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Abstract: The use of date palm fiber (DPF) as natural fiber in concrete and mortar continues to gain
acceptability due to its low-cost and availability. However, the main disadvantage of DPF in cement-
based composites is that it reduces compressive strength and increases the porosity of the composite.
Hence, for DPF to be efficiently used in concrete, its negative effects must be counteracted. Therefore,
in this study, silica fume was employed as supplementary cementitious material to alleviate the
negative effects of DPF on the strength and porosity of concrete. The DPF was added in different
dosages of 0%, 1%, 2%, and 3% by weight of binder materials. Silica fume was used as a cement
replacement material at dosages of 0% to 15% (intervals of 5%) by volume of cement. The unit
weights, mechanical strengths, water absorption, and microstructural morphology were all evaluated.
The concrete’s fresh and hardened densities were reduced with the increment in DPF and silica fume.
The compressive strength declined at all ages with the increment in DPF addition, while the flexural
and splitting tensile strengths improved with addition of up to 2% DPFE. Furthermore, the concrete’s
water absorption escalated with an increase in DPF content. Silica fume significantly enhanced the
mechanical strength of the concrete. The dissipation in compressive strength with the addition of
up to 2% DPF was mitigated by replacing up to 10% cement with silica fume, where it densified
the microstructure and refined the interfacial transition zone between the fibers and cement matrix,
hence significantly decreasing the porosity and enhancing durability.

Keywords: natural fiber; date palm fiber; silica fume; composites; date-palm-fiber-reinforced concrete;
mechanical properties

1. Introduction

The use of sustainable construction and building materials offers a series of advantages,
such as lower production and maintenance cost, environmental friendliness, biodegradabil-
ity, non-toxicity, and improved mechanical performance [1]. Concrete has been the most
utilized building and construction material because of its series of advantages, such as
high strength and durability, good quality, lower strength-to-cost ratio, and ability to be
easily cast into various shapes compared to other construction materials such as steel and
timber [2,3]. However, concrete’s high brittleness, poor tensile strength, low strain, and low
bending resistance are its main drawbacks. Due to this, concrete is prone to cracking while
under tensile loads. To overcome these concrete shortcomings, reinforcement is normally
used with concrete to form a composite action i.e., reinforced concrete elements. However,
due to the high cost of reinforcement, fibers are incorporated in concrete to enhance its
tensile strength and minimize the amount of reinforcement required to achieve tensile
strength. Additionally, fibers are used in plain concrete to enhance its tensile strength.
Reinforcing fibers of various kinds, classified as either natural or synthetic, have been
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employed in concrete to enhance its hardened and physical qualities. [4-6]. Glass, steel,
organic plastics, and polymers are the best reinforcing materials used in concrete. A few
naturally occurring fibers, such as asbestos and cellulose, as well as agricultural fibers
such as jute, sisal, date palm mesh, etc., are also utilized in concrete [7,8]. DPF is one of
the popular, inexpensive, environmentally beneficial, and sustainable natural fibers. The
date palm tree produces vast amounts of waste, much of which is discarded without being
properly utilized. Comparing DPF to other natural and synthetic fibers, it has the distinct
benefit of having a higher strength-to-cost ratio [9].

Several studies have reported that DPF has been used as natural fiber in cement-based
materials such as concrete and mortar. Ozerkan, Ahsan [10] added DPF in dosages of 0%,
0.5%, 1%, and 2% in mortar. The initial and final settings times and drying shrinkage of
the mortar increased with the addition of up to 1% DPF and declined with the addition of
2% fiber. Furthermore, DPF escalated the rate of water absorption of the mortar, with 0.5%
addition being the optimum. They also reported improvement in mechanical properties
and sulfate attack resistance with the addition of up to 1% DPFE which they attributed to
better compaction between the fibers and cement matrix resulting in good homogeneity in
the mix. Benaniba, Driss [11] developed a DPF—cement mortar composite using different
proportions of DPF (6% to 30% at intervals of 6%) by weight. They reported a significant
increase in water absorption, and a decrease in density, thermal conductivity, flexural
and compressive strengths with the increment in the percentage of DPE. There was an
improvement in the flexural strength at a lower dosage of 6% and 12% compared to plain
cement mortar. In a related work, Zanichelli, Carpinteri [12] evaluated the fracture behavior
of mortar reinforced with DPF at different proportions from 2% to 10% (at intervals of 2%)
by volume. They reported a reduction in peak load, elastic modulus, and fracture toughness
with an increment in DPF addition. On the contrary, their results showed improved ductile
behavior and energy absorption with the increment in DPF content. Based on their findings,
they recommended using DPF-reinforced mortar for nonstructural applications where
high strength is not important and structures where lightweight and durability are very
significant. Vantadori, Carpinteri [1] examined the impact of DPF in cement mortar, where
they added DPF in varying proportions from 2% to 10% (interval of 2%) by volume. They
observed a decline in density, flexural strength, and fracture toughness with the increment
in fiber content. There was a reduction between 9-52% and 7-66% for the modulus of
rupture and fracture toughness, respectively, with the addition of 2-10% DPF. The ductility
and energy absorption capacity of the mortar enhanced with percentage increase in DPF,
where an increase between 27-162% was found with addition of 2-10% DPF compared
to the plain mortar. Kareche, Agoudjil [13] investigated DPF’s impact on the durability
performance of cement mortar, where they incorporated DPF at different proportions of
5%, 10%, and 15% by weight. They reported a surge in porosity and a decline in drying
shrinkage in the mortar with DPF addition. The addition of 15% DPF led to an increment
in porosity by up to 51% and a decline in drying shrinkage up to 71.4%. Additionally, they
reported an improvement in the acid attack resistance (sulfuric attack), and a reduction in
the compressive strength and resistance to cyclic wetting and drying with the increment in
DPF content. Alatshan, Altlomate [14] prepared several mixes by addition different DPF
dosages of 0.5%, 1%, 1.5%, 2% and 2.5% for fiber lengths of 50 mm, 60 mm, and 70 mm.
They noticed a reduction in the compressive strength due the high content of DPF dosage
and length. However, the concrete’s compressive strength reinforced with 0.5%-50 mm
DPF was reported to be of a higher strength than plain concrete due to the tensile strength
of the added DPF. The flexural strength was moderately enhanced with a lower dosage of
DPF of all lengths. The flexural strength of composites with 0.5%-50 mm DPF, 1%—-60 mm
DPF, and 0.5%-70 mm DPF were higher in comparison to the conventional concrete due
to the tensile strength of the fiber. However, for all other dosages and fiber length mix
combinations, there was depletion in the flexural strength.

Based on the available studies, concrete and mortar reinforced with DPF have sev-
eral advantages compared to plain concrete and mortar, which include lower density,
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lightweight, higher ductility and energy absorption capacity, lower thermal conductivity,
higher thermal insulation, and resistivity. These properties improve thermal comfortability
and energy savings in buildings through good thermal insulation [15,16]. However, the
major challenge and disadvantage of using DPF in concrete and mortar is the reduction in
mechanical properties and elastic modulus [17-19]. Additionally, DPF affects the durability
performance of cementitious composites through increased water absorption, porosity,
drying shrinkage, etc. These negative effects are caused mainly by the increase in pore
volume in the composite’s microstructure, poor adhesion between fibers and cement paste,
and the hydrophilic nature of the DPF, making it absorb more water and swell during
mixing [16]. Therefore, for DPF to be effectively added in concrete and mortar to derive its
maximum benefits, methods for reducing or mitigating its undesirable effect on the cement
composite’s performance must be derived. Several studies treated DPF using different
methods; some methods were slightly effective, while others further caused reduction
in the mechanical properties. SCM such as nano silica and silica fume has been used
in fiber-reinforced concrete to overcome the fiber’s negative effects on the composite’s
performance. Gencel, Nodehi [20] used silica fume as an SCM in basalt-fiber-reinforced
foam concrete (BFRFC). They added basalt fiber in three volumes, i.e., 0%, 1.5%, and 3%,
and partially substituted cement with silica fume at 0% and 15%. They reported a decrease
in the workability (flowability) and density of the concrete with silica fume addition, where
a decrease by 16% was observed with 15% silica fume addition. They reported an increased
in thermal conductivity, elastic modulus, flexural, and compressive strengths for the BERFC
with the inclusion of silica fume. The addition of 15% silica fume to the BFRFC containing
0%, 1.5%, and 3% improved the 28 days compressive strength by 54%, 70.5%, and 66.8%,
respectively, and the 28 days flexural strength by 5.8%, 9.4%, and 8.9%, respectively. Fur-
thermore, they reported a decrease in the porosity, water absorption, and splitting tensile
strength of the BFRFC with silica fume addition. For 15% silica fume addition to the BFRFC
containing 0%, 1.5%, and 3% fiber, the porosity decreased by 51.2%, 23.2%, and 35.2%,
respectively, the water absorption decreased by 52.2%, 24.4%, and 35.7%, respectively, and
the tensile strength diminished by 16.7%, 12.5%, and 4.6%, respectively. Sadrmomtazi,
Tahmouresi [21] examined the effects of silica fume as a SCM on basalt-fiber-reinforced ce-
mentitious composite (BFRCC)’s properties. They prepared several mixes by adding basalt
fiber at different proportions by volume (0%, 1%, and 1.5%) and substituted cement using
silica fume at different percentages by weight (5%, 10%, and 15%). The increment in silica
fume reduced the workability, where a 15% silica fume addition decreased the flowability
of the BFRCC by 28%, 19%, and 21% for 0%, 1%, and 1.5% fiber content, respectively, while
the flexural and compressive strengths of the BFRCC were enhanced with the inclusion of
silica fume for any fiber content. For a 5% silica fume addition, there was enhancement in
compressive strength by 23%, 37%, and 12%, and flexural strength by 4%, 12%, and 5% for
BFRCC containing 0%, 1%, and 1.5% fiber, respectively. Khan, Rehman [22] utilized silica
fume as an SCM in coconut-fiber-reinforced concrete (CFRC). They prepared the CFRC
by adding 2% by weight coconut fiber and replaced cement with different proportions of
silica fume between 5-20%. The modulus of rupture, splitting tensile, and compressive
strengths of the CFRC improved substantially with the increment in silica fume content.
Replacement of cement with 5%, 10%, 15%, and 20% in the CFRC resulted in an increase
in compressive strength by 5.8%, 10.8%, 24.6%, and 3%, respectively, and the modulus
of elasticity by 10.8%, 22%, 33.6%, and 1.2%, respectively. The splitting tensile strength
increased by 25.9%, 29.6%, and 33.5%, while the flexural strength increased by 26.9%, 50%,
and 59.6% for 5%, 10%, and 15% silica fume addition to the CFRC, respectively, when
compared to plain concrete.

Other materials have been used to improve the performance of both plain and fiber-
reinforced concrete. Zhang, Wang [23] added nano silica to improve the performance
of fly ash (30%) and metakaolin (70%)-based polyvinyl-alcohol (PVA)-fiber-reinforced
geopolymer/alkali-activated mortar. They added PVA fiber at, 0.2%, 0.4%, 0.6%, 0.8%,
1.0%, and 1.2% by volume of mortar and 1% nano silica by weight of binder. They reported a
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reduction in sump of 26.4% with the addition of 0 to 1.2% PVA, while 1% nano silica slightly
increased the slump. The compressive strength, flexural strength, and elastic modulus of
the mortar increased with the addition of nano silica and PVA fiber. The 1% nano silica
increased the strength by up to 29.1%, while up to 0.8% PVA increased the strength by 27.6%.
They achieved the highest strength with addition of 1% nano silica and 0.8% PVA. Up to a
68% increase in flexural strength was reported with addition of PVA. The elastic modulus
increased by 20-130% with addition of 0.2% to 1.2% PVA. Furthermore, the addition of up
to 1% PVA enhanced the fracture toughness of the mortar, and nano silica also enhanced
the load-carrying capacity of the mortar with up to 0.6% PVA. Golewski [24] studied the
effects of different SCMs on the properties of concrete. They used fly ash, silica fume, and
nano silica as the SCM. They replaced cement with a constant dosage of silica fume and
nano silica at 10% and 5%, respectively, while for fly ash they used different replacement
proportions of 0%, 5%, and 15%. When compared to the plain concrete, all the quaternary
blend concretes demonstrated a higher strength. For the blended concrete, they reported a
reduction in compressive strength with the increment in fly ash content. The quaternary
blend with 5% fly ash, 10% silica fume, and 5% nano silica gave the best strength and
fracture toughness [25]. In a similar study, Gil and Golewski [26] investigated the effects
of the interaction of silica fume and fly ash as SCMs on the properties of concrete. They
produced different blends using combinations of different proportions of fly ash between
0% and 20% and silica fume proportions between 0% and 10%. Their findings showed that
the concrete blend containing 10% silica fume with 0% fly ash had the best performance in
terms compressive and tensile strengths, water absorption, and water penetration, while the
fly ash decreased the compressive and tensile strengths and increased the water absorption
and depth of penetration of the concrete.

Different types of natural fibers have been used to improve the performance of cemen-
titious composites. However, there are few studies that have utilized DPF as a natural fiber
in cementitious composites. The available studies that used DPF mostly used it in mortar,
hence there is need for more and also comprehensive studies on the use of DPF in concrete.
This is due to the aforementioned advantages of DPE. Based on the available studies, the use
to silica fume has proven to significantly enhance the properties of fiber-reinforced concrete.
To the best of the authors knowledge, there are limited studies that have investigated the
effects of DPF addition and silica fume as a partial replacement for cement to improve
the mechanical performance and mitigate the negative effects of the fiber on the strength
of the concrete. Hence, in this study, DPF was treated using alkaline solution (NaOH),
and silica fume was used as an SCM in the concrete to reduce the porosity and mitigate
the undesirable effects of the DPF on the concrete’s performance. The DPF was added at
different dosages of 1%, 2%, and 3% by weight of binder materials, and silica fume was
used to partially replace cement at 5%, 10%, and 15%. The effects of the DPF and silica
fume on the fresh, mechanical, and durability performance of the DPF-reinforced concrete
was then investigated.

2. Materials and Methods
2.1. Materials

Type I OPC was used as the main binder material. The properties of the cement
conformed to the standard guidelines outlined in ASTM C150/150M [27] and are presented
in Table 1, and its X-ray diffraction (XRD) is shown in Figure 1a. Densified silica fume
was used as an SCM. The silica fume was obtained from Xiamen All Carbon Company,
Xiamen China, through Al-Rashad Cement Company, Saudi Arabia. The silica fume had
a specific gravity (SG) of 2.25, bulk density of 630 kg/m?, and a specific surface area of
18,000 m? /kg. The chemical properties and XRD pattern of the silica fume are presented in
Table 1 in Figure 1b, respectively. Natural sand was used as fine aggregate. The properties
of the aggregates were in line with ASTM C33 [28] specifications. The fine aggregate was
well-graded, with a particle size distribution falling within the limits specified by ASTM
C33 [28] as highlighted in Figure 2. Additionally, the fine aggregate had an SG value of
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1= Alite (CsS)

2 = Belite (CzS)

3 =Ca(OH):

4 =Gypsum
5=C-S-H

6 = Quartz (SiO:z)

7 =Fe20s3

8 = Calcite (CaCO:s)
9 = Ettringite

2.63, 1.87% water absorption, 1565 kg/ m?> bulk density, fineness modulus of 2.26, and
mud content of 1.1%. The coarse aggregate utilized was crushed gravel of 19 mm size,
which was well-graded. As demonstrated in Figure 3, the coarse aggregate’s particle size
distribution also complied with ASTM C33 [28] guidelines. The coarse aggregate had an
SG, bulk density, and water absorption of 2.67, 1455 kg/m?, and 0.65%, respectively. A
polycarboxylate-based water-reducing admixture with a density of 1.060 g/cm? was used
as a superplasticizer so as reduce the required quantity of mixing water.

Table 1. Properties of binder materials.

Oxide Composition (%) Cement Silica Fume
CaO 65.18 0.21
Al O3 5.39 0.26
Fe; O3 3.40 0.05
SiO; 19.71 95.85
MgO 0.91 0.45
Na,O 0.17 —
K,O 1.22 —
TiO; 0.24 —
SO; 3.51 1.00
P>05 0.09 —
MnO 0.18 -
LOI 2.38 2.80

SiO:

A

40 50 60 70 80
2-Theta (degrees) 10 20 30 40 50 60 70 80
2-Theta (degrees)
(a) Cement (b) Silica fume

Figure 1. XRD pattern of binder materials.

The DPF used in this study was obtained from the Aldebass farm in Majmaah, Saudi
Arabia. The fiber was plucked from the trunks of date palm trees in the form of a natural
rectangular woven mesh in three superposing layers and was about 200-300 mm in width
and 300-500 mm in length as shown in Figure 4a. Before treatment, the fiber was immersed
in water, separated into single fibers of about 0.2-1.0 mm diameter, and cut to a fiber length
of 20-30 mm. The DPF was then treated using alkaline solution, i.e., a 3% NaOH solution
for 3 h based on the recommendation of Ali-Boucetta, Ayat [29]. After treatment, the DPF
was then thoroughly washed with clean water and air dried for 48 h before use in the
concrete. Figure 4b shows the processed DPF ready to be used. Table 2 presents the physical
and mechanical properties of the DPF.
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Figure 3. Coarse aggregate gradation.
Table 2. Properties of DPF (1).
Property Value
Diameter (mm) 0.2-1.0
Length (mm) 20-30
Bulk density (kg/m?) 87743 +4.38
Natural moisture content (%) 102+ 04
Water absorption to saturation (%) 102.65 + 3.3
Tensile strength (MPa) 203.24 £+ 30
Elongation at break (%) 135+2

Modulus of elasticity (GPa) 335+ 15
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(a) Untreated fiber in woven form (b) Treated single fiber

Figure 4. Date palm fiber.

2.2. Mix Proportioning

The control concrete mix design was carried out adopting ACI 211.1R [30] based on
the absolute volume method. The quantity of superplasticizer used throughout all the
mixes was constant (1% by mass of binder) to mitigate the effects of water-to-cementitious
materials ratio variations and to cut down the quantity of mixing water needed to obtain a
standard consistency. The treated date palm fiber (DPF) was added in variations of 0%, 1%,
2%, and 3% by mass of binder. Silica fume was used as partial replacement to cement using
the volume replacement method in different percentages by weight of binder materials at
0%, 5%, 10%, and 15%. A total of thirteen (13) mixes were generated as displayed in Table 3.
Each of the mixes was named based on the quantities of the variables. Mix M1F0S was a
mix comprising of 1% DPF and 0% silica fume, while mix M2F10S was a mix with 2% DPF
and 10% silica fume and mix M3F155 was a mix with 3% DPF and 15% silica fume.

Table 3. Properties of DPF (2).

) Variables (%) Quantities in kg/m?

M Eiber(%)  Silica Fume (%) Cement  SilicaFume  Fiber Fine Agg Coarse Agg Water S.P*
Control 0 0 490 0.0 0.0 750 905 185 49
MI1F0S 1 0 490 0.0 49 750 905 185 49
M2F0S 2 0 490 0.0 9.8 750 905 185 49
M3F0S 3 0 490 0.0 14.7 750 905 185 49
MIF55 1 5 1655 17.9 483 750 905 185 48
M2F55 2 5 4655 17.9 9.67 750 905 185 48
MB3F55 3 5 465.5 17.9 14.50 750 905 185 48
MIF10S 1 10 441 35.8 4.77 750 905 185 48
M2F105 2 10 441 35.8 9.54 750 905 185 48
M3F105 3 10 441 35.8 14.30 750 905 185 48
MIF155 1 15 4165 53.7 470 750 905 185 47
M2F155 2 15 4165 53.7 9.40 750 905 185 47
M3F155 3 15 4165 53.7 14.11 750 905 185 47

*S.P = Superplasticizer, Agg = Aggregate.

2.3. Samples Preparation and Test Methods

The mixing, sampling, and curing of the concrete were carried out based on the
standard procedure highlighted in ASTM C192/C192M [21]. The fresh concrete was mixed
using a rotating drum concrete mixer in the laboratory as shown in Figure 5a. Prior
to mixing, it was ensured that the aggregates were saturated and surface dried. The
cement and silica fume were also devoid of any lumps prior to casting. The batching of
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the component ingredients was conducted using the weight approach. The water and
superplasticizer were first mixed in a container. The mixing process was as follows: Firstly,
the fine aggregate, cement, and silica fume were poured into the mixer, and the mixing
began for at least 1 min. Then, the fiber, coarse aggregate, and part of the water were poured.
Then, the mixing continued. The remaining water was poured gradually while mixing was
ongoing. The mixing continued until a consistent mix was accomplished. The samples
were then placed in the designed molds based on the testing conducted, and the fresh
density was determined. The samples were cast into the recommended molds as shown
in Figure 5b. The samples were air-dried for 24 h in the laboratory prior to demolding.
Following removal, the hardened concretes were then cured for the recommended period
in water, as shown in Figure 5c, before testing.

(c) Curing of samples

e QINO]
A3Te3IT

[E—

(e) Splitting tensile strength testing (f) Flexural strength testing

Figure 5. Experimental Set up.
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2.4. Test Methods

The density of the freshly mixed concrete was determined instantly after mixing
following BS-EN 12350-6 [31], while the density of the hardened concrete (unit weight) was
determined regarding BS EN 12390-7 [32] using 100 mm cubes. The standard specifications
defined in BS EN 12390-3 [33] were adopted for the determination of the compressive
strength of the DPF-reinforced concrete using a universal testing machine (UTM). Cube
specimens of 10 cm sizes were prepared and tested as shown in Figure 5d. For each mix,
nine specimens tested after 3-, 7-, and 28-days curing duration. Three specimens were
tested for each mix after each curing period to obtain the standard errors. The procedures
outlined in BS EN 12390-6 [25] were utilized for the splitting tensile strength test. A UTM
of 300 kN capacity was used for the testing. Cylinder-shaped specimens of 200 mm height
and 100 mm diameter were tested after 3-, 7-, and 28-days curing duration as shown in
Figure 5e. The flexural strength test was carried out using the beam with third-point load
method as outlined in ASTM C78/C78M [34] using 100 mm x 100 mm X 500 mm prisms
as shown in Figure 5f. The samples were tested after curing for a period of 7 and 28 days.
The durability of the DPF-reinforced concrete was determined using a water absorption
test, which was performed by adopting the procedure outlined in ASTM C642 [35]. Cube
samples of 100 mm were made and cured for a period of 28 days before testing. To
compute the standard error for each test and each mix, three samples were tested per
test/mix/curing time.

The microstructure of the DPF concrete was examined with the aid of field emission
scanning electron microscope (FESEM). Some mixes were randomly selected to represent
both the DPF and silica fume proportions. After curing the samples for 28 days, the small
fracture was extruded, dried, and used for the FESEM test. The sample was then cleaned
using a high-pressure vacuum to remove any dust and impurities and to dry it completely.
Prior to placing the sample in the FESEM machine, the sample was gold-coated with a thin
film. Pictures of a high magnification up to 10,000 were taken from the computer screen
attached to the machine. The pictures, with the help of energy dispersive spectroscopy (EDS)
obtained from the FESEM machine, were used to analyze the morphology of the concrete.

3. Results and Discussions
3.1. Fresh Density and Unit Weight

The results of the fresh and hardened unit weights are presented in Figures 6 and 7.
Adding DPF led to a slight reduction in both the fresh and hardened unit weight. The fresh
unit weight of the concrete decreased by about 2.1%, 4%, and 5.9%, with inclusion of 1%,
2%, and 3% DPF, respectively. At the same time, the hardened unit weight decreased by
3.4%, 4.2%, and 5.4% by adding 1%, 2%, and 3% DPF, respectively. This can be illustrated
by comparing the unit weight values of M1F0S, M2F0S, and M3F0S with that of the control
mix in Figures 6 and 7. Benaniba, Driss [11] also reported a reduction in the unit weight
of concrete with increase in addition of DPFE. This gives DPF the advantage of being used
as a good insulating material in concrete, as they reported that the lower the density of
the DPF concrete, the lower its thermal conductivity. The slight reduction in the unit
weight due to the addition of DPF was ascribed to the increased volume of voids in the
concrete caused by fiber inclusion resulting from its hydrophilic nature and poor adhesion
between the DPF and the concrete, thus increasing the porosity and causing the reduction
in unit weight [1,36]. However, the decrease in the unit weight is one of the advantages of
using DPF in cementitious composites, as higher thermal properties can be achieved with
a lower unit weight. The concrete’s fresh and hardened unit weights further decreased
with the increment in percentage replacement of cement using silica fume as shown in
Figures 6 and 7. For instance, comparing the unit weight values of the mixes comprising of
5% and 10% silica fume content with the same dosage of DPF, those with a higher silica
fume content had lower fresh and hardened unit weight values. Mixes M1F5S, M2F5S, and
MB3E5S had higher fresh and hardened unit weights compared to mixes M1F10S, M2F10S,
and M2F10S. Furthermore, mixes with 15% silica fume, i.e., M1F15S, M2F15S, and M3F15S,
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had the least fresh and hardened unit weights. Gencel, Nodehi [20] reported a slight
reduction in the fresh density by about 4% in basalt-fiber-reinforced concrete when 15%
cement was replaced with siica fume, while Saradar, Nemati [37] reported a decrease in
the hardened density of basalt-fiber-reinforced concrete with the addition of silica fume as
partial substitute to cement. The decrease in unit weight with the increment in silica fume
can mainly be attributed to the inferior specific gravity of the silica fume compared to that
of cement since the volume substitution method was used.
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Figure 6. Results of fresh density.
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3.2. Compressive Strength

The results of the compressive strength of the DPF-reinforced concrete containing
different proportions of silica fume as SCM are presented in Figure 8. The compressive
strength increased with the curing time due to continuous hydration reactions. The strength
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declined with an increment in DPF content at all ages. The 3-day strength declined by
4.03%, 14.2%, and 20.1%, while the 28-day strength decreased by 4.3%, 21.2%, and 20.3%
for 1%, 2%, and 3% DPF inclusion, respectively, as seen from mixes M1F0S, M2F0S, and
MB3FOS in Figure 8. These reductions can be ascribed to the following reasons: (i) the higher
porosity in the concrete matrix resulting from air entrained on the fiber surface during
mixing, difficult packing and compaction, and a balling effect due to the addition of a high
fiber content. (ii) Weak adhesion between the DPF and cementitious paste resulting in a
weak interfacial transition zone increasing the weak path for premature failure. (iii) The
lower density and strength of the DPF added also affected the density and strength of the
concrete [1,38,39]. Additionally, in the presence of the excess cement hydration product,
i.e., calcium hydroxide, DPF loses its durability and strength, causing a reduction in
the strength of DPF-reinforced concrete [40]. However, the poor bonding between the
DPF and cement paste was minimized by treating the DPF with NaOH solution before
usage, which eliminated impurities and enhanced the fiber’s surface roughness leading
to the enhancement of the bondage strength [29]. Benaimeche, Carpinteri [41] and Kriker,
Debicki [42] also reported a reduction in the strength of concrete with the inclusion of DPF
to cementitious composites.
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Figure 8. Compressive strength results.

The partial replacement of up to 10% cement with silica fume in the DPF-reinforced
concrete enhanced the compressive strength and mitigated the loss in strength due to DPF’s
undesirable effects. For instance, the compressive strength of mix M1F5S, which contained
5% silica fume as a substitute to cement, was higher than the control mix by 14.6%, 8.8%,
and 5.3% at 3, 7 and 28 days, respectively. Likewise, mix M2F5S had a higher compressive
strength by 20.9%, 15.5%, and 16.5% at 3, 7 and 28 days, respectively. Similar result improve-
ments were seen for the mixes containing 10% silica fume, i.e., mixes M1F10S and M2F10S
at all ages of curing. Therefore, it can be said that the replacement of up to 10% cement
using silica fume successfully mitigated the negative effects of up to 2% DPF addition on
the compressive strength of the fiber-reinforced concrete. The enhancement in compressive
strength with silica fume addition to the DPF concrete resulted from silica fume’s higher
surface area, thus acting as a filler in addition to it being a pozzolanic material, hence
densifying the concrete microstructure and improving the strength. Silica fume contains a
very high amount of reactive silica (S5iO,), reacting with cement hydration products such
as Ca(OH); from cement hydration to produce supplementary calcium aluminate silicate
hydrate (C-AS-H) and calcium silicate hydrates (C-S-H), which are the major compounds
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for strength development in concrete [43,44]. Furthermore, the consumption of the excess
calcium hydroxide by the silica fume prevented further deterioration of the durability and
strength of the DPF. The improvement in strength was more noticeable at early ages up to
7 days compared to 28 days. This could be because silica fume is a highly reactive SCM,
thereby its addition fastens the hydration reaction at early ages [44]. Gencel, Nodehi [20]
carried out similar work by using silica fume as an SCM in basalt-fiber-reinforced concrete
and found that the compressive strength was enhanced by up to 46% with the replacement
of up to 15% cement using silica fume. Saradar, Nemati [37] also reported an increase
in compressive strength by about 29% with the replacement of 10% cement with silica
fume in basalt-fiber-reinforced concrete containing up to 0.5% fiber. On the contrary, the
substitution of cement using a higher silica fume content of 15% reduced the compressive
strength. This might have resulted from the fineness of the silica fume, which might have
caused it to soak up the mixing water and decrease the consistency. This, in addition to
the DPF, resulted to poor compaction, causing porosity in the cement matrix and hence a
reduction in strength.

3.3. Flexural Strength

The bending resistance of the concrete was measured using a flexural strength test.
This is very important, especially when the material will be used to construct flexural
members such as beams and slabs. Figure 9 presents the results of the flexural strength
of the DPF concrete. The incorporation of DPF resulted in a slight improvement in the
flexural strength of the concrete at both 7 and 28 days. The flexural strength increased
by about 3%, 9.7%, and 14.8% at 7 days and by 5.3%, 12.8%, and 17.3% at 28 days by
incorporating 1%, 2%, and 3% DPF, respectively. As the DPF was treated using NaOH
solution, this increased the DPF’s surface roughness and improved the bonding between
the cement matrix and fiber [29]. In addition to the fiber’s bridging effect, this led to a
delaying of the crack formation propagation, improving the post-cracking load resistance,
hence enhancing the flexural strength. Similar improvements in flexural strength have
been reported by Benaniba, Driss [11] with the addition of up to 6% DPF in mortar, and
Ali-Boucetta, Ayat [29] with the addition of 2% DPF, and [10] found an improvement in
flexural strength with the addition of up to 1% DPF to cement mortar.
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Figure 9. Flexural strength results.

Partially substituting up to 10% cement with silica fume enhanced the flexural strength
of the DPF-reinforced concrete at both 7 and 28 days. This is further explained by comparing
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the flexural strength values of the mixes containing 5% and 10% silica fume with those
without any silica fume addition with the same amount of DPFE. For the mixes containing
1% DPF at 7 days, the flexural strength of the mixes M1F5S and M1F10S were greater by
16.3% and 25.4 %, respectively, and at 28 days by 5.81% and 7.83%, respectively, compared
to mix M1FOS. Similar results were seen for the mixes containing 2% DPF and 3% DPF, as
shown in Figure 9. This clearly explains the synergetic effects of DPF and silica fume. The
enhancement in the bending resistance of the DPF-reinforced concrete with the addition of
silica fume can be attributed to the high pozzolanic-hydration reactivity between the silica
fume compounds, i.e., SiO; and cement hydration by-products, i.e., Ca(OH),, to produce
surplus hydration compounds, which filled the pores created by the DPF and densified
the concrete microstructure. This resulted in the improved adhesion and densification of
the ITZ between the cement matrix and fiber, resulting in a higher modulus of rupture.
Gencel et al. [16] reported an increase in flexural strength at 18 days by 6%, 11%, and 88%
for basalt-fiber concrete containing 1%, 2%, and 3% fiber, respectively, with the replacement
of 15% cement with silica fume. At an earlier age, i.e., 7 days, they recorded a higher
increment in flexural strengths. Similarly, Saradar, Nemati [37] and Sadrmomtazi, et al. [17]
reported a comparable improvement in flexural strength in natural-fiber-reinforced concrete
when silica fume was used as a partial substitute to cement. On the contrary, when a
higher content of silica fume (15%) was used, it decreased the flexural strength. This
might be due to the larger surface area of silica fume, making it absorb more water. This
significantly reduced the consistency of the fresh concrete and resulted in poor compaction,
packing and fiber distribution within the cement matrix, leading to increased porosity
and discontinuities within the microstructure, causing premature failure to occur and
consequently lowering flexural strength.

3.4. Splitting Tensile Strength

The results of the splitting tensile strength of the DPF-reinforced concrete are presented
in Figure 10. Adding up to 2% DPF improved the tensile strength of the concrete. This
was noticed as the splitting tensile strength of M1F0S was higher than that of the control
by 5.3%, 8.9%, and 12.6% at 3, 7, and 28 days, respectively. The tensile strength of M2F0S
was superior by 11.4% and 16.5% at 7 and 28 days, respectively, compared to the control.
This enhancement in the tensile strength was ascribed to the crack arrest through the
fiber-bridging effect and fiber transfer energy. This resulted in an increased post-cracking
load resistance and a higher tensile strength [45]. Other fibers such as jute, sisal, coconut,
and sugarcane fibers were found to increase the tensile strength of concrete, as testified by
Jamshaid, Mishra [46]. However, the addition of 3% DPF decreased the tensile strength
of the composite, whereas for M3F(S the strength was less than the control by 15%, 7.2%,
and 14.6% at 3, 7, and 28 days, respectively. This might be due to poor dispersion and the
balling effect of the fiber, which, in addition to air being entrapped during mixing on the
fiber surface, resulted in an increased porosity in the cement matrix. This caused a weak
and discontinuous path leading to premature failure upon load application, thus causing
a reduction in the tensile strength. Another reason might be ascribed to lack of proper
adhesion between the DPF and cement matrix. The inclusion of silica fume resulted in a
further enhancement in the splitting tensile strength of the concrete. The replacement of
5% and 10% cement with silica fume successfully mitigated the undesirable effects of the
addition of 3% DPF on the tensile strength of the DPF-reinforced concrete. This can be
explained by comparing the tensile strength values of mixes M3F55 and M3F10S with that
of the control. For mix M3F5S, its tensile strength was greater at 3, 7, and 28 days by 18.9%,
21.5%, and 11.3%, respectively, compared to the control. Similarly, the tensile strength
of M3F10S at 3, 7, and 28 days were greater by 14.6%, 21.1%, and 15.4%, respectively,
compared to the control. Additionally, even for the mixes containing 1% and 2% DPF,
adding silica fume further increased their tensile strengths. Saradar, Nemati [37] reported
an increase in tensile strength by 10% with the replacement of 10% cement with silica
fume in basalt-fiber-reinforced concrete made with up to 0.5% fiber, while Fallah and
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Nematzadeh [47] recorded an improvement in tensile strength by 17.33%, 28.37%, and
25.17% with the replacement of 8%, 10%, and 12% cement with silica fume, respectively, in
polypropylene-fiber-reinforced concrete. They attributed the increment to the enhancement
of bonding between the cement matrix and fiber/aggregate. The improvement in the tensile
strength of the DPF concrete with the addition of silica fume was due to the microstructural
and fiber/aggregate—paste bond enhancement and the resulting filler effect and reactivity
of the silica fume [44]. On the contrary, the substitution of 15% cement with silica fume
also decreased the splitting tensile strength of the DPF-reinforced concrete containing any
percentage of fiber addition. The reason for such a decrease was the same as compressive
strength results.
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Figure 10. Splitting tensile strength results.

3.5. Water Absorption

The rate of water absorption is one of the methods of measuring porosity, which is a
measuring factor influencing concrete’s durability. The results of the water absorption for
the DPF-reinforced concrete are presented in Figure 11. The water absorption was found to
increase with the increment in the percentage addition of DPF. The water absorption for
mixes M1F0S, M2F0S, and M3F0S was greater than the control by 4.9%, 21%, and 30.5%,
respectively. The surge in water absorption was ascribed to the fiber’s ligno-cellulose nature,
making it hydrophilic and hence absorbing more water when mixing. This increased the
porosity in the hardened cement matrix after drying, resulting in higher water absorption.
Additionally, DPF can absorb water by up to 300% of its dry mass during mixing or curing,
which can easily swell and promote micro-crack formation in the cement matrix, thereby
causing a higher rate of water absorption [11,48]. A similar escalation in water absorption
with the incorporation of DPF to the cement composite was reported by Bamaga [49]
where they reported an increase of 27% and 74% with the inclusion of 1% and 3% DPEF,
correspondingly. However, the increase in water absorption for this study was lower
compared to previous findings; this was due to the treatment of the fiber using NaOH
solution, which significantly reduced the lignin and hemicellulose content of the fiber and
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created hydrophobicity in the fiber [10]. This resulted in a decline in the rate of water
absorption in the concrete. Similar findings were reported by Ozerkan, Ahsan [10] where
they found that the alkaline treatment of DPF removed hemicellulose and lignin from its
surface and hence led to a reduction in the water absorption of the composite when the
alkaline-treated DPF was added. The partial substitution of cement with silica fume caused
a decline in the water absorption of the concrete. For the mixes containing 5% silica fume,
the water absorption values of the concrete with 1% and 2% DPF were lesser than that of
the control by 7.1% and 2.9%, respectively. Similarly, for the mixes containing 10% silica
fume, their water absorptions of the concrete with 1%, 2%, and 3% were less by about 21.1%,
16.5%, and 6.1%, respectively, compared to the control mix. Similar findings were reported
by Saradar, Nemati [37] where they reported a decline in water absorption by up to 38%
with the replacement of 10% cement using silica fume in basalt-fiber-reinforced concrete
containing up to 0.5% fiber, while Fallah and Nematzadeh [47] reported a reduction in water
absorption by 18% with the replacement of 12% cement with silica fume in polypropylene-
fiber reinforced composite. The decline in water absorption by the inclusion of silica fume
in the DPF composite resulted from the lower porosity due to the formation of excess
hydration products. The generated hydration products densified the pores generated by
the DPF in the matrix and hence refined the microstructure of the DPF-reinforced concrete
yielding a lower water absorption [44]. However, 15% silica content in the DPF composite
caused an increase in water absorption, which became more severe with the increment in
the addition of DPF. This might be due to the fineness of silica fume, which caused further
absorption of mixing water, thereby reducing the consistency of the paste. This caused poor
compaction and distribution of the fibers within the matrix and thus led to honeycombs
and voids within the concrete microstructure and, consequently, a higher water absorption.
Khan [50] also reported similar findings, where up to 10% silica fume addition as the SCM
in conventional concrete decreased its water absorption, but 15% increased it.
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Figure 11. Water absorption results.

3.6. FESEM Analysis

FESEM analysis was used to obtain and study the microstructural morphology of
some of the representative mixes of the DPF-reinforced concrete, where the effects of
DPF addition and the partial replacement of cement with silica fume were analyzed.
Figure 12a—e presents the morphology of some selected DPF concrete mixes. From the
morphology of the control mix in Figure 12a, traces of Ca(OH), and C-S5-H were seen
resulting from the cement hydration reaction. Additionally, some micro-cracks might have
resulted from plastic or drying shrinkage. Furthermore, the interfacial transition zone (ITZ)
between the cement paste and aggregate could be seen and was densified by the hydration
products. For all other mixes containing DPF, i.e., Figure 12b—e, DPF could be seen on the
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microstructure, without been disintegrated due to applied loads. Around the surface of
the DPF, traces of hydration compounds such as C-S-H and Ca(OH), were also seen to be
deposited on the fiber surfaces. Furthermore, it was observed that the ITZ between the
DPF and cement matrix was porous, which was attributed to poor bonding between the
cement matrix and the fiber. For example, considering Figure 12e, i.e., the morphology
of M2F0S, its ITZ was the most porous, resulting in poor adhesion between the fiber and
cement matrix. Furthermore, the hydrophilic nature of the DPF due to the presence of
ligno-cellulose compounds increased the voids in the matrix through the absorption of
more water and entrapment of air during mixing, which eventually dried up, leaving
pores in the matrix [11,48]. This, consequently, is one of the reasons for the diminution in
the mechanical strength and durability of the concrete with the inclusion of DPF. Similar
results have been established by Kriker, Debicki [42]. Partial cement replacement with
silica fume densified the microstructure and ITZ between the DPF and cement paste. The
mixture containing 1% DPF and 10% silica fume in Figure 12c had the most densified
microstructure, with the ITZ being filled and densified with the cement hydration and
silica fume pozzolanic reaction products. This densification enhanced the bonding between
the fiber and cement paste as displayed in Figure 12c. The improvement was ascribed
to the reaction between SiO, from silica fume with CaOH; from cement hydration. This
led to surplus C-S-H generation, which densified the concrete’s ITZ and microstructure.
Additionally, the consumption of CaOH; also decreased its leaching out with time, reducing
the pore generation caused by the leachate.

Energy dispersive X-ray (EDX) analysis was used to obtain and analyze the elemental
configurations of some of the randomly selected DPF-reinforced concrete containing silica
fume. The results are summarized in Table 4 and Figure 12i—v. The main elements present
in all the cement matrices included silicon (Si), carbon (C), calcium (Ca), aluminum (Al),
oxygen (O,), and iron (Fe). Other traces of elements and impurities in minor form were also
present. Mixes containing silica fume such as M1F1S (Figure 12ii), M1F10S (Figure 12iii),
and M1F15S (Figure 12iv) had abundant Si and O, with less Ca. This explained or indicated
that pozzolanic reactions took place between the SiO, from the silica fume and Ca(OH),
from the cement to produce excess C-S-H [51]. This can be elaborated more by comparing
their ratios of Ca/Si and Si/ Al with the other mixes. It can be observed from Table 4
that the mix M1F10S had the smallest value of Ca/Si and the greatest value of Si/Al,
which signified the highest pozzolanic reaction, while mix M2F0S had the greatest value of
Ca/Si and smallest value of Si/Al, thus denoting the least pozzolanic reaction due to the
non-presence of silica fume.

(a) FESEM of control mix (i) EDX of control mix

Figure 12. Cont.
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Figure 12. Microstructural morphology of DPF-reinforced concrete.

Table 4. Elemental compositions obtained from EDX analysis.

Atomic Weight Concentration (%)

Elements
Control M2F0S M1F10S M1F5S M1F15S

C 18.15 23.91 28.87 31.61 37.01
(0] 48.98 46.01 33.84 43.38 44.73

Al 1.55 1.73 1.35 0.79 0.75

Si 9.63 7.04 144 8.08 6.49
Ca 20.98 20.22 20.6 15.32 10.52

Fe 0.71 1.09 0.95 0.82 -

Mg - - - - 0.5
Total 100 100 100 100 100
Si/Al 6.21 4.07 10.67 10.23 8.65
Ca/Si 2.18 2.87 1.43 1.90 1.62
Ca/(Si + Al) 1.88 2.31 1.31 1.73 1.45

4. Conclusions

This study investigated the effects of silica fume as an SCM on the mechanical proper-

ties of DPF-reinforced concrete. Some of the conclusions summarized include:

@

@
®)
4)
©)

(6)
@)

The fresh and hardened densities of the DPF-reinforced concrete declined with the
addition of DPF by weight of binder materials and partial substitution of cement with
silica fume.

The compressive strength of the DPF-reinforced concrete declined with the increase
in DPF content as an additive by weight of binder materials

The incorporation of up to 2% DPF by weight of binder constituents enhanced the
splitting tensile and flexural strengths of the DPF-reinforced concrete

The addition of DPF increased the porosity of the DPF-reinforced concrete as measured
through the increment in water absorption with the addition of DPF.

Partially substituting cement with silica fume significantly enhanced the mechanical
strength of the DPF-reinforced concrete. The loss in compressive strength up to
2% DPF addition was mitigated by replacing up to 10% cement with silica fume.
Silica fume densified the microstructure and refined the ITZ between the fiber and
cement matrix, hence significantly reducing the porosity and enhancing the durability.
A sustainable DPF-reinforced concrete mix was produced by adding up to 2% DPF by
weight of binder materials and replacing up to 10% cement with silica fume.
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