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ABSTRACT
This study aims to optimize the mix design of hybrid foam concrete by incorporating palm kernel oil-based surfactant (PKOS) and lateritic soil (LS) to enhance its mechanical and physical properties. Foam concrete is valued for its lightweight, thermal insulation, and fire resistance properties, but its mechanical strength often requires improvement. The research investigates the effects of PKOS and LS on foam stability, density, compressive strength, and water absorption. Laboratory experiments were conducted using varying concentrations of PKOS (0%, 1.5%, and 3.0%) and LS as a partial replacement for fine aggregates in a 1:2 mix ratio (60% stone dust and 40% laterite soil). The results revealed that increasing PKOS concentrations led to higher densities, with the 3.0% PKOS mix achieving the highest density at 28 days. However, compressive strength varied, with the control mix (0% PKOS) exhibiting the highest strength at 28 days, while the 1.5% and 3.0% PKOS mixes showed comparable strengths. The study highlights the potential of PKOS and LS in improving foam concrete properties while addressing sustainability and cost-effectiveness. The findings contribute to the development of eco-friendly construction materials, particularly in regions abundant in palm kernel oil and lateritic soil, and provide insights for further optimization of hybrid foam concrete mixes.  
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CHAPTER ONE
INTRODUCTION
1.1 Background of the Study
Concrete is the backbone of modern construction due to its strength, durability, and versatility. However, its significant weight often limits its application in specific projects requiring lighter materials. Efforts to reduce the weight of concrete without compromising its performance have led to the development of innovative materials, including foam concrete, which has emerged as a lightweight and sustainable alternative (Kearsley & Wainwright, 2001).
The evolution of lightweight concrete began in the early 20th century, with innovations like Ytong and Siporex, which utilized gas autoclaving methods to introduce air voids into the mix (Hedjazi, 2019). While these technologies offered reduced weight and improved insulation, their reliance on energy-intensive processes and synthetic additives posed environmental concerns.
Foam concrete addresses these challenges by incorporating sustainable materials and reducing reliance on traditional aggregates. Its lightweight nature reduces dead loads, while its cellular structure enhances thermal efficiency, making it suitable for energy-saving construction (Zhang et al., 2015). Recent research has highlighted the potential of natural additives such as PKOS and lateritic soil to improve the mechanical and thermal properties of foam concrete, particularly in regions where these materials are locally available and abundant (Shah et al., 2021).
Foam concrete, also known as cellular or aerated lightweight concrete, is a unique construction material that incorporates air voids through the addition of foaming agents. These air voids reduce the overall density of the material, enhancing its thermal insulation and acoustic properties while maintaining sufficient compressive strength for non-structural and semi-structural applications (Jones & McCarthy, 2005). The integration of natural additives, such as palm kernel oil-based surfactants (PKOS) and lateritic soil, has further enhanced foam concrete's potential as an eco-friendly and cost-effective building material (Amran et al., 2015).
Laterite Soil (LS), is a natural material that shows potential in foam concrete applications. Lateritic soils, characterized by their high iron and aluminum oxide content, are common in tropical and subtropical regions. These soils possess natural stabilizing properties, which can contribute to foam stability and durability when incorporated as a surfactant in foam concrete. LS enhances the cohesiveness of the foam matrix and can improve the mechanical properties of foam concrete, including compressive strength and durability (Kearsley & Wainwright, 2001).
Surfactants play a significant role in modifying the properties of concrete, especially in the production of lightweight and porous concrete. These substances are known to concentrate at interfaces and reduce surface tension, which allows for the formation of stable air voids in the cement paste. As the research by Kligys and Laukaitis (2007) highlights, surfactants facilitate the creation and stabilization of air voids in concrete, which is crucial for reducing the overall density of the mixture.
There are various types of surfactants, typically classified based on the charge of the hydrophilic group: anionic, cationic, zwitterionic, and nonionic. Anionic surfactants are commonly used in concrete due to their ability to stabilize air voids effectively. Kligys and Laukaitis (2007) found that the stability of these air voids is a critical factor in determining the quality of lightweight concrete, as unstable air bubbles can lead to the degradation of the concrete structure over time. Their study showed that anionic surfactants provided the most stable air voids in porous concrete, enhancing the material's strength and durability.
When used together, PKOS and LS create a hybrid surfactant mix that combines the stabilizing properties of both agents. The hybridization approach aims to achieve an optimal balance between strength and density, which is essential for foam concrete applications requiring structural stability with reduced weight. This approach not only improves the mechanical properties of foam concrete but also reduces the environmental footprint by minimizing reliance on synthetic chemicals (Nambiar & Ramamurthy, 2006).
Natural surfactants derived from renewable resources, such as PKOS and LS, provide promising alternatives to synthetic foaming agents in foam concrete production. Palm kernel oil-based surfactant (PKOS) is an eco-friendly, biodegradable surfactant derived from the oil palm tree, commonly found in tropical regions. PKOS has demonstrated effectiveness as a foaming agent by providing stability to the foam matrix, which in turn affects the mechanical properties and durability of foam concrete. Laterite soil (LS), also contributes to foam stability and improves air bubble distribution within the concrete mix, resulting in better compressive strength and density (Kearsley & Wainwright, 2001).
The use of PKOS and LS also addresses the economic aspects of sustainable development. In regions where palm oil and lateritic soils are readily available, substituting synthetic surfactants with PKOS and LS can lower material costs and support local industries. This can have a positive socioeconomic impact, particularly in developing countries where construction activity is rapidly expanding, and access to affordable building materials is critical for infrastructure development.
The present research work focuses on the application of a hybrid surfactant for the development of foam concrete. The hybrid surfactant consists of palm kernel oil surfactant and lateritic soil. The palm kernel oil was chemically mixed with the lateritic soil and allowed to disperse for 60 minutes in a hot air oven maintained at 100 ± 10°C. Then, the hybrid surfactant was mixed in various percentages (5% and 10%) with the foaming agents, and foam mass was produced by applying a critical speed of 2700 RPM in the foam generator machine. The produced foam mass was mixed with the foam concrete material by keeping a fixed percentage of cement, fly ash, quarry dust, and the combined hybrid surfactant consisting of palm kernel oil and lateritic composition. The developed foamed concrete showed maximum strength development at 10% hybrid surfactant incorporation. (Tran et al.2022).
The expected outcome in a foam concrete formulation is not only lightweight concrete but also a cost-effective and sustainable concrete product. Such a product would have significant applications in lightweight construction and could serve as a sustainable alternative to traditional foaming agents in the industry. Additionally, optimizing the use of PKOS and LS aligns with local resource utilization strategies in regions where these materials are plentiful, offering a scalable solution that addresses both environmental and economic challenges in construction (Amran et al., 2015).
1.2 Problem Statements
Existing formulations often fail to leverage the full potential of locally available natural materials like PKOS and lateritic soil. This oversight results in suboptimal performance and increased costs (Amran et al., 2015). Also, the reliance on synthetic foaming agents and traditional aggregates contributes to the environmental footprint of concrete production. Sustainable alternatives must be explored to align with global climate goals (Narayanan & Ramamurthy, 2000). Research on the hybridization of PKOS and lateritic soil in foam concrete is limited, particularly in understanding their combined effects on compressive strength, density, and thermal insulation properties (Raji et al., 2022).
Addressing these challenges requires a comprehensive investigation into the optimal mix designs that balance mechanical performance, compressive strenght, and sustainability.


1.3 Justification of the Study
The integration of natural additives like PKOS and lateritic soil into foam concrete aligns with global sustainability efforts and addresses regional construction needs. By utilizing locally available resources, this approach reduces material costs, minimizes environmental impact, and supports the development of eco-friendly building practices (Amran et al., 2015). Furthermore, enhancing the mechanical and thermal properties of foam concrete can expand its applications in energy-efficient construction, offering a viable solution for lightweight building materials (Zhang et al., 2015).
The findings of this study contributes to the growing body of knowledge on sustainable construction materials, particularly in regions where palm oil production and lateritic soil are abundant. 
1.4 Aim of the Study
This study aims to optimize the mix design of hybrid foam concrete using palm kernel oil-based surfactant and lateritic soil. 


1.5	Objectives of the Study
The objective of this research is as follows:
1) Investigation into the effects of palm kernel oil-based surfactants and lateritic soil on the compressive strength of foam concrete.
2) Investigation into the effects of palm kernel oil-based surfactants and lateritic soil on the density of foam concrete.
3) Analyzing how varying concentrations of the surfactant influence the water absorption of hybrid foam concrete.
4) To examine the optimal concentration of hybrid foam concrete using palm oil-based surfactants and lateritic soil.
1.6	Scope and Limitations of the Study
The scope of this study includes:
The formulation and testing of foam concrete mixes incorporating PKOS and lateritic soil. Laboratory experiments will assess parameters such as compressive strength, workability, density, and thermal insulation. The following limitations are acknowledged:
Geographical Constraints: The availability of palm kernel oil and lateritic soil varies by region, affecting the generalizability of findings.
Experimental Conditions: Laboratory settings may not fully replicate real-world conditions, potentially influencing the performance of the developed mix.
Economic Analysis: A preliminary economic assessment will be conducted; however, a comprehensive life-cycle cost analysis is beyond the scope of this study.


CHAPTER TWO
LITERATURE REVIEW
2.1	Foam Concrete: Properties and Applications
Foam concrete, or cellular or aerated lightweight concrete, is a versatile material characterized by its low density, thermal insulation, and sound absorption properties. Its cellular structure, created by the inclusion of air voids through a foaming agent, reduces overall density while enhancing insulation and workability (Jones & McCarthy, 2005). The density of foam concrete can range from 300 to 1,800 kg/m³, making it suitable for applications from lightweight panels to load-bearing walls (Kearsley & Wainwright, 2001).
Foam concrete is either a cement paste or mortar, classified as lightweight concrete, in which air voids are entrapped in mortar by a suitable foaming agent. It possesses high flowability, low self-weight, minimal consumption of aggregate, controlled low strength, and excellent thermal insulation properties. By proper control of the dosage of foam, a wide range of densities (1600– 1400 kg/m3) of foamed concrete can be obtained for application to structural, partition, insulation, and filling grades. Although the material was first patented in 1923. Recently, (Jones and McCarthy, 2005) have reviewed the history of the use of foam concrete, its constituent materials, its properties, and construction applications including some projects carried out worldwide. The functional properties like fire resistance, thermal conductivity, and acoustical properties are also included in these reviews, while the data on fresh state properties, durability, and air-void system of foam concrete are rather limited. The production of stable foam concrete mix depends on many factors viz., selection of foaming agent, method of foam preparation and addition for uniform air-void distribution, material section and mixture design strategies, production of foam concrete, and performance concerning the fresh and hardened state are of greater significance. With the above aspects in view, this paper classifies the studies on foam concrete related to its constituent materials, mix proportioning, production fresh state, and hardened properties. (K. Ramamurthy et. al 2008)
Foam concrete is distinguished by its low density, resulting from the high air content introduced by the foaming agent. This composition significantly reduces its weight compared to conventional concrete, making it ideal for applications where structural load requirements are minimal, such as in partition walls, insulation, and roofing materials (ACI 523, 2006). The low density and thermal conductivity also provide foam concrete with superior insulation properties, which have practical applications in energy-efficient construction. Despite these advantages, foam concrete has limitations, notably its lower compressive strength and potential susceptibility to moisture absorption. Studies have shown that traditional foam concrete exhibits lower strength-to-weight ratios, limiting its application in structural elements (Neville, 2011).
The development of foam concrete can be traced back to early 20th-century research on lightweight construction materials. Over time, advancements in material science have led to improvements in foam concrete’s mechanical properties, making it more suitable for a wide range of applications. While the primary components of foam concrete are cement, water, and a foaming agent, researchers have experimented with various additives to enhance its strength, workability, and sustainability (Amran et al., 2015). 
Recent research has explored hybrid formulations to address these limitations. The inclusion of alternative materials like natural surfactants and organic aggregates is a growing area of interest, as they potentially enhance foam concrete's sustainability and mechanical performance (Olusola & Joshua, 2018). Hybrid foam concretes incorporating waste materials have shown promising results in reducing density while maintaining or improving compressive strength and durability (ACI 523, 2006). For example, the use of organic byproducts such as sawdust as aggregates has improved thermal insulation properties without drastically compromising strength, making it viable for specific non-load-bearing applications (Torres & Siqueira, 2019).
The mechanical properties of foam concrete, such as compressive and tensile strength, are influenced by density and mix composition. Higher-density mixes exhibit greater strength but reduced insulation properties. Zhang et al. (2015) demonstrated that foam concrete's thermal conductivity decreases with density reduction, making it ideal for energy-efficient buildings. Its wide applications include void filling, partitions, and thermal insulation, where weight reduction and energy conservation are critical (Narayanan & Ramamurthy, 2000).
Mechanical properties are considered the most important factor in measuring the applicability of foamed concrete in the hardened state. Foam concrete's mechanical properties such as compressive strength, flexural strength, and modulus of elasticity are central to its performance in structural and semi-structural applications. The material’s behavior under load is influenced by its cellular structure, density, and composition. Typically, foam concrete has lower mechanical strength than conventional concrete due to its high air content, but optimization through mix design and reinforcement enables its application in various structural roles.
a) Compressive Strength: Compressive strength is one of the most important mechanical properties of foam concrete, and it is often determined by its suitability for structural and load-bearing applications. The compressive strength of foam concrete generally ranges from 1 MPa to over 30 MPa, depending on its density and mix composition (Jones & McCarthy, 2005). Factors influencing compressive strength include:
i. Density: Foam concrete’s compressive strength increases with density, as higher densities contain less foam, resulting in a denser, more compact matrix. Low-density foam concrete (300–800 kg/m³) typically achieves compressive strengths below 5 MPa, while high-density mixes (over 1,200 kg/m³) can reach 30 MPa or more.
ii. Foam Content and Quality: A higher foam content typically decreases compressive strength due to the increased volume of air voids. The stability of the foam, influenced by the foaming agent and mixing technique, also impacts strength.
iii. Cement Content and Additives: Increasing cement content generally improves compressive strength. Additives like fly ash, silica fume, and ground granulated blast furnace slag (GGBS) can improve strength by densifying the matrix and reducing porosity (Kearsley & Wainwright, 2001).
iv. Curing Conditions: Proper curing enhances compressive strength by preventing rapid moisture loss, which can lead to shrinkage and reduced strength. Moist curing or steam curing may be used to achieve higher strengths.
	Dry density, kg/m3
	Compressive strength, MPa
	Elastic modulus, GPa
	Thermal conductivity, W/m. K

	400
	1
	1
	0,1

	600
	1,5
	1,5
	0,11

	800
	2
	2,5
	0,2

	1000
	5
	3
	0,3

	1200
	10
	4
	0,4

	1400
	15
	6
	0,55

	1600
	25
	12
	0,65


Table 2.1. Typical Properties of Foamed Concrete
Durability in concrete often encompasses resistance to water absorption, shrinkage, and degradation over time. In traditional foam concrete, durability can be a concern due to high porosity and moisture absorption, potentially leading to structural issues if used in humid or wet environments (Neville, 2011). Hybrid foam concrete incorporating PKO and sawdust offers potential improvements in durability. PKO’s ability to create smaller, stable air bubbles may reduce water ingress, and sawdust’s partial water-absorption properties can aid in maintaining the moisture balance within the concrete, reducing shrinkage and crack development (Olusola & Joshua, 2018).


2.2 Natural Surfactants in Foam Concrete
Surfactants play a critical role in stabilizing foam structures in concrete mixes. Traditional synthetic surfactants, although effective, have environmental drawbacks. This has led to increasing research on natural alternatives like palm kernel oil-based surfactants (PKOS) (Shah et al., 2021). PKOS, derived from the oil palm tree, is biodegradable and eco-friendly. Studies show its ability to create stable air bubbles within the concrete matrix, enhancing uniformity and mechanical performance (Pletnev, 2001).
The shift toward sustainable construction materials has led to research into plant-based surfactants, which can serve as eco-friendly alternatives to synthetic agents. Palm kernel oil, a natural and renewable resource, has demonstrated potential as a surfactant in foam concrete. Its ability to stabilize foam structures makes it suitable for lightweight concrete applications, potentially lowering costs and minimizing environmental impact (Momoh, & Osofero, 2019). Surfactants derived from palm kernel oil are biodegradable, non-toxic, and environmentally friendly, which makes them a suitable candidate for sustainable construction materials (Ogunkunle et al., 2022). They also improve the foam stability and density, thus improving the strength-to-weight ratio of foam concrete.
	Research on palm kernel oil-based surfactants has focused on optimizing the oil-to-water ratio, pH, and mixing process to produce stable, high-quality oils. Studies suggest that palm kernel oil surfactants can improve the stability of air voids in concrete, leading to enhanced compressive and flexural strengths. However, the performance of this natural surfactant under different curing conditions and at varying densities requires further study.
Several studies have demonstrated that surfactants, especially those from natural oils, improve foam stability and reduce the water-cement ratio, which enhances the compressive strength and overall durability of foam concrete (Meera & Gupta, 2020).
The use of palm kernel oil in concrete production is part of a broader movement toward sustainable construction materials. By replacing synthetic surfactants with renewable, plant-based alternatives, the carbon footprint of foam concrete can be reduced. This aligns with global efforts to make the construction industry more sustainable.
Research indicates that combining PKOS with other natural additives like lateritic soil can improve foam stability and distribution. This hybrid approach addresses cost concerns while reducing the ecological footprint of concrete production (Amran et al., 2015). Ogunkunle et al. (2022) highlighted the effectiveness of PKOS in reducing water-cement ratios, thus improving compressive strength and durability.
2.3 Lateritic Soil as an Additive in Foam Concrete
Lateritic soil, rich in iron and aluminum oxides, has been widely studied as a partial replacement for cement or aggregates in foam concrete. Its incorporation improves mechanical strength while lowering material costs, particularly in tropical regions where lateritic soil is abundant (Narayanan & Ramamurthy, 2000).
Muhiddin & Tangkeallo (2020) noted that the physical and chemical properties of lateritic soil, including its stabilizing effects, enhance cohesiveness and strength in concrete mixes. Raji et al. (2022) further explored its use in foam concrete, finding optimal replacement ratios to achieve desired mechanical and insulation properties without compromising weight efficiency.
Lateritic soil is a type of clayey material that can be used as an alternative to traditional aggregates or even as a partial replacement for cement in concrete. Laterite soil, a tropical soil rich in iron and aluminum oxides, has been widely studied as a partial replacement for cement and fine aggregates in concrete, due to its availability and cost-effectiveness. Laterite enhances the mechanical properties and reduces the environmental impact of concrete, especially in regions where laterite is abundant. In foam concrete, laterite soil can increase density and strength due to its mineral composition, though optimal replacement ratios must be determined to avoid excessive. Weight and loss of insulation properties (Nambiar & Ramamurthy, 2006).
When used together, PKOS and LS create a hybrid surfactant mix that combines the stabilizing properties of both agents. The hybridization approach aims to achieve an optimal balance between strength and density, which is essential for foam concrete applications requiring structural stability with reduced weight. This approach not only improves the mechanical properties of foam concrete but also reduces the environmental footprint by minimizing reliance on synthetic chemicals (Nambiar & Ramamurthy, 2006).
2.4 Optimization of Foam Concrete Mix Design
The optimization of foam concrete mix design is critical to achieving the desired balance of mechanical strength, density, thermal insulation, and workability. The complex interplay between these parameters necessitates a systematic approach to evaluating material proportions, curing conditions, and additive selection. Modern techniques, such as Response Surface Methodology (RSM), Artificial Neural Networks (ANN), and Machine Learning (ML), have emerged as powerful tools to refine mix designs and predict performance outcomes. (Yang et al., 2023).
Zahiri & Eskandari-Naddaf (2019) demonstrated the role of nano-additives in improving compressive strength and durability, suggesting the potential synergy between PKOS, lateritic soil, and modern additives. By incorporating these elements, it is possible to produce foam concrete that meets structural and sustainability criteria.
Amran et al. (2015) highlighted the importance of incorporating natural materials like PKOS and lateritic soil into foam concrete to achieve superior insulation properties and cost-effectiveness. This aligns with global efforts to create sustainable and resource-efficient building materials.
2.4.1 Role of Surfactants in Optimization
Surface active substances or surfactants are amphiphilic compounds having a lyophilic, in particular hydrophilic, part (polar group) and a lyophobic, in particular hydrophobic, part (often hydrocarbon chain). The amphiphilic structure of surfactants is responsible for their tendency to concentrate at interfaces and to aggregate in solutions into various supramolecular structures, such as micelles and bilayers. According to the nature of the polar group, surfactants can be classified into nonionic and ionic, which may be of anionic, cationic, and amphoteric or zwitterion nature.
Surfactants are important ingredients in a great number of formulations and processes. Practically any human activity deals with surfactants. So, the weight of surfactants in present-day detergent products accounts for around 15-25 % of the total production. Their world production approaches 9 million tons plus the same number of soaps, and about half of the quantity is the share of West Europe and North America.	Palm kernel oil-based surfactants are derived from the oil extracted from the seeds of the palm kernel. These natural surfactants are both effective and eco-friendly compared to conventional synthetic surfactants (Pletnev. M.Y. 2001)
The shift toward sustainable construction materials has led to research into plant-based surfactants, which can serve as eco-friendly alternatives to synthetic agents. Palm kernel oil, a natural and renewable resource, has demonstrated potential as a surfactant in foam concrete. Its ability to stabilize foam structures makes it suitable for lightweight concrete applications, potentially lowering costs and minimizing environmental impact (Momoh, & Osofero, 2019). Surfactants derived from palm kernel oil are biodegradable, non-toxic, and environmentally friendly, which makes them a suitable candidate for sustainable construction materials (Ogunkunle et al., 2022). They also improve the foam stability and density, thus improving the strength-to-weight ratio of foam concrete.
Surfactants play a critical role in stabilizing foam structures in concrete mixes. Traditional synthetic surfactants, although effective, have environmental drawbacks. This has led to increasing research on natural alternatives like palm kernel oil-based surfactants (PKOS) (Shah et al., 2021). PKOS, derived from the oil palm tree, is biodegradable and eco-friendly. Studies show its ability to create stable air bubbles within the concrete matrix, enhancing uniformity and mechanical performance (Pletnev, 2001).
Natural and synthetic surfactants significantly influence foam concrete properties. While traditional synthetic foaming agents have been widely used to ensure bubble stability, their environmental impact has spurred interest in alternatives such as natural surfactants like palm kernel oil-based surfactants (PKOS). Shah et al. (2021) demonstrated that PKOS contributes to stable air voids in foam concrete, leading to improved compressive strength and durability. Similarly, lateritic soil, as a partial replacement for cement or fine aggregates, enhances density and cohesion due to its mineral-rich composition (Narayanan & Ramamurthy, 2000; Raji et al., 2022).
Palm kernel oil (PKO) contains a variety of fatty acids that facilitate foam formation and stabilization, making it an effective natural surfactant (Li & Wu, 2021). Several studies have explored the use of PKO in foam concrete, demonstrating that it can generate stable foam with comparable properties to synthetic surfactants. PKO’s foaming ability comes from the saponification of its fatty acids, which produces soap-like molecules that trap air, forming a stable bubble structure within the cement paste. Researchers have found that PKO-stabilized foam concrete achieves a lighter weight and improved thermal insulation, aligning with the requirements for eco-friendly and energy-efficient building materials (Olusola & Joshua, 2018).
By optimizing the proportions of PKOS and lateritic soil, it is possible to enhance the thermal insulation properties of foam concrete while maintaining structural integrity. Studies by Amran et al. (2015) revealed that a hybrid mix design with 10–20% lateritic soil and 5–10% PKOS achieves the best balance of strength and density.
2.4.2 Computational Approaches in Optimization
Recent advancements in computational tools, such as RSM and ML algorithms, have revolutionized foam concrete mix design. These methods allow researchers to analyze the effects of multiple variables simultaneously, identifying the optimal mix proportions for desired properties. Yang et al. (2023) demonstrated the application of ML in predicting foam concrete performance under varying additive combinations, providing valuable insights for efficient mix designs.
RSM, in particular, has proven effective for optimizing the interactions between surfactants, cement, and water-to-cement ratios. Nambiar & Ramamurthy (2006) applied RSM to determine the ideal proportions of foam volume and cement content, resulting in a mix that maximized compressive strength without compromising workability. Zahiri & Eskandari-Naddaf (2019) highlighted the potential of hybrid optimization techniques that incorporate both RSM and genetic algorithms to further enhance material properties.
2.4.3 Enhancing Strength and Thermal Performance
A critical challenge in foam concrete design is achieving high compressive strength without sacrificing thermal insulation. Zhang et al. (2015) reported that reducing foam content increases density and strength but diminishes thermal performance. To address this, the incorporation of natural additives such as PKOS and lateritic soil provides a dual benefit of improving foam stability and maintaining desirable insulation properties.
Research by Zahiri & Eskandari-Naddaf (2019) showed that nano-additives, such as silica fume or nano-silica, can further enhance the mechanical performance of foam concrete when combined with natural surfactants. These additives densify the matrix and reduce porosity, improving both compressive and flexural strength.
2.4.4 Sustainability and Cost-Effectiveness
The incorporation of natural materials like PKOS and lateritic soil aligns with global efforts to reduce the environmental footprint of construction. These materials are locally available, renewable, and biodegradable, contributing to cost reduction and sustainable development. Amran et al. (2015) emphasized the socio-economic benefits of using locally sourced materials in developing regions, where access to affordable and eco-friendly building solutions is critical.
Furthermore, Zhang et al. (2015) noted that optimizing mix designs with natural surfactants reduces reliance on high-carbon-footprint synthetic materials, promoting a greener construction industry. By leveraging natural resources and computational techniques, it is possible to create foam concrete formulations that are both high-performing and environmentally sustainable.
2.5 Optimization of Mix Design in Hybrid Foam Concrete
The optimization of foam concrete mix design aims to balance factors like strength, workability, and density. Factors such as the type and quantity of surfactant, water-cement ratio, and type of aggregates (including lateritic soil) significantly impact the performance of the final product. Recent advancements in computational tools, like artificial neural networks (ANN) and machine learning, have enabled precise optimization of mix designs based on desired properties (Yang et al., 2023).
Incorporating lateritic soil in hybrid foam concrete mixes offers an opportunity to create sustainable, cost-effective materials, but the mix design must be optimized to maintain both the strength and insulating properties of the concrete. Various experimental studies have demonstrated that the foam concrete mix can be optimized using a combination of different admixtures, including surfactants and stabilizers (Raji et al., 2022).
The use of Response Surface Methodology (RSM) or other experimental designs can help determine the optimal mix proportions for foam concrete. These techniques allow researchers to assess the impact of different surfactant concentrations and lateritic soil contents on the concrete’s compressive strength, workability, density, and thermal insulation. This data-driven approach is crucial for developing hybrid foam concrete mixes that meet both performance and sustainability goals (Nambiar & Ramamurthy, 2006).
Recent research highlights the use of sustainable materials to optimize foam concrete. Palm kernel oil-based surfactants, fly ash, silica fume, and natural soil (e.g., lateritic soil) are increasingly used to enhance the mechanical properties and eco-friendliness of foam concrete. These materials reduce reliance on traditional cement, lowering carbon emissions while improving properties like shrinkage resistance and thermal insulation (Zhang et al., 2015).
Optimizing the compressive and flexural strength of foam concrete is a priority for structural applications. Studies show that adding fibers, such as polypropylene or natural fibers, enhances tensile and flexural strength. For higher compressive strength, densified silica fume or nano-silica is often incorporated (Zahiri & Eskandari-Naddaf, 2019).
Optimization of hybrid foam concrete involves determining the ideal proportions of cement, sand, water, foam, palm kernel oil-based surfactant, and lateritic soil to achieve desired properties. Methods such as response surface methodology (RSM), factorial analysis, and machine learning algorithms have been employed to refine mix proportions efficiently. RSM, for example, has proven effective in evaluating the interactions between multiple variables, such as surfactant concentration, water-cement ratio, and foam content, to identify optimal mix designs. Nambiar and Ramamurthy (2008) applied RSM in foam concrete optimization, resulting in improved strength and density parameters suitable for structural applications. As research advances, foam concrete will continue to evolve as a versatile and eco-friendly material for modern construction.


CHAPTER THREE
METHODOLOGY
3.1	Introduction
This research employs an experimental approach to optimize the hybrid foam concrete mix design by incorporating palm kernel oil-based surfactants and lateritic soil. This methodology focuses on designing, testing, and analyzing mixed compositions to achieve an optimal balance between density, strength, and water absorption.
This research was carried out in stages; the first stage involves sourcing for and preparation of Materials, at the second stage, trial mix of foam concrete was conducted to achieve a mix design for the concrete mix while the next stage involves the casting of concrete cubes (150 mm x 150 mm x 150 mm) and the last stage involved the testing of concrete cubes at 1:2 (60% stone dust and 40% laterite soil) nominal mix for foam concrete and a water/cement ratio of 0.8. 
3.2.	Materials Needed
The materials used for this research work are mainly cement, water, aggregate (stone dust and laterite soil), Palm Kernel Oil and Foaming Agents. These materials were used for casting of 150mm x 150mm x 150mm cubes size. The batching was made for the mix ratio 1:2 and the concrete produced was cast into the cube using mould of 150 mm x 150 mm x 150 mm. After the casting, the mould was removed after 24 hours and the samples were immersed into the curing container. The curing period will be for 7, 14 and 28 days and crushing test, density and water absorption test will be done.  The materials are briefly explained below:
3.2.1 Portland limestone cement: Portland Limestone Cement Typically Grade 42.5R, as specified in ASTM C150-20 and BS EN 197-1:2011 was used during this research. The cement serves as the primary binder in foam concrete. The cement is gotten from a cement store around the school area in Ilorin, Kwara State. Each bag of PLC is 50kg in size. 

3.2.2 Lateritic soil: Laterite soil is used as a partial replacement for fine aggregates in foam concrete and it provides strength and durability for concrete. Lateritic soil samples are been collected from around the school premises. The soil is been sieved through a 1.7 mm sieve as per BS 1377 standards.
3.2.3 Stone dust (Hybridized Coarse Aggregate): Stone dust is been introduced as a hybridized coarse aggregate in the mix. Since, there is no need for coarse aggregate in foam concrete to reduce its weight and density. Stone dust is collected from quarry sites and sieved using a 1.7mm sieve to remove particles. The gradation is verified as per ASTM C33/C33M.
3.2.4 Palm kernel oil-based surfactants: Palm kernel oil-based surfactants are derived from the oil extracted from the seeds of the palm kernel through processes such as polyesterification or amidopropylation. PKO-S is been gotten from a nearby market around Ilorin metropolis.
3.2.5 Water: Water is essential for hydration and foam generation. Potable water is been used for mixing and curing, conforming to ASTM C1602. The water used for this work was obtained from the nearby water source at Institute of Technology, Kwara State Polytechnic, Ilorin. The water was free from injurious amount of oil, acid, organic matter, alkali and other deleterious substances 
3.2.6 Foaming agent: Sodium Lauryl Sulfate (SLS) is a commonly used foaming agent in foamed concrete. The SLS is sourced for in OJA TUNTUN market, Ilorin.
3.3	Methods
Three different samples of foamed concrete were produced for optimization. Optimization will be between a sample with PKO-S and LS and another without PKO-S. The mix ratio used for both samples is 1:2, where 1 is the ratio for the binder (PLC), 2 is the ratio divided between the aggregates (Laterite soil 40% and Stone dust 60%). The foaming agent varies in response to the water cement ratio.
Mixing procedure:
· Weigh and mix the PLC, Laterite Soil, and Stone dust in a dry mixer until well combined
· In a separate container, mix the SLS in a small amount of water to create a foam solution.
· Add Water to the dry mix and mix until a uniform paste is obtained.
· Mix the generated foam into the wet mix until well combined.
· Add the Palm Kernel Oil into the mix.
· Mix the hybridized foam concrete for an additional 2-3 minutes before pouring and curing for the specified amount of time.
Mix proportioning:
1. Mixes is been prepared with lateritic soil content as a partial replacement for fine aggregate.
1. PKO-S concentrations varies between 0%, 1.5% and 3.0%.
1. The water-to-binder ratio follows the required water-to-cement ratio.
1. The Foaming agents also is in concentration with the water – cement ratio.
1. Specimens (150 mm x 150 mm x 150 mm cubes) were casted, compacted, and cured in water for 7, 14, and 28 days.





3.4	Tests
Various types of tests were carried out on the sample to check for the compressive strength, water absorption and density of the Foam Concrete, and to know the effect of Palm Kernel Oil Based Surfactant on the sample. The following tests were carried out by following the code of practice:
4. Compressive strength: The compressive strength test is a standard method for determining the strength of concrete. The compressive strength test was conducted using the ASTM C39/C39M standard. During this research, 18 cubes of 150 mm x 150 mm x 150 mm of concrete was been casted and cured for 7, 14 and 28 days (2 cubes for each concentration of PKO) in water of average room temperature after 24 hours of casting. The specimens were tested for compressive strength by applying compressive load to the specimen until it fails. Therefore, the maximum load is recorded which is given by N/mm2. The compressive strength is then calculated using the formula:

Where:
Maximum load (N) = The maximum load from the machine until failure
Cross – sectional Area (mm2) = The area of the cube
4. Water absorption: It’s determined by submerging the specimens in water for 24 hours and calculating the percentage increase in mass, following (ASTM C642). This test provides the insight into the material’s porosity and permeability. The samples were sun-dried, submerged in water for 24 hours, and reweighed to calculate water absorption.
4. Density: The specimens after been cured for 7, 14 and 28 days were been weighed to calculate for the density of the specimens following the code of practice standards. The density is been calculated in g/cm3. 



  


CHAPTER FOUR
RESULTS AND DISCUSSIONS
4.1	Properties of Materials
The table below shows the properties and number of materials used in this research project.
Table 4.1	Properties and Number of Materials Used
	Materials
	Density (Kg/m3)

	Stone Dust
	1800

	Laterite Soil
	1800

	Cement
	1440

	SLS
	

	Water/Cement
	0.8

	PKO
	0%, 1.5%, 3.0% of cement


4.2	Density
	The tables below show the weight of each specimen cubes in 7, 14 and 28 days
Table 4.2	Weight of specimen cubes in 7 days
	Days
	% of PKO
	Weight (g)

	

7
	0%
	6117

	
	0%
	6227

	
	1.5%
	6664

	
	1.5%
	6852

	
	3.0%
	7134

	
	3.0%
	7183


Table 4.3	Weight of specimen cubes in 14 days
	Days
	% of PKO
	Weight (g)

	

14
	0%
	6196

	
	0%
	6247

	
	1.5%
	6704

	
	1.5%
	7003

	
	3.0%
	7212

	
	3.0%
	7214


Table 4.4	Weight of specimen cubes in 28 days
	Days
	% of PKO
	Weight (g)

	

28
	0%
	6281

	
	0%
	6413

	
	1.5%
	6794

	
	1.5%
	7042

	
	3.0%
	7662

	
	3.0%
	7580


Table 4.5	Average weight of specimens for 7, 14 and 28 days
	Days
	% of PKO
	Weight (g)

	
7
	0%
	6172

	
	1.5%
	6758

	
	3.0%
	7159

	
14
	0%
	6222

	
	1.5%
	6854

	
	3.0%
	7213

	
28

	0%
	6347

	
	1.5%
	6918

	
	3.0%
	7621



Table 4.6	Density of the specimens
	Days
	% of PKO
	Average weight (g)
	Density (Kg/m3)

	
7
	0%
	6172
	1830

	
	1.5%
	6758
	2000

	
	3.0%
	7159
	2120

	
14
	0%
	6222
	1840

	
	1.5%
	6854
	2030

	
	3.0%
	7213
	2140

	
28
	0%
	6347
	1880

	
	1.5%
	6918
	2050

	
	3.0%
	7621
	2260



Fig 4.1: Density Chart
	According to Table 4.6, the density of the specimens varies according to the curing day, which range between 7, 14 and 28 days. The chart shows the optimal strength between the foam concrete without PKOS and the one with the surfactant. Fig 4.1 show the graphical representation of the optimization of the foam concrete using surfactant and laterite soil in foam concrete.
4.3	Compressive Strength Test
	The compressive strength test is the most common test carried out on hardened concrete, because most of the desirable characteristics properties of concrete are qualitatively related to its compressive strength. The result of this test is used as a basis for quality control of concrete proportioning, mixing, placing operations and determination of compliance with specification. 
For this project, batching by weight was adopted and the 7th, 14th and 28th day compressive strength of foam concrete using laterite soil and palm kernel oil as surfactant, for a nominal mix ratio of 1:2 (60% Stone Dust and 40% Laterite Soil), at water/cement ratio of 0.8. The results are as shown below
Table 4.7:	Compressive strength of sample at 7, 14 and 28 days of curing.
	Days
	% of PKO
	Average weight (g)
	Average Failure Load (KN)
	Compressive Strength (N/mm2)

	
7
	0%
	6172
	70
	3.1

	
	1.5%
	6758
	35
	1.5

	
	3.0%
	7159
	40
	1.8

	
14
	0%
	6222
	75
	3.3

	
	1.5%
	6854
	45
	2.0

	
	3.0%
	7213
	25
	1.1

	
28
	0%
	6347
	90
	4.0

	
	1.5%
	6918
	67.5
	3.0

	
	3.0%
	7621
	75
	3.3



Fig 4.2: Compressive Strength Chart
	The table 4.7 shows the compressive strength varies as the PKOS causes reduction in the strength of the foam concrete. According to table 4.7 and fig 4.2, the optimization of foam concrete using surfactant such as PKOS shows a more influence in making the foam concrete to be more lightweight.


4. 4.	Water Absorption Test
Table 4.8	Water Absorption test results
	Description
	Value

	
	0%
	1.5%
	3.0%

	Weight of the Sun-dried Sample (g)
	6068
	6024
	5842

	Weight of the submerged sample after 24hrs (g)
	6182
	6106
	5920

	Water Absorption capacity
	1.88%
	1.36%
	1.34%



	Table 4.8 shows the absorption of water in the optimization of foam concrete and the influence of PKOS on foam concrete. It shows a low water absorption rate in foam concrete and it improves the optimal strength of foam concrete.


CHAPTER FIVE
CONCLUSION AND RECOMMENDATION
5.1	Conclusion
From the results obtained during this study, the following conclusion were made:
1. Specimen density increased with PKOS content, rising from an average of 1 830 kg/m³ at 0% PKOS to 2 120 kg/m³ at 3.0% PKOS after 7 days, with similar trends at 14 and 28 days.
2. The compressive strength of the foam concrete for the different samples after 28 days of curing for samples at 0.8 water/cement ratio varies from 3.3 N/mm2 to 4.0 N/mm2. Which falls within 5-20 N/mm2 specified for light weight concrete. 
3. Increasing PKOS reduced water uptake, with absorption falling from 1.88% at 0% to 1.34% at 3.0% PKOS, indicating improved pore structure and durability potential.
4. Adopting a PKOS concentration of 1.5% in hybrid foam concrete for applications requiring moderate structural performance and improved durability, using a 60:40 stone dust: laterite blend improves optimal strength of foam concrete.

5.2	Recommendation
From the result obtained and conclusions made
1. Foam concretes made with PKOS and Laterite Soil at a nominal mix of 1:2 and w/c ratio of 0.8 is suitable for light weight concrete.
2. Investigation into combined effects of nano-additives (e.g., silica fume, nano-silica) and fibers (synthetic or natural) alongside PKOS and LS can be used to further enhance mechanical and durability properties.
3. Since sourcing for PKOS and LS is very affordable, the use of PKOS and LS should be encouraged in the making of foamed concrete.
4. Further studies need to be carried out to improve the compressive strength of Foam concrete either through adding of additives or plasticizers. 
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Fig 3.2. Laterite Soil in Bag



Fig 3.3. Stone Dust from nearby quarry.



fig 3.5 : Casting of Specimen Cubes



fig 3.4 : Mixing of Specimens



fig 3.7 : Sieving of Stone dust



fig 3.6 : Weighed Materials before mixing



fig 3.8 : Sieving of Laterite Soil.



Fig. 3.9 : Cubes in Curing Buckets



Fig 3.13: Removal of Samples After Crushing



Fig 3.12: Cubes Samples Before Crushing



Fig 3.10: Crushing of Concrete Specimen



Fig 3.11: Compressive Test Machine



Fig 3.1. Sokoto Cement of 42.5R
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