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ABSTRACT 

Fibre reinforced polymer (FRP) materials have emerged as an innovative tool 

within the civil engineering community for the strengthening and rehabilitation of 

existing reinforced concrete structures. Research has taken place over the past decade that 

has demonstrated the benefits of FRPs, and it is evident that there is a need for their usage 

given the status of the deteriorated North American civil infrastructure. However, in 

order to increase confidence in the application of these materials in Canada, further 

information is required to fully understand their behaviour in cold climates.  

This thesis expands on the previous research that has taken place at Queen’s 

University, investigating the freeze-thaw behaviour of FRP strengthened reinforced 

concrete. The research program herein studies the combined effects of freeze-thaw 

cycling and sustained loading on the flexural performance of 45 small-scale beams 

strengthened with glass FRP sheets, carbon FRP sheets, or carbon FRP plates. In an 

attempt to attain failure of the beams due to FRP rupture, the anchorage of the beams was 

increased and a theoretical model was produced to select the beam design for this failure 

mode. The model also predicted the performance of the strengthened beams in order to 

determine appropriate sustained loading levels. After being subjected to 300 freeze-thaw 

cycles and almost 3 months of sustained loads, the beams were tested to failure. It was 

found that the beams subjected to combined loads encountered virtually no losses in 

average ultimate strength. However, the greater inconsistency of the results for these 

beams relative to the control beams implies that lower guaranteed strengths should be 

used for design in situations where these conditions are present. 
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NOTATION 

Afrp  area of FRP 

C  CFRP sheet strengthened beam 

C  control beam 

d  diameter of the concrete cylinder 

cE   elastic modulus of concrete 

Efrp  elastic modulus of FRP 

sE   elastic modulus of steel 

cf   concrete stress 

′
cf   maximum compressive strength of concrete 

′
ctf   tensile resistance of the concrete 

yf   yield strength of steel 

Fc  force in concrete 

Ffrp  force in FRP 

Fs  force in steel 

FT  beam subjected to freeze-thaw cycling 

FTS  beam subjected to freeze-thaw cycling and sustained loading 

G  GFRP sheet strengthened beam 

k  factor to increase the post-peak decay in stress of concrete 

L  length of the cylinder 

M  bending moment 

MD  moment due to dead loads 

Mf  factored moment 

ML  moment due to live loads 

Mr  moment resistance 

Ms  service moment 

n   curve-fitting factor for concrete 
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P  CFRP plate strengthened beam 

P  load 

S  beam subjected to sustained loading 

xa  length of the shear span 

xcr  distance from the support to the location of the cracking curvature 

xm  distance from the support to the midpoint of beam 
__

y   distance from neutral axis to top of beam 

δ   deflection 

cε   concrete strain  

cγ   density of concrete 

π   pi 

�a  curvature at the loading point 

�cr1  leftmost curvature at the cracking moment 

�cr2  rightmost curvature at the cracking moment 

�m  curvature at the midpoint of beam 
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1 CHAPTER 1 – INTRODUCTION 

1.1 General Background 

According to the United Nations (UNFPA 2007), in the next ten years the global 

population is predicted to rise by one billion people, creating a heavy burden on our 

already depleted network of infrastructure. Analysts at the World Bank specializing in 

infrastructure have estimated that over $8 trillion is needed in the next ten years to meet 

the demand of the growing population and decaying social framework (Fay and Yepes 

2003). In North America, the American Society of Civil Engineers has announced that 

$1.6 trillion is needed to be spent in the USA alone over the next 5 years to simply 

elevate the status of their infrastructure from its current status of “poor” (ASCE 2005). 

Meanwhile, Canada’s infrastructure debt has been estimated at $57 billion (almost 5% of 

annual GDP and 10% of national debt) and is likely to almost double to $110 billion by 

the year 2027 if left unchecked (ACEC 2003). While these numbers seem astronomical 

and overwhelming, each sector of the civil engineering community needs to focus on 

what it can do to begin working away at this problem.  

One sector that has garnered a large amount of attention in the past few years has 

been the status of North America’s aging bridges. As of 2003, over 27% of the bridges in 

the United States were classified as structurally deficient or functionally obsolete 

(ASCE 2005), a category that included Minneapolis’ I-35W bridge prior to its 

catastrophic collapse in the summer of 2007. In Canada the situation is very similar. The 

Report on the State of Municipal Infrastructure in Canada (Mizra 1996) claimed that a 

$44 billion upgrade is required to achieve an acceptable condition. Meanwhile, the 
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Canadian public has also been made aware of this problem, having experienced a deadly 

collapse of an overpass above Highway 19 just north of Montreal in September of 2006 

(Lunau et al. 2006). 

An infrastructure crisis clearly exists, but the rising costs of bridge repair or 

replacement, in addition to peripheral costs such as traffic congestion and noise pollution, 

have persuaded government officials to postpone any remedial action as long as possible. 

To avoid these obstacles, innovative strategies are being researched to provide cost 

effective solutions and reduce inconveniences. 

One promising solution to this crisis is fibre reinforced polymer (FRP) materials. 

FRPs have been used regularly over the past half century in sports equipment, the 

aerospace industry, automobiles, watercraft and many other industries (ACI-440 2007). 

Their numerous advantages are facilitating their emergence as an excellent tool for the 

structural engineer. In particular, the application of FRPs to externally strengthen 

concrete structures has become known as a modern alternative to conducting major 

repairs or even total replacement of deficient structures (ACI-440 2007). In concrete 

bridges, FRP can be easily bonded to the tension face of beams or deck-slabs to improve 

their flexural performance. This procedure has the potential to significantly increase the 

lifespan of bridges that have experienced impact damage, environmental damage, or an 

increase in traffic loads. 

While FRPs offer tremendous potential in the battle against aging infrastructure, 

many in the industry are still reluctant to use these materials due to uncertainty regarding 

their durability, especially in northern climates where structures are exposed to phases of 

freezing and thawing. This freeze-thaw cycling has the potential to cause damage in 
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concrete due to the expansion that takes place when porewater freezes. The expansive 

nature of the ice can produce internal forces that may cause cracking of the host material, 

and the recurring melting and re-freezing that takes place causes the problem to get 

progressively worse (Neville 1995). Meanwhile, FRP must resist microcracking resulting 

from thermal incompatibilities within the composite material and from embrittlement of 

the polymer matrix (Green 2007). 

In an effort to investigate some of these fears, a durability research program began 

at Queen’s University in the later half of the 1990’s (Baumert 1995, Green et al. 1997, 

Soudki and Green 1997, Bisby 1999). The purpose of this program is to examine the 

performance of glass and carbon FRP, known as GFRP and CFRP respectively, when 

used as an external flexural strengthening system on reinforced concrete beams subjected 

to freeze-thaw cycling (Green et al. 2000, 2003). Furthermore, this research program has 

considered various failure modes and has begun to introduce different loading effects as 

well (Dent 2005, El-Hacha et al 2005, Ford 2004, Kong et al. 2005). The next area of 

concern requiring attention is the combined effects of freeze-thaw cycling and sustained 

loading (Green 2007). While the two durability issues have been studied separately, there 

is some fear that these long-term problems may have a synergetic result. This research 

project described herein will attempt to confront this uncertainty.   

1.2 Research Objectives 

The scope of this research consists of a durability study of numerous externally 

strengthened reinforced concrete beams exposed to combined environmental effects. The 

purpose of the study is to examine: 



INTRODUCTION 

  4  

i. the combined effects of freeze-thaw cycling and sustained loading on beams 

strengthened with CFRP sheets, GFRP sheets, and CFRP plates; 

ii. the isolated freeze-thaw effects on the FRP strengthened beams; and 

iii. the isolated sustained loading effects on the FRP strengthened beams. 

1.3 Thesis Outline 

Building on the background and research objectives given in this chapter, Chapter 

2 will provide a literature review of the topics related to this research. A history and 

description of fibre reinforced polymers will be given, followed by information and 

previous studies on the topics of concern regarding freeze-thaw cycling and sustained 

loading. Finally, some of the initial work done on the combined effects of cold regions 

and load will be reviewed. 

Essential to the design of the beams and to the loading specifications, the theory 

and results of the theoretical model will be discussed in Chapter 3. Following that, 

Chapter 4 will present the experimental program. This will include information on the 

fabrication of the beams, material testing, instrumentation, procedures used for freeze-

thaw cycling and sustained loading, and finally the static load tests to failure. 

Chapter 5 will evaluate all of the results from the testing involved with this 

project. Additionally, the results will be discussed and comparisons will be made between 

the testing groups with the help of statistical analyses. 

Finally, the major conclusions will be stated in Chapter 6. A review of the 

theoretical model will also be included and recommendations for future work will be 

made. 
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2 CHAPTER 2 – LITERATURE REVIEW 

2.1 Introduction 

This chapter presents a literature review of relevant background information to 

this thesis. After providing more depth and insight into FRPs and their usage as an 

external strengthening component, an investigation on their performance in long-term 

sustained loading is presented. Following that, relevant research and information 

regarding the resistance of FRPs to freezing and thawing cycles is discussed. Finally, 

some of the limited research that has combined the two environmental conditions will be 

reviewed. 

2.2 Fibre Reinforced Polymers 

2.2.1 History 

While bricks of mud and straw have been used in construction for thousands of 

years, modern composites have emerged as a construction material just in the past 50 

years (ACI-440 2007). In the early 1900’s, scientists increased their experimentation and 

development of innovative new materials. Invented originally by accident by Owens-

Corning (“Fibreglas”), FRP research was then encouraged heavily by the defense 

industry during World War II. Used heavily in aerospace and naval applications, their 

high strength-to-weight ratio and excellent corrosion resistance created numerous 

advantages for their use.  In the decades to follow, FRP materials flourished in the 

aerospace, marine, electrical, automotive, sporting, and corrosion-resistance industries 

(ACI-440 2007). Currently, the composites industry in North America does 
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approximately $14 billion in sales annually, which accounts for approximately 40% of 

the world’s production (ACMA 2005).  

After some experimentation using composites as reinforcement in concrete 

structures in the 1950’s (ACMA MDA 2006), the usage of FRPs in the construction 

industry experienced a revival in the 1980’s. In 1986, the world’s first highway bridge 

using composite reinforcing tendons was built in Germany, and in 1991 the first FRP 

bridge repair took place in Switzerland (ACMA MDA 2006). Since then, FRP bridge 

decks, FRP-prestressed concrete bridges, and all-FRP bridges have been constructed 

around the world (ACMA MDA 2006). Meanwhile, the use of FRPs as an external 

strengthening or repair material has made a significant impact within the civil 

engineering community. 

2.2.2 FRP Systems 

FRP materials are essentially composite materials that consist of strong fibres set 

in a resin matrix. The fibres (usually glass, carbon or aramid) generally carry the bulk of 

the applied loads in the system, providing strength and stiffness in their longitudinal 

direction. Meanwhile, the resin matrix (generally epoxies, polyesters, vinyl esters or 

phenolics) bonds the fibres together and to the surface on which they are being applied. 

The matrix also acts to transfer stresses between the individual fibres, thus providing a 

more desirable distribution of stresses, while protecting the fibres from the environment 

and abrasion. 

The emergence of FRPs in the civil engineering industry has been driven by their 

numerous advantages over steel and concrete, including: 

• High strength-to-weight ratio 
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• Resistance to corrosion 

• Light weight & flexiblity (easy installation) 

• Electromagnetic neutrality (GFRP and AFRP) 

• Low thermal conductivity (GFRP and AFRP) 

Despite their outstanding benefits, many in the construction industry have been 

somewhat reluctant to accept them into everyday use, citing various disadvantages such 

as cost, brittle failure, and susceptibility to high temperatures. While their higher initial 

material costs may detract consumers, their longer lifespan means that their life-cycle 

costs are comparable to some of the traditional construction materials. FRPs are 

sometimes avoided due to their brittle behaviour, experiencing sudden and explosive 

failure modes which are undesirable in structures. While this may be the case, the failure 

strain of FRP is larger than the yielding strain of steel, providing additional warning to 

those using the structure. Their susceptibility to high temperatures and fire has hindered 

their use for enclosed structures, which is why the majority of their use to date has 

occurred in bridges and other outdoor applications. Finally, many in the structural 

engineering field have been hesitant to use FRPs because they are either unfamiliar with 

how to use them, or they feel as though there is a lack of knowledge regarding their long-

term durability. With large amounts of research having taken place over the past 20 years, 

and with the results looking promising, it may just be a matter of time before the 

construction community is compelled to accept these new products. 

2.2.3 Flexural Strengthening with FRPs 

As previously stated, FRP sheets and plates have proven to be an excellent 

material for strengthening and rehabilitating in-situ concrete. In applications with 

concrete beams, the fabric or plate is simply bonded to the tensile face of the beam using 
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an epoxy adhesive. This application of FRP to the tension face of a concrete beam or slab 

has multiple benefits, including (Green et al. 2000): 

• Increased service and ultimate flexural capacity 

• Increased post-cracking stiffness 

• Finer and more evenly distributed cracks 

It is clear that flexural strengthening of reinforced concrete beams has a great deal 

of potential, however, in order to be used more confidently by the civil engineer, a more 

complete understanding of the behaviour of the strengthened beam needs to be acquired. 

Crucial to this understanding are the modes of failure of the beam. Smith and Teng 

(2002) proposed that there are six main failure mechanisms for reinforced concrete beams 

strengthened flexurally with FRPs, as shown in Figure 2-1. 

 
Figure 2-1: Failure modes for RC beams externally strengthened with FRPs 

(Smith and Teng, 2002) 

Failure modes 1-3 are somewhat similar to those experienced by unstrengthened 

beams, while modes 4-6 are specific to FRP strengthened beams and are considered 
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premature failure modes. It is generally desirable to achieve FRP rupture or concrete 

crushing, given that the materials would be used to a greater degree of their potential. As 

a result, there has already been considerable research done on how to predict and avoid 

premature failure, especially the debonding failure modes (5) and (6). With added 

research, improved epoxy resins used for bonding, and innovative methods to provide 

mechanical anchorage for the FRP, engineers are learning how to avoid these premature 

failures in their strengthened beams. 

With an increasing amount of experimentation and testing having taken place on 

reinforced concrete beams strengthened with FRPs, there have been various efforts to 

amalgamate numerous studies in order to announce some of the generally accepted 

conclusions. One of these databases was created by Bonacci and Maalej (2001), in which 

the results of 127 tests from 23 separate studies on reinforced concrete beams 

strengthened externally with FRPs were gathered. Meanwhile, the majority of the studies 

also experienced a failure of the beams due to debonding at the concrete-FRP interface. 

One of the main conclusions by the authors was that the research to date had neglected to 

really look at the strengthening or repair of beams that had been exposed to sustained 

loading or previous damage. It was also suggested that in order to maintain certain 

amounts of deformation prior to failure, the quantity of FRP applied should be limited 

with respect to the internal steel reinforcement and debonding should be avoided with the 

use of special anchorage details. 
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2.3 Effects of Sustained Loading 

2.3.1 Concrete 

Sustained loading is a general concern for engineers due to its likelihood to 

produce time dependent strain, also known as creep, and time dependent losses of stress, 

known as relaxation (Bisby 2006). Creep in concrete occurs due to the metastability of 

the concrete at a microscopic level, and is affected by the pore structure and the amount 

and type of water in the pores (Bisby 2006). This phenomenon can be considered as the 

volumetric ratio of the hydrated cement paste to concrete, with only the hydrated cement 

undergoing creep and the aggregates acting as a restraint (Neville 2002). While some of 

this strain is recoverable once the load is removed, a large amount is irrecoverable and is 

a result of the re-orientation of particles with the diffusion of water, as the microstructure 

attempts to achieve a more stable state (Bisby 2006). While concrete creep is clearly a 

function of the moisture content and degree of hydration of the concrete, it is also 

affected by the aggregate properties, the volume-surface ratio, the relative humidity, the 

temperature, the concrete strength and the presence of admixtures. Finally, the quantity 

and duration of the applied stress play an important role in how much creep a member 

experiences (Bisby 2006, Neville 2002). 
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Figure 2-2: Simplified creep strain-time relationship for concrete under uniaxial stress 

(Bisby, 2006) 

2.3.2 FRP Materials 

While the fibres within FRPs are normally considered as being relatively 

insensitive to creep (Bisby 2006), the polymer matrix is considered visco-elastic and can 

undergo much higher amounts of creep, potentially leading to creep-rupture. While glass 

FRP (GFRP) is generally known to be more vulnerable to creep than carbon FRP 

(CFRP), the magnitude of deterioration is dependent on numerous factors, as mentioned 

in Section 2.3.1, including environmental exposure and stress level. The creep strain-time 

relationship for FRPs under uniaxial stress is similar in shape to the relationship shown 

for concrete, in Figure 2-2. For FRP loaded axially in the direction of the fibres, 

ACI 440 (2006) limits permanent stresses to quantities much lower than their capacity: 

• Glass FRP – 20% 

• Aramid FRP – 30% 

• Carbon FRP – 50% 



LITERATURE REVIEW 

  12  

While these limitations for design are possibly quite conservative, they indicate a 

distinct difference in creep resistance between GFRP and CFRP. The creep-rupture 

failure strengths for a 50 year period have been found to be (Ceroni et al. 2006): 

• Glass FRP – 29-55% 

• Aramid FRP – 47-66% 

• Carbon FRP – 79-93% 

Relative to other materials, tests have shown that carbon fibre composites are 

comparable with ‘low relaxation’ steel and better than ‘standard steel’ (Hollaway and 

Leeming 1999). One conclusion that can be made is that the quantity of creep 

experienced by these composites is very much dependent on the proportion of load being 

carried by the polymer matrix. In order to prevent this undesirable time-dependent strain, 

a high volume fraction of high stiffness fibres should be placed uniderectionally in the 

axis of the predominate loads (Hollaway and Leeming 1999). 

2.3.3 FRP Strengthened Reinforced Concrete Beams 

Despite considerable research on sustained load effects on concrete and FRP 

materials separately, little work has been done to consider the two combined. Plevris and 

Triantafillou (1994) published one notable work that looked at the time-dependent 

behaviour of reinforced concrete beams strengthened with FRP laminates. They found 

that CFRP and GFRP were excellent at reducing the long-term creep effects of the 

strengthened beams, with CFRP behaving slightly better. They also concluded that 

increasing the area of FRP reinforcement on the tensile side of the beam managed to 

decrease the relaxation (reduction in stress) of the concrete compressive zone. 
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While FRP materials are able to help reduce the creep effects from sustained 

loading, it is evident that the creep behaviour of strengthened beams is still governed by 

the compressive creep of the concrete (Hollaway and Leeming 1999). 

Experimental studies by Wang and Li (2006) and Yeong-Soo and Chadon (2003) 

considered different levels of sustained loads during the application of the CFRP. As 

expected, they found that the beams with higher initial loads during the FRP application 

ended up attaining lower ultimate strengths than the beams strengthened at lower loads. 

2.4 Effects of Freeze-Thaw Cycling 

2.4.1 Concrete 

While it has been found that concrete increases in strength when it is frozen 

(Neville 2002), an area of particular concern is what happens to the concrete once it has 

thawed. As the water in wet concrete freezes, it expands approximately 9%. This 

expansion creates hydraulic pressures in the pores of the cement paste and aggregate. If 

these pressures exceed the tensile strength of the binding matrix, cracking will occur. 

While the concrete may retain its strength in a frozen state, upon thawing the concrete is 

left weaker than it was in its original condition. The repetition of this process, known as 

freeze-thaw cycling, has the potential to weaken concrete or even destroy it completely. 

Examples of this damage are shown in Figures 2-3 and 2-4. 
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Figure 2-3: Example of concrete cracking from freeze-thaw effects  

 

 
Figure 2-4: Reinforced concrete cylinders following freeze-thaw cycling  

(Kong, 2005) 

Current practices employ air entrainment as the main defence against freeze-thaw 

damage in concrete. When the water in concrete begins to expand during freezing, 

damage can be avoided if the water can readily escape into adjacent air-filled voids. It has 

been found that air entrainment of between 5 and 8% provides sufficient protection for 

normal and high-strength concrete exposed to thermal cycling (Neville 1995). 

Additionally, it is recommended that the concrete should have a water-cement ratio less 

than 0.45, a minimum cement content of 335 kg/m3, adequate drainage, a minimum of 

seven days of moist curing above 10°C, a minimum 30 day drying period after curing, 

and a minimum compressive strength of 24 MPa at the time of first frost exposure 
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(Kosmatka 1997, Neville 1995). If these conditions are met, deterioration due to freeze-

thaw effects should be minimal. 

As for the thermal expansion coefficient of concrete, it has been found that the 

rate of expansion actually changes with temperature. As shown in Table 2-1, a coefficient 

of thermal expansion of approximately 11x10-6/°C can be assumed for the range of 

temperatures experienced by the concrete members examined in this thesis. 

Table 2-1: Coefficients of thermal expansion (partially dried concrete) 

Temperature Coefficient of Thermal 
Study 

(°C) Expansion (/°C) 
Browne & Bamforth 20 10 x 10-6 to 12 x 10-6 

(1981) -165 5 x 10-6 to 6 x 10-6 
Yamane 20 12 x 10-6 
(1978) -70 10 x 10-6 

2.4.2 Steel 

Since concrete structures are generally reinforced with steel bars, it is important to 

review the properties of steel in cold climates. While exposure to freeze-thaw cycles is of 

little concern for steel, low temperatures alone can affect its performance. Browne and 

Bamforth (1981) conducted tests on rebar produced around the world. While the rebar 

specimens had a wide range of initial strengths, they all showed similar changes in their 

behaviour as the temperature was decreased from 20˚C to -140˚C. The regular steel rebar 

samples experienced an increase in strength at a rate of about 1 MPa for each 1˚C drop in 

temperature.  

The Handbook of Steel Construction (CISC 2004) states that the coefficient of 

thermal expansion for cast steel is 11.3 x 10-6/°C. Similarly, Browne and Bamworth 

(1981) have concluded that the thermal expansion coefficient of reinforcing steel remains 
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constant at 11.3 x 10-6/°C from +20°C all the way down to -165°C, comparable to that of 

concrete.  

2.4.3 FRP Materials 

Little research has been conducted on the isolated performance of fibre reinforced 

polymers when exposed to cold climates. The theory pertaining to FRPs subjected to 

freeze-thaw exposures identifies two main areas of concern; thermal incompatibility and 

polymer embrittlement (Green 2007). 

Thermal incompatibility is a result of the notably different thermal expansion 

behaviour of the fibres and the polymer matrix. The majority of the epoxy resins used as 

matrices in FRPs have coefficients of thermal expansion in the range of 45 to 65 × 

10-6/°C (Mufti et al. 1991). Meanwhile, glass fibres used in most FRP systems have a 

coefficient of 5 × 10-6/°C and carbon fibres generally have a coefficient in the range of -

0.2 to 0.6 × 10-6/°C (Mufti et al. 1991). This large difference in expansion produces 

residual stresses as a result of the FRP’s necessity to undergo a uniform strain. This 

concept is shown in Figure 2-5. The resulting tensile stresses in the matrix render it 

susceptible to microcracking. The introduction of thermal cycling can increase the size of 

these cracks, allowing them to propagate in the resin matrix and ultimately lead to 

strength degradation or failure (Dutta 1989). 

  
Figure 2-5: Residual stresses in composites due to thermal incompatibility 

(Dutta 1989) 
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The other main issue, polymer embrittlement, considers the increase in brittleness 

of the polymer resulting from a decrease in temperature. While the strength of the 

polymer may increase, an increase in stiffness may also reduce the effectiveness of the 

matrix to transfer stresses between fibres, or between the composite and the substrate 

concrete (Green 2007). 

Most studies that have considered thermal cycling of carbon and glass FRPs 

conclude that fibre properties such as tensile strength and stiffness are not significantly 

affected by the environmental exposures (Dutta 1989). However, there is the potential for 

freeze-thaw cycling to produce degradation of the weak-axis properties, especially for 

CFRP and AFRP where coefficients of thermal expansion in the transverse direction are 

much higher, as shown in Table 2-2. 

2.4.4 FRP Strengthened Reinforced Concrete Beams 

While the difficulties of freeze-thaw presented in Sections 2.3.1 to 2.3.3 are also 

applicable to FRP strengthened beams, some new issues arise when the materials are 

combined. Primarily, the bond between the concrete substrate and the FRP is vulnerable 

to freeze-thaw effects and changes in temperature (ACI-440 2007).  

Despite the best efforts of those involved in the application of the FRP systems, 

there is always going to be a potential for air voids to exist between the FRP and the 

concrete surface. Although the expansive nature of the resin matrix will minimize these 

voids, factors such as poor surface preparation and moisture presence during application 

can produce these empty spaces. When water is able to penetrate into these cavities and 

freeze, a lensing effect will occur and the voids will grow with subsequent freezing and 

thawing cycles (ACI-440 2007). 
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Another issue at low temperatures is the large differences in coefficients of 

thermal expansion (CTE) between the concrete, adhesive and FRP.  While the CTE of 

GFRP is relatively close to that of concrete and steel, CFRP and AFRP have much 

different CTEs than concrete or steel, thus creating the potential for thermally induced 

stresses in the materials and on the bond. Table 2-2 provides the CTEs for the materials 

studied. 

Table 2-2: Coefficients of thermal expansion (modified from Ceroni et al. 2006) 

Coefficient of thermal expansion (×10-6/˚C) 
Direction 

Concrete Steel GFRP CFRP AFRP 

Longitudinal, αL 10 to 12 10 to 12 6 to 10 -1 to 0 -2 to -6 

Transverse, αT 10 to 12 10 to 12 21 to 23 22 to 50 60 to 80 

One of the earlier studies on FRP-strengthened reinforced concrete beams in 

freeze-thaw conditions was conducted by Chajes et al. (1995). For the study, forty-eight 

small-scale FRP-strengthened concrete beams were examined and the beams were 

exposed to 100 freeze-thaw cycles. The investigation found that the CFRP and GFRP 

strengthened beams exposed to freezing and thawing lost significant amounts of strength, 

21% and 27% respectively. In addition, their tests revealed that the freeze-thaw exposures 

have the potential to change the failure mode of the specimens. 

Lopez et al. (1999) then tested different types of CFRP used for strengthening 

small-scale beams and exposing the systems to 300 freeze-thaw cycles. They 

experimented with pre-cracking of the beams and found that the application of load prior 

to bonding the CFRP to the soffit of the beams resulted in more pronounced effects from 

the freeze-thaw cycling; a 40% loss in strength. 
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Table 2-3: Results from beams subjected to freeze-thaw cycles (Green 2007) 

 

Additional tests were conducted by Green et al. (2003) which evaluated the 

freeze-thaw resistance of 22 small-scale concrete beams (100 x 150 x 1200 mm) 

strengthened with either CFRP or GFRP sheets. Following 200 freeze-thaw cycles, the 

beams were tested to flexural failure in four point bending, with the results summarized 

in Table 2-3.  

These results indicate that for both types of FRP, thermal cycling did not 

consistently affect the strength or the mode of failure. Additionally, it was found that the 

measured strains were below those specified by the manufacturer.  Since the FRP strains 

were only measured at midspan, larger strains could have been present at other locations 

along the beam due to stress concentrations (Green et al. 2003). 

Finally, tests conducted by Gheorghiu et al. (2004), which looked at reinforced 

concrete beams strengthened with CFRP and exposed to freeze-thaw cycles, showed that 

exposing the beams to saltwater instead of fresh water had no impact on the results of 

their testing.  
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2.5 Combined Freeze-Thaw Cycling and Sustained Load Effects 

A general research gap occurs in the combination of freeze-thaw cycling and 

sustained loading, as recommended by various studies. Given the degenerative changes 

that can potentially take place as a result of both of these external conditions, it is 

important to investigate their collective effects. In the past few years, studies have 

emerged in Canada that have begun to explore this issue. 

El-Hacha et al. (2004) evaluated concrete beams that were post-tensioned with 

bonded CFRP sheets and then exposed to room and low temperatures. The beams were 

also subjected to both short and long-term loading. The main finding was that the low 

temperatures and long-term loading did not adversely affect the strength of the beams, 

although it did have some impact on the prestress losses in the CFRP sheets. 

Another study at Queen’s University by Kong (2005) investigated these combined 

effects, this time looking at FRP wrapped cylinders. For the study, the cylinders were 

fabricated without the use of air entrainment to magnify the effects of freeze-thaw. The 

cylinders were wrapped with CFRP or GFRP sheets and they were tested in compression 

after 300 freeze-thaw cycles under sustained load. A photograph of the cylinders in the 

freeze-thaw room under sustained loading can be seen in Figure 2-6.  
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Figure 2-6: Cylinders under sustained loading in freeze-thaw chamber 
(Kong 2005) 

Half of these cylinders were fabricated with normal weight concrete and half were 

fabricated with lightweight concrete. The results of the compression tests are provided in 

Table 2-4. 

Table 2-4: Strength results for cylinders subjected to freeze-thaw and sustained loading  
(Kong 2005) 
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The results indicate that the exposure to freeze-thaw cycling had a minimal effect 

on the performance of the CFRP wrapped cylinders subjected to sustained loading, with a 

strength reduction of less than 5%.  

The GFRP wrapped cylinders performed extremely well in preventing 

deterioration due to freeze-thaw and sustained loading. The average loss of strength due 

to freeze-thaw was just 3% for the specimens under sustained load, and 6% for those 

without sustained load. It is thought that this exceptional performance can be attributed to 

the ability of the sheets to absorb more epoxy during fabrication, thus forming a 

protective layer to the concrete. 

Finally, testing has recently been carried out at the University of Toronto on the 

long-term durability of concrete retrofitted with FRPs. Early results have confirmed that 

GFRP may in fact produce more desirable results under the combined environmental 

effects when compared to CFRP (Tam 2007). 

2.6 Summary 

Fibre reinforced polymers are emerging as an exciting material within the civil 

engineering community. After receiving much attention and praise in other industries, 

research is showing that FRPs have an enormous potential as a means of strengthening 

and rehabilitating concrete structures. The application of carbon and glass FRP to the 

tension face of reinforced concrete beams has the ability to significantly improve the 

flexural strength and performance of the beam, and despite some obstacles, looks to be a 

large piece of the puzzle in solving our society’s sizeable infrastructure crisis. 

In order to make the construction industry and engineers more confident with the 

use of FRPs, studies are being conducted to look at their durability in various loading and 
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environmental conditions. Early trends are showing that the flexural strengthening of 

concrete beams with these FRP materials is able to improve their resistance to creep 

effects from sustained loading and these strengthened beams are mostly unharmed by 

freeze-thaw cycling. Nevertheless, tests on FRP strengthened beams subjected to 

simultaneous freeze-thaw cycling and sustained loading needs to be conducted in order to 

investigate the combination of the two effects. 
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3 CHAPTER 3 – THEORETICAL MODEL 

3.1 Description of Model 

In order to predict the behaviour of the test specimens, including the mechanisms 

of failure and the overall strength capacities, a theoretical model was created based on a 

moment-curvature model proposed by Collins and Mitchell (1997) and Park and Paulay 

(1975). Using Microsoft Excel, the model employs a multi-layered sectional analysis for 

moment-curvature and integration of curvatures. Microsoft Visual Basic Editor was then 

used for any necessary programming. 

The first step involves the division of the cross-section of the beam into a finite 

number of layers, with more layers resulting in a greater precision. The thickness of the 

layers was selected as 2 mm. For typical neutral axis depths of 20 to 50 mm, this 

thickness means that 10 to 25 points are used to approximate the parabolic stress 

distribution in the concrete. With this many points, the compressive stress resultant 

should be approximated with errors of less than 1 %. Also, the location of the resultant 

should be approximated with an error less than 1 mm. Since the depth of the beam is 

150 mm, such an error should mean than the moment is predicted with an error less than 

1 %. Since the layers are relatively thin compared to the depth of the beam, the steel 

reinforcement and the FRP were each represented by single layers. Meanwhile, it was 

assumed that these layers remained perfectly bonded to the concrete at all times and that 

the sections remained plane during bending, thus allowing for a linear strain distribution 
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throughout the cross-section. Figure 3-1 demonstrates this multi-layered analysis 

approach. 

 

Figure 3-1: Plane section analysis 
(Collins and Mitchell 1997) 

 

Next, a strain value was assigned to the top fibre of the section and the strains 

were set to vary linearly throughout the depth of the beam. The forces in each layer were 

then calculated from the strains and an iterative process was completed using the Goal 

Seek function in Excel to assign a bottom strain, which produces a strain profile that 

causes the compressive and tensile forces to sum to zero. Once the forces were in 

equilibrium, the moment and curvature values were calculated for each strain value. This 

was done for various strains until a moment-curvature diagram was developed. The 

curvature was found to be the strain gradient over the depth of the section (Collins and 

Mitchell 1997), while the moment was taken as the sum of the moments (force times 

moment arm) acting at each layer. Finally, in order to adjust the model to represent a load 

NA 
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controlled test as opposed to a displacement controlled test, the instantaneous drop in 

beam resistance at the point of concrete cracking was flattened out. 

Because the beams were designed prior to the acquisition and testing of the 

constituent materials, properties such as the compressive strength of the concrete, the 

yield strength of the reinforcing steel, the concrete density, the rupture stress of the FRPs, 

and the elastic modulus of the FRPs were all estimated or taken from the manufacturers 

specifications. Other properties, such as the elastic modulus of steel, the yield strain of 

steel, and the tensile strength of the concrete, were estimated from CSA A23.3-94 (CSA 

1994) and CSA S806-02 (CSA 2002). The steel was assumed to behave linear elastically 

until yielding and it was assumed that the FRPs would continue to carry load in a linear 

and elastic manner until reaching their rupture stress. The elastic modulus of the concrete, 

Ec, was found using the following equation (CSA, 1994),  

1.5c )
2300

(6900)+(3300=
γ

⋅⋅ 'fE cc  

Equation 3-1 
 

with the compressive strength of concrete ( 'fc ) and the concrete density ( cγ ) having been 

estimated as will be discussed in Section 3.2. The stress in the concrete at any given 

strain was determined using Equation 3-2 below (Collins and Mitchell, 1997), 
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where, 



THEORETICAL MODEL 

  27  

 'cf = compressive strength of the concrete 

 cε = strain when cf  equals 'cf )1(
'
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−⋅ nE

nf
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 n  = curve-fitting factor
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'
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+  . 

This moment-curvature relationship was then derived into a load-deflection 

diagram. The moment was transformed into load using Equation 3-3, as determined by 

finding the equilibrium of the free body diagram of the specimen, shown in Figure 3-2. 

 
ax
M= P ⋅2    

Equation 3-3 
where: 

P = load 

M = moment 

xa = length of the shear span 
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Figure 3-2: Moment-curvature to load-deflection transformation 
 (Adapted from Collins and Mitchell 1997) 

In order to estimate the deflection from the curvature, numerical integration along 

the length of the beam was carried out. To simplify the amount of integration required to 

produce accurate results, the beam was split into three parts, as shown on the curvature 

diagram in Figure 3-2. Meanwhile, Equation 3-4 (Collins and Mitchell 1997) shows the 

formula used to calculate deflection, showing the summation of the three separate 

integrated areas. 
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Equation 3-4 

where: 

�cr1 and �cr2 = leftmost and rightmost curvatures at the cracking moment, in the 

moment-curvature diagram, respectively (m-1) 

�a = curvature at the loading point (m-1) 

�m = curvature at the midpoint (m-1) 

xcr = distance from the support to the location of the cracking curvature (mm) 

xa = length of the shear span (mm) 

xm = distance from the support to the midpoint (mm) 
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3.2 Assumptions 

In order to proceed with the theoretical modelling, several assumptions were 

made regarding the properties of the materials. The following estimations were made: 

Concrete strength, MPa 45'=cf  

Cracking strength of concrete, MPa 35.3'5.0 == ccr fσ   

Density of concrete, cγ  = 2372 kg/m3 

Elastic modulus of concrete, MPa 4.30
2300

69003300
5.1

=⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛ +′= c

cc fE γ  

Reinforcing steel yield strength, MPa 400=yf   *later revised 

Elastic modulus of steel, GPa 200=sE  

Carbon plate width = 50 mm 

Carbon sheet width = 75 mm 

Glass sheet width = 50 mm 

Meanwhile, the tensile strength, tensile elastic modulus, rupture strain, and ply thickness 

of the various FRP systems were taken from the manufacturer’s specifications and are 

shown in Table 5-2. 

3.3 Results of Theoretical Model 

The load-deflection and moment-curvature results of the theoretical model can be 

found in Figures 3-3 and 3-4, respectively. The model predicted strength gains relative to 

the unstrengthened beams of 18%, 34%, and 148% for the GFRP sheet, CFRP sheet, and 

CFRP plate strengthened beams respectively. 



THEORETICAL MODEL 

  30  

 
Figure 3-3: Load-deflection results of theoretical model 

 

Figure 3-4: Moment-curvature results of theoretical model 
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The horizontal shift in the graphs located  around 14 kN and 2.5 kNm is attributed 

to the change in stiffness of the beams due to the cracking of the concrete in tension at the 

bottom of the beams. The beams then performed according to their typical cracked 

properties, experiencing yielding of the tensile reinforcing steel and eventually failure 

due to FRP rupture. While it was intended for the beams to fail due to FRP rupture, the 

results of the theoretical model indicate that the beams will be very close to experiencing 

concrete crushing prior to FRP rupture. The value of the predicted concrete strains for 

each beam type at the point in time when the FRP ruptures is given in Table 3-1. Given 

that the typical design strain for the initiation of concrete crushing is 0.0035, these results 

indicate that the CFRP sheet strengthened beams should likely experience failure due to 

FRP rupture, while the other two types of strengthened beams will have a higher degree 

of uncertainty. 

Table 3-1: Predicted concrete strains at time of FRP rupture 

Strengthening 
System 

Expected 
Concrete Strains 

GFRP Sheets 0.0034 
CFRP Sheets 0.0024 
CFRP Plates 0.0038 

 
Prior to finalizing the FRP systems used for the experimental program, the 

predictive model was used to maximize the potential for FRP rupture. One option for 

increasing this potential was to reduce the width of the FRP sheets or plates. However, 

the predicted strength gains of the GFRP sheets relative to the unstrengthened beams 

were already less than desired, and the smallest available CFRP plate was already being 

used. With the beams having been modelled and designed for the intended purposes, the 

experimental procedure described in Chapter 4 was then carried out. 
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4 CHAPTER 4 – EXPERIMENTAL PROCEDURE 

4.1 Introduction 

An experimental program was carried out to investigate the durability of FRP-

strengthened reinforced concrete beams under combined freeze-thaw cycling and 

sustained loading. This chapter describes the program and provides details regarding the 

procedures and equipment used. 

The main experimental program consisted of the testing of 48 small-scale 

reinforced concrete beams, 45 of which were strengthened externally with three different 

types of FRP systems produced by Sika Corp., including CFRP plates, CFRP sheets, and 

GFRP sheets. It was determined that groups of 3 control beams and groups of 4 beams 

subjected to freeze-thaw cycling and/or sustained loading (15 for each FRP type) was a 

reasonable balance between providing enough samples for statistical purposes and for the 

amount of work achievable given the timelines for the experimental program. The FRP 

was applied along the entire length of the beam and GFRP wraps were provided at each 

end, thus improving the anchorage of the system in an attempt to promote failure by FRP 

rupture. Following the application of the strengthening systems, the beams were split into 

groups and subjected to different environmental conditions. A portion of the beams was 

exposed to 300 freeze-thaw cycles, a portion was subjected to sustained loads, a portion 

went through the freeze-thaw cycling and sustained loads simultaneously, while the 

remaining beams remained unexposed to either of these conditions. Following the 

exposure stage, the beams were tested to failure by monotonic loading under four-point 

bending and the results were recorded. 
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A naming system was created for the beams, in order to represent their 

strengthening system and exposure conditions. The beams were identified with their 

strengthening system labelled first, then their exposure label, followed by the number of 

the beam within its group. 

 The following nomenclature was used: 

Strengthening system 

P – CFRP plate strengthened beams 

C – CFRP sheet strengthened beams 

G – GFRP sheet strengthened beams 

Control – No strengthening 

Exposure Conditions 

C – No exposure 

FT – 300 Freeze-Thaw cycles 

S – Sustained loading 

FTS – Freeze-Thaw + Sustained loading

For instance, the first GFRP beam in the group of specimens tested under 

combined freeze-thaw and sustained loading would be classified as G-FTS-1.  

4.2 Background Assumptions 

Several issues exist regarding the relevance of the testing carried out. One 

concern that has been revealed is that results of tests on small-scale members do not 

always correlate directly to results on full-scale members (Bažant 1984). While this may 

be the case, the study presented herein is not intended to predict quantities of 

environmental degradation in larger members, but simply to investigate whether or not 

freeze-thaw cycling has the potential to produce negative effects on FRP-strengthened 

beams. If negative effects are found, it would be recommended that larger-scale tests be 

completed in order to quantify the losses experienced. 

Additionally, it should be pointed out that the strengthening of new reinforced 

concrete beams is rare in the real world. FRP strengthening generally takes place on 

members that have been exposed to harsh climates for many years and would have 
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experienced some sort of deterioration. For the purposes of this study, however, it is 

being assumed that the same negative effects of combined freeze-thaw cycling and 

sustained loading that would be experienced by older beams, would also be experienced 

by beams without the same history. 

Finally, the methods used in this program for the anchorage of the FRP on the 

tensile side of the beams are not typical to those that are normally practised in the field. 

End wraps cannot normally be provided around the entire cross-section of a beam and it 

is normally impossible to extend the FRP beyond the support locations of a beam. These 

extra anchorage precautions were taken in an attempt to investigate the effects of FRP 

rupture rather than bond, since the latter has already been examined by other research 

programs (Bisby 1999, Dent 2005). Additionally, with new technologies for mechanical 

anchorages emerging, there appears to be a trend for more FRP strengthening systems to 

be governed by rupture. Consequently, it will be assumed that the methods of anchorage 

used in this testing will have no impact on whether or not adverse effects are experienced 

as a result of the combined exposure. 
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4.3 Design and Fabrication 

4.3.1 Design 

As detailed in Chapter 3, a theoretical model was used to predict the behaviour of 

the strengthened beams. The model accounted for concrete cracking, steel yielding, 

concrete crushing and FRP rupture of the beam. Using this information, FRP and steel 

quantities were adjusted to provide each group of beams with the best possible conditions 

to avoid concrete crushing and to fail by FRP rupture.  

The beam dimensions were taken to be similar to those fabricated by Dent (2005) 

and Bisby (1999), in order to provide the opportunity for future comparison between the 

results. The beams were designed to be 1220 mm long, with a depth of 152 mm and a 

width of 102 mm (Figures 4.1 and 4.2). In order to prevent concrete crushing, 10M 

(As = 100 mm2) top bars were added to the beams. Meanwhile, to reduce stresses in the 

bottom steel, the rebar used in past experimentation was increased to 10M bars, with 

clear spacing increased accordingly. Smaller smooth bars (5 mm diameter) were used as 

shear reinforcement and the number of stirrups was increased from past testing to allow 

for the larger loads predicted by the model. Stirrups were spaced every 45 mm, with two 

additional stirrups added in the constant moment region at the midsection of the beam to 

prevent compressive buckling of the longitudinal compression steel.  
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Figure 4-1: Cross-section of reinforced concrete beams 

 
 

 
Figure 4-2: Distribution of shear reinforcement 
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4.3.2 Beam Fabrication 

4.3.2.1 Steel Reinforcement 

To begin the fabrication of the beams, more than 1000 shear stirrups were cut and 

bent to shape by the author using a steel bending apparatus. The longitudinal 10M steel 

rebar was then cut into 1200 mm segments in order to provide some tolerance for fitting 

inside the formwork. A quarter of the bars had a small section ground and polished at 

their midpoint in order to bond strain gauges to their surface. Finally, the cages were 

assembled using a wooden frame, as shown in Figure 4-3, and the stirrups were tied to 

the longitudinal steel at alternating corners.  

 
 

 
Figure 4-3: Frame used for assembling the reinforcing cages 
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4.3.2.2 Formwork 

 
Figure 4-4: Illustration of plywood formwork 

The beam formwork was constructed out of 19 mm thick plywood, using screws 

for permanent connections and small nails to secure the walls dividing the beams. Five 

forms similar to the one illustrated in Figure 4-4 were used, each providing room for 10 

beams to be poured. Frames were cantilevered up from the sides of each formwork in 

order to elevate strain gauge wires out of the way, as shown in Figure 4-5. Small wooden 

blocks were placed at the ends of the beams to raise the cages from the bottom surface 

and provide the necessary clear spacing. Small wooden blocks were also placed along the 

sides of each cage in order to centre the reinforcement within each cell. 

4.3.2.3 Casting of Concrete Beams 

All 50 beams were poured on June 13th, 2006 from a single batch of concrete. The 

concrete was carefully placed in the forms to limit damage to any internal 

instrumentation. It was also ensured that the concrete was placed in the forms in an even 

distribution within each block of formwork, in order to avoid uneven pressures on either 

side of the dividing walls. During the filling of the forms, the small wooden blocks used 

to hold the cages in place horizontally were removed as the concrete provided enough 
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stability. Throughout the process, a vibrator was used to compact the concrete and avoid 

any honeycombing. Once the forms were filled with concrete, hand trowels were used to 

smooth the top surface of the beams, as shown in Figure 4-6.  

 
Figure 4-5: Formwork and reinforcement for internally gauged beams 

 
Figure 4-6: Trowelling of beams following concrete pour  
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Along with the beams, over 40 concrete cylinders were cast. The cylinders were 

created in order to test the compressive and tensile strength of the concrete at various 

critical stages and after being exposed to different environmental conditions. 

Once the beams and cylinders were poured, they were covered with wet burlap 

and then a plastic sheet. The burlap was moistened each day and the beams and cylinders 

were removed from their damp environment after 7 days. The beams were removed from 

their formwork by carefully removing the dividing walls, in order to avoid chipping of 

the concrete. Some of the finished beams are shown in Figure 4-7.  

 

 

 
Figure 4-7: Beams following removal from formwork 
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4.3.3 FRP Application 

4.3.3.1 Surface Preparation 

Before bonding the FRP to the beams, the surface of the concrete was 

sandblasted, as shown in Figure 4-8. This is recommended by the FRP manufacturer for 

the purpose of exposing the aggregates to enhance the bond between the epoxy matrix 

and the concrete surface, thus reducing the likelihood of FRP debonding. It is also 

recommended to clean the surface of any loose particles, which was done just prior to 

FRP application. 

 

 

 
Figure 4-8: Sandblasting of the beams 
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4.3.3.2 Mounting of FRP Systems 

Three of Sika Corp.’s FRP products were used in this testing program. Sika 

Carbodur (CFRP plate) and SikaWrap Hex 230C (CFRP sheet) were each used as 

flexural reinforcement on 15 beams. Meanwhile, SikaWrap Hex 430G (GFRP sheet) was 

used for flexural reinforcement on 15 beams, as well as for anchorage wraps on all of the 

strengthened beams. 

First, the sheets or plates were cut to lengths of 1180 mm, to span the entire length 

of the beams minus the 20 mm notches at the ends. As previously mentioned, it was 

decided to have the FRP be this length in order to improve the anchorage. The CFRP 

plates were manufactured already in 50 mm widths, while the CFRP sheets were cut to 

75 mm widths and the GFRP sheets were cut to 50 mm widths. Given the nature of the 

fabrics, cutting the sheets to accurate widths proved to be difficult. However, because the 

+/- 2 mm range of widths was found to only influence the ultimate strength of the beam 

by approximately 0.4 kN (under 1%), according to the theoretical model, it was assumed 

that the inaccuracy was tolerable. 

For ease of application, the beams were turned upside down prior to installing the 

FRP. A thin layer of adhesive was then spread over the tension side of the beams, 

employing Sikadur 30 epoxy for the CFRP plates and Sikadur 330 epoxy for both of the 

FRP sheet systems. The fibres were then placed onto the epoxy. For the CFRP plates, the 

laminates were pressed into the epoxy using a small roller until the adhesive was forced 

out on both sides, as shown in Figure 4-9.  
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Figure 4-9: Application of CFRP plates 

 For the CFRP and GFRP sheets, the fabric was placed on the epoxy covered 

concrete with gloved hands and it was smoothed out, until the resin penetrated through 

the rovings of the fabric. A final coat of epoxy was then spread overtop of the sheet to 

provide protection for the fibres. 

Following the application of the flexural FRP, the GFRP anchorage wraps were 

installed at the ends of the beams. The wraps were approximately 200 mm in width and 

had a 100mm overlap at the top of the beam. The same application method was used for 

the anchorage wraps as the longitudinal FRP sheets. An illustration and some images of 

the FRP strengthened beams can be found in Figures 4-10 to 4-12. 
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Figure 4-10: Dimensions of FRP strengthened beam 

 
 

 

 

 
Figure 4-11: Beams after bonding of CFRP sheets 
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Figure 4-12: CFRP plate and GFRP sheet strengthened beams 

4.4 Material Properties 

4.4.1 Concrete 

All of the concrete used in this testing program was poured from the same batch 

from a ready-mix plant. The concrete was ordered to have a 28 day compressive strength 

of 35 MPa, with the assumption that this value would be slightly exceeded. It was also 

specified to have a 75 mm slump, a 10 mm maximum aggregate diameter, 5-7% air 

entrainment, and to be made from Type 10 cement. At the time of pour, a 75 mm slump 

was achieved, but an air entrainment of just 4.7% was attained. However, given the 

margin of error in the testing equipment used in the laboratory, and given that the 

concrete was likely tested at the fabrication plant prior to being shipped, it is probable 

that the concrete had sufficient air entrainment since errors in the measurement of air 
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entrainment are mainly due to leakage of the seal of the equipment giving low readings. 

More discussion on the effects of air entrainment is provided in Section 5.2.1. 

As previously mentioned, over 40 concrete cylinders were poured with the beams. 

The cylinders were approximately 305 mm long with a 152 mm diameter. In order to 

track the strength of the concrete, cylinders were tested in compression at 7, 14 and 28 

days. Prior to the tests, the cylinders were capped with a sulphur compound in order to 

provide a uniform load to the ends. Testing was carried out according to CSA Standard 

A23.2-3C (CSA 1990) using a 1350 kN Reihle testing machine.  

After the 28 days of curing had transpired, the remaining cylinders were split into 

four groups of 8, with two of the groups left in storage and the other two groups subjected 

to different regimens of freeze-thaw cycling, as discussed in Section 4.6. The cylinders 

were then tested within one week of the monotonic testing of their corresponding beams. 

In each group, 5 of the cylinders were tested in compression, while the remaining 3 were 

tested in tension. The tensile tests consisted of placing the cylinders on their sides with 

thin wooden strips protecting the cylinders at the bearing points. As the loading 

mechanism applied a force on the cylinder, the concrete was forced outward until the 

force exceeded the tensile resistance, at which point the cylinder would split in half. The 

tensile resistance of the concrete was taken as, 

dL
Pfct π

2
=′  

Equation 4-1 

with P being the force as read by the testing machine, d being the diameter of the 

cylinder, and L being the length of the cylinder. 



EXPERIMENTAL PROCEDURE 

  47  

4.4.2 Steel Reinforcement 

Uniaxial tension tests were conducted on the 10M reinforcing bars to determine 

their stress-strain profile. Three samples were tested under room temperature conditions 

using the Unite-O-Matic 45 kN testing machine. 

4.4.3 FRP  

The material properties of the FRP systems were taken from the specifications 

provided by the manufacturer. Sika Corporation provided average values for strength, 

modulus, and elongation from 24 tensile coupon tests, carried out according to ASTM 

D3039 (ASTM 2000). Design values were also provided, based on the average value 

minus 2 standard deviations.  

4.5 Sustained Loading 

In order to apply sustained loads to the beams, an apparatus was needed that  

i. would allow for frequent adjustments of load 

ii. would take up minimal space 

iii. could be subjected to extreme cold conditions, and  

iv. could be reused in this experimental program and for future testing.  

Given the limited availability of loading and data acquisition equipment in the laboratory, 

and given the number of beams requiring loading, an innovative solution was required. 

After considering several proposals, a loading frame using a similar approach as Kong 

(2005) was employed. As shown in Figure 2-6, Kong used thick steel plates bolted in 

place using steel tie rods, and was able to use a small removable hydraulic ram and load 

cell to apply loads to his cylinders. The conceptual design of the loading frame used in 
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this program is shown in Figure 4-13, and allows for two beams to be loaded 

simultaneously within each frame.  

Figure 4-13(a) shows the frame during loading and adjusting of loads, while 

Figure 4-13(b) shows the setup of the beams during the majority of time when the 

loading portion is not needed. The frame, including the loading component, consisted of  

- six smaller 250 mm long 51×51×4.8 hollow structural steel (HSS) sections 

- two larger 500 mm long 102×102×4.8 HSS sections 

- twelve nuts 

- four 1200 mm long threaded rods 

- two 50 mm diameter solid steel rollers 

- a 300 mm long hydraulic ram attached to a hand pump 

- thin rubber bearing pads (not shown) protecting the concrete from chipping, and  

- a small load cell attached to a digital readout box (not shown).  

 

 
 (a) (b) 

Figure 4-13: Conceptual design of sustained load frame, with and without loading mechanism 
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Figure 4-14: Completed sustained load frame 

The diameter of the threaded rods was 11.1 mm for the first group of sustained 

load frames constructed, but the size was increased to 12.7 mm for the second group. The 

larger rods were used because the larger corresponding nuts proved to be much easier to 

handle and reduced the time for affixing the loading apparatus. 

Overall, the frame proved to be versatile and user-friendly for one person to 

operate it. Images of the loading frame in action can be found in Figure 4-14. 

In order to load the beams for the first time, the frame shown in Figure 4-13(a) 

was constructed, with the addition of the load cell beneath the hydraulic ram. Once 

assembled, the hydraulic ram was pumped by hand until the load reached the value 

desired. The nuts just above the beams were then tightened, securing the force acting 

through the smaller HSS sections. Initially, the load had a tendency to drop off quickly, 
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possibly due to leaks in the hydraulic ram, short term creep of the concrete, and short 

term relaxation of the threaded rods. To compensate for this loss, the load was reapplied 

with the hydraulic ram and the nuts were tightened. This was repeated until the load 

displayed on the readout box maintained the desired level and the nuts were tightened. 

Once each set of beams was at a satisfactory load level, the loading portion of the frame 

was removed and the process was repeated on the next set of beams. 

The method described above for tightening the nuts was used many times after the 

initial loading of the beams, due to creep and relaxation losses. For the first week of the 

loading process, the loads were adjusted each day in order for the beams to be subjected 

to their specified service loads. Adjustment intervals were then reduced to every other 

day, eventually only needing to be checked once a week after a couple months. As 

discussed in Section 2.3.1, the creep and relaxation of the beams and sustained load 

frame were large initially and decreased gradually with time. 

The magnitude of the sustained loads was taken as the full service load level and 

was calculated according to the following set of equations: 

Given, LDfr MMMM 5.125.1 +==  
Equation 4-2 

Assume MD = ML 

     DDDfr MMMMM 75.25.125.1 =+==  

     
75.2

r
D

M
M =  

     DLDS MMMM 2=+=  

     
75.2

2 r
S

M
M =  

    Therefore, MS = 0.727Mr  
Equation 4-3 
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Using Equation 4-3, the sustained loads were calculated using the moment 

capacities found from the theoretical model, and the results of these calculations are 

given in Table 4-1 below. 

Table 4-1: Sustained loading values 

Design Sustained 
FRP Type 

Capacity Loading 
Carbon Plate 130.2 kN 94.7 kN 
Carbon Sheet 70.2 kN 51.0 kN 
Glass Sheet 62.1 kN 45.2 kN 

4.6 Freeze-Thaw Cycling 

With the use of an innovative environment chamber in the Civil Engineering 

laboratories at Queen’s University, shown in Figure 4-15, the beams were subjected to 

300 cycles of freezing and thawing. Three hundred (300) cycles were chosen to compare 

the results with past experimental programs that have mostly used 300 cycles. Given the 

environmental data for Toronto (Bisby 2002), this would represent between 10 to 20  

years of freeze-thaw exposure. Also, ASTM standard C 666–97 (Standard Test Method 

for Resistance of Concrete to Rapid Freezing and Thawing) specifies 300 cycles as being 

adequate to achieve sufficient freeze-thaw durability of concrete. To further following the 

guidelines of ASTM C 666-97, the core temperature of the beams was required to range 

from +5˚C to -18˚C and back to +5˚C within a period of 5 hours to complete a single 

freeze-thaw cycle. 
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Figure 4-15: Environmental chamber used for freeze-thaw cycling  

In order to satisfy these requirements, Kong (2005) used thermocouples to 

measure the internal temperature of his concrete specimens and utilized the data to create 

a sufficient cooling and warming schedule for the chamber. The schedule used by Kong 

was implemented in the current testing program and can be found in Table 4-2 and Figure 

4-16. Using this method, each cycle took 5 hours and 25 minutes, and the 300 cycles 

could be completed in less than 70 days, assuming no delays.  

To facilitate the rapid thawing required by the ASTM standard, the beams and 

cylinders needed to be flooded with water to speed up the warming process, with the 

water drained prior to the freezing cycle. To do this, the specimens were placed in tubs 

that allowed for the inflow and drainage of water that was automatically pumped from the 

river engineering laboratories below. The beams enduring combined freeze-thaw and 

sustained loads were placed in two taller stainless steel tanks, shown in Figure 4-18, 

while the beams exposed to just freeze-thaw cycling were placed in a shallower rubber 
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insulated tank, shown in Figure 4-17. Cylinders were divided and placed in the three 

tanks, in order to endure the same conditions as all of the beams. 

Table 4-2: Freeze-thaw chamber schedule  
(Kong 2005) 

Intervals Temperature Air 
˚C Time Core 

Temperature ˚C Pump Loop 

  From Set point (Hr/Min/Sec)    
1 22 10 0 / 30 / 0    
2 10 1 0 / 30 / 0 5   
3 1 -30 1 / 0 / 0 2   
4 -30 -30 2 / 0 / 0 -8   
5 -30 1 0 / 45 / 0 -18   
6 1 10 0 / 40 / 0 -8 On  
7 10 20 0 / 30 /0  5 Off  
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Figure 4-16: Temperature-time curve for one freeze-thaw cycle  (Kong 2005) 
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Figure 4-17: Unloaded beams in rubber insulated freeze-thaw tank 

 
 

 
Figure 4-18: Loaded beams in stainless steel freeze-thaw tank 
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4.7 Instrumentation 

Prior to the ultimate strength tests, instrumentation was mounted onto the beams 

in order to record their behaviour. During the beam fabrication stage, strain gauges were 

placed at the midsection of some of the longitudinal steel reinforcement bars, in order to 

measure internal strains. The first beam of each subgroup was reinforced with these 

gauged bars. These 5 mm strain gauges were produced by KYOWA Electronic 

Instruments Co. Ltd. and required the gauge and lead wires to be soldered to terminal 

pads. After grinding and polishing a small section of the rebar, shown in Figure 4-19, the 

gauges were bonded using M-Bond 200 adhesive. It was calculated that the grinding 

reduced the cross-sectional area of the steel by 3-9% in the gauged reinforcing bars. 

 
Figure 4-19: Surface preparation for internal steel strain gauges 

In order to measure deflections of the beams, linear transducers were mounted 

onto magnetic stands and used at the midspan and ends of the beams. The arm of both 

midspan transducers projected onto a thin steel plate, with one located on each side of the 

beam. The thin steel plate was attached at the midsection of the beam using an apparatus 

wrapped around the member using springs and avoiding all instrumentation, as shown in 

Figures 4-20 and Figure 4-22(b). At each end, the transducer arm was placed onto the top 
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of the beam directly above the support. The location of these transducers is shown in 

Figure 4-22(a). 

The curvature of the beams was determined by measuring the strain profile of the 

cross-section of the beam. In addition to the internal strains from the rebar gauges, 

concrete strains were determined using 100 mm pi-type displacement transducers placed 

at the midspan of the beams. Two were located on the top of each beam, approximately 

25 mm from each edge. Meanwhile, early tests began with one displacement transducer 

placed on the side of the beam, 25 mm from the bottom, and eventually a second was 

added at the centre and a third was added 25 mm from the top, as they became available. 

The displacement transducers were fastened onto screws that had been epoxied onto the 

concrete surface, and a safety plate was used to avoid damage to the instrumentation. 

These displacement transducers are shown in Figure 4-20 and Figure 4-22. Initial tests 

used Demec points mounted on the side of the beams, with manual displacement readings 

being taken at fixed load intervals. After four beams, this method was abandoned due to 

the propensity for human error, and because the stoppages of the loading were causing 

inconsistent creep and relaxation of the beams.   

Strains in the FRP were measured with two strain gauges located at the midspan 

of the beams. The 5 mm strain gauges were produced by Showa Measuring Instruments 

Co. Ltd. and came pre-wired. Prior to the bonding of the gauges, a thin layer of black 

GA2 adhesive filler was spread onto the FRP to create a smooth flat surface. M-Bond 200 

adhesive was then used to secure the strain gauges to the surface, as shown in 

Figure 4-21. Both adhesives were acquired from Vishay Micro Measurements and all 

surface preparation and installation methods were completed according to their 
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specifications. For the control beams, strains at the bottom of the section were measured 

using an additional two pi-type displacement transducers. 

The loading machine used was manufactured to accurately measure its own 

stroke, while a calibrated load cell was attached to the loading frame to record the vertical 

loads. All of the instrumentation listed was recorded during the tests using a Vishay 

Micro Measurements System 5000 and a data acquisition system known as Strain Smart. 

The final instrumentation setup is shown in Figure 4-22. 

 
Figure 4-20: Pi-type displacement transducers on side and top of beam 

 
Figure 4-21: Bonding of strain gauges onto FRP 
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Figure 4-22: Illustrations of instrumentation setup 

4.8 Test Setup 

Following the freeze-thaw cycling and sustained load exposures, and after being 

fitted with all the necessary instrumentation, the beams were tested to failure in four point 

bending. A 250 kN Reihle loading machine was used to load the beams in the main 

structural laboratory at Queen’s University. A loading rate of 1 mm per minute was used 

and the beams were loaded beyond failure. An illustration of the loading setup is given in 

Figure 4-23, with dimensions given previously in Figure 4-2. Additional photos showing 
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the entire setup and the removable load frame are given in Figures 4-24 and 4-25 

respectively. 

 

Figure 4-23: Schematic of test setup for ultimate strength tests 

 
Figure 4-24: Photo showing testing setup and data acquisition system 
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Figure 4-25: Removable load frame in place during testing 

 

In order to simulate the sustained loading process, the first control beam of each 

FRP group (ie. C-C-1, G-C-1 & P-C-1) was loaded to the specified sustained loading 

quantity for that beam type. Once the beams were loaded to the specified force, the load 

was held constant for approximately 5 minutes and then slowly released. This was 

completed to determine the short term behaviour of the beam during the loading and 

unloading processes, as well as the short term creep and relaxation of the beams. 
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4.9 Summary 

The main experimental program consisted of the monotonic testing of FRP 

strengthened reinforced concrete beams after having been subjected to combined 

sustained loading and freeze-thaw cycling. A summary of the program can be found in 

Table 5-1. Additionally, over 40 concrete cylinders were tested in compression and 

tension, in order to compare the ultimate strength results more accurately.

Chapter 5 presents the results of the testing described in this chapter and these 

results will be discussed. Additionally, a statistical analysis will be conducted on the data 

to determine the relevance of any noteworthy differences in results. 
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5 CHAPTER 5 – EXPERIMENTAL RESULTS & ANALYSIS 

5.1 General 

Within this chapter, experimental results for the tests on the constituent materials 

are presented, followed by observations from the sustained loading and freeze-thaw 

cycling. The results of the flexural tests on the strengthened and unstrengthened beams 

are then revealed along with analysis and discussion of these results. Finally, the results 

of the control beams are compared with the theoretical models to review the loads applied 

on the sustained loaded beams. Table 5-1 provides an overview of the test program. 

 

Table 5-1: Summary of testing program 

Group 
Name FRP Type # of 

Beams 
Freeze-Thaw 

Cycling 

Sustained 
Loading 

(kN) 

Service 
FRP Strain 
(mm/mm) 

Design 
Capacity 

(kN) 
P-FTS Carbon Plate 4 300 cycles 94.7 0.0059 130.2 
P-FT Carbon Plate 4 300 cycles none none 130.2 
P-S Carbon Plate 4 none 94.7 0.0059 130.2 
P-C Carbon Plate 3 none none none 130.2 

C-FTS Carbon Sheet 4 300 cycles 51.0 0.0022 70.2 
C-FT Carbon Sheet 4 300 cycles none none 70.2 
C-S Carbon Sheet 4 none 51.0 0.0022 70.2 
C-C Carbon Sheet 3 none none none 70.2 

G-FTS Glass Sheet 4 300 cycles 45.2 0.0021 62.1  
G-FT Glass Sheet 4 300 cycles none none 62.1 
G-S Glass Sheet 4 none 45.2 0.0021 62.1 
G-C Glass Sheet 3 none none none 62.1 

Control none 3 none none none 52.5 
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5.2 Material Properties 

5.2.1 Concrete 

The properties of the concrete were determined by testing concrete cylinders in 

both compression and tension. The results of the uniaxial compression tests and split-

cylinder tests are provided in Table 5-2.  

As expected, the strength of the concrete increased rapidly within the first two 

weeks after the pour, with the strength increases tapering off significantly after that. The 

test results of each group of cylinders were fairly consistent, and the majority of cylinders 

failed in a conical shape, indicating compressive failure rather than shear failure. 

Table 5-2: Results of concrete tests 

Compression Tests Tensile Tests 

Conditions # of 
Cylinders 

Average 
Compressive 

Strength 

Standard 
Deviation

# of 
Cylinders 

Average 
Tensile 
Strength 

Standard 
Deviation

7 days 3 32.7 MPa 1.2 MPa - - - 

14 days 3 39.3 MPa 1.8 MPa - - - 

28 days 3 42.5 MPa 1.6 MPa - - - 

1st Batch  
Final Strength 

Control 
5 43.2 MPa 1.2 MPa 3 3.1 MPa 0.2 MPa 

1st Batch  
Final Strength 

Freeze-Thaw Cycled 
5 46.3 MPa 1.9 MPa 3 3.6 MPa 0.4 MPa 

2nd Batch  
Final Strength 

Control 
5 43.5 MPa 0.5 MPa 3 3.9 MPa 0.1 MPa 

2nd Batch  
Final Strength 

Freeze-Thaw Cycled 
5 49.8 MPa 1.4 MPa 3 3.8 MPa 0.2 MPa 
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Another noteworthy observation was the higher compressive strengths of the 

freeze-thaw cycled cylinders, which has been found in many other studies. The cylinders 

exposed to freeze-thaw cycles having 7-14% more strength than the control cylinders. 

This was most likely due to additional concrete curing that took place during the thawing 

cycles, when the specimens were submersed in water. It also shows that very little freeze 

thaw degradation took place thanks to the air content of the concrete, as detailed in 

Section 4.4.1. 

5.2.2 Steel Reinforcement 

The uniaxial tension tests on the 10M steel rebar showed that the steel was 

considerably stronger than anticipated. The three samples had an average yield stress of 

492 MPa with a standard deviation of only 5 MPa. After experiencing strain hardening, 

an average ultimate stress of 587 MPa was achieved (with standard deviation of 7 MPa). 

Given the inability of the testing machine to accurately capture the proper strains for the 

steel samples, a yield strain of 0.00246 and modulus of elasticity of 200 GPa were 

assumed. 

5.2.3 FRP 

As detailed in Section 4.4.3, Sika Corporation tested 24 sample coupons of each 

FRP type. The results of these uniaxial tests are listed in Table 5-3 below, along with the 

FRP widths used for flexural strengthening of the beams. No additional testing was 

conducted to compare these specified properties with the properties of the FRP used in 

this experimental program. As such, the manufacturer’s properties were used in the 

theoretical modelling. 
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Table 5-3: Average Properties of FRP from manufacturer (Sika Corporation 2003) 

FRP Type CFRP Plates CFRP Sheets GFRP Sheets 

Trade Name Sika Carbodur S512 SikaWrap Hex 230C SikaWrap Hex 430G 

Fibre Type Carbon Carbon Glass 

Adhesive Sikadur 30 Epoxy Sikadur 330 Epoxy Sikadur 330 Epoxy 

Tensile Strength 2800 MPa 894 MPa 537 MPa 

Tensile Elastic 
Modulus 165,000 MPa 65,400 MPa 26,500 MPa 

Tensile Elongation at 
Break >1.7% 1.33% 2.21% 

Thickness/Ply 1.2 mm 0.38 mm 0.51 mm 

Width 50 mm 75 mm 50 mm 

 

5.3 Sustained Loading 

The sustained loading frames proved to be successful in applying continuous 

loads to the beams, while taking up little space and being maneuverable. As detailed in 

Section 4.5, the loads were adjusted on a frequent basis in order to make up for creep and 

relaxation that occurred in the beams and the loading frames.  

During the initial loading of one of the first load frames, an unexpected failure 

occurred due to overloading of a beam. After successful loading of the CFRP plate 

strengthened beams, the GFRP strengthened beams G-S-3 and G-S-4 were the first of 

their beam type to be loaded. However, the sustained load quantities were not 

recalculated after a last minute change in the GFRP system used. The system that was 

originally intended to be used specified a larger design thickness than the Sika GFRP 

product. As such, the beams were loaded beyond their capacity, resulting in FRP rupture 

for beam G-S-3 and excessive irrecoverable strains for beam G-S-4.  
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Following the premature failure of the two beams, the sustained loads were 

recalculated and the remainder of the GFRP beams requiring sustained loading conditions 

were exposed to the adjusted load levels. Fortunately, two extra beams were cast during 

the original concrete pour and were used to replace the damaged GFRP beams. After 

being strengthened with GFRP sheets, the replacement beams were labeled G-S-5 and 

G-S-6. 

The remainder of the beams were loaded without incident, with the first group (all 

CFRP plate beams and most GFRP sheet beams) enduring around 12 weeks of loading to 

achieve 300 freeze-thaw cycles. Following that, the second group (CFRP sheet beams, as 

well as G-S-5 and G-S-6) experienced approximately 10 weeks of loading to expose the 

beams to 300 cycles. The first group of beams required additional time because of some 

early technical difficulties with the freeze-thaw cycling process, as discussed in 

Section 5.3. 

It is important to note that, although every attempt was made to ensure that the 

loads were kept at the specified sustained load levels, a high degree of inaccuracy existed 

given the nature of the hand-pumped hydraulic pump and the portable load cell. It is 

estimated that the loads were set within 3 kN of the desired quantities. Given the creep 

and relaxation of the beams, the sustained loads would tend to decrease by notable 

amounts in between adjustment periods. This was especially the case during the first few 

weeks of applying the load. 

The magnitude of the sustained stresses and strains experienced by the constituent 

materials can be found in Tables 5-14 and 5-15, and are discussed in Section 5.7.1. 
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5.4 Freeze-Thaw Cycling 

Because of the number of beams being tested and the finite amount of space in the 

freeze-thaw chamber, the specimens requiring freeze-thaw exposure were divided into 

two groups. The first group consisted of the GFRP sheet strengthened beams and the 

CFRP plate strengthened beams, while the second group consisted of the CFRP sheet 

strengthened beams. 

Some problems occurred during the first phase of the cycling. Within the first 

week, trial and error was required to perfect the flow of water in and out of the tanks. 

Additionally, the compressor for the refrigeration unit in the chamber needed replacement 

in order for the temperatures specified by Table 4-2 to be attained. Prior to the 

replacement, the first group of beams experienced about a week of freeze-thaw cycling at 

temperatures less extreme than desired, generally only reaching around -10°C. These less 

severe conditions for the first week were not deemed significant because they occurred 

for only a small portion of the total exposure time, and the specimens were still exposed 

to freezing conditions. The remainder of the freeze-thaw cycles ran under ideal 

conditions, with the cycling only stopped periodically to make adjustments to the 

sustained loading frames. 

An important observation was made during the sustained loading and freeze-thaw 

process with respect to losses in the sustained load levels. It quickly became apparent that 

there was a difference in the sustained load losses between the frames in the freeze-thaw 

chamber versus those at room temperature outside the chamber. The freeze-thaw cycled 

beams experienced less creep, partially due to strength gains from the additional curing 
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time during the thawing cycles, but most likely caused by the effects of the low 

temperatures on the material properties (Neville 2002). 

5.5 Flexural Beam Tests 

Following the sustained loading and freeze-thaw cycling of the beams, all of the 

beams were tested to failure in four-point bending. For the purposes of clarity, beams that 

were tested without any FRP strengthening system have been referred to as 

“unstrengthened beams”, while the beams were in fact strengthened with FRP and were 

left without exposure to freeze-thaw cycling or sustained loading have been identified as 

“control beams”. 

Prior to the yielding of the tensile steel, the performance of the beams within each 

subgroup (ie. C, FT, S, FTS) were similar to each other. Because of this, it is useful to 

compare the beam stiffnesses of the various subgroups. The analysis of variance 

(ANOVA) tests performed also confirmed that these results are consistent enough to 

render the differences between the subgroups to be significant and valid from a statistical 

point of view. In addition to the pre-yield performance of the beams, the yielding and 

ultimate loads of the beams have been compared. 

The ANOVA tests were completed in Microsoft Excel and their purpose was to 

determine if the differences between the groups of beams exposed to different conditions 

were significant. All tests were completed using a 95% confidence level with the program 

assuming that the standard deviations were equal. Since this was not the case, the results 

should be treated with caution. A summary of the tests can be found in Table 5-11, with 

the remainder of the data available in Appendix C. 
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In order to further investigate the results, calculations for guaranteed strengths 

were conducted. According to ACI-440 (2006), the guaranteed strength is defined as the 

mean strength of a sample of test specimens minus three times the standard deviation. 

Additionally, the failure modes of the beams and any general observations are discussed 

herein. 

Finally, the results listed in this section should be evaluated while keeping in 

mind the degree of precision of the various measurements. It is estimated that the beams 

were fabricated to dimensions within +/- 3 mm of that specified. While a 3 mm difference 

in the length of the beams would not significantly affect the results, having these 

variances in the width and depth of the beam could be a factor. The diameter and area of 

the steel reinforcement is generally considered accurate. However, a quarter of the beams 

had internal strain gauges bonded onto their longitudinal reinforcement. In order to bond 

the gauges onto the bars, they were ground in a small region at their midspan, effectively 

reducing their cross-sectional area by about 6%. Using the theoretical model, this proved 

to reduce the capacity of the beams by 3-8%, depending on the strengthening system. 

While this had the potential to have a significant impact on the results, given the length of 

the bar that was affected, and after reviewing the performance of the beams with gauged 

bars versus those without, it appears as though this localized reduction in steel area can 

be neglected. 

There is also an imprecision with respect to the width and thickness of the FRP 

sheets used. As discussed in Section 4.3.3.2, the +/- 2 mm variance amongst the widths of 

the FRP sheets showed negligible effects on the overall capacities of the beams, but there 

was a higher degree of uncertainty regarding the layer thickness and the fibre content.  
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Other deviances that could potentially affect the results include the height of the 

reinforcing steel in the beam, the span length, differences in the loading rate, and 

inaccuracies with the instrumentation. The results also assume that deflections and strains 

are highest at the midspan, which may not have always been the case, as significant 

cracks may have caused asymmetric bending of the beam. Finally, errors in the 

displacement transducers and the load cell, estimated at around +/- 0.05 mm and 

+/ 0.1 kN respectively, may have added to potential inaccuracies in the results. 

 

5.5.1 Unstrengthened Beams 

The three unstrengthened beams exhibited behaviour that was consistent with 

regular reinforced concrete beams. After experiencing cracking of the tensile concrete at 

about 9 kN, the beams behaved linear-elastically until around 70 kN, at which point the 

longitudinal tensile steel yielded. After yielding, the beams only had marginal increases 

in load resistance with increasing deflections, until the tests were stopped because of 

significant concrete crushing in the compressive region of the beam. Results for these 

tests can be found in Figure 5-1 and Table 5-4. Figures 5-2 and 5-3 also shows one of the 

unstrengthened beams after completion of the testing. 
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Figure 5-1: Performance of Unstrengthened Beams 

 
 

Table 5-4: Testing Results for Unstrengthened Beams  

Beam 
Pre-Yield 
Stiffness 
(kN/mm) 

Approx. 
Yield Load 

(kN) 

Ultimate 
Load 
(kN) 

Group 
AVG (kN) 

Control 1 12.6 68.2 72.2 
Control 2 12.3 73.3 77.0 
Control 3 11.5 68.8 73.2 

74.1 

Cracking of 
Tensile Concrete  

Yielding of Tensile 
Steel Reinforcement 

Concrete Crushing 
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Figure 5-2: Unstrengthened beam after failure (Control 2) 

 
 

 

 
Figure 5-3: Unstrengthened beam showing residual deformations (Control 2) 
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5.5.2 Beams Strengthened with GFRP Sheets 

Figure 5-4 shows the performance of the beams strengthened with GFRP sheets. 

The most typical beam of each group has been shown for the purpose of clarity, and the 

results of the simulated sustained loading test are shown with the thick grey line in the 

graph below. Quantitative data can be found in Table 5-5. 
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Figure 5-4: GFRP Sheet Strengthened Beams 

 

Cracking of 
Tensile Concrete  

Yielding of Tensile 
Steel Reinforcement 

FRP Rupture & 
Concrete Crushing 



RESULTS & ANALYSIS 

  74  

Table 5-5: Results of testing for GFRP Sheet Strengthened Beams  

Beam 
Pre-Yield 
Stiffness 
(kN/mm) 

Approx. 
Yield 
Load 
(kN) 

Ultimate 
Load 
(kN) 

Group 
AVG (kN) 

Group Strength 
Increase vs 

Unstrengthened 
Beams 

Beam 
type 
AVG 
(kN) 

G-C-1S 12.7 - - - - - 
G-C-1 16.0 72.17 75.97 
G-C-2 12.4 69.05 76.32 
G-C-3 12.2 69.71 71.51 

74.60 1% 

G-FT-1 13.1 73.55 77.59 
G-FT-2 13.5 76.92 83.11 
G-FT-3 13.3 67.73 71.44 
G-FT-4 12.6 70.62 78.01 

77.54 5% 

G-S-1 16.1 76.41 82.80 
G-S-2 16.6 69.25 71.86 
G-S-5 16.6 76.12 84.96 
G-S-6 17.2 72.95 84.97 

81.15 9% 

G-FTS-1 17.0 70.55 79.14 
G-FTS-2 17.2 69.13 73.37 
G-FTS-3 15.7 66.42 72.16 
G-FTS-4 16.3 66.24 74.65 

74.83 1% 

77.19 

 

5.5.2.1 Beam Stiffness 

After the cracking of the concrete and prior to the yielding of the steel, the groups 

of beams exhibited notably different stiffnesses. As indicated by the slopes of the graphs 

between 1 and 4 mm of deflection in Figure 5-4, the beams subjected to sustained loading 

(groups S and FTS) were notably stiffer than the control beams. This likely occurred due 

to the stiffening effect on concrete when it undergoes concrete creep (Neville 2002). 

Meanwhile, the beams subjected to freeze-thaw cycling also exhibited slightly higher 

stiffnesses, possibly due to their higher concrete strengths, as discussed in Section 5.2.1. 

As previously mentioned, the ANOVA tests shown in Appendix C have confirmed that 

the differences between the stiffnesses of the groups of beams prior to yielding are 

statistically significant. This is due to the high consistency among the results within each 

subgroup. 
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5.5.2.2 Ultimate Strength & Failure Modes 

After experiencing steel yielding anywhere from 65 to 76 kN, the GFRP 

strengthened beams increased in strength between 71 and 85 kN before failure. While the 

control beams experienced an average strength increase of just 1% over the 

unstrengthened beams, the freeze-thaw cycled beams and sustained loaded beams had 

average strength increases of 5% and 9% respectively. Typically, reinforced concrete 

beams would be strengthened by more than 10% with the application of FRPs. However, 

a last minute change in the GFRP product used for strengthening and the smaller ply 

thickness of this new product led to lower capacities than desired. The freeze-thaw cycled 

beams likely had higher capacities than the control beams due to stronger concrete 

resulting from the freeze-thaw cycling, as discussed in Section 5.2.1. The 8% strength 

increase of the sustained loaded beams versus the control beams may be attributed to the 

stiffening of the concrete due to creep. Meanwhile, the beams subjected to combined 

loading (sustained loading + freeze thaw cycling) were on average only 1% stronger than 

the unstrengthened beams. This may have occurred due to microcracking of the epoxy 

matrix from the sustained loads, causing the system to be more vulnerable to freeze-thaw 

damage. While it could be argued that negative combined effects from the freeze-thaw 

cycling and the sustained loading may have taken place, the reality is that these beams 

were still virtually equivalent in strength to the control beams. The ANOVA statistical 

tests, in Appendix C, revealed that the differences between the groups were not 

statistically significant due to the high variability. 
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Another key quantitative observation was that the expected strength gains with 

the addition of the GFRP sheets to the beams compared to the unstrengthened members 

were lower than expected. This will be discussed further in Section 5.6. 

Looking at the guaranteed strengths (as introduced in Section 5.5) of the GFRP 

strengthened beams reveals that the higher standard deviations of the groups result in 

lower guaranteed strengths than the unstrengthened control members, despite the higher 

mean strengths. These values are given in Table 5-6. 

Table 5-6 : Guaranteed strengths for GFRP strengthened beams compared to control beams 

Beam Type Subgroup Average 
(MPa) 

Std. 
Dev.  

(MPa)

Guaranteed 
Strength  
(MPa) 

Unstrengthened - 74.1 2.5 66.6 
C 74.6 2.7 66.6 
FT 77.5 4.8 63.2 
S 81.2 6.3 62.3 

GFRP Sheet 

FTS 74.8 3.1 65.7 

A review of the failure modes displays some variation between groups. The 

majority of the control beams actually experienced concrete crushing slightly before the 

rupture of the FRP, as shown in Figure 5-5. On the other hand, the strong majority of the 

beams subjected to freeze-thaw cycling and/or sustained loading had failure initialized by 

rupture of the FRP. In many of these cases, the FRP rupture was instigated by flexural-

shear cracks bisecting the FRP and inducing high shear stresses. Figure 5-6 provides an 

example of a beam that failed due to this mechanism. While the higher strength concrete 

in the freeze-thaw cycled beams (groups FT and FTS) likely helped delay the concrete 

crushing, the reason for the greater likelihood of observing FRP rupture in the sustained 

loaded beams is not clear. One possible explanation could be related to the creep effects 
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that took place during the loading period. In looking at the microstructure of the concrete 

during creep, the compressive forces acting on the material induce internal stresses that 

tend to progress the microstructure from a metastable state to its most stable and compact 

state (Neville 2002). Once this has taken place, the concrete is stiffer, stronger (as 

suggested in Section 5.5.2.1) and slightly less susceptible to concrete crushing.  

 
Figure 5-5: Control beam having undergone concrete crushing prior to FRP rupture (Beam G-C-1) 

 
Figure 5-6: FRP rupture at location of flexural crack in freeze-thaw cycled beam (Beam G-FT-4) 
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5.5.3 Beams Strengthened with CFRP Sheets 

Figure 5-7 shows the performance of the CFRP sheet strengthened beams. The 

most typical beam from each group has been shown for the purpose of clarity, and the 

results of the simulated sustained loading test are shown with the thick grey line in the 

graph below. Quantitative data can be found in Table 5-7. 
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Figure 5-7: CFRP Sheet Strengthened Beams 
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Table 5-7: Results of testing for CFRP Sheet Strengthened Beams 

Beam 
Pre-Yield 
Stiffness 
(kN/mm) 

Approx. 
Yield 
Load 
(kN) 

Ultimate 
Load 
(kN) 

Group 
AVG 
(kN) 

Group Strength 
Increase vs 

Unstrengthened 
Beams 

Beam 
type 
AVG 
(kN) 

C-C-1S 14.0 - - - - - 
C-C-1 16.7 83.63 96.71 
C-C-2 13.5 81.84 94.48 
C-C-3 13.9 80.44 96.31 

95.83 29% 

C-FT-1 14.9 83.23 96.94 
C-FT-2 15.4 82.58 98.08 
C-FT-3 15.6 85.08 103.02 
C-FT-4 13.8 85.43 99.96 

99.50 34% 

C-S-1 16.3 81.45 96.94 
C-S-2 16.9 83.24 99.84 
C-S-3 15.7 77.37 95.28 
C-S-4 17.2 81.63 96.51 

97.14 31% 

C-FTS-1 19.1 76.24 90.98 
C-FTS-2 17.4 79.14 97.70 
C-FTS-3 18.1 77.44 93.49 
C-FTS-4 20.0 84.00 101.64 

95.95 29% 

97.19 

 

5.5.3.1 Beam Stiffness 

As was the case with the GFRP beams, the various groups of CFRP sheet 

strengthened beams exhibited distinctly different stiffnesses prior to yielding of the 

tensile steel. These stiffnesses are indicated by the slopes of the graphs between 1 and 4 

mm of deflection in Figure 5-7. Similar to the GFRP strengthened beams, the CFRP sheet 

beams subjected to the sustained loading (group S and FTS) exhibited the most stiffness, 

likely due to some concrete stiffening from creep and from minor strain hardening of the 

FRP and steel. Also, the freeze-thaw cycled beams proved to be slightly stiffer than the 

control beams, likely due to the higher concrete strengths. With the beams in each group 

providing extremely similar stiffness results, ANOVA tests shown in Appendix C have 

confirmed that the differences between the stiffnesses of the groups of beams prior to 

yielding are statistically significant. 
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5.5.3.2 Ultimate Strength & Failure Mode 

After the CFRP strengthened beams experienced yielding, from 76 to 86 kN, the 

beams continued to increase in strength prior to ultimate failure, which occurred between 

90 and 103 kN. In comparison to the unstrengthened beams, the addition of a 75 mm 

wide strip CFRP sheet produced an average strength increase of 29% among the control 

beams (Group C-C). As was the case for the GFRP beams, these beams actually achieved 

higher ultimate strengths after being subjected to either freeze-thaw cycling or sustained 

loading, by 4% and 1% respectively when compared to the control beams. These strength 

increases are much less than those experienced by the GFRP beams, potentially 

indicating that the larger the role of the FRP in the strength of the beam, the less the 

environmental conditions affect the capacity of the beam. Like the GFRP beams, the 

beams subjected to combined loading ended up being very similar in average strength to 

the control beams. Again, the fact that these beams did not have the same strengths as the 

beams subjected to individual conditions could mean that there was the potential for 

combined effects of the environmental loadings, likely due to microcracking of the 

matrix increasing the susceptibility to freeze-thaw damage. However, these beams were 

still equivalent in average strength to the control beams and as such, it would be 

reasonable to assume that the combined loading could be ignored. Additionally, the 

ANOVA tests conducted on the ultimate strengths of the beams suggests that the degree 

of variability among the results is too large to render the differences between the groups 

to be statistically significant. 

In looking at the guaranteed strengths of the beams, the large standard deviation 

among the results of the beams subjected to combined loading indicates that these beams 
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would be guaranteed for strengths of 11% less than the control beams. This result 

becomes even more alarming when it is observed that the guaranteed strengths of the 

freeze-thaw cycled beams and sustained loaded beams are only 1% lower than the control 

beams. While there was virtually no drop off in performance of the combined loaded 

beams when considering average ultimate strengths, the lack of reliability among their 

results caused their guaranteed strengths to be much lower, as shown in Table 5-8.  

Table 5-8: Guaranteed strengths for CFRP sheet strengthened beams compared to control beams 

Beam Type Subgroup Average 
(MPa) 

Std. 
Dev.  

(MPa)

Guaranteed 
Strength  
(MPa) 

Unstrengthened - 74.1 2.5 66.6 
C 95.8 1.2 92.3 
FT 99.5 2.7 91.5 
S 97.1 1.9 91.4 

CFRP Sheet 

FTS 96.0 4.7 81.9 
 

The failure modes of the CFRP sheet strengthened beams indicated that the beams 

subjected to combined loading may have actually been slightly more susceptible to FRP 

rupture. While the strong majority of the control, freeze-thaw cycled, and sustained 

loaded beams experienced small amounts of concrete crushing prior to rupture of the 

FRP, the combined loaded beams were much more likely to experience failure of the FRP 

system prior to concrete crushing. When these results are combined with the observations 

of the stiffnesses of the beams, it appears as though the CFRP sheet strengthened beams 

were less ductile after exposure to both environmental conditions. Referring back to the 

graph in Figure 5-7, it is evident that the control beams underwent a great deal more 

deflection than the environmentally loaded groups. This characteristic is considered 

desirable in most structural situations for safety purposes. Figure 5-8 and Figure 5-9 show 
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images of a control beam with high residual deflections and a combined loaded beam 

after experiencing rupture of the FRP, respectively. 

 
Figure 5-8: Control beam having failed due to concrete crushing (Beam C-C-1) 

 
Figure 5-9: Combined loaded beam following FRP rupture (Beam C-FTS-1) 
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5.5.4 Beams Strengthened with CFRP Plates 

Figure 5-10 shows the performance of the CFRP plate strengthened beams. The 

most typical beam of each group has been shown for the purpose of clarity, and the 

results of the simulated sustained loading test are shown with the thick grey line in the 

graph below. Quantitative data can be found in Table 5-9. 
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Table 5-9: Results of testing for CFRP Sheet Strengthened Beams 

Beam 
Pre-Yield 
Stiffness 
(kN/mm) 

Approx. 
Yield 
Load 
(kN) 

Ultimate 
Load 
(kN) 

Group 
AVG 
(kN) 

Group Strength 
Increase vs 

Unstrengthened 
Beams 

Beam 
type 
AVG 
(kN) 

P-C-1S 16.3 - - - - - 
P-C-1 20.5 106.38 123.83 
P-C-2 16.5 104.21 119.32 
P-C-3 16.7 104.80 121.44 

121.53 64% 

P-FT-1 - - - - - 
P-FT-2 16.8 113.62 126.04 
P-FT-3 18.5 107.20 129.71 
P-FT-4 16.9 109.70 126.60 

127.45 72% 

P-S-1 21.0 107.66 126.82 
P-S-2 20.8 109.23 124.95 
P-S-3 20.5 108.29 115.58 
P-S-4 20.6 110.93 117.74 

121.28 64% 

P-FTS-1 18.7 105.88 118.90 
P-FTS-2 21.0 108.64 114.99 
P-FTS-3 19.7 110.78 125.10 
P-FTS-4 20.8 109.32 117.77 

118.90 60% 

122.06

 

5.5.4.1 Beam Stiffness 

Much like the GFRP and CFRP sheet strengthened beams, the specimens 

reinforced with CFRP plates demonstrated different stiffnesses among the various 

environmental loading groups. Again, the beams that had to endure sustained loading 

(groups S and FTS) turned out to be much stiffer than the remainder of the beams, likely 

due to the stiffening of the constituent materials, as discussed previously. The freeze-

thaw cycled beams also replicated the results of the other two strengthening systems by 

being slightly stiffer than the control beams, likely due to increased concrete strength. 

With the beams within each group providing similar stiffness results, ANOVA 

tests shown in Appendix C confirmed that the differences between the stiffnesses of the 

groups of beams prior to yielding were statistically significant. 
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5.5.4.2 Ultimate Strength & Failure Mode 

Following the yielding of the tensile reinforcing steel, the beams continued to 

increase in strength before failing between 115 and 130 kN. Since the CFRP plates were 

much stiffer than the previous two strengthening systems, a much smaller percentage of 

the beam stiffness was lost when the steel reached its yielding strength, as expected. This 

can be seen in Figure 5-10 with the relatively small change in slope of the graphs at 

around 110 kN. 

Before discussing the ultimate capacities of the plated beams, it is important to 

review their modes of failure. Despite best efforts to provide extensive anchorage 

between the CFRP plates and the concrete substrate, the strength and stiffness of the 

plates proved to be too much to yield failures due to FRP rupture. Failure of these plated 

beams was governed by intermediate flexural-shear crack induced interfacial debonding 

(Teng et al. 2003). This failure mode is shown in Figure 2-1, image (6). Essentially, the 

regular flexural-shear cracks that occur in the beam during bending create a weak-point 

for the bond of the FRP at the underside of the beam. Debonding initiates at this 

weak-point. From there, the separation of the FRP from the concrete propagates towards 

the ends of the beam until the entire length of the strengthening system is detached. In the 

case of this testing program, GFRP wraps were applied around the entire beam at the 

ends and the plates were extended beneath the supports of the beam to increase shear 

friction. While this may have helped delay the debonding, eventually the plates all pulled 

out from the anchorages at the ends of the beam and the resistance of the beam dropped 

considerably. In some cases, the pullout of the FRP plate began relatively early and the 

plate was slowly pulled out of the end wraps, while in other cases, the beams reached 
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higher loads before a more sudden and loud pullout occurred. Figures 5-11, 5-12 and 

5-13 show some of the beams during and after failure due to FRP debonding.  

 
Figure 5-11: Beam showing debonding of plate having propagated towards the end from the 

predominant shear crack (Beam P-S-2) 
 

 
Figure 5-12: Post-failure beam showing cracks in end of beam resulting from shear friction of CFRP 

plate (Beam P-FT-3) 
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Figure 5-13: Post-failure beam showing pullout from end wraps and debonding from beam along its 

length (Beam P-FTS-4) 
 

While the ultimate capacity results are not useful in measuring the resistance of 

the plates to FRP rupture specifically, they do provide a basic assessment of the 

resistance of the plated beams to general debonding following environmental exposure. 

Much like the other strengthened beams, the CFRP plated beams exposed to freeze-thaw 

cycles experienced higher resistances than the control beams, by 5% in this case. 

However, in comparison to the FRP sheet strengthened systems, the plated beams 

exposed to sustained loads, Groups S and FTS, had capacities much lower than expected. 

The likely cause of these unfavourable results was the higher concrete stresses and 
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additional flexural cracks that were present after the loading of the beams. These cracks 

may have been more pronounced due to the smaller ratio of tensile steel reinforcement to 

applied moment. The additional cracking combined with the propensity of the beams to 

fail due to the presence of flexural cracks was likely a source of the reduced capacities. 

The beams also had visible deposits of effluorescence, as shown in Figure 5-14, a salty 

white compound that formed at the crack locations from the liquid migration of 

chemicals and may have been evidence of strength losses in the concrete. Effluorescence 

is a matter of concern when considering the effects of sustained loading causing flexural 

cracking in combination with freeze-thaw cycling, and this problem is evident in bridges 

and other outdoor concrete structures subjected to these harmful conditions.  

 

 
Figure 5-14: CFRP plated beam with deposits of effluorescence at crack locations (Beam P-FTS-2) 
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The guaranteed strength analysis, provided in Table 5-10, revealed similar trends 

as found for the average ultimate strength analysis. The sustained loaded beams provided 

lower and more inconsistent results than the control and freeze-thaw cycled beams. 

Beams exposed to sustained loads yielded a guaranteed strength 9% lower than the 

control beams, while the beams subjected to combined loading yielded a guaranteed 

strength 8% lower than the control beams and 13% lower than the beams subjected to 

freeze-thaw cycles only. 

Table 5-10: Guaranteed strengths for CFRP plate strengthened beams compared to control beams 

Beam Type Subgroup Average 
(MPa) 

Std. 
Dev.  

(MPa)

Guaranteed 
Strength  
(MPa) 

Unstrengthened - 74.1 2.5 66.6 
C 121.5 2.3 114.8 
FT 127.5 2.0 121.5 
S 121.3 5.5 104.9 

CFRP Plate 

FTS 118.9 4.3 106.1 

5.6 Experimental Results Summary 

Overall, the results of the beams provided some interesting trends and the 

observations made throughout the testing program were vital to understand the 

performance of the beams. Figure 5-15 provides a summary of the stiffness of the beams 

prior to yielding of the tensile steel. The results have been sorted by strengthening type 

with the dashed line, and grouped by exposure conditions using the different colours. The 

black horizontal lines represent the average result for each subgroup with the average 

value shown above. Also, the control beam in each group that was loaded to the group’s 

specified sustained loads, as described in Section 5.1, is coloured red in the figure below, 

since the stiffness of these beams was much more characteristic of the sustained loaded 

beams.  
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Figure 5-15: Beam stiffness prior to yielding of steel 

From reviewing Figure 5-15, one of the first observations is the general 

consistency of the stiffness results within each subgroup. This figure is also effective in 

comparing the different strengthening systems relative to each other. For instance, the 

beams strengthened with CFRP sheets experienced smaller stiffness increases after being 

exposed to the sustained loading (red) than the other two strengthening systems, which 

had more sizeable gains. These increases are likely due to the creep effects in the 

concrete, where the microstructure deforms towards its most stable state, as explained in 

Section 5.5.2.2. The CFRP sheet beams exposed to combined environmental exposures 

also appeared to have higher stiffnesses than the beams subjected to sustained loading 

only. This trend was not replicated with the other two strengthening systems.  

Meanwhile, similar stiffness increases are apparent with all three strengthening systems 

when the beams are exposed to freeze-thaw cycling (blue). These stiffness increases are a 
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result of higher concrete strengths from the enhanced curing that occurred during the 

thawing cycles when the beams were saturated with water. 

The results in Figure 5-16 show the percentage increase in ultimate strength that 

each FRP strengthened beam experienced in comparison to the average capacity of the 

unstrengthened beams. Similar to Figure 5-15, the data have been grouped by 

strengthening type with the dashed line and grouped by exposure conditions using the 

different colours. Unlike the stiffness data, the ultimate strength data was far less 

consistent within each sub-group, especially for the GFRP sheet and CFRP plate 

strengthened beams. This inconsistency is a function of the failure modes of the beams. 

With the FRP sheet strengthened beams failing due to crack induced FRP rupture and 

concrete crushing, sometimes happening simultaneously, and with CFRP plate beams 

failing due to crack induced debonding of the plates, there was a very high potential for 

large variances in results. While the inconsistency of the data affects the confidence level 

to which any conclusions are made, as discussed at the beginning of Section 5.5 and in 

Appendix C, some trends can still be observed.  
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Figure 5-16: % increase of FRP strengthened beams relative to unstrengthened beams 

The GFRP sheet beams showed inconsistent strength gains relative to the 

unstrengthened beams. However, it was clear that the freeze-thaw cycled and sustained 

loaded groups performed better than the control and combined loaded groups. The beams 

strengthened with CFRP plates and sheets performed similar to each other. Freeze-thaw 

exposed beams had small capacity increases relative to the control beams, as expected 

given the higher concrete strengths. Meanwhile, the sustained loaded and the combined 

loaded beams experienced capacities with more erratic and slightly lower results than the 

freeze-thaw cycled beams. 
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The ANOVA tests revealed that the data for pre-yield stiffnesses of the beams 

within each group were consistent enough to allow the differences between each group to 

be statistically significant. However, it was determined that given the sample size and the 

inconsistency of the data for the yield load and ultimate strengths of the beams, that the 

differences between the groups were not significant, by a relatively narrow margin. These 

results can be found in Table 5-11. 

 

Table 5-11: Summary of ANOVA results 

Beam Type Analysis Case F-Value F-Critical Conclusion 

Pre-Yield Stiffness 74.73 3.59 Significant 

Yield Load 2.59 3.59 Not Significant 
GFRP 
Sheet 
Beams 

Ultimate Load 1.69 3.59 Not Significant 

Pre-Yield Stiffness 24.32 3.59 Significant 

Yield Load 2.82 3.59 Not Significant 
CFRP 
Sheet 
Beams 

Ultimate Load 1.19 3.59 Not Significant 

Pre-Yield Stiffness 26.94 3.71 Significant 

Yield Load 3.43 3.71 Not Significant CFRP Plate 
Beams 

Ultimate Load 2.54 3.71 Not Significant 

 

The guaranteed strength results, based on average strength minus three standard 

deviations (ACI-440 2006) and listed in Table 5-12, mirror the trends observed in Figure 

5-16. The inconsistent performance of the GFRP strengthened beams led to lower 

guaranteed strengths than even the unstrengthened beams, while the erratic behaviour of 

the CFRP strengthened beams (sheets and plates) subjected to combined environmental 

conditions resulted in lower guaranteed results than their respective control beams. 
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Table 5-12: Guaranteed strength of all beams 

Beam 
Type Subgroup Average 

(kN) 
Std. Dev.  

(kN) 

Guaranteed 
Strength  

(kN) 

Control - 74.1 2.5 66.6 
C 74.6 2.7 66.6 
FT 77.5 4.8 63.2 
S 81.2 6.3 62.3 

GFRP 
Sheet 

FTS 74.8 3.1 65.7 
C 95.8 1.2 92.3 
FT 99.5 2.7 91.5 
S 97.1 1.9 91.4 

CFRP 
Sheet 

FTS 96.0 4.7 81.9 
C 121.5 2.3 114.8 
FT 127.5 2.0 121.5 
S 121.3 5.5 104.9 

CFRP 
Plate 

FTS 118.9 4.3 106.1 

5.7 Theoretical Model 

In comparing the test results with the output from the theoretical modelling in 

Chapter 3, it is evident that some discrepancies took place. The predictive model clearly 

underestimated the capacities of the all of the beams by a consistent amount. Given that 

the model was using a fairly accurate value for concrete strength, the discrepancy was 

most likely due to an underestimate of the steel strength. With the results of the steel 

reinforcement testing, discussed in Section 5.2.2, substituting a yield stress of 492 MPa 

and an ultimate stress of 587 MPa in the model provided graphs that were much more 

similar to those from the unstrengthened control beams. This is shown in Figures 5-17 to 

5-20, where the original theoretical results (with fy = 400 MPa) are shown with the 

modified theoretical results (with fy = 492 MPa) and the experimental data for all of the 

unstrengthened beams. Strain hardening was also included by directly incorporating the 

measured stress-strain curves into the revised model. 
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Figure 5-17: Theoretical and experimental results for unstrengthened beams 

Table 5-13: Change in theoretical results due to increase in assumed rebar yield strength 

Strengthening 
System 

Original 
Theoretical 

Capacity 

New 
Theoretical 

Capacity 

% 
Increase 

Original 
Concrete Strain 
@ FRP Rupture 

New 
Concrete Strain 
@ FRP Rupture

Unstrengthened 52.5 kN 76.2 kN 45% - - 

GFRP Sheets 62.1 kN 81.7 kN 32% 0.0034 0.0060 

CFRP Sheets 70.2 kN 92.0 kN 31% 0.0024 0.0038 

CFRP Plates 130.2 kN 134.3 kN 3% 0.0038 0.0047 

 
This increase in steel strength resulted in theoretical capacity increases, as well as 

changes to the concrete strain occurring at FRP rupture. This data is given in Table 5-13. 

This table also shows the impact on the performance of the beams from increasing the 

steel yield strength to 492 MPa and taking into account strain hardening. In addition to 

the substantial theoretical capacity increases, an increase in the steel yield strength also 

has a significant impact on the predicted failure modes. With concrete strains occurring at 
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rupture expected to be over 0.004 for the GFRP sheet and CFRP plate strengthened 

beams following the change, it was more likely that the beams should have experienced 

concrete crushing prior to the rupture of the FRP. 

Referring back to the results of the unstrengthened beams in Figure 5-17, after 

making the discussed modification to the model, the experimental results matched up 

fairly reasonably, with the exception of a small discrepancy in the yielding load. The 

revised model predicted an ultimate capacity within 3% of the average experimental 

results for the unstrengthened beams. 

The GFRP sheet strengthened beams appeared to experience FRP rupture at 

smaller beam deflections than predicted, with the results shown in Figure 5-18. As 

mentioned in Section 5.5.2.2, the FRP rupture was instigated by flexural-shear cracks 

bisecting the FRP, which was likely the cause of the premature rupture and prevented the 

FRP from achieving failure due to pure longitudinal stress. Section 5.5.2.2 also describes 

how the control beams during the testing program experienced small amounts of concrete 

crushing prior to the failure of the FRP. This trend corresponds to the results in 

Table 5-13, which show predicted strains of 0.006 at the top of the beam at the initiation 

of failure. Overall, the adjusted theoretical model predicted the capacity of the GFRP 

beams within 10% of the average experimental results of the control beams.  
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Figure 5-18: Theoretical and experimental results for GFRP sheet beams 

 

Unlike the GFRP beams, the specimens strengthened with CFRP sheets 

experienced major FRP rupture at higher deflections than expected, as shown in 

Figure 5-19. These beams appeared to demonstrate stiffnesses (before and after yielding) 

and ultimate capacities very close to those of the revised theoretical model. Again, the 

model seemed to have underestimated the load at which the tensile steel experienced 

yielding. Ultimate capacities of the experimental and adjusted theoretical results differed 

by less than 4%. 
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Figure 5-19: Theoretical and experimental results for CFRP sheet beams 

 

Before comparing the results from the testing and the revised theoretical model 

for the CFRP plated beams, it is important to address the failure mode of the group. As 

explained in Section 5.5.4.2, these beams ended up failing well before achieving ultimate 

strains in the CFRP plate, with the plates debonding and pulling out of the end wraps and 

supports. As a result of this premature failure, the theoretical models predicted capacities 

around 10% higher than what was found experimentally with the control beams. 

Nevertheless, the theoretical model was accurate in predicting the stiffness of the beams 

prior to yielding of the steel. 
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Figure 5-20: Theoretical and experimental results for CFRP plate beams 

5.7.1 Sustained Loading 

While one of the purposes of the theoretical model was to observe the potential 

failure modes of the beam, the other main goal was to obtain the required loads to be used 

for the sustained loading. With this in mind, it is important to evaluate the sustained 

loading levels used for the testing program, relative to the yield and ultimate loads 

experienced by the beams, as given in Table 5-14.  
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Table 5-14: Comparison of sustained loads to yielding and ultimate loads 

Strengthening 
System 

Sustained 
Loading 

Average 
Control Beam 

Yield Load 

Sustained 
Load as % 
of Yield 

Load 

Average 
Control Beam 
Ultimate Load 

Sustained 
Load as % 
of Ultimate 

Load 
GFRP Sheet 

Beams 
45.2 kN 70.3 kN 64% 74.6 kN 61% 

CFRP Sheet 
Beams 

51.0 kN 82.0 kN 62% 95.8 kN 53% 

CFRP Plate 
Beams 

94.7 kN 105.1 kN 90% 121.5 kN 78% 

Given the original intentions of having the sustained loads be around 73% of the 

ultimate loads for each beam type, as described in Section 4.5, the actual ratios ended up 

being fairly different from this desired value. The higher steel strengths meant that the 

glass and carbon FRP sheet strengthened beams had sustained loads of just 61% and 53% 

of their ultimate strengths, respectively. Having observed that the sustained loading 

actually had positive impacts on the ultimate capacities of the beams, it is likely that 

higher sustained loads would not have produced different conclusions from the testing. 

Meanwhile, the sustained loading of the CFRP plate strengthened beams ended up being 

higher than what was intended. This may have affected the beams in two ways. Given 

that the plated beams were loaded to 90% of their steel yielding loads, as opposed to 64% 

and 62% with the other strengthening systems, it is understandable that they experienced 

much more cracking during the sustained loading process. This additional cracking led to 

the presence of effluorescence, as shown in Figure 5-14. Also, this higher sustained 

loading may have magnified the inconsistency of the capacities, and thus decreased the 

guaranteed strength results (Table 5-12) for the beams subjected to these conditions. 

As discussed in Section 5.3, it is important to look at the levels of stress and strain 

that took place during the sustained loading. Table 5-15 provides the stresses of the 



RESULTS & ANALYSIS 

  101  

materials according to the original theoretical model, the revised model, and from 

experimentation, with the stresses compared to their maximum levels (as discussed in 

Sections 5.2.2 and 5.2.3). For the purposes of design, ACI 440 (2006) limits the 

allowable permanent stresses of GFRP and CFRP to 20% and 50%, respectively. 

Table 5-15 shows that these restrictions have been abided by. These results also reveal 

that the tensile steel in the CFRP plate strengthened beams was close to yielding. This 

can also be observed in Figure 5-10, which shows the graphs of the simulated sustained 

loaded beam with the flexural performance of the remainder of the beams, and how close 

the sustained loaded beam comes to the yielding load. 

 

Table 5-15: Stresses in FRP & tensile steel during sustained loading 

Theoretical Experimental 

Beam 
Type Material 

Predicted 
Stress 
with 

400 MPa 
steel 
(MPa) 

Capacity

Predicted 
Stress 
with 

492 MPa 
steel 
(MPa) 

Capacity Strain 

Stress 
from 

Measured 
Strain 
(MPa) 

Capacity

Tensile 
Steel 354 89% 345 70% 0.0021 420 85% GFRP 

Sheet 
Beams FRP 55 10% 59 11% 0.0032 85 16% 

Tensile 
Steel 390 98% 377 77% 0.0013 268 54% CFRP 

Sheet 
Beams FRP 150 17% 158 18% 0.0018 118 13% 

Tensile 
Steel 400 100% 492 100% 0.0019 492 100% CFRP 

Plate 
Beams FRP 1010 36% 730 26% 0.0037 611 22% 
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5.8 Summary 

This chapter presented and discussed the experimental data and observations from 

the testing carried out in this research program. Material property testing on the concrete 

showed noteworthy strength gains in the months following the pour, as well as notable 

gains resulting from the exposure to water during the freezing-thawing process. 

Meanwhile, the steel reinforcement proved to be much stronger than that predicted prior 

to testing. 

The flexural strength tests revealed some interesting observations. In all cases, the 

beams subjected to sustained loads demonstrated higher stiffnesses prior to yielding and 

slightly higher ultimate capacities. Meanwhile, the beams that underwent freeze-thaw 

cycling also experienced higher ultimate capacities. The beams subjected to both 

conditions appeared to have higher stiffnesses and very similar average ultimate strengths 

relative to their control beams. However, the inconsistency of their capacities led to 

higher standard deviations, which caused lower guaranteed strengths for the purposes of 

design. 

The comparison of the theoretical model to the experimental results revealed the 

noticeable differences between the original predictions with the experimental results. 

However, after modifying the properties of the steel reinforcement in the model 

following the ancillary tests, the similarity of the predicted beam performance and the 

experimental beam performance improved dramatically.  

In the following chapter, the general conclusions for the research have been 

presented and recommendations for future work are discussed. 
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6 CHAPTER 6 – CONCLUSIONS & RECOMMENDATIONS 

6.1 Summary of Research Program 

The research presented herein is the extension of a series of similar research 

programs conducted at Queen’s University studying the effects of freeze-thaw on FRP 

strengthened concrete beams. This particular study looks at the strengthening of 45 small-

scale reinforced concrete beams using glass FRP sheets, carbon FRP sheets, and carbon 

FRP plates. Following fabrication and strengthening, the beams went through an 

exposure program where groups were subjected to 300 freeze-thaw cycles, over 10 weeks 

of sustained loading, combined freeze-thaw and sustained loading, or were left as control 

beams. Following the exposure program, the beams were tested to failure to determine 

their residual strength. The effects of freeze-thaw cycling and sustained loading on the 

overall strength of the specimen were analyzed.  

6.2 Conclusions 

Based on the results of the experimental program described in this thesis, the 

following conclusions can be made: 

Key Findings 

• In all cases, the average strength of the beams subjected to combined 

loading ended up being similar (within 2%) to that of the control beams. 

The fact that these beams did not see the same strength increases as the 

beams subjected to individual conditions could mean that there is the 

potential for negative effects when combining the exposure types. 
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However, these beams were still equivalent to the control beams and as 

such, it would be reasonable to assume that the combined loading could be 

ignored when comparing average strengths. 

• Despite average strengths being similar to the control beams, the lack of 

predictability among the results of the combined loaded beams led to 

guaranteed strengths smaller than their respective control beams. 

Guaranteed strength decreases ranged from just 1.4% for the GFRP sheet 

beams, to 11.3% for the CFRP sheet beams, and 7.6% for the CFRP plate 

beams. This is a function of the volatility of having stiffer beams 

combined with the mechanisms of failure experienced by the beams in this 

experimental program. These inconsistent results imply that designers 

should use extra caution when designing FRP strengthened beams to 

failure in rupture under freeze-thaw and sustained loading conditions. 

General FRP Strengthening 

• The larger role the FRP plays in the overall strength of the beam system, 

the less effect the environmental loadings will have on the stiffness and 

strength of the beams. 

Freeze-Thaw Effects 

• The concrete cylinders exposed to freeze-thaw cycles ended up having 7-

14% more strength than the control cylinders. This was most likely due to 

additional concrete curing that took place during the thawing cycles, when 

the specimens were submersed in water.  
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• The strength increases experienced by the cylinders were also observed in 

the beams, resulting in strength and stiffness increases regardless of the 

FRP used for strengthening. 

• With stronger and stiffer concrete, the beams exposed to freeze-thaw 

conditions were more likely to experience FRP rupture prior to concrete 

crushing. 

Sustained Load Effects 

• Beams subjected to sustained loads also exhibited more strength and 

stiffness than their respective control beams. This was most likely the 

result of creep effects, whereby the microstructure of the concrete 

progressed to its most compact and stable state. 

• The sustained loaded beams were less likely to experience concrete 

crushing prior to failure of the FRP, due to the enhanced properties of the 

concrete. 

• Because of higher sustained load values relative to their ultimate 

capacities, the beams strengthened with CFRP plates and subjected to 

sustained loads failed earlier than expected relative to the sheet 

strengthened beams. This was likely due to the larger crack widths 

combined with the propensity of the plated beams to fail due to crack-

induced debonding. 

• Unexpectedly, GFRP sheet and CFRP plate beams exposed to sustained 

loads experienced much higher stiffness increases in comparison to the 

CFRP sheet strengthened beams. 
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Combined Freeze-Thaw Cycling and Sustained Loading 

• Qualitative observations found that beams exposed to freeze-thaw cycling 

demonstrated much less creep during the sustained loading process than 

the beams left at room temperature. This was a result of either the concrete 

strength gains from the additional curing time during the thawing cycles, 

or due to the effects of the low temperatures on the properties of the 

constituent materials. 

• The CFRP sheet beams exposed to combined environmental exposures 

had higher stiffnesses than the beams subjected to sustained loading only. 

This trend was not replicated with the other two strengthening systems. 

Theoretical Modelling 

• The original theoretical models significantly underpredicted the 

performance of the beams due to the higher-than-expected strength of the 

steel reinforcement. As a result, the beams were subjected to sustained 

loads different than desired. In the case of the GFRP and CFRP sheet 

beams, sustained loads ended up being 61% and 53% of their ultimate 

capacities respectively, lower than the intended 73%. Meanwhile, with the 

CFRP plated beams having undergone FRP pullout instead of rupture, the 

predicted capacities turned out to be higher than what was found 

experimentally. As a result, the sustained load level ended up being about 

5% higher than intended. 

• After modifying the properties of the steel in the theoretical model, the 

theoretical data became much more similar to what was experienced from 



CONCLUSIONS & RECOMMENDATIONS 

  107  

the tests. Although the load at which the beams experienced yielding of 

the tensile reinforcement was slightly underpredicted, the pre-yield 

stiffness and ultimate capacity of the model’s results showed great 

resemblance to that of the experimental tests. 

6.3 Recommendations for Future Work 

Given the time constraints restricting the amount of work within the scope of this 

experimental program, further initiatives for research were not able to be pursued. The 

following are recommendations for future work to be completed in this area: 

• A similar program should be carried out looking at the effects of combined 

freeze-thaw and sustained loading on the anchorage of the concrete-FRP 

bond. 

• The effect of freeze-thaw cycling on the individual materials used in the 

study should be examined. With this added knowledge, more extensive 

and accurate conclusions could be made regarding the behaviour of the 

beams tested in this program, as well as the specimens tested in various 

other studies looking at freeze-thaw cycling. 

• In order to gain knowledge on the effects of combined loading on the 

ductility of FRP strengthened reinforced concrete, further analysis should 

be conducted using the strain data collected in this experimental program.  

• A testing program similar to the one herein should be carried out on full-

scale specimens to determine if the conclusions made from this study are 

influenced by scaling effects. 
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• A study should be conducted looking at the effects of varying sustained 

loads and crack widths in beams and the resulting influence on the 

initiation of FRP rupture. 

• Future testing programs examining FRP strengthened beams under various 

environmental and loading conditions should subject unstrengthened 

beams to the same conditions for the purposes of comparison. 

• With additional test data, theoretical models should be created that predict 

the deterioration of strengthened beams exposed to freeze-thaw cycling, 

sustained loads, and combined exposure. 
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APPENDIX A – EXCERPT FROM 2003 REPORT CARD FOR 

AMERICA’S INFRASTRUCTURE 
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APPENDIX B – THEORETICAL MODEL 

  
h  b A ε σc As σst Afrp σfrp Fconc Fsteel Ffrp Moment 

(mm) (mm) (mm2)   (MPa) (mm2) (MPa) (mm2) (MPa) (N) (N) (N) (kNm) 
152 102 102 -0.00380 13.8 0 0 0 0 1412 0 0 0 
150 102 204 -0.00355 17.2 0 0 0 0 3511 0 0 -0.007 
148 102 204 -0.00329 21.4 0 0 0 0 4363 0 0 -0.017 
146 102 204 -0.00304 26.4 0 0 0 0 5385 0 0 -0.032 
144 102 204 -0.00278 32.0 0 0 0 0 6538 0 0 -0.052 
142 102 204 -0.00253 37.8 0 0 0 0 7710 0 0 -0.077 
140 102 204 -0.00227 42.7 0 0 0 0 8703 0 0 -0.104 
138 102 204 -0.00202 45.5 0 0 0 0 9274 0 0 -0.130 
136 102 204 -0.00176 45.4 0 0 0 0 9252 0 0 -0.148 
134 102 204 -0.00151 42.3 0 0 0 0 8623 0 0 -0.155 
132 102 204 -0.00126 36.9 0 0 0 0 7524 0 0 -0.150 
130 102 204 -0.00100 30.1 0 0 0 0 6141 0 0 -0.135 
128 102 204 -0.00075 22.7 200 -149.49 0 0 4624 -29899 0 -0.829 
126 102 204 -0.00049 15.0 0 0 0 0 3058 0 0 -0.080 

 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓         ↓ 
30 102 204 0.01172 0 0 0 0 0 0 0 0 0 
28 102 204 0.01197 0 0 0 0 0 0 0 0 0 
26 102 204 0.01223 0 0 0 0 0 0 0 0 0 
24 102 204 0.01248 0 200 587 0 0 0 117400 0 15.0272 
22 102 204 0.01273 0 0 0 0 0 0 0 0 0 
20 102 204 0.01299 0 0 0 0 0 0 0 0 0 
18 102 204 0.01324 0 0 0 0 0 0 0 0 0 
16 102 204 0.01350 0 0 0 0 0 0 0 0 0 
14 102 204 0.01375 0 0 0 0 0 0 0 0 0 
12 102 204 0.01401 0 0 0 0 0 0 0 0 0 
10 102 204 0.01426 0 0 0 0 0 0 0 0 0 
8 102 204 0.01452 0 0 0 0 0 0 0 0 0 
6 102 204 0.01477 0 0 0 0 0 0 0 0 0 
4 102 204 0.01502 0 0 0 0 0 0 0 0 0 
2 102 204 0.01528 0 0 0 0 0 0 0 0 0 
0 102 102 0.01553 0 0 0 28.575 0 0 0 0 0 
        Sum 87501 87501 0 13.071 
             
 fc'=45 MPa    Cracking at ε= 0.00011029    

 Ec=30411.2 MPa          

 n=3.447           

 εc'=0.00208      Ffrp + Fs -
Fc =1.1762E-05    

 k=1.396      (N)    
           

 σcr3.354 MPa         

 Es =200000 MPa     Mr =13.071 kNm   
        Ψ =0.0001272 /m   
        y-bar =29.88 mm   

 Afrp= 28.575 mm2          

 Efrp = 65402 MPa          
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Sika CFRP Sheet (ctrl+d) 

Top Strain Load Deflection Moment Curvature xa 
(mm/mm) (kN) (mm) (kNm) (rad/m) (mm) 

0 0.00 0 0 0.00E+00 0.00 
-0.000005 1.66 0.018 0.296 1.17E-07 0.00 
-0.00001 3.33 0.034 0.593 2.33E-07 0.00 
-0.000015 4.99 0.051 0.889 3.50E-07 0.00 
-0.00002 6.66 0.067 1.185 4.66E-07 0.00 
-0.000025 8.32 0.084 1.481 5.83E-07 0.00 
-0.00003 9.99 0.101 1.778 6.99E-07 0.00 
-0.000035 11.65 0.117 2.074 8.16E-07 0.00 
-0.00004 13.32 0.134 2.370 9.32E-07 0.00 
-0.000045 14.09 0.199 2.508 1.05E-06 534.00 
-0.00005 12.16 0.187 2.165 1.17E-06 480.60 
-0.000055 11.24 0.183 2.001 1.28E-06 436.91 
-0.00006 10.26 0.184 1.826 1.40E-06 400.50 
-0.000065 9.71 0.188 1.728 1.51E-06 369.69 
-0.00007 9.56 0.195 1.701 1.63E-06 343.29 

 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 
-0.0028 88.48 11.961 15.749 8.46E-05 6.62 
-0.0029 89.14 12.376 15.867 8.75E-05 6.40 
-0.003 89.72 12.782 15.969 9.03E-05 6.20 

-0.0031 90.21 13.181 16.057 9.31E-05 6.01 
-0.0032 90.62 13.574 16.131 9.59E-05 5.84 
-0.0033 90.98 13.962 16.194 9.86E-05 5.68 
-0.0034 91.27 14.345 16.246 1.01E-04 5.53 
-0.0035 91.51 14.725 16.289 1.04E-04 5.39 
-0.0036 91.70 15.102 16.323 1.07E-04 5.25 
-0.0037 91.86 15.478 16.351 1.09E-04 5.13 
-0.0038 73.43 18.036 13.071 1.27E-04 4.40 
-0.0039 73.25 18.478 13.038 1.30E-04 4.30 
-0.004 73.07 18.917 13.006 1.33E-04 4.20 

-0.0041 72.89 19.353 12.974 1.36E-04 4.10 
-0.0042 72.71 19.788 12.943 1.39E-04 4.02 
-0.0043 72.54 20.222 12.912 1.43E-04 3.93 

  ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 
-0.0119 68.76 57.978 12.239 4.07E-04 1.37 
-0.012 68.76 58.529 12.238 4.11E-04 1.36 

-0.0121 68.75 59.081 12.237 4.15E-04 1.35 
Maximum 91.857 34.850 16.351 2.45E-04 

Φcr=1.05E-06 
Φcr2=5.65E-06  
Φa=Φm 
Φm=curvature at midspan 

xcr=distance to crack from support 
xa= 356mm 

xm= 534mm 
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APPENDIX C –STATISTICAL ANALYSIS OF VARIANCE 

(ANOVA) 
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GFRP SHEET STRENGTHENED BEAMS 
 

SUMMARY       
Groups Count Sum Average Variance   

Control 3 37.30 12.43 0.05   
Freeze-Thaw 4 52.41 13.10 0.16   
Sustained Load 4 66.42 16.61 0.21   
Combined Exposure 4 66.07 16.52 0.47   
       
ANOVA       
Source of Variation SS df MS F P-value F crit 

Between Groups 53.14 3 17.71 74.73 1.34E-07 3.59 
Within Groups 2.61 11 0.24    
        

GFRP 
Sheets 

Pre-
Yield 
Slope 

(kN/mm) 

Total 55.74 14   Significant     
        

SUMMARY       
Groups Count Sum Average Variance   

Control 3 210.94 70.31 2.70   
Freeze-Thaw 4 288.82 72.21 15.54   
Sustained Load 4 294.74 73.68 11.18   
Combined Exposure 4 272.34 68.08 4.43   
       
ANOVA       
Source of Variation SS df MS F P-value F crit 

Between Groups 69.84 3 23.28 2.59 0.11 3.59 
Within Groups 98.89 11 8.99     
         

GFRP 
Sheets 
Yield 
Load 
(kN) 

Total 168.72 14   Not Significant     
        

SUMMARY       
Groups Count Sum Average Variance   

Control 3 223.80 74.60 7.19   
Freeze-Thaw 4 310.15 77.54 22.84   
Sustained Load 4 324.59 81.15 39.36   
Combined Exposure 4 299.31 74.83 9.28   
       
ANOVA       
Source of Variation SS df MS F P-value F crit 

Between Groups 105.57 3 35.19 1.69 0.23 3.59 
Within Groups 228.82 11 20.80     
         

GFRP 
Sheets 

Ultimate 
Load 
(kN) 

Total 334.40 14   Not Significant     
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CFRP SHEET STRENGTHENED BEAMS 
 

SUMMARY       
Groups Count Sum Average Variance   

Control 3 41.42 13.81 0.06   
Freeze-Thaw 4 59.64 14.91 0.68   
Sustained Load 4 66.15 16.54 0.40   
Combined Exposure 4 74.61 18.65 1.29   
       
ANOVA       
Source of Variation SS df MS F P-value F crit 

Between Groups 48.26 3 16.09 24.32 3.72E-05 3.59 
Within Groups 7.28 11 0.66    
        

CFRP 
Sheets 

Pre-
Yield 
Slope 

(kN/mm) 

Total 55.54 14   Significant     
        

SUMMARY       
Groups Count Sum Average Variance   

Control 3 245.91 81.97 2.56   
Freeze-Thaw 4 336.31 84.08 1.93   
Sustained Load 4 323.69 80.92 6.25   
Combined Exposure 4 316.81 79.20 11.63   
       
ANOVA       
Source of Variation SS df MS F P-value F crit 

Between Groups 49.66 3 16.55 2.82 0.09 3.59 
Within Groups 64.53 11 5.87     
         

CFRP 
Sheets 
Yield 
Load 
(kN) 

Total 114.19 14   Not Significant     
        

SUMMARY       
Groups Count Sum Average Variance   

Control 3 287.50 95.83 1.41   
Freeze-Thaw 4 398.00 99.50 7.06   
Sustained Load 4 388.57 97.14 3.73   
Combined Exposure 4 383.81 95.95 22.06   
       
ANOVA       
Source of Variation SS df MS F P-value F crit 

Between Groups 33.00 3 11.00 1.19 0.36 3.59 
Within Groups 101.38 11 9.22     
         

CFRP 
Sheets 

Ultimate 
Load 
(kN) 

Total 134.38 14   Not Significant     
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CFRP PLATE STRENGTHENED BEAMS 
 

SUMMARY       
Groups Count Sum Average Variance   

Control 3 49.50 16.50 0.05   
Freeze-Thaw 3 52.18 17.39 0.89   
Sustained Load 4 82.93 20.73 0.07   
Combined Exposure 4 80.22 20.06 1.07   
       
ANOVA       
Source of Variation SS df MS F P-value F crit 

Between Groups 42.85 3 14.28 26.94 4.17E-05 3.71 
Within Groups 5.30 10 0.53     
         

CFRP 
Plates 
Pre-
Yield 
Slope 

(kN/mm) 

Total 48.16 13   Significant     
        

SUMMARY       
Groups Count Sum Average Variance   

Control 3 315.38 105.13 1.26   
Freeze-Thaw 3 330.52 110.17 10.48   
Sustained Load 4 436.10 109.03 2.02   
Combined Exposure 4 434.63 108.66 4.21   
       
ANOVA       
Source of Variation SS df MS F P-value F crit 

Between Groups 43.33 3 14.44 3.43 0.06 3.71 
Within Groups 42.16 10 4.22     
         

CFRP 
Plates 
Yield 
Load 

Total 85.50 13   Not Significant     
        

SUMMARY       
Groups Count Sum Average Variance   

Control 3 364.59 121.53 5.09   
Freeze-Thaw 3 382.35 127.45 3.90   
Sustained Load 4 485.10 121.28 29.71   
Combined Exposure 4 476.76 119.19 18.24   
       
ANOVA       
Source of Variation SS df MS F P-value F crit 

Between Groups 123.37 3 41.12 2.54 0.12 3.71 
Within Groups 161.83 10 16.18     
         

CFRP 
Plates 

Ultimate 
Load 

Total 285.21 13   Not Significant     
 


