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A B S T R A C T

Approximately 544 million tonnes of fly ash (FA) are generated annually worldwide, 80% of which is disposed of
in landfills. Thus, using FA as a replacement for cement has turned out to be popular in construction industries
around the world because of its strong properties and crucial role in decreasing the volume of pollutants and CO2

produced by cement production. Meanwhile, the use of Saudi FA (SFA) as a suitable supplemental cementing
material to partly substitute cement in the design of SFA-based concrete is highly imperative. An extensive
experimental study was conducted to utilize increased levels of SFA in the production of concrete. Six concrete
mixes were utilized: five out of the six mixes were made with different levels of SFA and one mix was used as a
reference. This study presents the findings of using different volumes of SFA with variable proportions (i.e., 0%,
10%, 20%, 30%, 40%, and 50%). Experimental tests were performed to study the properties of SFA-based con-
crete, including slump test, air content, setting times, thermal profile, specific gravity, sieve gradation, flexural
strength, compressive strength, tensile strength, wear depth, resistance to abrasion, and elasticity modulus, at
different time intervals for one year. However, the hardened strength properties and resistance to abrasion
exhibited incessant and substantial enhancement at 56 days and up to one year, which is generally attributable to
the pozzolanic reaction of SFA. Subsequently, all strengths increased when thermal heat decreased, and test re-
sults indicate that SFA can potentially substitute cement in concrete by up to 50% for the fabrication of structural
concrete elements in the construction industry.
1. Introduction

Concrete is the second most used construction material after water,
with an annual global consumption rate of approximately 25 � 109

metric tonnes; and the annual cement used is nearly 3.3 billion tonnes
[1]. Concrete is widely used because of its excellent durability, low cost,
availability of raw materials, and ability to be fabricated into any shape
[2,3]. The binding methods and materials utilized for making concrete
are also vital in construction technology [4], and thus far, cement is the
most widely used binding material in concrete and RC applications [2].
The worldwide manufacturing of cement increases by 9% annually and
generates almost 1 tonne of CO2 gas [5]. Both China and India are the
largest coal consumers in 2018 with a consumption rate of 1906.7 and
452.2 million metric tonnes of oil equivalent, respectively, as shown in
ineering, College of Engineering,
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Fig. 1 [6]. In particular, cement production emits approximately 1.5
billion tonnes of CO2 yearly or 9% of the total emissions contributed by
multiple sectors worldwide [5,7,8]. The top 10 CO2 polluting countries,
thanks to cement manufacturing, are presented in Fig. 2. The greenhouse
influence avoids the reflection of solar radiation back into atmosphere,
thus preserving the regular heat on the surface of the Earth between 15
�C and 18 �C [9]. The CO2 concentration in the air has lately augmented
by 30% or approximately 467 million tonnes (Mt), 83% of which comes
from the UK [9–13]. Therefore, an alternative sustainable supplemental
cementing material (SCM) with similar or improved properties is
required [14]. Considerable effort has been exerted recently to enhance
the production of sustainable construction materials. Among such efforts
is the replacement of hydrated lime in mortars with kaolinitic clay [15].
Hydrated lime in mortars is particularly important as it ensures sufficient
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Fig. 1. Countries with the largest coal consumption worldwide in 2018 [6].

Fig. 2. Estimated demand for cement and CO2 emission by 2020 [32].
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workability. Typical mortar compositions have traces of cement: hy-
drated lime: sand that vary from 1:1:6 to 1:2:9. That is, hydrated lime is
generally equal to or double the amount of cement in mortars [16]. This
is alarming as the cost of hydrated lime could be 10–15% greater than
cement [17]. Furthermore, the production of 1 tonne of hydrated lime
could result in emitting 1.2 tonnes of CO2 into the atmosphere; thereby
exacerbating the environmental problem [18]. As an alternative, re-
searchers have attempted to use kaolinitic clay as a suitable replacement
for hydrated lime [15] and results have shown that with up to 50% hy-
drated lime replacement, the fresh and mechanical properties of the
mortars were perfectly adequate. Besides the incorporation of kaolinitic
clay in mortars, and in an attempt to promote sustainable practices in
construction, several researchers have investigated the reuse of solid
wastes, such as stone residues, in coating mortars for building con-
struction [19,20]. For instance, the processing of stones, such as granite,
results in huge amount of residues, and up to 80% of loss occurs from the
original rocks [19]. As such, studies on the incorporation of granite
2

residue as a replacement for sand in mortars have shown positive results
with a replacement level of up to 40% [19,21]. In addition, researchers
have also attempted to enhance the production of sustainable cement and
the performance of geopolymer cement/concrete (GeoPC) [14,22,23].
This by-product is called fly ash (FA) or pulverized fuel ash in the UK
[24]. FA is a coal incineration application that comprises fine particles of
fuel obtained from coal-fired boilers and flue gases, and is used as SCM,
thereby reducing the utilization of cement in concrete and decreasing the
CO2 emissions and energy exhaustion [25,26]. Approximately 544 Mt of
FA are generated annually worldwide, 80% of which are disposed of in
landfills [27]. A simplified schematic diagram of FA formation during
pulverized fuel combustion is depicted in Fig. 3. In 1949, Australia
recorded the first FA application in construction, having less than 7%
lime [28]. While in the United States (US), FA was introduced from
Chicago [29], and subsequently became popular in the US in the 1930s
after publishing the findings of a study on concrete encompassing FA
[30]. The properties of FAs differ depending on the hopper from where



Fig. 3. Schematic of the formation of FA during coal combustion [33].

Table 1
Cement physical and chemical properties.

Saudi cement Type I with high C3S

Properties Tests
values

Requirement: ASTM C 150
[59]

SO3, % 3.14 3.0 max
CaO, % 63.71 44.4 min
MgO, % 1.21 6.0 max
SiO2, % 21.21 33.1 max
Al2O3, % 5 6.0 max
Fe2O3, % 3.78 6.0 max
Loss on ignition (LOI), % 1.52 –

Element Iridium (IR), % 0.44 –

Fineness (retained on 90-μm sieve),
%

7.5 10 max

Fineness: specific surface (air
permeability test) (m2/kg)

272 225 min

Standard/normal consistency, % 30 –

Vicat time of setting (min): (Initial) 111 30 min
Vicat time of setting (mn): (Final) 191 600 max
Compressive strength
(MPa)

`

3 days 24.2 22.0 min
7 days 35.7 31.5 min
28
days

47.7 43.0 min

56
days

57.3 55.0 min

Specific gravity 3.19 –
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they are composed. Stakeholder interviews have indicated that the prices
of FA have increased between 85% and 100% in 2012–2016 owing to
low FA availability [31].

However, over 6 � 107 tonnes and 11.2 � 107 tonnes of FA are
annually produced in the US and India (occupying 26,304 ha in India),
respectively, by burning coal for electric power production [34,35]. The
majority of FAs are disposed of as solid wastes in landfills or surface
impoundments, thereby resulting in a serious problem of inadequate
disposal. Attempts to recycle wastes are partially successful in reducing
43% of the total wastes [36,37]. Under such a condition, generating FA
remains important and its financial and green application technology is
desired [38–40]. For instance, FA has been used to form cementitious
matrices together with natural fibre reinforced (NER) cementitious
composites that incorporate 20–30 mm strands of resin coated and un-
coated flax/wool twine in an effort to reduce the use of ordinary Portland
cement (OPC) and also to reduce the use of synthetic fibres [41]. The
study illustrated that the use of flax/wool twine enhanced the perfor-
mance of the mortars as opposed to the unreinforced and uncoated
samples. Such new applications are explored in sound and thermal
insulation applications in buildings, and the goal is to achieve energy
efficiency. By doing so, heating costs, energy demands and environ-
mental impacts will diminish. Advances in concrete technology have also
included the use of silica-based crystallizing impregnant [42] and sodium
acetate [43] to enhance the performance of concrete mixes. Furthermore,
numerous studies in different countries, including Saudi Arabia, have
assessed the potential of mixing various wastes with FA as raw materials
[1,14,36,37,44–55]. FA is frequently utilized as a pozzolan to make
plaster and a partial or full substitution for cement in the manufacturing
of concrete [38]. Pozzolans guarantee plaster setting and afford concrete
with further protection from chemical attacks and wet environments
[56]. The selection of materials to make GeoPC relies on factors such as
disposal urgency, availability, difficulty of recycling, and final use [57].
Published studies have indicated FA’s favorable potential for producing
different types of concrete for several applications. FA, along with other
pozzolans, is extensively approved for current use as a SCM constituent in
concrete by main codes, with nearly 55% of FA content in the pozzolanic
CEM IV in BS EN 197–1 [58]. This can be attributed to the fact that FA is
recognized as an eco-friendly material as its consumption aids in
reducing the carbon footmark of cement manufacturing, which is nearly
5% of the overall CO2 emissions worldwide. However, the application of
FA in high-performance and self-consolidating concrete remains limited,
particularly in Saudi Arabia, and research on the usage of Saudi FA (SFA)
as a potential SCM for the partial replacement of cement content is
crucial. Construction industries in several countries demand the
increased production of SCMs, such as FA, given their indispensable role
in reducing the amount of pollutants and CO2 generated by cement
3

production. Many investigators have attempted to lower the use of
cement by producing eco-friendly concretes that use certain byproduct
materials. The current study aims to investigate the performance prop-
erties of SFA as a partial cement substitution for producing SFA-based
concrete with the optimum dosage of superplasticizers (SPs) at
different proportions of SFA (i.e., 0%, 10%, 20%, 30%, 40%, and 50%),
including air content, slump test, unit weight, setting times, thermal and
microstructure profiles, specific gravity, sieve gradation, compressive
strenght, tensile strength, flexural strength, wear depth, resistance to
abrasion, and modulus of elasticity.

2. Experimental work

The experimental program for this study involved six different con-
crete mixes. The percentages of SFA content in the concrete mixes were
set at 0%, 10%, 20%, 30%, 40%, and 50%, by weight of cement. One mix
(i.e., 0% SFA) was set as the reference. In general, geopolymer-FA-based
concrete, which is made by the polymeric reaction of alkaline liquid with
the entire substitution of cement by FA (e.g., SFA), has numerous limi-
tations, such as the need for heat curing and deferral in the setting times.
Both thermal profile and setting time tests were conducted. Furthermore,
primal tests, which are tests on the physical and chemical properties of
the related materials, were performed. The preparation, mixing, fabri-
cation, curing, and testing procedures are presented in detail in the
following subsections.
2.1. Properties of cement and SFA

Cement functions as a binder material that sets, stabilizes, and could
interact with SCMs. Saudi ordinary Portland cement (OPC) Type I with
high C3S was used (see Table 1). OPC cement Type I satisfies the re-
quirements of ASTM C 150 [59]. Table 1 shows the primal test results,
and SFA with 2.51 specific gravity was utilized in the design mix inves-
tigated in this study. The chemical and physical properties of SFA were
examined (see Table 2) in line with ASTM C 150 [59] and ASTM C 311
[60]. The fineness of SFA was 365.2 m2/kg, as presented in Table 2.
However, the replacement of OPC was measured by weight, yielding a
high amount of SFA in the mixes as the specific gravity of SFA is lower
than that of the cement. When high fine particles are found in the system,
the SFA particles do not react but continue to assist as the nuclei for the



Table 2
SFA physical and chemical properties.

Parameters, (%) Recorded Values Requirement ASTM C 618
(%) [63]

SiO2, (%) 53.8 –

Moisture, (%) 0.3 3.0 max
Fe2O3, (%) 5.2 –

SiO2 þ Al2O3 þ Fe2O3, (%) 84.8 70.0 min
Al2O3, (%) 26.72 –

Na2O, (%) 0.6 1.5 max
CaO, (%) 5.7 –

SO3, (%) 1.5 5.0 max
TiO2, (%) 1.4 –

MgO, (%) 2.3 5.0 max
K2O, (%) 0.7 –

LOI (1000 ͦ C) 1.85 6.0 max
Fineness (m2/kg) 365.2 –

Specific gravity 2.51 –

Plasticity Non plastic –

Optimum moisture content
(%)

37.0–19.0 –

Maximum dry density (gm/cc) 0.9–1.58 –

Coefficient of consolidation Cv

(cm2/sec)
1.70 � 10�5

– 2.03
� 10�3

–

Angle of internal friction (j) 300–400 –

Cohesion (kN/m2) Negligible –

Permeability (cm/sec) 8 � 10�6
– 7 � 10�4

–

Compression index Cc 0.05–0.4 –

Coefficient of uniformity 3.3–10.9 –

Table 3
Aggregates physical properties.

Property Average values

Fine aggregate, Coarse aggregate

Type of sand Nature sand River stones
Specific gravity 2.62 2.60
Maximum size (mm) 4.75 12.5
SSD absorption (%) 0.88 1.14
Fineness modulus 2.24 5.94
Unit weight (kg/m3) 1703 1687
Void (%) 33.3 37.8

Table 4
Properties of SPs.

Type of Superplasticizer PCE

Relative density at 25 �C 1.08
Dry material content (%) 33.72
pH value 7.2
Chloride ion content (%) 0.008

Table 5
SFA-based concrete mixture proportions.

No. of Batch
(Mixture)

B00 B10 B20 B30 B40 B50

FA % 0 10 20 30 40 50
FA kg/

m3
0 280 240 160 180 200

Cement, C 400 280 260 240 220 200
Water, W 160 160 160 160 160 160
Superplasticizer l/m3 2.2 2.3 2.4 2.5 2.6 2.7
W/(C þ FA) – 0.41 0.41 0.41 0.40 0.41 0.40
Air temperature ͦC 29 28 27 26 25 25
Air content % 3.3 3.4 3.5 3.6 3.7 3.8
Concrete
temperature

ͦC 29 29 26 25 25 25

Slump mm 60 70 75 80 100 110
Coarse aggregate kg/

m3
1275 1135 1135 1126 1130 1132

Fine aggregate 620 620 620 619 616 621
Concrete density 2456 2429 2416 2305 2306 2313
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development and promotion of the hydration of cement outputs.

2.2. Properties of aggregates

In this study, both aggregates (coarse and fine) were verified in
accordance with ASTM C 136 [61]. The fine aggregates were river sand
with a maximum size of 4.75 mm (see Table 6) and specific gravity of
2.62 (see Table 3). Meanwhile, the coarse aggregates were crushed river
stones with a maximum size of 12.5 mm (see Table 6) and specific gravity
of 2.60 (see Table 3). Tables 3 and 6 show the physical properties and
sieve analysis, respectively, of both aggregate types.
2.3. Superplasticizers

This study used polycarboxylate ether (PCE) as a suitable SP to enrich
the workability of fresh SFA-based concrete. The integration of SFA can
increase the complexity of the harmonization relationship between SCMs
and SP. Hence, a basic concern on the choice of well-suited interrelating
pair emerges. This study showed that the best SP is detached directly
from the pore solution after mixing. The assimilation volume of the blend
is principally measured using the cement type, fineness, and molecular
weight. The SP assimilation relies on the volume of C3S and presence of
the sulphates of soluble alkali in the blend paste. The current study
illustrated that the integration of SFA in concrete lowers the need for SP
(PCE) to gain the same slump flow because the concrete merely encom-
passes cement as binder. The properties of PCE as a suitable SP was
4

investigated through experiments consistent with ASTM C 494 [62] (see
Table 4).

2.4. Proportions of mixture

In the experimental work, six mixtures were prepared and designed in
consistence with ASTM C 618 [63] to have a strength of 45.52 MPa on
the 28th day. One reference mixture and five other concrete mixtures
were fabricated by substituting OPC with 0%, 10%, 20%, 30%, 40%, and
50% SFA (Class C ash) by mass and labelled as B00 (reference mixture),
B10, B20, B30, B40, and B50, respectively (see Table 5). The water/SCM
ratio was maintained to study the influences of substituting OPC with a
high amount of SFA when other related parameters were nearly main-
tained to achieve the desired compressive strength with structural grades
for all the SFA proportions.

2.5. Primary tests

2.5.1. Sieve analysis of the aggregates
The sieve test analysis was performed on coarse aggregates (see

Table 6) using a sufficient amount of aggregate according to ASTMC 136;
coarse aggregates were placed over a number of sieves to obtain the size
of the aggregates (i.e., grading analysis) on the basis of the sieve open-
ings. After the sieve analysis test, the percentage of passing (i.e., fineness)
was weighed and the cumulative weights were calculated accordingly
and articulated as a level of the entire weight. A known weight sample of
fine aggregate (i.e., fine sand; see Fig. 4 and Table 6) was dried by placing
the sample in an oven at 110 � 5 �C. The sample was removed from the
oven and weighed thereafter. The aggregate exhibited at least 95%
passing through sieve no. 8 and 85% passing through sieve no. 4. At least
5% remained on sieve no. 8. Thereafter, a nest of sieves were placed in a
descending order and the sample was poured onto the top sieve and
shaken using a mechanical shaker. After the test, each sieve was weighed
as the weight of retained aggregate and the passing percentage was also
computed. The combination of aggregates with the grading requirements
was consistent with BS 882:92 (see Table 6 and Fig. 4) [57].

2.5.2. Setting times of cement
A Louis Vicat plunger was utilized to measure the normal consistency



Fig. 4. Grain size analysis of a fine aggregates sample.

Table 6
Sieve analysis of the aggregates.

Fine aggregates Coarse aggregates

Sieve
no.

Percent
passing

Requirement: BS
882:92 [64]

Sieve
size

Percent
passing

Requirement: BS
882:92 [64]

4.75
mm

94.2 90–100 14
mm

100 100

2.36
mm

90.5 85–100 12.5
mm

92 95–100

1.18
mm

73.1 75–100 9.5
mm

69 40–85

600
μm

64.3 60–79 4.75
mm

9 0–10

300
μm

32.5 12–40 – – –

150
μm

7.1 0–10 – – –

Table 7
Specific gravity of SFA.

Property Data

Average bulk dry 2.41
Average bulk SSD 2.47
Average apparent 2.51
Average absorption 1.93%
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of cement with interpolation to determine the amount of water needed
for the initial setting time (IST). In general, setting denotes the alteration
in consistency of a mixture from a liquid to a stiff state that results from
the hydration of cementing mixtures. Therefore, setting was controlled
by the chemical reactions that occurred immediately after the water,
SFA, and cement were mixed together. The final and initial setting times
of the concrete set were measured by the procedure of penetration
resistance in line with ASTM C 403 [65]. At the fresh state, the test
included the elimination of coarse aggregates by sieving through seive
no. 4 (4.75 mm). Before starting the experiment, a normal consistency
test was performed using the Vicat apparatus with a plunger to achieve
penetration for approximately 111 min; and the load needed to initiate
the 10 � 1-mm penetration depth of the indicator was divided by the
bearing surface area of the indicator. The paste reaches a penetration
resistance of above 3.5 MPa, called the IST, when the required intial
contact of water and cement is achieved (see Table 1). IST must be per-
formed to give the paste normal consistency. The materials of the refer-
ence sample batch were prepared using 1000 g of OPC. For the other
sample batches, the cement was partly substituted with SFA at different
proportions to attain a penetration of 25 � 1 mm. The final setting time
(FST) was achieved when the depth of penetration resistance exceeded
25 MPa. Table 1 and Fig. 7 present the test data of both the final and
5

initial setting times.

2.5.3. Specific gravity
Tomeasure the specific gravity of the coarse and fine aggregates used,

the process started by weighing a sample of 4500 g from the used ag-
gregates in accordance with ASTM C 127 [66] through a 4.75-mm sieve.
This procedure was meant to determine the coarse aggregates volume
and retained sample on the sieve used. Furthermore, the entire absorp-
tion of the aggregates was limited to 1.93%, which is below 2%, thereby
considerably matching the requirement of the design standard. Mean-
while, the specific gravities of the used SFA and cement were 2.51 (see
Table 7) and 3.19, respectively. In the case of the mixtures encompassing
SFAs where the ffw fraction of the cement is substituted with a similar SFA
weight, fractions of cement, SFA, and water could be reported as given by
Equation (1). In the equation, ρf and vf are the specific gravity and frac-
tion of SFA, respectively. This was computed as 1.80 by considering the
specific gravity of C–S–H obtained from the pozzolanic reaction. How-
ever, the efficient volume of SFA was subsequently identified to be 2.14.
Bulk specific gravity was computed using the proportion of the weight of
the given aggregate volume to an equal volume of water as follows
(Equation (2)):

vf ¼
ffw
ρw

wc þ 1�f fw
ρw

þ f fw
ρf

(1)

Gsb ¼ mass oven dry
SSD� mass saturated sample

(2)

- Bulk volume ¼ solid volume þ water pore volume



Fig. 5. Slump test of 20% SFA-based concrete as an example.
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In addition; apparent Gsa ¼ mass oven dry
mass oven dry� mass saturated sample

(3)
The bulk saturated-surface dry (SSD) specific gravity can also be
obtained by the ratio of SSD to the weight volume of water using Equa-
tion (4):

specific gravitySSD¼ SSD
SSD � mass saturated sample

(4)

2.6. Preparation, fabrication, casting and remedy of test specimens

The coarse and fine aggregates were made ready under the SSD
condition beforehand adding them into the concrete mixture. The alka-
line activator was also arranged in the workroom by fraternization so-
dium hydroxide and sodium silicate solutions at the appropriate
proportion approximately half an hour prior to the real mixing of the
SFA-based concrete. The SFA and aggregates were initially dried and
assorted in a concrete blender. Thereafter, activator solutions were added
and continuously mixed for another 5 min to make fresh SFA-based
concrete. SP and water were subsequently added during the addition of
the last five mixtures (i.e., B10 to B50). A total of 864 samples were
prepared, mixed and cast in ready-steel molds in line with ASTM C 31
[67], and the samples were equally divided as follows; 150 mm � 300
mm cylinder samples (a total of 216 samples), 150 mm cubic samples (a
total of 216 samples), 65 mm � 65 mm � 60 mm samples (a total of 216
samples), and 105 mm � 105 mm � 515 mm prism samples (a total of
216 samples). After casting, all samples were enclosed with hessian and
Fig. 6. Average temperature p
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plastic canvas and left at ambient temperature of approximately 24 �C
and 70 � 10% relative humidity for 24 h. All samples were de-molded
after 1 day and submerged in a water tank for curing under ambient
conditions until the stipulated time of testing. The prepared samples were
used to test for the splitting tensile strength (STS), compressive strength,
abrasion resistance, flexural strength, and elasticity modulus.
2.7. Fresh and hardened concrete properties

2.7.1. Fresh tests
All fresh concrete properties, such as air content, slump test, work-

ability (BS EN 12350: Part 2) [68], and unit weight, were measured ac-
cording to ASTM C 143 [69]. The actual test procedure is presented in
Fig. 5 and Table 5 tabulates the reported results.

2.7.2. Hardened tests
To obtain the hardened strengths of the concrete, the compressive,

flexural and splitting tensile strengths, and elasticity modulus tests were
performed at 3, 14, 28, 56, and 91 days and one year from the casting
date. The tests were performed in line with the ASTM C 39 [70], ASTM C
496 [71], ASTM C 78 [72], and ASTM C 469 [73], respectively. The
depth of wear and abrasion resistance were also measured in accordance
with ASTM C 779 [74]. All samples were completely dried out of water
prior to testing to read and record the test results properly and with
minimal errors. The findings indicate that the results were influenced by
the wet-mixing time, curing time, curing temperature, particles size
(fineness of SFA), type, and source of the aggregates and the testing
condition [3,59].

2.7.3. Thermal profile
The measurement of the thermal profile is commonly conducted

during the test, thereby determining the temperature of the sample until
7 days from the time of casting. This procedure facilitates the elucidation
of the influences of SFA with respect to the temperature of the sample.
The test was performed by connecting the test samples to a device using
wire, which was calibrated to record the temperature. The temperature at
the center of the samples (two samples for each group) was monitored.
Fig. 6 shows the average temperature change against time. The temper-
ature rate of the SFA-based concrete mortars increased slightly in com-
parison with the reference mortar. However, the peak temperatures were
nearly 31.5 �C, 29.7 �C, 28.9 �C, 28.4 �C, 27.5 �C, and 27.1 �C for mortars
B00, B10, B20, B30, B40, and B50, respectively. When the SFA level of
replacement increased, the temperature peak was marginally delayed
rofile vs. time of testing.
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and subsequently decreased.

2.7.4. Microstructure profile
A scanning electron microscope (SEM) is a visual device utilized to

magnify concrete cracks and fractures or analyze the materials that are
not distinguishable using an optical microscope. SEM is considered an
innovative method to comprehend the influence of SFA on the
morphology of the paste. In the X-ray diffraction (XRD), the XRD device
shoots X-rays that assist with the identification of minerals and other
crystalline materials. XRD is also beneficial for determining fine-grained
materials, such as SFA or cement. XRD is a significant method for
quantitatively and qualitatively analyzing cement pastes and cement.
However, a SEM prepared with an energy dispersive X-ray analyzers
(SEM- EDX) is a significant complement to a visual microscope when
inspecting novel, old, and worn concrete. SEM was used to obtain images
from full-sized concrete samples. Thereafter, these images were
employed to investigate the generation and contact of compressive stress-
induced microcracks and the influence of detention on the microcrack
performance. XRD analysis was performed at room temperature via
powder XRD with a filtered 0.154-nm Cu, Kα radiation. The SFA samples
were skimmed in an incessant mode from 100 �C-800 �C with a scanning
rate of approximately 20 per min.

3. Analysis and discussion of results

The experimental test results were analyzed and discussed in the
contexts of air content; slump test; unit weight; setting times; thermal and
microstructure profiles; specific gravity; sieve gradation; compressive,
tensile, and flexural strengths; wear depth; resistance to abrasion; and
modulus of elasticity.
3.1. Setting times

The effect of SFA on setting time may be in the physical and chemical
properties [1,11–13]. Physically, utilizing SFA to replace an amount of
OPC entails that the greater the OPC volume in the mixture, the higher
the OPC setting will be, thereby accelerating the hydration of cement
outputs. Chemically, SFA could influence cement hydration and some
SFAs can also react themselves. Fig. 7 shows the penetration resistance
versus the elapsed time for concrete containing different levels of SFA.
7

The setting times of the reference samples were delayed longer than
those of the SFA-based concrete mortars, depending on the level of SFA
content addition and the reduction of cement content in the concrete
mortars. However, the increase in SFA volume without any alteration in
cement content can delay the setting of SFA-based concrete mortars even
further. This result is evident from those of previous studies [58]. That is,
the longer deferral in setting time of SFA (Class C FA) than that of Class F
FA could be accredited to the higher sulfate contents of SFA of up to 1.8%
SO3 of SFA compared with the 0.55%–0.87% SO3 of Class F FA. Alkalis
were reported to have an influence on the setting times of FA-based
concrete because they commonly hasten the setting time. Moreover, a
relatively large alkali content could even result in an impressive set. The
alkali content is of equal volume as the sodium oxide of SFA (i.e., 1.80),
which may be attributed to the highly delayed setting of SFA. As the SFA
levels increased, the blend paste began to harden. In particular, the
strengths of the SFA-based concrete slightly decreased, thereby delaying
the setting time of the cement when the ammoniated SFA was used
because of the influences of the hostile sulfate and ammonium ions. For
all levels of the SFA replacement for OPC in the SFA-based concrete, the
final and initial even setting times of concrete increased in comparison
with those of the reference mix. However, the length of delay in setting
was slightly diverse in each level of SFA substitutions. The increase in the
initial time of setting ranged from 15 min to 4 h and 45 min and that in
the final setting time was from 1 h to 5 h and 25 min (see Table 1 and
Fig. 8). In general, the increasing volume of SFA causes no change in the
OPC content and could even lead to further delay in the setting time of
SFA-based concrete. Several studies on another source of SFA-based
concretes with higher than 50% SFA were conducted, which indicated
a high reduction in all strengths of SFA-based concretes with large SFA
levels.
3.2. Thermal profile

The thermal performance of all the mixtures was assessed by exposing
the SFA-based concrete mortars to various temperatures (i.e., 100 �C,
300 �C, 500 �C, 700 �C, 900 �C, and 1000 �C). The weight loss in the
different mixtures at 300 �C was approximately 13.2%, which may be
attributed to water surface evaporation in the voids, physical binding of
water to the reaction outputs, and partial sublimation of carbon afforded
by SFA [75]. At elevated heats, this reduction is ascribed to the thirst
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procedure of the microstructure of geopolymer concretes [76–78] and
decay of the calcium and sodium carbonates recognized by XRD. At 1000
�C, the weight losses for all the mixture systems assessed differed by
nearly 2% between the 10% and 50% SFA-based concretes, which could
be related to the mineral content in the used cement. This finding is
according to the chemical composition of the cement presented in
Table 1. The integration of 50% cement into the mix contributed to a
1.23% loss in ignition, leading to be nearly equal to the carbon dioxide of
the decay of existing limestone in the used cement fraction. In volumetric
alteration of the type of materials used, expansion and contraction al-
terations happened. The physical presence of the samples at 1000 �C
enhanced the transition of a bushymass into a permeable structure with a
sponge-like manifestation (see Fig. 9, SEM). The findings of hardened
strengths of the mixtures were 39.2 MPa and 26.5 MPa at 28 remedy days
for the 10% and 50% SFA concrete mortars, respectively. After heating at
500 �C and up to 700 �C, an increase in strength of 14.4% was noticed in
the FA-based concrete, while a decrease of 9.3% was detected in the
hybrid of SFA content. These findings are equivalent to those reported in
another study [77]. At 1000 �C, the extreme extension of the tested
specimens prevented the assessment of the hardened strength and
showed no cracks in the microstructure (Fig. 9). Another investigation of
performance with the hollow particles present in the SFA, easing the
stampede of the evaporation of water, and hence reducing intensive
cracking in the microstructure [77,79]. Heating at different temperature
rates could contribute to modifying the color of the tested specimens to
gray with minor red points, which were detected in the mixtures con-
taining more than 40% of SFA. The tested samples encompassing 100%
SFA-based concrete showed an orange color, which is attributed to iron
oxidation and carbon loss [80–84]. For clarity, when the levels of SFA
replacement increased, the rate of the temperature decreased, and the
color changed significantly, and vice versa.

3.3. Microstructure profile

Fig. 10 shows that the early strength of the SFA-based concrete
mortars was lesser than that of the OPC-based concrete mortars. How-
ever, the majority of concrete mortars gained their strength after 28 days
and above. This variation in strength may be attributed to the degree of
fineness of the SFA contents. However, the sorptivity and SEM images
show that the high fineness of SFA contents enhanced the porosity and
microstructure of the mortars matrix. An elastic correlation was detected
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between the degree of hydration and the strength. The strength devel-
opment of the SFA-based concrete mortars may be estimated on the basis
of the mere distribution of the particle size of the used SFAs. Meanwhile,
a small effect of the chemical composition of SFA on the cement hydra-
tion and strength development was detected. At 90 days, the samples
were tested and passed through a 180-μm sieve and subsequently
alienated into small cubes and positioned in the SEM mold for investi-
gation. Several studies have examined cement hydration products,
including their reactions through thermal analysis, SEM, and XRD [85].
XRD was utilized to classify the stages in the pastes hydrated with SFA.
For example, the CaO/SiO2 hydrate was the chief hydration product,
which aids in the development of strength and microstructure binding.
The ratio of Ca/Si in hydrated OPC was slightly adjustable, limited to the
range of 0.75–2.15 and dependent on the cement composition, SFA, and
description technique used [86]. In general, the degree of fineness of SFA
can raise the microstructure of the SFA-based concrete, thereby leading
to hardened strengths, reduced porosity, reduced sorptivity, and
improved impermeability of the mass. Fig. 11 demonstrates that the main
crystalline phases are mullite and quartz. The presence of a large per-
centage of aluminosilicate glassy phase (mullite) in SFA is mainly caused
by the rapid cooling at elevated temperature. The ratio of alumina to
silica of the present mullite is approximately 5.1:2.2. Mullite is a chem-
ical substance added into the SFA-based concrete mortar. The XRD
pattern of SFA implies that the remaining crystalline phase is hematite
(CaO and Fe2O3). Hematite, mullite, and quartz are denoted by H, M, and
Q, respectively. The relatively low intensity of CaO in the XRD pattern
verifies the insignificant presence of Ca in the SFA specimens. Consistent
with the ACI code, the presence of CaO, hematite, and quartz upsurges
the strength and enhances the durability of the SFA-based concrete
mortars.

Furthermore, the presence of low CaO content in the proportions of
SFA-based concrete mortars lowers the strength and delays the devel-
opment compared with a high CaO content. Hence, 50% SFA-based
concrete mortar has a higher intensity (1043 cps at 29.3�) than the
100% SFA-based concrete mortar (47 cps).

3.4. Compressive strength

Fig. 12 shows the average compressive strength of the SFA-based
concrete mortars versus the time of testing (i.e., after 3, 14, 28, 56, and
91 days and at 1 year). At 3 and 28 days, the reference mortar B00 (0%



Fig. 9. Micrographs using SEM for the SFA-based concrete exposed to varied temperatures.
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SFA) attained average compressive strengths of 14.3 and 42.4 MPa, with
a standard deviation (SD) of 0.55 and 2.91, respectively, and a coefficient
of variation (CV) of 3.86% and 6.87%, accordingly. On the other hand,
mortars B10 (10% SFA), B20 (20% SFA), B30 (30% SFA), B40 (40% SFA),
B50 (50% SFA) achieved average compressive strengths of (13.1 (SD ¼
1.00, CV¼ 7.63%) and 32.9 (SD¼ 2.97, CV¼ 9.05%)), (10.9 (SD¼ 0.60,
CV ¼ 5.50%) and 34.4 (SD ¼ 3.14, 9.13%)), (8.30 (SD ¼ 0.21, CV ¼
2.52%) and 31.3 (SD ¼ 0.85, CV ¼ 2.71%)), (6.8 (SD ¼ 0.75, CV ¼
10.98%) and 28.8 (SD ¼ 2.00, CV ¼ 6.94%)), and (6.10 (SD ¼ 0.90, CV
¼ 14.61%) and 26.5 (SD ¼ 1.00, CV ¼ 3.77%)) MPa, respectively. These
results indicate reductions of (8.39% and 7.55%), (23.78% and 18.40%),
(41.96% and 26.18%), (52.45% and 32.08%), and (57.34% and
37.50%), respectively, compared to the strength of the reference mortar
B00 (0% SFA). The findings at 56 days, 91 days and 1 year showed a
substantial development in strength after 28 days. However, the
enhancement in compressive strength was limited between 14.62% and
29.43% from 28 to 56 days, between 20.75% and 38.49% from 28 to 91
days, and between 32.78% and 43.45% from 28 days to 1 year. The in-
crements in compressive strength might have occurred due to the sus-
tained hydration of OPC. This considerable upsurge in strength of high-
proportion SFA-based concrete is also caused by the pozzolanic
9

reaction of SFA. At 3, 14, 28, 56, and 91 days and 1 year, the partial
substitution of 50% OPC with SFA reduced the concrete compressive
strength by 57.34%, 41.61%, 37.50%, 29.42%, 28.32%, and 35.52%,
respectively (Fig. 12). Nonetheless, the compressive strengths indicated
that even mortars B40 (40% SFA) and B50 (50% SFA) can continue to be
potentially utilized for fabricating structural concrete elements,
including precast concrete, in the construction industry.
3.5. Flexural strength

Fig. 13 presents the average flexural strength of the SFA-based con-
crete mortars versus the time of testing (i.e., after 3, 14, 28, 56, and 91
days and 1 year). The average flexural strength followed a similar trend
to the average compressive strength (i.e. decreased by increment of SFA
and increased by age). At 3, 28, and 91 days, reference mortar B00 (0%
SFA) attained flexural strengths of 3.1 (SD ¼ 0.25, CV ¼ 8.03%), 5.2 (SD
¼ 0.6, CV ¼ 11.54%), and 5.8 kN (SD ¼ 0.15, CV ¼ 2.65%), whereas
mortars B10 (10% SFA), B20 (20% SFA), B30 (30% SFA), B40 (40% SFA),
and B50 (50% SFA) have achieved flexural strengths of (2.9 (SD ¼ 0.2,
CV ¼ 6.90%), 4.6 (SD ¼ 0.45, CV ¼ 9.73%), and 5.5 (SD ¼ 0.4, CV ¼
7.27%)), (2.6 (SD ¼ 0.46, CV ¼ 17.54%), 4.4 (SD¼ 0.55, CV¼ 12.61%),



Fig. 10. SFA-based concrete samples via SEM images.
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Fig. 12. Compressive strength vs. time of testing.

Fig. 13. Flexural strength vs. time of testing.

Fig. 11. XRD profiles of OPC/SFA-based concrete.
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and 5.2 (SD ¼ 1.00, CV ¼ 19.23%)), (2.3 (SD ¼ 0.06, CV ¼ 2.47%), 3.9
(SD ¼ 1.00, CV¼ 25.64%), and 5.1 (SD ¼ 0.65, CV¼ 12.67%)), (2.2 (SD
¼ 0.29, CV ¼ 12.93%), 3.5 (SD ¼ 0.67, CV ¼ 19.21%), and 4.2 (SD ¼
0.65, CV¼ 15.62%)), and (1.9 (SD¼ 0.70, CV¼ 36.84%), 3.2 (SD¼ 0.4,
CV¼ 12.50%), and 3.7 (SD¼ 0.57, CV¼ 15.23%)) kN, respectively; that
is reductions of (6.45%, 11.54%, and 5.17%), (16.13%, 15.38%, and
10.34%), (35.81%, 25.00%, and 12.07%), (29.03%, 32.69%, and
27.59%), and (38.71%, 38.46%, and 36.21%) when compared to the
strengths of the reference mortar B00 (0% SFA), respectively. This sub-
stantial increment in flexural strength of high-proportion SFA-based
concrete may be caused by the pozzolanic reaction of SFA and continuous
hydration of OPC. After 3, 14, 28, 56, and 91 days and 1 year, the partial
substitution of OPC with SFA (from 10% to 50%) condensed the flexural
strength of concrete by 34.48%, 30.77%, 30.43%, 33.33%, 32.73%, and
36.84%, respectively (see Fig. 13). The findings also show that contin-
uous flexural strength development was maintained, even beyond 28
days. The increase in flexural strength of 30% SFA-based concretes from
28 to 91 days and from 28 to 1 year were up by 30.77% and 38.46%,
respectively.
3.6. Splitting tensile strength

Fig. 14 illustrates the STS of SFA-based concrete mortars versus the
time of testing (i.e., after 3, 14, 28, 56, and 91 days and 1 year). The trend
seen in the STS against SFA content was also observed in the compressive
and flexural strengths (i.e. the STS reduced with a rise in SFA content). At
3 and 28 days, the STSs of the reference mortar B00 (0% SFA) were 2.2
MPa (SD ¼ 0.35, CV ¼ 16.21%) and 5.5 MPa (SD ¼ 0.38, CV ¼ 6.84%),
respectively, whereas mortars B10 (10% SFA), B20 (20% SFA), B30 (30%
SFA), B40 (40% SFA), and B50 (50% SFA) exhibited STSs of (2.0 (SD ¼
0.20, CV ¼ 10.00%) and 5.5 (SD ¼ 0.35, CV ¼ 6.42%)), (1.9 (SD ¼ 0.20,
CV ¼ 10.53%) and 5.3 (SD ¼ 0.35, CV ¼ 6.67%)), (1.7 (SD ¼ 0.20, CV ¼
11.76%) and 4.3 (SD ¼ 0.55, CV ¼ 12.71%)), (1.4 (SD ¼ 0.44, CV ¼
31.33%) and 3.8 (SD ¼ 0.42, CV ¼ 10.86%)), and (1.2 (SD ¼ 0.30, CV ¼
25.00%) and 2.9 (SD ¼ 0.35, CV ¼ 11.97%)) MPa, respectively; a
reduction of (9.09% and 3.64%), (13.64% and 10.91%), (22.73% and
21.82%), (36.36% and 30.91%), and (45.45% and 47.37%), respectively,
compared with the STS strength of the reference mortar B00 (0% SFA).
However, STS was observed to continuously increase with time. At 56 and
91 days, mortars B00 (0% SFA), B10 (10% SFA), B20 (20% SFA), B30
(30% SFA), B40 (40% SFA), and B50 (50% SFA) attained STSs of (5.8 (SD
¼ 0.45, CV¼ 7.73%) and 6.0 (SD¼ 0.4, CV¼ 7.01)), (5.5 (SD¼ 0.53, CV
Fig. 14. Splitting tensile stre
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¼ 9.62%) and 5.7 (SD ¼ 0.45, CV ¼ 7.96%)), (5.1 (SD ¼ 0.75, CV ¼
14.62%) and 5.3 (SD ¼ 0.69, CV ¼ 13.07%)), (4.4 (SD ¼ 0.57, CV ¼
12.83%) and 4.6 (SD ¼ 0.5, CV ¼ 10.87%), (4.0 (SD ¼ 0.42, CV ¼
10.32%) and 4.3 (SD ¼ 0.57, CV ¼ 13.33%)), and (3.1 (SD ¼ 0.25, CV ¼
8.03%) and 3.2 (SD ¼ 0.4, CV ¼ 12.50%)) MPa, respectively, thereby
showing increases of (5.45% and 9.09%), (3.77% and 7.55%), (4.08% and
8.16%), (2.33% and 6.98%), (5.26% and 13.16%), and (6.90% and
10.34%), respectively, compared with the values recorded at the 28th-day
STS strength. The increase in the 1-year STS values with the increasing
percentage of SFA in the B00 (0% SFA), B10 (10% SFA), B20 (20% SFA),
B30 (30% SFA), B40 (40% SFA), and B50 (50% SFA) when compared to
the 28th-day STS strength were 23.64%, 16.98%, 12.24%, 9.30%,
18.42%, and 13.79%, respectively. The attained results reveal that the
ratio of increment in STS strengths at 91 days and 1 year from 28-days was
considerably high for the SFA-based concrete mortars and reference
mortar. This could be due to the active pozzolanic reactions in the SFAs.
3.7. Modulus of elasticity

This study adopted the modulus of elasticity (MoE) as the secant
modulus on the basis of a common scientific term and considered a
descending string from the radix to a particular spot point on the
stress–strain relationship curve. However, the secant modulus computed
in this investigation was approximately 36.3% of the highest stress peak
point. MoEs of the SFA-based concrete mortars were measured at interval
periods of 3, 14, 28, 56, and 91 days and 1 year. Fig. 15 illustrates the
MoE of SFA-based concrete mortars versus the time of testing (i.e., at 3,
14, 28, 56, and 91 days and 1 year). The experimental investigation re-
sults display that the use of high-proportion SFA condensed the MoE of
the SFA-based concrete mortars when compared with that of the refer-
ence mortar. At 28 days and 1 year, reference mortar B00 (0% SFA)
obtainedMoEs of 30.2 GPa (SD¼ 2.00, CV¼ 6.62%) and 31.6 GPa (SD¼
0.65, CV ¼ 2.06%), respectively, whereas mortars B10 (10% SFA), B20
(20% SFA), B30 (30% SFA), B40 (40% SFA), and B50 (50% SFA) ob-
tained MoEs of (27.8 (SD ¼ 1.94, CV ¼ 6.97%) and 31.5 (SD ¼ 0.67, CV
¼ 2.12%)), (24.5 (SD ¼ 1.91, CV ¼ 7.79%) and 30.0 (SD ¼ 1.29, CV ¼
4.29%)), (22.9 (SD ¼ 1.19, CV ¼ 5.22%) and 27.1 (SD ¼ 1.79, CV ¼
6.60%)), (20.8 (SD ¼ 2.10, CV ¼ 10.13%) and 23.9 (SD ¼ 2.00, CV ¼
8.37%)), and (19.0 (SD ¼ 1.50, CV ¼ 7.90%) and 22.1 (SD ¼ 0.95, CV ¼
4.29%)) GPa, respectively. Moreover, at 56 and 91 days and 1 year, the
findings showed that the MoE of SFA-based concrete mortars continu-
ously increased with the time.
ngth vs. time of testing.



Fig. 15. Modulus of elasticity vs. time of testing.
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3.8. Depth of wear penetration

Fig. 16 shows the variation of the wear depth of the SFA-based con-
crete mortars versus the time of testing (i.e., 3, 14, 28, 56, and 91 days
and 1 year after) under 1 h of abrasion. The results reveal that the wear
depth of OPC-based concrete mortar B00 (0% SFA) containing zero SFA
was higher than those of SFA-based concrete mortars B10 (10% SFA),
B20 (20% SFA), B30 (30% SFA), B40 (40% SFA), and B50 (50% SFA) that
comprise 10%, 20%, 30%, 40%, and 50% SFA, respectively. At 28 days
and 1 year, the wear depths of mortars B00 (0% SFA), B10 (10% SFA),
B20 (20% SFA), B30 (30% SFA), B40 (40% SFA), and B50 (50% SFA)
were (3.02 (SD¼ 0.10, CV¼ 3.31%) and 2.52 (SD¼ 0.17, CV¼ 6.87%)),
(2.88 (SD¼ 0.18, CV¼ 6.22%) and 2.42 (SD¼ 0.10, CV¼ 4.13%)), (2.72
(SD ¼ 0.20, CV ¼ 7.35%) and 2.36 (SD ¼ 0.20, CV ¼ 8.47%)), (2.41 (SD
¼ 0.20, CV ¼ 8.30%) and 2.28 (SD ¼ 0.10, CV ¼ 4.18%)), (2.01 (SD ¼
0.06, CV ¼ 2.74%) and 2.21 (SD ¼ 0.11, CV ¼ 4.75%)), and (1.51 (SD ¼
Fig. 16. Wear depth a
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0.10, CV ¼ 6.62%) and 1.96 (SD ¼ 0.05, CV ¼ 2.57%) mm, respectively.
The wear depths decreased from 28 days to 1 year by approximately
16.56%, 15.97%, 13.24%, and 5.39% when SFA addition increased by
0%, 10%, 20%, and 30%, respectively. Thereafter, the wear depths
increased from 28 days to 1 year by nearly 9.95% and 29.80% when SFA
increased to 40% and 50%, respectively. The results indicated that the
wear depth could substantially increase when the added volume of SFA
exceeds 40% of OPC substitution.

3.8.1. Abrasion resistance
Figs. 17 and 18 demonstrate the variation of abrasion resistance of the

SFA-based concrete mortars versus the time of testing at 28 days and 1
year under 70min of abrasion. The test findings showed that the abrasion
resistance values of concrete mortars B10 (10% SFA), B20 (20% SFA),
B30 (30% SFA), B40 (40% SFA), and B50 (50% SFA) that comprise 10%,
20%, 30%, 40%, and 50% SFA, respectively, were less than that of the
t 1 h of abrasion.



Fig. 17. Wear depth vs. time of abrasion at 28 days.

Fig. 18. Wear depth vs. time of abrasion at 1 year.
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reference mortar B00. At 28 days and 1 year, the wear depths for mortars
B00 (0% SFA), B10 (10% SFA), B20 (20% SFA), B30 (30% SFA), B40
(40% SFA), and B50 (50% SFA) were (1.47 (SD¼ 0.02, CV¼ 1.19%) and
1.63 (SD¼ 0.03, CV¼ 2.13%)), (1.43 (SD¼ 0.02, CV¼ 1.40%) and 1.59
(SD¼ 0.15, CV¼ 9.26%)), (1.86 (SD¼ 0.003, CV¼ 0.19%) and 2.07 (SD
¼ 0.04, CV ¼ 1.93%)), (2.09 (SD ¼ 0.02, CV ¼ 0.83%) and 2.32 (SD ¼
0.11, CV¼ 4.54%)), (2.23 (SD¼ 0.01, CV¼ 0.47%) and 2.48 (SD¼ 0.01,
CV ¼ 0.23%)), and (2.64 (SD ¼ 0.01, CV ¼ 0.53%) and 2.93 (SD ¼ 0.09,
CV¼ 3.13%)) mm, respectively. The difference of the abrasion resistance
with period of times for all SFA-based concrete mortars at ages 3, 14, 56,
and 91 days produced the same results as those at 28 days and 1 year.
Therefore, wear depth increased with the extension of the abrasion time
for all mortars. All strengths, particularly compressive strength, signifi-
cantly influenced the abrasion resistance of the SFA-based concrete.

4. Conclusions

This research paper presents the performance properties of high-
14
proportion SFA-based concrete at different times of testing (i.e., 3, 14,
28, 56, and 91 days and 1 year). The use of SFA as a suitable SCM to
partly substitute cement in the fabrication of SFA-based concrete is
crucial. To increase the SFA levels, an extensive experimental work was
carried out to utilize SFA in the production of concrete. Six concrete
mixes were utilized: five out of the six mixes were preparedwith different
SFA levels and one mix was used as the reference. This research presents
the findings of adding high volumes of SFA at different proportions (i.e.,
0%, 10%, 20%, 30%, 40%, and 50%). Experimental tests were performed
on the properties of SFA-based concrete, including slump test, air con-
tent, setting times, thermal profile, specific gravity, sieve gradation,
flexural strength, tensile strength, compressive strength, wear, resistance
to abrasion, and elasticity modulus, at different time intervals for one
year. The subsequent conclusions were observed on the bases of the
major results of this study.

- The substitution of OPC with five proportions of SFA condensed all
strengths, including MoE of SFA-based concrete at 28 days of testing
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time. However, an incessant and considerable development of
strength properties was still observed after 28 days.

- The strengths of the SFA-based concrete with 10%, 20%, 30%, 40%,
and 50% SFA contents after 28 days were found to be adequate for the
fabrication of structural concrete elements in the construction
industry.

- The wear depth was also highest 1 h after abrasion for all SFA-based
concrete mortars.

- The resistance to abrasion of the FA-based concrete was substantially
affected by its hardened strength, regardless of the SFA content.
Meanwhile, the resistance to abrasion improved with the increment
in age for all SFA-based concrete mortars.

- SFA has emerged as a new engineering material, contributing towards
environmentally sustainable construction and building products, at
construction industries today.

Further investigations are recommended, such as the enhancement of
the durability and strength of SFA in the hardened state using fibers and
the exploration of the potential application of FA in the construction of
green buildings and forthcoming sustainable cities with a reduced carbon
footprint.
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