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Abstract

This study investigates the potential of Bamboo Leaf Ash (BLA) as a green supplementary cementitious material
(SCM) to partially replace Ordinary Portland Cement (OPC) in M25-grade concrete. Six 0-25% BLA by weight mixes
were studied for workability, compressive strength, and split tensile strength at 7 and 28 days with a fixed water-to-
cementitious material ratio of 0.45. Results indicated that BLA significantly impacted all concrete properties
(ANOVA, p < 0.05). Workability decreased with increasing BLA, and mechanical properties were enhanced up to an
optimal value of 10% BLA, where compressive and tensile strengths were improved by 9.6% and 33%, respectively,
compared to the control. Reduction in strength was observed for above 10% owing to the dilution of cement and
decrease in Ca(OH): availability. There was a nonlinear and positive correlation between compressive and tensile
strength (R? = 0.82-0.78). Overall, 10% BLA was identified as the optimum percentage of replacement, striking a
balance between improved mechanical properties and eco-friendliness.

Keywords: Bamboo Leaf Ash, Supplementary Cementitious Material, Sustainable Concrete, Pozzolanic Material,
Cement Replacement

1 Introduction

Concrete is the most widely used building material worldwide due to its flexibility, suitability, durability, and longer
lifespan (Mehta & Monteiro, 2014). However, its production of Ordinary Portland Cement, the main binder phase of
conventional concrete, adds significantly to environmental degradation as it produces nearly 8% of the entire CO2
emissions and consumes huge amounts of non-renewable resources and energy (Neupane, 2022; Silva et al., 2021).
As global demand for infrastructure rises, less environmentally degrading methods of shrinking the environmental
impact of cement production become ever more essential. One of the areas of hope is with supplementary cementitious
materials (SCMs), or green binders, which substitute some OPC and decrease cement consumption without lessening
or augmenting mechanical performance (de Moraes et al., 2019).

SCMs such as industrial waste or natural pozzolans react with the calcium hydroxide [Ca(OH):] formed on hydration
by generating extra calcium-silicate-hydrate (C—S—H) gel, which enhances pore structure, increases density, and
strengthens durability (Mahi et al., 2024). Agro-waste-based SCMs were promoted significantly in the recent past
because they both valorize waste and have less of a carbon footprint. Among them, Bamboo Leaf Ash (BLA), a
siliceous by-product derived from the controlled combustion of bamboo leaves—has also been reported to be of
tremendous potential as an eco-friendly substitute for cement due to its high amorphous silica content, pozzolanic
activity, abundance, and processing cost advantage (Atuanya et al., 2018; Umoh & Odesola, 2015).

Despite these advantages, though, research on BLA remains quite scarce. Past studies have mostly focused on personal
replacement levels or strength at an early age, without having much understanding of its influence upon long-term
workability and mechanical properties (Dhinakaran & Chandana, 2016). More recent studies have extended the focus:
Silva et al. (2021) have demonstrated BLA's viability as a mineral replacement for OPC, and Carvalho and Velasco
(2021) have found optimum replacement levels to be 8—12%, emphasizing the necessity for further evaluation of
workability and stiffness. Other recent research (Bhuiyan et al., 2024; Ogunjiofor & Okpala, 2025) also reiterated
again that fineness of ash, calcination temperature, and water demand have an important influence on performance
results.
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The present work explores the impact of replacement of OPC with 0%, 5%, 10%, 15%, 20%, and 25% BLA by weight
under the identical water-to-cementitious ratio (w/c = 0.45). 7- and 28-day curing fresh and hardened characteristics
were evaluated. The objective is to (1) ascertain the best replacement proportion of BLA for M25-grade concrete, (2)
explain strength and stiffness mechanisms—e.g., filler effect, pozzolanic reaction, and dilution effect, and (3)
statistically ascertain the impact of content of BLA by one-way ANOVA. The present research introduces novel
knowledge of the dual functional ability of BLA as a sustainable SCM and high-performance material and contributes
to developing greener and high-performance concrete.

2 Materials and Methodology
2.1 Materials

e  Cement: The primary binder was Ordinary Portland Cement (OPC), which complies with ASTM C150 Type
I. The cement was lump-free and fresh, with a specific gravity of 3.15.

o Fine Aggregate: ASTM C33-compliant natural river sand that has been well-graded was utilized as fine
aggregate. With a specific gravity of 2.60 and a fineness modulus of 2.65, the sand was pure and devoid of
organic contaminants.

o Coarse Aggregate: The coarse aggregate was crushed granite that met ASTM C33 specifications and had a
maximum nominal size of 20 mm. The aggregates had a specific gravity of 2.70 and were dry, clean, and
angular.

e Bamboo Leaf Ash (BLA): To produce fine ash, bamboo leaves were gathered locally, allowed to air dry, and
then burned under controlled conditions for three hours at 600 + 25°C. To guarantee consistent fineness, the
resultant ash was ground and sieved through a 75 um sieve (No. 200). It was then kept in airtight containers
to avoid moisture contamination. BLA was found to be rich in amorphous silica (<65-70%), according to X-
ray fluorescence (XRF) analysis, meeting ASTM C618's requirements for pozzolanic materials' chemical
composition.

2.2 Concrete Mix Proportions

Six concrete mixes were formulated with OPC substituted by BLA at 0%, 5%, 10%, 15%, 20%, and 25% by weight
of cement with a constant water-to-cementitious (w/cm) ratio of 0.45. The target design strength was that of M25
grade concrete with a total cementitious amount of 400 kg/m*®. Mixing was done in a mechanical drum mixer as per
ASTM C192 to provide a good material distribution. The concrete mix proportions is shown in table 1.

The batches were shaken for 3 minutes, rested for 2 minutes, and remixed for 2 minutes to achieve homogeneity.
Cylindrical test specimens of 150 mm x 300 mm were cast in three layers, and each layer was compacted by a standard
tamping rod (ASTM C31). Specimens were stripped off from the molds at 24 hours and submerged in potable water
at 27 + 2°C until testing age.

Three specimens (n = 3) for each mix and each property - slump, compressive strength, split tensile strength, and
modulus of elasticity were tested at 7 days and 28 days of curing. The mean and standard deviation of results were

reported, and statistical significance was checked using one-way ANOVA (o = 0.05).

Table 1. Concrete Mix Proportions (kg/m?)

Mix ID BLA (%) Cement BLA Water Fine Coarse
Aggregate Aggregate
MO 0 400 0 180 700 1200
M5 5 380 20 180 700 1200
M10 10 360 40 180 700 1200
M15 15 340 60 180 700 1200
M20 20 320 80 180 700 1200
M25 25 300 100 180 700 1200
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3 Results and Discussion
3.1 Workability

The ASTM C143 slump test was employed to determine the workability of mixes based on their concrete mixes, and
the figure appears in Figure 1 as the mean + standard deviation of three samples per mix (n = 3). The rate of slump
was declining steadily with increased quantities of Bamboo Leaf Ash (BLA), indicating lower flowability at higher
levels of replacement. Maximum slumps of 110 + 4.5 mm were found for the control mix (0 % BLA) and 105 + 3.8
mm and 100 £ 4.2 mm for 5 % and 10 % BLA mixes, respectively, which are within safe ranges for M25 concrete for
a water-to-cementitious ratio of 0.45. Further replacement resulted in appreciable reductions: 90 £+ 3.5 mm at 15%, 85
+ 3.0 mm at 20%, and 80 + 2.8 mm at 25%.

This is attributed to the porous and angular character of BLA particles, which increases water absorption and internal
friction, leading to stiffer mixes. Greater surface area of BLA also raises the water demand, leading to reduced slump
values. Even though there were small numerical differences, ANOVA confirmed the reduction to be statistically
significant (p < 0.05). 10% BLA was the optimum workability and balance of flowability and strength, and greater
than 10% content led to reduced mobility and compaction efficacy.
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Figure 1. Slump Values for Concrete with BLA at Different Replacement Levels
3.2 Compressive Strength

Compressive strength test data of BLA-modified concrete are shown in Figure 2 as mean =+ standard deviation for
three specimens for each mixture (n = 3). The strength variation was nonlinear with BLA replacement. The strength
increased from 20.5 MPa (control) to 23.0 MPa at 10% BLA at 7 days, indicating augmented hydration because of
the filler effect and the early pozzolanic reaction of the finely ground ash. Beyond this peak, strength decreased
gradually to 18.5 MPa at 25% BLA since cementitious material was being diluted and insufficient calcium hydroxide
was available to sustain the secondary C—S—H formation.

At 28 days, all the mixes were stronger, and the trend persisted: 31.8 MPa at 10% BLA to 29.0 MPa for the control, a
9.6% increase. The improvement is a result of an ongoing pozzolanic reaction that enhances pore structure and
densifies the cement paste. One-way ANOVA validated that strength was significantly affected by BLA content (p <
0.05). Based on this, a 10% substitution of BLA is recommended as the ideal ratio, balancing mechanical improvement
with sustainability of the environment.
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Figure 2. Compressive Strength of Concrete with Different BLA Replacements at 7 and 28 Days
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Figure 3. Split Tensile Strength of Concrete at 7 and 28 in days with BLA

Split tensile strength of BLA-modified concrete is presented in Figure 3 as mean + standard deviation for three
specimens for each mix (n = 3). Strength variability followed the pattern of compressive strength with rising strength
up to 10% BLA followed by a decline at higher replacement levels. At 7 days, the control mix was 2.05 = 0.06 MPa,
while 10% BLA was 2.55 + 0.08 MPa, an impressive gain at a young age. It is an improvement through the filler effect
and pozzolanic reactivity initiation, which can alter the interfacial transition zone (ITZ) and increase aggregate—paste
bond strength.

At 28 days, all blends further increased in strength, while the control was as high as 2.85 + 0.07 MPa and the 10%
BLA blend had a value as high as 3.80 + 0.09 MPa, approximately 33% higher than the control. This is a result of
secondary C—S—H growth that densified the matrix and increased tensile cohesion. Strength decreased gradually with
increasing content of BLA beyond 10% due to cement dilution and reduced Ca(OH). availability. One-way ANOVA
was in agreement with the significance of the effect of BLA content on tensile strength (p < 0.05). Hence, 10% BLA
is now clearly the best optimum level for optimizing tensile performance and sustainability.

727



S. Debnath, S. A. Siddiki, M. M. H. Atik & M. S. H. Mahi
ICCEI 2025

3.4 Statistical Analysis of BLA’s Effect on Concrete Properties

To ensure that the differences in concrete performance noted were not by chance but actually influenced by the content
of Bamboo Leaf Ash (BLA), a one-way Analysis of Variance (ANOVA) was conducted on all results of experiments
for slump, compressive strength, and split tensile strength at 7 and 28 days. All the measurements were the average of
three independent samples (n = 3) for each mixture, examined at the 95% confidence level (a = 0.05). ANOVA was
employed to test for the null hypothesis that mean property values at six levels of replacement with BLA (0-25%)
were all equal, against the alternative that at least one differed significantly.

The results reflected p-values of below 0.05 for all the parameters, determining that differences in strength and
workability with varying BLA were statistically significant. The slump test reflected an F-value of 14.62 (p = 0.002),
determining the consistent reduction in workability with increasing BLA due to increased water demand. Similarly,
compressive (F = 12.96, p = 0.003) and tensile strength (F = 11.84, p = 0.003) values showed considerable
improvement with up to 10% BLA, but a reduction at greater replacements.

These findings validate that the performance variation is solely a function of BLA pozzolanic reactivity, filler effect,
and dilution phenomenon of cement, and not experimental variance. Thus, ANOVA statistically validates that 10%

BLA provides the best level for providing both mechanical efficiency and durable performance of concrete.

3.6 Relationship Between Compressive Strength and Split Tensile Strength
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Figure 4. Relationship Between Compressive and Split Tensile Strength at Different Ages

The relationship between split tensile and compressive strengths of BLA-blended concrete at 7 and 28 days is
presented in Figure 4. Mean value of three specimens (n = 3) for each data point. The results show a nonlinear but
positive relationship between the two strength parameters with coefficients of determination R? = 0.82 and R? =0.78
for 7-day and 28-day data, respectively.

At 7 days, simultaneous improvement in compressive strength between 18.5 MPa and 23.0 MPa was paralleled by an
increase in tensile strength from 2.0 MPa to 2.55 MPa, thereby establishing that early-age tensile strength is primarily
governed by matrix densification and partial pozzolanic activity of BLA. At 28 days, the trend extended but with a
little more scatter, due to the ongoing pozzolanic reaction and secondary C—S—H precipitation that continued to
strengthen bonding in the interfacial transition zone (ITZ).

The relatively moderate R? values set that while tensile behavior is influenced by compressive strength, the
relationship is modulated by microstructural heterogeneity and the nonlinear nature of hydration and pozzolanic
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reactions. Nevertheless, both datasets define that 10% BLA delivers optimal overall synergy in compressive and
tensile performance.

4 Conclusion

The workability and mechanical qualities of M25-grade concrete were assessed in this study in relation to the use of
Bamboo Leaf Ash (BLA) as a partial substitute cementitious material. At 7 and 28 days, the slump, compressive, and
split tensile strengths of six Ordinary Portland Cement (OPC) mixes that were substituted with 0-25% BLA were
evaluated. Results indicated that all factors measured were significantly impacted by BLA content, which was
corroborated by a one-way ANOVA (p < 0.05).

Because of its large surface area and pervious nature, which require more water, workability decreased as BLA
increased. When compared to the control mix, the mechanical properties improved up to 10% BLA, with split tensile
strength and compressive strength increasing by 33% and 9.6%, respectively. Strength loss was noted above this ratio
as a result of cement dilution and decreased Ca(OH): availability.

In accordance with the heterogeneity of concrete, the statistical correlation of compressive and tensile strengths
produced R? values of 0.82 (7 days) and 0.78 (28 days), respectively, indicating a strong nonlinear dependence. ITZ
imperfections, nonlinear hydration kinetics, and realistic heterogeneity-induced scatter at the microstructure level are
represented by relatively low R? values.

With improved mechanical qualities, statistical significance, and sustainability in terms of lower cement consumption
and carbon footprint, 10% BLA was generally the ideal replacement level. Durability, microstructural development,
and large-scale BLA-concrete applications should all be investigated further.
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