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ABSTRACT

Sugarcane (Saccharum officinarum) is a major tropical crop widely cultivated due to its high
sugar yield and extensive industrial applications. As the primary source of sucrose, it plays a
vital role in the global production of sugar and related by-products such as ethanol, molasses,
and jaggery, contributing significantly to the agricultural economies of countries including Brazil,
India, Thailand, and Malaysia. However, sugarcane processing generates substantial quantities of
bagasse the dry, fibrous residue remaining after juice extraction which is often underutilized or
improperly disposed of through open burning or landfilling, leading to environmental concerns such
as air pollution and waste accumulation. In Malaysia, one ton of processed sugarcane can produce
approximately 280 kg of bagasse, highlighting the urgency of sustainable waste management
strategies. This study investigates the potential use of sugarcane bagasse as a filler material in
asphalt mixtures, focusing on its effects on the physical and mechanical properties of asphalt
performance. The research further aims to determine the optimum percentage of bagasse filler
for enhancing asphalt mixture performance. Modified asphalt mixtures were evaluated using the
Marshall Stability test and the Indirect Tensile Strength (ITS) test to assess strength, stability, and
overall performance characteristics. The findings indicate that incorporating sugarcane bagasse
in proportions ranging from 4% to 8% by filler weight can significantly improve stability, tensile
strength, and moisture resistance. These results demonstrate the feasibility of utilizing sugarcane
bagasse as a sustainable alternative filler, supporting eco-friendly pavement construction and

contributing to the circular reuse of agricultural waste.
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INTRODUCTION

The growing emphasis on sustainable infrastructure has intensified research
into alternative materials for asphalt pavement construction [1]. Conventional
asphalt mixtures rely heavily on virgin mineral fillers such as limestone powder
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to enhance stiffness, stability, and durability [2]. However, the continuous
extraction of these materials contributes to environmental degradation, resource
depletion, and rising construction costs [3]. As a result, the incorporation of
waste-derived materials has emerged as a promising strategy to improve
pavement performance while supporting environmental sustainability [4].

Fillers, defined as finely divided materials passing the 0.075 mm sieve, play a
critical role in asphalt mixture behavior despite constituting a small proportion
of the total mix [5]. They interact with bitumen to form asphalt mastic, which
governs key performance characteristics including stiffness, resistance to
permanent deformation, moisture susceptibility, and durability [6]. Traditional
fillers such as limestone dust are favored for their compatibility with bitumen,
alkaline nature, and ability to improve aggregate-binder adhesion [6]. Limestone
filler enhances mixture densification, reduces air voids [ 7], and improves Marshall
stability, making it one of the most widely used fillers in asphalt pavements [8].

Nevertheless, limestone filler production involves quarrying, crushing, and
grinding processes that consume significant energy and generate environmental
impacts [9]. This has driven increasing interest in alternative fillers derived from
agricultural and industrial wastes [10]. Agricultural waste ashes, in particular,
have shown potential due to their fine particle size, silica-rich composition,
and pozzolanic characteristics [11]. These properties allow waste-based fillers
to function not only as void-filling agents but also as active components that
influence binder rheology and mixture performance [12].

Several studies have demonstrated the feasibility of using agricultural waste
materials as partial or full replacements for mineral fillers in asphalt mixtures
[10]. Corn cob ash (CCA), groundnut shell ash (GSA), and egg shell powder
(ESP) have been reported to improve Marshall stability, volumetric properties,
and stiffness when incorporated at optimal replacement levels [13-15]. However,
excessive dosages often lead to reduced ductility and workability, highlighting
the importance of dosage optimization [11]. These findings collectively indicate
that agricultural waste fillers can perform comparably to conventional fillers
when properly processed and proportioned [10].

Among agricultural wastes, sugarcane bagasse ash (SBA) has gained attention
due to the large volume of bagasse generated by the sugar industry, particularly
in tropical countries [16]. SBA is produced through the controlled combustion
of sugarcane bagasse, resulting in a fine ash rich in silica and other oxides [16].
Compared to limestone filler, SBA exhibits lower specific gravity but higher
surface area and silica content, which enhances its interaction with asphalt
binder [17]. The porous and irregular particle morphology of SBA promotes
better mastic formation and mechanical interlocking within the asphalt matrix
[18].

In contrast, limestone filler is predominantly calcium-based and chemically
inert, contributing primarily to physical densification and adhesion improvement
through its alkaline nature [19]. SBA, on the other hand, provides both physical
and chemical contributions. Its high silica content enhances binder stiffening
and improves moisture resistance by strengthening the aggregate-binder
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interface [16]. Studies have shown that asphalt mixtures containing SBA exhibit
comparable or higher Marshall stability and indirect tensile strength than those
incorporating limestone filler, particularly at moderate replacement levels [16].

Furthermore, SBA has demonstrated improved resistance to permanent
deformation under high-temperature conditions, a critical advantage in tropical
climates [20]. The fine particle size of SBA enables efficient void filling, resulting
in denser mixtures with reduced air voids and improved durability [20].
Limestone filler, while effective in improving initial stiffness, does not contribute
to pozzolanic or reactive interactions within the mixture, limiting its performance
enhancement to physical mechanisms alone [18].

From an environmental perspective, the utilization of SBA offers significant
advantages over limestone filler [21]. SBA valorizes agricultural waste that
would otherwise be disposed of through open burning or landfilling, contributing
to air pollution and waste accumulation [16]. Replacing limestone filler with SBA
reduces the demand for non-renewable mineral resources and lowers the overall
carbon footprint of asphalt pavement construction [21]. These sustainability
benefits align with global initiatives promoting circular economy and low-impact
infrastructure development [21].

Despite the demonstrated potential of SBA, existing studies remain limited
in scope, particularly with respect to tropical pavement conditions [16]. Many
investigations have focused on cementitious applications, while research on
asphalt mixtures has been relatively sparse and fragmented [24]. Moreover,
direct comparative evaluations between SBA and conventional limestone filler
under standardized testing conditions are still insufficient, especially in terms
of mechanical performance indicators such as Marshall stability and indirect
tensile strength [16].

Based on the reviewed literature, it is evident that sugarcane bagasse ash
has the potential to function as an effective alternative filler to limestone in
asphalt mixtures [16]. Its favorable physicochemical properties, coupled
with environmental benefits, make SBA a promising material for sustainable
pavement applications [16]. However, further experimental investigations are
required to establish optimal SBA content [18] and to systematically compare
its performance with conventional fillers under tropical climatic conditions [11].

Therefore, this study aims to address these research gaps by evaluating the
mechanical and performance characteristics of asphalt mixtures incorporating
sugarcane bagasse ash as a filler, with direct comparison to limestone filler [16].
The findings are expected to contribute to the development of eco-friendly asphalt
pavements and support the broader adoption of agricultural waste materials in
road construction [16].

MATERIALS AND METHODS
MATERIALS

Sugarcane bagasse ash (SBA), penetration-grade bitumen 60/70, and AC14
aggregates were used in this study. Raw sugarcane bagasse was collected from
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local vendors and air-dried to remove residual moisture prior to combustion.
Figure 1 shows the physical appearance of raw sugarcane bagasse, while Figure
2 illustrates the ash generated from the burning process. The dried bagasse
was incinerated under controlled conditions at temperatures between 500 °C
and 700 °C using a combustion furnace to obtain ash, as illustrated in Figure 3.
The resulting sugarcane bagasse ash was cooled, crushed, and sieved to obtain
particles smaller than 30 pm, ensuring consistency and suitability as a filler
material.

Figure 2. Sugarcane Bagasse Ash (SBA)
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Figure 3. Combustion process of sugarcane bagasse in furnace

https://doi.org/10.70028/cpir.v2il.91



Current Problems in Research 2026, Vol. 2. No. 1 39 of 53

Penetration-grade 60/70 bitumen, commonly used in flexible pavement
applications in tropical regions, was selected as the binder. The bitumen
properties were verified using the standard penetration test [23] and softening
point test [24] to ensure compliance with pavement specifications. AC14
aggregates were employed as the coarse and fine aggregate components.
Aggregate quality and gradation were confirmed through sieve analysis [25],
Aggregate Crushing Value (ACV) test [26], and Aggregate Impact Value (AIV)
test [27]. The penetration-grade bitumen 60/70 and AC14 aggregates utilized
in this investigation are shown in Figure 4. Figure 5 also shows the study’s
entire experimental flowchart, which includes steps for material preparation,
processing, and testing.

Figure 4. Bitumen 60/70 and AC14 aggregates
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Figure 5. Flowchart of the experimental methodology
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ASPHALT MIXTURE DESIGN

The Marshall mix design method was adopted to prepare asphalt mixtures
incorporating SBA as a partial replacement for conventional mineral filler. The
control mixture utilized limestone filler, while modified mixtures incorporated
SBA at replacement levels of 0%, 3%, 6%, 8%, and 10% by total filler weight.
Table 1 summarizes the number of asphalt mixture specimens prepared for each
replacement level, and Table 2 presents the detailed mix design parameters for
all mixtures. The quantities of aggregate, bitumen, and filler are provided in
grams, following standard Marshall mix design procedures. All mixtures were
designed using a nominal aggregate gradation of AC14 and a target bitumen
content of approximately 5% by total mix weight. Aggregates were oven-dried
and heated prior to mixing. Bitumen was heated to approximately 160 °C to
achieve the required viscosity. SBA and conventional filler were dry-mixed with
the heated aggregates before adding bitumen to ensure uniform distribution.
The prepared mixtures were compacted in standard Marshall molds using 75
blows per face to simulate heavy traffic conditions. Figure 6 and Figure 7 depicts
the preparation and compaction process for Marshall specimens.

Table 1. Summary of specimens for mechanical testing of asphalt mixtures

SBA (%) Number of Samples Total Number of
Marshall Stability ITS Samples
0 3 3 6
3 3 3 6
6 3 3 6
8 3 3 6
10 3 3 6
Total Samples 15 15 30

Table 2. Mix proportions of asphalt mixtures with different SBA contents

(SBA %) SBA Content (g) Bitumen Content (q) Aggregate Content (g)
M1 (0%) 0 63.16 1200
M2 (3%) 39.09 63.16 1200
M3 (6%) 80.68 63.16 1200
M4 (8%) 109.91 63.16 1200
M5 (10%) 140.44 63.16 1200

Figure 6. Incorporation of sugarcane bagasse ash (SBA) into the asphalt mixture
through manual mixing to ensure homogeneity
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Figure 7. Marshall specimen preparation prior to testing, including mold filling, air void
removal, and standard compaction

SAMPLE PREPARATION AND CONDITIONING

Cylindrical Marshall specimens were prepared for each filler replacement
level. After compaction, specimens were allowed to cool at room temperature
and subsequently conditioned according to the requirements of each test
method. For Marshall Stability testing, specimens were immersed in a water
bath at 60 °C for 30-45 minutes prior to testing. Figure 8 displays the Marshall
sample placed in the water bath prior to testing, along with the specimen after
being immersed in the bathtub. Figure 9 presents the Marshall specimens that
are prepared for testing. For Indirect Tensile Strength (ITS) testing, specimens
were conditioned at 25 °C to represent typical service temperature conditions.

Figure 9. Marshall specimens after compaction, ready for testing
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MEcHANICAL TESTING

The mechanical performance of the asphalt mixtures was evaluated using
the Marshall Stability test and the Indirect Tensile Strength (ITS) test. Marshall
Stability and flow values were determined in accordance with [28] by applying
a compressive load at a constant deformation rate of 50 mm/min until failure.
The maximum load sustained by the specimen was recorded as the Marshall
stability, providing an indication of load-bearing capacity and resistance to
plastic deformation. Figure 10 shows the Marshall stability testing of an asphalt
mixture with Sugarcane Bagasse Ash (SBA) as filler.

Figure 10. Marshall stability testing of asphalt mixture containing Sugarcane Bagasse
Ash

Figure 11. Indirect Tensile Strength testing of asphalt mixture containing Sugarcane
Bagasse Ash

The ITS test was conducted in accordance with [29] to evaluate tensile strength
and cracking resistance. Specimens were positioned horizontally between
loading strips and subjected to diametral compressive loading at a constant rate
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of 50 mm/min until failure. The maximum load at failure was recorded and used
to calculate the indirect tensile strength. This test was employed to assess the
influence of SBA on the tensile behavior and crack resistance of the asphalt
mixtures. Figure 11 shows the Indirect Tensile Strength testing of an asphalt
mixture with Sugarcane Bagasse Ash (SBA) as filler.

EXxPERIMENTAL FRAMEWORK AND DATA ANALYSIS

All test results were compared against the control mixture containing
limestone filler to evaluate the effectiveness of sugarcane bagasse ash as an
alternative filler. The influence of SBA content on Marshall stability and indirect
tensile strength was analyzed to identify the optimal replacement level. The
experimental framework enabled a direct performance comparison between
SBA-modified and conventional asphalt mixtures under standardized laboratory
conditions.

Table 3. Softening point test result (1)

Temperature (°C)

Timer Reading (Minutes)

Ball 1 Ball 2
0 26.5 26.9
1 26.5 26.5
2 26.6 26.6
3 27.6 27.6
4 27.9 27.9
5 28.1 28.1
o 28.3 28.3
7 20.2 20.2
3 20.8 20.8
o 30.1 30.1
10 30.2 30.2
11 31.7 31.7
12 32.2 32.2
13 32.4 32.4
14 33.3 33.3
15 34.1 34.1
16 35.1 35.1
17 36.2 36.2
18 37.3 37.3
19 38.4 38.4
20 30.4 390.4
21 40.1 40.1
22 41.4 41.4
23 42.0 42.0
24 43.5 43.5
25 44.3 44.3
20 45.6 435.6
27 46.8 48.8
28 a7.7 47.7
29 48.7
30 49.5

RESuLTS AND DISCUSSIONS
BINDER AND AGGREGATE CHARACTERIZATION

The penetration grade 60/70 bitumen used in this study exhibited an average
softening point of 48.6 °C and a mean penetration value of 66 dmm, confirming
its suitability for flexible pavement applications in tropical climates. These
values indicate adequate resistance to temperature-induced softening while
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maintaining sufficient flexibility. The outcomes of the softening point test are
detailed in Table 3 and Table 4. Figure 12 displays a bar chart that compares the
temperatures of Ball 1 and Ball 2, while Figure 13 shows the softening points of
these balls. Table 5 summarizes the penetration values for the bitumen samples,
and the penetration test apparatus is depicted in Figures 14 and Figure 15,
which include a bar chart of the penetration values for the bitumen samples.

Table 4. Softening point test result (2)

Test 1 2

Average

Softening Point (°C) 47.7 49,5

48.6

60
50
40

=}

Temperature (°C)
=]

30

2

1
0

01234567 8 9101112131415161718192021222324252627282930

Timer Reading (Minutes)
mBall1 W Ball 2

Figure 12. Ball 1 and Ball 2’s softening point temperatures

Figure 13. Ball 1 reached the softening point and dropped, while Ball 2 was approaching

it

Table 5. Standard penetration test result

No. of Penetration Penetration (mm) Average
1 54.7 66.7 76.1 66.50
2 72.7 64.5 71.0 69.40
3 56.3 63.2 67.3 62.27
AVERAGE 66.06
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Figure 14. Penetration test apparatus during testing
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Figure 15. Penetration values of bitumen samples

Aggregate quality assessment revealed an Aggregate Impact Value (AIV)
of 18% (Table 6) and an Aggregate Crushing Value (ACV) of 9.39% (Table 7),
demonstrating high resistance to impact and compressive stresses. These
properties ensured that aggregate-related variability did not govern mixture
performance, allowing the effect of Sugarcane Bagasse Ash (SBA) to be clearly

evaluated.

Table 6. Aggregate impact value test result

‘Weight of Aggregate (g)
Aggregate : i
Sample size Before test 2 .‘ﬁierzal:lns?;ve P;?;‘- élllrﬂll“fll ' ]Eg’f)s
(mm) (My) (M3) (Loss) (M3)
A 14-10 312.49 244.29 58.38 18
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Table 7. Aggregate crushing value test result

Sample A
Total mass of surface - dry sample M1 (g) 2573.14
Mass of the fraction passing the 2.36mm test sieve M3 (g) 241.50
Percentage fines (y) Lﬁ x 100 9.39

1

Mean percentage fines (Y) % 9.39
Maximum force recorded (kN) 126
Mean maximum force recorded (X) (kN) 63
Force required to produce 10% fines
(14%) 100 66
(Y +4)

MARSHALL STABILITY AND VOLUMETRIC PERFORMANCE

Marshall stability results showed a clear dependency on SBA content
(Table 8). The control mixture containing limestone filler exhibited stable load-
bearing performance; however, the incorporation of SBA at low replacement
levels significantly enhanced stability. The highest corrected Marshall stability,
approximately 14.7 kN, was achieved at 3% SBA, indicating improved aggregate
interlock and filler-binder interaction. This improvement is attributed to the fine
particle size and high surface area of SBA, which enhanced mastic stiffness and
load transfer within the asphalt matrix.

Table 8. Marshall stability results

SBA  Bulk Specific VMA VFA VIM Stability Flow  Stiffness

(%) Gravity (%) (%) (%) ) (mm)  (N/mm)
0 2.17 16.70 0 16.70 13922.43 4.356 3199.54
3 216 13.42  31.89 13.42 14766.77 4279  3451.85
6 2.13 10.56 54.25 10.56 12809.11 4.318 2967.25
8 2.09 9.88 62.43 9.88 12385.84 4.301 2880.12
10 1.81 19.84 47.46 19.84 10387.86 4.370 2377.63

Beyond 3% SBA, Marshall stability gradually declined. At higher replacement
levels (6-10%), excessive fine particles likely reduced aggregate friction and
disrupted the aggregate-binder balance, resulting in lower resistance to
deformation. Flow values remained within acceptable limits (approximately
4.36-4.37 mm) for all mixtures, indicating that SBA incorporation did not
compromise mixture flexibility. However, stiffness values decreased markedly
at higher SBA contents, confirming that excessive filler reduced mixture rigidity
and structural integrity.

Volumetric analysis further supported these findings. Increasing SBA content
resulted in a reduction in bulk specific gravity and variations in void-related
parameters. Mixtures containing 3% SBA exhibited a favorable balance of air
voids, voids in mineral aggregate (VMA), and voids filled with asphalt (VFA),
promoting adequate densification and durability. In contrast, mixtures with
8-10% SBA showed excessive voids and reduced cohesion, suggesting inefficient
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binder coating and increased susceptibility to performance degradation. Tables
8 present the Marshall stability results, while the trends in Bulk Specific Gravity,
VMA, VFA, VTM, Stability, Flow and Stiffness are illustrated in Figures 16 to 22.

Bulk Specific Gravity with SBA content
2.17
2.2 2.16 213
2.09

& 2.1
g 2
]
o 1.9
] 1.81
g 18
[=7
wr
= 1.7
E I
M 16

0 3 6 8 10

SBA (%)

Figure 16. Variation of bulk specific gravity with SBA content

VMA with SBA content
25
19.84
20 16.7
- 15 13.42
s 10.56 9.88
g 10
5 I
]
0 3 6 8 10
SBA (%)
Figure 17. Variation of VMA with SBA content
VFA with SBA content
70 62.43
60 54.25
47.46
50
S a0 31.89
< 30
& 20
10 0
0
0 3 5] 8 10
SBA (%)

Figure 18. Variation of VFA with SBA content
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VTM with SBA content

25
10.84
20 16.7
= 15 13.42
L) 10.56 9.88
S 10
0
0 3 6 8 10
SBA (%)
Figure 19. Variation of VTM with SBA content
Stability with SBA content
16000 13922.43 14766.77
14000 12809.11 1538584
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& 10000
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=
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Figure 20. Variation of stability with SBA content
Flow with SBA content
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S
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Figure 21. Variation of flow with SBA content
Stiffness with SBA content
3199.54 15185
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Figure 22. Variation of stiffness with SBA content
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INDIRECT TENSILE STRENGTH PERFORMANCE

Indirect Tensile Strength (ITS) results demonstrated a similar trend to
Marshall stability. The control mixture exhibited moderate and consistent
tensile strength, with ITS values ranging between 0.518 and 0.664 MPa. The
addition of 3% SBA significantly enhanced tensile performance, producing the
highest recorded ITS value of 0.727 MPa. This improvement indicates enhanced
crack resistance, likely due to improved filler dispersion and stronger binder-
aggregate bonding facilitated by SBA's silica-rich composition.

At higher SBA contents (=6%), ITS values decreased progressively. Mixtures
containing 10% SBA exhibited the lowest tensile strength, indicating a weakened
internal structure. Excessive SBA likely led to an overabundance of fines, which
hindered effective binder coating and reduced stress distribution across the
aggregate skeleton. These findings highlight the critical importance of optimizing
SBA content to maximize mechanical performance without compromising
mixture cohesion. Figure 23 illustrates the variation of ITS with SBA content.

ITS with SBA content

0.8 0.727

0.518

0.7 0.664
0.59
0.6 0.505 0.502 0.534
0.5 0.478 0.483
0.399
04 0.381 oI0T
0.3
0.162
0.2 0.103
0.1 I0.024I
o -
oo 0 3 3 3 6 6 6 8 8

8 10 10 10

ITS (MPa)

SBA (%)

Figure 23. Variation of ITS with SBA content

Figure 24. SBA sample image prior to SEM analysis

MIcROSTRUCTURAL OBSERVATIONS

Scanning Electron Microscopy (SEM) analysis revealed that SBA particles
possessed an irregular, porous, and rough surface morphology. Such
characteristics enhance mechanical interlocking and binder adhesion at low
replacement levels, explaining the improved performance observed at 3% SBA.
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However, the presence of numerous pores and unreacted particles at higher SBA
contents suggests incomplete integration within the asphalt matrix, contributing
to reduced mechanical strength and increased void concentration. Figure 24
and Figure 25 present the microstructural features of the SBA sample before
and during SEM analysis.

Figure 25. SEM picture displaying the sample’s rough and porous surface shape

OVERALL PERFORMANCE ASSESSMENT AND STATISTICAL SIGNIFICANCE

The combined mechanical, volumetric, and microstructural results indicate
that SBA can effectively function as a partial replacement for conventional
limestone filler when used at an optimal dosage. Low SBA content enhances
mixture stiffness, stability, and tensile resistance through improved filler-binder
interaction, while excessive substitution leads to performance deterioration due
to excessive fines and reduced aggregate interlock.

Although no formal statistical hypothesis testing was conducted, the
variations observed in Marshall stability and indirect tensile strength (ITS)
across different SBA contents exhibited consistent and systematic trends. The
performance enhancement recorded at 3% SBA content was substantially greater
than the inherent variability among replicate specimens, indicating that the
observed improvements were primarily attributable to SBA incorporation rather
than experimental scatter. Conversely, the progressive reduction in mechanical
performance at higher SBA contents (=6%) further confirms the sensitivity of
asphalt mixture behavior to filler dosage. The consistency of these trends across
multiple performance indicators suggests that the influence of SBA content on
asphalt mixture performance is both statistically meaningful and practically
significant.

CONCLUSION

This study evaluated the feasibility of utilizing Sugarcane Bagasse Ash (SBA)
as a sustainable filler in asphalt mixtures by examining its effects on Marshall
stability, volumetric properties, and indirect tensile strength. Based on the
experimental findings, the following conclusions can be drawn:

1. The incorporation of SBA significantly influences the mechanical and
volumetric performance of asphalt mixtures, with performance strongly
dependent on filler content.
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2. An optimum SBA content of 3% by filler weight was identified, providing
the highest Marshall stability and indirect tensile strength while
maintaining acceptable flow and volumetric characteristics.

3. Low SBA content enhances filler-binder interaction, improves aggregate
interlocking, and promotes a denser asphalt matrix, resulting in improved
load-bearing and crack resistance.

4. Excessive SBA substitution (=6%) adversely affects mixture performance
due to excessive fine particles, reduced binder coating efficiency, and
weakened internal structure.

5. Microstructural observations confirm that SBA's porous and irregular
morphology contributes positively to performance at low contents but
becomes detrimental when present in excess.

Overall, Sugarcane Bagasse Ash demonstrates strong potential as an eco-
friendly alternative filler for asphalt mixtures when used at an optimized
proportion. Its application supports sustainable pavement construction by
reducing dependence on conventional mineral fillers and promoting the reuse of
agricultural waste. Future studies should focus on long-term durability, moisture
damage resistance, and field-scale validation to further establish the suitability
of SBA-modified asphalt mixtures under real service conditions.
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