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� Concrete are reinforced with different types and shapes of fibres.
� Split Hopkinson Pressure Bar (SHPB) is used to study the dynamic properties of the FRC.
� W-shape steel FRC shows the superior static and dynamic behaviours.
� PP fibres slightly reduce the static, but improve the dynamic properties of concrete.
� 5% coir fibre had enhanced concrete dynamic stress, at par with W-shape steel fibre.
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This research determines the static compressive, split tensile and flexural strengths as well as dynamic
stress, strain and toughness of fibre-reinforced concrete (FRC) at strain rates of 30–50 s�1 (single impact
pressures of 2 and 3 MPa). Three fibre types (steel, polypropylene (PP) and coir (CF)) with different
shapes, sizes, lengths and contents are considered. The newly modified W shape steel fibre has the great-
est influence on concrete static and dynamic properties. PP fibre slightly reduces the concrete mechanical
properties, but improves the dynamic properties 15% more compared to plain concrete (PC). The com-
pressive strength of 5% CF concrete is slightly improved, but the flexural and split tensile strengths are
improved by 11% and 35%, respectively, compared to PC. There are significant improvements in dynamic
stress, strain and toughness due to addition of 5% CF in concrete. CF stands at par with steel fibre in
enhancing both the static and dynamic properties of FRC.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete structures may be exposed to loading within short
time periods such as earthquakes, impacts and explosions during
their service lives. Concrete responds differently to dynamic load-
ing compared to static loading. Plain (unreinforced) concrete (PC)
has high compressive strength but poor tensile strength (at
approximately one tenth of its compressive strength) and low
resistance to tensile cracking due its brittle characteristic. For this
reason, the strain capacity of PC is inadequate for absorbing energy
and resisting impact loads. Concrete structures must be designed
to resist dynamic loads by improving the material’s capacity
to absorb shock energy. The brittle characteristics of concrete
members can be ameliorated by adding fibres. When added to
the concrete mix as reinforcements, fibres have the potential to
increase the bond of the Portland cement paste and the concrete
matrix and improve the mechanical properties. The primary role
of fibre in a concrete mix is to reduce and control the speed of
tensile cracking propagation by keeping the crack widths to a
minimum. By adding fibres into a concrete mix, unstable tensile
crack propagation is transformed to a slow, controlled crack
growth. Therefore, the inclusion of fibres in concrete reduces the
acceleration of shear and flexural crack propagation. Furthermore,
the addition of fibre enhances the ductility of the concrete and
thereby improves its energy absorption capacity. Additionally,
fibre can provide better resistance to high strain rate loadings
compared to PC. The tensile and compressive stresses of fibre
reinforced concrete (FRC) are enhanced more than PC when loaded
at high strain rates.

Fibre reinforcements such as horsehair and straw in mortar and
sun-dried adobe bricks have been used in building materials for
centuries [1]. Currently, many fibre types such as steel, synthetic,
glass and natural fibres are specifically designed and manufactured
for structural development purposes. Natural reinforcing materials
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can be obtained at low cost and with low levels of energy con-
sumption by using local manpower and technology. The utilisation
of natural fibre as a form of concrete reinforcement is of particular
interest in less-developed regions where conventional construc-
tion materials are not readily available or expensive.

Vajje and Murthy [2] used different types of natural organic
fibres, including jute, sisal, hemp, banana and pineapple, in order
to study the properties of concrete. They concluded that the inclu-
sion of natural organic fibres may have improved some concrete
properties and reduced others, as each fibre exhibited its own
unique properties. However, Sivaraja et al. [3] found that the addi-
tion of natural fibres (coir and sugarcane) enhanced the compres-
sive, split tensile and flexural performance of concrete.
Ramakrishna and Sundararajan [4] prepared slabs reinforced with
coconut, sisal, jute and hibiscus cannabinus (kenaf) fibres in order
to test impact resistance. They reported that a coconut fibre con-
tent of 2% and a fibre length of 40 mm demonstrated the best per-
formance by absorbing 253.5 J of impact energy. They also
mentioned that at ultimate failure, all fibres (except coconut fibres)
exhibited fibre fracture, whereas coconut fibre showed fibre pull-
out. Agopyan et al. [5] used both coir and sisal fibres as replace-
ments for asbestos in roofing tiles and performed a three-point
bend test. Their test results showed that the maximum load
endured by the coir tiles was much higher than the sisal tiles.
Therefore, coconut fibre is considered the most useful and inex-
pensive type of natural fibre for use in concrete composites. Signif-
icant research on coir fibre-reinforced concrete (CFRC) already
exists, and it is generally accepted that the optimum content of coir
fibre varies as the source of coir fibre changes. The optimum coir
fibre content, by mass of cement, obtained by previous studies
ranges between 0.5% and 5%.

The static properties of CFRC have been studied by numerous
researchers. It has been determined that the flexural strength of
CFRC is much greater than that of PC [6–8]. In contrast, Ali et al.
[9] found that the modulus of rupture (MOR) for PC beams is typ-
ically higher than those of CFRC beams. According to their study,
the MOR of CFRC with 5% fibre content and 5-cm fibres slightly
increased to 4% when compared to PC. In addition, the split tensile
strength of CFRC significantly increased [8–10]. The compressive
strength of CFRC has been determined in numerous existing stud-
ies. Some researchers have reported that the compressive strength
of CFRC has increased from 11% to 24% [8,9]. However, some
researchers reported on the negative influence of coir on the com-
pressive strength of CFRC [10,11].

The dynamic properties of CFRC have also been studied by var-
ious researchers. Coir fibres were used by Cook et al. [12] as rein-
forcement in low-cost roofs. They measured the impact resistance
of coir fibre-reinforced cement roofs by dropping a 50-mm diame-
ter 0.53 kg steel ball onto the centre of the sample. They found that
the impact index of the coir fibre-reinforced cement roofs
increased with increase in fibre volume and length. Similarly, a
drop-weight impact test was conducted by Ali et al. [9] in order
to evaluate the damping ratio and fundamental frequency of coir
fibre-reinforced beams. According to their test results, a higher coir
fibre content led to increased damping; however, the static and
dynamic elastic modulus decreased. They concluded that the opti-
mum coir fibre length and content were 5 cm and 5% by mass of
cement, respectively. More recently, Wang and Chouw [13] carried
out a study to investigate the behaviour of CFRC under impact
loading. The coir fibre used in their study was 5 cm in length,
and the coir fibre content was 0.4% by total weight of the concrete
mix. A comparison between the PC and CFRC impact behaviours
was reported in their study. Based on their results, the energy
absorption capacity of CFRC was much higher than that of PC. It
was also observed that the impact behaviour of PC featured brittle
failure, whereas the tested CFRC specimens exhibited ductile fail-
ure with small cracks.

Significant research has also been carried out regarding fibre-
reinforced concrete (FRC) using steel, polyvinyl alcohol (PVA) and
polypropylene (PP). In recent decades, the application of steel
fibre-reinforced concrete (SFRC) has consistently increased due to
its significantly improved properties. It is currently applied in air-
port and highway pavement, earthquake and impact-resistant
structures, tunnels, bridges and hydraulic structures [14]. A signif-
icant literature related to the FRC is discussed comprehensively in
the ‘‘State-of-the-Art Report on Fiber Reinforced Concrete” pub-
lished by ACI committee 544. According to this article the beha-
viour of FRC depends on number of factors [15]. Erdogmus, 2015
[16] categorized those factors as base matrix characteristics, fibre
characteristics and composite mixture characteristics.

Tan et al. [17] reported compressive and flexural strength
increases of up to 30% through the addition of steel fibre. According
to Nagarkar et al. [18], the compressive, split tensile and flexural
strengths of steel fibrous concrete increased by up to 13–40% when
steel fibres are added at different aspect ratios and volume frac-
tions. In addition, the inclusion of steel or PVA fibres in concrete
significantly increases other properties such as stress–strain resis-
tance, impact resistance, resistance to flexural fatigue and ductility
[7,19–22]. It was observed that the addition of steel fibres
increased the increment of compressive and split tensile strength
of concrete by up to 30%, whereas the addition of PP fibres only
increased these tensile strength increments by 4% compared with
PC fibres [23]. Aliabdo et al. [19] also found that specimens rein-
forced with steel fibres showed considerably better behaviour
when compared to specimens reinforced with PP fibres. The static
and dynamic properties of concrete reinforced with coir, steel,
PVA and PP, as obtained from existing literature, are presented in
Tables 1 and 2.

Some researchers have added mineral admixtures such as fly
ash (FA), silica fume (SF) and metakaoline to the FRC in order to
enhance the mechanical properties of FRC. The optimal portion of
silica fume (SF) is approximately 5% for improving the mechanical
properties [24,25], and the concrete strengths increased signifi-
cantly with the fibre content and SF addition [26,27].

A review of the above studies shows that only a few studies
investigated the dynamic properties of CFRC. It should also be
noted that a Split Hopkinson Pressure Bar (SHPB) apparatus was
not used to investigate the dynamic properties of CFRC. Therefore,
this study uses a SHPB to investigate the dynamic properties of
CFRC with different contents of coir fibre. However, the crucial fac-
tor of FRC is impact resistance, and numerous experiments have
been previously conducted using various fibre shapes and material
types with different equipment [28]. The impact load is generated
by either sticker bar impinging in an SPHB test [17,20,21,29–31] or
dropping weights [1,32–34]. In this study, three different shapes of
steel fibre types i.e., Hook-Ended Steel Fibre (HKSF), Proposed Steel
Fibre I (c-shape) (PSFI), Proposed Steel Fibre II (W-shape) (PSFII),
and two types of PP fibre (PPI & PPII) were also considered to study
the dynamic and static properties of FRC (reinforced with steel and
PP). Namaan introduced steel fibres having a tri-dimensional con-
figuration for use as reinforcement for Portland cement concrete
matrices in his patent article US 3852930 A [35]. Namaan and
co-workers had conducted vast researches in order to investigate
the various properties of FRC using Hook-Ended Steel Fibre and
also other shapes [36–38]. Namaan, 2003 also proposed newly
developed twisted fibres named as torex fibres with their several
advantages in cement matrices [39]. In present study, the two
types steel fibres are modified based on gap of the previous studies.
Studies and results on other fibre types have not been as extensive
or as conclusive as those on steel fibres.



Table 1
Previous researches on static mechanical properties of concrete reinforced with various fibres.

Type of fibre Length (cm) Fibre
content
(%)

Aspect ratio Compressive
strength (MPa)

Flexural strength (N/mm2) Split tensile
strength (MPa)

Absorption
capability

Ductility Note Researchers

Coir 1.25, 2.5, 3.8 2a, 3a, 4a – – 3% fibre with length 2.5 cm
are recommended to obtain
22 N/mm2 strength

– – – 0.15 N/mm2 casting pressure Paramasivam
et al. [6]

Coir 2, 4 1.5b – – Increase 12% – Increase
16.80%

Increase
17.40%

– Li et al. [7]

Steel 6 0.5a, 1a 80 Increase 19% Increase 1.94 times Increase 62% – – Higher water/(cement + fibre) ratio
shows good results

Nili &
Afroughsabet
[8]

Coir &
sugarcane

1.5a 60 Increase 11.3% Significant enhancement Increase 9.14% – – Increment of strength does not
depend greatly on curing period

Sivaraja et al.
[3]

Coir 2.5, 5, 7.5 1c, 2c, 3c,
5c

– Increase 24% No improvement Increase or
decrease up to
11%

– – Recommend 5% fibre with length
5 cm

Ali et al. [9]

Jute, Sisal,
Hemp

0.6, 1 0.5c, 1c,
1.5c

Slight increase – – – – Young’s modulus increase slightly Vajje &
Murthy [2]

Coir – 3b – – – – – – 40% shear strength improvement Gampathi
[11]

Coir – 0.5a 125 Adversely
affected

– Significant
increase

Significant
increase

– – Yalley and
Kwan [10]

Steel & PVA 2.4, 1.2, 0.6, 1.2,
3.0, 2.7, 3.0

0.5a, 1a,
2a

340, 400, 40, 60,
60, 50, 45, 75

Increase 2–
5 MPa

Increase 15% – – Significant
increase

2% fibre content shows the best
results in all tests

Suraneni et al.
[20]

a – by volume; b – by weight; c – by mass of cement; – data not available.

Table 2
Previous researches on dynamic properties of concrete reinforced with various fibres.

Type
of
fibre

Length (cm) Fibre
content (%)

Aspect
ratio

Stress–strain
curve

Flexural
fatigue
failure

Modulus of elasticity (dynamic) Impact
resistance

Toughness Note Researchers

Coir 2.5, 3.75, 6.35 2.5a, 5a,
7.5a, 10a,
15a

– – – – Significant
increase

– – Cook et al.
[12]

Steel 6 0.5a, 1a 80 – – – Remarkable
improvement

– – Nili &
Afroughsabet
[8]

Steel 1.3 1.5a, 3a – Remarkable
improvement

– – Remarkable
improvement

Remarkable
improvement

Toughness energy is proportional to
the fibre content

Wang et al.
[29]

Coir 2.5, 5, 7.5 1c, 2c, 3c, 5c – – – Remarkable improvement – Remarkable
improvement

Higher damping values while lower
frequency

Ali et al. [9]

Steel 30–34, 50–52, 50–55 1a,2a 38–43, 56–
58, 56–61

– – – Increase
21–59%

– 16–22% reduction in penetration Aliabdo et al.
[17]

Steel 3,4 1a, 1.5a 80–60 Significant
increase

– – – – Stress–strain curves under different
strain rates are derived (50 s�1 to
200 s�1)

Hao & Hao
[18]

PVA 0.6 0.1a – – Increase
resistance

For 150 cycle, 71% in plain
concrete and 80 % in fibred
concrete

– – Flexural fatigue test using a wheel
load was performed with a stress
level in the range of 0.5–0.9

Jang et al. [19]

Steel 3.5 0.5a, 1a,
1.5a

64 Significant
increase

– – Remarkable
improvement

Significant
increase

Dynamic impact was performed at
strain rate of 30–60 s�1

Tan et al. [15]

a – by volume; c – by mass of cement; – data not available
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2. Research significance

A review of the existing literature indicates that significant
research has been conducted regarding the static properties of
CFRC. However, there is limited research on the dynamic proper-
ties of CFRC. Therefore, this research describes the mechanical
properties (compressive, flexural, and split tensile strengths) of
CFRC as well as the dynamic stress–strain response of CFRC based
on the impact resistance investigated by using a SHPB under a
strain rate of 30–50 s�1. Similarly, several studies have already
been published regarding the behaviour of FRC (reinforced with
steel, PVA or PP) under static and dynamic loads. None of these
studies systematically examined the influences of different shapes
and material types of FRC with SF that are subjected to dynamic
load. Therefore, the purpose of this research is to study the fibre
effects based on the performance of their shapes and material
types on the dynamic stress, strain and energy absorption capacity
of FRC with SF under impact loading at different levels. Five fibre
types with different shapes and material properties were investi-
gated in this research. The properties of FRC with SF were studied
using tests for compressive, split tensile and flexural strengths for
mechanical properties and impact tests for dynamic properties.
3. Materials and methods

3.1. Materials

3.1.1. Cement
Ordinary Portland cement Type I (OPC) was used as the cemen-

titious material in this experimental work for all concrete mixes. It
conforms to the ASTM C150 [40] standard. It has a specific gravity
of 3.12 and a Blaine specific surface area of 380 m2/g. The initial
and final setting times were 74 min and 385 min, respectively.
3.1.2. Silica fume (SF)
Silica fume (SF) is a by-product in the production of silicon and

ferrosilicon alloys. It has a greater surface area than cement
approximately 2090 cm2/g due to its small particle size. Therefore,
a concrete mix containing SF usually requires more water. Thus, an
SF dosage of 5% by weight of cement is added to the FRC mixes.
3.1.3. Fine aggregate
Dry and clean natural river sand was used as fine aggregate and

passed through a 4.75-mm sieve. The fine aggregate has a specific
gravity of 2.59, a fineness modulus of 2.98 and water absorption of
0.93%. The loose and compacted bulk density values of the fine
aggregate are 1600 and 1688 kg/m3, respectively.
3.1.4. Coarse aggregate
Crushed granite aggregate available from local sources was

used as coarse aggregate. The maximum size of the coarse aggre-
gate is no more than 10 mm and has a specific gravity of 2.65, a
fineness modulus of 5.95 and water absorption of 0.46%. The loose
and compacted bulk density values of the coarse aggregates are
1437 and 1526 kg/m3, respectively.
3.1.5. Superplasticiser (SP)
Polycarboxylate-based superplasticiser (SP) (Viscocrete-2044)

was used in this research as an aqueous modified solution. It has
a specific gravity of 1.08. It was used to achieve the desired work-
ability of the PP fibre-reinforced concrete mixtures. The dosage of
SP is 0.5% by weight of cement.
3.1.6. Fibres
3.1.6.1. Steel and PP fibres. The major variables used in the study are
three different shapes of steel fibre types (Hook Ended Steel Fibre
(HKSF-35 mm), Proposed Steel Fibre I (c-shape) (PSFI-35 mm)
and Proposed Steel Fibre II (W-shape) (PSFII-35 mm)) and two
types of Polypropylene Fibre (PPI and PPII), as shown in Fig. 1. A
constant 1% volume fraction dosage of all fibre types is used. The
properties of the different fibre types are listed in Table 3. PSFI is
manually fashioned from Hook-Ended Steel Fibre (HKSF-60 mm).
Each HKSF-60 mm fibre is bent at the middle of the fibre into a spi-
ral shape by keeping both ends hooked as shown in Fig. 1. PSFII
(W-shaped) is also fashioned manually from the same HKSF-
60 mm fibre. Three nails are driven on a plywood to create the c
and W-shape and steel fibres are shaped through this nails figura-
tion to assure the consistency of these fibres. Bundles of HKSF-
60 mm fibre were manually bent to a type of wave shape (W) with
a 35-mm length. This modification develops the bond between the
steel fibre and the concrete matrix due to its detoured shape and
provides a strong anchorage mechanism. Moreover, both ends
exhibit hooked characteristics that will provide greater impact
resistance.
3.1.6.2. Coir fibre. The coir fibre used in this study is locally avail-
able. For the static test specimens, the fibres were cut to lengths
of 3–5 cm with scissors. For the dynamic test specimens, the fibres
were cut to lengths of 1–2 cm because of the need for smaller spec-
imens. The average diameter of the fibre used was 0.48 mm. There-
fore, the aspect ratio of the coir fibre used in the static tests was
62.5–104.2, while the aspect ratio of fibre used in dynamic test
was 20.83–41.66. The fibres were washed to remove dust and
dried by spinning in a drying machine. They were then kept in
the open air to assure total dryness. The properties of the coir fibres
are shown in Table 3.
3.2. Mixture proportions and preparation

3.2.1. Mixture proportions and preparation of FRC
The mix design is calculated in accordance with the British

Department of Environment method (DOE Method of Concrete
Mix Design). According to the mix design, the targeted compres-
sive strength is 30 MPa and the water–cement ratio is 0.54, with
a water content of 230 kg/m3 and a cement content of approxi-
mately 426 kg/m3. The recommended slump should be maintained
between 30 and 60 mm with this water–cement ratio. SP was
added to 0.5% by weight of cement for the PP fibre mixes to
increase the workability without segregation and bleeding. The
concrete mixture proportions of each cubic meter of concrete are
shown in Table 4.

All specimen moulds were lubricated with oil in order to facil-
itate the removal of samples from the moulds. Fresh PC1 and each
type of FRC (HKSF, PSFI, PSFII, PPI and PPII) containing fibres of 1%
of volume fraction were prepared. First, coarse and fine aggregate
were mixed together for 2 min in dry conditions. Second, the
cement and fibres were mixed with 10% of the water for 2 min.
Third, 80% of the water was added and mixed for another 2 min.
Fourth, the remaining 10% of the water and the SF dosage of 5%
by weight of cement were added and mixed for approximately
3 min to prepare the FRC, while 0.5% of SP (by weight of cement)
was added into the PP-reinforced concrete mixes to maintain their
workability. Finally, the freshly mixed FRC was cast into the
moulds in three layers. After pouring each layer, the moulds were
vibrated in order to remove any trapped air. Each specimen was
allowed to stand for 24 h in the laboratory before demoulding.
Specimens were marked and immersed in water at approximately
21–25 �C until the age tests at 3, 7 and 28 days.



Fig. 1. Different types and shapes of fibres.

Table 3
Properties of different types of fibre.

Fibres Length (mm) Equivalent
diameter (lm)

Tensile
strength (MPa)

Density
(kg/m3)

Elastic
modulus (GPa)

Ignition
temperature (�C)

Melting
temperature (�C)

HKSF 35 55 1300 7850 200 – –
SFPI 35 75 1300 7850 200 – –
SFPII 35 75 1300 7850 200 – –
PPI 23 50 350 910 4.2 600 165
PPII 12 36 325 900 4 600 165
CF 100–500 480 – 2057 – – –

Data not available

Table 4
Mixture design proportions.

Mix. No Fibre content (%) w/c Water (kg/m3) Cement (kg/m3) SF (kg/m3) Fine aggregate (kg/m3) Coarse aggregate (kg/m3) SP (kg/m3)

PC1 0 0.54 230 405 21 908 806 0
HKSF 1a 0.54 230 405 21 908 806 0
SFPI 1a 0.54 230 405 21 908 806 0
SFPII 1a 0.54 230 405 21 908 806 0
PPI 1a 0.54 230 405 21 908 806 2.13
PPII 1a 0.54 230 405 21 908 806 2.13
PC2 0 0.45 230 377 0 917 847 0
CFRC1 1c 0.46 230 377 0 917 847 0
CFRC3 3c 0.50 230 377 0 917 847 0
CFRC5 5c 0.53 230 377 0 917 847 0

a – by volume; c – by mass of cement.
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3.2.2. Mixture proportions and preparation of CFRC
The mix design was calculated according to the British Depart-

ment of Environment method (DOE Method of Concrete Mix
Design). Four different mixes were used to prepare the test speci-
mens PC2, CFRC1, CFRC3 and CFRC5. The detailed mix designs are
shown in Table 4.

Two types of mixing procedures were adopted for the prepara-
tion of the CFRC. Both mechanical and manual mixing procedures
were adopted considering some constructions for low cost housing
in rural areas are still practising manual mixing. For the specimens
used in the compressive and flexural strength tests, a horizontal
pan mixer with a capacity of 80 kg was used, whereas manual mix-
ing was adopted for the specimens used in the impact and split
tensile strength tests.
3.2.2.1. Mixing procedure using horizontal pan mixer.
� PC2
The mix components were placed into the pan mixer and mixed

for approximately 2 min. Three quarters of the water was added
according to a water–cement ratio of 0.45, and the pan was
allowed to rotate for another 2 min. Finally, the remaining water
was added to the mix and mixed for another 3 min. The concrete
mix was then poured into the moulds in three layers, where each
layer was vibrated on a vibrating table for 10 s. Twenty four hours
later, specimens were removed from the moulds and immersed in
water for 3, 7 and 28 days.

� CFRC

In order to cast the CFRC, initial aggregates were placed into the
panmixer in approximately three equal layers. A portion of the coir
fibre was then uniformly distributed on the aggregate. After com-
pleting the placement of the total quantities of aggregate and coir
fibre, the mixer was rotated for 2 min. The addition of water during
the casting of the CFRC was similar to the mixing procedure of PC2.
However, an extra amount of water was required in order to obtain
a workable CFRC mix because of the water absorption ability of the
dry coir fibres.
3.2.2.2. Manual mixing procedure.
� PC2
In the manual mixing procedure, all concrete components

were placed in the mixing tray and mixed thoroughly by hand.
The concrete mix was then poured into cylindrical moulds in three
layers. After pouring each layer, the mould was vibrated for
approximately 10 s. Twenty four hours later, the specimens were
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removed from the moulds and immersed in water for 3, 7 and
28 days.

� CFRC

The manual mixing procedures for CFRC were nearly identical
to the manual mixing procedures for PC2. An extra amount of
water was added to obtain a workable concrete mix.

Different mixing procedures were adopted for FRC and CRFC
due to the extra amount of water required in order to obtain a
workable CFRC mix because of the high water absorption of the
dry CF. On the other hand, FRC mix (steel and PP) with addition
of small amount of superplasticizer (0.5% by weight of cement)
already gave workable mix with fixed water content according to
the mix design. In addition, SF dosage of 5% by weight of cement
is added to the FRC mixes only.

3.3. TESTING

3.3.1. Compressive strength
Concrete cubic specimens of 100 mm3 were cast in steel moulds

for the compressive strength tests for each mix of FRC and CFRC.
The average compressive strength values of the four specimens
were recorded at 3, 7 and 28 days. The entire test was carried
out according to BS EN 12390-3 [41] by using a compressive test-
ing machine with a loading capacity of 5000 kN.

3.3.2. Split tensile strength
The splitting tensile strengths of both FRC and CFRC were deter-

mined according to ASTM 496/C496 M-2004 [42] and BS 1881-
117:1983 [43], respectively, using concrete cylindrical specimens
of 100 mm � 200 mm. The splitting tensile tests of the FRC speci-
mens were performed at 3, 7 and 28 days of curing age, whereas
the CFRC specimens were tested at 28 days. In order to perform
the splitting tensile test, the compressive testing machine was
used with a different loading apparatus.

3.3.3. Flexural strength
The flexural tests of FRC and CFRC were carried out according to

BS 1881-118 [44] using prisms specimens of 100 � 100 � 500 mm.
The flexural strength of the FRC specimens was tested at 28 days,
whereas the CFRC specimens were tested at 3, 7 and 28 days.

3.3.4. Impact test
A SHPB system was used in this study to test the dynamic beha-

viour under impact loading. An SHPB system is shown in Fig. 2
(a) & (b) and consists of a launch tube, a striker bar, pulse shaper
(brass), an incident bar, a transmission bar, two strain gauges
and a signal conditioner connected to an oscilloscope (OMB-
DAQ-3000) and computer. The measurement system uses a veloc-
ity and dynamic strain indicator. The Young’s modulus of the pro-
jectile, incident and transmission bar is 210 GPa, with a wave
velocity of 5190 m/s.

The cylindrical specimen of 50 mm � Ø50 mm which was the
size same as the bars was placed in between the incident bar
and the transmission bar. The specimen surface in contact with
the incident and transmission bar was polished to attained high
precision of levelness and smoothness for test under uniaxial com-
pression using a sticker bar, as shown in Fig. 2(c). The striker bar
hits the thin brass pulse shaper mounted on the incident bar. The
brass pulse shaper functions as signal shaper to obtain better stress
pulse that propagated into the incident bar and to the concrete
specimen. When the striker bar with velocity, V0 before impact at
time, t < 0, hits the incident bar, an incident stress pulse is gener-
ated at t > 0. This pulse propagates to the interface between the
bar and the specimen through one-dimensional wave propagation
theory along the incident bar. At this point, a portion of the pulse is
reflected back along the incident bar as a tensile pulse, and the
remaining portion is transmitted from the specimen to the trans-
mission bar as a compressive wave signal pulse and recorded by
a strain gauge. If the striker/incident bars interface velocity after
impact is V and the velocity of the striker bar during impact is Vs,
it can be shown that:

V ¼ V0 � Vs ð2:1Þ
The velocity of the particles of the incident bar at the interface

of the striker/incident bar is: V = V1, so that Eq. (2.1) becomes:

V1 ¼ V0 � Vs ð2:2Þ
In this manner, the incident bar measures the incident and

reflected pulses and the transmission bar measures the transmit-
ted pulse [29]. The strain signal is recorded using a high-speed
10-bit digital oscilloscope that connects to the computer. A sche-
matic diagram of the SHPB system is shown in Fig. 3a).

The most optimum bar diameter (50 mm) were chosen to count
for alignment of bars and friction between bars and their supports
and also to reduce severe dispersion of waves due to bigger diam-
eters of bars. The specimen’s dimension had to be reduced to get
higher strain rate loading on the specimen. The specimen dimen-
sion of 50 mm diameter and 50 mm length was found to be the
most optimum, also to take into account of effect of axial and radial
inertia, thus the designed geometry and size of the specimen.
Actual steel fibre length of 35 mm is the mostly commercially
available and that length is applied in its application.

To minimize experimental errors, the recorded strain gauges
signals were improved by keeping good contact between bars
and specimen by levelling the specimen surface with hand grinder
and sand paper, reducing the friction between bars and supports,
keep good contact between bar surface and strain gauges, keeping
bars well coaxial using laser alignment to precision up to 0.01 mm
for the specimen to satisfy the stress equilibrium condition
(Figs. 3b and 3c). Fig. 3c shows the incident wave if there is fiction
and the incident wave without friction.

The signal dispersion correction was also applied. Fig. 3d shows
the flow chart of the analysis of the dispersion of wave in the bars.
Computer program was written in MatLab�.

Once all three pulses are recorded, the stress, strain rate and
strain histories of the specimen in uniaxial compression can be
computed, respectively, using Eqs. (2.3)–(2.5) [17,29,30].

rðtÞ ¼ AE
2As

½eiðtÞ þ erðtÞ þ etðtÞ�; ð2:3Þ
_eðtÞ ¼ c0
Ls

½eiðtÞ � erðtÞ � etðtÞ�; ð2:4Þ
eðtÞ ¼ c0
Ls

Z t

0
½eiðtÞ � erðtÞ � etðtÞ�dt: ð2:5Þ

eiðtÞ, erðtÞ and etðtÞ are the surface-strain time histories induced by
the incident, reflected and transmitted waves, respectively; c0, A
and E are the wave velocity, cross-sectional area and Young’s mod-
ulus of the pressure bars , respectively; Ls and As are the length and
cross-sectional area of the specimen. The expression for the strain
rate in Eq. (2.4) is integrated with respect to time to provide the
strain in Eq. (2.5).
3.4. Samples

A total number of 280 specimens (168 FRC + 112 CFRC) were
tested in this study.



Fig. 2. View of the SHPB system: (a) SHPB equipment; (b) signal conditioner with oscilloscope connected to a computer and (c) concrete specimen between incident bar and
transmission bar.

Fig. 3a. Schematic diagram of split Hopkinson pressure bar system (all measured distance in mm) [15].
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4. Results and discussion

4.1. Static properties

4.1.1. Compressive strength
The compressive strengths of PC (PC1 & PC2) and the five types

of FRC specimens containing steel fibre and CFRC (CFRC1, CFRC3
and CFRC5) at 3, 7 and 28 days are shown in Fig. 4. In the FRC, each
type has a different shape or material but the same volume. It can
be seen that there is an increase in compressive strength for the
three different steel fibre-reinforced concrete specimens, varying
from 18% to 28%, 23% to 31% and 15% to 27% at 3, 7 and 28 days,
respectively, when compared with PC1.

Fig. 4 also shows that the PSFII reinforced concrete shows the
maximum increment in compressive strength at all mixes and ages
when compared to PC1. This is because of the modified bundle-
shaped fibres that reduce the risk of balling and disperse the fibres
uniformly during the concrete mixing process. In addition, it
demonstrated a better anchorage bond, which can provide extra
resistance to cracking because of its modified ‘W’ shape, thus
increasing the compressive strength. The total percentage incre-
ments in compressive strength of the PSFII reinforced concrete
were 28.2%, 30.87% and 27.48% compared to PC1 at 3, 7 and
28 days, respectively. Xu et al. [31] reported 23.2%, 28.17% and
20.78% increments in compressive strength at 3, 7 and 28 days
when using a Hook-Ended Steel Fibre (HKSF). However, Eren and
Celik [26], Song and Hwang [45] and Tan et al. [17] found incre-
ments in compressive strength to be no more than 15% from the
addition of HESF to concrete. The PSFI reinforced concrete showed
a lower compressive strength compared to the PSFII and SFHK rein-
forced concrete at all ages. This may be due to the modification of
the HKSF 60-mm bundles into single-shaped fibres; as a result,
they may have lost some water-soluble glue. In addition, the
results show that both the PPI and PPII fibre-reinforced concretes
had respective increments in compressive strength of 9.2–7.22%
and 7.25–3.43% between 3 and 7 days when compared to PC1.
However, at 28 days, the compressive strengths reduced, respec-
tively, by approximately 3.4% and 8.9%. The compressive strength
was slightly increased with a 1% volume fraction of synthetic fibre
according to a study by Xu et al. [33]. Topcu and Canbaz [23] found
that compressive strength increases with less than 0.5% volume
fraction of PP fibre.

In Fig. 4, the compressive strength of PC2 at 7 days is equal to
approximately 77.9% of its compressive strength at 28 days,



Fig. 3b. Laser alignment of the bars.
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whereas the compressive strengths of CFRC1, CFRC3 and CFRC5 at
7 days are equal to approximately 79.2%, 74.7% and 63.3% of their
compressive strengths at 28 days, respectively. Therefore, it can
be concluded that a higher content of coir fibre results in less com-
pressive strength gain at early curing. Fig. 4 indicates that the com-
pressive strength was slightly improved with the addition of 3%
and 5% coir fibre content. The obtained maximum compressive
strength improvement was 7% when 3% coir fibre was added. In
contrast, Ali et al. [9] noted that the compressive strength of CFRC
decreased as the coir fibre content increased. In their research, the
maximum increase in compressive strength was 23% for a 1% addi-
tion of coir fibre in concrete. However, current research shows no
significant improvement in compressive strength due to the addi-
tion of 1% coir fibre in concrete.

Therefore, based on the obtained results, CRFC is not suitable for
higher compressive strength purposes, whereas FRC made from
PSFII with SF can provide significant compressive strength. In addi-
tion, PP-fibre concrete has a negative or slight influence on com-
pressive strength.
4.1.2. Split tensile strength
Fig. 5 shows the Split Tensile strength of PC and the various

fibre-reinforced concrete specimens at different ages. The tensile
strength of the PSFII reinforced concrete is greater among all types
of fibre-reinforced concrete, with increments of 28.1%, 36.9% and
49.9% when compared to PC1 at 3, 7 and 28 days, respectively.
However, the HKSF reinforced concrete shows respective increases
in tensile strength of approximately 26.6%, 32.1% and 41.2% at
these stages. Many studies have reported that the addition of steel
fibres (hook ended) in concrete can improve split tensile strength
by up to 20% [23,25,45,46]. However, the PSFI reinforced concrete
shows only small increments of approximately 1.1%, 7.1% and 1.1%
at 3, 7 and 28 days, respectively, due to the balling risk. In addition,
the PSFI fibres cling to each other because of the individual spiral
geometry, which reduces the bond between the concrete and the
fibres. In general, the splitting tensile strength of FRC depends on
the shape, material and formation of individual fibres or bundles
of reinforced fibre.
In Fig. 5, it is obvious that the tensile strength of PP (PPI & PPII)
fibre-reinforced concrete is lower than PC1 at all ages. Hughes and
Fattuhi [47] also found lower tensile strength for PP-reinforced
concrete than PC. The addition of PP fibre causes a decrement in
split tensile strength compared to PC1. This is because of the 1%
addition of PP fibre, which is greater than the 0.5% of volume frac-
tion limit; this can cause poor workability and lead to the entrap-
ment of large amounts of air in the mixtures. Topcu and Canbaz
[23] found that concrete reinforced with PP at less than 0.5% of vol-
ume fraction has an increment of split tensile strength of approx-
imately 30–4% with the addition of 10–20% fly ash. It can be
shown that the tensile strength of FRC mixtures exhibits similar
behaviour to their compressive strength. In other words, the incre-
ment of the splitting tensile strength of FRC is directly proportional
to the increment of its compressive strength [48].

As shown in Fig. 5, the split tensile strengths of CFRC1 and
CFRC5 significantly improved compared to PC2, at approximately
19.5% and 34.7%, respectively. However, CFRC3 did not show any
significant improvement in split tensile strength. The result
obtained for CFRC3 totally contrasts with the results obtained for
CFRC1 and CFRC5, which strongly indicate that an error occurred
during the preparation, handling and/or testing of the specimens.
Therefore, the result obtained for CFRC3 is ignored. Ali et al. [9]
found a 16.2% maximum increment in split tensile strength for a
2% addition of coir fibre in concrete; however, they reported an
8% reduction in split tensile strength for a 5% addition of coir fibre
in concrete, which is much lower than these results.
4.1.3. Flexural strength
Fig. 6 represents the flexural performance of PC and the differ-

ent FRC specimens. The PSFII reinforced concrete mix shows the
highest increment in flexural strength, at approximately 58.7% of
PC1. However, PSFI shows only a 2.6% increment in flexural
strength when compared to PC1. This may due to the interruption
of mixing in the preparation of beams using PSFI. However, the
HKSF reinforced concrete shows significant flexural strength at
approximately 47% of PC1. Mohammadi et al. [46] and Tan et al.
[17] also reported that the flexural strength of FRC can be
enhanced by up to 35% with a 1% volume fraction of steel fibre.



Fig. 3c. (i) Incident wave if there is fiction and (ii) incident wave without friction.
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Conversely, the PPI and PPII reinforced concretes show a 12.1% and
16.3% decrease in flexural strength compared to PC1, respectively.
It should be noted that the density of PP-reinforced concrete is
lower than PC1; thus, the addition of higher amounts of PP fibre
will reduce the concrete strength.

In Fig. 6, the flexural strength of PC2 at 7 days is equal to 88.7%
of its flexural strength at 28 days. However, the flexural strengths
of CFRC1, CFRC3 and CFRC5 at 7 days are equal to 87.6%, 86.3%
and 75.9% of their flexural strengths at 28 days, respectively.
Therefore, it can be concluded that a higher content of coir fibre
results in lower flexural strength gain at the early stages of curing.
Fig. 6 also shows that the flexural strength of CFRC is significantly
improved as the coir fibre content increases. An 11% maximum
improvement of flexural strength is obtained with a 5% coir fibre
content. Ali et al. [9] found a slight improvement in the flexural
strength of concrete with the addition of 3% and 5% coir fibre.
However, they reported a 21% reduction in the flexural strength
of concrete with the addition of 1% coir fibre.
4.2. Dynamic properties

The dynamic properties of the PC (PC1 & PC2), FRC (HKSF, PSFI,
PSFII, PPI and PPII) with SF and CFRC (CFRC1, CFRC3 & CFRC5)
specimens were investigated in this study with a single impact
test. Thus, the pressure of the impact velocity was adjusted at
2 MPa and 3 MPa to determine the strain rate of the specimens.
4.2.1. Ultimate stress
Figs. 7a and 8a show the stress–strain curves for concrete spec-

imens with and without reinforced fibre at 2 and 3 MPa of pres-
sure, as obtained by using an SHPB system with strain rates of
30–50 s�1. The strain rate for each specimen is unique, as men-
tioned in Figs. 7a and 8a, because the deformation rate of each
specimen is affected by the material properties under the same
impact load. As shown in Figs. 7b and 8b, the ultimate stress of
PSFII is greater than the other steel and polypropylene fibre types
due to its superior anchorage bond and mechanical deformation
capability. This may due to its shape, which leads to a more signif-
icant rate of sensitivity to strength. Compared to PC1, the incre-
ments of the PSFII reinforced specimens are approximately 86.2%
and 70% for impact pressures of 2 and 3 MPa, respectively. How-
ever, the PSFI reinforced specimen has an increase in ultimate
stress of approximately 74.9% and 56% at these pressures. This is
due to the spiral geometry, which improves the bond, and the
proper manual mixing of the fibres, which decreases the risk of bal-
ling and clinging fibres. However, the HKSF reinforced specimen
shows a lower increment compared to the PSFII and PSFI reinforced
specimens, which are 44.2% and 34.9%, respectively. This is due to
the presence of only anchorage parts in the HKSF fibre ends. There
is an increase in the ultimate stress of the PP-reinforced specimens
compared to PC1; the ultimate stress of the PPII reinforced speci-
men is greater than the PPI reinforced specimen at two different
pressures. Therefore, it can be concluded that the ultimate stress
of different FRC specimens are significantly affected by the shape
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and properties of the fibre. Xu et al. [33] also obtained the best
results for spiral II reinforced concrete among various types and
shapes of fibre-reinforced concrete. The ultimate stress also
increased with higher pressure, which is similar to the findings
of Xu et al. [31] and Tan et al. [15].

In Figs. 7b and 8b, it can be seen that the ultimate stress of the
concrete is significantly influenced by the addition of coir fibre. The
percentage increments of ultimate stress for CFRC1, CFRC3 and
CFRC5 are 20.26%, 31.9% and 72.19% at 2 MPa, whereas they are
14.8%, 38.64% and 76.6% at 3 MPa, respectively, when compared
to PC2. Therefore, the ultimate stress of CFRC increases with the
increment of pressure and coir fibre content.

Figs. 9 and 10 show the comparison of optimum stress–strain
curves between three different fibre-reinforced concretes (CFRC5,
PSFII and PPII) at 2 and 3 MPa pressure. Based on the figures, it is
clear that CFRC5 shows much greater stress than PSFII and PPII.
Therefore, it can be said that the dynamic ultimate stress of con-
crete significantly improves with the addition of 5% coir.
4.2.2. Ultimate strain
The ultimate strain and the strain rate of the PSFII reinforced

specimen are higher than those for all the steel-type and
polypropylene fibre-reinforced concrete specimens at the 2 and
3 MPa impact pressures, as shown in Figs. 7c and 8c. This is partic-
ularly clear under the 2 MPa impact load because the specimen
with PSFII affects the specimen deformation rate under the same
dynamic loading. This is followed by PSFI at 2 MPa and HKSF at
3 MPa. However, it can be seen that the ultimate strain of PPI is
greater at 2 MPa but lower at 3 MPa. It can also be seen that the
ultimate strain of different FRC specimens is affected by the shapes
and properties of the fibres. The percentage increase in dynamic
strains of the PSFII reinforced specimen are 25.2% and 21.98% at
2 and 3 MPa pressure, respectively, as compared to PC1.

Figs. 7c and 8c also show the strain rate values of PC2 and CFRC
under the 2 MPa and 3 MPa loading pressures. When the loading
pressure increases, the velocity of the applied impact force also
increases and the strain rate typically improves. The strain rate
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of CFRC is also influenced by the addition of coir fibre.
Figs. 7c and 8c indicate that a higher coir fibre content results in
a higher strain rate under both loading pressures. It can also be
seen that the ultimate strain increases as the coir fibre content
increases; thus, the ductility of the concrete increases with higher
coir fibre content. This relationship between the coir fibre content
and the ultimate strain is obvious for the specimens tested under a
pressure of 3 MPa. However, specimens tested under a pressure of
2 MPa show a significant increase in ultimate strain (13.07%) for
CFRC3 and a slight improvement (1.74%) for CFRC5 when com-
pared to PC2. CFRC5 shows the maximum increase in ultimate
strain, at approximately 126.3%, at 3 MPa pressure.

Therefore, it can be said that both the strain rate and the
ultimate strain of the concrete significantly improved with the
addition of 5% coir when considered for three different types of
fibre (steel, polypropylene and coir).
4.2.3. Toughness
In this study, toughness is defined as the total area under the

stress–strain curve up to the point of fracture. It is used to charac-
terize the energy absorption capacity of the specimens [33]. The
toughness property of PC and all types of reinforced concrete under
2 MPa and 3 MPa pressure is computed from Figs. 7a and 8a.
Figs. 11a and 11b show the dynamic toughness of all types of
FRC under 2 MPa and 3 MPa pressures. Table 5 shows the percent-
age increase in dynamic toughness of all types of FRC under 2 MPa
and 3 MPa pressures. As shown in Figs. 11a and 11b and Table 5,
the PSFII fibre-reinforced concrete has the highest toughness incre-
ment among all the tested specimens, which indicates the highest
energy absorption capacity under similar impact pressure. The
energy absorption capacity of the PSFII reinforced specimens are
162.2% and 146.4% higher than PC1 under 2 MPa and 3 MPa
pressures, respectively. It is also observed that the toughness



Fig. 7b. Ultimate stress for concrete specimens of with and without reinforcement at 2 MPa pressure.

Fig. 7c. Ultimate strain for concrete specimens of with and without reinforcement at 2 MPa pressure.
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Fig. 8b. Ultimate stress for concrete specimens of with and without reinforcement at 3 MPa pressure.

Fig. 8c. Ultimate strain for concrete specimens of with and without reinforcement at 3 MPa pressure.
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increment of the PPI, PPII and HKSF specimens increase with
impact pressure, while the toughness increment of the PSFI and
PSFII specimens decrease with impact pressure compared to PC1.
In addition, the strain rate of all the tested specimens increase with
increasing impact velocity, which indicates that the energy absorp-
tion capacity is rate sensitive for the PC and FRC specimens. The
energy absorption capacities and rate sensitivities are affected by
the shapes and properties of the fibres. In addition, the toughness
increases with the increment of pressure, which is similar to the
findings of Xu et al. [33] and Tan et al. [17].

It can also be seen that the dynamic toughness of CFRC is signif-
icantly influencedby the addition of coir fibres. According to Table 5,
the dynamic toughness of CFRC improves as the coir fibre content
increases. The dynamic toughness indicates the ability of concrete
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Fig. 11a. The toughness of different fibre reinforced concrete at 2 MPa pressure.

Fig. 11b. The toughness of different fibre reinforced concrete at 3 MPa pressure.

260 A.H.H. Al-Masoodi et al. / Construction and Building Materials 104 (2016) 247–262
to absorb energy and plasticity deformationwithout fracturing. As a
result, the energy absorption ability of CFRC significantly increases
when the coir fibre content increases. The maximum increment in
dynamic toughness of CFRC is 124.4% as compared to PC2.
Therefore, the increase in dynamic toughness is more signifi-
cant in the PSFII reinforced concrete. However, the increase in
dynamic toughness of CFRC5 is also comparable to the increase
in dynamic toughness of the PSFII reinforced concrete.



Table 5
Overall static and dynamic performance of different fibre reinforced concretes.

Specimens. Increase in
Compressive strength
(%)

Increase in Flexural
strength (%)

Increase in Split
tensile strength (%)

Increase in Dynamic
Stress (%)

Increase in Dynamic
Strain (%)

Increase in Dynamic
Toughness (%)

At 2 MPa
Pressure

At 3 MPa
Pressure

At 2 MPa
Pressure

At 3 MPa
Pressure

At 2 MPa
Pressure

At 3 MPa
Pressure

HKSF 20.76 47 41.2 42.7 33.17 15.4 19.1 65.2 81.5
PSFI 14.86 2.6 1.1 65.3 56.15 21.9 6.4 117.4 88.9
PSFII 27.48 58.7 49.9 83.3 67.82 25.2 21.98 162.2 146.3
PPI �3.4 �12.1 �9.7 21.26 6.92 9.8 8.51 15.2 29.6
PPII �8.9 �16.3 �14.7 32.75 22.08 �2.44 14.9 30.4 44.4
CFRC1 �0.34 4.22 19.5 20.26 14.8 �4.26 19.07 72.6 13.4
CFRC3 6.9 5.63 1.5 31.9 38.64 13.07 69.3 57.5 59.8
CFRC5 2.23 10.73 34.7 72.19 76.6 1.74 126.3 94.5 124.4
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5. Summary and conclusions

5.1. Static properties

(a) Compressive strength

The PSFII reinforced concrete displays the maximum increment
in compressive strength at 27.48% at 3, 7 and 28 days, and the PP
fibre-reinforced concretes (PPI & PPII) show a decrement in com-
pressive strength at a later stage (28 days) of up to 3.4% and 8.9%
as compared to PC1. In addition, the PSFI reinforced concrete
shows a lower increment in compressive strength than commercial
HKSF at all stages due to the risk of balling during mixing. Accord-
ing to the study by Holschemacher et al. [49], continuous corru-
gated steel reinforced concrete showed maximum compressive
strength than hooked ends straight steel reinforced concrete. How-
ever, CFRC3 shows a 7% maximum improvement in compressive
strength as compared to PC2.

(b) Split tensile strength

PSFII shows the maximum increment in split tensile strength at
up to 30% at all ages, though significant at a later age (49.9%). How-
ever, the PSFI reinforced concrete shows a very small increment at
all ages as compared with PC1. Holschemacher et al. [49] found sig-
nificant improvement in split tensile strength of hook-end SFRC.
The PP fibre-reinforced concretes (PPI & PPII) show decrements
at all stages. However, CFRC5 shows a 35% maximum increment
in split tensile strength when compared to PC2.

(c) Flexural strength

The PSFII reinforced concrete shows the most effective
improvement in flexural strength at almost 50%, closely followed
by the HKSF reinforced concrete (47%). Venkatesan et al. [50]
reported the maximum increase of 41.34% deflection ductility for
hook-ended SFRC beams with 1% volume fraction. The PP (PPI &
PPII) fibre-reinforced concretes show 12% and 16% lower strength
than PC1 at 28 days. However, CFRC5 shows an 11% improvement
in flexural strength compared to PC2.

5.2. Dynamic properties

(a) Ultimate stress

Both the PSFI and PSFII reinforced concretes show greater
ultimate stress (65.3% & 56.15%; 83.3% & 67.82%) compared to
PC1 under both 2 MPa and 3 MPa impact pressures. Commercial
HKSF reinforced concrete shows a lower increment of stress
(42.7% & 33.17%) than PSFII and PSFI reinforced concretes under
the same impact pressure. PP (PPI & PPII) reinforced concrete
also shows an increment in ultimate stress over PC1, particularly
in the PPII fibre-reinforced concrete (32.75% & 22.08%). However,
CFRC5 exhibited a 95% and 124% maximum improvement in
dynamic ultimate stress under 2 and 3 MPa pressures, respec-
tively. Ali et al. [51] reported better dynamic response for
mortar-free interlocking structures consisting of interlocking
blocks where interlocking blocks were prepared with coconut
fibre reinforced concrete.

(b) Ultimate strain

The increment of ultimate strain of the PSFII reinforced concrete
is the highest (25.2% & 21.98%) among all the FRC specimens com-
pared to PC1 under both 2 MPa and 3 MPa pressures. The ultimate
stain increases proportionally with the impact pressure for all
FRCs. The maximum 13% improvement of the dynamic ultimate
strain under 2 MPa was recorded in CFRC3. However, CFRC5 exhib-
ited a 126% maximum improvement of dynamic ultimate strain
under 3 MPa pressure.

(c) Toughness

In this study, the PSFII fibre reinforced concrete shows a
greater increment in toughness (energy absorption) properties
(162.2% & 146.3%) than the other specimens under both 2 MPa
and 3 MPa impact pressures. The dynamic toughness increases
with the increment of impact pressure for the PPI, PPII and HKSF
reinforced specimens; however, the PSFI and PSFII reinforced
specimens show the reverse. In the CFRC specimens, the dynamic
toughness improved as the coir fibre content increased. CFRC5
exhibited 94.5% and 124.4% maximum increments in dynamic
toughness compared to PC2. Munawar et al. [52] reported that
coir fibre is the toughest fibre (21.5 MPa) amongst all natural
fibres, where toughness of a fibre is taken as the area under
stress–strain curve.

Based on the overall experimental test results, the following
conclusions are drawn from the present study

� The newly developed PSFII (W-shape steel fibre) reinforced con-
crete showed the significant improvement in static and
dynamic properties.

� CFRC with 5% fibre exhibited more increment in dynamic com-
prehensive properties compared to static properties.

� FRC (reinforced with PP) showed negative/less influence on sta-
tic properties, however the fibre improved the dynamic proper-
ties significantly.

Therefore, it can be concluded from the above results that the
PSFII reinforced concrete shows the best static and dynamic prop-
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erties due to its good bond between the concrete and the fibres.
Moreover, CFRC5 also provides significant static and dynamic
properties. Coir fibre stands at par with steel fibre in enhancing
both the static and dynamic properties of FRC.

6. Recommendations

Steel fibre improved both the static and dynamic properties of
concrete comprehensively. Therefore, it can be used to improve
the structural strength to reduce the heavy steel reinforcement
requirement. PP fibre has negative influence on the static proper-
ties of the concrete; however it shows significant influence on
the dynamic properties. PPFRC can be recommended in prepara-
tion of structures under impact/moving loads, e.g. concrete pave-
ment and bridge deck. CFRC has potential for sustainable
concrete structure applications, e.g. roofing materials, wall pan-
els/boards and columns. Using local materials such as coir fibres
and ropes as reinforcement of concrete is more economical than
the construction of earthquake-resistant structures with steel
reinforcement.
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