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ABSTRACT 

The purpose of this research was to stabilize laterite soils using cement and metakaolin. 

The need for this research is driven from the problems experienced during cement 

stabilization particularly autogenous shrinkage that is associated with cement 

hydration. Metakaolin which is pozzolanic in nature has in previous research 

demonstrated the capacity to minimize this shrinkage by increasing the voids formed 

during hydration of cement. Metakaolin has also been found to improve the strength 

properties of concrete. Therefore, this research aimed at increasing the strength of 

laterite soil stabilized with cement and metakaolin. To achieve this, cement and 

metakaolin were mixed together with cement kept at a constant 3%, which is the 

optimum for this purpose according previous research and metakaolin increased from 

0% to 8% in intervals of 2% in order to determine the suitable mix design for stabilization 

of the laterite soils. A design mix of 3% cement and 4% metakaolin was selected as the 

optimum since this soil gave the highest values for the strength properties of the 

laterite soil after stabilization that is 57% for CBR and 1.41MPa for UCS. The shrinkage 

characteristics of the soil that is PI, CBR swell and linear shrinkage were all found to 

be within the allowable range according to the MoWT general specifications for road 

and bridge works 2005.  
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CHAPTER ONE: INTRODUCTION 

1.1 Background 

Laterite soils are heavily worn tropical or sub-tropical residual soils which contain 

varied ratios of clay size to gravel-sized particles (Oyelami and Van Rooy, 2018). Laterite 

soils are reddish yellow soils that result from the processes of weathering in tropical 

climatic conditions of alternate hot and wet weather (Santha Kumar et al., 2022). The 

reddish yellow color is due to the presence of large quantities of iron oxide in the form 

of hematite (Fe2O3) (Kamtchueng et al., 2015). Uganda being located in the tropics has 

got laterite soils available in abundance in many parts of the country (Kamanyire, 2000). 

 

Figure 1: Showing distribution of soils in Uganda (Obtained from 

https://esdac.jrc.ec.europa.eu/content/uganda-soils)  
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From figure 1 above, it can be seen that majority of the soils in Uganda are ferralitic in 

nature. Ferrallitic soils are iron containing soils among which is laterite soil. This has 

led to the adaptation of these soils in many engineering activities. Uganda is highly 

dependent on laterite soils for road construction. These soils are most notably used in 

the subgrade and subbase layers of roads. However, these soils often have low bearing 

capacity. Laterite soils have also been found to contain quantities of clay minerals 

(Reda, Mohamad and Harris, 2021). Therefore, these soils are susceptible to volumetric 

changes which poses a challenge to motorists. 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 left the road susceptible to damage from heavy traffic hence 

causing uneven settlement of the road surface and thus development of potholes in the 

road. This has caused problems for motorists that use the road (Richard, 2023). Various 

techniques have been developed to stabilize these soils like the use of cement as a 

chemical stabilizer. However, cement has got a challenge of shrinkage among others. 

Materials like meta-kaolin have been found to be effective in increasing the strength 

properties of cement-based concrete.  

1.2 Problem statement 

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

parts of Uganda(Smith et al., 2017). These types of soils are not suitable to be used as 

fill materials since they can’t be compacted back to their natural density therefore 

being unable to offer enough resistance to traffic loads since they crush easily under 

loading (Tugume et al., 2019). They are also greatly affected by water due to the 

presence of quantities of clay minerals in the soils which often fail during the rainy 
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season (Bello Yamusa et al., 2019). 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. The subbase material used was found 

to have a design soaked CBR (at 95% MDD; OMC) between 29-32%. The study concluded 

that subbase material with a minimum CBR of 45% be used on the road because of the 

traffic requirements of this road. Many researchers have tried to find materials that 

can be used to stabilize this type of soils. One of the materials that have been 

extensively researched is cement since it is able to increase their bearing capacity. 

However, the use of cement is marred by several problems particularly the shrinkage of 

cement-based materials that occurs during hydration. To solve this issue, the cement 

may be partially replaced with meta-kaolin. This study therefore aims to stabilize 

laterite soil using cement and metakaolin.  

1.3 Objectives 

1.3.1 Main objective  

To stabilize laterite soils using 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.  
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3. To determine the engineering properties of laterite soil stabilized with varying 

percentages of cement and 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 different 

percentages of cement and metakaolin 

1.5 Justification 

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

between 7000C to 8000C(Astutiningsih, Banjarnahor and Zakiyuddin, 2018). Meta-kaolin 

has pozzolanic properties (Branco and Angulski, 2018). This implies that meta-kaolin 

can react at room temperature in the presence of water to form substances that possess 

cementitious properties (Okitoi, 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 leading 

to formation of calcium aluminum feldspars like calcium silicate hydrate and calcium 

aluminate hydrate which are components of the gel (Okitoi, 2021) that serves to bind 

the soil particles thus increasing the bearing capacity of the soil and reducing the 

plasticity index. (Kolovos et al., 2013) proved that the shrinkage associated with 

cement during hydration is reduced by (0-20) % by the use of meta-kaolin and reduction 

in the amount of cement used. From the MoWT General specifications for road and 

bridge works 2005, cement should be selected as a stabilizer of the PI of the soil is less 



5 
 

than 20. This is because beyond a PI of 20, the fines in the soil are too high and lime 

would be more suitable for stabilization. 

1.5 Scope 

1.5.1 Geographical scope 

The laterite soil that was used for the study was obtained from Jambula road in Akright 

city in Entebbe municipality in central Uganda. The metakaolin was got from Buwambo 

Parish in Gombe sub-county Wakiso subcounty in central Uganda. The cement was 

purchased from a hardware store in Mukono town. 

1.5.2 Content scope 

The scope of this research was be aimed but not limited at improving the engineering 

properties of laterite soils used on Jambula road in Entebbe municipality using cement 

and metakaolin. 

1.5.3 Time scope 

The research was carried out from August 2023 to March 2024. 
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CHAPTER TWO: LITERATURE REVIEW 

2.0 Introduction 

This chapter discusses the theoretical foundations upon which the research was built 

and centered and also highlights the important discoveries from analyzing different 

scholars’ research findings. 

2.1 Laterite soils 

Laterite soils are a reddish-brown soil that are formed as a result of weathering in areas 

with tropical climate. Tropical climate implies alternate hot and wet weather (Trewin, 

2014). In academic writing, the term "laterite" was originally used by geologist Francis 

Buchanan in 1807. He described the type of soil in the mountainous region of Malabar, 

India (Santha Kumar et al., 2022). The Latin word "Later," means "brick earth,"  and is 

the origin of the word "Laterite" originates (Rajashree, 2020). Laterite soil is a highly 

weathered soil rich in the secondary oxides of aluminum, iron, and or both. It is nearly 

void of primary silicates and bases, but it may include substantial amounts of kaolin 

and quartz (Quadri, Adeyemi and Olafusi, 2012). According to geomorphology, 

laterization involves the concentration of hydrated iron and aluminum oxides also 

known as "sesquioxide" as well as the leaching out or removal of silica, alkali, and 

alkaline earths (Prasad and Parthasarathy, 2018). It is either hard or capable of 

hardening on exposure (Quadri, Adeyemi and Olafusi, 2012). The reddish-brown color is 

due to the presence of these secondary oxides of iron and aluminum (Tiboti et al., 

2021). 

The properties of laterite soils greatly vary depending on the area in which the soils are 

found (Saing et al., 2017). These variations are caused by differences in the 
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characteristics in the area in which the soils are found. The following are some of the 

factors that cause variations 

 Parent rock- the characteristics of the soils will depend on the chemical 

composition of the rock from which the soils were formed (Oyelami and Van 

Rooy, 2018). 

 Degree of weathering- when weathering occurs for a long time, the silica in the 

soil will almost be completely leached out and therefore only aluminum and iron  

oxides will be present in the soil which will influence its engineering properties 

(Santha Kumar et al., 2022) 

 Geology in the area- the geology in the area has got a direct effect on the 

hydrology of the area and hence the flow of rain water. This will therefore 

influence how weathering in the area takes place and therefore affect the 

properties of soil formed (VALLERGA BA and VAN TIL CJ, 1970). 

 Climate in the area- tropical climates with alternate hot and cold weather are 

the most favorable for the formation of laterite soils (McCauley, Jones and 

Jacobsen, 2005). 

Laterite soils also contain very small quantities of clay minerals which cause a degree 

of volumetric changes with changes in moisture content of the soil (Adebisi et al., 

2013).  

Depending on the size of the soil's particles, the laterite soil may be cohesive or non-

cohesive. While the sand -based laterite soil displays non-cohesive behavior, the silt 

and clay-based laterite soil displays cohesive behavior (Roshan et al., 2022). 
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Uganda is one of the countries in the tropics, this implies that Uganda has got an 

abundance of laterite soils. As such, these soils are readily available to be used in the 

construction industry because they are very economical. However, these soils often do 

not offer enough resistance to traffic loading and therefore will crush easily under 

traffic loading when used in road construction projects.  

2.2 Soil stabilization  

In the process of building roads, soil stabilization is an essential task. It is done when 

the local  soils are soft and do not have enough bearing capacity, when the natural 

aggregates available locally are of not of good quality and expensive to import, or when 

it is expensive to remove the  soils and replace with granular materials (Tan, Zahran 

and Tan, 2020). It is the process of adding together and combining different elements 

with soil to enhance specific engineering characteristics or properties of the soil. The 

procedure involves mixing additives to change the texture, gradation, and or the 

plasticity of the soil or to work as a binder for cementing the soil, or it may involve 

blending soils to produce the required engineering properties like gradation (Guyer, 

2011). 

Stabilization involves several techniques but they can broadly be classified into 2 types: 

1. Mechanical stabilization 

2. Chemical stabilization 

2.2.1 Mechanical stabilization 

Through physical processes, such as induced vibration, compaction, or the addition of 

additional physical elements like aggregates, barriers and nailing, it is possible to 
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stabilize soil by changing the physical characteristics of the native soil particles. This 

process is known as mechanical stabilization (Makusa, 2012). Mechanical stabilization 

produces the required engineering properties by compaction of the soil aggregates 

particles hence producing a dense soil (Samuel, 2023).  

Mechanical stabilization attempts to change the soil’s engineering properties without 

changing its chemical make-up (Fondjo, Theron and Ray, 2021). 

Mechanical stabilization techniques 

(Fondjo, Theron and Ray, 2021) state the following as different mechanical stabilization 

techniques; 

Pre wetting 

The fundamental theory underlying this method is that saturating soil causes a swell 

prior to the commencement of construction, meaning that any additional wetting of 

the soil material will be too minimal to cause sufficient failure by maintaining a high 

water content (Schanz and Elsawy, 2015). 

Compaction 

The following are the reasons for which compaction of soil is carried out. 

1. Reduction of the soil material's subsequent settling under loading.  

2. Decrease in permeability stops rise in water stresses that would cause problems 

with liquefaction and water content.  

3. Lastly, it raises the soil material's bearing limit and shear resistance.  

Soil replacement 



10 
 

This technique involves excavating the weak soil from the area and replacing it with 

soil from a different area that demonstrates better strength characteristics. 

Blending of various soils 

This involves mixing the weaker soil with another soil with better engineering 

properties. This can be done with for example aggregates or sand and will generally 

improve the gradation in the soil to increase the properties of the soil. 

Soil reinforcements 

This technique involves addition of materials with a greater tensile strength as 

compared to the local soil. Such materials include geo-textiles as well as fibers (Sayyed 

et al., 2012). 

The scope of this research however is not mechanical stabilization. 

2.2.2 Chemical stabilization 

In chemical stabilization, the desired impact of soil stabilization is mostly achieved by 

chemical reactions between the stabilizing substance and the soil minerals (Makusa, 

2012). 

In this type of stabilization, a chemical compound is added to the soil and the chemical 

composition of the compound added will react with the elements in the soil to improve 

the soil. 

Chemical stabilization is done by mixing materials like lime, cement, fly ash, rice husk 

ash and other pozzolanic materials or a mixture of these materials with the soil whose 

engineering properties are to be stabilized(Guyer, 2011). The subsequent chemical 
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reactions are what lead to the soil’s engineering properties improving (Patel et al., 

2020). 

Chemical stabilization can be divided into 2 broader categories (Fondjo, Theron and 

Ray, 2021); 

i. Using traditional stabilizers for example cement, lime as well as fly ash. 

ii. Using non- traditional stabilizers for example cement kiln dust, lime kiln dust, 

bitumen emulsion, silica fume and metakaolin. 

Advantages of chemical stabilization 

 (Okoko, 2014) reported significant monetary savings when using chemical 

stabilization rather than mechanical stabilization in the stabilization of soils. 

 This method is also suitable for all different soil types regardless of the soil’s 

characteristics (Chijioke and Donald, 2019). 

Limitations of chemical stabilization 

 Some of these chemical stabilizers may be toxic to the environments in which 

they are exposed. Moreover, due to limited research on the subject, knowledge 

of this toxicity is not known to many people (Chijioke and Donald, 2019). 

 The production of some of these chemical stabilizers such as cement is an energy 

instance process and the energy used is often from non-renewable resources such 

as coal among others (Ohunakin et al., 2013). Additionally, the production of 

these stabilizers often leads to production of particulates which contribute to 

global warming (Larr and Neidell, 2016). 
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2.2.2.1 Selecting a suitable chemical stabilizer for a soil 

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 2 mostly used chemical stabilizers are cement and lime. 

To determine which of the 2 is most suitable for a stabilization of a given soil, the MoWT 

General specifications for road and bridge works 2005 guide as follows; 

Table 1: Requirements for cement stabilization 

% passing the 0.075mm 

screen  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 is preferred 

More than 10 Cement and/ or lime 

More than 25% Less than 10 Cement is preferred 

10 – 20 Cement and/ or lime 

More than 20 Lime is preferred 

 

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. 
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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 fine sized soil particles to react 

and is therefore used for soil material with a relatively 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 (KeyStone, 2003)  

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, the MoWT General specifications for 

road and bridge works 2005 suggest that the material be pre- treated with addition of 

2% lime prior to cement stabilization so as to improve the workability of the soil. 

2.3 Cement 

Cement is a powdery substance bearing cohesive and adhesive qualities, and being able 

to bind objects such as building blocks, stones, and bricks. The main elements in cement 

are clay and calcined lime.  While lime after calcination primarily gives calcium oxide, 

the clay used offers alumina, silica, as well iron oxide (Dunuweera and Rajapakse, 

2018). 

Cement composition depends on the purpose for which it was manufactured. However, 

ordinary Portland cement usually contains about 63% calcium oxide (CaO), 21.9% silicon 

oxide (SiO), 6.9% aluminium oxide (Al2O3), 3.9% iron oxide (Fe2O3) (Tan, Zahran and Tan, 

2020). Some organic soil types, sandy soils with limited reactivity, soils with moderate 

to high SO levels and high plasticity clays are not appropriate for cement stabilization. 

Due to high organic content in organic soils and the lack of pozzolans and silts, cement 
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alone will not be able to give the needed stabilization strengths unless cement is 

applied in significant dosages (ACI Committee 230 and American Concrete Institute., 

2009). An unsuitable soil candidate for cement stabilization is one with a pH of less than 

5.5 and more organic matter than 2%.  The low pH will negatively affect hydration rate 

of the mixture and hence resulting in slower strength gain (Tan, Zahran and Tan, 2020). 

2.3.1 Hydration of cement 

Hydration is an exothermic chemical reaction happens between cement and water. This 

reaction is responsible for the ability of cement to bond particles. Hydration in actual 

sense is however not one reaction. It is rather is collective term used to refer to a series 

of reactions that take place either simultaneously as well as successively when 

anhydrous cement is mixed with water(Ridi, 2018). 

Dicalcium silicate (C2S),tricalcium silicate (C3S), tetracalcium aluminoferrite (C4AF) and 

tricalcium aluminate (C3A) are phase compounds that can be found in cement (Ridi, 

2018). The fastest reaction is that of C3S, and the slowest is that of C2S. C3A plays a 

crucial role during the early stages of hydration because it reacts strongly with water, 

thereby stiffening the cement paste. It also reacts more quickly than C3S. Gypsum is 

added during cement manufacture to delay this reaction, and stop the immediate 

stiffening. Ettringite is created when water reacts with C3A and gypsum. Tricalcium 

aluminate hydrate (CAH), which is produced after gypsum is used up, is created when 

C3A and water interact. A soil-cement matrix is created when the CSH and CAH combine 

to produce a gel that acts as a binder for the particles of the soil (Tan, Zahran and Tan, 

2020). Once the cement paste has hardened, it gains strength. Crystallized calcium 

hydroxide (CH) and tricalcium silicate hydrate (CSH) which are byproducts of the 
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hydration reaction between C3S and C2S and the water, are what give hardened cement 

paste its consistency (Ridi, 2018). 

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

advantage of using cement is that  there is minimal leaching of calcium when it is used 

(Tan, Zahran and Tan, 2020). Although, exclusive use of cement for soil stabilization is 

strongly discouraged, mostly because to the detrimental environmental effects of 

cement manufacture, which include significant energy consumption and carbon dioxide 

emissions (Firoozi et al., 2017). 

2.3.3 Environmental cost of cement. 

Although cement is a widely used and effective construction material, it is important 

to note its effect on the environment. It is estimated that the construction industry 

contributes about 8% of the annual CO2 tonnage in the environment (Michael, Peter and 

David, 2022). 

Cement is made by heating limestone, clay and other materials in a kiln at a very high 

temperature about 14500C to form cement clinker (Ohunakin et al., 2013). Very high 

amounts of energy are required to produce these amounts of energy (Ohunakin et al., 

2013). Recent developments in renewable energy technologies are still not enough to 

produce the amount of energy required to cater for the world’s cement needs in a 

manner that is economically sustainable (Larr and Neidell, 2016). As such, the only 

viable solution is the use of energy sources like coal and other hydrocarbons. These 

produce vast amount of carbon dioxide which is the major driver of global warming. 

Additionally calcium carbonate (CaCO3) in the lime stone produces carbon dioxide as a 



16 
 

by-product as it changes to lime (CaO) further contributing to the carbon dioxide load 

into the environment (Michael, Peter and David, 2022). The environmental cost of 

cement is therefore one of the major reasons why stabilization techniques like 

metakaolin that require less energy to produce is important. These chemicals can 

greatly reduce the carbon dioxide pollution by the construction industry. 

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) (Survey, 2009). Thermal activation of the clay removes 

the water from the clay leaving behind a dehydrated aluminosilicate (Astutiningsih, 

Banjarnahor and Zakiyuddin, 2018). 

The thermal activation involves heating the kaolin clay at a high temperature. This 

temperature generally varies depending on the intended use of the Metakaolin as well 

as the preference of the scholar. Generally, this temperature is between 6000C- 8000C 

(Rashad, 2015). 

The period for which the clay is heated is also subject to variations similar to those for 

the temperature. The general duration is however between 2-12 hours (Soleil-Raynaut, 

2018). 

It is important to note that the temperature required for production of MK is about 55% 

less that that required to produce cement.  



17 
 

Metakaolin is a pozzolanic material (Okitoi, 2021). This implies that it will react at room 

temperature in when there is moisture to form materials that possess cementitious 

properties  (Risdanareni et al., 2019). 

2.4.1 Chemical composition of metakaolin. 

The table below shows the composition of different oxides in samples of metakaolin by 

3 different scholars 

Table 2: The chemical composition of Metakaolin 

Oxides  Tosten Lorange 

(Lorange, 2020). 

2 (Risdanareni et 

al., 2019). 

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 
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P2O5  0.01 - - 

Mn2O3  0.02 - - 

LOI  11.0 - 2.61 

From the table, it can be seen that Silica (SiO2) and alumina (Al2O3) are the predominant 

oxides in the Metakaolin. When used together with cement, this SiO2 and Al2O3 will 

react with the calcium hydroxide formed during hydration  forming substances that 

possess pozzolanic properties. 

Sub-base. 

The layer of aggregate material directly beneath the base course is known as the 

subbase, and it typically comprises of recycled materials, crushed aggregate, or gravel. 

This layer is directly above the subgrade. Subbases perform a number of functions, such 

as relieving the subgrade of stress and supplying drainage for the pavement structure 

(Transportation and Administration, 2016). In addition to providing drainage for the 

pavement on the lowest layer of the pavement, the granular subbase serves as a load-

bearing layer and reinforces the structure of the pavement immediately under the 

pavement surface (Hein and Izevbekhai, 2018). 

The ministry of works general specifications provide for the subbase layer of a road to 

be made of material of either G30 or G45 as specified by the engineer. The strength of 

this layer is very important in ensuring longevity of the road as it distributes the forces 

to the subgrade. 
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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 Materials and methods 

3.1.1 Materials 

Laterite soil 

The soil was sampled from a borrow pit along Jambula road from 2 different locations 

at depths of 1.5m in disturbed form using a shovel and a hoe. This borrow pit was the 

source of the material used on the road. 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.  

Upon arrival at the laboratory, the material was placed on large trays to air dry so as 

to bring the soil to a consistent moisture content and the soil tests carried out on it. 

 Cement 

Cement was purchased from a hardware store in Mukono town and transported to the 

laboratory. Type II cement 32.5N was used for the stabilization as it is most suited for 

stabilizing laterite soils (Dunuweera and Rajapakse, 2018). 

Meta-Kaolin 

Kaolin clay was obtained from Buwambo from an already existent pile of the material. 

The kaolin was allowed to dry for 1 day and then subjected to temperatures of 7500C 
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for 2 hours using the electric furnace at Uganda Christian University Mukono campus at 

the Visual Arts Department. (Sánchez et al., 2020; Okitoi, 2021) note that this time and 

temperature is sufficient to allow removal of the water from the clay leaving behind a 

dehydrated aluminosilicate. After a period of cooling, the sample was crashed and 

sieved using sieve size 300µm to form a white powder. A sample of this was taken to the 

government analytical laboratory from where an XRF test was done to determine the 

chemical composition of the metakaolin. 

3.1.2 Methods 

To determine the engineering properties of the neat soil 

3.1.2.1 Particle size distribution 

This test was carried out in accordance with BS1377: Part 2: 1990. 

The purpose of this test was to determine how much of each particle size was present 

in the sample.  

After preparation of the sample, it was passed through the different sieve sizes and the 

weight retained on each sieve noted. From this, the cumulative percentage passing was 

calculated. 

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

the sample  

Percentage retained = (mass retained)/(initial sample mass)×100 

cumulative % passing = 100-% percentage retained 

The grading modulus of the sample was also obtained from 
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GRADING MODULUS= 3-(summation of % retained on 2+0.425+0.075/100)/100 

3.1.2.2 Atterberg limit tests 

They were done with reference to BS1377: Part 2: 1990. 

The Atterberg limit tests were composed of 3 different soil tests that is: 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 of the soil. 

Equipment 

 Cone penetrometer 

 0.045mm Sieve 

 Drying oven 

Liquid limit (LL) 

The moisture content at which the soil changed from plastic to liquid. 

A sample of 200g of the air-dried sample that had passed the 0.0425mm sieve was 

obtained and the prepared in accordance with the standard. 

A graph of penetration against moisture content was plotted and LL determined as the 

moisture content at a penetration of 20mm. 

Plastic limit (PL) 

This was carried out with reference to BS1377: Part 2: 1990.  

This was the water content at which soil begun to behave plastically.  
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As water was added, the same material from the liquid limit test was molded with the 

hands. It started 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 measured, and the amount of water added 

computed and documented as the plastic limit. 

Plasticity index (PI) 

It can be defined as the stomach of the soil as it indicates the capacity of the soil to 

swell. 

3.1.2.3 Proctor compaction test 

This was carried out with reference to BS1377: Part 4: 1990  

This test was used to obtain the optimum moisture content and the MDD that can be 

achieved upon compaction of the soil. 

Equipment 

 Proctor mold 

 Oven 

 Filter paper 

 Weighing scale 

Five layers of the sample were inserted into the mold, and each layer 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 computed for the given 

moisture content. The dry unit weight and water content were plotted on a graph after 
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this is repeated multiple times. The optimum moisture content was identified as the 

moisture content when the dry density was maximum. 

3.1.2.4 California bearing ratio 

The  test was done because it helps inform the soils ability to resist penetration and 

therefore it indicates the strength of the soil. 

It was carried out with reference to BS1377: Part 4: 1990. 

Equipment 

 CBR mold 

 Rammer  

 Soaking pit 

 CBR machine 

Using the OMC from the proctor test a sample was prepared in a mold and compacted. 

The sample was then soaked in water for a duration of four days after which its surface 

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

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

was also calculated. 

To determine the composition of the metakaolin. 

3.1.2.5 Xrf test 

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

this test provided information on the percentage of different oxides in the material. 
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The sample was be subjected to x-rays using an x-ray spectrometer. The sample then 

emitted florescent x- rays where each element reacted by releasing a specific 

fluorescent print. An Xray analyzer then captured these signals and they were analyzed 

to determine the chemical composition of the sample. 

To determine the engineering properties of laterite soil stabilized with varying 

percentages of cement and metakaolin. 

3.1.2.6 Mix design 

Previous researchers have determined the optimum amount of cement for stabilization 

of laterite soils to be 3% (Patel et al., 2020), (Ali Ashraf, 2018) and (Bilal et al., 2017). 

With this, a mix design was developed such that the percentage of cement was kept at 

a constant 3% while the percentage of metakaolin was increased from 0 to 6%. 

Previous research has shown that the optimum percentage for stabilization of soil using 

metakaolin alone was between 5 and 6% (Rashad, 2015; Kolovos, Asteris and Tsivilis, 

2016; Abdulkarim et al., 2022; Bharadwaj, Burkan Isgor and Jason Weiss, 2023) 

Table 3: Mix design 

Soil (%) Cement (%) Metakaolin (%) 

100 0 0 

95 0 5 

97 3 0 

95 3 2 

93 3 4 
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91 3 6 

89 3 8 
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CHAPTER FOUR: RESULTS AND DISCUSSION 

4.0 Introduction 

This chapter presents the results from different tests that were done on the materials. 

The tests were done to achieve the different objectives that were stated in chapter 

one and they were done using the methods described in chapter 3. 

4.1 Neat laterite soil 

Table 4: Summary of the test results on the neat soil 

Property Neat soil Standard as per MoWT General 

specifications for road and bridge 

works 2005 

Liquid limit (%) 45.2 Maximum 40 

Plastic limit (%) 29.5 - 

Plasticity index 15.6 Maximum 14 

Linear shrinkage 7.8  Maximum 7 

MDD 2.159 - 

OMC 10.7 - 

CBR 33 Minimum 45 

CBR swell 0.79 Maximum 0.5 

Grading modulus 1.181 Minimum 1.5 
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The soils cannot be categorized as G45 material since some parameters are below those 

set in the MoWT manual.  

4.1.1 Particle size distribution 

 

Figure 2: The grading curve for the neat soil 

The grading curve for the soil was obtained as shown above.  

The shape of the curve is such that it occupies almost all the particle sizes. This means 

that this soil can be classified as well graded based purely on the particle sizes occupied 

(Jebur, 2017). 

Using the unified soil classification system (USC),  

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

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

The soil is 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.  
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55% of the soil passes sieve No. 200 and therefore there is a large percent of fine-

grained soils as such, the soils have a PI of 15 which is above the requirement for the 

subgrade layer of G45 according the Ministry of works general specifications for roads 

and bridges 2005 and hence a need to improve the PI by stabilization. 

The Grading modulus of the sample was calculated to be 1.181 which is below the 1.5 

minimum for G45 material according to the MoWT manual for road and bridge works. 

Grading modulus gives a relationship between the fine grains and coarse grains with in 

a soils sample. The higher the grading modulus, the finer the soil. this indicates that 

the soil is too fine to be used as subbaseG45 material. 

These fines contribute to the high PI of the sample and therefore lead to a low CBR of 

the soil since they hinder its ability to resist loading (Kevin, 2021). 

4.1.2 Atterberg limit tests 

 

Figure 3: Determination of liquid limit for the neat soil 
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Liquid limit is the moisture content at which the soil turns to plastic from liquid state. 

It is the lowest moisture content at which a soil will flow when very little shear force 

is applied (Shakya, 2024). The liquid limit of the sample was found to be 45.2%. The 

higher the liquid limit, the finer the particles in the soil because the soil is able to 

absorb more water before it flows. That is why Sandy soils will easily flow when water 

is added as compared to clay soils which expand before they flow.(James, 1990) 

The plastic limit is the moisture content at which it becomes impossible to remold fine-

grained soil without it splitting (KeyStone, 2003). The plastic limit of the soil was found 

to be 29.5% and hence the plasticity index was found to be 15.6%. 

Plasticity index describes the ability of the soil to absorb water. It is obtained by the 

difference between Liquid limit and plastic limit. The higher the PI of the soil, the more 

the soil changes in volume due to changes in moisture content (Ahmed and Agaiby, 

2020).  

The PI of the sample is 15.6% which is above the minimum PI for G45 material according 

to the MoWT General specifications for Roads and bridge works. The high PI can be 

attributed to the percentage of fines in the sample which indicates that the soil has a 

high percentage of clay and silt which significantly increase its PI (James, 1990). 

Therefore, the soil needs to be stabilized to lower this PI and make it suitable for G45 

material. 

4.1.3 Proctor test  

Proctor test was used to determine the optimum moisture content for compaction of a 

given soil and the maximum dry density of that soil for a given compaction effort. 
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The MDD and OMC were obtained from the proctor curve as shown below. 

 

Figure 4: MDD curve for the neat soil 

The soil particles in dry soil are not in contact with each other and therefore the soil 

when compacted becomes stiff and cracks hence forming gaps (Violah, 2020). The 

addition of water to soil at low moisture content during compaction forms a thin film 

around each soil particle which causes the particles to be close to each other by acting 

as a lubricant thereby making the soil denser (Connelly et al., 2008). Therefore, low 

void ratios are produced when water is added to soil at a low moisture content, allowing 

the soil particles to move freely during compaction. As such, as the volume of air in the 

sample decreases and the dry density of the soil reaches its maximum. (Jongpradist, 

2011). The moisture content at this point is the optimum moisture content.  

Further addition of water beyond the Optimum moisture content leads to a decrease in 

the dry density. This is because the water no longer serves a s a lubricant but rather 
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occupies the void spaces and forces the soil particles to separate from one another 

which leads to a decrease in the dry density of the soil (Violah, 2020). 

The OMC of the soil was found to be 10.7% and the Maximum dry density 2.159m/cm3. 

This implied that the best compaction of this soil is achieved at a moisture content of 

10.7%.  

4.1.4 California bearing ratio 

CBR is a measure of the strength of the soil. it is obtained by measuring the resistance 

of a soil sample to penetration. 

The soil did not meet the requirements for G45 subbase material as per the MoWT 

General specifications for road and bridge works 2005. The specifications require the 

material to have a CBR of 45 while the sample had a CBR of 33. This soil therefore needs 

to be stabilized before it can be used to construct the subbase. 

The CBR swell was also found to be 0.79 which is above the 0.5 maximum for G45 

material according to ministry of works and transportation general specifications 

indicating that the soil swells a lot when exposed to moisture. 

The reason for this low value in CBR may be associated with the large amount of fines 

in the soil which cause volumetric changes of the soil with changes in moisture content 

thus making the soil weak (Bilal et al., 2017). 

Therefore, the neat properties of the soil highlight that it is not suitable to be used as 

G45 subgrade material according to the requirements of the MoWT General 

specifications for road and bridge works 2005. Also considering the PI of the soil 15.6 is 
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less than 20%, and the percentage of fines of 55.56%, cement is a better stabilizer than 

lime since lime requires a large quantity of fines for stabilization according to the 

general specifications. 

4.2 Chemical analysis of the metakaolin. 

XRF analysis was performed on the metakaolin and the table shows the composition of 

the powder. 

Table 5: Chemical composition of the Metakaolin sample 

Chemical compound Composition (%) 

Silicon dioxide 57.459 

Aluminum oxide 24.926 

Calcium oxide 8.579 

Iron (III) oxide 7.778 

Potassium oxide 0.376 

Titanium dioxide 0.261 

Phosphorous pent oxide 0.249 

Manganese (III) oxide 0.211 

Figure 5 A graph shows the chemical composition of Metakaolin 

The dominant oxides in the sample were found to be silicon dioxide and aluminum oxide 

which are the most important for the metakaolin to serve as a partial replacement for 

cement since they will react with the calcium hydroxide formed during hydration to 

form calcium aluminum feldspars that form the substance that bind the soil particles 

together (Lorange, 2020). 
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The metakaolin can also be classified as a class N pozzolan since the summation of 

silica, alumina and iron (III) oxide in the sample is greater than 70% according to ASTM 

standard. 

4.3 Stabilized laterite soil 

The following are the results of the stabilization on the properties of the neat soil. 

4.3.1 Effect of the metakaolin on the Atterberg limits of the soil 

 

Figure 6: A graph showing changes in PI with % MK and cement 

The PI initially reduces from 14.1 to 13.1 on increasing the amount of metakaolin from 

0% to 4% because of the pozzolanic reaction that takes place between cement, 

metakaolin and the soil. This reaction causes 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 
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to the excess metakaolin which implies some of the silicates will not react (Lorange, 

2020). The lowest PI is obtained at 4% metakaolin and 3% cement. 

  

Figure 7: A graph showing variation in LS against %MK and cement 

The same trend is observed in the linear shrinkage of the soil with a minimum linear 

shrinkage observed as 6.4 at 4% metakaolin. The initial decrease in Linear shrinkage is 

because of the formation of Calcium Aluminate Hydrate and Calcium Silicate hydrate 

which are the main components of the gel that binds the soil particles and reduces the 

amount of fines in the soil (Sanou et al., 2023). The amount of fines in the soil is directly 

proportional to the shrinkage of the soil. Beyond 4% MK, a decrease in the linear 

shrinkage is observed because the metakaolin is in excess. This implies that there will 

be excess silicates which influence the structure of the calcium silicate hydrate and 

lead to a weaker soil (Dao and Ebid, 2022). 
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4.3.2 Effect of the cement and metakaolin on proctor values of the soil 

4.3.2.1 Maximum dry density 

 

Figure 8 : A graph of MDD against %metakaolin and 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 are fine grained, they lead to 

a higher water absorption capacity of the soil and hence reduction in MDD (Bamwesigye, 

2020) as shown in the graphs above.  
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4.3.2.2 Optimum moisture content 

  

Figure 9: A graph of OMC against %cem and MK 

The optimum moisture content increased from 10.7% to 13.4%. This increase was 

because hydration that takes place generates a lot of heat as water in the precence of 

the water (Bamwesigye, 2020). 

4.3.3 Effect of cement and metakaolin on the CBR of the soil 

  

Figure 10: A graph of Variation of CBR with changes in cement and metakaolin 
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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 is due to the pozzolanic reaction whereby calcium oxide from the cement reacts 

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

the soil texture is changed and clay particles clamped together into larger particle sizes 

to form an inter-locking mass of soil (Tumuhimbise and Kahunza, 2018). The same 

process results in the formation of calcium silicate hydrates and calcium aluminate 

hydrates that are responsible for strength gain in chemical stabilization hence the 

increase in CBR(Kolovos et al., 2013). Beyond this, further addition of metakaolin leads 

to reduction in the CBR due to the presence of excess metakaolin. Excess metakaolin 

leads to presence of excess silicates that do not react (Lorange, 2020). The excess 

silicates alter the structure of the C-S-H hence a weaker soil (Brykov et al., 2002). 

CBR SWELL 

 

Figure 11: A graph of CBR swell against %metakaolin and cement 
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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 from 

excess metakaolin in the soil (Yu et al., 2015; Dao and Ebid, 2022). 

4.3.4 Effect of cement and metakaolin on UCS of the soil 

The above graph shows the variation of UCS of the soil with increase in Metakaolin 

content. 

From 0% to 4% metakaolin, the UCS of the soil increases to a maximum of 1.41 at 4% 

metakaolin due to the pozzolanic reaction which causes the soil particles to clamp 

together to create an interlocking structure (Tumuhimbise and Kahunza, 2018). The 

reaction produces calcium aluminum feldspars, which are what give the soil its strength 

(Patel et al., 2020). Beyond this, the UCS value reduces with increase in metakaolin 
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due to the excess silicates which do not react(Bharadwaj, Burkan Isgor and Jason Weiss, 

2023). 

Research design 

Table 6: Summary of the results 

 

From the summary of the results shown in the table above, the optimum mix ratio is 

93% laterite soil, 3% cement and 4% metakaolin. 

This ratio was seen to have a CBR of 57% which is 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 is also above the 0.7MPa minimum for C0.7 cement stabilized material. 

Soil 

(%) 

Cement 

(%) 

Meta-

kaolin 

(%) 

PI 
Linear 

Shrinkage 

MDD 

(gm/mm3) 

OMC 

(%) 

CBR 

(%) 

CBR  

swell 

UCS  

(MPa) 

100 0 0 15.6 7.8 2.159 10.7 33 0.79 - 

95 0 5 15.5 7.6 2.152 10.1 37 0.77 0.12 

97 3 0 14.1 7.1 2.138 12.1 49 0.5 0.68 

95 3 2 13.55 6.9 2.097 12.3 51 0.4 1.02 

93 3 4 13.1 6.4 2.071 12.2 57 0.3 1.41 

91 3 6 14.3 7.1 2.033 12.3 57 0.63 1.31 

89 3 8 16.2 8.2 2.022 13.4 45 0.75 0.46 



40 
 

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 is 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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CHAPTER FIVE: CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

This study was mainly focused on the use of cement and metakaolin to stabilize laterite 

soils and the following are the conclusions drawn from the tests carried out. 

The following conclusions were made from the research; 

It was found that the laterite soil sample collected from Jambula borrow pit was a silt-

based laterite soil with 55.56% fines and had a PI of 15.6% which was above the minimum 

PI of 14 % for G45 material according to the General specifications for roads and bridges. 

The CBR of the neat soil was 33% which is below the required CBR in the MoWT general 

specifications that is 45%. The CBR swell of 0.79 and linear shrinkage of 7.8 were above 

the maximum allowable of 0.5 and 7 respectively. The soils properties were below the 

required standards for G45 mainly because of the amount of fines in the soil. Therefore, 

this soil required stabilization to improve its strength to be able to meet the traffic 

requirements of the road. 

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. 
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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%, 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 

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. 

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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APPENDIX 

APPENDIX A: PICTORIAL 

    

Figure 13: Washing the sample for Sieve analysis    Figure 14: Sampling the laterite soil 

 

Figure 15: Liquid limit determination 
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Figure 16: Sampling the metakaolin    Figure 17: Sampling metakaolin 

         

Figure 18: Crushing the metakaolin  Figure 19: Crushing the metakaolin sample 
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APPENDIX B: LABORATORY RESULTS 

 



55 
 

 



56 
 

  



57 
 

 



58 
 

 



59 
 

 

 



60 
 

 



61 
 

 

 



62 
 

 



63 
 

 



64 
 

 



65 
 

 



66 
 

 



67 
 

 



68 
 

 

 



69 
 

 



70 
 

 



71 
 

 



72 
 

 



73 
 

 



74 
 

 



75 
 

 



76 
 

 



77 
 

 



78 
 

 



79 
 

 



80 
 

 



81 
 

 



82 
 

 



83 
 

 



84 
 

 



85 
 

 



86 
 

 



87 
 

 



88 
 

 



89 
 

 



90 
 

 



91 
 

 



92 
 

 



93 
 

 



94 
 

 



95 
 

 



96 
 

 



97 
 

 



98 
 

 



99 
 

 



100 
 

 



101 
 

 



102 
 

 



103 
 

 



104 
 

 



105 
 

 



106 
 

 



107 
 

 



108 
 

 



109 
 

 



110 
 

 



111 
 

 



112 
 

 

 

 



113 
 

 



114 
 

 



115 
 

 



116 
 

 



117 
 

 



118 
 

 

 



119 
 

 



120 
 

 



121 
 

 



122 
 

 



123 
 

 



124 
 

 



125 
 

 



126 
 

 


