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Abstract

This study investigates the use of coconut fibers (CFs) derived from coconut husks to enhance the performance of high-
strength concrete (HSC), aligning with sustainability goals through the reuse of agricultural waste. The objective was to
assess the strength properties, water porosity, and sulfuric acid resistance of coconut fiber-reinforced high-strength concrete
(CFR-HSC), targeting a mean compressive strength of 60 MPa. CFs underwent an alkali treatment involving boiling for
one hour followed by immersion in a 1% sodium hydroxide (NaOH) solution, which improved their surface morphology
as confirmed by scanning electron microscopy (SEM). Concrete specimens with CFs contents of 0.25, 0.5, 1.0, 1.5, and
2.0% were evaluated. Increased CF contents content reduced workability and dry density, while compressive strength at 7
and 14 days improved by 2.31 and 13.02%, respectively, at 0.5% CF content but showed no significant improvement at 28
days. However, tensile and flexural strengths improved significantly, achieving the highest gains of 34.71 and 7.03% at
1% CF content, respectively. CFR-HSC exhibited increased water porosity but enhanced resistance to sulfuric acid,
indicating improved durability under aggressive environments. These findings demonstrate the potential of NaOH-treated
(NT) CFs to enhance tensile and flexural properties while improving chemical durability, offering a sustainable approach
to advancing HSC performance.
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1. Introduction

Concrete is the most widely used construction material globally, valued for its versatility and high compressive
strength. Its ability to be molded into various shapes and sizes makes it ideal for diverse applications, including buildings,
bridges, roads, dams, and tunnels. However, traditional concrete faces challenges due to its limited tensile strength, low
ductility, and the growing environmental concerns associated with its production [1, 2]. Sustainable development seeks
to balance human needs with environmental preservation, ensuring the conservation of natural resources for future
generations. In construction, this goal translates into developing materials that are not only strong and durable but also
eco-friendly [3, 4]. One promising avenue for sustainable construction is the incorporation of plant-based fibers into
concrete. This approach provides a greener, more resource-efficient alternative while maintaining the mechanical
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strength and durability of cement composites [5, 6]. The rising interest in plant-based fibers stems from their sustainable
properties compared to synthetic fibers. Plant-based fibers like coconut, sisal, hemp, jute, kenaf, etc. are abundant,
affordable, renewable, and biodegradable, making them a more environmentally friendly option [7, 8]. Studies have
demonstrated that these fibers can enhance the mechanical properties of concrete, such as improving tensile strength,
toughness, and crack resistance [9, 10]. Furthermore, their lightweight nature and compatibility with cement matrices
contribute to enhanced durability and reduced overall material density [11]. The growing use of plant-based fibers aligns
with the increasing demand for sustainable construction practices, helping to mitigate the environmental impacts of
synthetic fiber production and disposal. This shift underscores the importance of adopting innovative materials and
techniques to support a more sustainable and environmentally conscious construction industry. Research on natural and
recycled fibers, including coconut fibers (CFs), highlights their potential in creating sustainable, greener concrete [12,
13].

The incorporation of small, evenly distributed, and randomly oriented plant-based fibers effectively minimizes
drying shrinkage by limiting microcracks and strengthening the concrete matrix [14]. Due to their high tensile strength
and elasticity, these fibers enhance the mechanical properties of concrete by efficiently transferring stress during loading
[15]. They contribute to improved tensile and flexural strength, better crack control, increased impact resistance,
enhanced fracture toughness, and modifications to the concrete's rheological behavior [5, 16, 17].

Concrete reinforced with plant-based fibers can surpass traditional materials in mechanical performance, as these
fibers delay crack initiation and effectively control crack propagation. By restricting the growth of microcracks, they
reduce the likelihood of sudden failure [6]. The resulting hardened matrix exhibits shorter cracks, which significantly
improves the composite's impermeability and durability under environmental exposure [18]. Additionally, fiber-
reinforced concrete maintains its load-bearing capacity even after cracking, with notable improvements in tensile and
flexural strength due to the fibers enhancing residual strength.

The effectiveness of fiber reinforcement is influenced by various factors, including the matrix characteristics, fiber
type and content, fiber size and volumetric fraction, the concrete-fiber application process, and the shape of the element
being reinforced [19]. However, a high volumetric fraction of fibers can negatively impact compressive strength and
workability, often resulting in reduced concrete strength due to poor fiber-matrix bonding [20, 21]. Moreover, the
orientation of fibers relative to the cracks significantly affects their efficiency in enhancing mechanical properties [22,
23]. The fibers’ contribution to performance is most effective when they are aligned perpendicular to crack openings in
the direction of stress [24, 25].

Porosity is a critical property to consider when designing concrete mixtures, as it directly influences both the
durability and the mechanical performance of concrete [26]. High porosity facilitates the ingress of aggressive agents,
leading to reinforcement corrosion and microstructural damage [27, 28]. This accelerates deterioration, particularly
under cyclic environmental conditions and extreme climates [29]. Moreover, increased porosity weakens the
cementitious matrix and interfacial transition zones, significantly reducing compressive strength [30, 31]. Numerous
studies highlight the impact of porosity on concrete’s mechanical properties and durability, along with the variety of
testing methods available [32, 33]. CF reinforced concrete adds complexity to porosity due to the high-water absorption
of CFs, which increases the water/cement ratio and slows water evaporation, resulting in higher porosity [34]. The finer
fractions of these fibers further aggravate porosity in interfacial transition zones [35].

This research evaluated three types of porosity in concrete: total, capillary, and air, using water porosity tests based
on traditional methods that measure water absorption through total immersion or capillary action, focusing on pores
accessible to water [36, 37]. Total porosity represents the proportion of voids in concrete that can retain water, with
higher levels often linked to reduced durability due to water ingress, which can cause degradation, chemical attacks, and
reinforcement corrosion [38]. Capillary porosity, or open porosity, consists of interconnected voids that allow the
passage of fluids and gases, increasing the concrete's sensitivity to environmental factors and accelerating its degradation
when excessive. Meanwhile, air porosity, or closed porosity, is composed of isolated voids that prevent fluid movement
but may compromise compressive strength and raise permeability.

Despite the significant advantages offered by plant-based fibers, their organic composition makes them prone to
degradation in concrete, due to environmental factors and the chemically aggressive nature of the cementitious matrix
[39]. Research has shown that this degradation is primarily driven by the highly alkaline environment created during
cement hydration, where the formation of Ca(OH), plays a key role [40-43]. Exposure of plant-based fibers to the
alkaline pore solution accelerates degradation, increasing porosity, internal strain, moisture absorption, chemical
breakdown, and reducing mechanical properties [44]. Moreover, the bond between the fibers and the cement matrix is
often weak due to the hydrophilic nature of plant-based fibers [45]. The hydroxyl groups present in these fibers attract
water molecules, exacerbating the issue. To address these challenges, various treatment methods, including chemical
and thermal techniques, have been developed [46]. These treatments aim to enhance the fiber-matrix bond and reduce
moisture movement in and around the fibers during wetting and drying cycles [47]. Additionally, the use of silica fume
has been shown to create a localized pozzolanic reaction, which protects plant-based fibers and improves their resistance
to chlorides [39].
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Plant-based fibers, including CFs, have been shown to enhance the tensile and flexural properties of concrete [48].
However, studies often neglect the combined effects of mechanical properties, water porosity, and chemical durability
under aggressive environments, especially in high-strength concrete (HSC). These fibers can disrupt the cementitious
matrix and increase porosity by creating additional interfacial zones [49]. Adjusting water content to maintain
workability when incorporating fibers further contributes to porosity [50]. The interaction between fiber type and
concrete components significantly influences water demand and workability [51-53]. Challenges such as fiber
degradation in alkaline environments and weak bonding with the cement matrix persist. Although various fiber treatment
methods have been explored, their effects on HSC performance under combined mechanical and chemical conditions
remain insufficiently studied. Additionally, research on the impact of varying fiber content to optimize workability,
strength, and durability is still limited.

This study addresses these gaps by investigating the use of NaOH-treated CFs (boiling followed by sodium hydroxide
treatment) as reinforcement in HSC to assess their impact on compressive, tensile, and flexural strengths, water porosity,
and sulfuric acid resistance. By varying fiber content and focusing on sustainability through agricultural waste reuse,
the research aims to optimize the fiber-matrix interaction and enhance the durability of HSC under aggressive
environments. Additionally, the study seeks to provide new insights into the trade-offs between fiber content,
workability, dry density and overall performance.

2. Materials and Methods
2.1. Material Locations and Properties

In this study, Portland-pozzolanic cement (CEM I11/B-P 42.5 N) was used, which was locally manufactured in
Nairobi, Kenya, and met the EN 197 standard [54]. The chemical properties of this cement are detailed in Table 1. The
coarse aggregate (CA) was crushed stone with a maximum size of 12.50 mm, sourced from Mlolongo quarries in
Nairobi, Kenya. The fine aggregate (FA) was river sand with a maximum size of 5 mm, also obtained from Mlolongo
quarries. To improve the workability of the concrete, Sika Viscoflow 615 KE superplasticizer (SP), produced by Sika
Chemicals in Nairobi, Kenya, was used. Sodium hydroxide (NaOH) pellets with a purity of 97% were acquired in
Nairobi, Kenya. Potable water from the JKUAT water pump was used for all concrete mixes. The CFs were extracted
from mature husks in Mombassa, Kenya, a well-known area for coconut abundance. A summary of the materials used
in this research is provided in Table 2.

Table 1. Chemical properties of CEM I1/B-P 425 N

Chemical Analysis

Parameter Abbreviation Specification Unit Result
Loss on Ignition LOI - 4.19
Silicon Dioxide SiO, - 24.42

Insoluble Residue LR. - 12.05
Aluminium Oxide Al,03 - 6.02

Iron Oxide Fe,03 - 3.75

Calcium Oxide CaO - % 57.06

Magnesium Oxide MgO - 1.28
Sulfur Trioxide SO3 <3.5 2.66
Sodium Oxide Na,O - 0.84
Potassium Oxide K,0 - 8.92
Pozzolanicity - - Pass
Chloride Cl- <0.1 <0.01

Table 2. Summary of materials to be used for concrete production

Materials Properties

Fine aggregate (River sand) Maximum size of 5 mm

Coarse aggregate (Crushed stone) Maximum size of 12.50 mm
Sodium Hydroxide (NaOH) 97% Extra pure

CEM II/B-P 425 N Specific gravity of 2.86

Superplasticizer (SP) Specific gravity of 1.08

Water Specific gravity of 1.00

Untreated coconut fiber Specific gravity of 1.18

Boil-treated coconut fiber Specific gravity of 1.16

boiled, and then treated with NaOH Specific gravity of 1.25
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2.2. Characterization of Aggregates

The suitability of FA and CA for concrete was evaluated by examining their particle size distribution (Figure 1).
Prior to usage, both FA and CA were thoroughly cleaned to remove impurities and sun-dried to remove moisture. The
aggregates were then sieved and graded according to ASTM C33 standards [55], adhering to the defined upper and
lower limits. The findings indicated that both aggregates were suitable for concrete mixtures as per ASTM C136 [56].
CA sizes varied from 12.5 to 2.36 mm (Figure 2(a)), meaning they passed through a 12.5 mm sieve and were retained
by a 2.36 mm sieve. The maximum size for FA was 5 mm, as shown in Figure 2(b). The fineness modulus of FA and
CA was 2.50 and 2.41, respectively, conforming to the ASTM C136 requirement for concrete aggregates, which
specifies a fineness modulus range of 2.3 to 3.1.
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Figure 1. Size distribution of fine and coarse aggregates

2.36 mm—5 mm

(a) Coarse aggregates (b) Fine aggregates

Figure 2. Images of aggregates used in concrete

2.3. Physical and Mechanical Properties of Aggregates

The characteristics of the FA and CA utilized in this study are summarized in Table 3. The rodded dry bulk density
for FA and CA intended for the mixture was measured at 1680 and 1515 kg/m3, respectively, meeting the BS 812-2 [57]
standard for bulk density-dry rodded aggregates in concrete, falling within the range of 1400 to 1800 kg/m?. The specific
gravity on an oven-dry basis for FA and CA was recorded as 2.54 and 2.47, respectively, in accordance with ASTM
C127 [58] specifications. For CA, the aggregate impact value (AlV) was 4.07% and the aggregate crush value (ACV)
was 14.76%, both below the permissible limits of 10 and 30%, as stipulated by BS 812-112 [59] and BS 812-110 [60].
These results affirm that the aggregates are suitable for use in concrete applications.

Table 3. Physical and mechanical properties of fine and coarse aggregates

Properties Fine aggregate  Coarse aggregate
Specific gravity on an oven-dry basis 2.54 247
Apparent specific gravity on an oven-dry basis 2.73 2.72

Water absorption (%) 281 3.7

Bulk density-dry rodded (kg/m°) 1680 1515
Fineness modulus 25 241
Aggregate impact value (%) - 4.07
Aggregate crush value (%) - 14.76
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2.4. Extraction and Treatment of Coconut Fibers

The coconut husks were soaked in water for three days to make fiber extraction easier and to remove contaminants
and soil. The fibers were then cleaned with potable water and sun-dried before further processing. Next, the fibers were
boiled by placing them in a pot of water at boiling point, as shown in Figure 3(c). This crucial step prepares fibers for
subsequent processing. To achieve the boiling treatment (BT), the fibers underwent vigorous bubbling and heating for
an hour, leading to significant changes. The heat and agitation helped break down certain components, separate
impurities, and enhance the cleanliness of the fibers. Boiling also softened the fibers, making them more flexible for
further processing. After boiling, the fibers were soaked in a 1% NaOH solution for 60 minutes to obtain the Alkali or
NaOH treatment (NT), as shown in Figure 3 and 4. The fibers were then thoroughly washed with potable water until the
pH reached a neutral level (pH 7 + 0.5). This washing process removed any residual alkali. Finally, the CFs were
disintegrated and sun-dried. This treatment changed the surface properties of the fibers, improving their chemical
reactivity and ability to bond with cement paste. This study assessed the mechanical properties and durability of HSC
reinforced with NT CFs. The CFs were cut into length of 20 + 2mm to be used in concrete.

Figure 3. Processing of coconut fibers: (a) collection of coconut fibers, (b) washing of coconut fibers, (c) boiling of coconut
fibers, (d) NaOH container, and (e) drying of coconut fibers

Collection of brown coconut husks and immersion in water for three days
to facilitate the extraction of fibers.

g L

Cleansing fibers to eliminate sludge and drying through sun-drying.

IT

Start placing the fibers in the pot once the water has reached a boiling
point and boil them for one hour.

g L

Dry the fibers in the sun until they are completely dry.
gL

~ —~
~_—

Soak the fibers in a NaOH solution for one hour to achieve the surface
modification of fibers.

J L

~ —
~_—

Rinsing fibers with potable water until their pH reaches 7.5 + 0.5.

g L

Dry the fibers in the sun until they are completely dry.

Figure 4. Flowchart for treatment of coconut fibers

2.5. Scanning Electron Microscopy (SEM) of Coconut Fibers

The morphological properties of untreated (UT), BT and NT CFs were analyzed using scanning electron microscopy
(SEM). Random fiber samples from each group were affixed to aluminum SEM stubs with carbon adhesive tape and
then coated with carbon to improve conductivity. Imaging was done using a TESCAN MIRA SEM, while elemental
analysis was carried out with a Thermo Fisher Nova NanoSEM equipped with an Oxford X-Max detector and INCA
software.
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2.6. Concrete Mix Design

The target mean compressive strength was set at 60 MPa using a concrete mix designed according to ACI 211.4R
[61], with a water-cement ratio (W/C) of 0.35. To address the high-water absorption of CFs, a SP was added at 2% by
weight of cement in each mix to improve workability. Concrete with various CF contents, ranging from 0.25 to 2% by
weight of cement, were tested. Additional details on the mixes are provided in Table 4.

Table 4. Concrete mix proportions

3
vic  CF kg/m e
() Cement CF  water SP FA ca ratio
Mix1 0 500 0 175 10 679 1060 035

Mix 2 0.25 500 1.25 175 10 679 1060 0.35
Mix 3 0.50 500 2.50 175 10 679 1060 0.35
Mix 4 1 500 5 175 10 679 1060 0.35
Mix 5 1.50 500 7.50 175 10 679 1060 0.35

Mix 6 2 500 10 175 10 679 1060 0.35

2.7. Procedure of Casting and Curing Concrete

A rotary drum mixer was used to combine all the components: coarse aggregate (CA), fine aggregate (FA), cement,
water, superplasticizer (SP), and CFs. The CA was categorized into three size ranges: 2.36-5 mm (5% by weight of
CA), 5-10 mm (25% by weight of CA), and 10-12.5 mm (70% by weight of CA). Water and SP were premixed to form
a lubricant, which was gradually added to the mixer along with CFs to ensure uniform distribution. The workability of
the fresh concrete was assessed using a slump test, as illustrated in Figure 5. The concrete was then poured into oiled
molds and compacted using an electric vibrator.

After 24 hours, the samples were demolded and water-cured to ensure proper hydration, prevent premature drying,
and minimize shrinkage. The curing durations were 7, 14, and 28 days for mechanical testing, 56 days for water porosity
tests, and 28 and 56 days for sulfuric acid resistance tests. Different molds were used based on the type of test, as shown
in Figure 6. Cubical samples were used for compressive strength, dry density, water porosity, and sulfuric acid resistance
tests. In addition, cylindrical samples were used for split tensile strength tests, while prismatic samples were used for
flexural strength tests.

@ (b

Figure 6. Concrete cast into cube, cylinder, and beam specimens
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3. Experimental Procedures and Testing Method
3.1. Mechanical Strength Tests of Concrete
Compressive Strength Test

Compressive strength (f;), was assessed using 100 x 100 x 100 mm concrete cubes. The samples were cured in water
for 7, 14 and 28 days before being tested. The tests were carried out using a universal testing machine, Figure 7 (a) with
a capacity of 1500 kN, applying a load of 0.5 kN/s in accordance with EN 12390-3 [62]. For each curing period, the
average compressive strength was calculated from the results of three samples. The compressive strength was
determined by dividing the maximum load supported (B,,q,) by the specimen by its cross-sectional area (A), as expressed
in Equation 1:

f. = "me (1)

Figure 7. Mechanical test setup: (a) compressive test, (b) split tensile test, and (c) flexural test

Split Tensile Strength Test

Splitting tensile strength (f5.), was determined using cylindrical specimens with dimensions of 200 mm in diameter
(D) and 200 mm in length (L). The specimens were subjected to water curing for 7, 14, or 28 days before testing. Testing
was performed on a universal testing machine (UTM) with a 1500 kN capacity, operating at a load rate of 0.3 kN/s, in
compliance with EN 12390-6 [63]. During testing, the cylinder was positioned horizontally along its length at the center
of the loading plate, as illustrated in Figure 7 (b). For each curing period and mix, three specimens were tested, and the
average value was taken as the f;;. The splitting tensile strength was calculated using the equation outlined in Equation
2:
for = ez @

TTXLXD

Flexural Strength Test

The flexural strength (f;), was evaluated using beam specimens with dimensions of 100 x 100 x 350 mm, where the
width (W) and height (H) were 100 mm, and the span length (L) was 300 mm. The beams were water-cured for 28 days
prior to testing. The f; was determined using a three-point bending test performed on a universal testing machine (UTM)
with a 1500 kN capacity, applying a load rate of 0.1 kN/s in compliance with EN 12390-5 [64]. The setup followed
ASTM C1018 [65] guidelines, employing a three-point loading configuration, as indicated in Figure 7 (c). For each
mixing and curing period, the flexural strength was calculated as the average of three tested beams. The f; was
determined using the formula specified in Equation 3:

f, = 3XPmaxxL (3)

2XW xH?2

3.2. Water Porosity Test

The water porosity method, following the French AFPC-AFREM standard [38], was used to measure the total volume
of water-accessible pores in concrete. The test involved concrete cubes from different mixes, including those without
CFs and those with UT, BT, and NT CFs. Each cube, measuring 100 mm x 100 mm x 100 mm, was sectioned into eight
smaller specimens (50 mm x 50 mm x 50 mm) using a water-cooled diamond saw (Figure 8) to maximize the surface
area for water penetration. The specimens were then submerged in water for 56 days to achieve complete saturation.
After immersion, the weight of the saturated dry surface (SSD) was recorded as W,. Each sample was then placed in a
wire basket, immersed in water and weighed using a beam balance to obtain W,. After oven drying at 105°C for 7 days,
the samples were cooled and reweighed to obtain W,. Equation 4 was used to calculate the water absorption I/,
Equation 5 was used to calculate the total water porosity (P) according to the French AFPC-AFREM standard.
Equations 6 and 7 were used to calculate open porosity (capillary pores) denotes P, and closed porosity (air pores)
denotes (B,), respectively, according to GOST 12730.4-78.3 standard [66].
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W, (%) =%W;:/b>< 100 (4)
P(%) = Wy X 2 ®)
Py(%) = W, x 5—:: (6)
R.(%)=P—P, (7)

In the equations: p, and p,, are the density of concrete and water, respectively.

5

B AR S

R
iz

Figure 8. Preparing porosity samples: (a) cutting of concrete cube samples, (b) samples of cut concrete cube, and (c)
measuring the weight of the saturated sample immersed in water

3.2. Resistance to Sulfuric Acid Test

The sulfuric acid resistance test was conducted following the guidelines of ASTM C267 (2006) [67]. Concrete cubes
with dimensions of 100 mm per side were prepared and cured in water for 28 days. After curing, the cubes were air-
dried for 7 days, weighed, and submerged in a 3% Sulfuric acid solution contained in plastic tanks for durations of 28
and 56 days, as illustrated in Figure 9. Upon removal from the acid solution, the samples were rinsed with water using
a plastic brush, dried with an absorbent cloth, and weighed to calculate the percentage weight change. The cubes were
subsequently tested for compressive strength to evaluate the percentage reduction. For each mix, three cubes were tested,
and the average results were recorded.

@ (b © ol

Figure 9. Sulfuric acid test: (a) sulfuric acid container (98% analytical reagent), (b) specimens immersed in sulfuric acid
solution, (c) specimens removed from sulfuric acid solution, and (d) washing of specimens after removal from sulfuric acid

solution.

4. Results and Discussion
4.1. Scanning Electron Microscopy (SEM) of Coconut Fibers

Figure 10 presents SEM images illustrating the morphology of UT, BT, and NT CFs. The UT fibers, shown in
Figure 10(a), exhibit uneven surfaces with impurities such as hemicelluloses and waxes, which can hinder their
adhesion to cement paste. This observation aligns with findings reported by Raju et al. [68]. In contrast, Figure 10(b)
highlights the BT CFs, which show reduced impurities and increased surface roughness. These characteristics
enhance their mechanical bonding with cement paste. Following the NT, the fibers exhibit cleaner and smoother
surfaces, as seen in Figure 10(c), due to the removal of impurities. This treatment improves the fibers' contact area
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and adhesion with the cement paste. Furthermore, the treated CFs demonstrate better friction resistance and lower
water absorption, attributed to their compressed cellular structure, as supported by Mulinari et al. [69] and Zamboni
et al. [70]. Reddy et al. [71] similarly noted that alkali-treated fibers exhibit a compressed cellular structure with
fewer voids, which significantly reduces water absorption. This study further investigated the effects of NT CFs on
the slump, strength and sulfuric acid resistance of HSC, as well as the influence of UT, BT, and NT CFs on the dry
density and water porosity of HSC.

’ﬂ' >
SEMMAG: 50.0kx | SEM MAG: 50.0 kx i WiRAs TescAN]| SEMMAG: 50.0kx | SEM MAG: 50.0 kx I

SEM HV: 5.0kV WD:9.07mm  1pm SEM HV: 5.0kV WD:921mm  1pm

MiRA3 TESCAN SEM MAG: 500kx | SEM MAG: 50.0 kx | | MIRA3 TESCAN

SEM HV: 5.0kV WD:s43mm  1pm

Det: In-Boam SE  Date(midly): 12118/23 Electron Microscope Unit Det: In-Beam SE  Date(midly): 1211823 Eloctron Microscope Unit Det: In-Beam SE _ Date(midly): 12118723 Eloctron Microscope Unit

Figure 10. SEM analyses of the coconut fiber: (a) untreated, (b) boil-treated, and (c) NaOH-treated

4.2. Workability of Concrete

Concrete workability refers to the ease with which concrete can be placed, compacted, and finished without
segregation or bleeding. It is a critical property influenced by factors such as the water-to-cement (W/C) ratio, fiber
inclusion, aggregate type, and chemical admixtures. In this study, workability was evaluated using the slump test in
accordance with ASTM C143/C143M standards [72]. Figure 11 illustrates the impact of NT CFs on the workability of
HSC. The results indicate that increasing the NT CF content significantly decreases workability. This reduction is
attributed to the higher surface area and irregular morphology of the fibers, which increase internal friction and require
more cement paste to achieve sufficient lubrication, as noted by Ahmad et al. [73]. The control mix, incorporating 2%
SP, achieved a slump of 176 mm. However, as the NT CF content increased, the slump values progressively decreased.
Reductions in slump for 0.25, 0.5, 1, 1.5, and 2% CF content were recorded as 6.25, 12.01, 35.30, 63.70, and 92.60%,
respectively. This decline in workability can lead to poor compaction, increased porosity in the hardened concrete, and
subsequently, reduced strength, as supported by Ahmad et al. [74]. These findings align with previous studies, which
have consistently reported a decrease in workability with the inclusion of coconut fibers. This reduction is primarily
attributed to the fibers' ability to increase internal friction and disrupt the flow of the cement paste [73, 75, 76]. The
practical implications of these results emphasize the need to balance fiber content and mix design to achieve both desired
workability and mechanical performance. Adjustments, such as optimizing the use of SP or modifying the W/C ratio,
can help mitigate the adverse effects of fibers on workability while leveraging their benefits in enhancing concrete's
mechanical and fracture properties.

200
A [

150 4 A . — — Control mix
’g 195 * , * AvNTCFR-HSC
£ A
o ] L d
2 100 .
= 75 .

2 75
A

50 A

25 ’

A
0- T T T T
0 025 05 1 15 2

Coconut Fibre Content (%)
Figure 11. Workability of NaOH-treated coconut fiber reinforced high-strength concrete
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4.3. Mechanical Strength
Compressive Strength

Figure 12 presents the failure modes of cube specimens under compression. In Figure 12(a), the control concrete
cube, which contained no fibers, underwent brittle failure, characterized by a sudden and explosive detachment of
concrete fragments at peak load. This behavior is attributed to the mix’s high dry density and compressive strength,
which result in rapid and catastrophic failure once the material reaches its load-bearing limit. In contrast, CFR-HSC
cubes, shown in Figures 12(b) and 12(c), exhibited a more ductile failure mode. The presence of CFs helped maintain
structural integrity, reducing fragmentation and preventing abrupt collapse. Specimens with lower fiber content (Figure
12b) developed multiple cracks at failure, while those with higher fiber content (Figure 12c¢) exhibited fewer but more
controlled cracks, highlighting improved crack-bridging capability and greater post-peak load resistance.

—— e

Figure 12. Failure modes of cube specimens: (a) control concrete cube, (b) concrete cube with low fiber content, and (c)
concrete cube with high fiber content

Figure 13 illustrates the influence of NT CF on compressive strength of concrete. The control mix exhibited
compressive strengths of 47.40, 53.54 and 67.56 MPa at 7, 14 and 28 days, respectively. The inclusion of 0.5% CF
content resulted in a 2.31% increase in compressive strength after 7 days compared to the control mix. In contrast,
other CF contents (0.25, 1, 1.5, and 2%) led to reductions of 11.26, 0.85, 1.91 and 8.54%, respectively. After 14 days
of curing, all CFR-HSC samples exhibited compressive strength enhancements relative to the control mix.
Specifically, compressive strength increased by 11.76, 13.03, 7.35, 5.66 and 4.72% for CF contents of 0.25, 0.5, 1,
1.5 and 2%, respectively. However, by the 28-day curing period, all reinforced concrete samples showed a decline
in compressive strength compared to the control mix. The reductions recorded were 6.53, 5.72, 9.94, 13.29 and
14.10% for the same CF contents, respectively. These findings align with previous studies [46, 77]. The observed
decrease in compressive strength at 28 days is primarily attributed to an increased water/cement ratio. NT CFs exhibit
lower water absorption than UT or BT CFs. Consequently, incorporating 2% of SP by cement weight led to excessive
workability, increasing the porosity of the concrete matrix and negatively impacting compressive strength.
Furthermore, higher CF contents exacerbated porosity, as noted by Ren et al. [78]. An increased fiber contents create
additional voids, reducing the concrete’s density and subsequently weakening its compressive strength [79]. These
voids serve as stress concentration points under loading conditions, accelerating crack propagation and
compromising the structural integrity of the concrete. Despite the overall reduction in compressive strength at 28
days, concrete mixtures incorporating CF contents between 0.25 and 1% successfully achieved the target
compressive strength of 60 MPa. This indicates that moderate fiber incorporation can enhance mechanical properties
without significantly compromising strength. However, exceeding this range leads to excessive porosity, which
diminishes the structural performance of the concrete.
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Figure 13. Effect of NaOH-treated coconut fiber on compressive strength of high-strength concrete
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Splitting Tensile Strength

Figure 14 illustrates the failure modes of cylindrical specimens subjected to the split tensile strength test. In Figure
14(a), the control concrete cylinder, which contained no CFs, exhibited brittle failure, with some specimens splitting
into two distinct pieces, while others developed wide cracks before failure. This behavior is typical of plain HSC,
where the absence of fiber reinforcement results in a sudden and complete fracture upon reaching the tensile limit. In
contrast, Figures 14(b) and 14(c) depict the failure modes of CFR-HSC cylinders, which developed smaller cracks,
with some specimens showing only fine cracks. The presence of CFs enhanced crack resistance by bridging
microcracks and more effectively distributing tensile stresses throughout the matrix. The specimen with lower fiber
content (Figure 14(b)) exhibited wider cracks than the one with higher CF contents (Figure 14(c)). It was observed
that increasing fiber content improves the crack-bridging effect, reduces crack width, and enhances the ductility of
the concrete under tensile loading [80].

Figure 14. Failure modes of cylinder specimens: (a) control concrete cylinder, (b) concrete cylinder with low fiber content,
and (c) concrete cylinder with high fiber content

Figure 15 presents the substantial effect of embedding NT CF on tensile strength of HSC. The control mix
demonstrated tensile strengths of 2.76 MPa, 2.93 MPa, and 3.15 MPa after 7, 14 and 28 days of curing, respectively.
The inclusion of NT CFs into HSC exhibited considerable enhancements in tensile strength across different fiber
contents and curing durations [46]. After 7 days of curing, the incorporation of 0.25, 0.5, 1, 1.5 and 2% CF content
resulted in tensile strength improvements of 17.31, 24.09, 26.92, 25.10 and 17.39%, respectively. Over a 14-day curing
period, these enhancements were 14.03, 19.95, 22.96, 20.65 and 11.82%, respectively. At 28 days, the tensile strength
gains reached 18.51, 32.23, 34.71, 15.71 and 8.41% for the corresponding fiber contents. These improvements are
attributed to the NaOH treatment of the CFs, which significantly enhances their bonding with the concrete matrix. The
treatment effectively removes impurities and non-cellulosic substances from the fiber surfaces, promoting a stronger
adhesion between the fibers and the cementitious material. Additionally, the surface roughness of the CF is increased
through this process, creating more opportunities for mechanical interlocking with the cement matrix and thereby
reinforcing the bond strength. Furthermore, the NaOH treatment induces chemical modifications in the fiber structure
that improve their dispersion within the concrete mix. Enhanced dispersion minimizes fiber clumping and ensures a
more uniform distribution of reinforcement throughout the composite, optimizing stress transfer within the matrix. As a
result, the concrete gains superior tensile strength due to the improved interaction between the CFs and the surrounding
cementitious phase. The variations in tensile strength enhancement across different CF contents indicate that while
moderate CF additions (0.5-1%) maximize the tensile performance, excessive CF content (2%) leads to a reduction in
efficiency. This could be due to fiber agglomeration, which weakens the fiber-matrix interface and hinders stress
transfer. Therefore, selecting an optimal fiber content is crucial to achieving maximum performance benefits from NT
CFs in HSC applications.
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Figure 15. Effect of NaOH-treated coconut fiber on tensile strength of high-strength concrete
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Flexural Strength

Figure 16 illustrates the failure modes of beam specimens under loading. The control concrete beam, which
contained no CFs, exhibited sudden fragmentation at maximum load, indicating a brittle failure mode, as shown in
Figure 16(a). This abrupt failure was due to the inability of the concrete matrix to redistribute stresses once cracking
initiated. In contrast, the concrete beam reinforced with CFs, as shown in Figure 16(b), maintained its structural
integrity even beyond the peak load. The presence of fibers effectively bridged cracks, delaying their propagation
and preventing complete disintegration. This improved ductility is attributed to the fiber reinforcement, which
enhanced post-cracking load-bearing capacity and energy absorption. Additionally, the control concrete beam
developed a prominent crack at the midspan, whereas CFR-HSC beams exhibited smaller, more distributed cracks,
further highlighting the beneficial effect of fiber reinforcement in mitigating sudden failure and improving fracture
resistance.

(@) (b)

Figure 16. Failure modes of beam specimens: (a) control concrete beam and (b) fiber-reinforced concrete beam

Figure 17 illustrates the influence of NT CF on flexural strength of concrete after 28 days of curing. The control
mix, exhibited a flexural strength of 6.01 MPa. The incorporation of CFs into the concrete mixture initially
enhanced the flexural strength, reaching a peak at 1% CF content before exhibiting a slight decline at higher fiber
contents [73]. The results indicate that as the CF contents increased from 0.25 to 1%, the flexural strength
progressively improved, demonstrating the reinforcing potential of CFs in HSC. The highest flexural strength was
achieved at 1% CF content, highlighting the optimal balance between fiber dispersion and matrix integrity.
However, beyond this threshold, at CF contents of 1.5 and 2%, the flexural strength exhibited a declining trend.
Notably, the concrete mix reinforced with NT CFs exhibited a flexural strength increase of 7.03% at 1% CF content
and 3.21% at 1.5% CF content compared to the control mix. Conversely, at CF contents of 0.25, 0.5 and 2%,
flexural strength declined by 6.73, 4.49 and 2.01%, respectively. These findings suggest that while moderate fiber
incorporation enhances mechanical performance, excessive fiber content may lead to agglomeration and reduced
stress transfer efficiency, thereby affecting flexural strength negatively. The improvement in flexural strength with
NT CFs can be attributed to enhanced fiber-matrix interaction. The NaOH treatment process effectively removes
impurities and surface oils from the fibers, increasing their roughness and improving their bonding with the
concrete matrix.

This enhanced adhesion helps mitigate common issues such as fiber slippage and poor dispersion, which are typically
responsible for reductions in flexural strength. Additionally, the increased contact surface area between treated fibers
and the cementitious matrix contributes to better stress distribution and crack-bridging capability, further improving the
flexural performance of the concrete. However, at higher fiber contents, the benefits of NaOH treatment are offset by
fiber clustering and reduced workability, which may lead to localized weak zones in the concrete. This explains the
observed reduction in flexural strength at 2% CF content. Thus, an optimal fiber content is necessary to maximize the
reinforcing effect while minimizing adverse impacts on the concrete matrix. In summary, NT CFs significantly enhance
the flexural strength of concrete when used in optimal proportions, with the best performance observed at 1% CF content.
Beyond this level, reductions in flexural strength suggest that excessive fiber inclusion leads to dispersion challenges
and matrix disruptions. The findings underscore the importance of proper fiber treatment and content optimization in
developing the high performance of CFR-HSC.
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4.4. Dry Density of Hardened Concrete

The dry density of hardened concrete is defined as the ratio of its dry weight to the volume it occupies, expressed in
kilograms per cubic meter (kg/m3). To determine this parameter, cubic samples with edge lengths of 100 mm were cured
for 28 days and oven-dried at 105°C for 72 hours to remove moisture. The volume of each sample was measured using
a 150 mm stainless steel digital caliper, and their weight was recorded with a precision balance. The average dry density
for each concrete mix was calculated from three samples after curing.

Figure 18 illustrates the influence of CF content on the dry density of hardened concrete. The results indicate
that the dry density decreases as the CF content increases, up to 2%, compared to the control mix, which had a dry
density of 2373 kg/m3. For concrete with UT CFs, the reductions in dry density were 0.42, 1.18, 0.62, 2.18 and
3.19% for CF contents of 0.25, 0.5, 1, 1.5 and 2%, respectively. Concrete with BT CFs led to reductions of 0.22,
1.32, 1.46, 3.68 and 3.88% at the same fiber levels. Similarly, concrete with NT CFs had reductions of 1.83, 2.68,
3.34, 3.62 and 4.19%. These findings demonstrate that incorporating CFs reduce the dry density of concrete, with
the effect becoming more significant as the fiber content increases [81]. This reduction in density is primarily
attributed to the low density of the fibers and potential issues with improper compaction during the incorporation
of fibers into fresh concrete. The reduction in density due to the addition of CFs results in lightweight concrete,
which is beneficial for applications where weight reduction is critical, such as high-rise buildings or structures on
weak soils. Lightweight concrete is also easier and more cost-effective to transport and handle, reducing
construction costs and improving efficiency. However, the decrease in density is associated with increased void
content and a less uniform microstructure, which negatively affects compressive strength and stiffness. Lower-
density concrete has higher porosity, reducing its resistance to cracking, bending, and compressive deformation. It
was observed that UT and BT CFs exhibited irregular trends in dry density reduction. This inconsistency may be
due to the lack of significant improvements from fiber surface treatment and the presence of cork-like structures on
the fiber surface, which influence density. Achieving uniform fiber distribution also remains a challenge. Uneven
dispersion can lead to variability within the concrete, where areas with higher fiber concentrations may show lower
density, while areas with fewer fibers may exhibit higher density.
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Figure 18. Effect of coconut fiber on the dry density of high-strength concrete
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4.5. Durability Performances
Water Porosity

Figure 19 illustrates the effect of CFs on the porosity of concrete after 56 days of water curing. The control mix,
without any added CFs, exhibited a total porosity of 11.22%, comprising 10.38% capillary porosity and 0.84% air
porosity, as shown by the dashed line in Figure 19. The addition of CFs significantly increased the porosity of the
concrete matrix, primarily due to their high-water absorption capacity. This property raises the water-to-cement ratio
and slows the evaporation process, ultimately leading to higher porosity. Figure 19(a) reveals that the total porosity
progressively increased with the addition of CFs. For concrete reinforced with UT CFs at 0.25 and 0.5% CF content, the
total porosity decreased by 3.67 and 1.73%, respectively, compared to the control mix. However, higher CF contents of
1, 1.5 and 2% led to increases in total porosity by 5.90, 6.33 and 14.58%, respectively. A similar trend, albeit more
pronounced, was observed with concrete reinforced with BT CFs. At 0.25 and 0.5% CF content, total porosity decreased
by 4.20 and 2.97%, respectively, relative to the control mix, while at 1, 1.5, and 2% CF content, total porosity increased
by 13.65, 16.29 and 21.52%, respectively. In contrast, NT CFs consistently increased total water porosity at all concrete
with CF contents. Specifically, CF contents of 0.25, 0.5, 1, 1.5 and 2% resulted in increases of 19.08, 21.82, 26.45, 27.56
and 28.84%, respectively, compared to the control mix.

Figure 19(b) illustrates the impact of CFs on the capillary porosity of concrete, showing a trend that closely mirrors
that of total porosity. In concrete reinforced with UT CFs, capillary porosity decreased by 0.42 and 0.94% at CF contents
of 0.25 and 0.5%, respectively, compared to the control mix. However, higher CF contents of 1, 1.5, and 2% led to
increases in capillary porosity by 6.21, 3.57 and 10.39%, respectively. A similar but more pronounced pattern was
observed with BT CFs. At 0.25 and 0.5% CF content, capillary porosity decreased by 4.20 and 2.97%, respectively,
while at 1, 1.5, and 2%, capillary porosity increased by 13.65, 16.29 and 21.52%. Conversely, NT CFs consistently
increased capillary porosity at all concrete with CF contents, with increases of 16.82, 19.56, 22.41, 24.40 and 22.86%
for 0.25, 0.5, 1, 1.5 and 2% CF content, respectively. This increase can be attributed to the higher water-to-cement ratio
in mixes containing NT CFs, as these fibers absorb less water than UT and BT CFs, leaving more free water available
in the mix [3]. Capillary porosity arises from several factors, including hydration, the paste-aggregate interface, and the
formation of microcracks. Additionally, the high-water absorption capacity of CFs contributes to void formation at the
fiber-matrix interface, which serves as water reservoirs. During mixing, a water film forms around the fibers due to their
absorption and osmotic properties, causing them to expand [73]. As hydration progresses and water is consumed, this
film dissipates, leaving voids at the interface. These voids adversely affect the compressive strength and durability [30,
31].

Figure 19(c) illustrates the air porosity values of concrete, determined by subtracting capillary porosity from total
porosity. The results reveal that, the incorporation of CFs into concrete leads to an increase in air porosity as CF content
rises. For concrete reinforced with UT CFs, air porosity initially decreased by 43.49 and 11.42% at CF contents of 0.25
and 0.5%, respectively, compared to the control mix. This reduction can be attributed to the improved packing of fibers
at lower contents, which minimizes voids. However, at higher CF contents of 1, 1.5 and 2%, air porosity increased by
2.17, 40.24 and 66.12%, respectively, indicating that excessive CF contents introduce voids due to the disruption of the
matrix's densification. A similar trend, though more pronounced, was observed in concrete reinforced with BT CFs. At
0.25, 0.5 and 1% CF content, air porosity decreased by 19.36, 6.82 and 0.89%, respectively, compared to the control
mix.

However, at 1.5 and 2%, significant increases of 31.14 and 60.73% were recorded. The boiling treatment likely
softens the fibers, making them more pliable and easier to distribute, but at higher contents, these fibers can create more
voids. Conversely, NT CFs consistently increased air porosity across all concrete with CF contents. The air porosity
rose by 46.79, 49.61, 76.08, 66.42 and 102.34% for fiber contents of 0.25, 0.5, 1, 1.5 and 2%, respectively. The NaOH
treatment modifies the fiber surface, reducing water absorption and increasing stiffness, which can prevent proper
compaction and lead to a greater number of voids in the matrix. These results suggest that while lower fiber contents
can improve compaction and reduce air porosity, excessive fiber addition disrupts the matrix structure, creating more
voids and significantly increasing air porosity, especially when fibers undergo chemical treatments like NaOH. This
increase in air porosity can negatively impact the mechanical properties and durability of the concrete.

Resistance to Sulfuric Acid

Figure 20 presents the visual comparison of concrete samples with and without CFs after being cured in sulfuric acid
and subjected to compressive strength tests. All samples exhibited surface damage, highlighting the vulnerability of
concrete hydration products in the presence of sulfate ions. The exposure to sulfuric acid resulted in the formation of a
white sludge layer on the surface, which can be attributed to the reaction of sulfate ions with calcium compounds in the
concrete, as also observed in Figure 9(c). Additionally, Figure 20 and Figure 9(d) reveal that the acid exposure caused
significant erosion and dissolution, leading to a roughened surface. This deterioration is primarily due to the dissolution
of calcium silicate phases in the cement matrix when exposed to the sulfate-rich environment. The influence of sulfuric
acid on HSC, both with and without CF reinforcements, was assessed by measuring the percentage loss in weight and
strength following immersion in a 3% sulfuric acid solution. After compressive strength testing, the control mix
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exhibited substantial detachment of concrete elements under peak load and displayed brittle failure, characterized by a
sudden burst upon breaking. In contrast, the addition of CFs significantly improved the behavior of the concrete. CFR-
HSC samples maintained the integrity of the concrete elements during failure and demonstrated a more ductile response.
This ductile behavior became increasingly pronounced with higher fiber content, highlighting the reinforcing effect of
CFs in mitigating the brittleness typically observed in HSC. Failure patterns were predominantly concentrated near
specimen corners. Notably, CFR-HSC exhibited fewer and narrower cracks compared to the control mix. This
improvement can be attributed to the fibers' ability to bridge microcracks and absorb energy, thereby enhancing the
overall durability and resistance of the concrete under aggressive environmental conditions. These findings emphasize

the beneficial role of CFs in enhancing the structural performance and durability of concrete exposed to sulfate-rich
environments.
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Figure 19. Water porosity of high-strength concrete reinforced with coconut fibers after 56 days for immersion in normal
water: (a) total porosity, (b) capillary porosity, and (c) air porosity
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Figure 20. Visualization of samples with different fiber contents after curing in sulfuric acid and undergoing the
compressive strength test

Figure 21 illustrates the percentage weight loss of HSC reinforced with NT CFs after 28 and 56 days of sulfuric acid
exposure. All mixes experienced surface damage and weight loss due to the instability of concrete hydration products
in the presence of sulfate ions, which compromise the matrix. The control mixes exhibited weight reductions of 3.17
and 3.68% after 28 and 56 days, respectively, highlighting its vulnerability to acid attack. The incorporation of CFs
significantly reduced weight loss compared to the control mix, indicating improved resistance to acid-induced corrosion.
After 28 days of exposure, weight losses for CFR-HSC were 1.14, 1.31, 1.43, 1.50 and 1.08% at CF contents of 0.25,
0.5, 1, 1.5 and 2%, respectively. A similar trend was observed after 56 days, with weight losses of 1.41, 1.56, 2.06, 2.51
and 1.39% for the same CF contents. These results suggest that fiber addition enhances the durability of concrete in
sulfuric acid environments, with the greatest improvement observed at moderate to higher fiber contents. The reduction
in weight loss can be attributed to the fibers' ability to limit crack formation and propagation, thereby reducing acid
penetration into the matrix. By bridging microcracks, the fibers provide additional reinforcement and improve the
matrix's integrity under chemical attack. However, the results also highlight the potential drawbacks of excessively high
fiber contents. At 1.5 and 2% CF content, while initial acid resistance improved, prolonged exposure led to slightly
higher weight losses compared to lower fiber contents, suggesting that excessive fibers may increase segregation and
permeability, allowing greater acid ingress over time. Overall, the study demonstrates that incorporating NT CFs into
concrete can enhance its acid resistance, particularly at optimized fiber contents. Properly balancing the fiber content is
critical to maximize durability while avoiding adverse effects such as segregation and increased permeability.
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Figure 21. Percentage loss in Mass of high-strength concrete reinforced with NaOH-treated coconut-fibre under Sulfuric acid attack

Figure 22 presents the percentage loss in compressive strength of HSC reinforced with NT CFs after 28 and 56 days
of sulfuric acid exposure. The control mix, without CFs, exhibited significant compressive strength reductions of 42.10%
after 28 days and 53.08% after 56 days, highlighting its susceptibility to acid attack. The incorporation of NT CFs
significantly mitigated strength loss, demonstrating the fibers’ effectiveness in enhancing durability. After 28 days of
acid exposure, compressive strength losses for CFR-HSC were 24.72, 19.91, 20.81, 24.78 and 26.94% at CF contents
of 0.25, 0.5, 1, 1.5 and 2%, respectively. A similar trend was observed after 56 days, with compressive strength losses
of 28.18, 25.62, 32.83, 35.66 and 36.33% for the same CF contents. These results indicate that fiber reinforcement

significantly enhances acid resistance, particularly at moderate CF contents (0.5 and 1%), where the reduction in strength
loss is most pronounced.
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The strength degradation observed in sulfuric acid environments is primarily due to a chemical process known as
sulfate attack. Sulfate ions react with the cementitious matrix, forming expansive compounds such as ettringite, which
generate internal pressure, induce microcracks, and accelerate strength loss. Additionally, sulfuric acid exposure leads
to surface erosion, cracking, and volume changes, further compromising the structural integrity of the concrete. The
incorporation of NT CFs reduces these effects by limiting microcrack propagation and enhancing the concrete’s
resistance to acid penetration. The fibers act as physical barriers, shielding the cementitious materials from direct acid
exposure while also reducing ettringite formation. Overall, the results demonstrate that adding NT CFs to HSC improves
its durability in aggressive environments by reducing compressive strength loss and mitigating the effects of sulfate
attack. However, excessively high CF contents (1.5 and 2%) show diminishing returns, as increased porosity may lead
to a slight increase in strength loss over time. Optimizing fiber content is therefore crucial to maximizing acid resistance
while maintaining structural integrity.
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Figure 22. Percentage loss in compressive strength of high-strength concrete reinforced with NaOH-treated coconut-fibre
under Sulfuric acid attack

5. Conclusion and Recommendations

This study investigated the effects of coconut fiber (CF) treatment on the strength properties, water porosity, and
sulfuric acid resistance of high-strength concrete (HSC). Based on the findings, the following conclusions can be drawn:

¢ Scanning Electron Microscopy (SEM) analysis revealed that NaOH-treated (NT) CFs exhibited improved surface
characteristics, enhancing their mechanical bonding with the cement matrix.

e The inclusion of NT CFs reduced workability and dry density, leading to increased porosity and, consequently, a
decrease in compressive strength.

o The study demonstrated that NT CFs improved the tensile and flexural strengths of HSC, particularly at specific
CF contents, due to enhanced bonding and stress transfer within the matrix. However, the inclusion of NT CFs did
not significantly enhance the compressive strength of HSC. A reduction in compressive strength was observed at
28 days compared to the control mix (concrete without fibers). Despite this, coconut fiber-reinforced high-strength
concrete (CFR-HSC) with CF contents between 0.25 and 1% successfully achieved the target compressive strength
of 60 MPa.

e The incorporation of untreated (UT), boil-treated (BT), and NT CFs reduced the dry density of HSC compared to
the control mix. The reduction was most significant with NT CFs, followed by BT CFs, and the least with UT CFs.

e The inclusion of CFs increased water porosity in all cases, with the highest increase observed in NT CFR-HSC,
followed by BT CFR-HSC, and the lowest increase in UT CFR-HSC.

e The addition of NT CFs improved the durability of HSC in sulfuric acid environments. The greatest resistance was
observed at moderate to higher CF contents, as the fibers helped limit crack formation and propagation, reducing
acid penetration into the concrete matrix. By bridging microcracks, the fibers provided additional reinforcement
and improved the integrity of the matrix under chemical attack.

o Further studies should investigate alternative treatment methods for CFs to evaluate their impact on the strength
and long-term durability of HSC in various aggressive environments.

e The incorporation of pozzolanic materials in CFR-HSC is recommended to mitigate the porosity effect and
enhance strength.

e Future research should carefully investigate the effects of high-range water-reducing admixtures
(superplasticizers) on CFR-HSC to optimize workability, reduce porosity, and enhance strength and long-term
durability.
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