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Abstract 

This study focused on replacing conventional unsustainable resins currently used in the 

fabrication of externally bonded Fibre Reinforced Polymers (FRP) with bio-based resins. The 

first two phases of this study explored three partially bio-based resin blends, namely; one with 

41% of its content derived from vegetable and wood industry by-products (VW), a cashew nut 

shell liquid (CN) resin blend and an epoxidized linseed oil (ELO) resin blend. The mix ratios 

with epoxy were varied to obtain 20 to 40% bio content for the CN resin, and 10 to 40% bio 

content for the ELO resin. Both glass (G) and carbon (C) fibres were investigated.  

Ninety tension coupons and sixty lap splice specimens were tested as part of the first phase of 

this study. The VW specimens had mean tensile strength (fu) within 9% of the epoxy (E) FRP 

specimens. The CN30%-CFRP specimens had a similar fu compared to the E-CFRP specimens, 

while the CN40%-GFRP specimens had a fu, 15% lower than the E-GFRP specimens. 

ELO20%-CFRP specimens had a fu similar to the E-CFRP specimens and the ELO30-G 

specimens had a fu, 13% higher than the E-GFRP specimens. 

In the second phase, small concrete beam bond test specimens were tested to compare FRP 

bond strengths. It was found that the VW resin, with the highest bio content of 41%, had similar 

bond strength compared to epoxy. The ELO resin with 20% bio content showed the highest 

bond strength, at 30% higher than epoxy. The CN resin, at 20 to 30% bio content, resulted in 

comparable bond strengths compared to epoxy. 

This final phase examined the effects of freeze-thaw (FT) cycling on both FRP coupons and 

large-scale reinforced concrete beams with externally bonded FRPs fabricated with three 

different resins – a furfuryl alcohol fully bio resin, an epoxidized pine oil partial bio resin and 
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the E resin. The FT conditioning was found to have minimal effects on the tensile strength and 

modulus of the FRP coupons. For the beams, the ultimate strengths after FT conditioning 

increased by 7 to 17%, likely due to the additional concrete curing during thawing in water.  

 

  



iv 

 

Acknowledgements 

I would like to take the opportunity to express my gratitude toward my supervisor Dr. Amir 

Fam for his continuous support and guidance throughout my Masters Degree. I also wish to 

acknowledge Kenneth Mak for his devoted mentorship throughout the past two years. 

I would also like to thank the technical staff for their support and knowledge, especially Paul 

Thrasher and Neil Porter. Many thanks to the administrative staff, in particular Debbie Richie 

and Maxine Wilson for their continuous assistance.  

Special thanks to James St. Onge, Valon Sylaj and all the other structural graduate students 

who were always available to lend a helping hand or a few words of advice. Finally, I would 

like to thank my friends and family who were always there to encourage me and support me 

throughout this experience. 

 

 

 

  



v 

 

Table of Contents 

Abstract  ............................................................................................................................. ii 

Acknowledgements .................................................................................................................. iv 

List of Figures ........................................................................................................................ viii 

List of Tables ............................................................................................................................ x 

Chapter 1: Introduction ......................................................................................................... 1 

1.1 General ....................................................................................................................... 1 

1.2 Objectives ................................................................................................................... 3 

1.3 Scope .......................................................................................................................... 4 

1.4 Thesis Format ............................................................................................................. 5 

Chapter 2: The Effect of Bio-Based Content in Resin Blends on Tensile Properties of FRP 

Wet Layup Systems .................................................................................................................. 7 

2.1 Introduction ................................................................................................................ 7 

2.2 Experimental Program ................................................................................................ 8 

2.2.1 Materials ............................................................................................................. 9 

2.2.2 Uniaxial Tension Test ....................................................................................... 10 

2.2.2.1 Test Specimens and Parameters ................................................................ 10 

2.2.2.2 Specimen Fabrication ................................................................................ 11 

2.2.2.3 Test Setup and Instrumentation ................................................................. 12 

2.2.3 Lap Splice Tension Tests .................................................................................. 12 

2.2.3.1 Test Matrix ................................................................................................ 12 

2.2.3.2 Specimen Fabrication ................................................................................ 12 

2.2.3.3 Test Setup and Instrumentation ................................................................. 13 

2.3 Experimental Results ................................................................................................ 13 

2.3.1 Uniaxial Tension Tests ..................................................................................... 13 

2.3.1.1 Failure Modes ............................................................................................ 13 

2.3.1.2 Effect of Resin Type and Bio Content ....................................................... 13 

2.3.1.3 Effect of Fibre Type .................................................................................. 16 

2.3.2 Lap Splice Tension Tests .................................................................................. 17 

2.3.2.1 Failure Modes ............................................................................................ 17 

2.3.2.2 Effect of Lap Splice Length ....................................................................... 17 

2.4 Summary .................................................................................................................. 18 

Chapter 3: The Influence of Bio Content and Type in Resins on FRP Wet Layup Bond 

Strength to Concrete  .............................................................................................................. 31 



vi 

 

3.1 Introduction .............................................................................................................. 31 

3.2 Experimental Program .............................................................................................. 33 

3.2.1 Materials ........................................................................................................... 33 

3.2.2 Test Specimens and Parameters ........................................................................ 35 

3.2.3 Specimen Fabrication ........................................................................................ 35 

3.2.4 Test Setup and Instrumentation ........................................................................ 37 

3.3 Experimental Results ................................................................................................ 37 

3.3.1 Failure Modes ................................................................................................... 38 

3.3.2 Effect of Resin Type and Bio Content .............................................................. 39 

3.3.3 Effect of Fibre Type .......................................................................................... 41 

3.4 Summary .................................................................................................................. 41 

Chapter 4: Durability under Freeze-Thaw Cycles of Concrete Beams Retrofitted with 

Externally Bonded FRPs using Bio-Based Resins.................................................................. 53 

4.1 Introduction .............................................................................................................. 53 

4.2 Experimental Program .............................................................................................. 56 

4.2.1 Materials ........................................................................................................... 56 

4.2.2 FRP Tension Coupons ...................................................................................... 57 

4.2.2.1 Test specimens and parameters: ................................................................ 58 

4.2.2.2 Specimen fabrication ................................................................................. 58 

4.2.2.3 Test setup and instrumentation .................................................................. 58 

4.2.3 Large-Scale Beams ........................................................................................... 59 

4.2.3.1 Test specimens and parameters ................................................................. 59 

4.2.3.2 Specimen fabrication ................................................................................. 60 

4.2.3.3 Conditioning program ................................................................................ 61 

4.2.3.4 Test setup and instrumentation .................................................................. 61 

4.3 Experimental Results ................................................................................................ 62 

4.3.1 FRP Tension Coupon Tests .............................................................................. 62 

4.3.1.1 Failure modes ............................................................................................ 63 

4.3.1.2 Effect of conditioning ................................................................................ 63 

4.3.1.3 Effect of resin type .................................................................................... 64 

4.3.1.4 Effect of fibre type ..................................................................................... 64 

4.3.2 Large Scale Beams ............................................................................................ 65 

4.3.2.1 Failure modes ............................................................................................ 65 

4.3.2.2 Effect of conditioning ................................................................................ 65 

4.3.2.3 Effect of resin type .................................................................................... 67 



vii 

 

4.3.2.4 Effect of fibre type ..................................................................................... 68 

4.4 Summary .................................................................................................................. 68 

Chapter 5: Summary and Conclusions ............................................................................... 83 

5.1 The Effect of Bio-Based Content in Resin Blends on Tensile Properties of FRP Wet 

Layup Systems .................................................................................................................... 83 

5.2 The Influence of Bio Content and Type in Resins on FRP Wet Layup Bond Strength 

to Concrete .......................................................................................................................... 84 

5.3 Durability under Freeze-Thaw Cycles of Concrete Beams Retrofitted with Externally 

Bonded FRPs using Bio-Based Resins ............................................................................... 85 

5.4 Recommendations for Future Work ......................................................................... 87 

References  ........................................................................................................................... 88 

 

 

 

 

 

  



viii 

 

List of Figures 

Figure 2.1: Uniaxial FRP Tension Coupon ............................................................................. 23 

Figure 2.2: Lap Splice FRP Tension Coupon ......................................................................... 23 

Figure 2.3: Typical failure modes for each fibre-resin combination (a1) E-C (a2) E-G (b1) VW-

C (b2) VW-G (c1) CN20-C (c2) CN20-G (c3) CN30-C (c4) CN30-G (c5) CN40-C (c6) CN40-

G(d1) ELO10-C (d2) ELO10-G (d3) ELO20-C (d4) ELO20-G (d5) ELO30-C (d6) ELO30-G 

(d7) ELO40-C (d8) ELO40-G ................................................................................................ 24 

Figure 2.4: Mean Ultimate Tensile Strength of the (a) carbon and (b) glass FRP tension 

Specimens ............................................................................................................................... 25 

Figure 2.5: Mean Tensile Modulus of the (a) Carbon and (b) Glass FRP Tension Specimens

 ................................................................................................................................................. 25 

Figure 2.6: Ultimate Tensile Strength per Bio Content for Each Resin Type ........................ 26 

Figure 2.7: Stress Strain Behaviour of the E-C (a) and E-G (b) Tension Coupons ................ 27 

Figure 2.8: Stress Strain Behaviour of the VW-C (a) and VW-G (b) Tension Coupons ....... 27 

Figure 2.9: Stress Strain Behaviour of the CN30-C (a) and CN30-G (b) Tension Coupons .. 28 

Figure 2.10: Stress Strain Behaviour of the ELO20-C (a) and ELO30-G (b) Tension Coupons

 ................................................................................................................................................. 28 

Figure 2.11: Lap Splice Failure Modes (a) 25mm delamination (b) 51mm delamination (c) 

102mm delamination (d) 25mm delamination (e) 51mm delamination/longitudinal splitting (f) 

51mm delamination/fibre tear (g) 102mm longitudinal splitting ........................................... 29 

Figure 2.12: Strength for each lap splice length for (a) carbon and (b) glass ......................... 30 

Figure 3.1: Specimen Dimensions .......................................................................................... 46 

Figure 3.2: Test Setup and Instrumentation ............................................................................ 46 

Figure 3.3: Internal Forces of Notched Small Beam Bond Specimen .................................... 47 

Figure 3.4: Failure Modes (a) adhesive failure (A), (b) mixed failure (M), (c) cohesive failure 

(C), and (d) shear failure (S). (Note: right side section of beam is inverted to show bond surface)

 ................................................................................................................................................. 48 

Figure 3.5: Mean Ultimate Load and Standard Deviation of the (a) Carbon and (b) Glass 

Specimens ............................................................................................................................... 49 

Figure 3.6: Mean Normalized Ultimate Bond Strength and Standard Deviation of the (a) 

Carbon and (b) Glass Specimens ............................................................................................ 49 

Figure 3.7: Normalized Bond Strength per Bio Content for Each Resin Type ...................... 50 

Figure 3.8: Load-Deflection Responses of the (a) E-C and (b) E-G Specimens .................... 51 

Figure 3.9: Load-Deflection Responses of the (a) VW-C and (b) VW-G Specimens ............ 51 

Figure 3.10: Load-Deflection Responses of the (a) CN30-C and (b) CN30-G Specimens .... 52 

Figure 3.11: Load-Deflection Responses of the (a) ELO20-C and (b) ELO20-G Specimens 52 

Figure 4.1: Tension Coupon Layout ....................................................................................... 72 

Figure 4.2: Large Scale Beam Layout .................................................................................... 73 

Figure 4.3: Freeze-Thaw Setup ............................................................................................... 74 



ix 

 

Figure 4.4:  Freeze-Thaw Conditioning Program ................................................................... 75 

Figure 4.5: Large Scale Beam Test Setup ............................................................................... 76 

Figure 4.6: FRP Tension Coupon Failure Modes (a) G-EP (b) C-EP (c) C-E (d) C-FA ........ 77 

Figure 4.7: (a) Mean Tensile Strength and (b) Mean Tensile Modulus of the FRP Tension 

Coupons .................................................................................................................................. 78 

Figure 4.8: Stress Strain Behaviour of the (a) C-E, (b) C-FA, (c) C-EP and (d) G-EP Tension 

Coupons .................................................................................................................................. 79 

Figure 4.9: Large-Scale Beam Failure Modes ........................................................................ 80 

Figure 4.10: Large-Scale Beam Load-Deflection Behaviour (a) Control (b) C-E-WL (c) C-EP-

WL (d) G-EP-WL (e) C-E-MWL (f) C-FA-MWL ................................................................. 81 

Figure 4.11: Large-Scale Beam Load-Strain Behaviour (a) Control (b) C-E-WL (c) C-EP-WL 

(d) G-EP-WL (e) C-E-MWL (f) C-FA-MWL ........................................................................ 82 

 

 

  



x 

 

List of Tables 

Table 2.1: Uniaxial FRP Tension Test Matrix ........................................................................ 20 

Table 2.2: CN Resin Mix Ratios ............................................................................................. 20 

Table 2.3: ELO Resin Mix Ratios ........................................................................................... 21 

Table 2.4 FRP Lap Splice Tension Test Matrix ..................................................................... 21 

Table 2.5: Uniaxial Tension Test Results ............................................................................... 22 

Table 2.6: Lap Splice FRP Tension Test Results ................................................................... 22 

Table 3.1: Small Beam Bond Test Matrix .............................................................................. 43 

Table 3.2: CN Resin Mix Ratios ............................................................................................. 43 

Table 3.3: ELO Resin Mix Ratios ........................................................................................... 44 

Table 3.4: Mechanical Properties of the FRP Materials (McIsaac & Fam, 2017) .................. 44 

Table 3.5: Bond Test Results .................................................................................................. 45 

Table 4.1: FRP Tension Coupon Test Matrix ......................................................................... 70 

Table 4.2: Large-Scale Beam Test Matrix .............................................................................. 70 

Table 4.3: FRP Tension Coupon Test Results ........................................................................ 70 

Table 4.4: Statistical Analysis of FRP Tension Coupon Results ............................................ 71 

Table 4.5: Large-Scale Beams Test Results after FT Exposure ............................................. 71 

 

 

 

 

 

 



1 

 

Chapter 1: Introduction 

1.1 General 

The aging of current infrastructure results in a growing need for innovative rehabilitation and 

strengthening methods. Externally bonded steel plates, concrete jackets and external post-

tensioning are some of the traditional techniques available to strengthen and rehabilitate 

concrete structures. However, since the 1980s, externally bonded Fibre-Reinforced Polymers 

(FRPs) have proven to have many advantages over traditional methods (ACI 440.2R, 2008). 

They have a high strength-to-weights ratio, are corrosion-resistant and can be installed with 

little disruption to the surrounding environment. 

FRPs are a composite material comprised of two elements: the fibres and the resin. The fibres 

act as the reinforcement and provide the strength and stiffness to the composite while the resin 

acts as a matrix which uniformly distributes the stresses throughout the composite. Both the 

fibres and the resin are typically derived from unsustainable sources. With a growing push to 

find more sustainable building materials, there is a need to find more sustainable alternatives 

for the fabrication of FRPs. There are two options to make FRPs more sustainable. The first is 

to use natural fibres and the second is to use bio-based resins. It has been shown that natural 

fibres generally have much lower tensile strength and modulus compared to glass and carbon 

fibres (Mak et al., 2016), which imposes some limitations on their use in structural applications. 

However, using traditional fibres like glass and carbon in conjunction with bio-based or 

partially bio-based resins has the potential to create a more sustainable system while 

maintaining the required mechanical properties.  

There have been a few studies on the use of bio-based or partially bio-based resins with 

synthetic fibres. Eldridge and Fam (2014) evaluated the behaviour of concrete cylinders 
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wrapped with glass FRPs made with both epoxy (E) resin and a furfuryl alcohol based bio-

resin (FA). The FA was found to perform adequately when compared to E, in terms of confined 

axial strength of the cylinders. It is important to note that this application was “contact-critical” 

and not “bond-critical.” Subsequent attempts by McSwiggan and Fam (2017) to investigate the 

same FA resin in flexural strengthening using a wet lay-up technique, which is a “bond-

critical” application, failed. On the other hand, excellent results were obtained when FA resin 

was used to prefabricate FRP plates and then bond them to concrete using epoxy paste. In this 

same study, McSwiggan and Fam (2017) explored an alternative epoxidized pine oil (EP) resin 

blend with a very small bio content. It showed similar bond capacity compared to the E resin.  

By nature, externally bonded FRPs are typically exposed to harsh environmental conditions 

like freeze-thaw cycling, marine environments and de-icing salts. It is therefor important to 

understand the effects that these environmental conditions have on both the mechanical 

properties of FRPs and on the bond between FRPs and concrete. A few studies have looked at 

the effects of environmental conditioning of FRPs fabricated with bio-based resins. In a study 

by Eldridge and Fam (2014), the effects of environmental aging in saltwater at elevated 

temperatures on glass FRPs fabricated with the FA and the E resins were evaluated. They found 

that the FRPs fabricated with the FA resin had up to a 39% lower strength retention compared 

to FRPs fabricated with the E resin. McSwiggan and Fam (2016) carried out a similar study on 

carbon FRPs fabricated with the FA, the EP and the E resins. The maximum strength losses 

for the FA, EP and E resins where 19%, 8% and 10%, respectively. Another study, McSwiggan 

et al. (2016), investigated the effect of environmental aging in salt water baths at elevated 

temperatures on the bond between concrete and externally bonded carbon FRPs using the same 

three resins as in the previous study. A small notched beam test was used in this study. The EP 
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and E specimens were fabricated using a wet layup method and the FA specimens were 

fabricated by prefabricating the FRP laminates and adhering them to the concrete using an 

epoxy paste. The bond strength reduction did not exceed 15% after 240 days of conditioning 

for any of the resin types. 

1.2  Objectives 

Previous studies addressed one type of conditioning of bio-based resin FRPs, namely exposure 

to salt solution at elevated temperature. Additionally, no study has systematically examined 

the effect of varying the bio-content of the resin matrix on the mechanical properties and bond 

strength of FRPs. The main objective of this research was to evaluate the feasibility of 

replacing conventional unsustainable resins currently used in the fabrication of externally 

bonded FRPs with partially bio-based resins, with emphasis on addressing the gaps identified 

above. The effects of the type and bio content of the resin matrix on both the mechanical 

properties of FRPs and on the concrete FRP bond were investigated. Also, the effects of freeze-

thaw conditioning on FRP laminates and reinforced concrete beams with externally bonded 

FRPs fabricated with fully bio-based and partially bio-based resins, were investigated. The 

specific objectives are the following: 

1. Investigate the effects of the bio content of the resin matrix (from 10 to 41%) on the 

tensile properties of FRP tension coupons and FRP lap splice coupons for three 

different partially bio resins and compare them to those of FRPs fabricated with 

conventional epoxy resin. This was done by fabricating and testing standard FRP 

tension coupons and lap splice coupons. 

2. Study the effects of the bio content of the FRP resin matrix (from 10 to 41%) on the 

bond between FRP and concrete for three different partially bio resins and compare 



4 

 

them to those of FRPs fabricated with conventional epoxy resin. This was done using 

a standard small notched concrete beam test. 

3. Assess the durability of FRP laminates fabricated with a fully bio-based resin and a 

partially bio-based resin exposed to 300 freeze-thaw cycles and compare the results to 

those of specimens fabricated using conventional epoxy. This was done by testing 

conditioned FRP standard coupons and comparing them to unconditioned coupons. 

4. Study the durability of large scale reinforced concrete beams with externally bonded 

FRPs fabricated with a fully bio-based and partially bio-based resins and compare the 

results to beams with externally bonded FRP fabricated with conventional epoxy. The 

results of the conditioned beams were compared to the unconditioned control beams 

tested by McSwiggan and Fam (2017). 

1.3 Scope 

This research focused on replacing conventional unsustainable resins used for the fabrication 

of FRPs for external reinforcement with more sustainable alternatives. Material source, 

manufacturing process and transportation all effect the sustainability of a resin. The present 

study only considered the sustainability of the resin source. A total of five bio-based or partially 

bio-based resins were investigated as part of this study and were compared to a conventional 

epoxy resin. The work was divided into three phases. 

The first phase investigated the tensile properties of both carbon and glass FRPs fabricated 

with three different partially bio-based resins with varying bio contents, as well as the effect 

of bio-resin on lap splice length. This was accomplished by fabricating FRP coupons with the 

different resins using a wet-layup technique. The coupons were then tested and the tensile 



5 

 

strengths and moduli of the bio-based FRPs were compared to those of FRPs fabricated with 

the conventional epoxy resin.  

The second phase assessed the effects of the bio content of the resin matrix on the bond strength 

of FRP strips bonded to concrete. The same three types of partially bio-based resin with varying 

bio contents used in the previous phase were used here. This was accomplished using a small 

notched concrete beam bond test where the FRP strip was bonded to the sand-blasted tension 

face of the concrete beams. The beams were tested, and the mean ultimate normalized bond 

strengths of the bio-based specimens were compared to the values of the conventional epoxy 

specimens.  

The third and final phase evaluated the effects of freeze-thaw conditioning on both the tensile 

properties of FRP coupons and on large scale reinforced concrete beams retrofitted with 

externally bonded FRP reinforcement. In this phase, a fully bio-based resin and a partially bio-

based resin were used. Half of the coupons and all of the beams were exposed to 300 freeze-

thaw cycles prior to testing. The resins used in this phase of the study differ from those used 

in phase I and phase II because we wanted the beams to be identical to unconditioned beams 

tested by McSwiggan & Fam (2017) in order to evaluate the effect of the freeze-thaw cycles. 

The results for the fully bio resin and the partially bio resin were compared to those of the 

conventional epoxy resin specimens and the results of all the conditioned specimens were 

compared to those of unconditioned specimens.  

1.4 Thesis Format 

This thesis is divided into five main chapters. Chapter 1 (current chapter) provides a brief 

background and overview of the research. Chapter 2 consists of the first phase of this study 
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which examined the effects of the bio content of the resin matrix on the tensile properties of 

FRP tension coupons and FRP lap splices coupons. Chapter 3 presents the second phase of this 

study which assessed the effect of the bio content of the resin matrix on the FRP-concrete bond 

strength using a small notched beam test. Chapter 4 consist of the final phase which evaluated 

the freeze-thaw durability of FRP coupons and reinforced concrete beams retrofitted with 

externally bonded FRPs fabricated with a bio resin and a partially bio resin. Finally, Chapter 5 

presents conclusions and recommendations for future work.   
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Chapter 2: The Effect of Bio-Based Content in Resin Blends on Tensile 

Properties of FRP Wet Layup Systems1 

2.1 Introduction 

The use of externally bonded Fibre-Reinforced Polymers (FRP) for the strengthening and 

rehabilitation of concrete structures is a well-established practice. FRPs present many 

advantages over traditional materials. They have a high strength to weight ratio, are non-

corrosive and can easily be installed without the need for heavy equipment. However, FRPs 

are typically made of unsustainable materials like carbon and glass fibres used in conjunction 

with synthetic resins like epoxy. Bisphenol-A (BPA) is one of the main constituents of epoxy 

resins (Nouailhas et al., 2011). BPA is derived from petroleum which is a non-renewable and 

volatile resource. Additionally, BPA is known to be a carcinogen, be a mutagen and have 

reprotoxic effects (Nouailhas et al., 2011).  

There is a growing demand for more sustainable building materials. There are many factors 

which influence the environmental impact of a material including source, manufacturing 

process, transportation and more. This study focuses on resins derived from more sustainable 

sources. In the case of FRPs, there are two alternatives to make them more sustainable, natural 

based fibres and natural based resins. There have been multiples studies conducted on the 

fabrication of resins from bio based sources, such as plant oils (Montero De Espinosa & Meier, 

2011; Mosiewicki et al., 2004; Vlcek & Petrovic, 2006; Goud, et al., 2007), tree bark (Kuo et 

al., 2016), tannin (Nouailhas et al., 2011; Benyahya et al., 2014), liquified wood (Kishi et al., 

                                                 
1 This chapter has been submitted for publication as the following journal paper: 

McIsaac, A. and Fam, A. (2017). “The Effect of Bio-Based Content in Resin Blends on Tensile Properties of FRP 

Wet Layup Systems”, Construction and Building Materials, Under review 
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2011), lignin (Sasaki et al., 2013), cinnamic acid (Xin et al., 2014) and vanillin (Fache et al., 

2015). Additionally, studies have been conducted on the use of natural fibres both with bio-

based resins (Adekunle et al., 2011; Kalia et al., 2009; Landro & Janszen, 2014; O'Donnell et 

al., 2004; Williams & Wool, 2000; Wollerdorfer & Bader, 1998) as well as with synthetic 

based resins (Wambua et al., 2003; Mak et al., 2016). It has been shown that natural fibres 

generally have much lower tensile strengths and moduli compared to glass and carbon fibres 

(Mak et al., 2016), which imposes some limitations on their use in structural applications. 

Using synthetic fibres with bio-based resins has the potential to create a more sustainable 

system while maintaining the required mechanical properties. There have been a few studies 

on the use of bio-based or partially bio-based resins in conjunction with synthetic fibres 

(Crivello et al., 1996; Eldridge & Fam, 2014; McSwiggan & Fam, 2016; Fam et al., 2014; 

McSwiggan et al., 2016; McSwiggan & Fam, 2017). 

The objective of this study was to explore the optimal bio content of the resins used to fabricate 

FRPs while maintaining the desired mechanical properties, for three potential partially bio-

based resins. Mechanical properties of carbon and glass FRPs made from these resins were 

compared to FRPs made with conventional epoxy. The three partially bio-based resins were 

derived from by-products of the wood and vegetable industries, linseed oil, and cashew nut 

shell liquid, respectively. The bio-based content in this study was varied between 10 and 40% 

of the total resin weight. 

2.2 Experimental Program 

This study examined the tensile properties of 90 uniaxial FRP tension coupons fabricated 

with conventional epoxy resin and three partially bio-based resins. Additionally, the tensile 
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strength of 60 lap splice FRP tension coupons was evaluated. The following sections present 

the materials, fabrication method, instrumentation and testing program used for this study. 

2.2.1 Materials 

Carbon fibre sheet (C): A 1.0 mm thick Tyfo® SCH-41 unidirectional carbon fibre fabric with 

a 0.64 kg/m3 density was used. It has a reported tensile strength of 4,000 MPa, an elastic 

modulus of 230 GPa and an ultimate elongation of 1.7% (Fyfe Co. LLC, 2015). 

Glass fibre Sheet (G):  A 1.3 mm thick Tyfo® SEH-51A unidirectional glass fibre fabric with 

a 2.55 kg/m3 density was used. It has a reported tensile strength of 3,240 MPa, an elastic 

modulus of 72.4 GPa and an ultimate elongation of 4.5% (Fyfe Co. LLC, 2015). 

Conventional epoxy resin (E): A two-part Tyfo® S conventional epoxy resin was used. Part A 

is the resin and Part B is the curing agent. The mix ratio is 100 parts of component A to 34.5 

parts of component B by weight. The epoxy has a reported tensile strength of 72.4 MPa, a 

tensile modulus of 3.18 GPa, an ultimate elongation of 5.0% and a glass transition temperature 

of 82 °C (Fyfe Co. LLC, 2015). 

Bio-based resin blend (VW): A partially bio-based SR Greenpoxy 56 resin cured with Surf 

Clear Evo fast hardener was used. The resin blend has 41% by weight of its content derived 

from by-products of wood and vegetable industries (Sicomin Epoxy Systems, 2017). The 

reported tensile strength is 64 MPa, the tensile modulus is 3.1 GPa, the ultimate elongation is 

3.2% and the glass transition temperature is 75°C (Sicomin Epoxy Systems, 2014; Sicomin 

Epoxy Systems, 2015).  

Epoxidized linseed oil (ELO): A fully bio-based epoxidized linseed oil Vikoflex® 7190 was 

used (Arkema Inc., 2014; 2017). No curing agent was specified by manufacturer for this resin. 
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In this study, this resin was mixed with the resin component of E and cured by the curing agent 

component of E, to produce a final product with various bio contents as will be described. 

Since this resin was blended in house, the mechanical properties were unavailable.  

Cashew nut shell liquid (CN) epoxy reactive diluent and curing agent: A low viscosity, 

monofunctional epoxy reactive diluent Cardolite® NC-513 derived from cashew nut shell 

liquid was used. It has at least 65% bio content (Cardolite Corporation, 2014b). The 

manufacturer recommended using this diluent to replace the resin component of conventional 

epoxies, using up to 20% by weight. To cure this resin, a low viscosity phenalkamine 

Cardolite® NX-2003 curing agent was used. It too has at least 65% bio content (Cardolite 

Corporation, 2014a).  No mixing ratio of resin and curing agent was specified for this product. 

In this study, the partially bio resin Cardolite® NC-513 was mixed with the resin component 

of E and cured using the CN curing agent to produce a final product with various bio contents 

as will be described. Since this resin was blended in house, the mechanical properties were 

unavailable. 

2.2.2 Uniaxial Tension Test 

A uniaxial tension test program was performed to determine the tensile strength, modulus of 

elasticity and the ultimate elongation of the specimens using the three different types of 

partially bio resins with different bio contents. 

2.2.2.1 Test Specimens and Parameters  

Table 2.1 summarizes the test matrix for the uniaxial tension tests. The FRP tension coupons 

were fabricated in accordance with ASTM D3039/3039M (2014). The specimens can be 

divided into two main categories, Carbon-FRPs (C) and Glass-FRPs (G). Each fibre category 
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is then divided into four subcategories based on resin type (E, VW, CN and ELO). The CN 

and ELO resin categories, which are the ones blended with E, are then divided based on bio 

content (20, 30 and 40% for the CN) and (10, 20, 30 and 40% for the ELO). Five repetitions 

were performed for each category. 

2.2.2.2 Specimen Fabrication  

The uniaxial tension coupons were fabricated using a wet layup method. A single fibre sheet 

was fully saturated with resin and placed between two thin sheets of plastic. The excess resin 

was then squeezed out using a plastic scrapper. The sheet was then placed between two high 

density polyethylene plates and allowed to cure for two weeks. The FRP sheets was then cut 

into 255 ± 1.5 mm by 25 ± 1.5 mm specimens, as shown in Figure 2.1, using a wet tile saw. 

Prefabricated 51 mm x 25 mm GFRP tabs were adhered to either end of the specimen on both 

faces using a high viscosity epoxy paste. This was done to prevent grip failure (ASTM 

D3039/D3039M, 2014).  

The CN specimens were fabricated using a blended resin comprised of the E resin, the CN 

diluent and the CN catalyst in the ratios presented in Table 2.2, to achieve final bio contents of 

20, 30 and 40% by weight. To achieve this, the CN diluent was added to the E resin, at 20% 

by weight, and mixed well. Then, the CN catalyst was added to that mix using various 

percentages of 14, 33 and 52% of the total weight.    

The ELO specimens were fabricated using a blended resin comprised of the E resin, the ELO 

and the E catalyst in the ratios presented in Table 2.3, to achieve final bio contents of 10, 20, 

30 and 40% by weight. To achieve this, different percentages by weight of E resin (14, 27, 40 

and 54%) were first replaced by ELO, and then the E catalyst was added at 26% by weight. 
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2.2.2.3 Test Setup and Instrumentation 

The specimens were tested in an Instron Universal Testing Machine at a constant loading rate 

of 2 mm/min in accordance with ASTM D3039/D3039M (2014). The load was monitored and 

recorded throughout. The strain was measured with a 25 mm gauge extensometer. The 

extensometer was removed prior to failure to prevent damage to it. The extensometer could 

not be used for the CN20, CN40 and ELO40 specimens because they were too flexible therefor 

5 mm foil strain gauges were used instead. 

2.2.3 Lap Splice Tension Tests 

Based on the previous phase, the most promising partially bio resin system was identified, and 

a lap splice tension test program was performed to determine the optimal lap splice length. 

2.2.3.1 Test Matrix 

Table 2.4 presents a summary of the test matrix for the lap splice tension test. The lap splice 

FRP coupons were fabricated in accordance with ASTM D7616/D7616M (2011). The 

specimens can be divided into two main categories, C-FRPs and G-FRPs. Each fibre category 

is then divided into two subcategories based on resin type (E and VW). Three lap splice length 

were tested for each fibre-resin combination (25±1.5, 51±1.5 and 102±1.5 mm). Five 

repetitions were performed for each category. 

2.2.3.2 Specimen Fabrication  

The lap splice coupons were fabricated in a similar manner to the uniaxial tension coupons. In 

this case, two separate fibre sheets were saturated and overlapped to the desired lap splice 

length before being placed between the plastic sheets. The specimens were cut into 25 ± 1.5 

mm by 279, 305, or 356 ± 1.5 mm specimens, as shown in Figure 2.2, using a wet tile saw. 
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2.2.3.3 Test Setup and Instrumentation 

The ultimate strength was measured in accordance with ASTM D7616/D7616M (2011). The 

specimens were tested in an Instron Universal Testing Machine at a constant loading rate of 2 

mm/min. The load was monitored and recorded throughout. 

2.3 Experimental Results 

The following section presents the experimental results of both the uniaxial FRP tension test 

and the FRP lap splice tension test. 

2.3.1 Uniaxial Tension Tests 

Table 2.5 presents a summary of the experimental results of the uniaxial tension test including 

the failure modes, mean ultimate tensile strengths, mean tensile moduli and mean ultimate 

strains with their respective standard deviations (SD) for each fibre-resin combination. 

2.3.1.1 Failure Modes 

Figure 2.3 shows a representative example of each resin-fibre combination and its main failure 

mode. The failure modes were classified in accordance with ASTM D3039/D3039M (2014). 

The carbon specimens were governed by two distinct failure modes. The E, VW, CN30 and 

ELO10 specimens failed by multi-mode failure at various locations (MMV). The CN20, CN40, 

ELO20, ELO30, and ELO40 specimens failed by splitting in the gauge areas at various 

locations (SVG). The glass specimens all had the same explosive failure mode in the gauge 

area at various locations (XGV). 

2.3.1.2 Effect of Resin Type and Bio Content 

Figure 2.4 shows a comparison of the mean ultimate tensile strengths of the different resin 

blends for both the carbon and glass fibre specimens. Figure 2.5 shows a comparison of the 
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mean tensile moduli of the different resin blends for both fibres types. Figure 2.6 shows the 

relationship between the bio content of the resin matrix and the mean tensile strength of the 

specimens for all four resin types and both fibres types. 

Statistical analysis was performed on the mean ultimate tensile strengths to determine the 

statistical significance between the mean of the E specimens and that of the various partially 

bio-based specimens. The P values and their significance are presented in Table 2.5. A Welch’s 

two-tailed T-test with a confidence interval of 95% was used since it determines if the means 

of two separate samples and statistically similar or not. This test assumes that the samples have 

a normal distribution and that the variances are unequal. This test was chosen over the 

Student’s T-test because the methods used to test for equal variance are not always reliable and 

the Welch’s T-test is more reliable in cases where variances are unequal and is only slightly 

less reliable in cases of equal variance (Delacre et al., 2017).  

In this study, the conventional epoxy resin specimens were used as a benchmark to compare 

the partially bio-based resins. Five E-C specimens were tested, and the mean tensile strength 

and modulus were of 841±62 MPa and 79±16 GPa, respectively. Similarly, five E-G specimens 

were tested, and the mean tensile strength and modulus were found to be 492±31 MPa and 

25±2 GPa, respectively. Figure 2.7 provides the stress-strain curves for both the E-C and E-G 

specimens. 

Figure 2.8 shows the stress-strain behaviour for the VW-C and VW-G specimens. The mean 

tensile strength and modulus of the VW-C specimens were of 762±62 MPa and 81±11 GPa, 

respectively. The mean ultimate strengths of the E-C and the VW-C specimens were found to 

be statistically similar and the mean tensile modulus of the VW-C specimens was 2% higher 
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than that of the E-C specimens. The VW-G specimens had a mean tensile strength and modulus 

of 509±85 MPa and 25±2 GPa, respectively. The mean tensile strengths of the E-G and VW-

G specimens were statistically similar, and their mean tensile moduli were effectively the same.  

Figure 2.9 shows the stress-strain behaviour of the CN30-C and CN30-G specimens which 

were the specimens with the best tensile properties for the CN resin blend. The CN20-C, CN30-

C and CN40-C specimens had mean tensile strengths of 522±44 MPa, 846±65 MPa and 

561±83 MPa, respectively. The mean tensile strengths of the CN20-C and CN40-C specimens 

were 38% and 33% lower than that of the E-C specimens respectively whereas the mean tensile 

strength of the CN30-C specimens was statistically similar to that of the E-C specimens. The 

CN30-C specimens had effectively the same mean elastic modulus as the E-C specimens. The 

CN20-C and CN40-C specimens had mean elastic moduli of 100±11 GPa and 108±17 GPa, 

respectively, which are 27% and 38% higher than that of the E-C specimens. It is important to 

note that both of these specimen types were too flexible to use the extensometer, thus 5 mm 

foil strain gauges were used to measure strain. The results from these strain gauges can vary 

greatly due to the quality of bond of the gauge to such relatively soft resins. The CN20-G, 

CN30-G and CN40-G specimens had mean tensile strengths of 293±29 MPa, 424±41 MPa and 

420±53 MPa, respectively, which are 40%, 14% and 15% lower than their E-G counterparts. 

The CN20-G, CN30-G and CN40-G specimens had elastic moduli of 34±13 GPa, 23±2 GPa 

and 30±9 GPa, respectively, which are 6%, 2% and 18% lower than the E-G specimens. The 

CN20-G and CN40-G specimens were flexible, even after curing thus strain gauges were used 

once again to measure strain instead of the extensometer.  

Figure 2.10 shows the stress-strain behaviour of the ELO20-C and ELO30-G specimens which 

had the highest bio content, of the ELO resin blend, while maintaining adequate tensile 
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properties. Four different bio contents were tested with both carbon and glass fibres. The 

ELO10-C, ELO20-C, ELO30-C and ELO40-C specimens had mean tensile strengths of 

975±59 MPa, 848±62 MPa, 625±54 MPa and 365±107 MPa, respectively, and mean tensile 

moduli of 81±3 GPa, 82±10 GPa, 82±24 GPa and 84±14 GPa, respectively. The mean tensile 

strength of the ELO20-C specimens was statistically similar to that of the E-C specimens 

whereas the mean tensile strengths of the ELO10-C, ELO30-C and ELO40-C specimens were 

16% higher, 26% lower and 57% lower compared to the E-C specimens respectively. All the 

ELO-C specimens had mean elastic moduli between 3% and 7% higher than the E-C 

specimens. The ELO10-G, ELO20-G, ELO30-G and ELO40-G specimens had mean tensile 

strengths of 395±24 MPa, 400±16 MPa, 426±11 MPa and 290±15 MPa, respectively, and 

mean tensile moduli of 25±3 GPa, 23±2 GPa, 24±4 GPa and 20±2 GPa, respectively. The mean 

tensile strengths of the ELO10-G, ELO20-G, ELO30-G and ELO40-G specimens were 20%, 

19%, 13% and 41% lower compared to the E-G specimens. The tensile moduli of the ELO10-

G, ELO20-G and ELO30-G specimens were within 6% of that of the E-G specimens. The 

ELO40-G specimen had a tensile modulus 18% lower than that of the E-G specimens. It is 

important to note that strain gauges were used to measure the strain in the ELO40 specimens 

whereas an extensometer was used for the other specimens which can account for the larger 

difference in their tensile modulus.  

2.3.1.3 Effect of Fibre Type 

Similar strength to bio content trends can be observed for the carbon and glass specimens. The 

glass specimens had consistently lower mean tensile strengths than the carbon specimens 

(between 20% and 60% lower) which is due to the glass fibres themselves having a lower 

strength compared to the carbon fibres. The glass specimens also had a lower stiffness than the 
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carbon specimens (between 69% and 81% lower) which is explained by the lower stiffness of 

the glass fibres compared to the carbon fibres.  

2.3.2 Lap Splice Tension Tests 

A tensile lap splice test was performed using the E and VW resins. The VW was chosen 

because it had the largest bio content and adequate mechanical properties. The main failure 

modes and mean ultimate tensile strengths including standard deviations (SD) for each 

specimen category are presented in Table 2.6. 

2.3.2.1 Failure Modes 

The failure modes were determined in accordance with ASTM D7616/D7616M (2011). The 

main failure modes are presented in Table 2.6, where D = delamination, S = longitudinal 

splitting and F = fibre tear failure. An example of each failure mode is presented in Figure 

2.11. The failure mode of the C specimens varied depending on the lap splice length. The LP1 

specimens failed by delamination for both resin types. Beyond the 25 mm lap splice length, 

failure started to occur away from the overlap length. The LP2 specimen failed by delamination 

and longitudinal splitting for the E specimens and by delamination and fibre tear for the VW 

specimens. The LP3 specimens failed by longitudinal splitting for both resin types. The G 

specimens failed by delamination for both resin types and all three lap splice lengths. 

2.3.2.2 Effect of Lap Splice Length  

Figure 2.12 shows the ultimate tensile strengths of each fibre-resin combinations depending 

on the lap splice lengths. The dotted lines represent the ultimate tensile strengths found from 

the uniaxial tensile FRP coupons (UTS). The 25 mm E-C specimens had a mean ultimate 

tensile strength of 459±30 MPa. The 51 mm specimens had a mean tensile strength of 654±34 
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MPa which is a 42% increase from 25 mm specimens. The 102 mm E-C specimens had a mean 

tensile strength of 628±14 MPa which is 4% lower than the 51mm specimens. The ultimate 

capacity reached was 75% of the UTS. Beyond 51 mm, failure began to occur away from the 

overlap area which explains the plateau in the tensile strengths. A similar behaviour was 

observed for the VW-C specimens. The 25 mm VW-C specimens had a mean ultimate tensile 

strength of 412±57 MPa. The 51 mm specimens had a mean tensile strength of 523±33 MPa 

which is a 27% increase from 25 mm specimens. The 102 mm VW-C specimens had a mean 

tensile strength of 590±36 MPa which is 13% higher than the 51 mm specimens. The ultimate 

capacity reached was 77% of the UTS.  

For the glass specimens, the failure was governed by debonding for all cases. The 25 mm E-G 

specimens had a mean ultimate tensile strength of 205±11 MPa. The 51 mm specimens had a 

mean tensile strength of 414±11 MPa which is a 102% increase from 25 mm specimens. The 

102 mm E-G specimens had a mean tensile strength of 461±15 MPa which is 11% higher than 

the 51 mm specimens. The ultimate capacity reached was 93% of the UTS. The 25 mm VW-

G specimens had a mean ultimate tensile strength of 193±52 MPa. The 51 mm specimens had 

a mean tensile strength of 365±34 MPa which is an 89% increase from 25mm specimens. The 

102 mm VW-G specimens had a mean tensile strength of 402±10 MPa which is 10% higher 

than the 51 mm specimens. The ultimate capacity reached was 78% of the UTS. 

2.4 Summary 

This study explored three partially bio-based resin blends (VW, CN and ELO) with various 

bio contents, in comparison to a conventional epoxy resin, to develop more sustainable FRPs. 

Both carbon and glass specimens were used in conjunction with these resins. Ninety tension 

coupons and sixty lap splice specimens were fabricated and tested as part of this study. The 
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VW specimens had the best performance, in terms of similar tensile strengths and moduli, with 

values within 9% and 2% respectively, compared to the E specimens, at the highest bio content 

of 41%. The CN-C specimens had a similar mean tensile strength compared to the E-C 

specimens at 30% bio content, while the CN-G specimens had a mean tensile strength, 15% 

lower than the E-G specimens, at 40% bio. The ELO-C specimens had a mean tensile strength 

similar to the E-C specimens at 20% bio, but at 10% bio, they had a mean tensile strength 16% 

higher. The ELO-G specimens had a mean tensile strength, 13% higher than the E-G 

specimens, at 30% bio content. As for the lap splice specimens, the E-C and VW-C lap splice 

specimens reached a maximum of 75% and 77%, respectively, of their respective full tensile 

strengths. The E-G and VW-G 102 mm lap splice specimens reached 94% and 79%, 

respectively, of their respective full tensile strengths.  
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Table 2.1: Uniaxial FRP Tension Test Matrix 

Specimen ID Repetitions Fibre Type Resin Type 

Final Bio 

%age by 

Weight 

E-C 

5 

C 

E 0 

VW-C VW 41 

CN20-C 

CN 

20 

CN30-C 30 

CN40-C 40 

ELO10-C 

ELO 

10 

ELO20-C 20 

ELO30-C 30 

ELO40-C 40 

E-G 

G 

E 0 

VW-G VW 41 

CN20-G 

CN 

20 

CN30-G 30 

CN40-G 40 

ELO10-G 

ELO 

10 

ELO20-G 20 

ELO30-G 30 

ELO40-G 40 

 

Table 2.2: CN Resin Mix Ratios 

Specimen ID  

E Resin 

%age by 

wt. of total  

CN Diluent  

%age by 

wt. of total 

Total Resin 

(E+CN) 

%age by wt. 

of total 

CN Catalyst 

%age by wt. 

of total 

Final Bio 

%age by 

Weight 

CN20-C 69 17 86 14 20 

CN30-C 54 13 67 33 30 

CN40-C 38 10 48 52 40 

CN20-G 69 17 86 14 20 

CN30-G 54 13 67 33 30 

CN40-G 38 10 48 52 40 
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Table 2.3: ELO Resin Mix Ratios 

Specimen ID 

E Resin 

%age by 

wt. of total 

ELO Resin 

%age by 

wt. of total 

Total Resin 

(E+ELO) 

%age by 

wt. of total 

E Catalyst 

%age by 

wt. of total 

Final Bio 

%age by 

wt. of total 

ELO10-C 64 10 74 26 10 

ELO20-C 54 20 74 26 20 

ELO30-C 44 30 74 26 30 

ELO40-C 34 40 74 26 40 

ELO10-G 64 10 74 26 10 

ELO20-G 54 20 74 26 20 

ELO30-G 44 30 74 26 30 

ELO40-G 34 40 74 26 40 

 

 

Table 2.4 FRP Lap Splice Tension Test Matrix 

Specimen ID Repetitions  Fibre Type Resin Type 
Bio %age 

by wt. 

Overlap Length  

(mm) 

E-C-LP1 

5 

C 

E 0 

25 

E-C-LP2 51 

E-C-LP3 102 

VW-C-LP1 

VW 41 

25 

VW-C-LP2 51 

VW-C-LP3 102 

E-G-LP1 

G 

E 0 

25 

E-G-LP2 51 

E-G-LP3 102 

VW-G-LP1 

VW 41 

25 

VW-G-LP2 51 

VW-G-LP3 102 
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Table 2.5: Uniaxial Tension Test Results 

Specimen 

ID 

Failure 

Mode 

Ultimate Tensile Strength (MPa) 
Young’s 

Modulus (GPa) 

Ultimate Strain 

(mm/mm) 

Mean SD 
Statistical Analysis 

Mean SD Mean SD 
P Significance 

E-C MMVa 841.0 61.9 - -  79.1 15.6 0.0109 0.0016 

VW-C MMV 762.0 62.1 0.07866 NOT 80.9 11.0 0.0096 0.0018 

CN20-C SGVb 522.4 43.9 0.00003 Significant 100.8 10.9 0.0048 0.0005 

CN30-C MMV 845.6 64.2 0.91122 NOT 79.2 5.7 0.0107 0.0004 

CN40-C SGV 561.3 82.9 0.00052 Significant 108.0 17.1 0.0066 0.0003 

ELO10-C MMV 974.5 58.5 0.00799 Significant 81.2 2.9 0.0120 0.0008 

ELO20-C SGV 848.4 62.3 0.85430 NOT 81.5 11.8 0.0106 0.0022 

ELO30-C SGV 625.3 53.9 0.00037 Significant 81.5 26.9 0.0083 0.0025 

ELO40-C SGV 364.5 107.4 0.00014 Significant 84.4 19.9 0.0056 0.0018 

E-G XGVc 491.7 30.5 - -  24.7 1.6 0.0200 0.0006 

VW-G XGV 508.8 84.8 0.68894 NOT 24.6 1.6 0.0206 0.0025 

CN20-G XGV 293.3 28.9 0.00001 Significant 33.6 12.6 0.0101 0.0051 

CN30-G XGV 423.7 41.3 0.02105 Significant 23.3 2.1 0.0183 0.0024 

CN40-G XGV 419.7 53.1 0.03890 Significant 29.7 9.2 0.0134 0.0023 

ELO10-G XGV 394.6 24.1 0.00052 Significant 25.1 2.8 0.0158 0.0012 

ELO20-G XGV 399.6 15.6 0.00095 Significant 23.1 2.4 0.0174 0.0016 

ELO30-G XGV 425.7 10.5 0.00593 Significant 24.3 4.0 0.0179 0.0030 

ELO40-G XGV 290.4 14.8 0.00001 Significant 20.2 3.2 0.0147 0.0013 
a MMV = Multimode, multiple area and various location failure, b SMV = Splitting, multiple area and various 

location failure, c XGV = Explosive failure in the gauge area at various locations 

Table 2.6: Lap Splice FRP Tension Test Results 

Specimen ID 
Failure 

Mode  

Ultimate Tensile Strength 

(MPa) 

Mean SD 

E-C-LP1 Da 458.5 30.4 

E-C-LP2 D, Sb 648.5 34.2 

E-C-LP3 S 628.5 13.6 

VW-C-LP1 D 412.2 56.5 

VW-C-LP2 D, Fc 523.0 33.2 

VW-C-LP3 S 590.0 36.3 

E-G-LP1 D 204.6 11.4 

E-G-LP2 D 414.0 11.0 

E-G-LP3 D 461.4 15.2 

VW-G-LP1 D 193.1 51.8 

VW-G-LP2 D 364.9 33.7 

VW-G-LP3 D 402.0 10.2 
a D = Delamination failure, b S = Splitting failure, c F = Fibre Tear Failure 
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Figure 2.1: Uniaxial FRP Tension Coupon 

 

 

 
Figure 2.2: Lap Splice FRP Tension Coupon 
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Figure 2.3: Typical failure modes for each fibre-resin combination (a1) E-C (a2) E-G (b1) 

VW-C (b2) VW-G (c1) CN20-C (c2) CN20-G (c3) CN30-C (c4) CN30-G (c5) CN40-C (c6) 

CN40-G(d1) ELO10-C (d2) ELO10-G (d3) ELO20-C (d4) ELO20-G (d5) ELO30-C (d6) 

ELO30-G (d7) ELO40-C (d8) ELO40-G 

(a1) (a2) (b1) (b2) (c1) (c6) (c5) (c4) (c3) (c2) 

(d1) (d8) (d7) (d6) (d5) (d4) (d3) (d2) 
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Figure 2.4: Mean Ultimate Tensile Strength of the (a) carbon and (b) glass FRP tension 

Specimens 

 

   
Figure 2.5: Mean Tensile Modulus of the (a) Carbon and (b) Glass FRP Tension Specimens 
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Figure 2.6: Ultimate Tensile Strength per Bio Content for Each Resin Type 
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Figure 2.7: Stress Strain Behaviour of the E-C (a) and E-G (b) Tension Coupons 

 

    

Figure 2.8: Stress Strain Behaviour of the VW-C (a) and VW-G (b) Tension Coupons 
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Figure 2.9: Stress Strain Behaviour of the CN30-C (a) and CN30-G (b) Tension Coupons 

 

 

 

 

    
Figure 2.10: Stress Strain Behaviour of the ELO20-C (a) and ELO30-G (b) Tension Coupons 
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Figure 2.11: Lap Splice Failure Modes (a) 25mm delamination (b) 51mm delamination (c) 

102mm delamination (d) 25mm delamination (e) 51mm delamination/longitudinal splitting 

(f) 51mm delamination/fibre tear (g) 102mm longitudinal splitting  
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Figure 2.12: Strength for each lap splice length for (a) carbon and (b) glass 
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Chapter 3: The Influence of Bio Content and Type in Resins on FRP Wet 

Layup Bond Strength to Concrete 2 

3.1 Introduction 

Updates to design codes, increases in required load capacities, and damage and deterioration 

of structures result in a growing need to rehabilitate and strengthen existing infrastructure 

(Karbhari, 2001). Traditionally, concrete structures were rehabilitated using externally bonded 

steel plates, concrete jackets or external post-tensioning (ACI 440.2R, 2008). However, in the 

1980s, externally bonded Fibre-Reinforced Polymers (FRP) proved to be a viable alternative 

to these traditional methods (ACI 440.2R, 2008). Not only are externally bonded FRPs a viable 

option, they also present many advantages over traditional methods. Since the 1980s, countless 

studies have investigated the behaviour of externally bonded FRPs which depend primarily on 

epoxy resin. Debonding failure of externally bonded FRPs is often the governing failure mode, 

thus a number of studies have been conducted to study the full spectrum of this failure mode 

and predict bond capacity (Chen and Teng, 2001; Chen et al, 2001; Faella et al, 2003; Smith 

and Teng, 2001; Teng and Chen, 2007; Teng et al, 2003; Toutanji and Ortiz, 2001). ACI 

440.2R (2008) recommends limiting the strain level in the FRP to prevent debonding failure 

of the FRP plate.  

Currently externally bonded FRPs are fabricated with synthetic resins like conventional epoxy 

which are derived from petroleum, making them an unsustainable material. Limited work has 

been done on the use of bio-based or partially bio-based resins for externally bonded FRPs. A 

                                                 
2 This chapter has been submitted for publication as the following journal paper: 

McIsaac, A., Mak, K. and Fam, A. (2017). “The Influence of Bio Content and Type in Resins on FRP Wet Layup 

Bond Strength to Concrete”, Journal of Composites for Construction, Under Review 
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study by Eldridge and Fam (2014) evaluated the behaviour of concrete cylinders wrapped with 

glass FRPs made with both an epoxy resin (E) and a furfuryl alcohol based bio-resin (FA). The 

FA resin was found to perform quite well with similar results when compared to epoxy, in 

terms of confined axial strength of the cylinders. It is important to note that this application 

was “contact-critical” and not “bond-critical.” In fact, subsequent attempts by McSwiggan and 

Fam (2017) to investigate the same resin in flexural strengthening using wet lay-up, which is 

bond-critical application, have failed. On the other hand, excellent results were obtained when 

prefabricated FRP plates made with the FA resin were bonded to concrete using epoxy paste. 

McSwiggan and Fam (2017) also explored an alternative epoxidized pine oil (EP) resin blend 

with a very small bio content and it showed similar bond capacity compared to epoxy. Another 

study by McSwiggan et al, (2016), investigated the bond durability of the EP resin blend and 

once again it showed comparable results to epoxy.  

There are a number of tests available to determine the bond capacity of externally bonded FRPs 

to concrete, such as the direct pull-off test, the double shear pulling test and the single shear 

pulling test. Chen et al. (2001) showed that the results are greatly affected by the test method 

used. In this study, the small notched beam bond test developed by Gartner et al (2011), then 

adopted by ACI 440.9R (2015) was used. This method is now widely accepted and provides a 

basis for relative comparison between different fibre and/or resin types.  Since the current study 

is primarily a relative comparison of a variety of bio-based resin blends to epoxy, it was 

deemed that this method is appropriate suited for this study. 

The goal of this study was to evaluate the behaviour of externally bonded FRPs fabricated with 

resins derived from more sustainable sources. Three different partially bio-based resins were 

used as well as a conventional epoxy resin that acted as a benchmark. The first resin was a 
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partially bio-based resin system derived from vegetable and wood industry by-products with 

41% bio content by weight. The second was a blend of epoxy and resin derived from cashew 

nut shell liquid, where the mix ratio was varied to achieve bio contents of 20, 30 and 40%. The 

third resin used was a blend of epoxy and epoxidized linseed oil. The quantity of epoxidized 

linseed oil was varied between 10 and 40%. Both glass and carbon fibres were used in 

conjunction with each resin blend.  

3.2 Experimental Program 

The goal of this study is to investigate the effect of the type and bio content of the resin matrix 

on the FRP-concrete bond strength of externally bonded FRPs, for both glass and carbon fibre 

fabrics. A total of 57 small concrete beams were fabricated and tested. Three repetitions were 

tested for each case. The specimens reinforced with partially bio-based FRP were compared to 

specimens reinforced with conventional epoxy FRP. The following section outlines the 

experimental program for this study. 

3.2.1 Materials 

Conventional epoxy resin (E): A two-part conventional epoxy resin, Tyfo® S, was used. Part 

A is the resin and Part B is the curing agent. The mix ratio is 100 parts of component A to 34.5 

parts of component B by weight.  The epoxy has a reported tensile strength of 72.4 MPa, tensile 

modulus of 3.18 GPa, an ultimate elongation of 5.0% and a glass transition temperature of 

82°C (Fyfe Co. LLC, 2015a). 

Bio-based resin blend (VW): A partially bio-based SR Greenpoxy 56 resin cured with Surf 

Clear Evo fast hardener was used. The resin blend has 41% by weight of its content derived 

from by-products of vegetable and wood industries (Sicomin Epoxy Systems, 2017). The 
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reported tensile strength is 64 MPa; the tensile modulus is 3.1 GPa; the ultimate elongation is 

3.2% and the glass transition temperature is of 75 °C (Sicomin Epoxy Systems, 2014; 2015).   

Epoxidized linseed oil (ELO): A fully bio-based epoxidized linseed oil, Vikoflex® 7190, was 

used (Arkema Inc., 2014; 2017). No curing agent was specified by manufacturer for this resin. 

In this study, the ELO resin was mixed with the E resin and cured with the E curing agent, to 

produce a final product with various percentages of bio contents. The mechanical properties 

were unavailable since this resin was blended in house. 

Cashew nut shell liquid (CN) epoxy reactive diluent and curing agent: A low viscosity, 

monofunctional epoxy reactive diluent, Cardolite® NC-513, derived from cashew nut shell 

liquid was used. It has at least 65% bio content (Cardolite Corporation, 2014b). The 

manufacturer recommended using the diluent to replace the resin component of conventional 

epoxies, up to 20% by weight. A low viscosity phenalkamine, Cardolite® NX-2003, was used 

to cure the resin. It also has at least 65% bio content (Cardolite Corporation, 2014a).  No mix 

ratio of resin to curing agent was specified for this product. In this study, the diluent was mixed 

with the E resin and cured using CN curing agent to produce a final product with various 

percentages of bio contents. The mechanical properties were unavailable since this resin was 

blended in house. 

Carbon fibre sheet (C): Commercially available Tyfo® SCH-41 was used. It is a unidirectional 

carbon fibre fabric with a thickness of 1.0 mm and a density of 0.64 kg/m3. The manufacturer 

reported a tensile strength of 4,000 MPa, an elastic modulus of 230 GPa and an ultimate 

elongation of 1.7% (Fyfe Co. LLC, 2015b). 
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Glass fibre Sheet (G): Commercially available Tyfo® SHE-51A was used. It is a unidirectional 

glass fibre fabric with a thickness of 1.3mm and a density of 2.55 kg/m3. The manufacturer 

reported a tensile strength of 3,240 MPa, an elastic modulus of 72.4 GPa and an ultimate 

elongation of 4.5% (Fyfe Co. LLC, 2015c). 

Concrete: The concrete used had a design compression strength of 40 MPa at 28 days. The 

maximum aggregate size was 19 mm. The cylinder strength ranged from 38 MPa to 42 MPa 

at the time of testing and was measured in accordance with ASTM C39 (2015).   

3.2.2 Test Specimens and Parameters 

The test matrix for this study is presented in Table 3.1. A total of 57 specimens were fabricated 

and tested. Of those specimens, 54 were reinforced with a strip of FRP and three specimens 

were left unreinforced. Of the 54 specimens that were reinforced, half of them were reinforced 

with C and the other half with G. The E, VW, CN and ELO resins were used in conjunction 

with both fibre types. The bio content by weight was varied for the CN and ELO resins whereas 

the VW resin was fixed at 41%. For the CN resin, 10, 20 and 30% bio content was used. For 

the ELO resin, 10, 20, 30 and 40% bio content was used. Three repetitions were performed for 

each fibre-resin combination. 

3.2.3 Specimen Fabrication 

The small notched beam bond test specimens were fabricated in accordance with the 

recommendations of Gartner et al. (2011) and ACI 440.9R (2015). The specimen configuration 

is presented in Figure 3.1. The concrete beams were cast to dimensions of 102 mm by 102 mm 

by 356 mm. After 28 days, a mid-depth notch was cut at mid-span of the tension face of the 

concrete beam using a wet stone saw. The surface of the tension face of the beam was then 
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sandblasted to improve the bond between the FRP strip and the concrete. A 25 mm by 203 mm 

strip of fibre fabric was adhered to concrete using a wet lay-up technique. The fibre strip was 

fully saturated with resin and placed in the middle of the tension face of the concrete beam. An 

aluminium roller was used to apply pressure to the FRP strip to ensure proper adhesion and 

remove excess resin. The specimens were left to cure for two weeks prior to testing. This was 

done for each fibre-resin combination.    

The E and VW resins were mixed in the proportions provided by the manufacturer. The CN 

specimens, on the other hand, were fabricated using a blended resin comprised of the E resin, 

the CN diluent and the CN catalyst in the ratios presented in Table 3.2. The goal was to achieve 

final bio contents of 20, 30 and 40% by weight. To achieve this, the CN diluent was added to 

E resin at the 20% by weight, and mixed well. Then, the CN catalyst was added to that mix 

using various percentages of 14, 33 and 52% of the total weight.    

The ELO specimens were fabricated using a blended resin comprised of the E resin, the ELO 

and the E curing agent in the ratios presented in Table 3.3. The goal was to achieve final bio 

contents of 10, 20, 30 and 40% by weight. To achieve this, various percentages by weight of 

the E resin (14, 27, 40 and 54%) were first replaced by ELO, and then the E curing was added 

at 26% by weight. 

A comprehensive testing program was previously conducted by McIsaac and Fam (2017) to 

examine the tensile properties of FRPs fabricated using the various fibre-resin combinations 

used in the current bond study. A summary of the tensile strengths and Young’s moduli for all 

cases is provided in Table 3.4 for reference.  Clearly, the percent and type of bio content in the 

resin influence the tensile properties of the FRPs. 
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3.2.4 Test Setup and Instrumentation 

The test setup in shown in Figure 3.2. The specimens were tested in a universal testing machine 

under three point bending as recommended by Gartner et al. (2011) and ACI 440.9R (2015). 

The specimen was supported by a roller and a pin at a span of 305 mm. A roller was used to 

apply the load at mid-span on top of the beam. The specimen was loaded at a constant rate of 

0.25 mm/min. The load and deflection were recorded throughout the test using a load cell and 

a 25 mm linear potentiometer. Additionally, the compressive strengths of the corresponding 

concrete cylinders were determined in accordance with ASTM C39 (2015). 

3.3 Experimental Results 

The average interfacial bond strength in the FRP strip can be determined from the ultimate 

load of the small beams using the internal force idealization presented in Figure 3.3 which was 

recommended by Gartner et al. (2011). Two assumptions were made in the development of 

this idealization. The first is that the compressive stress in the concrete remains small therefore 

the distribution above the notch is assumed to be linear. The second is that the notch in the 

concrete will force the neutral axis to remain approximately at mid-height. From this 

idealization, the average interfacial shear strength (), referred to in the rest of this study as the 

average bond strength, can be calculated using the following equation: 

𝜏 =
3 𝑃 𝐿

5 ℎ 𝑤 𝑆
                                                                       (1) 

where P is the ultimate load, L is the span of the specimen, h is the height of the specimen, w 

is the width of the FRP strip and S is the length of the FRP strip. 

The following section presents the experimental results. Table 3.5 presents a summary of the 

experimental results including failure modes, mean ultimate load, mean ultimate bond strength 
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(𝝉𝒖) and mean normalized ultimate bond strength (𝝉𝒖/√𝒇𝒄
′ ), which accounts for the slight 

variations in concrete strength (fc
’ ) among specimens. 

3.3.1 Failure Modes 

The main failure modes for each specimen group are presented in Table 3.5. Four different 

failure modes were observed – adhesive (A), cohesive (C), mixed (M), and shear (S) failure. 

Adhesive failure is characterized by bond failure between the resin and the concrete, where the 

surface of the FRP strip has very little or no concrete residue attached to it. Cohesive failure is 

bond failure within the cement paste, where large pieces of concrete remain attached to the 

FRP strip. Mixed failure is a combination of both adhesive and cohesive failures. Shear failure 

is characterized by diagonal tension shear failure of the concrete beam before any bond failure 

takes place. Shear failure is not a desired failure mode because it does not characterize the bond 

strength. Only one specimen experienced this failure mode in this study and it was disregarded 

as will be explained. Examples of each failure mode are presented in Figure 3.4.  

The CN40, ELO30 and ELO40 specimens failed by adhesive failure for both carbon and glass 

fibres. In these cases, the FRP surfaces were virtually free of concrete particle which means 

that the bond between the resin and the concrete was lower than the bond strength of the cement 

paste. These specimens are indeed the ones that reached the lowest mean ultimate loads. Both 

the carbon and glass VW specimens failed by cohesive failure. The E-C/G, CN20-C/G, CN30-

C/G, ELO10-C/G and ELO20-G all failed by a mix of adhesive and cohesive failure. Two of 

the ELO20-C specimens failed by cohesive failure and the third failed by shear failure of the 

concrete. The third specimen was disregarded during the analysis.   
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3.3.2 Effect of Resin Type and Bio Content 

Figure 3.5 shows a comparison of the mean ultimate loads measured directly for each resin 

type for both carbon and glass fibres. Figure 3.6 shows a comparison of the mean normalized 

ultimate bond strength for each resin type for both fibre types. Figure 3.7 shows the mean 

normalized ultimate bond strength variation in relation with the bio content of the resin matrix 

of the FRP. 

A Welch’s two-tailed T-test with a confidence interval of 95% was performed on the 

normalized ultimate bond strengths. The P values and their significance are presented in Table 

3.5. This was done to determine the statistical significance of the differences between the mean 

normalized ultimate bond strengths of the specimens fabricated with the conventional epoxy 

resin and the specimens fabricated with the various partially bio resins for each fibre type. This 

method was deemed appropriate since it determines if the means of two samples are 

statistically similar. This test assumes unequal variances between the samples and normal 

distribution of the samples.  

The conventional epoxy resin was used as a benchmark that all the other resin blends were 

compared to. The E-C and E-G specimens reached mean ultimate bond strengths of 5.50±0.18 

MPa and 4.13±0.30 MPa, respectively. The load-deflection behaviours of the E-C and E-G 

specimens are presented in Figure 3.8a and 3.8b, respectively.  

The VW specimens had mean normalized ultimate bond strengths statistically similar to those 

of their E counterparts with mean ultimate bond strengths of 5.60±0.89 MPa and 4.18±0.51 

MPa for the VW-C and VW-G specimens, respectively. The load-deflection behaviours of the 

VW-C and VW-G specimens are presented in Figure 3.9a and 3.9b, respectively. 
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Three different bio contents were used for the cashew nut shell liquid resin blend: 20, 30 and 

40%. The CN20-C and CN20-G specimens had mean normalized ultimate bond strengths 

statistically similar to those of their E counterparts, with mean ultimate bond strengths of 

5.63±0.07 MPa and 4.10±0.38 MPa, respectively. The CN30-C and CN30-G specimens had 

slightly lower mean normalized ultimate bond strengths than the CN20 specimens, but the 

mean values were still statistically similar to those of the E specimens for both fibre types. The 

CN30-C and CN30-G specimens had mean ultimate bond strengths of 5.44±0.20 MPa and 

3.86±0.44 MPa, respectively. The CN40-C and CN40-G had mean normalized bond strengths 

62% and 55% lower than their E counterparts, respectively. The load-deflection behaviours of 

the CN30-C and CN30-G specimens are presented in Figure 3.10a and 3.10b, respectively. 

For the epoxidized linseed oil resin blend, four different bio contents were used: 10, 20, 30 and 

40%. The ELO10 specimen had statistically similar mean normalized ultimate bond strengths 

as the E specimens for both fibre types. They reached mean ultimate bond strengths of 

5.96±0.19 MPa and 3.96±0.27 MPa, respectively. As we can see from Figures 3.6 and 3.7, the 

ELO20-C and ELO20-G specimens have greater mean normalized ultimate bond strengths 

than any other specimens for both carbon and glass, 30% higher than the values for their E 

counterparts. However, due to the large variances between specimens and the small number of 

repetitions, these increases in mean normalized bond strength were found to not be statistically 

significant. Beyond the 20% bio content specimens, there is a significant drop in the bond 

capacity. The ELO30-C and ELO30-G have mean normalized ultimate bond strengths, 43% 

and 32% lower than the E-C and E-G specimens, respectively. As for the ELO40-C and 

ELO40-G the values are 82% and 68% lower than E-C and E-G specimens. The load-deflection 
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behaviours of the ELO20-C and ELO20-G specimens is presented in Figure 3.11a and 3.11b, 

respectively. 

For all fibre resin combinations, the mean ultimate stresses in the FRP strips calculated using 

the internal force idealization were between 1% and 4% of the ultimate tensile strengths found 

by McIsaac & Fam (2017) and presented in Table 3.4. This means that only a small fraction of 

the capacity of the FRP strip was being utilized since the bond capacity between the concrete 

and the FRP strip was the limiting factor.    

3.3.3 Effect of Fibre Type 

Figure 3.7 shows the variation of normalized ultimate bond strength in relation with the bio 

content of the resin matrix, for both types of fibres.  Similar trends can be observed for both 

the carbon and glass fibres for each given resin type. However, the bond strength of glass fibre 

specimens is generally lower than that of carbon fibre specimens by 12-29%, regardless of 

resin type, except for the ELO40 specimens. This can be explained by the significantly lower 

modulus of the glass fibres compared to the carbon fibres.  Nonetheless, the failure modes were 

similar for both fibre types, for each given resin type.  

3.4 Summary 

This study investigated the bond strength between concrete and FRP wet lay-up systems using 

resins with various bio contents, as a partial replacement of epoxy, which is well known to be 

an unsustainable product derived from petroleum. Three different resin types were explored 

together with either glass or carbon fibre fabrics. A total of 57 small beam bond test specimens 

were fabricated and tested to establish and compare bond strengths in accordance with the 

recommendation of ACI 440.9R (2008). It was found that the VW specimen, with the highest 
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bio content of 41%, had similar bond strengths compared to the epoxy specimens. On the other 

hand, ELO resin with 20% bio content showed the highest bond strength of all the resins, at 

30% higher than epoxy. However, this strength increase was found to not be statistically 

insignificant. The CN resin, at 20 to 30% bio content, resulted in comparable bond strengths 

to epoxy. On the other hand, a significant drop in bond strength occurred at 40% bio content 

for both ELO and CN resins.  
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Table 3.1: Small Beam Bond Test Matrix 

Specimen ID Repetitions Fibre Type Resin Type Bio % wt. 

Control 

3 

N/A N/A N/A 

E-C 

C 

E 0 

VW-C VW 41 

CN20-C 

CN 

20 

CN30-C 30 

CN40-C 40 

ELO10-C 

ELO 

10 

ELO20-C 20 

ELO30-C 30 

ELO40-C 40 

E-G 

G 

E 0 

VW-G VW 41 

CN20-G 

CN 

20 

CN30-G 30 

CN40-G 40 

ELO10-G 

ELO 

10 

ELO20-G 20 

ELO30-G 30 

ELO40-G 40 

 

 

Table 3.2: CN Resin Mix Ratios 

Specimen ID  

E Resin  

% by wt. 

of total  

CN Diluent  

% by wt. of 

total 

Total Resin 

(E+CN) 

% by wt. of 

total 

CN Catalyst 

% by wt. of 

total 

Final Bio 

% by 

Weight 

CN20-C 69 17 86 14 20 

CN30-C 54 13 67 33 30 

CN40-C 38 10 48 52 40 

CN20-G 69 17 86 14 20 

CN30-G 54 13 67 33 30 

CN40-G 38 10 48 52 40 
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Table 3.3: ELO Resin Mix Ratios 

Specimen ID 

E Resin  

% by wt. 

of total 

ELO Resin 

% by wt. of 

total 

Total Resin 

(E+ELO) 

% by wt. of 

total 

E Catalyst 

% by wt. of 

total 

Final Bio 

% by wt. of 

total 

ELO10-C 64 10 74 26 10 

ELO20-C 54 20 74 26 20 

ELO30-C 44 30 74 26 30 

ELO40-C 34 40 74 26 40 

ELO10-G 64 10 74 26 10 

ELO20-G 54 20 74 26 20 

ELO30-G 44 30 74 26 30 

ELO40-G 34 40 74 26 40 

 

 

Table 3.4: Mechanical Properties of the FRP Materials (McIsaac & Fam, 2017) 

FRP 

Resin/Fibre 

Combination 

Tensile 

Strength 

(MPa)  

Young’s 

Modulus 

(GPa) 

E-C 841.0 79.1 

VW-C 762.0 81.0 

CN20-C 522.4 11.8 

CN30-C 845.6 79.2 

CN40-C 561.3 108.0 

ELO10-C 974.5 81.2 

ELO20-C 848.4 81.5 

ELO30-C 625.3 81.5 

ELO40-C 364.5 84.4 

E-G 491.7 24.7 

VW-G 508.8 24.6 

CN20-G 293.3 33.6 

CN30-G 423.7 23.3 

CN40-G 419.7 29.7 

ELO10-G 394.6 25.1 

ELO20-G 399.6 23.1 

ELO30-G 425.7 24.3 

ELO40-G 290.4 20.2 
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Table 3.5: Bond Test Results 

Specimen 

ID 

Failure 

Modes 

Ultimate Load 

(kN) 

Ultimate Bond 

Strength (u) 

(MPa) 

Normalized Ultimate Bond Strength 

(𝝉𝒖/√𝒇𝒄
′ ) 

Mean SD Mean SD Mean SD 
Statistical Analysis 

P Significance 

Control - 3.42 0.3 - - - - - - 

E-C Ma 16.24 0.3 5.50 0.18 0.87 0.05 - - 

VW-C Cb 16.68 2.2 5.60 0.89 0.88 0.12 0.8708 NOT 

CN20-C M 16.89 0.2 5.63 0.07 0.89 0.03 0.4912 NOT 

CN30-C M 16.07 0.5 5.44 0.20 0.86 0.05 0.8725 NOT 

CN40-C Ac 6.22 0.3 2.05 0.06 0.33 0.01 0.0027 Significant 

ELO10-C M 17.92 0.8 5.96 0.19 0.95 0.03 0.0852 NOT 

ELO20-C C/Sd 21.38 0.9 7.15 0.62 1.15 0.10 0.1668 NOT 

ELO30-C A 9.40 0.8 3.11 0.25 0.50 0.05 0.0007 Significant 

ELO40-C A 2.93 1.3 0.99 0.43 0.16 0.07 0.0007 Significant 

E-G M 13.00 0.9 4.13 0.30 0.65 0.04 - - 

VW-G C 12.83 1.6 4.18 0.51 0.66 0.09 0.8691 NOT 

CN20-G M 12.71 1.2 4.10 0.38 0.65 0.08 0.9920 NOT 

CN30-G M 11.72 1.3 3.86 0.44 0.61 0.08 0.5342 NOT 

CN40-G A 5.23 0.6 1.79 0.22 0.29 0.04 0.0003 Significant 

ELO10-G M 12.33 1.0 3.96 0.27 0.63 0.04 0.4621 NOT 

ELO20-G M 16.37 2.4 5.33 0.73 0.85 0.12 0.1196 NOT 

ELO30-G A 8.36 0.6 2.76 0.21 0.44 0.03 0.0021 Significant 

ELO40-G A 4.00 0.2 1.34 0.13 0.21 0.02 0.0005 Significant 
a M = Mixed failure, b C = Cohesive failure, c A = Adhesive failure, d S = Shear failure 
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Figure 3.1: Specimen Dimensions 

 

 

 

 

 

Figure 3.2: Test Setup and Instrumentation 

 

 

LP 
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Figure 3.3: Internal Forces of Notched Small Beam Bond Specimen 
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Figure 3.4: Failure Modes (a) adhesive failure (A), (b) mixed failure (M), (c) cohesive failure 

(C), and (d) shear failure (S). (Note: right side section of beam is inverted to show bond 

surface) 

 

(a) 

(b) 

(c) 

(d) 
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Figure 3.5: Mean Ultimate Load and Standard Deviation of the (a) Carbon and (b) Glass 

Specimens 

 

 

  
Figure 3.6: Mean Normalized Ultimate Bond Strength and Standard Deviation of the (a) 

Carbon and (b) Glass Specimens 

 

0

5

10

15

20

25
L

o
ad

 (
k
N

)
(a)

0

5

10

15

20

25

L
o

ad
 (

k
N

)

(b)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

N
o

rm
al

iz
ed

 U
lt

im
at

e 
B

o
n
d

 S
tr

en
g
th

(a)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

N
o

rm
al

iz
ed

 U
lt

im
at

e 
B

o
n
d

 S
tr

en
g
th

(b)



50 

 

 
Figure 3.7: Normalized Bond Strength per Bio Content for Each Resin Type 
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Figure 3.8: Load-Deflection Responses of the (a) E-C and (b) E-G Specimens 

 

 

 

 

 

    
Figure 3.9: Load-Deflection Responses of the (a) VW-C and (b) VW-G Specimens 
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Figure 3.10: Load-Deflection Responses of the (a) CN30-C and (b) CN30-G Specimens 

 

 

 

 

 

    
Figure 3.11: Load-Deflection Responses of the (a) ELO20-C and (b) ELO20-G Specimens 
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Chapter 4: Durability under Freeze-Thaw Cycles of Concrete Beams 

Retrofitted with Externally Bonded FRPs using Bio-Based Resins3 

4.1 Introduction 

There is a growing need to rehabilitate aging infrastructure, particularly in environmentally 

challenging regions where infrastructure is exposed to extreme temperatures, moisture and 

chlorides. Rehabilitation and strengthening of concrete structures using externally bonded fibre 

reinforced polymers (FRP) has proven to be an effective method since the 1980s (ACI 440, 

2008). In fact, FRPs present many advantages over traditional rehabilitation methods – they 

have a high strength-to-weight ratio, are easy to install and are corrosion-resistant (ACI 440, 

2008). Externally bonded FRPs can be used to increase the load-carrying capacity of reinforced 

concrete structures (Teng and Chen 2007), but are often exposed to harsh environmental 

conditions like freeze-thaw (FT) cycling. Differential thermal expansion of the FRP laminate, 

the adhesive bond line and the concrete substrata may cause localized stresses. It is therefore 

important to study the effects of FT cycling on both the mechanical properties of FRP laminates 

and the overall retrofitted concrete system. Dutta (1988) studied the effect of FT cycling on 

glass-FRP (GFRP) laminates and found reductions in tensile strengths up to 10% after 150 

cycles. Li et al. (2011) found that the mechanical properties of basalt-FRPs (BFRPs) and 

GFRPs were not significantly affected by FT cycling but that the tensile strength and modulus 

of carbon-FRP (CFRP) were reduced by 16% and 18%, respectively after 90 cycles. Di 

Ludovico et al. (2012) found a 9% reduction in the strength of CFRP laminates after 210 FT 

                                                 
3 This chapter has been submitted for publication as the following journal paper: 

McIsaac, A. and Fam, A. (2017). “Durability under Freeze-Thaw Cycles of Concrete Beams Retrofitted with 

Externally Bonded FRPs using Bio-Based Resins”, Construction and Building Materials, Under Review 
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cycles. They also found that this reduction could be lessened by using innovative formulated 

epoxy systems. Nardone et al. (2012) found no significant reduction in the mechanical 

properties of CFRP laminates after 30 and 80 FT cycles but found that after 210 cycles the 

tensile strength and ultimate strain were reduced by 9% and 13%, respectively. Shi et al. (2013) 

found a 12% and 14% reduction in tensile strength for CFRP and GFRP laminates, 

respectively, after 200 FT cycles. However, they found that the cycling had negligible effects 

on the mechanical properties of BFRP and C-B-FRP hybrid laminates. As we can see from 

these studies, the mechanical properties of FRP laminates seem to be affected by FT cycling 

but the degree of which depends on the materials and characteristics of the FRP laminate.  

The failure of reinforced concrete beams retrofitted with externally bonded FRPs is often 

governed by debonding of the external reinforcement (Teng and Chen 2007). Many studies 

have focused on the bond behaviour of this system (Chen and Teng 2001 among many others). 

A number of studies found that FT cycling had little to no adverse effects on externally bonded 

FRPs bonded to concrete (Green et al. 2000; Bisby and Green 2002; Green et al. 2003; Colombi 

et al. 2010). Some studies, however, found more significant reductions in strength due to FT 

cycling. Chajes et al. (1995) examined the effects of 100 FT cycles on concrete beams with 

external aramid, glass and graphite FRPs and found strength reductions up to 27%. Grace and 

Singh (2005) found that the load capacity of reinforced concrete beams with externally bonded 

CFRP was reduced by 13% after 700 FT cycles. A study by Silva and Biscaia (2008) found 

that small scale beams externally reinforced with GFRP had a 31% decrease in ultimate load 

capacity after 1000h of FT cycling. Subramaniam et al. (2008) performed a direct shear test to 

study the effect of FT cycling on the bond between concrete and FRP and found that there was 

a reduction in strength up to 17% after 300 cycles. 
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Externally bonded FRPs are traditionally made with synthetic resins derived from unrenewable 

resources like petroleum. There is a growing push for more sustainable building materials. In 

the case of FRPs, this can be achieved by using resin derived from more sustainable sources. 

Limited work has been carried out on the use and durability of these systems. A study by 

Eldridge and Fam (2014) looked at the effects of environmental aging in saltwater at elevated 

temperatures on GFRP laminates fabricated with a furfuryl alcohol (FA) bio-resin and a 

conventional epoxy (E). They found that the specimens fabricated with the FA resin had up to 

a 39% lower strength retention compared to the specimens fabricated with epoxy. McSwiggan 

and Fam (2016) studied the effects of environmental aging in saltwater at elevated 

temperatures on CFRP laminates fabricated with a FA bio-based resin, an epoxidized pine oil 

(EP) partially bio-based resin and a conventional epoxy resin. The maximum strength losses 

for the FA, EP and E resins were 19%, 8% and 10%, respectively. Another study McSwiggan 

et al. (2016) studied the effects of environmental aging in saltwater baths at elevated 

temperatures on the bond between concrete and externally bonded CFRPs using the previously 

mentioned three resins. The study found that the bond between the FA resin and concrete is 

not reliable in ‘bond-critical’ applications such as flexural retrofitting, even at room 

temperature.  However, prefabricated FRP plates made with the FA resin are quite reliable 

when bonded to concrete using epoxy paste. The reductions in bond strength after 240 days of 

conditioning did not exceed 15% for any of the resin types. 

Previous durability studies on bio resin FRPs focused on conditioning in salt solutions at high 

temperature. The present study investigates the effects of aggressive FT cycling on the tensile 

properties of bio resin FRPs and large-scale reinforced concrete beams with externally bonded 

FRPs fabricated with the FA and the EP bio resins and the conventional E resin. After exposure 
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to 300 FT cycles for seven months, at air temperatures ranging from +6 to −27°C, to achieve 

target temperatures at the concrete core in accordance with ASTM C666-97 (ASTM 1997), all 

the specimens were tested to failure at room temperature. The tension coupons were compared 

to control counterparts kept at room temperature and also tested in this study, while the beams 

were compared to identical unconditioned reinforced concrete beams tested to failure at room 

temperature by McSwiggan and Fam (2017).    

4.2 Experimental Program 

The following section presents the experimental program for the both the FRP tension coupon 

tests and the large-scale reinforced concrete beam tests. 

4.2.1 Materials 

Carbon fibres (C): A 0.64 kg/m3 unidirectional carbon fibre fabric was used. The manufacturer 

reports a tensile strength of 4000 MPa, a tensile modulus of 230 GPa and an ultimate strain of 

1.7%. It is commercially available under the name Tyfo® SCH-41 (Fyfe Co. LLC, 2015). 

Glass fibres (G): A 2.55 kg/m3 unidirectional glass fibre fabric was used. The manufacturer 

reports a tensile strength of 3240 MPa, a tensile modulus of 72.4 GPa and an ultimate strain of 

4.5%. It is commercially available under the name Tyfo® SHE-51A (Fyfe Co. LLC, 2015). 

Conventional epoxy resin (E): A low viscosity epoxy resin was used. The manufacturer reports 

a tensile strength of 72.4 MPa, a tensile modulus of 3.18 GPa, an ultimate elongation of 5% 

and a glass transition temperature of 82°C. It is commercially available under the name Tyfo® 

S (Fyfe Co. LLC, 2015). 

Conventional epoxy paste: An epoxy paste with a tensile strength of 24.8 MPa, a tensile 

modulus of 4.5 GPa and an ultimate elongation of 1% was used. It is commercially available 
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under the name Sikadur® 30 (Sika Canada Inc. 2015). 

Epoxidized Pine Oil resin blend (EP): A low viscosity epoxy resin blend, partially derived 

from oil extracted from pine tree sap, was used. The manufacturer reports a tensile strength of 

58.9 MPa, a tensile modulus of 2.64 GPa and an ultimate elongation of 6% (Fyfe Co. LLC, 

2015). 

Furfuryl Alcohol resin and catalyst (FA): A low viscosity furfuryl alcohol based (C5H6O2) bio 

resin was used. It is derived from sugar cane and corn cobs and is commercially available under 

the name QuaCorr®1001 (PennAKem, 2008). It has a specific gravity of 1.22, a viscosity of 

300-600 cps, a gel time of 18-24 minutes at 25°C, and a flash point of 75.6°C. P-

Toluenesulfonic acid monohydrate 97.5% was used to cure this resin at a dosage of 3% by 

weight.  

Concrete: Concrete with a design 28-day compressive strength of 35 MPa was used. The 

maximum aggregate size was 19 mm. The cylinder strength was measured in accordance with 

ASTM 39 (2015) and was found to be between 28 MPa and 36 MPa at the time of testing.  

Steel reinforcement: 15M and 10M steel longitudinal reinforcing bars with a yield strength of 

430 MPa were used.   

4.2.2 FRP Tension Coupons 

The following section with present the experimental program for the FRP tension coupon test 

including the test matrix, specimen fabrication and test setup and instrumentation. 
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4.2.2.1 Test specimens and parameters: 

 The test matrix for the FRP tension coupon test is presented in Table 4.1. A total of 40 

specimens were fabricated and tested. Thirty specimens were fabricated using C fibres and ten 

were fabricated using G fibres. Three different resins were used in conjunction with the C 

fibres, namely the E, FA and EP resins, including 10 specimens for each resin type. The 10 G 

specimens were fabricated using the EP resin. For each fibre-resin combination, half of the 

specimens were exposed to FT cycles and the other half were left at room temperature (RT).  

4.2.2.2 Specimen fabrication  

The FRP tension coupons were fabricated in accordance with ASTM D3039/D3039M (2014) 

using a wet layup method. A single layer of either the glass of carbon unidirectional fibre fabric 

was fully saturated with resin and sandwiched between two sheets of thin plastic. A plastic 

scrapper was then used to remove excess resin. The saturated fibre sheet was then allowed to 

cure for two weeks between two high density polyethylene plates. Once the sheet was cured, 

it was cut into 255 ± 1.5 mm by 25 ± 1.5 mm specimens using a wet tile saw, as shown in 

Figure 4.1. Prior to testing, 51 mm by 25 mm prefabricated GFRP tabs were glued on both 

sides of each end of the coupons using epoxy paste to prevent grip failure. Conditioned coupons 

were left to dry at room temperature for at least two weeks prior to installing the tabs and 

testing. Details of conditioning setup and protocol will be described later.  

4.2.2.3 Test setup and instrumentation  

The specimens were tested in an Instron universal testing machine in accordance with ASTM 

D3039/D3039M (2014). They were loaded at a constant rate of 2 mm/mm. The strain in the 

specimens was measured using a 25 mm gauge extensometer, which was removed prior to 

failure to prevent damage to it.   
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4.2.3 Large-Scale Beams  

The following section presents the experimental program for the large-scale beams, including 

the test matrix, specimen fabrication and test setup and instrumentation. 

4.2.3.1 Test specimens and parameters  

Six large scale beams were fabricated and tested. The test matrix for the large-scale beams in 

presented in Table 4.2. The beams were 175 by 300 by 3000 mm reinforced concrete beams 

with 2-15M tension side reinforcement, 2-10M compression side reinforcement, and 5 mm 

steel stirrups spaced at 100 mm, as illustrated in Figure 4.2. One beam was used as a control 

with no additional external FRP reinforcement and the other five were retrofitted with a single 

layer of externally bonded FRP. Three of the beams were fabricated using a wet layup (WL) 

technique. Of these specimens, one was reinforced with C fibres and E resin, the second with 

C fibres and EP resin and the third with G fibres and EP resin. The final two specimens were 

fabricated using a modified wet layup (MWL) technique, which is described in the next section. 

Of these beams, one was reinforced with C fibres and E resin and the second was reinforced 

with C fibres and FA resin. All six beams underwent freeze-thaw conditioning. Five of the six 

beams tested in this study have identical unconditioned counterparts that were tested at room 

temperature (McSwiggan and Fam 2017) and were used for comparison. These unconditioned 

beams were retrofitted with FRP schemes identical to the ones in the current study. The 

concrete beams conditioned and tested in this study were cast by McSwiggan (2016) at the 

same time and with the same concrete as the unconditioned beams tested by McSwiggan and 

Fam (2017). 
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4.2.3.2 Specimen fabrication  

The concrete beams were cast and cured for 28 days. The tension faces of the concrete beams 

were then sandblasted to improve bond between the concrete and the FRP. The externally 

bonded FRP system was then installed using either the wet layup or modified wet layup 

methods, as follows: 

For the beams reinforced using the wet layup method, a 140 by 2650 mm strip of either C or 

G fibre fabrics was fully saturated with resin. A layer of resin was also applied to the concrete 

surface. The saturated fabric was then placed in position on the wetted concrete surface. An 

aluminium roller was then used to apply pressure to the FRP strip and to remove excess resin 

and entrapped air. This method was used with the E and EP resins, as shown in Table 4.2. 

McSwiggan and Fam (2017) showed that the FA resin did not bond properly to concrete in 

‘bond-critical’ applications such as flexural strengthening, although excellent results were 

obtained earlier with this resin in ‘contact-critical’ applications for concrete column 

confinement (Eldridge and Fam 2014). Nonetheless, they showed that prefabricated CFRP 

plates can indeed be produced using FA resin. These plates can then be successfully bonded to 

concrete using epoxy paste. This technique will be referred to herein as a “modified wet layup” 

method.  Specimen FT-C-FA-MWL (Table 4.2) was retrofitted using this method, where two 

140 by 2650 mm plates were fabricated using C fibres and FA resin and cured, in accordance 

with the procedure described by McSwiggan and Fam (2017). The two plates were then 

installed side by side (Figure 4.2) using conventional epoxy paste.  In order to compare the 

bond performance of FA resin under FT cycles to epoxy, another beam, FT-C-E-MWL, was 

also fabricated using the same method except that the prefabricated plates were made with 

conventional epoxy (E). 
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4.2.3.3 Conditioning program  

Both the FRP tension coupons and the large-scale beams underwent FT conditioning in 

accordance with ASTMC666/C666M (2015). The specimens underwent 300 FT cycles over a 

period of seven months. The FRP tension coupons and the large-scale beams were placed in a 

tank within an environmental conditioning chamber as shown in Figure 4.3. Freezing was done 

in dry conditions whereas thawing was done with all the specimens fully submerged in water. 

Prior to the freezing portion of the cycle, the water was fully drained from the tank. 

Thermocouples places at the core of the large-scale beams during their fabrication were used 

to measure their internal temperature. Another thermocouple was used to measure the air 

temperature within the environmental chamber. Figure 4.4 shows a sample of the temperature 

cycles, including both the air and core temperatures. The goal was to follow the 

ASTMC666/C666M (2015) standards as closely as possible. The target temperature range of 

the concrete core during FT cycles was +4±2 to −18±2°C, which represents closely certain 

regions in Canada and the United States. To achieve this, the air temperature range had to be 

approximately +6 to −27°C. Given the very thin profile of FRP, it is safe to assume that the 

externally bonded FRP and the bond line, as well as the FRP tension coupons, experienced a 

temperature range closer to that of the surrounding air. 

4.2.3.4 Test setup and instrumentation 

After completion of the FT cycles, the beams were removed from the environmental chamber 

and left to dry for at least two weeks. They were then tested in four-point bending at a span of 

2800 mm and a constant moment region of 500 mm as shown in Figure 4.5, exactly as their 

unconditioned counterparts tested by McSwiggan and Fam (2017). The beams were loaded at 

a constant rate of 1 mm/min. Electric resistance strain gauges were used to instrument each 



62 

 

15M rebar. These were placed 50 mm from mid-span in both directions. An additional two 

uniaxial strain gauges were used to instrument the FRP strip. They were place 50 mm from the 

centre in both directions. Two 100 mm displacement-transducers (PI gauges) were used to 

measure the strain in the concrete. The first was placed 25 mm from the top of the beam and 

the second was placed at the level of the tension steel (53 mm from the bottom). Finally, a 

Linear Potentiometer (LP) was placed at mid-span to measure the deflection of the concrete 

beam. 

4.3 Experimental Results 

The following sections present the experimental results for both the FRP tension coupon tests 

and the large-scale beam tests. 

4.3.1 FRP Tension Coupon Tests 

Table 4.3 shows a summary of the results, namely failure modes, tensile strengths including 

statistical assessment, tensile moduli and ultimate strains. The following sections discuss the 

results in detail. 

A Welch’s two-tailed T-test was performed to determine the statistical significance of the 

differences between the mean ultimate tensile strengths of the conditioned and unconditioned 

specimens for a given resin-fibre combination. It was also performed to determine the 

statistical significance of the differences between the mean ultimate tensile strengths of bio 

resin specimens compared to the E resin specimens. A confidence interval of 95% was used 

and the P values and their significance are presented in Table 4.4. This statistical method 

assumes unequal variance and normal distribution of the samples. 
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4.3.1.1 Failure modes 

The failure modes were identified in accordance with ASTM D3039/D3039M (2014) and 

samples are shown in Figure 4.6. For all specimen types, the failure modes were consistent for 

both the unconditioned and conditioned specimens. Figure 4.6(a) shows the failure mode for 

the G-EP specimens, which was explosive failure in the gauge area in the middle of the 

specimen (XGM) which is governed by failure of the resin matrix. The principal failure mode 

for the C-EP specimens was lateral failure in the gauge area in the middle of the specimen 

(LGM) which is governed by failure of the fibres, as shown in Figure 4.6(b). As seen in Figure 

4.6(c), lateral, multiple area and various location failure (LMV) was the dominating failure 

mode for the C-E specimens. As for the C-FA specimens, the main failure mode was explosive 

failure in the gauge area at various locations (XGV), as seen in Figure 4.6(d).  

4.3.1.2 Effect of conditioning  

A comparison between the mean ultimate tensile strength (fu) and modulus (Ef) of the 

unconditioned and conditioned specimens is presented in Figure 4.7 whereas the stress-strain 

curves of all specimens are presented in Figure 4.8. The RT-C-E specimens had a fu and Ef of 

941±96 MPa and 86±9.9 GPa, respectively. Their conditioned FT-C-E counterparts had a fu 

and Ef of 1046±83 MPa and 84.4±6.1 GPa, respectively. The fu of the FT-C-E specimens was 

found to be statistically similar to that of the RT-C-E specimens and the Ef was 4% lower 

compared to the unconditioned specimens. As for the RT-C-FA specimens, their fu and Ef were 

795±52 MPa and 80±12.8 GPa, respectively. Their conditioned FT-C-FA counterparts had a 

fu and Ef of 787±69 MPa and 83.8±3.9 GPa, respectively. The fu of the FT-C-FA specimens 

was found to be statistically similar to that of the RT-C-FA specimens and the Ef was 5% 

higher compared to the unconditioned specimens. The RT-C-EP specimens had a fu and Ef of 
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977±68 MPa and 84.5±5.4 GPa, respectively. Their conditioned FT-C-EP counterparts had a 

fu and Ef of 1028±53 MPa and 85.2±3.9 GPa, respectively. The fu of the FT-C-EP specimens 

was found to be statistically similar to that of the RT-C-EP specimens and the Ef was 1% higher 

compared to the unconditioned specimens. Finally, the RT-G-EP specimens had a fu and Ef of 

528±32 MPa and 24.8±0.76 GPa, respectively. Their conditioned FT-G-EP counterparts had a 

fu and Ef of 537±18 MPa and 25.1±1.5 GPa, respectively. The fu of the FT-G-EP specimens 

was found to be statistically similar to that of the RT-G-EP specimens and the Ef was 1% lower 

compared to unconditioned specimens. 

4.3.1.3 Effect of resin type  

Three different resins were used in conjunction with carbon fibre, namely the E, FA and EP 

resins. The bio-based and partially bio-based resin specimens (C-FA and C-EP) are compared 

to the E resin specimens (C-E). For the unconditioned specimens, the RT-C-FA had a fu 16% 

lower compared the to the RT-C-E specimens and the RT-C-EP specimens had a fu statistically 

similar to that of the RT-C-E specimens. As for their Ef, they were 7% lower and 2% lower, 

respectively, compared to the RT-C-E specimens. For the conditioned specimens, the FT-C-

FA had a fu 25% lower compared the to the FT-C-E specimens and the FT-C-EP specimens 

had a fu statistically similar to that of the FT-C-E specimens. As for their Ef, they were 2% 

higher and 3% higher, respectively, compared to the FT-C-E specimens. 

4.3.1.4 Effect of fibre type  

For the EP resin, both carbon and glass fibre were used. The RT-G-EP and FT-G-EP had fu 

values, 46% and 48% lower than their C-EP counterparts. Both the RT-G-EP and FT-G-EP 

had mean Ef, values, 71% lower than their C-EP counterparts. 



65 

 

4.3.2 Large Scale Beams 

The following sections present the experimental results for the large-scale beam test. A 

summary of the test results is presented in Table 4.5. 

4.3.2.1 Failure modes  

The failure modes of the beams are summarized in Table 4.5 and illustrated in Figure 4.9. In 

all cases steel yielding occurred prior to ultimate failure of the beam since the beams were 

designed to be under reinforced. Concrete crushing occurred in the control beam after steel had 

yielded. For the C-E-WL, the C-EP-WL and the C-FA-MWL beams, concrete shear failure 

governed the peak loads. This shear failure was followed by delamination of the concrete cover 

due to the propagation of the shear crack, though for the C-E-WL beam delamination and shear 

cracking occurred almost simultaneously. Concrete crushing governed the peak load of the G-

EP-WL beam which was followed by debonding of the FRP strip. Finally, debonding of the 

FRP strip governed the peak load of the C-E-MWL beam, eventually followed by concrete 

crushing.  

4.3.2.2 Effect of conditioning  

The six large-scale beams tested in this study all underwent FT conditioning and were then 

tested to failure at room temperature.  Figure 4.10 shows the load-deflection responses of all 

the conditioned beams (solid lines). Also shown in the Figure 4.10 are the load-deflection 

responses of five unconditioned counterparts (dotted lines) adapted from McSwiggan and Fam 

(2017). Figure 4.11 shows the load-strain responses for the FRP laminates, steel rebar and 

concrete in compression. Generally speaking, in all cases the FT-conditioned beams showed 

noticeable increase in their peak loads, relative to their unconditioned counterparts. It appears 

that FT cycles did not have a negative effect. Instead, it is likely that exposure to moisture 
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during thawing caused additional curing of concrete, thereby increasing its strength. Over the 

total conditioning period of seven months, the beams were submerged in water for a total 

cumulative period of at least 65 days. It is worth noting that all failure modes observed at peak 

loads are governed by concrete strength, whether they are crushing, shear failure or cover 

delamination. 

For the control specimens, both the RT-Control and FT-Control demonstrated the same failure 

mode. As demonstrated in Figure 4.10(a), the RT-Control and FT-Control had almost identical 

yield loads. However, in the case of the FT-Control beam, concrete crushing occurred at a 17% 

higher load compared to the RT-Control. Also, FT-Control had a higher elastic stiffness 

compared to RT-Control.   

In the case of the C-EP-WL beams, the two beams did not exhibit the same failure mode. The 

RT-C-EP-WL beam failed by concrete crushing followed by rupture of the FRP strip whereas 

the FT-C-EP-WL beam failed in shear followed by delamination. This change in failure mode 

can be attributed to the increase in concrete strength. As the compressive strength of the 

concrete (which governs concrete crushing) increases, the tensile strength of the concrete 

(which governs shear failure) also increases but to a lesser degree. Figure 4.10(c) shows that 

the FT-C-EP-WL beam reached a similar yield load but a 7% higher peak load, compared to 

RT-C-EP-WL.  

The RT-G-EP-WL and FT-G-EP-WL beams both had the same failure mode; concrete 

crushing followed by FRP debonding. Figure 4.10(d) shows that the FT-G-EP-WL beam had 

a similar yield load but a 14% higher peak load, compared to the RT-G-EP-WL beam.   

The C-E-MWL beams did not have the same failure mode. The RT-C-E-MWL beam failed in 
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shear whereas the FT-C-E-MWL beam failed by debonding of the FRP strip. This change in 

failure can once again be attributed to the increase in concrete strength. With the increase of 

the strength of the concrete, the shear strength of the concrete increases changing the weakest 

link from the shear strength of the concrete to the bond between the FRP and the concrete. 

Figure 4.10(e) shows the that FT-C-E-MWL beam had a similar yield load but an 11% higher 

peak load, compared to the RT-C-E-MWL beam.  

The C-FA-MWL beams did not have the same failure mode. The RT-C-FA-MWL beam failed 

by concrete crushing then rupture of one FRP strip and debonding of the other, whereas the 

FT-C-FA-MWL beam failed by shear followed by FRP delamination. This can be explained 

in the same way as for the C-EP-WL beams. Figure 4.10(f) shows that the yield and peak loads 

of the FT-C-FA-MWL beam were 4% and 10% higher, respectively, than the RT-C-FA-MWL 

beam. 

4.3.2.3 Effect of resin type 

Three different resins were used in conjunction with carbon fibres. The E and EP resins were 

used with the WL method and the FA and E resin were used with the MWL method in 

conjunction with epoxy paste. Figure 4.10(b) and 4.10(c) show that both the wet layup beams 

(FT-C-E-WL and FT-C-EP-WL) had significantly higher yield and peak loads compared to 

the control beam. Their yield loads were 27% and 22% higher, respectively than the control 

beam, whereas their peak loads were 36% and 25% higher, respectively, than the control beam. 

The beam with EP resin had an 8% lower strength than the one with E resin. There is no 

noticeable difference between the stiffness of the two beams or the control within the elastic 

range. 
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Figure 4.10(e) and 4.10(f) show that the MWL beams (FT-C-E-MWL and FT-C-FA-MWL) 

also had significantly higher yield and peak loads compared to the control beam. Their yield 

loads were 19% and 25% higher, respectively, than the control beam, whereas their peak loads 

were 27% and 31% higher, respectively, than the control beam. The beam with the FA resin 

strips had a 3% higher strength than the one with the E resin strips. Once again, there is no 

noticeable difference between the stiffness of the two beams or the control within the elastic 

range. 

4.3.2.4 Effect of fibre type 

Two different fibres types were used in conjunction with the EP resin; carbon and glass. Figure 

4.10(c) and 4.10(d) show that the FT-G-EP-WL beam had yield and peak loads 10% and 9% 

lower, respectively, than the FT-C-EP-WL beam. It is important to note, however, that failure 

modes were different, concrete crushing for the former and shear failure for the latter. Also, 

the nominal lamina thickness of GFRP is 1.3 mm while that of CFRP is 1 mm.   

4.4 Summary 

This study examined the effects of freeze-thaw (FT) cycles on the flexural performance of 

reinforced concrete beams retrofitted with externally bonded FRP laminates fabricated using 

bio resins. Six large-scale beams including three retrofitted with bio resin-FRP, two with 

epoxy-FRP, and one control beam, were tested. A fully bio FA, resin derived from corn cobs 

and sugar cane, and a partially bio EP, resin, were investigated. Additionally, 40 FRP tension 

coupons fabricated with the bio resins and the epoxy resin were tested to assess the effect of 

FT cycles on their tensile properties.  Specimens were exposed to 300 FT cycles over a period 

of seven months at a temperature range of +6 to −27°C.  The study showed that this aggressive 

FT regime did not have a negative effect on the ultimate capacities of the beams or the coupons. 
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In fact, all the conditioned beams had peak loads between 7 and 17% higher than their 

unconditioned counterparts, which may be attributed to the additional curing of concrete during 

the thawing phase of the FT cycles by submersion in water. The FT conditioned beams with 

the FA and the EP resin FRPs had 22 and 25% higher yield loads and 25 and 31% higher 

ultimate loads, respectively, compared to the FT conditioned unstrengthen beam. 
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Table 4.1: FRP Tension Coupon Test Matrix 

Specimen ID Repetitions Conditioning Fibre Type Resin Type 

RT-C-E 

5 for each 

case 

Room 

Temperature 

(RT) 

C 

E 

RT-C-FA FA 

RT-C-EP 
EP 

RT-G-EP G 

FT-C-E 

Freeze-Thaw 

Cycles  

(FT) 

C 

E 

FT-C-FA FA 

FT-C-EP 
EP 

FT-G-EP G 

 

 

Table 4.2: Large-Scale Beam Test Matrix 

Beam ID Fibre Type Resin Type Layup Method 

FT-Control - - - 

FT-C-E-WL C E WL 

FT-C-EP-WL C EP WL 

FT-G-EP-WL G EP WL 

FT-C-E-MWL C E MWL 

FT-C-FA-MWL C FA MWL 

 

 

Table 4.3: FRP Tension Coupon Test Results 

Specimen 
Failure 

Modes 

Tensile Strength 

(MPa) 

Young’s Modulus 

(GPa) 
Ultimate Strain 

Mean SD Mean SD Mean SD 

RT-C-E LMV a 941.12 107.1 86.0 11.1 0.0110 0.0013 

FT-C-E LMV 1046.31 92.8 82.4 6.8 0.0127 0.0007 

RT-C-FA XGV b 794.53 58.1 80.1 14.3 0.0102 0.0022 

FT-C-FA XGV 786.63 77.3 83.8 4.4 0.0094 0.0007 

RT-C-EP LGM c 976.56 75.7 84.5 6.1 0.0116 0.0009 

FT-C-EP LGM 1028.25 59.8 85.2 4.4 0.0121 0.0009 

RT-G-EP XGM d 528.18 36.1 24.8 0.9 0.0213 0.0012 

FT-G-EP XGM 536.95 20.1 25.1 1.7 0.0215 0.0019 
a LMV = Lateral, multiple area and various location failure, b XGV = Explosive failure in the gauge area at various 

locations, c  LGM = Lateral failure in the gauge area in the middle of the specimen, d XGM = Explosive failure in 

the gauge area in the middle of the specimen. 
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Table 4.4: Statistical Analysis of FRP Tension Coupon Results 

 

 

 

 

 

 

Table 4.5: Large-Scale Beams Test Results after FT Exposure 

Beam ID 

Yield 

Load 

Py 

(kN) 

% 

Increase 

in Py 

Peak 

Load Pu, 

(kN) 

% 

Increase 

in Pu 

FRP 

Strain at 

Ultimate 

(micro) 

Deflection 

at Ultimate 

(mm) 

Failure Modes 

of FT Beams 

Failure Modes of 

RT Beams 

(McSwiggan and 

Fam, 2017) 

FT-Control 77.59 - 98.21 - - 33.79 y → cc y → cc 

FT-C-E-WL 98.74 27 133.62 36 5963.00 28.19 y → s/d → cc - 

FT-C-EP-WL 94.28 22 123.20 25 2239.44 27.81 y → s → d y → cc → r 

FT-G-EP-WL 84.64 9 112.65 14 4899.80 32.83 y → cc → d y → cc → d 

FT-C-E-MWL 92.23 19 124.44 27 1767.55 28.64 y → d → cc y → s 

FT-C-FA-MWL 97.14 25 128.67 31 2742.82 24.50 y → s → d y → cc → r → d 

y = yielding, cc = concrete crushing, s = concrete shear, d = debonding 

 

 

 

 

 

Specimen IDs 

Difference Between FT 

and RT Specimens 

Difference Between E-Resin 

and Bio-Resin Specimens 

P Significance P Significance 

FT-C-E & RT-C-E 0.1354 NOT 

- 
FT-C-FA & RT-C-FA 0.8602 NOT 

FT-C-EP & RT-C-EP 0.2649 NOT 

FT-G-EP & RT-G-EP 0.6521 NOT 

RT-C-FA & RT-C-E 

- 

0.0360 Significant 

FT-C-FA & FT-C-E 0.0013 Significant 

RT-C-EP & RT-C-E 0.5646 NOT 

FT-C-EP & FT-C-E 0.7252 NOT 
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Figure 4.1: Tension Coupon Layout 
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Figure 4.2: Large Scale Beam Layout 
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Figure 4.3: Freeze-Thaw Setup 
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Figure 4.4:  Freeze-Thaw Conditioning Program 

 

 

 

 

 

 

 



76 

 

 

 

Figure 4.5: Large Scale Beam Test Setup 
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Figure 4.6: FRP Tension Coupon Failure Modes (a) G-EP (b) C-EP (c) C-E (d) C-FA 

 

(a) (d) (b) (c) 
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Figure 4.7: (a) Mean Tensile Strength and (b) Mean Tensile Modulus of the FRP Tension 

Coupons 
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Figure 4.8: Stress Strain Behaviour of the (a) C-E, (b) C-FA, (c) C-EP and (d) G-EP Tension 

Coupons 
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Figure 4.9: Large-Scale Beam Failure Modes 
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Figure 4.10: Large-Scale Beam Load-Deflection Behaviour (a) Control (b) C-E-WL (c) C-

EP-WL (d) G-EP-WL (e) C-E-MWL (f) C-FA-MWL 
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Figure 4.11: Large-Scale Beam Load-Strain Behaviour (a) Control (b) C-E-WL (c) C-EP-WL 

(d) G-EP-WL (e) C-E-MWL (f) C-FA-MWL  
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Chapter 5: Summary and Conclusions 

5.1 The Effect of Bio-Based Content in Resin Blends on Tensile Properties of FRP 

Wet Layup Systems 

In this phase of the study, 90 FRP tension coupons and 60 lap splice specimens were tested to 

investigate various types of partially bio-based resins intended to achieve more sustainable 

composites, in comparison to epoxy. These bio resins were a two-part system that has 41% of 

its total content derived from by-products of the wood and vegetable industries, a cashew nut 

shell liquid blended with epoxy to achieve a range of 20 to 40% bio content, and an epoxidized 

linseed oil blended with epoxy to achieve a range of 10 to 40% bio content. Both carbon and 

glass fibres were used in conjunction with these resins. The following conclusions were drawn 

from this experimental investigation:  

1. The resin with the highest bio content with adequate mechanical properties was the VW 

resin with 41% bio content. The VW-C specimens had a mean ultimate tensile strength 

only 9% lower, and a tensile modulus 2% higher, than the control E-C specimens. The 

VW-G specimens had a mean ultimate tensile strength only 3% lower, and effectively 

the same tensile modulus, compared to E-G specimens.  

2. For the CN resin, as the percentage of bio content increased from 20 to 30%, the tensile 

strength increased and then reduced at 40% bio.  At the 30% bio, the CN-C specimens 

had a mean tensile strength and modulus effectively the same as the E-C specimens.  

The CN30-G specimens had a mean tensile strength and modulus 14% and 6% lower 

than the E-G specimens, respectively. 

3. For the ELO resin, the ELO20-C and ELO30-G specimens had the highest bio content 

while maintaining adequate mechanical properties. The ELO20-C specimens had a 
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mean tensile strength and modulus 1% to 3% higher than the E-C specimens, while the 

ELO30-G specimens had a mean tensile strength and modulus, 13% and 2% lower than 

the E-G specimens, respectively. 

4. For the lap splice specimens, the E-C specimens reached a maximum of 75% of the 

ultimate tensile strength of their uniaxial tension counterparts for the 51mm lap splice 

length. The VW-C lap splices reached 77% of the uniaxial strength of their tension 

coupon counterparts at 102 mm splice length. The E-G and VW-G specimens reached 

94% and 79% of the ultimate tensile strength of their uniaxial tension counterparts, 

respectively, for the 102 mm splice length.     

5.2 The Influence of Bio Content and Type in Resins on FRP Wet Layup Bond 

Strength to Concrete  

In this phase of the study, small beam bond tests were performed to establish the bond strengths 

of FRP wet lay-up systems installed using partially bio-based resins and compared them to that 

of conventional epoxy resin. Three different partially bio-based resin blends were investigated: 

a resin blend derived partially from by-products of the vegetable and wood industries with 41% 

bio content, a blend of epoxy and resin derived from cashew nut shell liquid with bio content 

ranging from 20% to 40%, and a blend of epoxy and epoxidized linseed oil with bio content 

ranging from 10% to 40%. The following conclusions were drawn: 

1. The VW resin, with the highest bio content of 41%, resulted in very similar bond 

strengths compared to the control epoxy resin, within 2% for both the glass and carbon 

specimens. 
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2. The ELO resin, with 20% bio content, resulted in a 30% higher bond strength compared 

to the epoxy resin for both the glass and carbon specimens. However, this difference 

was found to not be statistically significant.  

3. Within the limitations of this study, the 20% bio content in the ELO resin appeared to 

be optimum, as lower and higher bio contents resulted in lower bond strengths. At 30% 

bio content, bond strengths were 43% and 32% lower compared to the epoxy for the 

carbon and glass specimens, respectively, whereas the bond strengths at 40% bio were 

82% and 68% lower, respectively. 

4. The CN resin, with 20% bio content, resulted in bond strengths, within 2% compared 

to epoxy, for both types of fibres. At 30% bio, the bond strengths dropped slightly but 

remained within 6% of the values for epoxy for both fibre types. At 40% bio content, 

significant reductions in bond strength occurred with values 62% and 55% lower 

compared to epoxy, for the carbon and glass specimens, respectively. 

5. Bond strength is not only dependent on resin, but also on fibre type.  In the case of glass 

specimens, bond strengths were between 12% and 29% lower compared to the carbon 

specimens, for the same resin type. This can be explained by the significantly lower 

tensile modulus of the glass fibres compared to the carbon fibres. Nonetheless, the 

failure modes were similar for both fibre types, for a given resin type.  

5.3 Durability under Freeze-Thaw Cycles of Concrete Beams Retrofitted with 

Externally Bonded FRPs using Bio-Based Resins 

In this phase of the study, six full scale beams, including five retrofitted by externally bonded 

FRP laminates, as well as forty FRP tension coupons, were tested. The FRP materials 

incorporated fully or partially bio-based resins, and were compared to epoxy-based FRPs. 
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Specimens were exposed to 300 freeze-thaw (FT) cycles at air temperatures ranging from +6 

to −27°C, before being tested to failure. The results were compared to those of unconditioned 

counterparts. The following conclusions were drawn: 

1. FT conditioning did not have a negative effect on tensile properties or failure modes of 

the bio-based resin FRP tension coupons, for either carbon or glass fibres. The ensile 

strengths (fu) of the conditioned specimens varied from -1 to +11% while Young’s 

moduli (Ef) varied from -4 to +5%, relative to unconditioned specimens. Statistical 

analysis showed that these variations are not statistically significant. 

2. For the furfural alcohol (FA) bio resin CFRP tension coupons, fu was 16% and 25% 

lower than epoxy-CFRP specimens, for unconditioned and FT-conditioned specimens, 

respectively. Statistical analysis showed that these variations are statistically 

significant. For the epoxidized pine oil resin (EP) specimens, fu was 4% higher and 2% 

lower than that of their epoxy-CFRP counterparts for both the unconditioned and 

conditioned specimens, respectively, which were statistically insignificant. 

3. FT conditioning did not have a negative effect on the reinforced concrete beams. On 

the contrary, all beams showed noticeable increases in their peak loads of 7 to 17%, 

relative to their unconditioned counterparts. It is likely that exposure to moisture during 

conditioning caused additional curing of concrete, thereby increasing its strength.  

4. Failure modes changed in some cases for FT-conditioned beams. For both EP-C-WL 

beams and FA-C-MWL beams, it changed from concrete crushing then FRP rupture 

for the unconditioned beams to shear failure then FRP delamination for the conditioned 

beams.  
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5. The FT conditioned beams with FA and EP resin-FRPs had 22% and 25% higher yield 

loads, respectively, and 25% and 31% higher ultimate loads, respectively, compared to 

the FT conditioned unstrengthened beam. 

5.4 Recommendations for Future Work 

The study focused on the short-term behaviour of FRP laminates and externally bonded FRPs 

fabricated with VW, CN and ELO resin as well as the effects of freeze-thaw cycling on FRP 

laminates and externally bonded FRPs fabricated with EP and FA resins. The following are 

recommendations for future work: 

1. Investigate the effects of various environmental conditioning like freeze-thaw cycling, 

and exposure to saline and alkaline environments on FRP laminates fabricated with the 

VW, CN and ELO resins to evaluate their long-term performance. 

2. Study the effects on environmental conditioning on the bond between concrete and 

FRPs fabricated with the VW, CN and ELO resins with a small notched beam test.  

3. Carry out a large-scale test on reinforced concrete beams with externally bonded FRPs 

fabricated with the VW, CN and ELO resins.  
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