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Abstract 

The use of bio-based resins in composites for construction is emerging as a way to reduce  of 

embodied energy produced by a structural system. In this study, two types of bio-based resins were 

explored: an epoxidized pine oil resin blend (EP) and a furfuryl alcohol resin (FA) derived from 

corn cobs and sugar cane.  Nine large-scale reinforced concrete beams strengthened using 

externally bonded carbon and glass fibre reinforced bio-based polymer (CFRP and GFRP) sheets 

were tested. The EP resin resulted in a comparable bond strength to conventional epoxy (E) when 

used in wet layup, with a 7% higher strength for CFRP. The FA resin, on the other hand, resulted 

in a very weak bond, likely due to concrete alkalinity affecting curing.  However, when FA resin 

was used to produce prefabricated cured CFRP plates which were then bonded to concrete using 

conventional epoxy paste, it showed an excellent bond strength.  The beams achieved an increase 

in peak load ranging from 18-54% and a 9-46% increase in yielding load, depending on the number 

of FRP layers and type of fibres and resin.   

 Additionally, 137 concrete prisms with a mid-span half-depth saw cut were used to test 

CFRP bond durability, and 195 CFRP coupons were used to examine tensile strength durability.  

Specimens were conditioned in a 3.5% saline solution at 23, 40 or 50oC, for up to 240 days.  

Reductions in bond strength did not exceed 15%.  Bond failure of EP was adhesive with traces of 

cement paste on CFRP, whereas that of FA was cohesive with a thicker layer of concrete on CFRP, 

suggesting that the bond between FA and epoxy paste is excellent.  EP tension coupons had similar 

strength and modulus to E resin, whereas FA coupons had a 9% lower strength and 14% higher 

modulus. After 240 days of exposure, maximum reductions in tensile strength were 8, 19 and 10% 

for EP, FA and E resins, respectively.  Analysis of Variance (ANOVA) was also performed to 
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assess the significance of the reductions observed. High degrees of variability in the test results 

may have skewed the results from this statistical analysis. 
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Chapter 1: Introduction 

1.1 General 

Aging concrete infrastructure in large cities across the globe requires replacement or rehabilitation. 

An increase in loads, corrosion of internal steel reinforcement and creep/fatigue effects have all 

contributed to the aging effects on these vital structures. Economic and environmental implications 

have resulted in the development of the bonded steel plate technology with regards to repairing 

deficient reinforced concrete (RC) structures. This repair method allows for restoration with 

minimal impact on surrounding areas during installation and avoids the need for full scale 

restoration. Exposed steel plates used in this technology are at risk of corrosion especially those 

exposed to harsh weather conditions such as de-icing salts, freeze-thaw cycles and marine 

environments. Other downsides to using this technique include, required lifting machinery to place 

the dense steel plates and the associated weight the rehabilitated element must carry. 

The pitfalls of steel plate bonding with RC structures has resulted in seeking better alternatives 

such as using fibre reinforced polymer (FRP) composites  as a strengthening material. FRPs are 

corrosion resistant, have a high strength to weight ratio, and when compared to conventional 

building materials they are lightweight. Externally bonding FRP sheets to RC members provides a 

unique solution to the repair of existing RC elements. Minimal impediments to the surrounding 

area during application and ease of installation result in cost reductions, these advantages paired 

with corrosion resistance and a high strength to weight ratio are driving factors that lead to the 

advancement of this rehabilitation technique.  

The petroleum based derivatives commonly found in FRPs have emerged as a glaring disadvantage 

that threatens further advancement of this technology. Recycling a fully cured FRP sheet is 

inherently difficult; no process currently exists to separate the two phases of FRPs in a cost effective 

and environmentally friendly manner. The use of renewable resources as both fibres and matrix in 

FRPs has emerged as a possible more sustainable alternative. Natural fibres can be orders of 
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magnitude weaker than commonly used glass or carbon fibres, Mak et al. (2015b) found average 

ultimate stress of glass FRP approximately 3 times higher than flax FRP.  Bio-based resins can 

provide acceptable material properties when compared to conventional epoxies. To achieve optimal 

strength while reducing the environmental impact bio-based resins in combination with commonly 

used fibres are ideal for building and infrastructure applications.  

Limited research has been performed regarding the long-term durability characteristics of FRP 

composites and the bond between FRP and concrete in general, and especially with bio-based FRPs. 

This research aims to investigate long-term tensile and bond characteristics using accelerated aging 

protocols of a commonly used epoxy and renewable substitutes. In addition full-scale RC beams 

are strengthened with standard epoxy FRP systems and renewable substitutes to assess the 

feasibility of replacement of the matrix for flexural retrofitting.  To the author’s knowledge, this is 

the first study of its kind on ‘bond-critical’ FRP applications in concrete retrofitting using bio-

resins. 

1.2 Objectives 

The main objective of this research was to investigate the feasibility of renewable matrix 

alternatives to petroleum based epoxy products used in strengthening RC beams. Interaction 

between glass and carbon fibres along with number of layers and fabrication technique were 

highlighted and analyzed. The long-term durability of FRP-to-concrete bond and FRP tensile 

material properties using conventional and renewable resin alternatives was assessed. Specific 

objectives include: 

1. Investigating the flexural performance of RC beams strengthened with FRP sheets 

manufactured with renewable matrix constituents. These results will be compared to an un-

strengthened beam and the renewable matrices will be compared to petroleum based ones.  

2. Comparing the effect of altering the number of composite layers (one or two) and the 

fabrication technique (wet lay-up and pre-fabricated sheets). 
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3. Comparing the bond between the FRP and concrete using a modified modulus of rupture 

test with standard epoxy and renewable alternatives.  

4. Assessing the durability of the bond between concrete and FRP for all resin systems using 

accelerated aging. 

5. Assessing the long-term tensile characteristics of the bio-based resins with coupon tests 

after environmental aging in saltwater baths at elevated temperatures. 

 

1.3 Scope 

This work includes large-scale and small-scale experimental investigations.  The results are 

compared with control specimens and to each other. The testing program aims to address the 

performance of renewable resin systems when used with FRP sheets to strengthen RC beams. Bond 

durability of the renewable resin systems will be investigated and compared to petroleum based 

epoxy over 240 days. Also, durability of tensile properties of the FRP with bio- and petroleum- 

based resins will be evaluated over 240 days. 

The experimental research was comprised of three phases, Phase I consisted of large-scale 

strengthening of RC beams using FRP sheets. Accomplishing this goal is achieved by substituting 

different resin systems in the FRP strengthening process. Comparison of the results will provide an 

indication of how these systems act when employed as a strengthening technique.  

The second phase of the experimental investigation involved modified modulus of rupture tests and 

Accelerated Aging Protocols (AAP). Small concrete blocks were cut at midspan to half-depth and 

an FRP strip is installed on the soffit of the beam. The long-term durability of all three resin systems 

was assessed with aging in heated saltwater tanks and periodic bond tests. 

The third phase involved applying the identical AAP as the second phase to carbon-FRP (CFRP) 

coupons. The coupons were tested after aging and the changes in strength and elastic modulus were 
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recorded and evaluated. The strength and modulus response to time was recorded and compared 

between bio- and a conventional petroleum- based epoxy. 

1.4 Thesis Outline 

Chapter 2: The large-scale RC beam experiments are presented. This includes the testing 

to failure of the RC beams strengthened with bio-based FRPs and analysis of the results. 

The effect of FRP layers and manufacturing method are presented. A detailed discussion 

involving the observed failure modes is presented in this chapter. 

Chapter 3: The small-scale FRP-concrete bond durability experiments are presented. This 

includes the testing to failure of concrete blocks and analysis of the test results. 

Additionally, an initial comparison of the resin systems and long-term performance will be 

presented.  

Chapter 4: The small-scale FRP tensile property durability experiments are presented. 

This includes the testing to failure of FRP coupons and in-depth analysis of the test results. 

Resin types are evaluated on performance over time and two of the three resins will be 

compared to results found in literature. 

Chapter 5: This chapter provides conclusions based on the research presented. The 

conclusion is accompanied by future work recommendations. 
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Chapter 2: Bio-Based Resins for Flexural Strengthening of Reinforced 

Concrete Beams with FRP Sheets 

2.1 Introduction 

A considerable volume of research and development activities have addressed structural retrofitting 

of RC structures using externally bonded plates in the past few decades. These efforts started with 

flexural strengthening using adhesively bonded steel plates (Eberline et al., 1988: Basunbul et al., 

1990: Oehlers, 1992).  A unique opportunity was then realized when FRP composites became 

readily available for the structural engineering and construction community. Their lightweight and 

corrosion resistance characteristics and availability in very thin, yet high strength, laminates made 

them ideal for external bonding, especially to the underside of beams and slabs (Teng et al., 2002).  

The system generally involves glass or carbon fibre sheets bonded to the roughened concrete 

surface using low viscosity epoxy adhesives (wet layup), or prefabricated cured FRP plates bonded 

to the surface using a more viscous adhesive.  Many applications focused on strengthening intact 

structures to increase their load carrying capacity due to increased loading. Most applications, 

however, focused on repair of deteriorated structures, generally due to corrosion of steel 

reinforcement which causes section loss and cracking (Rodriguez et al., 1995; Ting and Nowak, 

1991), mainly to restore their lost capacity. Retrofitting existing structures minimizes the inherent 

costs, lengthy use impediments and environmental impact that accompany replacing these 

structures. 

Flexural retrofitting of deficient RC beams with FRP sheets has been researched to a large extent 

(e.g. Bonacci and Maalej, 2000: Grace et al, 1999, Karbhari and Zhao., 1998: Chajes et al., 1994 

among many others). Significant gains in strength were demonstrated as well as increases in 

stiffness. Studies have also demonstrated the change in failure modes. The possible failure modes 

experienced in RC beams with externally bonded FRP sheets or plates are well established and are 
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generally: FRP rupture, concrete crushing, concrete shear failure, concrete cover delamination, 

plate end interfacial debonding, or intermediate crack induced interfacial debonding.  Complexity 

of the interactions between the FRP laminate and the concrete surface leads to brittle unexpected 

failures. To address these concerns Smith and Teng (2001) assessed available bond models and 

provided recommendations on the most accurate in terms of the limiting strain in FRP at the event 

of debonding. Their recommended model formed the basis of the expression used in the ACI 440 

(2008) design guide. 

Most research work and field installation of externally bonded FRP sheets to RC beams have used 

conventional epoxies. These epoxies are derived from petroleum-based constituents they are not 

sustainable and have a significant environmental impact. Renewable alternatives can replace 

epoxies to reduce this environmental impact as a sustainable builind material. Natural thermosetting 

polymers can be derived from renewable oils and extracts obtained from plants such as sunflower, 

cotton, linseed, corn cobs and sugarcane. In fact, some attempts were made to use bio-resin in FRP 

pultrusion (Guner et al. 2006, Ma et al., 1995).   

Fam et al. (2013) investigated a furfuryl alcohol-based bio resin, derived from corn cobs and sugar 

cane, to develop a GFRP laminate through wet layup. The study explored different catalyst types 

and dosages, and the curing time. It was shown that tensile strength and modulus comparable to the 

GFRP specimens made with conventional epoxy resin were achieved. Based on these promising 

results, Eldridge and Fam (2014b) extended this work to wrapping of concrete cylinders using this 

furfuryl alcohol bio resin-GFRP for confinement purposes. A confined concrete strength identical 

to that of epoxy-GFRP wrapped cylinders was achieved and failure occurred by rupture of the 

GFRP jacket. It should be noted, however, that this is a ‘contact-critical’ not a ‘bond-critical’ 

external bonding application. A contact-critical application in this case, refers a to system where 

the interface of the laminate and concrete surface typically govern ultimate strength ie. flexural 

FRP strengthening without anchorage. Bond-critical in this case refers to a system where the 
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interface between the laminate and another layer of the laminate typically govern the ultimate 

strength, ie. lap splicing.  The same study investigated the durability of these cylinders as compared 

to epoxy-GFRP wrapped cylinders. After about 300 days submersion in salt solution at various 

temperatures, the bio-resin-GFRP wrapped cylinders showed only 3-9% lower strength than the 

epoxy-GFRP wrapped ones.  When GFRP tension coupons made from both the bio- and epoxy-

resins were aged under the same conditions (Eldridge and Fam, 2014a), the strength retentions of 

the bio-GFRP coupons were 6 to 22% lower than epoxy-GFRP as the temperature increased from 

23 to 55oC.   

Studies have also explored natural fibre composites (Williams and Wool, 2000; O’Donnell et al. 

2004, Mak et al., 2015a).  It was shown that most natural fibres lack the strength and stiffness 

required for structural retrofitting applications. For example, Mak et al (2015a) reported that tensile 

strength and modulus of flax-FRP were only one third of those of GFRP. Therefore, it has been the 

belief of the authors that bio-based FRP composites will have a chance in ‘heavy-duty’ structural 

systems and applications (e.g. RC) most likely through the bio-resins not the bio-fibres. On the 

other hand, bio fibres showed success in ‘lighter’ structural components such as sandwich panels 

with FRP skins (Mak et al. 2015b). 

This paper investigates two types of bio-resin, namely: an epoxidized pine oil blend and a furfuryl 

alcohol resin derived from corn cobs and sugar cane, in the context of externally bonded CFRP and 

GFRP sheets for flexural strengthening of RC beams. This is the first study of its kind related to a 

‘bond-critical’ retrofitting application using these bio-resins. 

2.2 Experimental Program 

In this study nine large scale rectangular steel-reinforced concrete beams were fabricated and 

tested. Eight of the beams were strengthened using externally bonded GFRP and CFRP sheets, 

including regular epoxy resins and two types of bio-based resins. A preliminary phase of small 
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scale ancillary bond tests was first conducted prior to the large scale tests. The following is a brief 

description of the experimental program. 

2.2.1 Materials 

Carbon fibres: A 0.64 kg/m3 unidirectional carbon fibre fabric with a reported tensile strength, 

modulus and ultimate strain of 4000 MPa, 230 GPa and 1.7%, respectively, was used [Fyfe Co. 

LLC, 2013]. 

Glass fibres: A 2.55 kg/m3 unidirectional glass fibre fabric with a reported tensile strength, 

modulus, and ultimate strain of 3240 MPa, 72.4 GPa, and 4.5%, respectively, was also used [Fyfe 

Co. LLC, 2013]. 

Conventional epoxies: Two types of conventional epoxies were used. The first is a low viscosity 

epoxy resin, with reported tensile strength, elastic modulus and ultimate strain of 72.4 MPa, 3.18 

GPa, and 5%, respectively, when post-cured at 60°C for 72 hours. This resin is referred to as E in 

this study. Reported laminate tensile strength, elastic modulus and elongation are: 575 MPa, 26.1 

and 2.2% (glass) and 986 MPa, 95.8 GPa and 1.0% (carbon) [Fyfe Co. LLC, 2013]. The second 

type was a structural epoxy paste adhesive, with reported tensile strength, elastic modulus and 

ultimate strain of 24.8 MPa, 4.5 GPa, and 1%, respectively, at 23°C for 7 days. No post curing is 

necessary for these resins, E resin may exhibit lower material properties than the values reported 

by the manufacturer due to the absence of post curing.  

Epoxidized Pine Oil resin blend:  This type is a low viscosity epoxy blend, partially derived from 

oil extracted from pine tree sap. It has similar consistency to the low viscosity conventional epoxy 

described above, and similarly, is also clear in colour. The reported post-cured tensile strength and 

elastic modulus at 60°C for 72 hours are 58.9 MPa and 2.64 GPa, respectively. It exhibits a 

maximum elongation of 6%. [Fyfe Co. LLC, 2015]No post curing is necessary for this resin and 

may exhibit lower material properties than those reported by the manufacturer. This resin is referred 

to as EP in this study. 
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Furfuryl Alcohol resin and catalyst: This low-viscosity bio-resin is an organic compound. It is 

furfuryl alcohol-based (C5H6O2), derived from renewable resources such as sugar cane and corn 

cobs. It has a dark-reddish to brown colour, and has the following physical characteristics: a specific 

gravity of 1.22, viscosity of 300-600 cps, a gel time of 18-24 minutes at 25°C, and a flash point of 

75.6°C. The catalyst used to cure the resin was p-Toluenesulfonic acid monohydrate 97.5%. The 

dosage of the catalyst was 3% by weight. It was recommended for this particular catalyst to post 

cure the system for three hours at 200°C. This could potentially limit field applications in large 

structures. This resin is referred to as FA in this study. 

FRP composites: A summary of the various combinations of fibre and resin types as well as the 

coupon test results is provided in Table 2-1, where carbon (C) or glass (G) fibres were combined 

with E, EP, or FA. Five 25.4 mm wide FRP coupon repetitions were fabricated for each variation 

and tested according to ASTM D 3039 (2008). The nominal thicknesses of the GFRP and CFRP 

laminates were 1.3 mm and 1.0 mm, respectively. Figure 2-1 shows the stress-strain relationships 

of the various coupon types using extrapolated ultimate stress and strain values.  It can be seen that 

the EP resin resulted in similar strength and modulus to coupons with E. It can also be seen that the 

FA bio resin resulted in a slightly lower (9%) tensile strength and slightly higher (14%) Young’s 

modulus compared to E. 

Concrete: The concrete used in the beams was specified at 35 MPa at 28 days, with a maximum 

aggregate size of 19 mm. The cylinder strengths, measured in accordance with ASTM C-39 (2015) 

at the time of testing ranged from 31 MPa to 36 MPa. 

Steel rebar: 15M (16 mm) and 10M (11 mm) steel bars were used as longitudinal reinforcement. 

Tension tests performed in accordance with ASTM A370 (2014) showed the measured yield 

strength was 430 MPa for both sets of bars. 
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2.2.2 Preliminary Bond Tests and Results 

Twenty-one small scale plain concrete notched beams with bonded FRP sheets were fabricated, 

and tested in three-point bending in accordance with the recommendations of Gartner et al. (2011). 

The goal was to provide a preliminary characterization of the bond performance of the FRP using 

the bio-resins prior to fabrication and testing of the large scale beams. Figure 2-2 (a) and (b) show 

the details of the notched beam and test setup. Figure 2-2 (c) shows the interfacial shear stress 

idealization that is used for bond strength comparison. This idealization is used under two key 

assumptions, they are: the neutral axis is set at a measured location due to the half-depth saw cut 

and concrete strains are low and the concrete stress is in the linear elastic region and can be 

measured as a triangular stress block. Once the concrete fully cured, the blocks were cut at mid-

span to mid-depth with a wet stone saw. After sand-blasting the surface, the blocks were retrofitted 

with a 40 mm wide and 203 mm long FRP strip. The mid-span saw cut ensures a controlled bond 

failure.   

Table 2-2 provides a summary of this test matrix. It includes, control plain concrete beams, control 

beams strengthened with either glass or carbon fibres bonded using E (EG and EC systems), beams 

with either glass or carbon fibres bonded using EP resin blends (EPG and EPC), and beams with 

carbon fibres bonded using FA resin (FAC).  In all these systems, the fabrics were installed using 

the commonly known wet layup (WL) process and left to cure for 7-14 days (depending on resin 

type) at room temperature. 

Table 2-2 also shows the measured ultimate loads of the three-point bending tests.  The beams with 

EPG and EPC achieved comparable failure loads to those with EG and EC control systems, with 

the EPC being slightly higher by 7%, while the EPG lower by 17%. The calculated bond strengths 

of EPC and EPG based on the method recommended by Gartner et al. (2011) were 4.2 and 2.8 

MPa, respectively, whereas those of the EC and EG were 3.9 and 3.4 MPa.  Figure 2-3(a to d) show 

the bond failures of the EG, EC, EPG and EPC systems. It can be seen that a layer of concrete 

remained adhered to the FRP sheets suggesting a similar bond failure for the EP resin to E.   
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On the other hand, after sufficient curing, the FAC system seemed to separate relatively easily from 

concrete (Fig. 2-3(e)). This was not the case for the FAC tension coupons (Table 2-1 and Fig. 2-1) 

which cured properly and showed high tensile properties. After correspondence with the chemical 

supplier it was determined that the highly alkaline concrete surface may have neutralized the 

hardening reaction which is accomplished with p-Toluenesulfonic acid monohydrate.  Currently, 

another project by the authors is addressing this phenomenon in more depth by exploring potential 

surface treatments. For this study, however, based on this preliminary investigation, it was decided 

to change the scope with regard to the FA resin.  It was decided to explore the potential for 

producing prefabricated CFRP plates using this FA resin (similar to available pultruded carbon 

strips) and then adhere them using conventional epoxy paste. This is shown in Table 2-2 (the last 

set of tests), referred to as modified wet layup (MWL). For convenience, in lieu of pultruding the 

CFRP plate, the authors prefabricated and cured the plate using wet layup, on its own.  This was 

done by saturating the fibres on a polyurethane plastic sheet supported by 25 mm thick high density 

polyurethane flat plate, covering it with another plastic sheet and squeezing out the excess resin 

using a flexible spreader while keeping the fibres aligned straight. The CFRP sheet was then 

covered by another high density polyurethane plate. Once the resin has fully cured, the FRP plate 

was cut to the desired dimensions. The plate was then bonded to concrete using conventional epoxy 

paste.  Table 2-2 shows that the achieved load from the bond test was quite high, 25% higher than 

EC control specimen, this promising result is attributed to the excellent adhesion properties of the 

epoxy paste. Also, Fig. 2-2(f) shows the bond failure mode where a large section of concrete 

remained adhered to the plate. It appears then that FA resin has the ability to adhere to regular 

epoxy. The calculated average bond strength of the FAC system was 5 MPa, higher than all other 

systems. 

The findings from this preliminary investigation indicate that EP resins can indeed be used in wet 

layup installation, and adhered directly to concrete surface, whereas the FA resin can be used to 
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produce prefabricated and cured CFRP plates that can then be adhered successfully to concrete 

using conventional epoxy paste. 

2.2.3 Large-Scale Tests 

Test matrix: Nine large-scale (175x300x3000 mm) reinforced concrete beams, including one 

‘control’ unstrengthened specimen, were fabricated and tested to failure. Table 2-3 provides a 

summary of the test matrix while Fig. 2-4 shows a schematic of the beams.  The beams were 

reinforced by 2-15M steel bars in tension, providing a 0.93% steel reinforcement ratio, and 2-10M 

bars in compression. The beams were reinforced by 5 mm diameter steel stirrups spaced at 100 

mm. 

The GFRP and CFRP layers used in strengthening the beams were all 140 mm wide and had a 

nominal thickness, per layer, of 1.3 mm for GFRP and 1 mm for CFRP.  Specimens EC-2 and EG-

2 were strengthened with two layers of either CFRP or GFRP sheets using E resin. Specimens EPC-

2 and EPG-2 were also strengthened with two layers of either CFRP or GFRP sheets using EP. 

Specimens EPC-1 and EPG-1 were similar to EPC-2 and EPG-2 but with a single layer each.  

Specimen FAC-1 was strengthened with one layer of prefabricated and cured CFRP plate made 

using the FA resin, which was then bonded to the concrete using conventional epoxy paste. To 

facilitate fabrication of the pre-cured plates for FAC-1, two 70 mm wide plates were fabricated and 

installed side-by-side with a 10 mm gap.  In order to assess FAC-1, a comparison with a suitable 

control specimen EEC-1 is made.  Specimen EEC-1 also uses a prefabricated and cured CFRP 

plate, but made from the same low viscosity E resin used in EC and EG, and then adhered to 

concrete using the same conventional epoxy paste. This allows for a single variable when 

comparing FAC-1 and EEC-1, namely, the resin type of the prefabricated cured CFRP plate.  

 

Fabrication of large-scale beams: After the concrete beams were cast and cured for at least 28 

days, the tension faces of the beams were sandblasted. FRP sheets were then installed using the wet 
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layup process. For beams FAC-1 and EEC-1, the CFRP plates were fabricated separately and cut 

to the desired dimensions. They were then bonded to concrete using a thin layer of conventional 

epoxy paste and pressed using aluminum roller to force out the excess adhesive. All beams were 

tested after a minimum of 14 days from FRP installation. 

 

Test setup and instrumentation of large scale beams: Figure 2-5 shows the test setup and 

instrumentation. The beams were simply supported over a span of 2800 mm and tested under four-

point bending with a 500 mm constant moment region. All tests were conducted in stroke control 

at a rate of 1 mm/min.  Each tension rebar was instrumented with two 5 mm uniaxial foil strain 

gauges, 50 mm away from mid-span in either direction. Linear Potentiometers (LPs) were placed 

at mid-span and at the loading points in the constant moment zone to measure deflections. Two 5 

mm uniaxial foil strain gauges recorded strain in the FRP, with a 50 mm offset from mid-span in 

either direction. Finally, displacement-transducers (PI gauges) were installed on the side of each 

beam at mid-span, 25 mm from the extreme compression fibre and at the level of the longitudinal 

reinforcement, 53 mm from the bottom of the beams. 

2.3 Experimental Results of Large Scale Beams 

2.3.1 General Discussion 

Table 2-4 provides a summary of test results, including the yielding load, ultimate load, percentage 

increase in yielding and ultimate loads, FRP strain at peak load, debonding strain 𝜀𝑓𝑑  predicted 

using ACI 440 (2008), given by Eq. 1 below, deflection at peak load and failure modes.   

𝜀𝑓𝑑 = 0.41√
𝑓𝑐′

𝑛𝐸𝑓𝑡𝑓
 ≤ 0.9𝜀𝑓𝑢                                                                                 (2-1) 

where Ef and tf are the elastic modulus and nominal thickness of a single ply of FRP laminate, n is 

the number of plies, fc
’ is the concrete compressive strength, and εfu is the ultimate strain of the FRP 

laminate. 
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Figure 2-6 presents the load-deflection responses of all beams in comparison to the control 

unstrengthened beam. The key events during the loading history are identified and marked on the 

plots. These include concrete cracking, steel yielding, concrete crushing, FRP debonding, FRP 

rupture and concrete shear failure.  Figure 2-7 shows the load-strain responses measured in 

reinforcing steel and FRP. The top compressive strains in concrete are linearly extrapolated from 

the PI gauge measurements.  Figure 2-8 shows the various failure modes.  

Generally, strength gains were observed: the peak load increased by 18 to 54% and the yielding 

load increased by 9 to 46%, depending on number of layers, type of fibres and type of resin.  In the 

following sections, discussions are provided regarding failure modes and test results with emphasis 

on the two main parameters studied, namely; the effect of resin type, and the effect of number of 

layers for each fibre type. 

2.3.2 Failure Modes 

Figure 2-8 shows the various failure modes of the beams. The control specimen failed as designed 

(under-reinforced section) by steel yielding followed by concrete crushing, which governed the 

peak load (Fig. 2-8(a)).  All FRP-strengthened beams, yielded first, at a higher yielding load than 

the control specimen, before achieving one or more of five distinct failure modes described next. It 

is also noted from Table 2-4 that at peak loads, FRP strains were generally below the debonding 

strain predicted by ACI-440 (2008), Eq. 2-1. The one exception was beam FAC-1 where the FRP 

strain was slightly higher than the predicted debonding strain. 

(a) The peak loads of beams EC-2, EPC-2, EPG-2 and EEC-1 were governed by 

concrete shear failure (Fig. 2-8(b)) as the primary failure mode. This failure mode 

was observed due to a large FRP reinforcement ratio for the given shear resistance 

(5mm stirrups). 

(b) The peak loads of all the remaining beams, EG-2, EPC-1, EPG-1, and FAC-1 were 

governed by flexural concrete crushing (Fig. 2-8(a)) as the primary failure mode. 
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This flexural failure mode provides more ductility than shear concrete failure, 

however the FRP is not used to the full potential. 

(c) Shortly after shear failure of EPC-2, CFRP-concrete cover delamination occurred 

(Fig. 2-8(c)). Horizontal propagation of the major shear crack at the level of the 

tension reinforcement weakened the concrete, resulting in delamination.    

(d) After concrete crushing in EG-2 and EPG-1, the load dropped gradually and then 

GFRP delamination occurred (Fig. 2-8(d)). The end peeling of the GFRP is likely 

due to the lack of anchorage in the design.   

(e) After concrete crushing in EPC-1, CFRP sheet ruptured in tension almost at the 

same peak load level (Fig. 2-8(e)). The FRP in this case reached the full 

strengthening potential.   

(f) After concrete crushing in FAC-1, the load dropped slightly, then one of the two CFRP 

strips ruptured, followed by debonding of the other strip (Fig. 2-8(f)). 

2.3.3 Effect of Resin Type 

The effect of resin type is displayed in Fig. 2-9. Figure 2-9(a) compares the E and EP resin for the 

beams with two layers of either CFRP or GFRP, while Fig. 2-9(b) compares E, EP and the FA 

resins for the beams with one layer of either CFRP or GFRP.   

For beams with two CFRP layers (Fig. 2-9(a)), the yield loads of beams EC-2 and EPC-2 were 

virtually identical, 113 kN; representing an increase of 46%, compared to the control specimen. 

The ultimate loads of both beams were: 125 and 130 kN, respectively, representing a respective 

increase of 49 and 54%. Both beams failed in shear. No noticeable difference was observed with 

regard to the stiffness of EC-2 and EPC-2 in the elastic range.  For beams with two GFRP layers 

(Fig. 2-9(a)), the yield loads of EG-2 and EPG-2 were virtually identical, 95 kN, representing a 

23% increase in yield load. The ultimate loads of both beams were 120 and 112 kN, representing a 
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43 and 32% increase, respectively. EG-2 had a compression failure while EPG-2 failed in shear. 

Also, no noticeable difference in elastic stiffness was observed between the two beams. The results 

from these four tests indicate that the differences in ultimate capacity of beams with E and EP 

systems ranged from +4% to -8%, but one should realize that for CFRP-beams, both failed in shear, 

while for the GFRP-beams one failed in compression while the other failed in shear. None of the 

four beams experienced a primary bond failure. Now, combining these observations with those 

from the results of the preliminary bond tests (Table 2-2), in which all specimens failed in bond, 

one may conclude that the EP system generally performs quite comparably to the E system, within 

the margin of errors expected from variability in this kind of test.  

For beams with one layer of CFRP (Fig. 2-9(b)), the yield loads of beams EPC-1, FAC-1 and EEC-

1 were virtually identical, 93 kN, representing a 21% increase compared to control specimen. The 

ultimate loads of the three beams were quite similar (within only 4% difference), 115, 117 and 113 

kN, respectively. This corresponds to an increase in ultimate capacity of 34 to 39%. EPC-1 and 

FAC-1 failed in compression, but immediately followed by rupture of the CFRP, while EEC-1 

failed in shear. Again, combining these observations with those from the results of the preliminary 

bond tests (Table 2-2), in which all specimens failed in bond, one may conclude that the FA resin 

when used to prefabricate CFRP plates, which are then bonded with epoxy paste, provides the same 

strength as the complete wet lay system provided by the EP resin.  In this context of prefabricated 

plates, FA resin proved similar or slightly better than standard E resin, when comparing beams 

FAC-1 and EEC-1. 

2.3.4 Effect of Number of Layers 

The effect of number of layers is demonstrated in Fig. 2-10.  CFRP-beams EPC-1 and EPC-2 with 

the same resin are compared in Fig. 2-10(a). Similarly, GFRP-beams EPG-1 and EPG-2 with the 

same resin are compared in Fig. 2-10(b). EPC-2 and EPC-1 reached ultimate loads of 130 and 115 

kN, respectfully; corresponding to strength increases of 54 and 37%, respectively. In this case, 
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providing double the CFRP reinforcement increased ultimate load by only 13%, however, it is 

important to realize that failure mode changed from shear failure in EPC-2 to concrete crushing, 

followed by CFRP rupture in EPC-1.  GFRP-beams EPG-2 and EPG-1 reached ultimate loads of 

112 and 99 kN, respectfully; corresponding to a respective strength increases of 32 and 18%. In 

this case also, providing double the GFRP reinforcement increased ultimate load by only 13%, 

however, the failure mode has also changed from shear failure in EPG-2 to concrete crushing, 

followed by CFRP bond failure in EPG-1.  Having established that the EP resin provides 

comparable performance to the E resin, it may also be reasonable to compare beams EG-2 to EPG-

1 since both had the same failure mode of concrete crushing.  The failure loads of the two beams 

were 120 and 99 kN, respectively. In this case, doubling the GFRP reinforcement resulted in 21% 

increase in ultimate load. 

2.4 Summary 

Petroleum based resins used in manufacturing of FRP laminates are non-biodegradable materials 

that have a significant negative environmental impact. The aim of this study is to reduce this impact 

by replacing the conventionally used epoxy resins with two types of resins with renewable 

derivatives. This study focused on the flexural strengthening of RC beams with carbon and glass 

FRPs (CFRP and GFRP respectfully). The results from the study on bio-based systems were 

compared to an un-strengthened beam and identical beams fabricated with a conventional epoxy. 

The bio-resins investigated were an epoxidized pine oil blend and a furfuryl alcohol resin derived 

from sugar cane and corn cobs. Parameters of the study highlighted were: the effect of resin and 

the effect of the number of layers. Additionally the failure modes produced by the simply supported 

RC beams specimens were investigated. The wet layup EP tests provided similar results when 

compared with the E resin using CFRP, a measured increase in ultimate load of 54% was obtained 

when comparing the two layer EP beam to the control. The FA beam with one layer installed as a 

fully cured laminate produced an ultimate load 39% greater than the control.    
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Table 2-1: Experimental results of FRP coupon tests with various resins 

Coupon 

ID 

Resin 

type 

Fibre 

type 

ffu   

(MPa) 

ffu (st dev) 

(MPa) 

Ef  

(MPa) 

Ef (st dev) 

(MPa) 

εfu  

(strain) 

EC E carbon 947 75 82800 9400 0.0114 

EG E glass 560 15 25200 2100 0.0222 

EPC EP carbon 948 90 84800 4800 0.0112 

EPG EP glass 545 20 25300 1000 0.0215 

FAC FA carbon 860 110 92000 5600 0.0093 
  E = conventional epoxy, EP = epoxidized pine oil blend, FA = furfuryl alcohol 

 

Table 2-2: Ancillary concrete block bond test results 

System 

ID 
Fibre 

type 
Resin type Method 

# of 

samples 

Pu 

(kN) 

St dev 

(kN) 

N/A (control) 3 3.59 0.24 

EC carbon epoxy wet lay-up (WL) 3 17.75 1.63 

EG glass epoxy wet lay-up (WL) 3 15.18 1.50 

EPC carbon epoxidized pine oil wet lay-up (WL) 3 19.04 1.37 

EPG glass epoxidized pine oil wet lay-up (WL) 3 12.53 1.51 

FAC carbon furfuryl alcohol wet lay-up (WL) 3 - - 

FAC carbon furfuryl alcohol + epoxy modified wet lay-up (MWL) 3 22.46 0.56 

 

Table 2-3: Large-scale beam test matrix 

Beam 

ID 
Resin type Fibre type Method 

Number 

of layers 

Control - - - - 

EC-2 epoxy carbon WL 2 

EG-2 epoxy glass WL 2 

EPC-2 epoxidized pine oil carbon WL 2 

EPG-2 epoxidized pine oil glass WL 2 

EPC-1 epoxidized pine oil carbon WL 1 

EPG-1 epoxidized pine oil glass WL 1 

FAC-1 furfuryl alcohol + epoxy paste carbon MWL 1 

EEC-1 Epoxy + epoxy paste carbon MWL 1 
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Table 2-4: Large-scale beam experimental results  

Beam 

ID 

Yield 

load 

Py 

(kN) 

% 

increase 

in Py 

Peak 

load Pu 

(kN) 

% 

increase 

in Pu 

Strain in 

FRP 

(µe) at 

Pu 

Debonding 

strain εd (µe) 

(ACI-440)  

Deflection 

at Pu 

(mm) 

Failure mode(s) 

Control 77.41 - 84.25 - - - 26.64 y  cc 

EC-2 112.65 45.5 125.23 48.6 4384 5961 16.69 y  s  

EG-2 95.59 23.5 120.38 42.9 5600 9476 28.13 y  cc  d 

EPC-2 113.13 46.1 129.74 54.0 1980 5890 17.79 y  s  d 

EPG-2 95.38 23.2 111.45 32.3 5718 9457 20.23 y  s 

EPC-1 93.43 20.7 115.05 36.6 7792 8330 25.45 y  cc  r  

EPG-1 84.59 9.3 99.16 17.7 9980 13375 28.27 y  cc  d 

FAC-1 93.66 21.0 116.69 38.5 8287 7997 26.8 y  cc  r  d 

EEC-1 92.19 19.1 112.50 33.5 7294 8430 19.94 y  s 

y = yielding, cc = concrete crushing, s = shear, d = debonding, r = rupture 
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Figure 2-1: Stress-Strain response of FRP coupons of different fibres and resins 

(idealized steel rebar plotted for reference) 
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Figure 2-2: Ancillary concrete block bond test specimens: (a) geometry; (b) test 

setup; (c) bond test idealization 
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Figure 2-3: Ancillary concrete block bond test failure modes; (a) E-carbon; (b) E-

glass; (c) EP-carbon; (d) EP-glass; (e) FA-carbon; (f) FA-carbon-modified 
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Figure 2-4: Large scale beam testing schematic and geometry; (a) internal 

reinforcement, loading points geometry; (b) 2 layer WL geometry; (c) 1 layer WL 

geometry; (d) 1 layer MWL geometry 
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Figure 2-5: Large-scale beam test setup and instrumentation 
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Figure 2-6: Load-deflection plots showing major events: (a) EC-2; (b) EG-2; (c) 

EPC-2; (d) EPG-2; (e) EPC-1; (f) EPG-1; (g) FAC-1; (h) EEC-1 (cr = cracking, y = 

yielding, cc = concrete crushing, d = debonding, r = rupture, s = shear)  
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Figure 2-7: Load-strain behaviour of strengthened beams; (a) EC-2; (b) EG-2; (c) 

EPC-2; (d) EPG-2; (e) EPC-1; (f) EPG-1; (g) FAC-1; (h) EEC-1 
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Figure 2-8: Large-scale beams failure modes; (a) concrete crushing (control); (b) 

shear failure (EC-2); (c) concrete cover delamination (EPC-2); (d) FRP 

delamination (EG-2); (e) FRP rupture (EPC-1); (h) FRP rupture followed by FRP 

delamination (FAC-1) 
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Figure 2-9: Effect of resin type; (a) E and EP; (b) E, EP and FA (plots offset 

horizontally by 5 mm for clarity) 
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Figure 2-10: Effect of number of layers; (a) carbon; (b) glass (plots offset 

horizontally by 10 mm for clarity) 
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Chapter 3: Concrete Bond Durability of CFRP Sheets with Bio-Based 

Resins 

3.1 Introduction 

A remarkable number of studies have been conducted pertaining to structural strengthening of RC 

by means of external plate bonding. This trend began with flexural strengthening using steel plates 

adhered with structural adhesives (Eberline et al. 1988; Basunbul et al. 1990; Oehlers 1992). As 

the technology of fibreFRP composites progressed into the structural engineering and construction 

communities, the popularity of strengthening or repairing using FRP systems grew very rapidly. 

This growth is attributed to the ability of FRPs to provide a high strength, corrosion resistant, 

lightweight, and flexible solution that could not be accomplished using steel plates, especially for 

wrapping columns (Teng et al. 2002).    

The bond strength of the FRP and steel to concrete interface has been researched extensively as it 

generally governs the strength (Chen et al. 2001a: Chajes et al. 1996: Zirba et al. 1995). Bond 

strength models can be categorized as empirical, fracture mechanic-based or design oriented. Chen 

and Teng (2001) examined available bond strength models against numerous FRP- and steel-bond 

test specimens from literature and found that the models did not accurately predict their failure 

capacity. As a result, Teng et al. (2002) developed an alternative model with a higher degree of 

accuracy. The ACI 440 (2008) design guide used a modified form of this model to limit strains in 

FRP to prevent bond failure in strengthened concrete members.   

Strengthened infrastructure is generally exposed to harsh environmental conditions, including 

deicing salts, marine environments, freeze-thaw cycles, and extreme heat and humidity. The 

uncertain extent of degradation of FRP composites and interface when bonded to structures exposed 

to these conditions impedes the widespread adaptation of FRP materials for strengthening of 

structures. Carbon fibres are relatively inert and as such, the deterioration of the matrix system is 
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typically the driving factor in composite degradation. Resin systems can be greatly affected by 

thermal and chemical environments. Several studies examined the degradation and performance of 

FRP-concrete bond in various environments (Cronwell 2010: Toutanji 1997: Tuakta 2011). 

Accelerated aging protocols for concrete-FRP bond tests have also been proposed (ACI 440.9R 

2015), based on bond test recommendations and research by Gartner et al. (2011).    

Currently, research and field application of externally bonded FRP to concrete beams typically 

involve the use of conventional epoxies. These epoxies are manufactured using petroleum-based 

constituents that are not sustainable. Renewable alternatives can substitute conventional epoxies to 

reduce the environmental impact. It has been shown that natural thermosetting polymers can be 

derived from renewable oils and extracts from plants such as sunflower, cotton, linseed, pine, corn 

cobs and sugarcane. Renewable resin alternatives, including furfuryl alcohol resin derived from 

corncobs and sugarcane and epoxidized pine oil resin blend, have been recently investigated in 

structural applications.  This include the investigation of glass-FRP (GFRP) wet lay-up and curing 

(Fam et al 2013), durability of GFRP and carbon-FRP (CFRP) tension coupons (Eldridge and Fam 

2014a and McSwiggan and Fam 2016b), ‘contact-critical’ applications such as concrete cylinder 

wrapping for confinement (Eldridge and Fam 2014b) and ‘bond-critical’ applications such as 

flexural strengthening of large scale beams at room temperature (McSwiggan and Fam 2016a).  

This study addresses the bond durability of bio-based resins for flexural strengthening of concrete 

members using CFRP sheets and plates bonded to concrete prisms.  Two bio-based resins were 

investigated and compared to conventional epoxy: an epoxidized pine oil resin blend and a furfuryl 

alcohol resin derived from sugarcane and corncobs.  Specimens were conditioned in saline solution 

at three different temperatures for up to 240 days and were periodically removed from aging tanks, 

dried and tested to establish and compare their ultimate bond strengths. 
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3.2 Experimental Program 

This study involved the environmental conditioning and bond strength testing of 137 concrete 

prisms strengthened with externally bonded CFRP sheets and plates, along with control specimens. 

The aim of the experiments is to examine two different types of bio resins and compare their 

effectiveness with that of conventional epoxy.  The following sections outline the details of the 

experimental program. 

3.2.1 Materials 

Carbon fibre sheets: A 0.64 kg/m2 unidirectional carbon fibre fabric was used in this study. This 

fibre is commercially available as Tyfo® SCH-41. The manufacturer reports a tensile strength and 

elastic modulus of 4000 MPa and 230 GPa, respectively, and an ultimate elongation of 1.7% [Fyfe 

Co. LLC, 2013]. 

Conventional low viscosity epoxy resin: Commercially available Tyfo® S Epoxy-resin was used 

as a control resin for wet lay-up in this study. It featured a reported tensile strength, elastic modulus 

and ultimate strain of 72.4 MPa, 3.18 GPa, and 5%, respectively, when post-cured at 60°C for 72 

hours. This resin is referred to as E in this study. Reported laminate tensile strength, elastic modulus 

and elongation are 986 MPa, 95.8 GPa and 1.0% when used with carbon fibres. [Fyfe Co. LLC, 

2013]. 

Conventional high viscosity epoxy resin: Commercially available Sikadur® 30 viscous epoxy was 

also used in this study. This resin consists of two parts with a mix ratio of 1 part component B to 3 

parts component A by weight. The tensile strength and elastic modulus of this resin based on 

manufacturer specifications after 7 days curing at room temperature are 24.8 MPa and 4.5 GPa, 

respectively (Sika Canada Inc). The reported Tg after 7 days curing at 45oC is 62oC (Sika Ltd, UK). 

Epoxidized pine oil bio resin blend: This is a low viscosity epoxy blend, partially derived from oil 

extracted from pine trees. It has a lower viscosity, and is similarly clear in colour, as the Tyfo® S 

Epoxy-resin. The reported post-cured tensile strength and elastic modulus at 60°C for 72 hours are 
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58.9 MPa and 2.64 GPa, respectively, and it exhibits a maximum elongation of 6% [Fyfe Co. LLC, 

2015]. 

Furfuryl alcohol bio resin and catalyst: This is a low-viscosity resin, commercially available as 

QuaCorr1001 [PennAKem, 2010]. It is furfuryl alcohol-based (C5H6O2), derived from renewable 

resources such as sugar cane and corn cobs. It has a dark-reddish to brown colour, and has the 

following physical characteristics: a specific gravity of 1.22, viscosity of 300-600 cps, and a flash 

point of 75.6°C. The catalyst used to cure the resin was p-Toluenesulfonic acid monohydrate 

97.5%, and the dosage of the catalyst was 3% by weight. 

Concrete: The concrete used to cast the prisms was designed for a 35 MPa compressive strength at 

28 days, with a maximum aggregate size of 19 mm. Control concrete cylinders were exposed to the 

same environmental conditioning as the corresponding set of concrete prisms, for similar durations.  

This parallel tracking of concrete strength was important as it enabled normalizing the measured 

bond strengths to isolate the effect of each parameter studied.  The cylinder strengths, measured in 

accordance with ASTM C39 (2015) at the time of testing ranged from 30 MPa to 44 MPa, 

depending on exposure condition and duration. 

3.2.2 Test Specimen Design 

Background: The configuration of bond test specimens used in this study is a short concrete beam 

102x102x356 mm with a half-depth saw cut at mid-span (Fig. 3-1(a)) as recommended by Gartner 

et al. (2011), and later implemented in the ACI440.9R (2015) guide.   The FRP sheet, or plate, is 

adhesively bonded to the tension side, bridging the saw cut.  Specific recommendations regarding 

dimensions of the concrete block and the FRP laminate were given by Gartner et al. (2011) to 

ensure a proper bond failure and avoid a diagonal tension shear failure of the concrete prism.   

A previous study on flexural strengthening of concrete beams (McSwiggan and Fam, 2016a) 

showed that EP bio resin blend bonds to concrete quite well.  On the other hand, FA bio resin did 

not bond well to concrete. However, when CFRP plates were prefabricated and cured independently 
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using the FA resin and then installed on the concrete using conventional epoxy paste, excellent 

bond was achieved, and that was the recommendation made for this type of resin.  As such, in this 

study EP resin is used to bond carbon fibre fabric directly to the concrete prisms using wet lay-up, 

while FA resin is used to produce CFRP cured plates that are bonded to the concrete using epoxy 

paste. 

Pilot study: Based on the work of Gartner et al. (2011), preliminary trials were done using 17 test 

specimens to establish the proper width of the CFRP strip. The goal was to ensure a proper bond 

failure for the specific concrete strength. The CFRP length was kept constant at the 203 mm as 

recommended by Gartner et al. (2011).  The CFRP laminate widths examined were 25 and 40 mm 

for all three resins. For the FA resin, an additional 20 mm width was examined.  Figure 3-2 

summarizes the results of this pilot study, in terms of the ultimate load versus the width ratio of 

CFRP plate-to-concrete prism (bf  bc) as well as the failure modes achieved depicted in Figure 3-

3.  For both E and EP, the 25 and 40 mm resulted in an acceptable bond failure (Fig. 3-2(a and b)). 

As such, the 40 mm width was selected.  For FA resin, the 40 mm width resulted mainly in a 

concrete shear failure by diagonal tension which is not acceptable (Fig. 3-2(c)).  On the other hand, 

the 19 and 25 mm widths achieved acceptable bond failure.  As such, the 25 mm CFRP plate width 

was selected for this resin.  Further details about failure modes will be provided later. 

3.2.3 Test Matrix 

The experimental program involved the destructive testing of 120 concrete prisms in three-point 

bending.  Table 3-1 provides a summary of the test matrix.  Three test replicates were tested for 

each parameter. Specimens were divided into three groups based on CFRP resin type, namely; E, 

EP and FA. The E and EP resins were used for wet lay-up of the CFRP sheets, these specimens 

will be referred to as EC and EPC respectively. The FA resin was used to prefabricate CFRP plates 

that were bonded to concrete using an epoxy paste, these test specimens are referred to as FAC.  

For each resin type, some specimens were tested as controls in dry conditions at room temperature, 
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while the rest were conditioned in three different tanks filled with a 3.5% saline solution to mimic 

the effect of di-icing salts commonly used on roads and bridges. The solution in each tank was kept 

at a specific temperature; namely 23, 40 and 50oC, as per the recommendations by Bank et al. 

(2003).  For each set, specimens were removed from the tank at various time intervals, specifically: 

30, 60, 120 or 240 days before being dried in air and tested. Control concrete cylinders placed in 

the same tanks were also removed at the same time intervals and tested in compression. 

3.2.4 Fabrication of Test Specimens 

Concrete prisms were cast to the proper dimensions (102x102x356 mm). Upon reaching the 28 day 

compressive strength, the prisms were cut at mid-span to mid-depth using a stone saw, resulting in 

a 3 mm wide notch. The saw sits above a platform and slides on rails to ensure a constant depth 

cut. The tension side of the blocks was prepared by sandblasting before installing CFRP.  For the 

EC and EPC groups, a single layer of carbon fabric was cut to the desired dimensions of 40x203 

mm and installed using the wet lay-up process; carbon fibre fabric was saturated with resin and the 

concrete surface was coated with resin. The carbon strip was applied to the concrete surface and 

rolled on using aluminum roller to ensure proper contact, remove excess resin and eliminate air 

pockets.  For the FAC group, cured CFRP strips were fabricated first and applied to the concrete 

surface using epoxy paste and rolled in place using an aluminum roller. Typically, prefabricated 

CFRP plates would be pultruded; however, for the purpose of this study, they were fabricated in 

the lab using an independent wet lay-up process as follows:  a single layer of large carbon fibre 

sheet was saturated using the FA resin. Excess resin was squeezed out using a plastic spreader. 

Care was taken to ensure fibres were aligned straight.  The fabric was then sandwiched between 

two high-density polyethylene plates (HDPE) to ensure a constant thickness and a smooth finish. 

Once the laminate had cured for two days the HDPE plates were removed and strips were cut to 

the desired dimensions of 25x203 mm. The laminate strips were post-cured in an oven for three 
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hours at 200°C, before being applied to concrete. All prisms were allowed 14 days to cure at 

standard lab conditions (23°C at 70% RH) prior to testing or conditioning. 

3.2.5 Conditioning Program 

The prisms were exposed to three environmental conditions for 30, 60, 120 and 240 days. Three 

salt water tanks with an initial salt concentration of 3.5% by weight were maintained at 

temperatures 23, 40 and 50°C. The prisms were stacked three high with 13 mm wood spacers in 

between to optimize available tank space and allow water flow as shown in Fig. 3-4(a). All tanks 

were elevated above the ground and capped with an insulated sheet to reduce water loss from 

evaporation. Screw-plug heaters were used to heat the elevated temperature tanks (40 and 50°C). 

The screw-plug heaters were regulated with an electronic temperature controller, the controller 

maintained the temperature within 1°C of the set-point, depending on the tank. Figure 3-4(a and b) 

shows the elevated temperature tank. To address temperature differentials within the tank, an 

aquarium pump with a maximum flow rate of 0.12 L/s was implemented to circulate the saltwater. 

Additionally, the walls of the heated tanks were insulated to avoid heat loss. When the specimens 

were removed, drying took place in ambient lab conditions for a minimum of seven days. 

It is noted at approximately the five month mark of conditioning it had be noted the heater in the 

40°C tank had failed, the tanks were subject to weekly inspections.  All specimens were removed 

and stored in standard lab conditions. Due to the backorder of the failed conditioning system 

component, these specimens were placed back in the conditioning tank after 32 days and the 

specimens fulfilled the remainder of the conditioning schedule. 

3.2.6 Test Setup and Instrumentation 

The specimens were tested in three-point bending at a 305 mm span, as prescribed by Gartner et al. 

(2011) and ACI 440.9R (2015), at a loading rate of 0.25 mm/min. The load was applied to the 

specimen using a 25 mm diameter steel roller centered atop the prism (Fig. 3-1(a and d)). Load was 

measured by a load cell, and mid-span deflection was measured using a linear potentiometer.  
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The measured maximum load at failure was used to calculate the average interfacial shear strength 

based on internal forces as recommended by Gartner et al. (2011). For this calculation it is assumed 

that the concrete compressive stress level at bond failure is small, and as such stress is linear, and 

the neutral axis is stable at mid-depth. This idealization is outlined in Fig. 3-5.  Based on this simple 

geometry, interfacial shear strength at bond failure, is calculated as a function of the measured 

ultimate load P, as follows: 

𝜏 =
3𝑃𝐿

5ℎ𝑤𝑆
              (3-1) 

where L is the span, h is the prism height,  w is the CFRP laminate width and S is the CFRP laminate 

length. Two key assumptions are used during this derivation for bond strength: first, the half depth 

saw cut forces the neutral axis to a known depth throughout the test and second, concrete strains 

are low and the concrete is in the linear-elastic range during testing which allows the concrete stress 

block to be evaluated as a triangle.       

Compressive strength of concrete cylinders at all stages of conditioning were measured in 

accordance with ASTM C39 (2015). 

3.3 Experimental Results 

A summary of all test results is given in Table 3-2. This includes for each set the following: the 

corresponding average concrete compressive strength fc
’ tested at each temperature and time 

interval the average ultimate load and standard deviation, the ultimate load retention as a percentage 

of the respective control, the calculated average interfacial shear strength using Eq. 3-1 and 

standard deviation, the normalized shear strength (with respect to√𝑓𝑐
′) and the normalized shear 

strength retention.  Normalizing the calculated shear strength was important to eliminate the 

influence of concrete strength variation with time and environmental condition.   

Figure 3-6 shows samples of load-deflection responses of the prisms, including the control and 

after 240 days, at the three different temperatures, for each of the three resin types. Also, shown in 

the figure are the control notched prisms without CFRP for comparison. Given the very small 
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deflection at failure, typically less than 1 mm, the curves are not very smooth and do not show 

specific trends.  However, more importantly for the purpose of this study are the values of ultimate 

load when bond failure occurs.  For the control specimens, which all had a concrete strength of 

33.0±3 MPa, the measured average shear-bond strengths were 3.9±0.4, 4.3±0.3 and 5.5±0.1 MPa 

for the EC, EPC and FAC, respectively. The following sections provide details of test results. 

3.3.1 Conditioning Effect on Plain Concrete Cylinders 

Concrete compressive strength was measured and recorded at each stage of conditioning, for the 

three temperatures, as shown graphically in Fig. 3-7(a) for the strength versus time.  Figure 3-7(b) 

shows the compressive strength retention versus time.  The values were obtained by comparing the 

values obtained from conditioning to the unconditioned control ones. It can be seen that 

conditioning affected the concrete strength remarkably, within a range of -3% to +34%.  Moisture 

is expected to produce a positive trend in concrete strength with time as a result of curing and the 

continuous hydration process. Simultaneously, a negative trend also takes place due to leaching of 

calcium as a result of the unbalance of pH in the cylinders and the water bath. This causes some 

disintegration of the Calcium-Silicate-Hydrate (CSH), which is the binding cement mortar and is 

known to directly affect strength negatively. The combined effect of the two opposing trends results 

in the trends in Fig. 3-7(b), where the strength gain would peak and then drops, with the temperature 

playing an important role as well. 

3.3.2 Conditioning Effect on Test Prisms 

Figures 3-8(a), 3-9(a) and 3-10(a) show the variation of shear bond strength calculated using Eq. 

3-1 with time at the three different temperatures, for EC, EPC and FAC, respectively, relative to 

their respective control specimens.  Figures 3-8(b), 3-9(b) and 3-10(b) show similar variations of 

normalized shear strength retention with time, for the three resins.  Generally speaking, no drastic 

reductions of bond strength were observed in any of the three resins. After 240 days, at the 23, 40 

and 50oC temperatures, the normalized bond strength retentions were 96, 99 and 97% for EC, 92, 
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90, and 96% for EPC, and 100, 104 and 103% for FAC, respectively. However, lower values in 

some cases occurred at earlier times. For example, for EC at 50oC, the lowest retention of 93% 

occurred at 60 days. For EPC at 40oC, the lowest retention of 85% occurred at 60 days, and at 50oC, 

the lowest retention of 89% occurred at 120 days.  For FAC at 23oC and 40oC, the lowest retentions 

of 88 and 97%, respectively, both occurred at 60 days, and at 50oC, the lowest retention of 93% 

occurred at 30 days. 

 In order to assess the significance of the apparent reductions observed in bond strength 

retentions, statistical analysis was performed using the Analysis of Variance (ANOVA) approach. 

3.3.3 ANOVA 

The ANOVA assessed the level of variability and its significance by comparing the different groups 

of specimens that reflect a particular parameter.  The null hypothesis was that the results from the 

different groups were from the same statistical population. As such, a “fail to reject” result indicates 

the null hypothesis cannot be disproven, and likely there is no significant difference observed 

between the groups being compared. Table 3-3 provides a summary of the ANOVA and outcomes.  

In this table, F is the test statistic ratio, SSW is the sum of squares within the group, MSW is the 

mean square within the group, SSB is the sum of squares between groups, MSB is the mean square 

between groups, DF is the total degrees of freedom used to calculate MSW and MSB, and Fcritical 

(or F0.05) is the critical value of F (taken at 95% confidence level in this case) (Chase and Brown, 

1997). If F is less than Fcritical, the null hypothesis has failed to be rejected, suggesting it is likely 

there is no significant difference between the two groups. ANOVA assumes a normally distributed 

population and identical variability, lack of identical variability from this study may have impacted 

the results from this section. 

To investigate the effect of resin type, control specimens of EPC and FAC resins were compared 

to control EC resin. Also, the 240 day specimens of EPC and FAC specimens were compared to 

the 240 day EC specimens, at each of the three temperatures. It was concluded that any differences 
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between EPC and EC resins are statistically insignificant, whereas the FAC resin was significantly 

different from the EC resin, this can be attributed to the use of a conventional epoxy paste with 

excellent adhesion properties.  

To investigate the effect of age, the 240 day specimens at each of the three temperatures were 

compared to the control specimens, for each of the three resins.  Since some specimens suffered 

their maximum reductions at ages less than 240 days, those specimens were also assessed.  

It was concluded that only the FAC resin at 40oC after 240 days showed a statistically significant 

difference from the control counterpart, whereas observed differences for all other cases were 

insignificant. It is expected the 50oC conditioning would produce the highest degree of strength 

loss, the results from the ANOVA disagree with this expectation. The high degree of variability in 

the test itself could provide an explanation to this observation.  

To investigate the effect of temperature, specimens aged at the 40 and 50oC for 240 days were 

compared to their counterparts aged at the 23oC for the 240 days, for each resin type.  The effect of 

temperature could not be proved to be significant. 

3.3.4 Failure Modes 

There are three general failure modes observed; adhesive bond, cohesive bond, and concreteshear 

(through diagonal tension in concrete), along with some mixed failure modes. Adhesive failure is 

defined here as a bond failure where the CFRP laminate would have traces of cement paste and 

fine aggregates attached after separation (similar to a coarse sand paper texture) (Fig. 3-3(a)). 

Cohesive failure is defined here as a bond failure where the CFRP laminate would have a thicker 

layer of concrete attached, often including coarse aggregates (Fig. 3-3(c)). In some cases, a chunk 

of concrete in the vicinity of the mid-span saw cut remains attached to the CFRP laminate, whether 

failure is adhesive or cohesive (Fig. 3-3(b and d)). This is referred to here as mixed failure.  Either 

adhesive, cohesive or mixed bond failures were acceptable.  The adhesive mode generally 

dominated more for the E and EP resins while the cohesive mode dominated more for the FA resins.  
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It was also noted that a given failure mode associated with a certain type of resin remained generally 

consistent and was not affected by either the temperature or duration of exposure. Also, given the 

constancy of cohesive failure of the FAC system throughout the study, it became clear that bond 

between the FA bio resin and the epoxy paste was excellent as this particular interface never 

governed in bond failure. 

Figure 3-3(e) shows a concrete shear failure.  This mode occurred in only four out of 120 specimens 

in the durability study.  The four specimens were just one of each of the following groups of three: 

EC-120-23, EC-120-50, EPC-120-23 and EPC-240-50. In this case, the four specimens were 

disregarded and the average loads were based on the remaining two. 

3.3.5 Summary 

This study investigated the bond strength durability of externally bonded CFRP sheets and plates 

involving two types of bio-based resins and compared them to a conventional epoxy. The first resin, 

which is partially derived from renewable materials, is an epoxidized pine oil blend and was used 

for wet lay-up installation of CFRP to the concrete surface. The second resin, which is fully derived 

from renewable materials such as corncobs and sugarcane, is a furfuryl alcohol resin, and was used 

to prefabricate CFRP plates that were installed to the concrete surface using an epoxy paste.  A 

total of 137 concrete prisms with a mid-span half-depth saw cut were used in this study.  Specimens 

were conditioned in a 3.5% saline solution at three different temperatures, 23, 40 and 50oC, for up 

to 240 days before being tested to establish CFRP-concrete average bond strengths. 

Initial average bond strength of prisms fabricated using E, EP and FA resins were 3.9±0.4, 4.3±0.3 

and 5.5±0.1 MPa respectively. After conditioning bond strength retentions ranged from 90 to 104%. 

Lower strength retention values were observed in some cases prior to the end of conditioning (240 

days), these strengths ranged from 85 to 97%. 

ANOVA was used to assess the statistical significance of the bond strength conditioning for three 

parameters: resin type, temperature and age. The long-term difference in normalized bond strength 
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retention between EPC and EC resins was insignificant, but between FAC and EC, the difference 

was significant. Only FAC resin at 40oC after 240 days showed a statistically significant difference 

from the control counterpart, whereas the observed differences for all other cases were 

insignificant. Finally, the effect of temperature could not be proved to be significant. 
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Table 3-1: Bond test matrix 

Specimen 
ID 

CFRP 
strip 
width 
(mm) 

Resin and 
installation 

method 

Environmental 
condition 

Temp. 
(°C) 

Period 
(days) 

Notch-Control - - 
Control, dry 

23 

- 

EC-Control 

40 

Low viscosity 
conventional 

epoxy (E) 
resin for wet 

lay-up 
bonding to 
concrete 

- 

EC-30-23 

Full submersion 
in 3.5% 

saltwater 

30 

EC-60-23 60 

EC-120-23 120 

EC-240-23 240 

EC-30-40 

40 

30 

EC-60-40 60 

EC-120-40 120 

EC-240-40 240 

EC-30-50 

50 

30 

EC-60-50 60 

EC-120-50 120 

EC-240-50 240 

EPC-Control 

Low viscosity 
epoxidized 

pine oil-blend 
(EP) for wet 

lay-up 
bonding to 
concrete 

Control, dry 

23 

- 

EPC-30-23 

Full submersion 
in 3.5% 

saltwater 

30 

EPC-60-23 60 

EPC-120-23 120 

EPC-240-23 240 

EPC-30-40 

40 

30 

EPC-60-40 60 

EPC-120-40 120 

EPC-240-40 240 

EPC-30-50 

50 

30 

EPC-60-50 60 

EPC-120-50 120 

EPC-240-50 240 

FAC-Control 

25 

Prefabricated 
plate using 

furfuryl 
alcohol bio 
resin (FA) 
bonded to 
concrete 

using 
conventional 
epoxy paste 

Control, dry 

23 

- 

FAC-30-23 

Full submersion 
in 3.5% 

saltwater 

30 

FAC-60-23 60 

FAC-120-23 120 

FAC-240-23 240 

FAC-30-40 

40 

30 

FAC-60-40 60 

FAC-120-40 120 

FAC-240-40 240 

FAC-30-50 

50 

30 

FAC-60-50 60 

FAC-120-50 120 

FAC-240-50 240 
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Table 3-2: Concrete block bond test results 

Specimen    
ID 

Repetitions 𝒇𝒄
′

 

(MPa) 

Ultimate Load (kN) Load 
Retention 

(%) 

Ultimate shear 
stress  (MPa) 

Normalized 
shear 

strength 
𝝉𝒖

√𝒇𝒄
′
 

Normalized 
stress 

retention 
(%) 

Mean 
Stand. 
Dev. 

Mean 
Stand. 
Dev. 

Notch-Control 3 33.0 3.59 0.2 - - - - - 

EC-Control 3 33.0 17.75 1.6 - 3.9 0.4 0.68 - 

EC-30-23 3 34.1 20.40 1.1 114.9 4.6 0.3 0.78 114.6 

EC-60-23 3 39.9 19.00 1.3 107.1 4.1 0.3 0.65 95.8 

EC-120-23 3 33.9 20.41 1.4 115.0 4.6 0.2 0.79 115.7 

EC-240-23 3 33.8 17.02 1.5 95.9 3.8 0.3 0.66 95.9 

EC-30-40 3 38.0 21.71 1.7 122.3 4.6 0.2 0.75 109.9 

EC-60-40 3 33.2 18.65 2.3 105.1 4.1 0.5 0.70 103.2 

EC-120-40 3 35.6 21.00 0.5 118.3 4.7 0.2 0.79 115.7 

EC-240-40 3 44.1 20.00 1.4 112.7 4.5 0.5 0.68 99.4 

EC-30-50 3 32.0 17.86 1.0 100.6 4.0 0.2 0.70 102.8 

EC-60-50 3 32.8 16.52 0.5 93.1 3.7 0.1 0.64 93.2 

EC-120-50 3 40.7 21.84 2.0 123.1 4.9 0.4 0.77 112.2 

EC-240-50 3 35.5 18.00 1.3 101.4 3.9 0.1 0.66 96.8 

EPC-Control 3 33.0 19.04 1.4 - 4.3 0.3 0.74 - 

EPC-30-23 3 34.1 19.11 0.4 100.4 4.2 0.1 0.72 97.6 

EPC-60-23 3 39.9 19.83 1.7 104.1 4.3 0.2 0.68 92.6 

EPC-120-23 3 33.9 20.13 1.2 105.7 4.4 0.4 0.75 101.8 

EPC-240-23 3 33.8 18.28 0.7 96.0 4.0 0.1 0.68 91.9 

EPC-30-40 3 38.0 21.35 0.4 112.1 4.8 0.1 0.77 104.5 

EPC-60-40 3 33.2 18.54 0.0 97.3 3.6 0.8 0.63 84.9 

EPC-120-40 3 35.6 22.30 1.7 117.1 4.7 0.5 0.79 106.3 

EPC-240-40 3 44.1 19.79 3.2 103.9 4.4 0.8 0.66 89.7 

EPC-30-50 3 32.0 18.33 1.2 96.3 4.0 0.4 0.71 95.8 

EPC-60-50 3 32.8 18.23 0.5 95.7 4.0 0.1 0.70 94.2 

EPC-120-50 3 40.7 19.33 2.9 101.5 4.2 0.5 0.66 89.0 

EPC-240-50 3 35.5 19.00 2.5 99.8 4.2 0.5 0.71 95.6 

FAC-Control 3 33.0 15.90 0.3 - 5.5 0.1 0.96 - 

FAC-30-23 3 34.1 16.55 0.4 104.1 5.9 0.3 1.01 105.3 

FAC-60-23 3 39.9 15.21 1.4 95.6 5.4 0.4 0.85 88.2 

FAC-120-23 3 33.9 16.36 0.6 102.9 5.8 0.2 0.99 103.2 

FAC-240-23 3 33.8 15.85 1.6 99.7 5.6 0.6 0.96 99.5 

FAC-30-40 3 38.0 16.63 1.2 104.6 5.9 0.4 0.96 99.7 

FAC-60-40 3 33.2 15.19 0.9 95.5 5.4 0.4 0.94 97.3 

FAC-120-40 3 35.6 17.46 0.2 109.8 6.2 0.1 1.03 107.1 

FAC-240-40 3 44.1 18.95 1.2 119.2 6.7 0.3 1.00 103.9 

FAC-30-50 3 32.0 14.63 1.3 92.0 5.1 0.4 0.90 93.1 

FAC-60-50 3 32.8 15.37 0.4 96.6 5.4 0.2 0.94 97.3 

FAC-120-50 3 30.3 16.66 2.1 104.8 5.9 0.7 1.07 110.9 

FAC-240-50 3 35.5 16.98 1.6 106.8 5.9 0.6 1.00 103.4 
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Table 3-3: Concrete block bond ANOVA summary 

 

 
Sample groups 

 

 
Parameter 

 

 
SSW 

 

 
MSW 

 

 
SSB 

 

 
MSB 

 

 
DF 

 

 
F 

 
Fcritical 

(F0.05) 

 

 
Result 

 

 
Conclusion 

(EC-Control, EPC-Control) 
 

 
 
 
 

Effect of 
resin type 

on strength 

0.3969 0.0992 0.1638 0.1638 (1,4) 1.65 7.71 Fail to Reject NOT 

(EC-240-23, EPC-240-23) 0.3505 0.0876 0.0253 0.0253 (1,4) 0.29 7.71 Fail to Reject NOT 

(EC-240-40, EPC-240-40) 1.3849 0.3462 0.0954 0.0954 (1,4) 0.28 7.71 Fail to Reject NOT 

(EC-240-50, EPC-240-50) 0.7230 0.1808 0.2180 0.2180 (1,4) 1.21 7.71 Fail to Reject NOT 

(EC-Control, FAC-Control) 0.2791 0.0698 3.9350 3.9350 (1,4) 56.40 7.71 Reject Significant 

(EC-240-23, FAC-240-23) 1.0364 0.2591 4.7653 4.7653 (1,4) 18.39 7.71 Reject Significant 

(EC-240-40, FAC-240-40) 0.9332 0.2333 6.2751 6.2751 (1,4) 26.90 7.71 Reject Significant 

(EC-240-50, FAC-240-50) 0.7314 0.1828 6.3706 6.3706 (1,4) 34.84 7.71 Reject Significant 

(EC-Control, EC-240-23)  
 
 
 
 
 
 
 
 
 

Effect of 
age on 
strength 

0.5613 0.1403 0.0154 0.0154 (1,4) 0.109 7.71 Fail to Reject NOT 

(EC-Control, EC-240-40) 0.6421 0.1605 0.6429 0.6429 (1,4) 4.005 7.71 Fail to Reject NOT 

(EC-Control, EC-240-50) 0.2540 0.0635 0.0040 0.0040 (1,4) 0.064 7.71 Fail to Reject NOT 

(EC-Control, EC-60-50) # 0.2756 0.0689 0.1179 0.1179 (1,4) 1.71 7.71 Fail to Reject NOT 

(EPC-Control, EPC-240-23) 0.1862 0.0465 0.1367 0.1367 (1,4) 2.938 7.71 Fail to Reject NOT 

(EPC-Control, EPC-240-40) 1.1398 0.2850 0.0078 0.0078 (1,4) 0.027 7.71 Fail to Reject NOT 

# 1.3166 0.3291 0.6032 0.6032 (1,4) 1.83 7.71 Fail to Reject NOT 

(EPC-Control, EPC-240-50) 0.8659 0.2165 0.0000 0.0000 (1,4) 0.000 7.71 Fail to Reject NOT 

(EPC-Control, EPC-120-50) # 0.6690 0.2230 0.0111 0.0111 (1,3) 0.05 10.13 Fail to Reject NOT 

(FAC-Control, FAC-240-23) 0.7542 0.1885 0.0057 0.0057 (1,4) 0.030 7.71 Fail to Reject NOT 

(FAC-Control, FAC-60-23) # 0.3836 0.0959 0.0418 0.0418 (1,4) 0.44 7.71 Fail to Reject NOT 

(FAC-Control, FAC-240-40) 0.5702 0.1425 1.7507 1.7507 (1,4) 12.282 7.71 Reject Significant 

(FAC-Control, FAC-30-40) # 0.3992 0.0998 0.0296 0.0296 (1,4) 0.30 7.71 Fail to Reject NOT 

(FAC-Control, FAC-240-50) 0.7564 0.1891 0.2272 0.2272 (1,4) 1.202 7.71 Fail to Reject NOT 

(FAC-Control, FAC-30-50) # 0.3521 0.0880 0.3021 0.3021 (1,4) 3.43 7.71 Fail to Reject NOT 

(EC-240-23, EC-240-40) 
 

 
 

Effect of 
temperature 
on strength 

0.7029 0.1757 0.8570 0.8570 (1,4) 4.88 7.71 Fail to Reject NOT 

(EC-240-23, EC-240-50) 0.3149 0.0787 0.0036 0.0036 (1,4) 0.05 7.71 Fail to Reject NOT 

(EPC-240-23, EPC-240-40) 1.0326 0.2581 0.2098 0.2098 (1,4) 0.81 7.71 Fail to Reject NOT 

(EPC-240-23, EPC-240-50) 0.7587 0.1897 0.1357 0.1357 (1,4) 0.72 7.71 Fail to Reject NOT 

(FAC-240-23, FAC-240-40) 1.2667 0.3167 1.5570 1.5570 (1,4) 4.92 7.71 Fail to Reject NOT 

(FAC-240-23, FAC-240-50) 1.4529 0.3632 0.1611 0.1611 (1,4) 0.44 7.71 Fail to Reject NOT 

# - Specimens suffered the lowest reduction prior to 240 days 
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Figure 3-1: Concrete block bond tests: (a) schematic of specimen where “w” 

represents the width of the FRP, (b) 25 mm wide bonded prefabricated FRP strip, 

(c) 40 mm wide wet lay-up strip, (d) test setup (all dimensions in mm, LP-Linear 

Potentiometer, AE-Aluminium Extend) 
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Figure 3-2: Preliminary study on effect of strip width on bond strength and failure 

mode for prefabricated CFRP plates using (a) conventional epoxy, (b) epoxidized 

pine oil-blend, (c) furfuryl alcohol resin 
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Figure 3-3: Observed failure modes: (a) adhesive; (b) adhesive/mixed; (c) cohesive; 

(d) cohesive/mixed; (e) concrete/shear 
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Figure 3-4: Elevated temperature salt-solution conditioning tank: (a) detailed 

schematic of conditioning tank; (b) conditioning tank 
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Figure 3-5: Idealized internal forces and calculation of average shear stress 

 

 

Figure 3-6: Average load-deflection response of concrete blocks: (a) control; (b) 240 

days at 23°C; (c) 240 days at 40°C; (d) 240 days at 50°C 
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Figure 3-7: Conditioning results of plain concrete cylinders: (a) concrete 

compressive strength versus time; (b) concrete compressive strength retention 

versus time 
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Figure 3-7: Conditioning results of conventional epoxy (EC) concrete blocks: (a) 

shear strength versus time; (b) normalized shear strength retention versus time 
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Figure 3-9: Conditioning results of epoxidized pine oil resin-blend (EPC) concrete 

blocks: (a) shear strength versus time; (b) normalized shear strength retention 

versus time 
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Figure 3-10: Conditioning results of furfuryl alcohol bio resin (FAC) concrete 

blocks: (a) shear strength versus time; (b) normalized shear strength retention 

versus time  
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Chapter 4: Tensile Properties Retention of Aged Carbon-FRP Sheets 

Made of Fully and Partially Bio-Based Resins and Conventional Epoxy 

4.1 Introduction 

The application of externally bonded FRP sheets and plates for structural retrofitting purposes is a 

well-established technology, where epoxies are the commonly used adhesives. As a construction 

material these systems would typically be exposed to a variety of harsh environmental conditions 

such as freeze-thaw, salt water exposure, alkaline solutions and temperature.  These conditions 

have been simulated in laboratory environments (Rivera and Karbhari, 2002; Robert et al, 2012; 

Chen et al, 2007; Cromwell et al, 2010; Robert and Fam, 2012). It was also shown that the most 

effective way to accelerate the aging process was to increase the temperature (Al-Zahrani et al, 

2002). 

Conventional glass and carbon fibres, and resins such as epoxies are fundamentally unsustainable 

aspect of FRPs. It is possible that the environmental impact of the expanding use of FRPs could be 

reduced by replacing epoxies with “green” natural alternatives.  Many of the natural thermosetting 

polymers can be derived from corn, soybean and tung oil (Lu et al, 2005; Li et al, 2003; Casado et 

al, 2009). Some studies addressed natural resins in combination with natural fibres (Wollerdorfer 

and Bader, 1998; Wambua et al, 2003; O’donnell et al, 2004; Mak et al, 2015a). However, most 

natural fibres used do not have the necessary structural properties (i.e. strength and stiffness) for 

rehabilitation applications.   

Most bio-resins available are in fact a blend, with only a partial replacement of epoxies that are 

generally less than 50% bio-based. Furfuryl alcohol bio-resin, on the other hand, represents a fully 

bio-system derived from corn-cobs and sugarcane.  It has recently been used successfully in wet 

layup of glass fibre sheets (Fam et al, 2010; Eldridge and Fam, 2014b and Eldridge and Fam, 

2014a). It is important to note that this resin is produced from agricultural undervalued by-products, 
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not food products. In Canada, over 1.4 million tons of corn cob waste is produced per year at a cost 

of approximately 10 cents  ̸kg. The furfuryl yield for one ton of dry biomass is 220 kg for corn 

cobs, the highest among various types of biomasses (Chughtai, 2000 and Mamman, 2008).  

This paper explores the feasibility of wet layup fabrication as well as the short term and long term 

mechanical properties of carbon-FRP (CFRP) using two types of bio-based resins, a partial- and a 

fully-bio system.  The partial bio-resin is an epoxidized pine oil blend and the fully bio-resin is a 

furfuryl alcohol resin.  The long term exposure is conducted at various temperatures in a saline 

solution. Results are evaluated using a rigorous statistical analysis and compared with conventional 

epoxy CFRP laminate. 

4.2 Experimental Program 

In this experimental investigation, 195 CFRP standard coupons were fabricated, aged and tested, 

65 of which were fabricated using E, 65 fabricated using EP and 65 fabricated using FA. All 

coupons were fabricated using wet layup of identical carbon fibre sheets. Coupons were tested at 

various time intervals after aging and compared to control unconditioned coupons. The following 

sections provide details of the experimental program, including materials, test matrix, fabrication, 

conditioning procedures and test setup and instrumentation. 

4.2.1 Materials 

Carbon Fibres: A 0.64 kg/m3 unidirectional carbon fibre fabric was used as the reinforcement in 

the CFRP composites. This fibre is commercially available Tyfo® SCH-41 and comes in a 0.6x91.4 

m roll. The manufacturer reports a tensile strength and elastic modulus of 4000 MPa and 230 GPa, 

and an ultimate elongation of 1.7%, respectively [Fyfe Co. LLC, 2013]. 

Conventional Epoxy (E) Resin: Commercially available Tyfo® S Epoxy-resin was used as a 

control resin in this study. It featured a reported tensile strength, elastic modulus and ultimate strain 

of 72.4 MPa, 3.18 GPa, and 5%, respectively, when post-cured at 60°C for 72 hours. This resin is 
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referred to as E in this study. Reported laminate tensile strength, elastic modulus and elongation 

are 986 MPa, 95.8 GPa and 1.0% when used with carbon fibres. [Fyfe Co. LLC, 2013]. 

Epoxidized Pine Oil (EP) Resin Blend:  This type is a low viscosity epoxy blend, partially derived 

from oil extracted from pine tree sap, still under development by the same supplier of the Tyfo® S 

Epoxy-resin. It has similar consistency and is similarly clear in colour as the Tyfo® S Epoxy-resin. 

The reported post-cured tensile strength and elastic modulus at 60°C for 72 hours are 58.9 MPa 

and 2.64 GPa, respectively. It exhibits a maximum elongation of 6% [Fyfe Co. LLC, 2015]. 

Furfuryl Alcohol (FA) Resin and Catalyst: This low-viscosity bio-resin is an organic compound, 

commercially available as QuaCorr1001 [PennAKem, 2010]. It is furfuryl alcohol-based (C5H6O2), 

derived from renewable resources such as sugar cane and corn cobs. It has a dark-reddish to brown 

colour, and has the following physical characteristics: a specific gravity of 1.22, viscosity of 300-

600 cps, a gel time of 18-24 minutes at 25°C, and a flash point of 75.6°C. The catalyst used to cure 

the resin was p-Toluenesulfonic acid monohydrate 97.5%. The dosage of the catalyst was 3% by 

weight. 

4.2.2 Test Specimens and Parameters 

Table 4-1 provides a summary of the test matrix, which is based on standard 250x25 mm uniaxial 

tension coupons fabricated and tested according to ASTM D3039 (2007), with five repetitions for 

each parameter tested. Three main groups were formed, each has 65 coupons from each of the three 

types of resin (E, EP and FA). In each group, five coupons were tested at room temperature with 

no environmental aging to act as reference control specimens. Three environmental tanks at 

different temperatures were used to age the remaining 60 coupons at temperatures of either 23, 40 

or 50oC. Each tank contained an initial salt concentration of 3.5%, which usually reduces (0.5-1%) 

towards the end as specimens are removed at various time intervals. The 3.5% concentration of 

NaCl closely simulates the presence of de-icing salt (Eldridge and Fam, 2014a). The highest 

temperature was selected to be lower than the glass transition temperature of the resins. Twenty 
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coupons were placed into each tank, and five of which were taken out of the tank to be tested at 

various time intervals, namely, 30, 60, 120 and 240 days. 

4.2.3 Fabrication of Test Specimens 

A single layer of the carbon fibre sheet was fully saturated with the specific resin using the wet 

layup method and excess resin was squeezed out using a plastic spreader. The layer was then 

sandwiched between two high density polyethylene plates. After two weeks the sheet was released 

and cut down to the specified nominal dimensions of 254x25 mm using a wet tile saw. The average 

measured thickness of the cured E-, EP- and FA-CFRP coupons was 1.23±0.09, 1.22±0.14 and 

1.78±0.13 mm, respectively. The average coupon widths for the same group were 25.6±0.18, 

25.03±0.25 and 25.34±0.12 mm, respectively. The FA-CFRP coupons were post-cured for three 

hours at 200°C as recommended by Ma et al (1995). A previous study has shown that in bond-

critical applications, FA bio resin is more suited for prefabricating the CFRP plates separately, for 

example through pultrusion, and then bonding them to concrete (McSwiggan and Fam, 2016a). It 

is worth noting that the same study showed that EP resin bonds well to concrete.  

At various time intervals, coupons were removed from the tank and left to dry at room temperature 

for at least seven days before testing.  Prefabricated 50x25 mm glass-FRP tabs made of Tyfo SEH-

51A fabric and Tyfo® S Epoxy-resin were attached to both sides of the coupon at both ends using 

a viscous epoxy, in order to prevent grip failures when tested (ASTM D3039, 2007).  Figure 4-1(a 

to d) show samples of the coupons. 

4.2.4 Conditioning Program 

The long-term exposure procedures followed the specifications from Bank et al. (2003). Three salt 

water tanks with an initial salt concentration of 3.5% by weight were maintained at temperatures 

23, 40 and 50°C. The room temperature tank was elevated above the ground and capped with an 

insulated sheet to reduce water loss from evaporation. Screw-plug heaters were used to heat the 

other two tanks (40 and 50°C). The screw-plug heaters were regulated with an electronic 
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temperature controller which maintained the temperature within 1°C of the set-point. Figure 4-2 

shows the elevated temperature tank. To address temperature differentials within the tank, an 

aquarium pump with a maximum flow rate of 0.12 L/s was implemented to circulate the saltwater. 

These tanks were elevated and covered with an insulated sheet. Additionally, the walls of the heated 

tanks were insulated to further prevent the effects of evaporation and heat loss. 

At approximately five months of conditioning, it was noticed that the heater in the 40°C tank had 

failed.  Specimens in this tank were removed immediately and stored temporarily in standard lab 

conditions. Due to the backorder of the failed mechanism the specimens were placed back in the 

conditioning tank after 32 days and the remaining period of conditioning was completed. 

4.2.5 Test Setup and Instrumentation 

Tensile strength and modulus of elasticity of the CFRP coupons were measured according to ASTM 

D3039 (2007), using an Instron universal testing machine (Fig. 4-1(e)).  An extensometer with a 

25 mm grip gauge length was calibrated and used to measure the strain in the CFRP coupons. It 

was removed from the specimen at a specified load prior to failure, to ensure that the extensometer 

was not damaged. Data was extrapolated based on the measured elastic modulus to calculate the 

ultimate strain. 

4.3 Experimental Results and Discussion 

A summary of test results of all tension coupon tests, in terms of the ultimate strength and modulus, 

including the average, standard deviation and property retention, is provided in Table 4-2.  In order 

to facilitate a consistent comparison, the nominal CFRP laminate thickness specified by the 

manufacturer of 1 mm (Fyfe Co. LLC, 2013) is used to calculated strength and modulus. The 

following sections provide details of test results and the impact of environmental aging on the 

mechanical properties of the CFRP coupons of different resins. 
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4.3.1 Control Tension Coupons 

In this study control coupons were tested in dry condition at room temperature to establish the 

baseline properties to compare with subsequent aged test results. Five E-CFRP coupons were tested 

and the average tensile strength and modulus were 947±75 MPa and 81±10 GPa, respectively.  The 

reported values by the manufacturer are 986 MPa and 95.8 GPa. Five EP-CFRP coupons were 

tested and the average strength and modulus were 948±90 MPa and 84±4 GPa, respectively.  Five 

FA-CFRP coupons were tested and the average strength and modulus were 860±110 MPa and 93±6 

GPa, respectively.  Figure 4-3(a) shows the stress-strain curves of the control specimens of the 

three types of resins. It can be seen that the EP resin resulted in similar CFRP strength and modulus 

to the E resin, whereas the FA resin resulted in a 9% lower strength but 14% higher modulus.  All 

subsequent aged coupons were compared to the respective control ones and results were expressed 

in terms of a percent retention of mechanical properties. 

4.3.2 Environmentally Aged Tension Coupons 

Table 4-2 provides a summary of the tensile strength and modulus as well as property retention of 

the aged coupons of different types of resins at various temperatures and various time intervals.  

Figures 4-4(a), 4-5(a) and 4-6(a) show the tensile strength values with time for the E-, EP- and FA-

CFRP, respectively, while Figures 4-4(b), 4-5(b) and 4-6(b) show the tensile strength retentions 

with time for E-, EP- and FA-CFRP, respectively.  Figures 4-7(a), 4-8(a) and 4-9(a) show the elastic 

modulus values with time for the E-, EP- and FA-CFRP, respectively, while Figures 4-7(b), 4-8(b) 

and 4-9(b) show the elastic modulus retentions with time for E-, EP- and FA-CFRP, respectively.  

Sample stress-strain curves of the aged coupons at the highest temperature of 50oC after 240 days 

are shown in Fig. 4-3(b).   

For E-CFRP, the tensile strength retentions at the end of the exposure period of 240 days were 101, 

90 and 95% at the 23, 40 and 50oC, respectively, while the modulus retentions were 106, 109 and 

107%, respectively.  For EP-CFRP, strength retentions at the end of exposure were 97, 98 and 92%, 
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whereas modulus retentions were 103, 111 and 104%.  For FA-CFRP, strength retentions were 83, 

81 and 82%, whereas modulus retentions were 92, 94 and 87% at the same temperatures after 240 

days.  The variations in strength and modulus observed in Figures 4-4 to 4-9 over time appear 

somewhat subtle and definitive conclusions regarding reductions can only be made after rigorous 

statistical analyses are performed as will be discussed later. 

4.3.3 Failure Modes 

Four distinct failure modes were observed for the CFRP tension coupons as shown in Fig. 4-10.  

Figure 4-10 (a and b) show a double angled gauge middle and a longitudinal splitting gauge middle 

modes, respectively. These two modes were distinctly associated with the E- and EP-CFRP 

coupons, including both the control and at various temperatures and time intervals. Figure 4-10 (c 

and d) show an explosive gauge middle and a delamination gauge middle failure modes, 

respectively. These two modes were distinctly associated with the FA-CFRP coupons, including 

both the control and at various temperatures and time intervals. No distinct change in failure mode 

was associated with age or temperature. 

4.3.4 Statistical Assessment using Analysis of Variance (ANOVA) 

To evaluate the effect of resin type, age and temperature on CFRP tensile strength and elastic 

modulus, the ANOVA approach was used. The ANOVA program assessed the level of variability 

and its significance by comparing the different groups of specimens that reflect a particular 

parameter.  The null hypothesis was that the results from the different groups were from the same 

statistical population. As such, a “fail to reject” result indicates the null hypothesis cannot be 

disproven, and likely there is no significant difference observed between the groups being 

compared. Tables 4-3 and 4-4 provide a summary of the ANOVA analysis and outcomes for tensile 

strength and modulus, respectively.  In this table, F is the test statistic ratio, SSW is the sum of 

squares within the group, MSW is the mean square within the group, SSB is the sum of squares 

between groups, MSB is the mean square between groups, DF is the total degrees of freedom used 
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to calculate MSW and MSB, and Fcritical (or F0.05) is the critical value of F (taken at 95% confidence 

level in this case) (Chase and Brown, 1997). If F is less than Fcritical, the null hypothesis has failed 

to be rejected, suggesting it is likely there is no significant difference between the two groups of 

data. ANOVA assumes a normally distributed population and identical variability, lack of identical 

variability from this study may have impacted the results from this section. 

The first parameter assessed was the resin type.  Table 4-3 shows that there is no significant 

difference in CFRP strength between the EP and E resins at control conditions or after 240 days at 

any of the temperatures.  The difference in CFRP strength between the FA resin and the E resin is 

significant after 240 days at the 23 and 50oC only. It is expected statistical significance to be 

observed with the same groups after 240 days at 40°C as well. The absence of this statistical 

significance is attributed to a high variability amongst test groups.   

The second parameter assessed was the age.  The CFRP strengths of the E and EP resins after 240 

days is not significantly different from their initial control strengths at any of the three temperatures.  

For the FA resin, the 240 days CFRP strength is significantly different from its control counterpart, 

only at the 50oC temperature.  

The third parameter assessed is the temperature. At 240 days, all three types of resin did not show 

a significant difference in CFRP strength between the three temperatures used. 

Table 4-4 shows that changes in elastic modulus over all the parameters and resin systems 

investigated in the ANOVA study are all insignificant. 

4.3.5 Comparison between CFRP and GFRP with E and FA Resins 

A previous study (Eldridge and Fam, 2014a) investigated glass-FRP coupons made of Tyfo® SEH-

51A glass fibre fabric [Fyfe Co. LLC, 2013] combined with either the E or the FA resin, the same 

resins used in this study, but with a different catalyst for the FA resin that did not require post-

curing. The study also explored the durability of these materials in salt solution at similar elevated 

temperature and initial salt concentration for up to 300 days.  A comparison of the tensile strength 
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retention of the CFRP and GFRP using the FA bio resin is given in Fig. 4-11(a), while the 

comparison of the two materials using the conventional E resin is given in Fig. 4-11(b).   

It can be seen that, generally, the CFRP appears to suffer less reduction in strength than GFRP, for 

both FA and E resin types. This is particularly true at the elevated temperatures where a higher rate 

of reduction occurs early on during exposure.  The other interesting observation is that GFRP shows 

a considerable difference in strength retention between the three different temperatures at any given 

age, again for both resin types. On the other hand, for either resin type, CFRP does not show that 

much difference in strength retention at the three different temperatures. 

4.4 Summary 

In this study 195 carbon-FRP (CFRP) coupons were evaluated to assess the short- and long- term 

tensile strength and modulus performance of three different resin systems. The resins compared 

were: an epoxidized pine oil blend (partial bio resin), a furfuryl alcohol (fully bio resin) and a 

conventional epoxy. Environmental aging was instituted to evaluate durability through saltwater 

baths (3.5% by weight) at three temperatures: 23°, 40° and 50°C, for various time intervals, up to 

240 days. Control specimens in a dry environment at room temperature indicated the EP resin had 

a similar strength and modulus as the E resin. Results from the FA control coupons produced a 9% 

lower strength and 14% higher modulus than the E resin. ANOVA analyses showed the differences 

noted above to be statistically insignificant. At the end of the 240 days exposure, the tensile strength 

retentions of the EP-CFRP at the 23, 40 and 50oC tanks, were 97, 98 and 92%, respectively, while 

those of the FA-CFRP were 83, 81 and 82%. For reference, the strength retentions of E-CFRP were 

101, 90 and 95%, at the three temperatures, respectively.  ANOVA analyses showed that the 

differences in retention values between the EP- and E-CFRP are statistically insignificant at all 

temperatures, while the differences between the FA- and E-CFRP are statistically significant at the 

23 and 50oC only. When compared to glass-FRP (GFRP), CFRP appears to suffer less strength 

reduction with both E and FA resins.  
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Table 4-1: CFRP tension test matrix 

Specimen ID 

 

Repetitions 
Resin and 

installation 

method 

Environmental 

Condition 

Temp. 

(°C) 
Period (days) 

E-Control  

Low viscosity 

conventional 

epoxy (E) 
resin for wet 

lay-up 

Control, dry 

23 

- 

E-30-23  

Full submersion in 

3.5% saltwater 

30 

E-60-23  60 

E-120-23  120 

E-240-23  240 

E-30-40  

40 

30 

E-60-40 5 60 

E-120-40  120 

E-240-40  240 

E-30-50  

50 

30 

E-60-50  60 

E-120-50  120 

E-240-50  240 

EP-Control  

Low viscosity 

epoxidized 
pine oil-blend 

(EP) for wet 

lay-up 

Control, dry 

23 

- 

EP-30-23  

Full submersion in 
3.5% saltwater 

30 

EP-60-23  60 

EP-120-23  120 

EP-240-23  240 

EP-30-40  

40 

30 

EP-60-40 5 60 

EP-120-40  120 

EP-240-40  240 

EP-30-50  

50 

30 

EP-60-50  60 

EP-120-50  120 

EP-240-50  240 

FA-Control  

Prefabricated 

plate using 

furfuryl 

alcohol bio 

resin (FA) 

Control, dry 

23 

- 

FA-30-23  

Full submersion in 

3.5% saltwater 

30 

FA-60-23  60 

FA-120-23  120 

FA-240-23  240 

FA-30-40  

40 

30 

FA-60-40 5 60 

FA-120-40  120 

FA-240-40  240 

FA-30-50  

50 

30 

FA-60-50  60 

FA-120-50  120 

FA-240-50  240 
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Table 4-2: CFRP tensile coupon test results 

 

 

 

 

 

Specimen ID 

Ultimate tensile 

strength (MPa) 
Tensile 

strength 

retention 

(%) 

Tensile modulus 

(GPa) 
Tensile 

modulus 

retention 

(%) Mean 
Stand. 

Dev. 
Mean 

Stand. 

Dev. 

E-Control 947 74.9 - 81.2 9.77 - 

E-30-23 904 119.0 95.5 89.1 10.84 109.8 

E-60-23 983 161.5 103.7 89.4 4.98 110.1 

E-120-23 930 20.3 98.2 87.4 2.61 107.6 

E-240-23 953 51.8 100.6 85.9 4.84 105.8 

E-30-40 937 92.5 98.9 82.7 7.01 101.8 

E-60-40 919 84.5 97.0 82.2 8.41 101.3 

E-120-40 842 108.6 88.8 83.6 4.60 103.0 

E-240-40 851 95.4 89.8 88.6 5.48 109.1 

E-30-50 966 86.0 101.9 93.8 10.85 115.6 

E-60-50 888 26.6 93.8 80.4 4.33 99.1 

E-120-50 928 51.1 97.9 87.0 7.28 107.2 

E-240-50 899 93.5 94.8 86.9 6.67 107.1 

EP-Control 948 89.9 - 84.1 4.02 - 

EP-30-23 980 94.6 103.4 87.0 3.50 103.5 

EP-60-23 888 98.1 93.6 86.1 6.53 102.5 

EP-120-23 976 30.2 103.0 88.0 8.22 104.7 

EP-240-23 922 126.3 97.3 86.2 7.37 102.6 

EP-30-40 992 47.8 104.7 84.7 7.57 100.8 

EP-60-40 942 46.9 99.4 80.8 5.62 96.1 

EP-120-40 1016 141.3 107.2 89.8 7.11 106.8 

EP-240-40 933 207.8 98.4 93.1 12.74 110.7 

EP-30-50 897 130.7 94.6 89.2 7.77 106.1 

EP-60-50 993 120.5 104.8 87.5 7.94 104.1 

EP-120-50 842 109.0 88.9 89.4 6.15 106.3 

EP-240-50 872 87.2 92.0 87.6 8.07 104.3 

FA-Control 860 110.5 - 92.8 5.84 - 

FA-30-23 722 109.2 83.9 97.4 7.03 105.0 

FA-60-23 775 126.3 90.2 99.4 4.87 107.1 

FA-120-23 760 87.0 88.4 84.8 4.73 91.4 

FA-240-23 712 152.8 82.8 85.7 7.79 92.3 

FA-30-40 764 144.0 88.9 86.2 9.50 92.9 

FA-60-40 815 97.5 94.8 86.2 10.55 92.9 

FA-120-40 740 49.7 86.1 85.3 10.00 92.0 

FA-240-40 699 193.9 81.2 86.8 7.97 93.6 

FA-30-50 800 81.3 93.0 85.9 3.76 92.6 

FA-60-50 690 72.6 80.3 91.5 8.49 98.6 

FA-120-50 792 72.7 92.1 94.0 4.73 101.4 

FA-240-50 710 57.5 82.5 81.1 10.38 87.4 
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Table 4-3: Tensile coupon ANOVA summary for strength 

Sample groups Parameter  SSW MSW SSB MSB DF F 
Fcritical 

(F0.05) 
Result 

Conclusion 

of 

significance 

(E-Control, EP-Control) 

Effect of 
resin type on 

strength 

54802 6850 0.452 0.452 (1,8) 0.00 5.32 Fail to Reject NOT 

(E-240-23, EP-240-23) 74578 9322 2365 2365 (1,8) 0.25 5.32 Fail to Reject NOT 

(E-240-40, EP-240-40) 199996 28571 14930 14930 (1,7) 0.52 5.59 Fail to Reject NOT 

(E-240-50, EP-240-50) 65409 8176 1797 1797 (1,8) 0.22 5.32 Fail to Reject NOT 

(E-Control, FA-Control) 71331 8916 19104 19104 (1,8) 2.14 5.32 Fail to Reject NOT 

(E-240-23, FA-240-23) 104179 13022 144814 144814 (1,8) 11.12 5.32 Reject Significant 

(E-240-40, FA-240-40) 177760 25394 51296 51296 (1,7) 2.02 5.59 Fail to Reject NOT 

(E-240-50, FA-240-50) 48215 6027 89377 89377 (1,8) 14.83 5.32 Reject Significant 

(E-Control, E-240-23) 

Effect of age 
on strength 

33181 4148 78.14 78.14 (1,8) 0.02 5.32 Fail to Reject NOT 

(E-Control, E-240-40) 49747 7107 20796 20796 (1,7) 2.93 5.59 Fail to Reject NOT 

(E-Control, E-240-50) 57448 7181 5962 5962 (1,8) 0.83 5.32 Fail to Reject NOT 

(EP-Control, EP-240-23) 96199 12025 1637 1637 (1,8) 0.14 5.32 Fail to Reject NOT 

(EP-Control, EP-240-40) 205051 25631 577.4 577.4 (1,8) 0.02 5.32 Fail to Reject NOT 

(EP-Control, EP-240-50) 62763 7845 14467 14467 (1,8) 1.84 5.32 Fail to Reject NOT 

(FA-Control, FA-240-23) 142329 17791 54516 54516 (1,8) 3.06 5.32 Fail to Reject NOT 

(FA-Control, FA-240-40) 199344 24918 65005 65005 (1,8) 2.61 5.32 Fail to Reject NOT 

(FA-Control, FA-240-50) 62097 7762 56623 56623 (1,8) 7.29 5.32 Reject Significant 

(E-240-23, E-240-40) 

Effect of 

temperature 

on strength 

28887 5777 14171 14171 (1,7) 2.45 6.61 Fail to Reject NOT 

(E-240-23, E-240-50) 45729 5716 7405 7405 (1,8) 1.30 5.32 Fail to Reject NOT 

(EP-240-23, EP-240-40) 236546 29568 270 270 (1,8) 0.01 5.32 Fail to Reject NOT 

(EP-240-23, EP-240-50) 94258 11782 6371 6371 (1,8) 0.54 5.32 Fail to Reject NOT 

(FA-240-23, FA-240-40) 243912 30489 461 461 (1,8) 0.02 5.32 Fail to Reject NOT 

(FA-240-23, FA-240-50) 106665 13333 19.98 19.98 (1,8) 0.00 5.32 Fail to Reject NOT 
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 Table 4-4: Tensile coupon ANOVA summary for modulus 

Sample groups Parameter  SSW MSW SSB MSB DF F 
Fcritical 

(F0.05) 
Result 

Conclusion 

of 

significance 

(E-Control, EP-Control) 

Effect of 

resin type on 

modulus 

552691958 69086495 20801067 20801067 (1,8) 0.30 5.32 Fail to Reject NOT 

(E-240-23, EP-240-23) 311177744 38897218 382568 382568 (1,8) 0.01 5.32 Fail to Reject NOT 

(E-240-40, EP-240-40) 739199829 105599976 44367243 44367243 (1,7) 0.42 5.59 Fail to Reject NOT 

(E-240-50, EP-240-50) 438373034 54796629 1351386 1351386 (1,8) 0.02 5.32 Fail to Reject NOT 

(E-Control, FA-Control) 518150868 64768858 336062180 336062180 (1,8) 5.19 5.32 Fail to Reject NOT 

(E-240-23, FA-240-23) 336105174 42013147 90695 90695 (1,8) 0.00 5.32 Fail to Reject NOT 

(E-240-40, FA-240-40) 344107805 49158258 7052736 7052736 (1,7) 0.14 5.59 Fail to Reject NOT 

(E-240-50, FA-240-50) 608427140 76053392 84619896 84619896 (1,8) 1.11 5.32 Fail to Reject NOT 

(E-Control, E-240-23) 

Effect of age 

on modulus 

475548818 59443602 54557066 54557066 (1,8) 0.92 5.32 Fail to Reject NOT 

(E-Control, E-240-40) 471879499 67411357 122496407 122496407 (1,7) 1.82 5.59 Fail to Reject NOT 

(E-Control, E-240-50) 559747921 69968490 82124238 82124238 (1,8) 1.17 5.32 Fail to Reject NOT 

(EP-Control, EP-240-23) 388320885 48540111 11860980 11860980 (1,8) 0.24 5.32 Fail to Reject NOT 

(EP-Control, EP-240-40) 820012289 102501536 202871304 202871304 (1,8) 1.98 5.32 Fail to Reject NOT 

(EP-Control, EP-240-50) 431317071 53914634 32079932 32079932 (1,8) 0.60 5.32 Fail to Reject NOT 

(FA-Control, FA-240-23) 378707224 47338403 126492309 126492309 (1,8) 2.67 5.32 Fail to Reject NOT 

(FA-Control, FA-240-40) 390379174 48797397 88540723 88540723 (1,8) 1.81 5.32 Fail to Reject NOT 

(FA-Control, FA-240-50) 566830086 70853761 341091539 341091539 (1,8) 4.81 5.32 Fail to Reject NOT 

(E-240-23, E-240-40) 

Effect of 

temperature 

on modulus 

183591675 26227382 16842505 16842505 (1,7) 0.64 5.59 Fail to Reject NOT 

(E-240-23, E-240-50) 271460097 33932512 2808865 2808865 (1,8) 0.08 5.32 Fail to Reject NOT 

(EP-240-23, EP-240-40) 866785898 108348237 116625149 116625149 (1,8) 1.08 5.32 Fail to Reject NOT 

(EP-240-23, EP-240-50) 478090680 59761335 4928122 4928122 (1,8) 0.08 5.32 Fail to Reject NOT 

(FA-240-23, FA-240-40) 496621304 62077663 3375568 3375568 (1,8) 0.05 5.32 Fail to Reject NOT 

(FA-240-23, FA-240-50) 673072216 84134027 52154160 52154160 (1,8) 0.62 5.32 Fail to Reject NOT 
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Figure 4-1: Tension coupon tests: (a) schematic of coupon, (b) conventional epoxy 

(E), (c) Furfuryl Alcohol bio-resin (FA), (d) Epoxidized Pine Oil resin (EP), (e) test 

setup 
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Figure 4-2: Elevated temperature salt-solution conditioning tank 
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Figure 4-3: Stress-strain response of CFRP coupons: (a) initial conditions; (b) final 

conditions 
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Figure 4-4: Conditioning results from E-CFRP coupons: (a) tensile strength with 

error, (b) tensile strength retention  
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Figure 4-5: Conditioning results from EP-CFRP coupons: (a) tensile strength with 

error, (b) tensile strength retention 
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Figure 4-6: Conditioning results from FA-CFRP coupons: (a) tensile strength with 

error, (b) tensile strength retention 
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Figure 4-7: Conditioning results from E-CFRP coupons: (a) elastic modulus with 

error, (b) elastic modulus retention  
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Figure 4-8: Conditioning results from EP-CFRP coupons: (a) elastic modulus with 

error, (b) elastic modulus retention 
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Figure 4-9: Conditioning results from FA-CFRP coupons: (a) elastic modulus with 

error, (b) elastic modulus retention 
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Figure 4-10: Observed CFRP coupon failure modes: (a) double angled gauge middle 

(E-control); (b) longitudinal splitting gauge middle (E-control); (c) explosive gauge 

middle (FA-control); (d) delamination gauge middle (FA-control) 
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Figure 4-11: Comparison between CFRP and GFRP aged at various temperatures 

for (a) furfuryl alcohol (FA) bio-resin, and (b) conventional epoxy (E) 
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Chapter 5: Summary and Conclusions 

5.1 Bio-Based Resins for Flexural Strengthening of Reinforced Concrete Beams with 

FRP Sheets 

This experimental investigation included two types of bio-based resins, namely; an epoxidized pine 

oil resin blend and a furfuryl alcohol resin, used in flexural strengthening of reinforced concrete 

beams using CFRP and GFRP sheets. The following conclusions are drawn: 

1. Bond tests using small scale notched concrete beams showed that the EP resin 

resulted in comparable bond strength to E resin, with a 7% higher strength for CFRP 

and 17% lower strength for GFRP.  The bond strengths of CFRP and GFRP using 

this EP resin were 4.2 and 2.8 MPa, respectively. 

2. The FA bio resin resulted in a very weak bond when used for wet layup of fibres 

directly on the tension face of concrete beams (i.e. bond-critical application), likely 

due to concrete alkalinity.  This is quite different from a previous study that showed 

excellent performance of FA resin in GFRP-confinement of concrete cylinders (i.e. 

contact-critical application), achieving the same strength as E. 

3. When the FA bio resin was used in the prefabrication of cured CFRP plates, which 

were then bonded to concrete surface using conventional epoxy paste, excellent 

bond was observed. 

4. In the strengthened full scale beams tested in this study, the peak loads increased 

by 18 to 54% and the yielding loads increased by 9 to 46%, depending on the 

number of FRP layers, type of fibres and type of resin.  Peak loads of strengthened 

beams were governed by either concrete shear failure or flexural concrete crushing, 

after steel yielding. Secondary FRP rupture or debonding failures followed.  

5. The EP resin provided very similar results to E in CFRP-strengthened large scale 



80 

 

beams. Both resins resulted in 46% increase in yielding load, and a 49% and 54% 

increase in ultimate load for E and EP, respectively, when using two layers (0.65% 

reinforcement ratio ρf).  Concrete shear failure governed for both resins.  

6. EP resin also provided somewhat similar results to E resin in GFRP-strengthened 

large scale beams. Both resins resulted in 23% increase in yielding load, but a 43% 

and 32% increase in ultimate load for E and EP, respectively, when using two layers 

(ρf = 0.84%) as concrete crushing governed for E resin while concrete shear failure 

governed for EP resin. 

7. For beams with EP resin, increasing the CFRP or GFRP layers from one to two 

(100% increase in ρf) resulted in only a 13% increase in ultimate load. Failure mode 

changed from shear failure of the beam with two layers to concrete crushing in that 

with a single layer. 

8. The single-layer CFRP plate prefabricated using FA bio resin, which is later bonded 

to the large scale beam using conventional epoxy paste, resulted in similar increases 

in yielding load (21%) and ultimate load (39%) as the prefabricated CFRP plate 

made using E resin and bonded to concrete using the same epoxy paste. 

5.2 Bond Durability of CFRP Sheets with Bio Resins 

This study investigated the bond strength durability of externally bonded CFRP sheets and plates 

involving two types of bio-based resins and compared them to a conventional epoxy. The first resin, 

which is partially derived from renewable materials, is an epoxidized pine oil blend and was used 

for wet lay-up installation of CFRP to the concrete surface. The second resin, which is fully derived 

from renewable materials such as corncobs and sugarcane, is a furfuryl alcohol resin, and was used 

to prefabricate CFRP plates that were installed to the concrete surface using an epoxy paste.  A 

total of 137 concrete prisms with a mid-span half-depth saw cut were used in this study.  Specimens 
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were conditioned in a 3.5% saline solution at three different temperatures, 23, 40 and 50oC, for up 

to 240 days before being tested to establish CFRP-concrete average bond strengths. After 

conditioning and testing of the test specimens the following conclusions were drawn: 

1. The measured short-term average bond strengths were 3.92±0.35, 4.25±0.27 and 5.53±0.12 

MPa for the E, EP and FA resins, respectively. 

2. The bond failure of the EC and EPC systems was predominantly adhesive-based, where 

traces of a very thin layer of cement paste remained attached to the CFRP. The bond failure 

of the FAC system was predominantly cohesive-based, where a thicker layer of concrete 

and coarse aggregate remained attached to the CFRP. This suggests that bond between the 

furfuryl alcohol bio resin and the epoxy paste was excellent and never governed at failure. 

3. Generally, after 240 days of conditioning, very small reductions in bond strength were 

observed as the normalized bond strength retentions ranged from 90 to 104%.  Slightly 

lower values occurred in some cases prior to the 240 days and ranged from 85 to 97%. 

4. ANOVA was used to assess the effect of: resin type, temperature, and age. The long-term 

difference in normalized bond strength retention between EPC and EC resins was 

insignificant, but between FAC and EC, the difference was significant. Only FAC resin at 

40oC after 240 days showed a statistically significant difference from the control 

counterpart, whereas the observed differences for all other cases were insignificant. 

Finally, the effect of temperature could not be proved to be significant. 

5.3 Tensile Properties Retention of Aged Carbon-FRP Sheets Made of Fully and 

Partially Bio-Based Resins and Conventional Epoxy 

In this study, short and long term tensile strength and modulus of carbon-FRP (CFRP) coupons 

fabricated using three different resin types were assessed and compared. The resins were an 

epoxidized pine oil blend (a partially bio resin), a furfuryl alcohol resin (a fully bio resin) and a 

conventional epoxy.  Durability was determined through environmental aging in 3.5% saltwater 
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baths at three different temperatures; 23o, 40o and 50oC, for various time intervals, up to 240 days. 

After analysis of the results some conclusions were made they are as follows: 

1. Control specimens showed that EP resin resulted in similar CFRP strength and modulus as 

the E. FA resin resulted in a 9% lower strength but 14% higher modulus. ANOVA analysis 

indicated these differences are statistically insignificant 

2. At the end of the 240 days exposure, the tensile strength retentions of the EP-CFRP at the 

23, 40 and 50oC tanks, were 97, 98 and 92%, respectively, while those of the FA-CFRP 

were 83, 81 and 82%, respectively. 

3. At the conclusion of exposure the E-CFRP strength retentions were 101, 90 and 95%, at 

23, 40 and 50oC tanks, respectively. 

4. ANOVA analyses showed that the differences in retention values between the EP- and E-

CFRP are statistically insignificant at all temperatures, while the differences between the 

FA- and E-CFRP are statistically significant at the 23 and 50oC only. 

5. For elastic modulus, ANOVA analysis showed that all changes observed for all 

parameters studied are in fact statistically insignificant 

6. Four distinct failure modes were observed. The first two were ‘double angled gauge 

middle’ and ‘longitudinal splitting gauge middle’, distinctly associated with the E- and EP-

CFRP coupons.  The other two were ‘explosive gauge middle’ and ‘delamination gauge 

middle’, distinctly associated with the FA-CFRP coupons. In either group, failure modes 

were consistent for control and aged coupons. No distinct change in failure mode was 

associated with age or temperature. 

7. CFRP appears to suffer remarkably less reduction in strength than GFRP made with the 

same E or FA resins, particularly at the elevated temperatures.   Also, unlike CFRP, GFRP 
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shows a considerable difference in strength retention at the three different temperatures at 

a given age, for either E or FA resins. 

5.4 Recommendations for Future Work 

The short- and long- term response of natural based resins as composites used to strengthen 

reinforced concrete was evaluated in this thesis. In an attempt to fully understand the interaction 

between environmental conscious strengthening composites and concrete additional areas must be 

explored, they are: 

1. Resolution of the “bond compatibility” issue between concrete and FA resin: in order to 

further reduce the environmental impact of using FRPs to strengthen RC, the fully bio 

based FA resin must be able to bond to concrete without the aid of a structural adhesive 

paste (method used in this thesis). 

2. Freeze-thaw conditioning of full-scale RC beams strengthened in flexure with bio-based 

resins: this study focused on full-scale strengthened beams in standard conditions, exposure 

to extreme environmental changes to simulate harsh winter conditions will provide insight 

into the durability of these resins when used in this application. 

3. Freeze-thaw conditioning of small-scale FRP to concrete bond with bio based resins: in 

this study, concrete bond specimens were subjected to an aggressive environmental aging 

protocol to assess the durability of bond over time and temperature. Similar specimens 

should be subjected to freeze-thaw conditioning in an attempt to evaluate the ability of the 

resins to sustain bond in a harsh environment. 

4. Fatigue testing of full-scale reinforced concrete beams strengthened in flexure with bio-

based resins: monotonic loading to failure of RC beams strengthened with FRPs using bio-

based resins was explored in this thesis. To further understand the limits of this 

strengthening technique fatigue testing should be employed. 
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