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Abstract: The aim of this study is to investigate the influ-
ence of natural pozzolana (NP) and silica fume (SF) as a
partial replacement for ordinary Portland cement (OPC) to
enhance the performance of fiber-cement mortar sub-
jected to harsh environments. The samples were immersed
in seawater mixed with sodium sulfate (Na,SO,) at a rate of
5kg per 100 L to represent the harsh environment of sur-
face groundwater in offshore soil. Mortar mixes were
made by substituting the mass of OPC with NP and SF for
0, 5,10, and 20%. The mortar samples underwent 90 cycles
of drying and wetting, with 48 h allocated for each phase,
for a duration of 360 days. Compressive strength (CS) and
flexural strength (FS) tests were conducted on samples
aged 7, 28, 90, 180, and 360 days, while cement samples
after 28, 90, 180, and 360 curing days were examined for
absorption and initial surface absorption capacity. The
study indicates that the curing of control samples with
seawater resulted in a slight decrease in CS and FS, up to
2.4 and 7.4%, respectively. Despite the application of sea-
water curing, the mortar samples containing NP and SF
exhibited enhanced CS (up to 10.8% for SF), FS (up to 27.3%
for NP and 30.7% for SF), and water resistance (up to 18.5%
for NP and 24.9% for SF) compared to the OPC.
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1 Introduction

Water plays a significant role in the curing process of con-
crete, impacting cement hydration, which is necessary for
gaining strength, especially during the early days. During
the hydration stage, water and cement react together to
form calcium silicate hydrate (C—S-H) and calcium hydro-
xide, which are accountable for concrete hardening and
strength. The reaction between water and cement lasts if
water is available and the temperature is appropriate. The
marine environment is one of the most challenging envir-
onments that significantly influence the long-term beha-
vior of concrete. Conveying freshwater over extensive dis-
tances may lead to substantial costs and energy. One way
to avoid the extra cost and energy due to long-distance
delivery in some marine regions, such as islands where
freshwater is limited, is to utilize seawater and ocean
water to cure concrete and mortar. One issue with this
way is that the presence of high levels of chloride ions,
present in saltwater, causes corrosion of steel in reinforced
concrete (RC), resulting in the deterioration of RC mem-
bers. Besides chloride ions (Cl"), dissolved oxygen (0,) in
water facilitates the electrochemical processes that cause
corrosion. The presence of dissolved oxygen facilitates the
oxidation of surfaces in metal, hence accelerating rust
development in steel and iron. The elevated salt of sea-
water enhances its conductivity, facilitating electroche-
mical processes and expediting the rusting process. Due
to all the factors mentioned previously, behaviors of concrete
structures constructed in places with high seawater levels
have been a concern. Mangi et al [1] studied the effects of
aggressive salts on concrete structures. They found that uti-
lizing supplementary cementitious materials (SCMs) such as
coal bottom ash (CBA) can mitigate the effects by decreasing
the penetrability of concrete, hence increasing the durability
of concrete structures. Adding two pozzolanic materials (vol-
canic pumice and zeolite) to make cement mortar in aggres-
sive environments enhanced the corrosion resistance of steel
rebar embedded in the mortars [2,3]. Moreover, incorporating
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natural pozzolan into mortars exposed to aggressive sulfate
solutions increases corrosion resistance [4]. Hossain et al. [5]
conducted a study on the behaviors of concrete cured in sea-
water in the presence of volcanic ash, a natural pozzolanic
material. The findings revealed that concrete containing vol-
canic ash had enhanced performance in strength and dur-
ability in comparison to normal concrete. This enhancement
was attributed to the pozzolanic properties of volcanic ash,
which increases concrete resistance to saltwater ion diffu-
sivity, a crucial factor for durability in marine environments.
Performance evaluations of concrete blended with pozzolanic
materials (blast furnace slag, fly ash, and silica fume [SF])
in marine environments were studied [6]. The findings
indicated that including cement mixed with pozzolanic mate-
rials considerably enhanced the performance of concrete in
marine environments. Besides improving durability, the uti-
lization of these pozzolanic materials aids in conserving nat-
ural resources, decreasing pollution, and lowering energy
usage, thus creating a more sustainable environment. Annual
production of ordinary Portland cement (OPC) is over 4 bil-
lion tons, rendering it one of the most prevalent construction
materials worldwide [7]. Martinez-Rosales et al [2] studied
the effects of incorporating volcanic pumice and zeolite, nat-
ural pozzolans, into mortars in sulfate environment. The
results show that compressive strength (CS) of the mortars
containing pozzolans is similar to the control mortar (without
pozzolanic materials). This indicates that mechanical strength
was not negatively affected by the replacement even when
the substitution was up to 25%. Moreover, the inclusion of
pozzolanic materials inhibited the development of ettringite,
a chemical associated with durability issues in concrete. Also,
incorporating pozzolanic materials can improve the lifetime
and durability of RC structures in harsh environments. The
manufacturing process of concrete production accounts for
5-8% of all global CO, emissions [8]. This indicates a signifi-
cant impact on global warming, highlighting the necessity for
immediate action to reduce these emissions. The utilization of
Beni-saf, natural pozzolan, was investigated to evaluate
mortar mechanical properties in harsh environments having
5% of sodium sulfate solution (Na,SO,4) [9]. The results exhibit
that incorporating natural pozzolan may be an advantageous
method for improving the performance and durability of
construction materials. A study on the behaviors of natural
pozzolan-based mortars exposed to 5% sodium chloride was
carried out [10]. The replacement of Portland cement with
natural pozzolan was up to 30%. The findings demonstrated
that the inclusion of natural pozzolan considerably lowered
the corrosion rate of the reinforcing bars embedded in the
mortars. Furthermore, mortars containing pozzolan demon-
strated superior mechanical properties and enhanced mor-
tars’ resistance to chloride ion penetration. The diffusivity of
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chloride ions in concrete can be markedly decreased through
the inclusion of pozzolanic materials such as SF, lowering the
calcium-to-silicon (C/S) of calcium-silicate-hydrate (C-S-H),
resulting in a more complicated porous surface structure
that inhibits the diffusion of chloride ions [11]. The primary
function of SF in concrete is as filler because of its fineness. It
fills voids between particles [12]. SF was utilized to make up
mortars to improve the penetration resistance by creating a
surface protection material, mitigating the corrosion issue in
concrete [13]. The results demonstrate that the surface cre-
ated due to SF shows robust interfacial binding strength. Also,
the diffusion coefficient of chloride is markedly decreased,
signifying superior penetration resistance. Portland cement
was partially replaced by SF for up to 10% of mass in harsh
environments, and the results show enhancement in mechan-
ical properties, mainly CS and flexural strengths (FSs), along
with enhanced resistance to abrasion and weight loss in com-
parison to control concrete (without SF) [14]. Igbal et al [15]
studied the impacts of the marine environment on SF-based
concrete. The findings indicate that mixtures with SF had
more strength and permeability than the control mixture
without SF. These improvements in strength and perme-
ability were attributed to denser microstructures resulting
from the interaction between silica and unreacted portlan-
dite, leading to the formation of C-S—-H. The effect of using
seawater in concrete curing was investigated in the presence
of Bestmittel at 0.6% and SF at rates of 10, 20, and 25% [16].
The results show that specimens with 20% SF had the highest
CS for those cured in tap water, while specimens with 25%
SF had the highest CS for those cured in seawater. The find-
ings indicate that the optimal dosage of SF could vary based
on the curing methods. In seawater curing, the CS
decreased, but a higher percentage of SF could mitigate
this reduction. Incorporating SF in concrete exposed to the
acids led to a reduction in mass and CS loss in comparison to
concrete without pozzolanic ingredients [17]. Steel fiber
(SFs) was added at 3% of total weight to improve mechanical
properties in seawater environments, and the results
showed that the inclusion of SF enhanced the overall per-
formance, mainly strength and durability [18]. The CS values
decreased as the duration of immersion in seawater
increased. Notably, no carbonation was observed although
there was a presence of steel fiber even after 120 days of
exposure. Seawater was utilized for mixing instead of fresh-
water in the presence of steel fiber to observe its effect on
the mechanical properties after 27 months [19]. Results
showed that there was an enhancement in mechanical prop-
erties with time; however, FS and axial compressive tough-
ness decreased when exposure time to carbonation
exceeded 15 months. The alkalinity of concrete containing
steel fiber decreased due to carbonation impact, speeding
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up steel fiber corrosion close to the concrete surface. At 27
months, the corrosion reached a thickness of 20-30 mm.

Further investigation into the incorporation of natural
pozzolana (NP) and SF regarding its strength-enhancing
properties and water-resistance features is necessary.
The aim of this study is to investigate the influence of NP
and SF as a partial replacement for OPC to enhance the
performance of fiber-cement mortar subjected to harsh
environments. Mortar mixes were made by substituting
the mass of OP with NP and SF for 0, 5, 10, and 20%. The
mortar samples underwent 90 cycles of drying and wet-
ting, with 48 h allocated for each phase, for a duration of
360 days. CS and FS testing were conducted on samples
aged 7, 28, 90, 180, and 360 days, while cement samples
after 28, 90, 180, and 360 curing days were examined for
absorption and initial surface absorption (ISA) capacity. In
addition, the scanning electron microscopy (SEM) analysis
was conducted at a testing age of 180 days.

2 Experimental study

2.1 Materials

This study’s OPC complies with ASTM C150 standards [20].
The Jazan state of Saudi Arabia, situated in the south-
eastern region of the Middle East, is awash in NP. In this
study, the NP was collected from the byproducts of light-
weight aggregate production from volcanic pumice, as
shown in Figure 1(a). The specific surface area of the NP
was increased to 3,640 cm®g ™" by Blaine’s test as a result of
the pulverization of the lightweight aggregate waste using
a ball mill, as shown in Figure 1(b). The specific gravity was
evaluated using a gas pycnometer according to ASTM C604

A natural source for NP in Jazan State
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[21], while the surface area was determined by Blaine’s test
(the air permeability test) following ASTM C204 [22]. Table 1
presents the physical properties of NP and OP. The che-
mical composition evaluation findings indicate that the
OP and NP products comply with the standards set by
ASTM (114 [23] and ASTM C618 [24], respectively. Table 2
presents the chemical composition of NP and OP. The fine
aggregate (FA) utilized exhibits a specific gravity of 2.64
and a water absorption rate of 0.85%. The granular FA
grading complies with ASTM C778 [25]. The specific weight
of the polycarboxylate-based superplasticizer (PCE) that
was employed in this study was 1.06 g-cm ™. Several labora-
tory procedures were used to assess PCE concentration,
which was kept at 0.5% in all mixes. The fiber length and
diameter were 20 and 0.25 mm, respectively, while the ten-
sile strength was 1,100-1,300 MPa. The silica fume in this
study containing 95.3% of SiO, as shown in Figure 2. Table 1
presents the physical properties of SF, respectively.

2.2 Mix proportion

The cement mortar mixing ratios were designed as per
ASTM (305 [26]. The normal proportion for the cement
mortar mix was 1:2.75 of OP to sand by weight. All mortar
mixes used in this investigation had a water-to-cement
ratio of 0.485. In this investigation, NP and SF partially

Table 1: Physical properties of OP, NP, and SF

Property opP NP SF
Specific gravity 3.10 2.56 2.26
Surface area (cm*g™") 3,410 3,640 16,200

efining of NP

(b)

Figure 1: Raw materials used in this study: (a) volcanic pumice waste and (b) NP refining process.
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Table 2: Cement mortar proportion

Mixture ID Proportion (kg~m'3) Fiber (%)
Water oP NP SF Sand Superplasticizer (SP)

OPC 242.5 550 0 0 1,549 5.5 0

NP5F0.1 242.5 522.5 27.5 0 1,544 5.5 0.1

NP10F0.1 242.5 495 55 0 1,539 5.5 0.1

NP20F0.1 242.5 440 10 0 1,530 5.5 0.1

SF5F0.1 242.5 522.5 0 275 1,544 5.5 0.1

SF10F0.1 242.5 495 0 55 1,539 5.5 0.1

SF20F0.1 242.5 440 0 110 1,530 5.5 0.1

replaced OP mass at rates of 5, 10, and 20%. Table 2 shows
the cement mortar proportion used in this investigation.
The control mix (i.e., OPC) was made without fiber, NP, and
SF. The second to fourth mixes (i.e., NP5F0.1, NP10F0.1, and
NP20F0.1) were made with NP of 5, 10, and 20%, respec-
tively; and the fifth to seventh mixes (i.e., SF5F0.1, SF10F0.1,
and SF20F0.1) were made with SF of 5, 10, and 20%,
respectively.

2.3 Samples preparation

The mixing method utilized a mechanical mixer for a
minimum duration of 8 min, ensuring that the mixes
were completely homogenized. The OPC, NP, SF, and FA
(i.e., dry constituents) were mixed together for 2 min. The
SP was mixed with the required quantity of water and
added to the dry mix in two stages (i.e.,, 70 and 30% of
the required amount), and the mixing was continued for

100

3min for both stages. Then, the fibers were added and
continued mixing for 3min until homogeneous. After
that, the mix was compacted by using a mechanical
vibrator, following the placement of the mix straight into
the molds in two layers. The samples are covered with a
moist cloth for 24 h to avoid moisture loss.

2.4 Curing method

Two different circumstances were employed for curing the
mortar samples. Following a 24 h period of casting, the
samples were placed in the immersion curing tank for 7
days. The two curing processes were performed at the
same temperature, specifically the laboratory’s conditions
of 20 + 2°C. The laboratory’s immersion curing tank is
partitioned into two parts for submerging the samples in
drinking water and seawater until the testing date. In addi-
tion, the samples submerged in the seawater were exposed
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Figure 2: Chemical composition of OP, NP, and SF.
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to wetting and drying cycles. Following a 48 h immersion in
seawater, the mortar samples underwent daily 48 h drying
outside. Mortar samples were taken for testing at the desig-
nated ages of 7, 28, 90, 180, and 360 days. Na,SO, was
incorporated at an amount of 5kg per 100 L into Red Sea
seawater and subsequently dissolved to represent the sur-
face groundwater in offshore soil. Figure 3 shows the pro-
duction of cement mortar samples.

2.5 Testing procedure

In accordance with ASTM (1437 [27], a slump flow test was
conducted to evaluate the fresh characteristics of cement
mortar mix, as shown in Figure 4(a). A CS test was con-
ducted to assess the efficacy of including fibers, NP, and SF
in the preparation of cement mortar mix using cube sam-
ples of 70 mm, as shown in Figure 4(b). In accordance with
ASTM (109 [28], the CS test was conducted at ages of 7, 28,
90, 180, and 360 curing days. Similar cube dimensions were

|

Samples after casting
- )
)
)
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employed to evaluate the performance of fiber-reinforced
cement mortars in aggressive environments. In accordance
with ASTM C348 [29], the FS test was conducted at ages of 7,
28, 90, 180, and 360 curing days. The prism dimensions
used in the flexural tests were 100mm x 100 mm x
400 mm, as shown in Figure 4(c). Each age group tested
three samples, recording their averages for the compres-
sive and flexural tests. The water saturation technique was
used to analyze the water absorption of the cement mortar
as described by Rilem [30]. The testing involved three cube
samples measuring 70 mm each. The average was then
calculated for all three samples in each mix. The water
absorption was determined using Eq. (1)

Water absorption =

Wi - W
E— 100, 1
w, ] ®

where W is the weight of samples in the air with saturated
surface dry, g; W, is the weight of samples that were oven-
dried in the air, g.

Following ASTM (1585 [31], the ISA of mortar samples
was carried out in this study. Prior to the process of testing,

Figure 3: Casting and curing of cement mortar samples: (a) mortar samples, (b) seawater consisting of Na,SO,, and (c) curing tanks.
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the surface of the sample was cleansed with a brush and
towel to eliminate any impurities. For 48 h, the samples
were dried in an oven set at 105 + 5°C. Weights of the
oven-dried samples were recorded to the closest 0.01g.
The sample was immersed in a water pan at a temperature
of 25 £ 2°C, putting it on steel plates with a depth of 20 mm
to allow for water flow. At 60 min intervals following the
beginning of the ISA test, the increase in sample mass was
recorded to ascertain the water absorption value. A three-
test ISA average was calculated. Eq. (2) was used to deter-
mine the ISA at each time interval

d

m[_m
ISA =|——
[ A

/S, (gmm™s), @

where m, is the sample mass at time ¢, g; mq is the mass of
samples that were oven-dried, g; A is the cross-sectional
area of the bottom surface, mm?% and § is the time of sur-
face immersion, s.

A microstructural investigation was performed to
understand the influence of SF, fibers, NP, and seawater
on the performance of cement mortar. SEM analysis was
done on representative samples of the crushed sample 180
days after the CS test. Table 3 displays the test matrix’s
details.

3 Results and discussion

3.1 Slump flow

Figure 5a illustrates the slump flow results for the cement
mortar mix. Adding fibers significantly reduced the slump
flow in mortar mixes, regardless of whether NP or SF mate-
rials replaced cement. The reduction in workability results
from incorporating steel fibers, which create an inter-
locking structure within the mix that inhibits surface

(®)

Figure 4: Cement mortar tests: (a) slump flow, (b) compressive tests, and (c) flexural test.
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bleeding [32]. To address this issue, higher dosages of SP
may be employed in future combination development;
however, this work utilized a uniform dosage of SP across
all mixes to investigate the impact of NP and SF. The inclu-
sion of fibers negatively impacted the workability of the
mix, a result that also corroborated prior findings [33,34].
Compared to the control mix (OPC), using NP with 5,10, and
20% reduced the slump flow by 14.3, 10.7, and 7.1%, respec-
tively. However, the slump values have increased due to
increased NP replacement levels, with the NP20F0.1 (with
20%) exhibiting an increased ratio of 7.7% in comparison
with the NP5F0.1 (with 5%). This can be attributed to that
including NP that have greater fineness, resulting in wider
distribution of particles, hence facilitating particle slide
and diminishing frictional tensions among the angular par-
ticles [35]. According to Kwan and Fung [36], adding more
SP increases the distance between particle surfaces,
reduces the colloidal interactions among molecules, lowers
the extent of flocculation, and decreases the attraction
between molecules. These changes improve the fresh mix-
ture’s rheological characteristics. Regarding the use of SF,
the slump flow is reduced by 21.4, 28.6, and 28.6% for the
SF5F0.1, SF10F0.1, and SF20F0.1, respectively, compared to
the control mix (OPC). However, the slump values have
decreased due to increased SF replacement levels, with

Table 3: Test matrix’s details

Mixture ID Curing method NP content SF content

OPC
OPCH
NP5F0.1

Drinking water — —
Seawater — —

5% —
NP10F0.1 10% —
NP20F0.1 20% —
SF5F0.1 —
SF10F0.1 —
SF20F0.1 —
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Figure 5: Slump flow results.

the SF20F0.1 (with 20%) exhibiting a decreased ratio of
9.1% compared to the SF5F0.1 (with 5%) (Figure 5b).
Furthermore, there was no discernible difference between

OPC OPCH [ NP5F0.1 ] NP10F0.1 B NP20F0.1

ne ]

0000000000000000000000000000000000?4—{

7 28 90
Curing time (days)

(@

180 360

Figure 6: CS results: (a) NP samples and (b) SF samples.
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the substitution levels of 5 and 10%. Ghafari et al. [37]
reported that the incorporation of SF generally elevated
the air content of the mix, irrespective of the quantity
added. There was a significant correlation between the
slump flow decrease rate and the SF dosage, with the
slump flow decreasing as the SF dosage increased. Koksal
et al. [38] reported that the presence of SF and fibers had a
negative impact on the slump values. This outcome aligns
with the results of the current investigation.

3.2 CS

Figure 6 illustrates the CS values for mortar mixes that
incorporate NP and SF as partial replacements for OP at
0, 5, 10, and 20% at various curing ages and methods.
Figure 6(a) presents the CS values of the NP mortar mixes
after 7, 28, 90, 180, and 360 curing days. The curing of
control samples using seawater (i.e., OPCH) resulted in a
decrease in CS. The reduction ratios were 0.6, 0.6, 1.4, 2.4,
and 1.2% at 7, 28, 90, 180, and 360 days, respectively, com-
pared to the curing of control samples using drinking
water (i.e., OPC). The findings indicate that, except for the
20% replacement ratio, the CS of samples with NP values of
5 and 10% has improved over time (Figure 6(a)). The CS of
cement mortar with 5% NP (i.e., NP5F0.1) increased by 2.5
and 2.6% at 7 and 28 days, respectively, compared to the
control mixture (OPC), and then decreased by 1.6, 2.4, and
8.5% at 90, 180, and 360 days, respectively. In the case of
10% NP (i.e., NP10F0.1), the increases were 4.3, 3.7, and 0.3%

OPC [£] OPCH SF5F0.1 [ SF10F0.1 E§ SF20F0.1
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at 7, 28, and 90 days, respectively, while a reduction was
noticed at 180 and 360 days by 0.5 and 5.4%, respectively.
Conversely, employing a significant substitute rate of 20%
(i.e., NP20F0.1) resulted in reductions at all test ages; the
reductions were 7.9, 4.9, 3.4, 2.9, and 8.8% at test ages 7, 28,
90, 180, and 360 days, respectively.

The CS values of the SF mortar mix after 7, 28, 90, 180,
and 360 curing days are shown in Figure 6(b). The findings
indicate that the CS of samples with SF values of 5, 10, and
20% has improved over time, as illustrated in Figure 6(b). The
CS of cement mortar with 5% SF (i.e., SF5F0.1) increased by 7.2,
1.7,1.1,1.3, and 2.1% at 7, 28, 90, 180, and 360 days, respectively,
compared to the control mixture (OPC). The same trend was
noticed. In the case of 10 and 20% SF (ie, SF10F0.1 and
SF20F0.1), the increases for SF10F0.1 mix were 9.9, 4.2, 24,
2.7, and 2.6% at the same ages, while it was 10.8, 6.8, 3.9, 3.9,
and 4.4% for SF20F0.1 mix.

The CS of all mixes was directly influenced by the use
of NP as a partial substitute for OP and the curing proce-
dures, as demonstrated in Figure 6. According to the
results, the mixes with NP10F0.1 (10% NP) had the highest
CS among the various replacement ratios at all curing ages.
Moreover, the mixes with SF20F0.1 (20% SF) had the
highest CS among the various replacement ratios at all
curing ages. The results show that NP can be used as a
10% replacement for OP because of its pozzolanic charac-
teristics and chemical composition. These properties allow
it to react with OP’s products, Ca(OH),, to generate an
improved C-S-H gel. Furthermore, it functioned as a filler,
reducing permeability and enhancing CS [39].

The efficacy of NP, particularly derived from volcanic
pumice, is affected by OP level, surface area, and chemical
composition. Seraj et al [40] indicate that particle size is the
primary factor affecting NP activity. The duration of the test
positively influenced the results; mortar samples with
extended curing periods had superior CSs relative to the
samples tested at 7 days, as illustrated in Figure 6(a). This is
due to NP materials necessitating a greater curing duration
before the CH reaction. This perspective has already been
corroborated by the results of several prior investigations
[41-43]. Seawater significantly affects the long-term CS of
cement mortar. When immersed in seawater, the CS of
mortar exhibited a reduction at 360 days of 85, 54, and
8.8% for NP5F0.1, NP10F0.1, and NP20F0.1, respectively, in
comparison to the OPC mix, as illustrated in Figure 6(a).

On the other hand, the SF sample’s CS persisted in its
development for 360 days after being submerged in sea-
water (Figure 6(b)). Long-term curing seawater that con-
tains chloride, sulfate, and sodium can initiate the SF poz-
zolanic process upon entering a combination, therefore
reducing pore diameters and enhancing strength capacity.
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Seawater exposure can generate this type of reaction in
mortar [44]. This illustrates how the inclusion of pozzo-
lanic mitigates the effects of seawater on cement mortar.
It has enhanced resistance to sulfates owing to a small
increase in mineral admixtures. The benefits of pozzolanic
cement mortar durability in seawater are evident over a
longer period [45]. Although seawater contains elevated
sulfate levels that facilitate ettringite formation, it was ear-
lier reported that the pozzolanic reaction utilizes calcium
hydroxide (CaO) and results in a denser composite [46].
Nonetheless, because of pozzolanic lower CaO content, it
may contribute to a reduction in ettringite formation [47].

Sarag et al. [48] examined the CS of self-compacting
mortars incorporating dunite powder and SF as substitutes
for Portland cement, up to 30% replacement. The CS was
reported to diminish with an increase in SF content over
15%. Nevertheless, the inclusion of fiber has mitigated this
deficiency, as illustrated in Figure 6(b). Koksal et al. [38]
reported that the use of 20% SF and fibers (0.75% of steel
fibers and 3% of basalt fibers) had the highest CS compared
with all mixes. Benli [49] reported that the CS of SF mixes
shows a significant increase with aging development,
although it also experiences a slight decrease as the SF
content rises. In addition, the highest CS is demonstrated
by a 5% addition of SF. Benli et al. [50] investigated the
mechanical and rheological characteristics and freeze-
thaw durability of self-compacting mortars containing SF
and fly ash. They reported that the CS of SF mixes shows a
significant increase with aging development. The CS of self-
compacting mortars incorporating SF was typically
observed to exceed that of self-compacting mortars with
fly ash and the reference mix. Karatas et al. [51] investi-
gated the mechanical and durability characteristics of self-
compacting mortars containing ground pumice powder.
They reported that the highest possible strength outcomes
were achieved with samples incorporating 10-25% ground
pumice powder in comparison to the control samples.
Mangi et al [45] investigated the effect of seawater on
the behavior of concrete containing CBA with various fine-
ness. The CBA-type-A (had 3,836 cm®g™) demonstrates
superior strength performance at the later ages of 90 and
180 days. Therefore, using CBA-type-A as SCMs is recom-
mended, considering its CS and durability in seawater and
the perspective of energy consumption, as producing finer
CBA particles necessitates greater energy input.

For the CS of cement mortar with a replacement level
of 5%, the samples with SF show high strength compared
with NP. The increased ratio was 5.0, 2.7, 3.7, and 10.8% at
test ages 7, 90, 180, and 360 days, respectively, for the SF
samples compared to NP samples. However, the NP sam-
ples at 7 days show a slight increase of 0.9% compared with
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SF samples at the same ages. The same trends were noticed
at the OP replacement level of 10%. The increased ratio was
6.3, 0.6, 2.2, 3.4, and 8.2% at test ages 7, 28, 90, 180, and 360
days, respectively, for the SF samples compared to NP sam-
ples. In the case of the OP replacement level of 20%, the SF
samples exhibited an increased ratio of 21.0, 12.7, 7.5, 7.1,
and 13.8% at test ages of 7, 28, 90, 180, and 360 days, respec-
tively, compared to NP samples, as illustrated in Figure 6.

33 FS

The FS results for all samples cured with drinking water
and seawater at all curing ages are illustrated in Figure 7.
The identical primary variables influencing the CS have
also impacted the FS and its progression over time. These
factors include curing methods and ages as well as OP
replacement levels. The curing of control samples using
seawater (i.e., OPCH) resulted in a decrease in FS. The
reduction ratios were 4.7, 0.6, 1.4, 2.1, and 7.4% at 7, 28,
90, 180, and 360 days, respectively, compared to the curing
of control samples using drinking water (i.e., OPC). The
findings indicate that the FS at 5, 10, and 20% of NP has
improved over time (Figure 7(a)). The FS of cement mortar
with 5% NP (i.e., NP5F0.1) increased by 26.5, 26.7, 23.2, 22.0,
and 16.5% at test ages of 7, 28, 90, 180, and 360 days, respec-
tively, compared to the control mixture (OPC). In the case
0f 10% NP (i.e., NP10F0.1), the increases were 23.2, 23.7, 27.3,
26.0, and 20.9% at the same test ages. The same trend was
noticed at 20% NP (i.e., NP20F0.1) with increased ratios of
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Figure 7: FS results: (a) NP samples and (b) SF samples.
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19.7, 22.1, 18.6, 19.1, and 16.5% at the same test ages, as
illustrated in Figure 7(a). During the early ages (i.e., 7 and
28 days), the NP5F0.1 demonstrated the highest FS com-
pared to all other mortar samples. The ratios increased
by 4.4 and 4.1% compared to NP10F0.1 and NP20F0.1 at 7
days, respectively, and by 9.3 and 6.3% compared to
NP10F0.1 and NP20F0.1 at 28 days. During the late ages
(i.e, 90, 180, and 360 days), the NP10F0.1 demonstrated
the highest FS compared to all other mortar samples. The
increase in ratios reached 10.7, 8.6, and 5.3% at 90, 180, and
360 days, respectively, compared to NP5F0.1 and NP20FO0.1.

Seawater has a substantial effect on the mortar’s long-
term FS. The FS of the mortar samples with 5, 10, and 20%
of NP content continued to notably increase to 90 days and
then slightly increased in 180 days and then began to mar-
ginally decrease after 360 days of submersion in seawater
with a decreased ratio up to 1.9%. In contrast, the NP20F0.1
sample persisted in its development until 360 days. When
compared to its strength at 180 days, the increased ratio
after 360 days was 1.9%. Additionally, the NP20F0.1 sample
at 360 days exhibited a 19.7% increase in FS relative to the
OPC sample at the same curing age. Consequently,
employing NP as a partial substitute for OP during sea-
water curing significantly influences FS. Figure 7(a) shows
that cement mortar samples immersed in drinking water
exhibited the most significant enhancement in FS over
ages, in contrast to all samples immersed in seawater,
with an increased ratio of 31%.

The findings indicate that the FS at 5, 10, and 20% of SF
has improved over time, as illustrated in Figure 7(b). The
FS of cement mortar with 5% SF (i.e., SF5F0.1) increased by
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23.2, 26.7, 23.2, 17.5, and 13.3% at test ages of 7, 28, 90, 180,
and 360 days, respectively, compared to the OPC samples
(control mixture). In the case of 10% SF (i.e., SF10F0.1), the
increases were 28.0, 30.7, 27.3, 23.4, and 18.0% at the same
test ages. The same trend was noticed at 20% SF (ie.,
SF20F0.1) with increased ratios of 26.5, 28.1, 23.2, 22.0, and
14.9% at the same test ages, as illustrated in Figure 7(b).
During all test ages (i.e., 7-360 days), the SF10F0.1 demon-
strated the highest FS compared to all other mortar sam-
ples. FS increased significantly during the early ages and
gradually decreased over time. For example, the FS of the
SF10F0.1 sample was 28.0% higher than the control samples
(OPC) at 7 days and increased by 18% at 360 days when
compared to the control sample at the same age.

The long-term FS of the mortar is greatly influenced by
seawater. The FS of the mortar samples containing 5, 10,
and 20% SF content continued to notably increase up to 90
days, followed by a slight increase at 180 days. However,
after 360 days of submersion in seawater, there was a
marginal decrease, with a reduction ratio of up to 3.8%.
In contrast, the SF5F0.1 sample did not show a reduction at
360 days compared to its strength at 180 days (Figure 7(b)).
Additionally, the SF20F0.1 sample at 360 days exhibited a
17.5% increase in FS relative to the OPC sample at the same
age. As a result, using SF as a partial replacement for OP in
the curing of seawater has a notable impact on FS.

The cement mortar with steel fibers demonstrated an
impressive ability to undergo significant deformation
before reaching total failure. The enhanced FS of the
cement mortar with steel fibers can be attributed to the
bonding effect between the mortar matrix and steel fiber,
which results in diminished crack propagation and forma-
tion, allowing for sustained load resistance at the cracks
[52,53]. According to Benli [49], a 10% addition of SF demon-
strates the highest FS. Benli et al. [54] investigated the effect
of seawater on the mechanical and durability characteris-
tics of self-compacting mortars containing fly ash/SF. They
reported that the flexural tensile strength of ternary mixes
of self-compacting mortars subjected to MgSO, solution
exhibited superior performance across all exposure condi-
tions, with FA10SF6 (mortar with a combination of fly ash
and SF) achieving the highest value at 90 days.

Figure 8 illustrates the correlation between FS and CS
among all the samples. Linear relationships between FS
and CS were established, exhibiting coefficients of correla-
tion that reached up to 0.93.

For cement mortar with 5% replacement, the samples
with NP had higher FS at 7, 180, and 360 days compared to
SF, with increases of 4.4, 5.8, and 3.8%, respectively.
However, the FS was the same for both SF and NP samples
at 28 and 90 days. However, the FS was the same at test
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ages 28 and 90 days for the SF and NP samples. In the case
of the OP replacement level of 10%, the SF samples exhib-
ited an increased ratio of 6.3 and 9.3% at test ages 7 and 28
days (early curing ages), whereas, at late curing age, the NP
samples showed a high strength with an increased ratio of
4.6 and 3.6% at test ages 7 and 28 days, respectively.
Regarding the replacement level of 20%, the increased
ratio was 8.5, 7.7, 5.7, and 3.6% at test ages 7, 28, 90, and
180 days, respectively, for the SF samples compared to NP
samples. However, the NP samples at 360 days show a
slight increase of 1.9% compared with SF samples at the
same ages.

3.4 Water absorption

The evaluation of the mortar’s water absorption capability
was conducted using standard sample cubes measuring
70 mm on each side. Figure 9 presents the results of water
absorption for all mortar samples at 28, 90, 180, and 360
days. The trend lines of different samples demonstrated
varying absorption rate performances across different
ages, highlighting the considerable influence of curing
methods. The OPC control sample demonstrated the
highest water absorption across all ages, as illustrated in
Figure 9. As the age of the mortar increases, the water
absorption of the control sample decreases. For example,
the water resistance of the OPC sample at 360 days was
13.1% higher than that at 7 days. The curing of control
samples using seawater (i.e., OPCH) resulted in a decrease
in water absorption. The reduction ratios were 5.0, 4.2, 7.4,
and 6.7% at 28, 90, 180, and 360 days, respectively, com-
pared to the curing of control samples using drinking
water (i.e., OPC).

The findings indicate that the water absorption at 5, 10,
and 20% of NP has improved over time, as illustrated in
Figure 9(a). The water absorption of cement mortar with
5% NP (i.e., NP5F0.1) decreased by 0.6, 3.1, 5.0, and 4.1% at
test ages 28, 90, 180, and 360 days, respectively, compared
to the control mixture (OPC). In the case of 10% NP (i.e.,
NP10F0.1), the decreases were 9.8, 9.1, 15.5, and 9.5% at the
same test ages. The same trend was noticed at 20% NP (i.e.,
NP20F0.1) with decreased ratios of 12.3, 11.7, 18.5, and 12.4%
at the same test ages, as illustrated in Figure 9(a). The
results show that water absorption at 5, 10, and 20% of
SF has improved over time, as shown in Figure 9(b). The
water absorption of cement mortar with 5% SF (ie.,
SF5F0.1) decreased by 9.8, 7.8, 10.0, and 4.1% at test ages
28, 90, 180, and 360 days, respectively, when compared to
the OPC samples (control mixture). At the same test ages,
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10% SF (i.e., SF10F0.1) decreased by 17.8, 17.3, 18.5, and
12.4%, respectively. The same trend was observed at 20%
SF (i.e., SF20F0.1), with reduced ratios of 17.8, 20.3, 24.9, and
15.4% at the same test ages, as shown in Figure 9(b).
Despite the application of seawater curing, the mortar
samples containing NP exhibit enhanced water resistance
relative to the control samples (i.e., those without NP). The
results show that the rates of water absorption decreased
as the NP level increased. The same trend was noticed for
the mortar samples containing SF, where the water resis-
tance enhanced as the SF level increased, as illustrated in
Figure 9. The reduction in water absorption may be attrib-
uted to the presence of NP, which can occupy the mortar’s
pores. This impedes the water transport through the
mortar sample’s free voids. This outcome aligns with the
findings of Tuoi Nguyen et al. [46] and Mangi et al. [45]. In
comparison to samples that were immersed in drinking
water, these samples demonstrated superior resistance to
water absorption, despite being submerged in seawater.
This could be attributed to the obstruction of water pene-
tration by sediment accumulation on the mortar sample
surfaces. Furthermore, Yigiter et al. [55] reported that the
corrosion protection of steel bars is crucially improved by
blended cement, which is a combination of conventional
Portland cement and slag cement. This combination may
improve chloride-penetration resistance. Increasing the SF
percentage reduces water absorption at all ages. Many stu-
dies have assessed the porosity of cement mortar and con-
crete through the incorporation of SF. They reported that
the SF results in an impermeable and more discontinuous
pore structure in concrete, thereby enhancing the water
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resistance capacity of cement [56,57]. This finding aligned
with the results of this study.

Sarac et al [48] reported that the concrete developed
with SF exhibited greater density and reduced porosity com-
pared to traditional concrete mixes. The cement matrix with
SF yielded dense, amorphous C-S-H. Calcium hydroxide was
generated during the hydration process of SF-containing
cement paste. Karatas et al [51] investigated the mechanical
and durability characteristics of self-compacting mortars con-
taining ground pumice powder. They reported that the sub-
stitution of cement with 10-20% ground pumice powder led
to mortars that exhibited reduced water absorption, porosity,
and sorptivity in comparison to the control mortar.

3.5 ISA

The ISA is significantly influenced by the size, distribution,
and connection of the capillary and internal pores. The
physical characteristics and pore size of SCMs (SF and
NP), as well as their functionality and particle size, all
influence the ongoing hydration procedure, the density
of the cement paste, and the reduction in shrinkage.
Figure 10 presents the ISA capacity values after applying
different curing approaches (drinking water and seawater)
at intervals of 28, 90, 180, and 360 days, which are mea-
sured 60 min from the test start. When NP and SF were
used as partial replacements for OP at various rates
(5-20%), along with seawater curing methods, the ISA
results at 60 min showed similar trends. The ISA capacity
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Figure 9: Water absorption results: (a) NP samples and (b) SF samples.
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results indicate that cement mortars containing NP gener-
ally demonstrated lower ISA capacity values than those
without NP. With the rise in OP replacements with NP,
there was a corresponding decline in the ISA rate. The
same trend was noticed when SF was used as partial repla-
cements for OP at various rates (5-20%). The curing of
control samples using seawater (i.e., OPCH) resulted in a
slight decrease in ISA capacity. The reduction ratios were
2.6, 1.1, 7.1, and 1.3% at 28, 90, 180, and 360 days, respec-
tively, compared to the curing of control samples using
drinking water (i.e., OPC).

The findings indicate that the ISA capacity at 5, 10, and
20% of NP has improved over time. The ISA capacity of
cement mortar with 5% NP (i.e., NP5F0.1) resulted in reduc-
tions at all test ages; the reductions were 5.6, 3.3, 2.1, and
9.9% at test ages 28, 90, 180, and 360 days, respectively,
compared to the control mixture (OPC). In the case of 10%
NP (i.e.,, NP10F0.1), the decreases were 8.8 and 2.2% at 28 and
90 days, respectively, while an increase was noticed at 180
and 360 days by 3.5 and 4.9%, respectively. Regarding 20% NP
(i.e., NP20F0.1), the decreases were 9.9 and 8.0% at 28 and 90
days, respectively, while a slight increase was noticed at 180
days by 0.2%, while no change was observed at 360 days of
age, as illustrated in Figure 10(a). All samples exhibited
reduced ISA capacity values over time in comparison to the
OPC sample, except for the NP10F0.1 and NP20F0.1 samples.
During the late ages (i.e., 180 and 360 days), the NP10F0.1 and
NP20F0.1 demonstrated the highest ISA capacity compared to
OPC samples. The increases for the NP10F(.1 mix were 3.5 and
4.9% at the same ages, while a slight increase was noticed at
180 days by 0.2%, while no change was observed at 360 days
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of age for the NP20F0.1 mix relative to the OPC sample at the
same age.

Figure 10(b) presents the ISA capacity values of the SF
mortar mixes after 28, 90, 180, and 360 curing days. The
findings indicate that the ISA capacity at 5, 10, and 20% of
SF has improved over time. The ISA capacity of cement
mortar with 5% SF (i.e., SF5F0.1) increased by 22.4, 18.6,
17.1, and 9.9% at 28, 90, 180, and 360 days, respectively, in
comparison with the OPC samples (control mixture). The
same trend was noticed. In the case of 10 and 20% SF (i.e.,
SF10F0.1 and SF20F0.1), the increases for the SF10F0.1 mix
were 25.2, 26.4, 23.7, and 14.7% at the same ages, while it
was 23.8, 29.8, 25.4, and 21.9% for the SF20F0.1 mix.

However, it was more noticeable that seawater, NP,
and SF had an impact on the decrease in the samples’
ISA. The ISA capacity of mortars significantly diminished
when seawater, NP, and SF were employed within 60 min
of the beginning of the test. This phenomenon can be
attributed to the saturation of the samples’ pores with
water, resulting in a reduction in ISA rates [58]. The addi-
tion of NP and SF to the cement mortar further reduced the
ISA capacity, aligning with the results of other investiga-
tions [59-61]. Liu et al [62] illustrated that extending the
curing procedure’s duration, along with curing at elevated
relative humidity levels, resulted in a reduction in the ISA
rate and capillary sorptivity. This serves as a fundamental
base for enhancing the hydration process of cement and
improving both the density and impermeability of concrete
[63]. Numerous authors have observed that seawater, irre-
spective of the type of cementitious materials employed,
diminishes the ISA and the water absorption of mixtures
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[64—66]. The results of this study indicate that the inclusion
of steel fiber did not significantly affect water absorption.
Moreover, Frazdo [67] reported that the incorporation of
steel fibers did not appreciably alter the capillary water
absorption of self-compacting concrete, demonstrating that
the capillary pore size remained mostly unchanged. This
finding aligned with the results of this study.

Laoufi et al [9] investigated the performance of
mortar containing natural pozzolan under sulfate attack.
The findings indicate that pozzolan enhances the resis-
tance of mortars in sodium sulfate environments. Another
study by Laoufi et al. [10] found that utilizing natural poz-
zolan led to a notable reduction in the corrosion rate of
rebars, enhanced mechanical performance, and improved
resistance to chloride ion penetration.

3.6 Visual analysis

Figure 11 shows the external morphology of concrete speci-
mens exposed to an aggressive environment (wetting and
drying cycles), as well as immersed in drinking water for
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360 days. After wetting and drying cycles (360 days), the
concrete samples were placed in laboratory conditions for
28 days. Figure 11(a) shows concrete samples treated with
potable water for 360 days and free of fibers. The samples
exposed to the wetting and drying cycles in the harsh
environment and free of fibers, as shown in Figure 11(b),
showed a change in color to yellowish white after the
deposition of salts and sulfates layer dissolved in the
curing water. While the samples exposed to the harsh
environment and containing fibers showed a change in
the color of the surface of the samples and the appearance
of iron oxide resulting from the rust of the fibers. Figure
11(c) shows the concrete samples containing fibers and NP.
The samples show the spread of rust on the surface of the
sample, which confirms the damage of the fibers and
the leakage of iron oxide outside the samples as a result
of the drying and wetting cycles over a period of 360 days.
Figure 11(d) shows the concrete samples containing fibers
and SF. The samples show rust spread on the surface of the
sample, which confirms the damage of the fibers and the
leakage of iron oxide outside the samples as a result of
the drying and wetting cycles over a period of 360 days.
The samples containing fibers and SF show less rust spread

Figure 11: Concrete samples after curing: (a) OPC, (b) OPCH, (c) NP10F0.1, and (d) SF10F0.1.
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Figure 12: Fibers after curing in harsh environment.

than the samples containing fibers and NP. This may be
attributed to the efficiency of filling and closing the pores
that SF has compared to ash. This has led to limiting the
penetration of liquids, salts, and dissolved sulfates into the
samples. Figure 12 shows the condition of embedded fibers
in concrete specimens exposed to harsh environment for
360 days.

The impact of seawater on the visual attributes of
fiber-reinforced mortar samples is substantial, affecting
both appearance and structural integrity. Numerous
investigations have investigated the effects of seawater
exposure on the physical properties and esthetics of
fiber-reinforced mortars, providing essential insights into
their performance in marine environments. Immersion in
seawater causes an increase in porosity within the mortar
samples, leading to a more saturated structure that may
visually seem more deteriorated as time progresses [68].
The interaction between seawater and mortar can lead to
the formation of micro-cracks, impacting both the visual
integrity and the mechanical characteristics of the mortar.
The occurrence of salts and minerals in seawater may
result in efflorescence or discoloration on the surface of
mortar samples, thereby changing their visual appeal [69].

Table 4: Cost, CO, emissions, energy consumption analysis

Those findings align with the results for the OPCH sample
in this study, as shown in Figure 11(a). Jute fiber composites
demonstrate alterations in visual characteristics upon
exposure to water, showcasing differences in crack forma-
tion and surface texture that are influenced by fiber con-
tent and water ratios [70]. In addition, the incorporation of
basalt fibers has demonstrated an improvement in the CS
of mortars subjected to seawater, which may help reduce
certain visual degradation effects by preserving structural
integrity [71]. These findings agree with the results for the
NP10F0.1 and SF10F0.1 samples in the current investiga-
tion, as illustrated in Figure 11(c) and (d).

3.7 Sustainable analysis

Table 4 illustrates the overall cost, CO, emissions, and
energy consumption analysis associated with the OPC,
NP, and SF. The values have been sourced from the existing
literature. Thus, those values underscored the significance
of incorporating NP and SF as a partial replacement for
OP into cement mortars, leading to a decrease in CO,

Materials Cost* CcOo, Embodied energy
$-kg™’ Relative variation kg-kg™' Relative variation M)-kg™ Relative variation
oP 0.1 — 0.93 [73] — 5.5 [73] —
NP 0 — 0.006 [74,75] -15,400% 0.0045 [74,75] =122,122%
SF 0.68 [76] +83.8% 0.02 [77] -4,550% 0.1 [78] -5,400%

*Cost may fluctuate based on current market dynamics.
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emissions and improved rates of emission reduction. In
addition, this method not only encourages sustainability
but also converts waste and recycled materials into valu-
able building components, leading to a more environmen-
tally friendly future in the building sector [72]. This study
primarily conducts a cost analysis of the OP and SF mate-
rials utilized in cement mortar preparation, as the costs
related to electricity and transportation usage can be neg-
ligible. The cost of NP is excluded from the cost analysis,
given that it is a by-product derived from lightweight
aggregate production from volcanic pumice and is used
in the same manner as it is received after grinding using
a ball mill (which holds no value). The waste materials
acquired are typically available at no cost and contribute
to the sustainability of concrete production. Consequently,
NP is significantly more economical than OP. Nevertheless,
the cost of SF exceeded that of OP, exhibiting an increased
ratio of 83.8%. Although the cost of dust is greater than
cement, this indicates that the main benefits of replacing
OP with SF are predominantly in environmental improve-
ments rather than cost savings, highlighting the impor-
tance of this material in fostering sustainability over
mere financial advantages. The CO, emissions significantly
decreased with the alternative materials, as illustrated in
Table 4. The NP and SF had CO, emissions of 0.006 and
0.02kg-kg™", thus substituting OP with NP and SF led to a
reduction of 15,400 and 4,550%, respectively, compared
with CO, emissions of OP. In addition, this study analyzed
energy consumption by examining embodied energy,
encompassing the energy needed for raw material extrac-
tion, transportation, processing, and usage in cement
mortar production. The findings indicated that the energy
required for producing the conventional cement mortar
diminished with the use of NP and SF as replacements
for OP. The NP and SF had embodied energy of 0.0045
and 0.1MJkg™, thus substituting OP with NP and SF led
to a reduction of 122,122 and 5,400%, respectively, com-
pared with embodied energy of OP, as illustrated in
Table 4. The significant decrease in energy consumption
due to OP replacement with NP and SF can be linked to the
naturally lower energy demands of NP and SF in cement
mortars, as NP, being a waste material, requires less
energy for its use. Nevertheless, obstacles like landfill con-
cerns and the ongoing depletion of environmental
resources remain prevalent. The findings demonstrate
the potential of NP and SF to serve as a substitute for
OPC in cement mortars. This study highlights the necessity
for cement mortar production to integrate materials like
NP and SF, which can play a crucial role in reducing CO,
emissions and embodied energy. The significant expendi-
ture, along with the lower CO, emissions and reduced
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embodied energy of NP and SF, were essential considera-
tions in evaluating the feasibility of these sustainable
cement mortars. This approach minimizes the environ-
mental footprint of the construction sector and plays a
crucial role in tackling climate change, highlighting NP
and SF materials as viable options for cement mortar appli-
cations. This study further bolsters worldwide initiatives
aimed at conserving resources, minimizing carbon foot-
prints, and tackling environmental pollution.

4 Conclusion

The experimental findings of this investigation have

yielded the following conclusions:

1) Fibers significantly reduced slump flow in mortar mixes
by up to 14.3 and 28.6%, respectively, for the mortar
containing NP and SF.

2) The curing of control samples with seawater (OPCH)
resulted in a slight decrease in CS and FS, up to 2.4
and 7.4%, respectively.

3) Using 5 and 10% of NP increased CS at early ages,
decreasing later. High NP (20%) reduced strength at
all curing ages. Moreover, SF improved CS over time
by up to 10.8%.

4) The study indicates that the FS of NP and SF samples has
improved significantly over time, reaching up to 27.3
and 30.7%, respectively, compared to OPC samples.

5) The utilization of SF as a partial OP substitute showed
superior performance in enhancing CS and FS over 360
days when compared to the use of NP as a partial
cement substitute.

6) Despite the application of seawater curing, the mortar
samples containing NP and SF exhibit enhanced water
resistance and ISA capacity compared to the OPC. This
may be due to sediment accumulation on the mortar
sample surfaces, which obstructed the water’s
penetration.

7) The study indicates that the water absorption of NP and
SF samples has improved significantly over time,
reaching up to 18.5 and 24.9%, respectively, compared
to OPC samples.

The authors suggest that further research is essential
for additional understanding of the effect of NP and SF on
the properties of fiber-reinforced cement mortars in
aggressive environments, which can include freeze-thaw
cycles, mass loss due to corrosion, and high-temperature
resistance. Additionally, SEM and XRD analysis, fiber cor-
rosion analysis, chloride diffusion tests, and evaluation of
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steel fiber integrity over time using pull-out tests or tensile
strength tests should be investigated.
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