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Abstract
[bookmark: _Hlk126930875]The global population growth and escalating cost of building materials have resulted in a global housing deficit. There has also been a growing concern about environmental and ecological issues caused by human activities. This has prompted continuous research efforts into the beneficial use of these wastes in developing sustainable, affordable and eco-friendly building materials. This research evaluated the effect of fly ash and palm fibre on the density and compressive strength of compressed stabilized earth blocks. Fly ash was used to stabilize lateritic soil at 0%, 2.5%, 5%, 7.5% and 10% while palm fibre was used to reinforce the lateritic soil at a constant proportion of 1% by weight of laterite. The blocks were cured for 28 days after which they were tested. The results obtained indicate that the addition of fly ash in the matrix increased the density and compressive strength of the blocks. The blocks produced with fly ash in the matrix meet the minimum compressive strength requirements for lateritic blocks as specified by the Nigeria Building and Road Research Institute. An optimum stabilization and reinforcement of lateritic soil with 7.5% fly ash and 1% palm fibre by weight respectively of lateritic soil is recommended.
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Introduction
The provision of shelter is important as shelter is one of the basic needs of man. The global population growth has resulted in an increased demand for infrastructure, resulting in an escalation in conventional building and construction materials prices. Also, the high carbon footprint associated with most industrial activities such as cement production and usage has been an issue of global concern in recent years. The high costs of management and treatment associated with the disposal of wastes has prompted continuous research efforts into the beneficial use of these wastes in developing sustainable, affordable and eco-friendly building materials [1-4].
Earth, the oldest and most traditional building material is used by about 30% of global population for housing. Earthen construction has numerous benefits such as safety, cost-effectiveness, faster and easier construction (requiring less skilled labour), good acoustic and thermal properties, energy efficiency, no direct environmental pollution, makes it to stand out among other building materials. However, loss of strength when saturated with water, poor dimensional stability, high susceptibility to shrinkage and cracking, and rapid deterioration under severe weather conditions are its major drawbacks. The mechanical and chemical stabilization of earthen blocks have considerably overcome these drawbacks [2-10]. Blocks produced by stabilizing and compressing earth, known as compressed stabilized earth blocks (CSEBs), are an improvement of the traditional earth block production technique as standardized procedures/quality control measures have been incorporated into their production process. Various researchers have proven that CSEBs have enhanced strength and thermal properties as well as improved durability. Cement, the most common stabilizer used for CSEB production has its drawbacks which include its cost and its CO2 emissions. This has made researchers to focus on finding other alternatives such as lime and pozzolans/supplementary cementitious materials (SCMs) that can partially or wholly substitute cement and the incorporation of fibres in the production of CSEBs. These attempts by researchers have yielded positive results [9-20]. 
Fly ash (FA) and palm fibre (PF) are by-products obtained from coal power plants and palm oil mills respectively. These materials are generally disposed of in the environment causing air pollution when burned. They also negatively affect plant and animal life when they leach into the ground reducing soil fertility and contaminating groundwater [21]. Their use in the production of CSEBs will promote the profitable wastes utilization and a greener environment. Islam et al. [3] studied the effectiveness of fly ash and cement for compressed earth block construction. FA and cement were used to stabilized coarse grained soil for blocks production at proportions of 5-25% and 5-10% by weight of soil respectively. Their findings revealed that 15-20% FA and 7-8% cement stabilization resulted in dry compressive strength greater than 5 MPa, wet-to-dry compressive strength greater than 0.33, and water absorption below 20%. It was also observed that the modulus of elasticity of the blocks improved with an increase in the cement and FA proportion in the blocks. They recommended an optimum fly ash proportion of 15% for 5-7% cement. Nafu et al. [4] in their study evaluated the influence of palm oil mesocarp fibres on the thermal properties of cement-stabilized compressed earth–based brick. They stabilized soil with 10% cement by mass and produced blocks reinforced with different proportions of fibres (0%, 0.25%, 0.5%, 0.75%, 1%, 1.25%, 1.5%, 2%, and 2.5%). The thermal effusivity, volume calorific capacity, thermal conductivity, and thermal diffusivity of the blocks were investigated. They observed that the addition of palm oil mesocarp fibre in the bricks resulted in improved thermal properties of the blocks, reduced weight and shrinkage of the blocks, and improved durability of the blocks. Danso et al. [22] studied the physical, mechanical and durability properties of compressed earth blocks reinforced with natural fibres (coconut husk, sugarcane bagasse and oil palm fibre). These fibres were used to reinforce soil at 0.25-1% by weight of soil. The results obtained from their study indicated that the inclusion of these fibres in the earth block matrix positively enhanced the physical, mechanical and durability properties of compressed earth blocks produced. 0.5% fibre content by weight was recommended for use. Onugba et al. [23] evaluated the effect of oil palm fibre (mesocarp of palm fruit bunch) on the compressive strength of compressed earth blocks. Oil palm fibre was added to the soil matrix at 0%, 0.5%, 1% and 1.5% by weight of lateritic soil to produce the blocks. Their results revealed that the addition of palm fibre in the matrix significantly increased the compressive strength of the blocks. They recommended an optimal of 1% palm fibre reinforcement of the blocks. 
Various studies carried out have validated the suitability of the use of SCMs and fibres respectively in the production of CSEBs. However, the availability research on the combined use of SCMs and fibres in the production of CSEBs is scarce. The current study therefore investigated the combined effect of fly ash and oil palm fibre on the density and compressive strength of CSEBs.
Materials and Methods
Soil 
The soil, reddish-brown laterite, used for this research was obtained from an existing borrow pit at Akpataega, Idah, Kogi State, Nigeria, at a depth of ~1.5m free from organic matter and deleterious materials. The soil index/geotechnical properties were determined in accordance with BS 1377 [24] to classify the soil. The soil tests were carried out at the Soil Mechanics Laboratory, Department of Civil Engineering, The Federal Polytechnic, Idah, Kogi State. The results of the sieve analysis and the soil index/geotechnical properties are presented in Table 1 and Table 2 respectively. Figure 1 and Figure 2 show the particle size distribution curve and dry density and moisture content curve of the soil respectively.
Table 1: Sieve analysis of the lateritic sample
	Sieve opening (mm)
	4.750
	2.000
	0.850
	0.600
	0.425
	0.250
	0.106
	0.075
	pan

	Percentage passing (%)
	99.6
	61.5
	34.7
	25.0
	12.7
	7.9
	4.9
	3.3
	-



[image: ]
Figure 1: Particle size distribution curve
Table 2: Geotechnical properties of the soil
	TEST
	RESULT

	Specific gravity (%)
	2.61

	% passing BS 200 sieve (0.075mm)
	3.3

	Natural moisture content (%)
	10.8

	Maximum dry density (kg/m3)
	2064.78

	Optimum moisture content (%)
	10.3

	Condition of sample
	Air dried

	Liquid limit (%)
	29

	Plastic limit (%)
	23

	Plasticity index (%)
	6

	Coefficient of curvature
	1.98

	Coefficient of uniformity
	8.82

	USCS classification
	ML (silty and clayey fine sand)

	ASSHTO classification
	A-2-4




Figure 2: Graph showing the dry density and moisture content of the soil
Fly ash
The Fly Ash (FA) used was sourced from Cinafindev Ltd., (a cement manufacturing plant) in Allo, Kogi state. The FA used is class C, as the coal available in Kogi State and in most parts of Nigeria is predominantly lignite or sub-bituminous [21, 25-26]. It was sieved using sieve No. 200 to obtain fine particles. The colour of the fly ash is dark grey with a specific gravity of 2.6.  
Palm Fibre
The Palm fibre used for this research is the mesocarp of oil palm fruits (palm fruit bunch). It was obtained from Ogbogbo town in Idah, Kogi state. The fibre was washed with warm water to remove oil and dirt, and sun-dried before it was used. Figure 3 shows a photograph of the palm fibre used. Some of the physical and mechanical properties of the palm fibre used are presented in Table 3. This fibre was selected due to its enormous availability in most parts of Nigeria [27-29].
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 Figure 3: Photograph showing a sample of palm fibre used
Table 3: Physical and mechanical properties of palm fibre used
	Parameter
	Value 

	Length
	26-53 mm

	Radius
	0.15-0.39 mm

	Density
	524 N/mm2

	Tensile strength
	76 N/mm2

	Young’s modulus
	495 N/mm2

	Elongation at break
	18



Water
Fresh, colourless, odourless and tasteless potable water that is free from injurious amounts of oils, alkalis, salts, sugar organic matter or any other substances, was used for this research.
Mixture Proportioning and Moulding of Blocks
The soil was stabilized with fly ash proportions of 0%, 2.5%, 5.0%, 7.5% and 10% by weight of lateritic soil and reinforced with a fixed palm fibre proportion of 1% by weight of lateritic soil for each mix. The palm fibre content was fixed at 1% as various researchers [12-16, 23, 30-32] recommend an optimum fibre content ranging from 0.5% to 1%. The mix proportion of the specimens are presented in Table 4. Block specimens of size 200 mm x 100 mm x 100 mm were moulded from the stabilized lateritic soil samples. A total of 15 blocks were moulded with three blocks for each set of mix and compaction was done in accordance with BS 1377 [24]. Mixing of the materials, moulding and compaction of the blocks was carried out manually. The freshly moulded blocks were carefully extruded in good shape on a clean, hard and flat surface after which they were left to cure under a shade for 28 days. Water was sprayed on the blocks once every morning and evening for the 28-day curing period. Figure 4 shows the freshly moulded blocks. 
Table 4: Mix proportion of the specimen
	Mix ID
	Fly Ash
(Kg/m3)
	Palm Fibre
(Kg/m3)
	Laterite
(Kg/m3)

	F1 (control)
	0
	0.125
	12.375

	F2
	0.3125
	0.125
	12.0625

	F3
	0.625
	0.125
	11.75

	F4
	0.9375
	0.125
	11.4375

	F5
	1.25
	0.125
	11.125
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Figure 4: Photograph showing freshly moulded block specimen
Results and Discussions
Density of Blocks
The density of the specimen was determined in accordance with BS EN 771-1 [33] carried out at the Concrete Laboratory, Department of Civil Engineering, The Federal Polytechnic, Idah, Kogi State. Three blocks from each mix ratio were selected for the test. Their volumes were calculated and weighed and then the density was calculated. 
The results of the average density of the blocks are presented in Table 5 and Figure 5 respectively. From the results obtained, it is observed that the addition of fly ash (from 2.5-10%) to the matrix led to a significant increase in the density of the blocks as compared with the control mix. The addition of fly ash at 2.5%, 5%, 7.5% and 10% into the matrix resulted in a 14.52%, 16.60%, 17.55% and 16.60% density increase respectively when compared with the control mix. This increase in the density can be attributed to the fact that fly ash has a filler and cementitious effect which reduces voids in the matrix [34-35].
Table 5: Average density of compressed stabilized earth blocks
	Mix ID
	Fly Ash (%)
	Palm Fibre (%)
	Average Density (Kg/m3)
	Change in Density (%)

	F1 (control)
	0.0
	1
	1766.70
	0.00

	F2
	2.5
	1
	2023.30
	14.52

	F3
	5.0
	1
	2060.00
	16.60

	F4
	7.5
	1
	2076.70
	17.55

	F5
	10.0
	1
	2060.00
	16.60




Figure 5: Average density of compressed stabilized earth blocks
Compressive Strength
The compressive strength tests of the specimens were carried out in accordance with BS EN 771-1 [33] and BS EN 12390-4 [36] at the Concrete Laboratory, Department of Civil Engineering, The Federal Polytechnic, Idah, Kogi State. Three samples of each of the stabilized laterite blocks were crushed in a compression testing machine with metal plates placed above and below the block (see Figure 6). The load was then placed axially and uniformly until failure occurred. The maximum failure load on the brick was measured. This load divided by the cross-sectional area of the block gave the compressive strength of the block. 
The results obtained from the compressive strength test are presented in Table 6 and Figure 7 respectively. The compressive strength of the blocks had a similar trend to the density. The addition of fly ash (from 2.5-10%) to the matrix resulted in a significant increase in the compressive strength of the blocks as compared with the control mix. There was a 30.53%, 55.73%, 78.63% and 75.57% increase in the compressive strength of the blocks when fly ash was added to the matrix at 2.5%, 5%, 7.5% and 10% respectively. Similar trend was reported by Ohwofasa et al., [26]; Kelechi et al., [21] and Okunade, [25], when FA was added to lateritic soils.  The increase in the compressive strength can be attributed to the high lime content (above 20%) and pozzolanic nature of Class C Fly Ash as it has been reported to enhance the shear strength and bearing capacity of the soil as aids particle parking and reduces the void between the particles of the soil, thereby increasing the density of the blocks and leading to an increase in compressive strength. Furthermore, FA reduces the plasticity index, shrinkage limit and optimum moisture content, which has a positive impact on the engineering properties of lateritic soils [21, 25-26, 34-35, 37]. The increase in compressive strength can also be attributed to homogeneity of the matrix formed by the bonding of the soil, FA and fibres. Fibres have been reported by researchers to improve ductility, tensile strength and shrinkage, as well as reducing pores and cracks in soils and earthen blocks [14, 22, 38]. 
The blocks produced with FA in the matrix meet the minimum compressive strength requirements of 1.65 N/mm2 for lateritic blocks as specified by the Nigeria Building and Road Research Institute [39].
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Figure 6: Specimen being tested for compression
Table 6: Average compressive strength of compressed stabilized earth blocks
	Mix ID
	Fly ash (%)
	Palm fibre (%)
	Average compressive strength (N/mm2)
	Change in Compressive Strength (%)

	F1 (control)
	0.0
	1
	1.31
	0.00

	F2
	2.5
	1
	1.71
	30.53

	F3
	5.0
	1
	2.04
	55.73

	F4
	7.5
	1
	2.34
	78.63

	F5
	10.0
	1
	2.30
	75.57


      
 
Figure 7: Average compressive strength of compressed stabilized earth blocks
Conclusion
In this research, compressed stabilized earth blocks (CSEBs) stabilized with fly ash (0-10%) and a fixed palm fibre proportion (1%) by weight of lateritic soil were produced and tested for their densities and compressive strengths after 28 days of curing. The following conclusions were drawn from the findings of this research
i. [bookmark: _Hlk175407519]The addition of fly ash at 2.5%, 5%, 7.5% and 10% into the matrix resulted in a 14.52%, 16.60%, 17.55% and 16.60% density increase respectively when compared with the control mix. 
ii. [bookmark: _Hlk175407586]There was also a 30.53%, 55.73%, 78.63% and 75.57% increase in the compressive strength of the blocks when fly ash was added to the matrix at 2.5%, 5%, 7.5% and 10% respectively. 
iii. [bookmark: _Hlk140049923]All blocks produced with fly ash in their matrix meet the minimum compressive strength requirement of NBRRI. 
iv. An optimum stabilization of 7.5% fly ash and 1% palm fibre by weight of lateritic soil is recommended. 
v. The use of fly ash and palm fibre in the production of CSEBs will help reduce the pollution caused by the disposal of these materials in the environment.
vi. The use of fly ash and palm fibre in the production of CSEBs will promote the profitable utilization of industrial and agricultural wastes.
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