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1. Introduction

Fibre-reinforced polymer(FRP), also Fibre-reinforced plastic, is a composite material made of a
polymer matrix reinforced with fibres. The fibres are usually glass, carbon, or aramid, al‐
though other fibres such as paper or wood or asbestos have been sometimes used. The poly‐
mer is usually an epoxy, vinylester or polyester thermosetting plastic, and phenol
formaldehyde resins are still in use. FRPs are commonly used in the aerospace, automotive,
marine, and construction industries.

Composite  materials  are  engineered or  naturally  occurring materials  made from two or
more  constituent  materials  with  significantly  different  physical  or  chemical  properties
which remain separate and distinct  within the finished structure.  Most composites have
strong, stiff  fibres in a matrix which is weaker and less stiff.  The objective is usually to
make a component which is strong and stiff,  often with a low density. Commercial ma‐
terial commonly has glass or carbon fibres in matrices based on thermosetting polymers,
such as epoxy or polyester resins. Sometimes, thermoplastic polymers may be preferred,
since they are moldable after initial production. There are further classes of composite in
which the matrix is a metal or a ceramic. For the most part, these are still in a develop‐
mental  stage,  with  problems  of  high  manufacturing  costs  yet  to  be  overcome  [1].  Fur‐
thermore,  in  these  composites  the  reasons  for  adding  the  fibres  (or,  in  some  cases,
particles)  are often rather complex;  for example,  improvements may be sought in creep,
wear, fracture toughness, thermal stability, etc [2].

Fibre reinforced polymer (FRP) are composites used in almost every type of advanced engi‐
neering structure, with their usage ranging from aircraft, helicopters and spacecraft through
to boats, ships and offshore platforms and to automobiles, sports goods, chemical process‐
ing equipment and civil infrastructure such as bridges and buildings. The usage of FRP
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composites continues to grow at an impressive rate as these materials are used more in their
existing markets and become established in relatively new markets such as biomedical devi‐
ces and civil structures. A key factor driving the increased applications of composites over
the recent years is the development of new advanced forms of FRP materials. This includes
developments in high performance resin systems and new styles of reinforcement, such as
carbon nanotubes and nanoparticles. This book provides an up-to-date account of the fabri‐
cation, mechanical properties, delamination resistance, impact tolerance and applications of
3D FRP composites [3].

The fibre reinforced polymer composites  (FRPs)  are  increasingly being considered as  an
enhancement to and/or substitute for infrastructure components or systems that are con‐
structed  of  traditional  civil  engineering  materials,  namely  concrete  and steel.  FRP com‐
posites are lightweight,  no-corrosive,  exhibit  high specific  strength and specific  stiffness,
are  easily  constructed,  and can be  tailored to  satisfy  performance requirements.  Due to
these advantageous characteristics, FRP composites have been included in new construc‐
tion and rehabilitation of structures through its  use as reinforcement in concrete,  bridge
decks,  modular  structures,  formwork,  and external  reinforcement  for  strengthening  and
seismic upgrade [4].

The applicability of Fiber Reinforced Polymer (FRP) reinforcements to concrete structures as
a substitute for steel bars or prestressing tendons has been actively studied in numerous re‐
search laboratories and professional organizations around the world. FRP reinforcements of‐
fer a number of advantages such as corrosion resistance, non-magnetic properties, high
tensile strength, lightweight and ease of handling. However, they generally have a linear
elastic response in tension up to failure (described as a brittle failure) and a relatively poor
transverse or shear resistance. They also have poor resistance to fire and when exposed to
high temperatures. They loose significant strength upon bending, and they are sensitive to
stress-rupture effects. Moreover, their cost, whether considered per unit weight or on the ba‐
sis of force carrying capacity, is high in comparison to conventional steel reinforcing bars or
prestressing tendons. From a structural engineering viewpoint, the most serious problems
with FRP reinforcements are the lack of plastic behavior and the very low shear strength in
the transverse direction. Such characteristics may lead to premature tendon rupture, partic‐
ularly when combined effects are present, such as at shear-cracking planes in reinforced
concrete beams where dowel action exists. The dowel action reduces residual tensile and
shear resistance in the tendon. Solutions and limitations of use have been offered and con‐
tinuous improvements are expected in the future. The unit cost of FRP reinforcements is ex‐
pected to decrease significantly with increased market share and demand. However, even
today, there are applications where FRP reinforcements are cost effective and justifiable.
Such cases include the use of bonded FRP sheets or plates in repair and strengthening of
concrete structures, and the use of FRP meshes or textiles or fabrics in thin cement products.
The cost of repair and rehabilitation of a structure is always, in relative terms, substantially
higher than the cost of the initial structure. Repair generally requires a relatively small vol‐
ume of repair materials but a relatively high commitment in labor. Moreover the cost of la‐
bor in developed countries is so high that the cost of material becomes secondary. Thus the
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Figure 1. Schematic representation of the intrinsic deformation behavior of a polymer material [33].

4.4. Toughness

That plot of stress versus strain can give us another very valuable piece of information. If
one measures the area underneath the stress-strain curve (figure 2), colored red in the graph
below, the number you get is something we call toughness.

Figure 2. Plot of stress in function of strain.

Toughness is really a measure of the energy a sample can absorb before it breaks. Think
about it, if the height of the triangle in the plot is strength, and the base of the triangle is
strain, then the area is proportional to strength strain. Since strength is proportional to the
force needed to break the sample, and strain is measured in units of distance (the distance
the sample is stretched), then strength strain is proportional is force times distance, and as
we remember from physics, force times distance is energy.
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From a physics point of view the strength, is that strength tells how much force is needed to
break a sample, and toughness tells how much energy is needed to break a sample. But that
does not really tell you what the practical differences are. What is important knows that just
because a material is strong, it isn't necessarily going to be tough as well [34-35].

Figure 3. Plot of stress in function of strain, strong and tough concepts.

The gray plot is the stress-strain curve for a sample that is strong, but not tough (figure 3).
As you can see, it takes a lot of force to break this sample. Likewise, this sample ca not
stretch very much before it breaks. A material like this which is strong, but can not deform
very much before it breaks is called brittle [36].

The gray plot is a stress-strain curve for a sample that is both strong and tough. This materi‐
al is not as strong as the sample in the gray plot, but the area underneath its curve is a lot
larger than the area under the gray sample's curve. So it can absorb a lot more energy than
the gray-black sample plot.

The gray-black sample elongates a lot more before breaking than the gray sample does. You
see, deformation allows a sample to dissipate energy. If a sample can't deform, the energy
won't be dissipated, and will cause the sample to break [37].

In real life,  we usually want materials to be tough and strong. Ideally, it  would be nice
to  have a  material  that  would not  bend or  break,  but  this  is  the  real  world.  The gray-
black sample has a much higher modulus than the red sample. While it is good for ma‐
terials  in  a  lot  of  applications  to  have  high  moduli  and  resist  deformation,  in  the  real
world it  is  a  lot  better  for  a  material  to  bend than to  break,  and if  bending,  stretching
or deforming in some other way prevents  the material  from breaking,  all  the better.  So
when  we  design  new  polymers,  or  new  composites,  we  often  sacrifice  a  little  bit  of
strength in order to make the material tougher.
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4.5. Mechanical properties
of real polymers

The rigid plastics such as polystyrene, poly(methyl methacrylate or polycarbonate can with‐
stand a good deal of stress, but they won't withstand much elongation before breaking.
There is not much area under the stress-strain curve at all. So we say that materials like this
are strong, but not very tough. Also, the slope of the plot is very steep, which means that it
takes a lot of force to deform a rigid plastic. So it is easy to see that rigid plastics have high
moduli. In short, rigid plastics tend to be strong, at resist deformation, but they tend not to
be very tough, that is, they are brittle.

Flexible plastics like polyethylene and polypropylene are different from rigid plastics in that
they don not resist deformation as well, but they tend not to break. The ability to deform is
what keeps them from breaking. Initial modulus is high, that is it will resist deformation for
awhile, but if enough stress is put on a flexible plastic, it will eventually deform. If you try to
stretch it a plastic bag, it will be very hard at first, but once you have stretched it far enough
it will give way and stretch easily. The bottom line is that flexible plastics may not be as
strong as rigid ones, but they are a lot tougher.

It is possible to alter the stress-strain behavior of a plastic with additives called plasticizers.
A plasticizer is a small molecule that makes plastics more flexible. For example, without
plasticizers, poly(vinyl chloride), or PVC for short, is a rigid plastic. Rigid unplasticized
PVC is used for water pipes. But with plasticizers, PVC can be made flexible enough to use
to make things like hoses.

Fibers like KevlarTM, carbon fiber and nylon tend to have stress-strain curves like the aqua-
colored plot in the graph above. Like the rigid plastics, they are more strong than tough, and
do not deform very much under tensile stress. But when strength is what you need, fibers
have plenty of it. They are much stronger than plastics, even the rigid ones, and some poly‐
meric fibers, like KevlarTM, carbon fiber and ultra-high molecular weight polyethylene have
better tensile strength than steel.

Elastomers like polyisoprene, polybutadiene and polyisobutylene have completely different
mechanical behavior from the other types of materials. Take a look at the pink plot in the
graph above. Elastomers have very low moduli. You can see this from the very gentle slope
of the pink plot, but you probably knew this already. You already knew that it is easy to
stretch or bend a piece of rubber [34]. If elastomers did not have low moduli, they would not
be very good elastomers.

But it takes more than just low modulus to make a polymer an elastomer. Being easily
stretched is not much use unless the material can bounce back to its original size and shape
once the stress is released. Rubber bands would be useless if they just stretched and did not
bounce back. Of course, elastomers do bounce back, and that is what makes them so amaz‐
ing. They have not just high elongation, but high reversible elongation.
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4.6. Tensile properties

The discussion of which types of polymers have which mechanical properties has focused
mostly on tensile properties. When we look at other properties, like compressional proper‐
ties or flexural properties things can be completely different. For example, fibers have very
high tensile strength and good flexural strength as well, but they usually have terrible com‐
pressional strength. They also only have good tensile strength in the direction of the fibers.

Some polymers are tough, while others are strong, and how one often has to make trade-offs
when designing new materials; the design may have to sacrifice strength for toughness, but
sometimes we can combine two polymers with different properties to get a new material
with some of the properties of both. There are three main ways of doing this, and they are
copolymerization, blending, and making composite materials.

The copolymer that combines the properties of two materials is spandex. It is a copolymer
containing blocks of elastomeric polyoxyethylene and blocks of a rigid fiber-forming polyur‐
ethane. The result is a fiber that stretches. Spandex is used to make stretchy clothing like bi‐
cycle pants.

High-impact polystyrene, or HIPS for short, is an immiscible blend that combines the prop‐
erties of two polymers, styrene and polybutadiene. Polystyrene is a rigid plastic. When
mixed with polybutadiene, an elastomer, it forms a phase-separated mixture which has the
strength of polystyrene along with toughness supplied by the polybutadiene. For this rea‐
son, HIPS is far less brittle than regular polystyrene [38].

In the case of a composite material, we are usually using a fiber to reinforce a thermoset.
Thermosets are crosslinked materials whose stress-strain behavior is often similar to plas‐
tics. The fiber increases the tensile strength of the composite, while the thermoset gives it
compressional strength and toughness.

5. Conclusions

This brief review of FRP has summarized the very broad range of unusual functionalities
that these products bring (Polymers, Aramids, Composites, Carbon FRP, and Glass-FRP).
While the chemistry plays an important role in defining the scope of applications for which
these materials are suited, it is equally important that the final parts are designed to maxi‐
mize the value of the inherent properties of these materials. Clearly exemplify the constant
trade-off between functionality and processability that is an ongoing challenge with these
advanced materials. The functionality that allows these materials to perform under extreme
conditions has to be balanced against processability that allows them to be economically
shaped into useful forms. The ability of a polymer material to deform is determined by the
mobility of its molecules, characterized by specific molecular motions and relaxation mecha‐
nisms, which are accelerated by temperature and stress. Since these relaxation mechanisms
are material specific and depend on the molecular structure, they are used here to establish
the desired link with the intrinsic deformation behavior.
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