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Abstract

Over the past few decades, advances in concrete technology have led to the development of
fibre reinforced concrete material. The worldwide yearly consumption of fibres used in
concrete is 300,000 tons. Even though, the available standards, guidelines and
recommendations do not really recognise the contribution of various types of fibres in
enhancing mechanical properties of concrete.

The aim of this paper is to investigate into the effect of using various types of fibres in
enhancing the mechanical properties of concrete such as tensile strength, bending
strength, shear strength, toughness, fire resistance and resistance to cracking. These types
include steel, polypropylene, glass, carbon, polyolefin, polyvinyl and waste fibre. This
paper also investigated into the use of a combination of two types of fibres, often called
hybridization, which shows a great potential to optimise the properties of concrete
material as well as improve the mechanical performance of reinforced concrete members.
The reviewed literature showed that combining of fibres is limited to two types, a mix of
steel and polypropylene fibres and a mix of steel fibres with different geometry, shape and
size.

The paper concludes with a discussion into the future potential use of different
combination of hybrid fibres to improve the mechanical properties of concrete with
emphasise on their effects on the punching shear capacity of concrete.
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1. Introduction

To date, advances in concrete technology have led to the development of fibre reinforced
concrete (FRC) materials (Huang et al., 2015). The addition of fibres into cementitious
composites enables considerable improvement in mechanical and dynamic properties of
reinforced concrete members. FRC demonstrates excellent tensile strength, toughness,
energy dissipation capacity (Brandt, 2008 & Di Prisco, 2009). It also increases
significantly the shear (Aoude et al., 2012; Barros et al., 2014; Susetyo et al., 2013) the
flexural (Barros et al., 2014; Caggiano et al., 2012; De Montaignac, 2012), the punching
(Safeer et al., 2004; Ventura-Gouveia, 2011) resistance and the durability (Banthia et al.,
2010; Granju et al., 2005; Kunieda et al., 2014) of concrete structures as well as superb
resistance to cracking (Qian et al., 2000).
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Those attractive properties allow the direct application of fibres in concrete. However,
each fibre type could enhance specific concrete properties. Accordingly, the aim of this
paper is to investigate into the potential of using various types of fibres which includes
steel fibre, synthetic fibres such as polypropylene, glass, carbon, polyolefin and polyvinyl
in enhancing the mechanical properties of concrete.

Recent researches showed that waste fibres can also be a valuable reinforcement system to
decrease significantly the brittle behaviour of cement based materials, by improving their
toughness and post-cracking resistance (Aiello, 2009). It also has beneficial environmental
and economic impacts (Graeff et al., 2012; Neocleous et al., 2006). The effect of using
waste fibre in enhancing concrete properties is further investigated in the below sections.

The use of two or more types of fibres in a suitable combination showed a great potential
to optimise the properties of concrete material as well as improve the mechanical
performance of reinforced concrete members. This combining of fibres, often called
hybridization is currently used as the inclusion of single fibre in concrete cannot attain an
optimal performance. The use of hybrid is commonly limited to two types. These are a
mix of steel and polypropylene fibres as well as a mix of steel fibres with different
geometry, shape and size. A further description on different fibre combinations is shown in
the below sections.

2. Types of Fibres

Applications of FRC are very common in civil and structural engineering. All over the
world considerable research efforts have been made contributing to theoretical and
technological knowledge about properties and behaviour of FRC.

There are numerous fibre types, in various sizes and shapes, available for commercial and
experimental use. The basic fibre types are steel fibre, synthetic fibres such as
polypropylene, glass, carbon, polyolefin, polyvinyl and waste fibre materials. Using these
fibres individually as well as on hybrid basis has an effect on the mechanical properties of
FRC members. These mechanical properties depend on the type, geometry and content of
fibres (Bentur, 1990; Buratti et al., 2011) as described below.

3. Effect of using single type of fibres on concrete mechanical
properties

3.1 Steel Fibres

Steel fibre is becoming an important type of concrete reinforcement due to the numerous
advantages that it offers for concrete. Therefore, many efforts have been made in recent
years to optimise the shape of steel fibres in order to achieve improved fibre-matrix bond
characteristics, and to enhance fibre dispersibility in the concrete mix (Pajak et al., 2013).
The five most popular types of steel fibres are: traditional straight, hooked, crimped, with
deformed ends and with deformed wire (Katzer et al., 2012). A statistical analysis of the
assortment offered by the largest fibre producers allows claiming that around 67% of sold
fibre consists of the hooked type. Other most popular fibre types are: straight fibre (around
9%), fibre with deformed wire (around 9%) and crimped fibre (around 8%) (Katzer, 2006).

Over the past three decades, the potential of using Steel Fibre Reinforced Concrete (SFRC)
to improve the performance of structures has been investigated (Zamanzadeh et al., 2015).
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The available literature on the subject shows that steel fibre reinforcement can increase
significantly the shear, the flexural and the punching resistance, as well as the energy
dissipation capacity and durability of concrete structures.

In studying the effect of steel fibres on the shear capacity of concrete, some investigations
were carried out for evaluating the performance of beam-column sub assemblages.
Susetyo et al., 2013 conducted experimental investigations on concrete panels under in-
plane pure-shear monotonic loading conditions to evaluate the effectiveness of steel fibres
in meeting minimum shear reinforcement requirements for concrete elements. The test
results indicate that concrete elements exhibiting ductile behaviour, sufficient shear
strength, and good crack control characteristics can be obtained with an adequate addition
of steel fibres, meeting or exceeding the level of performance achievable using code
prescribed minimum amounts of conventional shear reinforcement. The role of steel fibres
in enhancing the shear strength of concrete was also confirmed by many researchers
(Aoude et al., 2012; Barros et al., 2014; Lee, 2007).

Moreover, has noteworthy effect on the residual tensile strength and flexural strength. The
flexural behaviour of concrete reinforced with straight and hooked end steel fibres was
studied by Pajak et al., 2013. It was found that the increase of fibres volume ratio
increases the flexural tensile strength. The fracture energy increases with the increase of
fibre dosage and is higher for hooked end steel fibres than for straight ones. Steel fibres
continue to carry stresses after matrix failure. This is also confirmed by many researchers
(Barros et al., 2014; Caggiano et al., 2012; De Montaignac, 2012).

Labib 2008 conducted experimental investigations on concrete slab-column connections
reinforced with hooked end steel fibres failing in punching, It was found that the inclusion
of steel fibres significantly increases the load carrying capacity of tested specimens and is
strongly dependent on the fibre dosage. Moreover, the crack opening restraint provided by
the reinforcement mechanisms of steel fibres bridging the crack surfaces lead to
significant increase in terms of load carrying capacity and energy absorption capability of
concrete structures. This was also confirmed by (Safeer et al., 2004; Ventura-Gouveia,
2011).

The role of fibres in bridging the crack opening and enhancing the load capacity and post-
peak behaviour leads to better concrete durability and structural integrity (Banthia et al.,
2010; Granju et al., 2005; Kunieda et al., 2014). The was also confirmed by the
experimental results of Stephen 2001 which showed that the introduction of steel fibres
into the concrete can arrest the early spalling of the concrete cover and increase the load
capacity as well as the ductility of the columns over that of comparable non-fibre
reinforced specimens. Similar observations were reported more recently by Lee, 2007,
Joao, 2010 and R6hm et al., 2012.

3.2 Synthetic Fibres

Synthetic fibres are man-made fibres resulting from research and development in the
petrochemical and textile industries. Synthetic fibre reinforced concrete utilises fibres
derived from organic polymers which are available in a variety of formulations (ACI
Committee 544.1R, 1996). Synthetic, organic fibres have low modulus of elasticity and
high elongation properties (Manolis et al, 1997). Therefore, they have the potential to
provide concrete with significant ductility. As a result, when added to concrete these fibres
are able to control cracking caused by thermal movements and long-term drying shrinkage
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(Concrete Society, 2003) and improve the performance of concrete by negates its
disadvantages such as low tensile strength, low ductility, and low energy absorption
capacity (Lakshmi et al., 2010; Chanvillard et al., 1990; Mu et al., 2000; Bayasi, et al.,
1997; Banthia et al., 1996).

Synthetic fibre types that have been tried in Portland cement concrete based matrices are:
polypropylene, glass,carbon, polyolefin and polyvinyl. For many of these fibres there is
little reported research or field experience, while others are found in commercial
applications and have been the subject of extensive reporting (AClI Committee 544.1R,
1996). Among these materials, polypropylene fibres are one of the most widely used for
construction applications such as blast resistant concrete and pavements (Mwangi, 2001).

3.2.1 Polypropylene Fibres

Polypropylene fibres are gaining in significance due to the low price of the raw polymer
material and their high alkaline resistance (Keer, 1984; Maidl, 1995). They are available in
two forms i.e.monofilament or fibrillated manufactured in a continuous process by
extrusion of a polypropylene homopolymer resin (Keer, 1984; Knapton, 2003).
Polypropylene fibres are used extensively in concrete for the purpose of reducing, plastic
shrinkage cracking and plastic settlement cracking (Perry, 2003).

Mazaheripour et al., 2011, investigate the effect of polypropylene fibres inclusion on fresh
and hardened properties of concrete. The results obtained have shown that the
polypropylene fibres did not influence the compressive strength and elastic modulus,
however applying these fibres at their maximum percentage volume increased the tensile
strength and the flexural strength of concrete.

Fire still remains one of the most serious risks for tunnels, buildings and other concrete
structures. Therefore, there is need for engineers to greatly take into consideration the
risks associated with elevated temperatures when designing concrete structures, such as
explosive spalling which has been observed by many researchers often resulting in serious
deterioration of the concrete (Phan et al., 2002; Horiguchi et al., 2004).

It has been widely shown that polypropylene fibres are very effective in mitigating spalling
in concrete exposed to elevated temperatures. Bangi et al., 2012 carried out an
experimental and study which investigates the effect of fibre type and geometry on the
amount of maximum pore pressures measured at different depths in fibre-reinforced high
strength concrete exposed to elevated temperatures. Polypropylene, polyvinyl alcohol and
steel fibres of varying lengths and diameters were used. Pore pressure measurements
showed that addition of organic fibres regardless of the type significantly contributes to
pore pressure reduction in heated concrete. Polypropylene fibres were more effective in
mitigating maximum pore pressure development compared to polyvinyl alcohol fibres
while steel fibres had a slightly low effect. This result has been proved by studies from
different researchers. They found that the complex mechanism of porosity variations in
concrete at elevated temperatures, enriched with polypropylene fibres (Khoury, 2008;
Kalifa, 2001; Han et al., 2005; Zeimi et al., 2006; Muzzucco et al., 2015)

On the other hand, polypropylene fibres can improve not only mechanical properties of
concrete but also its durability due to reduced crack width by fibre bridging effect.
Therefore, it could be considered as solutions to extend of lifecycle in terms of
improvement of durability (Kunieda et al., 2014).
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3.2.2  Other Synthetic Fibres

As stated previously, while polypropylene is extensively used in concrete other synthetic
fibres such as: glass, carbon, polyolefin and polyvinyl had little reported research or field
experience.

Barhum et al., 2012 studied the influence of the addition of short, dispersed fibres made of
alkali-resistant (AR) glass and carbon on the fracture behaviour of textile-reinforced
concrete. A series of uniaxial, deformation-controlled tension tests was performed to study
the strength, deformation, and fracture behaviour of the concrete specimens with and
without the addition of short fibres. Pronounced enhancement of first-crack stress was
achieved due to the addition of glass and carbon fibres. While more and finer cracks were
observed on the specimens with short fibres added, a moderate improvement in tensile
strength was recorded.

However, recent studies have showed that, when polyolefin based fibres employed to
reinforce concrete, forming polyolefin fibre reinforced concrete, they are not only
chemically stable (which avoids the corrosion problems that steel fibres suffer) but also
lighter and with a final lower cost. They have been proved to be suitable for structural
uses. Moreover, in some cases they have substituted steel fibres (Behfarnia et al., 2014;
Pujadas et al., 2014; Alberti et al., 2015). On the other hand, polyvinyl alcohol organic
fibres and nylon are also effective in mitigating spalling while others like polyethylene
fibres are not so effective.

Investigations from Laura et al., 2014 indicated that the use of synthetic fibre reinforced
concrete can enhance the ductility and energy dissipation capacity of concrete.

3.2.3 Waste fibres

The use of waste fibres plays an important role in sustainable solid waste management. It
helps to save natural resources, decreases the pollution of the environment and save energy
production processes. It has beneficial environmental and economic impacts therefore
wastes and industrial by-products should be considered as potentially valuable resources
merely awaiting appropriate treatment and application (Graeff et al., 201; Neocleous et al.,
2006). Therefore, the addition of waste to concrete corresponds to a new perspective in
research activities, integrating the areas of concrete technology and environmental
technology.

Steel fibres originated from the industry of tyres and plastic wastes are among these
wastes; their disposal has harmful effects on the environment due to their long
biodegradation period, and therefore one of the logical methods for reduction of their
negative effects is the application of these materials in other industries.

Recent research is showing that steel fibres originated from the industry of tyre recycling,
can be a valuable reinforcement system to decrease significantly the brittle behaviour of
cement based materials, by improving their toughness and post-cracking resistance.
Recycled Steel Fibre Reinforced Concrete is therefore becoming a promising candidate for
both structural and non-structural applications (Aiello et al., 2009). Zamanzadeh et al.,
2015 compared the characterisation of the post cracking properties of recycled steel fibre
reinforced concrete and industrial steel fibre reinforced Concrete, on its use as shear
reinforcement. Although the results indicated that the fibre reinforcement mechanisms for
relatively small crack width levels were not as effective in the recycled steel fibres as were
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in the industrial steel fibres, but it was verified that both fibres have similar trend in the
post-cracking behaviour.

Much research effort has focused on reusing waste materials from plastic industries in
concrete. Different works, have analyzed the effect of addition of recycled polyethylene
terephthalate (PET) to the properties of concrete (Choi et al. 2005, Jo et al., 2007; Robeiz,
1995). Foti, 2011 analyzed the reinforced concrete with PET bottles waste fibres and
found that adding little amount of recycled fibres from PET bottle wastes can have a great
influence on post-cracking performance of simple concrete elements. As well, these fibres
improve the toughness of samples and increase the plasticity of concrete. De Oliveira et
al., 2011 used fibres made from recycled PET bottles in reinforced mortar. Their results
showed that using PET fibres makes a significant improvement on compressive strength of
mortars, in addition to a noticeable effect on their flexural strength along with increase in
their toughness. The work realised by Foti, 2013 is to explore the possibility of recycling
PET fibres, obtained from waste bottles with different shapes. The tests showed that PET
fibers in a concrete mixture are likely to increase the ductility of concrete.

At the end, as limited research has been carried out in this area, therefore, more studies
could be carried out on the effect of using the previously mentioned wastes on the
mechanical properties of concrete to prove the above results and to further examine
different mechanical properties. In addition, the effect of using other types of wastes on
the mechanical properties of concrete could be investigated.

3.3 Effect of using hybrid fibres

Although, the research mentioned above have convinced us that remarkable improvement
in mechanic performance can be achieved by using single fibre type in concrete, it is worth
noting that the failure in concrete is a gradual and multi-scale process, each type of fibre
can only be effective in a limited range, an optimal performance cannot been attained when
single FRC is used. Therefore, attempts have been made to use fibre combinations with
different constitutive responses, dimensions and functions into cementitious composite.
The use of hybrid combinations of steel and non-metallic fibres can offer potential
advantages in improving concrete properties as well as reducing the overall cost of
concrete production (Bentur and Mindess, 1990). When fibre fractions are increased, it
results in a denser and more uniform distribution of fibres throughout the concrete, which
reduces shrinkage cracks and improves post-crack strength of concrete. This combination
of low and high modulus fibres can arrest the micro and macro cracks respectively which
could be also achieved by using combination of long and short fibres as different lengths of
fibres would control different scales of cracking.

A number of studies indicated the overall benefits of using combinations of steel fibres and
polypropylene fibres (Xu et al., 2011; Sivakumar,2011; Chi, 2014; Ding et al., 2010;
Sahoo et al., 2015). While limited research was carried out on the effect of using steel
fibres and other types of fibres such as glass, polyethylene (Banthia et al., 2014), or using a
mix of short and long steel fibres (Caggiano et al., 2012).

Xu et al., 2011 found that the tensile strength of steel-polypropylene hybrid fibre
reinforced concrete. The results indicate that the tensile strength of conventional concrete
can be dramatically improved by mixing with hybrid steel-polypropylene fibres. The
enhancing effect of hybrid fibre is better than that of single fibre, and the volume fraction
of steel fibre is observed to have a great impact on the tensile strength. The same results
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were found by Sivakumar,2011 who studied the flexural strength, toughness, and ductility
of concrete specimens containing individual steel fibres and hybrid combinations of steel
and non-metallic fibres such as glass, polyester and polypropylene. He found that the
ability of non-metallic fibres of bridging smaller micro cracks, was suggested as the
reasons for the enhancement in flexural properties compared to individual steel fibre.

The effect of inclusion hybrid steel-polypropylene fibre reinforced concrete on triaxial
compression was developed by Chi, 2014. The results showed that the steel fibres mainly
contribute to the composite’s triaxial strength that was observed to improve significantly
when both the volume fractions and aspect ratios of steel fibre were increased. On the other
hand, the polypropylene fibres were found to have considerable effect on improving the
tensile meridian rather than compressive meridian.

Ding et al. 2010 analysed the influence of various fibre types, including steel macro-fibre
and hybrid fibre (macro-steel fibre and macro plastic fibre) on the shear strength and shear
toughness of reinforced concrete beams. The results indicated that hybrid fibers can
evidently enhance both the shear toughness and the ultimate shear bearing capacity.

Sahoo et al., 2015 studied the influence of using both high-modulus (steel) and low-
modulus (polypropylene) fibres on the shear strength of reinforced concrete beams. A
better post-peak residual strength response is noticed in case of all FRC beam specimens
due to multiple cracking associated with the fibre bridging action. The main parameters
investigated are shear strength, failure mechanism and displacement ductility. The FRC
specimens with combined steel and polypropylene fibres showed that the shear resistance
and deformability values are improved significantly multiple cracks of smaller crack width
are noticed at the failure stage of the specimens indicating the better fibre bridging action
of combined metallic and non-metallic fibres.

Banthia et al., 2014 used hybrid fibres by using two types of macro-steel fibres and a
micro-cellulose fibre. Flexural and direct shear tests were performed and the results were
analyzed to identify the degree of enhancement in the mechanical properties associated
with various fibre combinations.

4. Conclusion and future research

This paper investigated into the potential of using various types of fibres in reinforced
concrete to optimise the properties of concrete material as well as improve the mechanical
performance of reinforced concrete members. The reviewed literature highlighted the role
of fibres in enhancing the concrete tensile strength, bending strength; shear strength,
toughness, energy dissipation capacity, resistance to cracking and fire resistance. The
reviewed literature also indicated that, in most cases FRC contains individual type of
fibres, which includes steel, polypropylene, glass, carbon, polyolefin and polyvinyl.
Although of the extensive research conducted on the FRC, the reviewed literature showed
a dearth of research conducted on waste fibre. The reviewed literature highlighted that the
research conducted on the use of waste fibre in concrete is limited to the effect of waste
fibre on toughness, flexural strength, compression strength and post-peak behaviour of
concrete elements. The literature showed no studies conducted on effect of waste fibre on
the shear and punching shear strength of concrete. This paper concluded with a
recommendation into a future research on the effect of waste fibre on the punching shear
capacity of concrete.
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In addition, this paper reported on the use of two or more types of fibres in a suitable
combination which has proved the potential to improve the mechanical properties of
concrete. Numerous studies on hybrid fibre reinforced concrete have been performed The
reviewed literature showed that combining of fibres is commonly limited to two types of
mixes, a mix of steel and polypropylene fibres and a mix of steel fibres with different
geometry, shape and size. This paper further recommended on future research to be
carried out on the use of different hybrid fibres including, but not limited to, steel-recycled
tyre hybrid and steel-plastic waste and investigates their effects on different mechanical
properties of concrete.
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