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Engineering characteristics of
agro-residue-based geopolymer
concrete with fibre reinforcement

Govind Ravish! & Mahapara Abbass?™*

The creation of eco-friendly construction materials by utilising agro-industrial by-products presents
a promising approach to lowering the carbon emissions of the building industry. This research
explores the engineering behaviour of geopolymer concrete formulated with sugarcane bagasse ash,
rice husk ash, and cow dung ash as aluminosilicate sources, further strengthened with basalt fibres
in varying amounts (0-2.5%). A wide range of experiments was performed to assess mechanical
performance (compressive, flexural, and split tensile strengths) and durability characteristics (chloride
ion penetration, water absorption, and resistance to acid attack) over curing periods extending

to 180 days. Results exhibited a clear parabolic relationship with fibre content, identifying an
optimum dosage near 1% basalt fibre. The compressive strength increased from 50 to 62 MPa (24%
improvement), flexural strength from 4.4 to 5.8 MPa (32% increase), and split tensile strength from
3.7 to 4.8 MPa (30% gain) at 180 days. Durability indicators also improved at the optimum fibre
dosage: water absorption decreased from 8 to 5%, acid attack-induced mass loss reduced from 38 to
6%, and RCPT values dropped from 3100 to 1600 C, shifting chloride penetrability from moderate to
low. However, fibre contents above 1.5% led to reduced workability, fibre clustering, and increased
permeability. ANOVA confirmed the dominance of the quadratic fibre effect, with Fibre? contributing
50-62% of the total variation across responses. Overall, the study demonstrates that basalt fibre—
reinforced agro-waste geopolymer concrete not only satisfies structural and durability requirements
but also advances sustainable construction by converting waste into resources and reducing
dependency on Portland cement.

Keywo rds Agro-waste valorisation, Geopolymer concrete, Fibre reinforcement, Sustainable construction,
Strength and durability, Circular economy, Low-carbon building materials

The increasing demand for sustainable and environmentally friendly construction materials has intensified
the search for alternatives to Ordinary Portland Cement (OPC), which is responsible for a significant portion
of global carbon emissions'™. Geopolymer concrete has emerged as a promising low-carbon alternative,
synthesised through the alkali activation of alumino-silicate-rich materials®~!°. While conventional geopolymer
research has primarily focused on industrial by-products such as fly ash and GGBFS!!~!%, this study introduces a
novel approach by utilizing a ternary blend of agricultural and organic wastes viz; sugarcane bagasse ash (SCBA),
rice husk ash (RHA), and cow dung ash (CDA), as the primary binder material. These wastes, rich in silica and
alumina, offer a viable and eco-friendly solution by reducing landfill burden and promoting resource circularity.
In addition, the incorporation of basalt fibre, known for its high tensile strength and chemical stability!**-22, is
explored to enhance the mechanical and durability performance of the developed geopolymer concrete.

The performance of geopolymer concrete is significantly influenced by several processing and environmental
factors, among which the curing regime, type and concentration of alkaline activator, and precursor composition
play critical roles. The curing temperature and duration directly impact the rate of geopolymerization, where
elevated temperatures often accelerate the dissolution of aluminosilicate species and enhance the early-age
strength development!*?3-28, Additionally, the concentration of sodium hydroxide (NaOH) solution influences
the alkalinity of the activating medium; higher molarity enhances the reactivity of precursors but may also lead
to rapid setting and reduced workability29‘31. The choice of alkaline activator, such as NaOH, sodium silicate, or
their combinations, affects the polymerization kinetics and the final gel structure, thereby influencing mechanical
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and durability properties®*-**. Other factors such as the liquid-to-solid ratio, precursor fineness, Si/Al ratio, and
mixing conditions also govern the microstructural development, pore structure, and overall performance of the
hardened geopolymer matrix**~*%. Hence, optimizing these parameters is essential to achieve a balance between
mechanical strength, workability, and long-term durability in geopolymer concrete systems.

The novelty of this research lies in the combined use of three distinct agro-industrial waste materials in a
geopolymer matrix reinforced with basalt fibre, a combination not widely studied in existing literature. The
investigation comprehensively evaluates the effect of varying basalt fibre content (0-2.5%) on workability,
strength characteristics, and long-term durability. The study fills a critical research gap by not only proposing
a sustainable binder system but also optimising fibre dosage to balance fresh and hardened state performance.

The objectives of this research are fivefold: first, to develop geopolymer concrete using a ternary blend of
SCBA, RHA, and CDA as a cement replacement material; second, to incorporate basalt fibre at varying dosages
and assess its impact on slump retention and workability; third, to evaluate the mechanical performance through
compressive strength, flexural strength, and split tensile strength at 7, 28, 90, and 180 days; fourth, to assess the
durability of the mixes using water absorption, weight loss under chemical attack, and rapid chloride penetration
tests (RCPT); and finally, to identify the optimal mix that offers the best combination of strength and durability
for potential application in sustainable construction. Through this integrated approach, the study contributes to
the advancement of green building materials while promoting waste utilization, circular economy principles,
and climate-resilient infrastructure.

Materials used

The materials utilized in this study for the development of GPC included a combination of industrial and
agricultural by-products, chemical activators, and reinforcing agents. SCBA (specific surface area of 23 m?/g),
RHA (specific surface area of 40 m?/g), CDA (specific surface area of 39 m?/g) were employed as the primary
aluminosilicate source materials due to their high silica and alumina contents. These ashes were obtained through
controlled combustion, followed by sieving to ensure uniform particle size and reactivity. The alkaline activator
solution was prepared using a mixture of sodium hydroxide (NaOH) and sodium silicate (Na,SiO,), with the
NaOH solution formulated at 16 molar concentrations. The ratio of sodium silicate to sodium hydroxide was
maintained constant to ensure consistency in gel formation across mixes. Basalt fibres, derived from volcanic rock
processing, were incorporated in different dosages (ranging from 0.1 to 2.5% by weight of binder) to enhance the
mechanical strength, ductility, and crack resistance of the geopolymer matrix. Crushed granite with a maximum
size of 20 mm and locally sourced river sand were used as coarse and fine aggregates, respectively, conforming
to IS: 2386 and IS:383 (2016) specifications. Water was used for the preparation of the alkaline solutions and
mixing to prevent any impurities from affecting the chemical reactions. All raw materials were characterised for
their chemical and physical properties provided in Table 1, and these tests were done by Raicon Labs Sonepat, to
confirm their suitability for geopolymer concrete production. Figure 1 shows the grading curves of the materials.

Methodology

The experimental methodology was systematically designed to develop and evaluate basalt fibre-reinforced
geopolymer concrete using a ternary blend of agro-industrial ashes. The process included material preparation,
mix design, casting, curing, and comprehensive testing of both fresh and hardened properties. Initially, the
binder materials such as SCBA, RHA, and CDA were collected, oven-dried to remove moisture, and sieved
through a 75 um mesh to ensure uniform particle size distribution. The ashes were combined in a fixed ratio of
40:30:30 (SCBA:RHA: CDA) by weight. Basalt fibres (12 mm in length) were incorporated at varying dosages
of 0%, 0.1%, 0.5%, 1%, 1.5%, 2%, and 2.5% by weight of the the GPC to assess their influence on performance

Physical and chemical properties | SBA | RHA | CDA | Basalt fibres
Size (mm) - - - 12 mm
Fineness (Passing 45 um) 3 3 3.3 -
Specific gravity (kg/cm?) 231 (214 |22 |26
ALO, (%) 9 018 |18 |18
SiO, (%) 64 90 60 53
CaO (%) 11 0.7 9.5 4.8
Fe,0, (%) 06 |01 |35 |9
MgO (%) 45 |- - 5
Na,O (%) 17 |- - 6.2
TiO, (%) o1 |- |- |2

FeO (%) - _ _ -

SO, (%) - s |- |-

K,0 (%) 4 |- |- |-

P,0, (%) L1 |- - -

LOI (%) 2 312 |- -
Others (%) 2 478 |9 227

Table 1. Physical and chemical properties of materials used.

Scientific Reports |

(2026) 16:5585 | https://doi.org/10.1038/s41598-026-36190-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Cumulative Passing (%)

100

80

60

20

Grading Curves for SCBA, RHA, CDA, Fine and Coarse Aggregates

SCBA

—e— RHA

—e— CDA

—e— Fine Aggregate
—e— Coarse Aggregate
—=~ 1S Zone Il Min (Fine Agg)
=== IS Zone Il Max (Fine Agg)
=== 1S Min (Coarse Agg)
—==- IS Max (Coarse Agg)

10t 10° 107t
Sieve Size (mm)

Fig. 1. Grading curves of the materials.

characteristics. The alkaline activator solution was prepared by mixing 16 M sodium hydroxide solution with
sodium silicate in a ratio of 1:2.5 by weight. This solution was prepared 24 h in advance to allow for thermal
stabilisation and proper dissolution. Dry mixing of ashes, aggregates, and fibres was mixed for 2 min, followed
by the gradual addition of the activator solution and further mixing for another 5 min to achieve a uniform GPC
matrix. Concrete specimens were cast in steel moulds of standard sizes for different tests: 100 x 100 x 100 mm
cubes for compressive strength, 100 x 100 x 500 mm beams for flexural strength, and 100 x 200 mm cylinders for
split tensile strength and RCPT.

The fresh properties were evaluated immediately after mixing using the slump cone test to assess workability.
Specimens were demoulded after 24 h and cured at elevated temperature for 48 h followed by ambient curing
temperature (27+2 °C) for 7, 28, 90, and 180 days. Mechanical tests, including compressive, split tensile, and
flexural strength, were conducted as per IS 516:2018. Durability tests involved water absorption measurement
(as per ASTM C642), weight loss under acid exposure (12-week immersion in 5% H,SO, solution), and Rapid
Chloride Penetration Test (RCPT) following ASTM C1202 to assess chloride ion permeability. All results
were compared across different mixes to determine the optimum fibre dosage that enhances strength and
durability without compromising workability. The methodology ensured a robust and replicable approach to
validating the performance of sustainable geopolymer concrete derived from agricultural waste and basalt
fibre reinforcement®*~*!. Table 2 and Fig. 2 show the mix design and some images from experimentation of the
geopolymer blends.

Results and discussion
This section explains the influence of various industrial and agro-waste constituents on the strength development,
permeability resistance, and overall performance of the synthesized geopolymer concrete.

Workability

The slump retention behaviour of various GPC mixes incorporating SCBA, RHA, CDA, and basalt fibres is
illustrated in the Fig. 3. SRCBO represents the control mix with no basalt fibre, while SRCB-0.1 to SRCB-2.5
represent mixes with increasing basalt fibre content (from 0.1% to 2.5%). SRCB-1, denotes a geopolymer mix
composed of 40% SCBA, 30% RHA, 30% CDA, and 1% basalt fibre, with similar proportions applied to the
other respective fibre dosages. The results demonstrate a consistent decline in slump across all mixes over time,
reflecting the expected loss in workability due to ongoing polymerization reactions and water loss through
evaporation®>~#>. At the initial time (0 min), all mixes exhibit relatively high slump values, indicating good
fresh-state workability. However, as the time interval extends from 0 to 80 min, there is a marked reduction in
slump values for all mixes, with more pronounced declines observed in mixes containing higher percentages
of basalt fibre. Specifically, SRCB-2 and SRCB-2.5 exhibit the highest slump reductions, likely due to increased
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Mix SRCBO | SRCB-0.1 | SRCB-0.5 | SRCB-1 | SRCB-1.5 | SRCB-2 | SRCB-2.5
RHA (kg/m?) 150 150 150 150 150 150 150
SBA (kg/m?®) 200 200 200 200 200 200 200
CDA (kg/m?) 150 150 150 150 150 150 150
Basalt Fibres (kg/m?) 0 2.64 13.2 26.4 39.6 52.8 66
Coarse Aggregates (kg/m?) 1025 1025 1025 1025 1025 1025 1025
Fine Aggregates (kg/m?) 556 556 556 556 556 556 556
Na,SiO, / NaOH 2.0 2.0 2.0 2.0 2.0 2.0 2.0
NaOH (kg/m?) 67 67 67 67 67 67 67
Alkaline Activator/binder content | 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Na,SiO, (kg/m?) 133 133.33 133.33 133.33 133.33 133.33 133.33
Superplasticizer (kg/m?) 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Extra water (kg/m?) 30.0 30.0 30.0 30.0 30.0 30.0 30.0
NaOH (M) 16 16 16 16 16 16 16

Table 2. Mix proportions.

fibre content causing internal friction and restricting flowability'#?0-22. SRCB-0.5 and SRCB-1 maintain better
slump retention compared to mixes with higher fibre dosages, suggesting that moderate incorporation of basalt
fibres enhances structural cohesion without significantly compromising workability. In contrast, the control
mix (SRCB0), which contains no fibre, retains higher slump across the entire period, indicating minimal
resistance to flow but potentially lacking in post-setting performance benefits like crack resistance or tensile
reinforcement**¢-%. These findings suggest that while the inclusion of basalt fibres can enhance mechanical
properties and durability, excessive fibre content can adversely affect the workability of geopolymer concrete.
Therefore, an optimal dosage around 0.5-1% basalt fibre appears to provide a balanced trade-off between fresh
state workability and long-term performance enhancements, supporting the development of more sustainable
and high-performance geopolymer systems using agricultural and organic waste by-products.

Compressive strength

Figure 4 illustrates the compressive strength development of various geopolymer concrete mixes. Compressive
strength was evaluated at 7, 28, 90, and 180 days to assess both early-age and long-term performance. The
results demonstrate that compressive strength increases with curing time for all mixes, reflecting the progressive
geopolymerization and structural densification over time***0->% The control mix (SRCB0), which contains
no basalt fibre, reaches approximately 50 MPa at 180 days, indicating a good base performance due to the
synergistic reactivity of the ternary ash blend®®**>>%¢, With the addition of basalt fibre, the compressive strength
shows a marked improvement up to SRCB-1, which achieves the highest compressive strength at all curing
ages, peaking at over 62 MPa at 180 days. This enhancement can be attributed to the microcrack-bridging
ability and confinement effect of basalt fibres, which improve the load-bearing capacity and matrix integrity of
the concrete®”>8, Beyond 1% fibre content, however, a noticeable decline in compressive strength is observed.
Mixes SRCB-1.5, SRCB-2, and especially SRCB-2.5 show reduced strength values, particularly at early ages. This
reduction is likely due to fibre agglomeration, increased porosity, and reduced workability leading to inadequate
compaction and weaker interfacial bonding!42%4>5%0, The lowest performance is recorded for SRCB-2.5, which
remains below 40 MPa even after 180 days. Therefore, the results confirm that the inclusion of basalt fibre up to
an optimal dosage of 1% significantly enhances the compressive strength of geopolymer concrete derived from
agricultural and organic wastes.

Flexural strength

Figure 5 presents the flexural strength development of GPC mixes (SRCB0 to SRCB-2.5). Flexural strength was
assessed at 7, 28, 90, and 180 days to evaluate both short-term and long-term flexural performance. Across all
mixes, flexural strength increases steadily with curing time, affirming the continued polymerisation and structural
enhancement in the geopolymer matrix®”*162, The control mix (SRCBO), without any basalt fibre, achieves a
maximum flexural strength of approximately 4.4 MPa at 180 days. As basalt fibre is introduced, a significant
improvement in flexural strength is observed, particularly in SRCB-0.5 and SRCB-1, which outperform all other
mixes. SRCB-1 records the highest flexural strength of nearly 5.8 MPa at 180 days, indicating that 1% basalt fibre
content optimally contributes to crack-bridging, load distribution, and energy absorption mechanisms within
the composite3+6363-%, Although SRCB-1.5 also performs well, showing only a slight difference compared to
SRCB-1, further increases in fibre content to 2% and 2.5% result in a decline in flexural strength. SRCB-2 and
SRCB-2.5 exhibit reduced performance, particularly at early ages, which can be attributed to poor workability,
fibre clustering, and inadequate dispersion that hinders uniform stress transfer across the matrix!4>147:67:68,
These mixes still perform better than the control in the long term but are less efficient in converting fibre content
into flexural gain.
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(e) Brocken specimens 2 (f) Brocken specimens 3

Fig. 2. Sample images of fibrous GPC blends.

Split tensile strength

Figure 6 illustrates the split tensile strength development of geopolymer concrete mixes (SRCBO to SRCB-2.5).
The strength was measured at 7, 28, 90, and 180 days to assess both early-age and long-term tensile performance.
The results indicate that tensile strength improves with age for all mixes due to progressive geopolymerization
and matrix densification. The control mix (SRCB0) without basalt fibre shows a steady increase from around
3.0 MPa at 7 days to approximately 3.7 MPa at 180 days. With the inclusion of basalt fibre, a notable enhancement
in split tensile strength is observed, particularly in mixes SRCB-0.5 and SRCB-1, which attain the highest values
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Fig. 3. Workability of fibrous GPC blends.

across all curing durations. SRCB-1, with 1% basalt fibre, reaches a peak tensile strength of approximately 4.8
MPa at 180 days, demonstrating the positive role of fibres in bridging microcracks and improving tensile stress
distribution within the geopolymer matrix'#°-72. However, mixes with higher fibre content, namely SRCB-
1.5, SRCB-2, and SRCB-2.5, exhibit a gradual decline in strength. This decline becomes significant in SRCB-
2.5, which records the lowest tensile strength across all ages, likely due to fibre balling, increased voids, and
compromised compaction caused by excessive fibre volume®®72-74,

Water absorption

Figure 7 illustrates the water absorption characteristics of various GPC mixes (SRCBO to SRCB-2.5). The
control mix (SRCB0), which contains no basalt fibres, shows a relatively high water absorption of approximately
8%, indicating a more porous microstructure. As basalt fibre is introduced, a progressive reduction in water
absorption is observed, with SRCB-1 achieving the lowest value of around 5%. This can be attributed to the
fibre’s ability to enhance matrix densification, reduce pore connectivity, and bridge microvoids, thereby limiting
the ingress of water!*>%7>-77_ The mixes SRCB-0.1, SRCB-0.5, and SRCB-1 consistently demonstrate improved
resistance to water absorption compared to the control, suggesting that fibre addition up to 1% enhances
impermeability. However, beyond the optimal dosage, water absorption increases sharply. Mixes SRCB-1.5,
SRCB-2, and especially SRCB-2.5 exhibit significantly higher absorption rates, with SRCB-2.5 exceeding even
the control mix. This increase is likely due to poor workability, fibre agglomeration, and resulting voids caused by
excessive fibre content, which create discontinuities in the matrix and compromise compaction quality”!7>76.787%,

Acid resistance

Figure 8 illustrates the weight loss (%) over 12 weeks for GPC mixes (SRCBO to SRCB-1) exposed to an aggressive
environmental condition (acidic medium). The mix (SRCB2.5), exhibits the highest weight loss, reaching nearly
38% by the 12th week. This significant deterioration reflects its lower resistance to chemical degradation due to
its relatively porous matrix and balling of reinforcement. In contrast, the addition of basalt fibres significantly
enhances the resistance to weight loss. SRCB-1, which contains 1% basalt fibre, demonstrates the lowest weight
loss, stabilising around 6%, indicating superior structural integrity and chemical durability. Intermediate mixes
like SRCB-0.1 and SRCB-0.5 show progressive improvements in performance, with weight losses ranging
between 8 and 11% by the 12th week. These mixes reflect a transition from poor to enhanced durability as fibre
content increases. The improved performance in fibre-reinforced mixes up to the optimum level is due to better
matrix densification, crack-bridging ability of basalt fibres, and reduced ingress of aggressive agents through
refined pore structures”%80-%

Rapid chloride ion penetration
Based on the RCPT values provided for the different geopolymer concrete mixes (SRCBO to SRCB-2.5), the
results clearly demonstrate the influence of basalt fibre dosage on the chloride ion penetrability and durability
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Fig. 4. Compressive strength of fibrous GPC blends.

performance of the composites. The control mix SRCBO, with no basalt fibre, exhibits a moderate chloride ion
penetrability with an RCPT value of 3100 Coulombs, indicating a relatively porous structure vulnerable to
chloride ingress. As basalt fibres are introduced, there is a noticeable improvement in resistance up to a certain
threshold. Mixes SRCB-0.1, SRCB-0.5, and especially SRCB-1 show progressive enhancement in performance,
with SRCB-1 achieving the lowest RCPT value of 1600 Coulombs, classified as low chloride ion penetrability.
This improvement is attributed to the crack-bridging action of basalt fibres and matrix densification, which
reduce permeability and enhance durability’®~%*. However, as the basalt fibre content increases beyond 1%,
performance begins to decline. While SRCB-1.5 still maintains a moderate to low penetrability rating at 2800
Coulombs, the mixes SRCB-2 and SRCB-2.5 register high chloride ion penetrability, with values of 4100 and
4300 Coulombs, respectively. These results align with the previously observed trends in water absorption and
chemical resistance, suggesting that excessive fibre content leads to fibre agglomeration, reduced workability,
and increased void formation, all of which contribute to higher permeability?*'%. Table 3 shows the RCPT
results of the various mixes of fibrous GPC blends.

SEM analysis

Figure 9 shows the 180 days cured scanning electron microscopy (SEM) images of the basalt fibre-reinforced
geopolymer concrete (GPC) mixes, each incorporating a ternary binder blend of SCBA (40%), RHA (30%), and
CDA (30%) demonstrate how varying basalt fibre content (0.1-2.5%) influences the fibre-matrix interaction
and overall microstructural integrity. The control mix (SRCB0) without basalt fibre shows a relatively porous
microstructure with unrestrained matrix shrinkage cracks. The absence of fibre bridging leads to a less cohesive
matrix, offering lower resistance to crack propagation and fluid ingress. No fibre-matrix interface is present,
confirming the inferior mechanical and durability behaviour noted in test results!*2%*221%90_ In SRCBO.1, the fibres
appear well bonded with the matrix, and minimal surface debris or agglomeration is observed. However, due
to the low fibre content, bridging networks are sparse, which limits the crack-arresting efficiency despite clean
encapsulation. SRCBO0.5 exhibits improved bonding density, with a noticeable increase in matrix adhesion and
partial fibre coverage by reaction products, suggesting better interfacial development and mechanical interlock.
The micrographs of SRCB1, the optimal mix, clearly show uniformly distributed basalt fibres embedded within a
dense, compact geopolymer matrix. The fibres exhibit surface roughness with embedded gel particles, indicating
both chemical bonding and physical interlock. No signs of debonding, micro-cracking, or fibre pull-out are
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Fig. 5. Flexural strength of fibrous GPC blends.

visible, which directly supports the superior compressive, tensile, and durability performance observed for this
mix*®4710L102 The matrix surrounding the fibres appears pore-free and continuous, reflecting optimal fibre
dispersion and compatibility with the reactive gel phase. In SRCB1.5, although some level of matrix adhesion
and encapsulation is still evident, early signs of fibre clustering begin to appear. There are occasional voids and
regions where matrix contact appears incomplete, likely due to increased viscosity and reduced workability
during casting. These defects may initiate microcracks under stress, contributing to the observed decline in
performance beyond a 1% fibre content. The deterioration becomes more pronounced in SRCB2 and SRCB2.5,
where fibre agglomeration is significant. SEM images show loosely packed bundles, entrapped air voids, and
uneven bonding across the interface. Some fibres appear exposed, with insufficient matrix coverage, suggesting
poor wetting and hindered geopolymer gel formation around the fibres?!%%7%103:104 Thegse flaws create weak
zones, increasing porosity and permeability, which align with the observed rise in water absorption, chemical
degradation, and RCPT values.

Regression analysis

Regression analysis was performed to establish quantitative relationships between the compressive strength of
geopolymer concrete and its associated mechanical and durability properties, including flexural strength, split
tensile strength, and water absorption. The square root of the 28-day compressive strength was used as the
independent variable, in line with established correlations in geopolymer systems. Both linear and quadratic
regression models were evaluated to assess the suitability of predictive relationships, with coeflicients of
determination (R?) employed as indicators of goodness of fit. The analysis validates compressive strength as
a key predictor of other performance parameters. By comparing results across multiple curing ages (7, 28, 90,
and 180 days), the study highlights the progression of strength correlations over time and their implications for
structural design and durability optimization of agro-waste-based geopolymer concrete.

Relationship between 7-day flexural strength and the square root of 28-day compressive strength

The regression analysis between the square root of 28-day compressive strength and the 7-day flexural strength
demonstrates a strong correlation, with the linear regression model yielding a high coefficient of determination
(R?=0.908) as shown in Fig. 10. This indicates that more than 90% of the variability in flexural strength can be
explained by the compressive strength of the mixes, establishing compressive strength as a reliable predictor of
flexural performance. The observed data points closely follow the regression line, validating the accuracy of the
model. Although both linear and quadratic trends were evaluated, the linear model provides a simpler and robust
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Fig. 7. Water absorption of fibrous GPC blends.
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Mix RCPT value (Coulombs) | Chloride ion penetrability
SRCBO 3100 Moderate

SRCB-0.1 | 3000 Moderate

SRCB-0.5 | 2400 Moderate to low

SRCB-1 1600 Low

SRCB-1.5 | 2800 Moderate to low

SRCB-2 4100 High

SRCB-2.5 | 4300 High

Table 3. RCPT test of fibrous GPC blends.

fit, suitable for practical applications in predictive modeling of geopolymer concrete properties. The positive
slope further reflects that an increase in compressive strength consistently enhances flexural strength, which is
expected due to the improved matrix—fibre interaction and densification of the geopolymer microstructure. This
correlation underscores the material’s suitability for structural applications where both compressive and flexural
performance are critical. Equation 1 shows the relationship between the 7-day flexural strength of fibrous GPC
specimens and the square root of 28-day compressive strength.

FS7 = 0.735v CS28 — 1.073 (1)

Relationship between 28-day flexural strength and the square root of 28-day compressive strength

The regression analysis between the square root of 28-day compressive strength and the 28-day flexural strength
reveals a strong positive correlation, with the linear model achieving an R? value of 0.890 as shown in Fig. 11.
This indicates that nearly 89% of the variation in flexural strength can be attributed to compressive strength,
confirming the predictive reliability of compressive strength for flexural behavior in geopolymer concrete. The
alignment of most data points with the regression line highlights the robustness of the linear fit, though slight
deviations are observed at lower strength ranges. While the quadratic model attempts to capture minor non-
linear trends, the linear regression remains sufficiently accurate and more practical for engineering applications.
The results demonstrate that as compressive strength increases, flexural strength improves consistently due to
enhanced geopolymer gel formation, better fibre-matrix bonding, and overall densification of the microstructure.
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Fig. 9. SEM images of 180-day-cured fibrous GPC blends.

This strengthens the case for using compressive strength as a reliable indicator for flexural performance in mix
design optimization. Equation 2 shows the relationship between the 28-day flexural strength of fibrous GPC
specimens and the square root of 28-day compressive strength.

FS28 = 0.846v CS28 — 1.306 (2)
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Fig. 10. Variation of 7-day flexural strength to the square root of 28-day compressive strength.

Relationship between 90-day flexural strength and the square root of 28-day compressive strength

The regression relationship between the square root of 28-day compressive strength and the 90-day flexural
strength confirms a strong linear dependency, with an R? value of 0.852 as shown in Fig. 12. This indicates
that approximately 85% of the variability in flexural strength is governed by compressive strength, reflecting
a reliable predictive link even at extended curing periods. The clustering of data points along the regression
line demonstrates good agreement, though minor deviations at higher strength levels suggest microstructural
heterogeneity or fibre dispersion effects over time. The quadratic fit provides only marginal improvement
compared to the linear model, reaffirming the sufficiency of linear regression for practical use. The positive
correlation highlights that continued geopolymerization and fibre-matrix interactions enhance both compressive
and flexural properties, even beyond standard curing durations. This result validates the long-term structural
potential of agro-waste-based geopolymer concretes, establishing compressive strength as a dependable indicator
of flexural performance at 90 days. Equation 3 shows the relationship between the 90-day flexural strength of
fibrous GPC specimens and the square root of 28-day compressive strength.

FS90 = 0.874v CS28 — 1.168 (3)

Relationship between 180-day flexural strength and the square root of 28-day compressive strength

The regression analysis between the square root of 28-day compressive strength and the 180-day flexural
strength again confirms a strong linear correlation, with an R? value of 0.852 as shown in Fig. 13. This shows that
about 85% of the variation in long-term flexural strength can be explained by compressive strength, validating
compressive strength as a consistent predictor across extended curing durations. The regression line closely
follows the observed data, with only minor scatter at higher strength levels, possibly due to micro-cracking, fibre
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Fig. 11. Variation of 28-day flexural strength to the square root of 28-day compressive strength.

orientation, or long-term curing effects. Interestingly, the linear and quadratic models exhibit nearly identical
fits, indicating that the relationship remains fundamentally linear even at 180 days. The findings suggest that as
geopolymer concrete continues to cure, both compressive and flexural strengths improve in tandem, reinforcing
the durability and structural viability of agro-waste-based geopolymer systems over long service lives. Equation 4
shows the relationship between the 180-day flexural strength of fibrous GPC specimens and the square root of
28-day compressive strength.

FS180 = 0.872v CS28 — 0.857 (4)

Relationship between 7-day split tensile strength and the square root of 28-day compressive strength

The regression relationship between the square root of 28-day compressive strength and the 7-day split tensile
strength shows a moderate-to-strong correlation, with an R? value of 0.787 as shown in Fig. 14. This indicates
that nearly 79% of the variability in tensile strength can be explained by compressive strength, establishing a
reasonably strong predictive link even at early ages. The observed data points generally follow the regression
line, though there is slightly higher scatter compared to flexural strength correlations, reflecting the inherent
variability of tensile strength in geopolymer concrete. While the quadratic fit captures some of the curvature at
lower strength ranges, the linear model remains sufficiently reliable for practical applications. The positive trend
suggests that improvements in compressive strength translate into proportional gains in split tensile capacity,
driven by enhanced matrix densification and improved fibre-binder bonding. However, the lower R? compared
to flexural correlations highlights that tensile behavior is more sensitive to microstructural discontinuities and
fibre distribution at early curing stages. Equation 5 shows the relationship between the 7-day tensile strength of
fibrous GPC specimens and the square root of 28-day compressive strength.
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Fig. 12. Variation of 90-day flexural strength to the square root of 28-day compressive strength.

TS7 = 0.534v CS28 — 0.368 (5)

Relationship between 28-day split tensile strength and the square root of 28-day compressive strength

The regression analysis between the square root of 28-day compressive strength and the 28-day split tensile
strength yields an R? value of 0.781, showing that approximately 78% of the variation in tensile strength can
be explained by compressive strength. Similar to the 7-day trend, the data exhibits greater scatter compared
to flexural strength regressions, reflecting the higher variability associated with tensile capacity in geopolymer
concrete as shown in Fig. 15. The linear regression line provides a reasonably good fit, while the quadratic
model captures minor deviations at lower compressive strength values. The positive relationship suggests
that as compressive strength improves, tensile strength also increases consistently, driven by continued
geopolymerization and matrix densification at 28 days. However, the slightly lower R? compared to flexural
strength indicates that tensile behavior remains more sensitive to fibre distribution, microcracks, and interfacial
bonding effects. Overall, compressive strength can be used as a predictor for split tensile performance, but
with caution due to higher variability. Equation 6 shows the relationship between the 28-day tensile strength of
fibrous GPC specimens and the square root of 28-day compressive strength

TS28 = 0.532v CS28 — 0.26 (6)

Relationship between 90-day split tensile strength and the square root of 28-day compressive strength

The regression analysis between the square root of 28-day compressive strength and the 90-day split tensile
strength demonstrates a moderately strong correlation, with an R? value of 0.763 as shown in Fig. 16. This
indicates that around 76% of the variation in tensile strength is explained by compressive strength, slightly
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Fig. 13. Variation of 180-day flexural strength to the square root of 28-day compressive strength.

lower than the correlations observed for flexural strength. The data shows noticeable scatter, particularly at
higher strength values, reflecting the sensitivity of tensile performance to factors such as fibre orientation,
micro-cracks, and matrix heterogeneity that become more pronounced over longer curing periods. While
both linear and quadratic fits align reasonably well with the observed data, the linear model provides a simpler
and sufficiently accurate predictive relationship. The positive slope confirms that continuous improvements
in compressive strength also enhance tensile capacity, although the predictive accuracy is somewhat weaker
compared to flexural correlations. This highlights that while compressive strength can be used to estimate split
tensile strength, variability must be accounted for in long-term performance predictions. Equation 7 shows
the relationship between the 90-day tensile strength of fibrous GPC specimens and the square root of 28-day
compressive strength

TS90 = 0.556v CS28 + 0.099 (7)

Relationship between 180-day split tensile strength and the square root of 28-day compressive strength

The regression analysis between the square root of 28-day compressive strength and the 180-day split tensile
strength indicates a consistent relationship, with an R? value of 0.765 as shown in Fig. 17. This suggests
that around 77% of the variability in tensile strength can be predicted from compressive strength, which is
comparable to the results observed at 90 days. The data distribution shows moderate scatter, particularly at
higher compressive strength values, reflecting the inherent variability of tensile properties in geopolymer
concretes. Both linear and quadratic models provide nearly identical fits, with the linear regression offering a
simpler and more practical predictive approach. The positive slope confirms that tensile strength continues to
increase in parallel with compressive strength over extended curing periods. However, the lower R? compared to
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flexural strength correlations reinforces that tensile strength is more sensitive to microstructural heterogeneity
and fibre orientation, even at long-term curing. These results validate compressive strength as a useful but not
absolute predictor of tensile performance in geopolymer systems. Equation 8 shows the relationship between the
180-day tensile strength of fibrous GPC specimens and the square root of 28-day compressive strength

TS180 = 0.584v CS28 + 0.246 (8)

Relationship between 28-day water absorption and the square root of 28-day compressive strength

The regression analysis between the square root of 28-day compressive strength and water absorption (%)
after 28 days of curing demonstrates a clear negative correlation, with an R? value of 0.751 as shown in Fig. 18.
This indicates that about 75% of the variation in water absorption can be explained by compressive strength.
The observed trend shows that as compressive strength increases, water absorption decreases significantly,
highlighting the role of improved matrix densification and reduced pore connectivity in high-strength
geopolymer concretes. The linear regression line captures this inverse relationship well, while the quadratic
model only provides marginal adjustments at lower compressive strengths. The scatter in the data, particularly at
mid-strength ranges, may be attributed to differences in fibre dispersion, curing uniformity, and microstructural
heterogeneity. Overall, the results confirm that stronger mixes exhibit lower permeability and water absorption,
which directly enhances durability and long-term performance. This establishes compressive strength not only
as a predictor of mechanical performance but also as an indirect indicator of durability in geopolymer concrete
systems. Equation 9 shows the relationship between the 28-day cured specimens’ water absorption of fibrous
GPC specimens and the square root of 28-day compressive strength. Table 4 shows the ANOVA results of the
study.
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Fig. 15. Variation of 28-day tensile strength to the square root of 28-day compressive strength.

WA28 = —1.478v CS28 + 16.897 9)

The ANOVA results validate the significant role of basalt fibre dosage in governing both the mechanical and
durability performance of geopolymer concrete. Across all responses, the quadratic term (Fibre?) recorded the
highest percentage contribution (50-62%), confirming the parabolic behaviour of properties with fibre addition.
This indicates that while modest increments in fibre content improve matrix densification and crack resistance,
exceeding the optimum (1%) leads to fibre clustering, void formation, and loss of workability, ultimately reducing
performance.

For compressive, flexural, and tensile strengths, the quadratic effect dominated (56-60%), while the linear
effect explained 30-47%. Residual errors were consistently low (<10%), reflecting high statistical reliability.
These outcomes show that fibres improve load transfer and crack bridging effectively up to 1% dosage, after
which the adverse influence of poor dispersion outweighs the benefits.

The durability parameters (RCPT, water absorption, and acid resistance) exhibited similar nonlinear
behaviour. Fibre? explained 50-62% of the variation, with RCPT and water absorption showing slightly higher
residuals (20-24%) due to the intrinsic variability of durability tests. Acid resistance achieved the strongest
statistical fit, with Fibre? contributing over 61%, highlighting that the optimum fibre level substantially improves
resistance to chemical degradation.

Therefore, the ANOVA confirms that the quadratic effect is the dominant factor across all properties,
consistently identifying 1% fibre as the optimum dosage. This statistical validation not only corroborates the
experimental results but also underscores the robustness of the approach in predicting geopolymer concrete
performance. The overall discussion insights of this study are provided in Table 5.
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Fig. 16. Variation of 90-day tensile strength to the square root of 28-day compressive strength.

Conclusion
This study established the engineering and durability performance of agro-waste-based geopolymer concrete
reinforced with basalt fibre. The following key conclusions can be drawn:

1.

2.

The incorporation of sugarcane bagasse ash, rice husk ash, and cow dung ash as binders provided a sustain-
able alternative to cement, enabling effective utilization of agro-residues.

Basalt fibre addition exhibited a parabolic influence on all measured properties, with an optimum dosage of
1%. At this level, compressive, flexural, and tensile strengths improved by up to 20 to 25% compared with the
control, while RCPT values, water absorption, and acid loss were significantly reduced.

Higher fibre contents (> 1.5%) led to clustering and voids, resulting in a decline in both mechanical strength
and durability.

ANOVA analysis confirmed that the quadratic effect of fibre dosage dominated (50-62% contribution)
across all responses, statistically validating the optimum performance at ~ 1% fibre.

. The findings demonstrate that basalt fibre-reinforced agro-waste geopolymer concrete is a viable and

eco-friendly construction material, combining mechanical efficiency, durability, and sustainability.

Future scope

The findings of this study open up several promising directions for future research and practical application.
While the use of SCBA, RHA, and CDA in combination with basalt fibre has demonstrated significant
improvements in mechanical and durability properties of geopolymer concrete, further investigations are
essential to realise its full potential. Long-term durability studies under real-world exposure conditions, such
as marine environments, freeze-thaw cycles, and carbonation, will help validate the performance of these

Scientific Reports |

(2026) 16:5585

| https://doi.org/10.1038/s41598-026-36190-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Split tensile strength (180 days, MPa)

O Observed
5.0000 = Linear
0 — Quadratic
o  F?Linear=0765
45000
4.0000
3.5000
3.0000 T T T T T T
4.5000 5.0000 5.5000 6.0000 6.5000 7.0000 7.5000

Square root of 28 days compressive strength (Mpa)

Fig. 17. Variation of 180-day tensile strength to the square root of 28-day compressive strength.

composites in diverse climatic regions. Additionally, microstructural analysis using techniques like SEM, XRD,
and CT scanning can provide a deeper understanding of fibre-matrix interactions, pore structure refinement,
and crack propagation resistance. Exploring hybrid fibre systems and the integration of machine learning for
mix optimization could further enhance the strength and functional properties of the material. The potential use
of these sustainable mixes in 3D printing applications also offers an innovative path toward rapid, low-carbon
construction technologies. Field-scale trials and structural performance evaluations will be crucial for assessing
constructability and scalability. Moreover, life cycle assessment (LCA) and carbon footprint analysis should be
undertaken to quantify the environmental benefits over conventional cement concrete. Finally, the development
of dedicated technical standards and codal provisions for fibre-reinforced geopolymer concrete made with agro-
waste will play a key role in facilitating its adoption in mainstream construction.
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Response Source | SS Adj SS DF | F Value | p-value | % Contribution
Fibre 122.758 122.758 1 18.49 0.013 32.94
Compressive strength (MPa) | Fibre? 223374 | 223374 |1 33.64 0.004 59.94
Residual | 26.561 26.561 4 - - 7.13
Fibre 1.543 1.543 1 44.80 0.003 46.99
Flexural strength (MPa) Fibre? 1.603 1.603 1 46.54 0.002 48.82
Residual | 0.138 0.138 4 - - 4.20
Fibre 0.899 0.899 1 17.83 0.013 36.00
Split tensile strength (MPa) | Fibre? 1.397 1.397 1 27.69 0.006 55.92
Residual | 0.202 0.202 4 - - 8.08
Fibre 1,225,486 | 1,225,486 | 1 4.30 0.107 26.02
RCPT (Coulombs) Fibre? 2,344,871 | 2,344,871 | 1 8.23 0.046 49.78
Residual | 1,140,277 | 1,140,277 | 4 - - 24.21
Fibre 4.428 4.428 1 6.53 0.063 32.83
Water absorption (%) Fibre? 6.346 6.346 1 9.36 0.038 47.06
Residual | 2.711 2.711 4 - - 20.11
Fibre 203.050 203.050 1 2392 0.008 32.84
Acid loss (%) Fibre? 381.216 381.216 1 44.90 0.003 61.66
Residual | 33.958 33.958 4 - - 5.49
Table 4. ANOVA results.
Property Observed trend across fibre dosage Discussion insights
Workability Workability decreases as fibre content increases, with a steep Increqsed internal fliiction anq fibre interlocking red}}:cz% gowabilityA Similar
reduction beyond 1.5% behaviour reported in fibre-reinforced GPC systems'**
Compressive strength Strengt&'l increases from 0 to 1% fibre content, then declines Basalt fibres enhanfze crack—b{idging an'd load transsf7eir5 ;at low dosages; excessive
at>1.5% fibres cause clustering and voids, reducing strength

Rises significantly up to 1%, slightly drops at 1.5%, declines sharply | Optimum fibre dispersion at 1% improves energy absorption and post-crack

Flexural strength at2-2.5% behaviour; high fibre content reduces stress transfer efficiency®*¢+¢”

Tensile strength is highly sensitive to fibre orientation and matrix bonding; over-

. . . . o .
Split tensile strength | Parabolic trend: peak at 1%, reduction thereafter reinforcement causes weak zones and fibre pull-out®-7!

. Drops from control to 1% (dense microstructure), rises significantly | Fibre densification reduces pore connectivity; void formation and agglomeration
Water absorption

above 1.5% at higher dosages increase permeability’>7>7¢
. . Lowest deterioration (6%) at 1% fibre; severe degradation (38%) Improved integrity of optimally reinforced matrix resists sulphuric acid; poor
Acid resistance . Lo . . 70,84,88
at 2.5% matrix cohesion in high-fibre mixes accelerates leaching and mass loss”*%*
RCPT Low for 1% fibre (1600 C), increases sharply for 2-2.5% mixes Enhanced matrix sealing at optimal fibre content; fibre balls increase chloride
(4100-4300 C) pathways when dosage exceeds 1%71:9%4
Mi SRCBI1 shows dense gel matrix and strong fibre bonding; SRCB2- Microstructure correlates directly with mechanical and durability trends;
icrostructure ¢ . A . e . L. 20,46,101
2.5 show agglomeration, voids, and weak interfaces uniform distribution is critical for performance**®
ANOVA statistical Fibre? term contributes 50-62% across all responses; residual Confirms that the behaviour is parabolic with an optimum at 1%; excessive fibre
behaviour error<10% content consistently deteriorates performance [ANOVA Table]
Overall behaviour Optimum performance consistently at 1% basalt fibre Reinforcement improves matrix behaviour only within a narrow dosage 14,4560

window, aligning with literature recommendations for GPC fibre systems

Table 5. Overall discussion of the study.
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