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Abstract
Fibre reinforced polymers (FRPs) have gained considerable popularity as a building and
repair material. In particular, FRPs have been an economical means of extending the life
of structures. As time passes, an increased number and variety of new and old structures
are incorporating FRPs as reinforcement and for rehabilitation. Perhaps most common are
their applications for bridge structures. Much of the reluctance towards the inclusion of
FRP as primary reinforcement or as a rehabilitation measure in building structures is due
to its poor performance in fires. In order to move forward with an understanding of how
FRP may overcome its temperature-related short comings, it is important to explore the
behaviour of FRP, and structures which utilize FRP for reinforcement, at elevated
temperatures.
The results of a testing program including eleven high temperature, two room
temperature intermediate-scale, FRP-strengthened, and one unstrengthened reinforced
concrete beam tests are presented. The elevated temperature tests were conducted on both
un-post-cured and post-cured FRP strengthening at temperatures up to 211°C. The tests
also utilized a novel method for heating and post-curing FRP-strengthening in place. The
strengthened beams exhibited strength gains above the unstrengthened reference beam,
and it has been demonstrated that post-curing of an FRP system can be effective at
increasing an FRP’s performance at elevated temperatures. Exposed to constant
temperatures, un-post-cured specimens still exhibited substantial FRP strength at
exposure temperatures up to Tg+79°C. Post-cured specimens exhibited similar
performance at temperatures of Tg+43°C. The transient temperature tests resulted in
i

beam failure at an average temperature of 186°C and 210°C for un-post-cured and postcured FRP strengthening respectively at a constant applied load level 93% of that of the
room temperature strengthened control beam. The results of this testing program
demonstrate that FRP strengthening can remain effective when exposed to temperatures
well above the measured value of Tg.
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Chapter 1
Introduction
1.1 General
Fibre reinforced polymers have found their way into many industries since their inception in the 1940’s
(Harries et al., 2003). The U.S. Navy and Air Force, the petrochemical industry, marine and automotive
industries, and, finally, the construction industry, have all found uses for FRPs’ high strength to weight
ratio, high elastic modulus, and corrosion resistance. Despite their mass dispersion, FRPs’ loss of strength
and stiffness, when exposed to elevated temperatures, has created a major road-block for their
incorporation in buildings, where the threat of fire is always present, as well as in structures in hot
climates. FRPs exhibit a great number of attractive attributes when cast in the light of a structural
reinforcement. First and foremost, the marriage of a high strength fibre cast in a polymer results in a very
high strength to weight ratio when compared to more traditional reinforcement materials such as
structural steel. For some FRPs, this high strength is also accompanied by a high elastic modulus, as is the
case with many carbon-fibre FRPs. Perhaps equally attractive to structural designers is the fact that FRP
is resistant to corrosion (Kodur & Baingo, 1998). Beyond the scope of FRP’s mechanical merits, FRP,
when used for wet-layup benefits from the fact that it can be moulded to suit its application, can be
installed in a relatively short time frame with relative ease, its installation is non-invasive, and the FRP
achieves its strength very quickly (Balsamo et al., 2001). An FRP retrofit also yields the economic
rewards of reduced labour time and a low cost of application equipment (Balsamo et al., 2001).
In 2009, the American Society of Civil Engineers (ASCE) released the latest in a series of report cards
outlining the degree to which the United States of America’s infrastructure is deteriorating out from under
its feet. More than 26% of the bridges in the US are not structurally adequate to carry modern traffic
volumes, modern vehicle sizes and weights, or handle modern highway speeds. The ASCE states that, to
resolve all of the current infrastructure deficiencies, it would take an approximate $2.2 trillion over the
1

next five years (ASCE, 2009). This is a staggering figure, especially when considering that only four
years earlier, the 2005 report card estimated $1.7 trillion would be needed in the same time span to
resolve these issues (ASCE, 2005). Bridges and roads alone account for $930 billion of the current
infrastructure funding requirement, of which, only $380.5 billion is estimated to be spent (ASCE, 2009).
Canada too is on the cusp of a large demand for structural upgrades to its bridge infrastructure. Canada’s
National Highway System Condition Report (NHS, 2009) cites that nearly 13% of the almost 8000
bridges on the National Highway System have exceeded the typical 50 year design life, with an additional
2028 bridges reaching the end of their design lives by the year 2019. Perhaps more alarming is that the
“National Highway System” only represents 3% of the Canada’s total highway network. Canada’s federal
and provincial governments collectively spent over $3.2 billion on the National Highway System during
the 2007/2008 fiscal year. Although not all of the funds allocated were dedicated to bridges and
structures, this level of funding only resulted in approximately 90 new bridges. The 2009 total number of
structures with an age of less than ten years represents less than 13% of the structures on the highway
system. With such a large gap between the predicted funding levels and required capital input in the US,
and the seemly large percentage of Canadian bridges having reached or are approaching the end of their
design lives, interest has been growing in determining more economically efficient solutions to the
potential infrastructure collapse.
The requirements for strengthening in buildings may arise, not only from the expected degradation with
time or environmental damage, but also from a requirement to seismically strengthen a structure, to
accommodate the removal of interior supports due to the modern trend of open concept building interiors
(in which case thin plates would be architecturally desirable), or to serve as a means for correcting design
errors caught during construction (Meier, 1995) (Motavalli & Czaderski, 2007).
A fire is one of the most catastrophic events that building can experience during its life. Accordingly, a
major focus of the national and provincial building codes revolves around the protection building
occupants from the effects of fire. The occurrence of fires is an inevitability that has been planned and
2

designed for by civil engineers since 64AD (Nolan, 1996). The potential for mass destruction posed by
building fires became a serious topic in the United States in the 1800’s (Cote, 2008). With incidences
such as the Great Chicago Fire, and even as far back as the Great Fire of Rome, fires have and will
continue to prompt the modification and establishment of building codes and design philosophies that
aim to regulate and control many of the attributing factors to the spread of major fires (Buchanan, 2001).
With steel and concrete displaying very high levels of fire resistance, it is no wonder that they remain the
predominant materials in the construction of buildings.
Seemingly, with the ever increasing availability, much of the reluctance to the use of FRP as
reinforcement in building structures is their poor performance in fires. Nevertheless, there are few places
where FRP has made its way into buildings in small ways, notable examples are those which have utilized
FRP as a wet lay-up rehabilitation material on floor slabs or on columns (Quake Wrap, 2011). FRPs have
predominantly remained in the realm of bridge engineering. Despite the materials growth in popularity in
the realm of bridges, FRPs’ introduction into buildings has not been approached with the same
enthusiasm.
Although industry has started to respond to the demands for more fire-resistant products (Sika, 2011),
there is still more to be done on the designers’ side to develop innovative solutions to deal with the
Achilles heel of a building material with such a wealth of potential. Current design codes use similar
models to those developed for steel reinforcement to predict behaviour of FRP reinforced structures. As
with steel, FRP codes assume failure in fire to be at the point of 50% strength reduction in reinforcement.
Current design charts based on this assumption predict FRP reinforced concrete slabs can have less than
20% of the fire endurance as the same steel reinforced concrete slabs (Bisby & Kodur, 2007). The cause
for such a low fire resistance is the apparent lack of reliable data on critical temperatures for available
FRPs (Bisby & Kodur, 2007).
The scarcity of elevated temperature research that plagues FRP’s development has begun to created
serious research efforts aimed at evaluating the high temperature performance of many of the available
3

FRP products. Work is being done to explore the change in performance with increasing temperature of
both primary reinforcement products as well as rehabilitation products. Researchers are also moving
beyond material testing and determining the performance of structures reinforced or strengthened with
FRP’s at both elevated temperatures and subjected to standard fire tests. Insulation of FRP
reinforced/strengthened concrete members has emerged as a subfield of this research, attending to the
requirement to extend the fire resistance beyond what can be provided by the concrete cover alone.
Industry, again, has created new insulation products to aid in this. In addition, some of the FRP system
developers and manufactures are developing new epoxy resins with higher glass-transition temperatures.
Work completed at Queen’s University, in conjunction with the National Research Council Canada, is
beginning to show reinforced concrete structures which incorporate FRPs are able to achieve fire ratings
of up to 4 hours. Unfortunately, due to the nature of standard fire tests, FRP’s strength contributions at
elevated temperatures remains relatively un-quantified. This is due to the fact that the FRP is often lost in
the very early stages of fire-exposure. It is clear that, to gain a better understanding of the performance of
FRP strengthened reinforced concrete structures, testing must be conducted at elevated temperatures in a
range in which FRP retains some of its strength and bond with surrounding concrete. The advent of postcurable epoxy resins affords new opportunities for research to continue to tackle the issues associated
with the strength and bond degradation of FRPs at elevated temperatures.

1.2 Objectives and Scope
Focusing on the flexural strengthening of reinforced concrete beams, this research project aims to
evaluate the strength contributions attributed to the FRP strengthening at elevated temperatures. The
performance of ambient-cured specimens is compared to that of post-cured specimens at elevated
temperatures. The effectiveness of the post-curing process in improving the FRP’s performance at high
temperatures is assessed in hopes of identifying the benefits of post-curable epoxies in structural
strengthening applications. To allow for both the in-situ post-curing of the FRP as well as the elevated
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temperature application during testing, a novel heating system has been developed and evaluated. The
heating system described herein is an economical means of heat application and post-curing for future
research in which the performance of FRP strengthened members is to be evaluated for hot-climate
conditions or the early stages of fire exposure. The system can also be applied to in-field strengthening
applications in which an elevated temperature post-cure is a requisite.
This research program will add to the pool of data being created at Queen’s University through the
various completed and on-going projects that are exploring FRP strengthened structures in fire whose
findings continue to spawn new and improved numerical models.

1.3 Outline of Thesis
Chapter 2 presents a detailed review of available literature pertaining to the performance of flexural
strengthening of reinforced concrete beams through the use of FRP. The chapter begins by exploring the
origins of FRP and its polymer properties. A brief discussion is also presented on the performance of FRP
at elevated temperatures. It then moves into the realm of the performance of FRP strengthening and
strengthened beams in elevated temperature scenarios; both hot climate and fire. From there, a brief
discussion of published research on the topic of insulting FRP strengthened concrete beams against the
effects of elevated temperatures is presented. The chapter concludes with current design practices and
philosophies for accounting for the elevated temperature effects on FRP strengthening.
Chapter 3 offers a comprehensive overview of the experimental procedure undertaken during this
research project. The chapter then explores the methods and details surrounding the design, fabrication
and strengthening of the test specimens before moving into specifically how the beams were tested and
what instrumentation was utilized in monitoring the various parameters of interest. Chapter 3 finishes
with a look at what ancillary material testing took place.
Chapter 4 presents the findings of the research program. The results from all of the ancillary material
testing programs are presented here, although, the bulk of the chapter focusses on a thorough discussion
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and analysis of the performance of the beam specimens under both constant and transient temperature
application.
Chapter 5 offers the conclusions and recommendations arrived at during this testing program.
Appendix A presents the design calculations for the FRP strengthened members in both Canadian and
American design codes.
Appendix B highlights the predicted member strengthened based on un-factored material strengths. The
calculations in this chapter are based on the average material strengths as determined by the ancillary
testing program.
Appendix C hosts the graphs that are not explicitly referenced in the text for data collected during the
testing of each member.
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Chapter 2
Literature Review
2.1 General
Fibre reinforced polymers have made serious headway towards their acceptance as a repair material for
the rehabilitation of bridge structures. As time moves forward, the application of this composite
technology for building retrofits remains less common. Despite the growing popularity of an FRP retrofit
as a means of seismic strengthening, there still exists a stigma with regards to FRP’s performance at
elevated temperatures; because of this, its widespread application in buildings is met with resistance and
skepticism.
The literature review to follow explores the history of FRP and its applications in beam strengthening. A
particular focus is placed on the research and progress being made in understanding the material’s
performance at elevated temperatures and the available research on retrofitted structures’ response in fire.
It also briefly examines the nature of thermosetting epoxies.

2.2 Fibre Reinforced Polymers
Fibre reinforced polymers (FRPs) fall under the classification of what are referred to as composites.
Composites are materials that are composed of a combination of different component materials that work
in a synergistic way so that, when combined, the resultant final product has enhanced qualities over those
of its constituent parts. FRPs combine high-strength fibres and a thermosetting or thermoplastic polymer
matrix. The fibres themselves have high strength and stiffness qualities that are highly desirable for
structural reinforcement applications. The polymer matrix acts to bind the fibres together, distribute them
within the composite, and facilitate load transfer between fibres. The matrix also serves to protect the
fibres from the effects of environmental exposure. Fibres in use today include those made of glass,
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carbon, and aramid. These fibres can be used with any of the existing polymers such as polyesters,
vinylesters, and epoxies. It is from these elements that many commercially available FRPs are fabricated
(Bisby & Fitzwilliam, 2008).
FRP’s early uses were in the late 1950s’ aerospace industry. In 1968, FRP was utilized in its first civil
engineering application in the construction of a dome structure in Benghazi, Libya. Later, still, came the
construction of the first FRP pedestrian bridge in Israel in 1975. It was not until the 1980s that North
America saw its first vehicle bridge structures incorporating FRP, despite the fact that both Europe and
Japan had already experimented with the idea (Telang et al., 2006). FRP can be utilized as structural
strengthening in a number of forms; namely, reinforcing bars, prestressing strands, bonded plates, near
surface mounted tape, or wet or dry layup sheets or wraps. As time passes, an increased number and
variety of new and old structures are utilizing FRPs as reinforcement. Perhaps most common are their
application as reinforcement in bridge structures, although it has been cited that many buildings in
European countries have been retrofitted with FRP (Motavalli & Czaderski, 2007).

2.2.1 Polymer Resin Properties
As an epoxy cures, it experiences a reduction in polymer-chain mobility. This occurs as the direct result
of an increase in both the number of polymer-chain crosslinks as well as an increase in linear molecular
weight. The cure temperature of an epoxy can aid in the increase of these two parameters, which, in-turn,
will result in an increase in the epoxy’s glass transition temperature (T g) (Bilyeu et al., 2000). The glass
transition temperature is the mid-point of the temperature range in which a polymer changes from a
brittle, glassy state to rubbery state, or vice versa. As noted by Bilyeu et al. (2000), it is not uncommon
for a polymer’s Tg to be dependent on its degree of conversion (Chartoff, 1997) to a thermoset solid
(degree of cure) (The Dow Chemical Company, 1999).
During the curing process, the epoxy moves through three distinct stages, namely, phase separation,
gelation, and vitrification (Gillham, 1986). Phase separation can be characterized by the precipitation of
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rubber, formation of gel particles, the occurrence of crystallization, or other forms of phase change
(Gillham, 1986). Gelation is the point at which the molecular weight of the epoxy reaches its maximum.
Although molecular weight ceases to change beyond this point, the cross-linking of polymer chains
continues (Dušek & MacKnight, 1988). Vitrification occurs at the point during the curing process at
which the polymer transitions from a rubbery to a glassy state (Bilyeu at al., 2000). The vitrification of
the polymer is specific to the point when the cure temperature falls below the Tg (Gillham, 1986). The
various stages of the curing process of epoxy are illustrated in Figure 2.1.

2.2.2 Performance of Fibre Reinforced Polymer at Elevated Temperatures
At the onset of some of the earliest testing of FRP-strengthened, reinforced concrete structures, conducted
by Fardis and Khalili (1981 & 1982), there were concerns expressed about FRP’s fire resistance.
Suggested means by which structures which incorporated FRP could improve on fire resistance included
ways in which the matrix material could be modified to decrease the matrix’s burning rate as well as
mention of the requirement for proper end anchorage (Fardis & Khalili, 1982).
FRPs experience a great degradation in mechanical performance when subjected to elevated temperatures.
This is, in most part, due to the matrix material moving through glass transition. When a polymer material
is heated to a high enough temperature, it loses its glass-like physical properties and assumes properties
closer to that of rubber (Broadhacker, 2006). It is during this transition that the FRP loses its strength,
stiffness, and bond with surrounding concrete (Bisby et al., 2005). Loss of strength can be attributed to
the fact that the matrix no longer serves its purpose of evenly distributing the applied load among all
fibres (Bisby & Fitzwilliam, 2008).The second concern that accompanies the poor mechanical
performance of FRPs at elevated temperatures is that FRP materials are inherently combustible at very
high temperatures (Green, 2008).
Steel and concrete too undergo a degradation of their mechanical properties when exposed to high
temperatures. FRP suffers from the fact that, for GFRP and CFRP bars, failure is considered to have
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occurred at temperatures of approximately 250°C and 325°C respectively, whereas the standard failure
temperature taken for steel, for example, is 593°C (these temperatures are based on a 50% tensile strength
reduction) (Bisby & Kodur, 2007). FRPs typically undergo glass transitioning within the temperature
range of 65˚C to 150˚C and may combust at temperatures exceeding 400˚C (Williams et al., 2004). Kodur
and Baingo (1998) have derived a strength-temperature relationship for common construction materials,
which is given in Figure 2.2.

2.2.2.1 Glass Transition Temperature
The glass transition of a substance represents a change in a liquid-state material to a glassy-state (Rehage,
1980) as the result of a reduction in molecular mobility (Hutchinson, 2009). After curing, glass transition
can occur when an epoxy is exposed to high temperatures, changing the epoxy from its glass-like state
back to its rubber-like state. The glass-transition temperature of a cured polymer, as it pertains to the
structural application of FRP, is defined as the “midpoint of the temperature range over which an
amorphous material (such as a glass or high polymer) changes from (or to) a brittle, vitreous state to (or
from) a plastic state” (ACI, 2008, p. 9). Four common tests to quantify Tg are: differential scanning
calorimetry (DSC), dynamic mechanical analysis (TMA and DMA), thermally stimulated depolarization
(TSD), and thermogravimetric analysis (TGA) (Bilyeu et al., 2000). It has been noted (Rahman et al.,
2007) that, although differential scanning calorimetry (DSC) is the most common means of determining a
material’s Tg, thermo-mechanical analysis (TMA, DMA, and DMTA) is more representative of potential
performance at high temperature.

2.2.2.2 Dynamic Mechanical Analysis
DMA measures a material’s elastic response to sinusoidal deformation. With the use of a linear variable
differential transformer (LVDT), the test measures the ratio of viscous response (energy loss) to the
elastic response (energy stored) in the material each cycle. This ratio of loss modulus to storage modulus
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is known as the damping, or, tangent-delta (Perkin Elmer, 2008). To get a value for Tg, this sinusoidal
deformation is applied over a range of temperatures. The value of T g can be taken as either the point on
the log-storage modulus–time curve at which a large drop occurs (Tg onset), or the peak of the log-tandelta-temperature curve (Tg tan-delta) (Perkin Elmer, 2008). As has been done for the purposes of this
research project, the temperature at which the peak in the tan-delta curve occurs is typically taken as Tg
(Wilson et al., 1988), as noted in (Bilyeu et al., 2000).

2.2.2.3 FRP Material Tests at Elevated Temperatures
To aid in the resolution of the issue of FRPs poor performance at elevated temperature, research has been
completed (Chowdhury et al., 2011) into how various FRPs behave when exposed to elevated
temperatures. Completed in 2011 (Khalifa), a study explored the strength-temperature relationships of
three combinations of fibre and resin. In total, 240 tests were conducted. Primarily, coupons were tested
for tensile strength, although, one fibre/resin combination also explored lap-splice bond-strength. The test
programs also included testing of pultruded plate specimens. One of the fibre/resin combinations
employed Sika’s Biresin CR122, combined with Fyfe Company’s Tyfo SCH 41S-1 carbon fibre fabric.
The reported Tg for this combination, cured at room temperature, was 62°C, which was the storage
modulus Tg onset temperature. The maximum constant temperature the coupons, manufactured with this
resin, were subjected to was 200°C. It was found that, at temperatures of 200°C, the coupons retained an
average of 53% of their room temperature strength. A transient temperature testing scheme was also
implemented with applied load levels of 50% and 70% of the coupons’ room temperature ultimate
strength. The transient temperature tests failed at average temperatures of 335°C and 75°C when loaded
monotonically to 50% and 70% of their room temperatures strengths respectively.
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2.2.2.3.1 High-Glass Transition Temperatures and Post-Curing
A study (Leone et al., 2006) was conducted on the bond strength between FRP and concrete at elevated
temperatures and explored the effects of post curing. Unfortunately, the results were inconclusive,
because the two post-cured CFRP laminate specimens failed at a lower load than the non-post-cured
control specimen. This research program is discussed in greater detail in a subsequent section.

2.3 FRP Strengthened Reinforced Concrete Beams
The attraction of a method such as FRP strengthening comes from the fact that, in many cases, it is a
much more cost-effective means to extending a structure’s service life when compared to traditional
methods of concrete structure rehabilitation. Additionally, it has been noted that there exists the benefits
of FRP’s high strength-to-weight ratio, high degree of corrosion resistance, and relative ease of
installation (both for wet/dry layup applications as well as externally bonded plates) (Smith & Teng,
2002). Carbon fibre composites also exhibit pre-eminent fatigue resistance as well as a resistance to most
of the environmental concerns that might deteriorate other materials (Meier, 1995).
As noted by Motavalli and Czaderski (2007), Urs Meier conducted the first research on the utilization of
externally bonded CFRP as a means of strengthening structures. Between the years of 1984 and 1989,
Meier and his research team at the Swiss Federal Laboratories for Materials Testing Research (EMPA)
would complete research that laid the groundwork for the first bridge strengthening application, which
occurred only a few years later.
Since these early testing programs were conducted, one of the primary current focal points of FRP
research lays in its resistance to exposure to elevated temperatures.
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2.4 FRP Strengthened Reinforced Concrete Beams Exposed to Elevated Temperatures and
Fire
The topic of the material property degradation experienced by FRPs at elevated temperatures has been the
focus of various studies. Little research has been conducted on externally bonded FRP used in the flexural
strengthening of reinforced concrete beams at elevated temperatures. While fire is perhaps one of the
more obvious threats to FRP strengthening, many authors have expressed concerns over the performance
of FRP in hot (Aiello & Ombres, 2000) and tropical (Mukherjee & Arwikar, 2007) climates. Much of the
research conducted into the performance of FRP strengthened reinforced concrete beams in fire includes
proprietary fire insulation as a means of prolonging the fire endurance of the members.
One of the earliest fire testing programs, conducted by Deuring (published in 1994) (as noted by Williams
et al. 2008), involved the flexural testing of six beams under standard (ISO) fire conditions. The
reinforced concrete beams measured 300 mm by 400 mm by 5 m. Monotonic loading was applied to the
beams with a magnitude of approximately 55% of the theoretical strength. Four of the six beams were
retrofitted with CFRP, one with adhesively-bonded steel plate, and one was left as an unstrengthened
reference beam. Each of the six beams was designed to have the same room temperature flexural strength,
as this would allow for a true comparison of the members. The reference beam achieved this through an
increase in primary steel flexural reinforcement and endured the testing for 118 minutes. One CFRP
strengthened beam endured 81 minutes, while an identical beam protected with 40 mm of calcium silicate
insulation board achieved a greater time of 146 minutes. The authors concluded that the fire endurance of
the FRP strengthened beam was increased by thermally insulating the CFRP. The results of the completed
testing program also suggested that an unprotected FRP-strengthened beam would outperform an
unprotected steel plate-strengthened beam.
As noted by Williams et al. (2008), ten reinforced concrete beams, strengthened with CFRP strips and
protected with calcium silicate board, rock wool, or gypsum board insulation (Bisby et al., 2005), were
fire tested by Blontrock et al. (2000). The beams measured 300 mm by 200 mm by 3.15 m. The selected
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applied load level was approximately 45% of the ultimate unstrengthened beam capacity (38% of
strengthened). The focus of the testing program was to evaluate the effectiveness of different insulation
schemes, focusing on: thicknesses, location, bonding method, and overall length. It was discovered that
the insulation only remained bonded for 7 minutes when adhesively attached; this is in contrast to the 45
minutes achieved through the use of mechanical anchors. It was found that, by protecting both the bottom
as well as the sides of the beam, it was possible to reduce temperatures experienced by the FRP and steel
reinforcing during the test. The FRP ceased to perform compositely with the beam when the bond line of
the FRP achieved a temperature in the range of the system’s T g. In one experiment, where the anchorage
zone was the only area treated with insulation, it was found that the FRP continued to contribute to the
member’s strength, in a fashion similar to that of the fully insulated member, up to 38 minutes of fire
exposure. It was also concluded that mechanically anchored, U-wrapped insulation provided the greatest
level of thermal protection.
Williams (2004) undertook a testing program that included the fire testing of intermediate-scale concrete
slabs and full-scale concrete beam-slabs (T-beams), strengthened with FRP. Two T-beams were
constructed and tested. The beams had a flange width of 1220 mm and thickness of 150 mm. The beams'
length was 3.9 m with an overall depth of 400 mm and web width of 300 mm. The beams were retrofitted
with one, 100 mm wide layer of Tyfo® SCH Carbon FRP Composite System. U-wraps were also
incorporated at the ends of the beams to aid in the prevention of debonding. For the U-wraps, Tyfo® SEH
Composite System, consisting of Tyfo® Fibrwrap® SEH glass fibre reinforcing fabric and two-part
Tyfo® S-epoxy matrix, was used. Applied to both strengthened T-beams was a layer of Tyfo® VG
insulation followed by a modified top coat of Tyfo® EI-R. The second layer remained the same thickness
for both beams, (approximately 0.13mm), whereas the layer of Tyfo® VG was 25 mm thick on one beam
and 38 mm thick on the other. These beams were then fire-tested under service loading according to the
ASTM E119 (ASTM International, 2012) and CAN/ULC S-101 (ULC, 2007) standards. The glass
transition temperature of the FRP was reached within the first hour for both beams, the average time
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being 54 minutes. In spite of this, a four hour fire rating was achieved for both beams. From this,
Williams recommended that, for design, any strength contribution from FRP strengthening, in fire, should
be negated. Williams also suggested that basing a member’s fire endurance on the Tg of the polymer
matrix was overly conservative.
In 2004, a study was published (Alsayed et al., 2004) on the suitability of using FRP as a means of
strengthened and/or repairing various pieces of existing infrastructure. A subsection of this report
investigated how extreme environmental exposure would affect the flexural stiffness and strength of
retrofitted beams. One of the parameters explored was exposure to the ambient hot-dry climate in Saudi
Arabia. The study found, after exposing 18, GFRP strengthened, small-scale beams to UV rays and hot
dry weather for up to a year, the beams appear to have experienced little to no loss in flexural capacity.
Nevertheless, the authors state that long-term exposure to solar radiation was expected to have negative
effects on the specimens.
Chowdhury (2005) conducted fire testing on two full-scale insulated concrete slabs and two full-scale
insulated concrete T-beams, both of which were strengthened with externally bonded FRP. The testing
regime was aimed at further investigating the behaviour of FRP strengthened concrete structures in fire.
Though mostly focusing on insulation and post-fire residual strength, the temperature and strength data
regarding FRP in fire was still a major component of this study. The two T-beams were of the same
dimensions as Williams (2004), subjected to the same loading configuration, and exposed to the same
fire-testing conditions. In this instance, the T-beams were strengthened with a single layer of 200 mm
wide MBrace® CF130 carbon fibre, epoxy composite. A two-layer, 650 mm wide MBrace® CF130 Uwrap was added to the ends of the members. Both beams were thermally insulated using Fireshield 1350
insulation. One beam received a 25 mm thick layer while the other was coated with 38 mm of insulation.
The beam with the 38 mm of insulation achieved a fire rating of four hours, whereas the 25 mm of
insulation procured only a three hour rating. Chowdhury makes a note that the insulation scheme used in
this testing program was not effective enough to keep the temperature of the FRP below its glass
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transition temperature (71°C) beyond approximately 35 minutes. Chowdhury agrees with Williams
(2004) that choosing the polymer matrix’s glass transition temperature as the temperature at which the
beam is to be considered failed is an overly conservative measure. Instead, Chowdhury suggested that the
nominal strength of the unstrengthened member should be greater than that of the strengthened service
loads. This concept was introduced by Williams (2004). Chowdhury (2005) also suggests that there is
little practicality to attempt to maintain the integrity of the externally bonded FRP throughout the duration
of a severe fire and continued by stating that insulation should not be intended to insulate the FRP but
rather the reinforced concrete. This concept was first introduced as one of the design recommendations
found in ACI 4402R-08 (ACI, 2008).
As discussed by Liu et al. (2009), Wan (2006) tested several 400 mm by 250 mm by 4.32 m insulated
beams that were strengthened with CFRP sheets. The insulation scheme covered the beams’ soffit, up to
the reinforcement level on the sides of the beams, and over the U-wraps. U-wraps were located at the ends
of the beams as well as at each of the four loading points. It was found that the beams, designed to fail in
a flexural failure mode at room temperature, had significant issues with shear at elevated temperatures.
Three of the four beams failed in shear, the fourth failed in flexure. The fire endurance for the four beams
ranged from 176 minutes to 210 minutes. It is suggested by Liu et al. (2009) that CFRP strengthened
reinforced concrete beams may experience an unpredicted type of failure mode at elevated temperatures.
At the China Classification Society Shanghai Far East Test Centre, Kexu et al. (2007) tested two 450 mm
by 311 mm by 4.6 m CFRP strengthened, insulated, reinforced concrete beams in standard fire conditions
(ISO, 1975). The beams were strengthened with two, 200 mm layers of CFRP with a single CFRP Uwrap at each end. Two insulation schemes were used. The insulation chosen for protecting the beams was
a fire-resistant coating typically applied to steel structures. The coating was applied in multiple layers
until the coating was 50 mm thick (3 mm as a prime coat and then 10 mm for each subsequent coat). A
steel wire mesh was added in the second layer to aid in insulation crack reduction. One beam received the
full coating thickness over its entire soffit and side walls. The second received the full 50 mm coating
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thickness only in the anchorage zones (1.1 m each end) and a 20 mm thick layer on the soffit, extending
200 mm up the web. During testing it was discovered that the insulation delaminated layer by layer. The
partially insulated beam collapsed after 117 minutes of fire testing. The fully insulated beam achieved a
2.5 hour fire rating. It was also mentioned that the embedment of steel wire mesh was effective at
preventing the cracking and delamination of its insulation layer.
Adelzadeh et al. (2010) undertook a research program which involved two medium-scale reinforced
concrete slabs and two full-scale reinforced concrete T-beams which were strengthened in flexure with
either carbon FRP sheets or plates. The specimens were insulated and then subjected to flexural loading
and standard fire conditions. The T-beams had an overall height of 400 mm, a flange width of 1.22 m, a
flange thickness of 150 mm, a web width of 300 mm, and overall length of 3.9 m. The T-beams were
loaded to their service loads for the duration of testing. This service load represented a load level of 71%
and 73% of the strengthened capacity according to ACI 400.2R-08 (ACI, 2008) and CSA S806-02 (CSA,
2009) respectively. The beams were axially restrained within the loading frame. Cementitious fire
insulation was applied with a thickness of 40mm. The researchers found that the beams achieved a four
hour fire rating despite the fact that the glass transition temperature of the FRP strengthening was reached
within 30 minutes of fire exposure.
Ahmed and Kodur (2011) tested three reinforced concrete beams exposed to ASTM E119 (ASTM
International, 2012) fire conditions and two beams exposed to a design fire, created from the provisions
set out in Eurocode 1 (Eurocode 1, 2002). The beams had a height of 406 mm, width of 254 mm, and a
length of 3.96 m. Four of the beams were retrofitted with two, 230 mm wide CFRP sheets, which
increased the member’s flexural strength by 50%. One beam was left unstrengthened as a reference
specimen. The beams were insulated with 25 mm thick Tyfo® weather resistant advanced fire protection
Type A and Type B insulation. The insulation covered the beams’ soffit as well as a distance 100 mm up
the web. The beams were subjected to load levels of 55% (unstrengthened) and 50% (strengthened) of
the nominal beam capacity, as determined by ACI 318 (ACI, 2005) and ACI 440.2R (ACI, 2008)
17

respectively. The beams were loaded 30 minutes prior to fire exposure. The researchers found that the
failure of the beams, predominantly dictated by the steel reinforcement temperature, occurred long after
the Tg of the strengthening (82°C) was exceeded at approximately 20 minutes.
In 2011, a study into the effects of high temperatures on FRP strengthened reinforced concrete beams was
undertaken by Tan and Zhou (2001). The research consisted of exposing twenty-five FRP strengthened
beams to a variety of temperatures. The experiments exposed the small scale beams to temperatures
following the ASTM E119 time temperature curve until the desired temperature was achieved. Once this
temperature was reached, the beams were allowed to cool before testing in three-point bending. The
members were strengthened with GFRP and basalt FRP (BFRP) systems. Both insulated and un-insulated
beams were studied. The program also included several control beams, tested with no high-temperature
exposure. The researchers concluded that both GFRP and BFRP strengthened beams, even if insulated,
suffered great post-temperature-exposure strength losses when exposure temperatures were between
500°C and 700°C. It was also found that the BFRP strengthening out-performed the GFRP strengthening.
Also, the inclusion of a fire protection system increased the post-temperature exposure performance of the
strengthened members. Since the tests were conducted at room temperature after the high temperature
exposure, no results on the performance of the FRP at high temperature were obtained. Thus, the results
only have implications for the residual capacity of FRP strengthened beams after a fire and not for
performance during a fire or exposed to high temperatures in service.
Hollingshead (Green et al., 2012) conducted full-scale fire tests on two T-beams. The beams were
retrofitted with one 100 mm wide CFRP strip (Tyfo SCH-41) which served to increase the beams’
strength by 23% (according to ACI 440.2R-08 (ACI, 2008)). The ends of the beams had GFRP U-wraps
for the purpose of anchorage for the longitudinal carbon FRP. The 3.9 m long T-beams had an overall
height of 400 mm, a flange width of 1.22 m, a flange thickness of 150 mm, a web width of 300 mm, and
an effective depth of 340 mm. One beam received an insulation thickness of 13 mm which covered the
soffit, entire web, and extending 150 mm along the underside of the flange. The other received 19 mm of
18

insulation which covered the soffit, extending only 100 mm up the web. Only in the vicinity of the Uwraps was the 19 mm insulation covering the entire side of the web. For the fire test, a load of 110% of
the un-retrofitted design load was applied. This load level represented only 72% of the retrofitted design
capacity according to ACI 440.2R-08 (ACI, 2008). The testing conducted by Hollingshead differed from
similar previous tests (Williams (2004); Chowdhury (2005); Adelzadeh et al. (2010)) by the fact that the
typical allowance for axial restraint (provided by the reaction-frame) had been revoked, thus, creating a
truly simply supported condition for the beams. This, of course, resulted in more severe testing conditions
compared to the aforementioned testing schemes. Both beams experienced delamination of their
respective insulation as well as a complete loss of the CFRP strengthening by the end of the four hour fire
tests. It was shown that, for the beam with the 19 mm of insulation, the temperatures at the concrete/FRP
interface remained below 200°C for approximately 120 minutes, at which point, delamination of the
insulation occurred. It was noted that previous testing (Chowdhury et al., 2011) had shown that this
particular FRP would retain approximately 50% of its room-temperature strength up to 200°C and also
suggests that the FRP should begin to lose its bond with the concrete substrate at temperatures of
approximately 50°C. Both beams were successful in resisting the applied loads for the duration of the
four-hour fire test although the temperature at the FRP reached the Tg of the epoxy used in 11 minutes for
the beam with 13 mm of insulation and 17 minutes for the other.
A study was undertaken (Firmo et al., 2012) to determine the effect of different insulation schemes when
applied to CFRP strengthened reinforced concrete beams exposed to ISO 834 (ISO, 1975) fire conditions.
Six beams were strengthened with a CFRP laminate which increased the room-temperature flexural
capacity of the members by 94%. The beams were 2.10 m long, 120 mm tall, and 100 mm wide. The
beams were loaded in four-point bending with a loading span of 1.50 m. The insulation scheme utilized in
the experimental program was either a calcium silicate board, or a vermiculite/perlite mortar. The
insulation was applied in thicknesses of either 25 mm or 40 mm to the members’ soffits and a 200 mm
wide region at the anchorage zones. A 0.95 m region at mid-span was exposed to the elevated
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temperatures. The oven walls (200 mm wide) aided in the thermal insulation of the anchorage zones of
the beams. The beams were loaded prior to elevated temperature exposure. The control specimen was
loaded to 58% of its room-temperature strength and all of the strengthened members were loaded to 47%
of their room-temperature strength. Once loaded, the members were exposed to the elevated temperatures
until failure or for a maximum duration of 210 minutes. The researchers found that the control member,
with insulated anchorage zones, experienced FRP debonding after only 23 minutes. This debonding
occurred when mid-span temperatures were as high as 414°C, although the anchorage zones were only at
55°C (near Tg). It was also found in other tests that the debonding of the FRP system occurred when the
anchorage zones experienced temperatures around the epoxy’s Tg. With the anchorage zones remaining
cooler than the mid-span of the members, once the debonding occurred near mid-span, the authors found
that the CFRP strengthening acted as a “cable,” which provided strength gains until end debonding
occurred. The authors concluded that the vermiculite/perlite mortar provided better thermal insulation to
the members. The 25 mm insulation schemes afforded the members 89 minutes and 60 minutes of fire
testing for the vermiculite/perlite and calcium silicate boards respectively. A 40 mm layer of insulation
allowed for 167 minutes and 137 minutes of fire exposure respectively.
Research has also begun in the field of FRP exposed to warm temperatures. One such study (Stratford &
Bisby, 2012) explored the bond properties of FRP plates adhered to steel members and subjected to
sustained loading and transient temperature conditions. The study focused on temperatures below 100°C.
The specimens, loaded in four-point bending, and heated at one end with a heating pad, showed
significant bond slipping at temperatures below the Tg of the adhesive. It was at temperatures near Tg that
the specimens failed. With the applied loading magnitude larger than that of the un-retrofitted beam
capacity, the authors also noted that the failure of the specimens is fully dependent on the temperature,
and not the applied load.
In 2013 (Burke et al.), research was published in which the elevated temperature performance of near
surface mounted (NSM) FRP flexural strengthening was compared to that of wet-layup strengthening
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applied to reinforced concrete beams. The beams were 1524 mm long with a height of 102 mm and a
width of 254 mm. Of the 16 beams tested, two were left as unstrengthened controls, six beams were
strengthened with NSM carbon FRP tape bonded with an epoxy adhesive, six beams were strengthened
with NSM carbon FRP tape bonded with a cementitious grout, and the remaining three beams were
strengthened with an externally bonded carbon fibre/epoxy FRP system. All NSM specimens were tested
in duplicate. Seven specimens were tested at room temperature to provide a baseline for the study. The
remaining beams, tested at temperatures of either 100°C or 200°C, were loaded to between 40% and 60%
of their room temperature ultimate mid-span tensile strain and allowed to stabilize. The elevated
temperatures were applied to one end of the beam only, by means of a silicone rubber heating pad. The
authors found that, despite the epoxy adhered NSM strengthening out-performing the grout at room
temperature, the opposite was the case at elevated temperatures. It was also determined that the wet-layup
FRP strengthening outperformed the NSM FRP strengthening system at elevated temperatures. The epoxy
bonded NSM system debonded from the concrete after 40 minutes of 100°C temperature exposure and
10 minutes of 200°C temperature exposure. The cementitious grout bonded NSM system debonded from
the surrounding grout after four hours of 100°C temperature exposure and 70 minutes of 200°C
temperature exposure. Lastly, the wet-layup CFRP system endured four hours of 100°C temperature
exposure and 80 minutes of 200°C temperature exposure. From the results from the testing on these
particular FRP systems it was concluded that the FRP strengthening demonstrated it was capable of
performing effectively for short durations of elevated temperature exposure well in excess of T g.
Although many fire tests have been conducted, only a few by Burke et. al (2013) and Stratford and Bisby
(2012) have specifically examined the strength contribution of the FRP during the fire. Thus, more
research is needed to better understand the performance of FRP at high temperatures in a strengthening
situation.
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2.4.1 Modeling
Because of the high cost associated with the full-scale fire testing of structural members, a research trend
has emerged in which these members are modeled using finite element analysis in hopes of, one day,
developing a reliable and cost-effective alternative to conducting real fire tests. Williams (2004) had, in
fact, produced a less extensive series of predictive numerical models. First, a heat transfer model was
produced (referred to as Beam Thermal Analysis Program (BTap)). BTap made use of the finite
difference method to predicting the temperature distribution within a member based on a predefined timetemperature input. Second, “Beam Strength (BStrength)” was produced to model the beams’ strength
behaviour.

2.4.2 Bond Tests
It is fairly well known than one of the primary mechanisms by which FRP strengthened members fail is
through the debonding of the FRP from the member’s surface. The three main premature debonding
failure modes include concrete cover separation, plate end interfacial debonding, and intermediate crack
induced interfacial debonding (Smith & Teng, 2002). These failure modes are inherently unique to
reinforced concrete members strengthened with a soffit plate. Smith and Teng (2002) report that the most
common debonding failure mode is “plate end interfacial debonding”, and, in particular, the separation of
the concrete cover. The debonding, which occurs at a plate’s end, is due to the stress concentration that
occurs at the termination point of the bonded plate. This stress gets transferred to the level of the steel
reinforcement and tends to strip away the very outer concrete surface (Smith & Teng, 2002).
A collaborative study (Leone et al. 2006) was undertaken between the University of Lecce and Ghent
University to examine the effect of service temperature on the bond behaviour of FRP strengthened
concrete. The test program included 20 specimens which were retrofitted with a CFRP sheet, GFRP sheet,
or CFRP laminate. Two CFRP laminate specimens underwent post-curing at 110°C. With a testing
temperature range of 20°C to 80°C, the specimens only achieved 72%, 54%, and 25% of the maximum
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bond stress for the GFRP sheets, CFRP sheets, and CFRP laminates respectively. The glass transition
temperature for the two epoxies used was approximately 55°C. The authors suggested that the bond
strength tended to increase in strength up to the glass transition temperature and decreases at, and beyond,
that temperature. The authors also concluded that the bond transfer length increased as temperature
increased. The failure plane tended to occur more often at the FRP-epoxy interface as temperature
increased, although bond strength still remained at temperatures up to approximately 50% higher than T g.
The authors also mentioned that the other contributing factors leading to debonding included the effective
FRP stress, the texture of the substrate and related bond interface, fibre alignment, and thickness and
potential micro-voids in the adhesive.
Adelzadeh and Green (2013) completed a series of high temperature bond tests which aimed to shed light
on the bond performance of adhesively bonded carbon fibre plates on a concrete substrate at elevated
temperatures. It was found that the specimens retained 42% of the bond strength at a constant temperature
of 60°C (the adhesive’s Tg), and that the bond strength was only 19% at temperatures of 105°C
(Tg+45°C). The transient temperature tests performed on the samples showed that, with an applied load of
80% of the room temperature failure load, the specimens did not fail until a temperature of 150°C
(Tg+90°C). With an applied load of 40% of the room temperature strength, the specimens failed at a
temperature of 220°C (Tg+160°C).

2.5 Current Design Practices and Philosophies
2.5.1 Accounting for Fire
Because of the relative lack of research on the performance of FRP strengthened beams at elevated
temperatures, many design codes circumvent any real objective design by, in a fire event, disregarding the
strength gains attributed to the FRP (Bisby et al., 2005). It is stated explicitly in section 1.3 of
ACI 440.2R-08 (ACI, 2008) that if the temperature of the FRP exceeds that of the lowest measured T g, of
any of its components, the strength contribution of FRP must be neglected and states that the maximum
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service temperature not exceed Tg - 15°C. This same section also states that, as a measure of safety, the
un-strengthened member must be adequate to support all service loads during a fire event.
As discussed in this literature review, research has begun to move into exploring novel ways of insulating
and protecting FRP strengthened structures from the detrimental effects of elevated temperatures.
ACI 440.2R-08 (ACI, 2008), in section 9.2.1, recognizes the potential merit of a proprietary insulation
scheme and states that these systems can delay the temperature increase of the member. Despite this, ACI
400.2R-08 suggests that insulation may increase the fire rating of the reinforced concrete member, but
still dictates that FRP is to be ignored in fire because of the lack of test data on the strength of FRP at high
temperatures in strengthening applications. Specifically equation 9-3 states that a fire-rated member’s
strength should be sufficient to carry the service dead and live loads without the contribution of FRP:

The member’s overall strength, however, may include the strength contribution of the FRP if it can be
demonstrated the FRP remains below its critical Tg for the duration of the assigned fire rating.

2.5.2 Accounting for Debonding
Debonding is the primary mechanism by which FRP fails at elevated temperatures. Much of the harsh
safety factors applied to the strengthening design are applied in an attempt to account for this issue. Both
Canadian and American FRP design codes address debonding with specific design requirements.
The Canadian codes impose allowable strain limits on the FRP. These strain limits attempt to limit the
likelihood of debonding. CSA-S806-02 (CSA, 2009) imposes the strain limit of

in Clause

11.3.1.1. The Canadian Standards Association’s Canadian Highway Bridge Design Code (CSA, 2010)
limits the allowable FRP strain further with

, as dictated in Clause 16.11.2.3.

The American Concrete Institute’s Guide for Design and Construction of Externally Bonded FRP
Systems for Strengthening Concrete Structures (ACI, 2008) aims, in section 10.1.1, to mitigate the risk of
crack-induced debonding by, in Equation 10-2, imposing an FRP strain limit of:
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√
ACI 440.2R-08 (ACI, 2008) does state that the incorporation of U-wraps will improve the FRP system’s
bond performance. The requirement for the inclusion of U-wraps arises when the factored shear force at
the point where the FRP retrofit ends is greater than 2/3 of the concrete’s shear capacity. This is discussed
in section 13.1.2. If the requirement for the inclusion of U-wraps should arise, the minimum area of the
anchorage is dictated, in Equation 13-1, as:
(

)
(

)

Section 13.1.2, Equation 13-2, suggests that, to aid in the prevention of end peeling, that the layer of FRP
bonded to the concrete, for simply supported beams, extend beyond the location of the member’s cracking
moment, by a minimum distance of:
√

√

For construction purposes, section 13.1.2 additionally suggests that a multi-layer FRP system have each
subsequent layer’s termination point extend an additional 150 mm beyond the layer below.

2.6 Summary
The research presented in this literature review has highlighted the history and depth of investigation that
has brought FRP to its current state in the field of structural strengthening of beams. Despite FRP’s broad
appeal, due to its many advantageous mechanical properties and ease of application, its loss of strength,
stiffness, and bond when subjected to elevated temperatures is surely the major barrier for implementation
in buildings. The focus of much of the modern research concerning FRPs’ application in structures
focuses on its behaviour in hot climates as well as fire with a focus on insulating members from these
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harsh conditions. This complex issue has resulted in efforts in the creation of models, novel insulation
products, and high Tg epoxy resins.
Of the research programs conducted to date, few have examined the strength of FRP at high temperatures
in a strengthening situation, and none have explored FRP-strengthened, reinforced-concrete members
with a post-cured CFRP system. The research project undertaken herein examines the flexural strength of
CFRP strengthened reinforced concrete beams at elevated temperatures, and also considers the potential
for post-curing the FRP to enhance the performance at elevated temperatures.
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Figure 2.1: The Thermosetting Process: Time-Temperature-Transformation Cure Diagram
(Gillham, 1986)
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Figure 2.2: Strength-Temperature Relationship for Common Building Materials (Kodur & Baingo,
1998)
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Chapter 3
Experimental Procedure

3.1 General
The purpose of the testing program described herein is to explore the effects of post-curing on the
strength of FRP-strengthened reinforced concrete beams at elevated temperatures. The beams were
strengthened in flexure using a dry lay-up method. The FRP system chosen for testing was SikaWrap Hex
230C carbon fibre impregnated with Biresin CR122 resin. Fourteen beams were tested at a range of
temperatures induced in two different heating procedures which included three room temperature tests.
Ancillary testing was also conducted on steel reinforcing bars, and concrete cylinders to establish the
strengths of the material used in fabricating the specimens. Results from these experiments are presented
in Chapter 4.

3.2 Beam Specimens
Table 3.1 presents an overview of the test program, giving each beam’s type of epoxy preparation as well
as the average recorded testing temperature. The focus of this testing program is to evaluate the thermal
performance enhancement achieved through the post-curing of Sika’s Biresin CR122 epoxy system
(Table 3.2) coupled with their SikaWrap Hex230C carbon fibre (Table 3.3) as it applies to the flexural
strengthening of medium-scale reinforced concrete beams. The implementation of both transient and
monotonic thermal loading programs aims to offer insight into this particular FRP’s performance in both
insulated fire scenarios as well as hot climates.
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3.2.1 Design and Fabrication
It has been assumed that, for the requirement for FRP strengthening, a beam with a low steel
reinforcement ratio would be a prerequisite. The basis for proportioning the concrete beams was based on
selecting a reinforcement configuration that was near the minimum reinforcement ratio outlined in the
Canadian and American concrete design codes (CSA A23.3 and ACI 318 respectively). The beam’s
height and width were chosen to be 350 mm and 250 mm respectively with a 3000 mm clear span
between supports, based on the use of three 10M steel reinforcing bars and proportioning the dimensions
of the beam so that this steel area falls slightly above the minimum steel requirement in Clause 10.5.1.2 of
CSA A23.3-06 (CSA, 2006). The final total length of the members was increased to 3200 mm to allow
for the use of bearing plates at the supports. The steel strength used in the fabrication of the beams was
472 MPa. The stirrups were spaced evenly at 150 mm as shown in Figure 3.1, with the centre stirrup
omitted to allow for instrumentation. The average concrete strength was determined to be 30 MPa. The
factored moment-resistance of the specimens was calculated to be 29.3 kNm and 31.5 kNm from the
provisions outlined in CSA A23.3-06 (CSA, 2006) and ACI 318-05 (ACI, 2005), respectively.
The beams were fabricated in the Structure’s Laboratory at Queen’s University. Steel reinforcing bars
(10M) were procured from Russel Metals Inc. in Kingston, Ontario. The bars were cut to the necessary
lengths, from which the main reinforcement, stirrups, and hanger bars were created. The stirrups and
hangers were bent by hand using a steel bender (Figure 3.2). Prior to casting the concrete, the centre steel
reinforcing bar was retrofitted with a strain gauge at mid-span (Figure 3.3). In order to provide an
adequate surface to which the strain gauge could be bonded, a grinder was used to flatten a small region at
mid-span of the centre bar. This region was then sanded using a Dremel and sanding flap-wheels of 80
and 120-grit. This was followed by hand-sanding with 220-grit, very fine, aluminum oxide sandpaper and
then 320-grit, extra fine, silicon carbide sandpaper. The surface was then finished with an acid wet-sand
using 400 grit, extra fine, silicon carbide sand paper. This process resulted in an average section loss of
approximately 13% for the centre bar. The strain gauge was then glued to the surface as per the
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manufacturer’s instructions and then coated with a small amount of Permatex “Ultra Black” RTV silicone
Gasket Maker to prevent any damage that may occur during the casting of concrete. The second batch of
specimens, which were those that were subsequently post-cured, had the addition of a ring of duct tape
near mid-span to aid in the restraint of the thermocouple located on the steel at that location (Figure 3.4
and Figure 3.5). The stirrups were stabilized with the use of one strand of wire which ran the length of the
beam and connected the tops of the stirrups. Once tied, the reinforcing cages were placed in the
formwork.
The formwork is shown in Figure 3.6 and Figure 3.7. Wood blocks (Figure 3.8) were used at each end of
the beams as a replacement for plastic chairs to create the desired 30 mm concrete clear cover. The
longitudinal reinforcement was attached to the blocks by means of electrical-wire staples. As not to cause
imperfection to the beam’s soffit, it was decided that rebar chairs would be omitted from the region of the
beam which was to be retrofitted with FRP. To insure adequate concrete cover in these regions, the
reinforcing cages were hung from the formwork’s top cross-bracing using tie-wire, as seen in Figure 3.9,
and the cover depth verified with a spacer of appropriate dimension. The beams cast in the second
concrete pour employed additional lateral restraint to the upper region of the cage as seen in Figure 3.10,
as it was found that there was some lateral displacement of the reinforcing cages during the first pour. The
reinforcement configuration in presented in Figure 3.1. The steel reinforcement was designed assuming a
specified yield strength of 400 MPa.
The concrete beams were cast on two separate occasions (Figure 3.11 and Figure 3.12). Eight beams were
cast in the first pour, and six in the second. A vibrating wand was used to consolidate each lift of
concrete. The 28-day specified concrete strength used to design the members was 25 MPa with a 19 mm
maximum aggregate size. The specified slump was to be 150 mm. The concrete slump recorded for pour
one (non-post-cured and control specimens) and pour two (post-cured specimens) were 90 mm and 175
mm, respectively. Although from the same mix design, the concrete supplier added additional water to the
mix of the second pour due to a very low preliminary slump upon delivery.
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After pouring the concrete beams, the exposed surfaces were troweled to a smooth finish. The beams
were covered with wet burlap and a layer of plastic vapor-barrier for four days at which point they were
removed from the formwork and stored at ambient temperature and humidity, as per the recommendation
in OPSS 904 (OPS, 2008).

3.2.2 FRP Strengthening
All but two of the concrete beams were strengthened in flexure with three layers of 70 mm wide CFRP;
one beam received one layer of CFRP, and the other was left unstrengthened. The tensile strength of the
CFRP strengthening was taken as 894 MPa, as specified by the manufacturer (Sika, 2013). Although this
material strength is based on the SikaWrap Hex 230C being combined with Sika’s Sikadur 330 epoxy, the
FRP strength relies predominantly on the fibre properties. The un-retrofitted beam was used as a control
specimen to which the retrofitted specimens would be compared. The FRP consisted of Sika’s SikaWrap
230C carbon fibre impregnated with Biresin CR122 resin. The hardener used was Biresin CH122-3.
Properties for SikaWrap Hex 230C carbon fibre, and Biresin CR122 and Biresin CH122-3 hardener are
presented in Table 3.3 and Table 3.2 respectively. This resin is designed to be post-cured. This product
was chosen for testing because of the absence of research on the effects of post-curing on medium scale
flexural specimens.
The dry lay-up process was conducted in accordance with the process for Sika Canada’s Sikadur 330 US
application process. During the first-round of retrofitting, a representative from Sika Canada was present
for quality control purposes. The process began with the beam’s soffit being sandblasted (Figure 3.13) to
a concrete surface profile number of between three and five. This was verified visually. In cases where
sandblasting did not fully eliminate the form-lines on the soffit of the beam, a grinder or chisel
(depending on the severity of the form-line) was used to eliminate the abrupt change in topography
(Figure 3.14). After the surface prep was completed, the surface was brushed clean and then compressed
air was used to remove any remaining contaminants from the surface. Prior to the application of the resin,
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duct-tape was applied to the soffit of the beam around the area which was to be retrofitted. This was done
as a masking measure to help to limit the amount of bleeding of the resin beyond the desired region of the
beam.
Sika’s Biresin CR122 is a two-part system consisting of a hardener (CH122-3) and the epoxy (CR122).
These components were combined in proportions specified by the manufacturer and a thin coat was
applied, using a foam roller, to the surface of the beam as a tack-coat (Figure 3.15). With the SikaWrap
230C carbon fibre already cut to the desired dimensions, the carbon sheets were applied to the tension
face of the concrete beams with careful attention given to ensure that the fibre direction was parallel to the
length of the beam. The dry carbon fibre sheet was worked into the saturated concrete surface by means
of a custom aluminum roller (Figure 3.16). This process saturated the carbon fibre. This was immediately
followed by a second application of Biresin CR122, with the foam roller used to evenly distribute the
epoxy (Figure 3.17).
It was later discovered that the level of strengthening provided would not provide a significant enough
level of strengthening to observe any meaningful strength degradation over a wide range of temperatures.
It was then decided that an additional two sheets of carbon fibre should be added to the existing layer
already cured on eight of the beams. Upon the recommendation of a representative from Sika Canada, the
process by which the additional layers were added began with the sanding of the FRP surface until the
glossy appearance turned to a matte finish. Fifteen minutes prior to the saturation with resin, acetone was
applied to the surface via a rag. This was done to reactivate the existing epoxy. Once the fifteen minute
period had past, the resin and carbon fibre were applied in the same process as the initial retrofit, one
layer at a time.
The requirement for three FRP strips with a width of 70 mm was determined to be adequate for
strengthening according to both the American ACI 440.2R-08 (ACI, 2008) and Canadian CSA S806-02
(CSA, 2009). Crack control requirements were checked and the chosen level of strengthening met the
applicable serviceability criteria with regards to allowable service stresses for concrete, steel, and FRP.
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The factored moment-resistance of the strengthened specimens was calculated to be 37.7 kNm and 41.1
kNm from the provisions outlined in CSA S806-02 (CSA, 2009) and ACI 440.2R-08 (ACI, 2008)
respectively. This represented a 29% strength gain by the Canadian code and a 30% strength gain by the
American code. For detailed calculations, see Appendix A.
The intention with the selected level of FRP strengthening was to afford the beams with an approximate
increase of 30% of the unstrengthened flexural capacity based on the specified material strengths. This
level of strengthening would be in accordance with industry practice. ACI 440.2R-08 (ACI, 2008) places
the strengthening limits between 25% and 50%, depending on the ratio of applied dead and live loads.
The Swiss Federal Laboratories for Materials Science and Technology has recommended that the upper
bounds of the acceptable level of strengthening of a structure should remain at or below 50% (Meier,
1995).
It will be noted here that the exclusion of U-wraps as a means by which to provide end anchorage was
decided upon based largely on the aim to minimize the level of both cost and complexity of the heating
blanket arrangement. Avoiding U-wraps also meant that the bond behavior of the FRP sheets could be
examined more clearly at high temperatures. Also, Clause 13.1.2 in ACI 440.2R-08 (ACI, 2008) allows
for the exclusion of end anchorage if the factored shear force falls below 2/3 of the concrete’s shear
resistance. This was the only code-based end-anchorage recommendation available at the time of design.

3.2.2.1 Post-Curing Procedure
Once the FRP sheets were in place, the specimens were allowed to cure for a minimum period of 48 hours
at ambient temperature and humidity. After this initial curing period, some of the specimens were postcured at a temperature of 120°C for 24 hours. This is a modified procedure from the one currently
prescribed by the manufacturer. The manufacture recommends a 120°C post-cure for only 12 hours.
Additional time was added to the elevated temperature post-cure to account for the thermal inertia
provided by the concrete beam itself. It was assumed that by doubling the post-cure time, this would
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allow for a complete post-cure with an FRP surface temperature of approximately 120°C. The post-curing
process was conducted with the use of two Omegalux, temperature controlled, silicone heating-blankets.
These blankets were held in contact with the FRP by means of a custom fabricated aluminum track that
allowed for the placement of thermocouples at a variety of locations along the beam between the blanket
and the FRP surface. Once secured, the blankets and accompanying aluminum track were covered with a
single layer of Roxul AFB acoustical fire batt stone fiber insulation to aid in heat retention. The insulation
was held against the soffit of the beam by means of a system of 2”x4” lumber and several cambuckle
straps.
Additional temperature measurements were occasionally taken with the use of an Omega “HH-2002 AL
Series Logging Thermometer” equipped with a Type K (chromel-alumel) thermocouple as a means of
temperature confirmation. Initially, some issues arose with the heating blankets. These issues are
described and discussed in Chapter 4.

3.3 Flexural Test Setup
The flexural testing apparatus and setup are shown in Figure 3.18. The beams were tested in four-point
bending to create a section of the beam that was subjected to pure bending. The beam was loaded at onethird points along its length. This loading configuration resulted in two shear-spans of 1 m at each end of
the beam and a centre moment-span of the same length. The load “spreader beam” consisted of a single
steel HSS 203 x 152 x 6.4, 1.594 m ± 2 mm long. Load was transferred to the beam at two points which
consisted of 50 mm diameter cylindrical steel rollers. The concrete beam itself rested on two similar steel
rollers, one of which was restricted from translation, essentially rendering it a pin-type connection. To
reduce the probability of localized concrete crushing at the supports and loading points, steel bearing
plates were placed between the rollers and beam in an effort to increase bearing area. Three plates were
17 ± 2 mm x 100 ± 1 mm and one 19 mm ± 1 mm x 172 mm ± 1 mm. A 900 kN Reihle screw-type
universal/mechanical lever type universal testing machine was used to apply load to the concrete beams.
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The testing machine was located in the Structures Lab at Queen’s University. A summary of the entire
beam testing program is presented in Table 3.1.

3.4 Instrumentation
Each beam in the test program was instrumented with seven linear potentiometers, three pi-type strain
gauges, foil strain gauges, and several thermocouples (when testing above ambient temperature). Figure
3.19 shows the instrumentation used during the flexural testing of the beams. In addition, one camera was
used for the purpose of documenting the crack propagation and failure type.

3.4.1 Linear Potentiometers
In this testing program, seven linear potentiometers were utilized to measure the beam’s vertical
displacement during testing. One linear potentiometer was placed at the section’s mid-span, one was
placed at each of the beams two load points, at each reaction point below the machines support beam, and
also at the point on the beam between the reaction point and load point. Aluminum plates were epoxied to
the beam’s soffit outside of the FRP strengthened region in order to provide cantilevered platforms from
which the linear potentiometers could read the local deflection and not to be affected by the heating
apparatus and insulation placement. Each linear potentiometer was calibrated using a custom apparatus
(Figure 3.20) which measures relative displacement with a digital micrometer.

3.4.2 Pi-Type Strain Gauges
Pi-type strain gauges were installed on one side of the beams at mid-span in order to track real-time crosssectional strain data. Each gauge had a 100 mm gauge length. One was placed at mid-height while the
other two were attached at 47 mm and 303 mm from the extreme tension fibre. The bottom location was
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chosen because it corresponded with the location of the internal flexural reinforcement; the top gauge was
placed to provide symmetry about the mid-height.
The pi-type strain gauges were calibrated using a variant of the same custom apparatus utilized to
calibrate the linear potentiometers (Figure 3.21).

3.4.3 Foil Strain Gauges
Strain gauges were placed at two locations on the beam specimens; on the centre steel reinforcing bar
(Figure 3.3) at mid-span, and on the FRP surface at mid-span (Figure 3.22) for tests conducted at room
temperature.
Vishay®SR-4 250LW 120Ω general purpose strain gauges were used to measure the strain in the
reinforcing steel. The foil gauges were adhered to the prepared steel surface using M-Bond 200 adhesive
as per the manufacturer’s instructions (Vishay, 2011) (with the exception of CSP-1 Cotton Applicators
and GSP-1 Gauze Sponges being substituted with Kimwipes).
The same strain gauges were used on the FRP surface. These were attached using M-Bond 200 adhesive
as well. No strain gauges were used on the FRP surface for the elevated temperature tests because of the
lack of availability of high temperature gauges and adhesives. Although there are high temperature
gauges and adhesives available from a variety of manufacturers, all of the adhesives would require local
post curing of the adhesive and it was thought that this may adversely affect the FRP in these regions. All
strain gauges were attached according to the manufacturer’s instructions, as noted above with the
exception of the sanding procedure only consisting of a roughening of the surface.
All strain gauge data were corrected for the temperature range experienced during testing. This was done
through the use of the temperature correction coefficients provided by the manufacturer and inputted into
the Strain Smart data acquisition software used in this experimental program. The temperatures near the
various strain gauge locations were recorded through the use of locally placed thermocouples as described
in the next section.
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3.4.4 Thermocouples
A combination of Type-K (chromel-alumel) and Type-T (copper-constantan) thermocouples were used to
collect the temperature data throughout the testing program. The thermocouples were prepared by, first,
removing the protective sheathing from the two wires and then tack-welding the ends of the two wires
together. Each of the two silicone blankets received a minimum of three Type-K thermocouples (see
Figure 3.19); one near its centre, and one near each end. In some of the later tests, this number was
increased to four or five thermocouples. These additional thermocouples were first used as a means of
verifying some of the readings and then to increase the temperature data-density over the FRP’s surface.
Type-T thermocouples (those connected to the heating-blanket controllers) were located at the FRP
surface at the centre of each blanket. The blanket arrangement used in the testing of the beams is
illustrated in Figure 3.25. These thermocouples had to be coated with Permatex “Ultra Black” RTV
silicone Gasket Maker in order to eliminate the electrical interference that had been established between
the carbon fibre and the exposed metal tip of the thermocouple (Figure 3.23).
Thermocouples were chosen to be excluded from the FRP bond-line to preserve the integrity of the bond
between the FRP and concrete substrate.

3.5 Beam Testing Procedures
3.5.1 Room Temperature Tests
Three specimens were tested at room temperature; one unstrengthened specimen, one strengthened with
one layer of FRP, and the third with three layers. Both strengthened beams were un-post-cured. The
strengthened beams were instrumented with a strain gauge attached to the FRP surface at mid-span.
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3.5.2 Elevated Temperature Tests
Eleven specimens were tested at temperatures above room temperature. The heating of the beams was
achieved through the use of two Omegalux SRFG348/5 silicone heating pads (Figure 3.24), locations of
which are detailed in Figure 3.25. The blankets were only used to directly heat the FRP-covered surfaces,
as the temperatures being investigated were well below the temperature range at which concrete or
reinforcing steel undergo any deterioration of strength or otherwise (Buchanan, 2001). Each blanket had
dimensions of 75 mm x 1220 mm. The watt density chosen for the pads was 0.78 W/cm2 (5 W/in2). This
was based on the successful use of the blankets at temperatures up to 200°C in experiments conducted by
Burke (2008).

The heating pads were controlled with Omega CS-2100J-T Benchtop Temperature

Controllers. Because of the total wattage of each heating pad, each controller only operated a single
blanket. To help regulate and stabilize the temperature of the beam at the heating locations, a layer of
Roxul AFB acoustical fire batt stone fibre insulation was attached to the beams after the heating pads
were in place (Figure 3.26).

3.5.2.1 Constant Temperature, Transient Load
Two flexural tests were conducted at temperatures near that of the non-post-cured and post-cured epoxy’s
glass transition temperatures (85°C and 125°C, respectively). The highest temperature test was chosen to
be at 200°C based on the approximate maximum functional output temperature of the Omegalux silicone
heating blanket/controller system. In addition, this temperature was thought to be a reasonable estimation
of the temperature at which the post-cured FRP would offer little to no strength benefit. The remaining
eight test temperatures were chosen based on the results that emerged as the testing program progressed.
To start the test, the set-point temperature of the blankets was adjusted on each controller at a rate of 4°C
per minute until the target temperature was achieved. This temperature loading rate was chosen based on
previous experimentation with the heating blankets and the fact that there was a perceived delay on the
part of the controller to the actual temperature at the blanket’s surface due to the thermal insulating effect
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of the Permatex “Ultra Black” RTV Silicone Gasket Maker which covered the tip of the controller’s relay
thermocouple. In some instances, such as the PC-200 test, temperature “soak” periods were introduced at
several stages in the temperature ramping in order to allow for the temperature equalization between the
controller and monitoring thermocouples.
Once the specimens achieved the desired surface temperature, the temperature was sustained for a onehour period prior to the loading of the specimen. This was performed in an effort to ensure that the
temperature of the bond-line between the FRP and concrete was approximately at the same temperature of
that measured at the FRP surface.
After the one-hour temperature “soak” period, load was applied in a stroke-controlled manner at a rate of
1 mm/minute until the specimen failed.

3.5.2.2 Transient Temperature, Constant Load
Two flexural tests were conducted with a constant load applied to the beam under increasing (transient)
temperature conditions. A load level of 100kN, or 93% of the retrofitted room temperature capacity, was
chosen. This load level was 17% higher than the capacity of the un-retrofitted control beam. This load
was chosen to be slightly greater than the half-way point between the ultimate capacity of the
unstrengthened and strengthened room temperature control tests. This load level would ensure that the
beams’ performance was highly dependent on the FRP strengthening. The load was applied in a strokecontrolled manner at a rate of 1 mm/minute, as with the previous tests. Once the desired load was
achieved, the set point temperature of the blankets was adjusted on the controller at a rate of 10 °C per
minute until the specimen failed. The applied load was adjusted throughout the experiment as timedependent deformations occurred.
The rate at which the temperature was applied to the beam was modified for the transient temperature
tests as a point of similarity to align with previously conducted FRP tensile coupon tests from other on-
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going research programs at Queen’s University. It was hoped that the data generated from these two tests
could later be compared to the high temperature coupon tests of the same material.

3.5.3 Temperature Controller Settings
The temperature controller settings were chosen as to minimize the heating blanket temperature range
around the desired set-point. After a period of experimentation, the final settings were those presented in
Table 3.4. The time-temperature data recorded during post-curing and testing are presented graphically in
Chapter 4 and Appendix C.

3.6 Ancillary Testing
3.6.1 Concrete
At the time of casting each batch of beams, a number of 150mm x 300 mm cylinders were cast. Three
cylinders were cast for each of the beams and were tested on the same day as their partnered beam. Five
cylinders were tested at the seventh, fourteenth, and twenty-eighth day after pouring. Additional cylinders
were cast in anticipation of the possible requirement for additional testing or data validation.

3.6.2 Reinforcing Steel
The tensile strength of the 10M steel reinforcing used in the fabrication of the concrete beams discussed
herein was provided in a mill report which was provided by Ekinciler Demir Ve Celik San.A.S. to Russel
Metals Inc. A single tensile test was performed at Queen’s University to confirm the results provided by
the manufacturer.

41

3.6.3 Dynamic Mechanical Analysis
Dynamic Mechanical Analysis (DMA) was utilized in order to quantify the glass transition temperature of
the post-cured and non-post-cured Biresin CR122. The DMA was conducted at the University of
Edinburgh as part of another research project underway at Queen’s University. For each type of cure,
three samples were tested. The non-post cured samples were cured at 20°C and the post-cured samples
were cured at 120°C. The resulting values for the tan-delta Tg were 85°C and 125°C for the un-post-cured
and post-cured samples respectively. The results of the testing are presented in Figure 4.2 and Figure 4.3.
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Table 3.1: Beam Testing Program Details
Specimen Name

Epoxy

Testing Condition

Test

Preparation

(Temperature/Load)

Temperature

Control

N/A

Constant/Increasing

25°C

UPC-25-1

Ambient Cured

Constant/Increasing

28°C

UPC-25-3

Ambient Cured

Constant/Increasing

28°C

UPC-80

Ambient Cured

Constant/Increasing

87°C

UPC-120

Ambient Cured

Constant/Increasing

122°C

UPC-140

Ambient Cured

Constant/Increasing

143°C

UPC-160

Ambient Cured

Constant/Increasing

164°C

UPC-T100

Ambient Cured

Increasing/Constant

186°C

PC-100

Post-Cured

Constant/Increasing

102°C

PC-140

Post-Cured

Constant/Increasing

131°C

PC-160

Post-Cured

Constant/Increasing

152°C

PC-180

Post-Cured

Constant/Increasing

168°C

PC-200

Post-Cured

Constant/Increasing

206°C

PC-T100

Post-Cured

Increasing/Constant

211°C

Table 3.2: Biresin CR122 Properties (Sika, 2011)
Biresin CR122
Property

Value

Density

1.17 g/cm3

Shore Hardness

D 84

Flexural E-Modulus

3500 MPa

Tensile E-Modulus

3400 MPa

Flexural Strength

123 MPa

Compressive Strength 116 MPa
Tensile Strength

73 MPa

Elongation at Break

2.4%

Impact Resistance

29 kJ/m2
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Table 3.3: SikaWrap Hex 230C Properties (Sika, 2013)
SikaWrap Hex 230C
Property

Value

Primary Fibre Direction 0° Unidirectional
Tensile Strength

3.45 GPa

Tensile E-Modulus

230 GPa

Elongation

1.5%

Density

1.8 g/cm3

Area Weight

230 g/cm2

Table 3.4: Omega CN 2110 Temperature Controller Settings

Omega CN 2110 Temperature Controller Settings
Parameter
Value
Thermocouple
J
Input Type
TC
Temperature Units
°C
Control Type
PI
Process Set Point Adjust
Varies
Proportional Band
5°C
Automatic Reset
30 repeats/min.
Cycle Time
0.1 sec
Output Limit
90%
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Figure 3.1: Reinforcement Details
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Figure 3.2: Steel Bender

Figure 3.3: Rebar Strain Gauges

Figure 3.4: Rebar Thermocouples
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Figure 3.5: Duct Tape Thermocouple Restraint

Figure 3.6: Formwork Cross-bracing for Second Pour
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Figure 3.7: Formwork Cross-bracing

Figure 3.8: Wood Block Rebar Chair

Figure 3.9: Reinforcing Cage's Hanging Wire
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Figure 3.10: Reinforcing Cage's Lateral Bracing

Figure 3.11: Concrete Pour

Figure 3.12: Vibrating and Troweling
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Figure 3.13: Sandblasting

Figure 3.14: Grinding of Form Lines
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Figure 3.15: Surface Epoxy Application
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Figure 3.16: Carbon Fibre Application
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Figure 3.17: Carbon Fibre Epoxy Saturation

Figure 3.18: Testing Apparatus
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Figure 3.19: Instrumentation Details
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Figure 3.20 Custom LP Calibrator

Figure 3.21: Custom PI Gauge Calibrator

Figure 3.22: Room Temperature FRP Strain Gauges
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Figure 3.23: Type-T Thermocouple with Permatex Coated Tip

Figure 3.24: Heating Blanket
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Figure 3.25: Heating Blanket Arrangement

Figure 3.26: Detail of Insulation Scheme
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Chapter 4
Test Results and Discussion

4.1 General
The results from the main testing program as well as a discussion on the process of post-curing are
included herein. This chapter is prefaced with the results of the associated ancillary testing programs. The
beam testing program is then broken into two distinct sections. The first section, containing the bulk of
the specimens, outlines the findings of the constant temperature, transient load tests. This section
compares and contrasts the results of the testing program conducted on the un-post-cured and post-cured
FRP strengthened beams. The second section explores the results of the two transient temperature,
constant load tests. Within the beam results presented below, there is an expected level of variability in
the range of 5%. This variability is inherently attributed to the variability in material strengths and the
construction process.

4.2 Ancillary Testing
4.2.1 Concrete Cylinders
Five cylinders were tested at each 7 days, 14 days, and 28 days after the concrete was cast for each of the
two pours. Additionally, three cylinders were tested at the approximate time of beam testing for each
beam. The average 28 day concrete strength was 30 MPa between both pours. The detailed cylinder
compressive strength results are given in Table 4.1, Table 4.2, and Table 4.3.
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4.2.2 Reinforcing Steel
Reinforcing steel used in the fabrication of the reinforced concrete beams was procured from Russel
Metals Inc. in Kingston, Ontario. The strength of the steel was taken as the average of the bar strengths
reported in the accompanying mill certificate, which is summarized in Table 4.4. The average reported
tensile strength was 472 MPa. One tensile test was conducted as a measure of quality control. As seen in
Figure 4.1, the yield strength from this test is approximately 450 MPa. For the purposes of later
calculations, the yield strength of reinforcing steel will be taken as 472 MPa, based on the average mill
report value.

4.2.3 DMA
Dynamic Mechanical Analysis (DMA) was performed on samples of CFRP at the University of
Edinburgh as part of another on-going research program at Queen’s University and was used as a means
of determining the glass transition temperature of the Biresin CR122 resin. Values for both the Tg-onset
and Tg-Tan-delta were obtained. For the non-post-cured samples, the resulting Tg-onset was 60.3°C and
Tg-Tan-delta was 85.1°C (Figure 4.2). The post-cured samples, on the other hand, produced higher Tgonset and Tg-Tan-delta values of 96.3°C and 124.7°C respectively (Figure 4.3).

4.3 Post-Curing
After being retrofitted with three layers of CFRP, six specimens were cured at ambient conditions for 48hours and then underwent a 24-hour post-cure through the use of two silicone heating-pads. The
temperature data were collected at six locations: each end and at the centre of each of the two heatingpads at the FRP surface. A post-cure temperature data summary is presented in Table 4.5. Figure 4.4
through Figure 4.10 graphically depict temperature data collected from the thermocouples during the
post-curing process. In some instances, a handheld logging thermometer was used to verify temperature
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readings. With a minimum target temperature of 120°C, the average post-curing temperature was
approximately 130°C. Across all specimens (excluding PC-200) temperatures applied to the FRP surface
were as high as 170°C and as low as 84°C. The recorded temperature range is the result of the heatingpad controller’s cyclic temperature fluctuation.
PC-200 was the first specimen to be subjected to the post-curing process. It was during the post-curing of
PC-200 that an electrical interference issue between the monitoring and temperature control
thermocouples was discovered. This electrical interference resulted in disturbances in the temperature
readings recorded by the data acquisition system. It was decided after a system-reboot that the post-curing
would continue and that temperatures would be guided by the heating-pad controller thermocouple
readings as well as temperature measurements taken with a handheld logging thermometer. After the
post-curing of PC-200, the issue was resolved by coating the tip of the heating-pad controllers’ relay
thermocouples with gasket maker.
According to the temperature data collected through the data acquisition system, PC-200 had an average
post-cure temperature of 99°C, with temperatures as high as 138°C and temperatures as low as 73°C.
These temperatures represent the data collected shortly after the system reboot until the peak of the last
heating cycle. One thermocouple was omitted from any analysis because it read temperatures as high as
1372°C, and as low as -198°C and was thus, obviously, malfunctioning. The time-temperature data
collected is represented graphically in Figure 4.8. Temperature amplitudes for individual thermocouples
were all in excess of 25°C. It was observed that the thermocouple located at mid-span on the centre
reinforcing bar also experienced disruption whenever the temperature controllers for the heating-pads
were active (providing current to the pad). This behaviour is evident in Figure 4.9. The FRP surface
temperatures measured with the use of the hand-held logging thermometer were as low as 115°C and as
high as 130°C at times up to 7.5 hours into the post-curing process. Hand-held temperature readings taken
26 hours after starting the heating process indicated heating-pad temperatures of 76°C and 81°C for the
left and right pads respectively.
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The results obtained from the subsequent five post-curing procedures suggest that this method of postcuring can obtain consistent and reliable temperature application for the purposes of post-curing CFRP
strengthened reinforced concrete beams. Although, in some instances, as is seen in Figure 4.6, the
minimum recoded temperatures for the 24 hour post-curing period fell below the target temperature of
120°C, this was often the result of a one or two temperature measurement points, and, although the target
temperature was 120°C, the epoxy would still gain the polymer chain cross-linking benefits at
temperatures slightly below 120°C. Confidence in the individual temperature measurements are in the
range of ±10°C.

4.4 Beam Specimens
4.4.1 Constant Temperature, Transient Load Tests
4.4.1.1 Member Behaviour
Twelve specimens were tested under constant applied temperature conditions with a load applied at a
stroke rate of 1 mm/min. The tests included one un-strengthened section tested at room temperature, two
room temperature strengthened beams (one and three layers of FRP), five elevated temperature tests on
un-post-cured FRP strengthened beams, and five elevated temperature tests on post-cured FRP
strengthened beams. Presented in Figure 4.11 through Figure 4.16 below are the load-deflection
relationships for several selected tests. These plots have had their mid-span deflection values zeroed prior
to loading, which has eliminated any thermally induced, pre-loading beam deflections. In addition to the
mechanical effects, it is recognized that there also exist thermal effects acting on the beams. Since FRP
has a very low level of thermal expansion, as the concrete in the soffit of the beam begins to expand upon
being heated, bond-line stresses in the FRP would be introduced. This differential thermal expansion
would have the effect of reducing the bond failure load. The time-temperature data recorded during
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testing is presented graphically for each beam along with a complete set of load-deflection plots in
Appendix C.
Specimen UPC-25-1 was strengthened with a single layer of CFRP. This level of strengthening resulted
in a room-temperature strength gain of 12%. With this data in hand, the remaining five beams that were to
remain un-post-cured were re-retrofitted with an additional two 70 mm wide layers of CFRP. This
secondary CFRP strengthening resulted in a strength gain of approximately 26% over the unstrengthened
beam, determined from the results of UPC-25-3 in Table 4.6. Both beams exhibited an increased cracking
moment. Additionally, when tested at room temperature, the retrofitted members both exhibited a
considerable post-cracking stiffness gain.
Figure 4.11 presents the load-deflection data for a select number of tests from the un-post-cured specimen
group. With an average testing temperature of 87°C, UPC-90 behaved in a manner quite similar to the
room temperature strengthened member. As noted in Table 4.7, the peak load resisted by UPC-90 was
110kN. Although this strength represents a 2% increase over the UPC-25-3, even though the applied
temperatures were in the range of the tan-delta Tg, the strength difference is not large enough to attribute
to the FRP performance alone, and falls within the level of expected experimental error. The behaviour of
the load deflection curve for this member, when compared to that of the room temperature control, shows
that, as the steel begins to yield, the stiffness of the beam depends more significantly on the FRP
strengthening. The slope of the curve in this region suggests that the FRP strengthening has retained much
of its room temperature stiffness, even though the exposure temperature was in the range of T g.
Figure 4.11 also includes a load-deflection plot for UPC-140. UPC-140 had an average testing
temperature of 143°C. The stiffness behaviour of UPC-140 mimicked that of the unstrengthened control
beam up until the yield plateau of UPC-25-3. Even at temperatures of 60°C above the Tg, UPC-140 failed
at an applied load of 96kN, representing an increase of 12% over the unstrengthened control. The increase
in failure load as well as the apparent yield plateau seen in Figure 4.11 may suggest a cable-action
occurring with the FRP. This would be the result of the higher bond strength at the ends of the FRP
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attributed to the cooler temperatures at the strengthening’s termination points. With the FRP bonded
better at the ends, the FRP in the middle may have acted like an unbounded cable that was fixed at its
ends rather than a bonded plate.
Figure 4.12 highlights selected beams from the post-cured specimen group. The results summary from
this testing-phase is given in Table 4.8. At testing temperatures averaging 102°C, PC-100 carried an
applied load of 107kN; a capacity 99% of that of the room temperature control test UPC-25-3. Although
PC-100 appeared to lack the cracking-load increase demonstrated by UPC-25-3, PC-100 exhibited very
similar stiffness behaviour to that of the retrofitted control beam.
At testing temperatures of almost 170°C, PC-170 failed at a load of 96kN. Despite the average testing
temperature being 43°C higher than the measured tan-delta Tg value, PC-170 maintained approximately
50% of the room temperature strength increase. Though not identical, PC-170’s load-deflection behaviour
shares characteristics with that of UPC-140, seen in Figure 4.11. It is possible that PC-170 also
experienced cable-action of the FRP as a result of the cooler temperatures present at the FRP’s
termination points.
It can be seen by the behaviour of PC-200 in Figure 4.12 and the associated data in Table 4.8 that the
post-cured FRP retained little of its strength at testing temperatures above 200°C.
Comparing the data of tests at 140°C, Figure 4.13 serves to illustrate the performance of the un-postcured UPC-140 versus the post-cured PC-140. The later region of the load-deflection plot for PC-140 is in
fact stroke data. The switch from using the mid-span LP to the stroke data was due to an error with the LP
that occurred during testing. It can be seen that, below the applied moment at which the internal steel
reinforcement began to yield, both un-post-cured and post-cured specimens demonstrated little-to-no
stiffness increase. As the steel began to yield, it appears that the un-post-cured beam experienced cableaction with its strengthening whereas the post-cured specimen’s FRP retained a higher level of stiffness
likely due to the better bond along the whole length of the beam. PC-140 ultimately achieved a load-level
of 98% of the room-temperature retrofitted control beam.
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Figure 4.14 compares the un-post-cured and post-cured beams’ load-deflection response at test
temperatures close to their respective measured values of T g. Both UPC-90 and PC-140 appear to
demonstrate lower post-cracking stiffness when compared to the room-temperature retrofitted control,
although, in the load range in which steel begins yielding, both members exhibit similar stiffness gains.
Examining the data in Table 4.7, it is noted that, even at temperatures in the range of the CFRP’s Tg,
UPC-90 demonstrates essentially the same capacity UPC-25-3. As noted in Table 4.8, PC-140, with an
average near Tg, demonstrates a similar strength to that of the retrofitted control specimen.
Comparing the beams’ strength and behaviour in Figure 4.15, it can be seen that that the FRP remains
effective at temperatures in the range of Tg+40°C. Specifically, UPC-120 and PC-170 retain 99% and
89% of the room temperature specimen strength respectively.
Lastly, Figure 4.16 demonstrates two very different things for the un-post-cured and post-cured specimen
behaviour. It can be seen that, at temperatures in excess of 80°C higher than the post-cured Tg, it appears
that, for PC-200, the FRP has lost essentially all of its effectiveness. Alternatively, UPC-160
demonstrated an 11% strength gain over UPC-25-3. UPC-160’s significant decrease in stiffness is
attributed to pre-testing damage that occurred during the relocation of the beam. The beam cracked in its
compression region as the result of flipping the beam for sand-blasting and FRP retrofit. Despite its initial
short-comings, UPC-160 appears to demonstrate a region of cable-action, as discussed in regards to the
behavior of UPC-140 and PC-170.

4.4.1.2 Failure Modes
It was observed that the failure mode experienced by the beams changed as the exposure temperature
increased. The un-post-cured specimens experienced a change in the location of the failure plane from
cohesive concrete delamination failure to FRP adhesive debonding at test temperatures of 118°C. In FRP
adhesive debonding, the failure plane occurs in the resin rather than in the concrete. The specific failure
mode types are listed in Table 4.10. Figure 4.17 and Figure 4.18 show that the failure plane for UPC-25-1
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was in the concrete layer. The straight FRP fracture shown in Figure 4.18 may indicate that concrete
delamination was the primary failure mechanism, and with the release of stored strain energy in the FRP,
a rebound compression failure occurred in the FRP. UPC-25-3 experienced a failure plane both in the
concrete and epoxy layer. Figure 4.19 shows the failure mode for the beam. Figure 4.20 shows concrete
still bonded to the FRP surface as well as a clean epoxy surface.
As the test temperatures were increased to around Tg, it can be seen in Figure 4.21 that the failure plane
for UPC-90 exists in the concrete. Again, based on the relatively straight perpendicular fracture regions
visible in the FRP, it is being suggested that the failure of the beam initiated with concrete delamination,
which resulted in a rebound compression failure of the FRP strengthening.
Both UPC-120 and UPC-140 failed in a similar fashion to one another. The relatively straight edges at
FRP fracture locations observed in the FRP failures at lower temperatures now begin to resemble that of a
tension failure. In Figure 4.22 and Figure 4.23, although not a traditional “straw-broom” tension type
failure region, the FRP failure mode does appear to be changing from pure rebound compression failure
to a mixed mode of tension and compression. The lack of exposed aggregate on UPC-120’s soffit, seen in
Figure 4.22, and the lack of concrete on the surface of UPC-140’s FRP’s bonded surface (Figure 4.23)
suggest that these failures occurred in the epoxy layer, and the lack of a completely frayed failure region
on either FRP may suggest that the failure mode initiated as a debonding failure.
Figure 4.24 and Figure 4.25 show the FRP fracture location as well as the debonded FRP surface
associated with the failure of UPC-160. Figure 4.26 shows the aforementioned construction damage
which occurred to UPC-160 during its relocation. This crack is believed to be the reason for UPC-160’s
lack of stiffness, as seen in its associated load-deflection curve (Figure 4.16). The clean FRP surface as
well as the more erratic perpendicular FRP failure path would suggest that UPC-160’s failure initiated in
the epoxy layer and the FRP ruptured in a combination of tension and rebound compression failure.
The above suggests that, for un-post-cured FRP, at temperatures below Tg, the failure of the FRP initiates
in the concrete layer; at temperatures above Tg, the failure initiates in the epoxy layer.
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Figure 4.27, Figure 4.28, and Figure 4.29 show PC-100’s soffit concrete failure region, bonded FRP
region, and FRP surface respectively, post failure. These three images show that the failure of this beam
initiated at one end of the beam with concrete delaminating from the soffit of the beam. This type of
failure persisted up to temperatures of 140°C, as is seen in Figure 4.30 and Figure 4.31. It is noted that,
despite test temperatures being above Tg, the failure plane for PC-140 exists in the concrete and not the
epoxy layer. This is in contrast to the failure mode of the un-post-cured UPC-120.
It was not until test temperatures around 150°C that FRP rupture occurred. Due to the small region of
concrete delamination surrounding the FRP rupture, as seen in Figure 4.32, and the erratic failure path
seen in Figure 4.33, it is possible that the FRP failed in a tensile failure mode. Figure 4.34 highlights that
the failure plane of PC-150 exists in the concrete.
It was not until temperature in excess of 40°C above Tg that the post-cured FRP strengthening
experienced debonding. Figure 4.35 suggests, based on the highly erratic FRP fracture path, and the large
tensile crack in the beam at the failure location the FRP in this case failed in tension. Figure 4.36 shows
that local debonding of the FRP also occurred.
At a test temperature around 200°C, the post-cured FRP system failed in debonding. It can be seen in both
Figure 4.37 and Figure 4.38 that the FRP surface is free of any concrete debris and the FRP itself lacks
any significant perpendicular fractures.

4.4.2 Transient Temperature, Constant Load Tests
4.4.2.1 Member Behaviour
The results from the transient temperature, constant load tests are given in Table 4.9. The specimens were
loaded to 100kN. The rate of increase for the applied temperature was at 10°C/min. This load level was
17% higher than the un-retrofitted control beam and 93% of the room temperature retrofitted strength.
Plots depicting the applied load and temperature with respect to time are given in Figure 4.39 and Figure
4.40 for the un-post-cured (UPC-T100) and post-cured (PC-T100) beams respectively. The average
66

applied temperature at time of failure for UPC-T100 was 186°C. At this time, regions of the FRP were
exposed to temperatures as high as 224°C, and as low as 161°C. The highest temperatures existed towards
the member’s mid-span. The maximum failure temperature of 224°C is 139°C higher than the tan-delta Tg
for the un-post-cured FRP. PC-T100 failed at a temperature of 211°C, 25°C higher than the un-post cured
beam. Observing the temperature range, the maximum temperature at failure was 231°C, and the
minimum 174°C. The maximum temperature was 7°C higher than that of the un-post-cured specimen.

4.4.2.2 Failure Modes
The un-post-cured specimen, UPC-T100 experienced the debonding of its FRP with a small region of
delaminated concrete around one of the primary flexural cracks, near the FRP fracture. The FRP fracture
itself can be seen in Figure 4.41, and Figure 4.42 shows a detail of the fracture as well as the surface of
the FRP. The post-cured specimen (PC-T100), on the other hand, experienced concrete delamination and
no FRP fracture. The FRP termination point of PC-T100 is shown in Figure 4.43. This figure shows that
the concrete delamination failure mode extended to the anchorage regions of the FRP. Figure 4.44 shows
that the failure plane extends into the concrete.

4.4.3 Test Results Overview
The member strength and temperature data collected over the duration of this test program is summarized
graphically in Figure 4.45. This figure combines the retrofitted members' and average test temperatures
and average failure temperatures for the constant temperature and transient temperature tests respectively.
Focusing first on the constant temperature tests results, it can be seen in Figure 4.45 that a change in beam
strength begins at temperatures of approximately 120°C. Up until this point, the members’ strengths still
remain near the room temperature strengthened control results. At temperatures above 120°C, it is noted
that the FRP begins to lose its effectiveness at providing an increased capacity to the beams. Between
175°C and 200°C exists the region in which all of the strength contribution of the FRP is gone. At
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temperatures above the post-cured Tg, it can be seen that there are slight benefits observed both in
strength capacity as well as thermal resistance for the post-cured specimens over the un-post-cured.
Figure 4.45 illustrates the increased capacity of the members when exposed to increasing temperature
conditions. Here, it can be seen that, with a constant load applied, the beams did not fail until average
temperatures of 186°C and 211°C were reached for the un-post-cured and post-cured beams respectively.
The members tested under constant temperature conditions at failed at similar load levels at temperatures
of approximately 140°C. Interestingly, 93% of the room temperature strengthened capacity was achieved
by PC-T100 at temperatures exceeding where the constant temperature test (PC-200) demonstrated no
residual FRP capacity and failure occurred in the concrete, not the epoxy or FRP.

4.5 Discussion
ACI 440.2R-08 (2008) states that the maximum service temperature for an FRP strengthened structure
should be at least 15°C below the FRP’s Tg. In this instance, the allowable service temperatures for the
Biresin CR122 would be 70°C for un-post-cured and 110°C for the post-cured epoxy resin. In regard to
these service temperatures, it was found that the un-post-cured FRP strengthened beam UPC-90, tested
20°C higher than the recommended maximum service temperature, demonstrated essentially the same
capacity as the room-temperature control test. The post-cured specimen PC-140, was tested at a
temperature approximately 20°C above the maximum allowable service temperature. The performance
level of PC-140 was also essentially the same as the room temperature retrofitted maximum flexural
capacity. The post-cured testing group did not experience a total strengthening loss until a constant
temperature of approximately 200°C (PC-200). The average temperature of the FRP during the testing of
this specimen was 96°C (or 87%) higher than the ACI (ACI, 2008) recommended maximum service
temperature.
As mentioned previously, many codes base their material-failure parameters at elevated temperatures
based on the point at which the material under consideration loses approximately half of its room68

temperature strength. For the un-post-cured testing group, this 50% loss was observed at an FRP surface
temperature of approximately 140°C. This represents a surface temperature approximately 55°C higher
than the Tg for this type of cure. The post-cured testing group lost approximately half of its FRP strength
contribution at surface temperatures of approximately 170°C. This temperature is approximately 45°C
higher than the recorded Tg.
The behaviour of the beams tested in this program varies depending on the testing temperature and
whether or not a beam’s FRP strengthening was post-cured or not. Based on both the members’ deflection
response during loading as well as the subsequent visual observations of the failure mode, it seems as
though Tg may not be an ideal parameter to predict a strengthened beams failure. The behavior of UPC140 and PC-170 suggest that cable-action of the FRP strengthening may have occurred when the tensile
steel began to yield. PC-170 experienced this phenomenon at temperatures 45°C higher than the postcured Tg and 25°C higher than the un-post-cured UPC-140. Despite the fact that the un-post-cured beams
appeared to begin to fail in the epoxy layer at temperatures just above Tg, it has been observed that the
post-cured specimen’s failure depended primarily on local concrete strength up to constant temperatures
around 150°C. In the case of an increasing applied temperature and an applied load 93% of that of the
room temperature strengthened control beam, the post-cured beam PC-T100 failed due to concrete
delamination, at an average temperature in excess of 85°C above its FRP’s Tg.
The strengths of the members tested at elevated temperatures may be due to the fact that, despite the FRP
losing a portion of its strength and stiffness at elevated temperatures, the large area over which the bond
stress is distributed between the FRP and the concrete may still allow for reasonable force development.
As the epoxy resin loses its strength, the failure plane moves from the concrete to the epoxy resin layer, as
was the case with UPC-120 and PC-170. The FRP ruptures observed are also likely the result of the
softened epoxy. The fibres in FRP retain their strength at elevated temperatures, so it may be that the
epoxy resin has softened significantly enough to lose its ability to transfer load between individual fibres,
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thus reducing the overall strength of the FRP laminate. This may explain the occurrence of FRP rupture at
temperatures at and above 150°C as seen in the case of the post-cured beam group.
Presented in Appendix B are the strength prediction calculations based on actual, un-factored material
strengths. The failure moment recorded for the un-retrofitted control beam was 42.8 kNm. CSA A23.3-06
(CSA, 2006) and ACI 318-05 (ACI, 2005) predicted the capacity of the member to be 39.5 kNm (8%
under prediction) and 39.6 kNm (7% under prediction), respectively. This discrepancy could be due to the
variability in the material strengths. For the strengthened member, UPC-25-3, the ultimate moment
capacity was recorded as 53.9 kNm. CSA S806-02 (CSA, 2009) and ACI 440.2R-08 (ACI, 2008)
predicted the moment capacity to be 50.9 kNm (6% under prediction) and 55.1 kNm (2% over
prediction). The discrepancy in the predicted moment capacities is the result of each code’s allowable
FRP strain. CSA 806-02 (CSA, 2009) limits the strain in the FRP to 0.007 whereas ACI 440.2R-08 (ACI,
2008) allows an FRP strain of 0.0075. The failure strain measured at the surface of the FRP on UPC-25-3
was 0.006. Although the failure strain in the FRP at failure was below that of both codes’ limits, the
higher capacity of the member, as compared to the prediction made by CSA S806-02 (CSA, 2009) is
likely the result of variability in material strengths.

4.6 Summary
This chapter reported the results of 14 CFRP strengthened reinforced concrete beam tests as well as the
associated post-curing and ancillary material test results. The structural benefits of the post-curing of the
CFRP have been explored both through tests conducted at a constant temperature with a transient applied
load as well as tests conducted with a constant applied load and increasing transient temperatures applied.
Generally, the post-cured CFRP strengthening out-performed the un-post-cured at a given temperature. At
test temperatures as high as 170°C, the post-cured CFRP strengthening retained approximately 40% of
room-temperature strength contribution. When tested at a constant applied load level of approximately
90% of the room-temperature retrofitted capacity, the post-cured CFRP strengthened specimen failed at
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an average beam temperature of 211°C, 25°C higher than the un-post-cured average failure surface
temperature. For both curing schemes, the failure mode changed from a concrete delamination to FRP
debonding at temperatures above Tg. The un-post-cured specimens first experienced a debonding failure
mode at temperatures of approximately 120°C. In comparison, at an exposure temperature of 150°C, the
post cured specimen PC-150 experienced a delamination of concrete. This is the same temperature at
which a post-cured sample experienced FRP rupture. It was not until 170°C that the failure-mode changed
to FRP debonding and rupture for the post-cured sample group. This represents a 53°C temperature
resistance increase. As a result of these performance gains, it has been determined that the novel postcuring procedure developed in this research program is an effective means to post-cure CFRP
strengthening systems.
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Table 4.1: Concrete Cylinder Compressive Test Results

Time
Interval Cylinder
1
2
7 Day
3
4
5
1
2
14 Day
3
4
5
1
2
28 Day
3
4
5

Concrete Cylinder Compressive Test Results
Pour 1
Pour 2
Average Standard
Average Standard
Strength Strength Deviation
Strength Strength Deviation
(MPa)
(MPa)
(MPa)
Cylinder (MPa)
(MPa)
(MPa)
19.7
1
20.3
19.7
2
21.8
20.3
0.7
22.0
1.0
20.0
3
23.1
20.8
/
26.9
24.9
25.7
25.3
25.9
29.4
27.9
30.4
29.1

25.7

0.7

29.1

0.8

28.8

4
5
1
2
3
4
5
1
2
3
4

22.8
22.2
26.3
26.7
27.3
27.1
26.5
31.7
30.7
30.5
29.4

5

28.9

26.8

0.4

30.2

1.0

Table 4.2: Pour One Beam-Specific Concrete Cylinder Test Results
Pour One Concrete Compressive Strength (MPa)
Beam Descriptor
Cylinder Control
31.5
1
31.2
2
31.5
3
Average
31.4
0.2
Standard Deviation (MPa)

UPC23-1
30.7
29.5
31.3
30.5
0.7

UPC25-3
30.8
30.8
32.4
31.3
0.8
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UPC90
28.8
32.1
28.8
29.9
1.6

UPC120
31.9
29.3
32.2
31.1
1.3

UPC140
30.8
31.9
32.6
31.8
0.7

UPC160
31.2
30.0
/
30.6
0.6

UPCT100
32.6
32.0
32.1
32.2
0.2

Table 4.3: Pour Two Beam-Specific Concrete Cylinder Test Results
Pour Two Concrete Compressive Strength (MPa)
Beam Descriptor
Cylinder PC-100 PC-140 PC-150 PC-170 PC-200 PC-T100
31.0
32.4
30.2
27.2
30.6
33.4
1
31.6
30.0
32.6
32.4
31.7
32.9
2
33.2
32.4
30.9
33.6
31.5
31.1
3
Average
31.9
31.6
31.2
31.1
31.3
32.4
0.9
1.1
1.0
2.8
0.5
1.0
Standard Deviation (MPa)

Table 4.4: Mill Report Summary

Bars
4
3
3
3
3
3
1
2
1
1
5
3
4
2
1
1

Size
10M
10M
10M
10M
10M
10M
10M
10M
10M
10M
10M
10M
10M
10M
10M
10M

Length
(m)
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

Beat
No.
111031
111032
111030
111043
111044
111046
111049
110979
111032
111042
111039
111043
111045
111046
111048
111049

Weight
(kg/m)
0.742
0.739
0.742
0.744
0.75
0.741
0.742
0.741
0.739
0.746
0.741
0.744
0.739
0.741
0.742
0.742
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Yield
Strength
(N/mm2)
483
474
494
467
482
472
454
478
474
457
457
467
470
472
474
454

Tensile
Strength
Elongation
(N/mm2)
(%)
574
16
563
17
585
17
562
17
583
16
561
17
567
18
568
17
563
17
558
17
560
17
562
17
565
15
561
17
561
16
567
18

Table 4.5: Post-Cure Temperature Summary

Beam Descriptor
Maximum Temperature (°C)
Average Temperature (°C)
Minimum Temperature (°C)

Post-Cure Temperatures
PC-100 PC-140 PC-150 PC-170 PC-200 PC-T100
154
169
169
155
138
170
128
133
130
137
99
135
84
106
94
115
73
108

Table 4.6: Control Beam Test Results Summary

Beam Descriptor
Average Test Temperature (°C)
Peak Load (kN)
Peak Moment (kNm)
Mid-span Deflection at Failure (mm)
Failure FRP Strain (με)
Strength Gain (kNm)
Strength Gain (%)
Beam Strength To Retro. Max. (%)

Control Beams
Un-retrofitted Control Beam UPC-25-1 UPC-25-3
25
28
28
85.6
95.6
107.7
42.8
47.8
53.9
29
34
20
/
10580
5900
0.0
5.0
11.0
0%
12%
26%
79%
89%
100%

Table 4.7: Un-Post-Cured Beam Test Results Summary
Un-Post-Cured Beams
Beam Descriptor UPC-90 UPC-120 UPC-140 UPC-160
87
122
143
164
Average Test Temperature (°C)
84
118
143
158
Average Temperature at Failure (°C)
109.7
106.8
96.2
95.3
Peak Load (kN)
54.9
53.4
48.1
47.6
Peak Moment (kNm)
25
20
16
17
Mid-span Deflection at Failure (mm)
12.1
10.6
5.3
4.8
Strength Gain (kNm)
28%
25%
12%
11%
Strength Gain (%)
102%
99%
89%
88%
Beam Strength To Retro. Max. (%)
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Table 4.8: Post-Cured Beam Test Results Summary
Post-Cured Beams
Beam Descriptor PC-100 PC-140 PC-150 PC-170 PC-200
102
131
152
168
206
Average Test Temperature (°C)
98
140
151
171
209
Average Temperature at Failure (°C)
105.8
98.4
95.8
86.9
Peak Load (kN) 106.5
53.3
52.9
49.2
47.9
43.5
Peak Moment (kNm)
21
24
15
16
12
Mid-span Deflection at Failure (mm)
10.4
10.1
6.4
5.1
0.7
Strength Gain (kNm)
24%
24%
15%
12%
2%
Strength Gain (%)
99%
98%
91%
89%
81%
Beam Strength To Retro. Max. (%)

Table 4.9: Transient Temperature Beam Test Results Summary
Transient Temperature Beams
Beam Descriptor UPC-T100 PC-T100
186
211
Average Temperature at Failure (°C)
224
231
Maximum Temperature at Failure (°C)
161
174
Minimum Temperature at Failure (°C)
101
86
Average Above Tg (°C)
118%
69%
Average Above Tg (%)
99.3
100.2
Peak Load (kN)
49.7
50.1
Peak Moment (kNm)
29
25
Midspan Deflection at Failure (mm)
6.8
7.3
Strength Gain (kNm)
16%
17%
Strength Gain (%)
92%
93%
Beam Strength To Retro. Max (%)
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Table 4.10: Beam Test Failure Modes

Beam Descriptor
UPC-25-1
UPC-25-3
UPC-90
UPC-120
UPC-140
UPC-160
UPC-T100
PC-100
PC-140
PC-150
PC-170
PC-200
PC-T100

Transient Temperature Test Failure Modes
Temperature at Failure (°C)
Failure Mode
28
FRP Rupture
28
Cohesive Concrete Delamination
84
Cohesive Concrete Delamination
118
Adhesive FRP Debonding
143
Adhesive FRP Debonding
158
Adhesive FRP Debonding
186
FRP Rupture
98
Cohesive Concrete Delamination
140
Cohesive Concrete Delamination
151
FRP Rupture
171
FRP Rupture
209
Adhesive FRP Debonding
211
Cohesive Concrete Delamination

Stress (MPa)

Rebar Sample Tensile Test
600
550
500
450
400
350
300
250
200
150
100
50
0
0

20000

40000

60000

80000

100000

Strain (µε)

Figure 4.1: Rebar Sample Tensile Test
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Figure 4.2: Non-Post-Cured DMA Results

Figure 4.3: Post-Cured DMA Results
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Tan-delta

Storage Modulus (GPa)

Non-Post-Cured DMA Results

Tan-delta
Tg-Tan-delta= 85.1 °C

Figure 4.4: PC-100 Post-Cure Time-Temperature Data

Figure 4.5: PC-140 Post-Cure Time-Temperature Data
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Figure 4.6: PC-160 Post-Cure Time-Temperature Data

Figure 4.7: PC-180 Post-Cure Time-Temperature Data

79

Figure 4.8: PC-200 Post-Cure Time-Temperature Data

Figure 4.9: PC-200 Post-Cure Steel Time-Temperature Data
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Figure 4.10: PC-T100 Post-Cure Time-Temperature Data

Figure 4.11: Un-Post-Cured Load Deflection Results
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Figure 4.12: Post-Cured Load-Deflection Results

Figure 4.13: 140°C Load-Deflection Results
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Figure 4.14: Tg Load-Deflection Results

Figure 4.15: Tg+40°C Load-Deflection Results
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Figure 4.16: Tg+80°C Load-Deflection Results

Figure 4.17: UPC-25-1 Post-Failure Soffit Detail

Figure 4.18: UPC-25-1 FRP Rupture/Delamination Surface Detail
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Figure 4.19: UPC-25-3 FRP Delamination

Figure 4.20: UPC-25-3 FRP Surface Detail

Figure 4.21: UPC-90 FRP Rupture/Delamination Detail
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Figure 4.22: UPC-120 FRP Rupture/Debonding Detail

Figure 4.23: UPC-140 FRP Rupture/Debonding Surface Detail

Figure 4.24: UPC-160 FRP Rupture Detail
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Figure 4.25: UPC-160 FRP Surface/Debonding Detail
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Figure 4.26: Pre-existing Damage to UPC-160
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Figure 4.27: PC-100 FRP Delamination
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Figure 4.28: PC-100 FRP Delamination

Figure 4.29: PC-100 FRP Delamination Surface Detail
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Figure 4.30: PC-140 FRP Delamination

Figure 4.31: PC-140 FRP Delamination Surface Detail
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Figure 4.32: PC-150 FRP Rupture

Figure 4.33: PC-150 FRP Rupture Detail
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Figure 4.34: PC-150 FRP Surface Post-Delamination

Figure 4.35: PC-180 FRP Rupture Detail

Figure 4.36: PC-180 FRP Surface Post-Debonding
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Figure 4.37: PC-200 FRP Surface Post-Debonding

Figure 4.38L PC-200 FRP Debonding
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Figure 4.39: Un-Post-Cured Load-Time-Temperature Results

Figure 4.40: Post-Cured Load-Time-Temperature Results
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Figure 4.41: UPC-T100 FRP Rupture

Figure 4.42: UPC-T100 FRP Rupture/Delamination Surface Detail

Figure 4.43: PC-T100 End Delamination
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Figure 4.44: PC-T100 Soffit Delamination Detail

Figure 4.45: Experimental Program Capacity Increase vs. Temperature Results
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Chapter 5
Conclusions and Recommendations
5.1 Summary
The objective of the research program described herein was to explore the elevated temperature structural
benefits derived from the post-curing of CFRP strengthened reinforced concrete beams. The two loading
and temperature exposure schemes were designed to explore different aspects of the strength behaviour of
these beams at high temperature. The beams tested at a constant exposure temperature provided data
relevant not only to hot climate conditions, but also temperature specific material behaviour. The transient
temperature tests provided insight into how members strengthened with CFRP strengthening may behave
in the early stages of a fire event.
A certain level of variability is inherent in the results of this testing program. Naturally there would exist
a strength and temperature distribution if multiple tests were conducted at the same applied temperature
or load. It is with this in mind that the following sections are presented.

5.2 Key Findings


FRP strengthening can endure exposure temperatures well in excess of the polymer matrix’s Tg
and still contribute structurally. In the case of the un-post-cured specimens, the FRP contributed
an additional 11% to the capacity of the member at a temperature approximately 80°C above T g.
In the case of the post-cured specimens, the FRP contributed an additional 12% to the capacity of
the member at a temperature approximately 40°C above Tg.



Post-curing of an FRP system can be effective at increasing an FRP’s performance at elevated
temperatures. The un-post-cured beams began to experience failure in the epoxy layer at a
temperature of approximately 120°C where the post-cured beams did not experience FRP
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debonding until temperatures of 170°C. Additionally, where the un-post-cured FRP failed by
debonding and rupture in the increasing temperature test, the post-cured FRP failed due to
concrete delamination, and experienced no FRP rupture.


Although these results appear promising, it is noted that these tests were performed on only one
FRP system and may not apply to all available FRP systems.

5.3 Detailed Conclusions


The post-curing of Biresin CR122 acts to increase the tan-delta Tg from 85°C to 125°C.



The novel process of post-curing CFRP strengthening described in the preceding chapters is an
effective way of increasing CFRP’s Tg.



The post-cured CFRP strengthening generally out-performed the un-post-cured CFRP
strengthening.



Post-cured CFRP strengthened reinforced concrete beams can retain 50% of their room
temperature capacity up to sustained temperatures of 170°C, or Tg+45°C.



Post-cured CFRP strengthened reinforced concrete beams can maintain loads 93% of their room
temperature strengthened capacity when exposed to increasing temperatures up to 210°C, or
Tg+85°C.



The process of post-curing raised the FRP debonding temperature from approximately 85°C to
170°C.



At constant temperature conditions, cohesive concrete delamination failure modes dominate at
low temperatures while adhesive debonding failures occur at temperatures above the glass
transition temperature.
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When exposed to transient temperature conditions, the failure mode of the FRP changed from the
debonding of the FRP at 186°C to concrete delamination at 211°C between the un-post-cured and
post-cured FRP respectively.

5.4 Design Recommendations
Although only one specific FRP system was tested in this research program, the test results provided in
this thesis should indicate that the current design recommendations regarding the contributions of FRP
strengthening at high temperature outlined in ACI 440.2R-08 are over-conservative. Observing the
behaviour of test specimens in both the un-post-cured and post-cured CFRP groups, strength and stiffness
gains were apparent at temperatures well above the maximum service temperature of T g-15°C. More
research on a wide range of FRPs at high temperature is still needed before code changes are
implemented.

5.5 Future Work
Though this research program marks the first to evaluate the structural benefits derived from the postcuring of CFRP strengthened reinforced concrete beams, there are many future studies to be undertaken in
order to gain a full understanding of the potential of this process for FRP strengthened members in hot
climates and fire conditions. In addition to characterizing the post-cured material behaviour through hightemperature coupon tests, additional medium and full-scale beam tests could be designed to explore
additional parameters associated with the use of post-cured flexural strengthening, namely:


Exploring the potential benefits of post-curing on new FRP systems.



Keeping a constant FRP area and varying the ratio of total the FRP-thickness-to-FRP-width
would allow for the development of models for bond and temperature performance for postcured FRP strengthened reinforced concrete beams.
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Conducting similar beam tests as those described in this thesis with the inclusion of bond-line
thermocouples and high-temperature strain gauges for the FRP’s surface would allow for an
expanded understanding of the change in bond and load-transfer that occurs as the result of postcuring.



The effect of providing additional end-anchorage through the application of U-wraps and
applying elevated temperatures to these regions as well could be used to expand common
perception of FRP strength and bond performance at elevated temperatures.



The heating system developed in this thesis would provide a satisfactory apparatus for the
purposes of evaluating the fatigue performance of FRP strengthened reinforced concrete beams
at elevated temperatures. Tests of this nature could characterize the bond performance at elevated
or even cyclical temperatures, as may occur in hot-climate regions. The benefits of post-curing
could also be explored in this scenario.
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Appendix A
Beam Strength Design Calculations

Appendix A presents the design calculations for the beams described herein. Specifically, the
calculations presented here are meant to represent a design scenario, and, therefore, would not be
a good estimation of expected member strengths. Design calculations were completed for the unstrengthened beam using the Canadian CSA A23.3-06 (CSA, 2006) as well as the American ACI
318-05 (ACI, 2005). Design calculations for the beams in their strengthened state were conducted
in accordance with the Canadian Building Code S806-02 (CSA, 2009) and the American ACI
440.2R-08 (ACI, 2008).

A.1 Design Assumptions
A.1.1 Material Properties
A.1.1.1 Concrete
Density

⁄

Compressive Strength
Ultimate Compressive Strain

(CSA A23.3)
(ACI 318-05)

A.1.1.2 Steel
Yield Strength
Yield Strain
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Elastic Modulus

A.1.1.3 Sika Canada SikaWrap Hex 230C Carbon Fibre
Tensile Strength
Elastic Modulus
Ultimate Strain
Density

⁄
⁄

Area Weight

A.1.1.4 Sika Canada Biresin CR122 Epoxy Resin
Hardener = CH 122-3
Density

⁄

Elastic Modulus
Tensile Strength
Ultimate Strain

A.1.1.5 Strength of FRP Composite
No strength data currently exists for the combination of SikaWrap Hex 230C carbon fibre and
Biresin CR122 epoxy resin. The thickness and strength of the FRP used for calculations herein
was taken as those values provided on the material data sheet for the SikaWrap Hex 230C,
although these properties are those of an FRP which utilizes Sika’s Sikadur® 330 epoxy. The
FRP laminate thickness was taken as 0.381 mm with a strength of 894 MPa.
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The design area of the FRP was chosen based on an approximate strength gain of 30%. This is
achieved with an FRP width of 70mm, using the above strength.

A.2 Beam Dimensions
Utilizing three 10M steel reinforcing bars as the main flexural reinforcement, the beam
dimensions were selected on the basis of using this steel area in conjunction with CSA A23.3-05
Clause 10.5.1.2(b).
√

√

Choosing 3-10M bars (properties found in CSA A23.3-06 (CSA, CSA A23.3-06: Concrete
Design Handbook: Third Edition, 2006) Table N3.1.3), the total area of reinforcing steel is given
below.

Using this area of steel a limiting gross cross-sectional area was established.
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√

The final beam dimensions of 250 mm x 350 mm were chosen.

The depth to reinforcement was determined using 30 mm cover as per CSA A23.3-06 (CSA,
2006) Table 17 and 10M stirrups.
⁄
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The beam height was checked based on a 3 m design length in accordance with CSA A23.3-06
(CSA, 2006) Table 9.2.

The final reinforcement ration was then recalculated.

This value was then checked against the minimum reinforcement ratio given in CSA A23.3-06
(CSA, 2006) Clause 10.5.1.2(b).
√

(

(

√

)( )

)(

Reinforcement ratio and cross-sectional dimensions OK.
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)

The stress and depth ratio for the concrete beam were determined in accordance with Clause
10.1.7.

The chosen reinforcement ratio was checked against the maximum reinforcement ratio given in
CSA A23.3-06 (CSA, 2006) Clause 10.5.1.2.
(

)(

)(

(

)(

)

)(

)

Finally, the reinforcement ratio was checked against the maximum for reference.
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A.3 CSA A23.3-06 Reinforced Concrete Beam Design (CSA, 2006)
A.3.1 Design for Flexure
Based on the selected area of steel, the internal tension force was calculated.

The depth of the resulting equivalent rectangular stress block and depth to the neutral axis were
calculated.
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Taking moments about the compressive force, the moment resistance of the concrete beam was
determined to be:
(

)
(

)

The un-factored moment induced by the self-weight of the beam, assuming normal density, was
determined as follows.

⁄
⁄

⁄

The corresponding service load, assuming equal parts live and dead load would be:
(

)

(
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)

(

)

Using strain compatibility, it was also checked that the strain in the steel exceeded that of the
yield strength.
(

)

(

)

The magnitude of the cracking moment was to be checked.
For normal density concrete, Clause 8.6.5 gives:

The modulus of rupture of the concrete was calculated in accordance with Clause 8.6.4.
√
√

The gross moment of inertia for the section is:
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The centroid of the section was then determined.

Clause 9.8.2.3 gives the value of the cracking moment for the section.

The ratio of cracking moment to moment resistance is:
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The location of the occurrence of the cracking moment at ultimate conditions for the testing
configuration was then determined by using the self-weight moment of the beam and subtracting
its maximum value from the maximum moment resistance of the member. The remaining
moment capacity was then used as the magnitude of the point loads. This load configuration was
used to back-calculate the location at which cracking would be achieved.

A.3.2 Crack Control
The distance from the extreme tension face to the centroid of flexural reinforcement was
calculated.

The number of flexural reinforcing bars used in the section is given as:
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The effective tension area of concrete surrounding the flexural reinforcement was then calculated.

Calculating the service stress in the steel at 60% of yielding gives:

The distribution of reinforcement was then checked in accordance with Clause 10.6.1.
√
√

A.3.3 Design for Shear
Because the beams will endure a factored shear force greater than the factored shear resistance of
the concrete section alone, a minimum amount of shear reinforcement for the section was
provided, as required by Clause 11.8.2.1. The shear design for the beams was conducted in such a
way that shear failure would not occur under any of the presumed loading and/or strengthening
schemes. As such, the shear capacity of the section was greatly over designed to allow for the
testing schemes to evolve as more was learned during testing.
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First, the effective shear depth of the member was determined in accordance with A23.3-06
(CSA, CSA A23.3-06: Concrete Design Handbook: Third Edition, 2006).
{
{
{

As it is assumed that more than the minimum number of stirrups will be provided for the section,
Clause 11.3.6.3 dictates that the factor accounting for the shear strength of cracked concrete will
be taken as:

As before, since the concrete being specified will be of normal density, the modification factor
for concrete density will be taken as unity, as specified in Clause 8.6.5.

The factored shear strength contributed by the concrete was calculated in accordance with Clause
11.3.4.
√
√
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The maximum allowable factored shear force to be applied to the section was calculated as per
Clause 11.3.3.

Clause 11.3.8.3 dictates the maximum allowable shear force that could be applied to the section
without reducing the stirrup spacing by one half of the value specified in Clause 11.2.8.2, Clause
11.3.5.1, and Clause 11.3.8.1 as:

Due to availability of material, 10M stirrups were selected. The shape of the stirrups was dictated
by CSA standard A23.1/A23.2, Concrete Materials and Methods of Concrete Constructions/Test
Methods and Standard Practices for Concrete.

Clause 11.3.8.1 gives two minimum stirrup spacing requirements to be adhered to. Rearranging
the equation given in Clauses 11.2.8.2 offers an additional check for spacing requirements, as the
area of steel for shear reinforcement has been chosen. Overall, minimum stirrup spacing was
calculated in accordance with three separate equations.
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{

Therefore

√

√

. A spacing of

has been chosen for ease of construction

and to ensure an even number of stirrups are used.

With the stirrup spacing chosen, Clause 11.3.5.1 was used to determine the shear strength gained
by the introduction of stirrups.

Finally, the total factored shear strength of the section is taken as:

This shear strength falls just below the maximum allowable shear strength calculated in Clause
11.3.3.
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The resultant moment that could be induced in the beam before a shear failure was checked to
ensure that the section would fail in flexure, even after the moment capacity was increased with
the introduction of FRP. The factored retrofitted moment capacity calculated in accordance with
Canadian standard CSA S806-02 is:

With loading occurring at one-third points along the beam, the shear force acting on the member
would be:

Alternatively, the maximum moment which could be applied to the section before a shear failure
would occur is determined below by setting the factored shear resistance equal to the factored
applied load.

The resulting moment from such a load would be:
( )( )
(
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)(

)

This moment falls well above the predicted factored strength for the retrofitted member.
The final check for the section would be against the factored shear force allowable before the
requirement to reduce the stirrup spacing.

The resulting maximum factored moment that could be applied, and therefore resisted, without
inducing shear failure would be:
( )( )
(
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)(

)

A.4 ACI 318-05 Moment Resistance Calculations (ACI, 2005)
With the beam already designed using Canadian design code A23.3-06 (CSA, 2006), the beam’s
strength will be checked according to the American ACI 318-05 (ACI, 2005), Building code
Requirements for Structural Concrete.
The beam properties in imperial units are as follows:

A.4.1 Design for Flexure
The minimum requirement for flexural reinforcement given in Clause 10.5.1 was checked against
the section’s 3-10M reinforcing bars.
√

√
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The beam was checked against the criteria for deep beams in accordance with Clause 10.7.1(a).

The beam is not deep; therefore, no skin reinforcement is required.

Determine the stress and depth ratio for the concrete beam in accordance with Clause 10.2.7.3…

{

(

Since…

Determine the compression block depth.
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)

It follows that the location of the neutral axis is:

Check that the beam is a tension controlled section as described in Clause 10.3.4.

Therefore the beam is a tension controlled section and the resulting strength reduction factor shall
be taken as specified in Clause 9.3.2.

With the strength reduction factor determined, the factored moment resistance is:

(

[

)]
(

[
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)]

In metric units…

A.4.2 Service Loads
Assuming that the applied service dead load is equal to the service live load, the corresponding
service loads were calculated based on the factored moment resistance of the beam. The load
factors corresponding to live and dead loads were taken from Clause 9.2.1.

It follows that:
(

)

(
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)

A.4.3 Crack Control
The minimum flexural reinforcement spacing was calculated in accordance with Clause 10.6.4.
The spacing is based on a permissible stress in the reinforcing steel.

(
{

)

(
(

)

)
(

)

Therefore, the crack control requirements are satisfied.

A.4.4 Design for Shear
Using the factored shear force established by back-calculating from the retrofitted moment
resistance of the member (calculated using ACI-440.2R-08 (ACI, 2008)), the factored shear force
is as follows:

129

Clause 11.1.2 dictates the maximum allowable concrete design strength.

√
√

Therefore, concrete strength is below the maximum allowable strength.

The shear strength of the concrete was calculated in accordance with Clause 11.3.1.1.
√
√

The maximum allowable design strength for steel is given in Clause 11.5.2.

Therefore, steel strength is below the maximum allowable strength.
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The maximum shear reinforcement spacing was calculated as per Clause 11.5.5.1.

Therefore, the existing stirrup spacing falls below the maximum allowable spacing.

The existing reinforcing steel is checked against the minimum requirements of Clause 11.5.6.3.
√

√

Therefore, minimum shear reinforcement requirements are met, as the amount of shear
reinforcement is greater than the code-prescribed minimum.

Check if the factored shear force exceeds the factored concrete shear strength.
The beam has already been classified as a tension controlled member and the strength reduction
factor is given by Clause 9.3.2.1 is:
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The requirement for shear reinforcement is given by Clause 11.5.7.1.

Since the concrete alone is unable to resist the applied shear force, shear reinforcement is
required.

The strength of the shear reinforcement is given in Clause 11.5.7.2. Clause 11.5.7.9 limits the
level of shear strengthening.
√
(√

)

The requirement for closely spaced stirrups is given in Clause 11.5.5.3.
√
√

Therefore, the stirrup spacing given in Clause 11.5.5.1 and Clause 11.5.5.2 should be reduced by
one half.
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The factored shear strength for the section is calculated.

In metric…
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A.5 CSA S806-02 (CSA, 2009) Moment Resistance Calculations
First the material resistance factor for concrete is taken as specified in Clause 8.4.2 of CSA
A23.3-06 (CSA, 2006).

Clause 6.5.4 gives the material resistance factor for steel.

Clause 7.1.6.2 gives the material resistance factor for FRP.

The elastic modulus of concrete is calculated in accordance with Clause 8.5.2.2.
(

√

)(

)

(

√

)(

)

It has been assumed that beam failure is governed by FRP bond strength. The corresponding
allowable strain in FRP is governed by Clause 11.3.1.1 (d).
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The compression block depth is found using the parabolic stress-strain relationship of concrete in
compression (Collins & Mitchell, 1987). First the tangent modulus of the concrete is calculated
assuming that the initial tangent modulus is approximately ten percent greater than the secant
modulus.
√
√

Since creep in this member will be practically non-existent because of the short duration of the
loading, the equation for determining the strain at which the concrete achieves its peak stress is
taken as (Collins & Mitchell, 1987):

Since the width of the member is constant, the stress and depth factors are calculated as suggested
in “Prestressed Concrete Basics” (Collins & Mitchell, 1987).
(
⁄
⁄
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)

The depth to the neutral axis was then determined through iteration.

The resulting strain experienced by the concrete can now be calculated alongside the stress and
depth factors for the member.

⁄
⁄
⁄
⁄

[

[

(

(
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) ]⁄

) ]⁄

It is then checked that the member’s flexural reinforcement has yielded at the point of FRP
debonding.

Therefore, steel has yielded.

The tension forces acting on the steel at yielding, and FRP at debonding are calculated as:

The compression force taken by the compression block of the member is calculated as:
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It is not checked that force-equilibrium is satisfied for the beam.

These forces are then compared as a ration to one another.

It can be observed that the calculated forces are within 0.3%, and therefore, it can be assumed that
equilibrium is satisfied.

Finally, the moment resistance of the strengthened member is calculated.
(
(

)

(
)

The strength gain achieved by FRP retrofit is:
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)
(

)

Viewed as a percentage increase, it can be observed that the strength gain achieved by retrofitting
the member with the chosen FRP system is approximately 29%.
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A.6 ACI-440.2R-08 (ACI, 2008) Moment Resistance Calculations
Calculations herein are presented in metric units.
The modulus of elasticity of the concrete is first calculated as per Clause 8.5.1 of ACI 318-05
(ACI, 2005).
√
√

Environmental reduction factor is taken as the value assigned to carbon fibre systems in interior
exposure conditions as per Table 9.1.

Clause 9.2 sets a limit to the amount of strengthening that should be achieved through the
addition of FRP to a member.

The equation given in Clause 9.4 is used to calculate the design material properties of the FRP
system including design ultimate strength and design ultimate strain.
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To prevent cracking and debonding, the strain in the FRP shall be limited to 90% of the ultimate
strain of the FRP material, as per Clause 10.1.1.
√

√

Assuming that the concrete crushes before FRP failure, the effective level of strain in the FRP
reinforcement is calculated as prescribed in Clause 10.2.5. This is checked against the debonding
strain calculated above. Upon, iteration, it is found that the assumption that the section will fail by
concrete crushing is incorrect. Instead, the member will experience FRP debonding as the failure
mode; therefore, the FRP strain will be limited to the debonding strain and the strength calculated
accordingly.
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Through iteration, the compression block depth is determined.

The strain in the concrete must be reevaluated utilizing strain compatibility.
(

)(

)

(

)

Using strain compatibility, the strain in the reinforcing steel was determined.
(

)(

(

)

)

Therefore the steel has yielded.

The stress block factors are now calculated as shown in Design Example 15.3 (ACI, 2008).

142

The flexural strength contributed by each steel reinforcement and the FRP retrofit are calculated.
(

)

(

)

(
(
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)
)

Now, the design flexural strength of the section is determined using the applicable strength
reduction factors.

[

]

[

]
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A.7 Check Serviceability
Both ISIS Module 4 (Clause 5.5.2) (Demers, Neale, & Sheikh, 2008) and ACI 440.2R-08 (Clause
10.2.8) (ACI, 2008) impose a stress limit in steel of 80% of its yield strength under serviceability
conditions. This is in an effort to limit the probability of plastic deformations occurring in the
section. ACI 440.2R-08 (ACI, 2008) limits the stress in concrete to 45% of its ultimate
compressive strength under serviceability conditions. In Table 5.1, ISIS Module 4 (Demers,
Neale, & Sheikh, 2008) limits the allowable strain in carbon fibre (in buildings) to 60% of its
ultimate strain.
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The allowable FRP strain was calculated based on the service limit of 60% of the ultimate strain
(Demers et al., 2008).

The retrofitted service moments back calculated from each Canadian (CSA, 2009) and American
(ACI, 2008) codes.

First, the modular ratios of steel and FRP in reference to concrete are determined.
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The location of neutral axis of cracked section is calculated by taking first moments of area about
the neutral axis.
∑ ̅

Using the ACI moment as the applied service moment on the cracked cross section…
∑

∑ ̅

( )
(
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)

The resulting curvature at service loads is…

Assuming a linear stress distribution, the service stress experienced in the concrete is checked
against the allowable service stress.

Now, the steel service limit is checked.
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Lastly, the FRP service stress is checked against the maximum allowable stress prescribed in the
code.
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A.8 Code Summary
Table A 1 highlights the important attributes calculated in accordance with the Canadian and
American concrete and FRP design codes. In both countries, the predicted strength sit at the
common-practice strengthening limit of 30%.

Table A 1: Beam Attributes by Design Code
Country
Canada

USA

Code

Mr (kNm) Strength Increase Mservice (kNm) Vr (kN)

CSA A23.3-06

29.3

CSA S806-02

37.7

ACI 318

31.5

ACI 440.2R-08

41.1

29%

30%
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18.77
24.89
20.10
27.34

216.7

274.6

Appendix B
Beam Strength Prediction Calculations

Appendix B presents the predicted strength calculations for the beams described herein.
Specifically, the calculations presented here should represent a best estimation of the observed
beam strengths recorded through laboratory testing. The strength prediction calculations were
completed for the un-strengthened beam using the Canadian CSA A23.3-06 (CSA, 2006) as well
as the American ACI 318-05 (ACI, 2005). Strength prediction calculations for the beams in their
strengthened state were conducted in accordance with the Canadian Building Code S806-02
(CSA, 2009) and the American ACI 440.2R-08 (ACI, 2008). In all cases, all material strength and
member strength reduction factors have been taken as unity. Appendix B is presented in contrast
to Appendix A, where the design strengths used in practice were established.

Material Properties
Concrete
Density

⁄

Compressive Strength
Ultimate Compressive Strain

(CSA A23.3)
(ACI 318-05)

Steel
Yield Strength
Yield Strain
151

Elastic Modulus

Sika Canada SikaWrap Hex 230C Carbon Fiber
Tensile Strength
Elastic Modulus
Ultimate Strain
Density

⁄
⁄

Area Weight

Sika Canada Biresin CR122 Epoxy Resin
Hardener = CH 122-3
Density

⁄

Elastic Modulus
Tensile Strength
Ultimate Strain
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B.1 CSA A23.3-06 Reinforced Concrete Beam Strength (CSA, 2006)
B.1.1 Flexural Strength
Based on the selected area of steel, the internal tension force was calculated.

The depth of the resulting equivalent rectangular stress block and depth to the neutral axis were
calculated.
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Taking moments about the compressive force, the moment resistance of the concrete beam was
determined to be:
(

)
(

)

B.1.2 Shear Strength
Because the beams will endure a factored shear force greater than the factored shear resistance of
the concrete beam alone, a minimum amount of shear reinforcement for the section was provided,
as required by Clause 11.8.2.1. The shear design for the beams was conducted in such a way that
shear failure would not occur under any of the presumed loading and/or strengthening schemes.
As such, the shear capacity of the section was greatly over designed to allow for the testing
schemes to evolve as more was learned during testing.
First, the effective shear depth of the member was determined in accordance with A23.3-06
(CSA, CSA A23.3-06: Concrete Design Handbook: Third Edition, 2006).
{
{
{
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As it is assumed that more than the minimum number of stirrups will be provided for the section,
Clause 11.3.6.3 dictates that the factor accounting for the shear strength of cracked concrete will
be taken as:

As before, since the concrete being specified will be of normal density, the modification factor
for concrete density will be taken as unison, as specified in Clause 8.6.5.

The factored shear strength contributed by the concrete was calculated in accordance with Clause
11.3.4.
√
√

With the stirrup spacing chosen, Clause 11.3.5.1 was used to determine the shear strength gained
by the introduction of stirrups.
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Finally, the total factored shear strength of the section is taken as:

This shear strength falls just below the maximum allowable shear strength calculated in Clause
11.3.3.
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B.2 ACI 318-05 Moment Resistance Calculations (ACI, 2005)
With the beam already designed using Canadian design code A23.3-06 (CSA, CSA A23.3-06:
Concrete Design Handbook: Third Edition, 2006), the beam’s strength will be checked according
to the American ACI 318-05 (ACI, 2005), Building code Requirements for Structural Concrete.
The beam properties in imperial units are as follows:
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B.2.1 Flexural Strength
Determine the stress and depth ratio for the concrete beam in accordance with Clause 10.2.7.3…

{

(

)

Since…

(

Determine the compression block depth.

It follows that the location of the neutral axis is:
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)

Check that the beam is a tension controlled section as described in Clause 10.3.4.

Therefore the beam is a tension controlled section. Independent of this, the strength reduction
factor shall be unity, as stated above.

The moment resistance is:

(

[

)]
(

[

)]

In metric units…

B.2.2 Shear Strength
Clause 11.1.2 dictates the maximum allowable concrete design strength.

√
√
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Therefore, concrete strength is below the maximum allowable strength.

The shear strength of the concrete was calculated in accordance with Clause 11.3.1.1.
√
√

The maximum allowable design strength for steel is given in Clause 11.5.2.

Therefore,

The strength of the shear reinforcement is given in Clause 11.5.7.2.

The factored shear strength for the section is calculated.
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In metric…
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B.3 CSA S806-02 (CSA, 2009) Moment Resistance Calculations
The elastic modulus of concrete is calculated in accordance with Clause 8.5.2.2.
(

√

)(

)

(

√

)(

)

It has been assumed that beam failure is governed by FRP bond strength. The corresponding
allowable strain in FRP is governed by Clause 11.3.1.1 (d).

The compression block depth is found using the parabolic stress-strain relationship of concrete in
compression (Collins & Mitchell, 1987). First the tangent modulus of the concrete is calculated
assuming that the initial tangent modulus is approximately ten percent greater than the secant
modulus.
√
√
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Since creep in this member will be practically non-existent because of the short duration of the
loading, the equation for determining the strain at which the concrete achieves its peak stress is
taken as (Collins & Mitchell, 1987):

Since the width of the member is constant, the stress and depth factors are calculated as suggested
in “Prestressed Concrete Basics (Collins & Mitchell, 1987).
(

)

⁄
⁄
The depth to the neutral axis was then determined through iteration.

The resulting strain experienced by the concrete can now be calculated alongside the stress and
depth factors for the member.
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⁄
⁄
⁄
⁄

[

[

(

(

) ]⁄

) ]⁄

It is then checked that the member’s flexural reinforcement has yielded at the point of FRP
debonding.

Therefore, steel has yielded.
The tension forces acting on the steel at yielding, and FRP at debonding are calculated as:
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The compression force taken by the compression block of the member is calculated as:

It is not checked that force-equilibrium is satisfied for the beam.

These forces are then compared as a ration to one another.

It can be observed that the calculated forces are within 0.2%, and therefore, it can be assumed that
equilibrium is satisfied.
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Finally, the moment resistance of the strengthened member is calculated.
(
(

)

(
)

)
(

)

The strength gain achieved by FRP retrofit is:

Viewed as a percentage increase, it can be observed that the strength gain achieved by retrofitting
the member with the chosen FRP system is approximately 24%.
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B.4 ACI-440.2R-08 Moment Resistance Calculations
Calculations herein are presented in metric units.
The modulus of elasticity of the concrete is first calculated as per Clause 8.5.1 of ACI 318-05
(ACI, 2005).
√
√

Environmental reduction factor is taken as the value assigned to carbon fibre systems in interior
exposure conditions as per Table 9.1.

The equation given in Clause 9.4 is used to calculate the design material properties of the FRP
system including design ultimate strength and design ultimate strain.
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To prevent cracking and debonding, the strain in the FRP shall be limited to 90% of the ultimate
strain of the FRP material, as per Clause 10.1.1.
√

√
⁄

⁄

The member will experience FRP debonding as the failure mode; therefore, the FRP strain will be
limited to the debonding strain and the strength calculated accordingly.

Through iteration, the neutral axis depth is determined.
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The strain in the concrete must be reevaluated utilizing strain compatibility.
(

)(

)

(

)

Using strain compatibility, the strain in the reinforcing steel was determined.
(

)(

(

)

)

Therefore the steel has yielded.

The stress block factors are now calculated as shown in Design Example 15.3 (ACI, 2008).
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The flexural strength contributed by each steel reinforcement and the FRP retrofit are calculated.
(

)

(

)

(
(

)
)

Now, the design flexural strength of the section is determined using the strength reduction factors
as unity.
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[
[

]
]

B.5 Code Summary
Table B 1 highlights the important attributes calculated in accordance with the Canadian and
American concrete and FRP design codes.
Table B 1: Beam Attributes by Design Code
Country
Canada

USA

Code

Mr (kNm) Strength Increase Vr (kN)

CSA A23.3-06

39.53

CSA S806-02

50.87

ACI 318

39.62

ACI 440.2R-08

55.13
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29%

312.7

39%

261.0

Appendix C
Extended Test Data
C.1 Constant Temperature, Transient Load Data
All load-deflection plots have had their mid-span deflection values zeroed prior to loading, which
has eliminated any thermally induced, pre-loading beam deflections.

C.1.1 Un-Retrofitted Control

Figure C 1: Un-Retrofitted Control Beam Load-Deflection Response

172

C.1.2 UPC-25-1

Figure C 2: UPC-25-1 Load-Deflection Response

5.1.1 C.1.3 UPC-25-3

Figure C 3: UPC-25-3 Load-Deflection Response
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C.1.4 UPC-90

Figure C 4: UPC-90 Load-Deflection Response
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Figure C 5: UPC-90 Time-Temperature Record
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C.1.5 UPC-120

Figure C 6: UPC-120 Load-Deflection Response

176

Figure C 7: UPC-120 Time-Temperature Record
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C.1.6 UPC-140

Figure C 8: UPC-140 Load-Deflection Response

178

Figure C 9: UPC-140 Time-Temperature Response

179

C.1.7 UPC-160

Figure C 10: UPC-160 Load-Deflection Response
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Figure C 11: UPC-160 Time-Temperature Record
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C.1.8 PC-100

Figure C 12: PC-100 Load-Deflection Response
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Figure C 13: PC-100 Time-Temperature Record
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C.1.9 PC-140

Figure C 14: PC-140 Load-Deflection Response
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Figure C 15: PC-140 Time-Temperature Record
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C.1.10 PC-150

Figure C 16: PC-150 Load-Deflection Response
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Figure C 17: PC-150 Time-Temperature Record

187

C.1.11 PC-170

Figure C 18: PC-170 Load-Deflection Response
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Figure C 19: PC-170 Load-Deflection Response
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C.1.12 PC-200

Figure C 20: PC-200 Load-Deflection Response
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Figure C 21: PC-200 Time-Temperature Record
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C.2 Transient Temperature, Constant Load Data
C.2.1 UPC-T100

Figure C 22: UPC-T100 Load-Deflection Response
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C.2.2 PC-T100

Figure C 23: PC-T100 Load-Deflection Response
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