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Abstract. This study explores the influence of basalt fibres incorporation on the fresh and
hardened properties of geopolymer concrete developed from agro-waste ashes—namely rice
husk ash, sugarcane bagasse ash, and cow dung ash. Seven distinct mixes were prepared with
varying basalt fibre contents ranging from 0% to 2.5% by weight. The performance of each mix
was assessed through workability (slump), compressive strength, flexural strength, and split
tensile strength at 7, 28, and 90 days of curing. Results revealed that the inclusion of basalt fibres
significantly improved the tensile and flexural response of the geopolymer matrix up to an
optimum fibre content of 1%. Beyond this threshold, mechanical strength declined. The reference
mix without fibres exhibited the highest slump retention, while higher fibre additions reduced
flowability considerably. Among all combinations, the RSCB-1 mix demonstrated the most
favorable balance between mechanical enhancement and workable consistency. The findings
underscore the potential of combining agricultural waste ashes with optimally dosed basalt fibres
to develop sustainable, high-performance geopolymer concrete suitable for structural
applications.
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1. Introduction

The growing concern over environmental degradation and the rapid depletion of
natural resources has led to an urgent need for sustainable alternatives in the construc-
tion sector. Traditional Portland cement production is associated with high energy
consumption and considerable carbon dioxide emissions, prompting researchers and
engineers to seek eco-friendly binders[1]. Geopolymers have emerged as a promising
class of alternative materials due to their low carbon footprint, excellent durability,
and the ability to incorporate industrial or agricultural waste [2].

Among the various waste-derived materials, rice husk ash, sugarcane bagasse ash,
and cow dung ash have gained attention for their pozzolanic properties and abun-
dance, particularly in regions with large agricultural economies[3-5]. These ashes are
rich in silica and other mineral constituents, which play a crucial role in the geopoly-
merization process, forming strong alumino-silicate networks. Their effective utiliza-
tion not only reduces the load on landfills but also adds value to materials that are
otherwise considered waste [6-8].

In parallel, the addition of fibres to concrete and geopolymer systems has been
known to enhance mechanical properties, particularly tensile and flexural strength.
Basalt fibres, produced from naturally occurring volcanic rock, offer high tensile
strength, thermal stability, and chemical resistance, making them suitable for reinforc-
ing cement-free binders. When properly dispersed, these fibres bridge microcracks
and delay crack propagation, thereby improving the toughness and ductility of the
composite[9-13].
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This study investigates the combined use of agricultural ashes and basalt fibres in
developing a geopolymer concrete system that is both structurally sound and envi-
ronmentally responsible. By varying the fibre content, the research aims to understand
the effect of fibre dosage on workability, compressive strength, flexural strength, and
split tensile strength over multiple curing periods. The outcomes are expected to guide
the formulation of optimized geopolymer mixes for practical and sustainable con-
struction applications.

2. Materials used

The primary constituents employed in the development of the geopolymer concrete
mixes were selected based on their availability, chemical suitability, and environmen-
tal sustainability. A careful combination of industrial by-products and natural rein-
forcements was adopted to meet both performance and ecological objectives. RHA,
obtained from controlled combustion of rice husks, served as a key source of reactive
silica. The ash was finely sieved and used in dry form. Its high amorphous silica con-
tent made it an effective component for the geopolymer binder, contributing to long-
term strength and chemical stability. SBA was collected from sugar manufacturing
units where sugarcane residue is used as a fuel source. Prior to use, it was dried,
ground, and passed through standard sieves to ensure particle size consistency. Rich
in silica and alumina, SBA plays a vital role in the geopolymerization process by
enhancing the binder matrix. Cow dung ash (CDA) was derived from the open-air
burning of sun-dried cow dung cakes. The ash was processed to remove unburnt or-
ganic matter and then sieved for uniformity. Known for its unique blend of minerals,
CDA complements the reactivity of RHA and SCBA and improves the sustainability
quotient of the binder system. A blend of sodium hydroxide (NaOH) and sodium
silicate (Na2SiOs) solutions was used to initiate the geopolymer reaction. The sodium
hydroxide solution was prepared at a specified molarity using laboratory-grade pellets
dissolved in distilled water, while the sodium silicate solution was commercially
sourced with predefined composition. The ratio of the two components was adjusted
based on prior optimization trials to balance workability and strength development.
Natural river sand conforming to standard grading requirements was used as the fine
aggregate. It was clean, free from organic impurities, and ensured adequate flow and
cohesion in the fresh mix. Chopped basalt fibres, cut to a consistent length, were in-
troduced to improve tensile and flexural characteristics. The fibres were dosed by
weight percentage of the binder and mixed gradually to ensure even distribution. Bas-
alt fibres were selected for their natural origin, high tensile strength, and resistance to
chemical and thermal degradation. Table 1 shows the physical and chemical proper-
ties of precursor materials and fibres used.

Table 1: Physical and chemical properties of materials used.

Physical and chemical properties RHA SBA CDA Basalt Fibres
Size (mm) -- -- -- 12 mm
Fineness (Passing 45 um) 3 3.1 34 --
Specific gravity (kg/cm®) 2.12 2.3 2.1 2.6
ALO; (%) 0.19 9 17 18
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Si0, (%) 90.3 64 61 53
Ca0 (%) 0.71 11 9.5 4.8
Fe,0; (%) 0.1 0.6 3.5 9
MgO (%) - 45 - 5
Na,0 (%) - 1.7 - 6.2
TiO, (%) - 0.1 - 2
FeO (%) - - - -
SO; (%) 1.8 — — -
K,0 (%) - 4 — -
P,0s (%) - 1.1 — -
LOI (%) 3.12 2 - -
Others (%) 3.78 2 9 2.27

3. Methodology

This experimental program was structured to examine the effects of basalt fibre in-
corporation on the mechanical and fresh properties of geopolymer concrete synthe-
sized from agro-waste-based binders. The methodology was executed in a series of
controlled steps to ensure consistency and reproducibility across all mix variations.
The ashes—rice husk ash, sugarcane bagasse ash, and cow dung ash—were collected
from local sources. These were subjected to drying, grinding, and sieving through a
75-micron mesh to achieve a uniform fine texture suitable for geopolymer binder
formulation. All materials were stored in airtight containers to avoid moisture absorp-
tion prior to use. The alkaline activator solution was formulated by mixing sodium
hydroxide and sodium silicate in a pre-determined ratio. Sodium hydroxide pellets
were dissolved in distilled water to obtain the required molarity. This solution was
allowed to cool to ambient temperature before blending with the sodium silicate solu-
tion. The prepared activator was stored in sealed containers for at least 24 hours be-
fore usage to stabilize the chemical reaction potential. A base mix was designed with
a fixed ratio of binder to sand and a constant activator-to-binder ratio. Seven different
batches were prepared, each with varying basalt fibre content: 0%, 0.1%, 0.5%, 1%,
1.5%, 2%, and 2.5% by weight of binder. The control mix (RSCBO0) had no fibres,
serving as a benchmark for comparison. Fibres were weighed precisely and manually
distributed into the dry mix to avoid clumping. Dry materials—ashes and fine aggre-
gate—were thoroughly mixed to ensure uniformity. The basalt fibres were added
gradually during this dry mixing phase. After homogeneous distribution was
achieved, the alkaline solution was slowly added while continuously mixing until a
cohesive paste formed. Care was taken to ensure uniform wetting and fibre disper-
sion. Mix design procedure of Mahapara and Gyanendra [14] was followed here in
this study. The fresh geopolymer mix was poured into standard moulds for testing:
cubes (150 mm) for compressive strength, beams (100 mm x 100 mm % 500 mm) for
flexural strength, and cylinders (100 mm diameter X 200 mm height) for split tensile
strength. Each mould was filled in layers and compacted manually and through table
vibration to eliminate entrapped air. Immediately after casting, all specimens were left
undisturbed at room temperature for 24 hours. After demoulding, they were stored
under ambient conditions without heat treatment, to simulate practical on-site curing.
Tests were conducted at 7, 28, and 90 days to assess performance over time.
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3.1. Testing Procedures
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e Slump Test: Performed immediately after mixing to evaluate the workability
of each batch using the standard slump cone.
e Compressive Strength: Measured using a compression testing machine at

specified intervals on cube specimens.

e  Flexural Strength: Evaluated by subjecting beam samples to a third-point
loading test.

e  Split Tensile Strength: Assessed by loading cylindrical specimens along their
diameters until failure.

All procedures were carried out in accordance with relevant IS standards and la-
boratory safety protocols. Results from each test were recorded, analyzed, and com-
pared to identify trends and determine the influence of fibre content on overall per-
formance. Table 2 gives the mix proportions used in this study.

Table 2: Mix proportions.

Mix RSCB | RSCB | RSCB | RSCB | RSCB |RSCB | RSCB
0 0.1 | -0.5 -1 -1.5 -2 2.5
N2,Si0;/

NAOH 2.0 2.0 2.0 2.0 20 | 20 2.0
NaOH (kg/m’) | 66.67 | 66.67 | 66.67 | 66.67 | 66.67 @ 66.67 @ 66.67
Alkaline Acti-

vator/binder 0.4 0.4 0.4 0.4 04 | 04 0.4
content
Na,SiO; (kg/m®) | 133.33 | 133.33 | 133.33 | 133.33 | 133.33 |133.33 | 133.33
Superplasticiz-

or (he/m) 5.0 5.0 5.0 5.0 50 | 5.0 5.0
Extra water 40.0 | 400 | 40.0 | 40.0 | 400 | 400 | 40.0

(kg/m’)

NaOH (M) 12 12 12 12 12 12 12
RHA (kg/m") 200 200 |~ 200 | 200 | 200 | 200 | 200
SBA (kg/m’) 150 150 150 150 150 | 150 150
CDA (kg/m’) 150 150 150 150 150 | 150 150
Basalt Fibres 0 264 | 132 | 264 | 396 | 52.8 66

(kg/m”)

Coarse Aggre- 1056 | 1026 = 1026 = 1026 | 1026 | 1026 | 1026
gates (kg/m”)
Fine Aggregates 555 | 555 555 555 | 555 | 555 | 555

(kg/m®)
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4. Results and Discussion
4.1. Workability

The Figure 1 presents the variation in slump over time for several geopolymer
concrete compositions formulated with a combination of Rice Husk Ash (R), Sugar-
cane Bagasse Ash (S), Cow Dung Ash (C), and varying proportions of Basalt
Fibres (B). These mixes, coded from RSCBO0 to RSCB2.5, were evaluated at different
time intervals—O0, 20, 40, 60, and 80 minutes—to assess their workability retention
characteristics. At the initial time mark (0 minutes), the reference mix RSCBO0 (with-
out basalt fibres) exhibited the highest slump value, indicating superior initial flowa-
bility. As basalt fibres were introduced incrementally from 0.1% up to 2.5% by
weight of binder, a progressive decline in slump was observed across all time inter-
vals. This reduction in slump can be attributed to the inherent absorptive capacity
and surface area of basalt fibres, which tend to restrict the free movement of parti-
cles in the fresh mix and draw in a portion of the mix water or alkaline solution [3],

(4], [15].

180
W RSCBO W RSCB-0.1  mRSCB-0.5 RSCB-1

160 m RSCB-1.5 m RSCB-2 mRSCB-2.5
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Figure 1: Workability of the mixes.

The most prominent drop in workability was seen in the RSCB2.5 mix, especial-
ly evident by the 80-minute mark, where the slump dropped significantly below that
of all other mixes. This trend indicates that at higher fibre dosages, the mixture be-
comes increasingly stiff over time, thereby reducing its usability period and requiring
either additional mixing energy or workability-enhancing admixtures for practical
applications[16-17]. It is also evident that the rate of slump loss over time is steeper
as the fibre content increases. For instance, between 0 and 80 minutes, the slump re-
duction in RSCBO is modest, maintaining a relatively workable consistency, whereas
in RSCB2.5, the loss is drastic, suggesting that higher fibre content accelerates the
stiffening process of the mix[18-21].
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4.2. Compressive strength

From Figure 2 the compressive strength data across 7, 28, and 90 days reveal an
insightful trend concerning the influence of basalt fibre dosage in geopolymer compo-
sites made with rice husk ash (R), sugarcane bagasse ash (S), and cow dung ash (C).
The reference mix RSCBO, without any fibres, sets the baseline, showing moderate
strength gain over time. However, the addition of basalt fibres, even in small amounts,
alters the performance significantly. As the basalt fibre content increases up to 1% by
weight (RSCB-1), a clear improvement in strength is observed at all curing ages. This
enhancement is most notable at 90 days, where the mix peaks in performance, indicat-
ing that 1% fibre content provides optimal crack-bridging, matrix integrity, and inter-
nal load distribution. This synergistic interaction likely enhances the interfacial bond
between the binder matrix and fibres, leading to more effective stress transfer[22-
25].Beyond this optimum (i.e., mixes RSCB-1.5, RSCB-2, and RSCB-2.5), the
strength begins to decline.

70 m Compressive strength (7 days, MPa)
m Compressive strength (28 days, MPa)

60 = Compressive strength (90 days, MPa)

o |“ |“ “‘ “| “‘ ||| II|

RSCBO RSCB-0.1 RSCB-0.5 RSCB-1 RSCB-1.5 RSCB-2 RSCB-2.5
Mixes

Compressive strength (MPa)
w B w
=] o =]

)
=]

[
=}

Figure 2: Compressive strength of the mixes

The excessive fibre dosage possibly leads to fibre clustering, poor dispersion, and
increased internal voids, all of which compromise the integrity of the hardened ma-
trix. These defects likely interrupt the continuity of the geopolymer gel network,
thereby hindering its strength-gaining potential. Notably, RSCB-2.5 records the low-
est compressive strength across all test durations, showing that excessive fibre incor-
poration adversely affects both ecarly-age and long-term performance[26-
28].Interestingly, while all mixes continue to gain strength from 7 to 90 days, the rate
of strength development is more pronounced in fibre-containing mixes up to 1%, after
which the gains taper off or stagnate. This observation implies that controlled fibre
inclusion enhances not just the peak strength but also the curing kinetics, particularly
the development of the aluminosilicate network that characterizes geopolymer con-
cretes[29-31].
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4.3. Flexural strength

The variation in flexural strength across the RSCB series, measured at 7, 28, and
90 days, in Figure 3 provides a clear picture of how fibre content influences the bend-
ing performance of geopolymer composites composed of rice husk ash, sugarcane
bagasse ash, and cow dung ash, along with different proportions of basalt fibres.
Initially, the reference mix RSCBO, which contains no fibres, displays modest flexural
strength that increases with curing age. However, the incorporation of fibres brings
about a significant enhancement, particularly up to 1% fibre content (RSCB-1). This
mix stands out with the highest flexural strength at all curing ages, reaching a peak of
over 5 MPa at 90 days.

6 m Flexural strength (7 days, MPa)
m Flexural strength (28 days, MPa)
W Flexural strength (90 days, MPa)

0 |“ “| “| ‘|| ‘|| ||‘ |||

RSCBO RSCB-0.1 RSCB-0.5 RSCB-1 RSCB-1.5 RSCB-2 RSCB-2.5

Flexural Strength (MPa)
o w S

[

Mixes

Figure 3: Flexural strength of the mixes

This suggests that 1% basalt fibre strikes an effective balance, offering enough re-
inforcement to bridge microcracks and resist tensile forces while still allowing good
fibre dispersion and matrix bonding[20], [32-35].Beyond the 1% level, the perfor-
mance begins to taper. In RSCB-1.5, the strength remains high but slightly lower than
RSCB-1. This minor dip hints at the onset of fibre saturation, where too many fibres
may start to hinder optimal matrix flow and packing. In mixes with 2% and 2.5%
fibre content, the flexural strength drops more noticeably. The reduction can be at-
tributed to fibre clumping, poor orientation, and increased void content, all of which
undermine the tensile stress distribution capabilities of the composite[3], [4], [23],
[33].

4.4. Split tensile strength

The graphical data presented in Figure 4 illustrates how the inclusion of basalt fi-
bres influences the split tensile strength of geopolymer mixes derived from rice husk
ash, sugarcane bagasse ash, and cow dung ash. The results are presented across three
curing durations: 7, 28, and 90 days. The general pattern shows that moderate inclu-
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sion of fibres enhances tensile resistance, but excessive quantities may have adverse
effects. Starting with the control mix RSCBO, the values show a steady increase from
early to late age, indicating that the geopolymerization process continues to contribute
positively to strength development[25, 36-37]. Upon adding fibres at a 0.1% dosage
(RSCB-0.1), there is a visible improvement in all curing stages. This increase sug-
gests that even a minimal amount of fibres begins to impact the material's ability to
resist tensile forces by forming micro-reinforcement bridges within the matrix. As
fibre content increases to 0.5% and then 1%, the tensile performance improves fur-
ther, reaching its maximum at RSCB-1, which exhibits the highest split tensile
strength values across all time points.

m Split tensile strength (7 days, MPa) m split tensile strength (28 days, MPa)
m Split tensile strength (90 days, MPa)

0 |“ “‘ “‘ ‘|| “| I|| II|

RSCBO RSCB-0.1 RSCB-0.5 RSCB-1 RSCB-1.5 RSCB-2 RSCB-2.5

Split tensile strength (MPa)
w IS

]

[

Mixes

Figure 4: Split tensile strength of the mixes

The role of fibres in these mixes is clearly beneficial—acting as internal bridges
that inhibit crack propagation and allow the matrix to carry greater tensile loads be-
fore failure. The RSCB-1.5 mix, though slightly less effective than RSCB-1, still
maintains relatively high tensile strength. This indicates that the system tolerates a
moderate fibre increase beyond the optimal point without drastic compromise. How-
ever, a noticeable decline starts with RSCB-2 and becomes more prominent in RSCB-
2.5. These reductions in performance suggest that excessive fibre content leads to
disruption in uniform fibre distribution, the creation of voids, and impaired compac-
tion, all of which diminish the structural integrity of the hardened geopolymer
matrix[3, 37-38]. For sustainable development further research could be enhanced
using modern Al and ML [39-43]. Also the techniques like Taguchi and RSM could
be used along with for optimizations [44-48].

Conclusion

e Among all the mixes studied, the blend containing 1% basalt fibres (RSCB-
1) consistently delivered the most balanced and enhanced performance
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across all mechanical properties. It showed notable improvements in com-
pressive, flexural, and tensile strength while maintaining acceptable worka-
bility.

The initial inclusion of basalt fibres in small amounts improved matrix integ-
rity by effectively distributing stress and bridging microcracks. This was ev-
ident in the strength gains observed up to the 1% level. Beyond this, howev-
er, fibre overloading resulted in poor dispersion and increased internal voids,
reducing strength and workability.

Workability decreased as fibre content increased. The control mix (RSCBO0)
maintained the highest slump values over time, while the RSCB-2.5 mix
showed rapid slump loss. This suggests that higher fibre content leads to re-
duced flow and stiffening of the fresh mix due to fibre entanglement and in-
creased internal friction.

All mixes exhibited progressive strength development with time, confirming
ongoing geopolymerization even at later ages. The 90-day strength values for
RSCB-1 remained the highest, indicating long-term durability potential when
optimal fibre content is maintained.

Excessive fibre content (2% and 2.5%) did not contribute to further mechan-
ical benefits. Instead, it compromised both strength and workability, high-
lighting the importance of controlling fibre dosage in geopolymer systems.

Overall, a fibre content of 1% by binder weight emerged as the most effective propor-
tion, achieving a strong balance between durability, mechanical performance, and
practical workability for geopolymer concrete produced from agro-industrial ashes.
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