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Abstract

This paper presents an investigation into the mechanical and workability properties of concrete made with Palm Leaf
Ash (PLA) as SCM. In the study, OPC was replaced with PLA at replacement levels of 0, 5, 10, 15, 20, and 25%. The
water-to-cementitious ratio was maintained constant at 0.45. The workability, compressive strength, split tensile
strength, and modulus of elasticity tests were conducted after 28 days of curing according to ASTM. Tests showed
slump values reduced progressively with increased proportions of PLA, which were attributed to the porous nature of
the ash. On the other hand, the mechanical properties first increased up to 15% and then decreased afterwards. Mix
M15 (15% PLA) showed the best compressive strength, tensile strength, and stiffness characteristics, recording a 9.7%
increase in compressive strength, a 13% increase in tensile strength, and increased rigidity compared to the control.
Statistical analysis by testing the influence of PLA on all parameters indicated a significant influence at p < 0.05. This
study established that 15% PLA is an optimal replacement level, offering a balance between strength, stiffness, and
sustainability for structural-grade concrete.

Keywords: Palm Leaf Ash, Supplementary Cementitious Material, Sustainable Concrete, Modulus of Elasticity,
Pozzolanic Reaction

1 Introduction

Concrete is an essential material in the building industry globally, with ordinary Portland cement (OPC) as its
fundamental binder (Mahi et al., 2024). However, OPC manufacturing is a substantial cause of environmental
pollution, largely due to its high energy utilization and the emission of carbon dioxide (CO:) (Yu et a., 2023). Cement
manufacture is predicted to account for roughly 8% of worldwide CO: emissions, making the quest for sustainable
alternatives an essential problem for the sector (Poudyal & Adhikari, 2021). To address these problems, supplemental
cementitious materials (SCMs) have attracted substantial interest as a solution to lessen the environmental imprint of
concrete (Samreen, 2022). Traditional SCMs such as fly ash, silica fume, and rice husk ash are recognized to minimize
OPC reliance while boosting the mechanical and durability qualities of concrete (Meraz et al., 2023). Despite these
benefits, the geographical availability and cost of such materials might limit their application. This has spurred
researchers to discover alternate SCMs that are both abundant and affordable, notably those obtained from agricultural
waste.

Palm Leaf Ash (PLA), formed from the controlled burning of palm leaves, has emerged as a viable contender in this

area (Helwani et al., 2020). PLA is rich in silica and other minerals, which might potentially boost concrete’s
performance when used as a partial replacement for cement (Reddy, 2021). While the use of other agricultural ashes
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in concrete has been examined, there is minimal study particularly investigating PLA and its impact on the workability
and mechanical qualities of concrete (Solechan et al., 2022). This study analyzes the influence of substituting OPC
with PLA at varied amounts (0% to 25% by weight) on concrete’s workability, compressive strength, splitting tensile
strength, and modulus of elasticity. All mixtures maintain a consistent water-to-cementitious ratio of 0.45 and are
evaluated after 28 days of cure. The results seek to help the creation of more sustainable concrete, employing
agricultural waste and encouraging greener construction methods.

2. Materials and Methodology

2.1 Materials

Cement: Ordinary Portland Cement (OPC) according to ASTM C150 Type I was used throughout experimental work.
The cement was fresh, lump-free, and kept in dry storage. Physical properties of OPC are given in Table 2. Specific
gravity was 3.15, and fineness was 320 m¥kg according to ASTM C204. Initial setting time and final setting time
were 35 minutes and 290 minutes, respectively, according to ASTM CI191.

Fine Aggregate: Fine aggregate was obtained from locally sourced natural river sand. It was well-graded, clean, and
as per ASTM C33 standards. The fineness modulus of sand was 2.6, specific gravity was 2.64, and water absorption
was 1.2%. Bulk density was 1620 kg/m?, and it was classified under Zone II of IS 383:2016.

Coarse Aggregate: Nominal maximum size 20 mm crushed stone was utilized as coarse aggregate. Material met
ASTM (33 grading requirements. Aggregate was hard, angular, and free from dust or harmful material. Specific
gravity was 2.70, bulk density was 1500 kg/m?, and water absorption was 0.8%.

Palm Leaf Ash (PLA): Palm Leaf Ash (PLA) was obtained by controlled burning of pre-dried palm leaves that
originated from local agricultural sources. The ash was oven-dried, sieved through a 75 pum (No. 200) sieve, and kept
in closed containers to avoid moisture uptake. The material acted as a Supplementary Cementitious Material (SCM)
as per ASTM C618 (2023).

The specific gravity of PLA was 2.22, lower than OPC because of porosity. The Blaine fineness of PLA was 340
m?/kg, and Loss on Ignition (LOI) was 10.4%, which shows the presence of unburnt carbon and volatile matter.
Chemical composition of oxides in PLA was analyzed by X-ray fluorescence (XRF) and presented in table 1.

Table 1. Chemical Composition of Palm Leaf Ash (PLA)
Oxide Composition Si0:  AlLOs Fe:0s CaO MgO K.O Na.O LOI
Percentage by Weight (%) 54.8 8.2 5.1 126 37 25 1.3 104

Total percentage of SiO2 + Al.Os + Fe20s = 68.1%, which is within the ASTM C618 requirement (>70%) for Class F
pozzolanic material. High alumina and silica content suggest good secondary pozzolanic reaction capacity for long-
term strength gain.

2.2 Mix Design

Six concrete mix batches were prepared by replacing OPC with PLA at 0% (control), 5%, 10%, 15%, 20%, and 25%.
The water-to-cementitious materials ratio (w/cm) was kept constant at 0.45 for all mixes. The target strength of
concrete is 30MPa. The mix ratio is displayed in table 2.
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Table 2. Mix design of concrete.

Mix ID OPC (%) PLA (%) w/cm Ratio
MO 100 0 0.45
M5 95 5 0.45
M10 90 10 0.45
M15 85 15 0.45
M20 80 20 0.45
M25 75 25 0.45

2.3 Hardened Concrete Testing
o Compressive Strength: Tested on 150 x 150 x 150 mm cubes as per ASTM C39.
e  Split Tensile Strength: Measured on 150 x 300 mm cylindrical specimens in accordance with ASTM C496.
e  Modulus of Elasticity: On the same cylindrical specimens in accordance with ASTM C469. Modulus was
determined from the initial slope of the linear part of the stress—strain curve to 40% of the ultimate load.

3 Results and Discussion

3.1 Workability
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Figure 1. Workability for Different PLA Replacements

Workability of the concrete mixes was assessed using the slump test according to ASTM C143, the results of which
are plotted in Figure 1. Slump values decreased consistently with an increase in the percentage of PLA. The control
mix MO gave a slump value of 75 mm, indicating good workability, whereas the slump values of M5 and M25 were
72 and 50 mm, respectively. This can be attributed to the fact that PLA particles are fine and porous, thus will absorb
part of the mixing water and reduce flowability. The M 15 mix (15 % PLA) recorded a 60 mm slump, representing an
optimal balance between cohesiveness and ease of placement. Higher PLA contents resulted in a stiffer, less workable
mix. This trend has also been reported in the literature for other SCMs. In general, replacement levels up to 15% PLA
resulted in acceptable slump values, while higher PLA contents will likely need water-reducing admixtures or
superplasticizers to attain suitable workability.

3.2 Compressive Strength

The compressive strength of concrete with various percentages of PLA as a partial replacement for OPC was tested
after 28 days of curing according to ASTM C39. Figure 2 shows that the compressive strength increases with PLA
content up to 15% and then gradually decreases. The control mix MO gave a value of 31.5 MPa, M5 (5% PLA) gave
32.0 MPa, and M10 (10% PLA) gave 33.2 MPa. The strength increased to a peak value of 34.9 MPa for M15 (15%
PLA), showing an increased value of 9.7% compared to the control mix. Beyond 15%, the strength drops, giving
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values for M20 and M25 of 32.0 MPa and 28.5 MPa, respectively. The possible reasons for this reduction in strengths
at higher percentages of PLA may be the dilution effect and the reduced binder content. A PLA replacement of 15%
resulted in the best compromise between strength and sustainability for structural-grade concrete.

304

25 {--

20 -

15 1

10+

28-Day Compressive Strength (MPa)

5% 10% 15% 20%
PLA Replacement (%)

Figure 2. Compressive Strength of Concrete with Different PLA Replacements at 28 Days
3.3 Split Tensile Strength

The experiments on the split tensile strength of concrete made with palm leaf ash were measured after 28 days of
curing, following the procedures laid down in ASTM C496, and are represented in Figure 3. Tensile strength increases
with PLA content up to 15%, beyond which there was a gradual decline in the strength. The control mix (MO0) recorded
a value of 3.80 MPa, while M5 and M10 recorded values of 4.00 MPa and 4.10 MPa, respectively. M15, representing
15% PLA, recorded the highest value of 4.29 MPa, which was 13% higher than that of the control. The improvement
in strength may be due to increased matrix densification and pozzolanic bonding between PLA particles and the cement
paste. Higher replacement resulted in a loss of strength, and M20 and M25 showed values of 4.10 MPa and 3.60 MPa,
respectively. It is attributed to a decrease in effective cementitious material content and weak paste-aggregate bonding.
On the whole, 15% PLA replacement provided optimum tensile performance with maximum sustainability benefit.

4 oo

28-Day Splitting Tensile Strength (MPa)

0% 5% 10% 15% 25%

PLA Replacement (%)
Figure 3. Split Tensile Strength of Concrete with PLA at 28 Days

3.4 Modulus of Elasticity
Modulus of Elasticity (E) of concrete with different proportions of PLA was assessed after 28 days of curing, according

to ASTM C469. Figure 4 shows the variation in PLA replacement and modulus values measured thereof. The elastic
modulus of the control mix, M0, was 31.8 GPa, a value typical for conventional OPC concrete. Addition of PLA
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improved stiffness up to 15% replacement and then gradually decreased. Mixes M5, M10, and M15 had values of
33.1, 34.2, and 34.9 GPa, respectively, a clear indication of increased stiffness and superior interfacial bonding due to
pozzolanic reactions between the silica in PLA and calcium hydroxide from cement hydration. Beyond 15%, the
modulus values dropped to 31.2 GPa for M20 and 29.3 GPa for M25, mainly due to dilution of the active binder and
increased porosity. Confirming these observations were the stress-strain plots given in Figure 5 for MO and M15, as a
steeper slope for M 15 represented a higher elastic response. A PLA replacement of 15% presented the best balance of
stiffness, strength, and sustainability and thus could be used as a suitable SCM for structural purposes.
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Figure 4. Modulus of Elasticity of concrete with varying PLA replacement levels.
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Figure 5. Stress—strain relationship for MO and M15 mixes used to determine the modulus of elasticity

3.5 Statistical Analysis of PLA’s Effect on Concrete Properties

The influence of PLA content on the concrete properties of workability, compressive strength, split tensile strength,
and modulus of elasticity was checked by performing a one-way ANOVA to see whether PLA content significantly
affects the mentioned properties. The results identified that there was significant change across all parameters with the
variation of PLA percentages, p < 0.05. For workability, the F-statistic was 210, p = 5.41x107"?, showing that PLA has
a high impact on workability; as PLA increases, flowability decreases. The compressive strength showed F = 94.32
and p = 5.63x107"°, and the split tensile strength showed F = 27.64 and p = 3.20%107°, showing an improvement for
both up to the optimum level. Modulus of elasticity showed the highest significance, F =255.31, p=15.51x10"%, which
proves the effect of PLA on stiffness. These consistently low p-values confirm that replacement with PLA significantly
affects all tested properties, hence validating the potential for being a statistically reliable and sustainable SCM.
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4 Conclusion

This study fully assessed the influence of palm leaf ash as an SCM on the mechanical and workability qualities of
concrete. Six mixes were generated, each including 0-25% PLA as a partial substitute for OPC at a constant water-to-
cementitious ratio of 0.45. The results clearly demonstrated that the addition of PLA had evident influences on both
fresh and hardened phases of concrete. Workability, as measured by the slump test, was lowered with increased PLA
concentrations owing of the fine, porous, and water-absorbing character of the ash, which tends to diminish mix
fluidity. However, acceptable workability was maintained up to 15% replacement, indicating its usefulness without
admixtures.

While compressive and split tensile strengths exhibited improvements up to 15% PLA replacement, due to pozzolanic
activity and improved interfacial bonding, with maximum values of 34.9 MPa and 4.29 MPa, respectively, for M15,
it also had the peak modulus of elasticity at 34.9 GPa, showing superior stiffness and structural rigidity. Beyond this
level, a decrease in mechanical characteristics was noted, mostly related of dilution of the active cementitious material
and increased porosity. Further indication that the elastic response was stronger for the 15% PLA mix compared to the
control came from the stress-strain trials.

In general, 15% PLA substitution gave the optimum compromise between strength, stiffness, and sustainability.
Therefore, PLA may be recommended as an eco-efficient SCM that not only boosts concrete performance but also
contributes towards waste utilization and carbon emission reduction in the cement sector.
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