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Effect of different fly ash ratios
on the mechanical properties of
hybrid steel fiber reinforced
concrete

Necim Kaya*

Department of Technologies construction, Vocational School of Technical Sciences, Batman
University, Batman, Türkiye

This study explores the influence of varying proportions (5%, 15%, and 25%) of
Class F fly ash on the mechanical properties of hybrid steel fiber-reinforced
concrete (HSFRC). Concrete mixtures were prepared with fixed total steel fiber
content (1% by volume) using micro and macro fibers in specific ratios. Portland
cement was partially replaced by fly ash, and slump, compressive, flexural, and
splitting tensile strength tests were conducted at 7, 28, and 90 days according
to TS EN and ASTM standards. The results showed that while early-age strength
decreased due to the slow pozzolanic activity of fly ash, the mixture containing
15% fly ash consistently provided the best mechanical performance at 90 days,
reaching a compressive strength of 81 MPa. These findings confirm that 15%
fly ash is an optimal replacement level for long-term strength development in
HSFRC. The study also emphasizes the economic and environmental benefits of
incorporating fly ash in concrete production.
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1 Introduction

Concrete is the most commonly used construction material in the construction sector
due to its high compressive strength and low cost (Tittelboom and Belie, 2013; Jiao et al.,
2017; Arslan and Sarıkaya, 2021; Marvila et al., 2021; Şahan and Ünsal, 2021; Türk et al.,
2022a). However, it exhibits low resistance to tensile and bending forces due to its brittle
nature (Tittelboom and Belie, 2013; Yavuz et al., 2016; Baduge et al., 2021). For this reason,
various fiber materials are added to the concrete mix to improve the tensile strength,
crack resistance, abrasion and impact resistance, and toughness of conventional concrete.
This enhances the mechanical properties of concrete and increases its overall performance
(Çivici, 2006; Ünal and Şimşek, 2022). In steel fiber reinforced concrete, fibers randomly
distributedwithin the cementmatrix act as bridges between cracks, resisting the propagation
and widening of cracks, thereby reducing brittleness and increasing the ductility of the
structure (Topçu and Boğa, 2005; Yalçın et al., 2009).

Hybrid fiber systems combine different fiber types to enhance mechanical
properties more effectively than single-fiber systems. They offer significant
improvements in compressive strength, tensile strength, and crack resistance

Frontiers in Materials 01 frontiersin.org

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2025.1585291
https://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2025.1585291&domain=pdf&date_stamp=
2025-09-23
mailto:necim.kaya@batman.edu.tr
mailto:necim.kaya@batman.edu.tr
https://doi.org/10.3389/fmats.2025.1585291
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmats.2025.1585291/full
https://www.frontiersin.org/articles/10.3389/fmats.2025.1585291/full
https://www.frontiersin.org/articles/10.3389/fmats.2025.1585291/full
https://www.frontiersin.org/articles/10.3389/fmats.2025.1585291/full
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Kaya 10.3389/fmats.2025.1585291

(Khan et al., 2017; Afroughsabet et al., 2016). The use of pozzolans,
such as fly ash, improves the fiber-matrix interface by enhancing the
pore structure (Akeed et al., 2022).

Among mineral admixtures, fly ash is one of the most
suitable and economical mineral additives for cement and
concrete (Ünal and Şimşek, 2022). Fly ash, a byproduct of coal
combustion, is a cost-effective and sustainable material that
improves concrete’s workability, flow ability, and late-age strength
(Khan et al., 2014; Mark et al., 2019).

Numerous studies have explored the effects of fly ash and
fiber combinations on concrete properties. For instance, Almottiri
(2011) reported improvements in tensile strength when fly ash
was combined with steel fibers, noting that the addition of fly
ash enhanced the concrete’s crack resistance. Abdul-Rahman et al.
(2018) found that the optimal mechanical performance was
achieved with 15% fly ash and 1.25% steel fibers, showing
the highest compressive strength at 28 days. This combination
also resulted in improved splitting tensile strength and bending
resistance. Pal et al. (2020) demonstrated that higher fly ash content
led to significant strength gains at later ages, particularly at 90 days,
due to the pozzolanic effect, which contributed to enhanced long-
term durability. These findings are particularly relevant for hybrid
steel fiber-reinforced concrete, where the combination of fly ash
and fibers can significantly influence themechanical properties such
as compressive, splitting tensile, and bending strengths, especially
over extended curing periods. The effect of fly ash on the late-age
strength development is crucial for optimizing the mix design in
hybrid fiber-reinforced concrete applications.

Akid et al. (2021) aimed to investigate the combined effect
of varying proportions of waste steel fibers and fly ash on
the rheological and mechanical performance of fiber-reinforced
concrete. Cement was partially replaced with 5%, 10%, and 20%
fly ash by weight, and waste steel fibers were included at 1.5%
and 3% by volume. The results of the tests showed that fly ash
increased workability in all rheological tests, while waste steel fibers
reduced workability and increased the density of fresh concrete.The
mechanical performance, including compressive strength, splitting
tensile, and bending strength, was determined at 7 and 28 days.
In the fly ash and waste steel fiber mixes, significant increases
were observed in compressive strength, splitting tensile strength,
and bending resistance compared to the control. The optimum
mechanical performance was found in the mix with 10% fly ash and
3% waste steel fibers.

In the study by Türk et al. (2022a), the engineering and
workability properties of steel fiber-reinforced self-compacting
concrete mixes were investigated. Three mixes were designed:
fiber-free, macro-fiber-only, and hybrid-fiber mixes. Compressive,
splitting tensile, and bending strengths were tested at 3, 28, and
90 days. The results showed that fiber-reinforced mixes generally
had lower compressive strengths than the control mix due to
reduced workability from the fibers. However, compressive strength
increased with longer curing times, and the 90-day strength
improved due to the pozzolanic effect of fly ash. Hybrid-fiber mixes
performed better than single-fiber mixes at both 28 and 90 days.
Splitting tensile strength was higher in fiber-reinforced mixes, with
hybrid-fiber mixes showing the best results. At 90 days, splitting
tensile strength increased by 7%–20% compared to 28 days, again
due to fly ash’s pozzolanic effect. Bending tensile strength was also

higher in fiber-reinforcedmixes, as fibers bridged cracks anddelayed
their propagation. The improvement in fiber-matrix bonding over
time contributes to increased bending tensile strength. However, the
addition of micro fibers alone reduced bending strength compared
to macro fibers. The pozzolanic effect of fly ash led to a 7.4%–15.3%
increase in bending tensile strength at 90 days compared to 28 days.

This study demonstrates that the incorporation of both fly ash
and steel fiber reinforcement contributes to improved mechanical
properties of concrete. In particular, extended curing periods and
the use of hybrid fiber combinations lead to further enhancements
in strength development. A review of existing literature reveals
a substantial number of studies focused on the addition of steel
fibers and fly ash to concrete in order to improve its performance.
While many of these studies report consistent findings, some
present conflicting results. In light of this, the present study aims
to explore the combined effect of fly ash and hybrid steel fiber
reinforcement applied in varying proportions on the mechanical
properties of concret.

2 Experimental

2.1 Materials

In the experimental study, CEM I 42.5 N Portland cement
conforming to TS EN 197-1 (2012), limestone-based aggregates
with a particle size distribution of 0–4, 4-8, and 4–16 mm were
used. To ensure the homogeneous distribution of fibers within the
concrete and improve its mechanical properties, a polycarboxylate
ether-based, next-generation superplasticizer was utilized.

Microfibers were produced according to ASTM A820 (2004)
and EN 14889-1 (2006) standards, specifically the Micro Fiber
Dramix OL 6/16 (6 mm length/0.16 mm diameter), which is a
bright, high-carbon wire. The macro fibers used were produced
according to ASTM A820 (2004) and EN 14889-1 (2006)
standards, identified as Macro Fiber Dramix 3D 45/35 (45 mm
thickness/35 mm length), which consists of bright wire glued
with water-soluble adhesive. For mineral additives, F-type fly
ash compliant with ASTM C 618 (2019) was obtained from the
Isken Thermal Power Plant. Figure 1 shows the materials used in
the preparation of hybrid steel fiber-reinforced concrete mixtures
with fly ash.

Table 1 presents the chemical and physical properties of the
cement used, while Table 2 provides the physical and chemical
properties of the fly ash. The water/cement ratio for the produced
concretes was set at 0.40, and steel fibers were incorporated into the
concrete at a total volumetric rate of 1%. The quantities required
for producing 1 m3 of the concrete are provided in Table 3. The
sample serieswere prepared according to themixture ratios specified
in Table 3, following the TS 802 (2016) guidelines for Concrete
Mix Calculation Principles for the C40 concrete class. The H series
represents the hybrid steel fiber reference sample without fly ash,
while U5H, U15H, and U25H represent hybrid series with 5%, 15%,
and 25% fly ash, respectively.

A total of 9 specimens were molded for each cure age in each
series: 3 for compressive strength, 3 for flexural strength and 3 for
tensile strength. Concrete mixtures were prepared in three stages
for each series to ensure homogenous mixing of the fresh concrete,
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FIGURE 1
Materials used in hybrid steel fiber-reinforced concrete mixtures with fly ash.

TABLE 1 Chemical and physical properties of cement.

Chemical composition (%) Physical properties Value

SiO2 19.96 Specific gravity 3.06 g/cm3

Al2O3 5.03 Specific surface 3,641 cm2/g

Fe2O3 2.88 0.090 mm sieve residue %0.1

CaO 63.6

MgO 1.17 0.045 mm sieve residue %4

K2O 0.8

Na2O 0.27 Standard consistency water quantity 29.6

SO3 2.79

Cl 0.005 Socket start time 190 min

TiO2

Mn2O2 Socket expiry time 260 min

K2O 3.02 Expansion 1 mm

TABLE 2 Physical and chemical properties of fly ash.

Physical properties Value Chemical composition (%)

Specific Gravity (g/cm3) 2,27

SiO3 48,53

Al2O3 24,61

Fe2O3 7,59

Specific Surface Area (cm2/g) 3,150

CaO 9,48

MgO 2,28

LOl 1,69
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TABLE 3 Mixture proportions for 1 m3 of concrete series (kg).

Materials H U5H U15H U25H

Cement 475 451.25 403.75 356.25

Fly ash 17.62 52.85 88.1

Water 190 190 190 190

0–4 mm Aggregate 661.1 661.1 661.1 661.1

4–8 mm Aggregate 413.2 413.2 413.2 413.2

4–16 mm Aggregate 578.5 578.5 578.5 578.5

Superplasticizer 2.38 2.38 2.38 2.38

Steel Fiber 1 (SF1) 39.25 39.25 39.25 39.25

Steel Fiber 2 (SF2) 35.9 35.9 35.9 35.9

adhering to the proportions specified in Table 3. The prepared fresh
concrete was then poured into pre-oiled molds in two stages and
vibrated on a shaking table for 30 s at each stage. Subsequently, the
series were left to rest in the molds for 24 h. Following this period,
the hardened serieswere demolded and subjected to a curing process
in a curing pool for a predetermined curing age. Upon completion
of the designated curing periods, the specimens were subjected to
experiments to determine their mechanical properties.

2.2 Methods

2.2.1 Slump test and fresh concrete unit weight
test

The slump test was conducted in accordance with the TS EN
12350-2 (2010) standard to determine the consistency of the
fresh concrete mixtures. In the developed concrete designs, a
superplasticizer admixture was utilized to maintain the slump
values of the concrete consistently within the range of 14 ±
2 cm. Furthermore, the unit weights of the fresh concrete were
also determined. The slump test conducted during this study is
illustrated in Figure 2.

2.2.2 Concrete compressive strength test
Following the completion of the designated curing periods

for the 150 × 150 × 150 mm specimens, compressive strength
values were determined in accordance with the TS EN 12390-3
(2019) standard, utilizing a uniaxial concrete compression press as
illustrated in Figure 3. For the compressive strength test, specimens
were cured for 7, 28, and 90 days under controlled conditions of 20°C
± 2°C and ≥95% relative humidity.

2.2.3 Flexural tensile strength test of beams
For the flexural strength test, specimens were cured for 7, 28 and

90 days under controlled conditions of 20°C± 2°C and≥95% relative
humidity. Specimens with dimensions of 100 × 100 × 400 mm
were subjected to a flexural tensile strength test under two-point

FIGURE 2
Slump test.

loading, adhering to the TS EN 12390-5 (2019) standard. The test
was conducted using a Shimadzu testing machine, as depicted in
Figure 4. A loading rate of 165 N/s was employed during the test.
Flexural tensile strength was calculated using Equation 1, presented
below, based on the maximum load recorded on the load indicator:

fc f = F∗
L
d1
∗ d22 (1)

Where
fc f : Flexural tensile strength, MPa (N/mm2).
F: Maximum load, (N).
L: Span between the centers of the support rollers (mm).
d1,d2: Cross-sectional dimensions of the specimen (mm).

2.2.4 Splitting tensile strength test
For the splitting tensile strength test, specimenswere cured for 7,

28 and 90 days under controlled conditions of 20°C ± 2°C and ≥95%
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FIGURE 3
Concrete compressive strength test.

FIGURE 4
Beam flexural strength test.

relative humidity. The specimens, measuring 100 mm in diameter
and 200 mm in length, were tested upon reaching the designated age
in accordance with the TS EN 12390-6 (2002) standard. The testing
involved the use of a splitting tensile strength apparatus fitted to a
compression press, as illustrated in Figure 5, to measure the splitting
tensile strength and was calculated using Equation 2.

fct = 2∗ F/(π∗ L∗ d) (2)

Where
fct: Splitting tensile strength (MPa).
F: Maximum load (N).
L: Length of the contact line of the specimen with the loading

piece (mm).
d: Selected cross-sectional dimension of the specimen (mm).

FIGURE 5
Concrete splitting tensile test.

3 Results and discussion

3.1 Concrete compressive strength values

In line with previous literature, the study focused primarily on
the 28- and 90-day results for flexural and splitting tensile strength,
since the pozzolanic effects of fly ash are generally not expected to
be significant at early ages, particularly at 7 days.

This research investigated the influence of fly ash on the
compressive strength values of hybrid steel fiber-reinforced
concrete. Figure 6 presents the average compressive strength values
obtained at 7, 28, and 90-day periods.

Upon examination of the graph, it is observed that the
minimum and maximum compressive strength values at 7 days
were 45.83 MPa and 59 MPa, respectively, obtained from the U25H
and H series.

At 28 days, the lowest compressive strength value of 62.63 MPa
was recorded for the U25H series, while the highest value of
69.15 MPa was obtained from the U5H series.

An increase in compressive strength values is observed at
90 days. The U25H series exhibited a value of 75.04 MPa, and the
maximum value of 81 MPa was obtained from the U15H series.

When the percentage change in compressive strength values of
hybrid fly ash concretes is examined relative to the hybrid control
specimen, a decrease in strength is observed at 7 days: approximately
0.37% for the U5H specimen, 16.56% for the U15H specimen, and
22.32% for the U25H specimen.

At 28 days, an increase in strength of approximately 8.39% is
noted for the U5H series, while a decrease is observed for the U15H
series approximately 0.86% and the U25H series 1.83%.

At 90 days, an increase in strength is observed for the U5H series
approximately 1.73% and the U15H series 3.73% compared to the
H series (control), whereas a decrease of 3.91% is observed for the
U25H series.
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FIGURE 6
Compressive strength for different sample series.

Examining the U15H series, which exhibited the maximum
strength at 90 days, reveals an increase in compressive strength of
approximately 65.53% compared to its 7-day strength.

Based on the compressive strength results at 7, 28, and 90 days,
it is evident that fly ash does not contribute to early-age strength
but has a significant influence on strength at later ages. This
is attributed to the pozzolanic nature of fly ash, which exhibits
minimal contribution to early-age strength but provides positive
contributions to strength development at later ages.

The results indicate that the utilization of fly ash negatively
affects early-age strength development. This effect is primarily
attributed to the slower pozzolanic reaction of fly ash compared to
the hydration of cement, leading to delayed strength gain. However,
several strategies can be employed tomitigate this issue and enhance
the early-age strength of fly ash-incorporated concrete.

One effective approach is reducing the water-to-cement (w/c)
ratio while maintaining workability through the use of high-range
water-reducing admixtures. Studies have shown that lowering the
w/c ratio improves the early-age strength of fly ash-based concretes
by enhancing particle packing and reducing porosity (Atiş and
Karahan, 2009; Abdul-Rahman et al., 2018). Additionally, the
incorporation of silica fume or other highly reactive pozzolanic
materials can accelerate early-age strength development by
increasing nucleation sites for hydration (Pal et al., 2020).

Another viable strategy is the application of thermal curing
methods, such as steam curing or accelerated curing, which enhance
the pozzolanic reaction rate of fly ash (Bozkurt et al., 2013). These
methods have been reported to significantly improve the early
compressive strength of fly ash-based concretes, making themmore
suitable for applications requiring rapid strength gain. Furthermore,
the use of chemical accelerators, including calcium nitrate and
calcium chloride, can counteract the slow reaction kinetics of fly ash,
facilitating early-age strength development (Akid et al., 2021).

Hybridization of fly ash with other supplementary cementitious
materials (SCMs), such as ground granulated blast furnace slag
(GGBFS) or metakaolin, is another potential solution. Research
suggests that the synergistic effects of these materials can improve
both early and long-termmechanical properties (Türk et al., 2022b).
Future research should explore optimized combinations of these
strategies to achieve a balance between early-age strength and long-
term durability.

3.2 Flexural tensile strength values of
beams

In this research, the influence of varying proportions of fly
ash substitution on the flexural tensile strength values of hybrid
steel fiber-reinforced concrete was investigated. Figure 7 presents
the average flexural tensile strength values obtained at 7, 28 and
90 day periods.

Upon examination of the graph, it is observed that the
minimum and maximum strength values at 7 days were 5.9 MPa
and 7.52 MPa, respectively, obtained from the U15H and U5H
series.Theminimum andmaximum strength values at 28 days were
6.30 MPa and 7.77 MPa, respectively, obtained from the U15H and
U5H series. At 90 days, the minimum and maximum values were
7.5 MPa and 8.64 MPa, respectively, obtained from the U5H and
U15H series.

When the percentage change in flexural tensile strength values
of hybrid fly ash concretes is examined relative to the hybrid
control specimen, an increase in strength is observed at 7 days:
approximately 25.75% for the U5H specimen, 5.02% and the
U25H series. However, a decrease is noted for the U15H series
approximately 1.34%.

When the percentage change in flexural tensile strength values
of hybrid fly ash concretes is examined relative to the hybrid
control specimen, an increase of 12.61% is observed for the U5H
series at 28 days. However, a decrease is noted for the U15H series
approximately 8.70% and the U25H series approximately 5.07%.

At 90 days, a decrease of 1.32% is observed for the U5H series.
In contrast, increases in flexural tensile strength are observed for
the U15H and U25H series, approximately 13.68% and 10.26%,
respectively.

The influence of fly ash’s pozzolanic nature is evident in flexural
tensile strength, similar to its effect on compressive strength. The
positive effects of fly ash utilization on flexural tensile strength are
observed at later ages. Comparing the 90-day strength of the U15H
series, which exhibited the maximum flexural tensile strength, with
its 28-day strength reveals an increase of approximately 37.14% in
strength at later ages.

Similar to the compressive strength results, the optimum fly ash
content for flexural tensile strength varies with the curing age. For
a 28-day curing period, the optimum fly ash content for maximum
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FIGURE 7
Flexural tensile strength values (MPa) of steel fiber reinforced concrete.

FIGURE 8
Splitting tensile strength values   for different sample series.

splitting tensile strength is 5%, while for a 90-day curing period, it is
determined to be 15%.

The variation in the optimum fly ash content with curing age
is attributed to the time-dependent effects of fly ash’s hydration and
pozzolanic reactions, as explained in the compressive strength results.
At later ages, the pozzolanic reactions of fly ash and itsmicrostructural
densification effects become more pronounced, leading to greater
strength enhancement. Consequently, the optimum fly ash content
varies with the curing age. Several studies in the literature support
these findings (Atiş andKarahan, 2009;Almottiri, 2011; Bozkurt et al.,
2013; Abdul-Rahman et al., 2018; Pal et al., 2020; Türk et al., 2022a).

3.3 Splitting tensile strength values

In this study, which investigated the influence of fly ash on
the splitting tensile strength values of hybrid steel fiber-reinforced
concrete, the average splitting tensile strength values obtained are
presented in Figure 8.

Upon examination of the graph, it is observed that theminimum
and maximum compressive strength values at 7 days were 5.15 MPa
and 6.1 MPa, respectively, obtained from the U15H and U5H series.

Upon examination of the graph, it is observed that theminimum
strength value at 28 days was 5.66 MPa, obtained from the U15H

series, while the maximum strength value of 6.45 MPa was obtained
from the H series (control). The strength value obtained from the
U5H series, 6.30 MPa, is noted to be very close to the maximum
value obtained from the H series.

At 90 days, the minimum strength value of 6.67 MPa was
obtained from the U5H series, while the maximum strength value
of 7.42 MPa was obtained from the U15H series.

When the percentage change in Splitting Tensile Strength
values of hybrid fly ash concretes is examined relative to the
hybrid control specimen, an increase in strength is observed at
7 days: approximately 13.38% for the U5H specimen, 0.19% and
the U25H series. However, a decrease is noted for the U15H series
approximately 4.28%.

When the percentage change in splitting tensile strength values
of hybrid fly ash concretes is examined relative to the hybrid control
specimen, a decrease in splitting tensile strength is observed at
28 days: approximately 2.33% for the U5H series, 12.25% for the
U15H series, and 7.44% for the U25H series.

At 90 days, compared to the H series (control), a decrease of
approximately 0.89% is observed for the U5H series, while increases
are noted for the U15H series 10.25% and the U25H series 8.77%.
Similar to the trends observed in compressive and flexural tensile
strength, the positive effects of fly ash on splitting tensile strength are
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also evident at later ages. Comparing the 90-day strength of theU15H
series, which exhibited the maximum splitting tensile strength, with
its 28-day strength reveals an increase of approximately 31.10% in
strength at later ages.

The results indicate that the optimumfly ash content for splitting
tensile strength, like compressive and flexural tensile strength, varies
with the curing age. For a 28-day curing period, the maximum
splitting tensile strength is achieved with the series containing no
fly ash, while for a 90-day curing period, the optimum fly ash
content is determined to be 15%.As observed in the compressive and
flexural tensile strength results, the splitting tensile strength results
are also influenced by the pozzolanic reactions of fly ash and its
microstructural densification effects. The increase in fly ash content
at later ages contributes to achieving optimum strength. Several
studies in the literature support these findings (Atiş and Karahan,
2009; Almottiri, 2011; Akid et al., 2021; Türk et al., 2022a).

4 Conclusion

This study presented an experimental investigation into the
effects of varying proportions of fly ash on the mechanical
performance of hybrid steel fiber-reinforced concrete. The findings
clearly demonstrate that the utilization of fly ash does not
significantly influence the early-age strength of concrete but has a
positive impact on strength development at later ages.

The effect of fly ash on compressive, flexural tensile, and splitting
tensile strengths varied depending on the curing age. However, for
the 90-day curing period, which is crucial for long-term strength
development, the optimum fly ash content was found to be 15% for
all strength types.

While this study acknowledges the adverse effect of fly ash
on early-age strength, it also highlights strategies to mitigate
this drawback, thereby enhancing the practical applicability of
fly ash-incorporated hybrid steel fiber-reinforced concrete. The
reduction of the water-to-cement ratio, incorporation of silica
fume, implementation of thermal curing techniques, and the use of
chemical accelerators are promising approaches to counteract the
delayed strength development associated with fly ash. Moreover,
hybridizing fly ash with other SCMs, such as GGBFS or metakaolin,
can further optimize concrete performance.

These strategies enhance the feasibility of utilizing fly ash
in structural applications requiring both early-age and long-term
strength. Future studies should focus on integrating these techniques
in real-world construction scenarios to evaluate their effectiveness
under practical conditions.

This study holds significant implications for both economy and
ecology. Utilizing 15% fly ash in the production of concrete with
enhanced mechanical properties resulted in an approximate 10%
cost saving, considering the unit prices of 2024. Given the increasing
number of construction projects and the associated rise in concrete
consumption, it is evident that substantial economic benefits can
be achieved. Furthermore, as fly ash is an industrial by-product,
its collection and disposal are crucial considerations. Utilizing such
waste material in concrete not only reduces disposal costs but also
minimizes the ecological problems associated with waste materials,
thereby promoting sustainability.

For future studies, it is recommended to reduce the
water/cement ratio, increase the fiber content, and adjust the
maximum aggregate size within the limits specified by standards to
achieve improved compressive, flexural tensile, and splitting tensile
strengths.

Future studies should incorporatemicrostructural analyses such
as SEM and XRD to further elucidate the effects of fly ash on
hydration reactions and matrix densification. These methods can
provide complementary insights into the findings of this study,
particularly in understanding the mechanisms underlying the
observed mechanical performance.
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