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ABSTRACT This study explores the promising potential of Candlenut Shell Aggregate (CSA) as a sustainable and innovative alternative
for lightweight concrete production. Derived from Aleurites moluccanus, CSA is an agricultural by-product characterized by its low density,
moderate abrasion resistance, and high water absorption make it suitable for non-structural applications like wall panels and flooring.
However, integrating CSA into concrete mixes requires careful management of the water-cement (w/c) ratio which significantly affects
compressive strength, density, and workability. Concrete mixes were prepared using the absolute volume method, with w/c ratios ranging
from 0.65 to 0.30, to identify the optimal balance. The absolute volume principle was applied for all mix designs. Our results indicate that
an optimal w/c ratio of 0.55 yields the most favorable balance, achieving the highest compressive strength of 14.3 MPa and a maximum
density of approximately 1850 kg/m3. This specific ratio strikes an ideal equilibrium between adequate cement hydration and effective
void minimization within the concrete matrix. Conversely, higher w/c ratios lead to increased porosity, diminishing both strength and
density, while lower ratios impair workability, hindering compaction and hydration, ultimately degrading performance. These findings
resonate strongly with existing prior research, further emphasizing the crucial need for pre-treatment of CSA, such as soaking or the
strategic incorporation of admixtures, to effectively mitigate its inherent high absorption and enhance overall mix performance. In
conclusion, this study robustly confirms the feasibility of utilizing CSA as a lightweight aggregate. This represents a significant step
towards developing an eco-friendly solution that not only contributes to global sustainability goals by repurposing agricultural waste but
also actively reduces reliance on conventional, resource-intensive aggregates. Future research should explore the long-term durability of
CSA-based concrete and investigate advanced admixtures to further enhance its properties for broader applications.

KEYWORDS Lightweight concrete; Candlenut shell aggregate; Water-cement ratio; Sustainable construction; Agricultural waste.
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1 INTRODUCTION

have created a research gap, prompting exploration
into alternative aggregate materials that balance struc-

Lightweight concrete has become increasingly vital in . - ' <
tural integrity, cost-effectiveness, and environmental

modern construction due to its dual advantages of =5t
structural efficiency and environmental sustainability. responsibility.
Typically produced using lightweight or blended ag-
gregates, this type of concrete achieves a maximum
density of 1850 kg/m> (Mindess et al., 2003). It of-
fers benefits such as reduced dead loads, improved
thermal insulation, and lower transportation costs.
Studies have further emphasized the need for high-
performance lightweight concrete in environmentally
challenging settings such as coastal and tropical re-
gions where material degradation is accelerated (Rah-
man et al., 2024). However, despite these advan-
tages, conventional lightweight concrete often suffers
from limitations in mechanical strength and durabil-
ity, especially when incorporating synthetic or indus-
trial by-product aggregates with inconsistent proper-
ties (Sikora et al., 2023). These performance challenges

To bridge this gap, researchers are increasingly turn-
ing to sustainable aggregates derived from agricultural
waste. These materials not only repurpose otherwise
discarded biomass but also contribute to a significant
reduction in CO9 emissions associated with aggregate
production. For instance, studies have shown that
biomass-based concrete can reduce carbon emissions
by up to 30% compared to traditional concrete (Jamwal
et al., 2024; Navaratnam et al., 2023). Among these
alternatives, Candlenut Shell Aggregate (CSA), a by-
product of Aleurites moluccanus, presents a particu-
larly promising solution. Widely available in countries
like Indonesia, CSA is largely underutilized despite its
advantageous properties such as low density, moderate
hardness, and biodegradability (Putra et al., 2023).
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The water-cement (w/c) ratio remains a critical factor
in determining concrete performance. It directly influ-
ences strength, durability, and workability. Higher w/c
ratios increase porosity, reducing strength and den-
sity, while excessively low ratios hinder compaction
and hydration (Nawy, 2008; Neville and Brooks, 2010).
In lightweight concrete, these challenges are com-
pounded by the variable properties of non-traditional
aggregates like CSA, which have high water absorption
and organic content. Tailored mix designs, including
pre-soaking and the use of water-reducing admixtures,
have been recommended to enhance the performance
of such materials (Cui et al., 2022; Hilal et al., 2024).

CSA’s integration into concrete introduces challenges,
particularly related to segregation during mixing due
to its lightweight nature. Aggregates may float within
the mix when standard w/c ratios are applied, lead-
ing to nonhomogeneous results. However, research
has shown that optimizing the w/c ratio and incorpo-
rating supplementary cementitious materials (SCMs),
such as fly ash or silica fume, can significantly im-
prove hydration, interfacial bonding, and mechanical
strength (Carette and Malhotra, 1983; Chindaprasirt
et al., 2007). Recent works on foamed concrete and
SCMs also support such mix design innovations (Dary-
ono et al., 2023; Patah et al., 2025).

This study investigates the feasibility of CSA as a coarse
aggregate for non-structural lightweight concrete ap-
plications, including wall panels and flooring. By ex-
ploring the effects of varying w/c ratios, the research
aims to identify the optimal balance between compres-
sive strength and workability. With Indonesia produc-
ing over 100 tons of candlenut shells annually, CSA rep-
resents a sustainable alternative to conventional ag-
gregates, supporting both waste management and re-
source conservation goals. The findings contribute to
the broader field of sustainable construction by demon-
strating the potential of alternative aggregates to meet
performance and environmental criteria. Furthermore,
the study aligns with global sustainability initiatives,
emphasizing material innovation and the reuse of agri-
cultural by-products to reduce environmental impact
and promote resource efficiency in the construction
sector.

2 MATERIAL AND METHODS

2.1 Material

This study utilized sand as the fine aggregate and Can-
dlenut Shells Aggregate (CSA), sized between 1-2 cm,
as the coarse aggregate, as shown in Figure 1. The
physical properties of these materials were determined
through comprehensive characterization tests. The re-
sults, provided in Table 1, demonstrate that CSA ex-
hibits lower specific gravity (1.42) and higher absorp-
tion (12.81%) compared to conventional coarse aggre-
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gates. These characteristics align with the findings of
Natarajan et al. (2022), highlighting the potential of
agricultural waste in lightweight concrete applications.

e T ﬂﬂ[lf nl
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Figure 1 Candlenut Shell Aggregate (CSA)

Table 1. Characteristics of Materials

Fine Candlenut Coarse
. Aggregate Shell
Testing (Natural Aggregate Ag%‘gzg)ate
Sand (NS)) (CSA)
Specific Gravity
SSD Basic 2.44 1.42 2.48
Absorption (%) 7.46 12.81 1.09
Moisture
Content (%) 7.42 14.15 0.99
Abrasion (%) - 9.40 18.83
Silt Content (%) 6.21 7.18 1.04
Unit Weight 1375.80 572.80 1419.08
(gr/L)
2.2 Methods

Given the absence of specific guidelines in the Indone-
sian National Standard (SNI) for lightweight concrete
incorporating CSA, the mix design followed the abso-
lute volume principle. The formulations are detailed
in Table 2 and 3, presenting mix design data for var-
ious w/c ratios, with specimens prepared using a me-
chanical press to ensure consistency. Two compaction
techniques were employed: vibration and mechanical
pressing. Lower water-cement (w/c) ratios (0.35 and
0.30) were compacted exclusively through pressing due
to workability constraints, as noted in studies on al-
ternative lightweight aggregates (Algahtani and Zafar,
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Table 2. Volume Absolute Principal Mix Design

Journal of the Civil Engineering Forum

Materials Data

Specific gravity of cement Ge 3.16

Specific gravity of candlenut shell aggregate (CSA) Gecsa 1.39

Specific gravity of fine aggregate (Natural Sand (NS)) Gns 2.44

Bulk density of candlenut shell aggregate Yosa 0.57 kg/L

Bulk density of fine aggregate VNS 1.38 kg/L

Cement Requirements per 1 m?® of Concrete Mixture
Determine cement requirements for all mixes C 350.00 kg
Volume of cement Vo = C/(Ge x 1000) 0.11m
Water Requirements per 1 m> of Concrete Mixture
Water-cement ratio w/cratio 0.65
Weight of water requirement Wy = (w/cratio) x C 227.5 kg
for G, =1 getV,, = W,,/(G, x 1000) 0.228 m3
Void

Assumption of air void content in concrete v 2.0%

Vioid =0.01 x v x 1 0.02 m?
Aggregates Requirements per 1 m?®

If the aggregate content in concrete 60% to 80% by g 70.5%

volume

Volume of aggregate in concrete Vag=gx1 0.71 m?

Optimum dry density of combined NS and CSA* Yeom 1517.10 kg/m3

Aggregate compositions by weight for NS 77.00%
for CSA 23.00%

Required weight of NS Wns = Vag X Yeom X & 823.56 kg

Volume of NS Vns = Wys/(Gns x 1000) 0.34 m3

Volume of CSA Vesa=1— Vo +Viy +Vns + Vo) 0.34 m®

Required weight of CSA Wesa = Gosa X Vosa x 1000 417.00 kg

Aggregate-Cement ratio Ag/Cratio = Wesa + Wys)/C 3.54

#Note: The aggregate composition was determined by trial and error—filling a flask in layers while tapping with a rubber hammer to allow sand to fill
voids between CSA. The mix density was tested using standard methods, and the components were separated by sieving and weighed to determine their

proportion.

2023). The compressive strength of the concrete, as-
sessed after 28 days, complied to SNI 1974-2011 stan-
dards. The specimens were cured under wet burlap—
an approach recognized for minimizing shrinkage and
enhancing hydration—consistent with recommenda-
tions for lightweight aggregate concretes (Hilal et al.,
2024). This methodical approach ensures uniform
compaction and evaluates the feasibility of CSA in pro-
ducing lightweight concrete suitable for both structural
and non-structural applications.

3 RESULTS AND DISCUSSION

3.1 Candlenut Shell as Coarse Aggregate

The grain size distribution for Candlenut Shell Aggre-
gate (CSA) and conventional Coarse Aggregate (CA) is
shown in Figure 2, with key findings summarized in
Table 4. The cumulative passing weight percentages
demonstrate CSA’s broader particle size distribution
compared to CA. This characteristic affects the worka-
bility and strength of concrete mixes, and aligns with
the findings of Putra et al. (2023), who emphasized
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Table 3. Summary of Materials Constituent for Various W/C Ratios per 1 m® Concrete

Water-Cement Ratios

Description

0.65 0.55 0.45 0.35 0.30

Coarse aggregate Candlenut Shell Aggregate (CSA)
Fine aggregate Natural Sand (NS)
Maximum aggregate size (mm) <40 <40 <40 <40 <40
Water requirement in field condition (kg) 235.54 201.57 167.35 133.38 116.14
Cement content (kg/m?) 350.00 350.00 350.00 350.00 350.00
Water-cement ratio after correction 0.67 0.58 0.48 0.38 0.33
Aggregate requirement in field condition

- Natural Sand (NS) 823.27 823.27 823.27 823.27 823.27

- Candlenut Shell Aggregate (CSA) 409.25 463.82 504.74 559.31 572.95
Aggregate-cement ratio 3.52 3.68 3.79 3.95 3.99
Unit weight of concrete

- Design for field condition 1818.06 1838.66 1845.36 1865.96 1862.36

- Actual by trial mixing 1862.43 1794.38 1808.43 1707.84 1788.46

the influence of sand grain size on the compressive
strength in cellular lightweight concrete. Similarly,
Aboul-Nour et al. (2020) highlighted that the gradation
and type of lightweight aggregates significantly influ-
ence the strength and density of lightweight aggregate
concrete (LWAQ).
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2 40 )
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Figure 2 Grain Size Distribution of Candlenut Shell Aggre-
gate (CSA) and Coarse Aggregate (CA)

The properties of CSA underscore its potential as a
lightweight aggregate. Its lower specific gravity (1.42)
and bulk density (572.80 kg/L) suggest suitability for
lightweight concrete applications. However, its higher
absorption (12.81%) and moisture content (14.15%) ne-
cessitate pre-treatment, such as soaking or the use of
water-reducing admixtures, to ensure a stable water-
cement ratio (Chandra and Berntsson, 2002; Chin-
daprasirt et al., 2007).
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Table 4. Properties Comparison of Candlenut Shell
Aggregate (CSA) and Coarse Aggregate (CA)

Testing Candlenut Shell Coarse Aggregate

Aggregate (CSA) (CA)

Specific Gravity
SSD Basic 142 2.48
Absorption (%) 12.81 1.09
M01stur§ Content 14.15 0.99

(%)

Abrasion (%) 9.40 18.83
Silt Content (%) 7.18 1.04
Bulk Density (kg/L) 572.80 3.66

CSA’s lower abrasion resistance (9.40%) compared to
conventional coarse aggregates (CA) (18.83%) indicates
its superior resistance to wear and mechanical degra-
dation, making it a strong candidate for applications
where durability is prioritized. Mannan and Ganapathy
(2004) noted that aggregates with high abrasion resis-
tance, such as CSA, can enhance the long-term dura-
bility of concrete, particularly in non-structural appli-
cations. However, CSA’s higher water absorption and
lower bulk density require adjustments in mix design,
such as increased cement content or the use of supple-
mentary cementitious materials (SCMs), to address po-
tential issues with void content and compaction. Ad-
ditionally, the higher silt content (7.18%) of CSA com-
pared to CA (1.04%) could weaken the bond strength
between the aggregates and cement paste, necessitat-
ing cleaning or surface treatment to improve compat-
ibility and bonding performance (Shafigh et al., 2011;
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Sivakumar and Santhanam, 2007). The higher silt con-
tent observed in CSA is primarily attributed to residual
organic matter and fine particles adhered to the shell
surface during processing. These impurities are typi-
cal of agricultural byproducts and may not be entirely
removed without appropriate pre-treatment, such as
thorough washing or sieving.

When compared to other innovative replacement ma-
terials in concrete, such as coconut shells and palm
kernel shells, CSA presents distinct advantages and
challenges. Coconut shells, as investigated by Prakash
et al. (2021), share similar environmental benefits and
lightweight properties with CSA but exhibit lower water
absorption and slightly lower abrasion resistance. This
makes CSA more resistant to wear over time, though
coconut shells may be more suited for applications
requiring reduced water-cement ratios. Conversely,
CSA’s broader particle size distribution enhances its
potential to reduce void content in concrete mixes, pro-
vided that mix designs are optimized with appropriate
admixtures to balance its high water absorption.

Palm kernel shells, commonly used in lightweight con-
crete, offer comparable abrasion resistance and lower
moisture content than CSA (Alengaram et al., 2013).
However, their irregular particle shape often compli-
cates mix workability. CSA’s more uniform particle
shape provides a distinct advantage in achieving better
homogeneity and compaction, especially when supple-
mented with viscosity modifiers (Hilal et al., 2024).

CSA’s broader particle size distribution and superior
abrasion resistance offer substantial advantages, par-
ticularly in reducing voids and enhancing the dura-
bility of concrete mixes. However, challenges such
as achieving uniform strength and managing high wa-
ter absorption require advanced mix design strate-
gies. Studies by Algahtani and Zafar (2023) and Hi-
lal et al. (2024) highlight that incorporating nano-
modifications and supplementary cementitious mate-
rials (SCMs) can significantly enhance the mechani-
cal properties of lightweight concrete containing alter-
native aggregates. These enhancements include im-
proved packing density, reduced porosity, and better

Table 5. Compressive Strength Data of Concrete Mix Variations

Journal of the Civil Engineering Forum

hydration efficiency. By addressing these challenges,
CSA can be effectively utilized in sustainable construc-
tion applications, serving as a durable and environ-
mentally friendly solution for a variety of uses.

The potential applications of CSA are particularly no-
table in non-structural lightweight concrete, such as
partition walls and thermal insulation layers, where its
lightweight properties and superior abrasion resistance
provide significant benefits. These findings empha-
size the importance of optimizing mix designs to fully
leverage CSA’s advantages while addressing its inher-
ent limitations, such as high water absorption and el-
evated silt content. Mitigation measures, such as pre-
treatment of aggregates, use of water-reducing admix-
tures, and incorporation of SCMs, are essential to sta-
bilize the mix and ensure consistent performance.

This approach aligns with broader sustainability goals
by repurposing agricultural byproducts like CSA into
valuable construction materials, reducing reliance on
resource-intensive conventional aggregates. This con-
tributes to environmentally sustainable construction
practices, as emphasized in studies by Nawy (2008) and
Sivakumar and Santhanam (2007), which advocate for
the integration of waste materials into construction
to minimize environmental impact while maintaining
material performance and durability.

3.2 Compressive Strength

The compressive strength results presented in Table 5
clearly demonstrate the critical influence of the water-
cement (w/c) ratio on the mechanical performance of
concrete mixes incorporating Candlenut Shell Aggre-
gate (CSA). As expected, the compressive strength im-
proves with a reduction in the wy/c ratio, reflecting the
decreased capillary porosity in the concrete matrix due
to lower water content (Nawy, 2008). However, the
relationship is non-linear, with compressive strength
peaking at a w/c ratio of 0.55 before declining at lower
ratios, highlighting the complex interplay between hy-
dration, compaction, and workability.

Mix Variation Compressive Load Age (days) Cube Compressive Compressive
(kN) Strength (kg/cm?) Strength (MPa)
I (0.65) 250 28 99.26 9.7
I1(0.55) 370 28 145.93 14.3
I1I (0.45) 410 28 139.26 13.6
IV (0.35) 245 28 100.74 9.9
V (0.3) 370 28 129.63 12.7
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At the highest w/c ratio of 0.65, the compressive
strength was observed to be the lowest at 9.7 MPa.
This reduction is attributed to the excess water content,
leading to increased capillary voids, which weaken the
bond between the aggregates and the cement paste.
This trend is consistent with well-established princi-
ples in concrete technology, as higher water content
introduces porosity, compromising both strength and
durability (Abdelgader et al., 2024; Neville and Brooks,
2010). Similar observations have been made in stud-
ies using other lightweight aggregates, such as oil palm
shells and coconut shells, which also showed reduced
strength at higher w/c ratios due to similar porosity
issues (Mannan and Ganapathy, 2004; Prakash et al.,
2021).

Conversely, the highest compressive strength of 14.3
MPa was achieved at a w/c ratio of 0.55 (variation II),
indicating optimal hydration conditions. At this ratio,
sufficient water is available to fully hydrate the cement
without creating excess voids, resulting in a dense and
well-compacted matrix. This finding aligns with re-
search by Cui et al. (2022) and Hilal et al. (2024), which
identified similar optimal w/c ratios for lightweight and
sustainable concrete applications. Furthermore, the
improved performance at this ratio highlights the com-
patibility of CSA with concrete mixes when properly
balanced, emphasizing its potential for non-structural
applications, such as wall panels and flooring.

Interestingly, as the w/c ratio decreased further to 0.45
and 0.30, the compressive strength dropped to 13.6
MPa and 12.7 MPa, respectively. This reduction can be
attributed to challenges in workability and compaction
associated with lower water content. Poor workabil-
ity leads to incomplete compaction and the formation
of microvoids, which reduce the density and strength
of the concrete. Similar trends have been observed in
studies involving coconut shell aggregates, where ex-
cessively low w/c ratios resulted in increased microc-
racking and reduced overall performance due to inad-
equate hydration (Chindaprasirt et al., 2007; Feldman
and Sereda, 1970). However, it is important to note that
in mixes with w/c ratios of 0.30 and 0.35, despite the
initial difficulty in compaction due to low water con-
tent, the use of mechanical pressing improved matrix
density. This enhanced compaction technique helped
offset some of the negative effects of poor workability,
contributing to the unexpectedly higher strength ob-
served in the 0.30 mix compared to the 0.35 mix. The
initial stress induced during pressing appears to assist
in better particle rearrangement and interfacial bond-
ing, thereby increasing the overall strength of the ma-
trix.

The unique properties of CSA, such as high absorp-
tion and low density, further complicate w/c ratio op-
timization. CSA’s high absorption increases the water
demand of the mix, necessitating careful management

262

Vol. 11 No. 3 (September 2025)

to avoid underhydration of the cement. Studies have
shown that pre-soaking CSA or incorporating water-
reducing admixtures can mitigate these challenges, en-
suring adequate hydration and improved performance
(Hilal et al., 2024; Prakash et al., 2021). Moreover,
the inclusion of supplementary cementitious materi-
als (SCMs), like silica fume or fly ash, can enhance
packing density and reduce porosity, thereby improv-
ing both strength and durability (Hussein et al., 2022).
These strategies have been successfully employed in
lightweight concrete mixes using other agricultural
waste aggregates, further validating their application
for CSA-based mixes.

The findings also underscore the importance of a
holistic approach to mix design, which considers not
only the theoretical benefits of reduced w/c ratios but
also practical considerations such as workability, com-
paction, and curing methods. Advanced curing tech-
niques, such as steam curing or extended wet cur-
ing, have been shown to mitigate issues related to mi-
crocracking and incomplete hydration, particularly in
mixes with very low w/c ratios (Carette and Malhotra,
1983; Cui et al., 2022). The results of this study are con-
sistent with prior research advocating for an optimal
wy/c ratio range, typically between 0.45 and 0.55, to bal-
ance compressive strength and workability while max-
imizing the performance of lightweight aggregates.

The compressive strength results reaffirm the critical
role of the w/c ratio in determining the mechanical
properties of lightweight concrete. The study high-
lights the potential of CSA as a viable alternative aggre-
gate, provided that its unique properties are accounted
for in the mix design. The optimal w/c ratio of 0.55
achieved in this study serves as a benchmark for future
research and practical applications, offering a balance
between strength and workability while aligning with
sustainability objectives. The findings also emphasize
the need for continued exploration of admixture tech-
nologies and curing techniques to further enhance the
performance of CSA-based concrete, ensuring its suit-
ability for a wide range of non-structural applications
in sustainable construction.

3.3 Effect of Water-Cement Ratio on Concrete Com-
pressive Strength

The experimental findings illustrated in Figure 3 reveal
a clear correlation between water—cement (w/c) ratios
and the compressive strength of Candlenut Shell Ag-
gregate (CSA)-based lightweight concrete. The com-
pressive strength increased from 9.7 MPa at a high w/c
ratio of 0.65 to a peak of 14.3 MPa at a w/c ratio of 0.55,
followed by a decrease to 12.7 MPa at a very low ra-
tio of 0.30. These observations underscore the intri-
cate balance between hydration, porosity, and worka-
bility in concrete mixes, particularly when incorporat-
ing lightweight aggregates like CSA.
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Additionally, the shape of CSA, which is typically flaky
and irregular, can contribute to inconsistent com-
paction and stress distribution in the hardened con-
crete. This morphology tends to cause particle mis-
alignment and increased void formation under load,
leading to fluctuations in compressive strength across
specimens. This may partly explain the variations ob-
served in Figure 3, particularly at low w/c ratios, where
compaction is more critical. Shape modification or
blending with angular aggregates could mitigate this
issue and improve consistency.
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Figure 3 Compressive Strength of Concrete at Different
Water-Cement Ratios.

At a w/c ratio of 0.65, the excess water increases cap-
illary porosity, leading to lower density and compres-
sive strength. This aligns with established principles
in concrete technology, where surplus water weakens
the aggregate-cement bond (Nawy, 2008; Neville and
Brooks, 2010). As the ratio decreases to 0.55, optimal
hydration conditions are achieved, allowing sufficient
water for cement hydration while minimizing voids.
This results in a peak strength of 14.3 MPa, consistent
with previous studies that highlight the ideal range for
hydration and compaction (Cui et al., 2022; Putra et al.,
2023).

However, at lower w/c ratios (e.g., 0.3), a slight re-
duction in compressive strength to 12.7 MPa is ob-
served, likely due to reduced workability, incomplete
compaction, and microvoid formation (Feldman and
Sereda, 1970). These findings are corroborated by stud-
ies that report similar challenges with low-w/c con-
crete, where admixtures or pre-wetting of aggregates
help mitigate workability issues (Aboul-Nour et al.,
2020; Hilal et al., 2024). Furthermore, Ortega et al.
(2023) emphhasized the importance of optimizing mix
design in lightweight concrete containing alternative
aggregates to balance strength and workability.

Journal of the Civil Engineering Forum

The observed trends confirm that the optimal w/c ratio
for CSA-based lightweight concrete lies between 0.45
and 0.55. Within this range, compressive strength is
maximized without compromising workability, making
it suitable for lightweight and non-structural applica-
tions. These results support sustainable construction
practices by integrating agricultural waste into con-
crete production while maintaining high-performance
properties (Hussein et al., 2022; Sikora et al., 2023).

3.4 Relationship between Strength, Density, and
Water-Cement Ratio Using Candlenut Shell

The relationship Between water-cement (w/c) ratio,
compressive strength, and density of concrete incorpo-
rating Candlenut Shell Aggregate (CSA) is presented in
Figure 4.
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Figure 4 Relationship Between Water-Cement Ratios,
Compressive Strength and Density of Concrete

The graph highlights that both compressive strength
and density are significantly influenced by the w/c ra-
tio, with notable trends across the tested range of 0.65
to 0.30. At a w/c ratio of 0.65, the compressive strength
and density are at their lowest, approximately 9.7 MPa
and 1,600 kg/m3, respectively. This behavior is consis-
tent with the principles of concrete technology, where
excess water in the mix increases porosity, reducing
compactness and strength (Nawy, 2008; Neville and
Brooks, 2010). Excess water, upon evaporation, leaves
voids in the matrix, leading to less dense and weaker
concrete.

As the w/c ratio decreases to 0.55, the compressive
strength peaks at 14.3 MPa, while the density reaches
its maximum of approximately 1,850 kg/m>. This re-
sult reflects the optimal balance between water con-
tent and cement hydration, ensuring sufficient water is
available for the hydration process without introduc-
ing excess voids. Research by Putra et al. (2023) and
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Cui et al. (2022) similarly identified the 0.50-0.55 range
as ideal for achieving maximum strength and density,
highlighting the interplay between hydration, porosity
reduction, and workability.

Interestingly, as the w/c ratio is reduced further to
0.30, both compressive strength and density decrease
slightly to 12.7 MPa and approximately 1,700 kg/m?>.
While a lower w/c ratio theoretically reduces poros-
ity and increases strength, the practical challenges of
achieving uniform compaction and adequate hydration
at such ratios lead to diminished performance.Feldman
and Sereda (1970) and Aboul-Nour et al. (2020) sim-
ilarly observed that very low w/c ratios can result in
poor workability and increased void content, negating
the benefits of reduced porosity. Furthermore, the low
density suggests incomplete cement hydration, a com-
mon issue in mixes with insufficient water.

The observed trends confirm that the optimal w/c ra-
tio for CSA-based concrete lies around 0.55, where the
highest compressive strength and density are achieved.
Reductions below this ratio, while reducing theoreti-
cal porosity, lead to practical issues that compromise
mix performance. Studies by Karimi et al. (2023) and
Chandra and Berntsson (2002) emphasize the need
for balancing strength and workability, particularly in
lightweight concrete, where aggregate properties like
high absorption and low bulk density amplify these
challenges.

This analysis underscores the importance of optimizing
the w/cratio in CSA-based concrete to achieve a balance
between strength, density, and workability. An opti-
mal range ensures high performance while mitigating
the issues associated with both high and low w/c ra-
tios. These findings align with the broader literature
and contribute valuable insights into the practical ap-
plication of lightweight aggregates in sustainable con-
struction.

4 CONCLUSION

Candlenut Shell Aggregate (CSA) has emerged as a
promising alternative for lightweight concrete produc-
tion, offering significant advantages over traditional
coarse aggregates. Its substantially lower density en-
ables the creation of lightweight concrete, reducing
overall structural load and potentially lowering con-
struction costs. In addition, CSA contributes to en-
vironmental sustainability by repurposing agricultural
waste, aligning with global sustainability objectives,
and reducing dependency on resource-intensive aggre-
gates. These attributes position CSA as a key compo-
nent in advancing eco-friendly construction practices.

This study highlights the critical influence of the water-
cement (w/c) ratio on the compressive strength and
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density of CSA-based concrete. The optimal w/c ratio of
0.55 resulted in the highest compressive strength (14.3
MPa) and maximum density (~1850 kg/m?), reflecting
an effective balance between hydration and void mini-
mization. At higher w/c ratios, such as 0.65, excess wa-
ter increase capillary porosity, reducing both strength
and density. Conversely, excessively low w/c ratios,
such as 0.30, impaired workability, leading to inad-
equate compaction and incomplete hydration, which
negatively affected concrete performance.

The findings also underscore CSA’s potential for non-
structural applications, including wall panels and
flooring. While its low density and moderate abrasion
resistance are advantageous, CSA’s high water absorp-
tion and silt content present challenges. Pre-treatment
methods, such as pre-soaking and the incorporation of
water-reducing admixtures, are recommended to opti-
mize mix performance and ensure consistency in qual-
ity. These findings are consistent with prior research
advocating for tailored mix designs to enhance the
functional performance of alternative aggregates.

In conclusion, CSA offers a sustainable and efficient
solution for lightweight concrete applications, partic-
ularly where structural weight reduction and environ-
mental conservation are priorities. Future research
should focus on long-term durability, thermal insula-
tion properties, and advanced admixture formulations
to further enhance the performance of CSA-based con-
crete. These innovations will pave the way for broader
adoption of CSA in sustainable construction, bridging
the gap between material innovation and practical ap-
plication.
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