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Abstract

This study investigates the development of clay-cement composites reinforced with coconut fibre and cement partially replaced with rice husk
ash (RHA) for brick applications. Conventional fired and unfired clay bricks are often limited by high energy consumption, environmental impact,
and low mechanical strength. To address these challenges, this study explores the incorporation of agricultural wastes (coconut fibre) and RHA
to enhanced mechanical and microstructural performance. Clay-based composite bricks were developed by partially replacing cement with rice
husk ash (RHA) and reinforcing the mixture with 0-25 vol.% coconut fibre. The composite system incorporates coconut fibre as the primary
reinforcement, while rice husk ash functions solely as a pozzolanic partial replacement for cement. Physical, chemical and microstructural
characterization of the clay and RHA was conducted using hydrometer analysis, X-Ray Diffraction (XRD), X-Ray Fluorescence (XRF), and Scanning
Electron Microscopy (SEM). The XRD analysis revealed that the clay was rich in kaolinite, while RHA contained 66.95% S:O2, providing pozzolanic
activity for improved bonding. The effects of varying fibre volume fractions (0-25% coconut fibre) on the mechanical properties were evaluated,
with optimal compressive strength (2.89 MPa) obtained at 20 vol.% coconut fibre, while the optimum flexural strength and fracture toughness
were obtained at 15 vol.% with values of 4.61 MPa and 1.23 MPavm respectively. Microstructural analysis by SEM revealed enhanced fibre-matrix
interaction and reduced porosity. Comparisons with conventional sandcrete and fired clay bricks demonstrated that the optimized composite
exhibited competitive performance. These findings demonstrate the potential for utilizing coconut fibre and RHA in sustainable brick production,
offering improved mechanical performance while contributing to environmental sustainability and cost-effectiveness in building materials.
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1. Introduction

The construction industry is undergoing a significant transfor-
mation towards sustainability by incorporating eco-friendly and
sustainable materials in building application [1, 2]. Traditional con-
struction materials like cement and bricks are associated with high
energy consumption, significant carbon dioxide (CO-) emissions,
and depletion of non-renewable resources [3]. For instance, the
production of Portland cement alone contributes approximately 7-
8% of global C O, emissions, underscoring the urgent need for al-
ternative, sustainable building materials [4]. Meanwhile, the use
of composite materials that integrate agricultural waste such as
rice husk ash (RHA) and natural fibres, like coconut fibre, offers a
promising solution by reducing the environmental impact of con-
struction activities while enhancing material properties.

Rice husk ash (RHA) is a well-known pozzolanic material widely
recognized for its high silica content, which improves the mechan-
ical and durability properties of cement-based composites [5]. The
partial replacement of cement with RHA not only reduces the re-
liance on Portland cement but also mitigates the environmental
problems associated with the disposal of rice husk, a major agricul-
tural byproduct [6]. Previous studies [7, 8] have shown that RHA
exhibits excellent pozzolanic reactivity due to its high surface area
and amorphous silica content, leading to enhanced compressive
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strength and reduced permeability in concrete and mortar com-
posites.

Natural fibres have gained significant attention as reinforce-
ment materials in composite applications due to their availability,
low cost, and superior mechanical properties, such as high ten-
sile strength and toughness [9]. Coconut fibres, specifically, are
known for their high lignin content, which provides better resis-
tance to microbial degradation compared to other natural fibres,
making them suitable for use in various environmental conditions
[10]. The incorporation of RHA and coconut fibre into clay bricks
has the potential to improve their mineralogical, textural, mechan-
ical, and geotechnical properties, making them suitable for sus-
tainable building applications. Clay, a natural material commonly
used in brick production, has desirable properties such as plastic-
ity, workability, and binding capacity [11]. The addition of RHA can
alter the mineralogical composition of clay bricks, increasing the
formation of secondary calcium silicate hydrates (C-S-H) that im-
prove mechanical strength and durability. The presence of kaoli-
nite, a dominant mineral phase in clay, contributes to its plastic-
ity and ability to form strong interparticle bonds when mixed with
pozzolanic materials like RHA [12]. The reinforcement with natu-
ral fibres can further enhance the toughness and impact resistance
of clay bricks, leading to improved flexural and fracture toughness
properties, which are crucial for non-load-bearing applications in
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construction [13, 14].

From the literature summarized in Table 1, it is evident that
several studies have independently investigated the use of RHA
or natural fibres such as coconut fibre in enhancing the mechan-
ical performance of clay- or cement-based materials. However,
these studies often examined these additives in isolation, with
limited understanding of the synergistic effects that could arise
from their combined application in a clay-cement composite sys-
tem. Furthermore, few works have correlated mineralogical and
microstructural features with mechanical and geotechnical perfor-
mance. Hence, the present study aims to bridge this gap by devel-
oping and characterizing composite clay-cement bricks reinforced
with coconut fibre and RHA, with the goal of improving strength,
thermal stability, and sustainability for construction applications.

Coconut fibre and rice husk ash (RHA) were selected as reinforc-
ing and binding agents, respectively, due to their abundance, re-
newability, and proven enhancement of mechanical and durability
properties in cementitious and clay-based materials. Nigeria pro-
duces over 2.1 million tons of coconuts and more than 4 million
tons of rice annually, generating approximately 0.8 million tons of
rice husk waste [20]. The improper disposal of these wastes con-
tributes significantly to environmental pollution. The utilization
of RHA, rich in reactive silica (typically 65-70%), has been shown
to improve pozzolanic activity, increase strength, and reduce per-
meability in composite materials [21]. Similarly, coconut fibre pos-
sesses a tensile strength of 150-220 MPa and a modulus of elasticity
between 4-6 GPa, making it suitable for reinforcing brittle matri-
ces such as clay and cement composites [16]. Incorporating these
agricultural wastes into brick production thus not only enhances
performance but also promotes sustainable material development
within tropical agricultural economies such as Nigeria and South-
east Asia.

The increasing demand for sustainable construction materials
has led to growing interest in the utilization of agro-industrial
waste in building applications. However, most existing studies
have examined rice husk ash (RHA) and natural fibres such as co-
conut fibre independently in cementitious or clay matrices, focus-
ing on their individual effects on mechanical and durability prop-
erties. Despite these advances, the combined influence of RHA and
coconut fibre within a clay-cement composite system remains un-
derexplored, particularly regarding their mineralogical, textural,
and mechanical interactions. Bridging this gap is essential to un-
derstanding potential synergistic effects that can enhance the per-
formance of sustainable composite bricks while reducing environ-
mental waste and production costs.

Recent studies have focused on the development of sustainable
composite bricks by incorporating agricultural wastes to achieve
both economic and environmental benefits. For instance, research
on composite bricks reinforced with natural fibres such as jute,
sisal, and hemp, combined with pozzolanic materials, has demon-
strated significant improvements in mechanical properties, includ-
ing compressive and flexural strength, as well as enhanced ther-
mal and acoustic insulation properties [22, 23, 24]. The utilization
of RHA and coconut fibre in composite clay bricks not only lever-
ages agricultural waste materials but also aligns with global sus-
tainability goals by reducing C O, emissions, energy consumption,
and waste generation during the production process.

The present study investigates the chemical, textural, mechan-
ical, and geotechnical properties of composite clay-cement bricks
reinforced with coconut fibre with the cement partially replaced
with RHA. The aim is to evaluate the feasibility of using these eco-
friendly composite materials for sustainable construction applica-
tions. Specifically, this study focuses on understanding how the in-
corporation of varying amounts of coconut fibre (0-25 vol.%) and
RHA (20% of cement volume) affects the compressive strength, flex-

ural strength, fracture toughness, and microstructural properties
of the composite clay bricks. The findings of this research could
provide valuable insights into the development of innovative, cost-
effective, and environmentally sustainable building materials that
are suitable for use in regions with abundant agricultural waste.

2. Materials and methods

2.1. Materials

The clay used in this study was sourced locally from Harmony
Estate in the Akerebiata area of Ilorin, Kwara State, Nigeria. The
claystone samples were collected from two different points approx-
imately half a kilometre apart (Fig. 1). The sampling procedure in-
volved fieldwork to locate and obtain representative samples of the
clay. Fresh clay samples were dug from depths between 10 m and
15 m using a digger and shovel to ensure the collection of undis-
turbed material. Clay samples were collected at these depths to
ensure retrieval of undisturbed, naturally consolidated clay unaf-
fected by surface organic matter, weathering, and anthropogenic
activities. Shallow deposits (<3 m) in the study area are typically
mixed with topsoil and contain roots, organic impurities, and vari-
able moisture content, whereas depths beyond 10 m provide more
homogeneous, geologically stable clay layers suitable for engineer-
ing characterization [25]. The samples were carefully packed into
labelled sample bags to prevent contamination. The selection of
these clay deposits was based on their widespread availability and
historical usage in the region for building and construction pur-
poses. Previous studies have indicated that clays from the south-
western basement complex of Nigeria, including those from Akere-
biata, have been utilized for brick production and other geotechni-
cal applications [25, 26]. However, failures observed in some con-
structions necessitate further studies to enhance the mechanical
and durability properties of these clay materials through reinforce-
ment and stabilization.

Rice husk samples were sourced from milling sites within Ilorin,
Kwara State, Nigeria and air-dried before undergoing calcination.
The calcination process involved burning the husks in a traditional
forge using coal as fuel, with moving air supplied via bellows to in-
crease the temperature, resulting in highly pozzolanic rice husk
ash (RHA) suitable for use in lime-pozzolana mixes and as a ce-
ment replacement [15]. The calcined husks were allowed to cool
in a closed metal vessel for 24 hours, then sieved into fine pow-
der (Fig. 2a). Coconut fibres were manually dehusked without
water soaking to maintain an eco-friendly and low-cost approach.
This method involved hand-pulling fresh husks from the hard shell,
minimizing the cost and health risks associated with traditional
methods (Fig. 2b).

2.2. Composite design and proportions

The composite clay bricks were prepared by partially replacing
cement with RHA and reinforcing with coconut fibre at varying
proportions. Sample designations S0-S5 correspond to compos-
ites reinforced with 0-25 vol.% coconut fibre, as presented in Ta-
ble 2. Although the mix proportions are presented in volume per-
cent (vol.%), the actual measurement and batching of coconut fibre
were performed by converting the required volume fraction into
an equivalent mass fraction. Coconut fibres have irregular geom-
etry and natural variability in length and diameter, making direct
volumetric measurement impractical and inconsistent. To ensure
accuracy and repeatability, the bulk density of loosely packed co-
conut fibre was first determined (0.21 g/cm3), after which the tar-
get volume fraction for each mix was converted into mass using;

my = Vi X pouik (1)
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Table 1: Summary of previous studies on natural fibre and RHA reinforced clay and cement composites.

Authors Material composition Key findings Limitations

Oyekan & RHA as 10-30% partial Improved pozzolanic reactivity and compressive  No reinforcement phase;

Kamiyo [15]  replacement for cement  strength up to 0% replacement only cementitious system studied
Mishra & Coconut fibre in cement  Enhanced toughness and crack resistance No RHA inclun;

Basu [16] mortar (0-5 wt.%) limited microstructural correlation
Hafidh Clay-cement composite ~ Reduced density, improved thermal insulation Weak mechanical strength

etal. [17] with sawdust (0-30%) due to poor matrix bonding

Singh RHA in fired clay bricks ~ Reduced bulk density and water absorption; No fibre reinforcement considered,;
etal. [18] (up to 0%) optimal mechanical properties at 10-15% RHA limited analysis of mineralogical changes
Rajapakse Coconut fibre reinforced  Improved tensile and flexural properties, No pozzolanic additive;

et al. [19] clay bricks (5-15%) reduced shrinkage limited discusn on thermal stability

(a) Claystone sample from location A

(b) Claystone sample from location B

Figure 1: Claystone sample from locations A and B.

where m is the mass of fibre required, V; is the target volume
fraction, and ppuik is the measured bulk density of the fibre. This
approach allowed precise and reproducible incorporation of fibre
into the clay-cement-RHA matrix. The final mix ratios presented
in Table 2 therefore reflect the intended volume fractions, while
the actual batching was carried out using corresponding mass val-
ues to ensure consistency across all samples.

In this study, the clay fraction served as the primary matrix
phase and therefore constituted the largest proportion in all mix
designs. Although the clay content was not fixed, its proportion
decreased only minimally as the coconut fibre content increased
from 0 to 25 vol.% within the clay-fibre matrix. This approach en-
sured that clay remained the dominant phase controlling plasticity,
compaction behaviour, and structural cohesion in the unfired com-
posite bricks. The cement-RHA blend was intentionally fixed at 20
vol.% across all mixtures to maintain consistent pozzolanic con-
tribution and binding action. Adjusting only the clay-fibre ratio al-
lowed the study to isolate the direct influence of coconut fibre rein-
forcement while maintaining comparable binder chemistry and en-
suring that the mechanical and microstructural performance dif-
ferences arose from fibre variation rather than changes in cement
or RHA content.

The clay, RHA, and coconut fibres were initially mixed in a dry
state to ensure uniform distribution of the components. Water
was then gradually added to the mixture to achieve the desired
workability and consistency. The mixing was carried out using a
mechanical mixer for 5 minutes to ensure a homogeneous blend.
The prepared mixture was moulded into brick specimens using a
standard mould. The moulds were compacted manually to achieve
uniform density and reduce porosity. The bricks were then de-

moulded and cured under controlled conditions (relative humidity
of 95% and temperature of 27 + 2°C) for 28 days to allow adequate
hydration and pozzolanic reactions to occur (Fig. 3). Although the
composite contains cement, conventional water-curing was not
adopted because the study aims to evaluate the performance of un-
fired, low-moisture, sustainable clay-cement composites. Further-
more, RHA, which is rich in amorphous silica (~67%), reacts poz-
zolanically with calcium hydroxide produced during cement hy-
dration, contributing to additional strength gain over time. After
compaction, samples were air-cured at ambient laboratory condi-
tions (27-30°C) for 28 days. This curing regime aligns with previous
studies on unfired clay-cement-pozzolan composites, where mois-
ture retention within the clay matrix supports gradual hydration
and pozzolanic reactions without external water curing. This ap-
proach also mirrors practical field conditions where unfired bricks
are sun-dried rather than wet-cured.

Table 2: Composite design proportion.

Sample RHA CEMENT Clay COCONUT  Total
D (Vol. %)  (Vol. %)  (Vol. %) FIBRE (Vol. %)
(Vol. %)
SO 4 16 80 0 100
S1 4 16 75 5 100
S2 4 16 70 10 100
S3 4 16 65 15 100
S4 4 16 60 20 100
S5 4 16 55 25 100
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(a) Calcinated rice husk ash after sieving.

(b) Dehusked coconut fibre.

Figure 2: Calcinated rice husk ash and dehusked cocnut fibre.

Figure 3: Moulded reinforced clay bricks.

2.3. Physical analysis

2.3.1. Particle size distribution

Hydrometer analysis was conducted to determine the propor-
tions of clay, silt, and fine sand-sized particles within the samples.
This analysis is essential because particle size distribution signifi-
cantly influences the workability, compaction characteristics, plas-
ticity, strength, and overall performance of unfired and stabilized
clay bricks. Understanding the fines content also guides interpre-
tation of geotechnical behaviour, including shrink-swell potential,
permeability, and bonding within the composite matrix. Particle
size distribution analysis was used to determine the percentage
of different grain sizes within the soil sample. Information from
the size distribution can be used to develop porosity and packing
relationships. In this study, hydrometer analysis was used which
involves sieving and sedimentation of a soil/water/dispersant sus-
pension to separate particles, following Stoke’s law [27]. The anal-
ysis utilized an ASTM 152H soil hydrometer, 1000 mL glass cylin-
ders, athermometer, an electric mixer, a weigh balance, and sieves.
The dispersant solution was prepared by diluting 25% sodium hex-
ametaphosphate in 900 mL of warm deionized water, cooling it,
adding sodium carbonate to adjust the pH to 9, and diluting it to
1 L with deionized water [28]. Samples were weighed and sieved
through 4.75 mm and 2 mm sieves, ensuring no aggregate parti-
cles remained on the sieve. A blank sample was prepared with 100
mL of 5% dispersing solution and 880 mL of deionized water, mak-
ing up to 980 mL in a 1000 mL cylinder. Next, 50 g of the sieved
soil sample was mixed with 100 mL of 5% dispersing solution for
60 seconds. The mixture was diluted to 1000 mL with deionized

water and allowed to stand overnight for equilibration. After mix-
ing with a plunger for 30 seconds, the temperature and hydrome-
ter readings were taken at 40 seconds (to measure silt and clay in
suspension) and at 6 hours (to measure clay after silt had settled).
To determine the sand content, the cylinder contents were washed
thoroughly and passed through a 0.20 mm sieve. Particles retained
on the sieve represented the coarse sand fraction, which was trans-
ferred to a pre-weighed pan, dried in an oven at 110°C, cooled in a
desiccator, and then weighed. The percentages of clay, silt, and
sand were calculated using the following formulas:

Cx 1

%Clay = R%Tiﬂo @)

%1t = Faosee X 100 g/ oy 3)
W,

%Sand = 100 — %Clay — %Slit (4)

Where: Rgpr-= corrected hydrometer reading at 6 hours, Ripsec=
corrected hydrometer reading at 40 seconds and W= mass of oven-
dry soil sample

2.3.2. pH analysis and cation exchange capacity

The pH of clay soil indicates its acidity or alkalinity, which can
range from acidic to slightly alkaline depending on parent materi-
als or environmental conditions. In this study, the pH of clay soil
samples was measured using a pH meter. To prepare, 5 g of ground
clay soil was weighed into a beaker, and 100 mL of distilled water
was added. The mixture was agitated for 30 minutes in a water
bath shaker, allowed to settle by sedimentation, and then filtered
to separate the water from the soil sediment. The pH meter was cal-
ibrated using buffer solutions of 4.00, 9.18, and 6.86 before insert-
ing the electrode into the filtered water. Readings were allowed to
stabilize, and the procedure was repeated three times to obtain an
average pH value.

The cation exchange capacity (CEC) of soil is a critical property
that indicates its ability to hold and exchange positively charged
ions, such as magnesium, calcium, potassium, and sodium, which
are essential soil nutrients. A higher CEC reflects a greater capacity
for nutrient retention and soil fertility due to the increased neg-
ative charge and ability to hold more cations. To determine the
CEC, 5g of ground clay soil was digested by mixing with 5 mL of
hydrochloric acid and 10 mL of sulfuric acid in a beaker, followed
by heating on an electric heater for 10-15 minutes. The mixture
was then cooled, diluted with 50 mL of distilled water, and filtered.
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The acidity and alkalinity of the solution were determined using
a pH meter. The resulting solution was analysed for exchangeable
cations using Atomic Absorption Spectroscopy (AAS) at the Univer-
sity of Ilorin, Nigeria Central Research Laboratory.

2.3.3. Conductivity and salinity analysis

Electrical conductivity (EC) measures how well clay soil can
conduct electricity, reflecting the concentration of dissolved salts.
Clay soil generally has lower EC compared to sandy soil due to
their high cation exchange capacity, which retains cations and re-
duces free ions available for conduction. Salinity, representing the
concentration of soluble salts, can cause efflorescence in bricks,
affecting both appearance and structural integrity. The analysis
of conductivity and salinity was conducted at the Integrated Re-
search Laboratory, Ilorin, Nigeria using a multiparameter instru-
ment. Salinity was measured in parts per million (ppm) and con-
verted to decisiemens per meter (dS/m) using the conversion fac-
tor 1 dS/m = 640 ppm, with the formula:

do _ ppm 5)

m 640

2.4. Mineralogical composition analysis

2.4.1. X-ray diffraction (XRD) analysis

X-ray Diffraction (XRD) analysis was utilized to determine the
mineralogical composition of the rice husk ash (RHA)/clay mix-
tures. The analysis was conducted using a Rigaku D/Max-IIIC X-
ray diffractometer at Rolab Research and Diagnostic Laboratory in
Ibadan, Nigeria. Samples were prepared, mounted on a rotating
stage, and analyzed using 6 — 0 settings with a 26 range from 2 to
50 degrees, a step size of 0.065 degrees, and a scanning rate of 2
degrees per minute, utilizing CUKA radiation at 40 kV and 20 mA.
Mineralogical compositions were estimated based on peak intensi-
ties and compared with standard data from the ICDD database.

2.4.2, Thermogravimetric analysis of composite samples
(TGA)

Thermogravimetric Analysis (TGA) were performed on the com-
posite samples to study their thermal stability and phase transi-
tions. TGA measures the change in mass of a sample as a function of
temperature in a controlled environment, such as air or nitrogen,
providing insights into thermal decomposition and absorption. In
this study, dynamic thermogravimetry was used, where the sam-
ple was heated at a varying temperature rate. Approximately 5
grams of each sample was weighed and placed in the analysis cham-
ber, and the nitrogen gas flow rate was set to 20 psi. The TGA4000
model was utilized at the National Steel Raw Materials Exploration
Agency in Kaduna, Nigeria with weight changes recorded as a func-
tion of temperature over time and presented graphically.

2.4.3. X-ray fluorescence (XRF) spectrometer

X-ray fluorescence (XRF) spectrometry was employed to anal-
yse the qualitative and quantitative elemental composition of clay
particles, rice husk ash and cement. This non-destructive tech-
nique uses wavelength-dispersive spectroscopic principles to mea-
sure both major and trace elements in samples such as rocks, sedi-
ments, and fluids. The samples were dried and prepared to achieve
ahomogenous particle size distribution before analysis. During the
XRF process, the samples were exposed to a primary X-ray source,
and the emitted secondary X-rays were measured to determine the
elemental composition.

Figure 4: Testometric FS 50 AT testing machine mounted with compres-
sive strength accessories.

2.5. Mechanical analysis of composite samples

2.5.1. Compressive strength analysis

The compressive strength of the composite samples was evalu-
ated to determine their ability to resist compressive stress before
failure, following ASTM C39 [29]. This test is crucial for assessing
the safety and durability of materials used in construction. The
Clay-Cement-RHA reinforced samples, prepared with varying com-
positions, were tested using a 5000 kN digital compression machine
(Testometric FS 50 AT). Cylindrical samples with dimensions of 60
mm in diameter and 60 mm in height were subjected to gradually
increasing load until failure (Fig. 4). A total of 36 samples (6 per
composition level) were tested, and the compressive strength (o)
was calculated using equation 6.

F
= — 6

7T ©)

where F is the average maximum force and A is the cross-

sectional area of the sample.

2.5.2. Flexural analysis of composite samples

The flexural strength of the composite samples was tested using
the three-point bending method on rectangular samples measur-
ing 200 mm in length, 20 mm in thickness, and 30 mm in width
(Fig. 5). The tests were conducted on a Testometric FS 50 AT test-
ing machine at the University of Illorin, Nigeria. Each sample was
clamped between grips, and a load was gradually applied until frac-
ture occurred. A total of 36 samples were tested across different
reinforcement levels, ranging from 0% to 25%. The average flexu-
ral strength (o ¢) for four samples at each reinforcement level was
calculated using equation 7 [30], with F as the average maximum
load, L as the span length (160 mm), H as the sample thickness (20
mm), and B as the width (30 mm).

3FL

9 = 5BH? @)

2.5.3. Fracture toughness of composite samples

The fracture toughness of the composite samples was assessed
using a single edge-notched bending (SENB) test approach, where
specimens were notched at the centre to a crack length of 6 mm,
corresponding to a crack-width ratio (a/w) of ~ 0.3. Precracked
samples were tested on a Testometric FS 50 AT testing machine.
The fracture toughness K¢ was calculated using equations 8 and
9 [30], based on the compliance function f(2), flexural stress o,

and crack length a, following standards outlined in ASTM E399 [31].

Kic = f(5)opv/ma (8)
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Figure 5: Testometric FS 50 AT testing machine with flexural sample
mounted on it.

a 3(2)% Ay
F(E)_ 2(1_'_2%)(1_5)% x [1.99 — (—)(1 )X
(2.15 —3.93% +2.7Z—22)] (9)

2.6. Microstructural characterization of composite samples

The microstructure of the composite samples was character-
ized using Scanning Electron Microscopy (SEM) combined with En-
ergy Dispersive X-Ray Spectrometry (EDS) at Spectromass Labora-
tory, Kaduna, Nigeria. The SEM provides detailed microstructural
information of sample surfaces by discharging an electron beam
through an electron gun, which interacts with the sample surface
to generate signals. A Carl Zeiss MA-10 Scanning Electron Micro-
scope running at 15 kV accelerating voltage was used to examine
the samples’ microstructure. The SEM data offers a comprehen-
sive understanding of the composites’ properties as displayed in a
two-dimensional spatial variation image.

3. Results and discussion

3.1. Particle size distribution

Table 3: Particle size distribution analysis.

Sample Location A &B (%)
Coarse Sand 45,95
Fine 52
Clay 25.05
Silt 29.00
Sand 45,95
Colour Dirty white

The Particle Size Distribution (PSD) analysis of the clay sand
from Harmony Estate in the Akerebiata area of Ilorin, Nigeria pre-
sented in Table 3 reveals that the samples are primarily silty clays,
composed of 45.95% coarse sand, 25.05% clay, and 29.00% silt, indi-
cating a higher content of fine particles than coarse ones. The sand
fraction, determined by washing the sample for 6 hours and sieving
through a 0.20 mm mesh, confirms the absence of gravel, with the
coarse sand particles retained on the sieve. The clay and silt per-
centages were calculated by correcting hydrometer readings at 6
hours and 40 seconds, respectively, revealing significant silty and
clayey components. The particle size composition, along with the
dirty white colour of the samples can potentially influence the ma-
terial’s plasticity and workability for brick-making applications.

3.2. pH analysis and cation exchange capacity

The pH of the clay sand measured at 7.0 (Table 4), which is neu-
tral, falls within the ideal range of 6.8 to 8.0 recommended for brick-
making materials to ensure stability, durability, and chemical com-
patibility with construction mortar. This neutral pH is particularly
advantageous because it minimizes the risk of corrosion for metal
reinforcements and ensures compatibility with alkaline mortars,
which are commonly used in construction [32]. Furthermore, the
neutral pH supports the structural integrity and longevity of the
final brick product by preventing detrimental chemical reactions
that might otherwise weaken the brick over time, contributing to
overall material performance and durability [33].

Table 4 also presents the cation exchange capacity (CEC) of the
clay sand, measured at 1.04 cmol/kg with exchangeable elements
ranging from 0.10 cmol/kg for sodium (Na) and magnesium (Mg) to
0.2 cmol/kg for potassium (K), indicates a modest ability to retain
and exchange cations, which suggests limited active sites for inter-
acting with other materials. This low CEC, attributed to the dom-
inance of kaolin as revealed by XRD analysis and the low content
of alkali and alkaline earth metals shown by XRF analysis, implies
reduced plasticity and binding strength, potentially leading to less
robust bricks. However, it may reduce shrinkage and cracking dur-
ing drying, easing the moulding process. Consequently, while the
clay’s low CEC may affect brick strength, it could offer advantages
in manufacturing by minimizing drying defects and simplifying wa-
ter management.

3.3. Conductivity and salinity analysis

The conductivity of the clay sand measured at 0.47 ds/m and its
salinity at 0.047 ds/m indicates low levels of dissolved salts, which
are beneficial for brick making. Low salinity makes clay easier to
mould and shape while reducing the risk of efflorescence, which
can lead to unsightly white deposits on brick surfaces. The low
conductivity also minimizes the risk of corrosion when the bricks
encounter metal reinforcements, enhancing the long-term stabil-
ity and durability of structures [34]. Additionally, these low values
help prevent salt deposits during the drying process, contributing
to a smoother and more aesthetically pleasing brick finish.

3.4. X-ray diffraction analysis of clay mixture

The X-ray Diffraction (XRD) analysis of the clay mixture, as
shown in Fig. 6, reveals that kaolinite is the dominant mineral,
as indicated by prominent peaks at 26 values of 13°, 23°, 25°, and
63°. Other minerals identified include quartz, illite, muscovite,
dolomite, calcite, and microcline. The high-intensity kaolinite
peaks indicate their well-defined crystalline structure, consisting
of alternating tetrahedral and octahedral layers. However, the ad-
dition of rice husk ash (RHA), rich in amorphous silica, and the or-
ganic nature of coconut fibres have introduced amorphous com-
ponents to the material, as shown by broader, less-defined peaks
in the XRD pattern. These semi-crystalline features align with find-
ings in similar studies [35, 36]. The overall structure is a mix of crys-
talline clay and non-clay minerals, enhanced by amorphous phases
from RHA and fibre reinforcements.

3.5. Thermal stability analysis of the natural fibre reinforced
composite clay bricks

The thermal stability analysis of natural fibre-reinforced com-
posite clay bricks, assessed using Thermogravimetric Analysis
(TGA), reveals distinct mass loss events across all samples, primar-
ily occurring between 300°C and 500°C, accounting for over 60% of
the total mass loss (Fig. 7).

The thermogravimetric analysis (TGA) revealed three major
mass-loss stages across all composite samples, each corresponding
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Figure 6: XRD analysis of clay/RHA mixture

to specific thermal degradation events. In the first stage (25-350
°C), samples exhibited 8-12% mass loss, primarily due to evapora-
tion of physically bound moisture and dehydration of surface and
pore water. The second stage occurred between 350-500 °C, where
a significant 28-35% mass loss was recorded, representing the de-
composition of organic constituents, including the coconut fibre,
and the dehydroxylation of clay minerals. This stage accounted
for the largest proportion of total degradation, confirming that
fibre-rich samples show more pronounced weight loss. The third
stage (500-800 °C) produced an additional 40-48% mass loss, at-
tributed to the breakdown of residual organics and mineral phases
such as carbonates. Notably, samples containing 10-20 vol.% fibre
demonstrated lower total mass losses (82-85%) compared to both
the control sample and the 25 vol.% fibre composites, indicating
improved thermal stability at intermediate fibre contents. Con-
versely, the 25 vol.% sample recorded a total mass loss of about 91%,
like the unreinforced clay-cement matrix, suggesting that exces-
sive fibre addition compromises the thermal integrity of the com-
posite. These quantitative trends confirm that 10-20 vol.% coconut
fibre provides the most favourable balance between organic de-
composition and matrix stability, supporting the mechanical per-
formance trends observed in the study.

3.6. X-ray fluorescence (XRF) analysis of clay and RHA Sam-
ples

The major oxide analysis shows that clay samples from Locations
A and B, as well as the Rice Husk Ash (RHA), show significant vari-
ation in oxide concentrations. SiO is highest in RHA at 66.95%,
indicating RHA’s potential for pozzolanic activity (Table 5). Clay
sample from Location A has a higher Al>O3 content (20.16%) com-
pared to Location B (12.30%). Notably, Location B contains a high
amount of MnO (10.01%), which is nearly absent in Location A.
RHA also contains considerable amounts of CaO (5.50%) and K 2O
(5.20%) compared to the clays. These differences suggest varying
mineralogical properties, with RHA showing higher potential as a
supplementary cementitious material due to its high silica content.

Table 6 shows the chemical comparison between Rice Husk Ash
(RHA) and Portland Cement. This shows that RHA is highly rich
in silica (Si02) with 66.95%, significantly higher than the 22.07%
in Portland Cement. This high silica content makes RHA a promis-
ing pozzolanic material that can improve the strength and dura-
bility of cement-based composites [37]. On the other hand, Port-
land Cement is predominantly composed of calcium oxide (C'aO)
at 65.44%, which is essential for the cement’s hydraulic properties.
RHA also contains notable amounts of alumina (Al2O3) and iron
oxide (F'e2O3), which contribute to its pozzolanic activity, while
its lower lime (C'aO) content may result in a slower setting rate
compared to Portland Cement. The analysis underscores the po-
tential of RHA as a supplementary cementitious material that can

partially replace Portland Cement, reducing reliance on traditional
cement and contributing to sustainability in construction.

3.7. Microstructural characterization of composite sample

The SEM micrographs of composite samples are presented in Fig.
8. For sample SO (0 vol.% fibre in Fig. 8a, the microstructure shows
a porous and non-homogeneous matrix, which may explain the
lower mechanical properties. Sample S1 (5 vol.% fibre) in Fig. 8b
shows a slight improvement in fibre distribution, but the matrix
still exhibits significant voids and non-uniform particle distribu-
tion. The SEM micrograph of sample S2 (10 vol.% fibre) in Fig. 8c re-
veals better fibre dispersion with reduced pore sizes, contributing
to improved load-bearing capacity. For sample S3 (15 vol.% fibre)
in Fig. 8d, a more compact and homogeneous matrix is evident,
with enhanced fibre-matrix bonding, corresponding to the opti-
mum flexural strength and fracture toughness observed. However,
for sample S4 containing 20 vol.% fibre (Fig. 8¢), the matrix shows
even denser packing and fewer voids, explaining the optimum com-
pressive strength obtained at this volume fraction. Finally, sample
S5 (25 vol.% fibre) presented in Fig. 8f shows excessive fibre con-
tent, leading to agglomeration and non-uniformity, which nega-
tively affects mechanical performance due to stress concentration
and poor matrix continuity.

These observations align with the mechanical test results, where
20 vol.% fibre yielded the highest compressive strength due to the
dense matrix structure, while 15 vol.% fibre exhibited the best flex-
ural strength and fracture toughness due to optimal fibre-matrix
interaction and dispersion. Beyond 20 vol.%, excessive fibre load-
ing compromises the integrity of the matrix, reducing mechanical
properties.

3.8. Compressive strength of composite samples

The compressive strength results for fibre-reinforced compos-
ites, as shown in Fig. 9a and 9b, demonstrate a gradual increase
with fibre content up to 20 vol.%, followed by a reduction at 25
vol.%. Sample S4 (20 vol.% fibre) exhibited the optimum compres-
sive strength, where the material achieves its highest mechani-
cal performance. This improvement can be attributed to the abil-
ity of fibres to bridge micro-cracks and distribute stress effec-
tively across the matrix, enhancing load-bearing capacity. The
SEM images for samples S3 and S4 support this by showing well-
embedded fibres, reduced porosity, and uniform fibre distribution,
all of which contribute to the observed increase in strength.

Although Fig. 9a and 9b appear visually similar, they serve
distinct analytical purposes. Fig. 9a presents the compressive
strength of the composite bricks as a function of fibre volume frac-
tion only, enabling direct evaluation of how coconut fibre affects
load-bearing capacity. In contrast, Fig. 9b compares the optimum
composite strength with benchmark values for conventional sand-
crete and fired clay bricks, providing context for assessing the ma-
terial’s practical performance in relation to commonly used ma-
sonry units. The compressive strength tests were conducted in ac-
cordance with ASTM C39, a widely adopted standard for cementi-
tious materials, which ensures consistency in loading rate, speci-
men preparation, and failure assessment. This alignment with an
established code validates the measurements and enables meaning-
ful comparison with existing masonry standards, which generally
require compressive strengths in the range of 2.5-3.5 MPa for non-
load-bearing units. Minimum compressive-strength requirements
for common masonry units vary by standard and region; for ex-
ample, the Nigerian Industrial Standard for sandcrete blocks (NIS
87:2007) specifies minimum compressive strength values (typically
= 2.5 N/mm?, with higher classes up to ~3.45 N/mm? depending on
block class) [38]. The comparative analysis therefore demonstrates
that the developed composite bricks, particularly at 15-20 vol.% fi-
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Table 4: CEC results of the clay sand.

Element (Cmol/kg) Potassium (K) Calcium (Ca) Magnesium (Mg) Sodium (Na) pH CEC (Cmol/kg)

Exchangeable 0.20 0.17 0.10 0.10 7.0 1.04
cation
(@) TGA analysis of composite sample containing 0 vol. (b) TGA analysis of composite sample containing 5 vol.
(c) TGA analysis of composite sample containing 10 vol. (d) TGA analysis of composite sample containing 15 vol.
(e) TGA analysis of composite sample containing 20 vol. (f) TGA analysis of composite sample containing 25 vol.

Figure 7: TGA analysis of composite sample.
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(a) S0 (0 vol.% fibre). (b) s1 (5 vol.% fibre).
(c) S2 (10 vol.% fibre). (d) s3 (15 vol.% fibre).
(e) S4 (20 vol.% fibre). (f) S5 (25 vol.% fibre).

Figure 8: SEM images of composites samples.

(a) Compressive strength of composite bricks as a function of fibre volume(b) Comparison of composite compressive strength with conventional
fraction. sandcrete and fired clay bricks.

Figure 9: Compressive Strengths of composite samples
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(a) Flexural strength of composite bricks as a function of fibre volume fraction. (b) Comparison of composite flexural strength with conventional

sandcrete and fired clay bricks.

Figure 10: Flexural Strengths of composite samples.

Table 5: Concentrations of major oxides in the materials.

OXIDES  Clay (Location A)  Clay (LocationB)  RHA
Si02 58.20 63.30 66.95
Al;O3 20.16 12.30 6.50
Fex0s3 1.30 2.15 5.70
TiO2 2.04 0.20 0.50
CaO 2.33 1.40 5.50
K20 2.04 0.30 5.20
NasO 0.15 3.70 0.17
MgO 1.95 0.55 3.24
MnO 0.01 10.01 0.02
P05 0.45 1.05 3.70
SOs3 0.25 3.02 -
LOI 10.80 2.02 -
SUM 99.68 100 97.48

bre content, fall within the acceptable range of standard brick per-
formance.

3.9. Flexural strength of composite samples

The flexural strength of the fibre-reinforced clay-cement-RHA
composites increases with the fibre volume fraction up to 15 vol.%
(Sample S3), reaching a peak value of 4.61 MPa as shown in Fig. 10a.
This improvement can be attributed to the enhanced fibre-matrix
interaction, which helps in stress transfer during bending. Beyond
15 vol.%, the flexural strength began to decline, likely due to fibre
agglomeration and non-uniform distribution, which weakened the
overall structure by introducing stress concentration points. The
composite with 25 vol.% of fibre exhibited a lower flexural strength
of 3.89 MPa, indicating that excess fibre content leads to a detri-
mental effect on the mechanical performance of the material.

The decline in flexural strength observed at 20 vol.% coconut fi-
bre, despite the earlier improvement at 15 vol.%, is consistent with
fibre-reinforced composite behaviour reported in similar studies.
Excessive fibre loading tends to introduce fibre agglomeration, cre-
ate weak interfacial zones, and increase porosity, all of which im-
pair stress transfer efficiency across the matrix. Published works
on natural-fibre-reinforced earth and cementitious composites
have similarly reported strength reduction at high fibre dosages
due to poor fibre dispersion and the development of micro-voids
that act as crack-initiating sites [39, 40]. The SEM images in this
study support these findings. While 15 vol.% fibre produced a well-

Table 6: Chemical analysis of cement and rice husk ash compared to ordi-
nary portland cement.

Major Oxide  Rice Husk Ash (RHA)  Portland Cement
Si04 66.95 22.07
Al>O3 6.50 5.34
FesO3 5.70 2.47
TiO2 0.50 -
CaO 5.50 65.44
K>O 5.20 -
Na20 0.17 0.75
MgO 3.24 3.79
MnO 0.02 -
P05 3.70 -
SOs3 - 2.87

distributed network that bridged microcracks and enhanced bend-
ing performance, the 20 vol.% sample exhibited fibre clustering
and larger voids, reducing matrix continuity and compromising
load transfer during bending. Thus, the optimal flexural perfor-
mance at 15 vol.% corresponds to a balance between matrix in-
tegrity and effective fibre reinforcement. Fig. 10a and 10b serve
two complementary roles: Fig. 10a illustrates the influence of fi-
bre addition on flexural behaviour and helps identify the optimum
dosage, while Fig. 10b compares the developed composite with
conventional brick units to demonstrate its improved performance
and suitability for non-load-bearing structural applications.

When compared with conventional bricks such as sandcrete and
fired clay as shown in Fig. 10b, the fibre-reinforced composites ex-
hibit superior performance, especially at 15 vol.% fibre, which out-
performs sandcrete and is only slightly lower than fired clay bricks.
The significant difference in flexural strength between sandcrete
(2.90 MPa) and fired clay (5.40 MPa) is due to the inherent mechan-
ical properties of the clay and firing process, which contribute to
higher structural integrity. The introduction of natural fibres into
the clay-cement-RHA matrix offers an eco-friendly alternative that
significantly enhances mechanical properties compared to tradi-
tional sandcrete while maintaining competitive performance rela-
tive to fired clay.

3.10. Fracture toughness of composite samples

The fracture toughness results for the fibre-reinforced compos-
ites, as seen in Fig. 11a, shows an increase in toughness with in-
creasing fibre volume fraction up to 15 vol. %, reaching a peak
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(a) Fracture toughness of composite bricks as a function of fibre volume fraction.(b) Comparison of composite fracture toughness with conventional

sandcrete and fired clay bricks.

Figure 11: Fracture Toughness of composite samples.

value of approximately 1.23 MPavm (Sample S3). This trend sug-
gests enhanced crack resistance at optimal fibre content due to bet-
ter fibre-matrix bonding and energy dissipation mechanisms. Be-
yond 15 vol.%, the fracture toughness decreases, likely due to fibre
agglomeration and poor dispersion, which create weak points in
the matrix that facilitate crack initiation and propagation.

When compared to conventional building materials (Fig. 11b),
the reinforced composites show superior fracture toughness com-
pared to sandcrete, which exhibits a much lower value around 0.5
MPavm. However, the fracture toughness of fired clay bricks sur-
passes all the composites, suggesting that traditional fired clay still
provides excellent toughness due to its high density and low poros-
ity. Nonetheless, the composites’ performance demonstrates the
potential of using agricultural waste fibres in producing sustain-
able and relatively tough building materials.

The variation in optimum performance across different fibre
contents can be attributed to contrasting reinforcement mech-
anisms governing compressive versus tensile-related behaviour.
The flexural strength and fracture toughness peaked at 15 vol.%
fibre due to effective crack bridging, uniform fibre dispersion, and
strong fibre-matrix interfacial bonding observed in the SEM mi-
crographs, where fibres were well aligned within the matrix with
minimal pull-outs. At this fibre content, reinforcement primar-
ily improved resistance to crack initiation and propagation, which
governs tensile-dominated failure [41]. Conversely, compressive
strength peaked at 20 vol.% fibre because the additional fibre con-
tent contributed to improved energy absorption and internal rein-
forcement under axial loading, despite the onset of local fibre clus-
tering [30]. However, at 220 vol.% fibre, SEM analysis revealed sig-
nificant fibre agglomeration, interfacial gaps, and increased poros-
ity, leading to lower flexural and toughness values as load transfer
pathways were disrupted. This shows that moderate fibre content
enhances tensile performance by promoting uniform reinforce-
ment, whereas higher contents favour compressive resistance un-
til the point where matrix cohesion deteriorates due to excessive
fibre inclusion.

4. Conclusion

1. This study developed and characterized sustainable
clay-cement composite bricks reinforced with coconut
fibre and cement partially substituted with rice husk ash
(RHA), with fibre contents varying from 0-25 vol.%.

2. The composite system incorporates coconut fibre as the pri-
mary reinforcement, while rice husk ash functions solely as a

pozzolanic material for partial replacement of cement. Phys-
ical and chemical characterization of the clay confirmed a
kaolinitic composition with high silica content (58.20-63.30%)
and moderate alumina (12.30-20.16%), while RHA contained
66.95% amorphous SiO2, supporting its suitability as a poz-
zolanic cement replacement. The clay exhibited a neutral pH
(7.0), low salinity (0.047 dS/m), low CEC (1.04 cmol/kg), and
fine-dominated particle structure (25.05% clay, 29.00% silt),
indicating reduced shrinkage tendencies but moderate bind-
ing capability.

. Mechanical performance showed that compressive strength

increased from 0.95 MPa (0 vol.%) to a maximum of 2.89 MPa
at 20 vol.% fibre reinforcement, meeting the requirements for
non-load-bearing masonry units. Flexural strength and frac-
ture toughness peaked at 4.61 MPa and 1.23 MPaVm, respec-
tively, at 15 vol.% fibre, demonstrating enhanced crack bridg-
ing and improved resistance to brittle failure at moderate fi-
bre content. At higher fibre loadings (220 vol.%), mechani-
cal performance declined due to agglomeration and increased
porosity, confirming that excessive fibre disrupts matrix co-
hesion.

. Thermal analysis showed improved thermal stability between

10-20 vol.% fibre, with mass loss reduced from 95.13% (5 vol.%)
t0 83.54% (20 vol.%) up to 900 °C. SEM microstructural observa-
tions confirmed improved fibre-matrix bonding and reduced
pore dispersion at <20 vol.% fibre, while higher proportions
exhibited clustering and pull-outs consistent with mechanical
degradation.

. Overall, optimal mechanical and thermal performance occurs

at fibre contents between 15-20 vol.%, depending on property
of interest. These findings demonstrate that combining co-
conut fibre with RHA-modified clay-cement systems produce
an unfired, low-carbon brick suitable for sustainable housing
applications, particularly in regions with abundant agricul-
tural waste resources.

. While the study demonstrates clear performance improve-

ments at optimum fibre contents, the findings are limited
to untreated fibres and laboratory-controlled compaction
without durability evaluation. The moderate compressive
strength values indicate the material is best suited for non-
load-bearing applications, and further optimization such as
fibre surface treatment, controlled densification techniques,
and supplementary binders may be required to expand use to
structural applications.
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7. Future studies should also assess long-term durability under

moisture cycling, biodegradation, and environmental expo-
sure, as well as perform scale-up to support industrial adop-
tion.
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