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ARTICLE INFO ABSTRACT
Keywords: The growing demand for sustainable road infrastructure has intensified the interest in alternative
Hot mix asphalt (HMA) mineral fillers that reduce natural resource consumption and environmental impacts. This study

Sugarcane Bagasse Ash (SBA)
Sustainable pavement
Marshall stability

Indirect tensile strength
Finite element modelling

investigates the use of Sugarcane Bagasse Ash (SBA), an abundant agricultural by-product in sub-
Saharan Africa, as a partial replacement for conventional mineral fillers in hot-mix asphalt
(HMA). Unlike previous studies that considered SBA primarily as a minor additive, this study
provides a systematic evaluation across a wide replacement range (0-16 %), combined with
experimental testing and numerical validation. Marshall and indirect tensile strength (ITS) tests
were conducted on HMA mixtures produced using locally sourced Nigerian aggregates and 60/70
penetration-grade bitumen. A three-dimensional finite element model (FEM) of the ITS config-
uration was developed to corroborate the experimental response and identify stress concentration
zones. results indicate that SBA improves both mechanical and volumetric performance within an
optimal replacement range of 6-10 %, with peak performance of approximately 8 % SBA. Within
this range, Marshall stability increased from 7.6 kN to 9.0 kN, the Marshall quotient reached 3.3
kN/mm, bulk density increased to 2.51 g/cm? and air voids decreased from 4.9 % to 3.5 %,
remaining within standard design limits. Microstructural analyses confirmed the predominance of
amorphous silica and porous SBA morphology, which promoted enhanced filler-binder in-
teractions and mixture densification. FEM predictions of peak tensile stress agreed with labora-
tory ITS results within 10 % and successfully reproduced observed crack initiation zones.
Excessive SBA content (> 10 %) led to reduced stability and density owing to over-filling effects.
The findings demonstrate that 6-10 % SBA is a technically viable and sustainable filler
replacement for HMA, particularly in sugarcane-producing regions, offering improved perfor-
mance alongside waste valorization and reduced reliance on quarry-derived fillers.
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1. Introduction

The rapid expansion of global transportation networks coupled with the pressing need for environmental conservation has spurred
growing interest in the development of sustainable and cost-effective materials for road construction [1-5]. Hot-mix asphalt (HMA),
the predominant material used in flexible pavement construction, is traditionally composed of coarse and fine aggregates, filler
materials, and bituminous binders [6-8]. While HMA offers advantages such as cost efficiency, flexibility, and recyclability, its reliance
on non-renewable natural resources and energy-intensive materials such as limestone filler and Portland cement poses significant
environmental challenges. In addition, the production of bitumen and conventional asphalt mixtures results in high energy con-
sumption and substantial greenhouse gas emissions, particularly carbon dioxide (CO2), further exacerbating concerns regarding
climate change and resource depletion [9-12]. To address these challenges, researchers and engineers are increasingly exploring the
incorporation of industrial and agricultural by-products into asphalt mixtures, not only as a means to improve performance but also to
promote waste recycling and environmental sustainability [10,11,13].

Recent studies have investigated the use of various waste materials to modify asphalt binders and mixtures. For instance, cathode-
ray-tube (CRT) glass powder has been used as a filler replacement to improve the mechanical and aging resistance properties of asphalt
composites, highlighting the potential of glass waste valorization in pavement materials [14-16]. Composite systems derived from
stamp sand and acrylonitrile styrene acrylate (ASA) waste have shown promising results as alternative road-surfacing materials,
demonstrating satisfactory stability and deformation resistance even in the absence of bitumen [17-21]. Rubber-based waste materials
are at the forefront of sustainable pavement research. Rubber-modified asphalt mixtures incorporating tire-derived aggregates exhibit
improved load-bearing capacity and reduced permanent deformation under high-stress conditions, suggesting enhanced resilience for
subgrade applications [22-25]. Similarly, field demonstrations of asphalt overlays with recycled rubber and tire fabric fibers have
shown significant improvements in fatigue life and cracking resistance, validating the laboratory findings at a practical imple-
mentation scale [26]. Moreover, the use of stress-absorbing membrane interlayers in resurfacing rubber-modified asphalt mixtures has
proven effective in delaying reflective cracking and extending the pavement service life [27].

These contemporary studies underscore the growing consensus that incorporating waste-derived materials into asphalt systems can
significantly enhance mechanical performance, extend service life, and align with circular economic goals [28]. Within this broad
framework, Sugarcane Bagasse Ash (SBA), a fibrous residue generated as a by-product of the sugar industry after juice extraction and
bagasse combustion, has emerged as a promising material for sustainable construction. As sugarcane is one of the world’s largest
cultivated crops, SBA is abundantly available in agricultural economies, such as Nigeria, Ethiopia, and Malaysia. Traditionally
disposed of as waste or used as low-value biofuel and fertilizer, SBA has recently gained attention as a pozzolanic material rich in silica
and alumina with the potential to enhance the structural performance of asphalt and concrete composites [29-32].

Previous studies have demonstrated that SBA can be used as a partial cement substitute for concrete and as a minor filler additive in
bituminous mixtures, with findings suggesting potential improvements in the Marshall stability, reduced flow values, and acceptable
void characteristics when used in small percentages [33,34]. However, comprehensive investigations on the use of SBA as a partial
replacement for fine aggregates in HMA remain limited, particularly those concerning the effects of incremental replacement levels
and consistent mix design parameters. Moreover, most existing studies vary significantly in methodology, material characterization,
and substitution ratios, making it difficult to draw generalized conclusions or establish practical guidelines for large-scale imple-
mentation [35,36].

Numerous studies have been conducted outside Sub-Saharan Africa, despite the region’s high sugarcane production and pressing
need for low-cost, sustainable road construction solutions. In countries such as Nigeria and Ethiopia, where road infrastructure is
expanding rapidly amid resource constraints, the use of SBA in HMA could yield dual benefits: mitigating environmental pollution
from agricultural waste and reducing dependence on expensive imported materials. Nonetheless, the lack of localized, systematic
research in these contexts constitutes a critical gap in both the academic literature and practical engineering applications [37]. In
addition to addressing environmental concerns, there is a growing need to enhance the mechanical performance and durability of
asphalt pavement under severe traffic and climatic conditions [38]. Common pavement failures, such as rutting, fatigue cracking, and
moisture-induced damage, compromise road safety and increase maintenance costs [35,36]. Studies have shown that the modification
of asphalt mixtures with natural and synthetic waste materials, including coal fly ash, palm oil fuel ash, polyethylene terephthalate
(PET), coir fiber, and sugarcane fiber, can enhance structural performance while contributing to sustainable development goals. For
example, the incorporation of recycled PET has been found to improve rutting resistance, while natural fibers such as kenaf and coir
have been shown to increase the Marshall stability by up to 9.7 %. These findings underscore the potential of waste-derived materials
to simultaneously improve performance and sustainability [39-41].

Despite the growing body of research on modified asphalt mixtures and the use of alternative materials to improve performance and
sustainability, there is still limited systematic investigation into the use of agricultural waste ashes, such as sugarcane bagasse ash, as
partial replacements for mineral fillers in hot-mix asphalt across a comprehensive range of substitution levels. Prior work has explored
various waste fillers, including coal bottom ash, which improved rutting resistance and fatigue life when used as partial filler re-
placements in HMA mixtures, indicating the broader potential of industrial by-products in asphalt design [42,43]. Comprehensive
reviews have highlighted the benefits of waste fillers, such as fly ash, rice husk ash, and construction/demolition wastes, in enhancing
the mechanical characteristics, durability, and environmental performance of asphalt mixtures while simultaneously mitigating the
environmental impact [44]. Other studies have examined the effects of different waste materials (e.g., fine aggregate and mineral filler
effects on permanent deformation or polymer-modified systems) on asphalt performance [38,45-47]. However, few studies have
focused specifically on SBA behavior as a core structural filler substitute across incremental replacement levels, nor have they com-
bined rigorous experimental testing with numerical modeling to validate observed mechanical trends and failure mechanisms.
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In addition, the coupling of laboratory testing with numerical modeling to validate the cracking mechanisms in SBA-modified
asphalt remains limited. Therefore, this study aims to bridge this gap by experimentally and numerically evaluating the effect of
SBA on the sustainable performance of HMA using locally sourced Nigerian materials. Laboratory tests, including Marshall stability
and indirect tensile strength (ITS) tests, were conducted to assess the mechanical and volumetric characteristics of SBA-modified mixes
across replacement levels of 0-16 %. A three-dimensional finite element model of the ITS test was developed to verify the experimental
results and elucidate the stress—strain distributions and failure zones. Through this integrated approach, the study identified an optimal
SBA replacement range (6-10 %), offering enhanced strength, reduced air voids, and improved binder-filler interactions.

This study contributes to the existing body of knowledge in three main ways: (i)Local Context and Material Relevance: It represents
one of the first comprehensive investigations of SBA-modified asphalt using locally sourced Nigerian aggregates and bitumen,
providing region-specific data for sustainable road construction in sub-Saharan Africa.(ii) Integrated Experimental-Numerical
Framework: It combines laboratory testing with 3D FEM simulation of the ITS test, achieving close agreement between the predicted
and measured tensile stresses. (iii) Actionable Optimal Range: It establishes a quantitative, field-applicable SBA replacement window
that enhances Marshall stability, stiffness, and compaction while maintaining standard volumetric requirements.

The significance of this research lies in demonstrating the feasible, environmentally beneficial, and performance-optimized use of
SBA as a filler substitute for HMA. By combining experimental and FEM validations within a local Nigerian context, this study provides
a replicable framework for sustainable pavement material design in developing economies, supporting global efforts toward low-
carbon and circular construction practices.

2. Materials and methods
This study adopted an integrated experimental-numerical methodology to evaluate the influence of Sugarcane Bagasse Ash (SBA)
on the sustainable mechanical, volumetric, and tensile performance of hot-mix asphalt (HMA). The methodology was designed to (i)

assess SBA as an alternative mineral filler using laboratory testing, and (ii) validate observed mechanical trends through finite element
modeling (FEM). The overall research framework is illustrated in Fig. 1.

(—( Material Selection and Preparation I 1

[ Selection of aggregates, bitumen, 1 (

Filler and SBA Sieve analysis ]

[ Material Characterization J

(grade;t;ce):i, ﬁAc ggg::‘;giaégvalue, softening point, ductility) density, morphology)

[ EySlCalpinerti eSO R BEToRAlS }___[ Bitumen tests (penetration, ]___{ SBA characterization (size, ]
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Preparation of SBA mixes with varying e A
Preparation of control HMA mix [~~~ rubber content (0%, 2%, 4%, 6%, 8%, ses e
X 10%, 129, 14%, 16%) using Marshall method

( Laboratory Testing ]
ey || Bulkdensity, Penetration, Softening | Additional performance tests
Marshall Stability and Flow [ Point, Viscosity and air voids ] { (XRD and SEM)

[ Data Analysis ]

content

{ Statistical evaluation }---[ Interpretation of results ]"[ Determination of optimum ]

Numerical Analysis (FEM)

Fig. 1. Flow chart showing the Research framework for SBA Modified Hot-Mix Asphalt Mixtures.
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2.1. Raw materials

This study utilized locally sourced materials that are commonly employed in asphalt pavement construction in Nigeria to ensure
practical relevance and applicability. The raw materials consisted of coarse aggregates, fine aggregates, conventional mineral fillers,
Sugarcane Bagasse Ash (SBA), and paving-grade bitumen. All materials were characterized in accordance with the relevant ASTM
standards prior to mix preparation as illustrated in Fig. 2.

2.1.1. Bitumen

In this study, the 60/70 penetration-grade bitumen was selected because it represents the most commonly used paving-grade
binder in tropical climates, such as Nigeria, where ambient temperatures often range between 25 °C and 40 °C. This grade pro-
vides an optimal balance between stiffness and flexibility, offering adequate resistance to rutting at high service temperatures, while
maintaining sufficient ductility to prevent thermal cracking. To verify the temperature susceptibility of the binder, viscosi-
ty—-temperature relationships were established according to ASTM D4402/D4402M. [48] The penetration index (PI) was computed
from the softening point and penetration values according to the standard correlation (Egs. (1) and (2)). The resulting PI value of + 0.8
indicates moderate temperature susceptibility, is suitable for hot-climate asphalt pavements. This aligns with prior studies [49,50]
reporting that 60/70 penetration-grade bitumen performs optimally under the warm environmental conditions typical of West Africa.

20 — 500A
PI = 1+ 50A @
_ log (P,/P;)

A
TZ —Tl

(2)

Where P;, Poare penetration values at temperatures Ty, Ty, respectively.

2.1.2. Coarse aggregate

The coarse aggregates used in this study were granite-based and conformed to the size requirements that are typically applied in
asphalt concrete production. The aggregate sizes ranged from 6.3 mm (minimum) to 12.5 mm (maximum), following the standard
gradation for dense-graded asphalt mixtures. Granite was sourced from the Royal Quarry Construction, located in Abeokuta, Ogun
State, Nigeria. The specific gravity of the aggregate was measured as 2.65, which is within the standard range for crushed granite used
in pavement applications. Chemical analysis of the granite was performed to evaluate its mineralogical composition, which is critical
for assessing aggregate-binder adhesion, durability, and reactivity.

2.1.3. Fine aggregate
The fine aggregates used in this study were natural sand and crushed granite fines, which were selected based on their availability

(@

Fig. 2. Production process of Sugarcane Bagasse Ash (SBA) for Hot-Mix Asphalt (HMA), showing (a) sugarcane feedstock, (b) Sugarcane straw; (c)
bagasse drying; (d) combustion at 650 °C for 3 h; (e) sieving to < 75 um and (f) pre-treated SBA ready for mixing.
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and compatibility with asphalt. The particle size distribution ranged from 4.75 mm (maximum) to 75 ym (minimum), which is
consistent with the specifications for mineral fillers and fine aggregates in hot mix asphalt (HMA).

2.1.4. Conventional mineral filler

The conventional mineral filler was quarry-derived limestone dust passing a 0.075 mm (No. 200) sieve. Mineral fillers play a
critical role in asphalt mixtures by filling microvoids, stiffening the asphalt mastic, and enhancing the aggregate-binder interaction.
The limestone filler used in the control mixture was employed without chemical modification and served as the reference filler, against
which the performance of the SBA-modified mixtures was evaluated.

2.1.5. Sugarcane bagasse ash (SBA)

Sugarcane Bagasse Ash (SBA) was used as a partial replacement for the conventional mineral fillers. Raw sugarcane bagasse was
sourced from a local sugar-processing facility and was subjected to controlled combustion to obtain ash with suitable physicochemical
characteristics. The bagasse was air-dried and combusted in a muffle furnace at 650 £ 10 °C for 3 h, a temperature selected to ensure
complete removal of organic matter while preserving amorphous silica phases. After cooling, the ash was lightly ground and sieved to
pass through a 0.075 mm sieve, producing a fine filler fraction compatible with asphalt mixtures. The processed SBA exhibited low
bulk density and porous particle morphology. Chemical analysis showed that SBA is rich in silica (SiO2), with minor amounts of
alumina (Al20s), calcium oxide (Ca0), and iron oxide (Fe20s). These characteristics suggest that SBA can act not only as a physical filler
but also as a reactive component that enhances binder-filler interactions and mixture densification when used at appropriate
replacement levels.

2.2. SBA production and pre-treatment parameters

Raw sugarcane bagasse was collected from a local sugar-processing facility and air-dried for 48 h to remove surface moisture and to
reduce the likelihood of incomplete combustion. The dried bagasse was subsequently combusted in a laboratory muffle furnace at 650
=+ 10 °C for 3 h. The selected combustion temperature and duration were based on previous optimization studies [29-32], ensuring
high amorphous silica content and minimal crystalline formation. The resulting SBA exhibited light-gray coloration, low bulk density,
and porous surface morphology, features consistent with pozzolanic and reactive ash suitable for use in Hot-Mix Asphalt. After
combustion, the ash was allowed to cool naturally to the ambient temperature to prevent thermal shock and particle agglomeration.
The cooled material was then lightly ground to break down the agglomerates without significantly altering the particle morphology
and sieved through a 0.075 mm (No. 200) sieve in accordance with ASTM C136 [51]. This process produced a fine filler fraction that
was compatible with the conventional mineral fillers used in asphalt mixtures. Laser diffraction analysis showed that the processed
SBA particles ranged from approximately 1 um to 75 um, with a median particle size (Dso) of about 32 pm.

The processed SBA exhibited a low bulk density and porous, irregular particle morphology, resulting in a high specific surface area.
These characteristics enhance the physical adsorption of the asphalt binder and promote stronger filler-binder interactions, leading to
improved mechanical stiffness and mixture densification at moderate replacement levels. In addition, the silica-rich and predomi-
nantly amorphous composition of SBA, confirmed by XRD and EDX analyses, contributes to increased surface activity, further
strengthening the binder-filler interactions.

However, owing to its low density and porous nature, excessive incorporation of SBA may reduce packing efficiency and increase
binder demand, resulting in overfilling effects and reduced mechanical performance. This behavior explains the deterioration observed
at higher SBA replacement levels (> 10 %) in the experimental results. Therefore, controlling both the preparation conditions and
dosage of SBA is essential for achieving optimal performance in SBA-modified hot-mix asphalt.

2.3. Testing methods and statistical treatment

All laboratory tests (Fig. 3) conducted in this study were performed in accordance with the relevant ASTM standards to ensure

Fig. 3. (a). Penetration test; (b) weighing of asphalt (c) water absorption.
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repeatability, reliability, and comparability with existing literature. To account for experimental variability, each mechanical and
volumetric test was performed on a minimum of three replicate specimens for each SBA replacement level. The reported results
represent the mean values of the replicates. Where applicable, standard deviations were calculated and used to assess the data
dispersion and consistency.

2.3.1. Sieve analysis

The specific gravities of fine and coarse aggregates typically lie between 2.61 and 2.64. Aggregates used in construction typically
have specific gravities between 2.5 and 3.0, with an average of 2.68. The aggregates have a specific gravity of 2.65. Most of the
aggregates employed in this study had diameters of 9.5-12.5 mm. The specific gravity value of 2.65, which is close to the average
specific gravity value of 2.68 and is within the range of 2.5-3.0 described in ASTM D70 [52]. The specific gravity or relative density of
the aggregate was calculated by dividing its weight by an equivalent amount of water. The specific gravity of each sample, excluding
any potentially permeable spaces, reflected the density of its constituent components. The mechanical strength of such materials can
easily be correlated with a specific gravity value, making them an important element in the assessment and identification of aggregates
used in engineering construction. This involved determination of the particle size distribution of fine and coarse aggregates by sieving.
This test method was used primarily to determine the grading of materials proposed for use as aggregates or used as aggregates. The
results were used to determine the compliance of the particle size distribution with the applicable specification requirements and to
provide the necessary data for controlling the production of various aggregate-containing products and mixtures. The data may also be
useful for developing relationships between the porosity and packing. The accurate determination of materials finer than the 75-um
(No. 200) sieve cannot be achieved using this test method alone. The tests were performed in accordance with standards ASTM C136
[51].

2.3.2. Elongation index test

The elongation index (EI) represents the percentage of aggregate particles whose length exceeds 1.8 times their mean dimension
and applies to aggregates retained on a 6.3 mm sieve, as specified in ASTM D4791 [53]. The EI was calculated as the ratio of the mass of
elongated particles to the total test mass. This test does not apply to materials passing the 6.3 mm sieve or retained on a 50 mm sieve.
Aggregates are generally considered unsuitable if the EI exceeds 45 %, while several standards, including BS 1241 and Indian Standard
specifications, recommend a maximum EI of 30 %. In this study, the measured EI was 25 %, which is within the acceptable limit and
indicates suitability for use in asphalt cement concrete and other pavement layers. The elongation index provides insight into
aggregate shape and particle packing characteristics. The EI was calculated using the formula presented in Eq. (3).

Mass of elongated particles
Total mass of sample

EI(%) 100 3)

2.3.3. Flakiness index test

The flakiness index (FI) measures the percentage of aggregate particles whose thickness is less than 0.6 times their mean diameter.
Aggregates with high flakiness are generally undesirable for road construction, particularly for surface layers. According to ASTM
C131 [54], the flakiness index for road aggregates should not exceed 30 %. The flakiness index was calculated as the ratio of the mass
of flaky particles to the total sample mass. Each size fraction was measured using a thickness gauge, and the weights of flaky particles
were recorded. Aggregate shape is a critical factor influencing the performance of bituminous mixes, as flaky particles tend to pack
more closely and reduce void content, thereby affecting binder demand. In this study, the flakiness index was found to be 29 %, which
is within the permissible limit and therefore suitable for pavement construction. The flakiness index was calculated using the formula
provided in Eq. (4).

Mass of flaky particles

9 =
FI(%) Total mass of sample x 100 @

2.3.4. Los Angelis abrasion

The Los Angeles Abrasion (LAA) test was used to evaluate the resistance of aggregates to abrasion and impact, which simulates the
wear experienced by pavement aggregates under traffic loading. The test measures aggregate degradation caused by abrasion and
impact in a rotating steel drum containing steel balls. Aggregates used in highway pavements are subject to continuous abrasion from
vehicular traffic, making abrasion resistance a critical property for pavement performance. In this study, the LAA value of the ag-
gregates was 24.8 %, which is within the maximum allowable limit of 30 % for road construction aggregates. This indicates that the
aggregates are suitable for use in hot mix asphalt (HMA) and other pavement layers. The test was conducted in accordance with ASTM
C131 [54] and the abrasion value was calculated using the formula presented in Eq. (5).

Wun‘ginal - Wretained

LAA(%) x 100 (5)

Won'ginul

2.3.5. Aggregate impact value (AIV) analysis

When employed as a wear course for pavements, the aggregate impact should not exceed 30 %. The maximum values were 35 % for
bituminous macadam and water-bound macadam (WBM) base courses. The tested aggregate's AIV value of 20.9 % obtained in this
study is satisfactory and suitable for use as a road building aggregate and is in line with the specified 25 % maximum in Eq. (6).
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Weight of fines(passing2.36mm sieve

0, =
AIV(%) ( Total weight of sample

) %100 (6)

2.3.6. Specific gravity

The mass of a particular volume of the bituminous material was divided by the mass of an equal volume of water at 27 °C to obtain
the specific gravity of the bituminous material. The bitumen sample was placed in a calibrated pycnometer as a part of the process. The
residual volume was filled with water after weighing the pycnometer and sample. The filled pycnometer was heated to the test
temperature and then weighed in a liquid bath. The mass of the sample and mass of water displaced by the sample in the filled
pycnometer were used to compute the density. The test was performed in accordance with the ASTM D70 [52] standard and the
formula for the analysis, as shown in Eq. (7).

Bulk Specific Gravity of Mix (Gpp)-

Wy

Gmp = v

@
Where Wy = Dry weight of the compacted specimen (g) and V = Volume of the specimen (cm?®).

2.3.7. Penetration testing

The penetration test is a widely adopted empirical method for characterizing the consistency of bitumen, particularly its hardness
or softness, under standard conditions. The test involves measuring the vertical distance, expressed in tenths of a millimeter (0.1 mm),
that a standard needle penetrates a bitumen sample under a fixed load of 100 g, maintained for 5 s at a controlled temperature of 25 +
0.1 °C. The penetration depth indicates the relative hardness of the bitumen; a higher penetration value corresponds to softer bitumen,
whereas a lower value indicates a harder grade. This test was performed in accordance with international standards such as ASTM D5,
[55] and is primarily used for the classification and grading of bitumen for paving applications. Although simple and cost-effective, the
penetration test has limitations, including the inability to provide rheological data or performance-related parameters over a wide
range of service temperatures. However, it remains a fundamental quality-control tool for testing bituminous materials.

2.3.8. Marshall testing

The Marshall Stability test is a standardized and widely adopted method for evaluating the mechanical performance and volumetric
properties of asphalt mixtures. In this study, a test was conducted to assess the influence of Sugarcane Bagasse Ash (SBA) on the
stability, flow, and overall structural behavior of asphalt concrete. The primary objective was to determine the optimal SBA content to
enhance the performance characteristics of the mixture, while maintaining or improving its durability and workability. Asphalt
specimens with various SBA contents (0 %, 4 %, 8 %, 12 %, and 16 % by weight of filler) were prepared and subjected to the Marshall
Stability test, as shown in Fig. 4. The volumetric parameters are shown in Egs. (8)-(11).

AV( % ) = (m)xwo ®)
Gmb
Gmm—P
VMA( % ) = 100—(=g"")x100 Q)
ab
VMA — AV
9 = _—
VFB( % ) (—vaa ) X100 (10)

Stability watch

Examiner ring

Flow watch

Stressing head

Test Sample
(HMA)

Fig. 4. Marshall testing of modified SBA asphalt mixture.
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Marshall Stability

MQ= ( Flow

) (11)

2.3.9. Indirect tensile test

The Indirect Tensile Strength (ITS) test (Fig. 5) was employed to evaluate the tensile resistance of asphalt mixtures modified with
Sugarcane Bagasse Ash (SBA), in accordance with the ASTM D6926 [56] guidelines. This method is widely used to assess the potential
of asphalt mixtures to resist cracking and fatigue failure, particularly under the tensile stresses induced by traffic loading and thermal
contraction. A compressive load was applied along the vertical diameter of cylindrical asphalt specimens. This loading configuration
induced horizontal tensile stress perpendicular to the applied load. As the load increases, the tensile stress builds up at the center of the
specimen until failure occurs by splitting. The maximum load at failure was used to compute the indirect tensile strength, which
provides a measure of the ability of a material to withstand cracking. Cylindrical samples were prepared with a diameter of 100 mm
and a height of 63.5 mm, compacted using the Marshall method with 75 blows per face. The specimens were produced by replacing the
conventional mineral fillers with SBA at various concentrations (0-16 %). The specimens were conditioned at 25 + 1 °C for at least
24 h prior to testing to ensure uniform temperature distribution.

The prepared sample was positioned horizontally in the loading frame, with a loading strip on both the top and bottom contact
points. A compressive load was applied along the vertical plane at a constant deformation rate of 50 mm/min until failure occurred via
diametral splitting. The maximum load (P) at failure was recorded. Tensile Strength The indirect tensile strength (¢;) was computed
using Eq. (12)—(15):

2P
_ 2 12
o ntD (12)
E
=1 yz(ex +vey) a3
1
e ., = E(G x — VoY) (14)
1
€y = E(G y — VOx) (15)

where o,= indirect tensile strength (MPa); P = Maximum applied load at failure (N); t is the thickness of the specimen (mm); D
= Diameter of the specimen (mm); & = 3.1416; &, is the horizontal (induced tensile) strain; ¢, is the vertical (compressive) strain. This
equation assumes a uniform stress distribution along the loading plane and is valid for cylindrical specimens with standard pro-
portions. The ITS test provides a reliable, indirect measurement of the asphalt mixture’s tensile cracking resistance, which is critical for
fatigue performance under repeated loading, resistance to thermal cracking, particularly in colder climates, and durability, particu-
larly when evaluating the effects of filler modification using waste materials such as SBA. This method also lays the foundation for
more advanced evaluations such as moisture susceptibility tests, in which the Tensile Strength Ratio (TSR) can be calculated using
conditioned and unconditioned samples.

(b)

Fig. 5. Indirect tensile stress (ITS) testing of modified SBA asphalt mixture: (a). Pictorial view (b). Schematic view.
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3. Results and discussions

In-depth laboratory studies were conducted to explore the effects of sugarcane bagasse ash (SBA) on the engineering qualities of
asphalt-mix samples. The results are presented in this section along with their interpretations and related analyses. Tables and graphs
were used to portray the data after analysis. Inferential statistics were used to assess the engineering properties of the asphalt mix
containing SBA. The maximum specific gravity, bulk specific gravity, Marshall stability, flow, Marshall quotient, air voids, voids in
mineral aggregates, and voids filled with bitumen were obtained from Marshall stability tests conducted on asphalt samples with
varying SBA inclusions. The asphalt mix proportion and test results for sugarcane bagasse ash (SBA) as a partial replacement of filler
content in the asphalt mixture at various percentages, including 0 %, 2 %, 4 %, 6 %, 8 %, 10 %, 12 %, 14 %, and 16 % by weight of
filler.

3.1. Physical and chemical properties of bitumen

The physical and chemical properties of the 60/70 penetration grade bitumen used in this study complied with national specifi-
cations and ASTM standards, as summarized in Table 1. The results confirm its suitability for flexible pavement construction. The
bitumen exhibited a solubility of 99 % in carbon disulfide (CSz), meeting the ASTM D2042 [57] requirement and indicating high purity
with negligible non-bituminous impurities. The penetration value was 60 mm, which lies within the specified 60-70 mm range and
classifies the binder as moderately hard, making it suitable for use in hot climatic conditions due to its resistance to deformation. The
specific gravity was measured at 1.03, falling within the acceptable range of 1.01-1.06 [52], and ensuring compatibility with standard
asphalt mix design requirements.

The softening point was 47 °C, slightly below the recommended range of 48-56 °C [58], suggesting marginally lower thermal
resistance that may require consideration in high-temperature environments. The flash point was 247 °C, exceeding the minimum
safety requirement of 232 °C [59], confirming safe handling and application during asphalt production.

Chemical analysis (Table 2) revealed that the bitumen was predominantly composed of carbon (82 %) and hydrogen (10 %),
confirming its hydrocarbon nature. Minor elements such as sulfur (4 %), nitrogen (1 %), and oxygen (1.5 %) were also present, which
is typical of petroleum-derived bitumen. Trace amounts of metals, including nickel (Ni) and vanadium (V), were detected, likely
originated from the crude oil source. When present in small quantities, these elements may influence the aging and oxidative stability
of the binder over time. The physical and chemical properties of the 60/70 penetration-grade bitumen samples are largely compliant
with ASTM and national standards. The material demonstrated sufficient purity, thermal stability, and consistency for use in flexible
pavement constructions. The slight deviation in softening point warrants further investigation, particularly if the material is intended
for use in environments with high surface temperatures. Nonetheless, bitumen samples were deemed suitable for standard road
construction applications

3.2. Physical and chemical properties of aggregate

The physical and chemical characteristics of the aggregates used in this study were evaluated to confirm their suitability for hot-mix
asphalt (HMA) production. Aggregate quality is a critical factor governing the strength, durability, and deformation resistance of
asphalt mixtures, as it directly affects interlocking, load transfer, and binder adhesion.

3.2.1. Aggregate gradation

The gradation of the aggregates used for the hot mix asphalt (HMA) design was evaluated using standard sieve analysis, and the
results are illustrated in Fig. 6. Aggregate gradation is a critical factor that influences the mechanical behavior, workability, and
durability of asphalt mixtures. The particle size distribution not only affects the density and void content but also significantly in-
fluences the stability and resistance to deformation under traffic loads. The sieve analysis results indicate that the aggregate gradation
complied with the standard requirements specified in ASTM D6913 [60]. For instance, the percentage passing through the 12.5 mm
sieve is 95 %, which falls within the recommended range of 85-100 %. Similarly, the percentage passing for the finer sieves such as
2.36 mm (48 %) and 0.075 mm (7 %) also lies within their respective specified ranges (36-51 % and 5-8 %). This indicates that the
aggregate blend possesses a well-graded structure, which is desirable for achieving optimal packing density and reduced voids in the
mix. The gradation curve further confirms the continuous and dense grading, suggesting that the selected aggregate blend is suitable
for producing a stable and durable asphalt mix. Appropriate gradation ensures the good interlocking of particles, which is crucial for

Table 1
Physical properties of 60/70 Pen. Bitumen.
Property Result Recommended Specification American Standard Recommended Specification
Solubility (%) 99 99 ASTM D2042 [57] 99
Penetration (mm) 60 60 - 70 ASTM D5 [55] 60-70
Specific Gravity 1.03 1.01 - 1.06 ASTM D70/D70M [52] 1.01-1.06
Softening Point at 60 °C (°C) 47 48-56 ASTM D36 [58] 49-56
Flash point °C 247 225-250 ASTM D36 [58] 232-250

ASTM D92 [59]
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Table 2
Chemical characteristics of bitumen (60/70 penetration grade).
Component Typical Proportion (%)
Carbon (C) 82
Hydrogen (H) 10
Sulfur (S) 4
Nitrogen (N) 1
Oxygen (O) 1.5
Metals (Ni, V) Trace
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Fig. 6. Gradation curve of aggregates for design mix of HMA.
the load-bearing performance of pavements.

3.2.2. Physical properties of aggregates

Table 3 summarizes the key physical properties of the coarse and fine aggregates used in this study. The granite-based coarse
aggregate exhibited a bulk specific gravity of 2.65, which is within the typical range (2.5-3.0) specified for pavement aggregates. The
low water absorption value (0.8 %) indicates minimal porosity and good durability.

The Los Angeles Abrasion (LAA) value of 24.8 % is below the maximum allowable limit of 30 % for asphalt surface courses,
confirming adequate resistance to abrasion and impact under traffic loading. Similarly, the Aggregate Impact Value (AIV) of 20.9 %
satisfies the recommended limit (< 25 %), indicating good toughness and suitability for flexible pavement applications. The flakiness
and elongation indices were also within permissible limits, suggesting that the aggregates possess a predominantly cubical shape,
which enhances packing efficiency and mechanical interlock in asphalt mixtures.

Table 3
Physical properties of materials used in the study.
Material Property Test Standard Value Specification/Limit
Coarse Aggregate (Granite) Nominal size (mm) ASTM C136 [51] 6.3-12.5 —
Bulk specific gravity ASTM C127 [61] 2.65 2.5-3.0
SSD specific gravity ASTM C127 [61] 2.67 —
Water absorption (%) ASTM C127 [61] 0.8 <20
Los Angeles abrasion (%) ASTM C131 [54] 24.8 <30
Aggregate impact value (%) ASTM C131 [54] 20.9 <25
Fine Aggregate Maximum size (mm) ASTM C136 [51] 4.75 —
Bulk specific gravity ASTM C128 [62] 2.62 2.5-3.0
Water absorption (%) ASTM C128 [62] 1.2 <3.0
Conventional Filler (Limestone) Passing 0.075 mm (%) ASTM C136 [51] 100 >95

10
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3.2.3. Chemical composition of aggregates

The chemical compositions of the granite-based coarse aggregates are listed in Table 4. The predominant oxide identified was
silicon dioxide (SiO2) at 68 %, which is characteristic of siliceous aggregates, such as granite. High silica content is indicative of
aggregates with good hardness and abrasion resistance, making them suitable for high-traffic pavement applications. Aluminum oxide
(Al203) and potassium oxide (K-0O) were recorded at 14 % and 5 %, respectively. These compounds are typically associated with
feldspar minerals present in granite. Their presence may slightly influence the thermal expansion behavior of the aggregates but
generally does not pose issues in asphalt mixtures.

Minor oxides, such as sodium oxide (Na20) (3 %) and calcium oxide (CaO) (2 %) were also detected. While a high CaO content can
lead to stripping problems in asphalt mixes, the observed concentration is low enough not to adversely affect moisture susceptibility.
Iron oxide (Fe=03) at 2 % and trace levels of magnesium oxide (MgO) and titanium dioxide (TiO2) (< 1 %) were also present. These
oxides are typical of igneous rock-derived aggregates and have a minimal negative impact on asphalt performance. The loss on ignition
(LOI) was less than 1 %, indicating a low organic or volatile content and confirming the mineralogical stability of the aggregates. The
combination of favorable gradation and stable chemical composition confirmed the suitability of the tested aggregates for use in HMA.
A well-graded nature ensures a dense and stable mix, whereas chemical stability and mineral hardness suggest good performance
under traffic and environmental loading conditions. These findings are consistent with the requirements of high-quality aggregate
materials for flexible pavement construction.

3.3. Characterization of modified SBA hot mix asphalt

3.3.1. Mix proportioning for modified SBA hot mix asphalt

The mix proportioning in this study followed the Marshall mix design procedure in accordance with ASTM D6926 [56]. Control
hot-mix asphalt (HMA) was designed using granite-based coarse and fine aggregates with a conventional mineral filler. The optimum
asphalt binder content was determined to be 5.1 % by the total mix weight, providing a reference for all modified mixes. In the
modified mixes, Sugarcane Bagasse Ash (SBA) was introduced as a partial replacement for the conventional mineral fillers. SBA was
incorporated at incremental replacement levels of 2 %, 4 %, 6 %, 8 %, 10 %, 12 %, 14 %, and 16 % of filler weight. All other mix
constituents — aggregate gradation, asphalt binder content, and compaction energy — were kept constant to isolate the effect of the
SBA content on the mix behavior. The aggregates used in this study conformed to ASTM C136 [51] gradation standards and had a
specific gravity of 2.65. The asphalt cement used was penetration-grade 60/70 bitumen compliant with ASTM D946 [63]. A consistent
mixing temperature of 160 + 5 °C and compaction temperature of 150 + 5°C were maintained for all batches. Each mix was prepared
and compacted using 75 blows per face in a Marshall compaction mold and subjected to standard volumetric and mechanical testing.
These include the bulk specific gravity (Gyp), maximum specific gravity (Gmm), stability, flow, air voids, and Marshall quotient (MQ).
Tables 5 and 6 summarize the key Mix Proportions of Materials Used in Control and SBA-Modified Asphalt Mixtures and the chemical
composition of SBA, respectively.

3.4. Volumetric analysis

The Marshall Stability, a critical indicator of resistance to plastic deformation underload, increased with the inclusion of up to 8 %
SBA, peaking at 9.0 kN. This enhancement suggests an improved aggregate-binder interaction and filler effect owing to the finer
particles of SBA, which may have contributed to the denser matrix. However, a further increase in SBA beyond 10 % resulted in a
gradual decline in stability, with 6.2 kN recorded at 16 % SBA. This reduction may be attributed to excessive ash interfering with
proper binder coating and interparticle bonding, leading to potential brittleness or reduced cohesion. The formula used for analyzing
the different parameters in the Marshall stability test is shown in Eq. (9)-(12). The Marshall Quotient (MQ), which represents the
stiffness of the mixture (stability/flow), followed a similar trend. An MQ increase from 3.0 kN/mm (at 0 % SBA) to 3.3 kN/mm (at 6 %—
10 % SBA) indicates a stiffer and more rut-resistant mixture within this range. However, the MQ values began to decline at higher SBA
content, reinforcing the notion of diminishing returns past the optimal range. In terms of volumetric properties, the bulk density
steadily increased from 2.42 g/cm?® to 2.51 g/cm? as SBA content reached 8 %, before tapering slightly. This reflects improved particle
packing and reduced void content up to a certain threshold, after which an excessive filler content may hinder compaction. Conversely,
the air void content decreased significantly from 4.9 % (0 % SBA) to 3.5 % (6-10 % SBA), implying improved densification and

Table 4

Chemical composition of coarse aggregate (granite-based).
Oxide/Compound Typical Range (% by weight)
Silicon Dioxide (SiO2) 68
Aluminum Oxide (Alz0s) 14
Potassium Oxide (K20) 5
Sodium Oxide (Naz0) 3
Calcium Oxide (CaO) 2
Iron Oxide (Fez0s) 2
Magnesium Oxide (MgO) <1
Titanium Dioxide (TiOz) <1
Loss on Ignition (LOI) <1
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Table 5
Mix proportions of materials used in control and SBA-modified asphalt mixtures.
Material Proportion (% by Total Mix Weight)
Coarse Aggregate 40
Fine Aggregate 45
Mineral Filler (SBA) 0 %,2 %,4 %,6 %,8 %,10 %, 12 %,14 %,16 %.
Conventional Filler 15 — decreasing with SBA addition
Asphalt Binder (Bitumen) 5.1
Table 6
Chemical composition of sugarcane bagasse ash (SBA).
Oxide Typical Composition (%)
Silicon dioxide (SiO2) 65
Aluminum oxide (Al20s) 6
Ferric oxide (Fe20s) 4.5
Calcium oxide (CaO) 6.5
Magnesium oxide (MgO) 3
Sodium oxide (Naz0) <1
Potassium oxide (K20) 3
Loss on ignition (LOI) 10

reduced permeability. These values fall within the acceptable range (3-5 %) for asphalt mix design, ensuring durability without
compromising fatigue resistance. Table 7 presents the volumetric analyses of sugarcane bagasse ash (SBA) and asphalt at different
percentages.

The Voids in Mineral Aggregate (VMA) initially decreased with increasing SBA content, reached a minimum at 8 %, and then
increased again to 10 %. While the VMA values remained within the standard range (10-15 %), the lowest VMA at 8 % SBA implied
optimal particle arrangement and void filling. Simultaneously, the Voids Filled with Bitumen (VFB) increased with the SBA content,
peaking at 72 % (14 % SBA), which suggests higher bitumen retention and potentially better moisture resistance. However, an
excessively high VFB can also result in bleeding and reduced air voids, compromising structural performance over time. The results
indicate that the optimal SBA replacement level lies within the 6-10 % range, where a balance is achieved between strength, stiffness,
density, and durability. Specifically, 8 % SBA offers the most promising enhancement in terms of the Marshall Stability, MQ, and
volumetric parameters without adversely affecting the mixing behavior. Beyond this range, adverse effects such as reduced strength,
lower stiffness, and poor compaction are shown in Fig. 7(a)-(h).

3.4.1. Effect of sugarcane bagasse ash (SBA) on Marshal quotient (MQ) and flow

The effect of Sugarcane Bagasse Ash (SBA) on the Marshall Quotient (MQ) and flow characteristics of asphalt mixtures is presented
in Fig. 7(a-b). The addition of SBA initially increased Marshall stability due to the filler effect of its fine particles, which improved
aggregate packing, inter-particle friction, and binder-filler interaction. As a result, MQ increased up to the optimum SBA content,
indicating enhanced stiffness and resistance to permanent deformation. Similar improvements have been reported in previous studies
where agricultural waste ashes functioned as active fillers in asphalt mixtures. Beyond the optimum SBA level, both stability and MQ
decreased, likely due to excessive ash content weakening the aggregate-binder bond and increasing mixture brittleness. This decline
suggests reduced durability and a higher susceptibility to cracking under repeated traffic loading. As shown in Fig. 7(b), flow values
exhibited an inverse trend. Flow decreased with SBA addition to the optimum dosage, reflecting increased stiffness and improved
resistance to plastic deformation. However, further SBA addition slightly increased flow values, possibly due to poor dispersion of
excess ash within the binder, leading to mix heterogeneity. Maintaining flow within the recommended range is essential, as very low
values may cause brittle behavior, while high values indicate rutting susceptibility. SBA can be effectively used as a partial filler

Table 7
Volumetric analysis of sugarcane bagasse ash (SBA) and asphalt at different percentages.
SBA Marshall Quotient (kN/  Flow Bulk Density (g/ Max Density (g/cm?®) VMA Marshall Stability Air Void VFB
(%) mm) (mm) cm?®) [Gmm] (%) (kN) (%) (%)
0 3 2.5 2.42 2.55 13.3 7.6 4.9 63.2
2 3 2.6 2.44 2.58 12.6 7.9 5 60.3
4 3.2 2.6 2.46 2.59 11.9 8.3 4.6 61.3
6 3.3 2.7 2.5 2.59 10.5 8.8 3.5 66.6
8 3.3 2.7 2.51 2.6 10.1 9 3.5 65
10 3.3 2.6 2.48 2.57 11.2 8.6 3.5 68.7
12 3 2.5 2.45 2.55 12.2 8 3.97 68
14 2.9 2.3 2.42 2.52 14 6.7 4.4 72
16 2.7 2.3 2.4 2.49 15.4 6.2 4.4 71.4
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Fig. 7. Volumetric results (a). Marshall Quotient-kN/mm; (b). Bulk density—g/cm3; (c). Flow-mm; (d). Maximum density—g/cm3; (e). VMA%; (D).

Marshall stability-kN; (g). Air void-%; (h). VFB%.

replacement in asphalt mixtures. An optimum content, typically between 4 % and 6 %, provides a balanced improvement in stability
and deformation characteristics, while higher replacement levels diminish these benefits. Although SBA incorporation reduces bulk
density, controlled replacement levels can maintain adequate structural performance while supporting sustainability objectives in

pavement construction.
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3.4.2. Effect of voids in mineral aggregate (VMA)

The effect of Sugarcane Bagasse Ash (SBA) on the voids in mineral aggregates (VMA) is illustrated in Fig. 7e. VMA is a critical
volumetric parameter that governs the space available within the aggregate structure to accommodate bitumen and air voids, thereby
influencing the durability and stability of asphalt mixtures. It is evident that the incorporation of SBA altered the VMA characteristics
of the mix. At lower replacement levels, a slight reduction in VMA was observed, which may be attributed to the filler effect of SBA
particles. Fine ash effectively occupied the microvoids between the aggregates, resulting in improved packing density. This enhances
the contact between the aggregate particles and binder, contributing to the higher Marshall stability values at the optimum SBA
content. VMA tended to increase at higher SBA content. This behavior can be explained by the porous and lightweight nature of SBA
particles, which reduces the packing efficiency of the mix and creates additional void spaces. Consequently, the stability begins to
decline beyond the optimum level because excessive voids compromise the mixture’s internal cohesion and load resistance. This
finding is consistent with earlier studies on the use of agricultural waste ashes in asphalt mixtures, where moderate filler replacement
improved packing and strength, while excessive addition led to weakened aggregate-binder interactions. The observed relationship
between the Marshall stability and SBA content indicates that there is an optimum level of ash incorporation at which VMA is
minimized and stability is maximized. Beyond this point, increasing the VMA content adversely affects the structural performance of
the mixture. Maintaining the VMA within the recommended range is essential to ensure durability against moisture damage, while
avoiding excessive voids that reduce the load-bearing capacity.

3.4.3. Effect of SBA on air voids and voids filled with bitumen (VFB)

The effects of Sugarcane Bagasse Ash (SBA) on air voids (AV) and voids filled with bitumen (VFB) in Hot Mix Asphalt (HMA) are
shown in Fig. 7(g-h). As the SBA content increased, the number of air voids decreased to the optimum replacement range, reflecting
improved packing density and mixture compatibility. The values obtained remained within the recommended design range of 3-5 %,
ensuring adequate durability and resistance to fatigue while minimizing permeability. In contrast, the VFB values increased with
increasing SBA content, indicating enhanced binder retention and stronger filler-binder interactions. Moderate replacement levels
supported better durability and moisture resistance, whereas excessive replacement (> 10 %) produced a disproportionately high VFB,
which may cause bleeding and reduce structural stability under traffic. Overall, the results suggest that SBA contributes to an improved
balance between AV and VFB, when used in controlled amounts. The optimum performance occurred within 6-10 % SBA, aligned with
the findings from the Marshall stability and density analyses.

3.4.4. Effect of sugarcane bagasse ash (SBA) on bulk density

The variation in bulk density with different proportions of Sugarcane Bagasse Ash (SBA) is presented in Fig. 8. The results indicated
that the bulk density decreased progressively with increasing SBA content. This trend can be attributed to the relatively low specific
gravity of SBA compared with that of conventional mineral fillers. The replacement of a portion of the mineral filler with SBA in-
troduces lighter particles into the mix, thereby reducing the overall density of the asphalt mixture. At lower replacement levels, the
reduction in the density was marginal because the ash particles occupied the voids between the aggregates and contributed to a denser
packing structure. However, as the proportion of SBA increased, the lightweight nature of the ash became more dominant, leading to a
noticeable reduction in the bulk density of the mixture. A similar reduction in density has been reported in studies involving other
agricultural ashes such as rice husk ash and palm oil fuel ash, which are used as alternative fillers in asphalt mixtures.

3.5. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) was conducted to determine the mineralogical phases present in the Sugarcane Bagasse Ash (SBA) and
granite aggregates (both coarse and fine). The XRD pattern of SBA displays a broad hump in the range of 20-30° (26), indicating a
predominantly amorphous structure typical of amorphous silica (SiO2). This amorphous nature is crucial for supporting the pozzolanic
reactivity of SBA, making it a suitable mineral filler for asphalt applications. The minor crystalline peaks observed were attributed
primarily to quartz and calcite, suggesting the presence of residual mineral phases owing to incomplete combustion or the original
composition of the biomass, as shown in Fig. 9.

B Bulk Specific Gravity (g/cm3)
B Max Specific Gravity (g/cm3)

2.6 1
2.55 1
2.5 1
2.45 1

Specific Gravity (g/cm3)

0 2 4 6 8 10 12 14 16
SBA Content (%)

Fig. 8. A graph showing effect of sugarcane bagasse ash (SBA) on bulk specific gravity and maximum specific gravity.
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Fig. 9. X-ray diffraction (XRD) pattern of SBA, coarse and fine aggregate.

In contrast, the XRD patterns of the coarse and fine aggregates show sharp and well-defined peaks, indicative of a high degree of
crystallinity. The dominant peaks corresponded to quartz (SiO2) and feldspar (KAlSisOs — NaAlSisOs), which are the principal mineral
phases in granite. The presence of these crystalline structures confirms the suitability of the aggregates for use in hot mix asphalt
(HMA) because they contribute to the mechanical strength, angularity, and durability of the final asphalt composite.
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Fig. 10. Energy dispersive (EDS) spectroscopy; (a) bitumen; (b) asphalt; (c) SBA.
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3.6. Energy dispersive X-ray (EDS) spectroscopy

Fig. 10. shows the energy-dispersive X-ray (EDS) spectra of (a) bitumen, (b) asphalt, and (c) Sugarcane Bagasse Ash (SBA),
providing insight into the elemental composition of each material and their potential interactions in the composite formulations.

The EDX spectrum of bitumen (Fig. 9a) reveals a dominant carbon (C) peak with minor contributions from oxygen (O). This is
consistent with the hydrocarbon-rich nature of bitumen, which is primarily composed of high-molecular-weight organic compounds.
The negligible presence of inorganic elements confirms that the bitumen has a limited mineral content. In contrast, the asphalt sample
(Fig. 9b) exhibits a more diverse elemental profile. In addition to carbon and oxygen, notable peaks were observed for silicon (Si),
calcium (Ca), aluminum (Al), and iron (Fe). These elements originate from mineral aggregates and fillers incorporated into the asphalt
mixture. The presence of these minerals is crucial for the mechanical strength and durability of asphalt pavements, which suggests that
their inorganic content significantly affects the structural integrity of the composite. The SBA sample (Fig. 9¢c) exhibited high con-
centrations of silicon (Si), potassium (K), calcium (Ca), and oxygen (O), indicating silica-rich biomass ash. The elevated silica content
suggests pozzolanic potential, making SBA a promising supplementary material for bitumen- and asphalt-based systems. Its compo-
sition is characteristic of agricultural waste ash and supports its reuse as a sustainable construction material. The progression from
bitumen to SBA highlights the increasing presence of inorganic constituents, particularly silicon and calcium oxide. This transition has
significant implications for material performance. Incorporating SBA into bituminous binders or asphalt mixtures can enhance stiff-
ness, reduce the temperature susceptibility, and improve the resistance to oxidative aging. Therefore, EDX analysis supports the
viability of SBA as an additive or partial replacement in asphalt formulations, contributing not only to improved performance but also
to environmental sustainability through the valorization of agricultural waste.

30/07/2025 WD Mag Hvy HFW Pressure 10
15:38:38PM10.0MM  9.000x 20KV 28.5um 70Pa um

(®)

HFW Pressure
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Fig. 11. Scanning electron microscopy (SEM) images of: (a) sugarcane bagasse ash (SBA) (scale bar = 50 um, magnification = Mag 8000 x); (b)
SBA-modified bitumen (scale bar = 10 pm, magnification = Mag 9000 x); and (c) unmodified asphalt (HMA) (scale bar = 10 ym, magnification =
Mag 9000 x).
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3.7. Scanning electron microscopy (SEM) analysis

Scanning Electron Microscopy (SEM) was conducted to investigate the microstructural features of Sugarcane Bagasse Ash (SBA),
unmodified bitumen, and SBA-modified bitumen. The SEM images are presented in Fig. 11, illustrating the (a) morphology of SBA, (b)
microstructure of SBA-modified bitumen, and (c) surface texture of the unmodified bitumen. This comparatively uniform morphology
reflects a lower internal structure, which may contribute to inferior performance under mechanical and thermal stresses. SEM analysis
confirmed that the incorporation of SBA altered the microstructure of bitumen, indicating improved physical interaction, which may
lead to enhanced performance properties such as stiffness, rutting resistance, and durability.

3.8. Preliminary life cycle and environmental assessment (LCA)

Although the primary focus of this study was to evaluate the mechanical, volumetric, and microstructural performance of SBA-
modified asphalt mixtures, preliminary life-cycle screening was conducted to quantify the environmental implications of replacing
a portion of the conventional mineral filler with Sugarcane Bagasse Ash (SBA). The aim of this assessment is not to provide a full
pavement LCA but rather to estimate the order-of-magnitude carbon and resource savings associated with the optimal SBA incor-
poration identified experimentally (6-10 %, with a peak at 8 %).

3.8.1. Goal, scope, and functional unit

The LCA followed a cradle-to-gate system boundary (modules A1-A3), covering only the production of materials up to their de-
livery at the asphalt plant. The functional unit (FU) is 1 ton of Hot-Mix Asphalt (HMA) produced according to the mix design in Table 5.
The scenarios were compared as follows:

e Reference mix (0 % SBA): 1-ton of HMA containing 150 kg of conventional quarry-derived mineral filler.
e SBA mix (8 % SBA): 1-ton of HMA containing 138 kg mineral filler and 12 kg SBA (8 % of filler by mass).

All other mixture components (aggregate gradation, 5.1 % binder content, heating energy, compaction, and plant operations)
remained unchanged and therefore cancelled out at this screening stage.

3.8.2. System boundary and modelling assumptions
The assessment includes:

e Extraction, crushing, and milling of quarry-derived mineral filler.
e SBA processing (controlled combustion at 650 °C, grinding, sieving to < 75 um).

e Short-haul Road transport of filler and SBA to the asphalt plant.

The following modelling assumptions were adopted based on commonly reported values in LCA databases:

Cradle-to-gate emission factor for ground limestone/mineral filler: 0.039 kg COze per kg of milled filler.

e SBA is treated as an agricultural residue from sugar processing; therefore, upstream cultivation burdens are not allocated to ash.
Only incremental processing is performed.

e Grinding and sieving SBA to filler fineness requires approximately 25 kWh per tonne of SBA, equivalent to 0.018 kg COze per kg
SBA when applying an electricity emission factor of 0.7 kg COz2e/kWh (typical for fossil-dominated grids in Sub-Saharan Africa).

e Transport emissions are very small compared to material production and are included within the literature ranges, but not itemized

here. These assumptions represent a conservative but realistic approximation of the material-level impacts.

3.8.3. Life-cycle inventory and GHG estimation
Reference mix (0 % SBA): COze.es = 150 kg x 0.039 kg COz¢e/kg =~ 5.9 kg CO2e per tonne of HMA
SBA-modified mix (8 % SBA):

e Mineral filler: 138 kg x 0.039 = 5.42 kg COze

e SBA processing: 12 kg x 0.018 = 0.22 kg COze
Total:CO2 espp mix ~ 5.64 kg CO2ze per tonne of HMA

Net GHG reduction ACOze = 5.90 — 5.64 = 0.26 kg CO:e per tonne of HMA
Thus, at the filler level, the 8 % SBA substitution achieves approximately:

e 4-8 % reduction in filler-related embodied carbon
e =~ 0.5-1.0 % reduction in total HMA cradle-to-gate emissions (typical HMA: 40-70 kg COe/t).
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Although the total carbon reduction per ton is modest, reflecting the small mass share of the filler in HMA, the environmental
benefit is systematic and scalable.

3.8.4. Landfill diversion and resource conservation

For every tonne of HMA produced with 8 % SBA:mgga = 0.08 x 150 kg = 12 kg SBA/t HMA

Scaling this to a typical 2-lane, 40 mm wearing course:

Volume per kilometre:7.3 m x 0.04 m x 1000 m

Using a compacted mix density of 2.45 t/m®~ 715t HMA per km

SBA incorporated:715 x 0.012 ~ 8.6 t SBA diverted per km

GHG reduction per km:0.26 kg COze/t x 715t = 190 kg COze saved per km

Therefore, each kilometer of surface roadway constructed with the optimal 8 % SBA content valorizes 8-9 tons of waste bagasse
ash, reduces quarry filler demand by the same amount, and achieves a measurable but modest reduction in embodied carbon.

3.8.5. Interpretation
Although the absolute carbon savings per ton are limited owing to the small mass fraction of fillers in HMA, the results highlight
three important sustainability benefits.

e Circular material use: SBA transforms abundant agricultural residue into a valuable engineering material for road infrastructure.

e Resource conservation: Even a small percentage of substitutions reduces the dependence on quarry-derived fillers and the asso-
ciated environmental burdens.

e Scalability: Given that road construction consumes millions of tons of HMA annually, even marginal CO: reductions (0.5-1 % per
ton) and waste diversion of 8-9 t/km become highly significant at network scale.

These findings reinforce the role of SBA-modified HMA as a low-cost, low-carbon, resource-efficient pavement material suitable for
sugarcane-producing regions, such as Nigeria and Sub-Saharan Africa.

4. Numerical analysis
4.1. Modal description

In this study, three-dimensional finite element modeling (FEM) was employed to simulate the mechanical behavior of Hot Mix
Asphalt (HMA) with varying proportions of Sugarcane Bagasse Ash (SBA) as a mineral filler. The primary objective was to replicate the
indirect tensile loading conditions defined by ASTM D6931 [64] and investigate the influence of SBA on the stress distribution, strain
localization, and potential failure mechanisms. This modeling framework provides a deeper understanding of how SBA content affects
the cracking resistance and structural integrity of asphalt mixtures.

4.2. Modeling software and approach

The simulation was conducted using Abaqus/CAE 2021, which is a widely recognized platform for advanced nonlinear and contact
mechanics simulations. A 3D cylindrical geometry representing the standard Indirect Tensile Strength (ITS) test specimen (100 mm
diameter x 63.5 mm height) was developed. The FEM simulations adopted a linear-elastic, homogeneous, and isotropic material law
to enable a first-order comparison across SBA levels and to maintain the parameter space consistent with the experimental ITS inputs.
However, asphalt exhibits pronounced temperature- and rate-dependent viscoelasticity, and a nonlinear response under higher strains.
Consequently, the present model is best viewed as an initial approximation that reproduces stress distributions and peak tensile

Vertical load

Fully fixed

Fig. 12. 3D FEM mesh and boundary condition of the ITS specimen.
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stresses in the quasilinear regime. Future work should employ thermo-viscoelastic or viscoelasto-plastic constitutive laws (e.g.,
generalized Maxwell/Prony series for binder-mastic or incremental plasticity for mixture nonlinearity), incorporate temperature/
strain-rate coupling, and simulate cyclic loading and moisture conditioning to capture rutting, fatigue, and time-dependent damage
more faithfully.

Modeling Assumptions and Conditions:

Material Behavior: Linear elastic, homogeneous, and isotropic.

e Element Type: Eight-node 3D reduced integration brick elements (C3D8R) were used for discretization.

e Mesh Strategy: A fine mesh was applied near the load application zones to capture high-stress gradients, with a coarser mesh
elsewhere to reduce the computation time.

e Boundary Conditions: The bottom surface of each specimen is fixed. A compressive load was applied along the vertical axis via
semi-cylindrical rigid plates to induce an indirect tensile stress, as shown in Fig. 12.

e Symmetry: One-quarter model symmetry was utilized to minimize the computational demand without compromising accuracy.

4.3. Material properties

The material properties were assigned based on a combination of laboratory testing and relevant literature. Table 8 summarizes the
key input parameters for the control and SBA-modified asphalt mixtures. The modulus of elasticity was adjusted for each SBA per-
centage, based on the experimental ITS results and regression correlations.

4.4. Simulation results and discussion

The developed 3D finite element model was used to examine the stress response of SBA-modified HMA specimens under indirect
tensile loading and to identify the most critical tensile stress locations associated with crack initiation (Fig. 13). For all mixtures, the
simulation reproduced the classical ITS stress state: maximum principal tensile stresses developed along the horizontal diameter and
peaked at the specimen center, consistent with the theoretical splitting plane and the observed diametral cracking mode during
laboratory testing.

4.4.1. Principal stress distribution and crack initiation zones

The principal stress contours show a concentrated tensile zone at the center of the specimen under diametral compression. This
region represents the most likely crack initiation point, and the stress field extends along the horizontal diameter, supporting the
experimentally observed failure pattern. The stress distribution was symmetric and stable, confirming that the boundary conditions
and loading configuration realistically represent the ITS setup.

4.4.2. Effect of SBA content on stress localization
The simulations showed that SBA content influences both the magnitude and distribution of tensile stresses:

Moderate SBA contents (6-8 %) produced a more uniform stress distribution across the central zone and reduced stress gradients
near the loading line. This indicates improved internal load transfer and cohesion, which aligns with the experimentally observed
increase in ITS within the same replacement range.

Higher SBA contents (> 10 %) resulted in increased stress localization and higher peak tensile stresses at the specimen center. This
behavior is consistent with a more brittle response and reduced tensile resistance, supporting the experimentally observed decline
in ITS at higher replacement levels. The likely reason is that excessive SBA, owing to its porous and low-density nature, reduces
packing efficiency and increases binder demand, which can weaken the mastic and reduce structural continuity.

The FEM results reinforce the experimentally identified optimal SBA window (6-10 %), by showing the transition from improved
stress redistribution (beneficial) to localized tensile concentration (detrimental) as SBA content increases.

4.4.3. Mesh refinement and numerical stability

To ensure that the predicted peak tensile stresses were not dependent on discretization, a mesh refinement strategy was adopted.
The mesh was locally refined at the load contact zones and the central tensile region, where steep stress gradients occur, while a coarser
mesh was maintained elsewhere to reduce computational cost. A convergence check was performed by progressively refining the mesh
until changes in the predicted peak tensile stress became negligible (variation within an acceptable tolerance). This confirms that the

Table 8
Modal material properties.
Property Control Mix SBA-Modified Mix
Elastic Modulus, E (MPa) 3500 2800-4200 (SBA-dependent)
Poisson’s Ratio, v 0.35 0.30-0.38
Density, p (kg/m®) 2350 Measured per mix design
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Fig. 13. Principal stress distribution Under various Loading condition (a).Indirect tensile stress (ITS) Loading (b) Diametral Loading.

reported stress contours and peak stresses reflect the material response rather than numerical artifacts.

4.4.4. Model scope and interpretation

It should be emphasized that the FEM framework adopts a linear-elastic, homogeneous, isotropic representation of asphalt mix-
tures. While asphalt behavior is inherently viscoelastic and temperature dependent, the chosen model is appropriate for capturing first-
order stress patterns and comparative differences across SBA contents under quasi-static loading. Therefore, the numerical results are
interpreted as mechanistic support for experimental trends rather than a full representation of time-dependent damage or fatigue
behavior.

4.5. Model validation

The validity of the developed finite element model was evaluated by comparing the numerically predicted Indirect Tensile Strength
(ITS) values with the corresponding experimental results obtained from laboratory testing as shown in Fig. 14. The validation focused
on assessing the model’s ability to reproduce the tensile response and cracking behavior of SBA-modified hot-mix asphalt mixtures
under indirect tensile loading. Quantitative validation was performed using the coefficient of determination (R?) and the root mean
square error (RMSE) between the experimental and FEM-predicted ITS values. The computed values of R? = 0.897 and RMSE
= 0.024 MPa indicate a strong correlation and low prediction error, demonstrating that the FEM successfully captures the dominant
trends in tensile strength variation with SBA content in Fig. 15.

In addition to these statistical indicators, relative error bounds were evaluated to further assess prediction reliability. As sum-
marized in Table 9, the FEM-predicted ITS values deviated from the experimental measurements by less than + 10 % across all SBA
replacement levels, with most deviations remaining below 3 %. These error bounds fall within acceptable limits for a simplified linear-
elastic representation of heterogeneous asphalt mixtures and provide an additional measure of confidence in the numerical
predictions.

Furthermore, the FEM-predicted principal tensile stress contours accurately reproduced the experimentally observed crack initi-
ation zones, which consistently developed along the horizontal diameter at the specimen center. This agreement confirms that the
numerical model not only predicts peak tensile strength values with reasonable accuracy but also represents the underlying stress
concentration mechanisms governing diametral splitting failure in the ITS test.

Overall, the validation results confirm that the proposed FEM framework provides a reliable first-order approximation of the tensile
behavior of SBA-modified HMA under quasi-static loading conditions. While the model does not explicitly account for viscoelasticity,
damage evolution, or temperature-dependent effects, it is adequate for comparative analysis across SBA contents and for supporting
the experimental findings. Future work will focus on incorporating viscoelastic constitutive models and cyclic loading conditions to
further enhance predictive capability.

5. Conclusion

This study investigated the effect of Sugarcane Bagasse Ash (SBA) as a partial mineral filler replacement in hot-mix asphalt (HMA)
through an integrated experimental and numerical approach. Based on the results, the following key conclusions are drawn:

e Optimal performance range: SBA can be effectively incorporated as a filler substitute in HMA within an optimal replacement range
of 6-10 % by filler weight, with peak performance at approximately 8 % SBA. Within this range, the mixtures exhibited improved
Marshall stability, stiffness, bulk density, and indirect tensile strength while maintaining air voids and volumetric parameters
within standard design limits. SBA contents above 10 % led to reduced mechanical performance due to over-filling and reduced
packing efficiency.
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Fig. 14. Validation of experimental and FEM predicted stress-strain behavior of SBA-modified HMA (a). Experimental analysis; (b) FEM-
predicted (numerical).

e Mechanistic validation: Microstructural analyses confirmed that SBA is predominantly composed of amorphous silica with a porous
morphology, which enhances filler-binder interaction and mixture densification at moderate replacement levels. The three-
dimensional finite element model successfully reproduced the experimentally observed tensile stress distribution and crack
initiation behavior, with prediction errors generally below 10 %, providing mechanistic support for the laboratory findings.

e Sustainability and practical relevance: As an abundant agricultural residue, SBA offers a sustainable and cost-effective alternative
to quarry-derived mineral fillers. Its use contributes to waste valorization, reduced natural resource consumption, and modest
reductions in embodied carbon. The findings demonstrate that SBA-modified HMA is a technically viable and environmentally
beneficial option, particularly for sugarcane-producing regions such as sub-Saharan Africa.

Overall, the study provides a clear performance-based framework for incorporating SBA into asphalt mixtures and supports its
practical application in sustainable pavement engineering.

6. Recommendations for future Work

The numerical model adopted a linear—elastic homogeneous material description and did not explicitly simulate viscoelasticity,
moisture damage, or cyclic loading. Therefore, future research should consider the following.
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Fig. 15. Correlation between experimental and FEM-predicted indirect tensile strength (ITS) values for sugarcane bagasse ash (SBA)-modified hot-
mix asphalt.

Table 9
Experimental vs. FEM indirect tensile strength (ITS) across SBA contents with absolute and relative errors.
SBA (%) Experimental ITS (MPa) FEM ITS (MPa) Absolute Error (MPa) Relative Error (%)

0 0.95 0.93 0.02 2.1
2 0.98 1.00 0.02 2.0
4 1.02 1.00 0.02 2.0
6 1.08 1.05 0.03 2.8
8 1.12 1.10 0.02 1.8
10 1.07 1.10 0.03 2.8
12 1.00 0.97 0.03 3.0
14 0.92 0.90 0.02 2.2
16 0.88 0.86 0.02 2.3

e Implement thermo-viscoelastic or viscoelasto-plastic constitutive models and cyclic loading to capture rutting and fatigue more
realistically.

e Extend testing to moisture susceptibility (TSR), aging, and long-term durability under local traffic and climate conditions.

e Conduct a full life-cycle assessment (LCA) and cost-benefit analyses that include plant energy use, transport, and end-of-life
scenarios.

e Validation of the laboratory and FEM findings through field trials and performance monitoring of SBA-modified pavements.

Within the limitations of the present work, it can be concluded that sugarcane bagasse ash, when used at controlled levels (6-10 %)
as a partial filler replacement, enhances the sustainable performance of hot-mix asphalt and provides a technically and environ-
mentally sound pathway for valorizing agricultural waste in pavement engineering.
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