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Abstract 

The use of fibre reinforced polymer (FRP) composites for strengthening reinforced concrete 

structures has become increasingly popular in recent years.  However, before FRPs can be 

implemented in interior building applications their performance during fire must be assessed and 

understood.  There currently remains a paucity of information in this area for most currently 

available FRP strengthening systems.  This thesis presents a study of the mechanical and bond 

properties of selected currently available FRP strengthening systems for concrete structures at 

elevated temperatures such as might be experienced during a fire.  Testing has been performed 

and is reported to study the continuous unidirectional coupon tensile strength, lap-splice FRP-to-

FRP shear bond strength and tensile elastic modulus at elevated temperatures.  Results of thermal 

characterization tests are also completed in an attempt to relate properties of the polymer matrix, 

such as the glass transition temperature, and thermal decomposition temperature to the losses of 

strength and stiffness observed for FRP coupons during steady-state and transient exposure to 

elevated temperatures up to 200ºC.  A simple analytical model is presented, for which the input 

parameters can be determined using dynamic mechanical thermal analysis and thermogravimetric 

analysis, to describe the reduction in mechanical and bond properties of the FRP systems at 

elevated temperatures.  Based on this testing and subsequent analysis it is recommended that a 

conservative limit on the allowable temperature exposure for FRP systems during fire be set as 

the glass transition temperature measured using dynamic mechanical thermal analysis.  

Furthermore it is suggested that differential scanning calorimetry may not be an appropriate 

method of determining the glass transition temperature for available FRP systems used in 

concrete strengthening applications.   
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Chapter 1 

Introduction 

Modern society makes use of vast and complex infrastructure systems to support daily life.  Much 

of this infrastructure is built from reinforced concrete.  Many of these structures are neglected and 

are deteriorating for various reasons.  The European, American and Canadian infrastructure 

systems are all experiencing what is now being termed as a ‘global infrastructure crisis’ by 

numerous engineering bodies.  Currently accepted repair and rehabilitation practices are proving 

ineffective at alleviating the problem.  Fibre reinforced polymers are emerging as effective 

materials for repair and strengthening of reinforced concrete structures.  Using these materials it 

is possible to extend the life of reinforced concrete infrastructure at a lower lifecycle cost than 

replacement or repair through traditional methods.  As a result, use of fibre reinforced polymers is 

gaining support as a financially viable method of addressing ongoing infrastructure deterioration 

and the need for rapid, low-cost repair solutions. 

1.1 Infrastructure Crisis 

In 2008 the American Society of Civil Engineers reported on the infrastructure in the United 

States (ASCE Report Card, 2009).  It was estimated that a five-year investment of 2.2 trillion 

dollars would be required to repair and rehabilitate the existing infrastructure to satisfactory 

levels.  This recommendation is staggering even when considering bridges alone.  The report 

projected a funding shortfall of 549.5 billion dollars in the subsequent five years for America’s 

bridge infrastructure (ASCE Report Card, 2009).  The deficiencies noted in the report are due to 

many factors including: increased service loads on structures, deterioration due to corrosion of 
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concrete, damage from vehicle collisions, updates to building codes and changes to load paths in 

the structure (Bisby, 2003).   

1.2 Fibre Reinforced Polymers 

Fibre reinforced polymers (FRPs) are quickly emerging as a viable construction material which 

can be used in innovative ways to help address ongoing infrastructure deterioration.  FRPs are 

well suited to numerous structural applications and possess several favourable characteristics.  

FRPs are lightweight, strong, and resistant to electro-chemical corrosion, however they are 

potentially sensitive to ultra-violet exposure and strain failure.  The materials can be formed into 

a wide variety of shapes making them well suited for varied application geometries; they are 

currently used as internal reinforcement and in situations where externally bonded strengthening 

is required. Pultruded FRP plates can be bonded to the exterior of concrete with an adhesive 

layer.  Similarly, sheets of fibre can be impregnated with epoxy resin and bonded to external 

surfaces in one step on site.  This simple and versatile application method allows for FRP to be 

applied as a column-confining wrap, as shear reinforcement for beams and as flexural 

strengthening for beams and slabs.   

As an alternative advanced material, FRPs should be investigated in all areas where they 

might be used.  Although the materials are typically more costly than traditional reinforced 

concrete construction initially, the fact that they are lightweight and physically easy to apply 

translates into reduced labour costs.  Similarly, the corrosion resistant nature of FRP means they 

are less susceptible to deterioration and less likely to cause concrete spalling and may be more 

cost effective over the life of the structure. 

Although they have potential to be used extensively in structures, the effects of fire on 

FRP are not yet well understood.  As a result, FRPs are predominantly used in areas where fire is 
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not a significant design consideration.  Bridge decks, parking structures and other exterior 

exposed structures are the most common areas where FRP is used.   

1.3 Statement of Problem 

Presently, legitimate concerns exist about the fire performance of FRP strengthening systems.  

Currently, conservative recommendations exist which suggest that any benefit yielded from the 

presence of FRPs be ignored in the case of fire.  These conservative recommendations stem from 

a lack of knowledge about the effect of elevated temperatures on the strength and stiffness of 

FRPs.  In order for FRPs to be used in all areas where they have potential benefits it is essential to 

understand how these properties change with fire.  Recent research suggests that carbon and glass 

fibres used in FRP systems are resistant to elevated temperatures and are able to retain their 

strength and stiffness in temperatures of 600ºC and 1000ºC, respectively (Bisby, 2003).  

However, most FRP strengthening systems employ epoxies as a matrix and adhesive component.  

These epoxies are susceptible to large strength and stiffness reductions at exposure to moderate 

temperature increases.  Without this epoxy the FRP systems possess significantly lower strength 

and stiffness characteristics.  Understanding how the FRP properties change will allow accurate 

conclusions about the degradation of a material strengthened with an FRP system to be drawn. 

1.4 Research Objectives 

The overarching objective of the current thesis is to better understand the effect of exposure to 

elevated temperatures on the tensile strength, shear-bond (lap splice) strength and tensile modulus 

of FRP.  Specifically FRP materials currently used in externally bonded strengthening 

applications with reinforced concrete structures will be considered.  More precisely the thesis 

seeks: 
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- to find glass transition and thermal decomposition temperatures of two commercially 

available epoxies.  This information will aid in the classification of epoxies in the future 

and potentially assist in the development of more effective FRP systems. 

- to quantify tensile strength of carbon and glass FRP systems during exposure to various 

elevated temperatures.  Specifically temperatures at and around the glass transition 

temperature.  These data are important for the understanding of the degradation in 

performance of FRP in non-bond critical applications.   

- to determine the effect of elevated temperatures on FRP-to-FRP bond shear stress.  These 

data are critical for the understanding of the performance of FRP in bond critical 

applications where FRP is bonded to or in situations where the epoxy acts to transfer 

stresses across the bond length. 

- to determine safe limiting temperatures for FRP to ensure adequate performance in service 

conditions and during accidental exposure to fire. 

- to find the effect of exposure to elevated temperature on the tensile modulus of FRP.  These 

data are of importance in situations where stiffness is a primary design consideration such 

as when the FRP design is governed by serviceability limit states. 

Overall, the goal of the research presented herein, in combination with previous research 

considering large-scale fire endurance testing and computational modeling of FRP strengthened 

beams, columns and slabs; is to clarify the properties and performance of externally bonded FRP 

systems exposed to standard fire scenarios.  This is done in such a way that fire design 

recommendations can be assigned to currently available FRP systems; increasing their utility and 

allowing for increased and responsible use of those products. 
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1.5 Scope of Research 

Given the wide variety of currently available fibre/epoxy combinations which can be applied as 

externally bonded strengthening for reinforced concrete structures, the research presented herein 

focused on a single material supplier.  The intent of the research was to understand the 

mechanical and bond performance of these systems at elevated temperatures, but also to 

determine if simple tests on the FRPs’ constituents can be used as proxy tests to characterize 

FRPs’ response at elevated temperatures.  Ideally this characterization would limit the number of 

time-consuming and costly tests such as those presented herein. 

Two specific types of epoxy (Standard and High Temperature) were combined with two 

specific types of commercially available fibres (one glass and one carbon) resulting in four 

combinations of FRP.  These four systems were tested in two general modes: (a) continuous 

tensile coupons and (b) lap-splice (shear bond) coupons.  Overall, 8 combinations of FRP 

material systems and testing configurations were considered. 

Various characterization tests were performed on the FRPs’ constituents including: (a) 

Differential Scanning Calorimetry (DSC) and (b) Dynamic Mechanical Thermal Analysis 

(DMTA), which were performed on each of the two epoxies to determine their glass transition 

temperatures (Tg) and variation in stiffness with heating.  The thermal onset temperature (Tf) was 

also determined using these methods.  These tests were performed in an effort to identify a 

specific thermal range through which the two epoxies lose stiffness, in the hope that this 

temperature range would be representative of exposure temperatures where the FRP loses 

strength and stiffness.   
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Two-ply, continuous direct tension FRP coupons were fabricated from all four of the FRP 

systems.  These coupons were tested during exposure to six different steady-state temperature 

levels (including room temperature up to temperatures in excess of Tg).  Five coupons were tested 

at each temperature for a total of 120 direct tension tests.  Five additional coupons were tested 

under sustained load with increasing temperature to illustrate their performance in transient 

temperature regimes. 

Single lap-splice shear bond coupons were also fabricated from all four systems.  As with 

the continuous coupons, five coupons were tested at each of six different temperatures including 

ambient temperature and up to temperatures exceeding Tg.  Additionally, five coupons were 

tested at each of five discrete load levels under transient temperature, giving a total of 220 tests 

on lap-splice coupons.   

Overall, greater than 360 individual coupon tests were conducted under one of the above 

thermal and loading regimes.  An analysis of variance (ANOVA) was performed on the test 

treatments at each temperature and load level to determine whether the effect on strength and 

stiffness was statistically significant for a chosen level of confidence. 

1.6 Thesis Outline 

Chapter 2 presents a literature review on FRP materials.  Beginning with a discussion on FRPs 

and their constituent materials, the chapter then delves into the thermal properties of polymer 

epoxies used in FRPs.  The chapter also includes a brief overview of current practices when 

designing for FRP use in fire. 

Chapter 3 provides details on the experimental program performed to quantify the 

thermal characteristics of the FRP constituents.  Three types of thermal characterization tests are 
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outlined and their results are presented.  Following that, discussion continues on the relevance of 

Tg and how the test plan was shaped by the measured values. 

Chapter 4 outlines the preparation and methodology used in material testing.  The 

preparation of the tensile and lap-splice coupons is presented and the procedure for testing is fully 

detailed.   

Chapter 5 focuses on the results from and discussion on the mechanical tests conducted.  

Results are presented with additional comments on differences and similarities between FRP 

systems fabricated with different epoxies and fibres.  These data are also correlated to 

information presented in Chapter 3 with the hope of predicting the behaviour of the FRP by 

examining the thermal properties of its constituents. 

Chapter 6 summarizes the key findings of the research project and suggests several areas 

for future research. 
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Chapter 2 

Literature Review 

 

2.1 Fibre Reinforced Polymers 

2.1.1 Applications of FRPs in Construction 

Fibre Reinforced Polymers are now widely used in new and to strengthen existing reinforced 

concrete structures.  FRPs are considered to be efficient and effective in many rehabilitation 

situations.  Typically, FRPs are used as externally bonded reinforcement for strengthening 

applications.  FRPs are light-weight and corrosion resistant, making them an ideal material in 

applications where strengthening is required and corrosion avoidance or size limitations are of 

penultimate importance.  At present, there are two predominant methods of applying FRPs to a 

structure for the purposes of external strengthening.  The first is by bonding a pre-fabricated, 

pultruded plate of FRP to the exterior of the structural member using an epoxy adhesive.  The 

second is a wet-layup process in which a sheet of dry (or pre-impregnated) fibres is saturated on 

site with an epoxy which serves both to bond it in place and to impregnate the fibres.  Both 

methods have specific advantages.  Pre-fabricating FRP can be formed in many different shapes 

and pre-fabrication allows for greater quality control.  The wet-layup process allows for more 

flexibility when placing the FRP; sheets can both be positioned to fit the existing geometry of a 

structure perfectly and be wrapped around members and joints and then bonded into place.  

Figure 2.1 and Figure 2.2 show FRP strengthening in typical applications. 
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2.1.2 General Properties 

FRPs possess several specific properties which make them advantageous in a variety of 

construction applications.  The materials have high strength-to-weight ratios and are lightweight, 

allowing them to be added to a structure with little concern about additional dead loading 

(Balsamo et al. 2007).  When using a wet lay-up application technique, FRPs are moldable and 

can be adapted to fit an array of shapes, allowing them to mesh well with diverse types of 

structural elements which may be in need of strengthening.  Application of FRPs does not 

necessarily require removal of other structural elements; they can be applied in situ and they 

typically achieve full strength in a matter of hours.  Finally, epoxy-based FRPs do not corrode 

electrochemically and are resistant to most chemical agents.   

 However, FRPs are not without detriment.  Research shows that ultra-violet light can 

cause deterioration of glass and aramid FRP composites (Waldron, 2003).  Furthermore, the 

potential for FRPs to absorb water in moist environments and swell has the potential to cause 

problems similar to those caused by corrosion in steel (Waldron, 2003).     

From an economic standpoint, FRPs have additional advantages, the most significant of 

which are due to their ease and speed of installation.  Often structural rehabilitation with FRPs 

does not require closure of the deficient structure during installation of the FRP strengthening 

system.  The installation process is expedient and not equipment intensive at the installation site.  

As a result, the on-site application cost of strengthening with FRP as opposed to more traditional 

methods can decrease by as much as 65% (Balsamo et al. 2007). 

2.1.3 Fibres 

The fibres in an FRP are the primary load-bearing component.  The long continuous strands carry 

most of the stresses applied to the FRP.  Bisby (2003) reports that fibres in FRPs should be 
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chosen to have high ultimate strength, high stiffness, uniform diameters, and low variability 

between fibres.  Because of their extremely small diameters and linear nature, fibres are 

orthotropic and have very little strength in the transverse direction.  Currently, fibres are typically 

glass or carbon.  Aramid fibres have also been used successfully in FRPs but their popularity has 

diminished in recent years due to their susceptibility to deterioration from exposure to UV light 

and their moisture absorption characteristics. Both carbon and glass fibre types are well suited as 

strengthening reinforced concrete but for different reasons.  Carbon fibres are more expensive 

than glass and typically have the highest ultimate strengths.  They are used in situations where a 

high strength to weight ratio is a necessity.  Conversely, glass fibres have lower strengths and 

stiffness and are the more commonly used fibre type.  These fibres are used in areas where 

ultimate strength is not a significant issue and are generally less expensive (Bisby, 2003). Table 

2.1 illustrates typical material properties for glass, carbon and aramid fibres. 

2.1.4 Resin 

To hold the fibres in place, FRPs employ a resin matrix.  This resin is typically a thermosetting 

polymer such as an epoxy or vinylester. The resin has two primary functions.  The first is to help 

suspend the fibre strands evenly.  This process helps ensure that the FRP is capable of distributing 

load across the entire fibre mesh and helps to reduce the impacts of local weaknesses.  Second, 

the resin transfers stresses from one fibre to the next.  In this way, the FRPs are able to achieve 

strength greater than that of the individual fibres.  If one fibre has a local defect, the resin will 

distribute stress around the defect and into the adjacent fibres.  There is therefore only a very low 

likelihood that a local defect in the fibres will be large enough to result in a major reduction in 

overall strength.  Typically, when cured, the resins used are of a much lower strength and 

stiffness than the fibres in the system.   
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2.2 Thermoset Epoxy 

The epoxies studied in the current research were two-part thermoset epoxies.  As opposed to 

thermoplastic polymers which can be heated and remolded repeatedly, curing of thermoset 

polymers is not reversible.  Once the polymers are set and rigid they will not be able to be 

reshaped upon reheating.  Predominantly, currently available FRP systems employ thermoset 

epoxy as the matrix material and to bond the FRP system to the substrate reinforced concrete.   

Thermoset polymers cure and harden when they are heated.  The epoxies studied herein 

were distributed in two parts and when combined reacted exothermally.  The exothermic reaction 

produced enough heat to cure the epoxy.  Research has shown that thermoset epoxies exposed to 

elevated temperatures can be post-cured.  Post cure increases the strength and stiffness of the 

epoxy and will also increase Tg (Hülder et al., 2008).  Although the results are favourable, the 

process of post-cure is not typically used in the field.   

2.3 Polymer Types 

Polymers can be described as either crystalline or amorphous (and most polymers are some 

combination of the two).  Amorphous polymers (like glass) have no set crystalline structure and 

the molecules are relatively free to move.  Crystalline polymers (nylon, aramid) have rigid 

molecular structures and individual molecules are not generally free floating. When exposed to 

elevated temperatures, crystalline and amorphic polymers will respond in different ways.  As heat 

is added to a crystalline polymer, the rigid bonds between molecules break down and the material 

transitions to a liquid state.  This process is called melting.  Alternatively, in amorphic 
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compounds, adding heat allows already free molecules to move more easily (Carraher, 2003).  

Figure 2.3 shows the typical response of a semi amorphous polymer subjected to heating.   

Typically, polymers do not fit neatly into one category or the other but rather, they are 

comprised of elements of each.  A polymer will have both a crystalline and an amorphic 

component.  As a result, most polymers will undergo glass transitioning to some extent and at 

higher temperatures, melting.  A good example of a polymer which displays the characteristics of 

both amorphous and crystalline classifications well is rubber.  When heated from sub-zero 

temperatures rubber glass transitions and becomes soft and flexible (rubbery).  Heating further 

will cause melting as the molecular bonds break down completely.    

Thermoset two-part epoxies like those studied in the current research are at least partially 

amorphous and are susceptible to glass transitioning.  The polymers will lose tensile strength and 

stiffness when heated and their ability to transfer stresses between fibre strands in the FRP and 

between the FRP and the substrate concrete will be inhibited.   

2.3.1 Glass Transition Temperature 

As they are heated, amorphic polymers will gradually soften with increased temperature 

(Rahman, 2007).  The range over which this occurs is referred to as the glass transition zone.  The 

temperature at which this zone occurs is dependent on the polymer studied, and in the case of 

two-part epoxies, the degree of cure (Moussa, 2012).  The midpoint of this zone, the glass 

transition temperature (Tg), can be detected two ways.  The first is by monitoring the change in 

physical properties, specifically the stiffness, of the material as it is heated.  At the glass transition 

temperature, the derivative of the modulus of the sample will change.  The second method is by 

monitoring the heat capacity of the sample.  As a sample is heated, the energy required to 

increase its temperature further (heat flux) increases linearly.  At Tg the rate of change of the heat 
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flux will change (Rahman, 2007).  Depending on the test method used, the process for 

determining Tg is also different.  The two primary methods of determining the glass transition 

temperature are outlined below. 

2.3.2 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is one method used to determine the glass transition 

temperature of an amorphic polymer.  In this process, a small sample of the polymer is placed in 

an aluminum pan.  A second pan is prepared thermally identical to the first, but empty.  The two 

pans are heated at a constant rate.  The heat added to each sample per unit of time is referred to as 

the ‘heat flux’.  Subtracting the heat flux of the reference pan from the pan with the sample 

allows only the sample to be considered. Figure 2.4 shows a typical DSC plot.  ASTM E1356-08 

considers DSC to be an appropriate test for determining the Tg of amorphous or partially-

crystalline materials (ASTM, 2008).   

To determine Tg from a DSC test, a plot of heat flux versus temperature is constructed.  

The heat flux will initially change linearly with temperature until the onset of glass transitioning.  

At the onset the heat flux will change rapidly and then resume its linear trend.  According to 

ASTM E1356-08, the midpoint of this transition should be stated as Tg (ASTM, 2008). 

In a standard DSC test an initial heating cycle is used to erase any thermal history in the 

subject material.  This thermal cycle should be greater than the glass transition temperature of the 

material being examined and could allow for additional curing of the resin.  As a result, Tg may 

be higher than found in field applications (Hülder et al., 2008). Figure 2.5 shows the change in Tg 

observed after an epoxy is cured under various temperatures.    
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2.3.3 Dynamic Mechanical Thermal Analysis 

Dynamic Mechanical Thermal Analysis (DMTA) is another method which may be used to 

determine the glass transition temperature of a material.  Unlike Differential Scanning 

Calorimetry which is based on the thermal properties of the material, DMTA focuses on the 

mechanical properties.  A specimen with specific dimensions is placed in a rig and undergoes a 

mechanical oscillation (Rahman, 2007).  The storage modulus and loss modulus are monitored as 

the sample is exposed to increasing temperature.  Figure 2.7 shows a typical DMTA plot.  The 

storage modulus represents the energy stored by the sample per cycle while the loss modulus 

represents the energy lost or dissipated (Sperling, 2000).  Unlike DSC which has one 

conventionally defined glass transition temperature, ASTM E1640-04 permits several 

temperatures to be interpreted as Tg in DMTA tests. 

2.3.3.1 Using Storage Modulus to Determine Tg 

Using the storage modulus to determine Tg is a graphical method.  Tangential lines are drawn to 

the linear portion of the plot of storage modulus prior to and after the onset of the sigmoidal 

change associated with the transition.  The intersection of these two lines is interpreted as Tg.  

This method provides the most conservative value of Tg.  It is the traditional method suggested by 

the ASTM 1640-04 standard (ASTM, 2004) and is the one employed in the current research when 

DMTA test results are reported. 

2.3.3.2 Using Peak Loss Modulus 

Alternatively, it is acceptable to report the peak of the plot of loss modulus as Tg.  This provides a 

slightly increased value of Tg although it was not the method chosen for this study. 
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2.4 Current Design Practices 

Often, FRPs are employed to strengthen reinforced concrete elements.  Reinforced concrete 

elements typically exhibit favourable performance in fire (Kodur et al. 2007).    Unfortunately, 

the temperature at which bond strength, stiffness and strength of  FRPs exposed to elevated 

temperatures decreases is lower than those of steel or concrete.  At present, there is hesitation to 

consider any structural benefit from FRP during fire in situations where elevated temperatures 

may be a factor.   

2.4.1 Design for Fire 

One factor inhibiting wide scale use of FRPs as a strengthening material is their perceived poor 

performance at elevated temperatures.  Relatively little is known about the performance of these 

materials in hot service environments; i.e., temperatures between 50 and 100 degrees Celsius, or 

in more extreme elevated temperatures such as those experienced in a typical building fire, i.e., 

up to 1200 degrees Celsius.  It is suggested in the literature however, that this need not be an 

issue in situations where the strength of the member being strengthened with FRP is still 

sufficient to withstand the service loads on a structure (Bisby, 2003). Often it is the case that 

structures are strengthened with FRP to increase their load capacity.  During a fire exposed FRP 

systems quickly deteriorate and become ineffective (Chowdhury, 2005).  However, it is possible 

for the strengthened member to perform as it would without the addition of supplemental 

reinforcement.  In this case, the un-strengthened member might still be able to withstand dead 

loads imposed on it for the duration of the fire.  Several studies in full-scale fire testing of FRP 

strengthened reinforced concrete members have validated this for columns (Bisby, 2003), slabs 

(Chowdhury, 2005) and flexural members (Williams, 2004). 
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In situations where FRPs are exposed to elevated temperatures, residual strength may 

remain after cooling.  A conservative upper bound exposure temperature is suggested as the glass 

transition temperature measured using DSC (Foster and Bisby, 2008).  Recent studies have also 

demonstrated that it is possible to achieve a satisfactory fire resistance rating through the use of 

supplemental insulation.  These systems help limit the temperature FRP systems will reach during 

a building fire (Kodur et al. 2007).   

2.5 Fibre-Reinforced Polymer Performance in Fire 

2.5.1 Overall Performance 

In tension, FRPs are reliant on two specific mechanisms to maintain their strength.  First, the 

fibres must retain an adequate strength to resist the loads applied to them during the fire.  These 

fibres are held together by the polymer epoxy which transfers stresses between the adjacent 

fibres.  If a fibre is weak due to a defect or damage the matrix must transfer stresses around the 

weak point.  In order to do this, the matrix must retain a certain proportion of its shear strength.  

In elevated temperatures, a reduction in either the fibre tensile strength or the matrix shear 

strength may result in the failure of the FRP system. Bisby (2005) provides a summary of 

strengths of glass, aramid and carbon fibres used in various FRP systems when exposed to high 

temperatures. Figure 2.6 summarizes these results. 

In bond-critical applications, the effectiveness of the FRP system relies more specifically 

on the shear strength between the epoxy and the concrete it is adhered to, or the shear strength 

between two overlapping layers of FRP. Some work has been done studying the relationship 

between temperature and bond performance between carbon fibre reinforced polymer (CFRP) 

plates and reinforced concrete.  Under exposure to the standard AS1530.4 building fire 
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uninsulated CFRP plates failed in 5.5 to 6 minutes of exposure (Gamage et al., 2006).  The 

variation in bond strength of CFRP applied to reinforced concrete exposed to temperatures is 

significant in the range of 60ºC to 75ºC where the bond strength was reduced to approximately 

20% (Gamage et al., 2005). Figure 2.8 shows the strength variation with epoxy temperature and 

Figure 2.9 shows the change in failure mode as the epoxy temperature is increased. 

2.5.2 Fibre Performance 

At elevated temperatures, carbon fibres perform exceptionally well.  It has been demonstrated 

that even at temperatures in excess of 1000ºC carbon fibres do not lose their strength and that 

glass fibres perform less effectively but still maintain 50% of their tensile strength at 600ºC 

(Bisby et al. 2005).   

2.5.3 Epoxy Performance 

Elevated temperatures significantly affect FRP epoxy.  Unlike glass and carbon fibres, typically 

used epoxies undergo glass transitioning at temperatures in the range of 50ºC to 150ºC (Foster 

and Bisby, 2008; Kodur, 2007).  During this process epoxies lose significant stiffness and 

strength, rendering them much less effective at transferring stresses between fibres.  Foster and 

Bisby (2008) recommended using the glass transition temperature of the epoxy as a conservative 

upper bound when considering residual strength of exposed FRP strengthened members.  

However, since the degradation in strength and stiffness can occur over a significantly wide 

temperature range (20-30ºC), it is unlikely that Tg measured through DSC will represent a 

conservative boundary during exposure to elevated temperatures.  Since the Tg  is reported as the 

midpoint of the physical transition, temperatures lower than the glass transition temperature will 

still cause some decline in performance of the FRP system.  Determining Tg through alternative 

methods such as DMTA may produce a more conservative estimate as the onset of degradation. 
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2.6 Conclusion 

FRPs have gained acceptance as a viable modern building material.  However, before they can be 

full utilized in construction applications their properties in elevated temperatures must be better 

understood.  Currently, little research has been done to study the effect of elevated temperatures 

on the strength and stiffness of FRPs.  Temperatures in the 50 to 100 degree range, near the glass 

transition temperatures are of significant importance as it is likely that the effectiveness of the 

epoxy bond between fibres is reduced.  As a result, the ability of the epoxy to transfer stresses 

evenly through the fibres may be compromised, leading them to break at their fractured strength. 

It is imperative that this behavior is better characterized and more thoroughly examined to 

establish conservative thermal exposure limits for FRP systems. 
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Table 2.1 - Qualitative comparison of FRP fibre types (Williams, 2004) 

 

  

 2.0 Literature Review 

Table 2.2: Qualitative Comparison Between Three Main Types of FRP (adapted from Meier 
and Winistörfer, 1995) 

Fibre Type 
Property 

Carbon Fibres Aramid Fibres E-Glass Fibres 
Tensile Strength Very Good Very Good Very Good 
Compressive Strength Very Good Inadequate Good 
Young’s Modulus Very Good Good Adequate 
Long-Term Behaviour Very Good Good Adequate 
Fatigue Behaviour Excellent Good Adequate 
Bulk Density Good Excellent Adequate 
Alkaline Resistance Very Good Good Inadequate 
Price Adequate Adequate Very Good 
 

Table 2.3: FRP Thermal Conductivity 

FRP Thermal Conductivity [W/m-ºC] 
 Longitudinal Transverse 

Glass/Epoxya 3.46 0.35 
Aramid/Epoxya 1.73 0.73 

High modulus carbon/Epoxya 48.44-60.55 0.87 
Carbon/Epoxyb - 0.67 

 

a Mallick, 1993 
b Pan and Hocheng, 2001 

 
 

Coefficient of Thermal Expansion (x10-6) [/ºC] Material 
Longitudinal Transverse 

Glass/Epoxya 6.3 19.8 
Glass/modified Phenolicb - 8.07 

Aramid/Epoxya -3.6 54 
High Modulus Carbon/Epoxya -0.09 27 

Table 2.4: FRP Coefficient of Thermal Expansion

 

a Mallick, 1988 
b Kodur and Baingo, 1998 
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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 shear reinforcement of a reinforced concrete 

beam (Bisby, 2003) 

  CHAPTER 3: Experimental Procedures 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Application of a single lift of 
SCH sheet 
 

Figure 3.9: Removal of air voids at the 
FRP/concrete interface 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ISIS-2   ISIS-1  
 
 

Figure 3.10: Columns ISIS-1 and ISIS-2 with SCH 
sheets installed 

 

 109 L.A. Bisby, Ph.D. Thesis, 2003 

Chapter 2: Literature Review 

S.K. Foster, M.Sc. Thesis, 2006 !"

#
Figure 2.1: Externally-bonded carbon FRP sheets for shear strengthening of a reinforced 

concrete bridge girder (Bisby, 2003) 
#

#
Figure 2.2: FRP sheets used to flexurally strengthen double tee skyway girders  

(Structural Preservation Systems, 2005) 
#

#
Figure 2.3: Externally-bonded carbon FRP sheet for axial strengthening (confinement) of a 

reinforced concrete column (Bisby, 2003) 



 

21 

 

 

 

Figure 2.3 - Typical log modulus versus temperature plot for a partially amorphous 

polymer. Section 1 is the glassy state, Section 2 is the glass transition region, Section 3 is the 

rubbery state, and Section 4 is melting (Hourston and Swallowe, 1999) 

 

 

Figure 2.4 - Typical DSC plot (Fleming Polymer Testing and Consultancy, 2008) 

Chapter 2: Literature Review 

S.K. Foster, M.Sc. Thesis, 2006 !"

#
Figure 2.4: Typical log modulus (E) versus temperature plot for an amorphous polymer 

(solid line). Region 1 is the glassy state, region 2 is the glass transition region, region 3 is 
the rubbery plateau, and region 4 is the melt region (Hourston & Swallowe, 1999) 

#

#
Figure 2.5: Simple diagram of a DSC sample cell. The output signal is the temperature 

difference between the sample side and the reference side (Meyer et al., 2000) 
#

#
Figure 2.6: Typical resultant plot from DSC analysis. The glass transition is taken at the 

temperature at which half the increase in heat capacity has occurred (Sperling, 1986) 
#
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Figure 2.5 - Variation in Tg.  a) with cure time and temperature, b) with the degree of cure 

(Hülder et al., 2008) 

 

Figure 2.6 - Variation in tensile strength of glass, aramid and carbon fibres with 

temperature (Bisby et al., 2005) 
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What little work has been reported does not provide
data that are readily applicable to the wide range of
FRP composites used in civil engineering
applications. In addition, because of the wide variety
of currently available FRP formulations and systems,
it is extremely difficult to provide accurate
generalizations with respect to their high-temperature
behaviour. Hence, a significant research effort is
required before FRP materials can be used with
confidence in structural applications where fire poses
a significant risk.

FRPs and fire

FRPs display high-temperature behaviour that is
drastically different from that of concrete or steel. All
polymer matrix composites will burn if subjected to a
sufficiently high heat flux. In addition, commonly
used matrix materials such as polyester, vinylester,
and epoxy not only support combustion, but evolve
large quantities of dense black smoke[59]. FRPs also
suffer degradation in strength, stiffness, and bond
properties at even mildly increased temperatures[60].

Compared with unreinforced polymers, thick FRPs
have advantages with regard to their involvement in
fire in that the non-combustible fibres displace
polymer resin making less fuel available for the fire.
Also, when the outermost layers of a composite lose
their resin due to combustion, the remaining fibres act
as an insulating layer for the underlying material[61].
However, these advantages are not terribly helpful
when FRP materials are used in structural
applications. In internal reinforcing applications
where the FRPs are protected against combustion by
the concrete cover, research has shown[62,63] that loss
of bond at temperatures exceeding the glass transition
temperature of the polymer matrix is likely to be the
critical factor during fire. In concrete strengthening
applications involving externally-bonded FRP
materials, the FRPs are typically too thin for a
protective char to form, and bond between the
concrete and the FRP would likely be lost before char
formation in any case.

FRP MATERIALS IN FIRE

It is well established that the mechanical properties of
FRPs deteriorate with increasing temperature. The
critical temperature is commonly taken to be the glass
transition temperature Tg of the polymer matrix[64],
which is typically in the range of 65–1208C for
matrices used in infrastructure applications[14];
although degradation in both strength and stiffness
may be observed even before the Tg is reached[65].
Because of the anisotropy of unidirectional FRP
materials, the transverse properties are more affected
by elevated temperatures than the longitudinal

properties, and thus the transverse and shear strength
and stiffness decrease rapidly above Tg.

Strength and stiffness
Several research studies are reported in the literature
studying the high-temperature mechanical properties
FRP materials and their constituent materials[65–81].
Degradation of mechanical properties at high
temperature is typically governed by the properties of
the polymer matrix, since commonly available fibres
are relatively more resistant to thermal effects. Fig. 1
shows the temperature-dependent strength of carbon,
glass, and aramid fibres based on data presented in
the literature[65–70] and assembled by Bisby[60]. This
figure suggests that carbon fibres, are relatively
insensitive to elevated temperatures, while glass and
aramid fibres experience significant deterioration of
strength at high temperature. Also included in Fig. 1
are best-fit sigmoid curves for the data, as fitted by
Bisby[60] using a least-squares regression technique.

Fig. 2 gives similar plots showing the variation in
tensile strength with temperature for carbon FRP
(CFRP), glass FRP (GFRP) and aramid FRP (AFRP),
again using data presented in the literature[65,68–81] and
assembled by Bisby[60]. Figs. 3 and 4 provide similar
plots showing the variation in tensile elastic
modulus[65,69,71,74–78,80] and bond strength for FRP bars
in concrete[62,63] at elevated temperature. It is evident
that carbon, glass, and aramid fibre FRPs show
diminished strength and stiffness properties with
increasing temperature, although there is a great deal
of scatter in the results, as should be expected given
the wide range of possible matrix formulations, fibre
orientations, and fibre volume fractions represented
in the data. The bond between FRP bars and concrete
appears to be severely affected at only slightly
elevated temperatures.

Essentially no information is available on the post-
fire residual strength and stiffness of FRP materials
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Figure 2.7 - Typical DMTA results showing storage modulus: blue), loss modulus: green, 

and tan-delta: red (National Physics Laboratory, 2009) 
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Figure 2.8 - Relative strength variation of CFRP epoxy bond with epoxy temperature 

(Gamage et al., 2005) 
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Figure 2.9 - Typical failure mode for shear tests on epoxy bonded CFRP on concrete.  a) 

epoxy temperature below 50ºC, b) epoxy temperature above 60ºC showing partial shear 

failure in the concrete 
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Chapter 3 

Thermo-physical Properties – Procedures and Results 

3.1 Program Overview 

FRPs are comprised of two primary components: longitudinal fibres and a matrix material.  

Previous research has shown that glass and carbon fibres are able to resist thermal exposures of 

600ºC and 1000ºC, respectively, without loss of strength.  However, it has also been 

demonstrated that exposure to elevated temperatures at the thermal degradation temperature 

(TDT) represent an absolute upper bound on the allowable exposure temperature (Foster, 2005).  

Polymers which undergo glass transitioning, like the two specific epoxies studied herein and most 

commercially available FRP epoxies, soften substantially when exposed to Tg.  Since the ability 

of the matrix material to transfer stresses around local weaknesses in FRP is of primary 

importance, it was expected that Tg  would also represent a reasonable limiting temperature in 

order to maintain the strength and stiffness of an FRP system.   

Two specific types of epoxy, referred to as: Standard (Type S) and High Temperature 

(Type S-T), were combined with two specific types of commercially available fibres (one glass 

and one carbon) resulting in four combinations of FRP.  Pertinent manufacture data is included in 

Table 3.1 and Table 3.2.  The two epoxies were selected because of their different glass transition 

temperatures.  The combinations of epoxy and fibre are detailed in Table 3.3. 

The work presented in Chapters 4 and 5 presents the tensile strength, lap-splice shear 

strength and stiffness of the four fibre/epoxy combinations. Table 3.4 shows a matrix representing 

the tests to be considered.  The testing matrix can be divided into two main components: transient 

and steady-state thermal exposures.  Under steady-state tests, coupons were to be heated to 
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specific temperatures and then loaded to failure to study their properties at discrete temperatures.  

Table 3.5 shows the thermal exposures considered.  To actually heat the FRP systems to these 

temperatures required knowledge of the Tg for each epoxy.   

3.2 General Properties 

Externally-bonded fibre reinforced polymers rely on their polymer matrix to transfer stresses 

between the fibres and between the FRP and substrate concrete.  This transfer of stress between 

fibres allows FRPs to retain strength in the event of an individual fibre break, thus preventing 

overall failure of the composite.  The polymer matrix also separates and disperses the fibres 

within the FRP.   

3.2.1 Epoxy Properties 

Currently, most polymer epoxies/adhesives used in externally-bonded wet lay-up FRP 

applications are thermosetting polymers.  These polymers harden in a chemical process which is 

not reversible by heating unlike thermoplastics which can be repeatedly softened and reformed by 

heating.  The epoxies studied in the current research were partially amorphous thermosetting 

polymers and as a result, underwent a process of glass transitioning as they were heated.  It was 

expected that after temperatures above the glass transition temperature, Tg, the matrix would be 

sufficiently softened such that it would be ineffective at distributing stresses between adjacent 

fibres or to any substrate to which it is bonded.  Furthermore, that the strength, stiffness and bond 

properties of the FRP system would all be adversely affected.  The onset of glass transitioning, 

the midpoint of the transition region taken as Tg, and the degree of stiffness lost were all 

measured using either Differential Scanning Calorimetry (DSC) or Dynamic Mechanical Thermal 

Analysis (DMTA). 
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To isolate the effect of elevated temperature on the epoxy matrix, pure epoxy (“neat”) 

samples were prepared consisting of cured resin only.  These samples were fabricated at the same 

time as the FRP coupons described in Chapter 4 and were cured for at least 28 days at ambient 

room temperatures and relative humidity before testing.  Commonly, thermosetting polymers 

require an external heat source to reach full cure. As these polymers cure, their glass transition 

temperature increases.  Since the specimens were cured at ambient temperature, it is possible that 

the resins did not reach a fully cured state even after the 28 days.  However, this curing duration 

and environmental conditions were consistent for all materials studied.  As discussed in Section 

3.4.4 the method through which DSC and DMTA measure Tg is different and, more importantly, 

the process of DSC involves the material being heated and cooled prior to measuring Tg.  During 

those tests, it is extremely likely that post-cure of the epoxy occurred, thereby increasing the 

measurement of Tg. 

3.2.2 Composite Properties 

In addition to matrix softening as the temperature passes Tg, there is the potential that other 

processes may affect the FRPs’ properties during exposure to elevated temperatures.  Sizing 

treatments applied to fibre strands during the fabrication process helps the matrix epoxy to fully 

coat each fibre in the fibre rovings.  This sizing material is, in most cases, an unknown additive 

which may chemically react with either the fibres or the epoxy matrix.  To check if the sizing 

chemicals alter the glass transition temperature of the epoxy, DSC tests were also run on samples 

of composites.  The samples required for this type of test were small and were taken from 

fabricated coupons.  The DSC samples were taken from coupons that had been at ambient 

temperatures after they had failed in tension testing (described in Chapter 4).  There is also the 

potential that at much higher temperatures, degradation of the fibres themselves may also 
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contribute to an overall loss of strength and stiffness in the FRP.  A thermogravimetric analysis 

(TGA) was run on each fibre/epoxy system to show the percentage of mass lost with increases in 

temperature.  At high temperatures, combustion for the FRP led to a physical loss of material.  

This was relevant because the TDT has already been established as an upper bound temperature 

to retain epoxy strength after cooling.  At this point the epoxy began to combust and is no longer 

structurally useful.   

3.3 Testing Procedure 

3.3.1 Thermogravimetric Analysis 

Thermogravimetric analysis was conducted on each FRP system and on samples of each of the 

two epoxies included in the current study.  Small sections of coupons were cut after testing at 

ambient temperatures.  These samples were tested according to ASTM E2550 (ASTM, 2007) 

using a TA Instruments TGA Q500 thermogravimetric analyzer shown in Figure 3.1.  Platinum 

dishes were used to hold the samples during heating in a nitrogen environment.  The samples 

were tested with a heating rate of 10ºC/min from 20ºC to a maximum temperature of 600ºC.  

These initial and final temperatures were chosen as they bracketed the most extreme temperatures 

used in the material tests presented in subsequent chapters.   

Tests were performed both on samples of pure epoxy and on samples of each fibre type 

studied impregnated with epoxy and cured.  Although an attempt was made to examine the fibres 

alone, due to their low weight it was extremely difficult to ensure that fibres stayed in the 

platinum dish for the duration of heating making TGA data very difficult to obtain. 

Results from the thermogravimetric analysis are presented in Section 3.4.1. 
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3.3.2 Differential Scanning Calorimetry 

Tests were performed on samples of each FRP system used as well as samples of pure epoxy.  In 

each case a sample was tested in accordance with ASTM E1356 (ASTM, 2008).  A sample was 

loaded into a pan with known thermal properties.  The pan was heated inside an oven.  Alongside 

this, a second, thermally identical, empty pan was heated in the same environment.  To ensure 

both pans heated at the same rate even though the pan with sample inside had a higher heat 

capacity, a second heating unit was attached to only the sample pan.  The additional energy 

required per gram of sample, or heat flow (W/g), was measured and plotted against overall 

temperature.   

In DSC tests, glass transitioning is defined where there is a distinct change in heat flow.  

The actual glass transition temperature is typically reported as the midpoint of this transition.  

Additionally, the onset temperature is also reported in Section 3.4.2.   

It was expected that only the epoxy matrix would undergo glass transitioning.  To 

examine this specifically samples of pure epoxy were tested.  However, it is possible that the 

fibres or sizing treatments used would have some effect on Tg.  To check if there is an effect of 

the fibres or sizing on the glass transition temperature DSC tests were also run on small samples 

of FRP.  These samples were representative of the composite material and taken from excess 

material from coupon production.   

The DSC tests were conducted using a TA Instruments DSC Q100 differential scanning 

calorimeter show in Figure 3.2.  Samples were placed in a circular, aluminum hermetic dish 

identical to the reference pan.  The samples were heated to a temperature of 150ºC at 10ºC/min 

and then cooled to 0ºC before reheating to 150ºC again.  The initial heating cycle was used to 

eliminate any impurities in the samples which may have been added during handling and 
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preparation.  The process also likely caused post-cure in the epoxy but was stipulated by the 

ASTM standard.  This shift in Tg caused by this extra heating cycle is discussed in Section 3.4.4.  

The results of the tests are discussed in Section 3.4.2. 

3.3.3 Dynamic Mechanical Thermal Analysis 

Dynamic Mechanical Thermal Analysis is an alternative method for determining Tg.  Unlike DSC 

which examines the changes in heat capacity of a sample and is predominantly a thermal method 

of analysis, DMTA evaluates the changes in physical properties.  A sample with known physical 

dimensions is oscillated at a specific frequency while being heated. The elastic modulus is then 

compared to temperature. Glass transitioning occurs where there is a sudden decrease in modulus. 

Small epoxy coupons were made with dimensions of approximately 15mm x 8mm x 2mm.  

The coupons were tested using a Triton Technology DMA 8000 (Figure 3.3) in single cantilever 

mode.  Samples were oscillated at a frequency of 1Hz and heated at a rate of 2ºC/min from 

ambient to 200ºC.  More importantly, the Tg was measured during the first cycle of heating.  As a 

result, the value of Tg found using this method is much more representative of what can be 

expected in the field.  Results of the DMTA test are outlined in Section 3.4.3. 

3.4 Glass Transition Temperature – Results 

3.4.1 Thermogravimetric analysis 

TGA results for each system revealed that there was no substantial mass loss until well above 

200ºC.  This temperature was selected as an upper bound for testing since it was well above all 

measured values of Tg.  Minimal (< 2%) mass was lost up to temperatures of 300ºC for each of 

the systems tested.  
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The sample of pure S-T type epoxy lost considerable mass (> 50%) at a temperature of 

365ºC and a plot of the mass at temperature indicates that the thermal decomposition temperature 

(TDT) is in the range of 345-385ºC (Figure 3.4).  When a sample of pure S type epoxy was 

tested, the TDT was observed to be slightly higher, in the range of 375-405ºC (Figure 3.5).  This 

sample lost 50% mass at approximately 395ºC.  Samples of GFRP and CFRP saturated with S-T 

type epoxy were also tested (again shown in Figure 3.4).  These samples each experienced mass 

loss in the same range as the pure epoxy sample.  Finally, a sample of GFRP saturated with S 

type epoxy was tested and experienced mass loss in the same range as the pure epoxy (also shown 

in Figure 3.5).  Overall, each of the composite samples of fibre with epoxy retained residual mass 

of greater than 50% up to a temperature of 600ºC.  Although it was not possible to test 

unsaturated fibres, previous work suggests that this mass loss is almost exclusively due to 

disintegration of the epoxy and that the fibres were relatively unaffected by elevated temperatures 

(Bisby, 2005). 

3.4.2 Differential Scanning Calorimetry 

3.4.2.1 Matrix 

DSC results showed that the two epoxies had different glass transition temperatures.  The first 

system, S type epoxy, was tested and a Tg of 75ºC was measured (Figure 3.6).  The onset 

temperature for glass transitioning was found to be 70ºC.  Glass transitioning in this material 

occurs over a range of approximately 10ºC.  Similarly the S-T type epoxy underwent glass 

transitioning over a range of approximately 10ºC although the onset and midpoint temperatures 

were different for this product.  The onset temperature of glass transitioning for the S-T epoxy 

was found to be 94ºC while the Tg was 101ºC, shown in Figure 3.7. 
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Although both the onset temperatures and the midpoint of glass transitioning are relevant 

in polymer characterization it was decided that since these two temperatures are relatively similar 

that material testing and temperature exposures would focus on the glass transition temperature 

(i.e. the midpoint).  The Tg for the two epoxies studied differed by approximately 26ºC.  This 

information was consistent with information given by the manufacturer that the Type S-T epoxy 

possessed a significantly higher glass transition temperature. 

3.4.2.2 Composite 

DSC tests were conducted on several combinations of FRP fibres and epoxy as outlined in 

Section 3.2.2.  The results obtained for both onset and glass transition temperatures were 

consistent with those observed for epoxy alone (see Figure 3.8).  It can be concluded that the 

presence of fibres has little or no effect on the glass transition temperature of the FRP.  This result 

was expected since glass transitioning is a process which occurs exclusively in amorphous 

materials.  It has been reported that the presence of sizing might affect the glass transition 

temperature measured for some FRP systems although that was not observed in the tests 

described herein. 

3.4.3 Dynamic Mechanical Thermal Analysis 

3.4.3.1 S Type Epoxy 

DMTA performed on the S type epoxy suggested a considerably lower glass transition 

temperature.  Using the tangential method outlined in ASTM E1640-04, (ASTM, 2004) the glass 

transition temperature can be defined as the point of intersection of tangents drawn from the stiff 

and soft regions of the modulus.  Figure 3.9 shows the calculation of Tg from the DMTA.  Using 

this method the Tg for the S type epoxy was found to be 45ºC.  
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3.4.3.2 S-T Type Epoxy 

Similarly, the glass transition temperature measured in the S-T type epoxy was significantly 

lower than that measured using DSC.  In this case Tg was found to be similar to, though slightly 

higher than S type epoxy, at 49ºC.  The results from this test are shown in Figure 3.10. 

3.4.4 Validity of Tg 

From the measurements taken via DSC and DMTA a vastly different statement of the glass 

transition temperature is observed.  There are several possible justifications for this discrepancy.   

First, the two tests attempt to quantify the glass transition temperature using different 

mechanisms and different criteria.  Differential Scanning Calorimetry attempts to find Tg by 

examining changes in heat flow in the substance while Dynamic Mechanical Thermal Analysis is 

a mechanical test method which measures the actual change in elastic modulus.   

Second, the epoxies studied herein are thermoset polymers.  One of the properties of such 

polymers is that adding heat to the system enhances the curing of the material.  It is well 

understood that as a polymer cures, its glass transition temperature generally increases.  

Unfortunately, the nature of the DSC test requires that the samples be put through a heating cycle 

prior to calculating the glass transition temperature.  It is likely that this heating cycle caused 

additional curing (referred to as post-curing) of the polymer which artificially elevated the glass 

transition temperature significantly.  Indeed evidence of this is suggested if the entire DSC plot is 

considered.  Figure 3.11 shows the first and subsequent heating cycles of one DSC test conducted 

on the S-T type epoxy.  The first cycle of heating shows a glass transition temperature closer to 

74ºC.  While this does not agree with DMTA measurements of Tg for the same epoxy, it does 
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correlate with the measured value of Tg for the S type epoxy.  Results presented in Chapter 5 

show that the degradation of both strength and stiffness of FRP systems made with each of the 

epoxies occurred at similar temperatures. 

Unfortunately at the time the rest of the test program was planned and implemented, only 

the DSC test results were available, and as a result, the ranges of testing were planned 

accordingly. 

3.5 Thermo-Physical Properties Conclusions 

After determining values of Tg for each of the two epoxies studied, temperatures were set for the 

steady-state thermal tests.  The values for Tg were obtained from the DSC tests.  As previously 

discussed, this selection of test was not representative of conditions in the field and likely lead to 

the overstatement of Tg in the high temperature epoxy.  Unfortunately the DSC results were the 

first available and DMTA results were not ready until the steady-state thermal testing program 

was well underway.  DMTA appears to be a better indicator of the glass transition temperature for 

the properties studied herein and it would be prudent in further study to use it as a basis for Tg. 

It was also found that the four combinations of epoxy and fibre did not degrade in 

temperatures up to and exceeding 200ºC.  As a result, the upper bound for the steady-state 

temperature tests was acceptable.  A refined testing matrix is presented in Chapter 4 along with 

more detailed information about these tests. 

! !
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Table 3.1 - Manufacturer supplied FRP system typical properties 

Property 
Manufacturer Typical Test Value 

Tyfo SCH-41 – Carbon Tyfo SEH-51A - Glass 

Ultimate Tensile Strength 968MPa 575MPa 

Laminate Thickness 1.0mm 1.3mm 

Tensile Modulus 95.8GPa 26.1GPa 

Elongation at Break 1.0% 2.2% 

 

 

Table 3.2 - Manufacturer supplied epoxy typical properties after post-cure 

Property 

Manufacturer Typical Test Value 

After 72 Hours post-cure at 60ºC 

S type epoxy S-T type epoxy 

Glass Transition 

Temperature, Tg 
82ºC 101ºC 

Tensile Strength 72.4MPa 72.4MPa 

 

 

Table 3.3 - Combinations of fibre and epoxies with corresponding designations 

 

 

 

Standard Epoxy  

(S type) 

High Temperature Epoxy  

(S-T type) 

SCH-41 Carbon Fibre SCH-41 S SCH-41 S-T 

SEH-51A Glass Fibre SEH-51A S SEH-51A S-T 
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Table 3.4 - Combinations of coupons tested under each loading and thermal regime 

 Continuous Tensile Single-Lap Overlap Splice 

Steady-state Temperature 

(Heat then load) 

5 temperature levels as 

defined below 

5 temperature levels as 

defined below 

Transient Temperature 

(Load then heat) 

1 load level – defined as 

maximum strength measured 

during exposure to 200ºC 

5 sustained load levels – 10, 

20, 30, 40 and 70% of average 

ambient strength 

 

 

Table 3.5 - Temperatures for steady-state temperature tests used for each of the two epoxy 

types studied 

Epoxy Ambient Tg-30ºC Tg-15ºC Tg Tg+15ºC 200ºC 

S 

(Tg=75ºC) 
22ºC 45ºC 60ºC 75ºC 90ºC 200ºC 

S-T (Tg=101ºC) 22ºC 71ºC 86ºC 101ºC 116ºC 200ºC 
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Figure 3.1 - Apparatus used for thermogravimetric analysis - TGA Q500 
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Figure 3.2 - Apparatus used for differential scanning calorimetry - DSC Q100 

 

 

Figure 3.3 - Apparatus used for dynamic mechanical thermal analysis - DMA 8000 
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Figure 3.4 - Thermogravimetric analysis of neat S type epoxy and GFRP with S type epoxy 
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Figure 3.5 - Thermogravimetric analysis of neat S-T type epoxy and GFRP and CFRP with 

S-T type epoxy 
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Figure 3.6 - Differential scanning calorimetry results for neat type S epoxy 
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Figure 3.7 - Differential scanning calorimetry results for neat type S-T epoxy 
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Figure 3.8 - Differential scanning calorimetry results for GFRP with type S epoxy 
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Figure 3.9 - DMTA results for Type S epoxy 

 

Figure 3.10 - DMTA results for Type S-T epoxy 
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Figure 3.11 - Initial and subsequent heating cycles of DSC conducted on neat type S-T 

epoxy 
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Chapter 4 

Mechanical Properties – Testing Procedures 

4.1 General 

As discussed in Chapter 3, to study the effect of elevated temperatures on the strength and 

stiffness of commercially available FRP systems, two specific types of epoxy (Standard and High 

Temperature) were combined with two specific types of commercially available fibres (one glass 

and one carbon) resulting in four combinations of FRP.  Two epoxies were selected because of 

their different glass transition temperatures.  The combinations of epoxy and fibre are detailed in 

Table 4.1.   

The work outlined in this chapter examines the tensile strength, lap-splice shear strength 

and stiffness of four fibre/epoxy combinations. Table 4.2 shows a matrix representing the tests to 

be considered.  The testing matrix can be divided into two main components: transient (load-then-

heat) and steady-state (heat-then-load) thermal exposures.  Under steady-state tests, coupons were 

to be heated to specific temperatures and then loaded to failure to study their properties at discrete 

temperatures.  Table 4.3 shows the thermal exposures considered.  To actually heat the FRP 

systems to these temperatures required knowledge of the Tg for each epoxy.  After determining Tg 

for each of the two epoxies, the testing matrix was completed as shown in Table 4.3.  A study of 

the failure temperatures of lap splice bond coupons in shear under sustained loads was also 

completed.  The load levels for each set of coupons was selected as 10%, 20%, 30%, 40% and 

70% of ultimate loads at ambient temperature.  Due to calculation errors early on during testing, 

some coupons were erroneously tested at inconsistent sustained loads.  Table 4.4 shows the actual 

load levels used for each fibre/epoxy combination.   
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4.2 Epoxy/Fibre Systems 

To isolate the properties and effect each fibre/epoxy combination had on the properties and 

performance of the entire FRP strengthening systems, four different fibre/epoxy combinations 

were chosen; these were effectively the same as described previously in Chapter 3 but are briefly 

outlined in the following sub-sections. 

4.2.1 Tyfo SEH-51A Glass Fibre 

The Tyfo SEH-51A glass fibre fabric was chosen to be a representative example of a 

unidirectional glass fibre roving as is typically applied in concrete strengthening applications in 

North America.  Coupons using the fabric were prepared using both S and S-T type epoxies as 

outlined below (Section 4.3).   

4.2.2 Tyfo SCH-41 Carbon Fibre  

The Tyfo SCH-41 carbon fibre was also used and was chosen to be a representative example of a 

unidirectional carbon roving as is typically applied in concrete strengthening applications in 

North America.  Coupons using the fabric were prepared using both S and S-T type epoxies as 

outlined below (Section 4.3).   

4.2.3 S Epoxy  

Tyfo S type epoxy is a commercially available epoxy manufactured by Fyfe Company.  The 

epoxy is a two part thermosetting epoxy which has been widely applied in the repair and 

strengthening of reinforced concrete bridges and buildings globally.  It is a room temperature cure 

epoxy system which is used to apply FRP to the structure in-situ using the hand lay-up technique.  

The manufacturer specified properties of Tyfo S epoxy are provided in Chapter 3.   
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4.2.4 S-T Epoxy 

Tyfo S-T type epoxy is also a commercially available epoxy.  Its properties are similar to that of 

the S type epoxy also considered in this study with the exception of an elevated glass transition 

temperature.  It was the expected that an elevated glass transition temperature would lead to 

improved performance at elevated temperatures of the material.  As discussed in Section 3.3.4 it 

is likely that a significant difference in Tg between the two epoxy types is only present after post-

curing of the epoxy.  Since the epoxies investigated were not post-cured, the glass transition 

temperatures were more similar than originally anticipated.  The manufacturer specified 

properties of Tyfo S-T type epoxy are also provided in Chapter 3. 

4.3 Coupon Manufacture 

Two distinct types of coupons were manufactured for the study: continuous unidirectional tensile 

coupons and single-lap overlap-splice shear bond coupons.  Tensile coupons were produced and 

tested in unidirectional tension tests.  The tests illustrated the tensile strength and modulus that 

the FRP systems had when exposed to various constant temperatures.  Single-lap coupons were 

produced and tested in unidirectional shear bond tests.  The goal of these tests was to evaluate the 

FRP to FRP shear strength of each of the two epoxies studied during exposure to elevated 

temperatures.  Both types of coupons are described in detail below. 

4.3.1 Tensile Coupons 

Both glass and carbon fibres are distributed as large rolls of fabric (Figure 4.1).  The fabric itself 

is woven into a mat with occasional fibres running laterally to hold the mat together.  Each weave 

of fibres is referred to as a fibre roving.  To minimize out of plane effects and to more accurately 

reflect field applications of FRP systems, tensile coupons were manufactured using two plies of 
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fibre.  The nature of the fabric makes it difficult to ensure that fibres were oriented in the 

longitudinal direction.  The glass fibres turned clear when saturated with the epoxy.  This 

phenomenon made it possible to highlight a roving of material on each of the two plies and to line 

the plies up accordingly.  Carbon fibres are black and completely opaque.  One roving was 

removed from the top ply of fabric and the corresponding roving below was highlighted with a 

silver marker to again allow the two plies to be lined up properly. 

Sheets of two-ply FRP were made approximately 650mm square.  Each ply of fabric was 

fully saturated with resin (Figure 4.2).  The first ply was placed on a large, smooth glass pane 

which had been wrapped with plastic.  The second ply was then placed overtop and care was 

taken to ensure that the fibre direction was consistent between the two plies.  A second sheet of 

plastic was placed over top of the FRP and any air bubbles trapped between the sheet and the FRP 

were smoothed out by hand (Figure 4.3).  Finally a second large piece of smooth glass was placed 

over the entire system and weight was placed on top to help squeeze out any excess air (Figure 

4.4). 

The sheets were allowed to cure for a minimum of 48 hours in this compressed sandwich 

configuration before they were removed from the glass.  Strips made of single plies of GFRP 

were bonded to both ends of the sheets at either end to create ‘gripping tabs’ to eliminate grip 

failure during tensile testing.  These gripping tab strips were bonded using a two-part epoxy paste 

called SikaDur 330 epoxy.  This epoxy was chosen for its proven effectiveness in similar tests 

conducted previously.  Once again the sheets were placed in glass sandwich panels for 48 hours 

to ensure that the strips remained parallel to each other. 

Once removed from the compressed sandwich (Figure 4.5), the sheets were allowed to 

cure for a total of 28 days in a temperature-controlled room at 22ºC.  After the full 28 day cure, 
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the sheets were cut into strips approximately 40mm wide strips using a modified wet cutting tile 

saw (Figure 4.6).   

Figure 4.7 shows a general view of the layers of material in continuous coupons while 

Figure 4.8 includes approximate dimensions for the coupons used in both continuous and lap-

splice tests. 

4.3.2 Single-Overlap Coupons 

Lap-splice coupons were fabricated using all four fibre/epoxy combinations.  These coupons were 

tested in accordance with ACI 440.3 Part 3 L.3 (ACI, 2004).  An overlap length of 50mm or 

approximately 2” was chosen. 

To produce single-overlap coupons with a 50mm +/- 5mm overlap, two sheets of fibre 

were cut to be 650mm x 350 mm.  The sheets were prepared, treated and tabbed as outlined in 

Section 4.3.1 with the exception that only 50mm was overlapped.  Care was taken to ensure that 

the overlap length was consistent across the whole sheet.  This produced single-ply coupons 

650mm long with 50mm lap splices in the centre region.   This specimen length is in excess of 

what ACI 440.3 suggests for coupons with a 50mm overlap length.  However, the extra length 

was required to allow the specimen to pass through the oven and be gripped at either end. 

4.4 Testing Regimes 

For all levels of temperature, exposure, sustained load levels, coupons types, and combinations of 

fibre and epoxy, five identical coupons were tested.  This number of coupons was chosen as a 

reasonable minimum number of identical samples to allow a meaningful statistical comparison of 

the different treatments.  Even with this relatively small number of coupons for each treatment, 

the overall number of tests conducted was more than 360 individual coupons.   
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As discussed previously (Section 4.2) four fibre/epoxy combinations were investigated 

(See Table 4.1).  Each combination of fibre and epoxy was tested as single-overlap splice 

coupons and continuous tensile coupons for a total of 8 combinations of material types and 

testing configurations. 

4.4.1 Temperature Exposure 

4.4.1.1 FRP Coupons with S Epoxy Matrix 

Temperature levels for all coupons manufactured with the S type epoxy were chosen according to 

those outlined in Table 4.3.  The temperatures investigated were: ambient (22ºC), 45ºC, 60ºC, 

75ºC, 90ºC and 200ºC.  For each temperature point, coupons were placed into a cooled oven and 

heated at a constant and controlled rate of 10ºC/min.  When the oven had reached the desired 

temperature, the coupons were left inside at constant temperature for 15 minutes to ensure that the 

exposed portion of the coupons was uniformly heated throughout.  Thermocouples were taped to 

the surface of the coupons with aluminum air duct tape to allow for verification of the surface 

temperature of the coupons.  A sample plot of oven temperature variation with time is included in 

Figure 4.9 for a coupon heated to 71ºC.  The tape had no noticeable effect on the heat transfer 

into the coupons since thermocouples inside the oven measured the same temperature as those 

attached to the samples.  Each coupon was then loaded at a rate of 3.0mm/min (approximately 

0.005min-1) until failure.  This strain rate is half the rate suggested by ACI 440.3R-04 (ACI, 

2004).  The strain rate was reduced to ensure that the camera used to measure coupon strains was 

able to take photos at useful position intervals.  Due to software limitations, the camera was 

unable to take photos at a rate faster than 0.17Hz.  An image of a coupon being tested is shown in 

Figure 4.10. 
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4.4.1.2 FRP Coupons with S-T Epoxy Matrix 

The temperature levels used for all coupons manufactured with the S-T type epoxy are outlined in 

Table 4.2.  These temperatures were: ambient (22ºC), 71ºC, 86ºC, 101ºC, 116ºC and 200ºC.  The 

temperatures were selected to centre around Tg as it was measured using Differential Scanning 

Calorimetry.  The methods used for testing were identical to those described in Section 4.4.1.1 for 

the coupons manufactured with S type epoxy. 

4.4.2 Load Levels 

In addition to being tested under exposure to constant temperatures (heat-then-load), sets of 

coupons were also exposed to increasing temperatures under sustained constant loading (load-

then-heat).  Single lap-splice coupons were subjected to the sustained load levels outlined in 

Table 4.3 and then heated until failure.  These load levels were chosen as 10%, 20%, 30%, 40% 

and 70% of the average ultimate strength of coupons tested by the author at ambient temperature.  

The load levels were chosen to develop an impression of how the FRP systems failed in elevated 

temperatures through a full range of loads to near their average room strength.  Focus was given 

to the lower load levels as they more closely reflect suggested maximum sustained stress limits in 

current codes.  ACI 440 suggests maximum sustained strains applied to FRP systems depending 

on the type of fibre used (ACI, 2008).  These maximum strains are suggested due to the potential 

for FRPs to experience creep rupture and are outlined in Table 4.5. 

 

Continuous coupons were also exposed to heating under a sustained load (load-then-heat).  For 

these coupons only one load level was chosen which was the maximum coupon strength observed 

for any of the continuous coupons tested under a heat-then-load regime at an exposure 

temperature of 200ºC.  This load level was chosen to ensure that the coupons would fail at 
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temperatures below 300ºC. From the thermogravimetric analysis conducted on the samples, it 

was clear that the samples began to thermally decompose at temperatures above 300ºC.  It has 

been suggested in previous work (Foster, 2005) that above the temperatures at which the epoxy 

begins to thermally decompose, the epoxy is irreversibly damaged and the FRP will not regain its 

strength even after being cooled to room temperature.  In addition, the temperature where thermal 

decomposition was evident represented a practical limiting temperature for testing since the 

testing laboratory was not able to safely cope with sustained quantities of unwanted fumes 

resulting from the decomposition. 

4.5 Measurements 

For all tests, load, stroke and temperature were measured at a rate of 10Hz.  Temperatures were 

measured using two Type-K thermocouples.  Each thermo-couple was attached to the sample 

using a small piece of aluminum high temperature tape.  There was some concern that the low 

emissivity of the tape would inhibit the ability of the oven to heat the sample evenly.  However, 

the oven heated the coupons predominantly by convection (as opposed to radiation) and the 

exposed portion of the coupons was sufficiently large (greater than 350mm).  Furthermore, 

thermocouple readings from inside the oven away from the coupons matched readings taken from 

on the coupons.   

 

4.5.1 Strain Measurements 

Measuring strain during elevated temperature testing is always problematic, and there are few 

solutions currently available to deal with this. Use of adhesively bonded strain gauges is not 

possible because the adhesives used soften at elevated temperature. To measure strain in the 
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current research, high-resolution digital photography has been used in conjunction with a custom 

image correlation (pixel tracking) software package called GeoPIV (Bisby and Take, 2009). To 

provide visual uniqueness for the image correlation to be performed, the coupons were painted 

with a random black and white texture using temperature resistant paint.  This paint did not 

change colour during exposure to elevated temperatures.  A 10 megapixel, digital SLR camera on 

a tripod was used to take photos of the coupons at specific time intervals during testing.  Later, 

the GeoPIV software was used to measure the change in location of specific sets of pixels 

(patches) in the photographs and this information was used to quantify how much elongation 

(strain) occurred during the tests.  The process is outlined in more detail in Appendix A. 

On each coupon, 10 virtual strain gauges were used with an approximate gauge length of 

40mm.  The gauges were spread evenly across the entire width of the coupon (Figure 4.11) and 

the average strain measured was reported.   

To validate the use of this method, 5mm foil strain gauges were applied to coupons tested 

at ambient temperature.  The reported strains from each gauge type were consistent with each 

other.  A plot showing one such test can be seen in Figure 4.12. 

4.6 Conclusion 

To study the effect of elevated temperatures on the strength and stiffness of commercially 

available FRP systems were fabricated using two types of commercially available epoxy.  

Coupons were produced in preparation for continuous tensile tests and lap-splice shear tests in a 

controlled and consistent manner.  The results of testing those coupons are presented in Chapter 

5.    
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Table 4.1 - Combinations of fibre and epoxies with corresponding designations 

 

 

 

Standard Epoxy 

(S type) 

High Temperature Epoxy 

(S-T type) 

SCH-41 Carbon Fibre SCH-41 S SCH-41 S-T 

SEH-51A Glass Fibre SEH-51A S SEH-51A S-T 

 

 

Table 4.2 - Combinations of coupons tested under each loading and thermal regime 

 Continuous Tensile Single-Lap Overlap Splice 

Steady-state Temperature 

(Heat then load) 

5 temperature levels as 

defined below 

5 temperature levels as 

defined below 

Transient Temperature 

(Load then heat) 

1 load level – defined as 

maximum strength measured 

during exposure to 200ºC 

5 sustained load levels – 10, 

20, 30, 40 and 70% of average 

ambient strength 

 

 

Table 4.3 - Temperatures for steady-state temperature tests used for each of the two epoxy 

types studied 

Epoxy Ambient Tg-30ºC Tg-15ºC Tg Tg+15ºC 200ºC 

S 

(Tg=75ºC) 
22ºC 45ºC 60ºC 75ºC 90ºC 200ºC 

S-T (Tg=101ºC) 22ºC 71ºC 86ºC 101ºC 116ºC 200ºC 
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Table 4.4 - Sustained load levels as percentage of average ambient shear strength for 

transient temperature tests conducted on lap-splice coupons 

Fibre/Epoxy Load Level 
1 

Load Level 
2 

Load Level 
3 

Load Level 
4 

Load Level 
5 

SEH-51A S 10% 20% 30% 40% 70% 

SEH-51A S-T 10% 20% 39% 52% 70% 

SCH-41 S 10% 20% 30% 40% 70% 

SCH-41 S-T 10% 20% 30% 40% 70% 

 

 

 

Table 4.5 - Recommended maximum cyclic plus sustained stresses in FRP systems 

depending on fibre type (ACI 440.2R-08, 2008) 

 Fibre Type 

Stress Type GFRP CFRP 

Cyclic plus Sustained 
Stress Limit 

0.20ffu 0.55ffu 
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Figure 4.1 - Cut and dimensioned glass fibre sheets ready for saturation 

 

 

Figure 4.2 - Saturating a glass fibre sheet with resin 
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Figure 4.3 - Removing air bubbles from GFRP sheet by hand 

 

 

 

Figure 4.4 - GFRP sheet under plastic and ready for curing 
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Figure 4.5 - GFRP sheet with tabs applied ready to be cut 

 

 

Figure 4.6 - Cutting GFRP coupons for testing 
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Figure 4.7 - Exploded view of coupon manufacture process - half of a sheet shown 
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Figure 4.8 - Continuous and lap-splice coupon dimensions 
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Figure 4.9 - Sample heating curve for coupon heated to 71ºC 
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Figure 4.10 - Tensile and overlap splice test setup with coupon heating in oven 
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Figure 4.11 - Sample image taken from GeoPIV software.  Pixel patches being monitored. 

Each virtual strain gauge is made of two patches (one right and one left).  10 patches are 

distributed evenly along the width of the coupon (note – load is being applied horizontally in 

the photo) 

 

Figure 4.12 - Comparison of strain measurement methods a) strain measured using GeoPIV 

pixel tracking software b) strain measured using a 5mm foil strain gauge  
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Chapter 5 

Mechanical Properties – Results and Discussion 

The following section discusses the results of the tests described in Chapter 4.  The tests included 

direct tensile and lap-splice shear bond tests in transient and steady-state thermal regimes.   A 

summary of the tests conducted can be found in Table 4.2.  The results of each set of tests are 

presented in the section and, in the case of the lap-splice coupons, the transient and steady-state 

tests were plotted together.  The results were also compared to the Tg measured using DMTA and 

DSC and the relevance of each method of determining the glass transition temperature is 

discussed.  Finally, using information on Tg and the TDT a simple analytical model was used to 

predict the strength and stiffness variation of the FRP systems with temperature and this model 

was compared to the actual strength and stiffness measured. 

5.1 Direct Tensile Tests 

As previously discussed, four combinations of FRP and epoxy were studied using tension tests at 

various temperatures.  Each sample was loaded at a stroke rate of 3mm/min and Figure 5.1 and 

Figure 5.2 show typical load-displacement plots for two direct tensile coupon tests.  Figure 5.1 

corresponds to a coupon which was loaded in ambient temperature and Figure 5.2 corresponds to 

a coupon tested under exposure to 200ºC. 

The results from these tests are presented in Figure 5.3 through Figure 5.10.  Failure 

strengths are reported as the highest average tensile stress recorded in the coupon prior to failure.  

Additionally, Figure 5.11 through Figure 5.14 show the tensile elastic moduli measured in each 

series of tests.  The process through which the elastic modulus of each sample was determined 
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was discussed in Section 4.5.1.  Appendix A contains a more detailed description of the PIV 

method used for strain measurement in the coupons. 

It is clear from the results that all combinations of fibre and epoxy experienced a 

considerable loss of strength during exposure to increasing temperatures.  The specific 

temperatures at which these losses occurred are reported in this chapter, and possible correlations 

between loss of mechanical and bond properties and the glass transition temperature are discussed 

in the following sections. 

5.1.1 Glass Fibre with S Type Epoxy 

The average tensile strength of the GFRP direct tension coupons manufactured with S type epoxy 

at elevated temperatures is shown in Figure 5.3, and Figure 5.4 shows the results from each 

individual tests on this type of coupon.  Coupons fabricated from glass fibre with S type epoxy 

experienced strength losses at temperatures just above ambient.  Noticeable strength loss (>20% 

on average) was observed at temperatures of 45ºC although results at this temperature level were 

highly variable and one test demonstrated more than 100% of the average ambient strength.  At 

increased temperature levels however, strengths reduced further and the variability of the results 

reduced.  At 60ºC the samples retained approximately 45% of their room temperature strength on 

average and this strength was essentially retained to exposure temperatures of 200ºC.  Similar 

strength reduction trends were observed for all FRP systems discussed later in this chapter. 

Figure 5.11 illustrates the reduction of tensile elastic modulus for the coupons exposed to 

elevated temperatures.  The reduction was relatively linear from ambient temperature to 

exposures of 90ºC where the modulus was reduced to just below 70% of ambient.  At higher 

exposures (200ºC) the modulus appeared to be unchanged remaining around 70% of ambient. 
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Coupons fabricated from glass fibres with S type epoxy were also tested in transient 

conditions and the results are provided in FIGURE.  The coupons were loaded to 37% of their 

ambient temperature average ultimate tensile strength and failed at 57ºC with a standard deviation 

of 3ºC.  Results of all continuous tensile tests at transient temperature are summarized in Table 

5.1.   

5.1.2 Carbon Fibre with S Type Epoxy 

The average tensile strength of CFRP direct tension coupons manufactured with S type epoxy at 

elevated temperatures is shown in Figure 5.5, and Figure 5.6 shows the results from each 

individual test on this type of coupon.  As with the GFRP coupons manufactured with S epoxy 

and glass fibre, coupons made using carbon fibres experienced considerable strength loss at 

temperatures of 45ºC.  The tests suggested that approximately 20% of the room temperature 

average tensile strength was lost at this temperature.  At higher temperatures the coupons 

maintained about 45% of their average ambient temperature direct tensile strength and retained 

this strength level (on average) up to temperatures of 90ºC.  At an exposure temperature of 

200ºC, a small additional strength loss was evident with the coupons retaining approximately 

34% of their room temperature strength on average. 

Figure 5.13 shows the reduction of tensile elastic modulus experienced for these coupons 

with exposure to elevated temperatures. The tensile elastic modulus of CFRP coupons 

manufactured with S epoxy also degraded with increased temperatures.  Coupons softened 

increasingly through exposures of 45ºC, 60ºC, 75ºC and 90ºC.  Coupons exposed to 90ºC 

temperatures possessed approximately 90% of their ambient temperature tensile modulus.  

However, when heated further, to 200ºC, the average tensile elastic stiffness of these coupons was 

reduced to approximately 55% of the average room temperature value.   
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Coupons of this type were also tested in transient conditions.  The coupons were loaded 

to 35% of their ambient temperature ultimate strength and failed at 97ºC with a standard deviation 

of 14ºC. 

5.1.3 Glass with S-T Type Epoxy 

The average tensile strength of GFRP direct tension coupons manufactured with S-T type epoxy 

at elevated temperatures is shown in Figure 5.7, and Figure 5.8 shows the results from each 

individual test on this type of coupon.  Coupons manufactured using glass fibres and S-T type 

epoxy responded similarly to those manufactured using the S type epoxy.  Coupon strengths 

observed were strikingly similar to those measured in similar coupons using S type epoxy.  The 

coupons lost strength with exposure to similar temperatures and, as with the other epoxy, retained 

approximately 40% ambient tensile strength.  Since the testing regime for these coupons focused 

on higher temperatures resulting from the higher Tg measured for the S-T type epoxy during DSC 

testing (with the temperatures chosen in the region of Tg) it is unclear at what temperature the 

onset of strength loss occurred for these coupons.   

Figure 5.12 shows the reduction of tensile elastic modulus experienced for these coupons 

with exposure to elevated temperatures.  Observations of tensile elastic modulus for the glass 

fibre coupons made with S-T type epoxy were highly variable and as a result it is difficult to draw 

specific conclusions regarding modulus changes with temperature.  The variability in these data is 

a result of the exposure settings being changed on the camera used to aid in strain calculations. 

The pictures of coupons tested at temperatures of 71ºC through to 116ºC were under-exposed and 

as a result the moduli calculated were variable. Unfortunately this setting changed wasn’t 

apparent until the coupons had been tested.  It is clear, however, that the material does experience 

modulus reductions, on average, as temperature increases.  At 200ºC an average tensile elastic 



 

70 

 

modulus reduction of approximately 30% was observed.  The photos taken of tests at this 

temperature were properly exposed.  

Coupons of this type were also tested in transient conditions.  The coupons were loaded 

to 56% of their ambient temperature ultimate strength and failed at 55ºC with a standard deviation 

of 13ºC. 

5.1.4 Carbon Fibre with S-T Type Epoxy 

The average tensile strength of GFRP direct tension coupons manufactured with S-T type epoxy 

at elevated temperatures is shown in Figure 5.9, and Figure 5.10 shows the results from each 

individual test on this type of coupon.  Carbon fibre coupons saturated with S-T type epoxy fared 

similarly to glass coupons made with the same epoxy.  Again the coupons lost significant direct 

tensile strength at exposures of 76ºC and higher, remaining on average about 65% of the average 

ambient tensile strength at all temperature exposures from 76ºC to 200ºC.  This coupon type was 

the only set of coupons to maintain an average residual strength of more than 45% of its room 

temperature average value at exposures of 200ºC. It is unclear why this specific combination of 

epoxy and fibres yielded a higher residual strength after exposure.  It is possible that since this 

fibre/epoxy combination was the last one to be fabricated that systemic error introduced through 

imperfect manufacturing was reduced.  The carbon fibre used for these coupons was taken from a 

different spool of fibre.  Therefore, it is also possible that changes introduced by the manufacturer 

have improved the performance of the product at elevated temperatures.  As observed for the 

GFRP coupons with S-T type epoxy, the onset of strength reduction appears to have occurred 

between the test temperatures but again must be between ambient room temperature and 76ºC. 

Figure 5.14 shows the reduction of tensile elastic modulus experienced for these coupons 

with exposure to elevated temperatures.  As for all other coupon types, the modulus of the 
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coupons fabricated with carbon fibre and S-T epoxy decreased with exposure to elevated 

temperatures.  Unlike the Glass S-T coupons, however, the decrease in modulus was consistently 

observed with increases in temperature, and the elastic modulus steadily decreased to a level 

about 70% of the average stiffness at ambient temperature with exposure to 200ºC. 

Five of this type of coupon were also subjected to transient temperature tests.  In this 

case, samples were loaded at 75% of their ultimate ambient temperature strength and were heated 

at a rate of 10ºC/min until failure. On average the coupons failed at 58ºC (standard deviation 

3ºC).  

5.2 Single-Lap Shear Bond (Lap-splice) Tests 

As discussed previously, in addition to direct tensile tests on continuous, unidirectional FRP 

coupons, for each material a series of coupons were also tested to study the reduction in shear 

bond properties with increasing temperature.  In cases where a discontinuity exists in the fibres of 

an FRP system (or where a system terminates), stress in the FRP must be transferred into the 

adjacent FRP material or into the substrate to which it is bonded.  An overlap splice between two 

layers (plies) of FRP would interrupt all of the fibres.  Therefore, testing the FRP in an FRP-to-

FRP shear bond (lap-splice) test will give an indication of the shear strength of the epoxy itself at 

elevated temperature. Such information is potentially important for bond-critical FRP 

strengthening applications where load is transferred through shear stresses which develop in the 

polymer matrix/adhesive.  It is important to state that the tests presented herein represent the most 

severe possible case of stress transfer within the polymer matrix, and that the consequences of 

reductions in shear bond strength for real structures which have been strengthened with FRP 

systems remains largely unknown. 
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The results from each set of tests are discussed in the subsequent sections.  The results 

are presented in Figure 5.15 through Figure 5.26.  In all cases considered, the residual shear stress 

in the coupons after exposure to temperatures of 200ºC was greatly reduced.   

5.2.1 Glass Fibre with S Type Epoxy 

The results of tensile lap-splice tests on GFRP impregnated with S type epoxy under a steady-

state thermal regime are shown in Figure 5.15 and Figure 5.19.  On average, the samples lost 

more than 30% of their average room temperature strength at an exposure to temperatures of 

45ºC.  Under exposure to higher temperatures the strength of the lap-splice coupons continued to 

degrade until 20% of the average room temperature strength at an exposure temperature of 75ºC.  

Exposure to increased temperatures resulted in a small further reduction in strength, resulting in 

an average lap-splice strength of approximately 15% at an exposure temperature of 200ºC.   

The results of tensile lap-splice tests on GFRP impregnated with S type epoxy under a 

constant load and transient thermal regime are shown in Figure 5.23.  During transient 

temperature tests, the GFRP with S epoxy lap-splice samples were subjected to load levels of 10, 

20, 30, 40 and 70% of the average ambient temperature lap-splice strength.  At these load levels, 

failure occurred at progressively lower temperatures.  Most of the strength of the lap-splice was 

lost in the temperature range between 50ºC and 70ºC.  More importantly, the lap-splice strength 

reductions observed under a transient temperature regime agree well results from steady-state 

tests presented in the previous section.  This suggests that the strength lost by the lap-splice 

coupons as they were exposed to elevated temperatures was close to immediate and that exposure 

time did not play an important role for the heating and loading rates considered in the current 

study.  Tests under other heating and loading rates would be required to demonstrate that this 

conclusion would hold for other conditions.  
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5.2.2 Glass Fibre with S-T Type Epoxy 

The results of tensile lap-splice tests on GFRP impregnated with S-T type epoxy under a steady-

state thermal regime are shown in Figure 5.16 and Figure 5.20.  GFRP impregnated with S-T type 

epoxy behaved very similarly to GFRP saturated with S type epoxy.  Since the temperatures 

investigated when considering the S-T type epoxy were higher it is difficult to say with certainty 

where the onset of the shear strength reduction occurred, although at 71ºC the samples retained 

approximately 30% of their ambient shear strength.  As with the other GFRP samples with S type 

epoxy, observed degradation in shear stress continued up to 200ºC where the samples retained on 

average only 10% of their average ambient temperature strength.   

The results of tensile lap-splice tests on CFRP impregnated with S type epoxy under a 

steady-state thermal regime are shown in Figure 5.24.  In a transient temperature regime, as in the 

previous section, the lap-splice samples exhibited similar reductions in strength.  The lost strength 

from heating the samples under a transient regime again appears to be consistent with the strength 

reductions observed for the steady state tests on identical lap-slice coupons.     

5.2.3 Carbon Fibre with S Type Epoxy 

The results of tensile lap-splice tests on CFRP impregnated with S type epoxy under a steady-

state thermal regime are shown in Figure 5.17 and Figure 5.21.  CFRP lap-splice coupons 

fabricated using S type epoxy retained slightly more strength than their GFRP counterparts when 

exposed to a temperature of 45ºC; these specimens retained, on average, approximately 80% of 

their ambient lap-splice strength.  However, at exposure to higher temperatures the CFRP lap-

splice coupons retained virtually no strength at all.  The coupons were reduced to an average 

strength of 16% of the ambient temperature strength at 60ºC, and less than 5% at exposure 

temperatures of 90ºC or 200ºC. 
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The results of tensile lap-splice tests on CFRP impregnated with S type epoxy under a constant 

load and transient thermal regime are shown in Figure 5.25.  As with the glass fibre S type epoxy 

lap-splice coupons, the CFRP S-T type lap-splice coupons held under sustained load failed at 

temperatures expected based on the constant temperature tests.  The coupons again exhibited a 

rapid loss of strength under exposure to temperatures above 45ºC.   

5.2.4 Carbon Fibre with S-T Type Epoxy 

The results of tensile lap-splice tests on CFRP impregnated with S-T type epoxy under a steady-

state thermal regime are shown in Figure 5.18 and Figure 5.22.  CFRP lap-splice coupons 

manufactured with S-T type epoxy behaved similarly to the lap-splice coupons manufactured 

with S type epoxy.  As with all lap-splice coupons made with S-T epoxy, the test temperatures 

were too high to accurately state the onset of strength loss, although less than 15% of these 

specimens’ average lap-splice strength was retained at temperatures above 71ºC.  The strength of 

these coupons continued to degrade at higher temperatures and less than 10% of their strength 

remained at exposures above 100ºC.    

The results of tensile lap-splice tests on CFRP impregnated with S-T type epoxy under a 

constant load and transient thermal regime are shown in Figure 5.26.  In a transient temperature 

regime, as in the previous section, the lap-splice samples exhibited similar reductions in strength.  

The lost strength from heating the samples under a transient regime again appears to be consistent 

with the strength reductions observed for the steady state tests on identical lap-slice coupons.     
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5.3 Failure Modes 

5.3.1 Tension Tests 

In all four coupon combinations reported in this thesis there was an easily visible shift in the 

failure mode as the coupons were exposed to increased temperatures.  At ambient temperature the 

coupons failed in a brittle and violent manner.  Often, specifically with the CFRP coupons, pieces 

of FRP material would fly several metres upon failure and break into dozens of pieces.  Glass 

coupons ruptured less violently but this still occurred very suddenly and often also broke the 

coupons into smaller flat-edged fragments.  Between the carbon and glass coupons, the difference 

in the intensity of the failures was likely due to the fact that the GFRP coupons had lower 

ultimate loads and lower stiffness than their CFRP counterparts. 

As the coupons were heated to increasingly higher temperatures, the failure mode for all 

coupons became less brittle and occurred along an irregular path.  Failure modes of this type were 

much less violent and fractured pieces no longer dislodged from the samples.  At this point the 

failure strength was likely governed by the fractured strength of the fibres.   

At higher temperatures still, and predominantly at the 200ºC exposures, coupons 

underwent steady, predictable progressive failure.  Coupons exposed to these temperatures failed 

from the outermost extreme fibres toward the centerline of the coupon: roving by roving inwards.  

This failure mode resulted in widely flayed out coupons which expanded considerably over their 

original widths.  All three failure modes are presented visually for both glass and carbon FRP 

coupons in Figure 5.29 and Figure 5.30. 

The change in failure mode is consistent with an FRP which loses the adhesive properties 

of its epoxy.  In ideal conditions, the epoxy will transfer and disperse local stresses between 

fibres.  As a result, the FRP will not rupture until the normal stress has exceeded the allowable 



 

76 

 

stress for the fibres as a group, the average ultimate stress.  In warmer conditions when the epoxy 

lacks sufficient stiffness to transfer local stresses, each rove of fibre is limited by its own specific 

strength.  Stress concentrations in a weaker fibre will result in a local failure which then transfers 

additional stress to adjacent fibres.  This progressive trend will continue and the FRP will not 

reach its full tensile capacity.    

 

5.3.2 Overlap Shear Tests 

The failure mode observed in shear remained fairly consistent throughout the entire testing 

program.  Debonding occurred in the overlap region and the coupons severed along the length 

and width of the overlap.  The failure mode is shown in Figure 5.31.  One exception to this was 

that a few of the coupons made with glass fibre failed outside of the shear splice in tension 

instead of shear.  All four of these results were discarded; however, it is clear that the shear 

strength of the bond was similar to the tensile strength of the GFRP coupons. 

5.4 Effect of Fibre Type on Mechanical and Bond Performance at Elevated 

Temperatures 

From the four combinations of materials tested, it can be clearly seen that fibre type has a 

significant effect on the strength of an FRP system.  Overall, carbon fibre systems were stronger 

and stiffer than glass fibre systems fabricated using the same epoxies.  That said, the type of fibre 

used had very little effect on the relative normalized performance of the FRPs in elevated 

temperature environments.  Both glass and carbon fibre systems lost similar percentages of their 

ultimate room temperature strengths under exposure to the same temperatures.  Although the 

literature suggests that at temperatures outside the regime studied herein the type of fibre used 

may have a direct effect on strength at elevated temperature, it is widely accepted that glass fibres 
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themselves lose strength and stiffness at thermal exposures above about 600ºC while carbon 

fibres maintain their strength in excess of temperatures of 1000ºC (Bisby, 2003).   

 

It is important to emphasize however, that since the overall performance of an FRP requires 

contributions from both the fibre and epoxy components, the lost strength and stiffness from a 

damaged or deteriorated epoxy matrix is significant.  

5.5 Effect of Epoxy Type on Thermal Performance 

There appears to be a solid correlation between the thermomechanical properties of the epoxies 

tested in this study and the onset of strength and stiffness loss in FRPs exposed to elevated 

temperatures.  The FRPs exposed to elevated temperatures lost significant strength and stiffness 

at and above 45ºC.  Figure 5.27 shows the correlation between loss of shear strength and the 

modulus of the S type epoxy exposed to elevated temperature.  The lost modulus was measured 

using DMTA and is explained in more detail in Chapter 3.  Although it was thought initially that 

the thermal properties of the two epoxies studied here would be substantially different from one 

another, it was discovered later that the effective glass transition temperatures of the two epoxies 

were similar when not exposed to a heating cycle after curing.  DMTA plots of the moduli for 

these two epoxies show that they were in fact within 5ºC prior to a post-cure heating cycle. Figure 

5.28 shows a similar correlation between the loss modulus of the Type S-T epoxy and the shear 

strength at specific temperatures. 

5.6 Conclusion 

Tension and shear tests were conducted on four different combinations of fibres and epoxy at 

various thermal exposures.  The strength and stiffness of all of the systems were degraded with 

increasing temperature.  A detailed discussion is presented in Chapter 6.   
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Table 5.1 - Results from transient temperature tests on continuous coupons 

 Glass with S 

SEH-51A S 

Glass with S-T 

SEH-51A S-T 

Carbon with S 

SCH-41 S 

Carbon with S-T 

SCH-41 S-T 

Normalized 
Load Level  

(based on 
average 
ambient tensile 
strength) 

0.50 0.56 0.35 0.75 

Average Failure 
Temperature 
(ºC) 

57ºC 55ºC 97ºC 58ºC 

Standard 
Deviation of 
Failure 
Temperature 
(ºC) 

3ºC 13ºC 14ºC 3ºC 
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Figure 5.1 - Typical load versus stroke response of a continuous GFRP coupon with S type 

epoxy tested at room temperature 

 

 

 
Figure 5.2 - Typical load versus stroke response of a continuous GFRP coupon with Type S 

epoxy tested at 200ºC 
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Figure 5.3 – Average tensile strength of GFRP direct tension coupons manufactured with S 

type epoxy with the results normalized with respect to the average room temperature 

strength (confidence interval of 95% is shown) 

 

 

Figure 5.4 – Individual tensile test results for GFRP direct tension coupons manufactured 

with S type epoxy normalized with respect to the room temperature strength 
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Figure 5.5 – Average tensile strength of CFRP direct tension coupons manufactured with S 

type epoxy with the results normalized with respect to the average room temperature 

strength (confidence interval of 95% is shown) 

 

Figure 5.6 - Individual tensile test results for CFRP direct tension coupons manufactured 

with S type epoxy normalized with respect to the room temperature strength 
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Figure 5.7 – Average tensile strength of GFRP direct tension coupons manufactured with S-

T type epoxy with the results normalized with respect to the average room temperature 

strength (confidence interval of 95% is shown) 

 

Figure 5.8 - Individual tensile test results for GFRP direct tension coupons manufactured 

with S-T type epoxy normalized with respect to the room temperature strength 
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Figure 5.9 – Average tensile strength of CFRP direct tension coupons manufactured with S-

T type epoxy with the results normalized with respect to the average room temperature 

strength (confidence interval of 95% is shown) 

 

Figure 5.10 – Individual tensile test results for CFRP direct tension coupons manufactured 

with S-T type epoxy normalized with respect to the room temperature strength 
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Figure 5.11 – Tensile elastic moduli of GFRP with S type epoxy tested under steady-state 

temperature conditions normalized with respect to average room temperature modulus 

 

Figure 5.12 - Tensile elastic moduli of GFRP with S-T type epoxy tested under steady-state 

temperature conditions normalized with respect to average room temperature modulus 
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Figure 5.13 - Tensile elastic moduli of CFRP with S type epoxy tested under steady-state 

temperature conditions normalized with respect to average room temperature modulus 

 

Figure 5.14 - Tensile elastic moduli of CFRP with S-T type epoxy tested under steady-state 

temperature conditions normalized with respect to average room temperature modulus 
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Figure 5.15 – Lap-splice strength of GFRP coupons with S type epoxy under transient and 

steady state temperature conditions, normalized with respect to the average room 

temperature lap-splice strength 
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Figure 5.16 - Lap-splice strength of GFRP coupons with S-T type epoxy under transient and 

steady state temperature conditions, normalized with respect to the average room 

temperature lap-splice strength 
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Figure 5.17 - Lap-splice strength of CFRP coupons with S type epoxy under transient and 

steady state temperature conditions, normalized with respect to the average room 

temperature lap-splice strength 
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Figure 5.18 - Lap-splice strength of CFRP coupons with S-T type epoxy under transient and 

steady state temperature conditions, normalized with respect to the average room 

temperature lap-splice strength 
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Figure 5.19 – Average lap splice strength of GFRP reinforced with S type epoxy under 

steady state temperature conditions, normalized with respect to average ambient room 

temperature lap-splice strength 

 

 

Figure 5.20 – Average lap splice strength of GFRP reinforced with S-T type epoxy under 

steady state temperature conditions, normalized with respect to average ambient room 

temperature lap-splice strength 
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Figure 5.21 – Average lap splice strength of CFRP reinforced with S type epoxy normalized 

with respect to average ambient room temperature lap-splice strength under steady state 

temperature conditions 

 

Figure 5.22 – Average lap splice strength of GFRP reinforced with S type epoxy strength 

under steady state temperature conditions, normalized with respect to average ambient 

room temperature lap-splice  
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Figure 5.23 – Average lap-splice strength of GFRP reinforced with S type epoxy under 

transient temperature conditions, normalized with respect to average ambient room 

temperature lap-splice strength 

 

Figure 5.24 – Average lap-splice strength of GFRP reinforced with S-T type epoxy under 

transient temperature conditions, normalized with respect to average ambient room 

temperature lap-splice strength 
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Figure 5.25 – Average lap-splice strength of CFRP reinforced with S type epoxy under 

transient temperature conditions, normalized with respect to average ambient room 

temperature lap-splice strength 

 

Figure 5.26 – Average lap-splice strength of GFRP reinforced with S type epoxy under 

transient temperature conditions, normalized with respect to average ambient room 

temperature lap-splice strength 
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Figure 5.27 - Comparison of storage modulus measured by DMTA and lap splice bond 

shear strength – S type epoxy.  Modulus and shear strength normalized with respect to the 

room temperature modulus and strength 
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Figure 5.28 - Comparison of storage modulus from DMTA and lap splice bond shear 

strength – S-T type epoxy.  Modulus and shear strength normalized with respect to the 

room temperature modulus and strength 
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Figure 5.29 - Failure of CFRP coupons with Type S-T epoxy.  Thermal exposures increase 

from left to right 

 

Figure 5.30 - Failure of GFRP coupons with Type S epoxy.  Thermal exposures increase 

from left to right 
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Figure 5.31 - Typical failure mode for single-lap shear strength coupons 
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Chapter 6 

Conclusions and Recommendations 

6.1 Summary 

 

The experimental program presented in this thesis was conducted to examine the mechanical 

properties during exposure to elevated temperatures of selected, currently commercially available 

wet lay-up, externally bonded FRP strengthening systems for reinforced concrete structures. The 

materials selected included two commercially available fibre types including one carbon and one 

glass combined with two available two part epoxies (high and standard temperature).  Tests 

included tensile coupon tests in constant and transient temperatures and lap-splice single lap FRP 

to FRP shear tests conducted in constant and transient temperature regimes.   

The tests conducted and results obtained allowed various conclusions to be drawn about 

the effect elevated temperatures have on the strength, stiffness and FRP to FRP bond performance 

of the systems studied.  Furthermore, an attempt was made to link the observed behaviours with 

easily defined thermophysical properties of the materials which were also measured herein.  The 

inference is made in the hope of defining easy and rational methods of determining the 

performance of FRP systems during exposure to elevated temperatures without the need to 

conduct lengthy and time consuming sets of materials tests like those presented in this thesis.  

The study will assist in the development of fire-safe design recommendations for FRP-

strengthened reinforced concrete members. 



 

99 

 

6.2 Conclusions 

Several significant conclusions were drawn from the research presented herein.  Based on the 

data presented the following conclusions can be made. 

1. The use of  Tg as a conservative upper bound for exposure limits of externally 

bonded, wet lay-up FRP systems for strengthening reinforced concrete structures 

appears to be valid.  Each of the FRP systems studied in the current research was able 

to adequately withstand loads at exposure to temperatures up until Tg.   

2. The glass transition temperature when measured with DMTA is illustrative of the 

temperatures at which the performance of FRP systems breaks down under direct 

tensile and lap-splice loading conditions.   

3. At relatively low thermal exposures (Tg + 5ºC) tensile strength, stiffness and FRP to 

FRP shear strength were all diminished in the FRP systems studied herein.  The 

strength and stiffness continued to degrade until stabilizing at temperatures above Tg 

+ 30ºC.  The Tg referred to here was measured using DMTA, not DSC.  The two 

thermal characterization methods produced much different values of the glass 

transition temperature. 

4. Even at exposures of temperatures of 200ºC the GFRP systems were able to retain 

40% or more of their average tensile strength at room temperature.  This is above the 

acceptable strain limits for sustained plus cyclic loading suggested by ACI 440.2R-08 

for GFRP.  However, although the strength is retained, the stiffness was also 

substantially diminished during exposure to 200ºC.  
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5. At exposures of temperatures of 200ºC the CFRP systems were able to retain 35%-

70% of their room temperature strength.  This range is not above the allowable 

maximum stress limits suggested in ACI 440.2R-08 and again the stiffness of the 

CFRP was notably reduced at these temperatures. 

6. The FRP to FRP shear strength of the coupons was substantially diminished to less 

than 10% of ambient temperature strength at temperatures of 200ºC.  Once again, Tg 

when measured using DMTA appears to represent a conservative boundary 

temperature for the onset of this reduction in strength.   

7. The glass transition temperature for the Type S epoxy was 45ºC when measured 

considering the storage modulus measured with DMTA.  The glass transition for the 

Type S-T epoxy was slightly higher at 49ºC. 

8. One heating cycle was enough to seriously elevate the glass transition temperature 

measured using DSC.  This method of determining Tg does not appear to be 

indicative of when the performance of the structural epoxies presented in the current 

work will diminish. 

6.3  Recommendations 

This thesis presented and discussed the results from more than 360 individual material tests and 

several thermophysical tests on four fibre/epoxy combinations of currently available FRP 

strengthening systems for reinforced concrete.  Although the volume of work performed was 

large, there is much more work which remains to be done before guidelines governing acceptable 

thermal exposures to FRP systems can be developed.  Some of the important next steps are: 
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• The tests performed in the current thesis should be performed on more currently available 

FRP systems.  Additional combinations of fibre/epoxy should be tested.  The two epoxies studied 

herein did not exhibit notably different physical properties when subjected to elevated 

temperatures.   

• Lap-splice single lap FRP to FRP shear strength tests should be performed to determine 

the effect of varying bond length has on the overall performance of FRP systems in shear. 

• The systems presented herein and additional FRP systems should be tested in other 

testing configurations including FRP to concrete shear and direct tension pull-off tests. 

• Effort should be made to standardize the methods used for determining Tg for material 

tests of this nature.  Currently several thermal-characterization methods exist and among them 

methods of determining Tg are considered acceptable.  Ideally, one specific method of 

determining the glass transition temperature would be suggested.  
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Appendix A 

GeoPIV Detailed Explanation 

GeoPIV is a suite of software used to track sets of pixels as they move relative to a constant 
reference frame from one photo to another.  The software is written in Matlab and is capable of 
determining the vector motion of a body through a series of photos.  

 

For the purposes of this research the GeoPIV software was used track the motion of discrete 
points on each FRP coupon tested.  A high quality digital SLR camera took photos as a sample 
was subjected to load at six second intervals.  These photos were stored and later used in 
conjunction with the GeoPIV software. 

 

To simulate the presence of 10 strain gauges on the sample, the GeoPIV software was used to 
select 20 discrete areas of pixels on the coupon.  These ‘pixel patches’ were arranged in two rows 
and were uniformly spaced across the width of the coupon.  The rows were spaced approximately 
40mm apart from each other.  The output from the GeoPIV software was a series of vectors 
describing the motion of the pixel patches.  Each vector was broken into horizontal and vertical 
components.  Since the coupons were subjected to uniaxial loads the y component of the vectors 
was dismissed.  (The coupon images were rotated 90º in the photos taken so although the coupons 
were loaded vertically, the direction of loading in the photos was along the x-axis).   

 

The sets of pixel patches were paired into groups of 2 (one from each row of patches) and the 
distance between the two patches was subtracted from the original distance between the patches 
to give an elongation.  Taking the elongation divided by the original distance provided a unitless 
strain value.  The 10 virtual strain gauges were then averaged to provide an estimate of the 
average strain across the entire coupon.   
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Appendix B 

Raw Data for All Tests

 



Coupon 
Code Brand Fibre Resin

Coupon 
Type 

(For File 
Structur

e)

Coupon Type Test Regime Temperature 
(Deg C)

Stress 
Level 
(MPa)

Failure 
Load (N)

Failure Stress 
(MPa)

Failure 
Temperature 

(Deg C)
Width (mm)

Relative Strength (MPa)

Path

Modulus
3-1 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 20 75357 868.67 43.38 1.1014
3-10 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 300 24704 285.53 43.26 0.3620
3-11 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 54902 666.49 41.19 0.8451
3-12 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 65908 801.08 41.14 1.0157
3-13 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 66659 777.63 42.86 0.9860
3-2 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 20 59132 723.59 40.86 0.9174
3-3 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 20 59425 773.82 38.40 0.9811
3-4 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 33586 388.84 43.19 0.4930
3-5 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 36113 445.54 40.53 0.5649
3-6 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 30985 404.82 38.27 0.5133
3-7 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 31937 389.17 41.03 0.4934
3-8 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 37358 500.55 37.32 0.6347
3-9 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 32890 421.56 39.01 0.5345
H-1 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 20 58647 757.58 38.71 0.9605 74254.1637
H-10 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 22558 305.72 36.89 0.3876 66967.01
H-11 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 47229 609.99 38.71 0.7734 70608.96
H-12 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 47673.801 619.46 38.48 0.7854 73826.51
H-13 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 52604.296 666.50 39.46 0.8451 64663.16
H-14 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 52011.153 680.42 38.22 0.8627 71970.13
H-2 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 20 56145 728.45 38.54 0.9236 78143.9285
H-3 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 20 65653 849.05 38.66 1.0765 74361.9259
H-4 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 6.558091 24282 314.69 38.58 0.3990 70613.55
H-5 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 2.81061 26932 347.78 38.72 0.4410 69838.98
H-6 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 2.81061 31956 417.58 38.26 0.5295 72177.53
H-7 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 2.81061 26209 348.47 37.61 0.4418 75772.57
H-8 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 2.81061 24319 313.85 38.74 0.3979 68434.98
H-9 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 2.81061 32159 424.86 37.85 0.5387 71221.87
I-1 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 36070.458 464.26 38.85 0.5886 62059.70
I-10 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 18053.765 231.10 39.06 0.2930 No Good
I-11 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 19388.334 249.34 38.88 0.3161 No Good
I-2 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 22761.831 293.07 38.83 0.3716 63723.44
I-3 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 20500.476 263.57 38.89 0.3342 66011.21
I-4 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 27605 357.30 38.63 0.4530 No Good
I-5 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 22613.545 296.79 38.10 0.3763 No Good
I-6 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 28693.252 367.34 39.06 0.4658 No Good
I-7 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 31139.964 399.67 38.96 0.5067 No Good
I-8 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 28582.038 370.04 38.62 0.4692 No Good
I-9 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 23985.186 308.43 38.88 0.3911 No Good
N-1 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 19997.558 259.843533 38.48 0.3295 43016.75
N-2 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 18422.659 237.9573624 38.71 0.3017 40119.37
N-3 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 45415.7 599.9431995 37.85 Coupon was visibly bad.  Dismissed from resultsNo Good
N-4 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 64900.501 829.9296752 39.10 1.0523 71250.6588
N-5 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 21187.889 273.4626897 38.74 0.3467 37043.55
N-6 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 273.93 117.4296 39.28
N-7 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 273.93 103.5695 39.50
N-8 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 273.93 92.3948 39.90
N-9 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 273.93 86.9761 39.14
N-10 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 273.93 82.6468 38.80
N-11 Fyfe Carbon S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 52850.69 677.7467274 38.99 0.7039 69928.2198



Coupon 
Code Brand Fibre Resin

Coupon 
Type 

(For File 
Structur

e)

Coupon Type Test Regime Temperature 
(Deg C)

Stress 
Level 
(MPa)

Failure 
Load (N)

Failure Stress 
(MPa)

Failure 
Temperature 

(Deg C)
Width (mm)

Relative Strength (MPa)
AA-1 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 1263.582 0.670087861 37.12 0.039824052
AA-2 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 1428.397 0.731098575 38.46 0.043449985
AA-3 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 1355.1459 0.712122274 37.46 0.042322203
AA-4 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 2746.9174 1.421855829 38.03 0.084502442
AA-5 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 2087.6572 1.08718556 37.80 0.064612623
AA-6 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 2362.3489 1.230561818 37.79 0.073133631
AA-7 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 2087.6572 1.086610634 37.82 0.064578455
AA-8 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 2582.1023 1.350034142 37.65 0.080234001
AA-9 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 5420.5836 2.820629172 37.83 0.167633067
AA-10 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 5603.7114 2.91361013 37.86 0.173159027
AA-11 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 4065.4377 2.106007926 38.00 0.125162347
AA-12 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 5365.6452 2.755620585 38.33 0.163769536
AA-13 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 3882.3099 1.999043244 38.23 0.11880532
BB-1 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 24960.322 12.88604582 38.13 0.765831753
BB-2 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 23110.731 12.02579052 37.83 0.714705843
BB-3 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 23074.106 11.89666525 38.18 0.707031787
BB-4 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 1281.8948 0.665457532 37.92 0.039548867
BB-5 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 915.6391 0.474825915 37.96 0.028219422
BB-6 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 1574.8993 0.816700599 37.96 0.048537407
BB-7 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 1263.582 0.640908565 38.81 0.038089895
BB-8 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 1922.8421 0.994253282 38.07 0.059089557
BB-9 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 1501.6482 0.788056623 37.51 0.046835064
BB-10 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 25216.701 13.06981985 37.98 0.776753644
BB-11 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 24337.688 12.79616294 37.44 0.760489916
BB-12 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 1593.2121 0.815668216 38.45 0.048476051
BB-13 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 32486.876 16.76292087 38.15 0.996238664
BB-14 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 31186.668 16.01227943 38.34 0.951627225
BB-15 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 34739.348 17.92517523 38.15 1.065312708
CC-1 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 21425.955 11.01516776 38.29 0.65464343
CC-2 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 31479.673 16.60446405 37.32 0.986821403
CC-3 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.682677 64.2603 37.02 0.100003339
CC-4 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.682677 69.4907 37.42 0.100003339
CC-5 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.682677 61.7325 37.29 0.100003339
CC-6 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.682677 70.5122 37.62 0.100003339
CC-7 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.682677 65.2227 38.10 0.100003339
CC-8 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.365157 61.3712 37.42 0.199994978
CC-9 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.365157 60.0461 37.55 0.199994978
CC-10 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.365157 60.5883 37.60 0.199994978
CC-11 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.365157 61.4315 37.74 0.199994978
CC-12 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient Bad Coupon It wouldn't sit down
CC-13 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.365157 60.7087 37.88 0.199994978
CC-14 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.047835 58.9011 38.68 0.299998317
CC-15 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.047835 59.5038 38.44 0.299998317
DD-1 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.047835 55.0395 39.47 0.299998317
DD-2 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.047835 55.8849 38.98 0.299998317
DD-3 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.047835 58.5393 39.54 0.299998317
DD-4 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.730512 56.4885 39.41 0.400001655
DD-5 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.730512 58.9011 37.76 0.400001655
DD-6 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.730512 58.5996 38.45 0.400001655
DD-7 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.730512 56.1867 38.35 0.400001655
DD-8 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.730512 55.0999 38.48 0.400001655
DD-9 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 11.77835 50.8066 38.58 0.699999972
DD-10 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 11.77835 39.1913 38.32 0.699999972
DD-11 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 11.77835 44.6168 38.41 0.699999972
DD-12 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 11.77835 33.6783 38.95 0.699999972
DD-13 Fyfe Carbon S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 11.77835 35.2125 37.74 0.699999972
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Modulus
1-1 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 55707 563.13 38.05 1.0505 79450.5127
1-2 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 25937 238.03 41.91 0.4440 42037.7639
1-3 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 22234 242.57 35.25 0.4525 43810.1742
1-4 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 24159 251.27 36.98 0.4687 48012.1489
2-1 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 35774 369.18 37.27 0.6887 51255.2665
2-2 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 47137 517.69 35.02 0.9658 85429.8996
2-3 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 55451 527.32 40.45 0.9837 71805.813
2-5 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 21821 237.40 35.35 0.4429 61329.1888
2-6 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 28675 345.95 31.88 0.6454 62385.452
2-7 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 27864 311.36 34.42 0.5808 62531.63
2-8 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 37525 401.02 35.99 0.7481 63418.92
2-9 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 33096 359.86 35.37 0.6713 55134.1996
S-1 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 59058.723 756.9690208 39.01 0.786146777 64519.3104
S-2 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 48821.878 630.7736137 38.70 0.655087103 68956.416
S-3 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 40874.13 527.1360614 38.77 0.547454789 68518.52
S-4 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 20 73470.883 962.1645194 38.18 0.99925164 69748.3714
S-5 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 20 74313.271 963.6056885 38.56 1.00074836 70093.0526
S-6 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 55707.484 722.7229359 38.54 0.750580659 50559.9297
S-7 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 47137.102 624.4979028 37.74 0.648569492 39468.6314
S-8 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 47649.86 631.1239682 37.75 0.655450963 45451.6253
S-9 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 50122.085 644.4083993 38.89 0.669247449 52683.8282
S-10 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 45012.819 584.2785436 38.52 0.606799857 47987.6006
S-11 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 44023.929 547.1529791 40.23 0.568243269 53737.5116
S-12 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 48162.618 611.3558974 39.39 0.634920921 57649.2903
S-13 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 50451.715 663.4891544 38.02 0.689063681 53021.1146
S-14 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 47521.67 624.2993983 38.06 0.648363336 No photos
T-1 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 53564.888 689.5582943 38.84 0.716137669 67788.4551
T-2 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 47466.732 608.7039215 38.99 0.632166724 66584.4884
T-3 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 44774.753 576.8455656 38.81 0.599080371 53199.6951
T-4 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 51458.918 663.3013457 38.79 0.688868633 59528.7232
T-5 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 50726.407 649.5058528 39.05 0.674541386 69414.0623
T-6 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 723.2 55.2811 38.99
T-7 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 723.2 57.2126 38.91
T-8 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 723.2 63.4179 38.48
T-9 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 723.2 55.9453 38.85
T-10 Fyfe Carbon S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 723.2 56.1867 38.60
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W-1 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 1.8488 37164.064 18.92822911 38.65 1.043222504
W-2 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 34680.281 17.55419627 38.89 0.967493181
W-3 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 36496.779 18.49267762 38.85 1.019217241
W-4 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2391.1043 1.196162193 39.35 0.065926047
W-5 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 1909.1763 0.960199556 39.14 0.052921051
W-6 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 3095.4607 1.560416536 39.05 0.086001793
W-7 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 2502.3185 1.248624542 39.45 0.06881749
W-8 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 4114.9238 2.121593426 38.18 0.116930855
W-9 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 2669.1397 1.373291168 38.26 0.075688446
W-10 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 3503.2459 1.769605683 38.97 0.097531177
W-11 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2168.676 1.112310381 38.38 0.061304585
W-12 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2409.64 1.223468101 38.77 0.067431002
W-13 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 2502.3185 1.264004059 38.97 0.069665127
W-14 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 2669.1397 1.353132116 38.83 0.074577387
X-1 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 3317.889 1.668696362 39.14 0.091969597
X-2 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 37979.634 18.63950617 40.11 1.027309643
X-3 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 37571.849 18.85300344 39.23 1.039076468
X-4 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 2224.2831 1.104290048 39.65 0.060862547
X-5 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 3855.4241 1.965152128 38.62 0.108308649
X-6 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 6987.9561 3.404905716 40.40 0.187660148
X-7 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 1946.2477 0.984124392 38.93 0.05423966
X-8 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 2965.7108 1.487770995 39.24 0.081997961
X-9 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 5004.637 2.48465262 39.65 0.136940731
X-10 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 5801.6718 2.948015947 38.74 0.162478833
X-11 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 6209.457 3.085922886 39.61 0.170079524
X-12 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 4559.7804 2.282213493 39.33 0.125783372
X-13 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 3966.6382 2.018702925 38.68 0.111260082
X-14 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 3595.9244 1.819221624 38.91 0.100265742
Y-1 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 5708.9933 2.961311143 37.95 0.163211593
Y-2 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.85 79.5823 40.34 0.101962081
Y-3 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.85 76.3987 40.19 0.101962081
Y-4 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.85 77.54 38.92 0.101962081
Y-5 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.85 80.063 39.51 0.101962081
Y-6 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.85 69.7311 38.37 0.101962081
Y-7 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.7 59.6243 39.51 0.203924162
Y-8 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.7 64.7415 38.96 0.203924162
Y-9 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.7 65.8241 38.71 0.203924162
Y-10 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 31974.07 16.39517637 38.39 0.903614218
Y-11 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.7 64.0196 38.62 0.203924162
Y-12 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.7 62.455 38.98 0.203924162
Y-13 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.55 60.6485 38.99 0.305886243
Y-14 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.55 57.9967 38.71 0.305886243
U-1 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.55 57.1522 38.63 0.305886243
U-2 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.55 62 38.33 0.305886243
U-3 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.55 62.3948 38.19 0.305886243
U-4 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.4 64.8618 38.39 0.407848325
U-5 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.4 57.5142 38.21 0.407848325
U-6 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.4 58.9613 38.30 0.407848325
U-7 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.4 58.5996 38.98 0.407848325
U-8 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.4 56.3678 38.39 0.407848325
U-9 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 12.95 45.9543 38.13 0.713734568
U-10 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 12.95 49 38.20 0.713734568
U-11 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 12.95 46.0758 38.45 0.713734568
U-12 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 12.95 52.1986 39.87 0.713734568
U-13 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 12.95 51.7751 39.18 0.713734568
U-14 Fyfe Carbon S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 3688.6028 1.861802342 39.00 0.102612563
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A-1 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 303 20% 12625 128.39 303 37.82 0.3118
A-2 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 24205 245.09 37.99 0.5952 16938.4675
A-3 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 22497 225.17 38.43 0.5468 15521.9191
A-4 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 21360 216.10 38.02 0.5248 15546.2855
A-5 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 34023 340.42 38.44 0.8267 20419.1939
A-6 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 40841 411.75 38.15 0.9999 20153.9522
A-7 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 22645 225.73 38.59 0.5482 16291.404
A-8 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 17525 177.29 38.02 0.4305 No pictures
A-9 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 18276 180.22 39.01 0.4376 16119.8935
A-10 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 17873 177.40 38.75 0.4308 15464.2296
A-11 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 20327 206.01 37.95 0.5003 15063.3796
A-12 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 20107 202.97 38.10 0.4929 18695.9597
A-13 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 19173 195.19 37.78 0.4740 13052.9299
B-1 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 40397 415.10 37.43 1.0081 20700.2392
B-2 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 38056 387.60 37.76 0.9413 20069.0375
B-3 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 14686 150.28 37.59 0.3650 11848.031
B-4 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 15575 160.19 37.40 0.3890 15946.6421
B-5 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 19872 206.70 36.98 0.5020 15237.8822
B-6 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 19423 196.09 38.10 0.4762 12223.7958
B-7 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 29825 301.32 38.07 0.7317 16253.455
B-8 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 22786 232.03 37.77 0.5635 14092.0667
B-9 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 18236 186.27 37.66 0.4523 15765.8506
B-10 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 26740 273.45 37.61 0.6641 16613.7776
B-11 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 60 14919 154.29 37.19 0.3747 13089.144
B-12 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 90 16283 167.36 37.42 0.4064 15205.2799
B-13 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 45 28441 289.56 37.78 0.7032 17035.0935
B-14 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 75 13787 140.47 37.75 0.3411 15001.1709
C-1 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 42101 434.35 37.28 1.0548 Picture Error
C-2 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 42284 430.70 37.76 1.0459 21701.7796
C-3 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 38237 391.16 37.60 0.9499 22335.0266
C-4 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 18679 190.23 37.77 0.4620 13609.7723
C-5 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 17580 177.78 38.03 0.4317 15586.585
C-6 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 17562 178.82 37.77 0.4343 14903.6176
C-7 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 205 54.86 38.04 0.4978
C-8 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 205 61.01 37.75 0.4978
C-9 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 205 55.46 37.74 0.4978
C-10 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 205 57.76 37.54 0.4978
C-11 Fyfe Glass S Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 205 54.92 37.83 0.4978
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E-1 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 15016 7.54 39.22 0.8033
E-2 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 20254 10.61 37.58 1.1308
E-3 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 18551 9.40 38.86 1.0016
E-4 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 4304 2.18 38.78 0.2328
E-5 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 3534 1.81 38.47 0.1927
E-6 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 6794 3.46 38.69 0.3685
E-7 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 12709 6.60 37.91 0.7034
E-8 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 12654 6.43 38.72 0.6858
E-9 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 4450 2.21 39.57 0.2359
E-10 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 3498 1.74 39.52 0.1857
E-11 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 7783 3.97 38.56 0.4235
E-12 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 9340 4.71 39.03 0.5021
E-13 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 3901 1.97 38.89 0.2104
E-14 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 11519 5.86 38.68 0.6248
E-15 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 3699 1.95 37.25 0.2083
E-16 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 4413 2.24 38.79 0.2387
F-1 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2619 1.31 39.42 0.1394
F-2 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 16445 7.84 41.27 0.8360
F-3 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 6318 3.26 38.13 0.3477
F-4 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2124 1.03 40.41 0.1103
F-5 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 45 11812 6.05 38.41 0.6452
F-6 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 3937 1.91 40.49 0.2040
F-7 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 90 3882 2.02 37.91 0.2148
F-8 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 60 7765 3.83 39.90 0.4083
F-9 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2729 1.41 38.01 0.1506
F-10 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2252 1.11 39.89 0.1185
F-11 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 75 4175 2.07 39.64 0.2210
F-12 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2784 1.41 38.84 0.1504
F-13 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 19155 9.75 38.68 1.0391
F-14 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 19430 9.55 40.04 1.0181
F-15 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.74748 60.77 40.51 0.40
F-16 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 18533 9.45 38.61 1.0071
G-1 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.74748 56.55 38.24 0.40
G-2 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.74748 63.24 39.03 0.40
G-3 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.74748 56.19 39.23 0.40
G-4 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 3.74748 62.76 39.14 0.40
G-5 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.97 68.11 39.39 0.21
G-6 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.87374 70.81 37.97 0.20
G-7 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.87374 70.33 38.09 0.20
G-8 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.87374 70.09 38.86 0.20
G-9 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.87374 71.41 38.89 0.20
G-10 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.87374 72.73 38.36 0.20
G-11 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 0.93687 92.33 39.31 0.10
G-12 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 0.93687 91.85 38.70 0.10
G-13 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 0.93687 101.87 39.21 0.10
G-14 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 0.93687 83.85 38.27 0.10
G-15 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 0.93687 90.53 38.95 0.10
G-16 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.558091 51.05 37.60 0.70
O-1 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.558091 52.5011 38.52 0.70
O-2 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.558091 37.6627 38.22 0.70
O-3 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.558091 52.9849 38.37 0.70
O-4 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 6.558091 51.2909 38.76 0.70
O-5 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.81061 52.2591 38.53 0.30
O-6 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.81061 56.1264 38.77 0.30
O-7 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.81061 71.7738 38.38 0.30
O-8 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.81061 66.726 37.88 0.30
O-9 Fyfe Glass S Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.81061 66.245 38.29 0.30
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J-1 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 15236.339 153.4587818 38.19 0.374369245 17156.1228
J-2 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 16496.766 172.0560283 36.88 0.419738021 16096.9224
J-3 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 131 17201 173.9161207 38.04 0.424275796 18444.3485
J-4 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 131 20315 199.4247457 39.18 0.486505175 17137.656
J-5 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 14940 150.474084 38.19 0.367087948 21177.789
J-6 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 13753.484 133.9970489 39.48 0.326891517 17606.392
J-7 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 18090.836 184.3036009 37.75 0.449616497 19917.237
J-8 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 20129.762 201.4995235 38.42 0.491566684 17963.5312
J-9 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 15348 152.2981662 38.76 0.371537874 15204.5027
J-10 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 20018.548 197.8273777 38.92 0.482608328 21226.6158
J-11 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 17980 179.048355 38.62 0.436796101 14660.8887
J-12 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 18313.264 182.33402 38.63 0.444811621 14337.1125
L-1 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 16496.766 173.0603102 36.66 0.42218801 11481.1244
L-2 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 116 11529.201 121.5544956 36.48 0.296537378 10388.8551
L-3 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 10268.774 108.9675361 36.25 0.265830953 11252.1126
L-4 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 34907 363.2218497 36.96 0.886095198 21224.2592
L-5 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 40704.381 415.5636959 37.67 1.013785365 19510.1856
L-6 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 40074.167 412.2593765 37.39 1.005724337 22042.2547
L-7 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 14050.055 146.2995725 36.94 0.356904049 11606.0159
L-8 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 101 17645.979 179.6430682 37.78 0.438246929 14789.6176
L-9 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 18053.765 184.2822616 37.68 0.449564439 16269.1515
L-10 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 18758.121 191.2688729 37.72 0.466608575 14878.2203
L-11 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 86 15532.91 159.4522195 37.47 0.388990492 14858.5725
L-12 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 20982.404 214.9576588 37.54 0.524398379 15899.7279
L-13 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 18869.335 194.3973573 37.33 0.474240647 15335.4061
J-13 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 42001.879 403.6926556 40.02 0.984825456 21456.6876
J-14 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Ambient 20 45078.804 454.8269069 38.12 1.109569644 20369.5882
K-1 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 17460.622 178.0860249 37.71 0.434448455 15041.9006
K-2 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 71 18721.05 190.5725764 37.78 0.46490993 17726.1892
K-3 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 22242.831 229.2503427 37.32 0.559265991 16215.6381
K-4 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 15088.054 158.814932 36.54 0.387435802 12560.5995
K-5 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Constant 200 19721.977 206.4778216 36.74 0.503711455 12388.208
K-6 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 229.25 0 63.8391 37.41 0.559265155
K-7 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 229.25 0 58.5393 37.87 0.559265155
K-8 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 229.25 0 60.2268 37.82 0.559265155
K-9 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 229.25 0 59.2627 37.92 0.559265155
K-10 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Transient 229.25 0 31.6498 37.76 0.559265155
K-11 Fyfe Glass S-T Continuous Tensile (ACI 440.3R-04 L.2) (ASTM D 3039) Made But Not Tested 'Macintosh HD:Users:rob:School:899:Test Data:Results:[Fyfe Glass S-T Continuous.xls]K-11.txt'!$L$5
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M-1 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 6302.1355 3.194072745 38.84 0.29794886
M-2 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 7228.9201 3.659361143 38.89 0.3413518
M-3 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2150.1403 1.099166293 38.51 0.102532212
M-4 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 1556.9982 0.79733535 38.44 0.074376878
M-5 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 7599.634 3.912417148 38.24 0.36495732
M-6 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 17905.479 9.225274401 38.21 0.860550216
M-7 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 3521.7816 1.808200559 38.34 0.168672206
M-8 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 22687.688 11.55010799 38.67 1.077414882
M-9 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 3781.2813 1.932866042 38.51 0.180301227
M-10 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 3002.7822 1.547784389 38.19 0.144380116
M-11 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 3299.3533 1.665031907 39.01 0.155317176
M-12 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 3447.6388 1.726146591 39.32 0.161018064
M-13 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 6227.9927 3.156495404 38.84 0.294443578
M-14 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 71 6302.1355 3.219771228 38.53 0.300346061
M-15 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 3966.6382 1.996865436 39.10 0.186271205
M-16 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 4485.6376 2.29690588 38.44 0.214259519
Q-1 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 5301.2081 2.704675379 38.58 0.252296992
Q-2 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 4670.9945 2.358082492 38.99 0.219966183
Q-3 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 86 4114.9238 2.092707702 38.71 0.195211545
Q-4 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2187.2117 1.112627553 38.70 0.103787903
Q-5 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 21909.189 11.00493085 39.19 1.026559776
Q-6 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 22391.117 11.26050665 39.14 1.050400347
Q-7 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2224.2831 1.138369352 38.46 0.106189144
Q-8 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 200 2113.069 1.072168431 38.80 0.100013803
Q-9 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 3707.1385 1.869097337 39.04 0.174352767
Q-10 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 2557.9256 1.300200536 38.73 0.121285048
Q-11 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 116 3521.7816 1.811649971 38.27 0.168993973
Q-12 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 3781.2813 1.920746039 38.75 0.179170651
Q-13 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Constant 101 3113.9964 1.59135882 38.52 0.148444818
Q-14 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Ambient 20 20685.833 10.56020319 38.56 0.985074779
Q-15 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.072 97.16 38.50 0.099998091
P-1 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.072 94.8667 39.27 0.099998091
P-2 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.072 96.5563 38.79 0.099998091
P-3 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Made But Not Tested #DIV/0!
P-4 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.072 94.9874 38.33 0.099998091
P-5 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 1.072 99.9391 39.46 0.099998091
P-6 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.144 79.2219 38.43 0.199996183
P-7 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.144 77.1796 38.29 0.199996183
P-8 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.144 78.7413 38.56 0.199996183
P-9 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.144 79.1018 38.22 0.199996183
P-10 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 2.144 73.5758 38.22 0.199996183
P-11 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.504 53.5894 37.43 0.699986639
P-12 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.504 54.9187 38.44 0.699986639
P-13 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.504 55.5226 38.38 0.699986639
P-14 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.504 55.4019 38.63 0.699986639
P-15 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 7.504 56.2471 38.12 0.699986639
R-1 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 4.181 63.3577 38.41 0.390011212
R-2 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 4.181 67.6277 38.51 0.390011212
R-3 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 4.181 67.0266 38.86 0.390011212
R-4 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 4.181 70.6323 38.40 0.390011212
R-5 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 4.181 65.343 38.75 0.390011212
R-6 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.574 62.3346 38.61 0.519952762
R-7 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.574 60.6485 38.45 0.519952762
R-8 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.574 61.0099 38.49 0.519952762
R-9 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.574 68.2888 37.90 0.519952762
R-10 Fyfe Glass S-T Single-LapOverlap Splice (ACI 440.3R-04 L.3) (ASTM D 3165) Transient 5.574 61.0701 38.48 0.519952762



 

116 

 

Appendix C 

Manufacturer Material Data Sheets 

 



6[HQ�(+$494#2�5[UVGOU

(;('
®®

Tyfo® S
Saturant Epoxy

APPLICATION
Tyfo® S Epoxy is applied to a variety of Tyfo® 
fabrics using the Tyfo® Saturator or by approved 
hand-applied methods.  See data sheet on this 
equipment.  Hand saturation is allowable, 
provided the epoxy is applied uniformly and 
PHHWV� WKH�VSHFL¿FDWLRQV�� �Tyfo® S Epoxy can 
also be applied as a prime coat by brush or roller. 
Please refer to the NSF Listing for the NSF-61 
Listed Application.

SURFACE PREPARATION
The required surface preparation is largely 
dependent on the type of element being 
strengthened.  In general, the surface must be 
clean, dry and free of protrusions or cavities, 
which may cause voids behind the Tyfo® 
composite.  Column surfaces that will receive 
continuous wraps typically require only a broom 
cleaning.  Discontinuous wrapping surfaces 
(walls, beams, slabs, etc.) typically require a light 
sandblast, grinding or other approved methods 
to prepare for bonding.  Tyfo® Fibr™ Anchors are 
incorporated in some designs.  The Fyfe Co. 
LLC engineering staff will provide the proper 
VSHFL¿FDWLRQV�DQG�GHWDLOV�EDVHG�RQ�WKH�SURMHFW�
requirements.

INSTALLATION
Tyfo® System to be installed by Fyfe Co. LLC 
WUDLQHG� DQG� FHUWL¿HG� DSSOLFDWRUV�� � ,QVWDOODWLRQ�
shall be in strict compliance with the Fyfe Co. 
LLC Quality Control Manual.

DESCRIPTION  
The Tyfo® S Epoxy is a two-component epoxy 
matrix material for bonding applications. The Tyfo® 
S Epoxy combined with Tyfo® SEH and Tyfo® 
SCH fabrics is a NSF/ANSI Standard 61 listed 
product for drinking water systems. It is a high 
elongation material which gives optimum 
properties as a matrix for the Tyfo® Fibrwrap® 
System. It provides a long working time for 
application, with no offensive odor. Tyfo® 
S Epoxy may be thickened with fumed silica 
(such as Cab-O-Sil TS-720)  to produce Tyfo® 
WS Epoxy and used as a prime RU�¿QLVK�FRDW�
GHSHQGLQJ�XSRQ�WKH�SURMHFW�requirements.

MIX RATIO
100.0 parts of component A to 42.0 parts 
of component B by volume.  (100 par ts  o f 
component A to 34.5 parts of component B 
by weight ) .

SHELF LIFE
Two years in original, unopened and properly 
stored containers.

PACKAGING  
Order in 55-gallon drums or pre-measured units 
in 5-gallon containers.

ADVANTAGES  
���ICC-ES ESR-2103 listed product
���NSF/ANSI Standard 61 listed product for  
     drinking water systems
���Good high temperature properties
���Good low temperature properties
���Long working time
���High elongation
���Ambient cure
���100% solvent-free

USE  
The Tyfo® S Epoxy matrix material is combined 
with the Tyfo® fabrics to provide a wet-layup 
composite system for strengthening structural 
members.

CERTIFICATE OF COMPLIANCE
�   Will be supplied upon request, complete 
     with state and federal packaging laws with 
     copy of labels used.

�   Material safety data sheets will be supplied      
     upon request.

��Possesses 0% V.O.C. level.

MIXING
For pre-measured units in 5-gallon containers, 
pour the contents of component B into the 
pail of component A.  For drums, premix each 
component: 100.0 parts of component A to 
42.0 parts of component B by volume (100 parts 
of component A to 34.5 parts of component B by 
weight).  If material is too thick, drum heaters 
may be used on metal containers, or heat 
unmixed components by placing containers in 
130o F (54o C) tap water or sunlight, if available, 
until the desired viscosity is achieved.  Do not 
thin; solvents will prevent proper cure.  Mix 
WKRURXJKO\� IRU� ¿YH�PLQXWHV�ZLWK� D� ORZ� VSHHG�
mixer at 400-600 RPM until uniformly blended.  
:KHQ�XVLQJ�DV�D�SULPH�FRDW�RU�¿QLVK�FRDW��Tyfo® 
S Epoxy may be thickened in the ¿HOG� WR� WKH�
desired consistency.

HOW TO USE
THE TYFO® S EPOXY

4/12 Tyfo® S

1  Testing temperature: 70o F (21o C) Crosshead speed: 0.5 in. (13mm)/min. Grips Instron 2716-0055 - 30 kips
��6SHFL¿FDWLRQ�YDOXHV�FDQ�EH�SURYLGHG�XSRQ�UHTXHVW�

EPOXY COMPONENT PROPERTIES
Curing Schedule 72 hours post cure at 140o F (60o C).

PROPERTY
ASTM TEST 

METHOD
TYPICAL

TEST VALUE*
Net Weight Component A = 27.35 lbs.

Component B =   9.60 lbs.

Color Component A is clear to pale yellow 
Component B is clear

Viscosity Component A at 77o F (25o C) is 11,000-13,000 cps
Component B at 77o F (25o C) is 11 cps 

Pot Life 3 to 6 hours at 68o F (20o C)

Viscosity of 
Mixed Product

600-700 cps

Density at 68o F (20o C) 
Pound/Gallon

D792 Component A = 9.7 (1.16kg/L) 
Component B = 7.9 (0.95kg/L)
Mixed product = 9.17 (1.11kg/L)

STORAGE CONDITIONS
Store epoxy at 40o to 90o F (4o to 32o C). Avoid 
freezing. Store rolls flat, not on ends, at 
temperatures below 100o F (38o C).  Avoid 
moisture and water contamination.

LIMITATIONS
Application temperature of the epoxy is a 
minimum 40o F (4o C) and maximum of 100o F 
(38o C).  DO NOT THIN, solvents will prevent 
proper cure.
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Statement of Responsibility:  7KH�WHFKQLFDO�LQIRUPDWLRQ�DQG�DSSOLFDWLRQ�DGYLFH�LQ�WKLV�SXEOLFDWLRQ�LV�EDVHG�RQ�WKH�SUHVHQW�VWDWH�RI�RXU�EHVW�VFLHQWL¿F�DQG�SUDFWLFDO�NQRZOHGJH���
As the nature of the information herein is general, no assumption can be made as to the product’s suitability for a particular use or application, and no warranty as to its 
accuracy, reliability or completeness, either expressed or implied, is given other than those required by State legislation.  The owner, his representative or the contractor is 
responsible for checking the suitability of products for their intended use.  Field service, where provided, does not constitute supervisory responsibility.  Suggestions made 
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IRU�FDUU\LQJ�RXW�SURFHGXUH�DSSURSULDWH�WR�D�VSHFL¿F�DSSOLFDWLRQ�
4/12 Tyfo® S

COMPONENT A - Irritant:
Prolonged contact to the skin may cause 
irritation.  Avoid eye contact. 

COMPONENT B - Irritant:
Corrosive. Contact with skin may cause severe 
burns.  Avoid eye contact.  Product is a strong 
sensitizer.  Use of safety goggles and chemical 
resistant gloves recommended.  Remove 
contaminated clothing.  Avoid breathing vapors.  
Use adequate ventilation.  Use of an organic 
vapor respirator recommended.

FIRST AID
In case of skin contact, wash thoroughly with 
soap and water.  For eye contact, f lush 
immediately with plenty of water; contact 
physician immediately.  For respiratory 
problems, remove to fresh air.  Wash clothing 
before reuse.

CLEANUP
Collect with absorbent material, flush with 
water.  Dispose of in accordance with local 
disposal regulations.  Uncured material can be 
removed with approved solvent.  Cured materials 
can only be removed mechanically.

CAUTION!

KEEP CONTAINER TIGHTLY CLOSED.
NOT FOR INTERNAL CONSUMPTION.
CONSULT MATERIAL SAFETY DATA SHEET 
(MSDS) FOR MORE INFORMATION.
KEEP OUT OF REACH OF CHILDREN.
FOR INDUSTRIAL USE ONLY.

SHIPPING LABELS CONTAIN
���6WDWH�VSHFL¿FDWLRQ�QXPEHU�ZLWK�PRGL¿FDWLRQV��  
   if applicable
���&RPSRQHQW�GHVLJQDWLRQ
���7\SH��LI�DSSOLFDEOH
���0DQXIDFWXUHU¶V�QDPH
���'DWH�RI�PDQXIDFWXUH
���%DWFK�QDPH
���6WDWH�ORW�QXPEHU��LI�DSSOLFDEOH
���'LUHFWLRQV�IRU�XVH
���:DUQLQJV�RU�SUHFDXWLRQV�UHTXLUHG�E\�ODZ

Fyfe Co. LLC
Tyfo® Fibrwrap® Systems

8380 Miralani Drive, San Diego, CA  92126
Tel: 858.642.0694   Fax: 858.444.2982

E-mail: info@fyfeco.com   www.fyfeco.com

1  Testing temperature: 70o F (21o C) Crosshead speed: 0.5 in. (13mm)/min. Grips Instron 2716-0055 - 30 kips
��6SHFL¿FDWLRQ�YDOXHV�FDQ�EH�SURYLGHG�XSRQ�UHTXHVW�

EPOXY MATERIAL PROPERTIES

Curing Schedule 72 hours post cure at 140o F (60o C).

PROPERTY
ASTM 

METHOD
TYPICAL

TEST VALUE*

Tg D4065 180o F (82o C)

Tensile Strength1 D638 
Type 1

10,500 psi
(72.4 MPa)

Tensile Modulus D638 
Type 1

461,000 psi
(3.18 GPa)

Elongation Percent D638 
Type 1

5.0%

Compressive Strength D695 12,500 psi
(86.2 MPa)

Compressive Modulus D695 0.465 x 106 psi 
(3.2 GPa)

Flexural Strength D790 17,900 psi
(123.4 MPa)

Flexural  Modulus D790 452,000 psi
(3.12 GPa)

SAFETY PRECAUTIONS
Avoid breathing vapors.  Avoid contact with eyes 
and skin.  Use of an approved respirator with an 
organic absorption cartridge is recommended 
for possible vapors.  Rubber gloves, rubber 
boots, and protective suits are recommended 
for handling and application of this material.  
Safety glasses or a face shield are recommended 
to prevent eye contact.
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Tyfo® SCH-41 Composite
using Tyfo® S-T Epoxy

DESCRIPTION  
Tyfo® SCH-41 Composite is comprised of Tyfo® 
S-T Epoxy and Tyfo® SCH-41 reinforcing fabric.  
Tyfo® SCH-41 is a custom, uni-directional carbon 
fabric.  The carbon fabric is orientated in 0o 
direction. Tyfo® S-T Epoxy is a two-component 
high chemical & heat resistance epoxy matrix.

EPOXY MIX RATIO
100 parts component A to 38.9 component 
B by volume, or 100 parts component A to 31.8 
parts component B by weight.

SHELF LIFE
Epoxy - two years in original, unopened and 
properly stored containers.
Fabric - ten years in proper storage conditions.

STORAGE CONDITIONS
Store epoxy at 40 to 90o F (4 to 32o C).  Avoid 
freezing. Store fabric rolls flat, not on ends, 
at temperatures below 100o F (38o C).  Avoid 
moisture and water contamination.

PACKAGING  
Order Tyfo® S-T Epoxy packaged in 55-gallon 
(208L) drums or  pre-measured uni ts  in 
5-gallon (19L) containers.  Tyfo® SCH-41 
Fabric typically shipped in 2 rolls of  24” x 300 
lineal foot (0.6m x 91.4m) rolls.  Typically ships 
in 12” x 13” x 64” (305mm x 330mm x 1626mm) 
boxes.

COVERAGE  
Approximately 600 sq. ft. surface area with 3 to 
4 units of Tyfo® S-T Epoxy and 1 roll of Tyfo® 
SCH-41 Fabric when used with the Tyfo® 
Saturator.

ADVANTAGES  
���Excellent high temperature properties
���Proven long-term durability
���Excellent chemical resistance
���Long working time
���High tensile modulus and strength
���Ambient temperature cure
���100% solvent-free
���Rolls can be cut to desired widths prior to 
     shipping

USE  
Tyfo® SCH-41 Fabric is combined with Tyfo®  
Epoxy to strengthen & rehabilitate bridges, 
buildings, and other structures.

CERTIFICATE OF COMPLIANCE
�   Will be supplied upon request, complete 
     with state and federal packaging laws  
     with copy of labels used.

�   Material safety data sheets will be supplied     
     upon request.

TYPICAL FABRIC PROPERTIES

Tensile Strength 550,000 psi (3.79 GPa)

Tensile Modulus 33.4 x 106 psi (230 GPa)

Ultimate Elongation 1.7%

Density 0.063 lbs./in.3 (1.74 g/cm3)

Weight per sq. yd. 19 oz. (644 g/m2)

Note: Samples cured at 140o F (60o C) for 72 hours and tested at 70o F (21o C)
��6SHFL¿FDWLRQ�YDOXHV�FDQ�EH�SURYLGHG�XSRQ�UHTXHVW�

Tensile Strength

Tensile Modulus

Elongation at Break

Flexural Strength

Flexural  Modulus

TYPICAL 
TEST VALUE*

10,500 psi
 (72.4 MPa)

461,000 psi
(3.18 GPa)

5.0%

17,900 psi
(123.4 MPa)

452,000 psi
(3.12 GPa)

EPOXY MATERIAL PROPERTIES

ASTM 
METHOD

D-638 
Type 1

D-638 
Type 1

D-638 
Type 1

D-790

D-790

PROPERTY

Tensile Strength 

Elongation at Break
  
Tensile Modulus 

Laminate Thickness

D-3039

D-3039

D-3039

143,000 psi (986 MPa)

1.0%

13.9 x 106 psi (95.8 GPa)

0.04 in. (1.0mm) 

COMPOSITE GROSS LAMINATE PROPERTIES

TYPICAL
TEST VALUE

ASTM 
METHODPROPERTY

121,000 psi (834 MPa)

0.85%

11.9 x 106 psi (82 GPa)

0.04 in. (1.0mm) 

DESIGN VALUE*

1RWH��7HQVLRQ�SURSHUWLHV�DUH�WHVWHG�LQ�SULPDU\�¿EHU�GLUHFWLRQ�
*  Gross laminate design properties based on ACI 440 suggested guidelines will vary slightly. Contact Fyfe Co. LLC engineers to 
FRQ¿UP�SURMHFW�VSHFL¿FDWLRQ�YDOXHV�DQG�GHVLJQ�PHWKRGRORJ\�

12/10 SCH-41/S-T

��&ULWLFDO�WHPSHUDWXUH�LV�GH¿QHG�DV�WKH�WHPSHUDWXUH�DW�ZKLFK�WKH�FRPSRVLWH�ORVHV�����RI�LWV�GHVLJQ�YDOXHV�

ELEVATED TEMPERATURE PERFORMANCE CHARACTERISTICS
PROPERTY ASTM 

METHOD
TYPICAL

TEST VALUE

Glass Transition Temperature (Tg) E-1356 214o F (101o C)

Critical Temperature (Tc)** 500o F (260o C)
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COMPONENT A - Irritant:
Prolonged contact to the skin may cause 
irritation.  Avoid eye contact. 

COMPONENT B - Irritant:
Corrosive. Contact with skin may cause severe 
burns.  Avoid eye contact.  Product is a strong 
sensitizer.  Use of safety goggles and chemical 
resistant gloves recommended.  Remove 
contaminated clothing.  Avoid breathing vapors.  
Use adequate ventilation.  Use of an organic 
vapor respirator recommended.

FIRST AID
In case of skin contact, wash thoroughly with 
soap and water.  For eye contact, f lush 
immediately with plenty of water; contact 
physician immediately.  For respiratory 
problems, remove to fresh air.  Wash clothing 
before reuse.

CLEANUP
Collect with absorbent material, flush with 
water.  Dispose of in accordance with local 
disposal regulations.  Uncured material can be 
removed with approved solvent.  Cured materials 
can only be removed mechanically.

SHIPPING LABELS CONTAIN
���6WDWH�VSHFL¿FDWLRQ�QXPEHU�ZLWK�PRGL¿FDWLRQV� 
    if applicable
���&RPSRQHQW�GHVLJQDWLRQ
���7\SH��LI�DSSOLFDEOH
���0DQXIDFWXUHU¶V�QDPH
���'DWH��RI�PDQXIDFWXUH
���%DWFK�QDPH
���6WDWH�ORW�QXPEHU��LI�DSSOLFDEOH
���'LUHFWLRQV�IRU�XVH
���:DUQLQJV�RU�SUHFDXWLRQV�UHTXLUHG�E\�ODZ

KEEP CONTAINER TIGHTLY CLOSED.
NOT FOR INTERNAL CONSUMPTION.  
CONSULT MATERIAL SAFETY DATA SHEET 
(MSDS) FOR MORE INFORMATION.  
KEEP OUT OF REACH OF CHILDREN.
FOR INDUSTRIAL USE ONLY.

CAUTION!

DESIGN
The Tyfo® System shall be designed to meet 
VSHFL¿F�GHVLJQ� FULWHULD�� �The criteria for each 
SURMHFW�LV�GLFWDWHG�E\�WKH�HQJLQHHU�RI�UHFRUG�DQG�
any relevant building codes and/or guidelines. 
The design should be based on the allowable 
strain for each type of application and the design 
modulus of the material.  The Fyfe Co. LLC 
engineering staff will provide preliminary design 
at no obligation.

INSTALLATION
Tyfo® System to be installed by Fyfe Co. LLC 
WUDLQHG� DQG� FHUWL¿HG� DSSOLFDWRUV�� � ,QVWDOODWLRQ�
shall be in strict compliance with the Fyfe Co. 
LLC Quality Control Manual.

MIXING
For pre-measured units in 5-gallon containers, 
pour the contents of component B into the 
pail of component A.  For drums, premix 
each component: 100.0 parts of component 
A to 38.9 parts of component B by volume (100 
parts of component A to 31.8 parts of component 
B by weight).  Mix WKRURXJKO\�IRU�¿YH�PLQXWHV�
with a Tyfo® low speed mixer at 400-600 RPM 
until uniformly blended.

HOW TO USE
THE TYFO® S-T COMPOSITE SYSTEM

Fyfe Co. LLC
Tyfo® Fibrwrap® Systems

8380 Miralani Drive, San Diego, CA  92126
Tel: 858.642.0694  Fax: 858.444.2982

E-mail: info@fyfeco.com  Web: http://www.fyfeco.com

LIMITATIONS
Application temperature of the epoxy is a 
minimum 40o F (4o C) and maximum of 100o F 
(38o C).  DO NOT THIN, solvents will prevent 
proper cure.

FIELD QUALITY CONTROL
Record batch numbers for fabric and epoxy used 
each day and note locations of installations. 
Measure square feet of fabric and volume of 
epoxy used each day.

SURFACE PREPARATION
The required surface preparation is largely 
dependent on the type of element being 
strengthened.  In general, the surface must be 
clean, dry and free of protrusions or cavities, 
which may cause voids behind the Tyfo® 
composite.  Column surfaces that will receive 
continuous wraps typically require only a broom 
cleaning.  Discontinuous wrapping surfaces 
(walls, beams, slabs, etc.) typically require a light 
sandblast, grinding or other approved methods 
to prepare for bonding.  Sharp and chamfered 
corners will be rounded off by grinding or using 
thickened Tyfo® S epoxy (Tyfo® WS epoxy or 
approved repair mortar). At the time of application, 
the substrate shall not have any free  moisture 
on it. If moisture cannot be avoided, the use of 
Tyfo WP (Wet-Prime epoxy) is recommended. 
Tyfo® Fibr™ Anchors are incorporated in some 
designs.  The Fyfe Co. LLC engineering staff will 
SURYLGH�WKH�SURSHU�VSHFL¿FDWLRQV and details based 
RQ�WKH�SURMHFW�UHTXLUHPHQWV�

APPLICATION
Apply one prime coat of Tyfo  S Epoxy on the 
substrate by using a roller. Saturate the fabric 
by feeding it through the Tyfo® Saturator. 
Apply using the Tyfo® wrapping equipment 
or approved hand methods (See the  Tyfo® 
Saturator Manual). Prior to the application of 
WKH�VDWXUDWHG�IDEULF��¿OO�DQ\�XQHYHQ�VXUIDFH�
with thickened Tyfo® S epoxy. Saturate 
and apply subsequent layers of the fabric 
according to the Specifications and the 
Design Requirements. The use of a roller or 
hand pressure, ensure proper orientation of 
¿EHUV��UHOHDVH�RU�UROO�RXW�HQWUDSSHG�DLU�DQG�
HQVXUH� WKDW� HDFK� LQGLYLGXDO� OD\HU� LV� ¿UPO\�
bedded and adhered to the preceding layer 
RU�VXEVWUDWH��$SSO\�D�¿QDO�FRDW�RI�thickened 
Tyfo® S Epoxy and detail all fabric edges, 
including butt splice, termination points and 
MDFNHW�HGJHV�

SAFETY PRECAUTIONS
Avoid breathing vapors.  Avoid contact with eyes 
and skin.  Use of an approved respirator with an 
organic absorption cartridge is recommended 
for possible vapors.  Rubber gloves, rubber 
boots, and protective suits are recommended 
for handling and application of this material.  
Safety glasses or a face shield are recommended 
to prevent eye contact.
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Tyfo® SCH-41 Composite
using Tyfo® S Epoxy

4/12 SCH-41

DESCRIPTION  
The Tyfo® SCH-41 Composite is comprised of 
Tyfo® S Epoxy and Tyfo® SCH-41 reinforcing 
fabric, which is 16)�&HUWL¿HG.  Tyfo® SCH-41 is 
a custom, uni-directional carbon fabric orientated 
in the 0o direction. The Tyfo® S Epoxy is a two-
component epoxy matrix.

EPOXY MIX RATIO
100.0 component A to 42.0 component B 
by volume.  (100 component A to 34.5 component 
B by weight.)
SHELF LIFE
Epoxy - two years in original, unopened and 
properly stored containers.
Fabric - ten years in proper storage conditions.
STORAGE CONDITIONS
Store epoxy at 40o to 90o F (4o to 32o C).  Avoid 
freezing. Store rolls f lat, not on ends, at 
temperatures below 100o F (38o C).  Avoid 
moisture and water contamination.

PACKAGING  
Order Tyfo® S Epoxy in 55-gallon (208L) drums 
or pre-measured units in 5-gallon (19L) 
containers.  Tyfo® SCH-41 Fabric typically 
shipped in 24” x 300 lineal foot (0.6m x 91.4m) 
rolls.  Typically ships in 12” x 13” x 27” (305mm 
x 330mm x 686mm) boxes.

COVERAGE  
Approximately 600 sq. ft. surface area with 3 
to 4 units of Tyfo® S Epoxy and 1 roll of Tyfo® 
SCH-41 Fabric when used with the Tyfo® 
Saturator.

ADVANTAGES  
���ICC-ES ESR-2103 listed product
���&RPSRQHQW�RI�8/�OLVWHG��¿UH�UDWHG�DVVHPEO\
�� NSF/ANSI Standard 61 listed product for 

drinking water systems
���Improved long-term durability
���Good high & low temperature properties
���Long working time
���High tensile modulus and strength
���Ambient cure
���100% solvent-free
���Rolls can be cut to desired widths prior to 
     shipping

USE  
Tyfo® SCH-41 Fabric is combined with Tyfo®  
Epoxy to add strength to bridges, buildings, and 
other structures.

CERTIFICATE OF COMPLIANCE
�   Will be supplied upon request, complete 
     with state and federal packaging laws  
     with copy of labels used.

�   Material safety data sheets will be supplied     
     upon request.

���Possesses 0% V.O.C. level.

TYPICAL DRY FIBER PROPERTIES
PROPERTY TYPICAL TEST VALUE

Tensile Strength 550,000 psi (3.79 GPa)

Tensile Modulus 33.4 x 106 psi (230 GPa)

Ultimate Elongation 1.7%

Density 0.063 lbs./in.3 (1.74 g/cm3)

Minimum weight per sq. yd. 19 oz. (644 g/m2)

1  Testing temperature: 70o F (21o C) Crosshead speed: 0.5 in. (13mm)/min. Grips Instron 2716-0055 - 30 kips
��6SHFL¿FDWLRQ�YDOXHV�FDQ�EH�SURYLGHG�XSRQ�UHTXHVW�

EPOXY MATERIAL PROPERTIES
Curing Schedule 72 hours post cure at 140o F (60o C).

PROPERTY
ASTM 

METHOD
TYPICAL

TEST VALUE*

Tensile Strength1 D638 
Type 1

10,500 psi
(72.4 MPa)

Tensile Modulus D638 
Type 1

461,000 psi
(3.18 GPa)

Elongation Percent D638 
Type 1

5.0%

Flexural Strength D790 17,900 psi (123.4 MPa)

Flexural  Modulus D790 452,000 psi (3.12 GPa)

Tg D4065 180o F (82o C)

*  Gross laminate design properties based on ACI 440 suggested guidelines will vary slightly. Contact Fyfe Co. LLC engineers to 
FRQ¿UP�SURMHFW�VSHFL¿FDWLRQ�YDOXHV�DQG�GHVLJQ�PHWKRGRORJ\�

COMPOSITE GROSS LAMINATE PROPERTIES

PROPERTY
ASTM 

METHOD
TYPICAL

TEST VALUE DESIGN VALUE*

Ultimate Tensile Strength in 
Primary Fiber Direction

D3039 143,000 psi (986 MPa)
(5.7 kip/in. width)

121,000 psi (834 MPa)
(4.8 kip/in. width)

Elongation at Break D3039 1.0% 0.85%

Tensile Modulus D3039 13.9 x 106 psi
(95.8 GPa)

11.9 x 106 psi
(82 GPa)

Flexural Strength D790 17,900 psi (123.4 MPa) 15,200 psi (104.8 MPa)

Flexural  Modulus D790 452,000 psi (3.12 GPa) 384,200 psi (2.65 GPa)

Longitudinal Compressive 
Strength

D3410 50,000 psi
(344.8 MPa)

42,500 psi
(293 MPa)

Longitudinal Compressive 
Modulus

D3410 11.2 x 106 psi
(77.2 GPa)

9.5 x 106 psi
(65.5 GPa)

Longitudinal Coefficient of 
Thermal Expansion

D696 3.6 ppm./oF

Transverse Coefficient of 
Thermal Expansion

D696 20.3 ppm./oF

Nominal Laminate Thickness 0.04 in. (1.0mm) 0.04 in. (1.0mm)
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COMPONENT A - Irritant:
Prolonged contact to the skin may cause 
irritation.  Avoid eye contact. 

COMPONENT B - Irritant:
Corrosive. Contact with skin may cause severe 
burns.  Avoid eye contact.  Product is a strong 
sensitizer.  Use of safety goggles and chemical 
resistant gloves recommended.  Remove 
contaminated clothing.  Avoid breathing vapors.  
Use adequate ventilation.  Use of an organic 
vapor respirator recommended.

FIRST AID
In case of skin contact, wash thoroughly with 
soap and water.  For eye contact, f lush 
immediately.  For respiratory problems, remove 
to fresh air.  Wash clothing before reuse.

CLEANUP
Collect with absorbent material, flush with 
water.  Dispose of in accordance with local 
disposal regulations.  Uncured material can be 
removed with approved solvent.  Cured materials 
can only be removed mechanically.

SHIPPING LABELS CONTAIN
���6WDWH�VSHFL¿FDWLRQ�QXPEHU�ZLWK�PRGL¿FDWLRQV�     
    if applicable
���&RPSRQHQW�GHVLJQDWLRQ
���7\SH��LI�DSSOLFDEOH
���0DQXIDFWXUHU¶V�QDPH
���'DWH�RI�PDQXIDFWXUH
���%DWFK�QDPH
���6WDWH�ORW�QXPEHU��LI�DSSOLFDEOH
���'LUHFWLRQV�IRU�XVH
���:DUQLQJV�RU�SUHFDXWLRQV�E\�ODZ

KEEP CONTAINER TIGHTLY CLOSED.
NOT FOR INTERNAL CONSUMPTION.
CONSULT MATERIAL SAFETY DATA SHEET 
(MSDS) FOR MORE INFORMATION.
KEEP OUT OF REACH OF CHILDREN.
FOR INDUSTRIAL USE ONLY.

CAUTION!

FIELD QUALITY CONTROL
Record batch numbers for fabric and epoxy used 
each day and note locations of installations. 
Measure square feet of fabric and volume of 
epoxy used each day.

PROTECTIVE COATINGS
,Q�FDVH�RI�SODVWHU�¿QDO�FRDWLQJ��DSSO\�VDQG�E\�
KDQG�IRU�EHWWHU�ERQGLQJ�VXUIDFH�ZKLOH�WKH�¿QDO�
FRDW�RI�HSR[\�LV�VWLOO�WDFN\��,Q�FDVH�RI�SDLQW�¿QDO�
FRDWLQJ��SDLQW�EHWZHHQ����DQG����KRXUV�DIWHU�¿QDO�
application of epoxy. If more than 72 hours after 
DSSOLFDWLRQ��SUHSDUH�WKH�VXUIDFH�RI�WKH�¿QDO�FRDW�
of epoxy by light sandblast or hand sanding to 
slightly etch the surface.

INSTALLATION
Tyfo® System to be installed by Fyfe Co. LLC 
WUDLQHG� DQG� FHUWL¿HG� DSSOLFDWRUV�� � ,QVWDOODWLRQ�
shall be in strict compliance with the Fyfe Co. 
LLC Quality Control Manual.

MIXING
For pre-measured units in 5-gallon (19L) 
containers, pour the contents of component 
B into the pail of component A.  For drums, 
premix each component: 100.0 parts of 
component A to 42.0 parts of component B by 
volume (100 parts of component A to 34.5 parts of 
component B by weight).  Mix WKRURXJKO\�IRU�¿YH�
minutes with a Tyfo® low speed mixer at  400-600 
RPM until uniformly blended.

HOW TO USE
THE TYFO® S COMPOSITE SYSTEM

DESIGN
The Tyfo® Fibrwrap® System shall be designed 
to meet VSHFL¿F� GHVLJQ� FULWHULD�� �The criteria 
IRU�HDFK�SURMHFW� LV�GLFWDWHG�E\�WKH�HQJLQHHU�RI�
record and any relevant building codes and/or 
guidelines. The design should be based on the 
allowable strain for each type of application and 
the design modulus of the material.  The Fyfe 
Co. LLC engineering staff will provide preliminary 
design at no obligation.

LIMITATIONS
Application temperature of the epoxy is a 
minimum 40o F (4o C) and maximum of 100o F 
(38o C).  DO NOT THIN, solvents will prevent 
proper cure.

SAFETY PRECAUTIONS
Avoid breathing vapors.  Avoid contact with eyes 
and skin.  Use of an approved respirator with an 
organic absorption cartridge is recommended 
for possible vapors.  Rubber gloves, rubber 
boots, and protective suits are recommended 
for handling and application of this material.  
Safety glasses or a face shield are recommended 
to prevent eye contact.

SURFACE PREPARATION
The required surface preparation is largely 
dependent on the type of element being 
strengthened.  In general, the surface must be 
clean, dry and free of protrusions or cavities, 
which may cause voids behind the Tyfo® 
composite.  Column surfaces that will receive 
continuous wraps typically require only a broom 
cleaning.  Discontinuous wrapping surfaces 
(walls, beams, slabs, etc.) typically require a light 
sandblast, grinding or other approved methods 
to prepare for bonding.  Sharp and chamfered 
corners will be rounded off by grinding or using 
thickened Tyfo® S epoxy (Tyfo® WS epoxy or 
approved repair mortar). At the time of application, 
the substrate shall not have any free  moisture 
on it. If moisture cannot be avoided, the use of 
Tyfo® WP (Wet-Prime epoxy) is recommended. 
Tyfo® Fibr™ Anchors are incorporated in some 
designs.  The Fyfe Co. LLC engineering staff will 
SURYLGH�WKH�SURSHU�VSHFL¿FDWLRQV and details based 
RQ�WKH�SURMHFW�UHTXLUHPHQWV�

APPLICATION
Apply one prime coat of Tyfo®  S Epoxy on the 
substrate by using a roller. Saturate the fabric 
by feeding it through the Tyfo® Saturator. 
Apply using the Tyfo® wrapping equipment 
or approved hand methods (See the  Tyfo® 
Saturator Manual). Prior to the application of 
WKH�VDWXUDWHG�IDEULF��¿OO�DQ\�XQHYHQ�VXUIDFH�
with thickened Tyfo® S epoxy. Saturate 
and apply subsequent layers of the fabric 
according to the Specifications and the 
Design Requirements. The use of a roller or 
hand pressure, ensure proper orientation of 
¿EHUV��UHOHDVH�RU�UROO�RXW�HQWUDSSHG�DLU�DQG�
HQVXUH� WKDW� HDFK� LQGLYLGXDO� OD\HU� LV� ¿UPO\�
bedded and adhered to the preceding layer 
RU�VXEVWUDWH��$SSO\�D�¿QDO�FRDW�RI�thickened 
Tyfo® S Epoxy and detail all fabric edges, 
including butt splice, termination points and 
MDFNHW�HGJHV� Please refer to the NSF Listing 
for the NSF-61 Listed Application.
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SECTION I: MATERIAL AND MANUFACTURER IDENTIFICATION 
 

 
MANUFACTURER: 

FYFE CO. LLC 
8380 Miralani Drive, Suite A 

San Diego, CA 92126 

EMERGENCY TELEPHONE NUMBER: 
800-424-9300 or 703-527-3887 

INFORMATION TELEPHONE NUMBER: 
Tel: 858-642-0694  Fax: 858-444-2982 

PRODUCTION IDENTIFICATION NUMBER: Tyfo® SCH-41  
CHEMICAL FAMILY: Carbon Fiber 

 
 

SECTION II: OSHA REGULATED COMPONENTS 
 

This document is prepared pursuant to the OSHA Hazard Communication Standard (29 CFR 1910.1200). 
 

MATERIAL OR 
COMPONENT 

CAS 
NUMBER 

% BY 
WEIGHT OSHA(PEL) ACGIH(TLV) 

 
CARBON FIBER 

 
7440-44-0 

 

 
92-96 

15 mg/m3 (Total) 
5 mg/m3 (Respirable) 

15 mg/m3 (Total) 
3 mg/m3 (Respirable)  

GLASS FIBER 65997-17-3 2-4 15 mg/m3 (Total) 
5 mg/m3 (Respirable) 

 

10 mg/m3 
3 mg/m3 

EPOXY SIZING 25036-25-3 2-4 Not Determined Not Determined 

 

SECTION III: HAZARD IDENTIFICATION 
 

 
EMERGENCY OVERVIEW: No unusual conditions are expected from this product. 
 
APPEARANCE AND ODOR: Resin-coated black carbon fibers woven into fabric of varying weight and thickness, 
depending on the style, with no distinctive odor. 
 
STATEMENTS OF HAZARD: 
CARBON MATERIAL IS ELECTRICALLY CONDUCTIVE. ELECTRICAL SYSTEMS SHOULD BE PROTECTED FROM 
EXPOSURE TO AIRBORNE FIBER. 
DUST PARTICLES ASSOCIATED WITH THIS PRODUCT MAY CAUSE IRRITATION OF THE SKIN, EYES, OR UPPER 
RESPIRATORY TRACT.  
 
PRIMARY ROUTES OF EXPOSURE: 
EYES--YES  SKIN CONTACT--YES    INHALATION--NO   INGESTION--NO 
 
HMIS RATING: 
CARBON: HEALTH--1   FLAMMABILITY--0   REACTIVITY--0    SPECIAL—NONE 
GLASS: HEALTH--2   FLAMMABILITY--1   REACTIVITY--0    SPECIAL—NONE 
SIZING: HEALTH--1   FLAMMABILITY--1   REACTIVITY--0    SPECIAL—NONE  
 
POTENTIAL HEALTH EFFECTS: 
EYES: Low hazard. May cause temporary irritation. 
SKIN: Low hazard for usual industrial or commercial production. No effects expected under normal use.  
INHALATION: In some cases – see Section VII. No effects expected under normal use. 
INGESTION: Ingestion unlikely under normal use. May cause gastrointestinal irritation.  



 
 

SECTION III: HAZARD IDENTIFICATION (CONTINUED) 
 

 
SIGNS AND SYMPTOMS OF EXPOSURE: Possible Rash. 
 
MEDICAL CONDITIONS AGGRAVATED BY EXPOSURE: None known 
 

 

SECTION IV: FIRST AID MEASURES 
 

 
SKIN CONTACT: To relieve skin irritation, wash with soap and water. Avoid rubbing or scratching. 
EYE CONTACT: Flush eyes with water. Avoid rubbing or scratching. 
INHALATION: Remove to fresh air. Treat any irritation symptomatically, contact a physician. 
INGESTION: Ingestion very unlikely. 
 

 

SECTION V: FIRE FIGHTING MEASURES 
 

 
FLASH POINT/METHOD OF DETERMINATION: N/A. Not Flammable  
 
FLAMMABILITY LIMITS: N/A 
 
EXTINGUISHING MEDIA: Normal firefighting procedures. Carbon dioxide, dry chemical, water spray. 
 
SPECIAL FIREFIGHTING PROCEDURES: N/A 
 
USUAL FIRE AND EXPLOSION HAZARDS: Carbon fiber may be released in a fire situation, and the fibers are sufficiently 
conductive to cause severe electrical problems. Burning normally stops when ignition source is removed. Pulp and dust 
may continue to smolder once ignited. Carbon fiber dust does not present an explosion hazard. 
 

 

SECTION VI: ACCIDENTAL RELEASE MEASURES 
 

 
PROCEDURES IN CASE OF ACCIDENTAL RELEASE OR LEAKAGE: N/A. 
 

 

SECTION VII: HANDLING AND STORAGE 
 

 
PRECAUTIONS TO BE TAKEN IN HANDLING AND STORAGE: Store in a cool, dry place. Maintain seal against 
contamination from dirt and moisture. 
 
OTHER PRECAUTIONS: Protect all electrical equipment, in or near areas in which fiber is handled or used, from contact 
with airborne particles and filaments to avoid possible damage caused by electrical shorts. Airborne particles and filaments 
should be controlled so as to minimize (1) skin irritation, (2) electrical shorts in switch gear, etc. due to conductivity of fiber. 
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SECTION VIII: EXPOSURE CONTROLS/PERSONAL PROTECTION 

 
EYE/FACE PROTECTION: Safety glasses 
 
SKIN PROTECTION: Recommended disposable protective garments to eliminate possible skin irritation. Clothing should 
protect the base of the neck, legs and arms. Protective gloves (rubber).  
 
RESPIRATORY PROTECTION: Personal dust respirators applicable if high degree of fiber fly is experienced. NIOSH 
approved nuisance dust masks. 
 
VENTILATION: Adequate ventilation should be provided at points where product is handled. Skin contact should be 
minimized through process design or protected with the use of protective clothing, eye protection and work gloves. 
 
GENERAL HYGIENE RECOMMENDATIONS: Before eating, drinking, smoking or using toilet facilities, wash face and 
hands thoroughly with soap and water.  
 

 

SECTION IX: PHYSICAL & CHEMICAL PROPERTIES    

 
 

APPEARANCE AND ODOR Black, odorless 
BOILING POINT (F/C) N/A 
MELTING POINT (F/C) N/A 

SPECIFIC GRAVITY ( WATER=1) 1.7-1.8  
VAPOR PRESSURE (MM Hg.) N/A 

VAPOR DENSITY (AIR-1) N/A 
% VOLATILE (BY WEIGHT) <0.2 

EVAPORATION RATE (Butyl Acetate = 1): N/A 
SOLUBILITY IN WATER Negligible (Dispersible) 

 
 

SECTION X: STABILITY AND REACTIVITY    

 
STABILITY: Stable under normal handling and storage conditions. 
 
INCOMPATIBLE MATERIALS: Exposure to electrical equipment and circuitry. Avoid contact with strong oxidizing agents. 
 
PRODUCTS EVOLVED FROM HEAT OF COMBUSTION OR DECOMPOSITION: Oxides of carbon and nitrogen. Sizing 
may boil off as a fume which should be vented. 
 
HAZARDOUS POYMERIZATIONS: Will not occur under normal conditions of use.  
 

 

SECTION XI: TOXICOLOGICAL INFORMATION 
 

 
MATERIAL OR COMPONENT TOXICITY DATA: N/A 
 

 

SECTION XII: ECOLOGICAL INFORMATION 
 

 
No ecological data has been determined. 
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SECTION XIII: DISPOSAL CONSIDERATIONS    

 
WASTE DISPOSAL METHODS: Industrially approved landfill. It is the responsibility of the generator to comply with all 
federal, state, provincial and local laws and regulations. We recommend that you contact an appropriate waste disposal 
contractor and environmental agency for relevant laws and regulations. Under the US, Resource Conservation and 
Recovery Act (RCRA), it is the responsibility of the user of the product to determine at the time of disposal, whether the 
product meets relevant waste classification and to assure proper disposal. 
 

 

SECTION XIV: TRANSPORTATION INFORMATION 
 

 

DOT AND IATA: 
 

PROPER SHIPPING NAME Not Applicable 
HAZARD CLASS Not Applicable 

UN/NA Not Applicable 
DOT HAZARDOUS SUBSTANCE Not Applicable 

LABEL REQUIRED Not Applicable 
 

 

SECTION XV: REGULATORY INFORMATION 
 

 
SARA TITLE III: 
 
SECTION 311 HAZARDOUS CATEGORIZATION:  
Not Applicable  
 
ALL MATERIALS OR COMPONENTS OF THIS PRODUCT ARE EITHER LISTED OR ARE NOT REQUIRED TO BE 
LISTED IN THE EPA TSCA INVENTORY 
 
This product does not contain any components regulated under these sections of the EPA. 
 

 

SECTION XVI: OTHER INFORMATION 
 

 
SPECIAL PRECAUTIONS: Empty containers will retain some of the product residue. When handling of disposing of them, 
follow all label warnings, other instructions and waste disposal procedures. 
 
EXPLANATION AND DISCLAIMER: Wherever  such  words  of  phrases  as  “hazardous,”  “toxic,”  “carcinogen,”  etc. appear 
herein, they are used as defined or described under state employee right-to-know laws, Federal OSHA laws or the or the 
direct sources for these laws such as the International Agency for Research on Cancer (ISRC), the National Toxicology 
Program (NTP), etc. The use of such words or phrases should not be taken to mean that we deem or imply any substance 
or exposure to be toxic, hazardous or otherwise harmful. ANY EXPOSURE CAN ONLY BE UNDERSTOOD WITHIN THE 
ENTIRE CONTEXT OF ITS OCCURRENCE, WHICH INCLUDES  SUCH  FACTORS  AS  THE  SUBSTANCE’S  
CHARACTERISTICS AS DEFINED IN THE MSDS, AMOUNT AND DURATION OF EXPOSURES, OTHER CHEMICALS 
PRESENT AND PREEXISTING INDIVIDUAL DIFFERENCES IN RESPONSE TO THE EXPOSURE. 
 
The data provided is based on the information received from our raw material suppliers and other sources believed to be 
reliable. THIS DATA DOES NOT CONSTITUTE A GUARANTEE (EXPRESSED OF IMPLIED), WARRANTY (INCLUDING 
WARRANTY WITHOUT LIMITATION, MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE ) OR 
REPRESENTATION (INCLUDING FREEDOM FROM PATENT LIABILITY) BY US WITH RESPECT TO THE DATA, THE 
PRODUCT DESCRIBED OR ITS USE FOR ANY SPECIFIC PURPOSE, EVEN IF THAT PURPOSE IS KNOWN TO US. 
WE DISCLAIM LIABILITY FOR DAMAGE OR INJURY INCURRING DIRECTLY OR INDIRECTLY FROM THE USE OF 
THIS PRODUCT. 
 
APPROVED AND AUTHORIZED BY:  Edward R. Fyfe 
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