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https://doi.org/10.18280/rcma.350502 ABSTRACT

Utilizing recycled aggregates (RA) from concrete waste offers a sustainable solution.
However, recycled aggregate concrete (RAC) often exhibits limitations in strength and
durability, restricting its broader application. This study evaluates methods to enhance
the performance of RAC by treating RA with 0.IM HCI, using a two-stage mixing
approach (TSMA), incorporating 0.5% steel fiber (STF), and adding one or two
supplementary cementitious materials (SCMs). The SCMs include 10% silica fume (SF),
15% fly ash (FA), and 5% kaolin (KA), used individually or in combination. Significant
improvements were observed in the mechanical and durability properties of treated
recycled aggregate concrete (TRAC). For instance, the R7-STF0.5-SF10-FA15 mix
exhibited a 28.92% increase in compressive strength, a 38.62% rise in splitting tensile
strength, and a 40.80% enhancement in flexural strength compared to the reference
concrete mix. Flexural toughness and stiffness improved by 333.50% and 131.19%,
respectively, while flexural impact energy increased by 499.39% at the initial crack and
600.49% at failure. Durability metrics also showed significant improvements, with
reductions in absorption (38.20%), water permeability (81.50%), and rapid chloride
permeability (84.40%). The combination of TRA, TSMA, 0.5% STF, and SCMs
substantially improves TRAC properties, surpassing those of conventional concrete in
strength, durability, ductility, and resistance to dynamic loads.
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1. INTRODUCTION diseases [4].
If concrete rubble is not used as RA in concrete, it would
lead to the depletion of natural resources, specifically natural

aggregate (NA). Moreover, its economic benefit would be

Rapid urbanization and population growth have accelerated
the replacement of outdated or unsuitable buildings with

modern structures designed to meet increasing housing
demands and support societal development. This process
generates substantial quantities of concrete rubble from
demolition activities [1]. China generates an annual amount of
200 million tons of building rubble through demolishing
existing old buildings, in addition to the waste from
reconstruction [2]. In contrast, Australia produces 43.78
million tons of waste every year, with 38% of that waste
originating from the construction and demolition of buildings
[2] Inadequate management of concrete rubble or failure to
reuse it in beneficial projects can lead to environmental and
economic complications. The best uses for concrete rubble are
as RA in concrete building projects or as a subgrade material
in road construction [3]. The decomposition of concrete debris
when placed in soil or an open area can span several decades,
creating a conducive environment for the proliferation of
harmful insects and animals that can transmit dangerous
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wasted [5]. RA exhibits inferior quality compared to NA
because of the presence of adhering mortar on the aggregate.
Therefore, the specific gravity of RA decreases while its
absorption percentage increases compared to NA. The specific
gravity of RA mostly ranged from 2.2 to 2.7, whereas for NA,
it ranged from 2.5 to 2.85. The absorption percentage of RA
usually ranged from 4.5% to 7.0%, whereas for NA, it ranged
from 0.4% to 2% [6, 7].

Various studies have investigated the utilization of RA as a
replacement for NA, either partially or fully. However, the
findings of these studies indicate that the mechanical
properties of recycled aggregate concrete (RAC) are inferior
to those of normal aggregate concrete (NAC), resulting in
reduced strength and durability. As the percentage of RA
increases, the compressive, splitting, and flexural strength will
decrease, and the absorption, rapid chloride permeability, and
water permeability will increase [8, 9]. Several studies have
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investigated the effects of total replacing NA with RA on the
properties of concrete, where Bai et al. [10] observed that the
complete replacement of NA with RA resulted in a reduction
of 19%, 15%, and 11% in compressive, splitting, and flexural
strength, respectively, compared to NAC. Joseph et al. [11]
found that the compressive, splitting, and flexural strength
decreased by 19%, 19%, and 4% when the NA was replaced
with 60% RA. Several studies have shown that replacing NA
with RA results in reduced compressive strength and splitting
strength, with decreases ranging from 12% to 47% in
compressive strength and from 15% to 39% in splitting
strength [11, 12]. Wang et al. [7] conducted a comprehensive
analysis of multiple prior studies to examine the impact of
replacing NA with RA. Researchers discovered that when the
replacement was complete, the average decrease in
compressive strength across 37 tests was 14%. Additionally,
the reduction in splitting strength was 16%, while the decrease
in flexural strength was 11%.

The mechanical properties of RAC can be improved by
treating the RA to remove the weak mortar or by strengthening
the surface. This treatment can be carried out using various
methods, including mechanical rubbing, grinding in a Los
Angeles machine, washing with water, chemical treatment,
heat treatment, and carbonation treatment [13, 14]. A
prominent surface-coating technique for enhancing the
properties of RA is the application of a silica fume slurry. This
process seals surface micro-cracks and pores, improving the
aggregate's density and reducing its water absorption [6].

Although techniques such as mechanical rubbing and
grinding with a Los Angeles abrasion machine show
negligible environmental impact at the laboratory scale, their
large-scale application is hindered by the requirement for
heavy machinery, considerable energy consumption, and
elevated operational costs. Therefore, the sustainability of
these treatments requires careful evaluation, as the associated
environmental and economic drawbacks may surpass the
potential performance improvements when applied outside
controlled experimental settings.

Previous studies have shown that using hydrochloric acid
(HCL) to treat RA results in a decrease in absorption, an
increase in specific gravity, and a reduction in abrasion. The
absorption decreases by 4% to 26%, specific gravity increases
by 0.4% to 3.0%, and abrasion decreases by 20% to 26% [15-
17]. When sulfuric acid (H2SO4) is used to treat RA, the
absorption decreases by 29% to 48%, the specific gravity
increases by 7% to 8%, and the abrasion reduces by 26% to
30% [16, 18]. However, utilizing nitric acid (HNO3) results in
a 25 to 29% reduction in absorption, a 3.24% to 3.2% increase
in specific gravity, and a decrease in abrasion ranging from
26.3% to 2.3% [17]. The utilization of mechanical rubbing in
the treatment of RA led to a reduction in absorption by 32% to
41%, an enhancement in specific gravity by 3.5% to 4.6%, and
a decrease in abrasion by 34% to 40% [19, 20]. In this study,
the RA was treated using hydrochloric acid with a
concentration of 0.1M. This treatment method yielded
satisfactory results and facilitated the disposal of the
remaining solution once the treatment process was completed.

An additional method to enhance concrete properties is by
incorporating SCMs such as densified silica fume (SF), fly ash
(FA), and kaolin (KA). These materials can improve various
mechanical properties, including strength, and significantly
enhance the concrete's durability, reducing absorption, rapid
chloride permeability, and water permeability [21-23]. SCMs,
such as SF, FA, and KA, contain substantial quantities of
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silicon dioxide (Si0.), often known as silica. For example, SF,
FA, and KA generally have SiO» percentages that fall within
the ranges of 80% to 99%, 60% to 75%, and 40% to 50%,
respectively [24, 25]. The SiO, reacts chemically with the
calcium hydroxide (CH) generated during cement hydration,
creating a tri-calcium silicate hydrate (CSH) [26, 27]. This
compound will exhibit hardness, strength, stability, and the
capacity to fill microcracks and voids, resulting in significant
improvements in the strength and durability of concrete [22].
The allowable percentage of cement that can be replaced by
SCMs is determined by the type and quantity of active SiO»
found in the SCMs. Determining the optimal replacement or
addition percentage is crucial to facilitate the chemical
reaction between SiO; and CH in concrete mixtures. For
instance, replacing 22% of cement with SF containing 90%
SiO> can completely consume all CH in concrete within 65
days [28, 29]. If the quantity of SCMs employed as a
replacement for cement exceeds the amount required to react
with CH, they may serve as fillers, occupying voids and small
cracks. An additional increase in the amount of SCM material
leads to a decrease in the strength of the concrete [30].
According to ACI 318M-19 [31], the maximum allowable
percentage of FA or other natural pozzolanic materials that can
replace cement in exposed concrete is 25%. The maximum
allowed percentage for the combined utilization of FA or
another natural pozzolanic material and SF as a replacement
for cement is 35%. Furthermore, it is essential to highlight that
under no circumstances should the quantity of SF exceed more
than 10% of the cement's weight. The European standards EN
197-1 [32] restrict the amount of FA that can replace the
cement to 35% by weight. This limitation is imposed because,
at greater levels of FA incorporation, the majority of the FA
functions more as a filler rather than a binder material.

Adding steel fiber (STF) to concrete can significantly
enhance its mechanical characteristics [33]. Although the
compressive strength increased slightly in low STF
percentage, the splitting strength, flexural strength, ductility,
compressive toughness, and flexural toughness will
significantly improve [34]. Adding more than one SCMs, such
as SF with FA or KA, combined with STF, in concrete mixes
can enhance all concrete properties [35].

Previous studies have determined that the ideal proportion
of cement replacement with SF falls between 10% and 15%
[36, 37], while for FA, it ranges from 10% to 25% [38, 39].
However, in the case of KA, the optimal range is narrower,
specifically between 4% and 5% [40, 41]. By using SCMs
alongside cement instead of substituting them, raising the
proportion of SCMs is feasible because cement hydration
produces more CH than when SCMs replace cement directly.

Previous studies have frequently incorporated STF into
concrete mixtures, typically within a range of 0% to 2% of the
total concrete volume [34, 42]. The addition of STF to concrete
mixes can improve various mechanical properties, including
compressive strength, splitting strength, flexural strength,
compressive toughness, ductility, flexural toughness, impact
energy, delay of the first crack under flexural load, and
reduction of crack spacing [43]. A positive correlation exists
between the percentage of STF and the compressive strength
of concrete, particularly within the range of 0% to 2% of the
concrete's total volume. The efficiency of STF is determined
by the strength of the concrete and the properties of the STF
itself, including its diameter, length, tensile strength, shape,
and surface roughness [44]. Adding high amounts of STF into
normal-strength concrete is an ineffective approach. The



purpose of STF in concrete under tensile stress is to help
alleviate part of the tensile stress, since concrete has a limited
ability to withstand it. If the concrete or STF experiences
tensile failure or if the STF becomes detached from the
concrete because of adhesion failure between the two
materials, the concrete cube, cylinder, or beam will begin to
develop cracks until it ultimately fails [45]. This study
investigates the properties of concrete, which range in strength
from normal to high strength. The STF content employed in
this study was 0.5% of the total volume of concrete. While SF,
FA, KA, and STF have been widely studied for their individual
and combined applications in construction materials, their
collective impact on treated RAC has received less attention.
This gap motivated our current research to explore the
synergistic effects of SF, FA, KA, and STF in TRA concrete.
Our findings aim to make construction more affordable and
environmentally friendly, aligning with sustainable
development goals.

2. EXPERIMENTAL WORKS
2.1 Materials

This study utilized natural granite aggregate (NA) with a
nominal size of 14 mm for the normal concrete mix. The
granite aggregate possesses a specific gravity of 2.67 and a
water absorption rate of 0.41%. The RA were obtained from
waste concrete debris in the form of cubes, beams, and arches
that had been tested in earlier studies and subsequently
exposed to natural environmental conditions, including
rainfall and temperature variations, for more than five years.
These waste concrete elements, originally exhibiting
compressive strengths between 30 and 40 MPa, were crushed
to the required aggregate size using a crushing machine in the
Universiti Sains Malaysia (USM) laboratory. The RA
underwent a washing process using water on a sieve with a
diameter of 4.76 mm to remove dust and small particles of
aggregate. The RA was subjected to chemical treatment by
immersion in a 0.1 M HCI solution for 24 hours. During this
process, HCl reacted with the cementitious mortar, particularly
CH, which formed soluble calcium chloride (CaClz). The
resulting solution exhibited a pH of 6.5 and 7.5, indicating a
nearly neutral condition that poses no significant risk when
discharged into sewage at a laboratory scale. However,
dilution with water may be advisable for larger volumes.
Following the treatment, the RA was thoroughly rinsed with
water through a 4.76 mm sieve to remove detached fine
particles and residual acid. The aggregates were then dried by
applying airflow across their surface. The nominal size of the
treated recycled aggregate (TRA) was 12.5 mm, and the
minimum size was 4.76 mm. The specific gravity was 2.428,
and the water absorption was 4.4%. Figure 1 illustrates the
sieve analysis results for NA and TRA. The study used river
sand (RS) as fine aggregate, with particles passing through a
sieve with a 4.76 mm opening and retained on a sieve with a
0.076 mm opening, as shown in Figure 2. The RS's specific
gravity, water absorption, and fineness modulus are
2.607,0.99, and 3.1, respectively.

The study utilized ordinary Portland cement (OPC) named
CEM 1, 52.5 N. The SCMs included SF, FA, and KA, with
their chemical composition and scanning electron microscope
(SEM) analyses tested at the Earth Material Characterization
laboratory at the Centre for Global Archaeological Research,
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University Sains Malaysia (USM). The chemical composition
of the cement and the SCMs is detailed in Table 1. The SEM
test was utilized to analyze the shape and morphology of the
OPC, SF, FA, and KA particles. Figure 3 displays the SEM
image results that were obtained.
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Figure 1. Sieve analysis results of natural and treated
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Figure 2. Sieve analysis results of river sand

Table 1. Chemical composition of ordinary Portland cement,
silica fume, fly ash, and kaolin

Oxide OoPC SF FA KA
(%) (%) (%) (%)

SiO2 19.52 95.59 54.36 54.32
AlLO3 4.97 0.26 25.00 30.24
Fe20s3 3.64 0.06 6.15 1.71
CaO 64.32 0.10 5.52 0.01
MgO 2.00 0.33 1.53 1.46
K20 0.55 0.62 1.29 5.62
Na,O 0.10 0.36 0.68 0.07
TiOs3 0.00 0.00 1.21 0.71
P20s 0.04 0.08 0.86 0.02
MnO 0.01 0.00 0.01 0.00

The Imagel software is employed to analyze SEM pictures
to determine the particle size. The cement utilized in this
investigation demonstrates an uneven morphology and a
coarse texture, with a minimum particle size of lym and a
maximum particle size of 100pm. However, over 90% of the
particles are smaller than 10 pum. The size of the densified SF
varied between 10 and 250 um, with more than 75% of the
particles being less than 100 um. The densified SF particles
exhibited a smooth and spherical shape (Densified silica fume
consists of agglomerates formed by processing very fine
individual silica fume particles into larger clusters). The FA
showed a size distribution ranging from 1 to 12 um, with over
93% of particles measuring less than 5 um. The FA had a
round and smooth shape. The SEM picture for KA shows an



irregular and rough surface. The KA size ranged from 4 to 30

um, with over 68% of particles measuring less than 10 um.
Straight and smooth STF with average diameter, length, and

aspect ratio of 0.2 mm, 13 mm, and 65 were added to the

S
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(c) SEM pictures for FA
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concrete mixes. STF was added at a percentage of 0.5% of the
concrete volume. According to the manufacturer's catalog, the
STF used in this investigation has a tensile strength of 2850
MPa and a density of 7900 kg/m? [46].

Regulus 1.0kV 6.5mm x40 LM(L)
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(d) SEM pictures for KA

Figure 3. Scanning electron microscope (SEM) pictures for OPC, SF, FA, and KA

2.2 Mixing procedures

This study employed the two-stage mixing approach
(TSMA) to mix concrete ingredients. The mixing process
consists of five steps. Firstly, the total quantities of sand and
aggregate were combined with half the water, and the mixer
was operated for one minute. Second, the cement and SCMs
were added, and mixing continued for two more minutes.
Third, the remaining water and the superplasticizer were
incorporated, and mixing proceeded for another three minutes.
Fourth, the mixer was halted for one minute. Fifth, mixing was
resumed for three minutes. Lastly, the mixture was ready [47].

2.3 Specimens shape, molding fresh concrete, and treating
hardened concrete

A cube with a size of 100 mm specimens was utilized to
measure the concrete's compressive strength, water
absorption, porosity, and density [48]. Cylindrical specimens
of 100 mm in diameter and 200 mm in height were employed
to determine the splitting strength and modulus of elasticity
[49]. The third-point loading of flexural strength tests was
conducted using specimen dimensions of 100 x 100 x 500 mm.
The specimens with similar dimensions were also utilized for
impact load tests [50]. The water permeability of concrete was
evaluated using cylindrical specimens of 50 mm in diameter
and 40 mm in height. These specimens were prepared from
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cube or beam samples using a core machine. A cylindrical
specimen of 100 mm in diameter and 50 mm in height was
used to perform the rapid chloride permeability (RCP) test
[51]. After mixing the concrete gradients, a slump test was
performed according to the standards specified in ASTM C143
[52]. Afterwards, the freshly mixed concrete was cast into the
specified molds according to the specifications outlined in the
ASTM C192 standard [53]. The freshly molded concrete was
compacted using a vibration table apparatus. The concrete
sample molds were kept at room temperature, ranging from 23
to 31 degrees Celsius, and covered with a moist cloth for 24
hours. Subsequently, the concrete molds were de-molded, and
the concrete samples were submerged in a water treatment
tank maintained at a temperature range of 23-27 degrees
Celsius until the specified testing days (7, 28, 56, and 96 days)
[53].

2.4 Mix proportion design

This study used the ACI211.1 standard [54] for concrete
mix design, specifically focusing on the absolute volume
technique. The SA, FA, and KA were used as additional
quantities rather than replacements for the cement. As a result,
the amounts of concrete ingredients were adjusted to equal a
volume of 1 cubic meter. Table 2 provides a detailed
description of the composition of eight different concrete
mixes.



Table 2. Mixing proportions for conventional and treated

RAC

. Material (Kg/m?)
Mix Code CM SF FA KA STFWT RA RS SP
N1 444 - - - - 211900 772 -
Rl 444 - - - - 206 940 637 2.2
R2-STF0.5 444 - - - 39 206 940 637 2.2
R3-STFO.5-SF10 444 444 - - 39 226 940 637 3.3
R4-STFO.5-FA15 444 - 667 - 39 236 940 637 3.3
R5-STFO.5-KA5 444 - - 222 39 216 940 637 3.3

R6-STF0.5-SF10-FA15 444 44.466.7 - 39 256 940 637 3.3
R7-STF0.5-SF10-KAS5 444 444 - 222 39 236 940 637 3.3

Notes: N: normal concrete with granite aggregate, R: concrete with TRA, the
numerical values following "N" and "R" correspond to the sequential job
mix number, the numbers following "STF," "SE," "FA," and "KA" indicate
the respective percentages of these materials added to the concrete mixture.
WT: Total water, CEM: Cement.

2.5 Tests of fresh and hardened properties of concrete

The slump test was conducted following the guidelines of
the ASTM C143 standard [52]. The saturated and surface dry
density, absorption, and porosity of the hardened concrete
were determined through tests and calculations that followed
the specifications mentioned in the ASTM C 642 standard
[48]. The water permeability of concrete was assessed and
computed according to the methodology described in the
research by Hedegaard and Hansen [55]. The rapid chloride
permeability test was performed and computed according to
the ASTM C 1202 specifications [56]. The hardened concrete's
compressive strength was tested following BS-EN-12390-3-
2019 [57] at several ages, particularly 7, 28, 56, and 96 days,
utilizing 100 mm cubes. The hardened concrete's splitting
tensile strength was measured at 28 days using the methods
outlined in ASTM C496 [58]. The cylindrical compressive
strength, static modulus of elasticity, Poisson's ratio, and
compressive toughness for concrete were measured using the
ASTM C 469 standards [49] at age 28 days. To quantify the
vertical and transverse strains of the concrete cylinder
samples, it is imperative to attach two strain gauges to each
sample's vertical and transverse surfaces. The strain gauges
used are KYOWA type, with a length of 60 mm, which are
made in Japan [49]. Flexural strength was assessed following
ASTM C78 and ASTM C 1609/C1609M-19 [59], utilizing a
third-point loading method in which two loads were applied to
the upper surface of the concrete specimen. The distance from
the support to the load was 100 mm, which is one-third of the
distance between the supports. This test yielded results for
flexural strength and flexural toughness [50, 59]. The flexural
impact energy of the hardened concrete beams was evaluated
after 28 days using a process previously described in the
research conducted by Noaman et al. [60] and Hao et al. [61],
where the sample size was 100 x 100 x 500 mm, the drop
weight was 4.54 kg, the falling drop height was 200 mm, and
the sample span was 400 mm.

3. RESULTS AND DISCUSSION
3.1 Slump

The results of the slump test are illustrated in Figure 4,
showing that all eight mixes in this study exhibited true

(normal) slump shapes. Moreover, the Rl mix displayed a
significantly higher slump value than N1. Specifically, N1

exhibited a slump value of 70 mm, while R1 recorded 120 mm,
representing a 71.4% increase compared to N1.
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Figure 4. Slump test results

Studies indicate that replacing NA with RA without a
workability admixture generally reduces slump due to RA’s
high-water absorption [62]. However, the improved slump
value of R1 compared to N1 can be attributed to the synergistic
effects of using well-graded saturated and surface dry TRA
[63], the addition of 0.5% superplasticizer [64], and the TSMA
in concrete mixing [65].

Using well-graded RA enhanced packing density, reduced
voids, and minimized water demand, while its saturated and
surface dry condition prevented additional water absorption
during mixing, ensuring consistent workability [63]. The
superplasticizer dispersed cement particles, reduced friction,
and compensated for the rough texture of RA, significantly
improving fluidity [64]. TSMA further optimized the mix by
ensuring a uniform coating of aggregates and effective
integration of the superplasticizer [66]. Together, these factors
mitigated the typical drawbacks of RA, such as higher
absorption and roughness, resulting in a concrete mix with
superior workability and a higher slump value than N1.

Furthermore, to observe the effect of STF, a comparison
between R2-0.5STF and R1 shows that adding 0.5% STF to
the mix reduces the slump value by approximately 19.2%, as
shown in Figure 4. The slump reduction in the R2-0.5STF mix
can be attributed to the increased inter-particle friction and
disruption of paste flow caused by the addition of STF [67].

Although adding 0.5% superplasticizer can enhance
workability, it is insufficient to completely counteract the
effects of STF, resulting in a lower slump value. Therefore, it
is crucial to carefully adjust the mix proportions and admixture
dosage when incorporating STF to achieve the desired
workability.

Koksal et al. [68] investigated the relationship between STF
dosage and concrete slump, finding that incorporating 0.5%
STF by volume reduced slump by 16.7%, which closely aligns
with the findings of this study.

Including SCMs such as SF, FA, or KA, or integrating STF
alone or in combination, significantly reduces the slump value
of concrete mixes [69]. To minimize slump reduction and
maintain a target slump above 70 mm, the superplasticizer
dosage had to be increased to 3.3 kg/m? in concrete mixes
containing SCMs or STF. This adjustment ensured that the
mixes met the required workability criteria while preserving
consistency and performance.

The slump values for concrete incorporating treated
recycled aggregate ranged from 98 mm to 120 mm, with slump



reductions between 1.7% and 18.3%, as shown in Figure 4.
3.2 Water absorption, water permeability, and porosity

The water absorption, porosity, and water permeability of
the eight mixes were tested on day 28, and the results are
shown in Table 3. The absorption percentage and porosity of
R1 were 4.50% and 9.90%, respectively, representing
increases of 11.11% and 7.61% compared to N1. However, the
increase is insignificant compared to N1.

Table 3. Water absorption, porosity, and water permeability

results
ABS AABS n An K AK
Mixture Code %) (%) (%) (%) (x 101 %
m/s)

N1 405 - 920 - 2.07 -

R1 (Ref)) 450 0.00 9.90 0.00 293 0.00
R12-STF0.5 432 -4.00 9.60 -3.00 2.79 -4.50
R13-STF0.5-SF10 3.02 -32.90 6.65 -32.80 0.74 -74.70
R14-STF0.5-FA15 3.76 -16.40 8.20 -17.20 1.08 -63.10
R5-STFO0.5-KAS 3.98 -11.60 8.75 -11.60 1.53 -47.70
R6-STF0.5-SF10-FA15 2.78 -38.20 6.15 -37.90 0.54 -81.50
R7-STF0.5-SF10-KAS5 2.86 -36.40 6.24 -37.00 0.63 -78.50

Note: ABS is the concrete water absorption; n is the concrete porosity; K is
the concrete water permeability; A is the percentage of change.

The primary factor contributing to the slight difference in
water absorption between N1 and Rl is the treatment
procedure used for RA, which effectively removes a
substantial amount of weak mortar. This finding aligns with a
study by Giineyisi et al. [70], which demonstrated that treating
RA with 0.1 M HCL can decrease the water absorption and
porosity in RAC by 11% to 20%.

The water permeability of R1 increased by 41.55% relative
to N1. This heightened water permeability is primarily due to
the old cement mortar, which remained firmly adhered to the
aggregate and exhibited a significant permeability.
Additionally, grinding the concrete debris led to the
degradation of the interfacial transition zone (ITZ) between
the aggregate and the pre-existing mortar of some aggregate
particles, resulting in a weaker ITZ compared to that between
the aggregate and the new mortar, which contributed to an
increase in the concrete porosity, water absorption, and water
permeability [10].

A comparison between R2-STF0.5 and R1 revealed that
adding 0.5% STF to the concrete reduced the porosity, water
absorption, and water permeability by 4.00%, 3.00%, and
4.50%, respectively. This reduction was attributed to
decreased shrinkage and creep, which lowered the quantity
and size of microcracks [71]. However, the decrease was
relatively small due to the lack of chemical interaction
between the STF and OPC in the concrete mixture [72].

Incorporating STF in TRAC, alongside SCMs such as SF,
FA, and KA, significantly reduced the porosity, water
absorption, and water permeability, thereby enhancing
concrete durability. The test results for water absorption,
porosity, and water permeability, along with their percentage
reductions relative to R1, are summarized in Table 3.

SCMs contain varying amounts of SiOz, which reacts with
CH during cement hydration. This reaction forms CSH, a
dense, water-insoluble compound that effectively fills voids
and microcracks within the concrete matrix, enhancing its
stability and durability [73]. The SCMs used in this study had
significant fineness, allowing them to seal microcracks in the
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old ITZ efficiently [74]. Consequently, the concrete produced
had a high density and very few voids, leading to reductions in
concrete porosity, water absorption, and water permeability
[75].

Adding two SCMs alongside STF in R6-STF0.5-SF10-
FA15 and R7-STF0.5-SF10-KAS5 significantly decreased
concrete porosity, water absorption, and water permeability
compared to R1. The water absorption values for these two
mixes declined by 38.20% and 36.40%, respectively.
Similarly, porosity decreased by 37.90% and 37.00%, while
water permeability decreased by 81.50% and 78.50%,
respectively.

The primary cause of these reductions was the high SCMs
content, accounting for 25% and 15% of the cement's weight,
which consumed most of the CH generated during cement
hydration. This process led to the formation of CSH,
effectively filling voids and small cracks in the concrete [76].

Qureshi et al. [77] found that replacing 10% of cement with
SF and including 1% STF (by total concrete volume) resulted
in a 27.6% reduction in water absorption compared to RAC.
Lin et al. [78] examined the impact of replacing 10% of cement
with SF and adding 0.5% STF on concrete water absorption,
noting a 44.4% reduction compared to conventional concrete.
Akhtar et al. [79] reported that replacing 15% of cement with
FA and adding 0.5% STF led to a 29.29% decrease in water
absorption compared to conventional concrete.

The present study aligns with prior research; however,
earlier studies primarily used natural aggregate as coarse
aggregate, further supporting the efficacy of the treatment
technique employed in this study.

3.3 Rapid chloride permeability test

Figure 5 and Figure 6 illustrate the RCP test results and the
RCP values normalized against R1 at 28 and 96 days. The RCP
values for N1 were 3449 Coulombs at 28 days and 2653
Coulombs at 96 days, both categorized as moderate [51]. The
decline in the RCP value between the two ages may be
ascribed to the continuous process of cement hydration and the
formation of CSH. This compound effectively plugs voids and
microcracks, reducing the porosity, water absorption, and
permeability, and decreasing the RCP value [80].
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Figure 5. Results of RCP test

The R1 mix showed RCP values of 6029 coulombs at 28
days and 4868 coulombs at 96 days. These values are
considered high according to the ASTM C1202 standard [56].
The RCP value for R1 increased by 74.80% and 83.49% at 28
and 96 days, respectively, compared to N1. The increase in the



RCP value for R1 may be attributed to its higher absorption,
porosity, and permeability than N1, in addition to the presence
of microcracks in the old mortar, which attached to the
recycled aggregate, resulting in an elevated penetration of
chloride ions [81].
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Figure 6. RCP test results normalized by the RCP value of
R1

Adding 0.5% STF to the R2-STF0.5 mix increased the
electrical conductivity of the concrete, leading to a higher RCP
value [82]. In the R3-STF0.5-SF10 mix, incorporating 10% SF
(by cement weight) and 0.5% STF (by total volume)
significantly reduced RCP values by 76.53% at 28 days and
78.76% at 96 days, compared to TRAC samples. Similarly,
adding 15% FA or 5% KA (by cement weight) with 0.5% STF
in R4-STF0.5-FA15 and RS5-STF0.5-KAS further reduced
RCP values. At 28 days, reductions were 43.8% (FA) and
33.4% (KA), while at 96 days, the decreases reached 51.6%
and 39.4%, respectively, relative to R1.

The combination of two SCMs as 10% SF with either 15%
FA or 5% KA, along with 0.5% STF, significantly decreased
RCP values in the concrete mixtures R6-STF0.5-SF10-FA15
and R6-STF0.5-SF10-KAS. At 28 days, the RCP values
decreased by 84.4% and 82.6%, respectively, while at 96 days,
the reductions further increased to 85.5% and 83.6%.

The incorporation of SF in concrete significantly reduces
RCP compared to FA or KA, particularly at early ages (28
days). This reduction is attributed to the higher SiO> content
and greater chemical reactivity of SF compared to FA and KA.
Adding 0.5% STF with two SCMs, either 10% SF + 15% FA
(totaling 25%) or 10% SF + 5% KA (totaling 15%), further
enhances this effect. The increased SiO, concentration reacts
with CH to form CSH, a robust and durable compound that
fills voids and microcracks, leading to substantial reductions
in water absorption, porosity, and water permeability, which
are key factors contributing to the observed RCP decline [83].

Kumar and Rai [39] reported that replacing 10% of cement
with SF and 15% with FA reduced RCP to 1100 Coulombs,
which aligns closely with the findings of this study. Similarly,
Kumar and Anandhi [84] investigated the combined effects of
various SCMs, including SF, FA, and KA, with total
replacement levels of 15% and 22.5% of cement weight. The
findings revealed substantial declines in RCP values, 43.70%
and 75.73%, respectively, for normal aggregate concrete,
demonstrating the high effectiveness of the recycled aggregate
treatment method adopted in this study, as well as the
application of the TSMA technique.

The current research outcomes are consistent with previous
studies, with minor variations. These discrepancies may be
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attributed to the higher SCM quantities used in this study,
whereas earlier research focused solely on partial cement
replacement.

3.4 Relationship between absorption, porosity, and
permeability with rapid chloride permeability

Eq. (1) to Eq. (3) illustrate the linear and proportional
relationships between the water absorption (ABS, %), porosity
(n, %), and water permeability (K, x 107" m/s) with RCP
(Coulombs), as depicted in Figure 7, Figure 8, and Figure 9.

RCP = 2964.1 x ABS — 7536 (1)
RCP = 12969 xn — 7177.9 )
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Figure 7. The relationship between the water absorption
percentage and the rapid chloride permeability

Figure 7 illustrates the relationship between water
absorption and RCP results. The positive linear trend suggests
that as absorption increases, RCP values also rise, indicating
higher chloride ion penetration in concrete with greater water
absorption. The regression Eq. (1) suggests that for each 1%
increase in water absorption, the RCP value increases by
approximately 2964 Coulombs. The coefficient of
determination (R?=0.9311) demonstrates a strong correlation
between water absorption and RCP, implying that 93.11% of
the variation in RCP results can be explained by changes in
water absorption. The outlier observed in the three figures
corresponds to mix N1, which incorporates natural aggregate
exhibiting distinct characteristics compared to TRA, thereby
accounting for the observed deviation. This trend highlights
that concrete with lower water absorption tends to show better
durability and lower water permeability, emphasizing the
importance of optimizing mix design to minimize water
absorption and improve long-term performance against
chloride-induced deterioration.

Figure 8 illustrates the relationship between concrete
porosity and RCP results. The positive linear correlation
suggests that as the porosity increases, the RCP values also
rise, indicating greater chloride ion penetration in more porous
concrete. The regression Eq. (2) indicates that for each 1%
increase in porosity, the RCP value increases by
approximately 1296.9 Coulombs. The coefficient of
determination (R? = 0.9104) demonstrates a strong correlation,
meaning that 91.04% of the variation in RCP values can be
explained by changes in porosity. This trend highlights that
concrete with higher porosity tends to have lower resistance to



chloride penetration, emphasizing the need for optimized mix
designs that reduce porosity to enhance durability and long-
term performance against chloride-induced deterioration.
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Figure 8. The relationship between the porosity percentage
and rapid chloride permeability
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Figure 9. The relationship between the water permeability
and rapid chloride permeability

Figure 9 illustrates the relationship between water
permeability and RCP results. The positive linear correlation
suggests that as water permeability increases, RCP values also
rise, indicating greater chloride-ion penetration in concrete
with higher permeability. The regression Eq. (3) indicates that
for each increase of 1 x 10! m/s in the water permeability, the
RCP value increases by approximately 2066.6 Coulombs. The
coefficient of determination (R* = 0.9046) demonstrates a
strong correlation, meaning that 90.46% of the variation in
RCP wvalues can be explained by changes in water
permeability. This trend highlights that concrete with higher
water permeability tends to be more susceptible to chloride
ingress, emphasizing the need for improved mix designs and
material modifications to reduce permeability and enhance
long-term durability.

This study demonstrates an innovative approach to
enhancing concrete performance by combining recycled
concrete aggregate, fly ash, silica fume, kaolin, and STF.
Beyond its technical contribution, the strategy holds notable
interdisciplinary significance, offering a practical pathway to
alleviate construction waste while supporting sustainable
waste management practices. Moreover, by improving
durability, the findings highlight the potential to extend
infrastructure service life, minimize maintenance demands,
and ultimately lower the long-term carbon footprint,
contributing to more sustainable urban development.

810

3.5 Compressive strength

The compressive strength was measured at four different
time intervals: 7, 28, 56, and 98 days, as illustrated in Table 4.
R1 exhibited reductions in compressive strength of 4.52%,
4.44%, 3.99%, and 3.77% compared to N1 at the same
specified ages. The reduction in compressive strength for R1
was negligible, remaining below 5%, which can be attributed
to the utilization of well-graded aggregate and the removal of
a substantial quantity of old mortar during the crushing process
to achieve the intended aggregate size. Moreover, the
treatment process involved immersing the aggregate in
hydrochloric acid, while the concrete mixing process
incorporated the use of the TSMA [85].

Adding 0.5% STF to the R2-STF0.5 concrete mix increased
the compressive strength by 3.66%, 5.42%, 5.38%, and 5.03%
at 7, 28, 56, and 98 days, respectively. The observed increase
in compressive strength is strongly supported by previous
investigations, which showed that adding 0.5% STF resulted
in a 6.82% and 8.51% enhancement in the compressive
strength after 28 and 90 days, respectively [86]. The
incorporation of STF enhances compressive strength due to its
ability to resist and mitigate microcracks that form under
tensile stress caused by compressive loads [87].

Using a combination of 10% SF, 15% FA, or 5% KA along
with 0.5% STF in concrete mixes R3-STF0.5-SF10, R4-
STF0.5-FA15, and R5-STF0.5-KAS significantly improved
compressive strength at each tested age, as illustrated in Table
4. A notable enhancement in compressive strength was
observed when 0.5% STF and two SCMs were added to the
concrete mixes R6-STF(.5-SF10-FA15 and R7-STF0.5-SF10-
KS5. At 7 days, the compressive strength increased by 28.05%
and 23.88%, respectively. Similarly, at 28 days, the
compressive strength improved by 28.92% and 24.58%,
respectively. By 56 days, the increases were 27.06% and
23.94%, respectively. Finally, at 98 days, the strength rose by
25.83% and 22.6%, respectively.

The significant improvement in the compressive strength
correlates closely with the high SCM content, especially 25%
(10% SF with 15% FA) and 15% (10% SF with 5% KA).

Figure 10. SEM image for concrete mix containing SF and
KA
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Figure 11. SEM image for concrete mix containing SF
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Figure 12. SEM image for concrete mix containing STF

Qureshi et al. [86] investigated the effect of incorporating
two SCMs, namely 10% SF and 15% FA, into concrete. Their
findings showed a 21.96% increase in the compressive
strength after 28 days. Similarly, Kumar and Rai [39] reported

that the combined addition of 10% SF and 15% FA improved
the compressive strength by 22.17% compared to the reference
mix containing natural aggregate, with the reported value
being the average of mixes with 10% and 20% FA. These
results closely align with the outcomes of the present study;
however, whereas previous studies employed natural
aggregate, the current research used TRA, highlighting TRA's
effectiveness in enhancing concrete performance.

SCMs consume most of the CH through chemical reactions
during cement hydration, leading to the formation of CSH.
This dense, strong, and durable compound fills voids and
microcracks, thereby improving compressive strength, as
explained in microstructure SEM images in Figures 10 and 11.
Furthermore, adding STF to concrete enhances its tensile
strength by delaying and stopping the formation of
microcracks induced by compressive stresses, which is
explained by the microstructure SEM image in Figure 12 [76].

A regression analysis established the relationship between
compressive strength, curing age, and the proportion of
amorphous silica within the total binder content, as expressed
in Eq. (4). The model achieved a coefficient of determination
(R?) of 0.97, signifying that nearly 97% of the variation in
compressive strength is accounted for by the selected
parameters, namely the logarithm of curing age and the
percentage of active silica. This high degree of correlation
indicates strong agreement between experimental and
predicted values, underscoring the reliability of the proposed
equation in capturing the combined effects of material
composition and curing duration. Consequently, the regression
model proves to be a robust approach for predicting the
strength development of modified concrete mixtures.

The general expression for calculating the amorphous SiO-
content is given in Eq. (5), with Eq. (6) providing an
illustrative calculation for a mix containing 10% SF.

0.(MPa) = 29.4 + 5.95 x Ln(t) + 0.86 x S1 (4)

where, t is the concrete age (7, 28, 56, and 96 days); S1 is the
percentage of the amorphous silicon oxide compared to the
cementitious weight (%).

S2X CMy, X S3+ CMy, X $4 x S5
S§1 =100 x (5)
CMy, + SCMy,

Table 4. Compressive strength (o.) results and the percentage of change (4o related to R1

7 Days 28 Days 56 Days 98 Days

Mix Code e Ao Ao e A o e AGe
(MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%)

N1 42.40+1.34 4.73 51.34+1.41 4.64 54.20+1.74 4.16 56.26+1.54 3.92

Rl 40.48+1.52 0.00 49.06+1.83 0.00 52.04+2.65 0.00 54.14+2.44 0.00
R2-0.5STF 41.96+1.78 3.66 51.72+2.25 5.42 54.84+2.47 5.38 56.86+2.31 5.03
R3-STF0.5-SF10 48.84+2.05 20.64 58.37+2.76 1897  61.65+3.06 18.47 63.55+2.69 17.39
R4-STF0.5-FA15 45.65+1.89 12.76 56.32+1.66 1479 60.3242.37 1591 63.24+2.11 16.82
R5-STF0.5-K5 43.98+1.36 8.64 53.87+1.87 9.80 57.22+42.34 9.95 59.67+2.29 10.22
R6-STF0.5-SF10-FA15 51.84+1.28 28.05 63.25+1.68 28.92  66.1242.24 27.06 68.12+2.69 25.83
R7-STF0.5-SF10-KAS 50.15+1.45 23.88 61.12+1.69 2458  64.50+2.11 23.94 66.37+2.38 22.60




S1(SF10%) = 100 x
10% X 444kg x 95.59% + 444kg x 19.52% X 5%

444 + 44.4
=9.57%

(6)

where, S2 is the SCMs' percentage (%); CMw is the OPC
weight (kg); S3 is the percentage of amorphous silica oxide in
the SCMs (%); S4 is the total percentage of silica oxide in OPC
(%); S5 is the percentage of amorphous silica oxide in the OPC
(%); SCMy is the weight of SCMs.

3.6 Splitting strength

The splitting tensile strength was measured after 28 days of
standard curing, and the corresponding results are presented in
Figure 13. The splitting strength of R1 was almost identical to
that of N1, differing by only 1.86%. Ali et al. [88] observed a
9% decrease in the splitting strength of RAC compared to
natural aggregate concrete. The differences observed in the
current study can be attributed to the use of well-graded TRA,
the incorporation of TSMA during mixing, and the comparable
compressive strength between TRAC and NC [85].
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Figure 13. The splitting strength results and the change
percentage related to R1

Adding 0.5% STF to the R2-STFO0.5 concrete mix resulted
in a significant enhancement in splitting strength, increasing
by 18.60% compared to R1. Ren et al. [89] found that using
0.5% STF led to an 18.46% increase in the splitting strength,
which aligns with the findings of this study. STF improves
concrete's resistance to internal tensile stress, enhancing its
ability to withstand internal cracks and inhibiting microcrack
propagation [87].

Using 10% SF, 15% FA, or 5% KA individually, along with
0.5% STF, resulted in a significant increase in the splitting
strength by 32.80%, 28.00%, and 24.40%, respectively. The
observed enhancement in the splitting strength is attributed to
the inclusion of STF, which resists splitting and tension forces,
thereby mitigating crack formation. Additionally, SCMs
improve the compressive strength of the concrete,
subsequently enhance splitting strength, as discussed earlier.

Qureshi et al. [77] examined the impact of replacing 10% of
SF or 20% of FA (by cement weight) while incorporating 1%
STF (by total concrete volume). The researchers found that the
splitting strength increased by 41.0% and 31.5%, respectively,
compared to the conventional concrete mix. The results of the
current study closely match previous findings. However,

adding 1% STF resulted in greater enhancement than the
present study, which used 0.5% STF.

Adding a combination of 10% SF, 15% FA, and 0.5% STF
in the R6-STF0.5-SF10-FA15 mix significantly improved the
splitting strength by 38.70% compared to R1. Incorporating
10% SF, 5% KA, and 0.5% STF in the R7-STF0.5-SF10-KA5
mix significantly enhanced the splitting strength, substantially
increasing it by 34.9%. Khan and Ali [90] found that adding
10% SF and 15% FA (by cement weight), along with 2%
coconut fiber (by total concrete volume), resulted in a 19%
enhancement in splitting strength compared to the standard
sample. This study aligns with those findings, with the primary
difference being the replacement of coconut fiber with STF.

STF exhibits exceptional resistance to tensile stress and
effectively prevents microcrack formation. The increase in
splitting strength is attributed to the same mechanisms that
contribute to compressive strength enhancement. These
factors include chemical reactions of SiO» in SF, FA, and KA
with CH, leading to the formation of CSH. This reaction
improves concrete’s ability to resist splitting by filling voids
and small cracks. Additionally, the use of STF greatly
enhances the splitting strength due to its high tensile strength
and ability to mitigate microcrack formation [76].
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Figure 14. The relationship between compressive strength
and splitting tensile strength
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Figure 15. Compressive and splitting strength relationship
current vs. prior studies [68, 91-95]

The relationship between the compressive strength (o) and
splitting tensile strength (oy) in concrete mixes containing
SCMs and STF is illustrated in Figure 14, showing a direct,
positive correlation. Eq. (7) provides a mathematical



representation of the observed results. Previous studies have
extensively examined the correlation between compressive
and splitting strengths, demonstrating a positive relationship
that can be quantitatively represented by the equation: o, =
a X o [91]. The values of variables a and b fluctuate
depending on compressive strength, concrete composition,
and the inclusion of supplementary components. Figure 15
illustrates the correlation between compressive strength and
splitting strength, using data from previous studies alongside
the current study’s results. The splitting strength curve in this
research closely follows the midpoint between the curves of
earlier studies.

op = 0.244 x 6073 (7

3.7 Modulus of elasticity, Poisson’s ratio, and compressive
toughness

The modulus of elasticity was assessed using three
specimens from each concrete mixture. The results of the
modulus of elasticity test and the relevant parameters are
displayed in Table 5. Furthermore, Figure 16 presents the
stress-strain curves for the eight concrete mixtures.
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Figure 15. The correlation between vertical strain and
cylindrical compressive strength

The modulus of elasticity of the R1 concrete mix exhibited
a 5.04% decrease relative to N1. Adding 0.5% STF to the R2-
STF0.5 mix enhanced the modulus of elasticity by 4.53%
compared to R1. Additionally, using 10% SF, 15% FA, or 5%
KA, each combined with 0.5% STF, yielded improvements of
12.38%, 8.79%, and 8.13%, respectively, relative to R1. The
inclusion of two SCMs, together with 0.5% STF, in the R6-
STF0.5-SF10-FA15 and R7-STF0.5-SF10-KA15 concrete
mixes led to respective increases of 13.46% and 12.18% in the
modulus of elasticity.

The relationship between the square root of the cylindrical
compressive strength (\/a_cy) and the modulus of elasticity (E.)
can be described as a linear correlation, as shown by Eq. (8)
and Figure 17.
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Figure 16. Square root of cylindrical strength versus
modulus of elasticity (multiple studies) [96-100]

The ACI 318 code [31] establishes a direct relationship
between the cylindrical compressive strength and the modulus
of elasticity for normal-weight concrete, as illustrated in Eq.
(9). In this study, Eq. (8) presents the derived formula for the
modulus of elasticity, specifically for TRAC incorporating
SCMs and STF, demonstrating alignment with the ACI 318
code provisions outlined in Eq. (9) [31].

Figure 17 presents the \/a,,-E. curve obtained in this study
alongside curves from previous research. The current study’s

curve lies within the range established by earlier studies [96-
100].

E. =4700x~/o, 9)

Table 5 and Figure 16 indicate that the strain at maximum
stress and the ultimate strain for R1 exceeded those recorded
for N1. This difference may be attributed to the increased
volume of mortar in TRAC, including both the pre-existing
mortar adhered to the recycled aggregate and the newly
incorporated mortar, compared with the mortar content in N1.
Furthermore, mortar exhibits greater compressibility than
aggregate [101, 102].

Poisson’s ratio exhibited a direct correlation with the
horizontal strain and an inverse correlation with the modulus
of elasticity, as seen in Figure 18. Incorporating one or two
SCMs, such as 10% SF combined with 5% FA or 5% KA,
along with 0.5% STF, as outlined in Figure 18, enhanced the
modulus of elasticity in the concrete mixes. This improvement
reduced transverse strain, thereby decreasing Poisson's ratio
[103]. The quantitative relationship between Poisson's ratio (v)
and modulus of elasticity (E,.) is expressed in Eq. (10).

v =0332-469x107° X E, (10)
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Figure 17. The correlation between Poisson's ratio and the
modulus of elasticity

Incorporating one or a combination of two SCMs-10% SF,



15% FA, or 5% KA-alongside 0.5% STF in concrete mixtures
led to a significant enhancement in compressive toughness, as
outlined in Table 5. Concrete mixtures containing STF alone
or SCMs combined with STF achieved compressive toughness
values surpassing those of R1 and N1 by over 1.5 times. The
use of STF in the R2-STF0.5 mixture improved the
compressive toughness by 53.94% compared to R1. The

significant rise in the compressive toughness is attributed to
enhanced ductility and increased vertical strain capacity,
which delayed failure.

The addition of 0.5% STF in the concrete mixtures resulted
in greater vertical strain and an expanded area under the stress-
strain curve, substantially enhancing the compressive
toughness.

Table 5. Mechanical properties from modulus of elasticity testing

Compressive Modulus of

Strain at Peak Maximum Poisson's

Job Mixes Name Strength  Elasticity AE. Stress Strain Ratio TC()(::;II:I::ZIEEF ACT
Gcy Ec somax €max A%

(MPa) MPa) (%) ) ) ) 107x (MPa) (%)

N1 41.62 31721 5.31 0.00185 0.00305  0.182 9.47 -9.17

R1 41.16 30122 0.00 0.00218 0.00366  0.204 10.42 0.00

R2-0.5STF 42.86 31488  4.53 0.00221 0.00585  0.184 16.05 53.94

R3-STF0.5-SF10 47.89 33851 1238  0.00191 0.00533  0.174 16.29 56.24

R4-STF0.5-FA15 44.79 32769  8.79 0.00205 0.00582  0.179 16.55 58.73

R5-STFO0.5-K5 43.90 32571 8.13 0.00200 0.00571  0.180 15.98 53.30

R6-STF0.5-SF10-FA15 51.60 34176 1346  0.00183 0.00542  0.172 15.87 52.24

R7-STF0.5-SF10-K5 49.44 33792 12.18  0.00193 0.00557  0.173 15.99 53.37

3.8 Flexural strength of concrete beam using third point-
loading

Three concrete beam samples were tested to determine the
concrete's flexural strength and other variables. The load and
corresponding deflection values were recorded to establish and
analyze their correlation. Figure 19 illustrates the load-
deflection curve for the eight concrete mixes. Figure 20 and
Table 6 display the test results for flexural strength, deflection
at the first crack, maximum deflection, flexural toughness at
deflection L/150 (2 mm), and flexural stiffness.

The flexural strength of N1 was measured at 6.01 MPa,
while R1 recorded 5.31 MPa, indicating an 11.66% reduction
compared to N1. The decrease in the flexural strength for R1
was minimal, attributed to the treatment process of the RA
used in TRAC [16]. The flexural strength results of N1 and R1
are consistent with previous studies [16].
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Figure 18. The correlation between the applied load and
midspan deflection

Incorporating 0.5% STF into the R2-STF0.5 concrete mix
resulted in a 23.8% increase in the flexural strength compared
to R1, exceeding the performance of N1. This improvement is
consistent with findings from previous studies on natural

aggregate concrete, providing strong evidence for the
effectiveness of the RA treatment and the application of the
TSMA in enhancing mechanical performance [104]. This
study employed TRA in concrete, contrasting with previous
studies that primarily used NA, further emphasizing the
efficacy of the treatment method applied to RA [105].
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Figure 19. The flexural strength and the percentage of
change of concrete mixes related to R1

Table 6. Flexural test results of concrete beams under third-
point loading

Concrete Mix Name A B ¢ D E
(MPa) (mm) (mm) (N.m) (N/m)
N1 6.01 095 0950 943 24.12
R1 531 098 098 801 16.67
R2-0.5STF 6.57 092 4.00 2574 2521
R3-STF0.5-SF10 7.11 0.78 4.00 3237 34.46
R4-STF0.5-FA15 7.01 081 4.00 30.71 31.66
R5-STF0.5-KA5 6.83 0.78 4.00 28.84 27.88
R6-STF0.5-SF10-FA15 747 0.76 4.00 34.71 38.54
R7-STF0.5-SF10-KA5 733 0.78 400 34.15 36.68

Notes: A is flexural strength; B is deflection at first crack; C is maximum
deflection or the deflection at L/75; D is flexural toughness at deflection
L/75; E is flexural stiffness
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Adding 0.5% STF with one or two SCMs to concrete mixes
significantly enhanced the flexural strength relative to R1. The
flexural strength increased by 34.1%, 32.1%, and 28.8% when
0.5% STF was combined with 10% SF, 15% FA, and 5% KA,
respectively, in the R3-STF0.5-SF10, R4-STF0.5-FA15, and
R5-STF0.5-KAS mixes. The findings align with previous
studies, albeit for NA-based concrete [27]. The incorporation
of 0.5% STF with 10% SF and either 15% FA or 5% KA in
R6-STF0.5-SF10-FA15 and R7-STFO0.5-SF10-KAS5 further
improved the flexural strength, yielding increases of 40.79%
and 38.11%, respectively. Prior studies combining TRA with
STF, SF, and FA were rare.

The enhancement in flexural strength is attributed to two
primary factors. First, STF withstands internal tension and
inhibits crack propagation, significantly improving flexural
strength [79, 106]. Second, SCMs react with CH to form CSH,
which enhances the compressive, tensile, and flexural strength
of concrete [35]. Consequently, this combination results in a
significant improvement in flexural strength.

The flexural strength test results, including mid-span
deflection and applied load, were graphically represented with
beam deflection on the X-axis and applied load on the Y-axis,
extending deflection to L/75 (4 mm). Table 6 comprehensively
presents the load-deflection test outcomes for different
concrete mixtures.

The deflection at the first crack and the maximum deflection
for N1 measured 0.95 mm, exhibiting brittle behavior.
Incorporating 0.5% STF into R2-STF0.5 modified the beam’s
behavior to ductile, with the deflection at first crack of 0.92
mm and maximum deflection exceeding 4 mm. Adding one or
two SCMs, specifically 10% SF, 15% FA, or 5% KA, along
with 0.5% STF in R3-STF0.5-SF10, R4-STF0.5-FA15, R5-
STF0.5-KAS, R6-STF0.5-SF10-FA15, and R7-STF0.5-SF10-
KAS reduced the deflection at first crack and the maximum
deflection remained above 4 mm.

Figure 21 illustrates the correlation between the square root
of cylindrical compressive strength and flexural strength for
concrete mixtures containing 0.5% STF. This relationship
follows a linear trend, as described by Eq. (11), which
corresponds with the flexural strength equation outlined in
ACI 363, but for natural aggregate concrete [98].

op = 1.03 x 0 (11)
8.0
7.8
7.6
74
7.2
7.0
6.8
6.6
6.4
6.2

6.0
6.4

y = 1.03(f,)0
R*=0.9998

Flexural strength (MPa)

6.6 6.8 7.0

(0)"* (MPa)s

7.2 74

Figure 20. The correlation between the square root of
cylindrical compressive strength (o) and the flexural
strength (oq) for STF concrete mixes

The flexural toughness, defined as the area under the load-
deflection curve, is illustrated in Table 6 and Figure 22. The
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flexural toughness of N1 and R1 was 9.43 N.m and 8.01 N.m,
with flexural toughness of R1 being 15.05% lower than N1.
Adding 0.5% STF to R2-STFO0.5 significantly enhanced
flexural toughness by 221.5% at 2 mm deflection, compared
to R1.
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Figure 21. Flexural toughness of concrete mixes and
percentage change relative to R1

The main factor contributing to the increase in flexural
toughness was the higher total deflection and maximum
flexural load compared to R1, demonstrating that the
incorporation of 0.5% STF improved the ductility of R2-
STF0.5 [107]. The current study’s findings align with previous
research, which primarily used natural aggregate [108].

Adding 0.5% STF with one or two SCMs, such as 10% SF,
15% FA, and 5% KA, in R3-STF0.5-SF10, R4-STF0.5-FA1S5,
R5-STF0.5-KAS5, R6-STF0.5-SF10-FA15, and R7-STFO.5-
SF10-KAS enhanced the flexural toughness by 304.33%,
283.61%, 260.18%, 333.55%, and 326.59%, respectively, at
L/150 deflection, compared to R1.

The increase in flexural toughness is attributed to the
incorporation of STF and SCMs. SCMs improve flexural load
capacity, while STF increase both the flexural load and
maximum deflection, enlarging the area under the load-
deflection curve, which leads to an increase in flexural
toughness [109]. The increase in flexural toughness for
concrete mix R3-STF0.5-SF10 was similar to that in the
previous study, but with natural aggregate [110].

The flexural stiffness values for N1, R1, and R2-STF0.5
were 24.12 N/m, 16.67 N/m, and 25.21 N/m, respectively.
Incorporating SCMs with 0.5% STF enhanced the flexural
stiffness by 106.78%, 90.00%, 67.29%, 131.29%, and
120.12% for R3-STF0.5-SF10, R4-STFO0.5-FA15, RS-
STF0.5-KAS, R6-STF0.5-SF10-FA1S, and R7-STF0.5-SF10-
KAS, respectively, compared to R1.

A significant increase in flexural stiffness was observed
with the combination of 10% SF, 15% FA, and 0.5% STF.

3.9 Flexural impact energy and toughness

Three concrete beam samples measuring 100 x 100 x 500
mm were subjected to flexural impact energy testing.

Table 7 presents the number of blows required to initiate the
first crack (NBr), the number of blows leading to failure
(NBai), the energy needed to create the first crack (FIE,),
the energy needed to induce failure (FIEf,;) and the



percentage variation of these variables relative to the Rl
concrete mix.

Table 7. Illustrate the result date for the impact load test for
concrete beams

. Nchr NBfai FlEfcr FIEfai Afcr Afai
Jobmixesname 1 blow) () () (%) (%)
N1 30 37 241 294 126 101

RI 27 33 214 267 00 00
R2-0.5STF 107 167 855 133.6 299.7 400.5
R3-STF0.5-SF10 143 213 1149 171.0 436.8 540.5
R4-STFO.5-FAI5  13.6 203 109.6 163.0 412.1 510.4
R5-STF0.5-KAS 13.7 183 109.5 147.0 411.7 450.4
R6-STF0.5-SF10-FA15 160 233 128.3 187.0 499.4 600.5
R7-STF0.5-SF10-KA5 153 227 1229 181.7 474.3 580.7

The N1 and R1 concrete mixes exhibited first crack impact
energies of 24.1 J and 21.4 J, and failure impact energies of
29.4 J and 26.7 J, respectively. Both N1 and R1 demonstrated
lower impact energy resistance than STF-reinforced concrete,
due to the brittle nature of both mixes.

Introducing 0.5% STF into the R2-STF0.5 concrete mix
delayed the development of the first crack and ultimate failure
in beam samples during the flexural impact energy test.
Furthermore, the energy required for the first crack increased
significantly by 299.7%, while the total energy at failure
increased by 400.5%, compared to R1.

Noaman et al. [60] reported that incorporating 0.5% STF
(relative to the total volume of concrete) resulted in a
substantial increase in flexural impact energy. Specifically, the
first-crack impact energy increased by 267.0%, while the total-
failure impact energy improved by 341.4%.

Adding 0.5% STF with 10% SF, 15% FA, or 5% KA
increased the first crack impact energy by 436.8%, 412.1%,
and 411.7%, respectively, compared to R1. Furthermore, the
failure impact energy increased by 540.5%, 510.4%, and
450.4%, respectively, compared to R1.

The integration of two SCMs with 0.5% STF in the R-
STF0.5-SF10-FA15 and R7-STF0.5-SF10-KAS5 concrete
mixes further enhanced the first crack impact energy by
499.4% and 474.3%, respectively, relative to R1. The failure
impact energy also improved, showing increases of 600.5%
and 580.7%, respectively, compared to R1.
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Figure 22. Relationship between flexural strength and impact
energy at first crack and failure in STF-reinforced concrete

Figure 23 illustrates a positive correlation between static
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flexural strength and flexural impact energy, as described by
Eq. (12) and Eq. (13). These formulas indicate that the failure
impact energy is 1.47 times greater than the energy required to
initiate the first crack in concrete containing STF.

FIE;., = 032X af?’l First crack (12)

FlEr; = 0.47 X aof, Failure (13)

4. CONCLUSION

This study demonstrated that replacing 100% natural
aggregate with treated recycled aggregate (TRA) in concrete,
combined with the two-stage mixing approach (TSMA) and
the incorporation of 0.5% steel fibers (STF) and
supplementary cementitious materials (SCMs), significantly
enhanced the concrete’s mechanical properties, durability, and
impact resistance.

The inclusion of SCMs (10% SF, 15% FA, or 5% KA),
either individually or in combination with STF, improved the
compressive, splitting tensile, flexural strength, and modulus
of elasticity while reducing absorption, porosity, and
permeability. The most notable strength enhancement was
observed in R3-STF0.5-SF10, which exhibited increases of
18.97% in compressive strength, 32.77% in splitting tensile
strength, 34.1% in flexural strength, and 12.38% in modulus
of elasticity. Additionally, durability parameters improved
significantly, with absorption and porosity reduced by 32.9%
and 32.8%, while rapid chloride permeability and water
permeability decreased by 76.5% and 74.7%, respectively.

A combination of 10% SF, 15% FA, and 0.5% STF (R6-
STFO0.5-SF10-FA15) further enhanced concrete performance,
achieving increases of 28.92% in compressive strength,
38.62% in splitting tensile strength, 40.80% in flexural
strength, and 13.46% in modulus of elasticity. The R6-
STF0.5-SF10-FA15 mix exhibited superior durability
compared to conventional and RAC, with reductions of 38.2%
in absorption, 37.90% in porosity, 81.50% in water
permeability, and 84.4% in rapid chloride permeability.

Incorporating 0.5% STF, alone or with SCMs, significantly
improved flexural toughness and stiffness. The R3-STF0.5-
SF10 mix enhanced flexural toughness by over 300% and
FLST stiffness by over 100%. The highest enhancement was
observed in R6-STF0.5-SF10-FA15, where flexural toughness
increased by over 330% and FLST stiffness by over 130%
compared to R1. The inclusion of STF and SCMs also
enhanced FIE, with R2-STF0.5 achieving 300% and 400%
increases at first crack and failure, respectively. R6-STFO0.5-
SF10-FA15 exhibited the highest impact resistance, with
500% and 600% improvements at first crack and failure,
respectively.

Overall, treating recycled aggregate with 0.1M HCI,
employing TSMA, and incorporating STF and SCMs
significantly enhanced the performance of RAC. The
optimized mixtures outperformed conventional concrete in
terms of strength, durability, ductility, and resistance to
dynamic loads, with silica fume proving to be the most
effective SCM for enhancing these properties. Incorporating
STF and SCMs significantly improves concrete's mechanical
and durability performance, making it a promising material for
demanding engineering applications such as bridge decks,
pavements, and precast elements exposed to harsh
environments and high impact loads.



5. LIMITATIONS AND FUTURE WORK

This study primarily focused on short-term mechanical
performance, offering valuable insights into the early-age
behavior of the proposed concrete. To extend these findings,
future research should evaluate its long-term durability under
aggressive environments. In particular, durability assessments
involving freeze-thaw cycling (ASTM C666) and sulphate
exposure (ASTM C1012) are recommended to determine
resistance to scaling, microcracking, dimensional stability,
and chemical degradation. Such investigations will provide a
more comprehensive understanding of the material’s service
life and strengthen its suitability for critical infrastructure
applications.
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NOMENCLATURE
RA recycled aggregate
RAC recycled aggregate concrete

TRAC treated recycled aggregate concrete
TMSA two-stage mixing approach

STF Steel fiber

SCM supplementary cementitious material
SF silica fume

FA fly ash

KA kaolin

NA natural aggregate

NAC natural aggregate concrete

CH calcium hydroxide

CSH calcium silicate hydrate

SG specific gravity, dimensionless
ABS water absorption, %

USM Universiti Sains Malaysia

RS river sand

OPC ordinary Portland cement
SEM scanning electron microscopy
p density, kg/m?

n porosity, dimensionless

RCP Rapid chloride permeability, Coulombs
K water permeability, m/s

P vertical load, N

E. modulus of elasticity, GPa
CT compressive toughness, MPa
FT flexural toughness, J

FS flexural stiffness, N.m™!

FIE flexural impact energy, J

NB number of blows, number
Greek symbols

c strength, MPa

\% Poisson’s ratio, dimensionless
€ STRAIN; dimensionless

o beam deflection, mm
Subscripts

c cube compressive

sp splitting

fl flexural

cy clindtical

max maximum

fer first crack

fai at failure
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