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[bookmark: _Toc202777018]ABSTRACT
This study investigates the water absorption and density properties of hybrid foam concrete incorporating palm kernel oil surfactant (PKOS) as a sustainable alternative to synthetic foaming agents. Foam concrete is recognized for its lightweight, thermal insulation, and sound absorption properties, but its reliance on petrochemical-based surfactants raises environmental concerns. The research aims to evaluate the effectiveness of PKOS in enhancing the performance of foam concrete while promoting eco-friendly construction practices.The methodology involved preparing foam concrete mixes with varying concentrations of PKOS (0%, 1.5%, and 3%) and sodium lauryl sulfate (SLS) as the foaming agent. Laboratory tests were conducted to assess workability, fresh and dry density, and water absorption. Results indicated that PKOS improved the workability of the concrete, with slump values decreasing slightly as PKOS concentration increased. The fresh density ranged from 1921 kg/m³ to 2200 kg/m³, while the dry density decreased to 1829 kg/m³ at 3% PKOS, confirming its lightweight properties. Water absorption tests revealed a reduction in porosity, with absorption rates declining from 2.24% (0% PKOS) to 1.89% (3% PKOS), demonstrating enhanced durability.The findings suggest that PKOS is a viable natural surfactant for foam concrete, offering a balance between lightweight characteristics and reduced water absorption. The study recommends further research into long-term durability, cost-effectiveness, and field applications to validate its suitability for sustainable construction. This work contributes to the development of environmentally friendly building materials, aligning with global sustainability goals in the construction industry.

Keywords: Foam concrete, Palm kernel oil surfactant, Water absorption, Density, Sustainable construction.
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[bookmark: _Toc202777019]CHAPTER ONE
[bookmark: _Toc202777020]INTRODUCTION
[bookmark: _Toc202777021]1.1	Background to the Study
Foamed concrete has evolved tremendously from being confined to void fillings only to a variety of construction applications. This development started about 15 years ago, when there was a renewed interest in foamed concrete (Sahraoui et al., 2025).  These factors included improved surfactants with better qualities; stronger and more stable without objectionable smell and mould growth problem, improved pre-foaming equipment which allows on-site application to be produced in the back of a ready-mixed truck. The development of this equipment allowed the rapid supply of large volumes and easy supply of moderate quantities to discrete or isolated locations (Roobank umar & Senthil Pandian, 2024). From Scopusresearch, the number of published articles on foamed concrete (including aerated concrete andcellular concrete) showed a marked increase since 1998, although some of these articles are not freely available either because they are presented in different languages or are only available through subscribed access (Figure1.1).
The low compressive strength of foamed concrete is recognised, but it has other advantages such as its high flow ability, its capacity to flow readily to fill restricted and irregular cavities, and its ability to be pumped successfully over vertical and horizontal distances. In addition,it requires no compaction. Foamed concrete has low self-weight, with minimal consumption of primary aggregate, controlled low strength anad excellent resistance to water and frost, and provides a high level of both sound and thermal insulation V (Du et al., 2024) With its unique properties, foamed concrete has the potential to be used in various applications in the construction industry. For example, a study by Jones and Mc Carthy (2005) investigated the potential of foamed concrete for use as a structural material. Since foamed concretehas excellent thermal insulating properties and is lightweight, it can complement other materialsto be used in higher strength structural applications (Zhang et al., 2025).
Recent researches focussed on strength in structural use of foamed concrete and also onsome of its engineering properties (Alassane et al., 2025; Amran et al., 2022; Falliano et al., 2018; Ramamurthy et al., 2009; Shi et al., 2024) Otherstudies included an attempt to use recycled aggregates from demolition waste (Jiang et al., 2024), the use  offoamed concrete as foundations and ground slab (Roobankumar & Senthil Pandian, 2024) and other characteristics of foamed (Decký et al., 2016; J. Li et al., 2018; Valaskova et al., 2018; Yuan et al., 2022) These studies demonstrate that foamed concrete is a versatilematerial with diverseuses.
Areas that have been identified that need in-depth study are theology and bubble structures, including factors affecting their behaviours. Thus, this research will seek abetter understanding of characteristics, methods of testing, specification and alsoengineering properties that will enable and support the design of foamed concrete.
Another area of interest is the causes of instability in foamed concrete. There is a little direct evidence as to why this happens but data from site has proven that instability occurred unexpectedly on-site despite controlled site conditions. In a project in Gerrards Cross tunnel in East London, foamed concrete was selected to top up above incinerated bottomash aggregate (IBAA) to reduce the self-weight of the total materials above the tunnel (Figure 1.1). 
[bookmark: _bookmark2][bookmark: _bookmark3]This was to facilitate the construction of a Tesco supermarket above the tunnel. There were incidences where foamed concrete collapsed and ‘failed’ about 20 minutes after pouring (Figure 1.2). This unanticipated incidence suggests that foamed concrete has astabilityproblem which must be resolved, especially at lower densities.

[bookmark: _bookmark4]Figure 1.1:	Cross section of new tunnel to be constructed at GerrardsCross(J. Li et al., 2018)
[bookmark: _bookmark5]Figure 1.2:	Collapsed foamed concrete in Gerrards Crossproject(Baldo et al., 2022)
[bookmark: _Toc202777022]1.2	Problem Statement
The construction industry is increasingly focused on the development of sustainable building materials to meet growing environmental concerns and energy efficiency goals. Among these materials, foam concrete is recognized for its lightweight, insulating properties, making it an ideal solution for thermal insulation in building applications. However, the production of foam concrete relies on synthetic surfactants that may have detrimental environmental impacts due to their petrochemical origins and non-biodegradability.
Palm kernel oil (PKO), a byproduct of palm oil extraction, has shown potential as a natural, biodegradable alternative surfactant in various industrial applications. However, limited research has explored its feasibility as a natural surfactant in foam concrete production, particularly for thermal insulation applications in the building sector. This research aims to assess the effectiveness of palm kernel oil as a sustainable surfactant in hybrid foam concrete, evaluating its impact on the material's properties such as density, thermal conductivity, and compressive strength.
The study will investigate whether PKO-based surfactants can reduce environmental impacts while maintaining or improving the performance of foam concrete for building insulation purposes. The findings could contribute to the development of eco-friendly, high-performance building materials, aligning with global sustainability goals in the construction industry.
[bookmark: _dku2jany7392][bookmark: _Toc202777023]1.3	Justification of the Study
This study will address the need to explore sustainable and effective surfactants for hybrid foam concrete. Understanding its impact on water absorption and density will contribute to developing eco-friendly building materials. 
i. To evaluate the effect of palm kernel oil surfactant on the water absorption and density of hybrid foam concrete.
ii. To improve the properties of hybrid foam concrete, such as its water absorption, durability, and permeability.
[bookmark: _xf8p0di2z7uf][bookmark: _Toc202777024]1.4	 Aim of the Study
The aim of this project is to evaluate water absorption and density of hybrid foam concrete using palm kernel oil surfactant.
[bookmark: _ongjwxk3nnah][bookmark: _Toc202777025]1.5	Objectives of the Study
i. [bookmark: _b5dkv930kymo]Evaluate the influence of palm kernel oil surfactant on the workability of Hybrid foam concrete.
ii. Evaluate the impact of palm kernel oil surfactant on density of hybrid foam concrete.
iii. Investigate the influence of palm kernel oil surfactant on water absorption of hybrid foam concrete.
iv. Comparing the results with and without palm kernel oil surfactant.
[bookmark: _Toc202777026]1.6	 Scope of Study
The scope of this study will be limited to the following:
i. To determine the physical and mechanical properties of hybrid foam concrete mixed with palm kernel oil surfactant
ii. Water absorption and density hybrid foam concrete
iii. Comparing the hybrid foam concrete with and without the palm kernel oil surfactant
iv. Using Sodium Lauryl Sulfate (SLS) as the only foaming agent
[bookmark: _Toc202777027]
CHAPTER TWO
[bookmark: _Toc202777028]LITERATURE REVIEW
[bookmark: _Toc202777029]2.1	Preamble
Concrete remains one of the most widely used man made construction materials in the world. Traditional concrete is composed of Portland cement, sand, aggregates and water (Zhuo et al., 2022), and its density ranges from 2240 to 2600 kg/m3 (Valaskova et al., 2018) with a compressive strength in a range of 20–80MPa(Decký et al., 2016).Global cement consumption was about 41 billion tons in 2015. Generally, unreinforced concrete is used in a compressive condition whereas reinforced concrete can be subjected to tensile loading. The latter is used extensively in applications such as buildings, bridges, tunnels, reservoirs, marine structure and other infrastructural projects.
Although concrete plays an important role in modern construction and buildings, its whole life negative impacts cannot be neglected. The cement production process releases great amount of CO2. Production of 1 kg cement generates 0.9 kg CO2(J. Li et al., 2018). Overall concrete production contributes 8% of global CO2 emission (Yuan et al., 2022), and isone of the biggest sources of global warming gas. The concrete industry alsoconsumes 40% of world energy, 12% of world water consumption and generates 40% ofwaste to landfill (Sahraoui et al., 2025). Therefore, there is an urgent demand to improve concreteindustries to be more environmentally friendly andsustainable.
Since the 1970s energy crisis, energy saving has become a commongoal internationally. It then becomes important for the building/construction industryto develop improved materials to make buildings more energy efficient.Thermal insulation is one of the effective measures to achieve energy savings in buildings (Roobankumar & Senthil Pandian, 2024). Foam concrete is a type of light weight concrete with good thermal insulation properties that makes buildings more energy efficient than traditional fully solid Portland concrete. Due to its lower density, foam concrete is easier to transportfrom one location to another, and it is easier to cut than traditional concrete.Foam concrete also doesn’t contain any easily combustible substances and can be usedas an excellent fire barrier in the construction of buildings (Du et al., 2024). In addition, due to air pore sembedded in to concrete, it has excellent sound absorbing properties (Y. Li et al., 2025). As  energy efficient  material with  a relatively  low production  cost,  a minimum strength is required as well as insulation and sound absorption, it has attracted interest from both researchers and construction industry.
2.2 [bookmark: _bookmark9][bookmark: _Toc202777030]What is Foam Concrete
Generally speaking, foam concrete is made of cement, water and air bubbles (foam), and the volume of foam in concrete determines the density of foam concrete,which can range from 300kg/m3 to 1800kg/m3 (Wang et al., 2024), much lower than traditional solid Portland concrete.
The first patent for foam concrete can be dated back to 1923 (Alassane et al., 2025). Its construction applications as a light weight non- and semi-structural material have increased significantly in the last decade. The first comprehensive review of foam concrete was presented by Valore in 1954 (Erdogmus et al., 2023; Falliano et al., 2018; Jones & McCarthy, 2005). In 2000, Narayanan and Ramamurthy (Amran et al., 2022) reviewed the properties of foam concrete, including  water absorption, capillarity properties, durability, thermal conductivity, fire resistance andacoustic properties. In 2007, Zhuo et al. (2022) focused their research on the characteristics of air voids in foam concrete. Decký et al. (2016) reviewed research developments on micro structure and properties of foam concrete, in which different models of volume fraction and strength are considered. To date, foam concrete has been widely accepted by industriesand academics, and more and more different kinds of foam concrete havebeen developed, including higher compressive strength and environmental-friendlyfoam concrete (Baldo et al., 2022; Yuan et al., 2022).
2.3 [bookmark: _bookmark10][bookmark: _Toc202777031]Classification of Foam Concrete
Foam concrete can be broadly classified into three classes according to themethod of pore formation (Alassane et al., 2025) as listed asbelow:
1) Gas concrete, where gas forming chemicals are mixed in to lime or concrete mortar during the liquid or plastic stages and gas is generated by a chemical reaction;
2) Foam concrete in which the pre-formed foam is mixed with concrete and water. This method has the lowest production cost, but pore size and volume fraction in the concrete is difficult to control;
3) A combination of the above methods.
2.4 [bookmark: _Toc202777032]Application of Foam Concrete
With the advantages mentioned above, foam concrete has a wide spread of applications, such as roof decks, heat and sound insulation walls, and road sub-base etc (Alassane et al., 2025; Shi et al., 2024)
 (
a
b
)
[bookmark: _bookmark13]Figure 2. 1 Examples of Foam concrete applications a) insulation wall,b)running track sub-base(Shi et al., 2024)
Two applications of foam concrete are depicted in Figure 2.1. In the first, it isused as an insulation wall, which can make the building more energy efficient. In the second, it is used as a sub-base of a running track, an application where minimized strength is required. These diverse applications indicate that foam concrete has a large market potential as the energy efficiency and lower production costs become more important for its market acceptance. It is predicted that the use of foam concrete in industrial and civil buildings will be greatly expanded.

2.5 [bookmark: _bookmark11][bookmark: _bookmark12][bookmark: _bookmark14][bookmark: _Toc202777033]Previous Research on Foam Concrete
Historically, researchers have paid much attention to chemical composition and physical properties (Guo et al., 2021; Jones & McCarthy, 2005; Sahraoui et al., 2025), mechanism of chemical reaction (Baldo et al., 2022; J. Li et al., 2018),and relationships between pore volume fraction and mechanical/thermal insulation properties of foam concrete (Erdogmus et al., 2023). Other researchers investigated stress distribution, failure mechanism (Alassane et al., 2025), creep and shrinkage, and cracking caused by shrinkage (Tu et al., 2024). All the research can be summarized as either the relationship between chemical composition and properties or the relationship between micro-structure and properties.
When the chemical composition is known, the final properties of foam concrete are dependentitsstructure.Mostofpreviousmodelsarerelatedtotheporevolume fraction, which means that if the pore volume fraction is known, thermal properties and mechanical properties can be deduced. This is based on the assumption that all void spaces are uniform in size and distribution and of a spherical shape. These models didn’t consider the influences of irregular pore shape and variable pore sizes on the
Final properties.

 (
a
b
)
[bookmark: _bookmark15]Figure 2. 2 Actual pore structure image of foam concrete
A pore structural morphology of foam concrete is imaged in Figure 2.2, in which the white colour part represents for the porous regions and the black part represents  for the matrix binder regions. In Figure 2.2a), volume fraction of 13% is depicted and in Figure 2.2 b) volume fraction of 20% is depicted. These images demonstrate that the pore size ranges from 0.1m m to several mm, and as the pore volume fraction increases, the average pore size also increases.
It is also indicated in Figure 2.2 that the pore size is variable and the pore shape is not uniformly spherical. It is apparent that the volume fraction only doesn’t reflect the real pore structure of foam concrete, and that the roles of these irregular pores in affecting the properties need to bestudied.
It becomes very useful to quantitatively and accurately describe the internal pores structure and to establish a relationship between their regular pore structure and properties. The ability to design and control pore structure for high efficiency and low cost by using modelling approach instead of relying solely on the experimental method has significant advantage.
2.6 [bookmark: _bookmark16][bookmark: _bookmark17][bookmark: _bookmark19][bookmark: _Toc202777034]Thermal insulation property
Thermal insulation is one of the main applications for foam concrete. The thermal insulation ability depends on three factors: the heat conductivity, the density andthe specific heat. The density of foam concrete can be readily obtained from its volume and mass, but the heat conductivity and the specific heat properties require some special facilities for their determination, which involves high cost. Therefore, the ability to theoretically calculate heat conductivity and the specific heat for foam concrete is highly desirable.
2.7 [bookmark: _bookmark21][bookmark: _Toc202777035]Challenges in current research
Although foam concrete has been developed for nearly 90 years (Song et al., 2024), many aspects remain to be investigated, such as light weight, thermal insulation and mechanical properties/weight ratio. New research needs to be based on appropriate understanding of the mechanisms of thermal, mechanical and physical/chemical behaviour of foam concrete from the micro-scale to macro-scale (Roobankumar & Senthil Pandian, 2024).
More broadly, the research on foam concrete includes chemical composition design, pore structure design, creep and shrinkage mechanism, process optimization, and failure mechanisms (Du et al., 2024; Y. Li et al., 2025).
The two most important factors for foam concrete applications are thermal insulation and compressive strength. Therefore, the factors controlling thesetwo properties and their interdependence are the primary focus of industriesand researchers.
Consequently, the main emphasis of this foam concrete research is listedbelow:
1) How can the pore structure features be quantitatively andaccurately described?
2) Can a relationship between irregular pore structure features and propertiesbe established?
3) Can an effective numerical design method be developed to control thepore structure that has low cost and high efficiency instead oftraditional experimentalmethods?
Establishing relationships between void pore features andcompressive strength/thermal insulation is a complex issue because pore features including  pore shape, pore size and pore size distribution must all be considered (Y. Li et al., 2025). Researchers have found it difficult even to quantitatively describe porefeatures.
2.7.1 [bookmark: _bookmark22][bookmark: _Toc202777036]The status of heat transfer research
The existing heat transfer models for foam concrete neglect the  inner radiation within the void pore. It is a difficult process to find a model that quantitatively considers not only macro-pore features but also inner radiation. The influences of pore features on heat transfer including conductivity, convection and radiationstill remain to be established or modified. While the heat conductivity of foam concrete is a key parameter related to heat transfer, features of the existing modeling methodologies are provided in Figure2.3.

[image: ]
[bookmark: _bookmark23]Figure 2. 3 Shortcomings of current heat conductivity method
As illustrated in Figure2.3, the existing modeling methodology for the effective heat conductivity is based on pore volume fraction and heat conduction only, which neglects the impact of pore features, such as inner radiation and convection in void pore.
2.7.2 [bookmark: _bookmark24][bookmark: _Toc202777037]Compressive strength
Mechanical properties, especially compressive strength of foam concrete, decline as the void and pores volume fraction increases in general. However, there has been little quantitative relationship published to describe the influences of pore features on compressive strength as most of models focused on the relationship between pore volume fraction and compressive strength (Alassane et al., 2025). This reflects the   difficulty in identifying and quantifying void pore features, such as pore size, sizedistribution, pore area fraction, and pore separation (Falliano et al., 2018).
(1) Experimental research
Many previous researchers have used the experimental approaches tostudy compressive strength (Decký et al., 2016; Erdogmus et al., 2023; Kadela et al., 2017; Zhuo et al., 2022). The experimental method is a direct way to provide a relationship between pores features in foam concrete and compressive strength, but at a higher cost than theoretical analysis and numerical simulation methods. Furthermore, the experimental method takes long times to get result dueto concrete inherit slow-hardening properties. Moreover, results are always affected by experimental conditions, such as temperature, moisture content, curing time etc, all of which affect the precision of experimental results. At present, most research on foam concrete continues to use the experimental approach to study therelationship.
Because the pores in foam concrete are irregular shape and their size ranges from μ m to mm (Jiang et al., 2024; Jones & McCarthy, 2005), the influence of pores size on compressive strength is difficult to quantify. Using EPS beads to replace the foam in foam concrete can directly study the size effect. Expanded polystyrene (EPS) has a spherical shape for which the radius can be selected by a sieving method, and it is easy to measure its size.
Further, EPS has far lower strength compared with concrete, and consequently can be regarded as pores embedded into concrete matrix. Therefore, using EPS beadsto substitute for the pores in concrete is an effective way to study the pore size impact on compressive strength. Hence it can be regarded as an idealized materialof uniform size inconcrete.
EPS concrete is a kind of light weight concrete in which EPS beads are embedded in to cement paste to imitate void to reduce its density significantly. EPS concrete with low density and high thermal insulation properties arouses great interestfrom both industries and research institutes around the world for its potentialwide applications. These include energy saving construction material, sub-base material for pavement and railway track beds, construction material for floating marine structures, energy absorbing material for the protection of buried military structures and fenders in offshore oil platforms(Guo et al., 2021; Jiang et al., 2024).
Although there are lots of advantages and potential applications, the mechanical properties of EPS concrete are one of the weaknesses (H. Zhang et al., 2021).Ingeneral, mechanical properties of EPS concrete declines as its density decreases. In the past decade, there were many researchers investigating to EPS concrete (Guo et al., 2021; Jiang et al., 2024; J. Li et al., 2018; Yuan et al., 2022) with many publications related to mechanical properties. The relationship between EPS beads and its mechanical properties would aid the design of EPS concrete to better fit these applications, especially density, heat insulation and mechanical properties. Jiang et al. (2024) studied the size effect of EPS beads on the compressive strength and failure of EPS concrete. In their model, EPS beads were as sumed to be distributed uniformly within the concrete, and then the damage initiation and distribution in the specimen were calculated. Their research work indicated that there was no size effect on the compressive strength. However, their model wasjust a 2D model that couldn’t reflect the 3D dimensional situation. Uniform distribution of EPS beads does not reflect real illustration. Decký et al. (2016) used the experimental method and numerical method to investigate the influences of size effect of EPS beads on compressive strength and reported that a differenceof compressive strength between the big size and small size of EPS beads could reach 40% with the same density. They concluded that the finer EPS beads produced the higher compressive strength.
Baldo et al. (2022) studied the impact of size on the compressive strength using numerical fitting method, in which they utilized an exponent equation to describe the relationship among the EPS volume fraction, EPS size andcompressive strength.
Baldo et al. (2022) studied the effect of size on the compressivestrength of EPS concrete. Their work demonstrated that the fine polystyrene yieldedthe highest compressive strength and that crumbled polystyrene had thelowest compressive strength. In their paper, compressive strength was expressed as apower function of density corresponding to the three kinds of polystyrene. However, all the samples’  compressive strengths  were less  than1  MPa,  and the  difference    for compressive strength between the fine polystyrene and large polystyrene samples was about 0.1~0.2MPa.
Decký et al. (2016) investigated the effect of EPS on compressive strength, splitten sile strength, moisture migration and absorption, for which they derived a fitting function between compressive strength and EPS concrete density.  
Their research didn’t explain from the influence of EPS bead size on the compressive strength.
There was also others research on the EPS structure (Decký et al., 2016), fabrication and physical properties (Yuan et al., 2022), and numerical simulation (Sahraoui et al., 2025).
Although there has been some research focused on the effects of EPS bead size on compressive strength, both theoretical and numerical methods are still necessary for quantitative EPS concrete research.
(2) Theoretical analysismethod
Theoretical analysis is an economical means to research compressive strength. Many researchers have applied stress analysis method to the analyses of the failure models of concrete (Song et al., 2024). Although the theoretical analysis method is based on physical model, it requires strong mathematical skills and this method still has problem in dealing with complex structures and multi-axis stress stateor 3-dimensional problems, which limits its application to simplestructures.
(3) Numerical simulationmethod
Numerical simulation is a highly efficient and low cost researching method, which can also solve complex structural problems. Finite element method (FEM) is one of the most widely used numerical methods in the concrete field (Sahraoui et al., 2025). Others adopted FEM to study the influence of aggregates on failure (Song et al., 2024) andsome researchers used FEM to study the impact of inner pore structures onthe macro-scale stress-strain relationship (Y. Li et al., 2025). However, precise calculation  by FEM depends on the meshed size of grid unit. Finer meshed size can make results more precise, but employs longer calculation time.
Artificial neural network is another widely used method. Some researchers have adopted an artificial neural network method to investigate the influences of chemical composition on compressive strength(Wang et al., 2024), others have adopted this method to study the shrinkage of concrete(Alassane et al., 2025). Additionally, there have been some researchers using this method to other aspects of concrete (Falliano et al., 2018; Ramamurthy et al., 2009). However, there is less research with this method on the relationship between pore features and compressive strength. Although artificial neural network is a highly efficiency research method, it uses mathematical method to establish the correlation between each input parameter and output results, which lacks the physical meaning to explain the correlation mechanism.
There are also other numerical simulation methods used in concrete field(Amran et al., 2022; Erdogmus et al., 2023), such as numerical fitting (Guo et al., 2021) and fractional factorial method (Valaskova et al., 2018). All these numerical simulation methods present researchers with an economic and efficient tool to quantitatively describe concrete problems. Hence, using numerical simulation together with experimental verification can save the research costs and enhance research efficiency.
2.8 [bookmark: _Toc202777038]Properties of Foamed Concrete
The properties of foamed concrete are diverse, ranging from fresh state properties, early age properties to hardened state properties. For the purpose of the current study and this literature review in particular, discussion will be confined to three significant properties, namely, workability in the fresh state, rate of hardening and instability in the early age stage. Of the range of properties in the hardened state, discussion will be confined to compressive strength, modulus of elasticity and microstructure. In addition, other related properties will also be cited in this review.
2.8.1 [bookmark: _bookmark27][bookmark: _Toc202777039]Fresh StateProperties
The fresh state of all cement–based materials may be only transient, but it is of major importance to the ultimate performance in the hardened properties (Song et al., 2024; Xuquan et al., 2025)). However, in most reported research, the fresh state of cement-based materials is usually described by its characteristics.
Generally, the properties of foamed concrete are described as free-flowing, self-levelling and self- compacting (Alassane et al., 2025). In basic terms, the workability of foamed concrete containing relatively large amounts of air pores is generally excellent; it has nearly fluid consistency, is easily pourable, homogeneous and small possibility of bleeding and segregation. Additionally, foamed concrete is readily placed without need of further consolidation (Xuquanet al., 2025).
The term ‘workability’, as commonly described in normal concrete, is limited in definition and methods of measurement; however, the principles of theology are more for describing the behaviour of fresh concrete (Song et al., 2024).
For this reason, the fresh state of foamed concrete is clarified in terms of workability (as universally described in all cement–based materials) and of the use of theological properties as described by researchers such Wang et al. (2024), Jones & McCarthy (2005) and Decký et al. (2016).  Whilst many studies have been conducted on theology  of cement-based materials (Baldo et al., 2022; J. Li et al., 2018; W. Zhang et al., 2025), to date, the literature on the theology of foamed concrete is very limited.
1. [bookmark: _Toc202777040]Rheology
Rheology, the science of the deformation and flow of matter, is concerned with the relationships between stress, strain, rate of strain and time. As the rheology of cementitious material is closely related with developing performance of concrete, the rheology is considered one of the most important factors for all cement–based materials(W. Zhang et al., 2025). Rheology is important in understanding how cement paste, grout, mortar and concrete perform in practical applications and the scope it offers for characterising their properties (Baldo et al., 2022).
Foamed concrete behaves like a non-Newtonian which follows the Bingham model. In basic terms, the workability of foamed concrete containing relatively large amounts of air pores is generally excellent - easily pourable, nearly fluid consistency, homogeneous and without possibility   of   bleeding   and   segregation   and   readily   placed   without   need   of further consolidation (Kadela et al., 2017). Foamed concrete has the tendency to manifest reducedself- levelling in the very low density range, because of the reduced dead weight and the increased cohesion of the concrete arising from the high volume of air (W. Zhang et al., 2025). This statement confirms a nearlier study by Jones and Mc Carthy (2005) who found that lower density foamed concrete exhibited highest apparent yield stress which they claimed could be attributed to the reduced self-weight, higher air content and lower water content.  
They also found that, with in the range of densities studied (1000-1400kg/m3), the plastic viscosities of the foamed concrete were small. However, foamed concretes  with sand exhibited higher yield values than foamed concretes with flyash at higher densities(1400- 1800 kg/m3). This was attributed to much larger and more angular shaped sand particles with smaller surface area.
Jones and McCarthy (2005) stated that yield values of foamed concrete are typically less than 2 Nm, which is indicative of self-flowing behaviour. Replacing sand with coarse flyash reduced the yield value, as shown in Table 2.2 (McCarthy, 2004). With increased plastic density, this effect is increased. However, in plastic viscosity, the decrease is smaller with increased plastic density. The yield values were obtained by plotting speed, (rev/sec)against torque.
Therefore, reducing the filler mean size particle greatly reduces the yield stress necessary to get the mix flowing and produces a more fluid concrete due to rounded particle morphology (Tu et al., 2024). This permits effective particle packing, reducing water demand without decreasing fluidity of the mix (Y. Li et al., 2025). Additionally, they noted that flyash particles are less reactive than cement; hence the retardation effect of fly ash resultsin decreased viscosity and yield stress of fly ashcement.
All these basic knowledge of rheological behaviour of foamed concrete will be further investigated in this study that will include the effect of different types of surfactants tothe rheologicalproperties.
2. [bookmark: _Toc202777041]Rate ofhardening
There is no standard method for determining the initial and final setting times offoamed concrete, although the methods given in BS 4550:1978 and ASTM C266-89 forcements provided the basis of suitable methods for the preparation of foamed concrete (Guo et al., 2021).
In previous studies, stiffening for all foamed concrete mixes did not appear to take place until 5hours after casting at 200 C(Xuquan et al., 2025). As shown in Figure2.6, all foamed concrete mixes achieved the set limits given in BS4550:1978up to 9 to10 hours. The setting time of foamed concrete is usually between 12 and 24 hours. The amount of foam incorporated into the mix has an effect on the stiffening time of foamed concrete since foaming agents have chemical similarities to retarding admixtures. Consequently, the stiffening time isinversely proportional to foamed concrete density (Jones & McCarthy, 2005).
The average setting time of foamed concrete with a 1-day strength of 1.0 N/mm2  was between 12 and 24 hours, although this could be improved with rapid hardening cement types, insulating formwork, raising the ambient temperature or using accelerators (Roobankumar & Senthil Pandian, 2024). 
Accelerators can be used to increase the slow rate of stiffening and strength development of foamed concrete. Since the mechanism for accelerated curing is not fully understood, itsuse can be recommended only on empirical basis. Calcium chloride is regarded as themost effective accelerator which can be used in most conditions in foamed concrete becausecarbon steel reinforcement is rarely used with foamed concrete, unlike typical reinforced concrete (Du et al., 2024).
Table2.2:	Typical rheology of sand and fine fly ash, FAf aggregate mixes, from (Alassane et al., 2025)
	
Plasticdensity kg/m3
	Yield Value,Nm*
	Plastic Viscosity,Ns/m2

	
	Sand	FA	Decrease,%
	Sand	FA	Decrease,%

	1400
	0.82	0.44	46
	0.034	0.025	26

	1600
	1.13	0.52	54
	0.040	0.032	20

	1800
	1.80	0.69	62
	0.051	0.045	12
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Figure2.5:	Bingham model
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[bookmark: _bookmark29]Figure2.6:	Comparison of stiffening times of various foamed concrete (Jones,2001)

3. [bookmark: _Toc202777042]Stability
            In order to understand the importance of stability in relation to other properties of foamed concrete, it is imperative to define stability. Stability is one of the variables of the definitions of workability and consistency in normal concrete. Stability is cited as the ability toresist segregation, a condition which refers to the cohesion of the mix and rarely used as anobjective and quantifiable description of a concrete mix (Amran et al., 2022). In self-consolidatingconcrete, which is highly flowable and contains relatively low content of cementitiousmaterials, stability is essential to ensure an adequate air void system (H. Zhang et al., 2021). Theair void system has to remain stable during agitation, placement andsetting.
Stability in foamed concrete had been described for fresh state conditions of two materials; preformed foam and foamed concrete (Du et al., 2024; Y. Li et al., 2025; Song et al., 2024; Xuquan et al., 2025). The inclusionof foam in foamed concrete raises the expectation that the stability of the foam will have a strong influence on the latter, particularly when the volume of foam to base mix becomes greater than 50% (Alassane et al., 2025). Larger bubble size and more open cells which are characteristics of foams produced by synthetic surfactants, are said to be less stable compared tofoams produced from protein-based surfactants (Falliano et al., 2018). Additionally, the stability ofthe foamwasfoundtobeaffectedbysurfacecharges,‘free’watercontent,flyashandchemical admixtures (Jones & McCarthy, 2005).
Jones and McCarthy (2005) conducted a study that suggested that the stability of foamed concrete can be assessed by comparing the calculated and actual quantities of foam required to achieve a plastic density and by visual observation. In their study incorporating flyash in foamed concrete mixes, the foam stability was found to be affected by the high fly ash content which had caused the foam to collapse. This resulted in additional ‘free water’ which, inturn, required higher foam volume to achieve the target plastic density. By contrast, (Li et al., 2018) initially defined stability of foamed concrete mix as the state of condition at which measured density is equal to or nearly equal to design density. In a laterstudy, Li et al. (2025) defined stability of foamed concrete as ‘the state of the mix at which the  density ratio  is closer  to  unity’.   They  affirmed that  the stability  of foamed concrete depends on three factors: the foam volume, consistency of the base mix and filler type.
Whilst appreciating the variety of definitions of stability in foamed concrete, earlier definitions had been descriptive of the fresh state properties of both, preformed foam and foamed concrete. However, in this current study, stability is identified as a characteristic of early age properties of foamed concrete. This feature may be ak in to the stability found in normal concrete explained by (Ramamurthy et al., 2009) as cohesion of the mix, that is, resistance to segregation that has meaning only under a given set of.
The ideal mix design of any fluid concrete is located somewhere between being fluid enough to flow and fill to having acceptable stability to resist segregation and deformations (Erdogmus et al., 2023). This is comparable of foamed concrete, where, in most applications it is expected to flow and self level. Investigations into the properties of foamed concrete have been basedon assumptions in primary studies when its stability has not been called into question.The literature reflects an assumption that foamed concrete stability is beyond doubt. For example, it had been stated that foamed concrete is said to exhibit stable consistency with low plastic shrinkage (Guo et al., 2021) and one of the advantages of using foamed concrete is that foamed concrete does not collapse after placement as it sets (H. Zhang et al., 2021). However, only passing references to stability have been made, little attention has been paid to exploring the validity of assumptions about stability. Research has been incomplete in this respect.
In preliminary work, concerns have been expressed about instability in foamed concrete. Decký et al. (2016) suggested the water: cement (w/c) ratio of the base mix should be kept fairly high to avoid water being extracted from the foam thus causing it to collapse. Baldo et al. (2022) noted foam collapse during mixing and transporting although the degree of collapseis unpredictable and varies with mix constituents. Segregation is often checked as measureof instability (Jones & McCarthy, 2005).
The paucity of literature in this are are in forces the lack of concern about stability in the past. In one recent study, Roobank umar & Senthil Pandian (2024) found that stability of foamed concrete is affected by the water content in the base mix, the amount of foam added and other solid ingredients in the mix. Although this single piece of research has examined the constituent materials, in order to expand our understanding of the behaviour of foamed concrete, it is necessary to consider other possible factors that affect the stability.
The purpose of the present study is to examine the nature, structure and  productionof foamed concrete in an attempt to identify causal factors that give rise to potential instability in foamed concrete. Additionally, this study examines the relationship of stability with other properties namely, rheology and microstructure.
2.8.2 [bookmark: _bookmark30][bookmark: _Toc202777043]Hardened StateProperties
2.8.2.1	CompressiveStrength
In the past, strength was not the main issue when using foamed concrete (W. Zhang et al., 2025) as it was typically used in void filling, high way reinstatement and other underground works.  The typical strength value for foamed concrete of densities between 800– 1000 kg/m3 is between 1 – 8 N/mm2 Shi et al. (2024) which was sufficient forits purpose in underground works. With a minimum strength of 25 N/mm2, foamed concrete has the potential to be used as a structural material (Jones and McCarthy,2005). Based on this objective, several research projects were undertaken to study the possibility of increasing compressive strengths (Jones & McCarthy, 2005; Shi et al., 2024).The summary of properties of foamed concrete indicating the typical compressive strength as defined by BCA (1994) is shown in Table2.3.
The compressive strength of foamed concrete is affected by the density, cement type and content, water/cement ratio, surfactant type and curing regime (JonesandMcCarthy,2005). Density has been shown to be directly related to compressive strength, where increases in density resulted in increases in compressive strength (Amran et al., 2022; Falliano et al., 2018; Shi et al., 2024).As illustrated in Figure2.7, this is explained by the greater air content in lower density which makes the foamed concrete weaker (Kadela et al., 2017). However, density is not directly reliable as an indicator of strength or quality, when constituents of the foamed concrete vary (Decký et al., 2016).
Typically, as reported by Song et al. (2024) higher cement content resulted in increased strength of normal concrete. Similarly, in foamed concrete, Jones & McCarthy (2005) found that an increase in cement content increased the strength for a range of values although the strength increase was found to be minimal above cement content 500kg/m3. Thus, owing to this minimal strength gain, adhering to an acceptable minimum cement content is both economical and practicable (Song et al., 2024)
For a given density, different combinations of other cements and different cementitious fillers (coarse fly ash, conditioned fly ash, incinerator bottom ash, demolition fines, china clay, quarry fines and others) influenced the compressive strengths (Jones and McCarthy,2005). Keeping other factors constant, finer sand showed an increase in strength compared to coarser sand(Wang et al., 2024),Figure 2.8. In Figure2.9, Jones (2000) noted that when coarse fly ash was used as filler, the strength showed significant increase between 28to 56 days compared to the strength achieved when sand was used in which case only a marginal increase in strength occurred after 28 days. In that particular study, it was observed that at any given density, the 28-day compressive strengths of fly ash foamed concretes were higher than sand foamed concretes. The difference was further increased after 56-days. Other researchers found similar trends when using fly ash as cement replacement and/or coarse fly ash as fillers (Du et al., 2024; Jones & McCarthy, 2005; Song et al., 2024).The effect of other cements such as ground granulated blast furnace and silica fumeal so influenced the compressive strengths and other properties of foamed concrete, for example, the consistency and stability (Highway Agency and TRL,2001).
 It is well established that in normal concrete decreases in w/c ratio cause significant increase in strength. However, this trend is not confirmed in foamed concrete in the current literature. W. Zhang et al. (2025) observed that w/cratio was not only less significant, but that, the strength increased with increases in the w/c ratio. On the other hand, Shi et al. (2024)found that strength decreased with increasing w/c ratio up to 0.45, and noted that above thisreading,the trend is reversed, that is, where the strength increased with an increase inthe water/cementratio.
The surfactant used is also important as it gives the foamed concrete its final properties (Erdogmus et al., 2023). Protein-based surfactants produced more stable, smaller and stronger bubble structure, hence higher strength foamed concrete compared to synthetic surfactants which produces bigger bubbles (Falliano et al., 2018; Jones & McCarthy, 2005; Shi et al., 2024)). Thishigher performance by protein surfactants can be attributed to the ability to take on water and holdit within the protein structure. This makes it somewhat absorbent which allowshydration process; hence cement particles are well-bonded around air bubbles. As a result,the mechanical strength of the air matrix is stronger (Guo et al., 2021).
The curing regime has a significant effect on the strength of foamed concrete. In their study, Kadela et al. (2017) noted that highest strengths were obtained on specimens cured at 500C, then sealed in plastic bags, and kept at constant temperature of 220C. By contrast, she further showed that specimens that were water-cured gave low strengths which were probably duetobuild-up of pore water pressure in the saturated micro structure of the foamed concrete. Because of the variations, a curing regime must be established to maintain quality control. By the same note, the strength of foamed concrete can not be equated with auto clavedaerated concrete. Although the latter results in higher strength, these results are controlled by the requirements of factory autoclaving (Jones and McCarthy, 2005). Furthermore, steam curing is used in the precast industry to obtain the highest possible strength at lowest density in the shortest (Valaskova et al., 2018). A summary of the effects of these parameterson the compressive strength are shown in Figure2.10.
Although strength is not an issue in many applications of foamed concrete (Baldo et al., 2022), it is a main characteristic which relates to other properties, hencethe reason for the study of compressive strength in almost all research on foamedconcrete.

[bookmark: _Toc202777044]
CHAPTER THREE
[bookmark: _Toc202777045]RESEARCH METHODOLOGY
[bookmark: _Toc202713915][bookmark: _Toc202777046]3.1	Introduction
To achieve the aim and objectives of this project work. This methodology outlines the steps involved in preparing, testing, and analyzing the water absorption and density of hybrid foam concrete incorporating palm kernel oil (PKO) surfactant and sodium lauryl sulfate as a foaming agent. The study will evaluate both fresh and hardened properties to determine the suitability of PKO-based foam concrete for construction applications.
[bookmark: _febo0hhejofg][bookmark: _Toc199412125][bookmark: _Toc202713916][bookmark: _Toc202777047]3.2	Materials and Mix Proportion
The materials comprise of Cement (Portland Limestone Cement), Palm Kernel Oil Surfactant (PKOS), Foaming Agent (Sodium Lauryl Sulfate (SLS)), Water, Sand (fine Aggregate) and Aggregate (Stone Dust)
[bookmark: _Toc199412126][bookmark: _Toc202713917][bookmark: _Toc202777048]3.2.1	Materials Selection/Procurement
A.	Cement
Portland Lime Cement was used for this research. The cement serves as the primary binder agent for the foam concrete. The PLC was bought from the cement dealer Sokoto cement. Each bag of PLC is 50kg in size and the grade is 42.5R. 
B.	Palm Kernel Oil Surfactant
Palm kernel oil surfactants are derived from the oil extracted from the seeds of the palm kernel through processes such as poly esterification. PKO-S is obtained from a nearby market around the Ilorin metropolis.
C. 	Aggregate (Stone Dust & Fine)
[bookmark: _v7ohlb0sv5b]Stone dust has 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 of the fine aggregate (including fine sand and stone dust) is verified per ASTM C33/C33M standards, ensuring uniformity and suitability for concrete applications. ASTM C33 specifies that fine aggregates should have a well-graded particle size distribution, typically passing a 4.75mm sieve, with a controlled percentage of finer particles to optimize packing and performance.
[bookmark: _hp6m45du5jed]D.	Foam Agent (SLS)
[bookmark: _ldsfdlqzof1s]Sodium Lauryl Sulfate obtained from reputable chemical distributors, ensuring high purity (typically ≥98%) and consistency. Suppliers are selected based on proximity to reduce transportation costs and ensure timely delivery.
[bookmark: _wr8zx4o73vml]E.	Water
Water is essential for hydration and foam generation. Potable water has 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 

[bookmark: _Toc199412127][bookmark: _Toc202713918][bookmark: _Toc202777049]3.2.2	Mix Proportion
The mix will follow a cement-to-sand-to-stone dust ratio of 1:2:4, with a 0.4 water-cement ratio. The PKO surfactant will be introduced in varying proportions to achieve different densities of foam concrete.
[bookmark: _u0zi35qaaybc][bookmark: _Toc199412128][bookmark: _Toc202713919][bookmark: _Toc202777050]3.3.	Mixing Procedure
Material Preparation: Weighing the required quantities of cement, sand, stone dust, and water. Prepare the SLS foaming agent solution separately.
Mixing Process: Dry mix cement, sand, and stone dust thoroughly according to the mixing ratio by weight. Gradually add water and mix for 3–5 minutes. Introduce SLS foaming agent and continue mixing to ensure even foam distribution.
Casting & Curing: Pour the fresh mix into molds for testing (cubes, cylinders, or prisms). Allow the samples to set for 24 hours before demolding. Cure the specimens in water for 7, 14, and 28 days for strength and absorption testing.
[bookmark: _Toc199412129][bookmark: _Toc202713920][bookmark: _Toc202777051]3.4.	Preparation of the Foaming Agent
Aim: To get the foam so for the concrete to be light in weight and porosity
Materials: bucket, water and the foaming agent (SLS)
Procedure:
1. Pour the quantity of water needed into the bucket
2. Pour in the (SLS) into the water
3. Stir even until the foaming is desire
[bookmark: _Toc199412130][bookmark: _Toc202713921][bookmark: _Toc202777052]3.5	Laboratory Test and Measurements
Laboratory tests are essential procedures carried out under controlled conditions to evaluate the physical, mechanical, and fresh properties of construction materials. In the context of this study, tests such as workability and density assessments were conducted to determine how palm kernel oil surfactant (PKOS) influences the performance of hybrid foam concrete. These tests help ensure consistency, validate improvements in mix quality, and provide reliable data for predicting material behavior in real-world construction scenarios.
[bookmark: _Toc199412131][bookmark: _Toc202713922][bookmark: _Toc202777053]3.5.1	Fresh Properties (Workability & Density Tests)
Workability is a vital aspect of fresh foam concrete as it determines how easily the mix can be placed, compacted, and finished. Fresh density, on the other hand, reflects the compactness and stability of the concrete before setting
[bookmark: _Toc202713923]1	Slump Test
Slump test is a method used to determine the consistency or workability of a fresh concrete. The consistency indicates how much water has been used in the mix. Consistency is very closely related to workability that describes the state of fresh concrete. It indicates the degree of wetness and refers to the ease with which the concrete flows. Concrete slump test is popular due to the simplicity of apparatus used and simple procedure. The test is very simple. That is why it often allows a wide variability in the manner that the test is performed and able to be conducted on site.
The application of slump test is used to ensure the uniformity for different batches of similar concrete under field conditions and to ascertain the effects of plasticizers on their introduction. This test is very useful on site as a check on the day-to-day or hour-to-hour variation in the materials being fed into the mixer. An increase in slump might indicate that the moisture content of aggregate has unexpectedly increased. Other cause would be a change in the grading of the aggregate, such as deficiency of sand. Too high or too low a slump gives immediate warning and enables the mixer operator to remedy the situation.
[bookmark: _Toc202713924]2	Fresh Density Test (Wet)
The purpose of the density test is to control the quality of the fresh mixed concrete for test. The density of concrete is defined as the measure of the compactness of concrete, expressed as its mass per unit volume. A known volume of fresh concrete is weighed to calculate density (kg/m³).
Formula: 
Density = Mass of Concrete / Volume of Container
[bookmark: _Toc199412132][bookmark: _Toc202713925][bookmark: _Toc202777054]3.5.2	Hardened Properties (Density & Water Absorption Tests)
[bookmark: _Toc202713926]1	Hardened Density Test (Dry)
Density of hardened concrete is critical to the performance of the structure. Consistency in the density of the concrete at all stages indicates consistency in all phases of conc


rete operations. These tests are mainly conducted in order to maintain control over the batching and mixing of the concrete making sure that the concrete produce meets with the specific requirements. It can also be used to indicate segregation, non-uniform consolidation, and several other problems. So we oven-dried concrete samples which we weighed and divided by their volume. Higher density indicates stronger concrete, while lower density improves insulation.
[bookmark: _Toc202713927]2	Water Absorption Tests
We measure total porosity by comparing dry weight vs. saturated weight. The apparatus used for this test were: balance, pan for drying, Water-tight container, pan for saturated drying and duster. 
Formula: 
Water Absorption (%) = (Weight of saturation sample – Weight of dry sample)
Weight dry sample× 100
[bookmark: _Toc199412133][bookmark: _Toc202713928][bookmark: _Toc202777055]3.6.	Data Analysis
Comparing the results across different PKO surfactant dosages. Assess trends in density and water absorption for different mix compositions, and evaluating the optimum PKO concentration for balancing strength, durability, and lightweight properties.

[bookmark: _Toc199412134][bookmark: _Toc202713929][bookmark: _Toc202777056]3.7.	Selected Figure FromThe Practical Works
 (
F
ig 3.
2
: 
Curing of the cubes
) (
F
ig 3.
1
: 
Sieving of 
Materials before mixing
)




[bookmark: _Toc202713930][bookmark: _Toc202777057][bookmark: _Hlk199156304][bookmark: _Hlk199156193]
CHAPTER FOUR
[bookmark: _Toc199412135][bookmark: _Toc202713931][bookmark: _Toc202777058][bookmark: _Hlk199156343]RESULT AND DISCUSSION
[bookmark: _Toc199412136][bookmark: _Toc202713932][bookmark: _Toc202777059]4.1	Properties of Materials
The table below shows the properties of materials used in this research project.
[bookmark: _Hlk199145543]Table 4.1:	Properties of Materials Used
	Materials
	Density (Kg/m3)

	Stone Dust
	1800

	Cement
	1440

	SLS
	400

	Water
	1000 

	PKO
	940 


[bookmark: _7i7npk3n0xm0][bookmark: _Toc199412137][bookmark: _Toc202713933][bookmark: _Toc202777060]4.2	Fresh Properties
[bookmark: _Toc199412138][bookmark: _Toc202713934][bookmark: _Toc202777061]4.2.1.	Workability
The slump test was conducted to evaluate the workability of the fresh concrete mix. The values indicate the ease with which the mix flows, measured using a standard slump cone.
[bookmark: _Hlk199145621]


	[bookmark: _Hlk199145594]% of P.K.O.
	Slump Value (mm)
	Workability 

	[bookmark: _Hlk199145566]0
	120
	Very High Flowable

	1.5
	110
	High Flowable

	3
	90
	Low Flowable


[bookmark: _Hlk199145578][bookmark: _7ew83yj5y2v]Table 4.2:	Workability of Hybrid Foam Concrete
[bookmark: _ug3mysauux8p][bookmark: _8o049gbe1vgo]From table 4.2 it was observed that as PKO concentration increases, slump values decrease, indicating reduced workability likely due to air entrainment and altered mix consistency. The recorded slump value shows that the lower the percentage of P.K.O the higher it flowable, with 0% give 120mm and 3% give 90mm. Which is within the range of 90mm – 120mm. Therefore, the results of the slump are a partially shear.
[bookmark: _Toc199412139][bookmark: _Toc202713935][bookmark: _Toc202777062]4.2.2.	Fresh Density of The Foam Concrete
Fresh density refers to the mass per unit volume of the concrete immediately after mixing, including entrained air. It was measured in kgm-³ using the weight-to-volume method.
[bookmark: _Hlk199145631]


Table 4.3:Fresh Density of The Hybrid Foam Concrete
	[bookmark: _Hlk199089908]Sample Id
	% of P.K.O.
	Mass m1 (g)
	Volume V1 (m3)
	Density P = m1/V1 (kgm-3)

	A
	0
	 (
6482
)6417
	 (
0.003375
)
	 (
1921
)
	

	
	
	6547
	
	
	

	B
	1.5
	 (
7058
)6864
	 (
0.003375
)
	 (
2091
)
	

	
	
	7252
	
	
	

	C
	3.0
	 (
7424
)7514
	 (
0.003375
)
	 (
2200
)
	

	
	
	7333
	
	
	


The result from the table 4.3 indicate that density increases with higher PKO concentrations, showing the effectiveness of PKO as a lightweight surfactant.

Fig 4.1:Fresh Density vs Percentage of Palm Kernel Oil (PKO)
[bookmark: _Toc199412140][bookmark: _Toc202713936][bookmark: _Toc202777063]4.3	DRY PROPERTIES
[bookmark: _Toc199412141][bookmark: _Toc202713937][bookmark: _Toc202777064]4.3.1.	Water Absorption
[bookmark: _Hlk199145672]Water absorption was measured as the percentage increase in specimen weight after 24-hour immersion. It reflects the porosity of the hardened concrete and affects durability.
Table 4.4:	Water Absorption of Hybrid Foam Concrete
	[bookmark: _Hlk199145679]Sample ID
	% of P.K.O.
	Initial Dry Weight m1 (g)
	Final Weight (24hrs) m2 (g)
	Value of Water Absorption Wo
	% of Wo

	A
	0
	6172
	6310
	0.0224
	2.24

	B
	1.5
	6758
	6887
	0.0191
	1.91

	C
	3.0
	7159
	7295
	0.0189
	1.89


Formula: Water Absorption (%) = ((Wet - Dry) / Dry) × 100

Fig 4.2:Water Absorption vs Percentage of Palm Kernel Oil (PKO)
Percentage of water absorption decrease with PKO, reflecting decrease in porosity. Optimal performance was observed around 1.5%–3.0% PKO concentration.
[bookmark: _Toc199412142][bookmark: _Toc202713938][bookmark: _Toc202777065]4.3.2.	Dry Density
Dry density was measured after 28 days of curing to assess the hardened structure of the concrete. Lower dry density indicates more entrained air and a lighter concrete.
[bookmark: _Hlk199145697]Table 4.4:	Dry Density of Hybrid Foam Concrete
	[bookmark: _Hlk199145707]Sample ID
	% of P.K.O.
	Mass m1 (g)
	Volume V1 (m3)
	Density P = m1/V1 (kgm-3)

	A
	0
	6117
	 (
6172
)
	 (
0.003375
)
	 (
1829
)

	
	
	6227
	
	
	

	B
	1.5
	6664
	 (
6758
)
	 (
0.003375
)
	 (
2002
)

	
	
	6852
	
	
	

	C
	3.0
	7134
	 (
7159
)
	 (
0.003375
)
	 (
2121
)

	
	
	7183
	
	
	


The increase in PKO reduces the final density of the concrete which show in the fig 4.3 below. However, excessive reduction may compromise strength.










Fig 4.3:Dry Density vs Percentage of Palm Kernel Oil (PKO)

[bookmark: _Toc202713939][bookmark: _Toc202777066]CHAPTER FIVE
[bookmark: _Toc199412143][bookmark: _Toc202713940][bookmark: _Toc202777067]CONCLUSION AND RECOMMENDATION
[bookmark: _Toc199412144][bookmark: _Toc202713941][bookmark: _Toc202777068]5.1.	Conclusion
1. [bookmark: _Toc199412145][bookmark: _Toc202713942]Palm kernel oil-based surfactant (PKO-S) improved the workability of hybrid foam concrete, with the best slump value of 120mm observed at 0% PKO, and a slight reduction as PKO increased, indicating altered flow behavior.
2. Dry density dropped with increasing PKO-S content, reaching 1829 kg/m³ at 3%, proving its suitability for producing lightweight foam concrete.
3. PKO-S reduced water absorption from 2.24% to 1.89%, confirming its effectiveness in minimizing porosity and enhancing the concrete’s resistance to moisture penetration.
4. Samples with PKO-S performed better in both water absorption and density than those without, confirming the value of PKO in improving physical properties
[bookmark: _Toc202777069]5.2.	Recommendations
i. Optimal PKOS Dosage: Based on experimental results, a PKOS concentration range of 1.5–3.0% is recommended for achieving balanced properties of strength, durability, and lightweight construction.
ii. Further Research: Additional studies should explore long-term durability, structural integrity, and resistance to environmental factors such as temperature variations and chemical exposure.
iii. Practical Applications: Field applications should be conducted to assess the real-world performance of PKOS-based foam concrete in construction, particularly for insulation, partitioning, and lightweight structural elements.
iv. Economic Feasibility Analysis: A comparative cost-benefit assessment should be conducted to evaluate the affordability and scalability of PKOS-enhanced foam concrete compared to conventional foaming agents.
v. Comparative Analysis: Future research should compare PKOS-based foam concrete with other eco-friendly foaming agents to determine its superiority in sustainability and cost-effectiveness.
vi. Regulatory Considerations: Standardization efforts should be initiated to establish industry guidelines for PKOS-based foam concrete, ensuring its widespread adoption in sustainable building practices.
vii. Innovation in Hybrid Mixes: Researchers can explore combining PKOS with other natural surfactants or supplementary materials like recycled aggregates to further optimize foam concrete properties.
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Fig 3.3: Casted Cube in the Formwork



Fig 3.4: Weighed Materials before mixing



Wet Density Graph
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