: Showing Atterberg values for neat soil 
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The liquid limit (LL) of 45% was obtained as the moisture content at 20 mm cone 

penetration. The liquid limit was above the maximum allowable of 40% according to 

(Ministry of Works and transportation general specification, 2005) hence the soil can easily 

expand when exposed to moisture. The plastic limit (PL) of 29.4% as the lowest moisture 

content of rolled homogenous mixture of the soil sample. Plasticity Index of 15.6% was 

obtained from the difference between LL and PL as shown in Figure above.  

According to (Osinubi, 2016), laterite soils with Plasticity index above 14% are rated as 

being poor. This was because these soil particles tend to break under compaction and 

repeated traffic loading and also soften in presence of water and loose strength which led 

to pavement distress and susceptibility to failure. Also, these soils contain substantial silt 

and clay contents which render them sensitive to moisture absorption leading to 

deterioration of laterite surfaced roads (Bouazza, 2018). 

Since the soil sample has plasticity index of 15.6%, it indicated that it was poor and elastic 

therefore improvements needed to be done before use for construction of sub-base. 

4.1.5. MAXIMUM DRY DENSITY AND OPTIMUM MOISTURE CONTENT. 

 

Figure 8: Showing determination of OMC and MDD for neat soil 
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Figure 8 illustrated the variation in dry density values in relation to moisture content. 

Initially, dry soil consisted of particles not in contact, making it stiff and prone to cracking 

when compacted. Upon adding water, a thin film surrounds each particle, facilitating 

contact and increasing soil density during compaction. This process continued with 

continuous water addition (Firoozi, 2017). 

At a certain point, the soil's air volume reaches a minimum, resulting in maximum dry 

density. The moisture content corresponding to this maximum dry density was termed 

"Optimum moisture content." Further water addition beyond this point causes excess water 

to occupy space, reducing dry density (Firoozi, 2017). 

Adding water to soil with low moisture content aids easy movement during compaction, 

lowering voids ratio by expelling air and increasing moisture content, subsequently raising 

dry density due to increased unit weight (Bamwesigye, 2020). As the moisture content 

increased, the air content decreased until the soil approaches a zero-air-line. Beyond this 

point, further addition of moisture led to a reduction in moisture content as the water 

particles create voids. 

Upon adding water, the dry density of the soil sample increased to a maximum of 2.16 

m/cm³, along with the moisture content. However, beyond a moisture content of 10.7%, 

the dry density was observed to decrease. This suggests that the optimal compaction of 

this soil can be achieved at a moisture content of 10.7%. According to the Payment Manual 

(2007), moisture content and dry density within the ranges of 2-10% and 1.90-2.25 g/cm³, 

respectively, indicate that the soil sample consisted of gravel material. 

Soils with a maximum dry density ranging from 1890-2259 kg/m³ at an optimum moisture 

content of 10.1-15.5% showed a gradual response to compaction hence can easily crack 

(Firoozi, 2017). However, these soils contain significant silt and clay contents, making them 
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susceptible to moisture absorption, leading to the deterioration of laterite-surfaced roads. 

Therefore, it was emphasized to enhance the moisture absorption rates of these soils 

before utilizing them in road construction (Brice T Kamtchueng, 2015). 

4.1.6. CALIFORNIA BEARING RATIO. 

 

 Figure 9: A graph of force against penetration 

CBR test was conducted and CBR values of 33 % obtained as shown in Table 6 below. 

Table 7: CBR determination 

 

 

 

 

                                         62 blows 

Force  CBR 

Bottom Top Bottom Top 

2.5 mm Penetration 4.1 1.4 31 11 

5.0 mm Penetration 7.2 3.3 36 16 

Average 5.6 2.4 33.0 13.6 

Retained CBR                                          33.0 

Observations                                   CBR = 33 
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The road to be constructed was going to have heavy traffic loading therefore it should be 

constructed so that it can resist it. According to (General Specification for Road Works and 

Bridges, 2004) and (CDR Standard Specification, 2007) requirements for sub-base material, 

this soil did not meet the required minimum CBR of 45%. This could have been because of 

57.3% fines obtained from grading which implied that the soil sample has excessive fines 

hence increased possibility of absorbing more water and the likely to swell in circulated 

water conditions hence reduced strength. This was because Laterite gravels are known to 

give high CBR values when dry, but on absorption of water the strength drops abruptly 

(Bouazza, 2018). 

The soaked CBR of 33% which does not meet the required 45% CBR for the sub-base showed 

that these soils are liable to changes in load bearing capacity and strength (Brice T 

Kamtchueng, 2015). This study showed that these soils require improvement to be used for 

construction of stable structures. 

Since the soil alone was not meeting requirements of the sub-base G45 material, chemical 

properties of the meta-koalin and cement were determined using X-ray fluorescence and 

then doing partial replacement of the cement with meta-kaolin was used in the soil sample 

for reinforcement to increase its strength. This was because the meta-kaolin reduced the 

problem of shrinkage in the cement hence making it more effective thus increased 

strength. 

4.1.7. CBR SWELL 

The soil has a CBR swell of 0.79 which is greater than the standard 0.5 according to 

MoWT, 2005. Therefore, the soil can easily swell when exposed to moisture hence volume 

changes. 
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4.1.8. XRF ANALYSIS OF META-KAOLIN. 

Table 8: Results of XRF method 

Parameter. Results (%m/m) 

Silicon dioxide           [SiO2] 57.459 

Aluminum Oxide      [Al2O3] 24.926 

Calcium Oxide            [CaO] 8.57 

Iron (iii) Oxide           [Fe2O3] 7.778 

Potassium Oxide       [K2O] 0.376 

Titanium dioxide      [Ti2O3] 0.261 

Phosphorous pent oxide  [P2O3] 0.249 

Manganese (ii) Oxide [Mn2O3] 0.211 

 

Metakaolin appears as an odorless white powder and from the table above SiO2 and Al2O3 

are the highest and predominant which are key elements of meta-kaolin and together react 

with the calcium hydroxide formed during the hydration of cement to form a substance 

with pozzolanic properties. 

The SiO2 + Al2O3 + Fe2O3 percentages combined are higher than 70% hence complies with 

the condition for Class N natural pozzolan (ASTM C618-91). 
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4.2. PHYSICAL PROPERTIES OF THE STABILIZED LATERITE SOIL. 

4.2.1. Effect of Cement and Metakaolin on PI of the soil 

 

 Figure 10: A graph showing PI against %cement and metakaolin. 

 

Figure 10 showed the variation in PI and Linear shrinkage of the sample for different 

amounts of metakaolin and 3% cement. 

The PI initially reduced from 14.1 to 13.1 on increasing the amount of metakaolin from 0% 

to 4% because of the pozzolanic reaction that took place between cement, metakaolin and 

the soil. This reaction caused formation of a gel that binds the particles of the soil together 

hence reducing the amount of fines in the sample (Bamwesigye, 2020). However, beyond 

4% the PI of the soil no longer reduced but rather increased due to the excess metakaolin 

which implied some of the silicates would not react (Yu, 2015). The lowest PI was obtained 
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at 4% metakaolin and 3% cement. The same trend was observed in the linear shrinkage of 

the soil with a minimum linear shrinkage observed as 6.4 at 4% metakaolin. 

4.2.2. Effect of Cement and Metakaolin on Linear shrinkage of the soil. 

 

 Figure 11: A graph showing linear shrinkage against % metakaolin and cement. 

 

Figure 11 showed the variation in PI and Linear shrinkage of the sample for different 

amounts of metakaolin and 3% cement. 

The PI initially reduced from 14.1 to 13.1 on increasing the amount of metakaolin from 0% 

to 4% because of the pozzolanic reaction that took place between cement, metakaolin and 

the soil. This reaction caused formation of a gel that binds the particles of the soil together 

hence reducing the amount of fines in the sample (Bamwesigye, 2020). However, beyond 

4% the PI of the soil no longer reduces but rather increases due to the excess metakaolin 
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which implied some of the silicates would not react (Lorange, 2020). The lowest PI was 

obtained at 4% metakaolin and 3% cement. The same trend was observed in the linear 

shrinkage of the soil with a minimum linear shrinkage observed as 6.4 at 4% metakaolin. 

4.2.3. EFFECT OF THE CEMENT AND METAKAOLIN ON PROCTOR VALUES OF THE SOIL 

 

 Figure 12: A graph showing MDD against % metakaolin and cement. 

 

Figure 12 showed the variation in MDD of the sample for different amounts of metakaolin 

and 3% cement. Increasing the amout of metakaolin used led to a general decrease in the 

maximum dry density of the soil from 2.159g/cm3 to 2.022g/cm3 due to the heat generated 

during the hydration reaction. Since the cement and metakaoiln were fine grained, they 

led to a higher water absorption capacity of the soil and hence reduction in MDD and 

increase in OMC of the soil (Bamwesigye, 2020) as shown in the graphs above. The optimum 

moisture content increased from 10.7% to 13.4% due to the same effect. 
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 Figure 13: A graph of OMC against % cement and metakaolin 

 

Figure 13 above showed the variation in OMC of the sample for different amounts of 

metakaolin and 3% cement. Increasing the amout of metakaolin used led to a general 

increase in the OMC of the soil due to the heat generated during the hydration reaction. 

Since the cement and metakaoiln were fine grained, they led to a higher water absorption 

capacity of the soil and hence reduction in MDD and increase in OMC of the soil 

(Bamwesigye, 2020) as shown in the graphs above. The optimum moisture content 

increased from 10.7% to 13.4% due to the same effect. 
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4.2.4. EFFECT OF CEMENT AND METAKAOLIN ON THE CBR OF THE SOIL. 

 

 Figure 14: Graph showing variation of CBR with changes in cement and metakaolin. 

 

Figure 14 showed the variation in CBR and CBR swell of the sample for different amounts 

of metakaolin and 3% cement. 

The CBR of the soil increased with addition of metakaolin from 0-4% with a maximum CBR 

value of 57% obtained between 4 and 6% metakaolin. This was because of the decrease in 

fine clay contents due to addition of cement and metakaolin. This decrease in fines was 

due to the pozzolanic reaction whereby calcium oxide from the cement reacted with 

silicates and aluminates from the laterite soil and metakaolin. During this reaction, the soil 

texture was changed and clay particles clamped together into larger particle sizes to form 

an inter-locking mass of soil (Osinubi, 2016). The same process results in the formation of 
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calcium silicate hydrates and calcium aluminate hydrates that were responsible for 

strength gain in chemical stabilization hence the increase in CBR(Kolovos et al., 2013). 

Beyond this, further addition of metakaolin led to reduction in the CBR due to the presence 

of excess metakaolin. Excess metakaolin led to presence of excess silicates that do not 

react hence the decrease in strength of the soil (Lorange, 2020). The CBR swell of the soil 

reduced with increase in metakaolin content up to 4% metakaolin since there was a gain in 

strength of the soil (Sorsa, 2022). However, beyond 4% metakaolin, the CBR swell of the 

soil was seen to reduce to the excess silicates (Yu, 2015). 

4.2.5. EFFECT OF CEMENT AND METAKAOLIN ON UCS OF THE SOIL. 

 

Figure 15: Graph showing UCS against % cement and metakaolin. 

 

Figure 15 showed the variation of UCS of the soil with increase in Metakaolin content. 
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From 0% to 4% metakaolin, the UCS of the soil increased to a maximum of 1.41 at 4% 

metakaolin due to the pozzolanic reaction which caused the soil particles to clamp together 

to create an interlocking structure (Kolovos, 2013). The reaction produced calcium 

aluminum feldspars, which were what give the soil its strength (Patel et al., 2020). Beyond 

this, the UCS value reduces with increase in metakaolin due to the excess silicates which 

do not react (Yu, 2015). 

 

4.2.6. OPTIMUM MIX DESIGN. 

Table 4: Table showing the optimum mix design. 

 

 

 

 

 

 

 

From the summary of the results shown in the table above, the optimum mix ratio was 93% 

laterite soil, 3% cement and 4% metakaolin. 

This ratio was seen to have a CBR of 57% which was above the 45% for material class C0.7 

according to the MoWT General specifications for road and bridge works 2005. The UCS of 

1.41MPa was also above the 0.7MPa minimum for C0.7 cement stabilized material. 
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Additionally, the PI of 13.1% obtained at this ratio was below the minimum 14 for G45 

subbase material. 

The soil at this ratio also demonstrated a low linear shrinkage that was 6.4 below the 

maximum 8 as well as a low CBR swell of 0.3 which was below the maximum of 1.0. 
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5.0. CHAPTER FIVE. CONCLUSIONS AND RECOMMENDATIONS 

5.1. CONCLUSION  

This research examined how adding cement and metakaolin can improve the stability of 

laterite soils. The following section summarizes the key findings from the tests conducted.  

Tests showed that soil from the Jambula borrow pit wasn't strong enough for the road. The 

soil had too much fine material (55.56%) and didn't meet the standards set for road 

building. Specifically, the plasticity index (PI) was 15.6%, exceeding the allowed limit of 

14%. Similarly, the CBR (California Bearing Ratio) of the soil was 33%, falling short of the 

minimum requirement of 45% according to the MoWT general specifications. The soil also 

swelled more than acceptable (0.79 compared to the maximum of 0.5) and shrank too much 

(7.8% exceeding the 7% limit). Overall, the high amount of fine particles made the soil 

unsuitable for the road without improvement. To handle the expected traffic, the soil 

needs special treatment, like stabilization, to make it stronger. 

The composition of the metakaolin was such that the sum of the percentage of silicon 

dioxide, aluminum dioxide and iron (III) oxide was 90.163% which greater than 70% implying 

that metakaolin is a class N natural pozzolan according to the ASTM standard. The 

metakaolin sample was also dominated by silicon dioxide 57.46% and aluminum oxide 

24.93% which are the most important for hydration and lead to formation of C-S-H and C-

A-H that form the gel which binds the soil particles increasing the strength of the soil and 

reducing its PI. 

The strength parameters of the laterite soil stabilized with cement at 3% and varying 

percentages of metakaolin that is 0%, 2%,4%, 6% and 8% were seen to initially increase with 

the maximum CBR and UCS values of 57 and 1.41 MPa respectively at 4% MK. Beyond 4%, 
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there was a decrease in the strength parameters of the stabilized soil because of the excess 

silicates in the mix as a result of excess MK. 

 

5.2. RECOMMENDATIONS 

1. This research could be extended further to study the microstructure of the product 

formed after stabilization of the soil with metakaolin. This research could help 

understand the long-term characteristics and durability of stabilized soil. 

2. Further research into other pozzolanic materials that may be used to enhance the 

usability of metakaolin to stabilize soils should also be carried out in order to expand 

the existing knowledge on metakaolin stabilization. 
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