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Abstract: Numerous studies have been conducted recently on fibre reinforced concrete (FRC), a
material that is frequently utilized in the building sector. The utilization of FRC has grown in
relevance recently due to its enhanced mechanical qualities over normal concrete. Due to increased
environmental degradation in recent years, natural fibres were developed and research is underway
with the goal of implementing them in the construction industry. In this work, several natural and
artificial fibres, including glass, carbon, steel, jute, coir, and sisal fibres are used to experimentally
investigate the mechanical and durability properties of fibre-reinforced concrete. The fibres were
added to the M40 concrete mix with a volumetric ratio of 0%, 0.5%, 1.0%, 1.5%, 2.0% and 2.5%. The
compressive strength of the conventional concrete and fibre reinforced concrete with the addition
of 1.5% steel, 1.5% carbon, 1.0% glass, 2.0% coir, 1.5% jute and 1.5% sisal fibres were 4.2 N/mm2,
45.7 N/mm2, 41.5 N/mm2, 45.7 N/mm2, 46.6 N/mm2, 45.7 N/mm2 and 45.9 N/mm2, respectively.
Comparing steel fibre reinforced concrete to regular concrete results in a 13.69% improvement in
compressive strength. Similarly, the compressive strengths were increased by 3.24%, 13.69%, 15.92%,
13.68% and 14.18% for carbon, glass, coir, jute, and sisal fibre reinforced concrete respectively when
equated with plain concrete. With the optimum fraction of fibre reinforced concrete, mechanical and
durability qualities were experimentally investigated. A variety of durability conditions, including
the Rapid Chloride Permeability Test, water absorption, porosity, sorptivity, acid attack, alkali attack,
and sulphate attack, were used to study the behaviour of fiber reinforced concrete. When compared
to conventional concrete, natural fibre reinforced concrete was found to have higher water absorption
and sorptivity. The rate of acid and chloride attacks on concrete reinforced with natural fibres was
significantly high. The artificial fibre reinforced concrete was found to be more efficient than the
natural fibre reinforced concrete. The load bearing capacity, anchorage and the ductility of the
concrete improved with the addition of fibres. According to the experimental findings, artificial
fibre reinforced concrete can be employed to increase the structure’s strength and longevity as well
as to postpone the propagation of cracks. A microstructural analysis of concrete was conducted to
ascertain its morphological characteristics.

Keywords: natural fibres; durability; energy absorption; fibre content; crack arrestor; microstructural analysis

1. Introduction

Different additives and replacements have been undertaken on conventional concrete
to enrich its properties. Much research is under progress on the development of enhanced
properties of conventional concrete. One such invention in the concrete is fibre reinforced
concrete (FRC). Variant sorts of natural and manufactured fibres have been used to develop
FRC. Natural fibres are also developed and added to fibre reinforced concrete in an attempt
to protect the environment and promote sustainable development. Coir, jute, sisal, and
palm kernel are some of the examples of natural fibres used in fibre reinforced concrete.
Owing to its high mechanical characteristics, higher toughness, high impact resistance,
and improved energy absorption, fibre reinforced concrete is widely used and researched.
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Various factors influence the behaviour of FRC like type of fibre, geometry and orientation
of fibres, the aspect ratio of fibres, the distribution of fibres and fibre content.

Ultra-High-Performance Concrete’s tensile behavior was improved by the addition of
steel and basalt fibres to the concrete (UHPC) [1]. A faster hydration process is observed
when mineral fibres and nano silica are added to the concrete [2]. Moreover, the pre-crack
energy absorption of the concrete was also low with the higher toughness indices [3]. A
scalar damage parameter was used to detect the crack progression effectively in the UPHC
model of beam [4]. The matrix strength, shape of the fibre, and the volume fraction of
the fibres are responsible for the change in the dynamic increase factor and the transition
strain rate of Steel fibre reinforced concrete [5–7]. FA is a useful technique for fine-tuning
the hyper-parameters of an RF model. With the help of the Firefly method, the correlation
coefficient may be computed over a large number of generations, and the hyperparameters
of the Random Forest model for steel fibre reinforced concrete can be tuned [7]. The
mechanical properties of concrete get improved with the addition of hooked end steel
fibres to the concrete matrix [8]. Glass fibre reinforced concrete is affected by gauge length,
geometry, loading type and non-uniform strain distribution [9]. On glass fibre reinforced
concrete, a long-term weathering test was undertaken. After analysis, it was determined
that as concrete aged and became more alkali resistant, both its tensile strength and ductility
decreased [10].

High performance fibre reinforced light weight concrete (HPFRLWC) was made using
the addition of polyvinyl alcohol fibres, which showed improved flexural strength along
with high flexural ductility and improved toughness of the concrete [11]. With polyvinyl
alcohol fibres added to the concrete in low volume fraction, concrete’s mechanical charac-
teristics were improved [12]. With the addition of sisal fibres, toughening was observed
in the concrete due to crack bridging [13]. Macro plastic fibres were added to the concrete
to improve its mechanical properties of the concrete [14]. Various new innovations like
self-consolidating concrete and pervious concrete is gaining importance in the construction
industries [15]. Despite a drop in compressive strength, the flexural strength and toughness
increased with the inclusion of basalt fibres [16]. The addition of metakaolin to the glass
fibre reinforced concrete caused the fibres to get pulled out more than the breaking of the
fibres. Moreover, the addition of such chemical admixtures did not improve its mechanical
properties [17]. Malleated coupling is the most suitable treatment carried out on the natural
fibres to improve its mechanical strength performance [18]. The addition of fibres signifi-
cantly increased the concrete’s split tensile and flexural strength, while a slight change was
seen in compressive values [19]. For ultra-high-performance concrete with and without the
addition of fibres, a correlation between the experimental findings and the numerical data
was carried out [20].

The addition of fibres that were subjected to wet or dry cycles early on in the self-
compacting concrete’s production increased the material’s mechanical characteristics by
10 MPa [21]. Hybrid steel/polypropylene fibres added to the concrete resulted in improved
post peak ductility and a better failure pattern in the specimens [22]. With the addition of
0.08% polypropylene fibres to the concrete, the resistance of the material to freeze-thaw was
found to be higher [23]. Adding polypropylene fibres, nano silica, and silica fume enhances
the concrete’s qualities [24]. High strength concrete produced with high-performance
synthetic macro polypropylene fibres had an increase in compressive strength of 14%,
split tensile strength of 17%, and flexural strength of 8.5% (HPP) [25]. With the inclusion
of polypropylene, basalt, and glass fibres, fiber-reinforced cemented tailings backfill was
created. The findings demonstrated that the use of these fibres increased the concrete’s
compactness and decreased the progression of cracks [26]. When polypropylene fibres
were added to cement-tailings matrix composites, the load bearing capacity post peak
increased [27]. Fibre-reinforced cemented tailings backfill possess a dense microstructure
with an enhanced interface between the fibre and the cemented tailings backfill matrix
(CTB) [28]. Concrete’s permeability, flexural toughness, and resistance to chloride attack
were all enhanced when high performance polypropylene fibres were added to the mix [29].
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Concrete’s compressive strength, split tensile strength, and flexural strength were all
increased with the addition of fibres and nanoparticles [30].

When high-performance polypropylene fibres were introduced to lightweight concrete,
the post-cracking behaviour improved [31]. By adding hybrid steel and polyester fibres
to the concrete, plastic shrinkage was minimised by almost 99% [32]. High performance
polypropylene fibres enhance the concrete’s long-term durability characteristics [33]. The
drying shrinkage strain was reduced with the addition of hybrid polypropylene fibres
to the concrete. Also, the initial crack formation was delayed with the addition of this
fibre [34]. The compressive strength of the mortar was increased by the addition of carbon
fibres to the mortar matrix [35]. The compressive strength of the mortar as well as the
mortar matrix’s capacity for self-sensing were both enhanced by the inclusion of hybrid
carbon and brass fibres [36]. By incorporating high-performance polypropylene fibres
into the concrete, durability characteristics such chloride penetration, water penetration,
sorptivity, and ultrasonic wave velocity are improved [37]. Concrete that has steel and
polypropylene fibres added to it has a stronger ability to tolerate deformation than concrete
that only has glass fibres because of the latter’s brittleness. Additionally, it was noted
that the insertion of these fibres increased the load carrying ability [38]. The use of hybrid
steel and polypropylene fibres improved the pre-peak and post peak portions of load
deflection curves. Non-metallic fibres are added, which helps to seal the microscopic
cracks in the concrete and reduces the number of cracks overall [39]. The addition of 2%
glass fibres to the lime-based mortar improves the toughness of the mortar and hence
enhances the mechanical behaviour [40]. Magnesium phosphate cement (MPC) mortar was
supplemented with glass fibres using dosages of 1.5%, 2.5%, and 3.5%. The ideal values
were found at 2.5%, and flexural strength increased dramatically [41]. In order to reinforce
autoclaved aerated concrete, polypropylene, carbon, basalt, and glass fibres were used.
These fibres were added, and the results indicated enhanced compressive and flexural
strength. Amongst all of these fibres, carbon fibre reinforced autoclaved aerated concrete
showed better results [42].

The concrete’s compressive strength and split tensile strength were both improved by
9 to 13% and 20 to 50%, respectively, by the inclusion of glass and polypropylene fibres. [43].
The researchers studied the effects of adding glass, carbon, polyvinyl alcohol, polypropy-
lene, and other fibres to cement mortar that was exposed to high temperatures. Fibres were
added in different dosages of 0%, 0.5%, 1%, 1.5% and 2% [44]. Glass and basalt fibres were
added to the concrete, which boosted its split tensile strength and flexural strength but had
little effect on its compressive strength or elastic modulus values [45]. In a study comparing
the mechanical and durability features of glass and polypropylene fibre reinforced concrete,
it was found that polypropylene outperformed glass fibre [46]. Furthermore, a temperature
study was carried out for glass and polypropylene fibre reinforced concrete to observe
the spalling, loss of mass, elastic modulus, and toughness behaviour [47]. Researchers
have studied the addition of jute fibres to cementitious composites and it was found that
the addition of small amounts of short jute fibres improved the strength of cementitious
composites [48]. Steel fibres used in the concrete decreased the slump value while in-
creasing the compressive strength by 17% to 20% [49]. Red pine needle fibres were also
added to the concrete in previous studies. The concrete’s compressive strength and flexural
strength were both enhanced by the application of red pine needle fibres in 40 mm and
30 mm sizes. Additionally, it boosted the concrete’s ductility [50]. Concrete’s compressive
strength and flexural strength were enhanced by using hybrid fibres made of steel and
polypropylene [51]. For the concrete, hybrid basalt and steel fibres are used to enhance
compressive behaviour. In this hybrid fibre, 0.45% basalt fibres and 0.35% steel fibre were
incorporated [52]. Steel fibres with different aspect ratios from 60 to 80 with a volume
fraction of 0.35%, 0.45% and 0.55% were studied. The results indicate that the fibres with a
higher aspect ratio provided higher compressive strength results [53]. Waste tire steel fibres
incorporated into deep beams with openings improved shear capacity and compressive
stiffness [54]. Studies on engineering cemented composite concrete beams with carbon
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fibre sheets improved the load bearing capacity of the beam [55]. Similarly, the addition of
1.5% steel fibres by volumetric ratio with 600 kg/m3 as maximum volume of fine aggregate
was used to create ultra-high performance fibre reinforced concrete [56]. The effective
dispersion of fibres with proper length and aspect ratio determines the development of
micro cracks in the concrete [57].

Oil sand from the oil industry can be recycled and used in the building sector in a
variety of ways. The fine powder made from oil sand can be incorporated into cement or
utilized as a replacement for cementitious material to create new cement-based products.
Similarly, the fine and coarse particles of oil sand can be utilized to replace the fine and
coarse aggregates used in the construction sector [58]. Roller compacted green concrete
is made by substituting oil shale ash for cement [59]. The mechanical properties of roller
compacted green concrete were all decreased as compared to roller compacted concrete.
This concrete is strong enough to be used for dams and highways [60]. The concrete
had the highest strength when Portland cement was replaced with 10% wheat straw ash.
Additionally, using 20% wheat straw ash in replacement of Portland cement decreased
the permeability and mechanical characteristics of concrete due to the decrease in the
water content of the concrete matrix [61–63]. In addition, porosity and durability were also
enhanced [64]. In comparison to microbiological concrete, the glass fibre reinforced concrete
was stronger. Glass fibre reinforced concrete has a strength improvement of 11.44% [65]. In
terms of strength, ductility, and energy absorption capacities, the insertion of double-helix
BFRP fibres improves the strain rate sensitivity of concrete, and the rate sensitivity becomes
more prominent with an increase in strain rate [66]. By incorporating modified rice straw
fibres with grafted Nano-SiO2 into concrete, the durability performance of RSFRC can be
enhanced even more [67]. Due to the fibre bridging effect, the addition of fibres to concrete
significantly improves the ductility of concrete. Furthermore, the concrete’s reaction to
hydration is severely inhibited by the negative curing temperatures [68]. Compared to
single fibre reinforced concrete, Basalt and Forta hybrid-fiber reinforced concrete had higher
initial strength and energy absorption [69]. The structural performance benefits from the
slight weight increase caused by the retrofitting system since the application of an axial
load can decrease the lateral displacement of the column under blast load [70].

This research focuses on the FRC experimental examination. Natural and manufac-
tured fibres were employed in this study. The optimization of various FRC was done with
compression values. With the optimized fibre content, the other properties were studied.
Durability properties, such as water absorption, sorptivity, the volume of permeable voids,
acid attack, alkali attack, a rapid chloride permeability test and sulphate attack were inves-
tigated. Tests on mechanical properties of FRC were executed after 28 days of water curing.
Tests on the durability properties of FRC were executed after 56 days of water curing.

2. Materials and Methods

The maximization of various FRC with distinct fibres were carried out with the
determination of compressive results. The concrete grade adopted in this experimental
work was M40. Volume fractions of the fibres added were 0%, 0.5%, 1.0%, 1.5%, 2.0% and
2.5%. Optimization was performed with the compression values. Similarly, incorporating
the optimum dosage of fibres, the durability study was carried out for 56 days.

2.1. Materials

In this experiment, steel fibres with hooked ends measuring 50 mm in length and
0.60 mm in diameter were used. The fibres implemented in this study are shown in Figure 1.
Glass fibres used were 6 mm in length and 22 µm in diameter with an aspect ratio of 273.
Carbon fibres used were 5 mm in length and 10 µm in diameter with an aspect ratio of 500.
Coir fibres used were 40 mm in length and 0.40 mm in diameter with an aspect ratio of 100.
Jute fibres used were 4 mm in length and 20 µm in diameter with an aspect ratio of 200.
Sisal fibres used were 40 mm in length and 0.35 mm in diameter with an aspect ratio of 114.
The properties of the fibres are presented in Table 1.
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Figure 1. Chopped fibres (a) Steel fibre, (b) Carbon fibre, (c) Glass fibre, (d) Coir fibre, (e) Jute fibre,
(f) Sisal fibre.

Table 1. Properties of raw fibres.

Property
Type of Fibre

Steel Carbon Glass Coir Jute Sisal

Length 50 mm 5 mm 6 mm 40 mm 4 mm 40 mm

Diameter 0.6 mm 10 µm 22 µm 0.4 mm 20 µm 0.35 mm

Specific gravity 7.8 1.8 2.68 1.5 1.5 1.45

Tensile strength 1800 MPa 4900 MPa 1700 MPa 500 MPa 600 MPa 800 MPa

Water absorption - - - 130–180% 20–40% 75–80%

OPC 53 grade cement with 3.18 specific gravity was adopted in this experimental
investigation, conforming to IS12269-2013. River sand, which was available locally, was
chosen in this experimental program. The maximum size of fine aggregate was 4.75 mm,
satisfying to zone II with reference to Indian Standard 2386–1963. Adopted river sand had
a specific gravity of 2.56. Graded crumbled stone of 20 mm and 12.5 mm size was adopted
as coarse aggregate confirming to Indian Standard 2386–1963. The crushed stone aggregate
adopted was with the specific gravity of 2.69. To enrich the workability of concrete, to
minimize the water content and to improve the strength of the concrete, a superplasticizer
was used.

In this experimental work, M40 grade concrete was adopted. The mix proportions for
M40 grade were taken as 1:2.41:3.77:0.45 with a cement content of 328.33 kg/m3. The mix
calculations are detailed in Table 2.

Table 2. Mix specifications for M40 grade of concrete.

Material Quantity (kg/m3)

Cement 328.33
Fine aggregate 791.27

Coarse aggregate 1237.80
Water 147.74

Superplasticizer 4.92

2.2. Experimental Method

In this experimental program, various fibres like steel, carbon, glass, coir, jute and
sisal were added with a volumetric ratio of 0%, 0.5%, 1.0%, 1.5%, 2.0% and 2.5%. The



Buildings 2022, 12, 1436 6 of 19

specimens were cured in water for 28 days at room temperature. The optimization of
FRC was carried out through compressive strength values. With the optimized dosage the
mechanical, durable and microstructural study was carried out.

2.2.1. Determination of Compressive Strength

With reference to IS 516:2018, to evaluate the concrete’s compression characteristics,
cubical specimens 150 × 150 × 150 mm in size were cast. The cubical specimens were
prepared for M40 concrete grade with the addition of variant sorts of fibres, particularly
steel, carbon, glass, jute, sisal, and coir. Different fibre fractions were considered, such as
0%, 0.5%, 1.0%, 1.5%, 2.0% and 2.5% by volume of concrete. The specimens were cured
in water for 28 days at room temperature. Following the curing stage, the specimens
underwent CTM testing at a rate of loading of 4.5 kN/s. Peak compressive strength values
were determined for FRC, and the ideal fraction of fibre was determined. The image is
represented in Figure 2.
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2.2.2. Determination of Split Tensile Strength

With reference to IS 516:2018, cylinders that were 300 mm tall and 150 mm in diameter
were cast. The inclusion of various types of optimal fibres was used to create the cylinders.
The specimens were prepared and cured for 28 days. The specimens were cured in water
for 28 days at room temperature. Following the curing stage, the specimens underwent
CTM testing with a loading rate of 2.5 kN/s The image is represented in Figure 3.
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2.2.3. Determination of Flexural Strength

With reference to IS 516:2018, beams with dimensions of 100 × 100 × 500 mm were
developed. With the inclusion of several types of optimal fibres, prismatic specimens were
produced. The specimens were cured in water for 28 days at room temperature. Following
the curing stage, the specimens underwent CTM testing with two-point loading condition at
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a loading rate of 2.5 kN/s. The supports were positioned 50 mm from either end. The gap
between the loadings and the support was set at a fixed distance of 133.33 mm. The image is
represented in Figure 4. The flexural strength (fcr) was calculated with the following formula,

fcr =
Pl
bd2

where,

b = Width of specimen (mm), d = Depth of specimen (mm), l = Length of specimen (mm),
P = Ultimate load (N).
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2.2.4. Water Absorption and Porosity

An oven drying method as per ASTM C 642-97 was used. Cylindrical specimens were
cut from core of cylinders with the dimensions of 100 mm diameter and 200 mm height.
The size of the test specimens used in this test were 100 mm in diameter and 100 mm in
height. After curing, the specimens were surface dried and were subjected to water for
a minimum of 48 h. Initially, the specimens were kept in an oven with a temperature of
100 ◦C to 110 ◦C for 24 h. The temperature of specimens were reduced to room temperature
for 24 h and weighed which was taken as A The weights were periodically measured. The
specimens were then subjected to water for 48 h and were taken out and surface dried
before weighing, and the weight was taken as B. They were then placed in boiling water for
a duration of 5 h and cooled to room temperature for 14 h. The weight was then noted and
taken as C. Finally, the specimens were hanged with a copper wire and dipped in water
with a spring gauge. The weight was noted and taken as D.

2.2.5. Sorptivity

In this work, cylindrical specimens measuring 100 mm in diameter and 50 mm in
height were extracted from cylinders of 100 mm in diameter and 200 mm in height as per
ASTM C 1585. The specimens were sealed in a container for three days after curing. The
specimens were then taken out and sealed along the circumference with an insulation tape.
The mass of the specimen at time 0 was taken initially. With a height of 5–10 mm, the
cylinders were kept in water. The weight of the specimens was periodically recorded for
1, 2, 3, 4, 9, 12, 16, 20, 25, 30, 45, 60 min, respectively. With the recorded values, the water
absorption per unit area can be related by Equation (1),

i = S t0.5 (1)

where, S is the sorptivity coefficient, t is the time of weighing, and i is the total amount of
water absorbed per unit area.
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2.2.6. Rapid Chloride Permeability Test (RCPT)

In this work, cylindrical specimens measuring 100 mm in diameter and 50 mm in
height were extracted from cylinders of 100 mm in diameter and 200 mm in height as per
ASTM C 1202. The cylinders were projected to 60 V DC supply. The supply was provided
for a time period of 6 h, as shown in Figure 5. The RCPT setup was 3% NaCl in one
compartment. The other compartment was 3% NaOH.
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2.2.7. Acid Attack and Alkali Attack

To investigate the acid impact on concrete, 100 mm-sized cubes were prepared. The
cubical specimens were cast and after 24 h they were demoulded. The specimen was
maintained in the atmospheric temperature for two days after seven days of water curing.
The cubes were then weighed. Then, for 60 days, the cubes were submerged in sulphuric
acid. The cubes were maintained in the atmosphere for two days before being weighed.
Cubes of 100 mm size were prepared to determine the acid attack of concrete. The cubical
specimens were cast and demoulded after 24 h. After seven days the specimen was kept in
atmosphere for two days. The cubes were then weighed. These cubes were then immersed
in sulphuric acid for 60 days. The cubes were kept in an atmospheric condition for two
days and then weighed.

Cubes of 100 mm size were prepared in order to find out the alkali attack of concrete.
The cubical specimens were cast and were demoulded after 24 h. After seven days the
specimen was kept in atmosphere for two days. The cubes were then weighed. They were
then immersed in Na2SO4 solution for 60 days. The cubes were kept in an atmospheric
condition for two days and then weighed.

2.2.8. Sulphate Attack

Cubes of 150 mm size were prepared to find out the sulphate attack of concrete. The
cubes were prepared and demoulded after 24 h. The cubes were then weighed. These
cubical specimens were then placed in magnesium sulphate solution for 30 days. After
30 days, the specimens were removed, wiped and tested in a compression testing machine.

3. Results and Discussion
3.1. Compressive Strength

The optimized fraction of fibre addition is determined from the compressive strength
values. The addition of fibres reduced the workability and slump of the concrete. The
required workability was achieved for all the mixes with the application of superplasticizers
to the mix. The graphical illustration of compressive strength values of varietal FRC is
presented in Figure 6. The ideal SFRC fraction was found to be 1.5%, with ordinary
concrete’s compressive strength increasing by 13.69%. With a 3.24% improvement in
compressive strength over ordinary concrete, the optimal carbon fraction was found to be
1.5%. The compressive strength value increased with the increase in addition of fibres up to
1.5% volume fraction for steel, carbon, jute and sisal fibres added to the concrete. Also, the
compressive strength of glass fibre reinforced concrete increased up to 1% volume fraction.
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With a 13.69% improvement in compressive strength over ordinary concrete, the optimal
percentage of glass was found to be 1.0%. Similarly, the compressive strength increased up
to 2% volume fraction in the case of coir fibre addition. With a 15.92 % improvement in
compressive strength over ordinary concrete, the optimal Coir fraction was found to be
2.0%. With a 13.68% gain in compressive strength over ordinary concrete, the optimal jute
fraction was found to be 1.5%. Similarly, 1.5% was chosen as the optimal Sisal fraction, and
compressive strength was increased by 14.18%.
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Figure 6. Graphical illustration of compressive strength of FRC. (a) Artificial fibre reinforced concrete,
(b) Natural fibre reinforced concrete.

The reduction of compressive strength after a certain dosage is due to the improper
and uneven distribution of fibres within the concrete, leading to the poor homogeneity
of the concrete matrix. Based on the results, the compressive strength was affected by
volume fraction and the type of fibre added to the concrete. In the case of artificial fibres,
the compressive strength was affected by the improper distribution of fibres, whereas in
concrete with naturally added fibres, the strength was affected by the balling effect of the
fibres with high volume fraction added to the concrete. All the fibre reinforced concrete
mixes showed improved compressive strength compared to the control mix. When natural
fibres are added to the concrete, the workability is highly affected due to the natural water
absorbing ability of the fibres.

3.2. Split Tensile Strength

The results show that the addition of steel fibres increases the split tensile strength
maximum when compared to other fibres. This is due to the anchorage provided by the
hooked ends of the steel fibre in the concrete matrix. Similarly, the use of certain natural
fibres also improves the split tensile strength due to the increased bonding between the
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fibres and the concrete matrix. Figure 7 shows a graphical view of split tensile strength
data for concrete with varietal fibre reinforcement. Comparing FRC to normal concrete, the
percentage gain was 10.37%, 6.99%, 8.11%, 9.46%, 7.66% and 9.01% when reinforced with
1.5% steel, 1.5% carbon, 1.0% glass, 2.0% coir, 1.5% jute and 1.5% sisal fibres by volumetric
ratio, respectively. It was also observed that long fibres enhance the split tensile strength
compared to the short fibres.
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Figure 7. Graphical illustration of split tensile strength of FRC.

3.3. Flexural Strength

The addition of fibres to the concrete improved the flexural strength of the concrete.
The addition of fibres makes the concrete matrix more ductile, whereas plain concrete
possesses brittle behaviour. The fibres prevent the sudden failure of the member and
improves its energy absorption and post cracking behaviour. The uniform distribution of
fibres is the main reason for improved flexural strength values. Figure 8 shows a graphical
view of flexural strength data for concrete with varietal fibre reinforcement. Comparing
FRC to normal concrete, the percentage gain was 12.72%, 16.38%, 12.07%, 15.52%, 12.07%
and 13.8% when reinforced with 1.5% steel, 1.5% carbon, 1.0% glass, 2.0% coir, 1.5% jute
and 1.5% sisal fibres by volumetric ratio, respectively.
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Figure 8. Graphical illustration of flexural strength of FRC.

3.4. Water Absorption and Volume of Permeable Voids

Generally, water absorption of natural fibres is high when compared to artificial fibres.
Hence the water absorption of natural fibre reinforced concrete is higher than artificial
fibre reinforced concrete. After 56 days of curing, the water absorbed in plain concrete
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was derived as 2.09%. With the implementation of 1.5% steel, 1.5% carbon and 1.0% glass
fibres, the water absorption was observed as 1.62%, 2.0% and 1.61%, respectively. With
the implementation of 2.0% coir, 1.5% jute and 1.5% sisal fibres, the water absorption was
observed as 2.79%, 2.84%, and 2.8%, respectively. The graphical illustration is depicted in
Figure 9.
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The absorbed water and moisture present in the concrete reacts with the natural fibres
and results in the degradation of the fibres, which leads to the formation of voids and
pores in the concrete matrix. These voids and pores indirectly affect the strength of the
concrete. To effectively use natural fibres considering these properties, suitable coatings
can be provided. The porosity of normal concrete was derived as 5.75%, whereas with the
implementation of 1.5% steel, 1.5% carbon and 1.0% glass fibres, the porosity was depicted
as 4.3%, 4.38% and 4.27%. Due to the incorporation of 2.0% coir, 1.5% jute and 1.5% sisal
fibres, the porosity was depicted as 4.65%, 4.86% and 4.53%, respectively. The graphical
illustration is depicted in Figure 10.

Buildings 2022, 12, x FOR PEER REVIEW 12 of 21 
 

 
Figure 9. Graphical illustration of water absorption of FRC. 

 
Figure 10. Graphical illustration of porosity of FRC. 

3.5. Sorptivity 
Sorptivity is the absorption of water into the concrete sample through capillary suc-

tion. With a curing duration of 56 days, the sorptivity was determined as 0.002 mm/t0.5 for 
conventional concrete. Similarly, with the incorporation of 1.5% steel, 1.5% carbon, 1.0% 
glass, 2.0% coir, 1.5% jute and 1.5% sisal fibres, the sorptivity was found as 0.002 mm/t0.5, 
0.002 mm/t0.5, 0.003 mm/t0.5, 0.004 mm/t0.5, 0.004 mm/t0.5and 0.004 mm/t0.5, respectively. The 
graphical illustration is depicted in Figure 11. Since the water absorption capacity of nat-
ural fibres is high, the sorptivity of natural fibres reinforced concrete is slightly higher 
than the artificial fibre reinforced concrete. 

0

0.5

1

1.5

2

2.5

3

3.5

2.
09

1.
62 2

1.
61

2.
79 2.
84

2.
8

Pe
rc

en
ta

ge
 o

f w
at

er
 a

bs
or

pt
io

n

Type of fibre added to concrete

0

2

4

6

5.
75

4.
3 4.
38

4.
27 4.

65 4.
86

4.
53

Po
ro

si
ty

 (%
)

Type of fibre added to concrete

Figure 10. Graphical illustration of porosity of FRC.

3.5. Sorptivity

Sorptivity is the absorption of water into the concrete sample through capillary suction.
With a curing duration of 56 days, the sorptivity was determined as 0.002 mm/t0.5 for
conventional concrete. Similarly, with the incorporation of 1.5% steel, 1.5% carbon, 1.0%
glass, 2.0% coir, 1.5% jute and 1.5% sisal fibres, the sorptivity was found as 0.002 mm/t0.5,
0.002 mm/t0.5, 0.003 mm/t0.5, 0.004 mm/t0.5, 0.004 mm/t0.5 and 0.004 mm/t0.5, respectively.
The graphical illustration is depicted in Figure 11. Since the water absorption capacity of
natural fibres is high, the sorptivity of natural fibres reinforced concrete is slightly higher
than the artificial fibre reinforced concrete.



Buildings 2022, 12, 1436 12 of 19
Buildings 2022, 12, x FOR PEER REVIEW 13 of 21 
 

 
Figure 11. Graphical illustration of sorptivity of FRC. 

3.6. Rapid Chloride Permeability Test 
Chloride penetration in concrete decreases when artificial fibres are added to the con-

crete mix. This occurs due to the reduction of pores in the concrete by the addition of 
artificial fibres. These fibres increase the bonding and compactness between the concrete 
matrix, thereby reducing the pores in them. Also, these fibres improve the C-S-H in the 
concrete matrix and hence make it behave better in chloride ion penetration. In contrast, 
the addition of natural fibres increases the chloride ion penetration in the concrete. This 
occurs due to the additional pores and voids created in the concrete due to the degrada-
tion of natural fibres. The degradation of natural fibres occurs by reacting with the pene-
trated chloride ion along with the water and moisture present in the concrete matrix. Com-
pleting a curing duration of 56 days, the charge passed in the cylindrical specimen of 
RCPT setup was observed as 1531 coulombs for conventional concrete. Similarly, with the 
implementation of 1.5% steel, 1.5% carbon, 1.0% glass, 2.0% coir, 1.5% jute and 1.5% sisal 
fibres, the charge passed was found as 1512 coulombs, 1520 coulombs, 1525 coulombs, 
1545 coulombs, 1542 coulombs and 1555 coulombs, respectively. The graphical illustration 
is depicted in Figure 12. 

 
Figure 12. Graphical illustration of Chloride Permeability of FRC. 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.
00

2

0.
00

2

0.
00

2 0.
00

3

0.
00

4 0.
00

5

0.
00

4

So
rp

tiv
ity

 (m
m

/ t
0.

5 )

Type of fibre added to concrete

1470

1490

1510

1530

1550

1570

15
31

15
12 15

20 15
25

15
45

15
42

15
55

C
hl

or
id

e 
Pe

rm
ea

bi
lit

y 
(C

ol
um

bs
)

Type of fibre added to concrete

Figure 11. Graphical illustration of sorptivity of FRC.

3.6. Rapid Chloride Permeability Test

Chloride penetration in concrete decreases when artificial fibres are added to the
concrete mix. This occurs due to the reduction of pores in the concrete by the addition of
artificial fibres. These fibres increase the bonding and compactness between the concrete
matrix, thereby reducing the pores in them. Also, these fibres improve the C-S-H in the
concrete matrix and hence make it behave better in chloride ion penetration. In contrast,
the addition of natural fibres increases the chloride ion penetration in the concrete. This
occurs due to the additional pores and voids created in the concrete due to the degradation
of natural fibres. The degradation of natural fibres occurs by reacting with the penetrated
chloride ion along with the water and moisture present in the concrete matrix. Completing a
curing duration of 56 days, the charge passed in the cylindrical specimen of RCPT setup was
observed as 1531 coulombs for conventional concrete. Similarly, with the implementation
of 1.5% steel, 1.5% carbon, 1.0% glass, 2.0% coir, 1.5% jute and 1.5% sisal fibres, the charge
passed was found as 1512 coulombs, 1520 coulombs, 1525 coulombs, 1545 coulombs,
1542 coulombs and 1555 coulombs, respectively. The graphical illustration is depicted in
Figure 12.
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Figure 12. Graphical illustration of Chloride Permeability of FRC.

3.7. Acid Attack and Alkali Attack

Specimens subjected to an acidic environment resulted in internal damage due to
the reaction between the acid and the cement matrix. When compared to artificial fibres,
natural fibre reinforced concrete has a higher percentage of weight loss. This is due to the
formation of voids due to the decomposition of natural fibres in the acidic environment.
The chemical reaction between calcium hydroxide or other cement constituents present
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in cement paste with the sulphuric acid produces calcium sulphate hydrate (as shown in
Equations (2) and (3)), which forms cracks and voids within the concrete and on its surface.
The acid attack and impact on the FRC was determined at 70 days curing duration. The
weight reduction in conventional concrete was found as 3.31%. With the implementation of
1.5% steel, 1.5% carbon, 1.0% glass fibres, the weight reduction was determined as 3.2%,
3.17% and 3.18% respectively. With the implementation of 2.0% coir, 1.5% jute and 1.5%
sisal fibres, the weight reduction was determined as 3.93%, 3.97% and 3.93% respectively.
The graphical illustration is depicted in Figure 13.

Ca(OH)2 + H2SO4 −→ CaSO4.2H2O (2)

3CaO.2SiO2.3H2O + H2SO4 −→ Ca2SO4.2H2O + Si(OH)2 (3)
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The calcium hydroxide from the cement paste reacts with sodium sulphate to form
calcium sulphate hydrate (as shown in Equation (4)), which reacts with calcium silicate
hydrate C-S-H in concrete matrix making the bonding weak. Hence, the strength reduces.
Since the sodium sulphate does not easily penetrate the concrete, the formation of calcium
sulphate hydrate is lower than acid attack. The attack and impact on the FRC due to alkali
was determined at 70 days curing duration. The weight loss in conventional concrete
was found as 0.42%. With the implementation of 1.5% steel, 1.5% carbon, and 1.0% glass
fibres, the weight loss was determined as 0.81%, 0.8% and 0.8%, respectively. With the
implementation of 2.0% coir, 1.5% jute and 1.5% sisal fibres, the weight loss was determined
as 0.79%, 0.8% and 0.79%, respectively. The graphical illustration is depicted in Figure 13.

Na2SO4 + Ca(OH)2 + 2H2O −→ Ca2SO4.2H2O + 2NaOH (4)

3.8. Sulphate Attack

Specimens subjected to sulphate environment undergo a chemical reaction within the
concrete, creating voids and pores. The chemical reaction breaks the C-S-H in the concrete
matrix and hence reduces the bonding and strength of the concrete. The magnesium
sulphate reacts with calcium hydroxide in cement paste and water to produce calcium
sulphate hydrate (as shown in Equation (5)), causing internal voids and cracks. With the
exposure to the sulphate environment, the compressive strength was decreased by 4.23% in
conventional concrete. Similarly, with the implementation of 1.5% steel, 1.5% carbon, 1.0%
glass, 2.0% coir, 1.5% jute and 1.5% sisal fibres, the values were reduced by 6.13%, 4.1%,
4.82%, 3.87%, 4.38% and 6.11% respectively, as shown in Figure 14.

MgSO4 + Ca(OH)2 + 2H2O −→ Ca2SO4.2H2O + Mg(OH)2 (5)
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3.9. Micro-Structural Study

Fibre-reinforced concrete and conventional concrete were imaged using a scanning
electron microscope (SEM). Adding fibres to the concrete improved the bonding between
the different parts of the concrete. The fibre insertion improved anchoring in the concrete
matrix and served as a link between the concrete matrix. Figure 15 displays SEM images
of both ordinary concrete and fibre reinforced concrete. The strengths of fibre reinforced
concrete were more clearly visible than those of ordinary concrete because it offered superior
anchoring. Concrete with artificial fibre additions bonded better than concrete with natural
fibre additions. Voids were observed in the natural fibre reinforced concrete due to the
degradation of fibres with the entrapped moisture in the concrete. A uniform distribution
of fibres were observed in the fibre reinforced concrete. When carbon fibres were added to
the concrete matrix, the carbon fibres were not effectively dispersed like the other types of
fibre reinforced concrete. Therefore, dispersing agents can be used to effectively disperse
the fibres and enhance the strength.
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fibre reinforced concrete, (g) Sisal fibre reinforced concrete.

To determine the crystalline impact of the concrete, X-ray powder diffraction (XRD)
was applied to each sample. In every sample, the hydration components were visible.
Contrary to conventional concrete and natural fibre reinforced concrete, higher peaks of
dicalcium silicate and tricalcium silicate were found in artificial fibre reinforced concrete,
as shown in Figure 16. In FRC samples, quartz production was also detected. All of the
concrete samples had tiny peaks of calcium carbonate crystals as well. This is the result
of a chemical reaction between the water molecules added to the cement particles during
the concrete preparation process and the cement particles themselves. In comparison
to conventional concrete samples, fibre reinforced concrete samples were found to have
greater portlandite and ettringite peak concentrations.
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4. Conclusions

The mechanical performance of fibre reinforced concrete has undergone much research
and development in recent decades. The use of appropriate admixtures, improved fibre
selection, and uniform fibre dispersion have all led to improvements in performance. In
this study, the research on the strength and durability effects of various fibre reinforced
concrete has been reviewed. After the experimental investigation performed on the FRC
with varietal distinct fibres was concluded, the following conclusions were reached:

1. The ideal fraction of fibres added was determined to be 1.5% for steel, 1.5% for carbon,
1.0% for glass, 2.0% for coir, 1.5% for jute, and 1.5% for sisal. The compressive strength
of the fibre reinforced concrete increased up to the optimum percentage, and reduced
thereafter. This occurs due to the poor homogeneity in the concrete caused by the
improper distribution of fibres.

2. The split tensile strength of FRC increased notably with the maximum increase in
steel fibre reinforced concrete with a value of 10.37%. It was also observed that the
split tensile strength was higher for long fibres than for short fibres.

3. The flexural strength of FRC was high when equated with conventional concrete
results, with the maximum in carbon fibre reinforced concrete with a value of 16.38%.
The addition of fibres increased the ductility of the concrete, improving the post
cracking behaviour of the concrete and increasing the strength of the concrete.

4. The absorption of water was found to be a little higher in natural fibre infused concrete
than the manufactured fibre added and the plain concrete. This was due to the natural
water absorption capacity present in these fibres, which can be overcome by the
application of coatings to the fibres.

5. The chloride permeability in FRC with the addition of varietal distinct fibres was
low, ranging between 1000–2000 coulombs. The weight loss in concrete was a lit-
tle higher in natural fibre added concrete when exposed to an acidic environment,
whereas the weight loss was minimal for all the mix in an alkaline environment. The
behaviour of the concrete in terms of the durability aspect was better when compared
to conventional concrete.

6. When compared to normal concrete, artificial fibre reinforced concrete has been shown
to have better mechanical and durability properties. Additionally, the use of fibres slows
the development and spread of cracks, preventing any member from sudden failure.

7. Similarly, the natural fibre reinforced concrete behaves better in terms of mechanical
properties, whereas it is less effective with regard to durability. This is due to the
natural water absorption and degradation effect of the fibres.

8. The mechanical properties of the concrete are enhanced by the addition of fibres.
On the other hand, artificial fibre reinforced concrete performs better in terms of
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durability than natural fibre reinforced concrete. This is due to the lack of surface
treatment provided to the natural fibres. Therefore, similar future experiments can
be conducted by employing various types of treatments to natural fibres to minimize
their capacity to absorb water and degrade.

Therefore, natural fibres can be effectively used as an additive to enrich the properties
and to create a sustainable development in environment. Treatments to natural fibres can
be implemented to reduce the water absorption of these fibres and to improve its behaviour
much more significantly.
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