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Abstract—— In this research study, oil palm mesocarp fiber
(OPMF) from the fruit Elaeis guineensis was used to produce a
natural fiber-incorporated green concrete as a means to reduce
the adverse environmental impact of waste disposal and
improve the engineering attributes of green concrete. The fiber
used was added as a partial replacement for fine aggregate,
with percentage variations replaced by volume content. The
experiments conducted on the produced OPMF-concrete
include physical, durability, morphological, and mechanical
properties tests. The OPMF effect in concrete resulted in a
slight decrease in density with a range of 2349 kg/m?® to 2257
kg/mé, a reduction in workability, and compressive strength
range of 45 MPa to 23.17 MPa, a reduction compared to
control for all fiber load and fiber size at the 28-day cured
specimen for a designed strength of M30. OPMF exerts a
reduction in the flexural and splitting tensile strengths, an
increase in the porosity of the concrete, and, likewise, a high
chloride penetrability with charge values greater than 4000
coulombs. Due to the randomly dispersed fiber particles,
hydration of the binder was restricted, and the fiber made
more pore spaces available, creating a less dense structure.
Moreover, the presence of OPMF in the microstructures of
fiber-concrete decreases the bond between the binder and the
aggregates.

Index Terms—  Agricultural Waste Management,
Compressive Strength, Fiber-Sand Replacement, Sustainable
Green Concrete.

I. INTRODUCTION

owadays, researchers worldwide, particularly in
developed countries, are concerned with sustainable
development and environmental safety. The use of
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construction materials is critical for the long-term
development of buildings. These materials can significantly
impact energy consumption, carbon dioxide emissions,
landfills, and natural resource conservation [1-4]. The
critical issues in the construction materials industries are
primarily related to the depletion of natural aggregates, the
extensive use of ordinary Portland cement (OPC) and
associated excess CO, waste production and destruction,
and landfill space scarcity [5-7]. Concrete has been the most
commonly used construction material for many years, with
global production exceeding one tonne of concrete per
person on the planet [8]. Buildings have been identified as a
significant contributor to the environmental impacts of
human activities. Most buildings are constructed entirely of
concrete and other cement-based materials, which impacts
the environment. One approach to reducing these negative
impacts and ensuring the construction industry's long-term
development is to seek new materials and construction
systems with renewable components, low energy costs of
production and application, and low pollutant emissions
during production [9-11]. Many researchers have replaced
these building materials with natural, renewable, and
recycled options to limit greenhouse gas emissions,
conserve natural resources, and improve building
environmental performance [12-18].

To combat environmental issues and save energy,
recycled and waste materials are increasingly used in
concrete. The improvements in concrete properties, as well
as the environmental benefits from the use of waste
materials, encourage further research into the production of
green concrete. Several alternative and waste materials, such
as construction and demolition waste [19], fly ash [20], and
marble waste [21], are examples of waste materials. Silica
fume (SF), natural pozzolan, ground granulated blast
furnace slag (GGBFS) [22], paper industry sludge waste
[23-24], silico-manganese fume [25], acai' fibers [26-27]
were added to improve the properties of mortar or concrete,
glass powder waste [28], nano-silica, cement kiln dust,
electric arc furnace dust [29], granite residues [30],
ornamental stone-processing waste [31], wind turbine blade
waste [32], and kaolinitic clay [33] have been used in mortar
or concrete to improve their properties, save energy, and
reduce greenhouse gas emissions. Concrete is exceptionally
brittle and thus performs poorly under tension; several
materials have been incorporated to increase ductility and
produce a more durable concrete material to mitigate
brittleness. Steel is the most common of these materials
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because it is ductile and is typically used as primary
reinforcement. Steel fibers are also used as secondary
reinforcement in reinforced concrete at times. The goal of
incorporating reinforcing materials into concrete, in
whatever form they take, is to improve ductility and prevent
brittle failure. Aside from steel, other materials used to
improve concrete ductility include fibers, typically randomly
distributed in a concrete matrix. However, the ongoing cost,
energy demand, and environmental impact of infrastructure
have necessitated the search for alternatives to traditional
structural reinforcements such as steel. Although steel has
numerous advantages when used in cement composites, it is
both expensive and unsustainable in terms of the
environment.

In order to mitigate the environmental impact of the
continuous use of non-renewable fibers in composite
concrete, efforts are being directed towards using natural
fibers as they gain ground in new approaches to building
designs and development as the use of natural and local
building materials gains strength [34]. Due to their low
density, low embodied energy, economy, and environmental
sustainability, fibrous and porous materials of plant origin
are increasingly finding applications in the construction
industry [35-36]. These fibers are widely available,
significantly less expensive to process, and environmentally
friendly. Engineers, researchers, and scientists have focused
on using sustainable materials in the construction industry
[37-41]. Several benefits of using natural fibers in cement
composites have been reported in the literature. These
benefits include low cost, zero carbon footprint, lightweight,
toughness, biodegradability, non-toxicity to the ecosystem,
and high recyclability [42-44]. According to the Food and
Agriculture Organization (FAO) publication on global
agriculture towards 2050 [45], the world's population is
expected to grow by more than 2.3 billion people (i.e., more
than a third of the current population) by 2050, with the
developing world accounting for the majority of this growth.
The implication is that agricultural activities will also
increase. Aside from the anticipated increase in agricultural
waste [46-50], one of the implications is the expected strain
on already-scarce infrastructure.

Agricultural  waste fibers have been used as
reinforcements in concrete, with jute fiber increasing the
compressive strength of the produced concrete [51].
Miscanthus fiber reduces the compressive strength of
concrete produced with it [52]. Bamboo fibers in concrete
reduce the workability and quality of the concrete while
increasing the suppression of crack growth and propagation
[53]. Using flax fiber in concrete increases the strength and
toughness of the concrete [53]. According to [54], hemp
fiber in concrete improves fire resistance. The incorporation
of coconut fiber in a high-strength superplasticized concrete
by [55] increased compressive strength, modulus of
elasticity, and splitting-tensile strength at an optimum
inclusion of 2%. A 5% weight addition of banana fiber
raises the flexural toughness index but lowers the modulus
of rupture [56].

Another source of natural fiber is oil palm mesocarp fiber,
which is derived from the oil palm tree, a major economic
crop in many countries. Oil palm is a significant agricultural
crop in Malaysia, accounting for the fourth most prominent
contribution to the country's GDP [57-58]. Every year,
Malaysia produces millions of tonnes of oil palm fibers

(OPFs) [59]. Oil palm empty fruit bunch (OPEFB), oil palm
mesocarp fiber (OPMF), palm kernel shell, and palm oil mill
effluent are examples of mill OPFs. OPFs are regularly cut
and collected in plantation areas while harvesting fresh fruit
bunches and palm tree pruning [60]. OPMF is used as a fuel
in mill steam boilers. However, due to its large quantity, it
could be used more efficiently. OPEFB is typically
inexhaustible, with only 10% available for other uses [61].
Meanwhile, OPF is felled in between the interrow of oil
palm plants because, once decomposed, it is reused as a
high-nutrient fertilizer [57]. Researchers are very interested
in biomass generated by oil palm industries because it is
abundant and can be converted into value-added materials.
From the standpoint of environmental sustainability, using
Oil Palm Mesocarp Fiber in concrete is encouraged because
it conserves mineral resources, reduces the high carbon
footprint due to incineration in boilers, and reduces the need
for new landfills required for disposals. There is also little to
no data on the effects of using oil palm mesocarp fiber on
concrete properties, so this experiment aims to determine the
outcome of the influence of using oil palm mesocarp fiber
on concrete.

Il. MATERIALS AND METHODOLOGY

A. Materials

Panda Portland Cement MS EN 197-1: 2014 CEM 1 52.5
N, supplied by Hume Cements Sdn Bhd Selangor Daru
Ehsan, Malaysia, was the binding material in the concrete
mixes. The oil palm mesocarp fiber used as partial
replacement of the sand in concrete constituents by volume.
The fiber was gathered from oil palm refineries at Nibong
Tebal and Jawi, both within Seberang Perai Selatan, Pulau
Pinang, Malaysia. River sand was sourced from a local
natural river within Nibong Tebal. Sieve analysis of the
river sand was carried out per standard ASTM
C136/C136M-14 [62]. The specific gravity value of 2.65
and the fineness modulus of 3.36 were obtained for the river
sand, while the specific gravity of 0.89 was obtained for the
mesocarp fiber, respectively. The coarse aggregate of
specific gravity of 2.67 used was from crushed gravel with
max size 20 mm, sourced locally and free from deleterious
materials. Sieve analysis was conducted to grade the coarse
aggregate according to ASTM C136 [62].

B. Mix Design

The natural fiber composite concrete (OPMF-concrete)
was made following the standard of ACI 318 [63], where the
water-cement ratio (w/c) is 0.45. The desired compressive
strength of the specimens is set at 30MPa with workability
of 60 mm to 80 mm. Many batches of the concrete mix were
produced with the different substituting fiber particle sizes
of three distinctive particle sizes, nomenclature A, B, and
particle C, respectively. Table 1 presents the detailed mixes
for the different mixes, with each mix repeated for the three
distinct fiber particle sizes A, B, and C, respectively, with
concrete constituent proportions derived from the design
mix using the stated standard as 440.5 kg/ms3, 714 kg/m3,
1024 kg/m3 and 196 kg/m3 for cement, fine aggregate,
coarse aggregate, and water content respectively in 1m3
concrete mix. The table shows a mix for the control
specimen in which no fiber was added, as well as a constant
value for cement, water, and coarse aggregate, while the
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acceptable aggregate and fiber particle inclusion varied by
the percentage replacement of the fine aggregate in each mix
respectively in volume content replacement.

TABLE |
COMPOSITION OF CONCRETE MIX AT CONSTANT
W/C (0.45)
Sample Cement River Coarse Weight Fiber Water
kg/m3 Sand Aggregate (%) Weight  kg/m?3
(kg/m3) kg/m3 kg/m3
OPCO 440.5 714 1024 0 196
OPMF2 440.5 699.7 1024 2 4.796 196
OPMF4 440.5 685.4 1024 4 9.592 196
OPMF6 440.5 671.2 1024 6 14.388 196
OPMF8 440.5 656.9 1024 8 19.184 196
OPMF10 4405 642.6 1024 10 23.980 196

C. Specimens Preparation

Regular concrete with no additional fiber was produced
and made as the control specimen in order to determine the
impact of the addition of fiber on the properties of the
composite-concrete produced with OPCO represents the
control samples mixes for compressive strength, flexural
strength as well as splitting tensile respectively while
OPMF2, OPMF4, OPMF6, OPMF8, and OPMF10
represents the mixes containing 2%, 4%, 6%, 8%, and 10%
of oil palm mesocarp fiber as partial replacement of river
sand by volume respectively. These percentage
replacements were carried out for compressive strength
specimens and flexural strength and splitting tensile
samples, respectively, following the mold dimensions for
the various testing specimens. It is worthy of note that these
mixes were carried out for three distinct particle sizes A, B,
and C, representing 0 — 1.18 mm, 1.19 mm — 2.36 mm, 2.37
- 5 mm, respectively (see Fig 2a), with all sizes within the
particle size range of fine aggregate in the standard concrete.

Following the various planned proportions of the concrete
constituents, the river sand and cement were mixed first in
the concrete mixer for 1 min, followed by adding the fiber.
Then, it was mixed for an additional 1 min. Coarse
aggregate proportion is then added to the mixed contents
(cement, sand, and fiber) in the mixer and allowed for a
further 1min of thorough mixing. Water was then added
gradually in bits while the mixing was ongoing until a
homogenous mixture was obtained, arriving at a total
mixing time of about 5-7mins (See figure 2b and 2c). The
prepared OPMF-concrete was cast inside molds of varying
dimensions as required for the different testing (fig 2f) and
was agitated on a electrically operated vibration table to
attain consolidation while been placed in three layers with
each layer placement agitated. Samples were left in the mold
for 24 hours, covered with a moist jute sack (damp hiessen).
All specimens were removed from the mold after 24hrs (fig
2d) and cured in water curing tanks following ASTM C 192/
C192M [64] and EN 12390-2 [65] (see fig. 29).

D. Testing

Testing for the workability of the fresh concrete was
carried out using the conventional slump cone test. After
proper mixing, the fresh concrete was subjected to a slump
test per ASTM C143/C143M [66]. The effect of fiber
addition to concrete on workability was also conducted
following the above slump testing standard (see Figures la
and 1b). The density of control concrete and fiber composite
concrete were determined under ASTM C642-13 [67],

taking the average value of the 3 specimens at each
percentage fiber-fine aggregate replacement; likewise, the
water absorption properties followed the same standard.

= P ~ .

Fig 2: Procedural diagram showing (a) three distinct fiber particle sizes
A, B and C, (b) dry mixing of materials, (c) well-mixed wet OPMF-
concrete, (d) de-molded compressive strength specimens, (e) splitting
tensile strength testing, (f) specimens in molds, (g) curing of specimen in
water tank, (h) compressive strength testing, and (i) flexural strength
testing.

The mechanical properties of the casted OPMF-concrete
were determined in the laboratory after curing in a water
tank at ages 7, 14, 28, and 56 days for compressive strength
specimens with 100 mm * 100 mm * 100 mm dimensioned
specimens. The test was conducted on Universal Test
Scientific, Unit Test Compression Machine (Unit Test
Scientific) Mac Type: CUT 300/50 EN, Serial No:
C235/1W30/5 CEN-A170813, Max Cap: 3000 kN, Weight:
900 kg in accordance to BS EN 12390-3 [68] (see fig 2h).
Flexural test specimen (beam: 100 mm * 100 mm * 500
mm) was tested at age 28 days curing on flexural strength
machine LIYA LABORATORY TESTING EQUIPMENT,
7" Touch Screen, TFT Control Panel, supplied with
Automatic Hydraulic Power Unit with Serial No.: 21/00389,
Device Code: LT-C0226, Voltage: 220-240, Weight: 85kg
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Ampere: 3A, Hz: 50 — 60, Capacity: 100 kN machine
operated on a four-point beam loading test with the pace of
0.26KN/s loading in accordance to ASTM C 78-02 [69] (see
fig 2i). Splitting tensile test specimens (100 mm * 200 mm
height specimen) undergo testing using the Pro-Equip Split
Tensile Component with test gauge, Accuracy + 0.5% FSD,
Scale Division = 5kN, Serial No.: 140529976, 500 kN
capacity mounted on Compression Machine manufacture by
WYKEHAM FARRANCE WF 55200, Serial No: 69117-1,
Capacity: Max. 2000 kN machine operated on 3kN/s
loading, carried out on cylindrical specimens in accordance
to ASTM C 496/C 496M — 04 [70] (see fig 2e).

SEM test was conducted on the sample using specimen
dimension 1 cm * 1 cm fixed on the holder with a sticky
carbon tape (see Fig. 3) with the test conducted in an FEI
QUANTA FEG 650, serial number D9817 Scanning
Electron Microscope machine recorded at 5kV with 250x
and 1000x magnification, while the EDX was obtained
using the same machine at the same magnification.

The effect of the incorporation of OPMF into concrete on
chloride permeability was tested using 3 specimens of each
particle size and percentage of fiber replacement. Cut out
from a cylinder specimen into @100 mm * 50 mm,
vacuumed, pressured dry for 3 hours, and then subsequently
submerged in water for additional vacuumed pressure for
another 6 hours to attain saturation. After 6 hours of
submerged vacuum, the specimen was left in the submerged
water for 24 hours before carrying out the test per ASTM
C1202-05 [71], with each test duration of 6 hours. Fig 4
shows the testing setup.

Fig 3: SEM prepared specimens

Fig 4. RCPT set-up '

1. RESULTS AND DISCUSSION

A. Concrete Workability

The OPMF's effects on the fiber-composite concrete's
workability are presented in Fig. 5. This result looks at the
corresponding effects of fiber addition in replacing fine
aggregate across all the percentage replacements and the
fiber particle sizes. From the graph, it can be deduced that
the workability of fresh OPMF-concrete is reduced
compared to that of non-included fiber. The slump value
obtained for the control specimen was 132.08 mm, while

those obtained for the OPMF-concrete reduces from these
values. As shown in fig 5, a consistent pattern of slump
reduction across all percentage replacements and particle
sizes. Consistent percentage reduction of the slump
compared to plain concrete ranges from 49% at 2 % fiber
inclusion to 97.73% at 10% fiber inclusion for particle size
A. As for particle size B, the reduction percentage of a
slump is between 22% at 2% and 98% at 10% fine aggregate
replacement. Particle size C shows a similar pattern of
slump value reduction, with a range of 43.2% reduction
from 0% to 2% fine aggregate replacement and a gradual
reduction from this percent to 96.2% at 10% fine aggregate
replacement. The pattern from the graph shows that as the
percentage of fine aggregate replacement increases, there
exists a corresponding reduction in the workability of the
fiber-concrete produced.

This phenomenon can be associated with the hydrophilic
nature of the fiber added, as it tends to absorb water into its
microfibrils, thereby reducing available water, as evident
from the sharp reduction in slump. As the percentage of
fiber inclusion increases, there is a high need for water as
the randomly distributed fibers consume the free water
within the samples, thereby causing a reduction in fluidity.
This reduction trend in a slump is similar to that obtained by
other research with natural fiber inclusion in concrete
samples (72-75).

140
3
120 +
100 - -=-Particle A
T -e—Particle B
£ 80 - —4—Particle C
a
£ 60 -
S
[
40 -
20 +
0 T T T T
0% 2% 4% 6% 8% 10%

OPMF Loading (%)
Fig 5: Effect of oil palm mesocarp fiber on the slump of produced fiber-
concrete composite

B. Concrete Density

Concrete density is a crucial characteristic affecting cost,
structural performance, durability, and thermal and acoustic
qualities. Engineers and architects carefully evaluate the
required density while developing structures to ensure that
concrete meets each application's unique needs. Proper mix
design, quality control, and construction techniques are
imperative to attain the necessary density and guarantee the
long-term performance of concrete structures. The density
of both the non-fiber concrete and the concrete with fibers
was determined according to the standard quoted above.
This result is expressed in Fig 6, which shows the effect of
fiber inclusion as river sand replacement by volume on the
concrete densities produced with the different particle sizes
A, B, and C, respectively. The obtained result shows a
steady decrease in the density of concrete as the fiber
content increases with the low density of fiber compared to
that of river sand being responsible for this phenomenon.
Fiber particle size A attained a reduction in concrete density
which ranged between 1.23%, 0.51%, 1.07%, 3.71%, and
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3.79% for 2%, 4%, 6%, 8%, and 10% fiber—sand
replacement, respectively. Particle size B affects a reduction
in density with 1.64%, 0.26%, 0.16%, 0.65%, and 0.83%
representing percentage fiber-sand replacement of 2%, 4%,
6%, 8%, and 10% fiber load, respectively. The percentage
reduction in density of OPMF-concrete fiber in comparison
with that of non-fiber concrete using the particle size C was
1.43%, 1.13%, 1.02%, 0.596%, and 3.92% representing 2%,
4%, 6%,8%, and 10% respectively. Overall, particle fiber B
performs variably well, as the percentage reduction is lower
than the other particle sizes under consideration. The
reduction in density pattern obtained in this work is
consistent with other research work where sand content in
concrete was partially replaced either with natural fiber or
other waste materials ([8], [76]). A reduction in concrete
density as shown in this study may result into reduction in
structural  strength, durability, and resistance to
environmental factors.

C. Water Absorption

Fig 7 shows the graphical representation of the result
obtained for the water absorption properties and porosity of
the produced OPMF-concrete composite. Water absorption

2360

2340

2320

N N
N W
(o] o
o o

Density (kg/m3)

2240 \ T T T T

0% 2% 4% 6% 8%
Fiber Load (%)
Fig 6: Density of OPMF-Concrete

10%

is a crucial property of consideration for the durability of
concrete as most chemical passage relies on the moisture
within the concrete. From the result obtained, it can be seen
that the water absorption of the produced fiber-concrete
reduced compared to that of plain concrete, except for 8%
fiber inclusion for fiber particle size A. Generally, the
absorption value is reduced across all the percentage sand
replacements. On-particle size basis, size A attained a water
absorption reduction percentage value of 2.82%, 14.21%,
2.82%, and 4.23% for 2%, 4%, 6%, and 10% fiber loading,
respectively, except for an increase in water absorption
percentage at 8% which recorded an increase of 1.79%.
Fiber particle size B recorded a varying decrease in the
water absorption value across its percentage sand
replacement, invariably increasing the reduction percentage
compared to plain concrete, spread between 18.44% and
26.89%. A varying reduction percentage value of 7.68% to
21.38% was obtained for particle size C compared to
ordinary concrete. It can be deduced from the obtained
result that the reduction in water absorption by percent is
due to the clogging of the available pore spaces within the
concrete by the fiber, thereby reducing the passage of water
within its structures.

It should be noted that particle size B has a consistent
reduction percentage value and at a rate mostly higher than
the remaining two particle sizes under consideration.
Likewise, there is an increase in reduction percentage as the
fiber content increases since more surface area of the fiber is
present in the interspace of the composite concrete, thereby
creating an avenue for the fiber to absorb the available water
and also restricting cement hydration. This result contradicts
that expressed by the research of [77], in which water
absorption increases as the percentage of natural fiber
inclusion in the mix increases, with no reference to the
control sample expressed in the result. Comparing the result
of this study with that of a research study [78] shows a
similarity in the obtained water absorption percentage in
glass fiber reinforced composite concrete in which the
absorption reduces as a percentage increase in fiber
inclusion as well as that obtained by [79], which shows a
reduction in the water absorption properties of a rice husk
ash composite-concrete. Generally, the graph showed an
initial reduction in value from the control sample with no
fiber and a steady rise in the increased of the water
absorption as the fiber loading increased to optimum value
at 8%, followed by a slight reduction at 10%; this exhibited
a trend has similarity with that obtained by other researchers
[80-81].

D. Porosity

From Fig 7, the graphical result of the effect of oil palm
mesocarp fiber incorporation in concrete-on-concrete
porosity can be obtained. The illustration shows a slight
decrease in the porosity of OPMF-concrete from no-fiber
concrete to 2% fiber—concrete and a steady increase in the
porosity as fiber load content increases. The porosity
obtained ranges from 16.3% to 22.16% across all fiber/sand.
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Fig 7: Porosity and water absorption of OPMF-Concrete
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Fig 8: Percentage variation in porosity across fiber load
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replacement percentages. The slight reduction in porosity
occurred from 0% fiber—concrete at 18.6% to 16.3% at 2%
fiber/sand replacement for particle size B, representing the
most negligible percentage drop. The drop can be seen for
2% fiber content for other particle sizes too, and this is due
to the clogging of pore spaces between the interphase of
binder and aggregates (fine and coarse), thereby resulting in
the reduction in pore spaces within the concrete
microstructure which is responsible for porosity. The
porosity of OPMF-concrete, in comparison to the control
sample at 4% fiber content, also showed a decrease in value
across the three distinct particle sizes. An increase in the
porosity of OPMF-concrete is shown as the fiber content
increase beyond 4% fiber load, that is, 6% fiber content and
above. A steady rising trend path is established for the
porosity as the fiber load increases. The increase in fiber
content affords the fiber-concrete the possibility of more
pores within the fiber particles to absorb more free water
due to the hydrophilic tendency of the fiber. More fiber
means more pore spaces within the fiber particle for water
intake. Fig 8 shows the percentage difference the OPMF-
concrete attained from the control specimens. This increase
in porosity is similar to that obtained by [82], although non-
natural fiber was used as the reinforcing component (i.e.,
steel fiber, polypropylene, and glass fiber), while the result
from this study also corroborates that of [83], in which
steady increase was obtained as natural fiber used content in
their produced concrete increases.

E. Compressive Strength

Fig 9 illustrates the combined graphical representation of the
average compressive strength of three specimens of the oil
palm mesocarp fiber reinforced concrete with fiber particle
sizes A, B and C as previously specified. The result shows
the significant influence on the compressive strength of the
concrete from the graph, and it can be seen that a reduction
in strength occurs when the fiber is added to the plain
concrete at certain days of curing. Particle size A result as
illustrated in the A section of the result graph in fig 9,
recorded a slight increase of compressive strength at curing
age 7 days between no fiber and 2% fiber content from, with
39.167 MPa at no fiber to 40.33 MPa at 2% fiber/sand
replacement. This slight increase amounts to a 2.97%
increase in strength. This phenomenon could result from the
slight reduction in pore spaces in the samples as the fiber
lodges inside the available spaces and increases the fiber-
cement matrix interphase, thereby enhancing the binding of
the fiber to other components of the concrete. Despite this
slight increase in the compressive strength of OPMF-
concrete at age 7 days, the result shows a subsequent
reduction in strength across other ages of testing. No fiber
concrete possesses compressive strength of 48.63 MPa,
49.67 MPa and 61.67 MPa at 14, 28 and 56 days cured age
while OPMF-concrete with 2% fiber content recorded
compressive strength values of 41 MPa, 45 MPa and 56.73
MPa attained at 14, 28 and 56 days cured age respectively.
Comparison between no fiber concrete and 2% OPMF-
concrete shows a decline of 15.69%, 9.39%, and 8.00% at
14 days, 28 days, and 56 days, respectively.

Increasing the OPMF content to 4% shows a reduction in
the compressive strength of the OPMF-concrete at the
various testing ages compared to the control sample. The
result from the 4% fiber inclusion shows the attainment of
compressive strength in the range of 36.167 MPa to 52.333

MPa. In comparison to that obtained for the control
specimen, the result shows a reduction in strengths across all
testing ages valued at 7.66%, 28.03%, 22.16%, 15.14% for 7
days, 14 days, 28 days, and 56 days. The reduction in
compressive strength of the OPMF-concrete in comparison
to plain concrete can be associated with the increase in the
fiber load, which increases the surface area of fiber-to-
cement matrix interphase leading to the reduction in the
binding of cement to both fine and coarse aggregate, thereby
resulting in low strength. The subsequent increase in OPMF
loading percentage shows a steady trend of reduction in
compressive strength, as seen in the graph 6%, 8%, and 10%
oil palm mesocarp fiber increases led to reductions in the
compressive strengths of the concrete. The compressive
strength at age 56 days produced a linear trend for the
percentage of fine aggregate replacement by fiber. The
values obtained are 61.67 MPa to 40.2 MPa at 0% and 10%
fiber/sand replacement, respectively.

From the result obtained as illustrated in fig 9 above, it
can be deduced that despite the apparent reduction in
strength as the fiber load increases, the OPMF-concrete
produced attained the designed compressive strength for all
the percentage fine aggregate replacement at testing age of
28 days with values of 49.67 MPa, 45 MPa, 38.67 MPa,
35.83 MPa, 35.93 MPa and 31.3 MPa representing 0%, 2%,
4%, 6%, 8% and 10% fiber/sand replacement respectively.

Fig 9 section B of the graph illustrates the effect of
OPMF particle size B replacement of fine aggregate on the
compressive strength of the produced OPMF-concrete. The
obtained compressive strength values expressed in the graph
followed the same pattern as expressed in section A of Fig 9
with slight variation in value. At the testing age of 7 days,
the obtained strengths are 39.16 MPa, 37 MPa, 35.3 MPa,
35 MPa, 33.93 MPa, and 30.27 MPa which represents
compressive strength at 0%, 2%, 4%, 6%, 8%, and 10%
fiber load respectively. 48.63 MPa, 41.167 MPa, 39.87 MPa,
37.7 MPa, 35.8 MPa and 33.93 MPa was recorded for 14
days cured specimens. At 28 days of standard testing age,
compressive strengths are 49.67 MPa, 43.47 MPa, 42.47
MPa, 40.33 MPa, 42.17 MPa, and 36.13 MPa, representing
values obtained at 0%, 2%, 4%, 6%, 8%, and 10% fiber load
respectively. While at 56-day compressive strength stood at
61.67 MPa, 48.4 MPa, 45.93 MPa, 45. 37 MPa, 44.9 MPa
and 38.33 MPa for 0%, 2%, 4%, 6%, 8%, and 10% fiber
load respectively. OPMF particle size B asserts the same
effect on the OPMF-concrete as the graphs show a steady
decrease in compressive strength across all percentage
fiber/sand replacement. The result obtained shows that
adding fiber particle size B to concrete led to the reduction
of compressive strengths compared to control specimens.
Percentage reduction in compressive strength ranges from
5.53% to 21.5% for 2% fiber/sand replacement across 7, 14,
28, and 56 days of testing age. A steady reduction
percentage of 22.72% to 37.84% at 7 days across to 56 days
testing age was obtained for 10% OPMF loading.

As for particle size C, Fig 9 section C shows the effect of
particle size C on the compressive strength of OPMF-
concrete. Practically all obtained compressive strength result
attained by the concrete with regards to the increase in fiber
load exhibits a linear reduction trend in the strength. 36 MPa
to 20.5 MPa was obtained for 7 days of testing across
percentage fiber/sand replacement of 2% to 10%, 36.5 MPa
to 20.67 MPa at 14 days testing age, 40.83 MPa to 23.17
MPa for 28 days testing age while 52.43 MPa to 24.5 MPa
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was obtained at 56 days testing age, all with exclusion of the
control specimen’s compressive strength which reads 39.17
MPa, 48.63 MPa, 49.67 MPa and 61.67 MPa at 7, 14, 28
and 56 days respectively. The graph obtained is linear and
only varied in value compared to other particle sizes (A and
B) under consideration. The reduction in compressive
strength can be attributed to the retardation of the hydration
of cement binder in the concrete caused by the absorption of
free water by the fiber, thereby restricting or reducing the
formation of the C-S-H bonding within the microstructure of
the concrete. Increasing fiber content leads to a gradual
decrease in the hydration reaction, leading to a consistent
decrease in the strength value. In a comparative analysis
with no fiber concrete, OPMF-concrete with particle C,
expresses a linear percentage reduction. At curing age 7
days, 8.1% to 47.66% reduction percentage was recorded
compared to control specimen, across 2% to 10% fiber/sand
replacement, with 10% fiber inclusion attaining the highest
reduction percent. 24.94% to 57.5% at 14 days, 17.79% to
53.36% for 28 days of testing, while 56 days of testing age
amounts to 14. 97% to 60.27% across all the replacement
percentages of 2%, 4%, 6%, 8% and 10% respectively.

In general, the addition of fibers makes concrete more
heterogeneous and less workable, resulting in inadequate
compaction and increased voids. With an increase in OPMF
content, concrete loses its workability.

The compacted concrete density may be slightly impacted
by thin OPMF filaments' tangling and lower specific
gravity/density in the cementitious matrix [84].
Additionally, because OPMF is hydrophilic as other natural
plant-based fibers, it can absorb water from a fresh matrix,
which reduces workability. This study's reduction in
compressive strength is in line with that obtained by [85], in
which jute fiber (natural fiber) was incorporated in slag
concrete. Likewise, the addition of OPMF influences the
hydration of cement; as the fiber inclusion increases, so does
the retardation of hydration, resulting in a lower strength, as
corroborated by [86]. However, the compressive strength of
all the mixes increases with increasing curing ages. Using
particle size B as a fair representative of all the produced
OPMF-concrete, it can be seen, as expressed in Fig 10, that
increase in the testing age leads to a corresponding increase
in the compressive strength value obtained. The
compressive strength obtained at 7 days rose by 36.48% at
56 days for the control sample, 23.55%, 23.1%, 22.85%,
24.43%, and 21.04%, representing a percentage increase
from 7 days to 56 days for 2%, 4%, 6%, 8%, and 10% fiber
load respectively. This trend is also obtained for the other
two particle sizes (A and C). With increasing curing age for
all mixes, compressive strength increased. The rates of
strength increase were higher when the curing age increased
from 7 to 28 days than when the curing age was increased
from 28 to 56 days when comparing the strengths obtained
at 7 and 56 days with those obtained at 28 days. The
difference in percentage strength gained is because the first
28 days saw higher cement hydration rates than the later
days; a similar trend is reported by other research [87-88].

Taking consideration of the designed compressive
strength of M30 (30 MPa) at 28 days of testing, it can be
deduced across all particle sizes that samples with sizes A
and B attained the design strength at all percentage fiber
inclusion of 2% to 10% while designed strength reduces for
specimens with particle size C at fiber loading of 8% and
10%.
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Fig 9: Compressive strength of OPMF-concrete with particle sizes (A) 0 —
1.18 mm, (B) 1.18mm - 2.35 mm, and (C) 2.35 mm - 5 mm
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Table Il expresses the analysis of variance conducted on
the compressive strength values obtained at age 28 days.
There is a significant difference in the values across ages of
testing and all the percentage fiber/sand replacement,
indicating the individual effects on the compressive strength
at various fiber percent inclusion and fiber particle
variations.
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Fig 10: Percentage increase of Compressive Strength across ages of curing

Volume 32, Issue 2, February 2024, Pages 379-391



Engineering Letters

TABLE Il
ANALYSIS OF VARIANCE (ANOVA) ON
COMPRESSIVE STRENGTH

SoV SS df MS F P-value F —crit
Rows 190.8 2 95.4 9.96 0.00417 4.10
Columns 705.5 5 141.1 14.7 0.000244 3.33
Error 95.8 10 9.6
Total 9921 17

F. Flexural Strength

For the safety, effectiveness, and quality of structural
elements in construction, it is essential to determine the
flexural strength of concrete. It plays a crucial role in the
planning, constructing, and upkeep of infrastructure and
buildings, ultimately enhancing their durability and
dependability. Fig 11 presents the effect of OPMF addition
and content on the flexural strength and splitting tensile
strength measured at 28 days. From fig 11 OPMF-concrete
with fiber particle A exhibits a non-linear reduction flexural
strength trend compared to the control specimens. An
increase and decrease in the path can be seen from the graph
as the fiber percentage increases. Across each percentage
sand replacement, the flexural strength reduces with
increasing fiber addition. The OPMF-concrete recorded
flexural strength range value of 5.55 MPa to 4.71 MPa over
all OPMF loading and percentage fine aggregate
replacement. For particle size A, the flexural strength
reduced by 15.18%, 7.49%, 14.64%, 3.12%, and 5.10%
representing fiber percentages of 2, 4, 6, 8, and 10,
respectively. Fiber size B exhibited a steady reduction in
flexural strength at 2%, 4%, and 6% but with an increase in
strength at 8% compared to the previous fiber load of the
same particle size and a further drop in flexural strength at
10% fiber content. OPMF particle size B reduced flexural
strength percentages by 2.40%, 8.34%, 12.36%, 3.42%, and
10.74%, representing 2%, 4%, and 6%. 8% and 10% fiber
content, respectively. The flexural strength of fiber particle
size C shows a similar pattern to that of particle size A, with
a decrease in strength from 0% to 2% fiber content and an
increase from 2% to 4% fiber content, after which a steady
decrease in strength is attained as the fiber content increases.
11. 94%, 4.74%, 8.88%, 16.62%, and 13.69% represent the
percentages reduction in strength in comparison to control at
2%, 4%, 6%, 8%, and 10% fiber load, respectively.
Statistically, as shown in Table Ill, there is no significant
difference in the flexural strength values attained by the
various fiber contents and the fiber size.

G. Splitting Tensile

Concrete splitting tensile strength determination is
essential for evaluating structural integrity, preventing
cracking, maintaining quality, and optimizing construction
practices. It is essential to the planning, constructing, and
upkeep of infrastructure and buildings, ultimately enhancing
their performance, durability, and safety. The maximum
load recorded for each splitting tensile test was utilized to
calculate the strength attained. Fig 11 shows the effect of oil
palm mesocarp fiber inclusion on the splitting tensile
strength of the fiber-composite concrete. A variation in
graph paths can be seen as the strength is non-linear. OPMF-
concrete attained splitting tensile strength range of 3.45 MPa
to 2.23 MPa at the various particle sizes and fiber/sand
replacement percentages compared to 3.13 MPa with no
fiber. Fiber particle size A influences the splitting tensile
strength by increasing the strength with 2% fiber inclusion

and a steady slight reduction across other percentage fiber
inclusion compared to that obtained at 2%. Fiber size B
reduces strength at 2% from 0% fiber, a further reduction at
4%, and a steady rise to 8% fiber load with a later reduction
at 10% fiber content. As for fiber particle size C, a drastic
reduction in splitting tensile strength occurred at 2% fiber
content but with a gradual increase in strength from the 2%
content to 8% fiber inclusion and a further decrease at 10%
fiber content. In terms of percentage reductions across all
fiber sizes and loading, particle size A attained an increase
in splitting tensile strength percentage of 10.22%, 5.05%,
6.10% at 2%, 4%, and 6%, respectively, to 0% at 8%, with a
reduction in strength of 11.53% at 10% fiber content.
Particle size B attained a reduction percentage of 1.71%,
9.91%, 6.11% at 2%, 4%, and 6% fiber content,
respectively, a short increase of 2.02% at 8% and a further
reduction of 11.19% at 10% fiber load. Particle fiber C
reduced splitting tensile strength by 22.05%, 15.60%,
11.54%, 12.21%, and 28.82%, representing 2%, 4%, 6%,
8%, and 10% fiber content. Due to the formation of voids in
the matrix and improper compaction brought on by higher
fiber contents, which decreased workability, the splitting
tensile strength of OPMF-Concrete decreased at higher fiber
contents. Also, observation from the result shows that the
splitting tensile strength decreases as the compressive
strength of the OPMF-concrete reduces as the fiber loading
increases. The pattern obtained in this study is similar to that
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Fig 11: Flexural strength and splitting tensile strength of the three sizes of
OPMF-concrete at 28 days of curing

TABLE 111
ANALYSIS OF VARIANCE (ANOVA) ON FLEXURAL
STRENGTH
SoV SS df MS F P-value F —crit
Rows 0.09 2 0.045 0.60282 0.566 4.103
Columns 0.81 5 0.16 2.179264  0.137881 3.326
Error 0.74 10 0.074
Total 164 17
TABLE IV

ANALYSIS OF VARIANCE (ANOVA) ON SPLITTING
TENSILE STRENGTH

SoV SS df MS F P-value F —crit
Rows 0.836 2 0.417 10.93 0.00304 4.102821
Columns  0.515 5 0.103 2.69 0.085 3.325835
Error 0.382 10 0.0382
Total 1.733 17

reported by other research carried out on fiber/fiber derived
ash incorporated concrete ([74], [89], [90]). Statistically as
expressed in Table IV, there exist a significant difference in
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the effect of percentages loading of fiber in the OPMF-
concrete with p-value p<5% (0.00304) while there is no
significant difference effect of OPMF particle sizes on the
splitting tensile strength (p> 5%)

H. Morphological Test [SEM and EDX]

The SEM image analyses of the microstructures of the
OPMF-modified concrete revealed that the addition of fiber
had a significant effect on the concrete microstructures. Fig
12 (a-d), respectively, show the morphology of OPMF
reinforced concrete containing 0% and 8% (particle sizes
0%, A, B, and C) as a fair representation for other
percentage fiber inclusion as produced by the SEM
micrographs. As shown in Fig. 12, the OPMF concrete has
more pores than the control specimen. In addition, several
needle-shaped crystals can be seen on the surface and
surrounding the control sample. The inclusion of OPMF
reduces the compressive strength value of concrete mixtures
due to the OPMF specimens' lighter structure and larger
pores within the fiber structure.

The EDX analyses of the specimens prepared with 8%
OPMF as shown in Table V, revealed a steady decrease in
the presence of silica proportion (SiO2) as the fiber particle
sizes increased, with the reduction percentages of 8.41%,
6.28%, and 7.53% representing the weight composition of
silica proportion in 8A, 8B, and 8C OPMF-concrete,
respectively, a drastic reduction when compared to the
control  specimen with 29.68% silica proportion.
Reaffirming that inclusion of OPMF in the concrete reduces
the SiO; content in the matrix. Also, the composition of
Al,O3 decreased by 1.03, 1.24, and 2.70, representing 8A,
8B, and 8C, respectively. When compared to the control
specimens, the carbon content as expressed by EDX shows a
significant increase in proportion at 13.62%, 16.89%, and
23.95% representing OPMF-concrete with 8% fiber
inclusion at particle size A, B, and C, respectively, as can be
seen in table 6. It should be noted that the main difference
between the 8% OPMF samples and the control was that the
EDX spectrums had relatively small CaO, SiO», and Al,Os,
implying that a tremendous amount of Ca and Al was
replaced in the C-A-S-H chains.

The effect of fiber addition on the bond zone between
paste and fiber is depicted in Fig. 12 (b-d). The bond zone
between the OPMF particles grew in size and content as
natural aggregates were replaced. The fiber content directly
influences the number and size of cracks. The SEM results
help to explain the sharp drop in the compressive strength
with increasing OPMF content (from 0 to 8%) in the
concretes matrix. The mechanical strength decrease can be
attributed to bond defects between the fiber and the matrix,
which are caused by the poor quality of the interfacial
transition zone connecting the fiber particles and the cement
paste [91]. Researchers [92] explained the reduced strength
of fiber concrete in terms of a poor interface or transition
zone, which resulted in micro-cracks at poor interface areas,
which then expanded to a macro size, failing when
compressed. apid Chloride Penetration Test.

The penetration of chlorides and other aggressive agents
into the concrete affects the durability of concrete. The
resistance of concrete to chloride ion penetration can be
measured using the Rapid Chloride Permeability Test
(RCPT). Variation in the chloride penetration resistance in
terms of total charge passed is shown in Fig 13.

In this study, incorporating OPMF in concrete as a partial

Cracks - at Interphase

€s at ITZ8

Fig 12. SEM imaes (@) 0% fiber-concrete, (b) 8% fiber-concrete of
particle size A, (c) 8% fiber-concrete of particle size B, and (d) 8% fiber-
concrete of particle size C

replacement for fine aggregate content significantly
influences the chloride penetration of the produced concrete.
At 2% fiber load for particle size A, a slight increase in the
chloride permeability was attained in contrast to the control
specimen, with a drop in penetration at 4% fiber load and a
steady increase in penetration across the other percentage
fiber loading arriving at 8.06%, -20.4%, -5.73%, 18.23%
and 23.22% representing fiber loading of 2%, 4%, 6%, 8%,
and 10% respectively. Fiber particle size B shows a
consistent increase in the chloride penetration from 2% fiber
load to 8% loading and then a slight decrease at 10%.
Percentage comparison with the control samples shows a
decrease percent of 24.13%, 3.35% 1.55% representing 2%,
4%, and 6% fiber load, respectively, and an increasing
percentage of 21.93% at 8% fiber load, after which a slight
reduction in percent was attained at 10% loading valued at
0.67%. Fiber particle size C shows a considerable increase
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in the chloride penetration as values obtained are higher than
the control.

Regarding percentage increase, 47.85%, 37%, 24.32%,
31.77%, and 29.75% representing 2%, 4%, 6%, 8%, and
10% fiber addition, respectively, were recorded. This study
shows a variation in the chloride penetration achieved across
fiber loading and fiber size. The result contradicts that
reported when jute fiber is incorporated into concrete, as a
reduction in the chloride penetration occurs [51]. No
particular trend exists in the result obtained, but a significant
influence was observed. A close similarity with the decrease
in chloride penetration is presented in this study with OPMF
particle size C when fly ash is used as a supplementary
cementitious material, and the reduction is due to its
pozzolanic attributes. Generally, from the graph obtained,
aside from the initial drop in chloride penetration, a
consistent increase was obtained as the fiber load increased,
except for fiber particle size C which witnessed a high
increase in chloride penetration and a subsequent reduction
as the fiber loading increased. Overall, the result shows the
charge passed (coulombs) of above 4000 coulombs for all
specimens, control sample inclusive. Therefore, chloride ion
penetrability is classified as high following the standard
(ASTM C1202-12).

9000
8000
7000
6000
5000 -
4000 -
< 3000 -

passed (Coulombs)

OPMF Loading (%)
Fig 13. Rapid chloride penetration test

IV. CONCLUSION

The importance of environmental sustainability through the
reuse or reduction of waste must be considered. This
laboratory study was conducted to investigate the
effectiveness of using OPMF as a constituent of concrete
and to understand its effect on the workability, durability,
morphological and mechanical properties of OPMF-
incorporated concrete. The obtained results are summarized
as follows:

1. All particle sizes utilized in this study reduce the slump
by 22.12 % to 98.5%, depending on the particle size and the
fiber loading in the concrete, with a fiber load of 10%
attaining the most significant slump reduction. OPMFs
absorb large amounts of water due to their high specific
surface area, and the water needed for better flowability is
reduced.

2. This study shows that adding OPMF to concrete reduces

TABLE V
ELEMENTAL COMPOSITION OF 0% AND 8% OPMF-
CONCRETE
Element Weigth % Atomic %  Compound % Formula
CONTROL
C K 0.00 0.00 0.00 CO,
Na K 5.01 454 6.76 Na,O
Al K 10.21 7.87 19.29 Al,03
Si K 29.68 21.99 63.49 SiO,
K K 2.36 1.25 2.84 K0
Ca K 5.45 2.83 7.62 CaO
o 47.29 61.52
Total 100
8A
C K 13.62 20.63 49.91 CO,
Mg K 0.76 0.57 1.27 MgO
Al K 1.03 0.69 1.94 Al,03
Si K 8.41 5.45 17.99 SiO,
S K 0.55 0.31 1.37 SOs
Ca K 18.60 8.44 26.02 CaO
Fe K 1.16 0.38 1.50 FeO
0 55.87 63.52
Total 100.00
8B
CK 16.89 25.56
O K 51.68 58.70
Al K 1.24 0.83
Si K 6.28 4.06
Ca K 23.92 10.84
Total 100
8C
CK 23.95 33.59
O K 51.05 53.75
Mg K 0.94 0.65
Al K 2.70 1.69
Si K 753 4.52
Ca K 13.82 5.81
Total 100

concrete density across all fiber loadings; the density
obtained at the 28-day cured specimen ranged from 2320.2
to 2257 kg/m3, while the control specimen recorded a 2349
kg/m3. Despite the reduction, the OPMF-concretes have
sufficient density. The negligible difference in concrete
density is attested to by statistics showing no significant
difference with p-value p - 0.174 across fiber loading and p -
0.06 across the three particle sizes, both greater than p< 5%
3. The addition of OPMF initially reduces the water
absorption percentage of the OPMF-concrete, followed by a
gradual increase as the fiber load increases. The concrete
recorded a percentage increase of 1.79% and a reduction
percent range of 2.81 to 26.89%, with the most negligible
percentage reduction attained at 2% fiber load particle size
A.

4. The effect of the addition of OPMF in concrete follows
the same trend as that of water absorption, as there was a
slight reduction in porosity at lower fiber loads and a steady
increment in porosity subsequently. Porosity ranges from
17.5% to 22.16%, and the percentage change in porosity
compared to control ranges from -5.91% to 19.14%.

5. The addition of OPMF recorded a compressive strength
value range of 45 MPa to 23.17 MPa for all fiber loads and
fiber sizes at 28 days. Comparing the compressive strength
of the produced composite concrete to the control shows a
reduction in value recorded at 49.67 MPa at 28 days,
accounting for about 9.4% to 53.36% reduction in the
compressive strengths at 28 days across particle sizes A, B,
C, and percentage fiber loadings.

6. The flexural strength compared to control reduces from
2.40% to 15.18%, while splitting tensile strength takes an
increase in values with a percentage range of 10.16 to 6.10
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and a reduction range of 1.71 to 28.82% at various fiber
loads and sizes, respectively.

7. SEM and EDX show the effect of OPMF on the
interphases of the fiber with the cement matrix and
aggregates. Cracks are evidence at the interphase of the
creation of voids and a reduction in Ca and Al content in the
C-A-S-H chains.

8. RCPT of all specimens produced achieves a charge above
4000 coulombs, classified as high chloride penetrability in
the concrete without OPMF and that containing OPMF.
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