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Abstract

This study investigates the influence of chemical treatment and fiber content on the mechanical and durability
properties of sisal fiber-reinforced one-part geopolymer mortar (OP-GPM) incorporating a ternary binder system
of diatomite, feldspar, and ground granulated blast furnace slag (GGBS). Sisal fibers were treated with 0.5%,
5%, and 10% NaOH solutions for 2 and 24 h and incorporated at 0.5-2% by binder weight. The workability,
compressive strength (CS), flexural strength (FS), split tensile strength (STS), ultrasonic pulse velocity (UPV),
water absorption, and chemical resistance were evaluated. Optimal performance was achieved with 1% fiber
content and fibers treated with 5% NaOH for 2 h, leading to a 15% increase in CS (54 MPa) and notable
improvements in FS (8.62 MPa) and STS (5.88 MPa). Alkali treatment significantly enhanced fiber crystallinity
and tensile strength, with a 208% reduction in fiber water absorption. However, excessive fiber content (>1%)
reduced workability and mechanical performance. Regression analysis showed strong correlations between the
strength properties. The study confirms that properly treated sisal fibers improve the mechanical and durability
performance of OP-GPM, offering a sustainable alternative to conventional reinforcement in geopolymer composites.
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1 Introduction alternatives are being developed by experts in an effort

to lessen the dependency on Portland cement.

The expanding need for infrastructure development
has resulted in a surge in the requirement for Portland
cement, a major source of greenhouse gas emissions.
India accounts for almost 8% of the global cement
production capacity, positioning it as the second-
largest cement producer globally, following China.
India contains many places with potentially
substantial amounts of limestone, which is important
for the manufacture of cement. About 2.8 tonnes of
ingredients, comprising fuel as well as additional
resources, are required to make one tonne of Portland
cement, which also produces 5-10% of dust. Each
tonne of one-part geopolymer emits 1 tonne of CO;
[1], [2]. By 2025, the cement sector in India is
anticipated to grow by about 80 million tonnes. Many

Geopolymers (GP) are one of them, which uses zero
cement. A French scientist Joseph Davidovits coined
the term “geopolymer™. It is an effective process that
creates a hard mass by using raw materials comprised
of silica and alumina in combination with an activator
[3]. Commonly employed raw materials include fly
ash, GGBS, metakaolin, rice husk ash, and others. A
multitude of work has been done to evaluate the
effectiveness of GPs that use different types of binders
[4]-[6]. The majority of the research’s conclusions
supported the usage of GP as a Portland cement
substitute in construction [7]-[10]. It provides a
desirable alternative for conventional industrial uses
in which a significant amount of garbage must be
stabilised [11].
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Despite being a good substitute, its quick setting
time, requirement for high temperatures to cure,
absence of appropriate standards, use of hazardous
chemicals, etc., prevent it from being utilized
extensively as a cementitious material. The main
challenge in the practical application of GP lies in the
use of harmful chemical solutions [12]. Consequently,
researchers are currently directing their attention
towards one-part GP, a substance that can be created
simply by adding water, similar to cement concrete.
Nevertheless, the tensile strength and FS of these
materials are low [13]. Thus, one technique to
improve the strength is fiber reinforcement. Different
varieties of fibers, including synthetic and natural
fibers, can be employed to enhance the TS of cement-
based materials [14]-[18]. Natural fibers have been
increasingly investigated as eco-friendly
reinforcement materials in  cementitious and
geopolymeric composites, primarily due to their
renewability, biodegradability, and capacity to
enhance tensile and flexural properties through crack-
bridging mechanisms. Among the various natural
fibers, sisal fiber has gained attention for its high
tensile strength, moderate modulus of elasticity, and
good compatibility with alkaline matrices [19], [20].

The effectiveness of fiber reinforcement in a
brittle matrix such as geopolymer mortar depends on
several factors, including fiber type, content,
orientation, and notably, fiber length. Fiber length
plays a critical role in determining the quality of stress
transfer across the fiber-matrix interface, which
directly impacts mechanical performance. If the fibers
are too short, they may not provide sufficient bridging
across cracks; conversely, excessively long fibers are
prone to entanglement, non-uniform dispersion, and
reduction in workability [21]. Therefore, an optimal
fiber length is essential to ensure a balance between
mechanical enhancement and mix processability.
Several studies have reported favorable results using
short sisal fibers in the range of 10 to 20 mm.
Onuaguluchi and Banthia emphasized that natural
fibers within this length range contributed effectively
to energy dissipation and enhanced post-cracking
ductility in cement-based materials without severely
compromising workability [22]. Similarly, Toledo
Filho et al., found that 10 mm sisal fibers exhibited
improved durability and homogeneity in composite
mixtures, compared to longer fibers, which often
induced mixing difficulties and voids due to clustering
[23]. In geopolymer-based systems, Savastano et al.,
demonstrated that sisal fibers with 10 mm length,

when  uniformly  dispersed, enhanced both
compressive and flexural strength by improving
microcrack resistance and increasing energy
absorption capacity. They also noted that longer fibers
posed difficulties in mixing and uniform distribution
due to the inherently viscous nature of geopolymer
pastes [24].

Based on these findings, the current study adopts
a sisal fiber length of 1 c¢cm, which falls within the
range demonstrated to be effective for mechanical
reinforcement in cementitious and geopolymeric
systems. This choice is further supported by
preliminary trials conducted during this research,
where longer fiber lengths resulted in poor dispersion,
reduced workability, and visible fiber clumping,
undermining the consistency and structural integrity
of the mix.

However, using natural fibers can also come with
its own set of problems, like fiber deterioration [25].
Various techniques are adopted to prevent the
deterioration of natural fibers. It has been discovered
that treating natural fibers with alkali effectively stops
them from degrading [26], [27]. Wei and Meyer
observed that decreasing the alkalinity of the pore
solution can help slow down the deterioration of fibers
[28]. Edeerozey et al., discovered that alkali treatment
greatly enhanced the mechanical characteristics of
kenaf fibers [29]. The benefits of alkali treatment for
natural fiber composites were emphasised by Sahu et al.,
[30] and Narayana et al., [31]. These benefits included
higher water absorption resistance, stronger adhesion
with polymers, and increased strength. Alkali
treatment is a potential technique for maintaining the
integrity of natural fibers, according to the aggregate
findings of these investigations.

The effectiveness of alkali treatment is highly
dependent on the concentration of NaOH used.
Mwaikambo and Mwaikambo and Ansell reported
that low concentrations (typically <1%) may result in
insufficient surface modification, while excessively
high concentrations (>10%) can lead to pronounced
fiber degradation, including excessive delignification
and weakening of mechanical integrity [32].

Optimal concentrations generally lie in the range
of 3% to 7%, where improved mechanical interlocking
and moderate defibrillation  occur  without
compromising fiber strength [33], [34]. In this context,
the present study adopts three strategically selected
NaOH concentrations: 0.5%, 5%, and 10%,
representing a mild, moderate, and aggressive level of
chemical modification. The 0.5% level was chosen to
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explore the minimal threshold for surface cleaning
without significantly altering fiber morphology. The
5% level represents an intermediate value frequently
reported in literature to yield enhanced fiber—matrix
interaction with minimal structural compromise.
Finally, 10% was selected to study the upper limit of
fiber tolerance to alkali treatment, where significant
surface roughening and possible structural breakdown
are expected. This tri-level approach facilitates a
comprehensive understanding of how varying alkali
intensities influence the mechanical, microstructural,
and durability behavior of geopolymer mortar
reinforced with natural fibers.

The efficiency of alkali treatment is influenced
not only by NaOH concentration but also by the
treatment duration. Short treatment times may only
partially clean the fiber surface, whereas extended
durations can lead to more profound structural
changes, including partial defibrillation or degradation
of fiber integrity [35], [36]. Thus, selecting treatment
times that represent both moderate and extended
exposure is critical for understanding the balance
between surface modification and potential fiber weakening.

In this study, treatment durations of 2 h and 24 h
were selected to represent two distinct regimes of fiber
modification: a moderate short-term treatment (2 h)
aimed at removing surface impurities and enhancing
fiber roughness, and a long-term treatment (24 h)
intended to investigate the extent to which deeper
chemical alterations affect fiber performance and
matrix interaction. This dual-time selection is
consistent with literature ranges where alkaline
treatment durations vary widely, from 30 min to 48 h,
depending on fiber type, NaOH concentration, and
target application [37], [38]. For instance,
Mwaikambo and Ansell reported significant changes
in sisal fiber morphology and mechanical performance
between 1 h and 24 h treatments using NaOH,
highlighting the critical effect of treatment duration
[32]. Also, the preliminary analysis on short-term
treatment was conducted for 1, 2, and 3 h, in which the
optimum fiber modifications were observed for 2-hour
treatment. Hence, this study fixed 2 h as the short-term
treatment and 24 h as the long-term treatment.

The present study examines the impact of alkali
treatment and fiber content on the characteristics of
sisal fiber-reinforced OP-GPM. The precursor
consisted of a mixture of diatomite, feldspar, and
GGBS. Diatomite powder is a finely milled material
obtained from the long-preserved remnants of
diatoms, which are microscopic unicellular algae in

water. Diatoms gradually collect in the sediment of
rivers, lakes, and seas. The powder consists of 80—
90% silica, which is a naturally occurring material
present in several organisms, including plants and
people. Studies on GP utilizing diatomite have
demonstrated encouraging outcomes. A research done
by llkentapar et al., found that the incorporation of
diatomite to GP mortars significantly improved their
flexural and CS, as well as their abrasion resistance
[39]. The progress of the microstructure and strength
properties of GP pastes was observed by Santos et al.,
with the incorporation of diatomite [40]. Kipsanai et al.,
highlighted the capacity of diatomaceous earth, a
variant of diatomite, to produce eco-friendly and
lightweight construction materials [41]. Feldspar is a
collective term for a category of crystalline minerals
composed of aluminium silicates combined with
potassium, sodium, calcium, or barium. These
minerals are abundant in rock formations and are the
primary constituents of prominent rock varieties such
as granites and gabbros. Being a siliceous material,
feldspar has the potential to act as a binder in GP. It
has been observed that geopolymers derived from
feldspar, specifically albite and anorthite, demonstrate
notable characteristics such as elevated CS and fire
resistance [42], [43]. GGBS, commonly referred to as
slag cement, is a residual material received as a
byproduct in the process of iron production within
blast furnaces. Due to its pozzolanic and hydraulic
qualities, it is a highly valued supplemental
cementitious material that plays a crucial role in
sustainable construction methods [44]. The oxide
composition of GGBS exhibits variability contingent
upon the origin of the slag, although it generally
comprises silicates, aluminates, and several other
minor elements. The main constituents of GGBS
consist of silica (SiO,), alumina (Al;O3), and lime
(Ca0), in addition to lesser quantities of magnesium
oxide (MgO), iron oxide (Fez03), and various
impurities. The reactivity and performance of GGBS
in concrete mixtures are influenced by the amounts of
these ingredients. GGBS serves as the primary
substance in GPC, where it undertakes a chemical
reaction with an activator solution to create a 3D
network of aluminosilicate gel. The presence of a gel
matrix in the concrete mixture serves to enhance
binding and cohesion, comparable to the role of CSH
gel in concrete made with Portland cement. Studies on
GP composed of GGBS have demonstrated
encouraging outcomes. As per the work conducted by
Lavanya et al., an elevated amount of GGBS in
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geopolymer bricks resulted in enhanced CS and
improved characteristics [45]. In the same vein,
Saludung et al., found that the CS of GP paste
exhibited an upward trend as the quantity of GGBS
increased [46]. The work done by El-Hassan et. al.,
delved deeper into the effect of process factors on the
functionality of GP composites blended with fly ash
and GGBS. The outcomes revealed that the final
product may be improved by employing particular
curing processes [47]. Rao et al., examined the
utilization of GGBS in GPC by including steel fibers,
resulting in a notable improvement in the mechanical
characteristics [48]. These investigations indicate that
GGBS has the ability to serve as a crucial component
in producing high-performance GP materials.

This study addresses a significant research gap
regarding the impact of sisal fiber reinforcement on
the structural development and properties of one-part
GPs. The results shared here clarify how sisal fibers
impact the mechanical properties and structure of this
eco-friendly building material. By incorporating
natural fibers, the research contributes to reducing the
reliance on Portland cement, thus promoting both
sustainability and enhanced performance of one-part
GPs. Additionally, the type and volume fraction of
natural fibers were found to significantly affect the
strength and internal structure properties of the GP.
The innovation of this study lies in creating new
formulations that take into account the relationship
between the amount of dispersed sisal fibers and the
properties of one-part GPs derived from diatomite,
feldspar, and GGBS. This approach offers a promising
pathway to reducing the ecological effects of building
materials, aligning with the broader goal of
sustainable building practices.

2 Materials and methods
2.1 Precursor characterizations

In this work, a combination of diatomite, feldspar and
GGBS plays the role of binder. Diatomite was
procured from Haritson Minitech Pvt Ltd, Jaipur,
India. Shri Giriraj Mineral, Rajasthan, India, provided
the feldspar. GGBS was obtained from JSW cement,
Calicut, Kerala. Diatomite is distinguished by its
substantial amount of silica, usually more than 80%,
and low density. It is frequently finely powdered and
utilized in a variety of industrial applications,
including filtration, adsorbents, abrasives, and as a
part of brick and concrete compositions [49]-[55].

The diatomite used in this work contains 88% silica
and 6% alumina. Feldspar, which is a rock forming
mineral, was used as an additional source of alumina
and it contained 61.19% silica and 15.12% alumina.
GGBS contained 34% SiO2, 17% Al,O; and 37%
CaO. Table 1 denotes the chemical composition and
Figure 1 depicts the SEM image of the raw materials.
Diatomite's microstructure primarily consists of
plate-shaped diatoms. Some particles were rod-
shaped, possibly indicating the presence of
aluminosilicate and organic remnants [56].

Table 1: Oxides present in raw materials.

Chemical Composition (%6)

Element -
SIOZ A|203 F9203 CaO NaZO Kzo
Diatomite 88 6 1 15 - -
Feldspar 61.19 15.12 0.7 35 9.2 8.6
GGBS 34 17 0.6 37 -

Figure 1: SEM image of a) diatomite b) feldspar ¢) GGBS.
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2.2 Aggregate

The mortar was made using fine aggregate composed
of M sand particles with sizes less than 4.75 mm.
Figure 2 displays the particle size distribution of fine
aggregate, while Table 2 presents the parameters of
fine aggregate. The aggregate is classified under zone II.

1009 ——Fine aggregate P

+ +Lower limit (1S 383-1970) 7
— — Upper limit (IS 383-1970) /

80

60

% finer

40

20

0.01 0.1 10
Sieve size (mm)

Figure 2: Particle size distribution of fine aggregate.

Table 2: Specifications of fine aggregate.

Parameter Result
Water absorption 0.7%
Fineness modulus 25

Specific gravity 2.56

Bulk density 1.7 kg/l

2.3 Activator

The activators employed in the development of the
one-part GP mix consisted of commercially available
sodium hydroxide (NH) with a purity level of 98% and
sodium silicate (SS). Based on prior experiments, the
concentration of activator was established at 10% by
weight of the binder, while the ratio of SS/NH was
determined to be 1.5.

2.4 Fiber preparation

Sisal fiber obtained from the Eco green unit,
Coimbatore was used as the reinforcing material. The
fibers underwent a rigorous washing process using
distilled water to eliminate any contaminants. After
that, it is dried in sunlight and combed to make it

isolated and straight. The adopted fiber length was 1

cm and the fiber contents adopted were 0.5%, 1%,

1.5%, and 2% by weight of binder. Figure 3 shows the
raw sisal fiber.

S A

Figure 3: Raw sisal fiber.
2.5 Fiber treatment

The fiber was treated by immersing it in NH solutions
with concentrations of 0.5, 5, and 10% for durations
of 2 h and 24 h. By selecting 2 h and 24 h durations,
we intended to explore both early-stage and late-stage
modifications, thereby capturing the influence of
alkali exposure on fiber-matrix compatibility across a
meaningful range of structural transformation. The
treated fibers were then washed with purified water to
eliminate any remaining NH and were kept in an oven
set to 70 degrees for 24 hours. Table 3 displays the
treatment done for fiber. Figures 4 and 5 depict the
fiber having a 1 cm length and fiber treatment,
respectively.

Table 3: Parameters for fiber treatment.
SI No Treatment Time (h) NH percentage
0.5
1 2 5
10
0.5
2 24 5
10

Figure 4: Fiber with 1 cm length.
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Figure 5: Treatment of fiber.

2.6 Mixture preparation

Based on some trials, the ratio of diatomite, feldspar,
and GGBS was fixed at 70:10:20. To make diatomite
more reactive, it was calcined at 600 °C for two hours
in a muffle furnace. Water-cement ratio was
maintained at 0.45. Activator dosage was maintained
as 10% by weight of binder and the ratio of SS/NH
was taken as 1.5. The ratio of aggregate to binder was
kept at 3. The precursors, sand, fiber, and activators
were combined in a mortar mixer for 3 min to achieve
a consistent blend. The superplasticizer and water
were then added and mixed for at least 3 min until a
consistent paste was achieved. The fresh paste was
used to check the workability of the mix. Figure 6
represents the methodology for mortar preparation.

Ball milling

Figure 6: Mixing of one-part geopolymer.
2.7 Analysis of sample’s properties
2.7.1 Water absorption

In order to obtain a uniform weight, 3 g of both treated
and untreated fibers were collected and dehydrated in
an oven at 80 °C for 24 h. Afterward, the fibers were
allowed to remain at room temperature for 24 hours in
distilled water. After taking the samples out of the
water, they were wiped to remove any excess moisture
and the final weight was noted. Equation (1) was
employed to determine the water absorption capacity
of fibers.

(wi-w2)

Wa (%) = T X 100 (1)

Where, W, is the water absorption in percentage, W1
is the wet weight and W is the dry weight.

2.7.2 Tensile strength

The tensile strength test was done on a single strand
fiber using a UTM. All specimens were maintained at
a uniform length of 80 mm. The test was done in
compliance with ASTM C 1557 [57]. A fiber is
removed haphazardly from a bundle. Subsequently,
the fiber was affixed in a testing apparatus and
subjected to a load of 10 kg at a speed of 3.5 mm/min.
The tensile strength was obtained by dividing the
largest recorded force by the cross-sectional area
perpendicular to the fiber axis at the fracture point.
The Young's modulus was calculated by fitting a
straight line to the linear segment of the stress-strain
curve acquired during the tensile test. Figure 7
displays the arrangement for measuring tensile strength.

Figure 7: Tensile strength test of fiber.
2.7.3 X Ray Diffraction (XRD)

The variations in the crystallinity of fibers in response
to treatment were determined through the utilization
of XRD investigation. A Bruker Kappa Apex Il X-ray
diffractometer was utilized to measure the XRD
patterns. The patterns were conducted using Ni
filtered copper radiation with a 40 mA of current and
45 kV of voltage. Both treated and untreated fibers
were analyzed. The scanning range was between 0 and
90 degrees. The crystallinity index was determined
following Segal’s approach [58]. The intensity values
of the greatest and lowest peaks were utilized to
determine the crystallinity index. Equation 2 was used
for finding the crystallinity index.

_ Ier-Iam

I x 100 2

Icr
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Where, | is the crystallinity index in percentage, l¢
corresponds to the intensity of the highest peak and lam
denotes the intensity of the lowest peak.

2.7.4 Scanning Electron Microscopy (SEM)

SEM was employed to evaluate the influence of alkali
treatment on the microstructure of the fiber. The
ZEISS Sigma microscope was used to analyze the
microstructure. Analysis was performed on both
treated and untreated fibers.

2.8 Workability test

Workability of mortar with and without fiber was
assessed using a flow table test as per ASTMC 1437-
15 [59]. The flow table was thoroughly cleansed, and
a flow mould was positioned precisely at the center.
After filling the mould, the flow table was dropped 25
times and the flow diameter was measured.

2.9 Compressive, flexural and split tensile strength

The test was done in line with the guidelines of ASTM
C 109 [60]. 50 x 50 x 50 mm cubes were fabricated
and subjected to testing at a loading rate of 0.58 kN/s.
The specimens in this experiment were positioned
utilizing the Universal Testing Machine (UTM),
which can withstand stresses of up to 200 kilonewtons
(kN). The CS is defined as the ratio of the failure load
to the specimen’s area. Figure 8(a) depicts the
experimental configuration employed for quantifying
CsS.

Composite materials such as concrete and mortar
exhibit unique characteristics when exposed to tension
and compression. They have strong CS and poor
tensile strength. FS test was conducted following the
ASTM C 348 standard [61]. Mortar specimens were
created with a binder to sand ratio of 1:3. The
experiment was carried out using prisms with a 40 mm
x 40 mm x 160 mm configuration and tested at a speed
of 0.05 kN/s. The specimens were loaded using center
point loading. Figure 8(b) displays the experimental
arrangement. The STS test was performed as per
ASTM C 496 [62]. 100 x 200 mm cylinders were
used. The loading rate was 1.83 kN/s. The test
configuration is shown in Figure 8(c).

P

(©
Figure 8: (a) Compressive, (b) Flexural and (c) Split
tensile strength tests.
2.10 Durability tests

2.10.1 Ultrasonic pulse velocity

UPV is a non-invasive technique employed to assess
the quality, safety, and uniformity of concrete

E. S. Poojalakshmi et al., “Impact of Sisal Fiber Reinforcement on the Mechanical and Physical Properties of One-Part Geopolymer

Mortar with a Ternary Binder System. ”



Applied Science and Engineering Progress, Vol. 18, No. 4, 2025, 7824

structures. The  methodology involves the
transmission of high-frequency ultrasonic pulses into
the concrete, followed by the measurement of the
duration it takes for the pulses to propagate through
the material. The test was executed based on ASTM C
597 [63]. The pulse velocity was measured through
direct transmission of ultrasonic waves through 50mm
cube specimens.

2.10.2 Water absorption

The measurement of water absorption in the mortar
sample was conducted using the guidelines provided
in ASTM C 642 [64]. 50 mm cubes were placed in an
oven and dried at a temperature between 100 and 110
degrees for 24 h, until they reached a stable weight.
After 24 h, the samples were taken out of the oven and
left to cool to room temperature. The initial weight of
the specimens was observed and documented.
Following the processes of drying, cooling, and
weighing, the samples were kept in water for 48 h. The
samples were extracted from the aqueous medium and
desiccated by gently removing any surplus moisture
using a dry cloth. The final weight of the specimen
was subsequently recorded, and the associated water
absorption was subjected to calculation.

2.10.3 Acid resistance

The test for acid resistance was carried out based on
the ASTM C 1898 [65]. After a 28-day curing period,
the specimens were subjected to a 24-h drying process
and were then weighed to assess their initial weight.
The cubes were dipped in a 5% HCI solution that had
been diluted to a pH of 2, and left to soak for a duration
of 56 days. The concentration of the solution was
checked on a weekly basis. Following a period of 56
days, the cubes were extracted. Thoroughly removed
any unstable particles that were released from the acid,
measured in weight, and then tested for compression.
The percentage reduction in weight and strength is
determined by utilising the initial and final weights, in
conjunction with CS data.

2.10.4 Sulphate resistance

Sulphate resistance test was performed following the
guidelines provided in ASTM C267-20 [66]. The
specimens' initial weight was measured following a
curing period of 28 days and a drying period of 24 h.

The samples were then submerged in a solution
containing 5% magnesium sulphate for a duration of
56 days. The weight change and CS were tested after
56 days.

3 Results and Discussions

3.1 Water absorption of fiber

The data presented in Table 4 illustrate the outcomes
of water absorption in fibers exposed to various alkali
concentrations and durations. The values were in the

range of 31 to 95.78%.

Table 4: Water absorption of fiber.

NH % Treatment Water
Time (h) Absorption (%)
0.5 2 83
0.5 24 75
5 2 68
5 24 55
10 2 40
10 24 31
Raw -- 95.78

When fibers were treated with 0.5% NH for 2 h
and 24 h, they absorbed 83% and 75% of water,
respectively. Fibers treated with 5% NH absorbed
68% and 55% of water after 2 h and 24 h, respectively.
The application of a 10% concentration of NH caused
a drop-in water absorption ability of sisal fibers in
comparison to fibers treated with concentrations of
0.5% and 5% NH. Fibers exposed to 10% NH for 2
hours and 24 hours showed absorption rates of 40%
and 31%, respectively. The water absorption of raw
fiber was 95.78%. From the results, it is noticeable that
alkali treatment decreased the water absorption of
fibers. 10% NH-treated fiber for 24 h resulted in the
lowest water absorption. It caused a 208% reduction
in water absorption than the untreated fibers. Alkali
treatment made the fiber hydrophobic by eliminating
hydrophilic components like hemicellulose and lignin.
This significantly reduces the affinity of fiber for
water. In addition, alkali treatment can result in an
enhancement of the crystallinity of cellulose, which is
the main constituent of sisal fiber. Increased
crystallinity decreases the ability of water molecules
to reach the interior structure of the fiber, resulting in
reduced water absorption [67].
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3.2 Tensile strength of fiber

Table 5 shows the result of the tensile strength,
percentage elongation and Young’s modulus of
single-stranded fiber subjected to various NH
concentrations and times.

The application of a 0.5% NH treatment to the
fiber for 2 h yielded the greatest TS and Young’s
modulus. But its elongation percentage was slightly
less than the one treated with 0.5% NH for 24 h. When
compared with the raw fiber, sisal fiber treated with
0.5% for 2 h resulted in an increase of 93.22, 230,
1.34% in TS, Young’s modulus and percentage
elongation, respectively. The outcomes depict that the
fibers got stronger and more rigid after treatment.
Fiber exposed to a 5% NH solution for 2 h yielded a
result comparable to that of fiber treated with a 0.5%
NH solution. In all the cases, as the duration of
treatment increased from 2 h to 24 h, the fiber
degradation increased, which resulted in poor
strength. Fiber treated with 10% NH exhibited
significantly reduced strength. However, they led to
increased elongation. 10%-2-hour fiber exhibited a
tensile strength of 244.137 MPa, whereas the fiber
treated with the same concentration for 24 h showed
the lowest tensile strength of 160.415 MPa. Results
show that increased alkali concentration led to
excessive fiber degradation. The observed degradation
of sisal fibers can be due to the significant elimination
of lignin and the breakdown of the structured cellulose
chains in the fibers, resulting from prolonged exposure
to potent NH solutions [68].

A similar trend was obtained from Figures 9
and 10. Figure 9 denotes the load-displacement curve.
The provided statement elucidates the interrelation
between the imposed force and the consequent
displacement of a substance when exposed to either
tension or compression. The test demonstrates the
force needed to distort the material to a specific extent
and the energy absorbed by the material in the process.
The fiber treated for 2 hours with a 0.5% solution
showed improved performance. The 10%—2h treated
fiber showed greater displacement than the untreated
fiber. A 0.5%-2-h fiber supported a load of 11.22 N.
With increased duration and concentration of
treatment, the load-carrying capacity of the fiber
decreased. A modest load caused a significant

displacement. 5%-2 h fibers could take a load of 9.02
N. The load-carrying capacity of untreated fibers was
higher than that of fibers treated with a 10% NH
solution, which shows that excess concentrations lead
to the weakening of fiber structure. Raw fiber could
take a load of 5.67N, whereas the load-carrying
capacity of 10 hours treated fiber was in the range of
2.7 to 3.17N.

Table 5: Tensile strength of fibers.

SINo Sample Tensile Young’s  Elongation

Strength Modulus (%)
(MPa) (MPa)

1 0.5% -2h 375.679 66.45 9.82

2 0.5% -24h 324.277 3177 10.14

3 5% -2h 348.219 43 13.3

4 5% -24h 222.04 31 7.23

5 10%-2h 244137 25.92 9.3

6 10%-24h 160.415 17.28 9.22

7 Raw 194.421 20.19 9.69

12 T T T T T T T T T

/ 0.5%-24h
o

.ﬂ 5%-¢h

Untreated

Load (N)

10%-2h

//

Displacement (mm)
Figure 9: Load displacement curve for fiber.

Figure 10 displays the stress-strain curve
comparing sisal fiber that has been treated and
untreated. The graph indicates that fibers treated with
0.5% NH for 2 h shown greater elasticity compared to
the rest. The area under the curve for the fiber treated
with 0.5% for 2 h was greater than the others,
suggesting it possesses higher toughness.
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Figure 10: Stress strain curve for fiber.
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Figure 11: XRD diagram.

3.3 XRD analysis

XRD analysis was done to identify the impact of
treatment on microstructure and is depicted in Figure 11.
The graph exhibited two prominent peaks within the
interval of 15 degrees and 22 degrees, which formed
due to the reflection of cellulose structures. Fiber
treated with 5% NH for 24 h resulted in maximum
crystallinity. An increase in the concentration of NH
caused higher intensity peaks in the XRD diagram,
indicating a greater level of particle organization.
However, as the concentration reached 10%, the
fiber’s crystallinity decreased and became comparable
to that of untreated fibers. 10% concentration of alkali
caused excessive fiber degradation, resulting in a
weaker microstructure than the untreated one. Similar

results were reported by Oushabi et al., [69].
Enhanced crystallinity signifies a higher level of
cellulose crystal alignment with the fiber axis after
treatments, in comparison to untreated fibers [70].
Following the alkali treatment, the cellulose in the
sisal fibers transforms into alkali cellulose. Only the
amount of alkali and the treatment methods determine
the growth of alkali cellulose [71].

Table 6 shows the crystallinity index of treated
and untreated fiber. Fiber treated with 5% NH for 24 h
resulted in a maximum crystallinity of 97.7%. Lowest
crystallinity was attributed to fibers subjected to 10%
NH for 24 h. The crystallinity index for raw fiber was
94.79%. The treatment could lead to a 3.06%
enhancement in the crystallinity of fibers. Increased
crystallinity index correlates with enhanced fiber
stiffness and strength [72]. A rise in the concentration
of NH led to a noticeable reduction in crystallinity.

Table 6: Crystallinity index.

Sample ler lam Crystallinity
Index (%)
0.5%-2h 2907 113 96.11
0.5%-24h 2388 146 93.89
5%-2h 3732 124 96.68
5%-24h 8443 194 97.70
10%-2h 2388 139 94.18
10%-24h 1966 142 92.78
Raw 2401 125 94.79

3.4 SEM Analysis

Utilising SEM is an efficient way for examining the
structure of fibers. Figure 12 displays SEM images of
fibers both prior to and post-treatment with different
alkali concentrations and durations. Figures 12(a) to
12(c) show the microstructure of fibers treated at
0.5%-2h, 5%-2h, and 10%-2h, respectively.
Additionally, the SEM image corresponding to the
10% NaOH treatment for 24 h (Figure 12(d)) is
included to illustrate the extreme morphological
degradation of the fiber surface under prolonged and
aggressive chemical exposure. Figure 12(e) depicts an
untreated fiber. As per the findings of a study by Cao
et al., fibrillation, or the splitting of packed, untreated
fiber, is caused by alkali treatment. Hemicellulose
dissolves as a result of fibrillation, which also
improves the fiber's surface area [58]. The SEM image
reveals that NH-treated fibers have a split of fiber
bundles into finer fibrils, but untreated sisal fiber does
not exhibit any fibrils. Fibrils were not formed on
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fibers treated with a 0.5% NH solution. However, the
one that was subjected to a 5% NH solution formed
fibrils, which improved the composite’s qualities.
When the NH concentration reached 10%, the fiber
surface experienced substantial degradation caused by
the corrosive nature of the alkaline solution, resulting
in severe delignification. However, when compared
with the raw fibers, an alkali treatment of 0.5%-2 h
resulted in significant removal of contaminants and
impurities on the fiber surface.

Almost similar to
raw fiber

.
50 um EHT = 1.50kV Signal A = SE2 Date: 20 Feb 2024
[ — WD = §5mm Mag= 200X Timer $:08:52

Fibrils

& 4 4 i 7,
50 i EHT = 1.50kV Signal A = SE2 Date: 20 Feb 2024 |
WO = 6.5mm Mag= 200X Time: 8:07:10 |
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" Significant deg rédéﬁbh =
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©)

Figure 12: SEM image for (a) 0.5%-2h (b) 5%-2h (c)
10%-2h (d) 10%-24 h and (e) untreated fiber
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3.5 Workability

The workability of fresh mortar is a critical parameter
in fiber-reinforced geopolymer systems, as the
inclusion of fibers alters the flowability, viscosity, and
compaction behavior of the mix. Therefore, a
workability assessment was conducted to ensure that
the mechanical and durability enhancements achieved
through fiber reinforcement are accompanied by
acceptable fresh-state properties for practical applications.
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Figure 13: Effect of fiber content on workability.

Figure 13 represents the role of fiber in the flow
values of mixes. The flow values of fiber reinforced
mixes were in the range of 30—45% whereas the flow
values of mixes without fiber were between 55-76%.
A higher fiber content led to a decrease in the flow of
fresh mortar because of the rough surface and uneven
distribution of fibers [73]. Exceeding a fiber content
of 1% led to a reduction in workability. Pu et al.,
analyzed that a rise in fiber content reduces flowability
because of surface roughness and internal resistance
from the fibers. Deng et al., observed similar results
where including PVA fibers into the GP mortar
resulted in increased viscosity, mostly attributed to the
hydrophilic properties and elongated shape of the
fibers [74].

3.6 CS,FSandSTS

The compressive, flexural, and STS of the GP mortar
reinforced with sisal fibers are represented in Figures
14-16, respectively. Three specimens were tested for
each mix and the average was taken. The results
consistently indicated that the inclusion of fiber to the
matrix led to enhanced strength qualities. Specifically,
implementing treatment measures could enhance the
overall performance of the matrix. Moreover, the

findings from all the conducted studies firmly indicate
that the alkali content, duration of exposure, and fiber
content exert a substantial impact on the efficacy of
geopolymer mortar. Figure 14(a) illustrates the CS on
28" day with respect to the alkali concentration.
Specimens without fiber yielded a CS of 46 MPa on
the 28" day. The fibers soaked in a 5% solution for a
duration of 2 h achieved the highest CS, measuring 54
MPa. Fibers treated with 0.5% NH for 2 h resulted in
a strength of 51 MPa, which is close to the highest
value. The CS exhibited a negative correlation with
both the duration and concentration of the treatment.
The fibers exposed to a 10% NH solution for 24 h
achieved the lowest strength, measuring at 38 MPa.
On the 28" day, the implementation of alkali treatment
led to a significant 15% increase in CS relative to the
untreated fiber combinations. The augmentation of
alkali treatment duration and concentration has led to
the development of pores within the microstructure of
fibers, thereby causing a decline in their load-bearing
ability.
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Figure 14: (a) effect of treatment on CS, (b) effect of
fiber content on CS.
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FS and STS exhibited a comparable pattern. A
FS of 7.4 MPa and STS of 4.69 MPa were observed in
the unreinforced specimen. The maximum STS and
FS values that were recorded were 5.88 and 8.62 MPa,
respectively. Incorporating treated fibers has led to an
increase in both flexural and STS. Because the
application of NH treatment has enhanced the TS and
modulus of elasticity of the fibers. Indeed, the fiber
has undergone an increase in rigidity and strength
[75]. The enhanced rigidity facilitated the fibers in
bearing a greater amount of weight. Furthermore, the
implementation of alkali treatment resulted in the
generation of fibrils, thus resulting in a rise in the
surface area of the fiber. When fibers with a larger
surface area came into contact with the mortar, the
load-bearing strength of the matrix increased.

When conducting the tensile strength test on
single-stranded fiber, fibers that were treated with a
0.5% NH solution for 2 h yielded a superior result.
Nevertheless, regarding the mechanical properties, the
matrix that contained fibers treated with a 5% NH
solution for 2 h yielded superior outcomes. The
enhanced characteristics of composites are attributed
to the fibrillation of fibers. The SEM analysis confirms
that fibrillation has developed in the fibers treated with
a concentration of 5% for a duration of 2 h.
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Figure 15: Flexural strength.
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Fibers soaked in a 5% NH solution for 24 h
showed the highest level of crystallinity when XRD
examination was performed on both treated and
untreated fibers. However, the increased crystallinity
of those fibers rendered them brittle rather than
ductile, therefore, they were unable to withstand more
load [76]. As a result, the fibers failed to withstand the

strains and broke down, resulting in inadequate results
in mechanical strength testing.
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Figure 16: Split tensile strength.
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The role of fiber content on the CS, FS, and STS
of geopolymer mortar is depicted in Figures 14(b), 15,
and 16. The rise in fiber content has resulted in
enhanced strength. Tests were performed on
specimens with varying fiber volumes, including 0.5,
1, 1.5, and 2%. The specimens exhibited noticeable
increases in their CS, FS, and STS with a rise in fiber
content from 0.5% to 1%. When the content of fiber
exceeded 1%, the strength decreased. As fiber volume
increased, the overall density decreased. At higher
fiber content, arranging the matrix becomes more
difficult, increasing the porosity of the sample.
Consequently, there is a reduction in strength [77].
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The variability analysis of the flexural and split
tensile strength results is shown in Figures 17 and 18.
The notation given in the X axis consists of three parts.
The first part denotes the fiber content (0.5%, 1%,
1.5% and 2%), the second part denotes the NaOH
concentration (0.5%, 5% and 10%) and the last part
shows the treatment time (2 h and 24 h). The result
reveals that the experimental data exhibit excellent
consistency across all tested specimens. The standard
deviation values for CS varied between 0.1 MPa to
0.43 MPa, FS between 0.06 MPa and 0.30 MPa, and
STS varied from 0.06 MPa to 0.25 MPa.
Correspondingly, the percentage errors remained
relatively low, with most values falling below 4%.
This demonstrates the high reliability and repeatability
of the mechanical strength measurements performed
in this study. It is noteworthy that slightly higher
percentage errors, up to approximately 4.5%, were
observed in some cases, particularly for higher fiber
contents and longer treatment durations. This can be
attributed to the natural variability inherent in fiber
distribution, fiber-matrix interaction, and possible
agglomeration at elevated fiber volumes. Overall, the
low standard deviations and percentage errors validate
the robustness of the experimental methodology and
confirm that the observed trends in mechanical
performance are statistically meaningful and not
influenced by random errors.

3.7 Ultrasonic pulse velocity

The value of the UPV with fiber content is shown in
Figure 19. The presence of fibers could change the

outcome since ultrasonic vibrations move through
fibers more quickly than they do through mortar. The
ultrasonic pulse velocity of mortar strengthened with
sisal fiber ranged from 3745 to 4776 m/s. The
unreinforced specimen resulted in a pulse velocity of
3997 m/s. The concentration of alkali, duration of
treatment, and volume of the fibers have a profound
effect on the UPV measurements of the mortar
specimens. As the concentration of alkali grew from
0.5% to 5%, the fibers became denser, leading to a
higher wave velocity. Nevertheless, upon increasing
the alkali concentration to 10%, notable fissures and
cavities were noted on the fiber’s surface. The
introduction of supplementary empty spaces inside the
matrix caused a drop in the velocity of the waves [78].
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Figure 19: Ultrasonic pulse velocity.

The fiber content is also a crucial aspect of
determining the UPV values of GP specimens. The
wave velocity was measured for specimens containing
varying amounts of fibers, specifically 0.5%, 1%,
1.5%, and 2%. As the fiber proportion went up from
0.5% to 1%, a related rise in the UPV value was
observed. The reason for this is that ultrasonic pulses
can propagate at a higher velocity through fibers
compared to mortar. As the quantity of fibers
increased, the speed of the wave likewise increased
[79]. Increasing the volume of fiber further led to a
decrease in the UPV readings. As the fiber volume
exceeded 1%, the density of the mixture decreased.
This hindered the propagation of the ultrasonic pulse
through the matrix [80].
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3.8 Water absorption

Figure 20 depicts the water absorption of sisal fiber
reinforced OP-GPM. Unreinforced specimens
resulted in a water absorption of 15.2%. The
incorporation of fibers resulted in significant
alterations in water absorption in comparison to the
specimens without fibers. The incorporation of fibers
subjected to a 0.5% NH treatment for durations of 2 h
and 24 h led to a rise in water absorption. The efficacy
of the 0.5% alkali treatment in eliminating the
hydrophilic chemicals present in the sisal fiber was
found to be inadequate. The augmentation of alkali
content led to a fall in water absorption as a
consequence of the elimination of hydrophilic
constituents from the fiber. The highest decrease in
water absorption was seen while using a 10%
concentration of NH. The time of the treatment
process also significantly influences the water
absorption characteristics of the composite material.
Results have demonstrated that an extended duration
of treatment yields greater efficacy. Raising the fiber
level from 0.5 to 2% led to a greater amount of water
being absorbed. The augmentation in fiber content led
to the development of pores through the bond between
the fiber and the matrix, thereby promoting improved
water absorption [81], [82].
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Figure 20: Water absorption of geopolymer mortar.
3.9 Acid and sulphate resistance
GP specimens containing 1% fiber were subjected to
an acid and sulphate resistance test. The weight loss

and CS loss were noted following a 56-day period of
exposure to a 5% hydrochloric acid (HCI) and

magnesium sulphate solution for acid and sulphate
resistance, respectively. Table 7 shows the test results.
The role of alkali treatment in the chemical resistance
of fiber-reinforced GP mortars has proven to be
considerable. The surface characteristics of fibers are
altered by alkali treatment, resulting in enhanced
reactivity and stronger bonding with the geopolymer
matrix. The improved interfacial bonding decreases
the likelihood of fiber withdrawal or separation when
exposed to acid, therefore enhancing the overall
resilience of the fiber-reinforced composite.
Moreover, the augmentation of interaction within the
geopolymer matrix results in a reduction in porosity
and chemical absorption. Applying alkali treatment
can provide alkali resistance to the fibers, hence
decreasing their susceptibility to degradation in
alkaline environments. The significance of this matter
is particularly pronounced in GPC, given its elevated
pH conditions. Alkali-resistant fibers exhibit
enhanced mechanical qualities and reinforcing
capabilities, even when exposed to harsh chemical
environments, such as acidic solutions.

Table 7: Acid and sulphate resistance.
Acid Resistance

Sulphate Resistance

NH% Time Weight Strength Weight Strength
(h) Loss Reduction Loss Loss
(%) (%) (%) (%)
0.5 2 4.84 8.73 3.01 3.71
24 6.34 15.49 2.9 4.81
5 2 2.7 3.66 1.12 341
24 241 8.15 1.98 6.31
10 2 1.78 13.57 0.89 5.32
24 1.85 6.2 2.15 4.2
Raw -- 4.71 4.4 3.22 4.33
Unreinforced - 3.88 55 2.02 4.3

3.10 Forecasting mechanical properties
Consequently, the experimental data were examined
by correlation analysis utilizing Origin software to
investigate the correlation among CS, FS, and STS.
3.10.1 Relation between CS and FS

Figure 21 depicts the correlation model between the
CS and FS of sisal fiber-reinforced OP-GPM.
Equation 3 for the model is given below:

Y= 0.0598x+2.009 (3)

Where, Y dénotes FS and x represents CS.
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The R? value was obtained as 0.987. The higher
R? value signifies that the model accounts for a greater
proportion of the variability.
3.10.2 Relation between CS and STS
Figure 22 shows the correlation model between the CS
and STS of OP-GPM reinforced with sisal fiber.
Equation 4 for the model is as follows:
Y=0.037x+2.204 4)
Where, Y denotes STS and x represents CS.
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Figure 22: Correlation between STS and CS.

The R? value obtained was 0.811. In regression
analysis, the R-squared value indicates the extent to
which the changes in the dependent variable can be
attributed to the independent variables. This reflects
the level of fit between the regression model and the

observed data. Compared to the CS and FS model, the
regression model for CS and STS shows a lower R?
value. However, with a value of 0.811, the model is
closer to 1, implying that it can effectively predict the
connection between the dependent and independent
variables.

4 Conclusions

This study assessed the impact of alkali-treated sisal
fiber on the mechanical and durability properties of
one-part geopolymer mortar incorporating diatomite,
feldspar, and GGBS. Alkali treatment significantly
reduced the water absorption of fibers, achieving a
208% reduction compared to untreated fibers, and
enhanced fiber tensile strength, with a 134% increase
after 0.5% NaOH treatment for 2 h. XRD analysis
revealed improved fiber crystallinity, with a maximum
increase for fibers treated with 5% NaOH for 24 h.
Incorporation of fibers enhanced compressive,
flexural, and split tensile strengths, with the best
results at 1% fiber content and 5% NaOH treatment
for 2 h, achieving compressive strength of 54 MPa,
flexural strength of 8.62 MPa, and split tensile
strength of 5.88 MPa. Higher fiber volumes (>1%)
reduced workability and strength due to poor
dispersion. Alkali-treated fibers also improved
ultrasonic pulse velocity and chemical resistance
against acid and sulphate attack, with notable
reductions in weight and strength loss. Regression
analysis confirmed strong correlations between
compressive strength and other mechanical properties.
Overall, the optimal combination of fiber content and
treatment effectively improved the performance of the
one-part geopolymer mortar, demonstrating its
potential as a sustainable construction material.
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