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Abstract: In this study, the overall property of fiber reinforced polymer (FRP) was researched. It is currently
widely used in all areas, mainly in civil engineering. The huge need of this material drives the research of its
mechanical property and corrosion mechanism. It is proven that the FRP can significantly strengthen the whole
structure due to the support of fiber. And by applying osmosis hypothesis into the explanation of corrosion of
FRP, we concluded that its corrosion rate is much slower than common materials, like steel. Generally, based on
these conclusions, FRP is suitable for most of the facilities in civil engineering. Copyright © 2014 IFSA
Publishing, S. L.
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1. Introduction
Being a popularly used composite with features of
highly tensile strength, light weight and outstanding
non-corrosion, fiber reinforced polymers (FRP) are
widely used in our daily life, particularly the civil
engineering [1]. By fiber reinforcement, the
traditional steel tendon is taken place by fiber
reinforced polymer which is in concrete structure. It
has been proven numerously that it is a quite useful
measurement to tackle with the problems of corrosion
and durability of construction. To enhance more
application of fiber reinforced polymer, this study
tried to analyze the data which were mainly obtained
from the kind of beams which generate the impact of
fiber reinforced polymer reinforcement ratio on the
ultimate moment, and then construct the
corresponding theory of concrete beams reinforced
with fiber reinforced polymer bars.
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Due to the destruction of temperature, moisture,
and chloride ion, etc., the alkaline concrete will be
gradually neutralized, leading to the exposure of steel
and therefore lower durability of its structure.
Currently, lots of researchers in many countries are
trying to develop methods that can help enhance its
durability. The problem of low durability caused by
corrosion of concrete reinforcing bars is a prevalent
issue in civil engineering. In America, among all the
factors that account for the destruction of concrete
reinforcing bars, 20 % of it is due to corrosion of
concrete reinforcing bars, that is one out of five
buildings with the structure of concrete reinforcing
bars is destroyed because of that. This kind of
maintenance will surely increase the investment,
therefore needing lots of better materials.
Researchers proposed many ways to deal with
this issue, by the way of investigating the mechanism
of corrosion of concrete reinforcing bars. And their
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research methods range from macroscopic structure
of concrete reinforcing bars to microscopic molecular
structure and chemical reaction mechanism, and so
on. Currently, much progress has been achieved in
this field, including adoption of anti-corrosion agent,
coating a protecting film or epoxy coat onto it.
People get some ideas from the method of epoxy
coating, and then research the fiber reinforced
polymer.
In 1940s, fiber reinforced polymer was began to
be used in the field of aircraft, and now has been
widely used in cars, chemical engineering,
mechanical engineering, medicals, electronics,
physical exercise utilities, and so on. It is not until
1970s that the fiber reinforced polymer began to be
employed in civil engineering. Among all the
countries that utilized this comparatively new
material, the US, UK and Israel first used it as
components in architectural construction and bridge
structure, while at that time glass fiber reinforced
plastics were extensively used by other countries. In
Japan and some European countries, the fiber
reinforced polymer was usually used in suspension
bridge.
There are mainly three kinds of reinforcement
polymer for restoring and reinforcing certain
structures. They are carbon fiber reinforced polymer

(CFRP), glass fiber reinforced polymer (GFRP), and
aromatic fiber reinforced polymer (AFRP). Different
kind of polymer has different advantages. The
comparison of mechanical properties of CFRP,
GFRP, and AFRP are adduced in Table 1. CFRP is
advantageous compared with ordinary carbon steel,
and its anti-tension strength is over ten times of the
latter. Its elastic modulus is almost the same as
concrete reinforcing bars, and sometimes it can be
2~3 times higher of the latter one. Therefore, it can
effectively enhance the loading capacity and rigidity
of the constructional element. However, its
elongation to fracture is quite low, so it is relatively
fragile to use CFRP for reinforced component.
Compared with this, the elongation to fracture of
GFRP can be as large as 3 % ~ 5 %, which can
significantly enhance the extension ability of
reinforced component, although its anti-tension
strength and elastic modulus are very small. AFRP
hit into the market comparatively late, and there are
few researches focusing on reinforcement of concrete
stakes, and it lies in between CFRP and GFRP in
terms of anti-tension strength and elastic modulus. It
was listed below that the common mechanical
properties of these fibers reinforced polymers.
Besides that, the cloth made of FRP was also
compared, as listed in Table 2.

Table 1. The comparison of mechanical properties of CFRP, GFRP, and AFRP.
FRP
GFRP
GFRP
AFRP

Fiber content (%)
50-80
65-75
60-70

Density/ (kg m-3)
1600-2000
1600-1900
1050-1250

Elastic modulus/ GPa
20-55
120-250
40-125

Anti-tension strength/ MPa
400-1800
1200-2250
1000-1800

Table 2. The comparison of mechanical properties of cloth made of CFRP, GFRP, and AFRP.
Property
Anti-tension strength
Anti-compression strength
Elastic modulus
Durability
Anti-fatigue ability
Bulk density
Anti-corrosion of alkaline
Pricing

Cloth of CFRP
+++++
++++
+++++
++++
+++++
+++
++++
++++

Cloth of AFRP
+++
+
+++
+++
+++
+++++
+++
++++

Cloth of GFRP
+
+++
+
+
+
+
+
+

Note: the more symbols of ‘+’, the better of its performance in terms of certain property.

2. Fiber Reinforced Polymer
2.1. Physical Properties
FRP is a material with anisotropy, which means
that different direction may possess different
properties. For example, when the direction of fiber
and the direction of force merge, the best
reinforcement will be achieved, and vice versa.
The density of FRP is usually very small, in the
range of 1/7~1/5 of the density of steel. So the mass
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is quite lower than other materials, thus saving lots of
transportation cost. Another feature of FRP is that it
has very good anti-tension ability, and the stressdeformation relationship is linearly dependent.
Different content and species of resin will impact
the lateral and vertical thermal expansivity. Usually,
the vertical thermal expansivity is controlled by the
fiber, while the lateral one is controlled by the resin
support. And lateral thermal expansivity is larger
than the vertical one. Fiber reinforced polymer
concrete component is a multiple component, and

Sensors & Transducers, Vol. 163 , Issue 1, January 2014, pp. 323-329
when the different parts work together, the thermal
deformation is quite small, due to their similar
thermal properties. So when the surrounding
temperature changes, the deformation corresponding
to this will not destroy the bond between FRP and
concrete, ensuring the safety of this component.
In civil engineering, the characteristics of FRP are
particularly prominent, and they can be concluded as
following [2-5].
i). Suitability for design. When FRP is applied as
structural material, due to its components as support
and reinforcement parts, it can maintain both features
of original material and combined advantages. And it
is needed to be redesigned, in order to get optimum
performance.
ii). High specific strength and rigidity. It is
estimated that the specific strength of carbon fiber
T300/epoxy resin 5208 is about 6.3 and 5 times of
aluminium product and steel, respectively. And its
specific rigidity is 4.16 times of aluminium product.
So FRP is a light but strong construction material.
iii). Excellent anti-fatigue ability. Usually, the
fatigue resistance of common metals is around
40 % ~ 50 % of tensile strength. However, for FRP,
this ratio can be as high as 70 % ~ 80 %, indicating
good anti-fatigue ability.
iv). Outstanding anti-chemical-corrosion ability.
Conventional construction materials, such as steel,
will be corroded in near-ocean projects, because iron
will be rusted by the moisture and oxygen, causing
unnecessary lose. However, most of the FRP are
good
candidates
for
anti-chemical-corrosion
materials. Therefore, the instruments made of FRP
will possess good anti-alkaline/acid/salt corrosion
property.
v). Decent seismic resistance. The fact that the
vibration frequency of FRP itself is higher than
traditional materials promise that it is hard to achieve
cooscillation with them. And fast break of FRP is
also very difficult to happen under the case of
ordinary load and frequency. In addition, because of
massive interfaces, vibration damping is also
significant. This will lessen the effect of vibration
once it happens.
vi). Safe overload passing. In FRP, there are
many individual fibers, which will compensate for
each other when some of them are broken. So the
construction element will not instantly be broken,
when some fibers are broken down suddenly.
vii). Good appreciability. Since the fiber in the
FRP is soft, while resin is flowing, the product made
of FRP can be any shape and any color. Therefore,
very high-class aesthetic taste can be achieved.
viii). Intelligentization of FRP. In some cases, the
intelligent FRP are employed, making the structure
intelligent. For example, some bridges made of
intelligent FRP can change their inherent rigidity and
vibration frequency by thermal or electric control, in
order to adjust to the surroundings.
The most commonly used FRPs can be divided by
the following categories from their components as
above: CFRP, GFRP, and AFRP. And different

materials have distinguishing properties. Sometimes,
they will be combined together into engineering
practice.

2.2. Application Status
Currently, FRP is mostly used in the following
two areas.
i). Bridge structure.
It was shown that, when the plan using FRP was
used rather than concrete/steel, the pricing is higher.
However, it helps save lots of labor and following
maintenance fees. In 1981, Meier first used CFRP to
enhance the bridge structure. Following this, FRP,
particularly CFRP was rapidly prevalent in Japan, US
and European countries. Besides this, the repairing
and reinforcement of bridges also utilized FRP.
ii). Offshore and ocean structures.
It is very prominent as we are looking into the
problem of ocean corrosion of materials such as steel.
Because FRP have very good anti-corrosion property,
it has been extensively used in this field. Usually, a
bound of FRP will be combined together, in order to
get enough strength.
3 modeling of ultimate bearing capacity
When FRP is introduced in the construction
structures, specific revision of the theory should be
made, in order to achieve more accurate calculated
results. It was required that the concrete supporting
the FRP should be intact while FRP is broken. And
therefore the impact of concrete should not be
ignored as it is very important. Hereby a revision
equation was introduced to cancel out that effect as
following.

,
where αu is the revision factor, Mue is the ultimate
bearing moment based on experiment, b is the width
of cross section of bridge, h0 is the effective height of
that cross section, fc is the compression strength of
the axis of concrete, and fc = 0.76 fcu. Results
indicated that in some region, the ultimate bearing
capacity would be proportional to the reinforcement
percentage of FRP, that is ultimate bearing capacity
increases as the ratio of FRP increases and effective
area also increases.

3.1. Stress-deformation Relationship
Based on experiment whose result was indicated
in Fig. 1, the stress-deformation relationship should
be linear, which can be expressed as below.

0 < εf < εu,
where Ef is the tensile elastic modulus, εu is the
ultimate deformation due to stress.
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Some other considerations will be taken under
actual conditions. For example, when calculated εcu is
larger than 0.0033, it should be taken as 0.0033.
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3.2. Modeling of Reduction Coefficient
of FRP
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The reduction coefficient of FRP is determined by
the properties of FRP structure in the whole system,
such as loading capacity, rigidity, and cracking
control of components. Due to its complexity, it is
very hard to imagine the reduction coefficient merely
from theoretical derivation. To get the reduction
coefficient λu, we need to transfer the stress in
compressed FRP into effective tension on the same
cross section area, material property, and the ratio of
FRP in the system, on the basis of the same bearing
capacity. Therefore, it can be readily calculated after
this transformation. When apparent yielding point
λuσu is achieved by the tensed FRP, and stressed
concrete is also smashed, the following equations
will be obtained through equilibrium based on
Newton’s first law.
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Fig. 1. The relationship of stress-deformation in FRP.

Also, we define the apparent yield point of fiber
reinforced steel as the following

,
where

is the apparent yield point of fiber

reinforced steel,

is the reduction coefficient of

is the ultimate strength
fiber reinforced steel, and
of fiber reinforced steel.
Combining the two equations above, we will get
the following

,

or similarly,
Assume the deformation of cross section is
linearly distributed, and the stress-deformation
relationship is in the format as following.
0 < ε < ε0
ε0 < ε < εcu
where ε0 is the deformation of concrete
corresponding to the condition where the stress
threshold is just achieved, εcu is the ultimate
deformation under heterogeneous stress.
For convenience, the stress-deformation curve would
be replaced by an equivalent rectangular graph when
stressed concrete went to its limit. The stress
coefficient α1 and height coefficient β1 of the
equivalent rectangular depend on the stressdeformation relationship of the concrete, and they are
expressed as following.

where b is the width of cross section, h0 is the
effective height of cross section, Af is the area of
tensed FRP, x is the height of compressed field, and
σu is the ultimate strength of FRP, while Mu is the
designed value for bending momentum on the cross
section of FRP component.
By solving these equations and known
relationships, we can readily get the reduction
coefficient based on λ1 and λ2 as following.

where

, and

.

In this model, the reduction coefficient is mainly
used to minimize the effect of reinforcement
materials in the whole system, in order to get more
accurate results.

3.3. Height of Compressive Region of
Bending Component
Much similar to steel reinforced concrete beam,
when apparent yield point was achieved, and
concrete was also destroyed, this kind of destruction
is called balanced destruction. Setting
as the
boundary axis height, we know that
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,

.

Also, if we take the moment of force at the point
of action spot, we will get the following equation.
Therefore, the height of boundary compressive
will be in the form of the following:
region

or
.

The conclusion is that: when
, the tensed
FRP bar yields apparently, indicating the suitability
, the concrete will be
for the structure. And if
smashed at first, but the tensed FRP bar does not
yield.

3.4. The Upper and Lower Limit of
Reinforced Damage

,

From the equations above, we can easily derive
the following equations.

And, the solution is

The application conditions for the above three
equations are: only suitable for system with proper
reinforced FRP, not suitable for under- or overreinforced FRP. Therefore, the under- or overreinforcement should be avoided in designing.
Therefore, the bending components should satisfy at
least the two listed requirements:
i). In order to avoid under-reinforcement, the
vertical cross section of the component should
satisfy:

.

Another relationship underlying is that φ is
associated with the ratio of FRP in the system which
is indicated by ρf. After getting φb, the maximal FRP
ratio can be also obtained, which is

Usually, the fittings of the system need to be
maintained at a minimal ratio of FRP to ensure that it
is safe. The minimal ratio can be obtained from the
above equilibrium equation, where the cracking
bending momentum is equal to ultimate bending
momentum at the cross section. However, it is also
worth to mention that besides above factors, the
minimal ratio can also be impacted by temperature,
moisture, and stress of contracting or stretching.

3.5. Equations in Calculating the Forces in
Rectangular Section with Single-row
and Double-row Reinforcing Bars
Rectangular section can often be divided into
single-row and double-row sorts. It is single-row
rectangular section, only when the tensed cross
section is pulled by vertical force onto the cross
section of the FRP.
In the instant before the cross section is
destroyed, it is in equilibrium state, and therefore the
combination of all forces in horizontal axis is zero.
Namely,

where ρfmin is the minimal reinforcement ration, b and
h are the width and height of the cross section
respectively.
ii). In order to avoid over-reinforcement, the
height under pressure ε should not exceed the
boundary compressive region height εb, namely

, x should be
for safety.
When
For double-row reinforcing bar, it mainly applies
for the following conditions.
i). Structure or the component bears a changing
effect, altering the direction of bending momentum
on the cross section.
ii). The bending momentum onto the cross section
exceeds the limit of designed value, but the size and
properties of the materials cannot be changed.
iii). For some reasons, the tension area of the
cross section has been distributed with some FRP
preceding this.
Therefore, the following equations will be
achieved when the stress of compressed FRP is equal
to yielding strength.

where As’ is the area of compressed steel, fy’ is the
yielding strength of compressed steel, as’ is the
distance between edge of compression region and the
force spot onto the steel. But it has three perquisites
for the usage of above equations, which are listed
below.
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a).
b).
c).

4. Alkaline/acidic Corrosion of FRP
It is generally accepted that FRP is stable and not
easily to be corroded by base, acid, or chloride ion,
and so on. However, for example, when the alkaline
contacts the fiber and support for a significantly long
period, there is some opportunity for it to get into the
inside of the structure, and then lower its stability.
Therefore, being a lasting material, FRP also faces
the issue of aging.

is fiber, which is quite stable and not easily degraded
by acid or base. Comparing with fiber, resin is quite
fragile, because it will expand under such conditions,
destroying the coherence of the whole structure. It is
reported by Clarkej that based on his accelerated
corrosion experiments, the tensile strength of FRP
decreases 75 % while tensile rigidity decreases 20 %
under strong base environment [7].

4.1. Corrosion Mechanism

Fig. 2. Schematic representation of corrosion of FRP. Note:
bulk solution usually contains acid/base, or some other
corrosive species; diffusion layer is a very thin layer close
to the bulk FRP.
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Generally speaking, the corrosion mechanism of
FRP may be divided into two sorts: physical
destruction and chemical destruction. For physical
destruction, it refers to some macroscopic cracking or
significant aging of the materials. For chemical
destruction, it is principally associated with the
destruction of chemical bonds between two groups or
atoms, and then results in the lowering of stability of
the whole structure. And by contacting with the
surroundings, the ambient molecules may permeate
into the inside of the bulk FRP, reacting with the
structures inside. To explain this, the penetration
theory was applied here. Due to fluid dynamical
reasons, the species in the ambient atmosphere will
always stay onto the surface of steel. There is a very
tiny layer staying close to the steel. And the species
will go into the inside of FRP because of
concentration gradient as driving force, on the basis
of the following equation

6

0

200

400

tim e (day)

where u is a constant, dc means the concentration
difference at the position of l and l+dl.
And this general osmosis-chemical reaction
mechanism was depicted as shown by Fig. 2.
However, by simulating corrosion of steel rather
than FRP, we got much faster reaction kinetics, as
shown in Fig. 3, where the total content of iron
decreases exponentially as times goes. This is
because this process only involves in chemical
reaction process. In contrast, for FRP, the osmosis is
quite slow, therefore preventing it to be aged by the
surrounding oxidant, such as O2.

4.2. Mechanical Property Under Corrosion
Fortunately, based on experiment we concluded
that the mechanical properties of FRP almost do not
change under acidic/alkaline corrosion. This is due to
the fact that, the loading component in the composite
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Fig. 3. Aging curve of steel as a contrast of FRP. Note: this
is a general curve and the value here does not stand for
anything, and it is exponentially decreasing.

Besides acid and base, FRP may also be
influenced by UV. It is tested that under exposure of
sun for 3 years, the strength of GFRP decreases 1
%~19 %, while CFRP decreases 9 %~17 %. Also,
significant temperature change will impact the
performance of FRP. For FRP, there exists a critical
temperature [8]. Above this critical point, the strength
of FRP will decreases sharply as temperature goes
up. However, under this temperature, the strength can
recover to its original region when it goes back to
original temperature.
Generally, the above research concluded all based
on single factor, which does not apply to the actual
project. In fact, the durability of FRP is so long that it
can stably function before some other factors
breaking down this structure.
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5. Conclusion

References

Based on the statement and analysis above, here
comes the conclusion that FRP is a very perfect
candidate to cater to the needs for modern buildings.
The properties FRP distinguishes enable it to be
easily mixed into the structure. It showed that the
stress and deformation are linearly dependent.
Equations of height of boundary compressive region
and upper/lower limit of suitable reinforcement were
derived. Also the corrosion mechanism was
researched and osmosis hypothesis was proposed.
Tons of experiments showed that corrosion will not
impact the mechanical properties of FRP, which
provides the strong support for it to be a good
candidate.
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