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Abstract 

Fibre reinforced polymer (FRP) materials have been a material of interest in the 

field of structural engineering due to their superior mechanical properties such as high 

strength to weight ratios and resistance to environmental degradation and corrosion. Even 

though research has established the material to be a viable option for construction they 

are highly susceptible to elevated temperatures. There are several systems available on 

the market and a great deal of research needs to be conducted to investigate the change in 

properties and different behaviour at elevated temperature to serve as a better basis for 

design. The main objective of this project and the experimental program presented in this 

thesis is to study the thermo mechanical properties of the available systems on the 

market. 

 A summary of the previous research done in the area covering other materials is 

presented providing an introduction to the behaviour of different systems under elevated 

temperature. Then, two different experimental programs are presented. The first 

considers the glass transition temperature and thermal decomposition of the different 

systems and the second examines the tensile strength of the different systems under 

different temperature regimes. 

 The results of both experimental programs are presented and then a connection 

between the thermo mechanical properties of the resins and the overall strength of the 

system is established. The research demonstrates that the glass transition temperature of 

the resin used for an FRP strengthening system is the main determinant of the 

performance at high temperatures. 
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Chapter 1 

Introduction 

Engineers and scientists have been studying the needs of humankind for decades and amongst these 

basic needs is shelter. Through the years, building materials have taken many shapes and forms from 

mud and straw to concrete, steel and new construction materials including fibre reinforced polymers 

(FRP’s). The majority of today’s infrastructure is either reinforced concrete or structural steel. 

However, these materials have corrosion problems that reduce their lifespan and contribute to what is 

known as a global infrastructure crisis (Bisby 2003). Also structures have been subjected over the 

years to different hazards such as earthquakes and fires. FRPs have been developed as a material to 

use for construction and have been an area of research for the last two decades. They have been used 

for retrofitting structures against deterioration and earthquakes because of their light weight and easy 

constructability characteristics making them valuable construction materials in the field. However, a 

better understanding of FRP performance in fire is required for building applications. 

1.1 Fibre Reinforced Polymers 

FRPs first appeared in the 1970s and they were used in the field of aerospace. The industry reached a 

landmark in the late 1970s when its production superseded that of steel. The major categories of fibre 

used today are carbon, glass and aramid. By the end of World War II, glass fibre reinforcement was 

tested by the military. Carbon fibre followed shortly in the 1950’s and was used in British industry 

beginning in the early 1960’s however, it was not very popular. Aramid fibres also were being 

produced around the same time. Over the last 30 years, FRPs became very popular in many industries 

including aerospace, automotive and sporting applications (ACI 440R-07, 2007). FRPs were 

introduced in the structural industry in the 1980s (ACI 440R-07, 2007) and were found to be very 
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successful in the field of construction due to very high strength to weight ratio (ACI 440R-07, 2007) 

and resistance to corrosion. 

1.2 Statement of Problem 

FRP is a relatively new material compared to timber, concrete and steel. Research has not yet covered 

all the areas of this new material; amongst these areas is fire resistance. Fire resistance is addressed in 

many codes and regulations (Bisby 2003). For steel reinforcement, the code addresses the aspect of 

fire resistance by increasing the concrete cover and acknowledging the fact that steel loses 50 % of its 

strength at 593 oC (Bisby 2003). With FRP, the approach is much more complicated due to the 

existence of many available systems on the market hence it cannot be pointed out as one general 

temperature at which the FRP loses its strength. FRPs have not been studied in a sufficient manner 

under different temperatures. Therefore more tests need to be conducted to cover the wide range of 

available materials on the market. FRP systems on the market are diverse in many applications. The 

main focus of the tests of this thesis is FRP systems used for structural rehabilitation. 

1.3 Research Objective 

The overall aim of the research is to obtain a better understanding of the different combinations of 

fibre and resins systems, and pultruded carbon plates used for the repair of concrete structures and 

their behaviour at high temperature. The research aims to consider loss of bond strength as well as 

overall strength 

1.4 Scope of Research  

There are several available products on the market and due to the number of systems available only 

three sheet products were tested as well as pultruded plates. The objective of the research was to 
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study the change in strength at different temperatures. Three types of resins were combined with 2 

types of fibres resulting in 3 combinations. All combinations of sheets, epoxies and the plates were 

tested for tension and one combination was tested for bond behaviour using splice tests. 

Thermal characterization tests were also conducted on the materials which included Differential 

Scanning Calorimtery (DSC) and Dynamic Mechanical Analysis (DMA); these tests were conducted 

on the FRP combinations and the plates to determine the temperature that will be used for the 

experimental program.  

Overall, 240 tests were conducted in an effort to establish the temperatures at which the systems lose 

their strength and to obtain general predictions of their behaviour at elevated temperatures. 

The work included the fabrication of the wet layout materials into coupons according to ASTM 

standards and testing the coupons at different temperatures in a controlled environment for two 

testing regimes: steady state (heating and then loading) and transient (loading then heating).   

1.5 Thesis Outline 

Chapter 2 presents a literature review of the testing that was done earlier in this area. First, it 

discusses the FRP systems available and their constituents; the chapter then discusses the thermal 

properties of polymer resins used in FRPs. 

Chapter 3 provides information on the resins and the carbon plates that were tested and the details of 

the experimental program that was conducted to evaluate the thermal characteristics of the materials. 

Three types of test results are discussed. Then an explanation of the relevance of the data from the 

conducted test and justification of the experimental program setup for the next phase of testing is 

provided. 
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Chapter 4 gives an overview of the mechanical testing at high temperature and the preparation of the 

samples used for the testing. The experimental procedures are discussed in detail. 

Chapter 5 focuses on the results of the testing described in chapter 4 and the analysis of the available 

data. An analysis of variance is conducted on the results produced by the experimental program. 

Chapter 6 summarizes the research, draws conclusions and presents recommendations for future 

research. 
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Chapter 2 

Literature Review 

2.1 FRPs 

2.1.1 General  

FRPs are referred to as composites which are, by definition, materials that are created by the 

combination of two or more materials. FRPs are generally two component materials that are produced 

by the combination of high strength fibres impregnated by a polymer matrix (Bisby et al. 2003). 

Available today on the market are several different FRP systems and these systems are a combination 

of different matrices and fibres. This availability of different combinations makes FRP a very 

advantageous material since it can be customized to suit different structural applications. The fibres 

are the main component that provides both the strength and stiffness of the composite while the 

matrix protects the fibres and transfers the load between the fibres. 

2.1.2 Applications of FRP 

The research surrounding these materials has covered many areas such as strength and 

mechanical properties, yet there are still many areas that need to be studied to produce guidelines that 

engineers throughout the world can use for their design especially for fire resistance. The most 

common applications are the use of FRP for rods replacing steel reinforcement and the second most 

common application is FRP sheets to enhance shear and confinement for columns as show in Figure 

2.1 and Figure 2.2 and the use of FRP for strips and wet layout  to enhance flexural and shear 

capacity for beams as shown in Figure 2.3. Other applications of FRP besides prefabricated rods are 

prefabricated plates and the wet layup systems in which fibres sheets are impregnated with epoxy 

resins. The mechanical properties of these systems have been reviewed during the last decade. The 
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effect of elevated temperatures and thermal cycles such as the change in temperature from cold to hot 

are still areas of research that need further exploration.  Also due to existence of different materials 

and systems available on today’s market, a great effort needs to be focused in this direction to make 

s8ufficient knowledge available to engineers and contractors.  

2.1.3 General Mechanical and Thermal Properties 

Reinforced concrete and steel have been two of the most common construction materials. 

They are used more frequently through the construction industry due to their strong flexural and 

mechanical properties. However, like any other material they have their disadvantages and the main 

two disadvantages that steel and concrete have that make FRP more beneficial is the low corrosion 

resistance and high weight to strength ratio.This makes FRPs less of a concern when it comes to extra 

loads during the rehabilitation design of a structure (Balsamo et al.2007). However, the disadvantage 

associated with FRP is the high cost and the very low resistance to elevated temperature. The 

available FRP systems on the market, especially the wet layup setup has been shown to be very 

adaptable to different structural elements. Hence, making it a better choice when it comes to dealing 

with projects that require the structure remain in operation during the rehabilitation process (Eedson 

et al. 2011).  

The cost associated with FRP has two aspects. First, the cost of the material is much higher in 

comparison to reinforced concrete and steel structures. The second, aspect is the labour cost 

associated with the construction process. The construction process for FRP is convenient and does not 

require any specialized equipment or a large amount of labour therefore the overall cost is reduced 

Research done in this area has shown that a decrease in construction cost of 65% can be achieved 

when compared to regular construction techniques.(Balsamo, 2007). 
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Due to the presence of the different systems available on the market, researchers have started 

to study the different types of systems and their different properties. Hence this thesis is a 

continuation of research that has been done to give engineers a better understanding of these different 

systems and their behaviour under both ambient and elevated temperature. 

 Previous research done at Queen’s University included the testing of two specific resins 

(standard and high temperature) which were combined with two types of commercially available 

fibres (one glass and one carbon) resulting in four combinations of FRP (Eedson, 2011). The testing 

regime included testing these combinations under steady state and transient conditions, as well as 

tension tests and lap splice tests. The systems were all subjected to thermal property testing including 

Thermo Gravimetric Analysis (TGA), DSC and DMTA to investigate all the thermo mechanical 

properties of these systems and hence set the basis of a comprehensive experimental program to 

create a greater comprehension of these systems’ properties at elevated temperature.  

Research established that the fibre has a significant effect on the FRP’s overall system and 

that carbon fibres are much stronger than glass fibres when fabricated with the same resin. However, 

the type of fibre used has very little effect on the performance of the system at elevated temperature 

and the main component that affected the system in these conditions was the resin (Eedson, 2011). 

Eedson also established that both systems lost a similar percentage of their ultimate room temperature 

strength under exposure to the same temperatures. Figure 2.4 and Figure 2.5 show comparison of 

storage modulus measured by DMTA and lap splice bond shear strength for both type S resin and 

type S-T resin the modulus and shear strength are normalized with respect to the room temperature 

modulus and strength (Eedson, 2011). Figure 2.6 and Figure 2.7 show the samples after failure for 

both Carbon fibre systems and Glass fibre systems respectively, the samples are layout from left to 
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right according to temperature increase. Figure 2.8 shows a typical splice failure and Figure 2.9 

shows a bond failure for samples that were tested by Eedson. 

2.1.4 Glass Transition Temperature 

ACI 548.1R-09 defines the glass transition temperature as the midpoint of the temperature 

range over which an amorphous material (such as glass or a high polymer) changes from (or to) a 

brittle, vitreous state to (or from) plastic state. The key to the work done in this thesis as well as the 

majority of work in the area of fire research is finding the temperature at which the material changes 

its properties and how the properties change. Research indicates that the material loses it strength and 

its modulus decreases around the glass transition temperature. Both Differential Scanning 

Calorimetry (DSC) and Dynamic Mechanical Thermal Analysis (DMTA) were carried out on all 

samples to determine the proper glass transition temperature on which the experimental program is 

based later in chapter 3.Figures 2.10 and 2.11 show a typical result curve for DSC and DMTA plot 

respectively. 

2.1.5 FRPs in Elevated Temperatures 

FRPs sustain loads because of the mechanism by which the system operates. Basically the fibres are 

responsible for sustaining the majority of the load. However, like any other material the fibres are not 

perfect and this is when the resin becomes effective because it transfers the stress between adjacent 

fibres and also transfers the loads around the weak spots (Eedson, et al 2011). Fibres alone have been 

proven to sustain elevated temperatures up to 600oC (Bisby et al. 2003). As a result, the issue of 

failure for these systems lies with the resin’s ability to sustain the elevated temperatures without 

losing its shear strength. When it comes to application where the bond is critical such as the bond 

between FRP and concrete or the connection between FRP and FRP, the resins play even a bigger 

role. The shear strength between concrete and FRP is a crucial part for the system to be effective. 
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CFRP plates that were not insulated failed in approximately 5 minutes when exposed to a standard 

building fire (Gamage et al. 2006). Figure 2.12 shows the strength variation with epoxy temperatures 

and change in the failure mode as epoxy temperature is increased (Gamage et al. 2005). Gamage’s 

research also presented a change in bond strength between CFRP and concrete exposed to 60oC to 

75oC where there was a 20% reduction in the bond strength (Gamage et al. 2005). 

2.1.6 Fibre Performance at Elevated Temperature 

Carbon fibres perform well at elevated temperatures in excess of 1000oC since they sustained their 

strength. Glass fibres have proved to maintain 50% of their strength at 600oC (Bisby et al. 2005). 

2.1.7 Resin Performance at Elevated Temperature 

Resins are the main issue when it comes to elevated temperature. Most epoxy resins tested undergo 

glass transitioning in the range of 50oC to 150oC (Eedson 2011, Foster and Bisby, 2008, Kodur, 

2007). The resins are very ineffective at transferring stresses at elevated temperatures.  Eedson 

recommended the use of glass transition temperature (Tg)as the upper bound for the design of FRP 

systems in the cases of elevated temperatures. However, research has shown that the glass transition 

temperature declines over a substantial range of temperature ranging from (20-30oC), which results in 

a very conservative approach when considering the Tg as the upper bound for design 

purposes.(Eedson et al. 2011).  

 The most popular use of FRP systems is the strengthening and rehabilitation of structures. In 

comparison to steel and concrete structures, FRP has shown to be less effective in the situation of a 

fire (Kodur et al. 2007). Due to this inconvenient fact, the majority of codes and standards are very 

cautious when it comes to considering any structural benefit from these systems at high temperatures 

(Eedson 2011).  
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2.1.8 Structural Design for Fire Safety  

Unlike design at regular temperatures the design of structures in fire has a different approach when it 

comes to several issues amongst these is the loading conditions. The design of structures under 

normal conditions includes studying the different possibilities of loading and applying the most 

conservative. This may include different combinations of dead, live, snow, wind and seismic loads. 

However, they would never all occur at the same time whereas in the case of fire the most likely is the 

dead load and a portion of the live load(Buchanan et al. 2001).  Structural design in fire is mainly 

bounded by ultimate limit design rather than serviceability since strength is the main component that 

will prevent the structure from collapsing instead of deflection.  

There are several issues that are different in the design of a structure in fire from that in ambient 

temperature and these include: lower applied loads, increase in internal forces due to thermal 

expansion, degradation in the materials properties at higher temperatures, reductions in the material’s 

cross section and the investigation of different failure mechanisms (Buchanan et al. 2001).   

The main concept of structural analysis in fire is similar to that at ambient temperature yet the 

complications of elevated temperature is what makes the analysis and the calculations more complex 

due to the changes in the materials properties and the internal forces(Buchanan et al. 2001).  Several 

tools have been developed over time to make that calculation of structural analysis for structures 

simpler. One part of these approaches is the research carried out at NRC and Queen’s University to 

develop calculation models that will give engineers a better understanding of the behaviour of these 

elements under fire. Unlike steel, concrete, and timber, the production of mathematical and finite 

elements models that can predict the structural behaviour of structural elements reinforced with FRP 

are still at the early stages and are in continuous development. 
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2.1.9 Common Design Practices in the Case of Fire 

Research has established that, during a fire, the FRP systems deteriorate and become ineffective in an 

extremely short period of time compared to other construction materials (Chowdhury et al. 2005). 

However, the literature has implied that this is not an issue since the strengthened structure is 

designed to withstand the service loads. Since FRP systems are used to increase the structural strength 

of a system, current practices conclude that members should perform adequtely without additional 

reinforcement. In other words, the members should be able to withstand specified loads on them 

during a fire (Eedson et al. 2011, Bisby et al. 2003, Chowdhury et al. 2005, Williams et al. 2004). 

2.1.10 FRP Performance in Fire 

2.1.10.1 General Performance  

The mechanism in which FRP behaves is fairly simple in concept. The fibres carry the tensile loads 

and the resins transfer the stresses between adjacent fibres. If one of the fibres does not retain 

sufficient strength, the resin must transfer these stresses to other fibres. Any deficiency in the strength 

of either component may reduce the overall strength of the system. Previous research of the different 

types of fibres and their behaviour in elevated temperatures is summarized (Bisby et al. 2005).  

Another aspect that affects the FRP systems’ behaviours in elevated temperature is the systems bond 

with concrete. The connection between structural elements and these systems is key in the overall 

strength of the rehabilitated structure. The majority of the research has been done to study the effect 

of the bond between the reinforced concrete and the CFRP. However, FRP has also been used on 

occasions to strengthen steel structures but the main focus of the research presented here is the 

Combination of FRP and concrete. 
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2.1.11 Research at Queen’s University 

The research in this thesis is part of a main collaboration between NRC and Queen’s University. The 

main objective of the project is to produce a series of codes and standards that engineers can use for 

design and construction where fire resistance is a main design criterion. The work done in this thesis 

is the continuation of previous work as well as the input for further numerical modelling done at 

Queen’s University. 

On another front, there were also 3 full scale tests during the phase in which this material testing took 

place and that included one column and two beams. The columns were strengthened with CFRP and 

insulated and the beams were strengthened for shear and flexure using Sikawrap 103C which was 

impregnated with Sikadur and left to soak the epoxy as shown in Figure 2.13 then wrapped around 

the beam. Carbodur S512 plates were attached using Sikadur330 as shown in Figure 2.14 and 2.15. 

The data was recorded through strain gauges that were installed at different sections through the 

beams; Figure 2.16 shows the installation of strain gauges at the concrete surface. The testing was 

successful because the entire system achieved a 4 hour fire rating in all cases. 

The data produced from both the material testing in this thesis as well as full scale testing at NRC will 

be used to produce numerical models to simulate the behaviour of structural elements strengthened 

with these materials.  
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Figure 2.1 Externally-bonded CFRP sheet for confinement of a reinforced concrete column (Bisby, 
2003) 

 

 

Figure 2.2 Externally-bonded CFRP sheet for confinement of a square reinforced concrete column  
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Figure 2.3 Shear and flexural strengthing of a bridge (Eedson,2011) 

 

Figure. 2.4 Comparison of storage modulus measured by DMTA and lap splice bond 
shear strength - Type S resin. Modulus and shear strength normalized with respect to the 

room temperature modulus and strength (Eedson, 2011). 
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Figure. 2.5 Comparison of  storage modulus from DMTA and lap splice bond shear 

strength - Type S-T resin. Modulus and shear strength normalized with respect to the room 
temperature modulus and strength (Eedson,2011). 

 

`  

Figure 2.6. Failure of CFRP coupons with S-T resin. Thermal exposure increases from left to right 

(Eedson, 2011). 
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Figure 2.7 Failure of GFRP coupons with S resin. Thermal exposure increases from left to right 

(Eedson, 2011). 

 

Figure 2.8 Typical failure mode for a single-lap shear strength coupons (Eedson, 2011). 
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Figure 2.9 Typical failure mode for shear tests on epoxy bonded below 500C and above 600C(Eedson 
2011) 

 

 

 

Figure 2.10 Typical DSC plot (Fleming Polymer Testing and Consultancy, 2008) 
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Figure 2.11 Typical DMTA results showing storage modulus: blue), loss modulus: green, and tan-

delta: red (National physics laboratory, 2009) 

 
Figure 2.12 Relative strength variation of CFRP epoxy bond with epoxy temperature 

Gamage et al., 2005) 

Tg 
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Figure 2.13 Impreganating the fibres with resins on site 

 

Figure 2.14 Insuring the thickness of the epoxy for NSM plates is even 
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 Figure 2.15 Installation of Carbodur S512 for flexural reinforcement in full beam testing at NRC 
 

 
 

Figure 2.16 Installation of strain guages in full beam testing at NRC 
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Chapter 3 

 

Material Thermal Properties –Testing Regimes and Results 

3.1 General  

Fibre reinforced polymers (FRPs) are a combination of two parts; the fibres that carry the majority of 

the stress and the resins which help transfer the forces between the fibres. FRP systems are affected 

drastically by elevated temperatures. However the main component affected by elevated temperatures 

is not the fibre, but the resin. The increase in temperature reduces the strength of the resin drastically. 

The objective of the testing conducted through this thesis is to determine temperatures at which the 

FRP system loses its strength. Chapters 4 and 5 focus on the fabrication of the materials and the 

results of the testing. The focus is on tensile testing although for one of the combinations, lap splices 

are tested. 

3.2 Resin Properties 

The resin is the element of the system that plays the main role in transferring the stresses between the 

fibres. It is the most sensitive to elevated temperature. Through this thesis, 3 different resins were 

tested: Sikadur 330, Sikadur 300 and BiresinCR122. All 3 products are manufactured by Sika. 

Sikadur 330 and BiresinCR122 were tested for tension and Sikadur 300 was tested for tension and lap 

splices.  All 3 resins are thermosetting polymers which mean that the resin hardens permanently after 

the mixing of both parts and cannot be remoulded. The resins are expected to lose their stiffness as 

the temperature approaches the glass transition temperature. Hence the differential scanning 

calorimeter (DSC) tests and dynamic mechanical analysis (DMA) tests were conducted to establish a 

glass transition temperature. 
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3.3 Resin/Fibre Systems 

3.3.1 Fibres 

3.3.1.1 Tyfo SCH-41 Carbon Fibre 

The Tyfo SCH was fabricated with the Biresin from Sika. This combination was done to show that in 

theory the different types of fibres mixed with the different resins should not affect the mechanical 

properties of the system. The fibres were used in combination with Biresin and Sikadur 330 and 

resulted in Combinations A (Biresin) and B (Sikadur 330). These combinations were only tested for 

tension in both steady state and transient state conditions. 

3.3.1.2 Carbodur S512 

Carbodur plates are pultruded carbon fibre reinforced plastic (CFRP) laminates designed for 

strengthening concrete, timber and masonry structures. The plates are bonded onto the structure as 

external reinforcement using another cementious based epoxy. Plates were used to study the effect of 

temperature on pultruded FRP and the change in the strength with temperature below and above the 

glass transition temperature. However, these tests only indicate the behaviour of the plate itself. 

Further tests need to be done to study the bonding effect of the epoxy used in the field to attach the 

plates to the structural elements. 

3.3.1.3 SikaWrap 103C 

SikaWrap Hex 103C is a high-strength, high-modulus, unidirectional carbon fibre fabric. The system 

is fabricated in the field with combination of a number of Sika epoxy resins. For the purpose of this 

study Sikawrap 103C was combined with Sikadur 300 for both tensile and lap splice tests. The 
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combination is referred to through the dissertation as Combination C and Combination C for lap 

splice. 

3.3.2 Resins 

3.3.2.1 Biresin CR122 

Biresin CR122 system was put together to fill the gap in the market for non-toxic composite resins. 

Biresin CR122 resin with hardeners Biresin CH122-3 and CH122-5 is suitable for the wet lay-up and 

resin infusion. The system gains strength when cured at room temperature allowing for post curing. 

According to the manufacturer, with proper post curing, the glass transition temperature can reach 

120oC.  

3.3.2.2 Sikadur300 

Sikadur300 is a two-component 100% solids, moisture-tolerant, high strength, and high modulus 

epoxy. The epoxy is used as an impregnating resin, the resin itself is very viscous and has a clear 

appearance which makes it easier to impregnate into the fibre.  

3.3.2.3 Sikadur 330 

Sikadur 330 is a two-component 100% solids, moisture-tolerant, high strength, and high modulus 

structural thixotropic epoxy resin, ideal for vertical and overhead application. This resin has a 

cementious base, making it very dense and less viscous then the other resins. These properties 

resulted in greater efforts to ensure that the sheets have been impregnated properly.  

3.4 Carbodur S512 Properties 

Carbodur S512 is a different system compared to the sheet systems that will be tested in the 

experimental program as mentioned in chapter 1, because these consists of pultruded plate. These 
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plates are attached to the structural element using an epoxy resin. However, in this work, the 

properties of the plates itself are being established. The bond between these plates and the structural 

elements is a completely different issue that will be considered in further research. 

3.5 Composite Properties 

The three different systems that were tested are summarized in Table 3.1.  Table 3.2 and 3.3 

summarizes the manufacturer properties for the fibres, resins and the carbon plates. Table 3.4 

summarizes the results from the DSC and DMTA testing. 

Table 3.1 Dry Fibre properties by Manufacturer 

Fibre Tensile 
Strength 

(GPa) 

Tensile 

Modulus 

(GPa) 

Ultimate 
elongation 

% 

Density 

(g/cm3) 

Weight per  

g/m2 

Carbodur S512 2.8 165 1.7 1.5 - 

Sikawrap 103C 3.8 235 1.5 1.8 610 

Tyfo SCH 41S-1 3.8 230 1.7 1.74 644 

 

Table 3.2 Resin Properties by Manufacturer 

Resin Tensile 
Strength 

(MPa) 

Ultimate 
elongation 

% 

Density 

(kg/L) 

Flexural E-
modulus 

(GPa) 

Tg 

(oC) 

Sikadur 300 55 3.0 - 3.45 85 

Sikadur 330 30 1.5 1.31 3.8 - 

Biresin 70 4.9 0.94 1.21 78 

 

Table 3.3 FRP Combinations  

Composite A Composite B Composite C Composite 4 

Biresin Sikadur 330 Sikadur 300 Carbodur S512 

Tyfo SCH Tyfo SCH Sikawrap 103C
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Table 3.4 Results for the DMTA and DSC tests 

 Composite A Composite B Composite C Composite D 

DMTA 62oC 42 oC 50 oC 110 oC 

DSC 111 oC 74 oC 60 oC 113 oC 

3.6 Testing Procedure 

From each combination, five samples were tested in the DSC and DMA machines. Five samples from 

the pultruded plates were also tested with DSC and DMA. The samples for the wet layout 

combinations were fabricated from the resin alone since it was established from earlier research that 

the glass transition temperatures of the fibres were much higher and the resin was the main 

component that would determine the overall properties of the system at an elevated temperature. 

The samples for the thermo-physical tests and the coupons for the main testing scheme were 

fabricated at the same time and were left to cure for at least 28 days.  All the samples were cured at an 

ambient temperature which meant none of the tests would indicate the behaviour of any of these 

materials after a period of post curing. However, the tests for the DMA where also post-cured through 

a second cycle of heating to examine the affect of this post-curing on the glass transition temperature 

of the systems. 

3.6.1 Thermo- gravimetric Analysis 

Thermo-gravimetric tests were conducted to evaluate the thermal decomposition of the different 

combinations. Five thermo-gravimetric analysis tests were conducted on all four different materials to 

verify the statistical reference of the results. The tests were conducted in the chemical engineering lab 

at Queen’s University and the test procedure was according to the ASTM E2550-07 using the TGA 

Q500 thermo-gravimetric analyzer as shown in Figure 3.1. The procedure included the use of 
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platinum plates that were heated in an enclosed nitrogen environment.  The flow rate was 60ml/min, 

and according to the ASTM the rate of heat was set at 10oC/min starting from room temperature 22oC. 

The samples were heated up to 1000oC.  Results of a single thermo-gravimetric test per combination 

are present in Figures 3.2 to Figures 3.5.   

3.6.2 Differential Scanning Calorimetry(DSC)  

The DSC test was carried out in Queen University in the Chemical Engineering Department using the 

TA instrument DSC Q500 shown in Figure 3.6. This thermo analysis test was used to determine the 

glass transition temperature for the materials. The process included applying heat to two aluminum 

pans; one that was empty and the other containing a sample weighting between 8 to 12 mg. The heat 

applied to the pans is referred to as heating flux.  The difference in the heat flux between the two 

pans; defined the thermal properties of the sample. A graph is plotted of the heat flux vs. temperatures 

which are used to determine the glass transition temperature.  

Five samples of each material were tested in accordance with ASTM E1356-08. Due to the small size 

of the samples, (8 to 12 mg), only the epoxy resins by themselves were tested. The change in heat 

flow determines the glass transition temperature which is typically the midpoint between the changes 

in slope of the heat flow plotted against the overall temperature. All the samples were heated until 

200oC at a rate of 10oC/min. The sample were heated to 200oC then cooled to 0oC and reheated again 

to make sure that there were no impurities in the sample that would affect the test results. However, 

this process had the dual affect of post-curing the resin which makes the DSC test give a higher glass 

transition temperature. Figures 3.7 to 3.10 show a typical DSC curve of one sample for each 

combination and the glass transition temperature determined by the instrument for that sample. 
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3.6.3 Dynamic Mechanical Thermal Analysis 

Another thermo analytical test used to determine the glass transition temperature (Tg) of composite 

materials is Dynamic Mechanical Thermal Analysis (DMTA). DMTA is more directed towards the 

materials mechanical properties under different temperatures making this a more reliable test to 

determine the glass transition temperature for the composites that are tested in this thesis. The glass 

transition temperature could either be determined using the storage modulus or the peak loss modulus. 

The samples were fabricated at Queen’s and sent to the University of Edinburg to be tested on the 

DMA machine shown in Figure 3.11.  The samples were 20 mm in length, 10 mm in width and 2 mm 

in thickness. Due to the substantially larger then DSC samples, it was possible to fabricate the sample 

including both the fibre and the resin.  Samples’ were oscillated at a frequency of 1 Hz at a rate of 

2oC/min from ambient to 200oC. The main difference between the DMA test and DSC is that the 

results were extracted from the first heating cycle which was more representative of behaviour in the 

field. 

According to ASTM E1640-04, the glass transition temperature for the materials was determined 

from extending the tangent of the gradient for the difference in slope for the modulus graph and 

where both slopes intersect are the glass transition temperature of the material as shown in Figure 

3.12. Figures 3.12 to 3.15 Show the DMA curves for the different combinations. After collecting the 

data from the first cycle, the samples were heated for another cycle to examine the affect of post-

curing on the systems and study the difference in the glass transition temperature. 

3.7 Results and Conclusions 

3.7.1 Thermo-gravimetric Analysis 

TGA results for each system revealed that there was no substantial mass loss until well above 
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250ºC.  Since this was a greater value than any of the Tg recorded for the systems that have been 

tested, 200oC was chosen as the upper bound for the experimental program. The sample of pure 

Biresin lost considerable mass (> 90%) at a temperature of 250ºC and a plot of the mass at 

temperature indicates that the thermal decomposition temperature (TDT) is 340ºC. When a sample of 

Sikadur 300 type resin was tested, the sample lost 50% mass at approximately 395ºC.  As for the 

Sikadur 330 the sample lost 50% of it mass at 350 oC. Finally, a sample of Carbodur S512 was tested 

and recorded the least amount of mass loss  due to the presence of the carbon fibre which previous 

research has determined can sustain a temperature of 600oC. (Bisby et al 2003). The sample lost only 

16% of it mass between the temperatures of 200-400oC as shown in Figure 3.5. The tests indicate that 

this mass loss is almost exclusively due to consumption of the resin and that the fibres were relatively 

unaffected by elevated temperatures (Eedson et al.2011). 

3.7.2 Differential Scanning Calorimetry   

3.7.2.1 The Epoxies 

The DSC results measured on the second heating cycle showed that each of the 3 resins and the plates 

has different glass transition temperatures. The first combination was tested and an average Tg of 

111oC was measured. The glass transition occurs over a temperature range of approximately 10oC. 

Combination B, C and D gave an average Tg of 74oC, 84oC and 113oC respectively. All 3 materials 

transition over a 10oC range as shown in Figs3.3, 3.4, 3.5 and 3.6 respectively. 

3.7.3 Dynamic Mechanical Thermal Analysis  

3.7.3.1 Combination A, B, C and D 

The DMA test gave  lower glass transition temperature which was expected due to the method used to 

define the glass transition temperature for this tests .Only one heating cycle was used.The tests 
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performed on these combinations ( A, B, C and D) suggested a Tg of 62, 42,50 and 110oC 

respectively. These temperatures were used to develop the experimental program for chapter 4 since 

the DMA test was a more accurate indication of the glass transition temperature. 

 To study the effect of post curing the samples were exposed to a second heating cycle. The results 

showed an offset of almost 50oC for Combination A which was the Biresin. This epoxy showed the 

most increase in Tg for post-curing. Combinations B and C showed an average increase of 10 degrees 

which indicated that post curing of the resins will increase the glass transition temperature of the resin 

and increase the properties of the system.  

The shape of the curve for Combination D established a different behaviour due to that fact that the 

pultruded plates are post-cured hence there was no bell shape for the delta curve and a lower gradient 

for the glass transition temperature during the second heating cycle. This indicates that there would 

not be any increase in Tg for completely post-cured systems. 

3.7.3.2 Conclusion 

Based on the research that has been done in this chapter, the temperatures identifying the different 

glass transition temperatures for the different combinations will be used as the basis for the 

experimental program. The combinations will be fabricated and cured as per manufacturers’ 

requirements and after the observation of in situ construction process. Details of the fabrication, 

curing and taping of the samples as well as the testing process will be presented in Chapter 4. 
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Fig 3.1 Apparatus used for thermo gravimetric analysis - TGA Q500 
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Fig 3.2 Thermo-gravimetric analysis results for the Biresin sample  

  

Fig 3.3 Thermo-gravimetric analysis results for the Sikadur 300 sample 



 

32 

 

 

Fig 3.4 Thermo-gravimetric analysis results for the Sikadur 330 sample 

 

Fig 3.5 Thermo-gravimetric analysis results for the CarbdurS512 sample 
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Fig 3.6 Apparatus used for differential scanning calorimetry analysis - DSC Q100 

 

Fig 3.7 Differential scanning calorimetric results for the Biresin sample 
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Fig 3.8 Differential scanning calorimetric results for the Sikadur300 sample 

 

Fig 3.9 Differential scanning calorimetric results for the Sikadur330 sample 
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Fig 3.10 Differential scanning calorimetric results for the Carbodur S512sample 

 

 

Fig 3.11 Apparatus used for dynamic mechanical thermal analysis – DMA8000 (Eedson, 2011) 
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Dynamic Properties vs Temperature
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Fig 3.12 The Differential Mechanical Thermal Analysis results for the Combination A sample 
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Fig 3.13The Differential Mechanical Thermal Analysis results for the Combination B sample 

 

Tg 
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Dynamic Properties vs Temperature
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Fig 3.14 The Differential Mechanical Thermal Analysis results for the Combination C sample 

 

Dynamic Properties vs Temperature
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Fig 3.15 The Differential Mechanical Thermal Analysis results for the Combination D sample 
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Chapter 4 

Mechanical Properties - Fabrication of Samples, Test Setup and 

Experimental Program 

4.1 General 

As discussed in the previous chapter, this chapter considers the effect of the temperature on the tensile 

strength of a carbon pultruded plates system and three types of resins together with different carbon 

fibre sheets. An experimental program was put together to reach a comprehensive understanding of 

the available materials on the market. The experimental program was based on the results obtained by 

thermal testing in the previous chapter. Tensile tests were conducted for all the combinations and lap 

splice tests for both steady state and transient conditions were carried out for one combination. 

4.2 Coupon Manufacture  

4.2.1 Tensile Coupons 

For the first three systems, (Combinations A, B and C) coupons were manufactured for tensile tests. 

The preparation of the FRP wraps was observed during a field application. After observation, some of 

the techniques for the production were altered to ensure a better impregnation of the resin into the 

wrap. It was observed on site that the epoxy is poured on the fibre and the fibre is rolled up and left 

for 15 minutes for the epoxy to soak into the fibre. However, in the lab the epoxy was poured onto the 

fibre and a metal roller was used to press the epoxy in to the fibres to ensure better impregnation.  

The fibre wraps produced by Sika and Tyfo are both woven sheets that come in large rolls. The 

unidirectional fibres usually are woven in one direction with single glass fibres that connect them 



 

39 

 

horizontally. The plies were cut to the required size (700mm length and 25 mm width) for the tensile 

test as shown in Figure 4.1. The fibre was cut out of the rolls at the desired length as shown in figure 

4.2. Two sheets were used and to ensure that they were exactly on top of each other, delicate care was 

taken in the process. The sheets were laid out on a piece of glass covered in plastic; the resin was then 

applied to the sheets (Figure 4.3) and metal roller was used to ensure that the resin impregnated the 

fibre ( Figure 4.4). After 10 minutes of applied pressure, the second sheet was placed on top and the 

same process was repeated. Then a clean piece of plastic was put on top of both sheets and another 

clean metal roller was used to roll on top of the plastic to ensure that all the air bubbles were removed 

(Figure 4.5). Then another piece of glass was placed on top of the plastic. This setup was left to cure 

for 48 hours. After that, the plies were removed and left to cure at room temperature for 28 days. 

Then the tabs were added for the grips using the Sikadur 330 and the samples where cut in to the 

desired width as shown in Figure 4.6. 

The tabs were made of the remains of the coupons and they were 50mm long and 25mm wide. The 

tabs were attached to the top of the test coupons using Sikadur330.  Then the coupons were placed 

under glass sheets that functioned as weights to ensure that they were under sufficient pressure for 

two days until the epoxy cured.  

4.2.2 Single-Overlap Coupons 

The same procedures were applied to the fabrication of Combination C lap splices. However, only 

one sheet was used and hence the splice was two sheets overlapping.  Extra caution was used to 

ensure that the width of the splice was maintained throughout the samples (Figure 4.7).  
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4.2.3 Tensile Coupons for the Plates 

The samples for the plates were simpler in fabrication since the plates were pultruded and only 

required the addition of experimentation tabs to avoid grip failure. The coupons were cut in the 

required dimensions 700 mm long coupons and the tabs were made of Carbodur S512 and attached to 

the coupons with the Sikadur 330.  

4.3 Testing Regimes 

The temperatures and loads for the testing regimes were based on the thermal properties of the 

materials derived from the testing carried out in chapter 3 as well as previous research that has been 

carried out on different materials on the market. 

4.3.1 Steady State 

Tables 4.1 summarize the temperatures at which each combination was tested. The coupons were put 

in a cool oven and heated at a rate of 10oC/min in accordance with the ASTM requirements for this 

test. When the chamber reached the required temperature, it was left at that temperature for 15 

minutes to ensure that the entire sample was subjected to the same temperature. After this time the 

load was applied at a rate of 3 mm/min until failure in accordance with ACI 440.3R. 
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Table 4.1 – Combinations of coupons tested under each loading and thermal regime 

T
en

si
le

 

 
Steady 

state 
Tg-30 Tg-20 Tg-10 Tg Tg+10 Tg+20 Tg+30 Tg+40 Tg+50 

Composite 

A 

Actual 

temp 

(oC) 

- 24 32 42 52 62 72 82 92 

Composite 

B 

Actual 

temp 

(oC) 

- 24 32 42 52 62 72 - - 

Composite 

C 

& C splice 

Actual 

temp 

(oC) 

- 24 30 40 50 60 70 80 - 

Composite 

D 

Actual 

temp 

(oC) 

80 90 100 110 120 130 140 - - 

 

4.3.2 Transient  

The loading for the transient test was chosen as 50 and 70 % of the FRP’s ultimate ambient tensile 

strength as shown in Table 4.2. The load level of 50% was chosen because the expected loads in a fire 

scenario are approximately half of those required for ultimate strength design. The 70% load level 

was selected to observe the performance of the FRP under an even more stringent loading case. The 

samples were loaded at the same rate as in the steady state testing until target load was achieved and 



 

42 

 

then the load was sustained while the chamber was heated at a rate of 10oC/min until failure. This 

procedure was applied to both the tensile and lap splice samples. 

Two thermocouples were used; one was the thermocouple in the chamber and another was an external 

thermocouple placed inside the oven to confirm the accuracy of the temperature readings. The two 

readings compared with a difference of only ±3 oC. 

 

Table 4.2 – Combinations of coupons tested under each loading regime for 

 Combination A, B, C and D  

Combination Transient 50 % 70 % 

A 

A
xi

al
 L

oa
d 

(k
N

) 

24 32 

B  24 32 

C 22 30 

C splice 22 30 

D 140 200 

 

4.4 Testing Apparatus 

All the testing for the steady state and transient testing was conducted on the Instron Satec universal 

machine located in the materials lab in Civil Engineering department at Queens University. The 

machine could reach a tensile force of 600kN. However, the tension grips installed could only operate 

up to 150kN. The machine is computer operated as shown in Figure 4.9. The test was setup so that a 

loading takes place at a rate of 3mm/min as per ASTM D3039. The system was also connected to a 
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data acquisition system provided by Vishay micro measurements 5000 series to record the load and 

stroke on the sample every tenth of a second.   

As for the control of the temperature, figure 4.8 shows the attached environmental chamber that is 

attached to the testing machine. The series 3119 chamber produced by Instron was used and the 

chamber could reach a temperature of 600oC. The chamber is equipped with a digital controller that 

determines the internal temperature and an additional thermocouple was installed in the chamber and 

connected to the data acquisition system to insure that the correct temperature was achieved. 

All samples were measured using a caliper at three different sections , one at the top and bottom of 

the sections near the grips and another reading at the midsection and the calculations were based on  

the average of all  three measurements, to calculate the average sample width . 

 

 
Width 

25mm 
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Fig 4.1 Dimensions of samples  

 

 

Fig 4.2 A sample is measured and cut out from roll of fibre 
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Fig 4.3 The epoxy was mixed and poured on to the fibre 

 

Fig 4.4 A metal roller was used to ensure the saturation of epoxy into the fibre  
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Fig 4.5 Clean metal rollers were used to press the plastic sheet against the sample and to ensure the 

absence of air bubbles 

 

Fig 4.6 The samples were left to cure for 28 days and then cut  
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Fig 4.7 For the splice coupons, extra care was taken into insuring that the fibres were aligned 

 



 

48 

 

 

Fig 4.8 The test setup for the tensile and lap splice tests 
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Chapter 5 

Mechanical Properties, Discussion 

5.1 General Discussion 

Over 240 samples were tested in order to have a better understanding of how these different systems 

behave under the influence of high temperature. The data are presented in both tabulated and 

graphical form and a detailed discussion of each testing group is presented. The average tensile 

strength for each group was calculated as well as the standard deviation for each temperature group. 

The mean value less two and three times the standard deviation was calculated for each temperature 

group to provide the average tensile strength with 95 to 99% confidence levels and thus estimate 

suitable design values. 

A detailed analysis of variance was conducted to analyze the test results to understand the different 

temperature groups and the significance of the increase of temperature on the reduction of the 

materials strength. 

5.2 Failure Modes 

5.2.1 Tension Tests  

As discussed earlier in chapters 3 and 4, different combinations of carbon reinforced fibre and resins 

were tested in tension under both steady state and transient thermal conditions. All the samples for the 

experimental program failed as anticipated at the smallest section of the coupon inside the heating 

oven. However, the mode in which the samples failed was different in terms of shattering of the 

samples at the different temperatures. The general mode of failure was very drastic at lower 

temperatures; shattering the samples into several pieces .As the temperature increased, the coupons 

failed less dramatically as shown in Figure 5.1 through Figure 5.5. The samples indicate a significant 
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loss of strength at an increased temperature. A link between the glass transition temperature of the 

resin and the type of failure will be established throughout the chapter.  

load versus stroke curves for Combination A at room temperature and at 200oC as shown in figure 5.6 

and 5.7. The sudden loss in load occurred when the samples failed. These plots are representative of 

all combinations; only difference is the load at which the samples break. 

5.2.2 Lap Splice Tests 

Failure in the lap splice test at lower temperatures took place at the smallest section as opposed to the 

splices. Thus, fibre failure was the dominant mode at room temperature. However, at higher 

temperatures, the samples failed at the splice. Since at lower temperatures the shear strength of the 

sample is similar to that of the tensile strength, this mode of failure was expected. At higher 

temperatures, due to the loss of strength of the resin, debonding failure was expected. Figure 5.5 

shows the debonding mode of failure. 

5.3 Strength at High Temperature 

The strength results are presented in terms of average tensile stress for the tensile specimens and as 

average shear stress for the lap splice specimens. The average tensile stress was calculated by 

dividing the maximum load at failure by cross-sectional area of the specimen. The cross-sectional 

area was calculated as the product of the average measured width of the specimen and the 

manufacturer’s specified thickness. The average shear stress was calculated by dividing the maximum 

load at failure by the bonded area of the lap splice computed as the product of the measured length of 

the lap splice times the measured width of the coupon. 
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5.3.1 Combination A Tension Test 

Figure 5.1 shows the samples and different failed samples at room temperature, 30oC, 70oC and at 

200oC. The first figure at room temperature shows the sample completely intact at room temperature 

before testing. The sample is generally black however the white spotted pattern on the sample is spray 

paint that was used for the PIV analysis further on in the future. The second figure shows that the 

sample completely shattered at 32oC and the only part left of the sample is the small section hanging 

from the top of the figure where as the other parts flew out of the chamber. As the temperature 

increased to 82oC the figure indicates more parts of the sample where still in the chamber during the 

failure which is because of a less drastic failure. The final figure shows the sample in a threaded state 

at 200oC at this point the resin is combusting and what is left is the fibre. This test group included 27 

tests; the material was tested at room temperature of 24oC and then 8 other temperature groups were 

chosen at 10oC higher and lower than the glass transition temperature. The groups start at 32oC and 

increase until 92oC and then a separate group is tested at 200oC.Due to both time and cost constraint; 

each temperature group included 3 test specimens. 

Figure 5.8 indicates the tensile strength for Combination A the graphs shows the temperature versus 

the normalized strength compared to the average tensile strength at room temperature. At room 

temperature the samples achieved an average tensile strength of 933 MPa, with a standard deviation 

of 35 MPa hence a guaranteed strength of 828 MPa(average strength minus three standard deviation) 

.Due to this relatively large standard deviation, the design loads at two or three times the standard 

deviation is conservative at 863MPa and 828MPa, respectively which is misleading. Hence, further 

testing is needed to insure smaller standard deviations. 

The second and third temperature groups at 32oC and 42oC had a standard deviation of 35 MPa and 

42 MPa respectively and the average tensile strength was 1019 MPa.  As the temperature increased to 
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52oC the standard deviation between the temperature groups was reduced to 20 MPa and the samples 

retained 95% of the average ambient tensile strength. As the temperature was increased by 10oC to 

62oC which is this combination’s glass transition temperature as per the DMTA test the standard 

deviation was lower and the average strength of this group was 836MPa which is 89 % of the average 

ambient tensile strength. The smaller values for the standard deviation make the average minus two 

the standard deviation and three the standard deviation a smaller value which make the design values 

less conservative.  

The following group achieved an average strength of 663 MPa at 72oC which is 67% of the average 

tensile strength at ambient temperature however; this group yielded a standard deviation of 74 MPa 

which is a substantial variance in the test results making this temperature group subject to further 

investigation and tests. The substantial difference in the strength of the materials can be associated 

with the glass transition temperature since this group was tested at a temperature of 10oC higher than 

the glass transition temperature. However, this can also be associated with the quality of which the 

batches were fabricated. 

The material maintained 55% of it average ambient temperature strength at 82oC. This particular test 

group had a standard deviation of   12MPa which is a smaller variance between the different tests for 

this particular group when compared to the previous temperature group. Further tests were conducted 

at 92oC which yielded a standard variation of 91 MPa and an average strength of 551 MPa. The final 

test was conducted at 200oC and achieved an average tensile strength of 491MPa with a standard 

deviation of 64MPa. 

The combination maintained 89% of it average ambient tensile strength as shown on Figure 5.6 and 

Table 5.1 until 62oC and then it lost an additional 14 % after 72oC and after the 200oC temperature it 
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could only maintain 52% of its average room temperature strength, when the sample broke mid 

section. The group tested at 200oC had a standard deviation of 64 MPa.  

Table 5.1 shows the analysis yielded that the combination maintained 52% of the average ambient 

tensile strength at 200 oC.  Whereas when comparing the average tensile strength minus two and three 

standard deviations(i.e, design or guaranteed strengths) yielded a 43% and 36% of the room 

temperature strength respectively. This is more substantial decrease in the overall strength retention is 

due to the substantial standard deviation which can be caused by the quality control employed when 

fabricating the samples or the material going through the glass transition zone. Since only 3 samples 

were tested in each temperature group further tests need to be conducted to further validate these 

results. 

The system was also tested under transient condition.  The coupons were loaded at 50% and 70% of 

their average ambient load as described in chapter 4 and they failed at 335oC and 75oC respectively 

with a standard deviation of 8oC and 10oC respectively as in Table 5.6 and Figure 5.13.  Some of the 

temperature groups yielded substantial standard variation indicating a large range in the temperature 

at which these samples failed. The transient testing indicates similar results to the steady state testing 

since the materials failed at 70% of the average ambient tensile strength around 75oC and the glass 

transition temperature for this particular combination was 60oC. 

5.3.2 Combination B Tension Test 

Figure 5.2 show that these coupons had the least explosive failure mode of all combinations. The first 

picture in Figure 5.2 shows the complete sample a room temperature before testing. The second figure 

shows the sample failing at 30oC and since the sample shattered into several parts leaving the 4 parts 

intact as the temperature increased the sample failed less drastically and the final figure shows the 

sample in a threaded state at 200oC where the resin is basically combusted leaving the fibre.  Again as 
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the temperatures increased, the failures released less energy and the mode of failure was less 

dramatic. This combination also maintained the highest strength prior to reaching the glass transition 

temperature as indicated in Table 5.2 and Figure 5.9.Combination B resulted in an average tensile 

strength of 926 MPa when tested at ambient temperature and resulted in an average strength of 912 

MPa at 32oC. The two temperature groups yielded the greatest standard deviations for this 

combination at 125 and 132 MPa respectively reporting a design load of 648MPa and 551MPa 

respectively. The values for the standard deviation for these two groups is substantial which would 

affect the values calculated for the average strength minus two and three standard deviation making 

them very conservative values also the difference in average values and standard deviation would 

affect the ANOVA analysis further on in section 5.4. The DMTA test for this combination indicated a 

glass transition temperature of 42oC which was confirmed through the tensile testing as the tensile 

strength drops to 89% of the average ambient tensile strength at 42oC.This temperature group resulted 

in a standard deviation of 13 MPa which is a reasonable value when compared to the initial 

temperature groups.  The combination maintained an average strength of 887 MPa at 52oC which is 

95% of average tensile strength at ambient temperature which is greater than the percentage of 

strength retention from the prior group and this can be attributed to the difference in fabrication of the 

batch’s from a quality control aspect. As the temperature increased to 62oC the average strength 

dropped to 853MPa and had a standard deviation of 83MPa. Another increase of 10oC resulted in the 

decrease of the average tensile strength by 19 % and resulted in a standard deviation of 54 MPa. At 

200oC this combination grouped succeeded in maintaining 59% of it average ambient strength. The 

combination maintained 81% of its average overall strength until the glass transition temperature and 

at 200oC it maintained 59% of its average strength. Whereas when comparing the average tensile 

strength minus two and three standard deviations (i.e. guaranteed strength) yielded 71% and 81% of 
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the average tensile strength at room temperature indicating that the difference in standard deviation 

affects the results of the statistical analysis making it harder to set a value suitable for design purposes 

and indicating a higher value of strength retention at elevated temperature which may be misleading. 

The difference in standard deviation throughout the different temperature groups resulted in variation 

in the average strength minus two and three standard deviation affecting the results for the entire 

combination. Further testing needs to be conducted on this combination since there are only three 

samples in every temperature group and further tests are required.  

Table 5.8 and Figure 5.14 summarize the results for the transient testing for this combination. The 

coupons were loaded at 50% and 70% of their average ambient tensile strength as described in 

chapter 4 and they failed at 373 oC and 86 oC respectively with a standard deviation of 32oC and 23oC 

respectively.  

5.3.3 Combination C Tension Test 

The wet layout fabricated sheets failed in a very drastic manner and all the samples failed as expected 

around the mid section as shown in Figure 5.3 The samples maintained their integrity through the test 

when  the temperature increased the samples failed at lower loads as expected as shown in Figure 

5.10. This combination had an average tensile strength of 742 MPa at ambient temperature with a 

standard deviation 61 MPa and at 30 and 40oC it had strength of 915 and 900 MPa with a standard 

deviation of 22MPa and 33 MPa respectively hence a guaranteed strength of 849MPa and 801 MPa 

respectively. This difference in strength and standard deviation can be associated with the quality of 

which the batches were fabricated; strength and temperatures are inversely proportional so any 

increase in temperature results in a decrease in strength. The glass transition temperature for this 

group was 50oC. The samples maintained close to 100% of their strength until 50oC as shown in 

Table 5.3. The samples only maintained 61% of their average room temperature strength after 



 

56 

 

reaching the glass transition temperature with a standard deviation of 18 MPa. As the temperature 

was increased by another 10oC the average tensile strength decreased to 385MPa but the standard 

deviation increased to 71MPa which affects values for average tensile strength minus two and three 

standard deviation. Further testing was conducted at 70, 80 and 200oC respectively and samples are 

failing at 45%, 46% and 64% of the average ambient tensile strength respectively.  When comparing 

the standard deviation for the tests at room temperature with the results at 200oC there is a difference 

of 13 MPa which will have a great impact on the average tensile strength minus two and three 

standard deviation recorded as 381MPa and 333MPa respectively. The variation of the standard 

throughout the testing will affect the results of the ANOVA analysis. The assumption on which the 

ANOVA analysis is that the standard deviation is fixed this substantial variance on which these tests 

are based will make the results of the ANOVA analysis questionable. 

The system was also tested under transient condition.  The coupons were loaded at 50% and 70% of 

their ambient load as described in chapter 4 and they failed at 70oC and 60oC degrees respectively 

with a standard deviation of 5oC and 1oC respectively. Tables 5.9 and Figure 5.14 show the different 

temperatures at which the samples failed. This combination had the least value for standard deviation.  

5.3.4 Combination C Lap splice test 

Figure 5. shows a typical debonding failure of one of the samples tested at 70oC. The area circled on 

the figure is the section at which the samples debonded when compared to the sample at room 

temperature. The wet layout fabricated sheets failed at the smallest section of the entire coupon at 

lower temperature as expected. The combination was tested at room temperature. Unfortunately due 

to the time and cost constraint only 3 samples were tested in each temperature group.  However, as 

the temperature reached the glass transition temperature the coupons failed at the splice due to the 

loss of the shear strength of the resin after reaching the glass transition temperature. Fig 5.11 shows 
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the decrease in the strength of the coupons as the temperature increases the curve however increases 

as the temperature comes closer to 200oC. This is due to difference in the batch fabrications since the 

overall strength decreased after the glass transition temperature this increase is no indication of any 

specific behaviour of the samples. The samples maintained an average tensile strength of 384 MPa 

and a standard deviation of 45 MPa. The samples maintained close to 100% of their average ambient 

temperature strength until 50oC with a standard deviation of 40 and 42MPa respectively and a design 

value of 271MPa and 268MPa. After that the strength decreased to 51% of the average tensile 

strength at room temperature. However, this particular temperature group had a substantial standard 

deviation. The average strength of the samples increased as the temperature increased. Further testing 

of this particular sample must be added to give a better indication of this particular combination. At 

200oC the samples maintained 67% of the average tensile strength at room temperature. However the 

variability in both the average strength and standard deviation are giving a false indication of the 

average strength retained when comparing the average minus two and three standard deviation. Table 

5.4 and Figure 5.11 summarize the result of this test. 

The system was also tested under transient condition  the coupons where loaded at 50% and 70% of 

their ambient load as described in chapter 4 and they failed at 66oC and 55oC  respectively with a 

standard deviation of  1 oC  and 5oC as shown in Table 5.9  and Figure 5.16.  

5.3.5 Combination D 

Table 5.5 shows the different temperatures lower and higher than the glass transition temperature of 

the material at which the combination was tested. The majority of the samples failed in the mid 

section. For the initial tests at temperatures lower than glass transition temperature, the failure was 

very violent and the sample shattered into several pieces as shown in Figure 5.4.  As the temperatures 

increased beyond the glass transition temperature, the failure was less drastic and the sample was left 
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in a threaded condition. The samples achieved an average tensile strength of 312 MPa with a standard 

deviation of 6oC for the ambient temperature testing. The value of the average tensile strength and 

standard deviation were set as the basis by which the remaining samples are compared. The 

calculations yielded a reasonable value for the average strength minus two and three standard 

deviation since the value of the standard deviation was relatively small when compared to other test 

groups. The second temperature group was tested at 80oC and resulted in an average strength of 

309MPa with an average standard deviation of 15MPa. The glass transition temperature for this 

combination was 110oC, as the testing temperatures approached the glass transition temperature the 

average strength decreased and the value of the standard deviation increased. The combination 

maintained 93% of the average ambient tensile strength at 100oC with a standard deviation of 13 

MPa. At the glass transition temperature the combination lost 26% of it average ambient tensile 

strength and the standard deviation increased from 6MPa to 52MPa. The relatively substantial 

standard deviation drastically reduced the values of average strength minus two and three the standard 

deviation reducing the retained strength for the design values to 42% for average strength minus two 

the standard deviation.  For temperature group 120,130 and 140 the combination maintained an 

average tensile strength of 228,218 and 230MPa respectively. At 200oC the sample maintained 41% 

of their average strength. The sample failed progressively leaving the sample in a threaded form as 

shown in Figure5.19.  The tests indicate the material loses 74% of its average strength through the 

glass transition temperature. After reaching the glass transition temperature determined by the DSC 

test, Fig5.1 shows a great reduction in the overall strength. The plates were also tested under transient 

conditions.  The coupons were loaded at 50% and 70% of their ambient strength as described in 

chapter 4 and they failed at 449oC and 205oC respectively with a standard deviation of 32oC as shown 

in Figure 5.10 and Table 5.15. 
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5.3.6 The Effect of Fabrication Method on Thermal Performance 

After the several combinations of materials tested, it can be stated clearly that the pultruded plates are 

much stronger and stiffer than the wet fabrication layout systems. Also compared to previous research 

the fabrication method has proven to have a significant effect on the performance at elevated 

temperature. The Carbodur S512 plates are post- cured which increases the glass transition 

temperature hence proving that when the resins are post cured that makes the overall system more 

resistant to higher temperatures. 

5.3.7 The Effect of Resin Type on Thermal Performance 

The tests that were carried out through this entire thesis have established that there is a definite 

correlation between the resins and the overall strength of the system. The systems all lost significant 

strength approaching the glass transition zone and all the systems lost approximately 50% of their 

overall strength after reaching the glass transition temperature. The plates, in comparison to the wet 

layout system, have also established that post-curing has a substantial impact on the resins thermal 

properties and in turn affected the entire strength of the system. 

5.4 Analysis of Variance 

Figure 5.18 to Figure 5.22 shows the average tensile strength for the combination with error bars 

indicate twice the standard deviation. For design purposes two the standard deviation and three the 

standard deviation were calculated. The standard variation for some of the combination of the test 

indicated a substantial difference in value. Some combination had a standard deviation as high as 

132kN such as Combination B test group 32oC. This is a fairly substantial value that can have an 

effect on setting the upper and lower bounds for design and when calculating two the standard 

deviation to achieve a 95% confidence level that account for a large change in strength for a single 

temperature group. The range of value can be a result of several aspects such as the quality of 

fabricating the coupons, the quality of the mixing the epoxy components and further test need to done 

on temperature groups with substantial standard deviation to verify if this is a general behavior due to 
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the increase in temperature. Further analysis to the data was required hence a detailed analysis of 

variance was used to analyze the available data. 

Analysis of variance is a set of test that is performed on a certain population of data to study 

as to whether the variables associated with different parameters are significant from a statistical point 

of view. A one-way analysis of variance is used when the data are divided into groups according to 

only one factor. In one-way or single-factor ANOVA, statistical significance is tested by the F test. 

Single factor ANOVA is used in this thesis since temperature is the only variable that is changed 

throughout this testing program. 

As shown in Tables 5.1 to 5.5 the test results display appreciable variability, especially at 

temperatures close to the glass transition temperature. Thus, studying average values alone may not 

be sufficient to determine trends. To establish the difference between the different temperature groups 

and whether or not the change in temperature has a significant effect on the material’s strength, a 

series of analysis of variance calculations were conducted.   

The ANOVA procedure is based on a 95% confidence interval and since the population used 

in this analysis includes more than two temperature groups the F-test will be used. Basically the 

definition of the F-test is the ratio between the variance of items with a group and the variance of the 

difference between the groups for the groups to be significantly different the F-test value needs to be 

greater than F-critical. However, one of the analysis assumptions for ANOVA analysis include that 

the standard deviation is constant and since this is not the case the results must be treated with 

caution. 

To start the analysis, tests done at each temperature were considered to be in their own 

separate group and an overall ANOVA test was done on all these groups for each combination. This 

overall analysis was done to determine if a statistically significant change occurred over the total 

temperature range examined as shown in Table 5.11.   

The analysis indicated that for Combination A, B and D, the F -test were at 16, 8 and 10 

respectively which was greater than F-critical which indicates that there was a statistically significant 

difference between the groups (or tests at  different temperatures). Combinations C and C splice had 

F-test values of 157 and 69, respectively which indicate the difference in temperature is greater in 

comparison with the previous 3 combinations.  

A further analysis was undertaken where the tests at different temperatures were grouped 

together into larger bins depending on the results of successive ANOVA tests. The procedure used to 
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further analyze the available as follows: Assuming Combination A has 9 groups referred to as groups 

1 to 9-1. Initial group 1 to group 2 are compared with each other, if this fails the F test then 1 and 2 

are not statistically different. Hence they will be combined creating group T1 such that T1 is the set of 

all members of groups 1 and 2. Then compare this new set T1 to group 3. If it fails the F-test, then 

add group 3 to set T1 and compare the new T1 to group 4. At some point in the process, one of the 

groups will pass the F-test. Then a new bin will be created and compared to the subsequent groups. 

The temperature groups were compared to each other in succession. If the two consecutive groups 

failed the F-test they were combined into a new bin and then this bin is compared against the next 

temperature group. If two adjacent groups passed the F-test, then the second group placed in the next 

bin. The different bins are shown in the appendix for the incremented analysis of variance. 

5.4.1 Combination A Analysis 

Analysis for Combination A indicated that there was no statistical difference between the different 

temperature groups up until 62oC. As a results of the successive analysis, three bins were formed: Bin 

T1 (24,32,42,52,62),  Bin T2(72), and Bin   T3(82,92,200). The glass transition temperature for this 

combination was 62oC. Once the material reached its glass transition temperature, the material started 

to lose its strength. The final bins are summarized in Table 5.1 along with the results of the ANOVA 

analysis on these three bins.  This classification into bins is justified since the material’s behavior 

only changes when the material reaches its glass transition temperature at 62oC. Once the material, 

goes through the glass transition zone, its properties remain the essentially the same (i.e., no 

statistically significant difference can be observed).Table 5.12 summarizes the different temperature 

bins for Combination A. 

5.4.2 Combination B Analysis 

Combination B’s analysis yielded the same behavior as Combination A. Again there was no statistical 

difference up until 62 oC. As result the analysis yielded three bins as summarized in Table 5.2. This 

combinations glass transition temperature was 42 oC according to the DMA test. The DSC test 
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however indicated a higher glass transition temperature of 72oC. The ANOVA analysis indicate that 

once the material passes the glass transition temperature it losses it strength and maintains that 

strength up to 200 oC. Further tests need to be done at temperatures between 72oC to 200oC to further 

investigate the materials behavior through this temperature zone. Table 5.13 summarizes the different 

temperature bins for Combination B. 

5.4.3 Combination C Analysis 

These particular groups of testing material had a very significant difference in the materials strength 

throughout the testing phase which can be due to the fabrication of the coupons itself. The ANOVA 

analysis indicated that there is a significant difference in the materials behavior between 24oC and 

30oC which can only be explained by material defects. The second significant difference in the 

materials behavior is at 50 oC and 60 oC which is a result of the material going through the glass 

transition temperature, the last difference is at between group T4 and T5 which is a result of the 

material’s thermal decomposition verified by with the thermo-gravimetric analysis. The result of this 

analysis is not very indicative at the initial stages and further testing is recommended. Table 5.14 

summarizes the different temperature bins for Combination C. 

5.4.4 Combination C-splice Analysis 

The ANOVA analysis in this combination resulted in 6 different bins. The initial two bins are an 

indication of the materials going through the glass transition temperature after that there was a 

significant change between each test group as the temperature increased. This change can only be a 

result of the quality at which the samples were fabricated. Also since there were only 3 different 

samples for each temperature group this could affect the analysis and further tests need to be done per 

temperature group. Table 5.15 summarizes the different temperature bins for combination C-splice. 
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5.4.5 Combination D Analysis 

Analysis for Combination D indicated that there was no statistical difference between the different 

temperature groups up until 100oC. As a result of the successive analysis, three bins were formed.  

The glass transition temperature for this combination was 110oC. Once the material reached its glass 

transition temperature, the material started to lose its strength. The final bins are summarized in Table 

5.5 along with the results of the ANOVA analysis on these three bins.  This classification into bins is 

because of the material’s behavior only changes when the material reaches its glass transition 

temperature at 110oC. Once the material, goes through the glass transition zone, its properties remain 

the essentially the same until it reaches it thermal decomposition temperature and then its strength is 

reduced again due to loss of mass of the epoxy. Table 5.16 summarizes the different temperature bins 

for Combination D. 

5.5 Summary 

In conclusion both the testing and the ANOVA analysis have indicated that the glass transition 

temperature is the main aspect that governs the axiall tensile strength of FRP systems when exposed 

to elevated temperatures. The combination groups that had only 3 samples per temperature group 

require further testing as well as combination groups that had a substantial standard deviation. The 

transient state testing indicated that the sheet materials generally fail around the glass transition 

temperature. However, further transient testing is required to validate that conclusion. 
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  Table 5.1 Tensile strength of Combination A (Biresin) under steady‐state 

        Tensile strength (MPa)          

Temperature   FRP Width  Failure load (kN)  Test Value 
Average ( )  St.Dev   

 

24  24.3  46.2  935.8  933.0  35  863  828 

24.0  47.2  966.1 

   23.3  42.4  896.1    

32  23.2  49.2  1044.0  1012.0  35  942  907 

23.2  47.9  1016.7 

   23.1  45.7  975.2    

42  23.2  48.3  1025.5  979.0  42  895  853 

23.2  44.6  947.5 

   23.1  45.2  963.2    

52  23.0  47.7  1018.5  883.0  20  843  823 

23.4  46.6  980.7 

   23.5  31.1  650.7    

62  22.8  37.1  801.8  836.0  10  816  806 

22.4  34.4  757.4 

   23.0  44.4  949.8    

72  23.2  32.0  677.6  663.0  74  515  441 

23.7  28.2  584.5 

   23.7  35.0  726.6    

82  23.8  24.5  506.2  518.0  12  494  482 

23.6  24.8  517.5 

   23.6  25.5  530.2    

92  23.8  23.0  476.3  551.0  91  369  278 

23.3  28.3  597.7 

   23.3  27.3  578.0    

200  24.8  25.8  452.1  491.0  64  363  299 

23.7  31.0  566.8 

   24.4  25.6  455.5             

% retained 
at 200oC 

       
53% 

  
42%  36% 
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  Table 5.2 Tensile strength of Combination B (Sikadur 330) under steady‐state 

        Tensile strength (MPa)          

Temperature   FRP Width  Failure load (kN)  Test Value 
Average( )  St.Dev   

 

24  24.7  50.5  1007.6  926  125  676  551 

24.3  38.8  787.8 

   24.8  49.7  984.8       

32  24.3  51.8  1047.7  912  132  648  516 

23.3  37.2  785.4 

   24.2  44.4  902.7       

42  23.7  40.1  831.0  829  13  803  790 

24.3  41.6  842.5 

   24.2  40.1  815.3       

52  24.4  41.3  831.1  887  56  775  719 

24.6  46.5  931.4 

   23.8  43.5  897.3       

62  27.5  52.3  936.7  853  83  687  604 

27.6  43.1  768.3 

   27.7  48.2  854.9       

72  24.4  39.9  805.2  754  54  646  592 

27.8  41.5  734.4 

   27.5  40.4  722.3       

200  24.3  33.1  512.4  544  32  480  448 

24.3  25.3  544.8 

   23.6  27.4  573.5             

% retained 
at 200o 

       
59% 

  
71%  81% 
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  Table 5.3 Tensile strength of Combination C (Sikadur 300) under steady‐state 

      Tensile strength (MPa)          

Temperature   FRP Width 
Failure 
load(kN)  Test Value 

Average ( )  St.Dev   
 

24  26.5  43.7 811.9  742  61  620  559 
26.7  43.2 795.1
27.0  36.6 667.9
26.0        38.7 731.8

   27.1  38.7 700.8       

30  24.0  45.7 936.2  915  22  871  849 
24.0  44.2 906.2
23.9     45.7 940.3
23.7  42.4 877.7

   24.0  44.5 912.4       

40  24.2  44.6 906.2  900  33  834  801 
24.4  45.1 909.6
24.3  42.7 865.4
24.8  43.7 865.8

   23.5  45.6 955.5       

50  24.4  27.6 548.1  551  18  515  497 
24.5  28.2 568.2
24.6  26.4 527.6
24.5  28.4 571.5

   24.4  26.8 541.2       

60  24.1  17.7 361.7  385  71  243  172 
23.8  15.8 325.5
24.1  24.1 492.2
24.3  20.7 419.5

   23.8  15.9 328.3       

70  23.6  15.4 320.7  336  28  280  252 
23.8  14.8 305.4
23.7  17.6 367.1
24.4  18.1 365.5

   24.0  15.7 322.2       

80  24.1  17.5 356.6  344  22  300  278 
23.7  16.2 336.3
23.5  17.8 373.9
23.6  15.1 315.9

   24.1  16.5 337.4       

200  26.9  26.6 486.2  477  48  381  333 
24.7  27.4 547.9
24.5  21.8 436.6
24.9  21.7 428.3

   24.8  24.6 487.8       

% retained 
at  2000C       

64%     61%  60% 
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Table 5.4 Tensile strength of Combination C splice(Sikadur 300) under steady‐state 

  Tensile strength (MPa) 

Temperature   FRP Width 
Failure load(kN)

Test Value 
Average( )  St.Dev   

 

24  25.1  16.9  333.3  384  45  294 249 

23.7  20.2  419.4 

23.8  19.3  398.7             

30  23.9  20.9  432.2  391  40  311 271 

24.1  17.2  351.6 

24.3  19.2  388.5             

40  24.1  17.1  347.9  394  42  310 268 

23.7  19.5  405.0 

24.1  21.1  429.6             

50  24.0  10.8  220.1  196  39  118 79 

24.6  7.6  151.7 

24.1  10.6  217.0             

60  23.9  1.7  35.4  40  11  18 7 

23.8  2.5  52.3 

24.1  1.6  32.2             

70  23.9  3.3  68.6  76  7  62 55 

24.2  3.8  77.2 

23.8  3.9  81.8             

80  24.5  6.8  136.8  138  8  122 114 

24.1  6.4  130.2 

24.0  7.2  146.8             

200  23.5  15.6  254.3  259  8  243 235 

24.5  12.1  255.4 

24.1  12.7  269.2             

% retained at 
200oC 

       
67% 

  
83%  94% 
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  Table 5.5 Tensile strength of Combination D under steady‐state 

        Tensile strength (MPa)       

Temperature   Plate Width 
Failure load(kN)

Test Value 
Average ( )  St.Dev  

 

24  23.9  89.1  3111  3125  45  3035 2990

23.0  84.3  3057 

24.6  90.8  3074 

23.7  94.7  3324 

   24.8  90.9  3059    

80  23.5  82.7  2929  3085  63  2959  2896 

23.7  89.7  3156 

24.1  90.6  3128 

24.7  97.3  3288 

   24.3  86.3  2926    

90  23.6  78.1  2760  2907  94  2719  2625 

24.0  78.3  2726 

23.8  91.1  3196 

24.1  79.0  2727 

   23.6  88.5  3127    

100  24.1  83.9  2901  2908  51  2806  252 

24.5  88.6  3015 

23.8  87.2  3059 

24.1  80.5  2785 

   23.7  78.9  2780    

110  23.7  43.1  1517  2306  209  1888  1679 

24.2  76.9  2647 

23.8  78.3  2740 

24.1  58.5  2021 

   24.1  75.4  2607    

120  23.7  71.8  2519  2278  179  1920  1741 

24.5  49.9  1695 

24.5  76.1  2586 

24.2  78.1  2692 

   24.1  54.8  1898    

130  24.6  72.9  2473  2178  227  1724  1497 

24.0  33.7  1173 

24.1  66.6  2301 

24.5  74.2  2528 
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   24.0  69.6  2413    

140  23.4  69.5  2475  2296  47  2202  2155 

23.5  65.1  2305 

23.9  61.6  2150 

24.5  66.7  2266 

   23.5  64.4  2286    

200  25.3  57.9  1907  1819  44  1731  1687 

24.1  52.9  1832 

23.4  54.5  1942 

24.5  50.3  1715 

   22.3  45.4  1700             

% retained 
at 200oC 

       
58.3 

  
57.0  56.4 
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Table 5.6 Tensile strength of Combination A (Biresin) under transient state 
 
      Failure temperature(oC)          

Load percentage  FRP Width  Test Value 
Average( )  St.Dev  

 

50%  28.0  325  335  8 319  311

27.9  191 

27.7  332 

27.9  341 

   28.0  340             

70%  27.8  73  75  10 55  45

27.9  94 

27.5  69 

27.7  67 

   28.1  70             
 

 

Table 5.7 Tensile strength of Combination B (Sikadur 330) under transient state  

      Failure temperature(oC)          

Temperature   FRP Width  Test Value 
Average( )  St.Dev  

 

50%  27.9  361 373  32 309  277

27.8  369

27.5  435

27.4  345

   27.6  356            

70%  27.6  99 86  23 40  17

27.6  116

27.3  74

26.7  56

   26.9  85            
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Table 5.8 Tensile strength of Combination C (Sikadur 300) under transient  

      Failure temperature(oC)            

Temperature  
FRP 
Width  Test Value 

Average 
( )  St.Dev   

 

50%  22.93  78  70  5  60  55 

28.01  71 

28.18  69 

27.93  68 

   27.67  65             

70%  28.06  61  60  1  58  57 

28.18  59 

27.91  58 

27.61  60 

   27.93  60             

 
Table 5.9 Tensile strength of Combination C splice(Sikadur300) under transient state 

      Failure temperature(oC)          

Temperature  
FRP 
Width  Test Value 

Average( )  St.Dev   
 

50%  23.78  66  66  1  64  63 

23.80  67 

23.56  65 

23.88  67 

   23.88  64       

70%  23.8  56  55  7  41  34 

23.90  57 

23.76  43 

23.99  58 

   23.62  59             
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Table 5.10 Tensile strength of Combination D under transient  

      Failure temperature(oC)         

Load percentage  Plate Width  Test Value 
Average( )  St.Dev  

 

50%  23.2  407  449  31  387  356 

23.9  426 

23.7  465 

24.5  481 

   23.7  468             

70%  23.6  182  205  32  141  109 

23.7  245 

23.3  176 

24.5  217 

   23.1  506             
 

 

Table 5.11 Summary of the initial set of ANOVA analysis 

Combination 
Temperature 

considered 
F-test Value F-critical Conclusion 

A All 16.91 2.51 Significant difference between the 
data groups 

B All 8.31 2.85 Significant difference between the 
data groups 

C-Strength All 157.36 2.31 Significant difference between the 
data groups 

C-lap splice All 69.90 2.66 Significant difference between the 
data groups 

D All 10.50 2.21 Significant difference between the 
data groups 
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Table 5.12 Different temperature bins for Combination A 

 

 

 

 

Table 5.13 Different temperature bins for Combination B 

 

 

 

 

Table 5.14 Different temperature bins for Combination C 

 

 

 

 

 

Table 5.15 Different temperature bins for Combination C-splice 

 

 

 

 

 

 

Bin Temperature (oC) F-test F-critical 

T1 24oC,32oC,42oC,52oC,62oC 15.61 4.49 

T2 72oC 11.77 7.71 

T3 82oC,92oC,200oC 13.92 4.96 

Bin Temperature (oC) F-test F-critical 

T1 24oC,32oC,42oC,52oC,62oC 6.09 4.49 

T2 72oC 45.20 7.71 

T3 200oC 24.71 3.55 

Bin Temperature (oC) F-test F-critical 

T1 24oC 34.14 5.32 

T2 30oC,40 oC 550.04 4.67 

T3 50oC, 25.79 5.32 

T4 60 oC,70 oC,80 oC, 24.36 4.41 

T5 200 oC, 266.15 2.6415 

Bin Temperature (oC) F-test F-critical 

T1 24oC,30oC,40 oC 60.26 4.96 

T2 50oC, 45.61 7.71 

T3 60 oC 23.96 7.71 

T4 70 oC, 100.68 7.71 

T5 80 oC, 319.20 7.71 

T6 200 oC, 108.77 2.77 
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Table 5.16 Different temperature bins for Combination D 

 

 

 

 

at room temperature                  at 32oC                                     at82oC                                at 200oC 

 

Figure 5.1 Failure of Combination A. Thermal exposure increases from left to right 

 

 

 

Figure 5.2 Failure of Combination B. Thermal exposure increases from left to right 

 

 

 

Bin Temperature (oC) F-test F-critical 

T1 24oC,80 oC,90 oC,100 oC 26.03 4.28 

T2 110 oC,120 oC,130 oC,140oC 5.44 4.28 

T3 200oC 44.59 3.22 

At room temperature 
before testing 

At room temperature 
before testing 

at 30oC                          at70oC at 200oC 
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Figure 5.3 Failure of Combination C. Thermal exposure increases from left to right 

 

 

 

 

 

Figure 5.4 Failure of Combination D. Thermal exposure increases from left to right 

 

 

 

 

 

 

 

 

 

 

 Figure5.5 Typical failure for single- lap shear strength coupon 

At room temperature 
before testing 

at 30oC                           at70oC at 200oC 

At room temperature 
before testing 

at 30oC                           at70oC at 200oC 

at70oC 

At room temperature 
before testing 
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Figure 5.6  Load vs stroke curve Combination A at room temperature 

 

Figure 5.7  Load vs stroke curve Combination A at 200oC  
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Figure 5.8 Tensile test results for Combination A (Biresin) normalized with respect to the ambient 
temperature strength 

 

Figure 5.9 Tensile test results for Combination B (Sikadur 330) normalized with respect to the 

ambient temperature strength 
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Figure 5.10 Tensile test results for Combination C (Sikadur 300) normalized with respect to the 

ambient temperature strength 

 

 

Figure 5.11 Tensile test results for Combination C Splice (Sikadur 300) normalized with respect to 

the ambient temperature strength 
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Figure 5.12 Tensile test results for Combination D (Carbodur S512) normalized with respect to the 

ambient temperature strength 

 

 

Figure 5.13 Failure temperatures under sustained load of Combination A (Biresin)  
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Figure 5.14 Failure temperatures under sustained load of Combination B (Sikadur 330)  

 

Figure 5.15 Failure temperatures under sustained load of Combination C (Sikadur 300)  
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Figure 5.16 Failure temperatures under sustained load of Combination C splice (Sikadur 300)  

 

 

Figure 5.17  Failure temperatures under sustained load of Combination D 
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Figure 5.18 Average tensile strength of Combination A Biresin with 95% confidence 

 

Figure 5.19 Average tensile strength of Combination B Biresin with 95% confidence 
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Figure 5.20 Average tensile strength of Combination C with 95% confidence 

 

Figure 5.21Average tensile strength of Combination C splice with 95% confidence 
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Figure 5.22 Average tensile strength of Combination D with 95% confidence 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions  

The experimental program presented in this thesis was conducted to evaluate the axial tensile strength 

of certain commercial materials available on the market under elevated temperature. The materials 

selected included 3 different resins, 2 different carbon fibres and 1 system of pultruded carbon fibre 

plates. The tests included tensile coupon tests in constant and transient temperatures and single lap 

splice  FRP to FRP shear tests for steady and transient states. 

Several conclusions were drawn from the tests: 

1. There is a direct relation between the glass transition temperature of the resin and the loss of 

strength in the different FRP systems. 

2. Both the DMTA and DSC tests indicated that post curing can increase the glass transition 

temperature of the system as a whole.  

3. Combination A failed at 53 % of average ambient tensile strength of the system at 200oC and 

had a design value of 300 MPa which represents 36 % of the manufacturer’s room 

temperature design strength. 

4. Combination B failed at 59% of the average ambient tensile strength of the system at   200 oC 

and had a design value of 450 MPa which represents 54 % of the manufacturer’s room 

temperature design strength. 
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5. Combination C failed at 45 % of the average ambient tensile strength of the system at 200 oC 

and had a design value of 330 MPa which represents 46 % of the manufacturer’s room 

temperature design strength. 

6. Combination C splice test failed at 11% of the average ambient tensile strength of the system 

at  200 oC . 

7. Combination D failed at 58 % of the average ambient tensile strength of the system at 200 oC 

and had a design value of 1687 MPa which represents 60 % of the manufacturer’s room 

temperature design strength. 

8. The ANOVA analysis indicated that glass transition temperature was the defining zone for 

the behaviour of the materials. In general, all tests at temperatures below the glass transition 

zone were statistically from the same group, and all tests above the glass transition zone were 

statistically representative of a separate group. 

6.2 Recommendation  

More than 240 individual tests and several thermo physical tests on 3 combinations and plate system 

were conducted and presented in this thesis. Even though this thesis has covered some of the available 

commercial materials, there are many more materials available on the market that needs to be tested 

to have a full understanding of the behaviour of these different materials. Also the research in the area 

of fire and the effect of elevated temperature on FRP systems has only begun. These are some of the 

recommendations for further research: 

 Further tests need to be conducted on other combinations of resins, fibres and other available 

FRP systems, 
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 Further transient tests need to be conducted on the different systems to enhance a better 

understanding of their behaviour under a transient regime, 

 Single Lap FRP to FRP shear strength tests should be performed with combinations of 

different FRP systems.  

 Further research needs to be conducted to determine the appropriate upper bounds for the 

glass transition temperature that can be used to determine the failure criteria for the different 

systems. 

  Further research needs to be conducted to study the bond of FRP to concrete 
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Appendix A 

Analysis of Variance 

 

 

 

 

 

 



 

92 

 

 

 

 

 

 

SUMMARY 

Combination A  
Tensile test 

Groups  Count  Sum  Average  Variance 

24  3 2797.98 932.6598849 1230.195724

32  3 3035.951 1011.983715 1200.327566

42  3 2936.161 978.7204811 1700.436076

52  3 2650.001 883.3336211 40930.98805

62  3 2508.969 836.3229615 10145.97615

72  3 1988.688 662.895941 5208.601626

82  3 1553.96 517.9865227 144.4302953

92  3 1651.99 550.6634567 4246.54225

200  3 1474.44 491.4799206 4261.472536

ANOVA 

Source of Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  1038094 8 129761.7812 16.90854846 6.69E‐07 2.510158

Within Groups  138137.9 18 7674.330031   

  

Total  1176232 26            
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SUMMARY 

Combination B  
Tensile test 

Groups  Count  Sum  Average  Variance 

24 3 2780.131 926.7104 14610.95 

32 3 2735.749 911.9163 17271.52 

42 3 2488.769 829.5898 186.5078 

52 3 2659.81 886.6034 2601.479 

62 3 2559.899 853.2998 7085.859 

72 3 2261.901 753.9668 2002.177 

200 3 1630.662 543.5541 936.0306 

ANOVA 

Source of Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  318259.8 6 53043.3 8.307575  0.000574 2.847726

Within Groups  89389.05 14 6384.932   

  

Total  407648.9 20            
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SUMMARY 

Combination C  
Tensile test 

Groups  Count  Sum  Average  Variance 

24  5  3707.5 741.5 3747.4 

30  5  4572.9 914.6 640.0 

40  5  4502.4 900.5 1392.8 

50  5  2756.7 551.3 341.9 

60  5  1927.2 385.4 4994.6 

70  5  1680.9 336.2 800.6 

80  5  1720.1 344.0 485.3 

200  5  2386.8 477.4 2306.9 

ANOVA 

Source of 
Variation  SS  df  MS  F  P‐value  F crit 

Between 
Groups  2025333.62  7 289333.37 157.3595032  6.0671E‐23  2.312741

Within Groups  58837.6794  32 1838.6775   

  

Total  2084171.3  39            
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SUMMARY 

Combination C 
Single splice test 

Groups  Count  Sum  Average  Variance 

24  3 1151.311 383.7704 2018.105369 

30  3 1172.331 390.777 1627.572706 

40  3 1182.44 394.1466 1755.321866 

50  3 588.8216 196.2739 1490.147068 

60  3 119.9336 39.97788 116.5961139 

70  3 227.5856 75.86185 44.62450038 

80  3 413.8434 137.9478 70.23889347 

200  3 779.0292 259.6764 69.02782439 

ANOVA 

Source of Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  439838.4 7 62834.05 69.89682614  8.36E‐11  2.657197

Within Groups  14383.27 16 898.9543   

  

Total  454221.6 23            
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SUMMARY 

Combination D  
Tensile test 

Groups  Count  Sum  Average  Variance 

24  5 1562.435 312.4869 128.8091044 

80  5 1542.64 308.528 244.9044891 

90  5 1453.696 290.7392 545.3840195 

100  5 1454.023 290.8046 163.9281538 

110  5 1153.186 230.6372 2750.239284 

120  5 1138.965 227.7931 2024.804209 

130  5 1088.854 217.7709 3224.829244 

140  5 1148.263 229.6526 135.4603641 

200  5 909.6052 181.921 119.4439751 

ANOVA 

Source of 
Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  87148.14 8 10893.52 10.49943515  1.89E‐07  2.208518

Within Groups  37351.21 36 1037.534   

  

Total  124499.3 44            
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  SUMMARY 

Combination A  
Tensile test 

Groups  Count  Sum  Average  Variance 

Group A  9 8770.092 974.4547 2222.776249 

Group B  9 7147.658 794.1842 24181.3545 

Group C  9 4680.39 520.0433 2822.245385 

ANOVA 

Source of Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  942421 2 471210.6 48.36835623  3.81E‐09 3.402826

Within Groups  233811 24 9742.125   

     

Total  1176232 26            
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  SUMMARY 

 
 

Combination B  
Tensile test 

Groups  Count  Sum  Average  Variance 

Group A  6 5515.88 919.3133 12818.64799 

Group B  9 7708.479 856.4977 3083.69139 

Group C  6 3892.563 648.7605 14457.33795 

ANOVA 

Source of Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  246599.4 2 123299.7 13.7808267  0.000234 3.554557146

Within Groups  161049.5 18 8947.192   

Total  407648.9 20            

SUMMARY 

Combination C  
Tensile test 

Groups  Count  Sum  Average  Variance 

Group A  15 12782.84 852.18941 8249.56599 

Group B  5 2756.706 551.34114 341.899056 

Group C  20 7714.992 385.74962 5121.43003 

ANOVA 

Source of 
Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  1870003 2 935001.31 161.531773  5.2E‐19 3.25192

Within Groups  214169 37 5788.343   

  

Total  2084171 39            
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SUMMARY 

Combination C 
Single splice test 

Groups  Count  Sum  Average  Variance 

Group A  9 3506.082 389.5647 1371.264 

Group B  3 588.8216 196.2739 1490.147 

Group C  12 1540.392 128.366 7664.647 

ANOVA 

Source of Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  355960.1 2 177980.1 38.03708  1.04E‐07  3.4668

Within Groups  98261.52 21 4679.12   

  

Total  454221.6 23            
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  SUMMARY 

Combination D 
Tension Test 

Groups  Count  Sum  Average  Variance 

Group A  15 4558.771 303.918 358.4419449 

Group  B  15 3746.174 249.745 2315.734723 

Group C  15 3146.722 209.7815 1435.243347 

ANOVA 

Source of Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  66967.47 2 33483.73 24.44413168  9.11E‐08 3.219942

Within Groups  57531.88 42 1369.807   

  

Total  124499.3 44            
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Analysis of Variance 

Part 2 
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Combination A 

Groups  Count  Sum  Average  Variance 

Group 
T1(24,32,42,52,62)  15.00  13929.06 928.60 12182.31 

Group T2(72)  3.00  1988.69 662.90 5208.60 

Group T3(82,92,200)  9.00  4680.39 520.04 2822.25 

ANOVA 

Source of Variation  SS  df  MS  F 
P‐

value  F crit 

Between Groups  972684.72  2.00 486342.36 57.34  0.00 3.40

Within Groups  203547.47  24.00 8481.14   

  

Total  1176232.19  26.00            

SUMMARY 

Combination B 

Groups  Count  Sum  Average  Variance 

Group 
T1(24,32,42,52,62)  15.00 13224.36 881.62 7354.83 

Group T2(72)  3.00 2261.90 753.97 2002.18 

Group T3(200)  3.00 1630.66 543.55 936.03 

ANOVA 

Source of Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  298804.78 2.00 149402.39 24.71  0.00  3.55

Within Groups  108844.09 18.00 6046.89   
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SUMMARY 

Combination C 

Groups  Count  Sum  Average  Variance 

Group T1(24)  5 3707.54255 741.50851 3747.3536 

Group T2(30,40)  10 9075.29859 907.52986 958.6164205 

Group T3(50)  5 2756.7057 551.34114 341.8990557 

Group 
T4(60,70,80)  15 5328.17486 355.21166 2294.679637 

Group T5(200)  5 2386.81752 477.3635 2306.907294 

ANOVA 

Source of 
Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  2017833.602 4 504458.4 266.1539871 
1.1308E‐

25 2.641465

Within Groups  66337.70251 35 1895.3629   

     

Total  2084171.304 39            

SUMMARY 

Combination C 
splice 

Groups  Count  Sum  Average  Variance 

Group T1(24,30,40)  9 3506.082 389.5647 1371.263987 

Group T2(50)  3 588.8216 196.2739 1490.147068 

Group T3(60)  3 119.9336 39.97788 116.5961139 

Group T4(70)  3 227.5856 75.86185 44.62450038 

Group T5(80)  3 413.8434 137.9478 70.23889347 

Group T6(200)  3 779.0292 259.6764 69.02782439 

ANOVA 

Source of Variation  SS  df  MS  F  P‐value  F crit 

Between Groups  439670.3 5 87934.05 108.7740701 
8.39E‐

13 2.772853

     

Total  407648.87 20.00            
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Within Groups  14551.38 18 808.41   

     

Total  454221.6 23            

 

 

SUMMARY 

Combination D 

Groups  Count  Sum  Average  Variance 

Group T1(24,80,90,100)  20.00 6012.79 300.64 332.57 

Group 
T2(110,120,130,140)  20.00 4529.27 226.46 1740.31 

Group T3(200)  5.00 909.61 181.92 119.44 

ANOVA 

Source of Variation  SS  df  MS  F 
P‐

value  F crit 

Between Groups  84636.88 2.00 42318.44 44.59  0.00 3.22

Within Groups  39862.47 42.00 949.11   

     

Total  124499.35 44.00            


