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The extensive use of Portland cement significantly contributes to global carbon emissions, demanding
sustainable alternatives in construction. This study investigates the combined influence of palm oil
fuel ash (POFA), a supplementary cementitious material, and jute fiber (JF), a natural reinforcement,
on the performance and eco-efficiency of concrete. Experimental tests assessed compressive, tensile,
flexural strengths, modulus of elasticity, and ultrasonic pulse velocity, alongside embodied carbon
and eco-strength efficiency. Response Surface Methodology (RSM) was employed to model responses,
while multi-objective optimization determined the ideal mix proportions. Results reveal that
incorporating 0.10% JF with 10% POFA enhances mechanical performance by up to 26%, while 25%
POFA substitution yields the lowest embodied carbon. The optimized blend (12.66% POFA and 0.244%
JF) achieved an 86% desirability index, balancing strength and sustainability. These findings provide
new evidence that the integration of agro-waste ash with natural fibers, supported by statistical
optimization, offers a viable pathway for producing eco-efficient, high-performance concrete, thereby
advancing sustainable construction practices. Future work may extend these findings through
microstructural and durability assessment to further validate the long-term sustainability of POFA-JF
concrete.
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The building industry is a substantial contributor to carbon discharges globally because of the extensive usage
of Portland cement (PC). Approximately 8% of global carbon emissions are from the cement industry'. In
recent times, demands for sustainable construction materials have increased, and researchers are increasingly
investigating innovative solutions and materials for low-carbon construction, ensuring the overall mechanical
characteristics of concrete for resilient infrastructure?->. One promising approach to lower the embodied
carbon and enhance the overall characteristics of concrete is to use natural fibers and industrial by-products as
supplementary cementitious materials (SCM)®%. Jute fibers (JF) and palm oil fuel ash (POFA) are the two most
promising components, as recent studies have shown significant impacts on concrete mechanical, durability, and
environmental characteristics™'°.

The usage of natural fiber-reinforced concrete mixtures is recognized as a feasible alternative for cost-effective
constructions in developing countries'!. Due to their capacity for decomposition and ecological viability, natural
fibers have been extensively used as strengthening materials'*. Natural fibers contribute to the moderation of CO,
emissions released into the environment!3. The building, automotive, packaging, architectural, and biomedical
industries are progressively using bio-composites'. Fibers that are produced naturally are relatively more
economical, resilient, as well as biodegradable than artificial alternatives!®. Numerous natural fiber composites
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were recently proposed by researchers for use in various technological applications'®. When used as reinforcing
agents, natural fibers are thought to function as fracture stoppers and impede the development of cracks in
cementitious materials, hence reducing catastrophic harm'”. The usage of constant fiber reinforcement has led
to the growth of an innovative building material characterized by superior tensile strength as well as versatility.
Incorporating fiber reinforcement in the matrices is crucial for enhancing resilience and robustness!®.

Use of jute fiber in concrete composite is considered a viable alternative due to its plentiful accessibility and
economic efficiency, since these are sourced from perennial plants'®. The quantity of JF is attributable to its
broad availability®°. These items feature a pentagonal or hexagonal cross-section, offering suitability for outdoor
applications because of their insulation capacity, UV resistance, and antimicrobial characteristics?’. Due to
their remarkable physical characteristics, jute textiles are most appropriate to serve as a reinforcing material
in lamination and bionic composite?!. Jute textiles possess several functions. Jute fiber-reinforced concrete
(FRC) has adequate structural properties that meet industrial material standards and are also economically
viable?2. Jute fiber is a significant degradable fiber for its remarkable features, cost-effectiveness, abundant
accessibility, and eco-friendly characteristics®. Jute and sisal fibers show significantly larger natural mechanical
characteristics compared to those of palm and sugarcane fibers?*. Physical indication of this phenomenon is
well demonstrated in those materials reinforced with such appropriate fibers. Research findings indicate that
JF have a tensile capacity in the range from 250 to 300 MPa?. This degree of strength is considered sufficient
for many applications. Multiple studies have been undertaken to assess performance and influence properties
of cementitious composite, focusing specifically upon the influence of prolonged, continuous jute fibers and
short, discrete jute fibers®®. Their assertion indicates that the integration of JF into concrete enhances the
composite’s longevity, resistance to external stresses, and fracture resistance?”. Numerous investigations indicate
that JF may replace traditional fibers in building materials®®. Multiple features, such as the nature and volume
of fibers incorporated, can affect the properties of natural fiber-reinforced concrete composites (NFRCC)?. The
properties of NFRCC can be affected by the fiber’s hydrophilic nature as well as the amount of fiber and filler
incorporated into the composite®. To get optimal efficiency and enhanced usefulness, composites often need
a significant amount of fiber content’!. The ideal circumstance is essential for the effectiveness of concrete. The
effect of fiber content on NFRCC properties is critically significant®?. Several studies focused on the utilization
of JF instead of using steel fibers?*3. Steel fiber is linked to rusting and expansion under heat challenges. The
prior study conducted by Jawad et al.'? determined that the incorporation of jute fiber led to an increased fibrous
area, thus resulting in a decrease in the flowability of the concrete. This subsequently increased the concrete’s
roughness. The inclusion of 2% JF in concrete has been shown to enhance the material’s mechanical strength,
and the analysis revealed that the incorporation of 2% JF leads to the greatest improvements in CS, STS, and FS.
Incorporating JF into concrete beyond a 2% limit reduces the mechanical strength of the composite, whereas
tests revealed that JF addition enhances the concrete’s resistance against DD, WA, DS, and acidic environments.
In another study on the addition of JF in concrete, Islam et al.** showed that with increased JF concentration
in concrete, the flowability of fresh concrete declines. The results demonstrate that the decrease in flowability
for concrete blends was more significant in samples including JF with an overall length of 20 mm and a ratio of
dimension ratio of 200, in contrast to those with JF measuring 10 mm in length and a dimension ratio of 100. This
occurrence arose due to the longer JF possessing a substantially larger surface area compared to volume ratio.
The findings demonstrate a link between the length of curing and the achieved degree of compressive strength
(CS). The study results demonstrate that incorporating a small quantity of 0.25% JF into concrete significantly
enhanced its CS, irrespective of the length of fiber. Findings showed that incorporating JF in concrete reduced
both the size and frequency of cracks in specimens tested for CS, STS, and FS. These tests confirmed that the
occurrence of JF fibers helped limit the complete physical failure of the concrete samples. One more study
showed by Muhammad et al.*%, found that the accumulation of only a small percentage of JE about 0.10% in
concrete, has expressively enhanced the concrete’s mechanical characteristics in comparison to the reference
mix. It was observed that raising the JF content from 0.10% to 0.20% mechanical properties of concrete.

Concurrently, palm oil fuel ash (POFA), a by-product of palm oil production, has garnered attention
for its pozzolanic properties and potential to replace a portion of Portland cement®. By utilizing POFA, we
can significantly decrease the embodied carbon of concrete while enhancing its durability and long-term
performance. Bashar et al.?” asserted that POFA is a notable commercial pozzolanic waste material in Southeast
Asia. The availability and quantity of POFA established a robust platform for investigators to examine this
material’s potential as a primary foundation for the creation of ecologically welcoming and environmentally
friendly materials, like geopolymer concrete. Supplementary cementitious materials are combined into concrete
to improve their durability and strength through pozzolanic reactions. POFA, derived from palm-oil remains
such as shells, empty fruit lots, and fibers, is produced as a byproduct when these wastes are burned at 850-
1000 C in palm-oil mills for energy generation. Mujah® said that POFA is a by-product of the ignition of
palm oil waste leftovers. It includes substantial concentrations of oxides of amorphous silicon and aluminum,
respectively. Several investigations are currently underway to assess the efficacy of employing crushed-POFA
as a grout in concrete mixtures. Tangchirapat et al.* examined the application of ground-PO for improving
the durability, permeation of water, as well as resistance to sulfates of concrete holding a significant quantity of
recycled concrete aggregates (RCA). Muthusamy and Azzimah*" investigated the use of POFA in lightweight
concrete and indicated that a 20% addition yielded optimal compressive strength, but up to 50% may still
be employed for structural purposes. The findings of these previous studies indicated the decrease of POFA
when incorporated in high-strength concrete (HSC), which may primarily be credited to the particulate
volume’s coarseness, the substantial presence of unaltered carbon, and the increased loss during the process
of combustion of unprocessed POFA. Additional researchers used the essential amount of processed POFA
in the production of concrete and composite materials. The use of as much as 82% subspace replacement with
GGBES in alkali-activated mortar and concrete warrants attention. Additionally, treated-POFA is being utilized
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to progress the durability characteristics of concrete across several energy applications. Incorporating POFA
into concrete was found to lower chloride removal efficiency, even when additional super-plasticizers were used,
compared to concrete made with cedar peel ash*. Collectively, these findings highlight the potential of POFA as
a supplementary cementitious material due to its pozzolanic properties and JF as natural reinforcement.

While the individual effects of POFA and JF on concrete’s mechanical and durability properties have been
the focus of several previous studies, a systematic investigation into the combined and potentially synergistic
influence of these two materials, particularly with respect to both mechanical performance and embodied
carbon reduction, remains limited. Furthermore, comprehensive correlation analysis, predictive response surface
modeling, and multi-objective optimization of POFA-JF concrete have been largely unexplored. Therefore, the
objective of this investigation are; (1) to systematically evaluate the combined effects of POFA and JF on concrete’s
mechanical and non-destructive properties; (2) to assess the environmental performance in terms of embodied
carbon and eco-efficiency; (3) to develop the predictive models using response surface methodology; and (4)
to identify the optimal mix proportions by multi-objective optimization, balancing strength and sustainability.

Materials and methods

Materials and mix proportioning

The study employed ordinary Portland cement (OPC) in accordance with the ASTM C150M-15 standard.
The POFA utilized in this research was taken from the local palm oil industry in Perak, Malaysia. POFA was
properly sieved to eliminate the larger particles of >300 ym. After sieving, POFA was ground in a Los Angeles
abrasion machine for two hours to obtain a fine powder suitable for cement replacement. Previous studies report
typical POFA fineness between 4000 and 5000 cm?/g, which was adopted as a reference level in this work and
median particle size of approximately 11 ym, confirmed by sieving. X-Ray Fluorescence (XRF) was conducted
to determine the chemical composition of both POFA and OPC. Chemical composition of both POFA and OPC
is summarized in Table 1.

The procurement procedure for the necessary components did not compromise on acquiring jute from
local sources, due to its essential significance as a component of concrete. An evaluation was performed on
the material’s qualities and, according to the jute characteristics provided by the supplier, to determine its
appropriateness for concrete construction and associated testing trials. Evaluating the development of jute
inside concrete, also measuring the structural integrity of the jute, were essential measures in improving the
quality of FRC (fiber reinforced concrete) components*?. The ideal bonding between jute and concrete enabled
the formation of FRC elements with improved strength*’. That approach confirms strong bonding between
the jute and concrete. For the proposed study, micro silica was obtained from a local supplier, and its density,
along with other relevant properties, was evaluated upon delivery. Its characteristics, including reduced water
absorption, are closely linked to its appropriateness for use in materials with specific particle sizes and shapes.
The polycarboxylate-based superplasticizer (SP) was obtained from the Malaysian firm SIKA-KIMIA. The
aggregates, fine and coarse, used in the experiments were sourced from the UTP laboratory, having SG values of
2.80 and 2.60, respectively. The marking curves for two sorts of aggregates are accessible in Fig. 1. Further, the
tap water was used in mixing the concrete. Concrete mix proportions, incorporating varying amounts of JF and
POFA, are outlined in Table 2.

A reference mix was formulated following ACI 211.1-91 standards. Using Design Expert software version
13, mix designs with different POFA and JF contents were established. By using Response Surface Methodology
(RSM), the study identified an optimal experimental design to assess the effect of POFA and JF on concrete
properties and create predictive models for strength variation. This study involved two independent variables,
POFA and JE, with POFA percentages in the range from 0 to 25% and JF from 0 to 0.5%. The upper limit for
JF was selected because multiple studies have reported that increasing jute fiber content above 0.4-0.5% by
volume leads to a decline in mechanical strength, workability, and fiber dispersion due to agglomeration and
increased porosity. As such, a relatively low percentage of JF was maintained in this study, aligning with prior
work that found optimal mechanical performance in the range of 0.10-0.40%°*>**. Five dependent variables
were included in the RSM: CS, STS, ES, MOE, and UPV.

Mixing and sample preparation

A cylindrical mixer with high shear was used to mix the ingredients. Initially, all dry components, cement,
POFA, fine aggregate, coarse aggregate, and micro silica were precisely restrained and varied in the cylindrical
mixer for approximately 2 min. Afterwards, water and SP were gradually added to the dry mixture. The concrete
was mixed for an additional five minutes before JF was incrementally introduced to ensure even distribution
of the fiber throughout the concrete. After adding the fiber, mixing continued for another 3 to 4 min. Concrete
specimens were created in cuboid molds measuring 100 mm x 100 mm, prepared according to ASTM C39
standards for CS testing®. STS samples with a diameter of 100 mm and a height of 200 mm were cast following
ASTM C496%. FS beams of 500 mm in length and 100 mm in width were made up in compliance with ASTM
C78/C78M-21%". As per ASTM C469 standards, the MoE assessment was carried out on cylindrical samples

Chemical

composition | SiO, | CO, | ALO, | Fe,0, | K,0 | P,0, | CaO | MgO | TiO, |SO, |Cl |Zr Lol
POFA 64.9 | 0.1 7.96 6.78 7.87 |3.04 |564 |1.74 |0.57 |0.83|0.25 |<LLD |-
OPC 21 - 55 3 0.7 - 64.5 |2 0.3 28 |01 |- 0.1

Table 1. Chemical composition of POFA and OPC.
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Fig. 1. Distribution of fine and coarse aggregate particle size.

Silica | Jute Fine Coarse

OPC | fumes | fiber | POFA | aggregate | aggregate | Water | SP
MIX Kg/m® | Kg/m® | % % Kg/m? Kg/m? Kg/m® | %
0JF-0POFA 600 50 0 0 600 900 150 1%
0.5JF-25POFA | 450 50 0.5 25 600 900 150 1%
0.25JF-15POFA | 510 50 025 |15 600 900 150 1%
0JF-5POFA 570 50 0 5 600 900 150 1%
0JF-25POFA 450 50 0 25 600 900 150 1%
0.5JF-5POFA 570 50 0.5 5 600 900 150 1%
0.5]JF-15POFA | 510 50 0.5 15 600 900 150 1%
0.25JF-0POFA | 600 50 025 |0 600 900 150 1%
0.1JF-10POFA | 540 50 0.1 10 600 900 150 1%
0.1JF-OPOFA 600 50 0.1 0 600 900 150 1%
0.25JF-25POFA | 450 50 025 |25 600 900 150 1%
0.1JF-20POFA | 480 50 0.1 20 600 900 150 1%

Table 2. Concrete mixture proportions.

measuring 300 mm in diameter and 100 mm in length*®. For every test, a minimum of two specimens were
evaluated following a curing period of 28 days. The UPV assessment was shown using 100 mm concrete cubes
in compliance with the ASTM C597-09 specification®®. The sample surfaces were carefully ground to ensure
flatness and perpendicularity before positioning them between ultrasonic transducers at opposite ends along the
longitudinal axis. The UPV value was then determined using Eq. (1). All specimens were cured under ambient
laboratory conditions at room temperature for 28 days. For each test, at least two specimens were prepared and
tested to ensure result consistency.

Velocity = % (1)
ime

Results and discussion

Compressive strength

Figure 2 presents the CS results, indicating that the control concrete achieved a CS of 50 MPa. Incorporating 0.1%
JF into the mix increased the CS by 16%, whereas raising the JF content to 0.25% led to only a 12% improvement,
which was lower than that observed at 0.1% JF. When the OPC is replaced with 5% of POFA, it increases the
CS by 10%. Adding 0.5% of JF with 5% substitution of OPC results in an increase in the CS by 6%. When the
replacement level increased to 10% along with 0.1% of JE, it resulted in enhancing the CS by 26%. Raising the
substitution level to 15% along with 0.25% of JF resulted in enhancing the CS by 22%, while the same level of
substitution with 0.5% of JF showed only 6% rise in CS. Furthermore, with 20% substitution of cement along
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Fig. 2. A 28 days’ compression strength.

with 0.1% of JF caused a drop in strength of 8% in contradiction to the control mix. Consequently, increasing the
substitution level to 25% without any JF content resulted in reducing the strength by 34%, while accumulation
of 0.25% of JF in concrete with an analogous level of change, CS reduces by 24%. Conversely, increasing the
JF contents to 0.5% with 25% OPC substitution resulted in reducing the strength by 28% in contrast to the
control mix. The results indicate that incorporating 0.1% JF into the concrete produced the optimal CS, with
a 10% cement replacement combined with 0.1% JF delivering the highest strength among all tested mixtures.
The reduction in strength at higher POFA and JF levels was possibly due to excessive cement dilution and fiber
agglomeration, which may increase porosity and hinder matrix continuity*. At high POFA contents, unreacted
ash particles act as inert fillers, while excessive fibers may create weak interfacial zones that restrict effective
stress transfer within the composite®'. A prior investigation by Muhammad et al.?® studied the impression of JF
on both fresh and hardened concrete properties, revealing that a mix with 0.10% JF achieved the highest CS,
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improving by 6.77% compared to the control mix. One more research carried out by Chinnu et al.> to compare
the benefits of utilizing POFA in comparison to fly ash and slag. They found that 10% of POFA is the optimal
percentage to be used as an SCM; beyond this value concrete characteristic tends to degrade. In this research, it
was also evaluated that 0.10% of JE, along with 10% cement substitution, results in optimal CS.

Figure 3 illustrates how POFA and JF influence the CS of concrete using both 2D and 3D response surface
plots, where the red-shaded areas represent the maximum CS values. The optimal combination was found to be
0.10% JF with 10% POFA, which resulted in the highest CS. Beyond these levels, increases in fiber content and
POFA percentage led to a reduction in CS.

Split tensile strength
Figure 4 displays the STS results, showing that the control concrete achieved an STS of 4.94 MPa. Incorporating
0.1% JF increased the strength by 7.70%, whereas raising the JF content to 0.25% led to only a 5.83% improvement,
which was lower than that achieved with 0.1% JE When the OPC is replaced with 5% of POFA, it increases the
STS by 4.88%. Adding 0.5% of JF with 5% substitution of OPC results in increasing the STS by 2.95%. When the
replacement level increased to 10% along with 0.1% of JF, it resulted in enhancing the STS by 12.24%. Raising the
substitution level to 15% along with 0.25% of JF resulted in increasing the STS by 10.45%, while the same level of
substitution with 0.5% of JF in it showed 1% decrease in STS, in contrast to the control mix. Furthermore, with
20% substitution of cement along with 0.1% of JF resulted in a reduction of strength by 4.08% in contrast to the
reference mix. Consequently, growing the substitution level to 25% without any JF content resulted in reducing
the STS by 36.94%, while accumulation of 0.25% of JF in concrete with an analogous level of change, STS reduces
by 26.96%. Conversely, raising the JF contents to 0.5% with 25% OPC substitution resulted in reducing the STS
by 33.32% in comparison to the reference mix. From the findings, it was discovered that the accumulation of
0.1% of JF in concrete results in optimal STS. A 10% substitution of cement along with 0.1% of JF has shown
the maximum STS in comparison to other mixes. Similarly, reduction in mechanical strengths at higher POFA
and JF content is likely due to excessive dilution of cement and fiber agglomeration®>>!. Earlier, an investigation
conducted by Muhammad et al.% initiate that 0.10% of JF in concrete has developed in increasing the STS by
6.91% and found that 0.10% of JF in concrete is the optimal value. Furthermore, an experimental research led by
Sooraj et al.> found that growing the additional level of cement with POFA from 10 to 20 resulted in enhancing
the STS but when this values has been increased beyond 20 demonstrated a decline in STS, which shows from
10% to 20% substitution of cement with may results in better STS. In the present research, it was also found
that when 0.10% of JF is added to concrete along with 10% of POFA concrete demonstrates the maximum STS.
Figure 5 depicts how POFA and JF affect the STS of concrete, illustrated through 2D as well as 3D response
surface plots. The area in red on these plots represents the highest STS values observed. The combination of a
0.10% JF and 10% POFA as a cement replacement resulted in the highest STS, while increases beyond these
amounts in fiber and POFA content caused a decline in STS.

Flexural strength

Results of FS are illustrated in Fig. 6, indicating that the control concrete recorded an FS of 4.38 MPa. Adding
0.1% JF to the concrete mix improved the strength by 7.70%, whereas raising the JF content to 0.25% produced
only a 5.83% gain, which was lower than the improvement achieved with 0.1% JE. When the OPC is replaced with
5% of POFA, it increases the FS by 4.88%. Adding 0.5% of JF with 5% substitution of OPC results in increasing
the FS by 2.95%. When the replacement level increased to 10% along with 0.1% of JE, it resulted in enhancing
the FS by 12%. Raising the substitution level to 15% along with 0.25% of JF resulted in the enhancement of
FS by 10.45%, while the same level of substitution with 0.5% of JF showed a 6.70% decrease in FS. Moreover,
replacing 20% of the cement with 0.1% JF led to an 11.83% decrease in strength associated to the reference mix.
Consequently, increasing the substitution level to 25% without any JF content resulted in reducing the strength
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Fig. 3. Two-dimensional and three-dimensional graphical representations illustrating the variations in
compressive strength.
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Fig. 4. A 28 days’ split tensile strength.

by 33.81%, while accumulation of 0.25% of JF in concrete with an analogous level of change, FS reduces by
23.08%. Conversely, increasing the JF content to 0.5% with 25% OPC substitution resulted in reducing the FS
by 35.67% in contrast to the control mix. The results revealed that incorporating 0.1% JF into the concrete mix
produced the optimal FS. A 10% substitution of cement along with 0.1% of JF has shown the maximum FS in
comparison to other mixes. In a prior study by Sooraj et al.™, it was evaluated that 10 to 20% replacement of
cement with POFA results in optimal FS, with 10% replacement having higher FS. Research conducted on JF
accumulation in concrete by Muhammad et al.® evaluated that 0.10% of JF results in enhancing the FS by 9.63%
in the control mix. This study also evaluated that both 0.10% of JF along with 10% replacement of OPC with
POFA have demonstrated the higher FS in contrast reference mix proportion.
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Figure 7 shows the impression of POFA and JF on the FS of concrete through both 2D as well as 3D response
plots. The areas in red on these graphs highlight the highest FS values achieved. The optimal FS was recorded at
0.10% JF combined with 10% POFA. Increasing the fiber content beyond 0.10% or the POFA level above 10%
results in a reduction of FS.

Modulus of elasticity

Figure 8 presents the MOE results, showing that the control concrete recorded an MOE of 33.23 GPa. Incorporating
0.1% JF into the concrete mix increased the MOE by 7.70%, whereas raising the JF content to 0.25% improved
it by only 5.83%, which was lower than the gain observed with 0.1% JE. When the OPC is replaced with 5% of
POFA, it increases the MOE by 4.88%. Adding 0.5% of JF with 5% substitution of OPC results in increasing the
MOE by 2.95%. When the replacement level increased to 10% along with 0.1% of JE, it resulted in enhancing the
MOE by 12.24%. Raising the substitution level to 15% along with 0.25% of JF resulted in improving the MOE
by 10.45%, while the same level of substitution with 0.5% of JF in it showed 1% decrease in MOE, in contrast
to the reference mix. Furthermore, with 20% substitution of cement along with 0.1% of JF resulted in reducing
the MOE by 4.08% in dissimilarity to the control mix. Consequently, increasing the substitution level to 25%
without any JF content resulted in reducing the MOE by 18.75%, while accumulation of 0.25% of JF in concrete
with a analogous level of replacement, the MOE reduces by 12.82%. Conversely, expanding the JF content to
0.5% with 25% OPC substitution resulted in reducing the MOE by 15.14% in contrast to the reference mix.
From the findings, it was found that the accumulation of 0.1% of JF in concrete results in optimal MOE. A 10%
substitution of cement along with 0.1% of JF has shown the maximum MOE in comparison to other mixes. A
study executed by Tiwari et al.> originate that adding JF to concrete has caused in enlightening the total strength
and stiftness of concrete, which may result in increasing the concrete MOE. Another study found that inclusion
of POFA more than 30% resulted in a decline in the MOE, while 10% to 20% substitution of POFA with OPC
resulted in enhancing the MOE®*.

Figure 9 presents the impacts of POFA and JF on the MOE of concrete, displayed through 2D and 3D
response surface plots. The red-highlighted regions indicate where the MOE reaches its peak values. The highest
MOE is observed with fiber content slightly above 0.10% but below 0.30%, combined with 10% POFA. When
fiber content goes beyond 0.25% or POFA exceeds 10%, a decline in MOE is noticeable.

Ultra-sonic pulse velocity

Figure 10 displays the UPV results, indicating that the control concrete achieved a UPV of 3.5 Km/sec. Adding
0.1% JF to the mix increased the UPV by 10.28%, while raising the JF content to 0.25% improved it by only 8%,
which was less than the gain observed with 0.1% JE When the OPC is replaced with 5% of POFA, it increases
the UPV by 4.28%. Adding 0.5% of JF with 5% substitution of OPC results in an increase in the UPV by 2.57%.
When the replacement level increases to 10% along with 0.1% of JE it leads to enhancing the UPV by 13.14%.
Growing the substitution level to 15% along with 0.25% of JF caused an increase in the UPV by 12.57%, while the
same level of substitution with 0.5% of JF showed only a 1.42% rise in UPV. Furthermore, with 20% substitution
of cement with 0.1% of JE lead to reduction in UPV by 4.85% in difference to the control mix. Consequently,
increasing the replacement level to 25% without any JF content resulted in a reduction of the UPV by 18%, while
the accumulation of 0.25% JF in concrete with a analogous level of replacement resulted in a reduction of the
UPV by 8.28%. Conversely, increasing the JF content to 0.5% with 25% OPC substitution resulted in lowering
the UPV by 14.57% in comparison to the control mix. From the findings, it was found that the accumulation
of 0.1% of JF in concrete results in optimal UPV. A 10% substitution of cement along with 0.1% of JF has
shown the maximum UPV in comparison to other mixes. In a prior study directed by Kumar et al.> initiate
that a higher percentage of POFA within the concrete matrix resulted in reducing the UPV of concrete, which
may be credited to the lower density and higher porosity in concrete. However, concrete incorporating POFA
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demonstrated greater durability compared to the control mix. A comprehensive research conducted by Ahmad
et al.!® assessed the effects of JF on UPV of concrete. It was found that prior studies have indicated an increase
in UPV by the accumulation of JF because it increases the compactness of concrete and enhances the overall
structure of concrete.

Figure 11 displays the impression of POFA and JF on the UPV of concrete using 2D and 3D plots. The areas in
red represent the highest UPV values. The optimal UPV occurs with fiber content slightly above 0.10% but below
0.35%, alongside 10% POFA. Increases in fiber content beyond 0.35% or POFA above 10% lead to a reduction
in UPV.
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Environmental sustainability assessment
Embodied carbon
For each concrete mix, the EC was determined using emission factors for all constituents as reported in the
literature, enabling a comprehensive sustainability evaluation. Below is Table 3, which presents the value of the
EC factor for each constituent. Regarding POFA, as per available literature, there is no available literature. As it is
a waste material, being a waste material, it does not have any EC factor defined in available literature, but some
factors need to be considered to use POFA in concrete, such as the EC factor of transportation and electricity.
For this study, the EC factor of transportation was considered as 0.204 kg.CO,/tonne.km>” and for electricity 0.5
kg.CO,/kWh?8, For 1 tonne means 1000 Kg of POFA, the total carbon footprint can be calculated considering
a 50 Km distance for transportation of POFA from the local industry within the state of Perak to the laboratory
(as POFA was collected within 50 Km area) and considering 200 kWh utilization of electricity to process the
POFA. In absence of concrete literature for POFA grinding, we adopted a conservative estimate of 200 kWh per
tonne. For comparison, typical cement grinding in industrial plants requires about 100-150 kWh per tonne of
cement™. We opted for a higher value to ensure the embodied carbon estimate errs on the cautious side.

Total embodied carbon can be calculated using the formula;

Transportation emissions = 50 Km x 1 tonne x 0.204 kg.CO2/tonne.km = 14.2 kg.COq
Electricity Emissions = 200 kWh x 0.5kg.CO2/kWh = 100 kg.CO-
Total carbon emissions of POFA = 100 4+ 14.2 = 110.2 kg.CO2

S0,

110.2 kg.CO2

Carbon Footprint per kg of POFA = 1000 kg

= 0.1102kg.CO2 /kg

The reference concrete exhibited an EC of 542.58 kg.CO2/kg, as illustrated in Fig. 12. Incorporating 0.1% JF into
the concrete caused a slight increase in the EC value by 0.06%, whereas raising the JF content to 0.25% resulted
in only a 0.15% increase. Additionally, substituting 5% of cement with POFA led to a 3.96% reduction in the EC
factor. When 0.5% JF was added at the same cement replacement level, the EC was reduced by 3.65%. Increasing
the replacement to 10% combined with 0.1% fiber further lowered the EC by 7.86%. At a 20% substitution
level with 0.1% fiber, the EC reduction reached 15.79%. With a 25% cement replacement and no fiber, the EC
decreased by 19.82%; adding 0.25% fiber at this level resulted in a 19.66% reduction. Increasing fiber to 0.5%
under the same 25% substitution brought about a 19.50% decrease in EC. Among all mix designs, the highest
POFA replacement of 25% produced the lowest EC in the concrete. This aligns with expectations; as higher
cement replacement levels reduce EC due to POFA having a lower embodied carbon factor compared to OPC.

Concrete’s eco-efficiency

ESE was calculated using Eq. (2). Selecting a concrete mix solely based on EC is insufficient; evaluating ESE is
crucial to ensure the long-term sustainability and durability of the concrete mix®.

2)
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Fig. 8. A 28 days’ modulus of elasticity.

,g denotes the compressive strength of concrete measured at 28 days, and EC refers to the embodied carbon
linked with the specific concrete mixture.

The reference concrete exhibited an ESE of 0.092 kg CO,/MPa/kg, as shown in Fig. 13. Incorporating 0.1%
JF in the concrete increased the ESE by 15.92%, while raising the JF content to 0.25% led to a smaller increase of
11.82%. Additionally, substituting 5% of cement with POFA improved the ESE by 12.45%, and when combined
with 0.5% JF at the same substitution level, the ESE rose by 14.16%. Increasing the replacement to 10% with 0.1%
fiber content resulted in a significant ESE boost of 30.24%. At a 20% POFA replacement with 0.1% fiber, the ESE
increased by 14%. When 25% of cement was replaced without fiber addition, the ESE improvement was 4.76%;
adding 0.25% fiber at this substitution level raised the ESE by 9.54%. Finally, increasing fiber content to 0.5%
with a 25% POFA replacement led to an additional 1.87% increase in ESE.
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Fig. 9. Two-dimensional and three-dimensional graphical representations illustrating the variations in MOE.

Analysis of variance by RSM

Response Surface Methodology (RSM) uses data collected from experiments to explore and quantify the
relationships between various input factors and the outcomes measured®-%. These relationships are typically
captured through mathematical models, which may be linear or polynomial, to reflect how the response variables
behave under different conditions. This study evaluated concrete performance using seven indicators, including
CS, STS, FS, MoE, and UPV. Model development employed Partial Sum of Squares Type III, incorporating
factors normalized to values of -1, 0, and + 1 to represent their minimum, mid-point, and maximum levels”’.
Analysis indicated that a quadratic model provided the superlative fit for CS, FS, MoE, and UPV, while a cubic
model was most appropriate for STS, as detailed in Egs. (3-7). The selection of quadratic and cubic models for
various responses was based on the statistical adequacy criteria automatically computed by Design Expert 13,
where models with the highest R?, adequate precision, and significant F- and p-values were selected as the best
fits.

CS = 61.4043 — —0.445032 x A — 8.82052 * B + 2.0011 * AB — 7.33898 x A®> — 13.455 « B> (3)
STS = 5.55518 — 0.31335 % A — 0.439844 « B + 0.0567122 » AB
— 0.401246 * A% — 1.09437 « B> — 0.0359998 x A°B + 0.0959097 * AB? (4)
+ 0.244994 « A® — 0.393121 * B®

FS = 4.92303 — —0.0522134 %« A — 0.716466 « B + 0.0564473 « AB

— 0.523849 x A® — 0.856676 % B> )
MOE = 36.9686 — —0.118732 % A — 3.06186 * B + 0.694493 « AB

— 247449 x A% — 4.59291 x B? ©)

UPV = 3.94933 + 0.00308416 x A — 0.312594 « B + 0.084761 « AB o)

— 0.368342 x A% — 0.413847 = B?

In the presented equations, variable “A” represents the total amount of JE while “B” indicates the quantity of
POFA. Model validation was carried out through ANOVA, using a 95% confidence level and a significance
threshold of 5%7"72. Within this context, a statistically significant effect indicates that the model variables have a
meaningful influence on the response outcomes. Evaluation of the results showed that each model was statistically
significant, as its p-value was below 0.05 (Table 4). Notably, the independent variable “A” consistently affected all
response parameters, demonstrated by p-values below 5%7%73. An important measure for determining model
adequacy is the ‘lack of fit' p-value, which should be greater than 0.05 for an acceptable fit’. All models in
this study satisfied the fit criteria based on the lack of fit results. The detailed findings from ANOVA for every
response are provided in Table 4.

Model fit statistics are provided in Table 5, highlighting essential parameters for assessing how well the
proposed models perform. Among these indicators, the coefficient of determination (R?) serves as an important
measure of how accurately the model reflects the observed data’. Higher R? percentages suggest a sturdy
correlation between the model’s predictions and the actual outcomes, reflecting robust model performance’. For
the models generated in this study, R? values ranged from 95.45% to 99.83%, underscoring their reliability. The
evaluation also incorporated adjusted R? and predicted R? to further judge model quality®. A key requirement is
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Fig. 10. Ultrasonic pulse velocity on the 28th day.

that the variance between adjusted and anticipated R? should remain within two units, a condition successfully
met by all models in this analysis.

Diagnostic plots

Diagnostic plots play an important role in evaluating and validating the statistical models developed in this
study76. The diagnostic charts presented (Figs. 14, 15, 16, 17 and 18) allow for assessment of model adequacy,
consistency, and the detection of any influential or outlier data points”’. A key tool in this evaluation is the
standardized residual plot’®, which depicts how residuals are distributed. When residuals follow a linear trend,
it suggests the model fits the data well, while noticeable deviation from linearity may indicate that the model
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Fig. 11. Two-dimensional and three-dimensional graphical representations illustrating the variations in UPV.

Embodied carbon
Materials factor Source
OPC 0.82 60
Fine Aggregate (FA) 0.0139 ol
Coarse Aggregate (CA) | 0.0408 62
Silica fume (SF) 0.024 03
Jute Fiber (JF) 0.566 »
Super plasticizer (SP) | 0.72 o4

Table 3. Embodied carbon factor of each constituent.

does not adequately capture the underlying data-generating process”. In this research, the standardized residual
plots demonstrate that the developed models achieve a high level of accuracy. Additionally, ‘Actual vs. Predicted’
plots provide insight into the correspondence between experimentally measured values and those predicted
by the models®. Strong model performance is shown when the plotted points closely follow the 45-degree
reference line”. The results show that the data points closely follow a straight line, demonstrating the accuracy
and robustness of the developed models.

Optimization of responses

This research primarily focuses on applying optimization algorithms to identify the best combination of input
factors that can achieve favorable response outcomes®!. Since multiple response variables are involved, the
optimization approach must carefully balance inputs to realize optimal results’>. To accomplish this, both input
and output variable ranges were precisely defined so the objectives remain within prescribed boundaries. For
this study, the objective function was formulated to keep JF within its allowed range while maximizing the
impact of POFA. The specific optimization goals for individually response variable are presented in Table 6. The
effectiveness of the optimization is calculated using the desirability index (where 0 < d < 1), with greater values
reflecting more successful outcomes”’.

After defining these constraints, optimization was performed, leading to the determination of optimization
ramps as depicted in Fig. 19; Table 6. These figures present the optimal values for each response and their
corresponding desirability scores. Results indicate that the most favorable input levels are JF=0.244 and
POFA =12.66. With these values, the model forecasts optimized responses of 61.29 MPa for CS, 5.55 MPa for
STS, 4.91 MPa for FS, 36.92 GPa for MoE, and 3.944 km/sec for UPV. The desirability value achieved was 0.86
(86%), underscoring the robustness of this optimization approach when considering multiple performance
outcomes simultaneously.

Model validation

To confirm the predictive models and the optimization procedure, experimental testing was conducted using
the optimized input mixture containing BF and CF at the levels of JF = 0.244 and POFA = 12.66. Test samples
prepared with this optimized mix were evaluated for CS, STS, FS, MoE, and UPV. The experimental outcomes
were then associated with the standards predicted by the models. Notably, the absolute relative difference (ARD)
among the experimental and anticipated responses was found to be less than 5% across all tests, confirming the
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Fig. 12. Embodied carbon of concrete mix.

consistency and precision of the recognized estimate models within this study’’. The ARD was measured using
Eq. (8), and the detailed values for all responses are presented in Table 7.

FExperimental Value — Predicted Value

Predicted Value x 100 ®

ARD(%)z[

Conclusion

This research examined the combined influence of POFA and JF on the mechanical and environmental aspects
of concrete. A comprehensive sequence of trials was conducted to measure compressive strength (CS), split
tensile strength (STS), ultrasonic pulse velocity (UPV), flexural strength (FS), modulus of elasticity (MOE),
electrical conductivity (EC), and energy-saving efficiency (ESE). RSM was utilized to develop anticipated models
for all response variables. Finally, multiple objectives optimization was performed to regulate the optimal values
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Fig. 13. Eco-strength efficiency of concrete.

for all considered responses. Based on the experimental results and analyses presented, the conclusions wan
from this research are as follows:

(1) To study the hybrid effects of POFA and JF, there were two variables for developing RSM response models
with varying percentages of POFA (0>25) and JF (02>0.5). In this investigation, dependent variables consist
of CS, STS, FS, MOE, and UPV.

(2) Quadratic models were estimated as significant for CS, FS, MOE, and UPV, while the cubic model was
found significant for STS.

(3) An ANOVA was conducted for every response model at a 95% confidence level (5% significance level).
The coefficients of determination (R*) were statistically significant, ranging from 95.45% to 99.83% for all
analyzed responses.
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Response Source Number of squares | df | Mean Square | F-value p-value | Significance
Model 1412.35 5 282.47 47.01 <0.0001 | Significant
A-JF 1.28 1 1.28 0.2126 0.6546
B-POFA 553.38 1 553.38 92.10 <0.0001
AB 13.79 1 13.79 230 0.1607

Compressive strength A? 154.26 1 154.26 25.67 0.0005
B? 448.96 1 448.96 74.72 <0.0001
Residual 60.09 10 |6.01
Lack of fit | 60.09 6 10.01
Pure error | 0 4 0
Cor total 1472.44 15.0
Model 10.97 9 1.22 389.16 <0.0001 | Significant
A-JF 0.0333 1 0.0333 10.63 0.0172
B-POFA 0.0556 1 0.0556 17.74 0.0056
AB 0.0067 1 0.0067 2.13 0.1949
A? 0.2425 1 0.2425 77.40 0.0001
B? 2.03 1 2.03 647.26 <0.0001

split tensile strength A’B 0.0016 1 0.0016 0.5144 0.5002
AB? 0.0039 1 0.0039 1.24 0.3084
A3 0.0140 1 0.0140 4.46 0.0791
B? 0.0399 1 0.0399 12.75 0.0118
Residual 0.0188 06 0.0031
Lack of Fit | 0.0188 2 0.0094
Pure Error | 1.191E-11 4 2.976E-12
Cor Total | 10.99 15
Model 7.61 5 1.52 141.03 <0.0001 | Significant
A-JF 0.0176 1 0.0176 1.63 0.2305
B-POFA 3.65 1 3.65 338.44 <0.0001
AB 0.0110 1 0.0110 1.02 0.3369

Flexural strength A? 0.7859 1 0.7859 72.85 <0.0001
B? 1.82 1 1.82 168.71 <0.0001
Residual 0.1079 10 0.0108
Lack of fit | 0.1079 6 0.0180 2.447E+09 | <0.0001 | Significant
Pure error | 2.939E-11 4 7.347E-12
Cortotal | 7.71 15
Model 167.26 5 33.45 69.63 <0.0001 | Significant
A-JF 0.0909 1 0.0909 0.1893 0.6727
B-POFA 66.68 1 66.68 138.80 <0.0001
AB 1.66 1 1.66 3.46 0.0926

Modulus of elasticity A? 17.54 1 17.54 36.50 0.0001
B? 52.31 1 52.31 108.89 <0.0001
Residual 4.80 10 | 0.4804
Lack of fit | 4.80 6 0.8007 1.084E+09 | <0.0001 | Significant
Pure error | 2.955E-09 4 7.389E-10
Cor total | 172.06 15
Model 1.72 5 0.3446 41.92 <0.0001 | Significant
A-JF 0.0001 1 0.0001 0.0075 0.9328
B-POFA 0.6950 1 0.6950 84.57 <0.0001
AB 0.0247 1 0.0247 3.01 0.1134

Ultra-sonic pulse velocity A? 0.3886 1 0.3886 47.28 <0.0001
B? 0.4247 1 0.4247 51.68 <0.0001
Residual 0.0822 10 0.0082
Lack of fit | 0.0822 6 0.0137
Pure error | 0.0000 4 0.0000
Cor total | 1.80 15

Table 4. Outcome of ANOVA.
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-2 Log Likelihood | 66.58 -62.54 | -34.58 26.16 | -38.94
R-Squared 0.9592 | 0.9983 | 0.9860 |0.9721 | 0.9545
Adj R-Squared 0.9388 | 0.9957 |0.9790 |0.9581 | 0.9317
Pred R-Squared 0.8112 | 0.8872 | 0.9509 |0.8717 | 0.8208
Adeq precision 20.1597 | 56.3623 | 32.3839 | 24.496 | 19.8921
BIC 83.21 -34.82 -17.95 | 42.79 |-22.30
AlCc 87.91 1.46 -13.25 | 4749 | -17.60

Predis

Color points by value of

STS:

3.12119 [ 5.55608

Table 5. Model’s validation parameters.
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17. Comparison of rests and anticipated versus real values for MOE.

From the investigation, it was found that the addition of 10% POFA along with 0.1% of JF demonstrated the
optimal mechanical properties. It was evaluated that CS, STS, FS, and MOE increase by 26%, 12.24%, 12%
and 11.99% respectively, in contrast to the reference mix.

Increasing the cement replacement level to 10% POFA combined with 0.1% JF leads to a 13.14% improve-
ment in UPV. This suggests that substituting 10% of OPC with POFA along with 0.1% JF is the optimal mix
ratio, as exceeding these amounts results in a decline in concrete properties.

The amalgamation of POFA as a cement additional reduces the EC of the mix, attributable to POFA’s lower
EC compared to OPC. Specifically, a concrete mixture containing 25% POFA without any JF recorded the
lowest EC value, which is approximately 19.82% less than that of the control mix.

Results related to ESE demonstrate that a concrete blend with 15% POFA and 0.25% JF exhibits the highest
eco-efficiency, outperforming the reference mix by about 38.22%.

Multi-objective optimization determined the best variable levels as POFA =12.66% and JF=0.244%, suc-
cessfully achieving targeted improvements across all response variables while keeping them within accept-
able limits. Experimental validation confirmed that the deviation between measured and predicted values
remained within 5%.
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Fig. 18. Comparison of rests and anticipated versus real values for UPV.

Variable (Input

Factors) Response (output factors)
Factors JE (%) | POFA (%) | CS STS FS MOE UPV
Value 0 0 33 3.12 2.82 26.999 2.87

0.5 25 63 5.556 4.92 37.305 3.96
Goal Inrange | Maximize |Inrange | Maximize | Maximize | Maximize | Maximize
OPtmIZALOn 1544 | 126 6129 | 5556 491 36928 | 3.9448
Desirability 0.863

Table 6. Optimized responses and total desirability.

Future directions

As this research study purely focuses on concrete’s mechanical characteristics, for future research, it is directed
to perform further research on micro-structure to examine the interaction between fibers and POFA, and also
analyze the process of hydration when using POFA as a supplementary cementitious material. Furthermore,
future research may focus on the impact of adding other types of natural fibers in combination with POFA,
such as jute-hemp or jute-sisal hybrid fibers, to the concrete mixture. A variety of mixtures tested may result
in further optimization of the balance between mechanical properties and environmental sustainability. Long-
term durability testing of POFA-jute fiber-reinforced concrete under harsh temperature, humidity, and freeze-
thaw conditions can be conducted. Other very promising areas could be testing for various fiber treatments
or other modifications that possibly will further improve the bonding with the cement substrate for increased
mechanical performance. Moreover, the scalable use of POFA, a widely available industrial byproduct, combined
with abundant natural fibers like jute, offers a cost-effective pathway toward reducing the embodied carbon
footprint of concrete at a commercial scale. Investigations could also be done on how to scale this technology
of sustainable concrete up to the real scale of construction projects, including supportive studies on economic
viability and life cycle costs for wider diffusion in the industry. To understand the hydration kinetics of POFA as
a cementitious material, x-ray diffraction analysis should be conducted.
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287 3.96 Solution 1 out of 1
UPV = 3.9448

Fig. 19. Multi-objective optimized responses.

Response | Predicted | Actual | Error (%)
CS 61.29 59 3.73
STS 5.556 5.38 3.16
FS 4914 4.7 4.35
MOE 36.928 35.6 3.59
UPV 3.944 4.01 1.67

Table 7. Validation of each response.
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