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Abstract: Enhancing the fracture strength and ductility of concrete through the incorporation of
various types of synthetic and natural fibers with varying textures and contents remains challenging.
Natural fibers, being versatile and eco-friendly construction materials, can be an excellent alternative
to synthetic fibers. However, studies on natural fiber-reinforced (especially through the incorporation
of jute fibers) novel composites like geopolymer binders remain deficient. Thus, the effects of various
lengths (15, 25 and 35 mm) and volume contents (0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 0.70%) of
natural jute fibers on the mechanical performance of fiber-reinforced geopolymer concrete were
studied. The results revealed that jute fiber reinforcement remarkably affected the workability,
compressive strength, fracture strengths, water absorption and microstructure properties of the
proposed geopolymer concretes. Increasing the fiber length and volume fractions in the geopolymer
matrix lowered the slump values and workability and increased the compressive strength. The
specimen prepared with a fiber length of 35 mm and volume fractions of 0.70% displayed the lowest
slump value (28 mm) and highest compressive strength (31.5 MPa) at 28 days. In addition, the
specimens made with fiber volume fractions of 0.10, 0.20, 0.30, and 0.40% showed a significant
improvement in the splitting tensile and flexural strengths. However, increasing the volume of the
jute fibers up to 0.50% led to a slight drop in the fracture strength of the geopolymers. The specimens
prepared with a length of 25 mm and a volume of 0.40% achieved the highest enhancement of
splitting tensile strength (18.7%) and flexural strength (29.1%) at 28 days. In short, sustainable
geopolymer concrete with high fracture performance can be obtained by incorporating natural jute
fibers, leading to practical applications in the construction sector. The proposed green concrete may
enable a reduction in solid waste, thus promoting a more sustainable concrete industry.

Keywords: reinforced geopolymer concretes; natural jute fibers; fracture strength; high-volume
fly ash

1. Introduction

The use of concrete with little or no cement has emerged as a popular approach in
mitigating the effects of environmental pollution and climate change. Concrete free of
cement, commonly known as geopolymer concrete, is produced by blending materials
based on aluminosilicates [1,2]. Various wastes such as fly ash (FA) [3], ground-blast furnace
slag (GBFS) [4], and palm oil fuel ash (POFA) [5], activated with alkaline solutions, are
frequently utilized in the production of geopolymers [6—8]. Various binders composed of
low amounts of calcium, like metakaolin (MK) [9] and class F FA [10], are mainly preferred
for producing geopolymer composites. However, the application of MK has been limited in
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recent years due to the high temperature requirement for manufacturing and great demand
for hydration liquids [11]. FA, being a by-product, is regarded as a good aluminosilicate
source and does not require energy-intensive production processes [12,13]. Nevertheless,
the extended setting time and the requirement for high-temperature curing are significant
drawbacks of FA-based geopolymers. Typically, FA is activated in the temperature range
of 60-100 °C for about 24 to 28 h [14], as FA particles have low reactivity at ambient
temperatures, limiting their use primarily to the precast system. Earlier investigations have
demonstrated that partial replacement of FA with 10 to 50% of GBFS can be effective to
surmount these challenges, resulting in elevated strength compared to geopolymers made
from FA only [15-17].

In recent years, geopolymer composites have gained increasing attention as environ-
mentally friendly alternatives to traditional cement. These materials possess desirable
characteristics such as lower greenhouse gas emissions and energy usage, high resistance
to fire and flame, as well as superior compressive strength and durability [18,19]. How-
ever, one of the key limitations of geopolymer composites is their relatively low flexural
and tensile strength [20,21]. Additionally, their resistance to cracking is lower compared
to conventional concrete [21]. In concrete structures, cracks facilitate the penetration of
water and corrosive materials such as sulfate and chloride, which can degrade the mate-
rial’s durability over time [22,23]. To address this, fiber reinforcement has been widely
employed to improve the mechanical properties of geopolymer concrete [24]. Various
natural and synthetic fibers and steel were employed in reinforcing GPC and mitigating
the propagation of cracks in the material [25-28]. Yan et al. [29] acknowledged that the
cracks in fiber-reinforced geopolymers are deflected and arrested by the fibers when sub-
jected to load, effectively preventing the cracks from propagating. The stress within the
geopolymer matrix is partially absorbed by the fibers, and residual stress is transferred to
the unfractured location, allowing the formation of multiple micro-cracks. Geopolymers
reinforced with fibers demonstrate notable strength and stability in relation to water per-
meability [30], drying shrinkage [31], and resistance to abrasion [32,33]. The strength and
longevity of fiber-reinforced geopolymers are influenced by factors such as the types of
fiber and their properties, aspect ratios (length to diameter), contents, the nature of the
matrix, the curing age and the condition of the composite [26]. Nonetheless, the adhesion
of fibers in the geopolymer matrix is critical in determining their durability and strength
performance [20]. Robust interfaces can facilitate effective load transfer from the composite
matrix to fiber networks with high load-bearing capacity, while fibers having inert surfaces
result in weak coupling at the matrix—fiber interface, leading to de-bonding failures in the
composite [34,35].

Over the past few decades, various fibers, including steel and fibers (natural and
synthetic), were examined for their use in a brittle geopolymer matrix [36,37]. However,
these materials present challenges, such as high costs and considerable environmental
impacts [38]. Data indicate that the construction sector accounts for 36% of global CO,
emissions and approximately 40% of the European Union’s total energy consumption.
Consequently, the industry, along with material manufacturers, must make concerted
efforts to apply the “3Rs” principles—reduce, reuse, and recycle. By incorporating more
environmentally friendly materials from supportable raw substances into fiber production,
the emission of CO; and energy usage can be lowered [39-41]. In short, as a sustainable
substitute to synthetic fibers, natural fibers have become interesting due to their cost-
effectiveness and ease of handling. Furthermore, natural fibers, sourced from renewable
materials, pose minimal environmental risks [42,43].

Jute is a natural fiber derived from the Corchorus plant. This vegetable fiber is long,
soft, and shiny, and it can be spun into coarse, strong threads. After cotton, jute is the most
commonly used natural fiber [44,45]. Jute fiber is extracted from the stem and outer skin
(ribbon) of the plant using retting and stripping techniques. It is commonly used in the pro-
duction of items such as rope, twine, and rush matting, which is also used to control flood
erosion. By contrast, cement concrete is brittle, has low tensile strength, limited resistance
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to crack initiation and propagation, and only moderate elongation at break [46—48]. In
recent years, there has been a continuous effort to incorporate jute fibers into conventional
vibrated concrete as part of the global movement toward sustainability [49-51]. Zakaria
et al. [52] explored how different lengths (10, 15, 20, and 25 mm) and concentrations (0.1%,
0.25%, 0.50%, and 0.75% by weight) of jute fibers affect the characteristics of vibrated con-
cretes. It was found that the addition of 0.25% jute fibers of 15 mm length can significantly
enhance the strength performance of concrete, wherein there is a 35% enhancement of the
tensile strength compared with the control specimen. Islam and Ahmed [49] examined the
effects of varying the volume fractions (0.1%, 0.30%, and 0.50%) at a fixed length (20 mm)
of jute fibers reinforcement in concrete, achieving higher resistance against crack formation
compared to normal concrete. Kim et al. [53] studied the mechanical properties of jute fiber-
reinforced concrete and observed significant improvements in the strength performance
compared to standard specimen. However, recent studies on eco-friendly high-volume fly
ash geopolymer incorporating natural fibers, particularly jute fiber, remain scarce.

The background outlined above indicates that fiber-reinforced geopolymer concrete
offers several potential advantages. It suggests that the adhesion of fibers to the concrete
matrix is a key factor influenced by the uniform dispersion of fibers within the composite
network. Achieving uniform distribution requires accurately predicting the optimal fiber
content and length to produce geopolymer composites with enhanced durability and
strength performance. Despite some research efforts, the current knowledge regarding the
impact of varying the fibers’ length and volume fractions on the overall characteristics of
fiber-reinforced geopolymer composites remains limited. In this perception, we explored
the possibility of developing a new type of geopolymers by embedding jute fibers into the
concrete matrix, aiming to improve the fracture performance and ductility, particularly
the splitting tensile and flexural strength of the modified concrete. The effects of different
volume fractions (0.10%, 0.20%, 0.30%, 0.40%, 0.50%, 0.60%, and 0.70%) and lengths (15 mm,
25 mm, and 35 mm) of natural jute fibers on the workability and mechanical properties
were evaluated. Tests conducted include slump, compressive strength, splitting tensile
strength, flexural strength, modulus of elasticity, and water absorption. Additionally,
the microstructural properties of the composites were analyzed using microscopic and
spectroscopic techniques.

2. Materials and Methods
2.1. Materials Characterization

The geopolymer concrete specimens were made using a high volume of (75%) low-
calcium FA (Class F) and GBFS (25%). Figure 1 displays the XRF results for the elemental
compositions of GBFS and FA, meeting ASTM C618 standard. The primary compounds
in FA were silica oxide (SiO;), aluminum oxide (Al,O3), and iron oxide (Fe,O3) at 56.82,
25.11, and 8.82%, respectively. These oxides of SiO,, Al,O3, and Fe;O3 contributed more
than 90.75% of the FA chemical composition, while for GBFS, the primary compounds are
calcium oxide (CaO), SiOy, and Al,O3 at 49.63, 31.17, and 12.87%, respectively. Compared
to GBFS (49.63%), the content of CaO in the FA sample was very low (5.14%). However, the
content of magnesium oxide (MgO) and sodium oxide (NayO) were higher (4.38 and 0.39%)
compared to the FA (1.36 and 0.04%). Both FA and GBFS display very low percentage (0.12
and 0.18%) of loss on ignition (LOI) and in the range of limitation. The physical properties
of FA and GBFS were also evaluated. The medium particles size was found to be 10 um
for FA and 12.4 pm for GBFS. FA presented a light gray color, which was in contrast to
the off-white color of GBFS. Additionally, FA demonstrated a higher specific surface area
(18.2 mz/g) compared to GBFS (13.6 m?/g).
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Figure 1. Compositions of FA and GBFS.

The alkaline activator solution (AAS) was composed of NaOH (NH) and sodium
silicate (NS). This solution was made for activating the geopolymers. Pure NaOH (98%
purity) in pellet form supplied by a local company (China) was used to make the alkali
solutions (6M) by dissolving these pellets in water at a 1:4.15 ratio. Then, the produced NH
solution was allowed to cool for 24 h and mixed with the NS mixture to obtain the final
alkali solution for the activation of geopolymers [54]. The alkali solution was used in two
parts with an NH to NS ratio of 1:2.5. Figure 2 illustrates the procedures for making the
alkali activator solution in two parts.

Tap Water Sodium Silicate Solution

NaOH

Sodium Hydroxide

Sodium Hydroxide Flakes Dissolved in Water =~ The Mix Solution was shaken for 2 to 3

Left for 24 hrs to be cool minutes then left for 24 hrs before use it

Figure 2. Protocols of alkali activator solutions preparation (two parts).

Natural jute fibers were obtained from the local supplier in China as raw natural fibers
for preparing the reinforced geopolymer concrete” specimens. The fibers were extracted
from the plant using water retting and were supplied in lengths ranging from 50 to 120 mm.
Natural fiber-based composites have a high amount of moisture absorption and weak
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adhesion amid fibers and the binder matrix, leading to the formation of voids around the
fibers and thus a weaker composite structure. To improve the properties and performance
of the received jute fibers, they were chemically treated in alkaline mixture prior to use.
Following the previous research [55,56], a 4% NH solution was utilized in treating these jute
fibers (Figure 3). Prior to the alkali treatment of these natural fibers, they were rinsed and
combed to remove the contaminants followed by cutting into small segments 30 to 75 mm
long, facilitating the entire treatment. The cleaned and segmented fibers were immersed in
alkaline mixture for an optimal duration of approximately 3 h, ensuring the prevention of
fiber degradation. After treatment, the fibers were washed and soaked with water for a
day before being oven-dried at 80 °C for 6 h [57]. Once dried, the fibers were subjected to
various tests to evaluate their strengths, density and diameters, as the quantity of fibers
embedded in the geopolymer binders depends on their volumetric ratio and density. After
conducting the necessary tests, the jute fibers were cut to lengths of 15 mm, 25 mm, and
35 mm for use in the geopolymer mixtures (Figure 4).

Cut the Treated Fibres
(15 mm, 25 mum, 35 mum)

x«

Received Fibres w

—
First: Wash the Fibres Using
Tap Water
Then: Immersion in Sodium
Hydroxide Solution
For 24 hrs
e
Immersion in Sodium Hydroxide Solution Oven drying (60°C)
For 3 hrs For 24 hrs

Figure 3. Lab treatment for the received jute fibers before use in geopolymer concrete preparation.

Figure 4. Used lengths of fibers in preparation of geopolymer concrete specimens.

Figure 5 shows the sieving analysis results of river sand and crushed stone. River sand
with a nominal maximum size of 4.75 mm was used as the fine aggregate. The sand, which
was well graded, had a specific gravity of 2.6. The proper grading of these aggregates was
essential to minimize the demand of water in the geopolymer matrix, preventing their
segregations in the mixing process. In addition, these aggregates were cleaned to eliminate
any organic matters and impurities. In all mixes, crushed granites (coarse aggregates) of
particle sizes below 10 mm with 2.7 of specific gravity were employed. The sieve size of
most of the coarse aggregates ranged from 4.75 to 10 mm. The grading of coarse aggregate
was vital due to their strong influence on the segregations and balling performance together
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with the surface areas alteration of fiber-reinforced binders. Researchers revealed that
coarse aggregates with poor grading can negatively impact various salient characteristics
of the resultant concrete.

100 4 — ASTM C33 lower limit !
— ASTM C33 upper limit
- 1

— River sand -

80 = == Crushed stone

20

0.01 0.1 1.0 4.0 10.0

Particle Size, mm

Figure 5. Outcomes of river sand and crushed stones’ sieving analysis.

2.2. Mix Design and Preparation of Composites

The proposed jute fiber-reinforced geopolymer concrete mixes and their proportions
are presented in Table 1. In preparing the proposed jute fiber-reinforced geopolymer
concrete, FA and GBFS were blended for two minutes for achieving a homogeneous
binary binder. The capacity of the mixer drum was 0.18 m3, which ensured a uniformity
in the concrete mix. Initially, 50% of the coarse and fine aggregates were mixed for two
minutes, followed by the addition of the remaining 50%, which was mixed for an additional
three minutes while the materials remained dry. Subsequently, the binary blended binder
composed of FA and GBFS was incorporated. All materials, including the dry binder,
coarse and fine aggregate were combined for three minutes followed by alkali solution
activation (75% of two-part of alkaline activated solution) and mixing for another 2 min.
Upon the wet mixing, the natural jute fibers were spread into the mixture while the mixing
process continued. The activated mixtures were then mixed for an additional three minutes
prior to the measurement of slump values. Later, the obtained mix was poured into pre-
prepared steel molds in accordance with ASTM C579-18 [58]. In accordance with ASTM
C143 [59], the workability values of the fresh fiber-reinforced specimens were assessed by
slump testing. Cubical molds measuring 70 mm X 70 mm X 70 mm, cylinders 100 mm
x 200 mm, and beams 100 mm x 100 mm x 500 mm were used to prepare the concrete
specimens. All molds were washed thoroughly to remove any impurities and residues. The
fiber-reinforced geopolymer concrete mixture was dispensed into the cleaned mold layer by
layer, wherein every layer was subjected to a vibration table for the compaction, ensuring
minimum air pockets. Next, each mold surface was flattened with the floating of plasterers.
The obtained concrete mixes were kept under laboratory conditions at 30 + 1.5 °C and over
80% of relative humidity for 24 h before being demolded and kept in the lab condition
until the test time after 7 and 28 days of aging. The procedure of preparing the proposed
geopolymer concrete specimens is illustrated in Figure 6.
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Table 1. Mix of natural jute fiber-reinforced geopolymer concretes.

Jute Fibers Biﬂder ;B), Aggregates, k g/m3 Alkaline S(;lution,
Concrete g/m kg/m
Codes Lmm  Vol,% "1‘(’;:5:‘;' FA GBFS Fine  Coarse  AAS:B NH NS
J0-0 0 0 0 464 176 684 910 0.50 91.4 228.6
J15-0.1 0.10 0.43
J15-0.2 0.20 0.86
J15-0.3 0.30 1.30
J15-0.4 15 0.40 1.73 464 176 684 910 0.50 91.4 228.6
J15-0.5 0.50 2.16
J15-0.6 0.60 2.59
J15-0.7 0.70 3.02
J25-0.1 0.10 0.43
J25-0.2 0.20 0.86
J25-0.3 0.30 1.30
J25-04 25 0.40 173 464 176 684 910 0.50 91.4 228.6
J25-0.5 0.50 2.16
J25-0.6 0.60 2.59
]25-0.7 0.70 3.02
J35-0.1 0.10 0.43
J35-0.2 0.20 0.86
J35-0.3 0.30 1.30
J35-0.4 35 0.40 1.73 464 176 684 910 0.50 91.4 228.6
J35-0.5 0.50 2.16
J35-0.6 0.60 2.59
J35-0.7 0.70 3.02

Concrete mixer

Fibres reinforced
geopolymer

concrete

Jute fibres  Two-part solution

g

Poured, vibrated and labelled specimens

Figure 6. Jute fiber-reinforced geopolymer concrete specimens’ preparation.
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2.3. Procedures of Tests

Slump tests (following BS EN 12350-2 standards [60]) were performed to determine
the workability of geopolymer concrete. Fresh control and reinforced specimens were
placed in the slump cone, which was followed by three stages of compaction using a
rod. The slump was measured as the vertical distance between the top of the rod and the
midpoint of the concrete’s surface. Geopolymer concrete specimens prepared without jute
fibers served as control samples to assess the impact of the jute fiber length and volume
fractions on the strength properties of the proposed geopolymer concrete. Three kinds
of specimens for each mixture were made into cubes, cylinders, and beams measuring
(70 mm x 70 mm x 70 mm), (100 mm x 200 mm), and (100 mm x 100 mm x 500 mm),
respectively. Following the casting process, the specimens were kept at an ambient tem-
perature of 26. The average values from three specimens at curing ages of 7 and 28 days
were used to evaluate the strength performance, including compressive strength (CS),
splitting tensile strength (STS), flexural strength (FS), and modulus of elasticity (MOE),
and an automatic machine with a maximum load of 3000 kN was used. A constant rate of
loading (5 kN/s) applied to the failure of the tested specimens. The flexural strength test
was carried out using the universal testing machine that is used for the determination of
the concrete compressive and splitting tensile strength with a rate 0.2 kN/s rate of loading.
The CS of concrete was measured following BS EN 12390-3 [61] on 70 mm cubes with CS
tests conducted on specimens cured for 7 and 28 days. The STS tests adhered to the BS
EN 12390-6 standards [62]. The FS tests followed the standard of BS EN 12390-5 [63]. The
specimens” MOE tests were performed in accordance with the standard of ASTM-C469 [64].
Water absorption tests were carried out according to ASTM C642 [65]. At every curing
age, the measurement was performed on 3 samples to obtain the mean value. The mi-
crostructures of specimens were analyzed by crushing them, wherein the central part of
every specimen was tested using Field Emission Scanning Electron Microscopy (FESEM).
In addition, several tests such as X-ray diffraction (XRD), differential thermogravimetry,
Fourier-transform infrared spectroscopy (FTIR) and FESEM were conducted on the binary
blends of FA-GBEFS after activation by 6 M of the two-part alkali solution to measure the
change in chemical composition and surface morphology compared to the raw materials
(FA and GBEFS).

3. Results and Discussion
3.1. Fibers’ Salient Characteristics

The physical and engineering attributes of treated natural jute fibers were evaluated in
terms of diameter, density, elongation break percentage, ultimate tensile strength, stiffness
and water absorption. From the conducted tests, the obtained results are illustrated
in Table 2. The diameter, density, elongation, ultimate tensile strength, stiffness, and
water absorption were 0.018 mm, 1.438 g/ cm?, 1.64%, 374 MPa, 13.6 kN/mm, and 3.96%,
respectively. Furthermore, the cellulose, hemicelluloses, lignin, water soluble, ash, pectin,
and cerolipoid comprised 67.8%, 12.4%, 15.1%, 1.8%, 1.7%, 0.7% and 0.5% of the chemical
composition, respectively. The FESEM results presented in Figure 7 show that the fiber
diameter and porosity (Figure 7b) were significantly influenced by sodium hydroxide
treatment, and the diameter of the fibers decreased by 18 to 24% compared to untreated jute
fibers (Figure 7a). The observed decrease in the jute fibers” diameter agreed with the report
of Ibrahim et al. [57]. This reduction was attributed to the elimination of hemicellulose,
lignin and pectin. Similar trends in the fiber diameter reduction following alkaline treatment
have been observed by others. It was acknowledged [66] that the reduction in the fibers’
diameter can be due to morphological changes in the fibers after alkaline treatment. Their
SEM analysis showed that the fibers were not monofilaments but rather bundles coated
and bonded by lignin, wherein a substantial amount of lignin was removed during the
treatment in alkali solution, leading to a reduction in fiber diameter. Saha et al. [67] also
observed a 23% decrease in jute fiber diameter after treatment with NH solution (4%) for
half an hour at room temperature. This decrease was mainly due to the elimination of a
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part of the surface contaminants along with the extraction of lignin, hemicellulose, and
pectin as confirmed by earlier studies [68-72].

Table 2. Physical properties of used natural jute fibers.

Diameter, . 3 Elongation Break, Ultimate Tensile . Water Absorption,
mm Density, g/cm % Strength, MPa Stiffness, KN/mm %
0.018 1.438 1.64 374 13.6 3.96
Color: Dark-gold Chemical processing: NaOH (concentration of 4 M) Source: Local

GIEC-54800 3.0Kv 9.5mm x500 SE (M) ) GIEC-54800 3.0Kv 9.5mm x500 SE (M) 100um

Figure 7. SEM images for longitudinal and cross-section of used fibers (a) before and (b) after treat-
ment.

3.2. Workability of Proposed Concrete

The influence of various lengths and volume fractions of jute fibers on fresh concrete’s
workability is discussed widely in this section. Figure 8 shows the impact of varied
length and volume fractions of jute fibers on the workability performance of the proposed
geopolymer concretes. The obtained results clearly showed that the slump values can
be significantly affected by the increase in the fibers’” lengths and volume fractions. In
Figure 8a, the effect of a 15 mm length of fiber added with a volume of 0.10, 0.20, 0.30, 0.40,
0.50, 0.60 and 0.70% on the slump value of the prepared geopolymer concretes is illustrated.
An increase in the volume fractions from 0 to 0.70% leads to a decrease in slump values
from 105 to 37 mm, respectively. Similar outcomes were evidenced for the fresh concrete
made from various volume fractions of 25 mm fibers wherein the slump values dropped as
the fiber volume fraction increased. The slump value decreased from 105 to 95, 76, 64, 47,
41, 37, and 31 mm when raising the fiber volume from 0 to 0.10, 0.20, 0.30, 0.40, 0.50, 0.60
and 0.70%, respectively. Likewise, the slump values of geopolymer concrete prepared with
35 mm fibers dropped to 89, 66, 52, 40, 35, 32, and 28 mm when increasing the fiber volume
in the matrix.

In the literature, several studies [42,73] have reported that the inclusion of fibers
can significantly reduce the workability by increasing the viscosity of the geopolymer
mixture. Excessive fiber addition leads to reduced workability, indicating inadequate
compaction [74]. As the fiber content increases, slump values decrease significantly [74,75].
Previous research has demonstrated that the incorporation of jute fibers in geopolymer
concrete can considerably affect the fresh concrete’s slump values [76]. A higher jute
fiber content in concrete is associated with a reduction in slump, and this effect is more
pronounced when using longer jute fibers compared to shorter fibers [49]. The slump
value of high-fluidity concrete reinforced with jute fibers decreases more sharply than
that of normal concrete [76]. Therefore, increasing the jute fibers content and fiber length
in a concrete matrix has a negative impact on the slump values of fresh concretes. The
slump tests were conducted [47] to examine the fresh concrete’s workability after the
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inclusion of jute fibers. The ratio of water to cement (w/c) was fixed (0.70) for both the
control and jute fiber-reinforced specimen. The slump value of the control specimen was
measured at 44 mm, while the incorporation of a 5% fiber volume fraction and length of
50 mm into the concrete could reduce the slump value to 17 mm. This observation was
attributed to the decrease in the preservation and captivity effects of the jute fibers because
the jute fiber-embedded concretes tend to show lower slump values than control specimen.
Additionally, the high water absorption capacity of jute fibers further contributed to the
slump reduction [47]. Several studies have reported similar reductions in slump with the
addition of natural fibers [77-80].

(a) Fibres Length: 15 mm (

g

Fibres Length: 25 mm
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Figure 8. Effects of various volume fractions of fibers on workability performance of geopolymer
concretes for (a) 15 mm, (b) 25 mm, and (c) 35 mm length.

Figure 9 illustrates the relationship between the proposed concrete slump readings and
fiber content. It was indicated that there is an inverse relationship, and the workability of the
proposed concrete tends to decrease as the fiber content in the geopolymer matrix increases.
There appears to be a good correlation between the reinforced geopolymer concrete and
the fiber content with a correlation coefficient of 0.84. The experimentally measured data
were correlated using the linear regression technique via the following relation:

Concrete slump, mm = (—104.41 x Volume of fibres) + 100.54 (1)
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Figure 9. The relationship between the proposed concrete slump value and fiber content.

3.3. Mechanical Properties
3.3.1. Compressive Strength Development

The impact of varied lengths and volume fractions of fibers on the CS development
of proposed concrete was evaluated. Figure 10 shows the obtained results of the CS of
reinforced geopolymer concretes aged one and 4 weeks. The CS of the specimens increased
as the curing age increased. Furthermore, the CS of the specimens was directly affected
by the change in the fibers’ length and volume fractions. However, the CS decreased
as the fibers length and volume fractions increased in the concrete matrix. The lower
strength (21.7 MPa) at early age (7 days) was found with the specimens prepared with the
highest length (35 mm) and volume content (0.70%) of jute natural fibers reinforcing the
geopolymers. Wongsa et al. [42] showed a decrease in the CS of geopolymer composite by
26.4 and 11.5% as the corresponding fiber volume fraction increased from 0.5 to 1.0% when
coir and sisal fibers were added. For the geopolymer specimens prepared with varying
volume fractions and a fixed fiber length of 15 mm (Figure 10a), the CS dropped from
37.7 t0 26.1 MPa at 7 days and from 46.9 to 38.1 MPa at 28 days. Similarly, increasing the
length of the fibers to 25 mm and volume fractions resulted in a significant decrease in the
compressive strength values. At age of 7 days, the CS dropped from 37.7 to 24.3 MPa as the
fiber volume fraction increased from 0% to 0.70%, respectively. Likewise, after 28 days, the
CS dropped from 46.9 to 34.5 MPa as the fiber volume fractions increased from 0% to 0.70%
(Figure 10b). Similarly, the concrete made with 35 mm fibers displayed a greater loss in
compressive strength when the volume percentage of natural jute fibers included in the
geopolymer matrix was higher. The results showed that increasing the volume fraction
from 0.10% to 0.70% led to a drop in the compressive strength value from 34.7 to 21.7 MPa
at the age of 7 days and from 44.6 to 31.5 MPa at the age of 28 days, respectively.
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Figure 10. Impact of varying lengths and volume fractions of fibers on compressive strength develop-
ment of concrete: (a) 15 mm (b) 25 mm (c) 35 mm.

In general, jute fiber-reinforced geopolymers with higher fiber concentrations absorb
more solution, which significantly influences the geopolymerization process and leads to a
reduction in compressive strength [71,81-84]. However, the optimal fiber dosage depends
on various factors, including the physical properties (lengths and diameters), fiber type, mix
design of concrete, and proportions of water to binder [49,50]. At lesser volume fractions of
reinforced fibers, the fibers’ confinement in the concrete matrix leads to a loss in compressive
strength [52,84]. Conversely, at higher dosages, workability decreases, making compaction
difficult and resulting in lower strength. This occurs when the addition of fibers at large
volume fractions dilutes the concrete matrix, leading to a drop of CS performance [82].
The reduced compressive strength of fibrous mixtures could be explained by the presence
of voids caused by the addition of jute fibers and the weak interfacial bonds between
the jute fibers and FA-GBFS pastes. However, the results of this experiment indicated
that the decrease in compressive strength was not substantial due to the presence of jute
fibers, and the failure mode was predominantly ductile. Several types of natural fibers
have been studied for the reinforcement of geopolymers, including cotton fiber [83,84], flax
fiber [85], sisal fiber [42], coconut fiber [42], pine cone fiber [34], and corn fiber [86]. Most of
these studies reported that the compressive strength of the designed geopolymer slightly
decreased with the increase in fiber length and volume fraction.
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3.3.2. Failure Modes of Proposed Concrete

Figure 11 shows how the length and volume fractions of natural jute fibers affect
the failure modes of the proposed geopolymer concretes. The fibers’ length (15 mm,
25 mm, and 35 mm) and volume fractions (0.10, 0.20, 0.30, 0.40, 0.50, 0.60 and 0.70%)
have a significant effect on the failure modes. As known, the compressive strength for all
geopolymer concrete specimens tends to decrease as the fiber volume fractions and lengths
in the concrete matrix increase. Figure 11a,b show the plain and reinforced geopolymer
concrete before loading, respectively. Based on the failure mode analysis, the geopolymer
concrete prepared without fibers exhibits a triangular failure pattern with diagonal cracks
and brittle behavior, as shown in Figure 11c. In contrast, the failure modes of natural jute
fiber-reinforced geopolymer concretes, which contain varying lengths (15-35 mm) and
amounts of fibers (0.10-0.70 vol.%), are generally similar, showing cracks without separation
and demonstrating good ductility (Figure 11d-1). The highest ductility performance was
observed with the specimens prepared with a higher volume percentage of fibers (0.70%),
as shown in Figure 11f,i 1. It is important to note that despite the lower TS of the natural
jute fibers compared to the synthetic ones, they are still capable of promoting fiber bridging
within the geopolymer matrix and enhancing the toughness of the proposed geopolymer
concrete. Visual observations further reveal that as the fiber length and content increase,
the crack width decreases, evolving the crack-mediated failure of concrete from large
to coarse and finally to fine with high density. The obtained findings indicated that
the incorporation of jute fiber-reinforced concrete helps prevent direct vertical failure by
creating fiber bridging [71]. The incorporation of fiber bridging may extend the service life
of structures and provide sufficient warning before ultimate failure. The failure patterns
observed in this study align with those reported in the literature [49,71,87]. Previous
research shows that adding fibers to concrete limits the formation of cracks seen in concrete
without any reinforcement [49]. Additionally, it was noted that cylindrical specimens
without jute fiber reinforcement exhibited brittle axial fractures, while those with jute
fibers developed longitudinal cracks, indicating enhanced ductility in jute fiber-reinforced
concrete [49].

3.3.3. Splitting Tensile Strength

The STS analysis results of reinforced geopolymer concrete prepared with fibers with
varying length and volume are illustrated in Figure 12. The STS values increased with
the curing age, ranging from one to four weeks. Additionally, the inclusion of fibers
in the matrix of FA-GBFS geopolymers significantly improved the tensile strength of the
specimens. However, including a high volume of fibers negatively affected the performance
of the tested specimens and showed lower splitting tensile strength values. As shown in
Figure 12a, including 15 mm fibers with volume fractions from 0.10 to 0.70%, increasing in
0.1 increments, led to corresponding STS of 3.88, 4.08, 4.15, 4.22, 4.18, 3.98, and 3.84 MPa at
7 days of age, and 5.24, 5.37, 5.51, 5.82, 5.56, 5.47, and 5.32 MPa at 28 days of age compared to
3.74 and 5.17 MPa for the control specimens. Likewise, the specimens prepared with 25 mm
fibers in a volume of 0.10, 0.20, 0.30, and 40% showed improvement in the splitting tensile
strength from 3.74 to 3.96, 4.11, 4.34, and 4.58 MPa at 7 days of age and from 5.17 to 5.38,
5.63, 5.78, and 6.14 MPa at 28 days of age (Figure 12b), respectively. However, increasing
the fiber volume fractions from 0.50 to 0.70% produced a drop in the corresponding STS
values from 4.46 to 4.04 MPa at 7 days and from 5.86 to 5.42 MPa at 28 days. Figure 12c
shows that increasing the volume fraction of 35 mm fibers from 0 to 0.10, 0.20, 0.30, and
0.40% can enhance the STS of the concrete from 3.74 to 4.06, 4.12, 4.23, and 4.27 MPa at one
week of age and from 5.17 to 5.44, 5.57, 5.62, and 5.74 MPa at 4 weeks of age. However,
the splitting tensile strength dropped to 4.02, 3.94, and 3.78 MPa at 7 days and to 5.59,
5.36, and 5.18 MPa at 28 days when increasing the volume percentage of fibers to 0.50, 0.60
and 0.70%, respectively. To summarize, the specimens made using 25 mm fibers at 0.40%
volume fraction achieved the highest STS of 6.14 MPa compared with the control specimen
(5.17 MPa), increasing by 18.7% at 28 days.
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Figure 11. Effects of fiber length and volume fraction on failure mode of tested geopolymer con-
crete’ specimens: (a) normal geopolymers before test, (b) reinforced geopolymers before test, (c) 0%
fibers of geopolymers, (d) 15 mm—0.10% fibers, (e) 15 mm—0.40% fibers, (f) 15 mm—0.70% fibers,
(g) 25 mm—0.10% fibers, (h) 25 mm—0.40% fibers, (i) 25 mm—~0.70%, (j) 35 mm—0.10%,
(k) 35 mm—0.40% (1) 35 mm—0.70%.
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Figure 12. Fiber volume fraction-dependent STS of concretes at different lengths of (a) 15 mm,
(b) 25 mm, and (c) 35 mm.

The improvement in the tensile strength of geopolymer specimens is largely attributed
to jute fiber’s ability to bond the cracks in the strain regions [38]. During splitting, the
bridging of jute fibers at the crack locations allows stress transfer into the fibers from the
concrete specimen, enabling the concrete to withstand the loads for a prolonged period of
time. This can increase the capacity of the tensile strain of the concrete matrix, enhancing the
concrete’s STS [88,89]. The split tensile strength (STS) values can be influenced by variations
in the fiber length and volume fraction with all mixes showing an increase in STS values
at both early and later stages when fiber was incorporated into the geopolymer concrete.
A similar trend was noted by Silva et al. [43], wherein the STS of geopolymer concrete
made from fibers (sisal or jute) increased as the fiber volume content increased, which
was followed by a drop beyond an optimal volume content of fibers. Wang et al. [90] also
observed that with the increase in the basalt fibers length from 12 to 24 mm in the concrete,
the STS values improved, but it was declined as the fiber length rose from 30 to 36 mm. In
contrast, geopolymers incorporating longer fibers and higher volume fractions (35 mm,
0.70%) demonstrated weaker adhesion between the fibers and the composite matrix, which
was characterized by larger gaps, voids, and air pockets around the fiber-matrix interface.
Under load, these gaps expanded, increasing void formation, which weakened the bond
and led to failure at lower fracture strength levels compared to composites containing
15 mm and 25 mm fibers or lower volume fractions. The STS of reinforced geopolymer
concrete can decrease when longer fibers (>35 mm) or higher volumes (0.50-0.70%) of jute
fibers are included in the mixtures due to several factors. Firstly, longer or excessive jute
fibers do not distribute evenly within the geopolymer concrete matrix, leading to poor
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bonding between the fibers and the matrix. This can result in gaps, voids, or weak spots
around the fibers, reducing the material’s overall fracture strength. Additionally, higher
jute fiber content can create a congested structure that makes it harder to compact the
geopolymer concrete properly, further weakening the matrix and leading to lower splitting
tensile strength performance.

3.3.4. Flexural Strength

Figure 13 shows the flexural strength values of reinforced geopolymer concrete con-
taining various lengths and volumes of natural jute fibers. The FS of geopolymer specimens
evaluated at the ages of 1 and 4 weeks increased as the curing ages increased for all of the
tested concrete specimens. The flexural strength of the reinforced geopolymer concretes
was significantly affected by the fiber length and volume fraction. The test results showed
that as the fiber length and volume content increased, the performance slightly improved
compared with the control specimen. However, increasing the fiber length and volume
content to a very high amount in the geopolymer mixtures resulted in a significant drop in
its strength properties and led to lower performance. At 7 days, including 0.10, 0.20, 0.30,
and 0.40% of 15 mm fibers led to an increase in flexural values from 4.16 to 4.45, 4.71, 4.94,
and 5.32 MPa; then, the value dropped to 5.08, 4.82, and 4.32 MPa as the volume increased
to 0.50, 0.60, and 0.70%, respectively. Likewise, the specimens evaluated at 28 days showed
a significant improvement when the fiber content increased from 0.1 to 0.40% wherein the
corresponding values of FS enhanced from 5.94 to 7.46 MPa. However, further raising the
content of fibers to 0.50, 0.60 and 0.70% resulted in the flexural strength decreasing to 7.08,
6.72, and 6.34 MPa, as shown in Figure 13a. At the curing age of one week (Figure 13b), the
specimen with 25 mm fibers added in volume fractions from 0.10 to 0.40% had improved
FS ranging from 4.16 to 5.47 MPa, respectively. However, increasing the volume percentage
to 0.50, 0.60 and 0.70% resulted in a drop in the flexural strength to 5.13, 4.69 and 4.41 MPa.
Similar outcomes were found at the curing age of 4 weeks for the specimens with fiber
volume fractions in the range of 0.10 to 0.40%, wherein the corresponding FS increased
from 5.94 to 7.67 MPa. In addition, the FS values dropped to 6.52 MPa when the volume
fractions of fibers in the concrete increased from 0.40% to 0.70%. As presented in Figure 13c,
the specimens prepared with 35 mm fibers in volume fractions of 0.10, 0.20, 0.30, 0.40,
0.50, 0.60, and 0.70% achieved flexural strength values of 4.21, 4.49, 4.82, 5.16, 4.67, 4.32,
4.18 MPa at 7 days of age and 6.32, 6.68, 6.91, 7.29, 6.76, 6.44, and 5.98 MPa at 28 days of
age, respectively. It clearly can be seen from the analysis that volume fractions of fibers
higher than >0.40% led to a significant drop in flexural strength. Overall, the optimal fiber
length and volume were 25 mm and 0.40%, respectively, which significantly improved the
flexural strength by 31.5 and 29.1% at 7 and 28 days compared to the control.

Numerous studies have demonstrated that jute fibers generally improve the flexural
strength of concrete composites [91-93]. Kansagra and Raval [94] observed that adding
jute fibers in specific quantities increased both the tensile and flexural strength of concrete.
It is well established that the insertion of jute fibers into the concrete matrix can enhance
their mechanical characteristics, depending on the changing volume contents and lengths
of the fibers [92]. Zia and Ali [47] examined the strength properties of jute fiber-reinforced
concrete with a fiber length of 50 mm and cement mass of 5%. About a 36% reduction
in the CS and 21% reduction in the TS was reported after the addition of jute fibers of
higher lengths and amounts compared to the plain concrete. This decrease in strength
performance was mainly due to the incorporation of a large volume of jute fibers with low
density, which improved the concrete’s heterogeneity. Another factor could be the reduced
cement content in the jute fiber-reinforced concrete, as the fibers were introduced into a
mix design ratio analogous to the plain mix. Additionally, the inadequate densification
of the jute fiber-incorporated mixes associated with the weak absorption of water by the
fibers could led to a reduced slump of the fresh mix, contributing to the decrease in the
composite’s strength [94].
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Figure 13. Effects of fiber length and content on flexural strength of proposed reinforced geopolymer
concretes: (a) 15 mm, (b) 25 mm, (c) 35 mm.

The FS values of the fiber-reinforced geopolymer concretes were strongly interrelated
with their STS, as shown in Figure 14. The STS values served as an indicator of the
response factor and can be considered a predictive parameter. The experimental results
were analyzed using a linear regression method, as shown in Equation (2). The R? value for
all composites was found to be 0.97, indicating a high level of confidence in the correlation.

Flexural strength, MPa = (1.4435 x splitting tensile strength) — 1.2223 ()
8.0
- '/.,/
7.5 4 -
4 -"‘/
"1 Fs-1as35Ts 12223 ',.I’ £
5] EE=0969 ,;./' Ll

Flexural Strength, MPa

3.5 4.0 45 5.0 5.5 6.0 6.5

Splitting Tensile Strength, MPa

Figure 14. Relationship between splitting tensile strength and flexural strength of reinforced geopoly-
mer concretes.
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3.3.5. Elastic Modulus (MOE) of Concretes

The MOE values of the reinforced geopolymer concretes were also influenced by the
fiber length and volume added to the matrix, which slightly dropped as the fiber lengths
and volume fractions in the matrix increased. As shown in Figure 15, all the cylindrical
concrete specimens made with different lengths and volume fractions of fibers displayed
modulus of elasticity values lower than the control specimens. For reinforced geopolymer
concrete specimens prepared with 15 mm fibers, increasing the fiber volume fractions from
0.10 to 0.70% led to a decrease in the corresponding values of MOE from 27.6 to 24.5 GPa
compared to the control specimens (27.9 GPa) made without fiber reinforcement. Similarly,
as the fiber length increased from 15 to 25 mm, the corresponding MOE values dropped
from 27.6 to 27.4 GPa. Thereafter, the modulus decreased from 25.8 to 24.3 GPa with the
corresponding increase in fiber volume content from 0.10 to 0.70%. Likewise, increasing the
length of fibers from 15 and 25 mm to 35 mm resulted in a drop in the modulus to 27.1 GPa.
Compared to control specimens, increasing the volume content of 35 mm fibers from 0% to
0.10%, 0.40% and 0.70% led to a significant decrease in the modulus from 27.9 to 27.1, 25.3,
and 23.6 GPa, respectively. Various studies indicated that a higher volume fraction and
length of fibers can lead to more voids and lower bond strength between the geopolymer
pastes, aggregates and fibers, which resulted in a lower compressive strength and modulus
of elasticity performance [69,95].
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Figure 15. Modulus of elasticity of proposed geopolymer concretes.

There was a relationship between the MOE and CS of the reinforced geopolymer
concrete specimens (Figure 16) in which the MOE values decreased as the CS of the
geopolymer composites decreased. The experimentally obtained data were correlated by
applying the linear regression approach via Equation (3), wherein the achieved R? value of
0.94 indicated a good correlation confidence.

Modulus of elasticity, GPa = (0.2858 x compressive strength) + 14.499 (©)]
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Figure 16. Relationship between the CS and MOE of the produced geopolymer concretes.

3.4. Water Absorption Capacity (WAC) of Concrete

Figure 17 illustrates the impact of the length and volume fractions of the reinforced
fibers in the proposed geopolymer concretes on the WAC (after 4 weeks of curing age).
The WAC of the concrete was directly correlated to the changing lengths and contents of
the jute fibers. The results showed that increasing the fiber length from 15 to 35 mm and
volume from 0.10% to 0.70% led to a significant increase in the WAC values. Figure 17a
shows the effect of varying the volume (0.10% to 0.70%) of 15 mm fibers. Increasing the
volume of fibers from 0% to 0.10, 0.20, 0.30, 0.40, 0.50, 0.60 and 0.70% resulted in an increase
in the WAC from 3.87% to 3.95, 4.12, 4.24, 4.38, 4.56, 4.67, and 4.81%, respectively. When
the fiber length was 25 mm (Figure 17b), a similar trend was observed: the WAC increased
to 4.02, 4.17, 4.46, 4.64, 4.82, 494, and 5.06%, respectively. Likewise, and as shown in
Figure 17¢, increasing the fiber length to 35 mm increased the WAC values to 3.98, 4.23, 4.51,
4.74,4.91, 5.08, and 5.24%, respectively. From the presented results, it clearly can be seen
that the specimens prepared with longer fibers (35 mm) but similar volume percentages
resulted in higher WAC values compared to the specimens prepared with 15 and 25 mm
fibers. These results clearly demonstrated the strong influence of the fiber volume fractions
and length on the porosity of the concrete matrix, wherein the matrix developed more
pores when fibers with higher volume fractions and extended lengths were added into
the concrete. This can be ascribed to the greater entrapment of air voids occurring after
the fibers were introduced into the fresh mixes [96]. As a result, these air voids kept on
increasing as the fiber volume fractions and length in the concrete matrix increased. Some
reports suggested similar results for geopolymer composites made with other natural fibers,
such as sugarcane bagasse fibers [97] and flax fibers [98], wherein with the increase in the
fiber volume content, the WAC and porosity of the matrix also improved.
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3.5. Microstructure Properties
3.5.1. X-Ray Diffraction (XRD) Analyses

The proposed geopolymer paste made of 75% of FA + 25% of GBFS was activated with
a two-part alkaline solution, and the XRD profiles were recorded (Figure 19). Figure 19a
displays the primary minerals of FA, revealing the existence of quartz, mullite, CaO,
magnesium silicate, and aluminum-magnesium compounds. The diffraction patterns
exhibited broad intense peaks in the 2-theta range of 20-30°, which is consistent with
findings from previous studies [15,99], suggesting the presence of silica and alumina
crystallites. However, the other pronounced diffraction peaks observed can be ascribed
to the presence of quartz and mullite crystallites. In contrast, Figure 19b shows that
GBES particles do not exhibit sharp diffraction peaks, confirming their amorphous nature.
A key factor in the formation of GBFS is its high content of reactive amorphous SiO;
and CaO, which indicate its potential regarding geopolymer production. However, the
addition of GBFS is necessary to compensate for the low calcium oxide content in FA,
improving the geopolymerization process, reducing the setting times, and increasing the
CS development at early and late ages. As presented in Figure 19¢, the incorporated FA
and GBFS together with the activation of a two-part alkali solution (6 M) led to a significant
change in the chemical composition and decrease in the intensity of the peaks. More dense
gels such as calcite (CaCO3), albite (Na(AlSizOg)), gismondine (CaAl;Si;Og - 4H,0), and
muscovite (KAl (SizAl)O19(OH);) appeared. These dense gels alongside the Na, Ca-(Al)-
Si-H gels were created in response to the high early compressive strength of the proposed
geopolymer concretes.
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Figure 19. XRD profiles of (a) raw FA, (b) raw GBFS, and (c) geopolymer paste prepared with
FA:GBFS of 75:25 and activated with two-part alkaline activator solution.
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3.5.2. Scanning Electronic Microscopy (SEM) Analysis of Concretes

Figure 20 shows the SEM image analysis of FA, GBFS and geopolymers activated with
alkaline activator solution. The surface morphologies of FA revealed the distribution of
spherical particles (hollow) with a median size of 10 pum. These particles often contain
smaller ones within their internal structure, which imparts ball-bearing characteristics to the
FA, reducing the energy required to mix with GBFS in the formation of geopolymer paste,
mortar, and concrete. Mehta and Siddique [100] and Li et al. [101] also observed similar
particles morphology in FA. The SEM micrograph of GBFS (Figure 20b) shows the existence
of an irregular distribution of angular particles with the median size of 12.4 um, which
was consistent with the observation of Poloju et al. [102]. The alkali solution activation
of FA and GBFS dissolved the existing aluminosilicate and reacted with the calcium and
sodium, formulating more dense gels and showing high early and late compressive strength.
However, when the FA volume was high, more unreacted particles of FA were observed
(Figure 20c).

3
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Figure 20. SEM micrographs of (a) raw FA, (b) raw GBFS, and (c) geopolymer concrete prepared
with FA:GBFS of 75:25 activated with alkaline activator solution.

The surface morphology of jute fiber-reinforced geopolymer concretes with varying
fiber length and volume is illustrated in Figure 21. The fiber length of 25 mm and volume
of 0.40% (Figure 21b) was selected as the optimum addition due to the superior tensile
and flexural strengths and surface morphology of the reinforced geopolymer concretes
compared to those with a low (15 mm/0.10%) and high (35 mm/0.70%) fiber content, as
shown in Figure 21a and c, respectively. At 100 um magnification, it is evident that when
the volume of jute fibers is high (Figure 21c), pores propagate into larger pores, and there
are more voids between the fibers. When the fiber content is low, many micro-cracks were
observed. However, in 0.40% jute fiber-reinforced geopolymers, there are fewer micro-
cracks, indicating that jute fibers plays a role in inhibiting crack development. The figure
also highlights fiber pull-out sites, which indicate a strong bond between the fibers and the
matrix. Fiber pull-out, as opposed to fiber rupture, is desirable for enhancing the ductility
of reinforced composites. A strong fiber—-matrix bond was vital to prevent the breakage of
fibers, enhancing the micro-cracking and ductility of concrete. This effective interaction
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between the fibers and concrete matrix could enhance the absorption of energy such as
fibers pull-out, de-bonding, and stress transferring from the concrete matrix to the fibers,
explaining the observed STS and FS enhancement of the proposed geopolymers.
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Figure 21. SEM micrographs of concrete prepared with jute natural fibers with a length-volume% of
(a) 15 mm—0.10%, (b) 25 mm—0.40%, and (c) 35 mm—0.70%.

The surface morphology images further reveal the presence of unreacted FA particles
when the fiber content was low, medium and high. However, the incorporation of jute
fibers increased the formation of air voids around the fibers within the concrete matrix, thus
reducing the geopolymers’ workability. These findings are consistent with the lower density,
compressive strength, and higher water absorption compared to the control specimens.
To assess the influence of various volume fractions and lengths of fibers on the bonding
strength of concrete, the SEM surface morphology of the mixes was analyzed. Figure 21a,b
display the generation of strong bonds between the jute fibers and the composite network.
However, in composites with 0.70% 35 mm jute fibers, loose bonding is observed at certain
points (Figure 21c), which could hinder the stress transfer between the composite matrix
and fibers, producing weak coupling amid the fibers and the composite matrix and reducing
its strength performance. Compared to the bonds shown in Figure 21a,b, the jute fiber-
reinforced geopolymers made with a volume fraction of 0.70% showed poor bonding
between the jute fibers and composite matrix, which may be due to the poor distribution
of fibers within the network resulting in more empty spaces and air voids. As the fiber
volume fraction in the composite increased, the extent of matrix adjacent to each fiber was
decreased, thereby weakening the fiber-matrix bond. Also, the SEM images of concrete
showed that at longer fiber length and higher content, more air voids and pockets as well
as macro-voids were formed around each fiber. When the proposed geopolymers are
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subjected to external loads, these voids connect easily, causing failure in the geopolymer
and breaking the matrix into small fragments, leading to a lower compressive strength
performance. Regarding fiber length, the SEM images exhibited stronger bonding between
the shorter fibers (15 and 25 mm) and composite matrix than for the longer fibers (35 mm).
Geopolymers made with fiber lengths of 15 or 25 mm demonstrated the formation of strong
bonds between the fibers and the composite matrix. However, some de-bonding was
observed for specimens made with 15 mm fibers, which can be due to the reduced stress
transfer to the fibers and lower tensile and flexural strengths. In contrast, geopolymers
made with 35 mm fibers exhibited weaker adhesion between the fibers and composite
matrix, displaying larger gaps, voids and air pockets around the region of the fibers and
composite matrix. When the composites were subjected to load, these gaps expand and
create voids, weakening the bond and resulting in failure at lower strengths compared to
composites with 15 mm and 25 mm fibers.

3.5.3. Differential Thermogravimetry (TGA-DTG) Analyses

Figure 22 shows the TGA-DTG results of raw FA, raw GBFS and geopolymer com-
posites prepared with a FA:GBFS ratio of 75:25. The weight changes occurred at different
temperatures. The TGA results revealed a higher stability of FA at high temperature ex-
posure than other specimens. In addition, the FA revealed drying (rerun) and desorption
phases together with lower weight loss (1.27%). For the GBFS, a decomposition of multi-
phase without the formation of any intermediate products or faster rate of heating was seen
wherein the weight loss was 2.31%. DTG data revealed the mass loss for the composites
pre-set heating, suggesting a physical alteration of the raw materials. It was observed that
the stability of the FA was higher, indicating its higher strength performance against any
decomposition. FA also showed lower weight loss (0.0078%/°C) than GBFS because the
decomposition peak of FA appeared after 700 °C. The TGA results confirmed a maximum
change in weight for GBFS (0.02%/°C) at 718 °C. The results presented in Figure 22¢ show
a significant change in the chemical composition of FA after it is mixed with GBFS and
activated with an alkaline activator solution. More gels were formed, and the stability of
Ca-OH and Ca-C-O bonds under heating was high with a weight loss of no more than
10.8% at 900 °C.
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Figure 22. TGA-DTG analysis of (a) raw FA, (b) raw GBFS, and (c) geopolymer concrete prepared
with FA:GBFS of 75:25.
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3.5.4. Fourier-Transform Infrared Spectroscopy (FTIR) Analyses

FTIR measurement provided a deep insight into the vibrational signatures of chemical
bonds in the constituent materials, enabling a thorough knowledge on the structural and
chemical bonding properties The obtained crystalline to amorphous phase conversion of FA,
GBFS, and geopolymer paste in the binary composite activated with alkali solution (after
28 days of age) under increasing temperatures was evaluated using FTIR spectral analyses.
The stretching vibration modes depended on the Si—Al configuration in the structure,
shifting toward lower wavenumbers with the increase in tetrahedral Al atoms [103]. Sitarz
and Handke [104] observed broad absorption bands around 500-650 cm ™!, confirming the
existence of silicate and aluminosilicate amorphous phase. These glassy phases exhibited
a short-ranged order due to the presence of tetrahedral or octahedral ring-like structures.
The band at 460 cm ™! was attributed to Al-O-Al in-plane bending vibration modes, while
the band at 730 cm~! emerged from the octahedral Al site vibration modes. The band
at 820 cm~! was originated from stretching vibration modes of tetrahedral Al-O [105].
The band at 1400 cm ! was due to asymmetric stretching vibration modes of Al-O/Si-O
linkages [106]. Raw FA (Figure 23a) displayed a broad band with intermediate intensity
(C-0/C=0) around 1460 to 1600 cm~!. In contrast, GBFS (Figure 23b) exhibited higher
vibrational modes. Both FA and GBFS showed broad bands around 3500 cm~!, which
was due to the bending vibration modes of (C=0O-H) and stretching vibration modes
of hydroxyl group (-OH), indicating the presence of weakly bonded water molecules
adsorbed or trapped on the materials surface or in large voids. In Figure 23c, the analysis
results showed a significant change in the chemical composition, and more silica and
aluminum dissolved and dense gels formulated.
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Figure 23. FTIR spectrum of (a) raw FA, (b) raw GBFS, and (c) geopolymer concrete prepared with
an FA:GBFS ratio of 75:25.
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4. Applications, Opportunities, and Prospects

The applications, opportunities, and prospects of natural jute fibers in geopolymer
concrete technology are significant due to their sustainability, cost effectiveness, and envi-
ronmental benefits.

There are several potential applications for jute fibers in the geopolymer concrete
industry. (i) Reinforcement in Concrete: Natural jute fibers are used to reinforce concrete,
improving its tensile strength, flexural strength, and toughness, as shown in Figure 24.
(ii) Lightweight Concrete: These fibers help produce lightweight concrete, which is ideal
for non-structural components, reducing the overall load on structures. (iii) Crack Control:
Jute fibers are effective in controlling shrinkage cracks in concrete, enhancing the durability
and service life of structures. (iv) Precast Concrete Elements: Natural fibers are also used
in precast concrete products such as blocks, panels, and roofing tiles, offering eco-friendly
alternatives to traditional materials.

Control cracking due to plastic and drying shrinkages

Improve the impact
: resistance

Jute Fibres Application Reduce the costs

BT Rt

Figure 24. Potential applications of jute fibers in geopolymer concrete industry.

Jute fibers present several eco-friendly opportunities. (i) Sustainable Construction:
Natural fibers provide a greener alternative to synthetic fibers and steel, reducing the
carbon footprint of concrete production. (ii) Cost-Effective Solutions: Jute fibers offer a
cost-effective reinforcement option, especially in regions where natural fibers are abundant
and affordable. (iii) Waste Utilization: The use of agricultural by-products (such as straw
or hemp fibers) as reinforcement materials in concrete creates opportunities for recycling
waste materials. (iv) Innovation in Materials: The development of hybrid composites, com-
bining natural and synthetic fibers, opens new possibilities for optimizing the mechanical
properties of fiber-reinforced concrete.

As for future prospects, jute fibers have significant potential. (i) Wider Adoption in
Green Building: With the growing emphasis on sustainable construction, natural fiber-
reinforced concrete has strong potential for wider use in green building certifications and
eco-friendly designs. (ii) Enhanced Performance through Research: Ongoing research
into the treatment and modification of natural fibers to improve their bonding with the
concrete matrix could lead to higher-performing materials. (iii) Regulatory Support: As
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more countries implement regulations promoting sustainable construction, the use of
natural fibers in concrete could become more standardized and widely accepted. (iv) Long-
Term Durability: Continued advances in understanding the durability and degradation
mechanisms of natural fibers in concrete will further encourage their adoption in long-
lasting structures.

In summary, natural jute fibers in geopolymer concrete technology hold great promise
for eco-friendly construction, and their applications will likely expand as research and
technology continue to improve performance and durability.

5. Conclusions

In this study, the effect of incorporating natural jute fibers of varying lengths and
volume fractions on the structures, morphologies, workability, thermal stabilities and
engineering characteristics of fiber-reinforced geopolymer composites was evaluated. The
proposed concrete specimens were prepared and analyzed using diverse tests. The test
results of the obtained geopolymer concretes were compared with the control specimen
(without jute fibers reinforcement). From the obtained results, the following conclusions
were drawn:

i.  Geopolymer concrete mixes were designed using a high volume of FA (75%) and
GBFS (25%) followed by the activation using a two-part alkali solution made from
NH and NS at 6 M molarity.

ii.  Jute fibers with varying lengths (15 mm, 25 mm and 35 mm) and volume fractions
(0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 0.70%) were used to prepare the reinforced
geopolymer concretes.

iii. The workability of the reinforced geopolymer concrete was significantly influenced
by the length and volume of the fibers. The slump values decreased with longer fiber
lengths and higher volume fractions. The lowest slump was observed in a geopolymer
mixture containing fibers that were 35 mm in length and 0.70% in volume. A direct
correlation was identified between fiber volume and slump values.

iv.  The CS values of fiber-reinforced specimens were slightly decreased as the fiber
lengths and volume fractions increased in the geopolymer matrix. Compared to the
control specimen’ compressive strength (46.9 MPa), specimens prepared with volume
35 mm—0.70% achieved the lowest CS of 31.5 MPa at 4 weeks of curing age.

v.  The inclusion of 0.10, 0.20, 0.30, and 0.40% jute fiber volume significantly enhanced
the splitting tensile and flexural strength performance. However, increasing the jute
fibers content up to 0.50% negatively affected the strength performance and led to
lower strength values, more voids, weak bond with the geopolymer paste, and lower
performance. Specimens prepared with a fiber length of 25 mm and volume fraction
of 0.40% achieved the optimum fracture strength at early and late ages compared with
the other mixtures of reinforced geopolymers. At 28 days of age, the optimum mixture
achieved an increase of 18.7 and 29.1% in the corresponding STS and FS values.

vi. A strong relationship was observed between the CS and MOE for the achieved jute
fiber-reinforced geopolymer specimens. Increasing the fiber length and volume
content slightly led to a drop in the modulus values.

vii. The water absorption capacity of the proposed geopolymer concrete was significantly
affected by the variation in the fiber volume fraction and length. When the fiber length
increased from 15 to 35 mm and volume fraction increased from 0.10% to 0.70%, the
WAC of concrete was enhanced and reached the highest percentage of 5.24%.

viii. The microstructure performance of the geopolymer concrete was assessed by XRD,
FESEM, TGA-DTG, and FTIR. The results indicated significant changes in the chemical
and mineral properties of binary blends of FA-GBEFS after being activated with alkaline
activator solution, which indicated the formation of denser gels, enhancing the early
and late strength performance.

ix.  The analysis results of surface morphology showed that the composites with higher
fiber length and content (35 mm, 0.70%) have more air voids and pockets (both micro
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and macro) adjacent to the fibers within the concrete matrix. When the proposed
geopolymers were subjected to external loads, these voids connected easily, causing
failure in the geopolymer, breaking the matrix into small fragments and leading to
lower compressive strength performance.

6. Recommendation for Future Investigation

Further studies are essential for obtaining adequate information on the effectiveness of
jute fiber-reinforced geopolymer concrete as a high performance eco-friendly construction
material. (i) The effect of different types of binders, alkaline activator solution molarity and
modulus, curing regime and ratio of solution to binder and binder to filler on the workability
and strength performance of jute fibers reinforced geopolymer concretes deserves further
study. (ii) The effect of the jute fibers’ length and volume on plastic and drying shrinkage
of the proposed geopolymer concrete needs further investigation. (iii) The durability
performance of geopolymer concrete prepared with jute fibers of varying length and
volume in aggressive environments such as sulfuric acid, sulfate, elevated temperatures,
freeze-thaw and wet-dry cycles is yet to be analyzed. (iv) The thermal and acoustic
properties of jute fiber-based geopolymer concrete require analysis. (v) Jute fiber-based
hybrid fibers for ultra-high strength geopolymer concrete need further study. (vi) Last,
the environmental benefits and life cycle assessment of jute fiber-reinforced geopolymer
concretes also need to be evaluated.
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