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Abstract: Date palm fiber (DPF) is an easily processed,
low cost, and accessible natural fiber. It has mostly been
used in composites for non-structural applications. For DPF
to be utilized in cementitious composites for structural
applications, ways to reduce its harmful effect on compres-
sive strength must be devised. Therefore, in this study,
nano-activated carbon (NAC), due to its filler effects, was
used as an additive to produce the DPF-reinforced concrete
(DPFRC). To produce the DPFRC, 0, 1, 2, and 3% by cement
weight of DPF and NAC were added. The fresh properties,
strength, and microstructure of the concrete were exam-
ined. The findings revealed that DPF decreased the consis-
tency, density, and compressive strength. Additionally, it
increases the porosity in the concrete microstructure. The
addition of up to 1% NAC significantly improved the com-
pressive, flexural, and split tensile strengths of the con-
crete, while it decreased the harmful impact of up to 2%
DPF on the DPFRC’s strength. The split tensile and flexural
strengths of the concrete were enhanced with the addition
of up to 2% DPF without any NAC. The addition of up to 2%
NAC densified the DPFRC’s microstructure by refining and
filling the pores generated by the DPF. The multivariable
statistical models developed to estimate the mechanical
properties of the DPFRC containing DPF and NAC were
very significant with a very high degree of precision.

Keywords: natural fiber, date palm fiber, nano-activated
carbon, mechanical properties

1 Introduction

One of the best ways to achieve sustainability is by proper
utilization of waste materials and natural resources for
building and construction applications. In terms of the con-
sumption of natural resources, the construction industry is
the foremost. With concrete being the major construction
material, which is believed to be the second most used mate-
rial after water, its production involves huge quantities
of material resources [1–3]. Concrete possesses excellent
compressive strength but poor tensile strength and strain
properties, and easily cracks when subjected to tensile or
bending stresses. Methods have been devised to address this
shortcoming of concrete by using reinforcement to form a
composite structure called reinforced concrete. As steel rein-
forcement is an expensivematerial, the cost of buildings and
construction are increased. Hence, innovations to boost
the tensile and strain characteristics of the concrete were
derived by several researchers, using admixtures, fibers,
and supplementary cementitious materials to the concrete
[4–7]. This will decrease the amount of reinforcement needed
to produce a reinforced concrete structure and hence reduce
the overall cost of construction [2,8]. Fibers are added to
cementitious composites as the main or secondary reinforce-
ment [9,10]. In terms of main reinforcement, fibers are added
to thin-sheet products where normal steel reinforcements
cannot be used. This type of thin-sheet product contains a
high amount of cement with no coarse aggregate in the
matrix. The fibers are used to enhance the toughness, impact
resistance, and tensile strengths, and prevent crack develop-
ment and propagation. When used as a secondary reinforce-
ment, fibers are added for controlling crack development and
its propagation induced by temperature changes or humidity
increases the post-cracking load resistance caused by spalling
or overload [11,12]. Different types of fibers ranging from
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natural fibers and man-made (synthetic) fibers have been
added to cementitious composites in a variety of sizes. The
choice of fibers depends on the availability, cost, type of
cementitious composites, and the need for enhancement of
the composite properties. Some of the commonly used syn-
thetic fibers include polypropylene fiber, polyethylene fiber,
polyvinyl alcohol fiber, polyvinyl chloride fiber, steel fiber,
glass fiber, and carbon fibers [12]. For natural fibers, they are
sourced from natural resources like plants, vegetation, trees,
and animals. Some of their attributes include low elasticity
and high tensile strength [8,13]. Furthermore, natural fibers
have some superior benefits when compared to synthetic and
other fibers. These include environmental sustainability, low
to zero cost, easy accessibility, lower density and abrasive-
ness, better resistance to alkalinity, and better thermal and
acoustic properties [14,15]. Conversely, when compared to
synthetic fibers, natural fibers have meager wettability and
high absorption, and poor bonding with the cement matrix
due to their hydrophilic nature [8,11].

Date palm fiber (DPF) is obtained from the tree of date
palm. The date tree is one of the most common trees avail-
able in the Middle East countries like the Kingdom of Saudi
Arabia [9]. The processed DPF can be used as a natural
fiber in concrete. The DPF has been reported to enhance
thermal insulation and acoustic properties and decrease
the density of the composites [16,17]. Furthermore, the
DPF was found to boost the toughness, tensile strength,
impact, and crack resistance of the composites [8,11,18].
On the contrary, the key shortcoming of adding DPF in
the cementitious composite is that it led to a decrease in
the compressive strength, triggered by the hydrophilicity
of the fiber, which reduced its bonding with the cement
matrix and decreased the strength. DPF also increases the
porosity in the microstructure of the composites due to air
entrainment on its surface during mixing. DPF also
decreased the consistency of the composites, which results
in balling effects of the fiber in the fresh composite, trig-
gering increased pore volume in the cement matrix [8,16].
Different procedures have been used to counteract the det-
rimental impacts of the DPF on the strength and porosity of
the composites. Khelifa et al. [19] treated the DPF with an
alkali (NaOH) before incorporating it into the mortar. The
treatment procedure involved using three combinations of
NaOH concentrations and immersion times. The NaOH con-
centrations were 1, 2, and 3%, while the immersion times
were 2, 8, and 14 h. The optimum treatment was found to be
a 5% NaOH solution with an immersion time of 8 h. They
reported that the addition of 1% DPF treated with 5% NaOH
for 8 h resulted in the enhancement of the compressive
strength and modulus of elasticity of the mortar by 46.6
and 36.3%, respectively, when compared to the mortar in

which 1% untreated DPF was added. They attributed the
enhancement in strength and modulus to the improvement
in the surface roughness and removal of impurities from the
DPF, which led to better bonding between themortar matrix
and DPF and hence improved the strength. In a similar
study, Ozerkan et al. [11] treated the DPF using Ca(OH)2
and NaOH before utilizing it in concrete. They observed
an increase in the compressive strength of the concrete
when Ca(OH)2-treated DPF was added in a dosage of up to
2%. However, Ibrahim et al. [8] used a pozzolanic material in
the concrete produced with DPF. They replaced cement with
silica fume at dosages of 5, 10, and 15% by volume of cement
in the concrete containing 1, 2, and 3% DPF. They concluded
that the incorporation of up to 10% silica fume as a replace-
ment to cement led to the total mitigation of loss in the
compressive strength due to the undesirable impact of the
addition of 1 and 2% DPF in the concrete.

Activated carbon (AC) is obtained from materials
of carbonaceous sources, such as wood, coir, rick husk,
coconut husk, coal, petroleum pitch, and lignite, and it is
produced from either chemical or physical activation pro-
cesses. There are several types of ACs, including granular,
extruded, bead, powdered, polymer coated, and impreg-
nated ACs. Powdered AC is processed from granular AC
that has a large surface area and is very porous to be able
to absorb chemical components like mercury [20,21]. ACs
were used as cement additives in industrial applications
as early as 1952 for the prevention of the contamination of
oil-well linings when in contact with drilling muds [22,23].
ACs in powdered and granular form were used for different
engineering applications: (a) as additives to cementitious
materials in concrete for absorption of nitrogen oxides
and other volatile organic compounds formed from combus-
tion in parking garages and roadway tunnels; (b) as aggre-
gates for production of lightweight concrete; (c) for the
prevention of microbial-induced corrosion in concrete sewer
pipelines; and (d) in self-healing concrete for the transport
of bacteria to aid the self-healing process [23–28]. Powdered
ACs due to their high porosity at the nanoscale and larger
surface area make them good materials for the densification
of the microstructure at nano levels [29]. AC in powdered
form has been used as additives in concrete and mortar. Na
et al. [30] reported improvement in the strength of mortar
with the addition of up to 1.5% powdered AC. They also
detected an increase in the strength hardening process
with the inclusion of powdered AC, which led to the reduc-
tion in curing time. They found that 0.5% nano-activated
carbon (NAC) significantly improved the early strength
while 1.5% powdered AC improved the strength better at
28 days. Zheng et al. [31] also reported an increase in the
compressive strength of fly ash mortar with the addition of
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NAC; from the microstructural analysis, they observed that
powdered AC acted as a filler and densified the mortar
microstructure, hence improving the strength. Wang et al.
[32] added different proportions of powdered AC, between
0.5 and 2.0% by binder weight, in conventional cement
mortar and mortar containing fly ash as a partial substitute
to cement. They reported that the powdered AC had a very
good dispersing ability in the cement matrix. The pore
volume of the mortar with or without fly ash decreased
with the addition of NAC due to its filler effect. Furthermore,
the strength of the mortar increased while its water absorp-
tion decreased with the addition of powdered AC.

DPF is one of the cheapest and most easily processed
natural fibers for use in cementitious composites, which is
readily available, especially in the middle-east countries.
DPF has been found to improve some properties of cemen-
titious composites such as thermal insulation, acoustic prop-
erties, ductility, and energy absorption capacity. However,
the primary impediment to utilizing DPF in cementitious
composites is an increase in porosity and a decrease in
the strengths of the composites. This led to its shortcomings
when used in concrete, especially for structural applica-
tions. Different methods have been used to mitigate the
adverse impact of the DPF in mortar and concrete, with
some methods being ineffective and other methods being
effective but expensive. With AC in powdered form, a
cheaper material has been found to improve the mechanical
strengths of concrete and mortar by densifying the micro-
structure and reducing the pore volume. However, even
with a series of advantages listed, AC in powdered form
has not been used in DPF-reinforced concrete (DPFRC) as
there are scanty or no available studies that utilized pow-
dered AC in DPFRC to minimize the adverse influence of the
DPF. Therefore, in this study, powdered AC in nano size was
used as an additive to the DPFRC to mitigate the negative
effects of the DPF on the porosity and mechanical strengths
of the concrete.

2 Materials and methods

2.1 Materials

In this research, ordinary Portland cement (OPC) was uti-
lized as the main binder material. The OPC was of Type I
and the chemical compositions are given in Table 1, which
conformed with the standard requirements of ASTM C150/
150M [33]. The cement has a specific gravity (SG) and bulk
density of 3.15 and 1,440 kg/m3, respectively. The AC used
was obtained in commercial quantity from the BMS factory

in Saudi Arabia. The AC was obtained in a granular form
and then ground using a miller that is capable of grinding
the AC up to sizes less than 38 µm. After grinding, the AC
was sieved through a 38 µm (No. 400) sieve to obtain the
powdered AC. The powdered AC was further subjected to dry
milling to reduce it to nanoscale size. Milling was done using
a Pulverisette 7 Premium planetary ball milling machine. The
NAC has a mean pore diameter, bulk density, and specific
surface area of 2.14 nm, 0.5 g/cm3, and 3,000m2/g, respec-
tively. Additionally, the iodine number of the NAC was found
to be 950mg/g and its ash content was 10%. Figure 1 shows
the used AC in granular and nano forms.

A clean and dust-free natural river sand was employed
as the fine aggregate. The fine aggregate has a fineness mod-
ulus, bulk density, and SG of 2.26, 1,565 kg/m3, and 2.63 respec-
tively. Moreover, the aggregate was found to have water
absorption and mud content of 1.87 and 1.1%, respectively.
Figure 2 depicts the gradation curve of the fine aggregate,
which was found to be within the specified range of ASTM
C33 [34]. For the coarse aggregate, crushed granite was used.
The aggregate was thoroughly washed in clean water to
remove any form of impurity and dust. The aggregate has a
maximum nominal size, SG, and bulk density of 19mm, 2.67,
and 1,455 kg/m3, respectively. The gradation curve for the
aggregate, as shown in Figure 2, is within the range required
for coarse aggregate in concrete by ASTM C33 [34].

DPF was obtained from the mesh of the date palm tree
in raw forms. The mesh was in interwoven form of length
varying between 300 and 500mm and width between 200
and 300mm. The raw mesh was processed and reduced to
single DPFs by carrying out the following steps: Themesh was
separated by hand and then submerged in clean water and
washed thoroughly. Then, the washedmesh was immersed in
3% NaOH solution for about 3 h to remove all forms of impu-
rities and dirt. After that, the fiber mesh was thoroughly

Table 1: Chemical compositions of cement

Oxides Compositions (%) NAC

CaO 65.18 0.53
Al2O3 5.39 0.64
Fe2O3 3.4 0.60
SiO2 19.17 1.57
MgO 0.91 —

TiO2 0.24 0.06
Na2O 0.17 —

K2O 1.22 0.06
P2O5 0.09 0.15
SO3 3.51 —

MnO 0.18 —

Carbon — 91
Loss of ignition 2.38
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washed with clean water and then separated into single
fibers of length varying from 20 to 30mm and diameters
from 0.2 to 1.0mm. The single fibers were allowed to dry
completely in the air for about 48 h before adding to the con-
crete. The fiber mesh and single fibers are shown in Figure 3,
and the properties of the DPF are illustrated in Table 2.

2.2 Mixture proportions

The ACI 211.1R procedure [35] was followed for designing
the concrete to obtain the constituent materials for the

control mix. The volume of the superplasticizer was kept
at 1% (by wt) to counteract the effects of variations in the
w/c ratio throughout the mixes. The DPF was incorporated
into the mixes at varying proportions of 1, 2, and 3% (by wt)
of the binder. The NAC was used as an additive in the
DPFRC and was incorporated at proportions of 1, 2, and
3% (by cement weight). Sixteen mixes including the control
were obtained using different combinations of DPF and
NAC, as presented in Table 3. Each of the mixes in Table 3
is designated a distinctive ID. Mix M1F1A is a mix with 1%
DPF and 1% NAC; mix M0F2A is a mix with 0% DPF and 2%
NAC; and mix M1F3A is a mix with 1% DPF and 3% NAC.

Figure 1: AC: (a) granular AC and (b) ground AC.
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2.3 Sample preparation

The developed mix proportions were produced in the
laboratory for testing. Each of the constituent materials

for the mix under consideration was weighed. The batching,
mixing, and casting of the concrete samples were accom-
plished following the procedures outlined in ASTM C192/
C192M [21]. To avert the absorption of some portion of
the mixing water by the aggregates, they were brought to
a saturated surface dried condition before mixing. The
cement used was also ensured to be free from agglomera-
tion, impurity, and lumps. The mixing was carried out in
a rotating drum concrete mixer, as shown in Figure 4a.
The fine aggregate, NAC, and cement were emptied into the
mixer and were then thoroughly mixed for about 45 s. The
DPF and part of the mixing water combined with the super-
plasticizer were added gradually during mixing. The coarse
aggregate and the remaining part of water combined with
superplasticizer were added. The mixing progressed and
was stopped after a completely homogenous mix was

Figure 3: (a) DPF mesh and (b) single DPF.

Table 2: Properties of DPF

Properties Units Values

Fiber length mm 20–30
DPF diameter mm 0.2–1.0
Bulk density kg/m3 877.43 ± 4.8
Elastic modulus GPa 3.35 ± 1.5
Tensile strength MPa 203.24 ± 30
Elongation at failure % 13.5 ± 2
Saturated water absorption % 102.65 ± 3.3
Natural moisture content % 10.2 ± 0.4

Table 3: Mixture proportions

Mix no. Quantities for 1 kg/m3 (kg/m3)

Cement DPF NAC Fine aggregate Coarse aggregate Water SP

Control 480 0.0 0.0 730 890 180 4.8
M1F0A 480 0.0 0 730 890 180 4.8
M2F0A 480 4.8 0 730 890 180 4.8
M3F0A 480 9.7 0 730 890 180 4.8
M0F1A 480 14.5 4.8 730 890 180 4.8
M1F1A 480 4.8 4.8 730 890 180 4.8
M2F1A 480 9.7 4.8 730 890 180 4.8
M3F1A 480 14.5 4.8 730 890 180 4.8
M0F2A 480 0.0 9.6 730 890 180 4.9
M1F2A 480 4.9 9.6 730 890 180 4.9
M2F2A 480 9.8 9.6 730 890 180 4.9
M3F2A 480 14.7 9.6 730 890 180 4.9
M0F3A 480 0.0 14.4 730 890 180 4.9
M1F3A 480 4.9 14.4 730 890 180 4.9
M2F3A 480 9.9 14.4 730 890 180 4.9
M3F3A 480 14.8 14.4 730 890 180 4.9
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obtained. Instantly following the mixing, the slump and
fresh density of the fresh concrete were determined. The
fresh concrete was then cast in the designated molds and
kept in the laboratory for 24 h to settle and harden, as
shown in Figure 4b. After hardening, they were removed
from the molds and submerged in clean water for curing.

2.4 Test methods

The slump test was employed to measure the workability
of the fresh concrete immediately after casting in accor-
dance with ASTM C143/C143M [37] specifications. After-
ward, the fresh density was measured following the
guidelines listed in ASTM C138/C138M [38].

For testing the hardened properties, the compressive
strength was measured after curing ages of 3, 7, and 28
days. Cubical samples of 100 mm sizes were produced
and used for the testing in accordance with BS EN 12390-
3 [39] specifications. The testing was done with the aid of a
universal testing machine (UTM) of 2,000 kN capacity, as
shown in Figure 5a. Similarly, the split tensile strength
testing was done using the same UTM. Cylindrical samples
of 200mm height and 100mm diameter were manufactured
and subjected to curing for 3, 7, and 28 days before testing.
Methods defined in BS EN 12390-6 [25] were adopted for
the tensile strength testing. The test setup for the split
tensile strength is shown in Figure 5b. The flexural strength
testing was executed by adopting the procedures listed in
ASTM C78/C78M [40]. Prismatic samples of 100mm width,
100mm height, and 500mm length were manufactured and
preserved for 7 and 28 days in water before testing. The

flexural strength test was carried out using a UTM of
3,000 kN, as shown in Figure 5c. The water absorption test
was done by following the methods explained in ASTM C78/
C78M [40]. Cubical-shaped specimens of 100mm dimensions
were made and subjected to 28 days curing period before
testing. Prior to testing, the samples were oven-dried for 24 h
at 110°C as shown in Figure 5d. After oven drying, the
weights of the samples were recorded and then the samples
were completely immersed in clean water for another 24 h.
The weights of the samples after immersion in water were
recorded. The two measured weights were used to compute
the water absorption.

The microstructural analysis was carried out on some
selected samples. The microstructural morphology of the
DPFRC was examined using a field emission scanning elec-
tron microscope (FESEM). Fractions of the concrete sam-
ples were obtained from the mixes after 28 days of curing.
The fraction was completely dried and cleansed before
coating with a thin gold film. The coated sample was
inserted into the FESEM, and the morphology was captured
using a high-resolution computer system. The morphology
was captured at various resolutions between 1,000 and
10,000 magnifications and the best magnification was
reported. The X-ray diffraction (XRD) test was carried out
on some selected samples to determine the changes in the
chemical composition, crystallinity, and structure of the
DPFRC when NAC was added. An X’Pert3 MRD was used
for the XRD test. Paste samples were extruded from the
representative mixes after 28 days of curing. The pastes
were then completely dried and cleaned before grinding
to a fine nano form. The nanopaste samples were then
placed in the machine, and the results were obtained

Figure 4: Preparation of samples [8,36]: (a) mixing fresh concrete and (b) hardened samples.
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from the high-resolution computer system attached to the
machine.

3 Results and discussion

3.1 Workability

The outcomes of the slump test for the DPFRC are pre-
sented in Figure 6. The slump values for all the mixes range
between 84 and 50mm. The addition of NAC caused a
decrease in the slump values of the concrete. The slump
values of mixes M0F1A, M0F2A, and M0F3A are 80, 65, and
55 mm, respectively, lower than that of the control, which

has a slump value of 84mm. The decrease in slump values
with the addition of NAC is because of its larger surface
area, it absorbs more water to form a consistent paste and
consequently reduces the workability. The high porosity of
the NAC is owing to its larger surface area, which causes
more friction in the fresh concrete mix, hence resulting in
lower consistency [41]. The high loss of ignition of the NAC
is owing to the carbon-based material, which also causes
much absorption of mixing water thereby decreasing the
fluidity and workability of the concrete. Similar outcomes
have been observed by Rashad et al. [42] whereby they
reported a decrease in flowability by up to 35% with the
addition of up to 3.5% NAC to the alkali-activated paste.
Lekkam et al. [41] also reported a decrease in the fluidity
of the cement paste with the addition of 2% NAC. Zaid et al.

Figure 5: Testing methods: (a) compressive strength; (b) split tensile strength; (c) flexural strength; and (d) oven drying samples.
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[43] also reported that the workability of steel fiber-rein-
forced concrete decreased with the addition of graphene
oxide to the concrete due to the larger surface area of the
graphene material. The addition of DPF to the mixes con-
taining different proportions of NAC caused a further
decrease in the slump values as indicated in Figure 6.
The slump values of M1F1A, M2F1A, and M3F1A were 78,
74, and 68 mm, respectively, compared to that for the mix
M0F1A, which has a slump of 80 mm. The further decrease
in the slump value with the addition of DPF is ascribed to
the high hydrophilicity, porous structure, and lignocellu-
lose and hemicellulose contents of the fiber, causing it to
absorb parts of the mixing water and hence reducing the
consistency of the fresh concrete mix [8,16,44]. From Figure 6,
it is evident that the control mix has the highest slump of
84mm, and the mix containing 3% DPF and 3% NAC (M3F3A)
has the lowest slump of 50mm. Therefore, to use both DPF
and NAC in concrete it is recommended to add more amount
of water-reducing admixtures like superplasticizers to coun-
teract the decrease in consistency in the mix.

3.2 Density

The densities of the fresh and hardened mixes are pre-
sented in Figure 7. The density of the concrete slightly
increased with the addition of up to 2% NAC. The fresh

densities of mixes M0F1A and M0F2A were higher by 0.7
and 1.1%, respectively, compared with the control. Compar-
able result trends can be seen for the density of the har-
dened mix also. The increase in density might be because
NAC can serve as a filler material in the mix as a result of
its large surface area, hence densifying the fresh mix and
leading to an increase in density. Additionally, as NAC is
used as an additive, it, therefore, increases the amount
of constituent materials in the mix, which consequently
increases the density/unit weight [45]. On the other hand,
the addition of 3% NAC caused a decrease in the density of
both the concretes, and this might be due to a great
decrease in consistency, which cause agglomeration of
the NAC leading to air entrainment and consequently a
decrease in density. Incorporating up to 2% DPF into the
concrete mixes containing up to 2% NAC led to an increase
in the density of fresh and hardened mixes. For instance, in
mixes consisting of 1% NAC in comparison to the control
mix, the fresh densities of mixes M0F1A, M1F1A, and M2F1A
were higher by 0.7, 1.1, and 1.5%, respectively. A similar
result trend can be observed for the hardened mix. Equally,
mixes containing 2% NAC have higher fresh density com-
pared to the control mix by 1.1, 1.3, and 1.8% for mixes
M0F2A, M1F2A, and M2F2A, respectively. The increase might
be because DPF increases the volume of constituent mate-
rials in the mix, hence leading to higher density. Further-
more, the NAC due to its finer sizes fills the pores created by
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the DPF in the cement matrix, hence densifying the paste
which results in improved density. Though the addition of
DPF to the concrete mixes containing 3% NAC caused a
decrease in the fresh density. The fresh densities of the
mixes with 3% NAC, i.e., M0F3A, M1F3A, M2F3A, and
M3F3A, were lower by 3.9, 5.3, 6,1, and 8.6%, respectively
comparable to the control. This decrease in density might
be due to the poor consistency of the mix, which causes
agglomeration of the NAC and balling effects of the DPF,
which causes a lot of air to be entrained in the fresh mix
and consequently decrease in the density.

3.3 Compressive strength

Figure 8 depicts the compressive strengths for the DPFRC.
The compressive strength decreases with the increase in
the percentage of DPF added at all ages. Compared to the
control at 7 days, the compressive strengths of mixes
M1F0A, M2F0A, and M3F0A were lower by 6.54, 10.67,
and 27.82%, respectively. Similarly, at 28 days, the compres-
sive strengths of mixes M1F0A, M2F0A, and M3F0A were
lower by about 5.48, 9.36, and 23.83%, respectively, com-
pared to the control mix. The decrease in compressive
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strength with the addition of DPF was reported by other
studies [8,46,47]. The decrease in the compressive strength
was caused by the hydrophilic nature of the DPF, causing it to
absorb part of the mixing water and decreasing the consis-
tency of the mix. This led to the formation n of honeycombs
and porosity in the composite matrix and consequently
leading to premature failure and a decrease in strength.
Moreover, the poor adhesion between the cement paste
and DPF also contributed to the decrease in strength [8,46,47].

The addition of NAC to the DPFRC improved its com-
pressive strength. For the mix containing 0% DPF, the addi-
tion of 1% NAC improved its compressive strength at all
ages, where the compressive strengths of M0F1A improved
at 3, 7, and 28 days by 6.15%, 8.53%, and 5.48% respectively,
when compared with that of the control mixes at same
ages. For the mixes with DPF, 1% NAC addition was suc-
cessful in alleviating the loss in the compressive strength
when 1 and 2% DPF were incorporated. For instance, the
compressive strengths of mix M1F1A were superior to the
control mix by 9.55, 13.7, and 11.12% at 3, 7, and 28 days,
respectively. Similarly, the compressive strengths of mix
M2F1A were more than that of the control mix by 1.44, 4.69,
and 5.5%, at 3, 7, and 28 days, respectively. These results are
consistent with the outcomes of previous studies where they
reported an increase in compressive strength when 0.5% NAC
[41] and up to 1.5% NAC was added [30,42]. The increase in the
compressive strength of DFPRC with the addition of NAC was
ascribed to the larger surface area and filler ability of the NAC,
thereby filling the pores and air voids triggered by the DPF
and densifying the concrete matrix and hence increasing the
strength [42]. Another reason for the increase in strength
might be due to the acceleration of the strength hardening

process in the cement matrix by the NAC [30]. In a similar
study, Maglad et al. [48] also reported that graphene oxide
acted as a filler due to its larger surface area and increased
compressive strength of the geopolymer concrete.

The addition of more than 1% NAC to the concrete with
or without any DPF resulted in a decrease in the compres-
sive strength at all ages. For the mixes without DPF, the
compressive strengths of mix M0F2A were lower by 12.97,
10.16, and 9.01% at 3, 7, and 28 days, respectively, compared
to the control mixes. Likewise, for the M0F3A mix, its com-
pressive strengths were lower by 36.08, 24.88, and 16.9% at 3, 7,
and 28 days, respectively, compared to the control. The
decrease in the compressive strength is due to the interruption
in the hydration of tricalcium aluminates by lowering
its hydrolysis and formation of ettringites caused by the
retarding effects of the carbon. Additionally, the impurities
present in the NAC from its high iodine number, unburnt
carbon, and other elements formed in the AC during its pro-
duction might attenuate the hydration process and cause a
decrease in its strength [41]. Furthermore, the finer sizes of
NAC make it absorb some portion of the mixing water and
decrease the workability of the fresh concrete. This led to poor
compaction and balling effects of the fibers, increasing the
pore volume in the hardened concretes’ microstructure. This
creates many weak paths for premature failure with load
applications and consequently lower compressive strength.

3.4 Flexural strength

Figure 9 presents the flexural strengths for the DPFRC pro-
duced with different proportions of DPF and NAC. The
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Figure 9: Flexural strength results.
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flexural strength increased with the increase in the volume
of DPF. In comparison to their respective control mixes, the
flexural strength of mix M1F0A improved by 3.6 and 8.5%
at 7 and 28 days, respectively, while for mix M2F0A its
flexural strength improved by 8.9 and 15.6% at 7 and 28
days, respectively, likewise for mix M3F0A its flexural
strength enhanced by 13.3 and 17.7%, respectively. The
enhancement in flexural strength was credited to the
fibrous nature of the DPF, resulting in the prevention
and prolonging of crack spread and improving the bending
resistance even after the first crack has occurred. Similar
findings have been reported by previous studies [8,49].

The addition of 1% NAC to the mixes without DPF
improved its flexural strength, where the strength of mix
M0F1A enhanced by 2.44 and 8.3% at 7 and 28 days, respec-
tively, compared to the control. The pore-filling effects of
the NAC might be the reason for the upgrading in flexural
strength [32]. The addition of 1% NAC further enhanced the
flexural strengths of the DFPRC containing 1, 2, and 3%
fibers. This is testified by comparing the flexural strengths
of mixes M1F1A, M2F1A, and M3F1A with the control or
respective mixes M1F0A, M2F0A, and M3F0A. The flexural
strength of mixes M1F1A improved by 6.4 and 11.2% at 7
and 28 days, respectively, when match with the control
mix. Similar result trends can be seen for mixes M2F1A
and M3F1A. The addition of 2% NAC only enhanced the
flexural strength of the mix with 1% DPF. This can be
seen by comparing the flexural strength of mix M1F2A
with that of the control, where the former has higher
strength by 3.8 and 5.6% at 7 and 28 days, respectively,
comparable to the former. The upgrade can be due to the

combination of crack bridging ability by the fiber and pore
filling ability of the NAC. Conversely, the addition of 2%
NAC to DPFRC containing 2 and 3% DPF resulted in a
decrease in flexural strength as seen in Figure 9. Further-
more, the addition of 3% NAC to DPFRC containing 1, 2, and
3% DPF also led to a decrease in flexural strength. From all
themixes, the concrete with 3%DPF and 3%NAC (M3F3A) has
the lowest flexural strength, where its strength decreased by
30.3 and 25.8% at 7 and 28 days, respectively, when compared
with the control. The decrease in flexural strength with
the addition of NAC to the DPF concrete was credited to the
reduction in consistency which caused fiber balling in the
fresh concrete. After the DPFRC has hardened, this lower
consistency caused an increase in pore volume and air voids
in the microstructure. This weakens the cement paste and
creates a lot of weak paths for easy crack initiation and pro-
pagation and consequently resulting in a decrease in flexural
strength.

3.5 Splitting tensile strength

Figure 10 summarizes the results of the split tensile strength
for the DPFRC. The addition of up to 2% DPF led to an
increase in tensile strength at all periods. Mix M1F0A has
superior tensile strengths of about 5.8, 3.6, and 5.9% at 3, 7,
and 28 days respectively, compared to the control. Similarly,
mix M2F0A has greater tensile strengths at 3, 7, and 28 days
by 7.7, 10.1, and 10.9%, respectively, compared to the control.
The reason for the improvement in tensile strengths with
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Figure 10: Results of splitting tensile strengths.
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the addition of DPF may be due to the enhancement in the
crack bridging effect and energy transfer mechanism by the
fiber, which improved the post-crack failure resistance and
increased the tensile strength [8].

The effect of NAC on the splitting tensile strength of the
DPFRC is shown in Figure 10. The addition of 1% NAC to the
plain concrete (without DPF) increased its splitting tensile
strength at all ages. For instance, the tensile strength of
M0F1A was superior to that of the control by 3.5, 4.3, and
8.6% at 3, 7, and 28 days, respectively. The increase in the
tensile strength might be due to the decrease in the pore
volume and air voids in the concrete’s microstructure with
the addition of NAC due to its filler ability. This conse-
quently led to better gluing between the cement matrix
and aggregate and thus improved the tensile strength.
The addition of up to 2% NAC to the concrete containing
1 and 2% DPF led to further augmentation in the tensile
strength. In comparison to the control, M1F1A has superior
tensile strength by 7.9, 9.3, and 11.1% at 3, 7, and 28 days,
respectively. Similarly, M2F1A has improved tensile strength
by 9.5, 11.5, and 19.5% at 3, 7, and 28 days, respectively, when
compared with the control. Finally, M1F2A has its tensile
strength improved at 3, 7, and 28 days by 4.9, 3.1, and
5.1%, respectively, when compared with the control. This
further increase in the tensile strength with the addition
of NAC to the DPFRC is due to the combined influence of
both the DPF and NAC. The NAC filled the pores generated
by the DPF and consolidated the concrete’s microstructure,
thereby enriching the bonding between the fiber and paste,
which resulted in increased tensile strength. However, the
addition of 2 and 3% NAC led to a decrease in the split tensile
strength of both the plain concrete (without DPF) and the
DPFRC. For instance, the split tensile strengths of mixM0F2A
at 3, 7, and 28 days were lower by 7.5, 6.1, and 6.2%, respec-
tively, comparable to the control. Also, the tensile strengths
of M0F3A at 3, 7, and 28 days were lower by 21.7, 19, and
17.5%, respectively. A further decrease can be seen with the
addition of 2 and 3% NAC to the DPFRC with different pro-
portions of DPF. At 3 days, the split tensile strengths of mixes
M2F2A, M3F2A, M1F3A, M2F3A, andM3F3Awere lower by 13,
19.3, 24.1, 28.8, and 34.6%, respectively, when compared to
the control (at 3 days). However, at 28 days, the split tensile
strengths of M2F2A, M3F2A, M1F3A, M2F3A, andM3F3A were
lower by 8.2, 14.1, 18.9, 24.1, and 27%, respectively, compared
to the control at the same age. The decrease in the tensile
strength with the addition of NAC is caused by the signifi-
cant decrease in consistency of the fresh concrete where
both DPF and NAC absorb part of the mixing water. This
instigated poor compaction and dispersion of the fibers in
addition to balling effects of the fiber. This affected the har-
dened cement matrix by increasing the poor volume and air

voids. Therefore, untimely failure arises through the weak
paths and hence a decrease in the tensile strength.

3.6 Relationship between compressive
strength and split tensile/flexural
strengths

The relationships between compressive strength and split
tensile strengths of the DPFRC containing different propor-
tions of DPF and NAC are presented in Figure 11, while the
relationship between the compressive strengths and flex-
ural strengths is shown in Figure 12. In the figures, Ƈ represents
compressive strengths, $ represents split tensile strengths, and
Ʈ represents flexural strengths. A good correlation exists
between the compressive strength and split tensile strength
at 3, 7, and 28 days, as shown in Figure 11, as the strength
relationships at all ages have a degree of correlations (R2)
greater than 0.7, with the relationship at 3 days having the
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best correlation. For the relationship between the compressive
strengths and flexural strengths of the concrete at 7 and 28
days, as seen in Figure 12, a fair correlation existed as the
strength relationships have R2 values greater than or equal
to 0.5, with the relationship at 28 days having the best degree
of correlation. The splitting tensile strengths and flexural
strengths at all ages were found to be directly proportional
to their corresponding compressive strengths at the same ages.

Power relationships, which were proposed by ACI 318
[50] for the relationships between compressive strength
and split tensile/flexural strengths of concrete, were devel-
oped and are presented in Figure 13 for the 28 day strengths.

All the strength relationships have excellent correlations, as
both the compressive strength – split tensile strength and
compressive strength – and flexural strength models have
R2 values greater than 0.99. Therefore, the power model
is the best fit for predicting the split tensile and flexural
strengths of the DPFRC using its compressive strengths com-
pared to the other models developed in Figures 11 and 12. The
power models developed in this study between the 28 days
compressive strength and 28 days split tensile strengths
were compared with already existing modes from ACI 318
[50], CEB-FIB [51], ACI 363 [52], and Hesami et al. [53], as
shown in Table 4. Similarly, the developed model for the
relationship between the 28-day compressive strength and
the 28-day flexural strength was compared with the already
existing models from ACI 318 [50], BS 8110, and Ahmed
et al. [54], as shown in Table 4. The developed relationship
between the compressive strength and split tensile strength
of the DPFRC is close to the model proposed by ACI 318 [50],
while the developed model for the compressive–flexural
strengths relationship for the DPFRC is closer or similar to
the model proposed by Ahmed et al. [54].

3.7 Water absorption

Figure 14 displays the water absorption results for the
DPFRC containing different proportions of NAC and DPF.
The water absorption increased with the increase in DPF.
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Table 4: Comparison between the predicted strengths and existing models

Compressive strength Split tensile strength Flexural strength

This
study

ACI 318 [50] CEB-FIB [51] Hesami
et al. [53]

This
study

ACI 318 [50] BS
8110 [55]

Ahmed
et al. [54]

$ = 0.56 Ƈ $ = 0.3Ƈ0.66 $ = 0.5 Ƈ Ʈ = 0.62 Ƈ Ʈ = 0.6 Ƈ 0.45Ƈ2/3

48.71 3.16 3.91 3.90 3.49 5.20 4.33 4.19 6.00
46.04 3.34 3.80 3.76 3.39 5.64 4.21 4.07 5.78
44.15 3.50 3.72 3.65 3.32 6.01 4.12 3.99 5.62
37.10 2.91 3.41 3.26 3.05 6.12 3.78 3.65 5.01
53.42 3.43 4.09 4.14 3.65 5.63 4.53 4.39 6.38
54.13 3.51 4.12 4.18 3.68 5.78 4.56 4.41 6.44
51.39 3.77 4.01 4.04 3.58 6.17 4.44 4.30 6.22
47.48 3.05 3.86 3.83 3.45 5.55 4.27 4.13 5.90
44.32 2.95 3.73 3.66 3.33 4.97 4.13 3.99 5.64
44.32 3.32 3.73 3.66 3.33 5.49 4.13 3.99 5.64
42.15 2.90 3.64 3.54 3.25 4.84 4.03 3.90 5.45
42.96 2.71 3.67 3.59 3.28 4.50 4.06 3.93 5.52
40.48 2.60 3.56 3.45 3.18 4.65 3.94 3.82 5.31
38.09 2.56 3.46 3.31 3.09 4.44 3.83 3.70 5.09
31.95 2.39 3.17 2.95 2.83 4.32 3.50 3.39 4.53
24.53 2.30 2.77 2.48 2.48 3.86 3.07 2.97 3.80
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The water absorption values of mixes M1F0A, M2F0A, and
M3F0A were higher by 6.6, 14.2, and 25.6%, respectively,
when compared with that of the control. The related out-
comes were reported by Bamaga [56] and Ibrahim et al. [8].
The increase in water absorption was attributed to the
hydrophilicity of the DPF owing to its high lignocellulose
contents, which makes it absorb water during mixing.
After the concrete dries, this creates excess pores in the
hardened cement paste and thus increases absorption
[8,57]. The addition of up to 2% NAC to the plain concrete
(without DPF) led to a decrease in its water absorption. The
water absorption values of M0F1A and M0F2A were lower
by 20 and 9.9%, respectively, when compared to that of the
control. The decrease in water absorption is attributed to
the densification of the cement matrix by the finer parti-
cles of the NAC. The addition of up to 2% NAC lowered the
water absorption of the DFFRC containing 1% DPF only.
That is, the addition of up to 2% NAC cushioned the detri-
mental effect of 1% DPF addition on the water absorption
of DPFRC. The water absorption values for M1F1A and
M1F2A were lower by 12.1 and 7.9%, respectively, when
compared to that of the control. The decrease in water
absorption is due to the densification of the microstructure
with the addition of NAC and reducing its porosity gener-
ated due to DPF inclusion, hence lowering its water absorp-
tion. On the contrary, the addition of more than 2% NAC
led to a further increase in the water absorption of the
plain concrete (without DPF) and the DPFRC. This was
attributed to the adverse influence of the NAC on the

consistency and fluidity of the fresh DPFRC, which resulted
in difficult compaction and dispersal of the fiber, and
hence intensified the porosity and air voids in the con-
crete’s microstructure. This led to an increase in porosity
and water absorption in the DPFRC.

3.8 Microstructural evaluation

3.8.1 FESEM

The influence of NAC as an additive and DPF on the micro-
structural properties of the DPFRC was examined using an
SEM. Figure 15 presents the microstructural morphologies
of the control mix and some mixes containing DPF and
NAC. Scattered pores and microcracks can be detected on
the concrete mix’s surface as depicted in Figure 15a, with
the microstructure relatively densified due to cement hydra-
tion. The scattered pores on the microstructure of the con-
trol might be due to air bubbles entrapped during mixing
which dries up and creates voids in the matrix. As shown in
Figure 15b, the microstructural morphology of mix M2F0A is
the least densified and most porous. This is due to the
adverse effect of the DPF resulting from its hydrophilic
nature, whereby it absorbs water during mixing and entrains
air on its surface. Drying, thereafter, led to more porosity in
the microstructure [8]. The addition of NAC to the DPFRC
densified its microstructure and filled up the surplus pores
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generated by the DPF. For instance, the microstructure of mix
M1F1A is the most densified as seen in Figure 15c, followed by
that of mixM2F2A. Furthermore, comparing Figure 15b and d,
all of which contain 2%DPF, themicrostructure of the latter is
most densified and homogenous with fewer pores compared
to that of the former. This densification is due to the filler
ability of the NAC. Another reason is that it serves as a nuclea-
tion site effect for polymerization products beyond dissolu-
tion [42].

3.8.2 XRD analysis

XRD was conducted to examine the influence of the addi-
tion of NAC on the hydration reactions of cement paste in
the DPFRC. Selective mixes containing different propor-
tions of DPF and NAC were chosen and tested using XRD.
The results of the XRD analysis are presented in Figure 16a–c.
In the XRD results, Q represents quartz (SiO2), C denotes calcite
(CaCO3), P denotes Portlandites, i.e., Ca(OH)2, and E represents
ettringites. In all the figures, broad amorphous humps can be
seen due to the formation of calcium silicate hydrate (C–S–H),
which is accountable for the strength development and densi-
fication of the microstructure. The XRD patterns of all the
mixes were similar showing alike peak patterns, with the

main hydration products being silica, Portlandites, calcites,
and alumina. A very faint peak of ettringite was traced on
some of the mixes at lower 2θ degrees. In the control, the
main hydration product is Ca(OH)2, which has the highest
peak intensity and several other peaks at different 2θ values,
followed by silica and calcite. The presence of the Ca(OH)2
peak in the control is due to the hydration reaction between
the cement compound (CaO) and water to form Ca(OH)2 as a
by-product. Comparable outcomes have been reported by
previous studies [58]. The calcite in the control XRD might
be due to the carbonization effect occurring during cement
hydration [58,59]. For the mixes containing NAC, the main
hydration product is the calcite (CaCO3), which has the
highest peak intensity and occurs at several 2θ degrees.
This is occurring due to the presence of a high proportion
of carbon in the NAC; the carbon reacts with the CaO in
cement to form calcium carbonate. The addition of the
NAC decreased the Portlandite content in the concrete,
which can be seen by comparing the peaks of Ca(OH)2 in
the control with the peaks of Ca(OH)2 in the mixes with NAC
(Figure 16b and c). The mix with the highest NAC content
(M3F3A) has the highest peak intensity for CaCO3. As part
of the CaO in the cement is reacting with the carbon
from NAC, this led to the reduction in the generation of
unreacted Ca(OH)2. This might be one of the reasons for

Figure 15: SEM images of DPFRC mixes. (a) Control, (b) M2F0A, (c) M1F1A, and (d) M2F2A.
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the improvements in the strengths of the concrete with the
addition of NAC.

3.9 Statistical modeling using multivariable
regression

Statistical modeling using multivariable regression ana-
lysis (MRA) was conducted to establish mathematical equa-
tions for the prediction of the properties of the DPFRC
containing DPD and NAC as variables. Based on the experi-
mental results, prediction models for the slump, fresh den-
sity, strengths, and water absorption were established.

The basic globalized MRA equation is expressed in the
form of a linear equation as shown in Eq. (1) [60]:

( ) = + + + + +y x x x x ψ δ x δ x δ x δ x, , , …, … ,n n n1 2 3
1

1 2 2 3 3
(1)

where y denotes the response/output, ψ is the coefficient of
the intercept, and ẟ is the linear regression coefficient.

However, as most of the relationships between the
responses/outputs and variables contain some curva-
ture, a non-linear multi-variable regression analysis
using second-order polynomials will improve the pre-
diction accuracy and reduce the errors in the models.
The global second-order non-linear MRA equation is
expressed as Eq. (2) [60]:

∑ ∑ ∑= + +
= =

−

= +
y δ x δ x x ψ,

i

n

i i

i

n

j i

n

ij i j

1 1

1

1

(2)

where y represents the response/output, x represents the
independent variables, ẟi and ẟij represent the coefficients
of the first- and second-order polynomials, respectively, n
is the number of input variables, and ψ is the constant of
regression.

Figure 16: XRD pattern of DPFRC mixes. (a) Control, (b) mix M2F2A, and (c) M3F3A.
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Table 5: ANOVA summary for multivariable regression models

Output/model SS MS SE F-value P-value Adj R2 Pearson’s R R2

Slump (mm) 1493.939 298.788 2.25 59.234 0.000014 0.960 0.988 0.977
Fresh density (kg/m3) 78589.51 15717.9 32.60 14.789 0.00133 0.852 0.956 0.913
7-day compressive strength (MPa) 679.962 135.992 2.34 24.799 0.00026 0.908 0.973 0.947
28-day compressive strength (MPa) 803.312 160.662 2.62 23.317 0.000314 0.903 0.971 0.943
7-day split tensile strength (MPa) 1.435 0.287 0.11 22.450 0.000355 0.899 0.970 0.941
28-day split tensile strength (MPa) 2.175 0.435 0.20 11.152 0.00314 0.809 0.943 0.90
7-day flexural strength (MPa) 3.316 0.663 0.15 28.279 0.000167 0.919 0.976 0.952
28-day flexural strength (MPa) 4.903 0.981 0.27 13.292 0.00185 0.837 0.951 0.905
Water absorption (%) 5.754 1.151 0.15 50.829 0.000024 0.954 0.987 0.973

R² = 0.9935
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Figure 17: Predicted versus experimental (actual) plots for (a) Slump, (b) Density, (c) 7-day Compressive Strength, (d) 28-day Compressive Strength, (e)
7-day Split Tensile Strength, (f) 28-day Split Tensile Strength, (g) 7-day Flexural Strength, (h) 28-day Flexural Strength and (i) Water absorption models.
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Therefore, in this study, non-linear MRA was adopted
for the establishment of the model equations. The devel-
oped MRA equations for the fresh and hardened properties
of the DPFRC are expressed as Eqs. (3)–(11):

= − × − × + × ×
− × + ×

S P D P D

P D

86 7.64 2.20 0.60

1.0 0.42 ,

2 2

(3)

= + × + × − × ×
− × − ×

D P D P D

P D

2453.63 134.82 19.15 3.50

54.25 11.67 ,

2 2

(4)

= − × + × − × ×
− × + ×

Ƈ P D P D

P D

41.11 1.35 2.82 1.19

1.86 0.93 ,

7

2 2

(5)

= + × + × − × ×
− × − ×

Ƈ P D P D

P D

49.85 3.10 3.94 2.01

2.18 0.83 ,

28

2 2

(6)

= + × + × − × ×
− × − ×

P D P D

P D

$ 2.65 0.16 0.25 0.04

0.12 0.09 ,

7

2 2

(7)

= + × + × − × ×
− × − ×

P D P D

P D

$ 3.26 0.20 0.37 0.04

0.15 0.13 ,

28

2 2

(8)

= + × + × − × ×

− × − ×

P D P D

P D

Ʈ 4.39 0.11 0.55 0.16

0.11 0.11 ,

7

2 2

(9)

= + × + × − × ×

− × − ×

P D P D

P D

Ʈ 5.39 0.12 0.76 0.19

0.13 0.17 ,

28

2 2

(10)

= − × + × − × ×
+ × − ×

P D P D

P D

WA 3.25 1.01 0.32 0.05

0.44 0.03 ,

2 2

(11)

where S is the slump in mm; D is the fresh density in kg/m3;
Ƈ7 and Ƈ28 are the 7- and 28-compressive strengths, respec-
tively, in MPa; $7 and $28 are the 7- and 28-day split tensile
strengths, respectively, in MPa; Ʈ7 and Ʈ28 are the 7- and 28-
flexural strengths, respectively, in MPa; WA is the water
absorption in % and P and D represent NAC and DPF,
respectively, in %.

Table 5 highlights the ANOVA for all the models estab-
lished for the estimation of the DPFRC’s properties. Using
the level of significance (P < 0.05), the statistical signifi-
cance for all the models was checked. All the models
were found to be statistically significant based on the sig-
nificance test (P < 0.05), as their P-values are less than 0.05.
Hence, the statistical null hypotheses for all the models
were false and rejected. In the established models, scripts
D and A represent DPF and NAC, respectively. Using P <

0.05, the statistical significance of each of the models was
tested. Higher values of R2 implied a high degree of corre-
lation of the models with the experimental results and
hence high predicting accuracy. As shown in Table 5, all
models have excellent R2 scores of ≥0.9. Therefore, the

developed equations can be used to estimate the properties
of the DPFRC with high precision.

The predicted responses against the experimental
(actual) data were plotted to explain and show the pre-
dicting accuracy and correlation of the models graphi-
cally (Figure 17a–i). All the models have a very good cor-
relation with the experimental results, as shown by the
data points fitting well along the straight trend lines. The
plots between the predicted responses (properties) and
the experimental (actual) data for all the models have
R2 values ranging between 99.9 and 97.4%. The plots
only between 0.1 and 2.6% of the data points were not
fully correlated for all the models. The plot for fresh den-
sity has the highest correlation of 99.9%, while the plots
for 28-day split tensile strength have the lowest correla-
tion of 97.4%.

4 Conclusions

In this research, the impact of DPF and NAC on the fresh
and hardened properties of DPFRC was examined. The
derived conclusions are as follows:
1) The addition of both DPF and NAC to the DPFRC con-

crete led to a reduction in the workability of the con-
crete, which was measured using the slump test. Hence,
DPF and NAC decreased the consistency of the concrete.

2) The addition of DPF to the DPFRC resulted in a decrease
in its densities at both fresh and hardened states. On the
other hand, the addition of up to 2% NAC by cement
weight to the DPFRC resulted in an increase in its den-
sities at both fresh and hardened states.

3) The addition of DPF to the DPFRC led to a decrease in its
compressive strength at all ages, where the decrease in
strength was more significant with the addition of
higher content of DPF.

4) The addition of 1% NAC by cement weight enhanced the
DPFRC’s compressive strength with or without DPF.
Moreover, 1% NAC was successful in mitigating the
loss in the compressive strength in the DPFRC with up
to 2% fiber volume.

5) The incorporation of up to 2% DPF led to improvements
in the flexural and split tensile strengths of the DPFRC.

6) The addition of up to 1% NAC led to further enrichment
in the split tensile and flexural strengths of the DPFRC.
Further, 1% NAC mitigated the loss in tensile and flex-
ural strengths due to the addition of 3% DPF to the
DPFRC.

7) The rate of water absorption of the DPFRC increased
with the increase in the DPF volume. The addition of
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up to 2% NAC led to a decrease in the water absorption
of the DPFRC.

8) The addition of up to 2% NAC densified the microstruc-
ture of the DPFRC by refining and filling the pores gen-
erated by the DPF.

9) The multi-variable statistical models developed to esti-
mate the mechanical properties of the DPFRC con-
taining DPF and NAC were very significant with a
superb degree of precision.
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