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1.     INTRODUCTION 
 
In this paper a state-of-the-art report on the externally applied Fiber-Reinforced Polymer 
(FRP) composite materials in retrofitting and strengthening of reinforced concrete structures 
is presented. Strengthening method using FRP sheets can be done manually without heavy 
equipment. The main characteristics of the retrofitting method using FRP for construction are: 
good construction workability; shorter construction period, higher design flexibility, less total 
cost (including construction conditions and time) than when using steel jacketing; and the 
project can be executed while the structure is being used. In addition, other benefits include: 
any increase in structural weight due to adding of FRP is so slight that it can be ignored in 
design; there is no adverse effect on the stiffness of structural members in case of shear 
strengthening; and greater durability of wrapped members.  
 
Externally applied FRP composite materials can significantly improve the structural 
performance of existing structural elements by enhancing their strength and deformation 
capacities under various static and dynamic loading conditions, including seismic and gravity 
effects. These materials have been used successfully with existing concrete structures. Many 
bridges and other structures are structurally deficient due to deterioration and corrosion under 
the extreme adverse climate and use of de-icing salts. Others are functionally obsolete 
because of potential seismic loads and increase in service loads and traffic volumes that 
exceed those for which they were designed. Concerning these problems, many research 
projects in Canada and elsewhere have been carried out to promote this efficient repair 
technique to extend the service life of existing concrete structures. In this paper an overview 
of the developments regarding the use of FRP composite materials in strengthening of 
reinforced concrete structures is presented and discussed. 
 
 
2.     FIBER REINFORCED POLYMERS (FRP) 

 
The FRP materials, used as reinforcing materials for civil engineering structures and buildings, 
are classified into three types of fibers, namely, carbon fibers, aramid fibers, and glass fibers. 
The main features of the composite materials are their high tensile strength, elastic up to 
failure, high corrosion resistance, light weight and non-magnetism, high impact and thermal 
shock resistance, ease of fabrication, and potential for low cost. On the other hand, since the 
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FRPs are relatively brittle materials that do not show yielding phenomena (ductility), the 
redistribution of the bending moment would not be allowable. It is important to properly 
understand the safety allowance rate against rupture of fibers as it often leads to brittle failure 
of structural members. 
    
2.1    Characteristics of Retrofitting Method Using FRP 
 
Retrofitting method using FRP sheets can be done manually without heavy equipment. The 
main characteristics of the retrofitting method using FRP for construction are: good 
construction workability; shorter construction period, higher design flexibility, less total cost 
(including construction conditions and time) than when using steel jacketing; and the project 
can be executed while the structure is being used. In addition, other benefits include: any 
increase in structural weight due to adding of FRP is so slight that it can be ignored in design; 
there is no adverse effect on the stiffness of structural members in case of shear strengthening; 
and greater durability of wrapped members.  
 
The coefficient of thermal expansion of concrete differs from that of the FRP. In the case of 
concrete columns and beams externally reinforced with FRP sheets, it is necessary to provide 
the required anchorage to account for differential deformations between the FRP and the 
concrete when exposed to temperature fluctuations. Unlike steel, FRP materials have the 
advantage with respect to corrosion. However, regarding chemical resistance and the other 
durability factors, caution must be taken in selecting the appropriate FRP material as different 
fiber may exhibit different chemical reaction. Durability of FRP sheets requires 
comprehensive evaluation including that of hardened resins.  
 
2.2    Area of Application and Objective 
 
The objectives and areas of application of retrofitting/strengthening method using FRP sheets 
for civil engineering structures are classified into three categories, namely, shear 
strengthening for piers, girders, columns, beams, walls and openings; flexural strengthening 
for piers, girders, columns, floor slabs and chimneys; and compressive strengthening to 
increase ductility for columns. In seismic prone areas, FRP sheets are most commonly used 
for strengthening the earthquake resistance of columns and beams in buildings and to enhance 
earthquake resistance of bridge piers, and to increase the shear and bending strength of bridge 
girders and slabs to respond to increases in design vehicle load.  
 
The shear strengthening reinforces structural members of piers and columns along the 
direction directly intersecting the members. Therefore, one-way FRP sheets are used towards 
this direction. Reinforcing surface members such as walls and openings against shear requires 
the two dimensional reinforcement. That is, one-way FRP sheets are pasted both horizontally 
and vertically or two-way FRP sheets are pasted. An objective of strengthening columns 
against shear is to increase ductility capacity by raising the shear strength to exceed the 
flexural strength.  
 
The flexural strengthening reinforces toward the axial direction of the structural members. 
Therefore, one-way FRP sheets are pasted towards this direction. In reinforcing columns 
against flexure, reinforcement is applied mainly at so-called cut-off areas where the number 
of longitudinal reinforcing bars decreases at the intermediate areas of structural members. The 
compressive strength and ductility of the columns and piers are increased by confining the 
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inner concrete by closely wrapping the FRP sheets toward the axial direction of the structural 
members.  
  
 
3.     REHABILITATION OF REINFORCED CONCRETE STRUCTURES 
 
In Canada, many bridges and other structures are structurally deficient due to deterioration 
and corrosion under the extreme adverse climate and use of de-icing salts. Others are 
functionally obsolete because of potential seismic loads and increase in service loads and 
traffic volumes that exceed those for which they were designed. 
 
The rehabilitation of reinforced concrete structures using FRP materials has become a 
growing area in the construction industry over the last few years. FRP patching and wrapping 
is the state-of-the-art method of repair and strengthening of reinforced concrete structures to 
increase their ductility, flexure, and shear capacity. Many research projects in Canada and 
elsewhere, among others, Theriault and Neale (2000), Deniaud and Cheng (2001), have been 
carried out to promote this efficient repair technique to extend the service life of existing 
concrete structures. However, the use of FRP in Canada and USA lags that in Japan and 
Europe, and no clear rules for strengthening design of reinforced concrete structures using 
FRP exit in Canada today. Most of the strengthening techniques using FRP as strengthening 
material are based on project-specific design criteria and procedures based on the structural 
engineers research and experience. In most cases, explicit methodology for addressing several 
important issues, such as appropriate safety factors, low ductility of FRP composite, and 
anchorage/development issues, remains to be defined.  
 
3.1    State of Research and Developments  
 
An extensive research in Canadian universities and private sector, mostly under director of the 
Canadian Federal Network of Centers of Excellence focused on Intelligent Sensing for 
Innovative Structures (ISIS Canada), addresses issues of performance and durability of FRPs 
rehabilitation methods, and investigates the monitoring of structures through the use of 
integrated fiber optic instrumentation. The objectives of research in Canada consist of 
developing advanced rehabilitation, retrofitting, strengthening, and field monitoring 
technologies for civil engineering structures based on unique combinations of corrosion 
resistant FRPs and integrated fiber optic structural sensing. The research includes the 
application and demonstration of these repair technologies to a diverse range of structures 
under corrosive and cold climatic conditions. This new technology leads to the optimum 
maintenance and repair of infrastructure. Some of the projects that have evolved out of the 
original program include the application of FRPs to the fatigue repair of steel structures, the 
strengthening of timber structures, and the seismic rehabilitation of masonry structures. 
 
Design and construction guidelines for the repair and strengthening of structures using FRP 
sheets are currently being developed in a joint effort between governmental agencies, research 
institutes, and the private sector. A detailed and comprehensive guideline for the selection, 
design and installation of FRP systems for externally strengthening concrete structures has 
been published by ISIS Canada (2000). This design manual and guideline for practicing 
engineers, which is under further development, constitute a tangible product of the research 
and field demonstration program so far carried out in Canada. Also an extensive research 
programs concerning modeling, analysis and experiments are underway to further clarify the 
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behavior of strengthened structures using FRP and to develop a comprehensive design 
regulation addressing all potential problems of the FRP repair method.  
 
3.2    Objectives of Ongoing Research 
 
Experience with FRP is limited; many performance issues are still incompletely tested and 
many environmental exposures have not yet passed the test of time. It is important to confine 
(and monitor) corrosion in reinforced concrete members strengthened with FRP wraps when 
exposed to aggressive environments. The focus is on the combined effect of wet-dry cycles in 
the presence of de-icing chemicals, freeze-thaw cycling and steel reinforcement corrosion on 
structures repaired with FRP wraps. It is necessary to develop smart FRP wraps for corrosion 
monitoring of repaired concrete members, and develop smart FRP wraps for wet-dry 
environments in the presence of de-icing salts. Another concern about the behavior of FRP 
sheets bonded to concrete and subjected to low temperatures is that the thermal expansion of 
carbon FRP sheets is only one tenth that of concrete. This difference in thermal expansion will 
induce thermal stresses that may cause deterioration of the repair system. Furthermore, 
freeze-thaw action may deteriorate the bond between FRP sheets and concrete. These 
concerns about the effects of a cold environment are widespread in the engineering 
community, and FRP sheets will not be used to a great extent in Canada until these concerns 
are allayed.  
 
Concerning the above problems, some of the main objectives of the ongoing research in 
Canada are as follows: to examine the behavior of FRP repair systems in cold region 
environments including the effects of freeze-thaw on the bond of FRP sheets to concrete 
members; to test the viability of repairing concrete members, damaged by freeze-thaw action 
and corrosion, with FRP sheets; to study the long-term, low-temperature behavior of concrete 
beams prestressed with FRP sheets; to investigate different FRP wrap configurations for 
confinement of corrosion; to examine the use of sensing on FRP wraps to monitor corrosion 
rates; and to test the long-term effect of sustained loads and corrosion on FRP repairs. The 
details of ongoing project can be found in the website homepage of ISIS Canada (2001). 
 
As part of the ongoing effort on the use of FRP in Canada, the authors are currently engaged 
in a research project on seismic rehabilitation of reinforced concrete frames. The objective of 
the research is to develop a viable rehabilitation system using FRPs for frames, including 
beam-column joints, by improving their strength and ductility. The rehabilitation scheme is 
expected to improve the behavior of existing nonductile frames when subjected to earthquake 
ground motion. The research program is experimental and analytical with plans for the 
development of simple design procedures for the practicing professionals and code type 
applications. 
 
 
4.     APPLICATION OF FRP IN STRENGTHENING CONCRETE STRUCTURES 
 
In spite of the lack of codes and standards related to the application of FRP, several bridges 
and structures have been strengthened in Canada using this technique in recent years. FRP has 
been used to strengthen existing bridges due to the increased demand for heavier truckloads. 
The strengthening has been achieved by wrapping columns to increase the strength and 
ductility as well as to increase flexure and shear capacity of the girders. Most of the field 
applications have been instrumented with innovative fiber optic monitoring systems to 
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provide data related to the material’s long-term behavior and to ensure the safety of the 
structures by monitoring their performance under service loading conditions (Rizkalla and 
Labossiere, 1999). A comprehensive data on application of FRPs for retrofitting reinforced 
concrete structures in Canada can be found in the website of ISIS Canada (2001). Here three 
sample examples of the FRP application carried out by ISIS Canada are reviewed.      
 
4.1    Example 1  
 
FRPs were used to rehabilitate the 1959 Webster Parkade in Quebec, Canada (ISIS Canada, 
2001). The parkade’s columns had lost their initial capacity over the years due to corroding 
steel rebars. Glass and carbon FRPs were applied to increase the strength and ductility of the 
columns, e.g. as shown in Figure 1, and to protect column bases exposed to de-icing salts 
during the winter. In this project, FRPs were used to strengthen beams that did not conform to 
current standards concerning their bending and/or shear capacity. An integrated structural 
sensing system was installed to monitor the behavior of the parkade under loading variations. 
Infrared rays were used to determine the success of the bonding between the FRPs and the 
concrete surfaces. 
 
4.2    Example 2 
 
The Portage Creek Bridge in Victoria, British Columbia, Canada was built prior to current 

 
 

Figure 1.  FRP wrapping of Webster Parkade column (ISIS Canada, 2001). 
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seismic design codes and construction practices and would not resist potential earthquake 
forces as required by today’s standards. The FRP wraps were applied to strengthen the short 
columns, e.g. as shown in Figure 2, for shear without increasing the moment capacity in order 
to prevent collapse during a seismic event (ISIS Canada, 2001). 
 
4.3    Example 3 
 
The landmark restoration project of Exit 100/Highway 10, Saint-Étienne-de-Bolton, Québec, 
Canada, was completed in a mere three weeks (ISIS Canada, 2001). Twelve out of eighteen 
circular columns were experiencing severe deterioration because the steel rebars were in an 
advanced state of corrosion. Nine of the damaged columns were repaired using FRP (five with 
carbon FRP and four with glass FRP) while the remaining three were repaired using 
conventional materials and methods. For each column, one layer was first installed with the 

 
 

Figure 2.  FRP wrapping of Portage Creek Bridge pier (ISIS Canada, 2001). 
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fibers aligned vertically. A second layer was applied with fibers placed circumferentially. In a 
successful effort to validate this method of repair, fiber optic sensors were installed on four of 
the columns to measure reactions to extreme temperature variations, corrosion and loading. 
This project proved that the significant savings in labor outweigh the increased expense of 
FRPs. Because the materials are so lightweight and the installation method so easy to learn 
and apply, construction time and the size of the work crew are reduced over conventional 
methods. In addition, no formwork is required and traffic flows as usual. 
 
 
5.     CONCLUSION 
 
This paper is concerned with the state-of-the-art report on the externally applied 
Fiber-Reinforced Polymer (FRP) composite materials in strengthening of reinforced concrete 
structures in Canada. An overview of the developments, ongoing research projects, some 
application examples and potential problems regarding the use of FRP composite materials in 
strengthening of reinforced concrete structures are presented and discussed. It is concluded 
that while externally applied FRP composite materials can significantly enhance the structural 
performance of existing structures, experience with FRP is limited; many performance issues 
are still incompletely tested and many environmental exposures have not yet passed the test of 
time.  
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