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Abstract: According to the sustainable development concept, it is necessary to solve the issue
of replacing fiber from synthetic materials with natural, environmentally friendly, and cheap-to-
manufacture renewable resources and agricultural waste. Concrete is the primary material for
which fibers are intended. Therefore, the use of vegetable waste in concrete is an essential and
urgent task. Coconut fiber has attracted attention in this matter, which is a by-product of the
processing of coconuts and makes it relevant. This work aims to investigate the experimental base
for the strength properties of dispersed fiber-reinforced concrete with coconut fibers, as well as the
influence of the fiber percentage on the mechanical, physical, and deformation characteristics. The
samples were made of concrete with a compressive strength at 28 days from 40 to 50 MPa. The
main mechanical characteristics such as strength in compression (cubic and prismatic) and tension
(axial and bending), as well as the material’s compressive and tensile strains, were investigated.
The percentage of reinforcement with coconut fibers was taken in the range of 0% to 2.5% with an
increment of 0.25 wt.%. Tests were carried out 28 days after the manufacture. The microstructure
of the resulting compositions was investigating using the electron microscopy method. The most
rational percentage of coconut fibers was obtained at 1.75%. The increase in mechanical indicators
was 24% and 26% for compression and axial compression, respectively, and 42% and 43% for tensile
bending and axial tension, respectively. The ultimate strains in compression were raised by 46% and
in tension by 51%. The elastic modulus was increased by 16%.

Keywords: concrete; fiber-reinforced concrete; sustainable concrete; natural fibers; coconut fiber

1. Introduction

Current construction is rapidly developing the world economy, but at the same time it
carries several problems that engineers and scientists must solve. One of these problems is
the environmental pollution that occurs in the world from the construction process and
construction production. One of the concrete features, as well as its main disadvantage, is
its low tensile strength compared to its high compressive strength. To compensate for this
shortcoming, building structures are provided with bar reinforcement, which perceives the
main tensile loads and prevents the reinforced concrete structure from collapsing. However,
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bar reinforcement does not practically influence the microstructure of the concrete matrix,
in which many microcracks are formed already at the stage of hardening and shrinkage,
which inevitably begin to develop during load application. Restraining the development of
microcracks significantly increases the strength characteristics (SC) of the concrete itself
as a material [1,2].

Traditionally, fiber-reinforced concrete (FRC) structures contain steel, polypropylene,
cellulose fibers [3–11], and others. The use of fiber reinforcement made of coarse basalt
fibers has a certain popularity [10]. Recently, the popularity of the use of glass and carbon
fiber dispersed reinforcement of concrete (FDRC) has been growing [12]. The above
materials have high tensile strength and other properties that have rightfully made them
traditionally used materials for FDRC. However, their significant common disadvantages
are their high cost and the need for production processes associated with high emissions
of greenhouse gases into the atmosphere. Additionally, the obtained SC of FRC with fiber
reinforcement from classic materials are often much higher than required for the normal
operation of a particular FRC structure, and the cost of FRC in this case may not correspond
to the required characteristics [1,2,8,10]. The above reveals the environmental and economic
problem of FRC, which can be solved by using fibers that do not require separate production,
which are a rapidly renewable natural material, or that are waste from the agricultural
industry [13,14]. Thus, primary attention for the creation of environmentally friendly and
relatively inexpensive FRC is attracted by natural fibers that do not require energy-intensive
and environmentally unsafe production. The raw materials for such fibers are obtained by
mechanical processing of plant parts, their cleaning, and drying. At the same time, plant
fibers are often a by-product or waste of agriculture, and their use as a FDRC is one of
the ways to obtain relatively waste-free agricultural processes, which corresponds to the
concept of sustainable development [15–24]. The advantages of such fibers for dispersed
fiber reinforcement of concrete are high tensile strength that meets the requirements of
modern construction, low cost, no need for energy-intensive production with high CO2
emissions into the atmosphere, renewability, low waste production, and relative safety for
humans and animals. Several studies were carried out [18,22], during which it was found
that the addition of various types of plant fibers to concrete improved its strength properties
and affected its deformation properties, making the destruction “smooth” instead of brittle
such as ordinary concrete. It was revealed that the addition of the listed types of plant
fibers in an amount up to 2 % vol. of concrete increased the SC in direct proportion to
the percentage of fiber reinforcement, and when this value was exceeded, an inverse
relationship was observed [18,22].

Coconut fiber, which is a by-product of coconut processing, has attracted special
attention in this regard. The structure of the coconut palm fruit is shown in Figure 1.

Figure 1. Schematic of the fruit of the coconut palm.

Coconut fiber (coir) is originally a part of the fruit of the coconut palm, namely, the
fibrous shell surrounding the endocarp (the so-called coconut), which protects the seed
from overheating and provides buoyancy to the fruit [25–27]. Coir is obtained from mature
fruits of the coconut palm and contains a large amount of lignin, due to which it does not
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rot and has high strength and elasticity [28–30]. It consists of lignin (45.77%), cellulose
(43.24%), water-soluble components (5.22%), pectin (3.30%), ash elements (2.22%), and
hemicellulose (0.25%) [31–33]. The schematic of coconut fiber is shown in Figure 2.

Figure 2. Schematic of coconut fiber.

Coconut fiber consists of four layers: the main and three inner walls surrounding
the cavity in the center. The wall mainly consists of lignin and cellulose, which are the
main components of coconut fiber, which are arranged in a helical pattern with different
angles of inclination to the fiber axis [34–37]. The study [38] investigated the properties
of concrete with the inclusion of coconut shells and coconut fibers. The water absorption
of concrete, the volume of permeable pore voids, the permeability of chloride ions, and
the sorption capacity and resistance at elevated temperature were studied. The samples
were cured under three different conditions: full immersion in water, curing under normal
conditions, and curing at low humidity. The samples tested for temperature resistance
hardened only under conditions of immersion in water. The study showed that the SC of
conventional concrete with dispersed coconut fiber reinforcement were better when cured
under water immersion conditions, and the performance of concrete with the addition of
coconut shell was higher when cured under normal conditions. Temperature resistance
tests have shown that all the studied compositions have the required minimum charac-
teristics and are safe for construction [38,39]. The study [40] considered the impact of the
length of coconut fibers and the percentage of their content in concrete on high-strength
concrete properties. Coconut fibers had a positive effect on the strength in compression
and tension, flexural strength, and deformability of high-strength concrete compared to a
similar composition without coconut fibers. The optimal values for the length of coconut
fibers and the percentage of fiber reinforcement for high-strength concretes, namely, 50 mm
and 1.5% by weight of cement, respectively, have been identified. In [41], the possibilities
of recycling industrial and agricultural wastes as additives in asphalt concrete and bitumen
were studied. Additives in the form of coconut and sisal fibers substantially enhanced
the mechanical properties of asphalt concrete and increased the elasticity modulus of the
material. The study [29] is also part of the data on the efficient use of natural fibers in
the form of coir and waste in construction. The addition of 1% and 1.5% coconut fiber, as
well as 1.5% mineral wool to the mortar, led to an improvement in its flexural strength
and an increase in durability [29]. Research [42] in the field of fiber-reinforced concrete
with experiments, numerical modeling, and microstructure study once again confirmed
that a high dosage of fiber can adversely affect the compressive strength, which can also
lead to a change in the microstructure, an increase in pore volume, or non-large increases
or decreases in bulk density. A very positive effect of the use of fiber was confirmed by
experiments with reinforced concrete beams without transverse reinforcement, with tests
performed for various spans and sections [42]. In some studies [43–49], the properties of
concretes with coconut fiber as a dispersed reinforcement and various production wastes
as coarse aggregates and additives were studied. According to the results of the research, it
was revealed that construction waste in the form of crushed concrete can act as a partial
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substitution for coarse aggregate without losing the quality of concrete, and additives
in the form of fly ash, coconut fibers, and other materials improve the deformation and
strength properties [43–48] as well as the fresh and long-term properties [47] of such con-
crete. In [50], coconut fiber was added to the composite as a replacement for sand in the
amount of 3%, 6%, 9%, and 12% by weight during mixing and curing. It was found that
the composite reinforced with 9% coconut fiber showed the highest tensile strength and
compressive strength [50]. In general, based on the studied literature and [51], the following
disadvantages of using coconut fibers in concrete can be distinguished: susceptibility to
shrinkage during drying or volume changes due to alternating wetting and drying of
concrete, deterioration in the workability of concretes of normal strength, a decrease in
density, and an increase in water absorption. The advantages of using coir are as follows:
increasing the strength of concrete of normal strength at a fiber dosage of 0.5–1.5% and a
length of 50 mm, increasing tensile and bending strength at a dosage of up to 2% coir, and
improving the impact strength of concrete. In addition, the use of coconut chips increases
the permeability of concrete, as well as the carbonization and permeability to chloride
ions; the treatment of coconut fiber with alkali increases the roughness of the coir; and the
protective coatings of latex and pozzolana help to preserve the properties of coconut fiber
in the cement matrix [51].

The principal differences between coconut fibers and other types of fibers are:

(1) Their plant origin, that is, their classification as renewable resources;
(2) The low cost of concrete based on them, in view of their classification as plant and

agricultural waste;
(3) The environmental friendliness of their production, in contrast to glass, basalt, and

polymer fibers;
(4) The relatively high physical and mechanical characteristics in comparison with other

types of fibers of plant origin;
(5) The sufficient prevalence and hence the wide geography of potential application;
(6) Good compatibility with other concrete components.

This article examines and develops the idea of environmentally friendly FRC. Accord-
ingly, it is necessary to develop methods that make it possible to use their natural, cheap,
environmentally friendly, and renewable counterparts as fiber dispersed reinforcement
instead of artificial fibers [52–59].

This study aims for scientific novelty as follows: A rational dosage of fibrous coconut
fiber was firstly determined as a component of a new material—FRC with improved char-
acteristics. In terms of technological aspects, the parameters of the processes of introducing
and mixing the components of fiber-reinforced concrete mixtures for improved concretes
were first set. During the microstructure investigation, the fundamental processes of its
formation, both controlled and uncontrolled, occurring during physical and chemical
interactions, were first revealed.

For construction elements, the effective joint work of the cement matrix and coconut
fiber as a composite system with improved structure and properties was first proven.

The main goal of this article was experimental research of the strength properties
of FRC with coconut fibers, and the impact of fiber reinforced percentage on the SC and
deformation characteristics of concrete. The main task was to obtain material with improved
SC and lower cost, and in addition, more environmentally friendly and safe for humans
and animals.

The scientific result was to obtain new dependencies for FRC with coconut fibers. The
analysis was carried out, and the justification of the processes occurring at the microlevels
at phase boundaries was given.

2. Materials and Methods
2.1. Materials

For purity of the experimental study, a careful approach to the choice of the initial
components was formed. To establish the effect of the addition of coconut fibers most
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correctly, Portland cement grade CEM I 42.5N (CEM 42.5N – Portland cement type CEM
I, strength class 42.5, normally hardening) (Novoroscement, Novorossiysk, Russia) was
used as a binder in the manufacture of samples with the following main physical and
mechanical characteristics (without additives): 335 m2/kg; fineness of grinding (passage
through a sieve No. 008)—25%; the beginning of setting—165 min; end of setting—230 min;
tensile strength in bending at the age of 28 days—7.6 MPa; compressive strength at the
age of 28 days—55.7 MPa. The mineralogical composition of Portland cement is presented
in Table 1.

Table 1. Mineralogical composition of Portland cement.

Mineral Content (%)

C3S 67

C2S 15

C3A 7

C4AF 11

The applied quartz sand (Arkhipovsky quarry, Arkhipovskoye village, Russia) had
the following main characteristics: bulk density—1478 kg/m3; true density—2675 kg/m3;
content of dust and clay particles—1.1%; clay content in lumps—0.11%; organic impurities
were absent. The characteristics of the grain composition of sand are presented in Table 2.

Table 2. Grain composition and modulus of sand size.

Residues on Sieves (%)
Sieves Diameter (mm)

Size Modulus
2.5 1.25 0.63 0.315 0.16 <0.16

Partial 1.28 1.28 10.51 45.04 39.74
2.15 1.73

Full 1.28 2.56 13.07 58.11 97.85

Coarse aggregate in the form of crushed granite (“Pavlovsknerud”, Pavlovsk, Russia)
had the following properties: size—5–10 mm; bulk density—1487 kg/m3; true density—
2650 kg/m3; crushability—11.6 % wt.; the presence of lamellar and acicular grains—9.1%.

Coconut fiber (Auriki Gardens, Yaroslavl, Russia) was used as a fiber-dispersed rein-
forcement. The characteristics of coconut fiber and its appearance are presented in Table 3
and Figure 3, respectively.

Figure 3. Appearance of coconut fiber: (a) ready for use; (b) dry mix.
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Table 3. Characteristics of coconut fiber.

Name of Indicator Actual Value

Diameter (µm) 21 ± 1.1

Titer (Tex, g/km) 30 ± 1.3

Length of fiber (mm) 30 ± 2

Density (kg/m3) 1200

Porosity (%) 32–35

Cellulose content (%) 32–43

Lignin content (%) 41–45

Crystallinity (%) 27–33

Tensile strength (MPa) 175 ± 8.2

Ultimate strain (%) 3.6 ± 0.2

Elasticity modulus (GPa) 22.0 ± 0.2

Relative fiber strength (cN/Tex) 15.3 ± 0.6

Angle of orientation (◦) 30–49

2.2. Methods

When conducting scientific research, relying on the existing regulatory and technical
base containing testing and research methods was crucial. As a concrete sample, concrete
of the Russian class B30 was chosen, corresponding to SC in the range from 40 to 50 MPa.
The workability grade was P1 (cone draft 1–4 cm, determined according to GOST 10181
“Concrete mixtures. Methods of testing”). A metal cone for determining the flowability of
concrete was “filled with a concrete mixture through a funnel in three layers of the same
height on a smooth sheet” [59]. The concrete mix was rodded 25 times, tightly pressing the
cone to the sheet. Next, the loading funnel was removed, the excess mixture was cut off,
and the surface was smoothed. The time for filling and removing the cone was no more
than 3 min. The rise of the cone lasted 5–7 s. The draft of the cone was determined twice.
The error was no more than 0.5 cm. The total test time did not exceed 10 min [60]. The
process of determining the workability of a concrete mixture is shown in Figure 4.
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The calculations of the concrete composition parameter were based on GOST 27006
“Concretes. Rules for mix proposing”. The selection of the concrete composition was
carried out according to the following steps:

- Selection and characterization of raw materials for concrete;
- Calculation of the initial basic composition;
- Calculation of initial additional compositions of concrete;
- Production of experimental batches from the initial and additional compositions:

(a) Taking samples for testing the concrete mixture and making control samples;
(b) Concrete testing to determine standardized quality parameters;
(c) Processing of the results obtained with the establishment of dependencies reflect-

ing the influence of the parameters of the concrete composition on the standardized
quality indicators;

(d) Designation of the nominal composition of concrete, ensuring the receipt of a
concrete mixture and concrete of the required quality [61].

The parameters of the concrete composition obtained in this way, the method of
preparing the concrete mixture, the curing of the samples, and subsequent tests were
carried out based on verified methods, confirmed by a large amount of experimental and
regulatory data. The parameters of the composition are presented in Table 4.

Table 4. Composition of the concrete mixture.

Name Cement (kg/m3) Water (L/m3) Crushed Stone (kg/m3) Sand (kg/m3) ρcm (kg/m3)

Value 375 210 1028 701 2314

The composition of the concrete mixture is the following ratio of components: C:W:S:CS = 1:0.56:1.87:2.74.

The concrete components were mixed using a BL-10 laboratory concrete mixer (ZZBO,
Zlatoust, Russia). The components were loaded in this order: fine aggregate, then Portland
cement, then water. Coconut fiber was introduced into a homogenized mixture of binder
solution and fine aggregate. The resulting mixture was stirred for 3 min, and then the coarse
aggregate was loaded. The resulting concrete mixture was mixed until homogeneous. The
mixture was vibrated on an SMZh-539-220A unit (IMash, Armavir, Russia). Vibration was
carried out for 60 s. Samples were tested by the following test equipment:

- Hydraulic press IP-1000 (TEKHMASH, Neftekamsk, Russia);
- R-50 tensile testing machine (IMash, Armavir, Russia);
- Metal measuring ruler 500 mm (Stavropol Tool Plant, Stavropol, Russia);
- Laboratory scales HT-5000 (Gosmetr, St. Petersburg, Russia);
- Caliper ShTs-I-250-0.05 (Chelyabinsk Tool Plant, Chelyabinsk, Russia);
- A device for measuring deviations from the plane NPL-1 and a device for measuring

deviations from perpendicularity NPR-1 (“RNPO “RusPribor”, St. Petersburg, Russia).

Sample manufacture consisted of the following steps:

(1) Dosing of the initial components of concrete using VLTE-2100 scales (NPP Gosmetr,
St. Petersburg, Russia) with an accuracy of 0.05 g;

(2) Loading of the components into a concrete mixer in the following sequence: water,
cement, sand, crushed stone, coconut fibers;

(3) Mixing of the components until a mixture of a homogeneous consistency was obtained;
(4) Molding of FRC samples—The homogenized mixture was poured into molds, com-

pacted by vibration, and then its surface was leveled in the molds;
(5) Hardening of the samples—The samples were in the molds for 1 day in a hardening

chamber (RNPO RusPribor, St. Petersburg, Russia), then demolding was carried out.
The samples were removed from the molds, and then they were again placed in the
chamber and hardened there again for 27 days;

(6) Testing of samples: for compression, for flexural strength by GOST 10180 “Concretes.
Methods for strength determination using reference specimens” [62], for axial com-
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pression according to GOST 24452 “Concretes. Methods of prismatic, compressive
strength, modulus of elasticity, and Poisson’s ratio determination” [63].

(7) Concrete strength estimating following GOST 18105-2018 “Concretes. Rules for control
and assessment of strength” [64]

Detailed test procedures from these standards are described in [59].
Electron microscopy was used to study the dispersity and morphology of the samples.

“The structure of samples with coconut fiber was studied using a ZEISS CrossBeam 340
electron microscope (Carl Zeiss Microscopy GmbH (Factory), Jena, Germany)” [58].

The experimental program scheme is presented in Figure 5. A photo of test samples is
shown in Figure 6.

Figure 5. The scheme of the experiment for the effect of dispersed reinforcement with coconut fibers
on the strength and deformation properties of concrete.

Figure 6. Test specimens: (a) cubes; (b) prisms.
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3. Results and Discussion
3.1. The Influence of Various Percentages of FDRC with Coconut Fibers on the Strength and
Strain Characteristics

Figures 7–10 illustrate the influence of the percentage of FDRC with coconut fibers
on the SC.

Figure 7. Dependence of the compressive strength (Rb.cub) of cube concrete samples with a face of
100 mm on the percentage of dispersed reinforcement with coconut fibers.

Figure 8. Dependence of the axial compressive strength (Rb) of prism concrete samples with dimen-
sions of 100 × 100 × 400 (mm) on the percentage of coconut fibers.
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Figure 9. Dependence of tensile strength in bending (Rbtb) of prism concrete samples with dimensions
of 100 × 100 × 400 (mm) on the percentage of coconut fibers.

Figure 10. Dependence of the axial tensile strength (Rbt) of prism concrete samples with dimensions
of 100 × 100 × 400 (mm) on the percentage of dispersed reinforcement with coconut fibers.

Figure 5 shows that at a dosage of coconut fibers from 0.25% to 1%, a gradual increase
in compressive strength from 43.8 MPa to 51.6 MPa was observed, in the range from 1%
to 1.5%, and the increase in compressive strength was already less intense, namely, from
51.5 MPa up to 53.6 MPa. At a dosage of coconut fibers of 1.75% by weight of cement, a peak
was observed—the maximum value of compressive strength, equal to 55.1 MPa. However,
with a further increase in the percentage of fibers from 2% to 2.5%, the strength began
to decrease up to a value approximately equal to the strength of the control composition
(without fibers).

Figure 8 shows the most intense increase in axial compressive strength at a dosage of
coconut fibers from 0% to 0.75% and then continues slightly less intensively with a peak
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at around 1.75%; at dosages from 2% to 2.5%, axial compressive strength was similar to
compressive strength decreases.

Figures 9 and 10 demonstrate that the flexible strength and axial tensile strength curves
were similar, and the maximum values, as in the case axial compression, were fixed at a
dosage of coconut fibers of 1.75% by weight of cement.

Figures 11–13 show the results of a study of dispersed coconut fibers on the concrete
strain characteristics.

Figure 11. Dependence of the limiting deformations in axial compression (εb) of prism concrete
samples with dimensions of 100 × 100 × 400 (mm) on the percentage of dispersed reinforcement
with coconut fibers.

Figure 12. Dependence of the limiting deformations in axial tension (εbt) of prism concrete samples
with dimensions of 100 × 100 × 400 (mm) on the percentage of dispersed reinforcement with
coconut fibers.
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Figure 13. Dependence of the modulus of elasticity of concrete samples (E) on the percentage of
dispersed reinforcement with coconut fibers.

Figures 11 and 12 show that the nature of the change in breaking strains in axial
compression and axial tension depending on the percentage of fiber reinforcement was
similar to the behavior of SC. The maximum values of compressive and tensile strains were
observed with coconut fiber of 1.75 % wt.

Figure 13 illustrates that a more significant increase in the elastic modulus was ob-
served at a percentage of dispersed reinforcement with coconut fiber from 1.25% to 1.75%;
the maximum value of the elastic modulus was recorded at a dosage of 1.75% and amounted
to 36.8 GPa, and at a fiber dosage of 2% it dropped to 34.6. In general, in the range from
0% to 1.75%, a stable increase in the elastic modulus was observed, the values of which,
respectively, ranged from 31.8 GPa to 35.2 GPa.

The relations of SC of concrete on the content of coconut fiber were approximated
by the “saturation” function (1), which has shown itself well [59] in problems of analyz-
ing the properties of concrete in the structural modification of mortar with additives of
various types [53,58]

Y = C0 + Axb(sin ωx + ϕ) (1)

Here Y is the mechanical property, C0, A, b, ω, ϕ are constants, and x is coconut content.
The saturation function (1) has specific physical meaning as follows: Coefficient C0

shows the value of the corresponding characteristic without an additive. The second
component consists of two factors. The first, the power function, is responsible for the
growth of properties regarding the content of the additive x. The second factor shows the
degradation of properties when the additive becomes too much, and it begins to play a
negative role.

Figures 7–13 show that the mechanical characteristics of concrete are well described
by function (1) with high coefficients of determination.

Rb.cube = 43.8 + 8.72 × x0.577 × sin(1.2x + 0.04), R2 = 0.969 (2)

Rb = 33.6 + 6.095 × x0.79 × sin(1.24x + 0.12), R2 = 0.962 (3)

Rbtb = 5.3 + 1.655 × x0.567 × sin(1.218x + 0.04), R2 = 0.945 (4)

Rbt = 3.0 + 1.0 × x0.40 × sin(1.20x + 0.044), R2 = 0.876 (5)
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εb = 2.14 + 0.60 × x0.715 × sin(0.95x + 0.32), R2 = 0.918 (6)

εbt = 1.28 + 0.41 × x0.822 × sin(1.05x + 0.20), R2 = 0.965 (7)

E = 31.8 + 2.14 × x1.405 × sin(1.25x + 0.05), R2 = 0.883 (8)

From Figures 7–13 and Equations (2)–(8), it can be seen that the concrete strength in
compression with the optimal percentage of coconut fiber of 1.75% compared to ordinary
concrete was 26% higher. The axial compressive strength became larger by 24%, tensile
strength and flexible strength increased by 42%, and axial tensile strength increased by 43%.

Thus, samples with a reinforcement percentage of 1.75% demonstrated the highest SC.
An increase in the reinforcement proportion more than 1.75% up to 2.5% led to the opposite
trend, that is, to a decrease in strength indicators. This may occur due to the formation of
voids in concrete due to an excessive amount of fibers, “an increase in the water demand of
the concrete mixture, which is consistent with studies” [5,36].

The effect of the proportion of FDRC with coconut fibers on SC and strain characteris-
tics of concrete prototypes are shown in Table 5 and are presented as proportions compared
to the control composition, that is, ordinary concrete without fibers.

Table 5. Influence of the percentage of FDRC with coconut fibers on the strength and deformation
characteristics of concrete samples (∆).

Concrete Characteristics
∆ (%), Depending on the Content of Coconut Fibers (%)

0 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2 2.25 2.5

Rb.cub (MPa) 0 3.4 8.7 15.8 17.8 20.5 22.4 25.8 20.8 10.7 3.0

Rb (MPa) 0 3.9 8.9 13.7 16.4 19.6 20.8 24.1 18.2 5.4 −3.3

Rbtb (MPa) 0 9.4 17.0 20.8 26.4 32.1 35.8 41.5 30.2 15.1 1.9

Rbt (MPa) 0 13.3 20.0 23.3 26.7 30.0 33.3 43.3 33.3 13.3 3.3

εbR (mm/m × 10−3) 0 9.3 16.4 20.1 23.4 27.6 34.1 45.8 39.7 28.5 22.0

εbtR (mm/m × 10−4) 0 9.4 14.1 18.0 28.1 35.2 46.1 50.8 40.6 32.0 21.9

Eb (GPa) 0 0.9 2.5 3.8 5.3 8.2 10.7 15.7 8.8 3.1 0.6

During the analysis of the concrete mechanical characteristics, dispersed reinforcement
with coconut fiber constructed several dependencies on the impact of the amount of FDRC
on its strength properties, the results were compared with those obtained on the control
composition, which had a significant influence on the concrete SC, not only of the fiber
reinforcement itself with coconut fibers, but also of its quantity in relation to the mass of
cement. It was found that an increase in the SC of concrete along with the higher percentage
of fiber reinforcement was observed until the point of 1.75% fiber amount. Thus, it was
determined that dispersed reinforcement with coconut fibers in an amount of 1.75% by
weight of the binder made it possible to obtain a higher SC of FRC and was optimal.

The “stress–strain” curves in compression “εb-σb” and in tension “εbt-σbt”, constructed
from the results of determining the strength and deformation characteristics of the test
concrete, are shown in Figures 14 and 15.

The stress–strain curves of concrete obtained by dispersed reinforcement with coconut
fibers demonstrated that coconut fibers significantly affected the deformability. The maxi-
mum of the “stress–strain” curves of FDRC in the amount of 1.75 % wt. of cement is above
and to the right in the diagrams of concrete with other considered dosages of coconut fiber,
and the peak of the curve of concrete deformation with the amount of fiber 2.5 % wt. almost
coincides with the peak diagrams of concrete with the amount of fiber 0.25% and 0.5%, or
slightly below and to the right of them.
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Figure 14. Stress–strain curves in compression.

Figure 15. Stress–strain curves in tension.

The established dependencies and identified characteristic relationships between the
initial factors and output parameters proved the high efficiency of dispersed coconut fibers
in the composition of concrete. The next task was to analyze the microstructure of the
hardened cement paste of concrete, dispersedly reinforced with coconut fibers, to analyze it
at the micro level after evaluating the effectiveness of such reinforcement at the macro level.

3.2. Study of the Microstructure of Hardened Cement Paste, Dispersion-Reinforced with
Coconut Fibers

Microstructural changes in cement paste, dispersion-reinforced with coconut fibers,
were investigated to find the relationship between the concrete structure and its SC.
Figures 16–18 show the microstructure photos of the hardened cement paste of the control
composition and with coconut fibers in amounts of 1.75 % wt. and 2 % wt.
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Figure 16. Photographs of the microstructure of a sample of the hardened cement paste of the control
composition: (a) 1000×; (b) 5000×.

Figure 17. Photographs of the microstructure of a sample of hardened cement paste with dispersed
reinforcement with coconut fibers in an amount of 1.75% by weight of cement: (a) 1000×; (b) 5000×.
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Figure 16 demonstrates the microstructural changes in the control composition after
collapse. The structure was loose and had many voids. Figures 17 and 18 demonstrate that
coir particulate reinforcement shortened the number of microcracks in the microstructure
of the hardened cement paste. They restrained the stack propagation and, thanks to the
bridging effect created by the fiber, bound the concrete matrix. The microstructure of
hardened cement paste samples with a percentage of fiber reinforcement of 1.75% was
the densest, practically not containing structural defects in the form of voids and cracks
(Figure 17). However, at a dosage of coconut fiber in an amount of 2%, due to their high
water absorption, cracking was observed at the phase boundaries, which reduced the
anchoring of the fiber in concrete (Figure 18). Figure 18 deserves special attention, since this
area illustrates the nature of microcracking at the interfaces of the phases “coconut fiber—
cement–sand matrix”. By the nature of this microcracking, good compatibility of coconut
fiber with the mineral matrix was visible. SEM analysis thus proved the expediency of
dispersed reinforcement of cement systems with coconut fiber at the microstructural level.

Thus, at the micro level, in the course of studying the structure formation of concretes
reinforced with coconut fiber, it was established that the proper quality of the structure
was maintained, the degree of cracking at the interface was low, and the fibers were well
compatible with cement paste and other concrete components. Microstructural studies also
confirmed the effectiveness of concrete reinforcement with dispersed fibers.

In view of the formation of the concrete structure at the micro and macro levels,
under the condition of a uniform distribution of coconut fibers in the mixture, a rational
concentration of crystallization centers occurred throughout the entire volume of the
composite. Good chemical compatibility of coconut fibers with hydration products and a
high degree of mechanical anchoring of the fibers in the cement–sand matrix contributed
to the high final strength characteristics of concrete and the expansion of its serviceability.

Compared with the results of other authors, we achieved high values of the SC of
concrete reinforced with coconut fibers. In [5], the authors achieved an increase in the
axial tensile strength of concrete up to 30.63% due to the FDRC with coconut fibers. The
technology we used and composition recommendations gave an increase in the axial tensile
strength of concrete up to 43%. In [43], the authors managed to obtain an increase in tensile
strength in bending up to 45% by adding coconut fibers and recycled filler from 16% to
45%. In our study, by using only coconut fibers, it was possible to achieve an increase in the
tensile strength in bending of concrete up to 42%, which approximately corresponded to the
increase achieved in [43]. The augmentation of compressive strength up to 26% exceeded
the gains achieved in [45], namely, 12%. The effective dosage of coconut fibers obtained
in the current study was in good agreement with the work, systematizing many similar
investigations [51]. At the same time, it was possible to achieve the maximum improvement
not only in the compressive strength of concrete but also in tensile strength. In a study [65],
coconut fiber was used in foam concrete to improve its compressive strength, flexural
strength, and splitting tensile strength. The test results showed that all three studied types
of foam concrete strengths increased as the volume percentage of coconut coir fibers in the
concrete mixture increased from 0% to 0.4%, while the best performance was observed at a
fiber dosage of 0.4% [65]. In [29], a dosage of coconut fiber of the order of 1.5% turned out
to be effective, which is consistent with the rational dosages selected in the current study.
Thus, this comparative analysis also confirms the effectiveness of the study.

From the point of view of analytics, we worked out all the dependencies on the
components of the FRC mixture. The study was evaluated from the point of view of
chemical, physical, and mathematical aspects. Thus, the research work, described in this
article, is a study aimed at obtaining new fundamentals and, at the same time, at the
development of existing ideas about FRC, dispersed-reinforced with coconut fibers. With
all this, the study allows us to solve a significant task, not only for the construction industry,
but also for the agricultural sector, which is directly interested in the disposal of production
waste, which determines the practical significance of the work.
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4. Conclusions

The main achievements of the study are as follows.

(1) The optimal percentage of fiber reinforcement of concrete with coconut fibers was
determined, which was 1.75%.

(2) The enhancement in the concrete properties due to its dispersed reinforcement with
coconut fibers was expressed as an augmentation in its SC. The increase in the strength
parameters of the obtained FRC samples was for compressive strength—26%, for axial
compressive strength—24%, for tensile strength in bending—42%, and for axial tensile
strength—43%.

(3) The increase in strain characteristics was 46% for deformation under axial compres-
sion, 51% for deformation under axial tension, and 16% for the modulus of elasticity.

(4) The microstructure of hardened cement paste samples with a percentage of fiber
reinforcement of 1.75% was the densest, practically not containing structural defects
in the form of voids and cracks. At a dosage of coconut fiber in an amount of 2%, due
to their high water absorption, cracking was observed at the phase boundaries, which
reduced the anchoring of the fiber in concrete.

(5) A significant advantage of the proposed recipe method and the material produced for
the economy and ecology was noted, with a general increase in its SC compared to
ordinary concrete.

(6) Recommendations for future research are to study the effect of coconut fiber on
the physical properties of concrete, including the properties of long-term strength,
as well as the co-inclusion of coir fiber and other industrial and agricultural waste
in composites.

(7) The resulting material should be used in individual and cottage housing construction.
The high mechanical characteristics of concrete give rise to good predictions for the
durability of such buildings.
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20. Bazan, P.; Mierzwiński, D.; Bogucki, R.; Kuciel, S. Bio-Based Polyethylene Composites with Natural Fiber: Mechanical, Thermal,
and Ageing Properties. Materials 2020, 13, 2595. [CrossRef]

21. Bazan, P.; Nosal, P.; Kozub, B.; Kuciel, S. Biobased Polyethylene Hybrid Composites with Natural Fiber: Mechanical, Thermal
Properties, and Micromechanics. Materials 2020, 13, 2967. [CrossRef] [PubMed]

22. Madhusudhana, H.K.; Kumar, M.P.; Patil, A.Y.; Keshavamurthy, R.; Khan, T.M.Y.; Badruddin, I.A.; Kamangar, S. Analysis of the
Effect of Parameters on Fracture Toughness of Hemp Fiber Reinforced Hybrid Composites Using the ANOVA Method. Polymers
2021, 13, 3013. [CrossRef] [PubMed]

23. Sienkiewicz, N.; Dominic, M.; Parameswaranpillai, J. Natural Fillers as Potential Modifying Agents for Epoxy Composition: A
Review. Polymers 2022, 14, 265. [CrossRef]

24. Stephens, D. Natural fiber reinforced concrete blocks. In Proceedings of the 20th WEDC Conference Affordable Water Supply and
Sanitation, Colombo, Sri Lanka, 18–20 June 1994; pp. 317–321.

25. Gamage, S.; Palitha, S.; Meddage, D.P.P.; Mendis, S.; Azamathulla, H.M.; Rathnayake, U. Influence of Crumb Rubber and Coconut
Coir on Strength and Durability Characteristics of Interlocking Paving Blocks. Buildings 2022, 12, 1001. [CrossRef]

26. Acero, E.H.; Kudanga, T.; Ortner, A.; Kaluzna, I.; De Wildeman, S.; Nyanhongo, G.S.; Guebitz, G.M. Laccase Functionalization of
Flax and Coconut Fibers. Polymers 2014, 6, 1676–1684. [CrossRef]

http://doi.org/10.13189/cea.2020.080508
http://doi.org/10.1016/j.cscm.2022.e01009
http://doi.org/10.3390/polym14183740
http://www.ncbi.nlm.nih.gov/pubmed/36145884
http://doi.org/10.1016/j.jobe.2020.102119
http://doi.org/10.3390/ma11091726
http://doi.org/10.3390/ma11122563
http://doi.org/10.3390/polym12123042
http://doi.org/10.3390/ma15124272
http://doi.org/10.3390/ma15030874
http://doi.org/10.3390/polym14071457
http://doi.org/10.3390/su141710639
http://doi.org/10.3390/ma14164599
https://www.researchgate.net/publication/358130887_Utilization_of_waste_PET_bottles_in_concrete_as_an_innovative_composite_building_material
https://www.researchgate.net/publication/358130887_Utilization_of_waste_PET_bottles_in_concrete_as_an_innovative_composite_building_material
http://doi.org/10.3390/ma15020430
http://doi.org/10.1016/j.compositesb.2012.04.050
https://www.researchgate.net/publication/215560184_A_Review_on_Natural_Fibers
https://www.researchgate.net/publication/215560184_A_Review_on_Natural_Fibers
http://doi.org/10.1016/j.compositesb.2012.04.044
http://doi.org/10.1007/s13762-019-02367-7
http://doi.org/10.3390/polym12030654
http://doi.org/10.3390/ma13112595
http://doi.org/10.3390/ma13132967
http://www.ncbi.nlm.nih.gov/pubmed/32630793
http://doi.org/10.3390/polym13173013
http://www.ncbi.nlm.nih.gov/pubmed/34503052
http://doi.org/10.3390/polym14020265
http://doi.org/10.3390/buildings12071001
http://doi.org/10.3390/polym6061676


Appl. Sci. 2022, 12, 11734 19 of 20

27. Valášek, P.; Müller, M.; Šleger, V.; Kolář, V.; Hromasová, M.; D’Amato, R.; Ruggiero, A. Influence of Alkali Treatment on the
Microstructure and Mechanical Properties of Coir and Abaca Fibers. Materials 2021, 14, 2636. [CrossRef]

28. Ayeni, O.; Mahamat, A.A.; Bih, N.L.; Stanislas, T.T.; Isah, I.; Savastano Junior, H.; Boakye, E.; Onwualu, A.P. Effect of Coir Fiber
Reinforcement on Properties of Metakaolin-Based Geopolymer Composite. Appl. Sci. 2022, 12, 5478. [CrossRef]

29. Awoyera, P.O.; Odutuga, O.L.; Effiong, J.U.; De Jesus Silvera Sarmiento, A.; Mortazavi, S.J.; Hu, J.W. Development of Fibre-
Reinforced Cementitious Mortar with Mineral Wool and Coconut Fibre. Materials 2022, 15, 4520. [CrossRef]

30. Ferreira, G.M.G.; Cecchin, D.; Valadão, I.C.R.P.; da Silva, T.R.; do Carmo, D.d.F.; Moll Hüther, C.; Ferreira, F.; de Azevedo, A.R.G.
Evaluation of the Technological Properties of Soil–Cement Bricks with Incorporation of Coconut Fiber Powder. Eng 2022, 3,
311–324. [CrossRef]

31. Bamigboye, G.O.; Ngene, B.U.; Apata, O.E.; Adeyemi, G.; Jolayemi, K.J. Data on acoustic behaviour of coconut fibre-reinforced
concrete. Data Brief 2018, 21, 1004–1007. [CrossRef]

32. Majid, A.; Anthony, L.; Hou, S.; Nawawi, C. Mechanical and dynamic properties of coconut fibre reinforced concrete. Constr.
Build. Mater. 2012, 30, 814–825. [CrossRef]

33. Wenjie, W.; Nawawi, C. The behaviour of coconut fibre reinforced concrete (CFRC) under impact loading. Constr. Build. Mater.
2017, 134, 452–461. [CrossRef]

34. Mehran, K.; Majid, A. Effect of super plasticizer on the properties of medium strength concrete prepared with coconut fiber.
Constr. Build. Mater. 2018, 182, 703–715. [CrossRef]

35. Kumar, G.B.R.; Kesavan, V. Study of structural properties evaluation on coconut fiber ash mixed concrete. Mater. Today Proc.
2020, 22, 811–816. [CrossRef]

36. Syed, H.; Nerella, R.; Chand, M.S.R. Role of coconut coir fiber in concrete. Mater. Today Proc. 2020, 27, 1104–1110. [CrossRef]
37. Abbass, M.; Singh, D.; Singh, G. Properties of hybrid geopolymer concrete prepared using rice husk ash, fly ash and GGBS with

coconut fiber. Mater. Today Proc. 2021, 45, 4964–4970. [CrossRef]
38. Sekar, A.; Kandasamy, G. Study on Durability Properties of Coconut Shell Concrete with Coconut Fiber. Buildings 2019, 9, 107.

[CrossRef]
39. Ramli, M.; Kwan, W.H.; Abas, N.F. Strength and durability of coconut-fiber-reinforced concrete in aggressive environments.

Constr. Build. Mater. 2013, 38, 554–566. [CrossRef]
40. Ahmad, W.; Farooq, S.H.; Usman, M.; Khan, M.; Ahmad, A.; Aslam, F.; Yousef, R.A.; Abduljabbar, H.A.; Sufian, M. Effect of

Coconut Fiber Length and Content on Properties of High Strength Concrete. Materials 2020, 13, 1075. [CrossRef]
41. Rahman, M.T.; Mohajerani, A.; Giustozzi, F. Recycling of Waste Materials for Asphalt Concrete and Bitumen: A Review. Materials

2020, 13, 1495. [CrossRef]
42. Sucharda, O.; Marcalikova, Z.; Gandel, R. Microstructure, Shrinkage, and Mechanical Properties of Concrete with Fibers and

Experiments of Reinforced Concrete Beams without Shear Reinforcement. Materials 2022, 15, 5707. [CrossRef] [PubMed]
43. Crucho, J.; Picado-Santos, L.; Neves, J. Mechanical Performance of Cement Bound Granular Mixtures Using Recycled Aggregate

and Coconut Fiber. Appl. Sci. 2022, 12, 1936. [CrossRef]
44. Ali, B.; Fahad, M.; Ullah, S.; Ahmed, H.; Alyousef, R.; Deifalla, A. Development of Ductile and Durable High Strength Concrete

(HSC) through Interactive Incorporation of Coir Waste and Silica Fume. Materials 2022, 15, 2616. [CrossRef] [PubMed]
45. Ahmad, J.; Majdi, A.; Al-Fakih, A.; Deifalla, A.F.; Althoey, F.; El Ouni, M.H.; El-Shorbagy, M.A. Mechanical and Durability

Performance of Coconut Fiber Reinforced Concrete: A State-of-the-Art Review. Materials 2022, 15, 3601. [CrossRef] [PubMed]
46. Marar, K.; Eren, O.; Çelik, T. Relationship between impact energy and compression toughness energy of high-strength fiber

reinforced concrete. Mater. Lett. 2001, 47, 297–304. [CrossRef]
47. Ali, B.; Farooq, M.A.; El Ouni, M.H.; Azab, M.; Elhag, A.B. The combined effect of coir and superplasticizer on the fresh,

mechanical, and long-term durability properties of recycled aggregate concrete. J. Build. Eng. 2022, 59, 105009. [CrossRef]
48. Pereira, C.L.; Savastano, H., Jr.; Payá, J.; Santos, S.F.D.; Borrachero, M.V.; Monzó, J.; Soriano, L. Use of highly reactive rice husk

ash in the production of cement matrix reinforced with green coconut fiber. Ind. Crops Prod. 2013, 49, 88–96. [CrossRef]
49. Nadzri, N.I.M.; Jamaludin, S.B.; Noor, M.M. Development and properties of coconut fiber reinforced composite cement with the

addition of fly ash. J. Sustain. Cem. Based Mater. 2012, 1, 186–191. [CrossRef]
50. Abdullah, A.; Jamaludin, S.B.; Noor, M.M.; Hussin, K. Composite cement reinforced coconut fiber: Physical and me-

chanical properties and fracture behavior. Aust. J. Basic Appl. Sci. 2011, 5, 1228–1240. Available online: https:
//www.researchgate.net/publication/250310862_Composite_Cement_Reinforced_Coconut_Fiber_Physical_and_Mechanical_
Properties_and_Fracture_Behavior (accessed on 20 October 2022).

51. Ali, B.; Hawreen, A.; Kahla, N.B.; Amir, M.T.; Azab, M.; Raza, A. A critical review on the utilization of coir (coconut fiber) in
cementitious materials. Constr. Build. Mater. 2022, 351, 128957. [CrossRef]

52. Mailyan, L.R.; Beskopylny, A.N.; Meskhi, B.; Stel’makh, S.A.; Shcherban, E.M.; Ananova, O. Optimization of Composition and
Technological Factors for the Lightweight Fiber-Reinforced Concrete Production on a Combined Aggregate with an Increased
Coefficient of Structural Quality. Appl. Sci. 2021, 11, 7284. [CrossRef]

53. Shcherban’, E.M.; Stel’makh, S.A.; Beskopylny, A.; Mailyan, L.R.; Meskhi, B.; Varavka, V. Nanomodification of Lightweight
Fiber Reinforced Concrete with Micro Silica and Its Influence on the Constructive Quality Coefficient. Materials 2021, 14, 7347.
[CrossRef]

http://doi.org/10.3390/ma14102636
http://doi.org/10.3390/app12115478
http://doi.org/10.3390/ma15134520
http://doi.org/10.3390/eng3030023
http://doi.org/10.1016/j.dib.2018.10.133
http://doi.org/10.1016/j.conbuildmat.2011.12.068
http://doi.org/10.1016/j.conbuildmat.2016.12.092
http://doi.org/10.1016/j.conbuildmat.2018.06.150
http://doi.org/10.1016/j.matpr.2019.10.158
http://doi.org/10.1016/j.matpr.2020.01.477
http://doi.org/10.1016/j.matpr.2021.01.390
http://doi.org/10.3390/buildings9050107
http://doi.org/10.1016/j.conbuildmat.2012.09.002
http://doi.org/10.3390/ma13051075
http://doi.org/10.3390/ma13071495
http://doi.org/10.3390/ma15165707
http://www.ncbi.nlm.nih.gov/pubmed/36013843
http://doi.org/10.3390/app12041936
http://doi.org/10.3390/ma15072616
http://www.ncbi.nlm.nih.gov/pubmed/35407948
http://doi.org/10.3390/ma15103601
http://www.ncbi.nlm.nih.gov/pubmed/35629628
http://doi.org/10.1016/S0167-577X(00)00253-6
http://doi.org/10.1016/j.jobe.2022.105009
http://doi.org/10.1016/j.indcrop.2013.04.038
http://doi.org/10.1080/21650373.2012.754569
https://www.researchgate.net/publication/250310862_Composite_Cement_Reinforced_Coconut_Fiber_Physical_and_Mechanical_Properties_and_Fracture_Behavior
https://www.researchgate.net/publication/250310862_Composite_Cement_Reinforced_Coconut_Fiber_Physical_and_Mechanical_Properties_and_Fracture_Behavior
https://www.researchgate.net/publication/250310862_Composite_Cement_Reinforced_Coconut_Fiber_Physical_and_Mechanical_Properties_and_Fracture_Behavior
http://doi.org/10.1016/j.conbuildmat.2022.128957
http://doi.org/10.3390/app11167284
http://doi.org/10.3390/ma14237347


Appl. Sci. 2022, 12, 11734 20 of 20

54. Shcherban’, E.M.; Stel’makh, S.A.; Beskopylny, A.; Mailyan, L.R.; Meskhi, B.; Shuyskiy, A. Improvement of Strength and Strain
Characteristics of Lightweight Fiber Concrete by Electromagnetic Activation in a Vortex Layer Apparatus. Appl. Sci. 2022, 12, 104.
[CrossRef]

55. Stel’makh, S.A.; Shcherban’, E.M.; Beskopylny, A.; Mailyan, L.R.; Meskhi, B.; Varavka, V. Quantitative and Qualitative Aspects of
Composite Action of Concrete and Dispersion-Reinforcing Fiber. Polymers 2022, 14, 682. [CrossRef]

56. Beskopylny, A.N.; Stel’makh, S.A.; Shcherban’, E.M.; Mailyan, L.R.; Meskhi, B.; Beskopylny, N.; El’shaeva, D. Influence of the
Chemical Activation of Aggregates on the Properties of Lightweight Vibro-Centrifuged Fiber-Reinforced Concrete. J. Compos. Sci.
2022, 6, 273. [CrossRef]

57. Stel’makh, S.A.; Shcherban’, E.M.; Beskopylny, A.; Mailyan, L.R.; Meskhi, B.; Dotsenko, N. Enchainment of the Coefficient of
Structural Quality of Elements in Compression and Bending by Combined Reinforcement of Concrete with Polymer Composite
Bars and Dispersed Fiber. Polymers 2021, 13, 4347. [CrossRef]

58. Beskopylny, A.N.; Stel’makh, S.A.; Shcherban’, E.M.; Mailyan, L.R.; Meskhi, B.; Smolyanichenko, A.S.; Beskopylny, N. High-
Performance Concrete Nanomodified with Recycled Rice Straw Biochar. Appl. Sci. 2022, 12, 5480. [CrossRef]

59. Beskopylny, A.N.; Stel’makh, S.A.; Shcherban, E.M.; Mailyan, L.R.; Meskhi, B.; Shilov, A.A.; Beskopylny, N.; Chernil’nik, A.
Enhanced Performance of Concrete Dispersedly Reinforced with Sisal Fibers. Appl. Sci. 2022, 12, 9102. [CrossRef]

60. GOST 10181; Concrete Mixtures. Methods of Testing. Federal Agency for Technical Regulation and Metrology: Moscow, Russia, 2014.
61. GOST 27006; Concretes. Rules for Mix Proposing. Federal Agency for Technical Regulation and Metrology: Moscow, Russia, 2019.
62. GOST 10180; Concretes. Methods for Strength Determination Using Reference Specimens. Federal Agency for Technical

Regulation and Metrology: Moscow, Russia, 2012.
63. GOST 24452; Concretes. Methods of Prismatic, Compressive Strength, Modulus of Elasticity and Poisson’s Ratio Determination.

USSR State Committee for Construction: Moscow, Russia, 1980.
64. GOST 18105; Concretes. Rules for Control and Assessment of Strength. Federal Agency for Technical Regulation and Metrology:

Moscow, Russia, 2018.
65. Mydin, M.A.; Rozlan, N.A.; Ganesan, S. Experimental study on the mechanical properties of coconut fibre reinforced lightweight

foamed concrete. J. Mater. Environ. Sci. 2015, 6, 407–411. Available online: https://www.researchgate.net/publication/28237997
7_Experimental_study_on_the_mechanical_properties_of_coconut_fibre_reinforced_lightweight_foamed_concrete (accessed on
20 October 2022).

http://doi.org/10.3390/app12010104
http://doi.org/10.3390/polym14040682
http://doi.org/10.3390/jcs6090273
http://doi.org/10.3390/polym13244347
http://doi.org/10.3390/app12115480
http://doi.org/10.3390/app12189102
https://www.researchgate.net/publication/282379977_Experimental_study_on_the_mechanical_properties_of_coconut_fibre_reinforced_lightweight_foamed_concrete
https://www.researchgate.net/publication/282379977_Experimental_study_on_the_mechanical_properties_of_coconut_fibre_reinforced_lightweight_foamed_concrete

	Introduction 
	Materials and Methods 
	Materials 
	Methods 

	Results and Discussion 
	The Influence of Various Percentages of FDRC with Coconut Fibers on the Strength and Strain Characteristics 
	Study of the Microstructure of Hardened Cement Paste, Dispersion-Reinforced with Coconut Fibers 

	Conclusions 
	References

