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Abstract
Fiber Reinforced Polymer (FRP) materials have been 
used in structural strengthening since the 1980s. In the 
past decade, these materials have steadily gained wide 
spread acceptance for seismic retrofit of concrete and 
masonry structures. Research performed around the 
world has demonstrated that the tensile strength of FRP 
can be mobilized effectively to enhance strength and 
ductility of existing concrete and masonry elements. In 
recognition of this growing popularity, the 440 Committee 
of the American Concrete Institute is currently working 
on developing guidelines for the use of FRP for seismic 
retrofit. This paper attempts to provide an overview of 
the current practice in the United States along with some 
relevant case studies. In addition, some perspectives on 
the use of FRP in India are also presented.
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Introduction
Fiber Reinforced Polymers comprise of oriented fibers 
(glass, carbon, basalt etc.) encapsulated within a polymer 
(typically resins such as epoxies or vinyl esters) matrix 
to form a composite material. The fibers provide the 
tensile strength to the composite material, while the 
resin provides stability to the fibers, shear strength to 
the matrix as well as bonding capability of the FRP to the 
substrate. FRP materials are typically available in sheets 
or fabrics, precured laminates, rebar, open grids etc.  
A majority of seismic strengthening projects typically use 
sheets or fabrics. Such fabrics can be weaved from fibers 
of different constituent materials based on application 
type and environmental considerations. In addition, the 
fibers can be arranged in a wide variety of orientations to 
provide strength in different directions. This adaptability, 
along with the inherent flexibility that can be achieved by 
custom field-cutting of the fabric and the use of multiple 
layers of the fabric, allows the addition of tensile strength 
in multiple directions and makes FRP extremely attractive 
in strengthening and seismic retrofit. Accordingly, the 
main focus of this paper is in the application of FRP fabrics. 
Seismic assessment and retrofit of existing structures has 

also become very commonplace around the world and 
numerous standards (such as ASCE/SEI 41 [1]) have been 
developed to assist practicing engineers. Such standards 
offer detailed methodologies for assessment of existing 
structures and a variety of analytical techniques to design 
seismic retrofits. The overall goal of a seismic retrofit is, 
typically, to enhance the performance of the structure to a 
desired level for a specific level of seismic hazard and can 
involve numerous global strategies such as stiffening of a 
structure, mitigation of irregularities, addition of energy 
dissipation etc. In addition to such global approaches, in 
many seismic retrofits, a crucial consideration is local 
strengthening of discrete elements, e.g. increasing the 
shear strength of existing beams, columns, or walls; 
enhancing the ductility at the plastic hinge of a beam 
or column; flexural strengthening of elements; shear 
strengthening of diaphragms etc. FRP has been found to 
be very effective in such strengthening on an element level. 
Although a significant amount of research and practice 
originates from different parts of the world, this article 
focuses on the state of practice in the United States. 

A Primer on Fiber Reinforced Polymer 
Materials
As described earlier, FRP is a composite material 
comprising of oriented fibers encapsulated within a 
polymer matrix. Figure 1 shows a schematic representation 
of a typical unidirectional (i.e. fibers oriented only in one 
direction) FRP.  

FRP is essentially a tensile reinforcement and its 
applications are essentially based on mobilizing this 
tensile strength to enhance the structural performance 

Fig. 1: Schematic Representation of Unidirectional FRP
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of concrete and masonry. FRP sheets and laminates 
are externally bonded to the substrate, while bars and 
grids can be placed within the concrete itself. Non-
seismic strengthening applications of concrete with FRP, 
especially the externally bonded variety, are increasingly 
commonplace all around the world. In addition to standards 
and guidelines from different countries, the prevailing 
guidelines in the US were developed by ACI and are 
published as ACI 440.2R (2008) [2]. FRP can incorporate 
a variety of fiber types and, as a result, have a variety 
of different properties, each with its own advantages.  
Figure 2 shows a stress-strain plot for two different FRP 
types, including steel for comparative purposes. The 
two fabric materials are represented as ‘CFRP’ (with 
carbon fibers) and ‘GFRP’ (with glass fibers). ‘C-Plate’ is a 
pultruded carbon FRP laminate. It comes as a pre-cured 
strip that can be attached to the substrate either with an 
epoxy resin or with mechanical fasteners. The plate is 
not discussed in this paper, but is included in the plot to 
demonstrate the very high strength and modulus that can 
be achieved with carbon FRP.

Figure 2 demonstrates that although FRP can have 
considerably higher tensile strength than steel, it typically 
has a smaller modulus, sometime quite significantly 
smaller depending on the fiber material. The plot also 
shows that FRP materials demonstrate essentially linear 
stress-strain behavior until rupture. These characteristics 
play an important role in the design of FRP. The relatively 
light weight of FRP (approximately one-fourth that of steel), 
combined with the high tensile strength, makes FRP a very 
attractive option for repair applications. Consideration 
of modulus in design is critical to accurately predict 
the force in the FRP, and the associated contribution to 
strength, especially when FRP is mobilized in conjunction 
with existing steel reinforcement in a member. For load 
sharing to occur, there need to be modular compatibility 
between the FRP and the steel reinforcement. If the 
stiffness of the FRP is less than required, the sharing of 
load will be unequal, i.e. the existing steel will continue to 
resist the majority of the load; only after the existing steel 
reinforcement reaches yield and more deformation occurs 
in the concrete element will the FRP start to resist more 

Fig. 2: Stress-Strain Comparison of Different FRPs and Steel

of the load. In order to mitigate any adverse effects of the 
‘brittle’ nature of FRP failure, it is critical to design the FRP 
at strain significantly lower than those at which rupture 
can occur. Limits on the strain in FRP are also required to 
ensure that the strains in the existing concrete member 
are maintained within code compliant levels. Since 
externally bonded FRP is exposed to the environment, 
reduction factors to account for strength degradation due 
to such exposure need to be considered. Creep, fatigue and 
sustained loads also need to be considered in the design. 

It should be noted that apart from the FRP material 
characteristics and design considerations, the other 
important parameters affecting the performance of 
externally bonded FRP are preparation of the substrate to 
receive FRP and the proper installation of the FRP itself. 
Typically, FRP sheets (in the form of rolls) are delivered 
to the site, where the FRP is saturated with the resin and 
then the wet FRP is installed on the prepared surface. 
Hence, such application of FRP is called ‘wet layup’.  
Figure 3 shows a saturating machine wherein the FRP 
passes through a resin bath and between a set of rollers 
set to the appropriate gap to saturate the FRP completely 
and to remove excess resin.

Typical non-seismic strengthening applications for 
externally bonded FRP include flexural strengthening of 
beams, slabs, walls etc; shear strengthening of beams 
and columns; strengthening of members subjected to 
axial and/or bending etc. For detailed design guidelines, 
the reader is referred to ACI 440.2R (2008) [2]. Figure 4 
shows FRP being installed on a concrete column as well 
as a completed installation on a girder. Please note the 
plumbing lines and HVAC ducts in the close vicinity of 

Fig. 3: Typical FRP Saturating Machine

Fig. 4: Carbon FRP Installation on a Column and Girder
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the beam. A more conventional retrofit (using shotcrete 
or steel) would have caused significant impact to these 
utilities and could have affected cost and schedule of the 
project.

In recognition of the fact that FRP is now routinely used in 
the United States for seismic retrofit of existing concrete 
structures, ACI Committee 440 is currently working on a 
set of design guidelines for seismic retrofit using FRP.

Seismic Retrofit Using FRP
As noted earlier, seismic retrofit of an existing structure 
typically aims at enhancing the seismic performance 
of the structure to a desired level for a given level of 
seismic hazard. Seismic retrofits typically involve global 
strategies, such as stiffening the existing structure or 
addition of new later-force-resisting elements, as well 
as local strengthening, such as adding strength to an 
element or increasing the ductility of the member. For 
more information on seismic retrofit strategies, analytical 
methodologies etc, the reader is referred to ASCI/SEI 41 
(2007) [1] and ACI 369 (2011) [3]. A significant amount of 
research has been performed to assess the effectiveness 
of FRP in local strengthening of existing concrete 
members, such as columns, beams and walls. Typical 
FRP seismic retrofit applications and, some relevant case 
studies, are described in the following paragraphs.

Confinement and Shear Strengthening of Columns:

A very common deficiency in existing structures is the 
lack of the required conferment reinforcement, i.e. ties 
or stirrups, in existing columns. This deficiency can lead 
to a variety of failures, such as compression crushing of 
the unconfined concrete, buckling of the main longitudinal 
reinforcement, failure of the lap-splices etc. Columns 
with inadequate confinement in the plastic hinge zones 
demonstrate low deformation capacity and often exhibit 
sudden failure. Experimental work done by Seible et al 
(1995) [4], demonstrates the effectiveness of the use of FRP 
jackets (i.e. wrapping around the column circumference) 
in mitigating such failures and in improving the seismic 
performance of the columns. The FRP jackets perform a 
function very similar to that of steel ties or stirrups. The 
authors have developed design equations for the FRP 
jackets, which are now being considered in seismic retrofit 
guidelines. Research has shown that circular columns show 
the most benefit from external jacketing or wrapping with 
FRP. Square columns also show improved performance 
and it is observed that rounding the corners of the columns 
substantially affects the level of improvement. Sharma et 
al (2013) [5] recommend using a radius of rounding equal to 
the concrete cover depth, while ACI 440.2R recommends 
a minimum of 13mm. Adequate data is not available for 
rectangular columns with aspect ratio, h/b, greater than 
1.5 and FRP wrapping for confinement is typically not 
recommended for such columns. In addition to inadequate 
confinement, existing columns also have inadequate 

shear capacity. Ductile performance of a concrete column 
requires that the column can form plastic hinges, without 
a shear failure, and that these plastic hinges be capable of 
stable, hysteretic behavior. In addition to the conferment 
of the plastic hinges and lap splices, FRP jackets can 
also provide the shear strength enhancement required to 
promote the formation of the plastic hinges. 

The determination of the amount of FRP wrapping 
required to provide adequate confinement to a column 
would essentially require non-linear analysis of the 
existing structure in order to compute the plastic rotation 
demand at the plastic hinge location. Since such non-linear 
analysis can be very onerous, practicing engineers resort 
to defining the confinement in terms of traditional steel 
reinforcement, which can be determined from building 
codes for dutile detailing of new concrete buildings. Thus, 
it is not uncommon to see engineers develop the FRP 
requirements corresponding to ties or stirrups of a given 
size and strength of rebar at a given spacing. Although 
not entirely accurate, this approach allows engineers to 
relatively quickly design the FRP confinement without 
having to resort to complex analysis. Shear design of FRP 
is relatively straight-forward and once the shear demands 
are quantified, the FRP design, i.e. in terms of material 
thickness and number of layers, can be easily completed. 
In moment resisting (or rigid) frames, beams are an 
important part of the seismic load resisting system. FRP 
is also used to provide confinement and shear strength 
enhancement to beams, although the presence of the slab 
requires careful detailing of the FRP. 

The Bay Area Rapid Transit, which operates the commuter 
train system in the San Francisco Bay Area, is close to 
finishing an ambitious seismic improvement program of 
its entire portfolio of stations, aerial trackways etc. FRP 
has been used extensively for the shear strengthening of 
the large columns that support the elevated stations and 
tracks. Picture 5 shows carbon FRP being installed at 
a station column. The columns are typically 1.5m to 2m 
in dimension and as many as 7 or 8 layers of FRP were 
installed to enhance the shear capacity of the columns 
and promote ductile behavior.

Seismic retrofit of the Aurora Avenue Bridge in Seattle 
involved the shear strengthening of the very large cruciform 
shaped columns that support the bridge at the two banks. 
Because of the unique shape of the columns, Washington 

Fig. 5: Carbon FRP wrapping of Large Hexagonal Column
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State Department of Transportation performed scaled 
testing of the FRP strengthened columns at Washington 
State University (McLean & Walkenhauer, 2010) [6]. Based 
on the extremely favorable results, the bridge columns 
were retrofitted with carbon FRP. Figure 6 shows a typical 
cruciform column with CFRP as well as details for the 
retrofit. FRP anchors were installed within the reentrant 
corners to prevent the peeling of the FRP from the concrete 
surface.

The seismic retrofit of several parking garages at a 
university campus in Los Angeles required that the 
existing columns be retrofitted to add shear capacity and 
to enhance ductility. Carbon FRP was used to retrofit the 
columns without any significant impact to the operations 
of the parking garage. Figure 7 shows typical columns in 
the parking garage. Notice in the right hand column that 
the existing steel safety railings were disconnected prior 
to installing the FRP and were then reattached at the same 
locations after the work was completed.

Fig. 6: Seismic Retrofit of Aurora Avenue Bridge Cruciform-
Shaped Columns with FRP

Shear and Flexural Strengthening of Concrete Walls:

Another relatively common application of FRP is the 
increasing of the in-plane shear strength of existing 
reinforced concrete walls. This typically occurs when 
an existing building is to retrofitted and the walls have 
inadequate shear capacity to resist the seismic loads 
mandated by either new code or those derived from 
the analysis of the structure. Research by Lombard et 
al (2000) [7], Layssi & Mitchell (2012) [8], Hiotakis et al 
(2004) [9], Naderpour et al (2008) [10], among others, 
has demonstrated the effectiveness of FRP in seismic 
strengthening of existing reinforced concrete walls. 
Similar to reinforcing steel, FRP is typically installed with 
the primary fibers running horizontally so as to cross the 
shear cracks which would form when the wall is loaded 
laterally. Vertical orientation of the FRP is generally 
not recommended due to possible adverse effects on 
inelastic strain distribution and reduction of ductility. If 
the horizontally oriented FRP is extended beyond the end 
of the wall and on to the other side, the FRP achieves a 
good level of anchorage and an improvement in the 
bond to the concrete substrate. When FRP cannot be 
extended as described above, i.e. it is applied only either 
on one or both sides of the wall, adequate anchorage of 
the FRP with either FRP or other mechanical anchors 
is recommended to prevent delamination of the FRP 
from the concrete substrate. Burwell et al (2006) [11] 

describe the experimental work performed to assess 
the strengthening of concrete spandrel panels/beams 
between wall piers (similar to coupling beams between 
narrow walls). The experimental work demonstrated that 

Fig. 7: Column Retrofit for Confinement and Shear Strength
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when the single-sided FRP was neither anchored to the 
concrete substrate nor extended around the edges, the 
FRP delaminated when the concrete cracked and spalled 
off in entire sheets. The use of anchors allowed the FRP to 
maintain bond with the substrate and provided substantial 
enhancement to the shear performance of the existing 
panels. This local enhancement of the spandrel panels 
throughout the building significantly increased the lateral 
force and displacement capacity of the entire structure. 
FRP can also be used for flexural strengthening of 
existing concrete walls. In this case, the FRP would have 
to be installed with primary fibers oriented vertically, i.e. 
parallel to the wall height. Similar to steel reinforcement, 
the FRP would have to be anchored at the foundations 
and made continuous between floors. Increasing the 
flexural strength of a wall will necessitate that the wall 
shear strength be checked to ensure a flexural-critical 
failure mechanism, i.e. the shear strength of the wall 
must be greater than the shear demand corresponding to 
the probable flexural capacity of the wall at locations of 
hinge formation.

In a recent project, the existing shear walls on all floors 
of a nine-story building in San Francisco, California, were 
retrofitted with carbon FRP. The original retrofit strategy 
was to use shotcrete. This strategy was abandoned 
because of the significant negative impact of shotcreting 
operations within a partially occupied building, especially 
on the occupants as well as on the existing utilities. 
FRP was determined to be a cheaper and more feasible 
alternative. One or two layers of FRP were installed and 
FRP anchors were used to anchor the walls all around 
the edges.  Figure 8 shows one wall segment after carbon 

FPR was installed.

The FRP was anchored around the edges using FRP 
anchors. Tests of the anchors to be used demonstrated 
that the anchors would significantly increase the bond 
between the concrete and the FRP, as compared to the 
unanchored strip (Control). This allowed the anchored 
FRP to easily develop strain in excess of that assumed in 
design (Figure 10). Figure 9 shows a typical FRP anchor, 

Fig. 8: Carbon FRP installed on an existing Concrete  
Shear Wall

which was made by rolling FRP fabric strips and bending 
them into a U shape. The end with the U bend was installed 
into a 10mm hole in the concrete with an embedment of 
62.5mm. The fibers at the free end were then saturated 
with resin and splayed onto the installed FRP sheet with 
a splay diameter of 50mm. Figure 8 also shows the test 
setup wherein the FRP was subjected to a tensile force 

Fig. 9: Typical FRP anchor and Test Setup

perpendicular to the anchors.

A currently ongoing retrofit project involves the 
strengthening, with carbon FRP, of the exterior shear 
walls of an existing 18-story building. In addition to the 
strengthening of the walls, the columns, which form the 
boundary elements of the walls, are being confined for 
compressive load effects and strengthened for the tensile 
loads generated by the flexural action of the tall shear 
walls. Figure 11 shows the FRP installed on an exterior 
column over several stories. Figure 12 shows FRP anchors 
being installed through the floor slab—these anchors 
were designed to connect the columns and walls over the 
height of the building for transfer of vertical tensile forces. 
Spandrel beams, i.e. concrete wall segments spanning 
over door and window openings, were also retrofitted  

F i g .  10:  P l o t  S h o w i n g  E n h a n c e d B o n d S t r e s s  f o r  
Anchored FRP
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with FRP.

Flexural Strengthening of Concrete Beams and 
Columns:

FRP has also been used to flexurally strengthen concrete 
columns and beams. In a recent project, a major refinery 
required the repair and retrofit of an existing three-story 
structure that supports heavy equipment, including 
condensers. The client also required that the operations of 
the equipment continue during the construction. Figure 13 
shows that with the extensive equipment it supports, the 
existing concrete frame structure is essentially invisible. 
Conventional strategies such as new concrete, shotcrete 
or structural steel were considered infeasible and FRP 
was used for the entire retrofit. The existing concrete 
showed significant damage such as spalling and corrosion 
of the reinforcement. The concrete was repaired and the 
beams were strengthened for flexure and shear. Figure 
14 shows a typical beam column joint before, during and 
after the construction.

Other Applications: 

In addition to the more direct applications described 
above, FRP materials have also been used in other, more 
ancillary, seismic retrofit conditions. In a recent project, 

Fig. 11: FRP Strengthening of Exterior Column for Tensile 
Forces

Fig. 12: FRP Anchors to be Installed Through the Floor Slab

Fig. 13: Concrete Structure Suppor ting Fuel Refiner y  
Equipment

a large water reservoir in the city of San Francisco, 
California, USA, was completely retrofitted. This reservoir 
is mostly below grade with concrete columns, beams and 
a slab cover. The engineers were concerned with vertical 
seismic accelerations in the roof members, as well as 
with the capacity of the existing 50mm slab to transfer the 
horizontal seismic forces to the new moment-resisting 
frames and shear walls. FRP was chosen as the material 
of choice to strengthen the existing beams and slab. 
Figure 16 shows the beams strengthened for upward 
vertical forces using Glass FRP (GFRP). Figure 17 shows 
Carbon FRP on the top surface of the slab—this is only 
the first installed strip and eventually a large portion of 
the roof was strengthened with both unidirectional and 
bidirectional FRP fabrics. The holes in the CFRP were 
used to pour concrete for the new walls and frame below. 
Figure 17 also shows the adhesion testing that was done 
on the existing roof slab to evaluate the amount and 
type of surface preparation required prior to installing 
the carbon FRP. These tests are done with metal dollies 
that are ‘glued’ with epoxy to the concrete. Once the 
epoxy cures, the dollies are pulled in tension to evaluate 
whether the failure is adhesion (in the glue) or cohesion (in 
the substrate). Similar tests are also used to assess the 
bond, or adhesion, of the FRP to the substrate. Once the 
epoxy is cured, circular-hole saws are used to cut the FRP 
around the dolly and direct tension is applied. The ideal 
failure is cohesive (i.e. concrete remains adhered to the 
FRP and the failure is in the concrete) and can typically be 
achieved if proper surface preparation is performed prior 
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Fig. 14: Repair of the Existing Beam-Column Joint
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to installing the FRP.

This project required that the FRP design include 
considerations for constant moisture exposure of the FRP, 
potable water coating over the FRP, UV protection for the 
FRP installed over the roof, weather conditions (such as 
temperature, dew point, humidity) in which FRP installation 
could be performed etc. Careful inspection and testing 
of the installed FRP was carried out to ensure a sound 
application. In another recent project, an existing office 
building was converted to a new data center. The demands 
for the data center included higher floor loads as well as 
a higher seismic performance for the building, given the 
mission-critical nature of the data center. FRP was used 
extensively for retrofitting the existing elements. Figure 
18 shows FRP used to connect the diaphragm (or slab) to 

Fig. 16: GFRP Reinforced Beams 

Fig. 17: First Strip of CFRP Installed over Roof Slab & Concrete 
Surface Adhesion Testing

a new steel drag strut (or collector) member. The drag 
strut carries the diaphragm inertial loads to the seismic 
resisting system. The FRP was installed in two layers with 
the fibers at ±45° to the axis of the drag strut. The picture 
also shows a worker installing the FRP anchors used to 
anchor the FRP down to the slab and to increase the bond 
between the FRP and the substrate.

The above paragraphs describe only a handful of 
applications of FRP to seismically strengthen concrete 
structures. In fact, structural engineers are using FRP 
for many applications wherein tensile strength needs 
to be added to the concrete member and the number of 
applications is growing steadily. Of course, like any work 
undertaken by a structural engineer, it is crucial that 
this material be utilized with adequate thought, proper 
supporting calculations and sufficient margins of safety. 
If project specific tests are warranted, engineers should 
consider such tests if the use of FRP will result in cost 
and/or schedule benefits to the project.

Other Relevant Design Considerations and 
Limitations 
FRP is a newer material that has now gone past the stage of 
early adoption and seems to be on the verge of wide-spread 
use in the USA and all over the world. A significant bank 
of research and experimental work now exists on which 
the use and design of FRP can be based. The following 
paragraphs discuss some relevant characteristics which 
should be taken in to account in the design.

Performance of FRP in a Fire:

As described above, FRP is a composite made up of 
oriented fibers within a resin matrix. Typically, the resin 
is a standard two-part epoxy. It is a well known fact that 
ambient temperature cured epoxies have a low glass 
transition temperature, Tg (typically between 60°C and 
100°C), i.e. the temperature at which the resin changes 
from hard and brittle to soft and rubbery. Once the Tg is 
exceeded, the composite material still can participate in the 
load resistance but key material properties such as tensile 

Fig. 12: FRP Used to Tie the Slab to a New Drag Strut
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strength and bond capacity start to exhibit reductions. 
Also, at high temperatures or on being exposed to fire, the 
resin may ignite to create flame and smoke. This raises 
two important issues: firstly, will the FRP survive a fire 
and continue to strengthen during and after the fire event? 
And secondly, how will the FRP perform during the fire, 
i.e. will it create flame and smoke which will add to the 
hazardous conditions and exacerbate the evacuation of 
the building and fighting of the fire itself?

In case of a fire, the temperatures in a building can reach 
temperature ranges of 650°C to 900°C. If the FRP is 
not protected by a layer of insulation, the FRP may char, 
deform and the bond between the FRP and the concrete 
will most likely be compromised. In the process, the 
existing concrete member will also be damaged and its 
load-carrying capacity compromised. Testing has shown 
that if the FRP is insulated by either spray-on cementitious 
or gypsum material, even if the Tg is exceeded, the 
strengthened member will achieve the desired fire-rating 
(Bisby et al, 2005) [12]. As defined by ASTM E119 [13], Fire 
Rating is the amount of time (usually in terms of hours) 
that a construction material, assembly or component can 
be subjected to the prescribed fire loading while retaining 
its structural integrity. This means that the insulated 
FRP strengthened concrete member will maintain its 
pre-strengthening load-carrying capacity even if the 
FRP has been compromised. In this case, the original 
member could be restrengthened with FRP and not 
need replacement or major repairs. However, the above 
discussion necessitates that some limits be placed on the 
extent of strengthening achieved with the FRP so that the 
member retains adequate capacity to resist the expected 
loads during the fire event. The thought is that the existing 
member should be adequate to safely carry service level 
loads comprising all the dead and some fraction of the live 
load during the fire as it is unlikely that the entire design 
load is being applied during such an extreme event. 
Although not directly associated with fire performance, 
ACI 440.2R limits the FRP strengthening based on  
(φRn)existing ≥ (1.1SDL + 0.75SLL)new. The intent of this provision 
is that this existing capacity is also a reasonable measure 
of safety in case the FRP strengthening is damaged by other 
acts such as vandalism, impact etc. It is clear from the above 
discussion, that after a major building fire, the concrete 
elements will no longer possess the full capacity imparted 
to them by the FRP strengthening and that, if feasible and 
desired, these elements will have to be restrengthened. It 
is possible that adequate fire protection may be provided 
to the FRP (i.e. maintain temperatures at the FRP and 
concrete interface to levels not much greater than Tg) with 
true barrier systems incorporating air gaps etc. However, 
this is a topic for future research and development. For the 
concern of the FRP supporting flame spread and smoke 
development in a building, it is recommended that the 
material be certified by the manufacturer to meet a Class 
A from ASTM E84 [14] testing. This testing is used for all 

building and architectural materials and applies directly 
to FRP as well. Most manufacturers provide coatings that 
can be installed over the FRP to achieve the rating and 
mitigate this concern.

Durability: 

Since FRP is an externally bonded strengthening material, 
it is subjected to exposure from the environment. Such 
exposures can include moisture, water/saltwater, alkali, 
heat, fuel, ultraviolet rays, freeze-thaw etc. It is important 
that the FRP material has been appropriately tested and 
certified to provide good performance during and after such 
exposures. A good description of such typical exposures 
and expected performance is provided in AC125-10 [15] 
by the ICC Evaluation Service. In addition, it is important 
to ensure that FRP installed in the field is protected from 
long term exposure to UV which can degrade typical 
resins. When FRP is installed inside buildings, these 
durability considerations are not important, but for 
exterior applications such as bridges, port facilities etc, it is 
important to review the existing environmental conditions 
and ensure that the FRP is protected adequately.

A Perspective on the Use of FRP in India
In India, concrete has been the material of choice for a long 
time and the country has an enormous stock of existing 
concrete building. Until recently, seismic design and 
detailing were generally not appropriately included in the 
India design codes. As the Bhuj earthquake so tragically 
demonstrated, even more recent buildings performed 
very poorly. There is new awareness that infrastructure, 
including buildings, bridges, metro lines, ports etc, are 
critical to India’s development. The associated awareness 
that existing infrastructure should be maintained and 
modernized is also growing. Retrofit for seismic, as well 
as non-seismic, performance is slowly starting to emerge 
in India and this field appears to be poised for significant 
growth in the coming years. FRP is an important tool in an 
engineer’s tool kit for strengthening of existing concrete 
and masonry structures. Needless to say, it is not, and 
cannot be, the solution for every situation. However, 
there are many applications that could benefit from FRP, 
especially when included with more global strategies 
such as structural stiffening, addition of new lateral-
force-resisting elements etc. Unlike in Western countries, 
material costs are the chief drivers of decision-making 
in India. At this time, FRP remains a relatively expensive 
material in India and hence alternate and conventional 
materials tend to be used more often. It is the experience 
in other parts of the world that decisions based only on 
material or labor cost can be too one-dimensional. A client 
desiring a building to be retrofitted cannot afford to have the 
building completely shut down for the duration of the work. 
Seismic retrofits challenge the engineers and contractors 
in developing phased and surgical solutions so that parts 
of the building can be continually kept operational, even 
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during construction. In determining the total cost of the 
retrofit, it is critical to factor in the costs of the down-time 
or loss of revenue to client. If a solution does not require 
the removal and replacement of existing utilities, such 
as pipes, HVAC ducts etc, such cost savings also need to 
be factored into the project decision-making. When cost 
and schedule are looked at in such a global and holistic 
manner, it is the author’s experience that solutions that 
were initially deemed cost-prohibitive start to look more 
attractive. To make the use of FRP more prevalent in India 
it is also important that FRP materials and their design 
and testing be included in the curriculum at engineering 
schools. This is starting to happen and a significant amount 
of research is currently occurring in Indian Universities. 
Ultimately this will create an awareness that could help 
make FRP better understood, more utilized and, eventually 
more cost-effective, in India.

Conclusion
This paper attempts to illustrate the significant amount 
of seismic retrofit, among other types of strengthening, 
being done with FRP in the United States. FRP can now 
be considered a mature technology with engineers having 
an excellent understanding of its potential advantages and 
limitations. Recognizing the importance of this technology 
in seismic retrofits, ACI Committee 440 is currently 
engaged in developing guidelines for the seismic retrofit of 
concrete structures with FRP and these guidelines will be 
placed as a separate chapter in ACI 440.2R [2]. Utilization of 
FRP in India is still relatively uncommon but the conditions 
appear to be right for such use to grow significantly. Cost of 
FRP in India needs to be reduced and this can only happen 
with more understanding, more usage and, ultimately, 
with domestic suppliers of the materials.
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