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ABSTRACT 

Fibre-reinforced polymers (FRP) are a composite system which may be able to meet the 

demands of both new and existing infrastructures. Due to its constituents’ environmental impact, 

natural alternatives are becoming increasingly popular; however, their longevity still needs to be 

assessed prior to its use in civil infrastructure. In this thesis, the long-term performance and 

durability of natural fibres (flax) and resins (epoxidized pine oil (EPO) and furfuryl alcohol (FA)) 

were investigated, using 729 tension coupons and 36 structural insulated panels (SIP).  

Four phenomena were studied: wet-dry cycling, freeze-thaw cycling, cold temperature testing 

and mechanical fatigue testing. Flax-FRP (FFRP) exposed to 12 wet-dry cycles experienced 

maximum reductions of 12% and 19% in tensile strength and modulus, respectively, due to 

delamination at the fibre-resin interface. FFRP exposed to 300 freeze-thaw cycles experienced 

maximum reductions of 8% and 10% in tensile strength and modulus, respectively, due to 

delamination at the fibre-resin interface and damage within the fibres. In both cases, conventional 

epoxy and EPO underwent hydrolysis, and exhibited a decreased and increased glass transition 

temperature, respectively. To mitigate damage, flax was treated to reduce moisture absorption and 

improve fibre-resin bond, although similar deterioration was observed post-conditioning. 

Conversely, conventional glass-FRP showed no deterioration.  

Furthermore, FFRP tested at cold temperatures resulted in a 20% increase in stiffness, 

specifically the slope of the second linear phase of its bi-linear stress-strain response. FFRP-skinned 

SIPs tested at cold temperatures showed a 28% increase in capacity under flexural load; however, 

there was no impact on the load-deflection response within serviceability limits.   

Finally, FA-based carbon-FRP (CFRP) was tested in tension-tension fatigue. Based on a 

2,000,000 fatigue life, the ASTM model predicted an allowable stress amplitude of 59% and the 
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Whitworth model predicted a modulus retention of 65%. Conventional epoxy-CFRP had a 

predicted modulus retention of 80%.  

Through this study, it is clear that FFRP with a higher FVF will be more resilient against 

cyclic environmental exposure than those with fibre treatment; and, its performance will improve in 

cold climates. Furthermore, FA-CFRP’s fatigue performance is worst than epoxy-CFRP; however, 

this trade-off may be beneficial for its chemical resistance.  
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𝑁𝑖𝑗  = Failure cycle for specimen number (j) of stress level (i) 

𝑁  = Weibull distribution parameter, for Whitney model 

𝑁𝑖  = Weibull distribution parameter per stress level, for Whitney model 

  = Average fatigue for stress level (i), for NLD model 

�̂�𝑖  = Weibull distribution parameter per stress level, censored, for Whitney model 

𝑁𝑜𝑖  = Modified Weibull distribution parameter per stress level, for Whitney model 

𝑁𝑠𝑖  = Number of cycles for predetermined run-out 

𝜎  = Stress 

𝜎𝑎  = Stress amplitude 

𝜎𝑚𝑖𝑛  = Minimum applied stress 

𝜎𝑚𝑎𝑥  = Maximum applied stress 

𝜎𝑜  = Material constant for NLD method, constant for Whitney method 

𝜎𝑢  = Strength 
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𝑃𝑆(𝑁)  = Survival probability 

�̂�𝑜  = Weibull distribution parameter for total pooled data, for Whitney model 

𝜌𝑓  = Density of the fibres 

𝜌𝑚  = Density of the matrix 

R  = Stress ratio, σmin/σmax 

R − 𝑣𝑎𝑙𝑢𝑒 = Capacity to resist heat flow 

𝑅𝑘  = Characteristic cycle to failure, for NLD model 

𝑟𝑖  = Number of failed specimens, for Whitney model 

𝑟𝑇  = Total failed specimens, for Whitney model 

𝑇𝑔  = Glass transition temperature 

𝑆  = Applied stress range, for Whitworth model 

𝑆𝑢  = FRP strength, for Whitworth model 

𝑉𝑓  = Volume of the fibres 

𝑉𝑚  = Volume of the matrix 

𝑍𝑖  = Normalized number of cycles for predetermined run-out 

→  = Run-out for fatigue tests at 2,000,000 cycles 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

Over the past decade, there has been a drastic increase in environmental awareness and 

demand for sustainable infrastructure through programs such as Leadership in Energy and 

Environmental Design (LEED) and Building Research Establishment Environmental Assessment 

Method (BREAM), which have pushed the concepts of renewable materials, energy efficient design 

and low embodied energy to the forefront of discussion. This has placed heavy focus on new 

construction; however, one of the most impactful means to reduce the environmental impact of 

infrastructure is to extend the life of existing infrastructure. 

A class of composite materials that may be able to meet the demands of both new and 

existing infrastructure is fibre-reinforced polymers (FRP), which is comprised of a reinforcing fibre 

and resin matrix. These systems offer better chemical resistance, higher strength-to-weight ratio and 

easier installation compared to alternative methods and materials (e.g. steel, concrete). As such, these 

systems have been installed as reinforcing bars for concrete, structural elements of bridges and 

structural skins for sandwich panels in new construction, while also being applied to existing 

infrastructure as a means to retrofit or rehabilitate. 

However, the production of the FRP constituents has a large environmental impact. Carbon 

and glass fibres, which are frequently used as reinforcing fibres, have a high embodied energy at 355 

MJ/kg and 31.7 MJ/kg, respectively (Cicala et al. 2010); whereas, epoxy resin and vinylester resin, 

which are frequently used as the polymer matrix, rely on the non-renewable petroleum byproducts. 

Therefore, these materials are not sustainable in the long-term. This has spurred significant research 
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into the development of alternatives for FRP constituents. Notably, there has been a focus on 

deriving plant-based alternatives from agricultural byproducts for both the fibre and resin. These 

systems are renewable by-nature and have the potential to be biodegradable as well as recyclable 

(Baley et al. 2004) for when they have reached the end of their useful life cycle. 

There are many natural fibres; however, each fibre type has a different composition, 

availability and mechanical properties. In particular, Canada is one of the major producers of flax in 

the world (AAFC 2017), yet this crop is primarily harvested for its seed, whereas the stalk is 

disposed of as agricultural waste. Flax exhibits a low cost-to-weight ratio, low environmental impact 

(2.75 MJ/kg (Cicala et al. 2010)) and high availability. It has a reasonable tensile strength (500-1500 

MPa) and modulus (25.6 GPa) (Ku et al. 2011). There has been significant research on the use of 

flax as a reinforcement fibre (Assarar et al. 2011; Mak et al. 2015; Stamboulis et al. 2000; Yan et al. 

2015). Regardless, it faces the same challenge as any other natural fibre – susceptibility to moisture 

and unknown long-term durability (Yan et al. 2014; Satyanarayana et al. 2009; Dittenber and 

GangaRao 2012). 

This has spurred research into moisture effects, as well as means to mitigate it; however, 

often times, these represent gauges of short-term performance or prolonged consistent exposure 

(Mak et al. 2016; Yan and Chouw 2015; Hristozov et al. 2016; Scida et al. 2013; Stamboulis et al. 

2001). Although this is sufficient for certain applications, it is essential to understand the long-term 

performance of these fibres for structural applications as civil infrastructure is constantly exposed to 

varying climatic conditions. In particular, infrastructure is exposed to moisture-driven events, such 

as wet-dry cycles during the spring and freeze-thaw cycles in the shoulder seasons of winter. In 

addition, as natural fibres are organic composites, their properties are also impacted by their 
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environmental conditions (e.g. temperature, humidity). To the author’s knowledge, these properties 

have not been investigated in detail thus far for natural materials – both as a material, as well as in 

structural systems. 

There are many resin systems derived from agricultural byproducts with unique benefits and 

drawbacks; however, many of them are lab-sythenized.  Thermoplastic systems include starch-based 

resins, which are crystalline, but are water soluble and have poor mechanical properties; polyester 

systems, such as polyhydroxyalkanoates and poly(alkylene dicarboxykates), which can have a high 

molecular weight, but are vapour permeable; and, cellulose acetate resins, which exhibit good 

toughness, but are biodegradable polymers (Dotan 2014). Thermosetting systems include cardanol 

novolacs manufactured from cashew nut shell liquid; furfuryl alcohol (FA) resin produced from 

furfural, which have a high chemical resistance and heat tolerance; and functionalized vegetable oils, 

which can exhibit the same cross-linking chains as synthetic variants, but with the polymeric 

backbone of the original plant-based chemical (Dotan 2014). For the construction industry, it is 

crucial the resin systems be commercially available; however, there are very few biologically derived 

alternatives on the market. 

Previous research at Queen’s University (Fam et al. 2014; Eldridge and Fam 2014a; Eldridge 

and Fam 2014b; Mak et al. 2015; McSwiggan et al. 2016; McSwiggan and Fam 2017; McSwiggan and 

Fam 2018; McIsaac and Fam 2018a; McIsaac and Fam 2018b; McIsaac et al. 2019) on functionalized 

vegetable oils and FA resin has shown promising results as a replacement to conventional resin 

systems, although they face the same challenges and knowledge gaps as that of the natural fibres – a 

deep understanding of their performance under different climatic conditions is required. In addition, 
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durability extends outside of the environmental exposure: infrastructure is subjected to many cyclic 

loads throughout its lifecycle, which must also be duly understood prior to installation. 

It is crucial to understand the performance of these systems as a material; however, this will 

also impact the performance of the applied system. For new construction, sandwich panels 

manufactured with a FRP structural skin and foam core are of particular interest. They can be 

manufactured off-site for a higher level of quality control, while also being easy and fast to install. 

Along with their lightweight nature, sandwich panels lend themselves to rapid, remote construction, 

especially in northern communities; however, the exposure condition in these communities is quite 

different than that of laboratories. For existing infrastructure, FRP can be used to rehabilitate and 

retrofit concrete structures. These structures are often exposed to significant cyclic loads, which 

affect their long-term performance. It is therefore important to determine their performance under 

their specified conditions of their application. 

There is a clear knowledge gap with regard to the durability of naturally-derived fibre-

reinforced polymer systems. This thesis focuses on addressing this challenge, both at the material 

and system levels. 

1.2 OBJECTIVES 

The objectives of this thesis aim to address the knowledge gap on long-term durability of 

natural fibre-reinforced polymer systems, with a focus on the microscopic as well as macroscopic 

performance for structural engineering applications, specifically, to assess the impact of: 

1. Moisture cycling on flax fibre-reinforced polymers (FFRP); 

2. Freeze-thaw cycling on FFRP; 



 
5 

 

3. Fibre treatment on the durability of FFRP; 

4. Temperature on FFRP; 

5. Temperature on FFRP-sandwich panels; and, 

6. Mechanical cyclic loads on FA-based FRP and establish its fatigue life in the form of (S-N) 

curves. 

1.3 MATERIALS 

To meet the outlined objectives, studies were performed across a wide range of materials. 

The following is a list and description of the materials based on the type. 

1.3.1 Fibre 

The performance of three fibre types were investigated for this thesis: flax, glass and carbon. 

All fibres were investigated as unidirectional FRP. Flax fibres represent a potential natural fibre that 

can be used as a reinforcing fibre due to its tensile properties, whereas fibreglass and carbon fibre 

are conventional fibres used in industry. The fibre properties are detailed in Table 1-1. 

Table 1-1: Fibre properties 

Fibre Tensile Strength 
(MPa) 

Tensile Modulus 
(GPa) 

Maximum 
Elongation (%) 

Density (kg/m3) Chapters 

Flax Fibre1 500 50 4.5 1.5 2, 3, 4, 5 

Fibreglass2 3240 72.4 2.0 2.55 2, 3, 5 

Carbon Fibre3 4000 230 1.7 0.64 6 
1Properties from manufacturer (Composites Evolution 2012) 

2Properties from manufacturer (Fyfe Co. LLC. 2012) 
3Properties from manufacturer (Fyfe Co. LLC 2013) 

 

Flax fibres were acquired as the commercially available product Biotex Flax Unidirectional 

Fabric from Composites Evolution, which is located in the UK. In Chapters 2, 3 and 5, the fibres 

were used as-received. The author is not aware of any specific treatment that the fibres received 
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from the manufacturer. In Chapter 5, the fibres were coated with a colloidal dispersion of 20 nm 

surface-modified SiO2 nanospheres in diglycidyl ether of bisphenol A (DGEBA) epoxy. 

Fibreglass was acquired as the commercially available product Tyfo SEH-51A from Fyfe Co 

LLC., which is located in the USA. In Chapters 2, 3 and 5, the fibres were used as-received. 

Fibreglass was chosen as the conventional comparison fibre to flax, since flax has been purported to 

be a potential replacement for glass (Assarar et al. 2011; Mak et al. 2015). The author was informed 

that the fibres were sized by the manufacturer for compatibility with their own resin system. A 

previous study reported that the sizing may be an aminosilane for this specific manufacturer’s fibre 

(Foruzanmehr et al. 2016). 

Carbon fibre was acquired as the commercially available product Fyfe SCH-41 from Fyfe Co 

LLC., which is located in the USA. In Chapter 6, the fibres were used as-received. Carbon fibre was 

chosen for this chapter due to its higher tensile stiffness compared to fibreglass and flax, which is 

desirable for retrofitting applications. 

1.3.2 Resin 

The performance of three resin types were investigated for this thesis: flax, glass and carbon. 

Flax fibres represent a potential natural fibre that can be used as a reinforcing fibre due to its tensile 

properties, whereas fibreglass and carbon fibre are conventional fibres used in industry. The fibre 

properties are detailed in Table 1-1. 
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Table 1-1: Fibre properties 

Resin Tensile Strength4 
(MPa) 

Tensile 
Modulus4 (GPa) 

Maximum 
Elongation (%) 

Glass Transition 
Temperature (°C) 

Chapters 

Epoxy1 72.4 3.18 5.0 82 2, 3, 4, 5, 6 

Epoxy GR2 58.8 2.63 2.6 - 2, 3 

Furfuryl 
Alcohol3 

- - - - 6 

1Properties from manufacturer (Composites Evolution 2012) 
2Proprietary product. Properties from manufacturer 

3No mechanical properties were provided by the manufacturer 
4Manufacturer tests were performed after post-curing at 60°C for 72 hours 

 

Epoxy was acquired as the commercially available product Fyfe Tyfo S from Fyfe Co LLC., 

which is located in the USA. In Chapters 2, 3, 4, 5 and 6, the resin was used as-received. The resin 

and hardener were acquired as a package, with a 100:34.5 mix ratio by mass. Epoxy is commonly 

used in industry, and was used as the conventional reference for performance. 

Epoxy GR was acquired as proprietary product. In Chapters 2 and 3, the resin was used as-

received. The resin and hardener were acquired as a package. Epoxy GR is a proprietary blend of 

epoxidized pine oil and diglycidyl ether of bisphenol A/F epoxy. 

Furfuryl alcohol resin was acquired as the commercially available product QuaCorr 1001 

from PennAKem, which is located in the USA. In Chapter 6, the resin was used as-received. The 

resin is a dark-reddish to brown color, has a 1.22 specific gravity, has a viscosity of 300-600 cps and 

has a flash point of 75.6°C. The resin was cured using the commercially available product QuaCorr 

2001. The ideal catalyst percentage by weight was previously established by Fam et al. (2013) as 3%. 

1.3.3 Foam 

The performance of polyisocyanurate foam (PIR) was assessed in this thesis. PIR was 

acquired as a commercially available product from Elliott Company of Indianapolis. The product 
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was used as-received in Chapter 4. A range of densities were used for this study, with the properties 

detailed in Table 1-2. 

Table 1-2: Foam properties (Elliot Company of Indianapolis 2012) 

Product Density 
(kg/m3) 

Shear Strength, 
Parallel (kPa) 

Shear Strength,  
Perpendicular 
(kPa) 

Shear Modulus, 
Parallel (MPa) 

Shear Modulus,  
Perpendicular 
(MPa) 

R-value (m2 
°C/W per 
25mm) 

ELFOAM 
P200 

32 151 110 1.52 1.22 1.06 

ELFOAM 
P400 

64 379 344 5.86 5.17 1.04 

ELFOAM 
P600 

96 585 489 7.23 6.06 0.97 

 

1.4 THESIS OUTLINE 

This thesis is composed in a manuscript format. A brief outline of each chapter is as follows:  

Chapter 2: This manuscript presents an experimental investigation into the long-term durability of 

flax fibre reinforced polymer composites when exposed to wet-dry cycles. The main parameters 

include fibre type, resin type, manufacturing mode and degree of exposure. 

Chapter 3: This manuscript presents an experimental investigation into the long-term durability of 

flax fibre reinforced polymer composites when exposed to freeze-thaw cycles. The main parameters 

include fibre type, resin type, manufacturing mode and degree of exposure. 

Chapter 4: This manuscript presents an experimental investigation into the short-term performance 

and long-term durability of flax fibre reinforced polymer composites, manufactured with SiO2-

impregnated flax fibres. Specifically, it will assess the composite when exposed to wet-dry and 

freeze-thaw cycles. The main parameters include exposure condition and degree of exposure. 
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Chapter 5: This manuscript presents an experimental investigation into the flexural performance of 

polyisocyanurate foam sandwich panels manufactured with unidirectional flax fibres when exposed 

to different temperatures. The main parameters include fibre type, foam core density and 

temperature. 

Chapter 6: This manuscript presents an experimental investigation into the fatigue performance of 

carbon fibre-reinforced polymers manufactured with furfuryl alcohol resin. The main parameters 

include resin type, number of fibre layers, manufacturing method and stress amplitude.  

Chapter 7: This chapter presents conclusions drawn from the results of previous chapters and 

provides suggestions on the direction of future research. 

Appendix A1: This appendix presents the tension coupon analysis performed throughout the thesis. 

Appendix A2: This appendix presents the conditioning and instrument compensation performed 

for testing at different temepratures done for Chapter 5. 

Appendix A3: This appendix presents the detailed data collection, processing and analysis from 

Chapter 6. 

Appendix A4: This appendix presents the programs written and used for Chapter 6. 

References: References are included within each chapter. 

1.5 HYPOTHESIS 

Each chapter of the manuscript aims to tackle different aspects of the objectives. A brief hypothesis 

is presented for each chapter: 
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Chapter 2: In this chapter, it is hypothesized that moisture will cause swelling in the flax fibres and 

result in stress concentrations at the fibre-resin interface. Repeated wetting and drying cycles will 

lead to delamination and reduced mechanical performance. It is expected that the use of epoxidized 

plant oils will be more severe due to their higher affinity to water (Dotan 2014). Furthermore, it is 

expected that the higher fibre volume fraction associated with wet lay-up moulding will provide 

more protection to the flax. These degradation mechanisms are not expected to be an issue for 

fibreglass. 

Chpater 3: In this chapter, it is hypothesized that freeze-thaw cycling will cause worsening 

delamination and deterioration of mechanical properties for flax fibres as conditioning proceeds. 

Freezing is expected to cause expansion of water in the fibre, which will cause stress concentrations 

at the fibre-resin interface. It is expected that the use of epoxidized plant oils will be more severe 

due to their higher affinity to water (Dotan 2014). Furthermore, it is expected that the higher fibre 

volume fraction associated with wet lay-up moulding will provide more protection to the flax. These 

degradation mechanisms are not expected to be an issue for fibreglass. 

Chapter 4: In this chapter, it is hypothesized that the treatment of the fibre will reduce water intake 

and improved resin-fibre interface. This translates to an improved short-term mechanical 

performance. It is also expected that the reduced water intake will decrease the degree of 

degradation that is expected from the wet-dry and freeze-thaw cycling. 

Chapter 5: In this chapter, it is hypothesized that the flax fibre will be impacted by colder test 

conditons. Residual moisture in the fibre is expected to increase the tensile stiffness of the fibre 

reinforced polymer, since the frozen water will act as a binder. This will be reflected in the sandwich 

panels. Furthermore, it is expected that an increased foam density will result in an increased capacity 
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across all temperature ranges. These changes in performance are not expected for fibreglass 

sandwich panels. 

Chapter 6: In this chapter, it is hypothesized that the furfuryl alcohol resin will perform comparably 

in terms of normalized allowable stress amplitude compared to epoxy; however, the allowable stress 

amplitude is expected to be lower. This is due to previous testing, which has shown that carbon 

fibre reinforced polymers with furfuryl alcohol perform have lower strengths than that with epoxy 

(McSwiggan and Fam 2017). Furthermore, lab simulated and multi-layer fibre reinforced polymers 

are expected to have worse fatigue performance due to increased variability across the cross-section, 

which will result in stress concentrations. 
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CHAPTER 2: THE EFFECT OF WET-DRY CYCLES ON 

THE TENSILE PROPERTIES OF UNIDIRECTIONAL 

FLAX FIBRE-REINFORCED POLYMERS 

2.1 INTRODUCTION 

Composites based on thermosetting resins and synthetic fibres are commonly used in 

structural retrofitting applications in Civil Engineering; however, with depleting petroleum resources 

and increasing environmental awareness, there is growing interest in the use of naturally-derived 

alternatives, which are renewable by-nature and have the potential to be biodegradable as well as 

recyclable (Baley et al. 2004) for when they have reached the end of their useful life cycle. 

There are numerous renewable material systems available with a wide range of mechanical 

properties. In particular, flax fibres have relatively high mechanical properties amongst natural fibres 

(Yan et al. 2014). Previous studies have shown that flax-based bio-composites have performed 

favourably compared to conventional materials (Assarar et al. 2011; Mak et al. 2015; Stamboulis et 

al. 2000). This has spurred research in their use in civil infrastructure, such as their use for 

retrofitting concrete beams (Yan et al. 2015a) and concrete columns (Yan and Chouw 2013), as well 

as for new sandwich panel construction (Mak et al. 2015).  However, the presence of water poses 

potential durability concerns for natural materials. Research has focused on the impact of water on 

the individual constituents and performance of fibre-reinforced polymers (FRP) in a saturated state. 

Flax fibres, primarily composed of cellulose, hemicellulose, lignin, pectin, wax and moisture, 

are hydrophilic (Yan et al. 2014). Cellulose and hemicellulose, the main constituents of many natural 

fibres, contain hydroxyl and carboxyl groups which interact with water molecules via hydrogen 

bonding (Yan et al. 2015b). This interaction results in dimensional instability and a decrease in 
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mechanical performance of the fibre in the presence of water (Satyanarayana et al. 2009), especially 

when fully saturated (Dittenber and GangaRai 2012). 

Conversely, common resin systems used for Civil Engineering applications are hydrophobic. 

Although they are less impacted by water, hydrolysis reactions can still occur between epoxy resin 

and water, which results in chain scission. Repeated hydrolysis reactions can lead to separation and 

leeching of detached sections of the polymer network (Xiao and Shanahan 1997). It can also lead to 

changes in the molecular weight of the polymer as well as other structural changes, such as 

recrystallization (Pegoretti and Penati 2004). 

The contrasting hydrophobicity results in poor compatibility between the two constituents, 

which reduces the potential mechanical performance of the bio-composites (Malkapuram et al. 

2009). Furthermore, the natural fibres absorb significantly more water than the resin, which results 

in swelling and then inducing stress in the surrounding matrix. This can lead to micro-cracking 

within the matrix (Roy and Xu 2001), micro-cracking within the fibre and weakening of the fibre-

resin interface (Netman 2009). This translates to a reduction of the mechanical properties of the 

composite as well as provides for another venue for further water ingress. For example, flax-epoxy 

and flax-polypropylene FRP showed a reduction of up to 25% in tensile strength when saturated 

(Yan and Chouw 2015; Stamboulis et al. 2000). This is impacted by the temperature, manufacturing 

method and treatment of the fibres (Stamboulis et al. 2000; Mak et al. 2016; Arbelaiz et al. 2005). 

There is an evident reduction in mechanical performance of natural fibres when exposed to 

water; however, this is associated with the initial exposure and typically while saturated. This does 

not address the potential damage due to drying and shrinkage of the fibres nor the possibility that 

the water-induced damage can propagate after repeated water uptake and loss. This phenomenon is 

purported to have occurred with alternative natural fibres, notably sisal-based FRP, which exhibited 



 
18 

 

a decreased tensile strength and increased rupture strain over an increasing number of wet-dry (WD) 

cycles (Kim and Seo 2006).  

Previous studies have shown that water diffusivity of flax-FRP (FFRP) increases with wet-

dry cycles (Newman 2009); however, the impact of WD cycles on the mechanical performance of 

flax-epoxy composites has not been studied. In this research study, FFRP is studied in-depth to 

determine the impact of WD cycles on the mechanical performance and structure. 

2.2 EXPERIMENTAL PROGRAM 

An experimental investigation was performed to determine the behavior of FFRP exposed 

to WD cycles. This section details the test specimens and parameters; materials; fabrication of test 

specimens; conditioning; and test setup and instrumentation.  

2.2.1 Test Specimens and Parameters 

Two hundred and fifty-five tensile coupons were fabricated and tested: fifty-one different 

specimens were tested with five repetitions. The key parameters studied are the type of reinforcing 

fibre (e.g. flax and glass), type of resin (e.g. epoxy and epoxidized pine oil), type of manufacturing 

(e.g. vacuum bag or wet lay-up) and degree of exposure (e.g. dry, saturated and WD cycled). The 

parameters chosen are reflective of previous research on FFRP in composite systems (Mak et al. 

2015). FRP manufactured with conventional glass fibres and epoxy was used as a control. The test 

matrix is outlined in Table 2-1. The specimens are given identifications that reflect the parameters 

studied. For example, specimen EF-VB-12 is a flax fibre-epoxy laminate that was manufactured 

using vacuum bag moulding and was subjected to 12 wet-dry cycles, whereas PF-WL-S is a flax 

fibre-Epoxy GR laminate that was manufactured using wet lay-up moulding and is saturated without 

any WD cycles. 
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Table 2-1: Wet-Dry Cycle Test Program 

ID Resin Fibre Type Layers of 
Fibre 

Manufacturing 
Method 

Fibre Volume 
Fraction (%) 

Cycle1 

EF-VB Epoxy (E) Flax (F) 5 Vacuum Bag (VB) 79.4 S, 0, 1, 2, 3, 
4, 5, 6, 8, 
10, 12 

EF-WL Epoxy (E) Flax (F) 5 Wet Lay-up (WL) 59.0 

PF-WL Epoxy GR (P) Flax (F) 5 Wet Lay-up (WL) 58.6 

EG-VB Epoxy (E) Glass (G) 1 Vacuum Bag (VB) 53.2 

EG-WL Epoxy (E) Glass (G) 1 Wet Lay-up (WL) 43.2 

PG-WL Epoxy GR (P) Glass (G) 1 Wet Lay-up (WL) 47.5 
 

1All specimens were tested dry after the specified number of cycles, except for S, which was tested saturated 
with 0 cycles 

2.2.2 Materials 

Manufacturer information on materials used is as follows: 

Fibreglass: A 2.55 kg/m3 unidirectional E-glass with reported tensile strength and modulus of 3240 

MPa and 72.4 GPa, respectively. It has a maximum elongation of 4.5% (Fyfe Co. LLC. 2012). 

Flax fibre: A 1.5 kg/m3 unidirectional flax fibre fabric with a reported tensile strength and modulus 

of 500 MPa and 50 GPa, respectively. It has a maximum elongation of 2.0% (Composites Evolution 

2012). 

Epoxy: A commercial epoxy resin with a reported post-cured tensile strength and elastic modulus at 

60°C for 72 hours of 72.4 MPa and 3.18 GPa, respectively. It has a maximum elongation of 5.0%. It 

also has a reported glass transition temperature of 82°C (Fyfe Co. LLC. 2012). 

Epoxy GR: A proprietary epoxy blend comprised of epoxidized pine oil and bisphenol A/F was 

used.  The reported post-cured tensile strength and modulus at 60°C for 72 hours were 58.8 MPa 

and 2.63 GPa, respectively. It has a maximum elongation of 2.6%. 

2.2.3 Fabrication of Test Specimens 

Two manufacturing methods were studied: wet lay-up (WL) and vacuum bag (VB) 

moulding. Both methods follow the same procedure unless otherwise specified. For both methods, a 
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prepared sheet of polyethylene plastic was first wetted with epoxy. Unidirectional fibre sheets were 

cut to size and placed directly on the wetted surface. Additional resin was then poured on the sheets 

and spread out using a flexible spreader. The resin was allowed to soak in to ensure full saturation. 

Finally, additional layers of fibre and resin were placed on top until the desired thickness was 

achieved.   

For the WL method, a sheet of polyethylene plastic was placed on top of the saturated fibre 

sheets. A flexible spreader was used to eliminate air bubbles. The sheet was then sandwiched 

between two 25 mm thick HDPE sheets. Specimens were removed from the sheets after 24 hours 

of curing at room temperature.   

For the VB method, the saturated fibre sheets were sandwiched between layers of nylon 

release ply, perforated release film and stretchable non-woven polyester bleeder/breather. 

Specimens were sealed between two VB films using sealant tape. During the first 24 hours of cure, 

72±2 kPa of vacuum pressure was applied to the specimens via a rotary vane pump. The specimens 

were released from the vacuum bagging system 72 hours after curing at room temperature. 

All fabricated specimens using both methods were stored on a flat surface for one month at 

room temperature. Thereafter, sheets were cut to 25 mm × 250 mm coupons using a diamond tip 

blade. Measurements for length, width and thickness were taken at five locations.  Prior to testing, 

glass-FRP (GFRP) tabs of 50 mm × 25 mm were attached to all coupons using a high viscosity 

epoxy resin for gripping. 

2.2.4 Conditioning Process 

Specimens were exposed to up to 12 WD cycles. Each cycle is composed of 23 days of 

submersion in distilled water at 23°C followed by 5 days in an oven at 60°C. The duration and 
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number of the wet cycle was based on a previous study (Newman 2009) and the moisture content 

was measured throughout the entire wet cycle (Figure 2-1). The drying temperature was chosen to 

ensure that there would be no degradation of the flax constituents (i.e. pectin) and no post-curing of 

the resin based on the reported epoxy glass transition temperature, whereas the duration was 

established at the beginning to ensure that the mass reached equilibrium. The oven dry equilibrium 

end point and moisture calculation was established in accordance with ASTM D4442 (2016). There 

were five repetitions per cycle step. 

 

Figure 2-1: Saturation Protocol 

2.2.5 Mechanical Tensile Test 

Specimens were tested in tension according to ASTM D3039 (2017) at the suggested rate of 

2 mm/min using an Instron 8802 testing frame with hydraulic grips. An extensometer was calibrated 

against strain gages and used to determine strain in all tension tests.  Maximum load, nominal 
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thickness and measured width were used to determine the strength of each coupon. Moduli were 

calculated from the linear portion of each graph near failure. The tensile test specimens and setup 

are shown in Figure 2-2. 

 

Figure 2-2: Tensile test: (a) specimens and (b) setup 

2.2.6 Thermogravimetric Analysis (TGA) Tests 

Thermogravimetric analysis (TGA) was used to determine the degradation of flax as a 

function of temperature. The purpose of the test was to determine whether there were any shifts in 

the temperature of the degradation peaks of the constituents within flax, which could signify a 

change in morphology as a result of the conditioning process. A TGA Q500 machine with a 

nitrogen purge was used to assess 5-25 mg samples. The samples were heated from 20°C to 800°C 

at a heating rate of 10°C/min. 
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2.2.7 Differential Scanning Calorimetry (DSC) Tests 

Differential scanning calorimetry (DSC) was used to determine the glass transition 

temperature (Tg) of the resin in accordance with ASTM E1356 (2014). The purpose of the test was 

to determine whether there was any change in crosslinking of the polymer resin, which could signify 

degradation as a result of the conditioning process. A DSC Q100 machine with a nitrogen purge was 

used. Samples of 5-15 mg were sealed in aluminum hermetic pans. The following program was used: 

hold equilibrium at 20°C, ramp at 10°C/min to 200°C, hold isotherm for 5 minutes, ramp at            

-20°C/min to 20°C, hold isotherm for 5 minutes, and ramp at 20°C to 200°C. Reported Tg was 

based on the observed midpoint temperature. 

2.2.8 Fourier-Transform Infrared Spectroscopy (FTIR) Tests 

Fourier-transform Infrared Spectroscopy (FTIR) was used to identify the molecular structure 

of the resin. The purpose of this analysis was to determine if hydrolysis reactions occurred in the 

polymer resin, which can lead to an important loss of mechanical properties and potential future 

durability concerns. FTIR spectra were recorded using a Bruker Alpha FTIR equipped with an 

attenuated total reflectance (ATR) device using a diamond crystal. One hundred scans were routinely 

acquired with an optical retardation of 0.25cm-1 to yield a resolution of 4.  

2.2.9 Scanning Electron Microscopy (SEM) Tests 

Scanning electron microscopy (SEM) observations and image analysis was performed to 

assess the microstructure of specimens. Specimens were examined prior to conditioning as well as 

upon completion of the conditioning protocol. All specimens were mounted using an epoxy, 

polished to 0.05μm and coated with a thin layer of gold by a vapour-deposit process. Microstructural 
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observations were made thereafter using a FEI-MLA Quanta 650 FEG-ESEM in secondary electron 

(SE) mode. These observations were used to provide a qualitative assessment of degradation of the 

polymer matrix, fibres and interface. 

2.3 EXPERIMENTAL RESULTS AND DISCUSSION 

A summary of the experimental results is shown in Table 2-2, where retention percentages 

were calculated with respect to the unconditioned state (i.e. zero WD cycles). A sample of the stress-

strain graphs of the tensile coupons for several conditioned states is shown in Figure 2-3. A 

summary of the failure modes are shown in Figure 2-4, which were consistent throughout the 

different exposure conditions. Strength and modulus retention are shown in Figure 2-5. 

Table 2-2: Tensile Test Results 

Repetitions 

Strength Young's Modulus 

MPa Retention GPa Retention 

AVG 
STD. 
DEV. 

% AVG 
STD. 
DEV. 

% 

EF-VB-S 191 14.2 119% 8.4 0.61 71% 

EF-VB-0 161 10.4 100% 11.7 0.40 100% 

EF-VB-1 161 11.8 100% 11.5 0.71 97% 

EF-VB-2 164 13.5 102% 11.0 0.90 93% 

EF-VB-3 152 7.1 95% 9.7 0.65 82% 

EF-VB-4 155 4.0 97% 10.7 0.32 90% 

EF-VB-5 160 20.6 99% 10.3 1.08 86% 

EF-VB-6 149 14.7 93% 9.6 0.94 81% 

EF-VB-8 145 10.5 90% 9.5 0.50 80% 

EF-VB-10 148 15.8 92% 9.2 1.02 77% 

EF-VB-12 142 19.0 88% 9.7 0.77 81% 

EF-WL-S 122 8.6 121% 6.6 0.54 86% 

EF-WL-0 101 13.6 100% 7.6 0.79 100% 

EF-WL-1 119 3.2 118% 8.0 0.46 105% 

EF-WL-2 109 2.2 108% 8.0 0.43 104% 

EF-WL-3 114 8.1 113% 7.8 0.14 102% 

EF-WL-4 109 6.3 108% 8.1 0.69 106% 
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EF-WL-5 114 8.3 113% 7.9 0.43 103% 

EF-WL-6 115 14.1 114% 7.5 0.84 98% 

EF-WL-8 110 5.6 108% 7.4 0.49 97% 

EF-WL-10 102 7.3 101% 7.3 0.71 95% 

EF-WL-12 101 8.9 101% 7.9 0.35 103% 

PF-WL-S 124 9.0 106% 6.2 0.27 79% 

PF-WL-0 117 8.1 100% 7.9 0.20 100% 

PF-WL-1 116 6.3 99% 7.8 0.40 100% 

PF-WL-2 109 7.3 93% 7.8 0.18 99% 

PF-WL-3 108 10.5 92% 7.6 0.32 96% 

PF-WL-4 112 10.7 96% 7.9 0.12 100% 

PF-WL-5 110 5.6 93% 7.6 0.48 96% 

PF-WL-6 114 7.0 97% 7.6 0.26 97% 

PF-WL-8 110 9.3 94% 7.9 0.53 100% 

PF-WL-10 111 3.2 95% 7.9 0.25 100% 

PF-WL-12 100 8.3 85% 7.8 0.31 98% 

EG-VB-0 735 17.0 100% 38.9 0.58 100% 

EG-VB-2 772 84.6 105% 40.6 0.81 104% 

EG-VB-4 788 52.0 107% 40.1 0.91 103% 

EG-VB-6 733 47.6 100% 38.8 1.94 100% 

EG-VB-8 716 49.6 97% 39.0 0.70 100% 

EG-VB-12 756 57.0 103% 40.1 0.77 103% 

EG-WL-0 549 34.2 100% 26.4 0.28 100% 

EG-WL-2 514 27.3 94% 25.6 0.62 97% 

EG-WL-4 516 36.0 94% 26.0 0.42 98% 

EG-WL-6 553 57.3 101% 25.7 0.69 97% 

EG-WL-8 543 6.3 99% 25.9 0.56 98% 

EG-WL-12 528 42.3 96% 26.2 0.27 99% 

PG-WL-0 507 15.7 100% 25.9 0.62 100% 

PG-WL-2 541 24.0 107% 25.6 0.61 99% 

PG-WL-4 521 42.8 103% 25.4 0.52 98% 

PG-WL-6 488 50.0 96% 25.8 0.62 99% 

PG-WL-8 519 32.9 102% 25.6 0.40 99% 

PG-WL-12 500 31.6 99% 26.2 0.93 101% 
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Figure 2-3: Tensile stress-strain graphs, with a sample curve and ultimate failure points, for 

(a) unconditioned GFRP, (b) unconditioned FFRP, (c) 6 WD cycle FFRP, (d) 12 WD cycle 

FFRP and (e) saturated FFRP   
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Figure 2-3: Tensile stress-strain graphs, with a sample curve and ultimate failure points, for 

(a) unconditioned GFRP, (b) unconditioned FFRP, (c) 6 WD cycle FFRP, (d) 12 WD cycle 

FFRP and (e) saturated FFRP   
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Figure 2-4: Tension coupon failure modes  
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Figure 2-5: Tensile properties: FFRP (a) strength retention, (b) strength, (c) modulus 

retention, and (d) modulus; and, GFRP (e) strength retention, (f) strength, (g) modulus 

retention, and (h) modulus 
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2.3.1 Mechanical Performance 

2.3.1.1 Effect of Fibre Type 

The behaviour of the two fibres differs greatly due to their physiology and their response to 

their external environment. To assess the difference between these fibres, VB moulded specimens 

will be compared due to their higher fibre-volume fraction (FVF).  

Glass exhibited a linear stress-strain response until failure. In an unconditioned state, EG-

VB had a strength of 735±17.0 MPa and a stiffness of 38.9±0.58 GPa (Figure 2-3(a)). There was 

little deterioration in its mechanical properties after 12 WD cycles, where its strength decreased by 

4% and the stiffness increased by 1%.  

Conversely, flax fibres exhibit a bilinear stress-strain response until failure (Figure 2-3(b)). 

The bilinear response is composed of an initial linear phase, which is associated with global loading 

of the fibre and deformation of the cell walls; a non-linear transition, which is associated with elasto-

visco-plastic deformation and re-arrangement of amorphous regions; and a second linear phase, 

which is associated with loading of the microfibrils in the direction of applied load (Charlet et al. 

2009). In an unconditioned state, EF-VB had a strength of 161±10.4 MPa and a stiffness of 

11.9±0.40 GPa. After 12 WD cycles, EF-VB had a 12% decrease in strength and a 19% decrease in 

stiffness. The decrease in stiffness is observed after the non-linear transition region (Figure 2-3(e)), 

which may suggest degradation of the fibre-resin interface. 

The difference in degradation reflects the difference in fibre type. Glass fibres are made of a 

homogeneous material that does not absorb water, whereas flax is a hydrophilic composite. 

Chemically, flax’s hydrophilic nature reduces the fibre-resin bond potential (Foruzanmehr et al. 

2017), which can enable water ingress at the interface. The elementary fibre has a central lumen as 

well as middle lamella between fibres, which enable water transport through the plant (Célino et al. 
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2013). Water present in the FRP can then plasticize the cellulose (Stamboulis et al. 2001) as well as 

bond to the other constituents of flax (Célino et al. 2013). 

2.3.1.2 Effect of Resin Type 

The two resin systems of interest are epoxide-based; however, one was of conventional 

petroleum-derivative and the other consisted of a resin blend with epoxidized pine oil. Under 

control conditions, the apparent performance of epoxy is superior to epoxy-GR when combined 

with fibreglass; however, it is the opposite when combined with flax fibres (Figure 2-5). Due to this 

contrasting performance, a two-tailed, unequal variance T-test with an α  = 0.05 with a null 

hypothesis that the means are the same was performed between the unconditioned specimens’ 

strength, strain and stiffness. It was established that there was a significant statistical difference 

between the resin types when combined with fibreglass (i.e. epoxy performed better than epoxy GR, 

when combined with fibreglass); however, there was no difference between the two resin types 

when combined with flax fibres. 

Thus, the short-term performance of fibreglass-epoxy is superior to that of fibreglass-epoxy 

GR, although there was only a negligible difference in long-term performance between the two resin 

systems. In an unconditioned state, EG-WL specimens had a strength of 549±34.2 MPa and a 

stiffness of 26.4±0.28 GPa. After 12 WD cycles, EG-WL exhibited a 4% reduction of strength and a 

1% reduction of stiffness. For PG-WL specimens, the unconditioned specimens had a strength of 

507±15.7 MPa and a stiffness of 25.9±0.62 GPa. After 12 WD cycles, its strength reduced by 1% 

and its stiffness increased by 1%.  

Conversely, both the short-term and long-term performance of flax-epoxy and flax epoxy 

GR are similar. In an unconditioned state, EF-WL specimens had a strength of 101±13.6 MPa and a 
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stiffness of 7.6±0.79 GPa, whereas for PF-WL, the unconditioned specimens had a strength of 

117±8.1 MPa and a stiffness of 7.9±0.20 GPa. After 12 WF cycles, EF-WL and PF-WL show 

similar strengths of 102±8.9 MPa and 100±8.3 MPa, respectively, and stiffnesses of 7.9±0.35 GPa 

and 7.8±0.31 GPa, respectively.  

2.3.1.3 Effect of Manufacturing Method  

In an unconditioned state, both fibres experienced an increase in strength and stiffness as a 

result of an increased FVF and reduced void content (Figure 2-5). For glass, there was a 44.9% 

increase in strength and a 50% increase in stiffness; whereas for flax, there was a 59.4% increase in 

strength and a 55.6% increase in stiffness. 

However, the reduction in resin content renders the FRP more susceptible to moisture 

absorption as observed in Figure 2-1, which is detrimental to natural fibres. For glass, there was a 

minimal difference between the strength and stiffness pre- and post-conditioning for both 

manufacturing methods. For flax, WL specimens experienced a minimal change in mechanical 

properties; however, VB specimens experienced a 12% reduction of strength and a 19% reduction 

of stiffness. 

2.3.1.4 Effect of Moisture Exposure 

Saturated specimens (e.g. EF-VB-S) were tested at the end of the first wet cycle to determine 

the impact of moisture on the mechanical properties of the FRP, specifically for FFRP. Although 

water can greatly impact the epoxy resin (e.g. hydrolysis), as shown in previous research where glass-

epoxy FRP exhibited an increased strain and decreased stiffness when saturated (Assarar et al. 2011), 

the coefficient of diffusion of flax fibres greatly exceeds that of epoxy (Stamboulis et al. 2001; 
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Vanlandingham et al. 1998) and is of primary concern within this study. This stress-strain response 

when saturated is shown in Figure 2-3(e).  

When saturated, all FFRP showed an increase in strength and strain, and reduction of 

stiffness (Table 2-2). This trend can be seen at all stages of the tensile stress-strain response (Figure 

2-3(e)). This may be a result of swelling of the fibre, plasticization of the cellulose (Stamboulis et al. 

2001) and degradation or re-arrangement of the microfibril network (Scida et al. 2013). This is below 

the critical saturation point, where bare fibres have shown a transition from an increase in strength 

to a reduction in strength (Stamboulis et al. 2001). 

Specifically, EF-WL specimens experienced a 56% increase in strain and a 14% decrease in 

tensile modulus when saturated. When epoxy GR was used as the resin, the strain increased by 45% 

and the tensile modulus decreased by 21% instead. This reduction in modulus may be a result of the 

resin’s higher affinity to water, which would allow it to chemically bond to water and may interfere 

with the overall matrix-fibre interface.  When FVF increased, FFRP was impacted further, with EF-

VB specimens exhibiting a 105% increase in strain and a 29% decrease in tensile modulus. The 

increased FVF translates to a reduced amount of resin, which acts as a protective coating for the 

flax. This results in an overall increase of the coefficient of diffusion for the entire FRP, thereby 

rendering it more susceptible to moisture.  

In all instances, FFRP returned to their original state when dried after a single wet cycle (e.g. 

EF-VB-1) and observed no permanent mechanical degradation. This is evident in the initial WD 

cycles (Table 2-2). This suggests that the potential swelling did not have a lasting effect on the fibre-

resin interface after a single cycle; however, additional cycles resulted in a permanent reduction in 

mechanical properties as discussed next. 
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2.3.1.5 Effect of Cycles 

To establish the impact of WD cycles, a two-tailed, unequal variance T-test with an α  = 0.05 

with a null hypothesis that the means are the same was performed between the unconditioned 

specimen and each specified WD cycle interval for strength, strain and stiffness. The earliest cycle 

count at which there was a statistically significant variation from the unconditioned specimen is the 

point at which permanent damage had occurred.  Based on this standard, permanent damage 

occurred only for EF-VB and PF-WL specimens. EF-VB exhibited significant degradation 

beginning on its 3rd cycle, whereas PF-WL exhibited significant degradation beginning on its 12th 

cycle. As previously noted, VB moulding renders flax fibres more susceptible to moisture-related 

degradation as the resin acts as a less permeable protective layer for the fibre, whereas epoxy GR is 

an epoxy blend which contains epoxidized plant-based oils, which are more susceptible to hydrolysis 

(Dotan 2014). 

2.3.2 Material Response 

2.3.2.1 Moisture Absorption 

The general moisture absorption behaviour over time can be observed (Figure 2-1) and the 

maximum moisture content is outlined in Table 2-3, where the values are the average across all WD 

cycles. The moisture content variation was minor, and a representative trend can be observed in 

Figure 2-6(a).  
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Table 2-3: Moisture Content of FRP after a full cycle 

ID Moisture Content 

AVG 
STD. 
DEV. 

EF-VB1 15.49% 0.57% 

EF-WL1 3.79% 0.70% 

PF-WL1 3.73% 0.77% 

EG-VB2 3.85% 0.56% 

EG-WL2 2.86% 0.28% 

PG-WL2 2.60% 0.35% 
 

1Calculated from cycles 2-12; 2Calculated from cycles 2-8 

 

 

Figure 2-6: Mass change (a) at the end of saturation cycle and (b) throughout the different 

phases of each full cycle for EF-VB specimens 

The oven-dry weight was established at the beginning of the research program, based on 

equilibrium; however, as the WD cycle count increased, the oven-dry weight decreased. A 

representative weight change across cycles can be observed for EF-VB in Figure 2-6(b), where the 

oven-dry difference is the change in oven-dry weights between the beginning and end of a cycle.  

The initial saturation is the moisture content calculated using the oven-dry weight at the beginning 

of a cycle, while the net is the moisture content calculated using the oven-dry weight at the end of a 
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cycle. The moisture reported in Table 2-3 is calculated using the saturated weight as well as the 

oven-dry weight at the end of each cycle. 

The reduction in oven-dry mass may be a function of leaching of the polymer and flax 

constituents. Epoxy can undergo hydrolysis, which leads to chain scission of the epoxy network and 

can result in segments being fully detached from the network (Xiao and Shanahan 1997). 

Furthermore, water can bond to flax’s constituents, such as hemicellulose, lignin and amorphous 

cellulose (Célino et al. 2013). Specifically, water can chemically bond to certain groups of the 

cellulose and pull the structure apart (Stamboulis et al. 2001). This can result in leaching of these 

specified segments once separated. These phenomena will be discussed in Section 2.3.2.3. 

2.3.2.2 Effect on Fibre (TGA, ESEM) 

TGA was used to assess the thermal decomposition of flax fibres. Figure 2-7 shows 

thermograms of the fibre at different conditioning periods. Unconditioned, bare flax fibre (Figure 

2-7(a)) show four derivative peaks representative of the evaporation of water (Peak 1 at 58°C), 

degradation of hemi-cellulose and pectin (Peak 2, not distinct), degradation of cellulose (Peak 3 at 

381°C) and residual degradation of flax (Peak 4 at 452°C). This corresponds to previous research: 

Peak 2 is very gradual and may be a function of cottonisation of the fibre, which would remove 

hemicellulose and pectin (Snoeck and De Belie 2012), and Peak 3 which is within the typical 

degradation temperature range of 315-400°C for cellulose (Yang et al. 2007). Residual mass is due to 

lignin, which continues to degrade gradually across a large temperature range up to 900°C (Yang et 

al. 2007).  
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Figure 2-7: TGA mass change output for (a) unconditioned, bare flax fibre, (b) 

unconditioned flax-epoxy FRP and (c) pre- and post-conditioned flax-epoxy FRP 

specimens, where continuous lines represent mass and dotted lines represent derivative 

mass  

 

All conditioned flax was in the form of FFRP (i.e. embedded in an epoxy matrix). As shown 

in Figure 2-7(b), the signal strengths of the peaks for flax become weaker as a result of the 

introduction of resin into the sample. The volume of water present decreases (Peak 1) and the peak 

degradation of flax constituents become less evident (Peak 2 and 4), except for cellulose (Peak 3). 

When conditioned, flax experiences a change in peak degradation temperature as well as derivative 

mass rate (Figure 2-7(c)). For unconditioned flax, Peak 3 occurred at 373.52°C at 1.10 %/°C. This 

increased to 376.96°C and 1.13 %/°C at six WD cycles, and 384.35°C and 1.29%/°C at 12 WD 

cycles. 

Peak 3 is associated with cellulose, although thermal degradation actually occurs over a 

broader range and each peak exhibits degradation of several constituents (Yang et al. 2007). As such, 

Peak 3’s shifts to a higher temperature may be a result of leaching of pectin and hemicellulose, 

which have a higher affinity to chemically bond to water as well as a lower thermal degradation 
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temperature which overlaps with that of cellulose. This would increase the cellulose content of 

sample and the peak degradation temperature. This is not visible as a peak in the thermograms as 

Peak 2 is too gradual in FFRP. Furthermore, the increase in derivative mass may signify a reduction 

in thermal stability of the cellulose as a result of the chemical interaction between amorphous 

cellulose and water. 

ESEM was used to provide a qualitative assessment of the interface. Figure 2-8 shows 

images of fibres pre- and post-conditioning. Pre-conditioned FFRP showed gaps between the fibre 

and matrix, which suggests poor fibre-matrix interface. This was consistent across all flax fibres and 

corresponds with the difference in fibre-matrix polarity. After WD cycles, there appeared to be 

larger separation between the fibre and matrix, which suggests further delamination as a result of 

swelling and subsequent shrinkage of the fibre. No change was observed across all fibreglass 

specimens. 

 

Figure 2-8: ESEM of FFRP (a) in an unconditioned state and (b) after WD cycles  
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2.3.2.3 Effect on Polymer Matrix (FTIR, DSC) 

FTIR was used to assess the chemical degradation of the resin when exposed to WD cycles. 

A sample FTIR spectra for epoxy and epoxy GR is shown in Figure 2-9. The peaks corresponding 

to stretching of the alkane OH and alcohol CH groups are located at 3400 cm-1 and 2920 cm-1, 

respectively. For both resins, the OH/CH ratio increased from the unconditioned state up to six 

WD cycles and remained the same at 12 WD cycles. For epoxy, this corresponds to OH/CH ratios 

of 0.525, 0.806 and 0.806, respectively; whereas, for epoxy GR, this corresponds to OH/CH ratios 

of 0.537, 0.723 and 0.708, respectively. This suggests that both resins underwent hydrolysis as the 

CH groups transformed into OH groups; however, the majority of this reaction occurred within the 

first half of the conditioning protocol. 

 

Figure 2-9: FTIR scan for (a) epoxy and (b) epoxy GR under control conditions and after 

12WD cycles 

DSC was used to determine the Tg of the resin when exposed to WD cycles. To determine 

repeatability, Tg was determined with up to three repetitions and is reported in Table 2-4. Figure 

2-10 shows the DSC output, where epoxy maintains the same Tg of 87°C after six WD cycles and 

thereafter decreases to 78°C after 12 WD cycles. Conversely, epoxy GR maintains the same Tg of 
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66°C after six WD cycles and thereafter increases to 70°C after 12 WD cycles. Variation increased at 

the final exposure time, which may be reflective of the contrasting mechanisms (i.e. chain scission, 

post-curing).  

Table 2-4: Tg (Midpoint) Output from DSC (°C) 

Resin Reference 6WD 12WD 

AVG 
STD. 
DEV. 

AVG 
STD. 
DEV. 

AVG 
STD. 
DEV. 

Epoxy 87.20° 0.62° 87.71° 1.25° 77.82° 9.55° 

Epoxy GR 65.63° 2.12° 65.62° 0.86° 70.15° 15.50° 

 

 

Figure 2-10: DSC scan for (a) epoxy and (b) epoxy GR under control conditions and after 

12WD cycles 

Epoxy GR exhibits a lower Tg than conventional epoxy, at 66°C. This may be indicative of 

intramolecular bonding between epoxide groups (Dotan 2014) as well as unreacted epoxide-amine 

groups, which would have resulted in a lower degree of crosslinking. At six WD cycles, epoxy GR 

shows signs of hydrolysis, but does not show signs of further crosslinking. This may be due to initial 

Type 1 bound water diffusing through the epoxy network and breaking relatively weak inter-chain 

Van der Waal forces (Zhou and Lucas 1999). This can result in increased chain segment mobility, 

which would enable further crosslinking at lower temperature ranges Zhou and Lucas 1999), 
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although its impact is not evident yet. At 12 WD cycles, epoxy GR does not show signs of further 

hydrolytic reactions based on the OH/CH ratio, but it does show an increased Tg. This suggests that 

the epoxy-water interaction has plateaued, and with sufficient time, the increased plasticity of the 

epoxy enabled unreacted epoxide-amine groups to interact and further crosslink. 

In the case of epoxy, a similar trend was observed up to six WD; however, at 12 WD, epoxy 

showed no further signs of hydrolysis, but experienced a reduction in Tg. In this case, the resin is 

expected to have a higher degree of initial crosslinking and thus does not benefit from increased 

chain mobility. Under sufficient interaction with water, however, chain scission can occur at multiple 

locations which can result in segments being fully detached from the network (Xiao and Shanahan 

1997). This can negatively impact the stability of the resin, which is observed in epoxy as its Tg 

deceases from 87°C to 78°C. This phenomenon may have also occurred in epoxy GR; however, the 

additional crosslinking is the governing reaction. 

2.4 SUMMARY AND CONCLUSIONS 

This experimental study investigated the durability of FFRP exposed to WD cycles. Fibre 

type, resin type, manufacturing method and degree of exposure were varied to assess its 

performance. The following conclusions were drawn within the scope of the current study:  

FFRP showed a maximum reduction of 12% in strength and 19% in stiffness after 12 WD 

cycles. GFRP was not impacted by WD cycles. 

The resin provides a protective layer for flax fibres against moisture. The impact of moisture 

on flax fibres increases as FVF increases, such as when FRP is manufactured using vacuum bag 

moulding. Specifically, EF-VB specimens showed a statistically significant onset of mechanical 

degradation after three WD cycles, whereas EF-WL did not show any mechanical degradation. 
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When the resin was changed, such as with PF-WL, the specimens required 12 WD cycles prior to 

the onset of mechanical degradation. 

In an unconditioned state, GFRP with conventional epoxy had better mechanical properties 

than GFRP with epoxy GR; however, after exposure to twelve WD cycles, there was no significant 

difference between the two resins from a mechanical performance perspective. This difference was 

not observed with flax fibres, where FFRP manufactured with epoxy or epoxy GR showed the same 

strength throughout cycles. 

For all FRP types, there was no change in final moisture content for each WD cycle stage, 

regardless of any reductions in mechanical characteristics performance. 

When submerged for 28 days, FFRP showed a maximum increase in strength of 19%, an 

increase in strain of 105% and a reduction in tensile modulus 29%; however, it regained its original 

mechanical properties once dried.  

As the WD cycle count increased, flax fibres showed an increased peak derivative 

degradation temperature and rate associated with cellulose, which may be associated with the 

removal of other constituents and a reduction of thermal stability of cellulose. 

As the WD cycle count increased, conventional epoxy and epoxidized pine oil blend showed 

signs of hydrolysis; however, epoxy showed a reduction in glass transition temperature, whereas 

epoxidized pine oil blend showed an increase in glass transition temperature. This is likely due to a 

combination of chain scission and post-curing. 
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CHAPTER 3: FREEZE-THAW CYCLING EFFECT ON 

TENSILE PROPERTIES OF UNIDIRECTIONAL FLAX 

FIBRE REINFORCED POLYMERS 

3.1 INTRODUCTION 

Over the past two decades, there has been a drastic increase in environmental awareness. 

This has created a demand for environmentally sustainable and renewable sources of materials. In 

addition, there has been a growing infrastructure deficit throughout the world, where existing 

infrastructure require either retrofitting or rehabilitation.  

One popular option to address the deficit is to use externally-bonded fibre-reinforced 

polymers (FRP) due to its ease of use, high strength-to-weight ratio and corrosion-resistance; 

however, the materials are synthesized using petroleum and are not environmentally sustainable. As 

a result, there has been growing interest in the development and use of bio-composites as a 

replacement to synthetic variants.  

Bio-composites are composed of naturally-derived materials. For FRP, the fibre and/or the 

resin are replaced with natural alternatives. Several natural fibres, including jute, sisal and flax, have 

been researched to establish their mechanical performance and potential (Ahmed et al. 2008; Joseph 

et al. 1996; Mak et al. 2015), although flax natively exhibits the most favourable mechanical 

properties (Dittenber and GangaRao 2012). Furthermore, numerous thermosetting polymer resins 

have been developed from plant-based oils (Dotan 2014) and used with natural fibres (Mak et al. 

2015; McIsaac and Fam 2018b). Notably, flax-based bio-composites have been reported to perform 

favourably compared to conventional systems (Assarar et al. 2011; Mak et al. 2015; Stamboulis et al. 

2000). 
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The application of bio-composites has been extended to retrofitting existing infrastructure, 

where there have been promising results when externally bonding to concrete. Wrapping concrete 

cylinders with flax fibre-reinforced polymer (FFRP) increased the strength by 134%, while applying 

FFRP layers as flexural reinforcement increased the peak load by 374% (Yan 2016). It has been 

reported to be a potential retrofitting solution for concrete bridge piers in seismic prone areas (Yan 

et al. 2013). Furthermore, FRP-confined concrete cylinders are purported to perform favourably as 

axial and flexural structural members under static and dynamic loads (Yan and Chouw 2013, Yan 

and Chouw 2014), and exhibit an increased fracture energy and ductility (Yan 2016). 

Although natural fibre systems have shown favourable short-term mechanical performance, 

it is critical to fully understand the long-term durability of materials within civil engineering due to 

the long expected lifespan of structures. The main durability concern regarding natural materials is 

related to moisture. Natural fibres are hydrophilic by nature, which allows high water absorption and 

compatibility-concerns with hydrophobic polymer matrices. Cellulose and hemicellulose, the main 

constituents of many natural fibres, contain hydroxyl and carboxyl groups which interact with 

molecules via hydrogen bonding (Yan and Chouw 2015). This interaction affects dimensional 

stability and decreases mechanical performance of the fibre (Satyanarayana et al. 2009), especially 

when fully saturated (Dittenber and GangaRao 2012).  There have been several studies on the 

hygrothermal effects on flax fibres to establish the general effect of moisture on these fibres (Scida 

et al. 2013; Stramboulis et al. 2000; Newman 2009; Khanlou et al. 2017); however, it is critical to 

determine the material’s performance when subjected to a specific environmental condition. 

In Northern climates, external concrete is subject to harsh winter conditions and extreme 

temperature fluctuations. By using FRP as a reinforcing and retrofitting material, FRP is subject to 

both the harsh winter conditions as well as the alkalinity of the concrete. To simulate some of these 
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conditions, Yan and Chouw (2015) subjected flax-epoxy FRP to submersion in water, saltwater and 

alkaline solutions for up to 365 days. Reductions of tensile strength of up to 31% and modulus up to 

36% were observed as a result of interfacial degradation, although it is purported to be comparable 

to synthetic composites in the aspects of durability performance for civil engineering application. 

Flax is reported to exhibit similar reductions when exposed to UV and water spray (Yan et al. 2015). 

Furthermore, flax fibre reinforced poly(lactic acid) bio-composites were shown to experience 

decreased mechanical properties when exposed to wet, freezing and humid environments, although 

it was possible to partially restore the mechanical properties by drying the composite (Khanlou et al. 

2017). 

The impact of long-term exposure to some of these conditions has been studied; however, 

the impact of repeated exposure – a phenomenon common in real life – has yet to be studied in the 

context of retrofitting structures. In this research study, FFRP will be subjected to repeated freeze-

thaw cycling to establish its performance as if it were to be applied to a concrete structure over its 

lifespan.  

3.2 EXPERIMENTAL PROGRAM 

An experimental investigation was performed to determine the behavior of FFRP exposed 

to freeze-thaw (FT) cycles. This section details the test specimens and parameters; materials; 

fabrication of test specimens; conditioning; and test setup and instrumentation.  

3.2.1 Test Specimens and Parameters 

Two hundred and fifty-five tensile coupons were fabricated and tested: fifty-one different 

specimens were tested with five repetitions each. The key parameters studied are the type of 

reinforcing fibre, type of resin, type of manufacturing and degree of exposure. The parameters 



 
50 

 

chosen are reflective of previous research on FFRP in composite systems (Mak et al. 2015). FRP 

manufactured with glass fibres using conventional epoxy was used as a control. Details of the test 

matrix are shown in Table 3-1. The specimens are given identifications that reflect the parameters 

studied. For example, specimen EF-VB-300 is a flax fibre-epoxy laminate that was manufactured 

using vacuum bag moulding and was subjected to 300 freeze-thaw cycles. 

Table 3-1: Freeze-thaw Effect Test Parameters  

ID Resin Fibre 
Type 

Layers 
of Fibre 

Manufacturing 
Method 

Fibre Volume 
Fraction (%) 

Single Cycle 
Moisture (%) 

Cycles1 

EF-VB Epoxy (E) Flax (F) 3 Vacuum Bag (VB) 72.5 3.37 0, 5, 10, 
25, 50, 
100, 
150, 
200, 
300, 
300D 

EF-WL Epoxy (E) Flax (F) 3 Wet Lay-up (WL) 57.5 0.87 

PF-WL Epoxy GR (P) Flax (F) 3 Wet Lay-up (WL) 58.9 0.55 

EG-VB Epoxy (E) Glass (G) 1 Vacuum Bag (VB) 53.2 1.26 

EG-WL Epoxy (E) Glass (G) 1 Wet Lay-up (WL) 43.2 0.69 

PG-WL Epoxy GR (P) Glass (G) 1 Wet Lay-up (WL) 47.5 0.77 

 

1 All specimens were subject to submerged heating cycles, except for 300D, which was subjected to 300 FT cycles where 
the heating cycle was dry 

3.2.2 Materials 

Manufacturer information on materials used is as follows: 

Fibreglass: A 2.55 kg/m3 unidirectional E-glass with reported tensile strength and modulus of 3240 

MPa and 72.4 GPa, respectively. It has a maximum elongation of 4.5% (Fyfe Co. LLC. 2012). 

Flax fibre: A 1.5 kg/m3 unidirectional flax fibre fabric with a reported tensile strength and modulus 

of 500 MPa and 50 GPa, respectively. It has a maximum elongation of 2.0% (Composites Evolution 

2012). 

Epoxy: A commercial epoxy resin with a reported post-cured (60°C for 72 hours) tensile strength 

and elastic modulus is 72.4 MPa and 3.18 GPa, respectively. It has a maximum elongation of 5.0% 

(Fyfe Co. LLC. 2012). 
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Epoxy GR: A proprietary epoxy blend comprised of epoxidized pine oil and bisphenol A/F was 

used.  The reported post-cured (60°C for 72 hours) tensile strength and modulus is 58.8 MPa and 

2.63 GPa, respectively. It exhibits a maximum elongation of 2.6%. 

3.2.3 Fabrication of Test Specimens 

Two manufacturing methods were studied: wet lay-up (WL) and vacuum bag (VB) 

moulding. Both methods follow the same procedure unless otherwise specified. For both methods, a 

prepared sheet of polyethylene plastic was first wetted with epoxy. Unidirectional fibre sheets were 

cut to size and placed directly on the wetted surface. Additional resin was then poured on the sheets 

and spread out using a flexible spreader. The resin was allowed to soak in to ensure full saturation. 

Finally, additional layers of fibre and resin were placed on top until the desired thickness was 

achieved.   

For the WL method, a sheet of polyethylene plastic was placed on top of the saturated fibre 

sheets. A flexible spreader was used to eliminate air bubbles. The sheet was then sandwiched 

between two 25 mm thick HDPE sheets. Specimens were removed from the sheets after 24 hours 

of curing at room temperature.   

For the VB method, the saturated fibre sheets were sandwiched between layers of nylon 

release ply, perforated release film and stretchable non-woven polyester bleeder/breather. 

Specimens were sealed between two VB films using sealant tape. During the first 24 hours of cure, 

72±2 kPa of vacuum pressure was applied to the specimens via a rotary vane pump. The specimens 

were released from the vacuum bagging system 72 hours after curing at room temperature. 

All fabricated specimens using both methods were stored on a flat surface for one month at 

room temperature. Thereafter, sheets were cut to 25 mm × 250 mm coupons using a diamond tip 
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blade. Measurements for length, width and thickness were taken at five locations.  Prior to testing, 

glass-FRP (GFRP) tabs of 50 mm × 25 mm were attached to all coupons using a high viscosity 

epoxy resin for gripping. 

3.2.4 Conditioning Process 

Specimens were exposed to up to 300 FT cycles. FT cycles were based on ASTM C666 

(2015), which attempts to simulate harsh FT exposure for concrete. This test standard is based on 

the internal temperature of a concrete sample experiencing a temperature range of -18°C to 4°C. 

Specifically, the cycle time was based on a 175mm-by-300mm concrete beam of 3m length, which 

was conditioned in parallel to this study by McIsaac and Fam (2018a). Conditioning was done in an 

environmental chamber with a temperature control system. Specimens were placed in a tank (Figure 

3-1) throughout the conditioning protocol. The entire cycle time was approximately sixteen hours. 

During the ten hour freezing period, the specimens were subjected to sub-zero conditions in a dry 

environment; and subsequently during the thawing period, the specimens were heated while 

submerged in water for six hours. Water was pumped out of and into the tank to create these dry 

and wet conditions, respectively. The internal temperature for the concrete beams were measured 

using thermocouples and reported by McIsaac and Fam (2018a). The test setup and measured 

temperature in air are shown in Figure 3-1. These temperatures are more representative of the 

temperatures experienced by the FRP used for external retrofitting applications. Furthermore, 

fluctuations are observed within the temperature due to defrosting cycles of the chillers in the 

environmental chamber. This conditioning method was chosen due to its severity as well as the 

future potential of using natural fibres for retrofitting concrete structures. The pH of the water was 

9 at the end of the FT cycles as a result of concrete leaching. One set of specimens, denoted by 
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300D in Table 3-1, was subjected to 300 FT cycles; however, they were maintained in a dry 

environment (i.e. outside of the tank) during the heating period. 

 

Figure 3-1: Freeze-thaw conditioning: (a) ambient temperature of room and (b) setup  

3.2.5 Test Setup and Instrumentation 

3.2.5.1 Mechanical Tensile Test 

Specimens were tested in tension according to ASTM D3039 (2017) at the suggested rate of 

2 mm/min using an Instron 8802 testing frame with hydraulic grips. An extensometer was calibrated 

against strain gages and used to determine strain in all tension tests.  Maximum load, nominal 

thickness and measured width were used to determine the strength of each coupon. Moduli were 

calculated from the linear portion of each graph near failure. The tensile test specimens and setup 

are shown in Figure 3-2. 
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Figure 3-2: Tensile test: (a) specimens and (b) setup  

3.2.5.2 Thermogravimetric Analysis (TGA) Test 

Thermogravimetric analysis (TGA) was used to determine the degradation of flax as a 

function of temperature. The purpose of the test was to determine whether there were any shifts in 

the temperature of the degradation peaks of the constituents within flax, which could signify a 

change in morphology as a result of the conditioning process. A TGA Q500 machine with a 

nitrogen purge was used to assess 5-25 mg samples. The samples were heated from 20°C to 800°C 

at a heating rate of 10°C/min. 

3.2.5.3 Differential Scanning Calorimetry (DSC) Test 

Differential scanning calorimetry (DSC) was used to determine the glass transition 

temperature (Tg) of the resin in accordance with ASTM E1356 (2014). The purpose of the test was 

to determine whether there was any change in crosslinking of the polymer resin, which could signify 
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degradation as a result of the conditioning process. A DSC Q100 machine with a nitrogen purge was 

used. Samples of 5-15 mg were sealed in aluminum hermetic pans. The following program was used: 

hold equilibrium at 20°C, ramp at 10°C/min to 200°C, hold isotherm for 5 minutes, ramp at            

-20°C/min to 20°C, hold isotherm for 5 minutes, and ramp at 20°C to 200°C. Reported glass 

transition temperature was based on the observed midpoint temperature. 

3.2.5.4 Fourier-Transform Infrared Spectroscopy (FTIR) Test 

Fourier-transform Infrared Spectroscopy (FTIR) was used to identify the molecular structure 

of the resin. The purpose of this analysis was to determine if hydrolysis reactions occurred in the 

polymer resin, which can lead to an important loss of mechanical properties and potential future 

durability concerns. FTIR spectra were recorded using a Bruker Alpha FTIR equipped with an 

attenuated total reflectance (ATR) device using a diamond crystal. One hundred scans were routinely 

acquired with an optical retardation of 0.25 cm-1 to yield a resolution of 4.  

3.2.5.5 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) observations and image analysis was performed to 

assess the microstructure of specimens. Specimens were examined prior to conditioning as well as 

upon completion of the conditioning protocol. All specimens were mounted using epoxy, polished 

to 0.05 μm and coated with a thin layer of gold by a vapour-deposit process. Microstructural 

observations were made thereafter using a FEI-MLA Quanta 650 FEG-ESEM in secondary electron 

(SE) mode. These observations were used to provide a qualitative assessment of degradation of the 

polymer matrix, fibres and interface. 
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3.3 EXPERIMENTAL RESULTS AND DISCUSSION 

A summary of the experimental results is shown in Table 3-2. A sample of the stress-strain 

graphs of the tensile coupons is shown in Figure 3-3. In general, GFRP exhibited a linear stress-

strain response until failure, whereas FFRP exhibited a bilinear stress-strain response until failure. 

The bilinear response is composed of an initial linear phase, which is associated with global loading 

of the fibre and deformation of the cell walls; a non-linear transition, which is associated with elasto-

visco-plastic deformation and re-arrangement of amorphous regions; and a second linear phase, 

which is associated with loading of the microfibrils in the direction of applied load (Charlet et al. 

2019). A summary of the failure modes is shown in Figure 3-4, which was consistent throughout the 

different exposure conditions. Strength and modulus retention are shown in Figure 3-5. 

Table 3-2: Mechanical Test Results 

Repetitions 

Strength Young's Modulus 

MPa  Retention GPa  Retention 

AVG 
STD. 
DEV. 

% AVG 
STD. 
DEV. 

% 

EF-VB-0 142 4.62 100% 9.5 0.37 100% 

EF-VB-5 169 39.9 119% 11.5 2.82 122% 

EF-VB-10 137 5.6 96% 9.2 0.18 97% 

EF-VB-15 144 10.2 101% 9.4 0.44 99% 

EF-VB-25 134 10.8 94% 8.9 0.46 94% 

EF-VB-50 139 5.4 98% 9.0 0.29 95% 

EF-VB-100 130 4.7 91% 9.0 0.12 95% 

EF-VB-150 141 17.5 99% 9.2 1.11 97% 

EF-VB-200 131 7.2 92% 9.0 0.38 95% 

EF-VB-300 131 5.1 92% 8.5 0.22 90% 

EF-VB-300D 138 9.3 97% 9.2 0.21 97% 

EF-WL-0 105 9.3 100% 7.0 0.19 100% 

EF-WL-5 99 16.7 94% 7.1 0.31 101% 

EF-WL-10 106 6.6 101% 7.0 0.09 99% 

EF-WL-15 101 8.7 96% 6.9 0.26 98% 

EF-WL-25 105 6.2 100% 7.2 0.18 102% 
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EF-WL-50 106 4.2 101% 7.0 0.36 99% 

EF-WL-100 102 10.6 97% 7.0 0.37 100% 

EF-WL-150 95 7.0 91% 7.0 0.23 99% 

EF-WL-200 97 4.4 93% 6.9 0.19 97% 

EF-WL-300 101 3.4 96% 6.8 0.19 97% 

EF-WL-300D 100 8.6 96% 7.1 0.53 101% 

PF-WL-0 96 8.5 100% 7.2 0.47 100% 

PF-WL-5 94 7.1 98% 7.2 0.44 101% 

PF-WL-10 99 5.5 103% 7.3 0.32 102% 

PF-WL-15 95 9.7 99% 7.1 0.24 100% 

PF-WL-25 97 10.9 101% 6.8 0.27 95% 

PF-WL-50 94 7.9 98% 6.7 0.32 93% 

PF-WL-100 98 6.0 102% 6.5 0.31 91% 

PF-WL-150 96 7.1 100% 6.7 0.34 94% 

PF-WL-200 99 5.8 103% 6.6 0.43 92% 

PF-WL-300 103 7.7 107% 7.0 0.59 97% 

PF-WL-300D 98 7.0 102% 6.9 0.16 96% 

EG-VB-0 735 17.0 100% 38.9 0.58 100% 

EG-VB-10 761 77.9 103% 39.0 1.86 100% 

EG-VB-50 784 45.3 107% 39.1 1.36 101% 

EG-VB-100 804 58.3 109% 39.5 0.47 102% 

EG-VB-300 746 53.2 102% 39.3 1.56 101% 

EG-VB-300D 761 51.3 104% 39.6 0.48 102% 

EG-WL-0 549 34.2 100% 26.4 0.28 100% 

EG-WL-10 544 46.1 99% 25.8 0.53 98% 

EG-WL-50 518 36.6 94% 25.4 0.46 96% 

EG-WL-100 512 35.4 93% 26.0 0.21 99% 

EG-WL-300 546 41.1 99% 25.3 0.78 96% 

EG-WL-300D 535 35.6 97% 25.5 0.64 97% 

PG-WL-0 507 15.7 100% 25.9 0.62 100% 

PG-WL-10 523 41.6 103% 25.8 0.52 99% 

PG-WL-50 494 16.7 97% 25.5 0.68 98% 

PG-WL-100 513 27.1 101% 25.6 0.63 99% 

PG-WL-300 531 32.1 105% 25.2 0.25 97% 

PG-WL-300D 515 16.4 101% 26.0 0.33 100% 
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Figure 3-3: Tensile stress-strain graphs, with a sample curve and ultimate failure points, for 

(a) FFRP and (b) GFRP 

 

 

Figure 3-4: Tension coupon failure modes 
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Figure 3-5: Tensile properties: FFRP (a) strength retention, (b) strength, (c) modulus 

retention, and (d) modulus; and, GFRP (e) strength retention, (f) strength, (g) modulus 

retention, and (h) modulus  
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3.3.1 Mechanical Performance 

3.3.1.1 Effect of Fibre Type 

The physiological and chemical structure of the two fibres vary greatly, and as such, were 

impacted accordingly through the freeze-thaw protocol. The more prominently impacted coupons 

were manufactured using VB moulding, which have a higher fibre-volume-fraction (FVF), and as 

such, will be solely used for discussion in this section. 

In an unconditioned state, EF-VB-0 had a strength of 142±4.6 MPa and a modulus of 

9.5±0.37 GPa, whereas EG-VB-0 had a strength of 735±17.0 MPa and a modulus of 38.9±0.58 

GPa (Figure 3-3). The mechanical performance of FFRP represents 20% of the strength and 25% of 

the stiffness of GFRP, as previously reported (Mak et al. 2015). This is a function of the fibre’s 

mechanical properties as well as its interaction with the matrix. However, when exposed to FT 

cycles, FFRP experienced a significant change in strength and stiffness compared to GFRP (Figure 

3-5). EF-VB-300 experienced a strength decrease of 8% and a modulus decrease of 10%, whereas 

EG-VB-300 experienced a strength increase of 2% and modulus increase of 1%.  This is a result of 

freeze-thaw damage being a moisture-related durability concern. Glass fibres are made of a solid, 

homogeneous material that does not absorb water, whereas flax is a hydrophilic composite. Water 

will bond to its constituents, such as hemicellulose, lignin and amorphous cellulose (Célino et al. 

2013). Furthermore, bulk transport can occur in the middle lamella located between elementary 

fibres (Célino et al. 2013) as well as in the central lumen. For a bare, elementary fibre, SEM images 

show the lumen as hollow and open (Betts et al 2018); however, in a composite system, pressure is 

applied during processing which partially closes the hole. This reduces the overall cross-sectional 

area and water transport capability of the central lumen (Figure 3-6(b)), although it is still susceptible 

to moisture which renders it more susceptible to freeze-thaw damage, which was observed post-FT. 
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Figure 3-6: ESEM of FFRP (a) in an unconditioned state, (b) after FT-300 and (c) after FT-

300D  

3.3.1.2 Effect of Resin Type 

The change in mechanical properties is relatively small between resin types. For GFRP, EG-

WL-0 exhibited a strength of 549±34.2 MPa and a modulus of 26.4±0.28 GPa, whereas PG-WL-0 

exhibited a strength of 507±15.7 MPa and a modulus of 25.9±0.62 GPa. After 300 FT cycles, EG-

WL-300 exhibited a 1% reduction in strength and a 4% reduction in modulus, whereas PG-WL-300 

exhibited a 5% increase in strength and 3% decrease in modulus. 

For FFRP, EF-WL-0 exhibited a strength of 105±9.3 MPa and a modulus of 7.0±0.19 GPa, 

whereas PF-WL-0 exhibited a strength of 96±8.5 MPa and a modulus of 7.2±0.47 GPa. After 300 

FT cycles, EF-WL-300 exhibited a 4% reduction in strength and a 3% reduction in modulus, 

whereas PF-WL-300 exhibited a 7% increase in strength and 3% decrease in modulus. 

As such, it is difficult to ascertain whether there is a significant difference between the resin 

types; however, it should be noted that for both fibres, the strength increased after 300 FT cycles for 

epoxy GR specimens. This is likely due to post-curing observed within Epoxy GR, as discussed in 

the section Effect on polymer matrix (FTIR, DSC). 
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3.3.1.3 Effect of Manufacturing Method 

The manufacturing method impacts several factors, most notably its FVF. This is reflected 

as a decrease in porosity and matrix-rich spots when VB moulding is used compared to WL 

moulding (Kim et al. 2014), which results in a higher strengths and stiffnesses. This is observed in 

the unconditioned states of the FRP lamina; however, it also rendered some of the laminas more 

susceptible to damage. 

For FFRP, EF-WL-0 exhibited a strength of 105±9.3 MPa and modulus of 7.0±0.19 GPa, 

whereas EF-VB-0 exhibited a strength of 142±4.6 MPa and modulus of 9.5±0.37 GPa. The use of 

VB moulding yielded an increase of 35% strength and stiffness; however, this difference decreased 

after FT exposure. After 300 FT cycles, EF-WL-300 exhibited 4% reduction in strength and a 1% 

reduction in stiffness, whereas EF-VB-300 exhibited an 8% reduction in strength and a 10% 

reduction in stiffness.  

In the case of FFRP, the fibres are hydrophilic, whereas the resin system is hydrophobic. 

Previous studies have reported coefficients of diffusions for flax fibres and epoxy, where the 

coefficient for flax is a couple magnitudes higher than that for epoxy (Stamboulis et al. 2001; 

Vanlandingham et al. 1998). Therefore, an increase in FVF will result in a reduction of resin which 

acts as a protective layer against moisture, result in a higher ingress of water and render it more 

susceptible to moisture-related durability concerns, such as FT cycles.  

For GFRP, EG-WL-0 exhibited a strength of 549±34.2 MPa and a modulus of 26.4±0.28 

GPa, whereas EG-VB-0 exhibited a strength of 735±17.0 MPa and a modulus of 38.9±0.58 GPa. 

This corresponds to a strength increase of 33.7% and a stiffness increase of 47.4%. After 300 FT 

cycles, EG-WL-300 exhibited a 1% reduction in strength and a 4% reduction in modulus, whereas 

EG-VB-300 exhibited a 2% increase in strength and 1% increase in modulus. In the case of GFRP, 
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the fibres do not absorb moisture and a reduction in FVF has a minimal impact on the moisture 

absorption and FT cycles. 

3.3.1.4 Effect of Cycle Count 

Freeze-thaw exposure is a function of moisture, and will be affected depending on the 

materials’ level of saturation. Therefore, a critical moisture content must be reached in order for 

damage to occur. Below the critical moisture content, the material will remain frost resistant as water 

will either fill cavities or escape the material as it expands. Typically, this correlates to a minimum 

number of incubation cycles required to reach the saturation level as water is slowly absorbed 

(Fagerlund 2000). 

To determine this threshold, a two-tailed, unequal variance T-test with an α  = 0.05 with a 

null hypothesis that the means are the same was performed between the unconditioned specimen 

and each specified FT cycle for strength, strain and stiffness. The earliest cycle count at which there 

was a statistically significant variation from the unconditioned specimen is defined as the number of 

incubation cycles required for freeze-thaw damage (Table 3-3). 

Table 3-3: FT Incubation Period  

ID 
Incubation Cycle 

Wet FT Dry FT 

EF-VB 100 - 

EF-WL - - 

PF-WL 100 - 

EG-VB - - 

EG-WL - - 

PF-WL - - 

 

Based on the freeze-thaw exposure, FFRP reached its incubation cycle within the 300 freeze-

thaw cycles. Between EF-WL and EF-VB specimens, the VB specimens reached an incubation 
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count of 100 cycles, whereas the WL did not reach the critical moisture content. This is likely 

attributed to the higher FVF and higher absorption rate of the flax. PF-WL similarly reached an 

incubation count of 100 cycles, where there was a statistically significant change in its stiffness. This 

may be a result of the epoxidized oil’s polymeric backbone, which may have a higher affinity to 

water. When FFRP was exposed to freeze-thaw conditions in a dry condition, there was no 

statistically significant change to signify frost damage. For GFRP, all specimen types and conditions 

did not exhibit any FT damage. 

3.3.1.5 Effect of Moisture Exposure 

To determine the moisture absorption during one cycle, FRP laminas of the same size as the 

tensile coupons were subjected to submersion and measured using a modified ASTM D4442 (2016). 

Five repetitions were completed per FRP type. The specimens were dried at a lower temperature, 

60°C, to ensure that there would be no degradation of the FFRP constituents. The FFRP was 

allowed to dry over several days, until the moisture content reached equilibrium. The moisture 

content after 6 hours is listed in Table 3-1, which is representative of the submersion period for one 

FT cycle. It is important to note that the moisture absorption will be different, since water ingress 

will be affected by temperature and initial moisture content; however, it provides a relative 

comparison between the moisture absorption rates of the different materials. 

The coupon type which experienced the highest moisture absorption was EF-VB, which had 

a moisture content of 3.37% after 6 hours of submersion. At 300 FT cycles, EF-VB exhibited a 

reduction of 8% in strength and 9% in stiffness when subjected to wet FT cycles, whereas EF-VB 

exhibited a reduction of 3% in strength and 2% in stiffness when subjected to dry FT cycles. A two-

tailed, unequal variance T-test with an α  = 0.05 with a null hypothesis that the means are the same 
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was performed on the two sample groups compared to the control condition. It was determined that 

there is no statistically significant difference between EF-VB-Control and EF-VB-300D specimens, 

whereas EF-VB-Control and EF-VB-300 showed a significant difference for both strength and 

stiffness.  

The impact on the mechanical performance can be observed in a representative stress-strain 

plot of the two conditions (Figure 3-7). Three regions of the stress-strain response have been 

previously identified. The transition between these regions occurs at the same strains pre- and post-

conditioning. Furthermore, the only change in stiffness occurs in the second linear phase where the 

microfibrils are being loading along its axis. The drop in stiffness is therefore likely associated with 

degradation of the bond between the microfibrils and matrix. 

 

Figure 3-7: FFRP stress-strain response, with a sample curve and ultimate failure points, 

after 300 FT cycles (a) submerged and (b) dry 
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3.3.2 Material Response 

3.3.2.1 Effect on Fibre Type (TGA, ESEM) 

TGA was used to assess the degradation of the constituents of FFRP. Bare flax fibre (Figure 

3-8(a)) show four prominent peaks for degradation rate of flax, which correlate to the evaporation 

of water (Peak 1 at 58°C), degradation of hemi-cellulose and pectin (Peak 2, not distinct), 

degradation of cellulose (Peak 3 at 381°C) and residual degradation of flax (Peak 4 at 452°C). The 

peaks are consistent with observations made in previous research: notably, peak 2, which is very 

gradual and may be a function of retting as cottonisation partially removes hemicellulose and pectin 

(Snoeck and De Belie 2012) and peak 3, which is within the typical degradation temperature range of 

315-400°C for cellulose (Yang et al. 2007). For FFRP, the epoxy provided additional noise such that 

peak 2 became undiscernible throughout all specimens (Figure 3-8(b and c)). Cellulose degradation 

showed an average peak of 381.4°C, which remained unchanged throughout the conditioning 

protocol; however, the derivative mass change increased with conditioning period by up to 

0.15%/°C after 300FT cycles. This may be indicative of degradation of hemi-cellulose, which 

undergoes the peak mass loss from 220°C-315°C, but continues to degrade slowly thereafter, as well 

as lignin, which exhibits a gradual degradation up to at least 900°C (Yang et al. 2007).  
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Figure 3-8: TGA mass change output for (a) flax fibre, (b) unconditioned flax-epoxy FRP 

and (c) pre- and post-conditioned flax-epoxy FRP specimens, where continuous lines 

represent mass and dotted lines represent derivative mass 

ESEM was used to provide a qualitative assessment of the interface. In an unconditioned 

state, flax fibres showed variable levels of bond to the matrix (Figure 3-6(a)). This was consistent 

across all flax fibres and corresponds with the difference in fibre-matrix polarity; however, 

qualitatively speaking, the gap appeared smaller in VB specimens. After 300FT cycles, there was 

significant delamination between the fibre and matrix (Figure 3-6(b)) as well as cracking within the 

elementary fibre. The latter may be due to bound water within the non-cellulosic matrix swelling 

during freezing, and causing separation of the microfibrils. These effects were present after FT-

300D, although to a lesser extent (Figure 3-6(c)), which suggests that the residual moisture within 

the fibre can still cause degradation of the fibre. No change was observed across all GFRP 

specimens. 

3.3.2.2 Effect on Polymer Matrix (FTIR, DSC) 

FTIR was used to assess the chemical degradation of the resin when exposed to FT cycles. A 

sample FTIR spectra for epoxy and epoxy GR is shown in Figure 3-9. The peaks corresponding to 
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stretching of the alkane OH and alcohol CH groups are located at 3400 cm-1 and 2920 cm-1, 

respectively. For epoxy, the OH/CH ratio increased from 0.61 to 0.71 after 300FT cycles. For epoxy 

GR, the OH/CH ratio increased from 0.54 to 0.64 after 300 FT cycles. This is a sign that the resins 

underwent hydrolysis as the CH groups transformed into OH groups; however, the change in 

intensity at the peak was small as noted by the change in ratio. 

 

Figure 3-9: FTIR scan for (a) epoxy and (b) epoxy GR under control conditions and after 

300FT cycles 

DSC was used to determine the Tg of the resin when exposed to FT cycles. To determine 

repeatability, Tg was determined for three repetitions and is reported in Table 3-4. Variation 

increased as exposure time increased, which is likely due to the fact that water penetrates into the 

FRP most significantly at the ends of the specimens, whereas samples were extracted from different 

regions of the FRP specimen. Figure 3-10 shows the DSC output, where epoxy exhibits a gradual 

decrease in Tg and epoxy GR exhibits a gradual increase in Tg as FT count increases. 
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Table 3-4: Tg Results (Midpoint) (°C) 

Resin Reference 100FT 300FT 300FT - D 

AVG 
STD. 
DEV. 

AVG 
STD. 
DEV. 

AVG 
STD. 
DEV. 

AVG 
STD. 
DEV. 

Epoxy 87.82° 0.62° 84.03° 4.12° 81.49° 10.29° 85.93° 2.20° 

Epoxy GR 65.63° 2.12° 68.41° 0.60° 71.25° 12.01° 64.75° 2.36° 

 

 

Figure 3-10: DSC scan for (a) epoxy and (b) epoxy GR under control conditions and after 

300FT cycles 

For epoxy GR specimens, the resin exhibited a lower initial Tg. This suggests that that there 

may be intramolecular bonding between epoxide groups (Dotan 2014) as well as unreacted epoxide-

amine groups within the epoxy GR specimens, which would have resulted in a lower degree of 

crosslinking. When exposed to moisture, Type 1 bound water diffuses through the epoxy network, 

which breaks initial inter-chain Van der Waal forces resulting in an increase of chain segment 

mobility (Zhou and Lucas 1999). This plasticizes the epoxy network, which can allow for further 

post-curing at low temperatures throughout the conditioning period. This is observed in epoxy GR 

as its Tg increases from 65.6°C to 71.3°C. Type 2 bound water can also serve as pseudo-crosslinking, 

whereby it bridges chain segments (Zhou and Lucas 1999). This can further increase the Tg; 

however, it is unlikely due to the exposure conditions within this study.  
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Conversely, significant hydrolysis leads to chain scission. Initial reactions increase mobility; 

although after several reactions, chain scission occurs at multiple locations which can result in 

segments being fully detached from the network (Xiao and Shanahan 1997). This can negatively 

impact the stability of the resin, which is observed in epoxy as its Tg deceases from 87.8°C to 

81.5°C. In the case of epoxy GR, this may have also occurred; however, additional crosslinking of 

unreacted epoxy-amine groups was the governing phenomenon. 

Neither of these phenomenon occurred for FRP subjected to 300 FT cycles in a dry 

environment, as water is required for the hydrolysis reaction to occur and change in chain mobility. 

3.4 SUMMARY AND CONCLUSION 

This experimental study investigated the durability of flax fibre-reinforced polymer (FRP) 

exposed to FT cycles. Fibre type, resin type, manufacturing method and degree of exposure were 

varied to assess its performance. The following conclusions were drawn within the scope of the 

current study:  

1. Overall, FFRP exhibited signs of degradation due to the freeze-thaw protocol; however, 

glass-FRP remained undamaged. 

2. For vacuum-bag moulded flax-epoxy FRP and wet lay-up moulded flax-epoxidized pine oil 

FRP, the critical saturation period was 100 cycles under the specified conditioning period. 

No other FRP laminae reached critical saturation, where damage began. 

3. Vacuum bag moulding increases FRP strength and stiffness; however, it reduces the amount 

of resin, which can serve as a protective layer for the fibre. As such, durability of FFRP was 

negatively impacted, but was not a concern for GFRP. 
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4. Notably, vacuum-bag moulded flax-epoxy FRP specimens were the most susceptible to 

freeze-thaw damage, with a reduction of 8% in strength and 10% in modulus, after 300 FT 

cycles. This is due to flax’s hydrophilic nature combined with its higher fibre volume fraction 

and lower resin content, which served as a protective layer for the flax.  

5. FRP manufactured with either epoxy and epoxidized pine oil blend did not exhibit any initial 

difference in mechanical performance.  However, both underwent hydrolysis. The former 

resulted in a decrease in Tg and thermal stability, whereas the latter resulted in an increase in 

crosslinking density. 
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CHAPTER 4: PERFORMANCE OF SIO2-

IMPREGNATED FLAX FIBRE REINFORCED 

POLYMERS UNDER WET DRY AND FREEZE THAW 

CYCLES 

4.1 INTRODUCTION 

Canada is one of the largest producers of flaxseed. In 2017, Canada produced 501,000 

tonnes of flaxseed (AAFC 2017); however, the seed represents a small portion of the crop and the 

residual stalk is treated as an agricultural by-product. With the growing interest to reduce 

environmental impact, there has been a focus on developing new applications for these by-products. 

In particular, research has focused on extracting fibres from the stalk to be used as a polymer 

reinforcement.  

Flax fibres have a lower cost-to-weight ratio, a lower density and higher specific strength and 

stiffness compared to fibreglass (Ditterber and GangaRao 2012) as well as improved vibrational 

damping properties (Prabhakaran et al. 2014). In addition, it has been readily adopted in a number of 

industries for its numerous benefits, such as the automotive and sporting industries. For example, 

flax fibre composite automotive parts have a reduced mass and a lower production energy, by 80% 

(Malkapuram et al. 2008).  There is also growing interest in using it for structural applications (Yan 

and Chouw 2012; Mak et al. 2015); however, the complex nature of the fibre pose challenges to 

long-term durability of the material.  

Flax fibres are a natural composite. It is composed of 64-75% cellulose, 11-20.6% 

hemicellulose, 1.8-2.3% pectin, 2.0-5.0% lignin, 0-1.7% wax and 0-10% moisture content (Yan et al. 

2014). Each constituent contributes unique properties. From a mechanical properties standpoint, 
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cellulose exhibits the highest degree of polymerization and crystallinity as well as represents the 

mechanical backbone of the fibre (Bledzki and Gassan 1999). The presence of other constituents 

may therefore reduce the mechanical performance of the composite. 

Furthermore, flax fibres are hydrophilic due to their hydroxyl and other polar groups, which 

can lead to two major concerns. Firstly, this can lead to poor compatibility with hydrophobic 

polymer matrices, which are commonly used in the construction industry, thereby resulting in lower 

mechanical performance. Secondly, its hydrophilicity lends itself to absorbing high volumes of 

moisture. Physiologically, flax fibres also naturally allow for water uptake through bulk transport in 

the middle lamella between the elementary fibres (Célino et al. 2013) as well as in the central lumen. 

This is a serious consideration for lignocellulosic fibres as it can affect dimensional stability as well as 

decrease mechanical performance (Satyanarayana et al. 2009; Stamboulis et al. 2001; Singh et al. 

2000). 

The performance of the fibres relies heavily on the fibre and matrix interface, and as such, 

there has been significant research to establish the optimum treatment. This can range from physical 

treatments (e.g. corona, plasma, ultra violet (UV), heat treatment and fibre beating) to chemical 

treatments (e.g. alkali, acetyl and silane treatments as well as grafted coupling agents). These 

treatment methods can lead to improved surface roughness, decreased non-cellulosic material, 

improved molecular alignment and reduced hydrophilicity (Pickering et al. 2016), which results in 

improved mechanical performance and reduced water uptake. 

Previous research has highlighted the improved short-term performance of these treatments; 

however, long-term durability is a critical component of the construction industry. Susceptibility to 

moisture can lead to compounding effects that affect long-term degradation. As natural fibre 

absorbs significant water, it swells and induces stress in the surrounding matrix. This can lead to 
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micro-cracking within the matrix (Roy and Xu 2001), micro-cracking within the fibre and weakening 

of the fibre-resin interface (Newman 2009). This is exacerbated in northern climates, where water 

can freeze and expand. Overall, these phenomena result in reduced mechanical properties as well as 

provide another venue for water ingress, which allows for further propagation of damage.  

Although there is still on-going research, one promising treatment method was developed by 

Bayart et al. (2017), where the fibres are pre-treated to remove non-cellulosic constituents and then 

coated with a SiO2-epoxy suspension. This simple and efficient method resulted in improved 

mechanical performance and reduced moisture uptake, while still being easy to apply and scale for 

industrial purposes. In this study, the long-term performance of flax fibres impregnated with SiO2-

epoxy will be assessed, for the first time, to establish their resistance to two long-term durability 

concerns: wet-dry cycles and freeze-thaw cycles.  

4.2 EXPERIMENTAL PROGRAM 

An experimental investigation was performed to determine the behaviour of flax FRP 

(FFRP) subjected to two forms of environmental conditioning: wet-dry cycling and freeze-thaw 

cycling. This section details the test specimens and parameters; materials; fabrication of test 

specimens; conditioning; and, test setup and instrumentation. 

4.2.1 Test Specimens and Parameters 

One hundred and ten tensile coupons were fabricated and tested: twenty-two parameters 

tested with five repetitions. The key parameters studied are the exposure type and degree of 

exposure. The test matrix is outlined in Table 4-1. The specimens are given identifications that 

reflect the parameters studied. For example, specimen ET-FT-300 is a flax fibre-epoxy laminate that 
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was subjected to 300 freeze-thaw (FT) cycles, whereas ET-WD-S is a flax fibre-epoxy laminate that 

is subjected to 0 wet-dry cycles, but tested while saturated. 

Table 4-1: Wet-Dry Cycle Test Program 

ID Resin Fibre 
Treatment 

Fibre 
Type 

Layers 
of Fibre 

Manufacturing 
Method 

Fibre 
Volume 
Fraction (%) 

Exposure 

ET-WD Epoxy (E) SiO2 Flax (F) 5 Wet Lay-up 
(WL) 

69.6 Wet-dry1: S, 0, 
1, 2, 3, 4, 5, 6, 
8, 10, 12 

ET-FT Epoxy (E) SiO2 Flax (F) 3 Wet Lay-up 
(WL) 

65.8 Freeze-thaw2: 
0, 5, 10, 15, 25, 
50, 100, 150, 
200, 300, 300D 

 

1 All specimens were tested dry after the specified number of cycles, except for S, which was tested saturated with 0 
cycles 
2 All specimens were subject to submerged heating cycles, except for 300D, which was subjected to 300 FT cycles where 
the heating cycle was dry 
 

4.2.2 Materials 

Manufacturer information on materials used is as follows: 

Flax fibre: A 1.5 kg/m3 unidirectional flax fibre fabric with a reported tensile strength and modulus 

of 500 MPa and 50 GPa, respectively. It has a maximum elongation of 2.0% (Composites Evolution 

2012). 

Epoxy: A commercial epoxy resin with a reported post-cured (60°C for 72 hours) tensile strength 

and elastic modulus of 72.4 MPa and 3.18 GPa, respectively. It has a maximum elongation of 5.0% 

(Fyfe Co. LLC. 2012). 

Nanopox F400: A colloidal dispersion of 20 nm surface-modified SiO2 nanospheres in diglycidyl 

ether of bisphenol A (DGEBA) epoxy. The dispersion contains 40%-by-weight of SiO2, and 

maintains a viscosity of 60 000 mPsa (Evonik Industries 2014). 
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4.2.3 Fabrication and Treatment of Test Specimens 

To prepare the specimens, the flax fibres were received, pre-treated and coated prior to 

forming into laminates. Pre-treated and coated fibres were prepared by University of Sherbrooke, 

Carrefour d’innovation en technologies écologiques.  

To pre-treat the flax fibres, the as-received, untreated fibres were dried at 50°C overnight to 

remove residual moisture. The fibres were submerged in boiling acetone for 45 minutes to remove 

extractive parts, such as wax, and expose the alcohol groups of the cellulosic fibres on the surface. 

The fibre was then treated with an alkaline solution (5% NaOH) to remove hemicellulose and lignin 

on the surface. The exact durations are detailed in a previous study (Bayart et al. 2017; Foruzanmehr 

et al. 2015). 

After pre-treatment, the fibres were dip-coated in a SiO2 dispersion. The SiO2 dispersion was 

prepared by combining the Nanopox F400 with additional DGEBA to reduce the SiO2 content to 

5%-by-weight of SiO2, and then diluted with acetone to a 1:50 weight ratio to create a low viscosity 

dispersion.  

To prepare the laminates, a sheet of polyethylene plastic was first wetted with epoxy. 

Unidirectional fibre sheets were placed directly on the wetted surface and additional resin was 

poured on top of the fibres. The resin was allowed to soak in to ensure full saturation. Finally, 

additional layers of fibre and resin were placed on top until the desired thickness was achieved (i.e. 5 

layers for WD specimens and 3 layers for FT specimens, which correspond to previous studies 

outlined in Conditioning Process). To create a smooth finish, a sheet of polyethylene plastic was 

placed on top of the saturated fibre sheets and a flexible spreader was used to eliminate air bubbles. 

The sheet was then sandwiched between two 25 mm thick HDPE sheets. Specimens were removed 

from the sheets after 24 hours of curing at room temperature.   
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All fabricated specimens using both methods were stored on a flat surface for one month at 

room temperature. Thereafter, sheets were cut to 25 mm × 250 mm coupons using a diamond tip 

blade. Measurements for length, width and thickness were taken at five locations. Prior to testing, 

glass-FRP tabs of 50 mm × 25 mm were attached to all coupons using a high viscosity epoxy resin 

for gripping. 

4.2.4 Conditioning Process 

FRP laminates were exposed to two conditioning processes: WD cycling and FT cycling. 

These two conditioning protocols mimic two previous studies done on untreated flax fibres. As 

such, the number of plies varied between the two conditioning methods to match that of the 

previous studies. 

For WD cycling, specimens were exposed to up to 12 WD cycles. Each cycle consisted of 23 

days of submersion in distilled water at 23°C followed by 5 days in an oven at 60°C. A sample 

moisture absorption graph is shown in Figure 4-1. The duration of wet-dry cycles was established 

based on a previous study (Chapter 2). 

For FT cycling, specimens were exposed to up to 300 FT cycles. FT cycles were based on 

ASTM C666 (2015), which attempts to simulate harsh FT exposure for concrete. This conditioning 

method was chosen due to its severity as well as the future potential of using natural fibres with 

existing concrete infrastructure and was performed in conjunction with concrete in a tank (Figure 

4-2(a)). The entire cycle time was approximately 16 hours, where the specimens were subjected to 

sub-zero conditions in a dry environment, and then heated while submerged for six of said hours 

(Figure 4-2(b)). The pH of the water was nine at the end of the FT cycles as a result of concrete 

leaching. One set of specimens, denoted by 300D in Table 4-1, was subjected to 300 FT cycles; 
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however, they were maintained in a dry environment during the heating period. The duration of 

freeze-thaw cycles was established based on a previous study (Chapter 3). 

 

Figure 4-1: Moisture absorption of FFRP 

 

 

Figure 4-2: Test Setup: (a) freeze-thaw conditioning chamber, (b) freeze-thaw cycles and (c) 

mechanical test setup 
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4.2.5 Mechanical Tensile Test 

Specimens were tested in tension according to ASTM D3039 (2017) at the suggested rate of 

2 mm/min using an Instron 8802 testing frame with hydraulic grips. An extensometer was calibrated 

against strain gages and used to determine strain in all tension tests (Figure 4-2(c)).  Maximum load, 

nominal thickness and measured width were used to determine the strength of each coupon. Moduli 

were calculated from the linear portion of each graph near failure.  

4.2.6 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was used to assess the degradation of flax as a function 

of temperature. The purpose of the test was to determine whether there were any shifts in the 

temperature of the degradation peaks of the constituents within flax, which could signify a change in 

morphology as a result of the conditioning process. A TGA Q500 machine with a nitrogen purge 

was used to assess 5-25 mg samples. The samples were heated from 20°C to 800°C at a heating rate 

of 10°C/min. 

4.2.7 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) observations and image analysis was performed to 

assess the microstructure of specimens. Specimens were examined prior to conditioning as well as 

upon completion of the conditioning protocol. All fracture specimens were observed under low 

vacuum, using a FEI-MLA Quanta 650 FEG-ESEM in backscatter electron diffraction (BSED) 

mode. All specimen cross-sections were mounted using an epoxy, polished to 0.05μm and coated 

with a thin layer of gold by a vapour-deposit process. Microstructural observations were made 

thereafter using a FEI-MLA Quanta 650 FEG-ESEM in secondary electron (SE) mode. These 
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observations were used to provide a qualitative assessment of the degradation of the polymer matrix, 

fibres and interface. 

4.3 EXPERIMENTAL RESULTS AND DISCUSSION 

4.3.1 Short-term Performance 

4.3.1.1 Mechanical Performance  

FFRP was tested in tension in an unconditioned state. Figure 4-3(a) displays the tensile 

stress-strain response of the 5-ply FFRP. FFRP exhibited a bilinear stress-strain response until 

failure, which can be attributed to the fibre composition. Specifically, the response is composed of 

an initial linear phase, which is associated with global loading of the fibre and deformation of the cell 

walls; a non-linear transition, which is associated with elasto-visco-plastic deformation and re-

arrangement of amorphous regions; and a second linear phase, which is associated with loading of 

the microfibrils in the direction of applied load (Charlet et al. 2019).  

An FFRP equivalent made with untreated fibres, EF-WD-0, is shown with the treated 

variant, ET-WD-0, and is from a previous study (Chapter 2). FFRP manufactured using untreated 

fibres had a strength of 101±13.6 MPa and a modulus of 7.6±0.79 GPa, whereas treated fibres had a 

strength of 144±15.2 MPa and a modulus of 8.6±0.35 GPa. It is important to note that the two sets 

of specimens have different fibre-volume fraction (FVF). The FVF for the untreated FFRP is 59.0% 

(Chapter 2), whereas the FVF for the treated FFRP is 69.6%. 

The apparent increased strength and stiffness may be a function of the improved bond 

between fibre and resin or higher FVF. With an improved bond, the stress is able to transfer 

between fibres more effectively thus reducing the potential for immature fibre fracture. This is 

further examined in the Section 4.3.2.3.  
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Figure 4-3: Tensile stress-strain response for FFRP, with a sample curve and ultimate failure 

points: (a) unconditioned FFRP with equivalent untreated FFRP (EF) (Chapter 2), (b) 

saturated FFRP, (c) 12WD cycled FFRP, (d) 100FT cycles, (e) 300FT cycles and (f) 300D FT 

cycles 

4.3.1.2 Impact of Moisture 

Susceptibility to moisture is a common concern regarding natural fibres; however, previous 

research (Bayart et al. 2017) has shown that SiO2-coatings reduce moisture absorption. In this study, 

saturated specimens were tested at the end of the wetting period of the first wet-dry cycle, with a 

moisture content of 4.60±0.44%, to determine mechanical performance of FFRP once saturated. 
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FFRP showed a reduction in stiffness throughout all phases of its bilinear response (Figure 

4-3(b)). It exhibited a 7% increase in rupture strength and a 30% reduction in stiffness. This may be 

a function of swelling of the fibre, plasticization of the cellulose (Stamboulis et al. 2001) and 

degradation or re-arrangement of the microfibril network (Scida et al. 2013). Furthermore, this is 

below the critical saturation point, where bare fibres have shown a transition from an increase in 

strength to a reduction in strength (Stamboulis et al. 2001). When dried, there was residual strength 

loss of 7% and residual stiffness loss of 5%. 

4.3.1.3 Fibre characterization 

Pre-treating and coating the flax fibre modified the chemical composition of the surface. 

Figure 4-4(a) shows a SEM image of bare flax fibre, which shows cracks along the surface and 

general surface imperfections. Figure 4-4(b) shows the surface of the flax fibre after treatment, 

which is more consistent. This results in an improved bond between resin and fibre, which is 

evident when comparing the cross-section of untreated (Figure 4-5(a)) and treated fibres (Figure 

4-5(b)). Furthermore, when FFRP was tested until failure, the untreated fibre showed greater 

amounts of pull-out and fracture at different depths, whereas treated fibre failed along the same 

plane (Figure 4-6). 
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Figure 4-4: Flax fibre: (a) as-received and (b) treated 
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Figure 4-5: ESEM photos of fibre-matrix interface: (a) untreated and unconditioned, (b) 

SiO2-impregnated and unconditioned, (c) SiO2-impregnated and after wet-dry cycling, (d) 

SiO2-impregnated and after 300FT cycles and (e) SiO2-impregnated and after 300D FT 

cycles 
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Figure 4-6:  Fracture surface (a) untreated FFRP and (b) treated FFRP 

The impact of the treatment can be observed in the thermograms (Figure 4-7(a)). 

Specifically, there are four derivative peaks: evaporation of water (Peak 1), degradation of hemi-

cellulose and pectin (Peak 2), degradation of cellulose (Peak 3) and residual degradation of flax (Peak 

4) (Snoeck and De Belie 2012). Peak 2 is very gradual compared to literature and may be a result of 

cottonisation, which would remove hemicellulose and pectin (Snoeck and De Belie 2012). The 

treatment of the fibre removes additional hemicellulose and pectin, which is reflected by the further 

reduction in magnitude of Peak 2. This translates to a larger percentage of the fibre being cellulose, 

with a typical degradation temperature range of 315-400°C (Yang et al. 2007). Furthermore, residual 

mass is due to lignin, which continues to degrade gradually across a large temperature range up to 

900°C (Yang et al. 2007). The treated fibre shows a reduced amount of residual lignin and ash (by % 

mass at 800°C), which corresponds to the removal of several constituents, including lignin, during 

treatment. 
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Figure 4-7: TGA spectra for (a) as-received and treated fibre, (b) after WD cycles and (c) 

after FT cycles, where continuous lines represent mass and dotted lines represent derivative 

mass 

4.3.2 Long-term Performance 

4.3.2.1 Wet-Dry Cycles 

4.3.2.1.1 Mechanical Performance 

FFRP specimens were tested at set intervals throughout the WD conditioning protocol. A 

representative stress-strain graph is shown in (Figure 4-4(c)), which demonstrates a reduction in 

stiffness after 12 WD cycles. Notably, the reduction in stiffness occurs in the second linear phase of 

the stress-strain response. After 12 WD cycles, the tensile strength decreased by 3% to          

139±6.1 MPa, while the modulus decreased by 6% to 8.1±0.53 GPa. The strength and stiffness 

retention trends can be observed in Figure 4-8(a-d) and Table 4-2, although the dominant reduction 

can be observed in the moduli. 
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Figure 4-8: Mechanical degradation of FFRP under wet-dry cycles for (a) strength retention, 

(b) strength, (c) modulus retention and (d) modulus; as well as mechanical degradation of 

FFRP under freeze-thaw cycles for (e) strength retention, (f) strength, (g) modulus retention 

and (h) modulus 
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Table 4-2: Mechanical Test Results 

Repetitions 

Strength Young's Modulus 

MPa  Retention GPa  Retention 

AVG STD. DEV. % AVG STD. DEV. % 

ET-WD-S 154 3.6 107% 6.0 0.40 70% 

ET-WD-0 144 15.2 100% 8.6 0.35 100% 

ET-WD-1 134 8.8 93% 8.2 0.66 95% 

ET-WD-2 129 8.5 90% 7.9 0.41 92% 

ET-WD-3 139 7.8 96% 8.3 0.45 96% 

ET-WD-4 139 3.5 96% 8.1 0.22 94% 

ET-WD-5 130 7.7 90% 7.8 0.43 90% 

ET-WD-6 133 8.7 92% 7.8 0.40 90% 

ET-WD-8 131 6.4 91% 7.7 0.23 90% 

ET-WD-10 132 6.1 91% 7.8 0.32 91% 

ET-WD-12 139 6.1 97% 8.1 0.53 94% 

ET-FT-0 125 10.7 100% 7.9 0.29 100% 

ET-FT-5 125 5.2 100% 7.7 0.37 97% 

ET-FT-10 123 4.9 98% 7.6 0.17 96% 

ET-FT-15 118 4.7 94% 7.5 0.37 94% 

ET-FT-25 121 10.4 97% 7.6 0.55 96% 

ET-FT-50 114 5.2 91% 7.2 0.35 91% 

ET-FT-100 119 7.5 95% 7.2 0.36 91% 

ET-FT-150 121 4.0 97% 7.4 0.30 94% 

ET-FT-200 120 5.3 96% 7.3 0.09 92% 

ET-FT-300 119 5.8 95% 7.2 0.23 90% 

ET-FT-300D 122 2.7 98% 7.7 0.36 97% 

4.3.2.1.2 Effect of Cycles 

The moisture content and mechanical performance were measured throughout the 

conditioning protocol. The maximum moisture content for each cycle remained the same at 

approximately 4.60±0.44%, although variations were observed in the mechanical performance. 

To assess the significance of mechanical degradation, a two-tailed, unequal variance T-test 

with an α  = 0.05 with a null hypothesis that the means are the same was performed between the 

unconditioned specimen and specimens for each specified WD cycle for strength, strain and 
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stiffness. Deterioration was defined as when there was a consistent statistically significant variation 

from the unconditioned specimen. There was no statistically significant difference in strength and 

strain throughout the conditioning protocol; however, statistically significant deterioration of the 

stiffness began at 4 WD cycles.  

4.3.2.1.3 Material characterization 

SEM was used to provide a qualitative assessment of the interface. As previously noted, a 

representative image of the initial condition of the FFRP is shown in Figure 4-5(b), where there is 

relatively good bond between the fibre and resin. After WD cycles, there is significant delamination 

between the fibre and resin (Figure 4-5(c)). This is likely due to molecular relaxation of the resin 

throughout the cycles. Specifically, as the fibre absorbs water and swells, it expands and creates 

internal stresses on the surrounding matrix. Some of the stress is relieved by molecular relaxation, 

and as a result, the matrix does not return to its original position when the fibre dries. This results in 

delamination between the fibre and resin. The reduced contact translates to the aforementioned 

stiffness reduction, as the applied load is not able to be dispersed effectively. 

The thermal decomposition of the flax was assessed with TGA. For a representative 

exposure condition, the flax was tested from the FFRP and as such, the samples contained resin. 

The thermal degradation remained the same (Figure 4-7(b)), including the derivative mass loss peak 

of cellulose. This suggests that there was no impact on the actual fibre constituents as a result of the 

conditioning protocol. 

Under the conditioning protocol, the epoxy resin system can also be impacted as well. This 

has been previously assessed by Mak and Fam (2019a), which showed signs of hydrolysis and an 

eventual decrease in glass transition temperature. 
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4.3.2.2 Freeze-Thaw Cycles  

4.3.2.2.1 Mechanical Performance 

FFRP specimens were tested at set intervals throughout the FT conditioning protocol. 

Representative stress-strain graphs can be observed in (Figure 4-4(d-f)). 

A gradual reduction in stiffness can be observed as the cycle count increases. After 300 FT 

cycles, the tensile strength decreased by 5% to 119±5.8 MPa, while the modulus decreased by 10% 

to 7.2±0.23 GPa. This impact was significantly reduced when FFRP remained dry throughout its FT 

protocol: the tensile strength decreased by 2% to 122±2.7 MPa, while the modulus decreased by 3% 

to 7.7±0.36 GPa. All reductions in stiffness occur in the second linear phase of the stress-strain 

response. The full trends can be observed in Figure 4-8(e-h) and Table 4-2, although the dominant 

reduction can be observed in the moduli.  

4.3.2.2.2 Effect of Cycles 

Freeze-thaw is a form of moisture-related fatigue damage, and is dependent on the materials’ 

level of saturation. A critical moisture content must be reached in order for damage to occur, which 

can be correlated to a minimum number of incubation cycles (Fagerlund 2000). Below this 

saturation level, the material will be resistant to freeze-thaw cycles as moisture can be redistributed 

to fill cavities or escape the material as it expands. 

To determine this threshold, a two-tailed, unequal variance T-test with an α  = 0.05 with a 

null hypothesis that the means are the same was performed between the unconditioned specimen 

and specimens of each specified FT cycle for strength, strain and stiffness. The cycle count at which 

there was a consistent statistically significant variation from the unconditioned specimen is defined 

as the number of incubation cycles required for freeze-thaw damage. 
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Throughout all wet freeze-thaw tests, there was no statistically significant variation in rupture 

strength and strain; however, the stiffness degraded over cycles. The incubation period was 50 

cycles, thereafter there was consistent degradation of the stiffness. When the specimen was 

subjected to dry freeze-thaw cycles, there was no significant degradation of its mechanical properties 

at all. 

4.3.2.2.3 Material characterization 

SEM was used to provide a qualitative assessment of the interface and material damage. As 

previously noted, a representative image of the initial condition of the FFRP is shown in Figure 4-5 

(b), where there is relatively good bond between the fibre and resin. After 300FT cycles, the central 

lumen opened up; there was a significantly larger gap developing between the fibre and resin; and, 

there were micro-cracks developing within the fibre (Figure 4-5(e)). The first two phenomena are 

likely due to molecular relaxation within the matrix, whereas the latter may be due to bound water 

within the non-cellulosic matrix within the fibre swelling during freezing, thereby causing separation 

of the microfibrils. A similar response was observed within the 300FT-D specimens, although to a 

lesser extent (Figure 4-5(d)). This suggests that the residual moisture within the fibre may have 

caused damage to the FFRP; however, as noted in the Section 4.3.3.2.1 section, it is not reflected in 

its mechanical performance. The loss of contact between the fibre and resin is reflected in the 

reduced stiffness of the FFRP. 

The thermal decomposition of the flax was assessed with TGA. For a representative 

exposure condition, the flax was tested from the FFRP and as such, the samples contained resin. 

Throughout all test conditions, the visible derivative mass peaks remained the same (Figure 4-7(c)), 

including cellulose. This suggests that the constituents remained the same throughout the entire 



 
96 

 

conditioning protocol. It should be noted that the residual mass varied across specimens; however, 

this may be due to the potential for variable resin content within the small sample, and as such, the 

ash content could not be used to gauge deterioration. 

Under the conditioning protocol, the epoxy resin system is impacted as well. This has been 

previously assessed by Mak and Fam (2019b), which showed hydrolysis of the resin and a gradual 

decrease in glass transition temperature. 

4.3.2.3 Comparison: Untreated vs. Treated 

SiO2-treated FFRP was subjected to two conditioning protocols, which reflect those of 

aforementioned previous studies (Chapter 2; Chapter 3). It is important to note that each specimen 

group has a different FVF. The FVF is reflective of the amount of fibre present in the composite 

compared to the resin. When the FVF is high, the FFRP is more susceptible to moisture as the 

coefficient of diffusion of flax fibres greatly exceeds that of epoxy (Stamboulis et al. 2001; 

Vanlandingham et al. 1998).  

Due to the impact of FVF and the difference of FVF between untreated and treated 

specimens, it is not possible to directly compare the amount of degradation as well as the incubation 

periods; however, degradation mechanisms and trends can be observed. 

To assess the general performance when exposed to moisture, the moisture content was 

determined after the end of the wetting period of the first wet-dry cycle for five-layer FFRP. Treated 

wet-layup moulded FFRP reached a moisture content of 4.60±0.44%, whereas untreated wet-layup 

moulded variants reached 3.79±0.70% and vacuum bag moulded variants reached 15.79±0.57% 

(Chapter 2). In all instances, there was an increase in strength and a decrease in modulus. When 

dried, the treated FFRP appeared to have a reduced strength and stiffness; however, regardless of 
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FVF and moisture content, there was no apparent reduction for the untreated FFRP properties 

(Chapter 2). 

This difference in response may be a result of the initial fibre-resin bond. Although 

treatment yields a better fibre-resin interface, it also renders it more susceptible to molecular 

relaxation, as there is no pre-existing gap between the fibre and resin to allow for swelling. 

When FFRP was subjected to WD cycles, there was no evidence of constituent deterioration 

for either fibres. In addition, both fibres showed similar physical deterioration via delamination at 

the fibre and resin interface (Chapter 2). 

When FFRP was subjected to FT cycles, the untreated fibres showed an increase in the 

cellulose degradation peak in the TGA thermogram. This was attributed to potential pectin and 

hemi-cellulose leaching from the FFRP; however, this was not present in the treated fibres as these 

constituents were removed during the treatment process. From a physical standpoint, there was no 

difference observed for either fibre: FFRP exhibited cracking within the fibres as well as 

delamination between the fibre and resin after FT exposure (Chapter 3). 

Overall, the untreated and treated FFRP show similar deterioration mechanisms throughout 

the conditioning protocol, which suggests that the performance of the two may eventually converge; 

however, further research is required. 

4.4 SUMMARY AND CONCLUSION 

This experimental study investigated the durability of SiO2-treated flax fibre-reinforced 

polymers (FFRP) exposed to wet-dry and freeze-thaw cycles. The following conclusions were drawn 

within the scope of the current study:  
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1. FFRP manufactured with SiO2-impregnatedflax fibres yielded a FFRP tensile strength of 

144±15.2 MPa and a tensile modulus of 8.6±0.35 GPa. 

2. Treated flax fibre showed an improved bond to the resin, which resulted in less fibre pull-

out upon failure. 

3. Statistically-significant deterioration of FFRP due to wet-dry cycles began at 4 cycles and 

continued until 12 cycles, where the final strength reduction was 3% and final stiffness 

reduction was 6%. 

4. Treated FFRP showed signs of delamination when exposed to wet-dry cycles, and signs of 

delamination and cracking within the fibre when exposed to freeze-thaw cycles 

5. Statistically-significant deterioration of FFRP due to freeze-thaw cycles began at 50 cycles 

and continued until 300 cycles, where the final strength reduction was 5% and final stiffness 

reduction was 10%. 

6. Although treated FFRP exposed to 300 dry freeze-thaw cycles experienced no mechanical 

deterioration, there were clear signs of damage to the composite: delamination between the 

fibre and resin, and fibre cracking at the microscopic level. 

7. Degradation mechanisms appear consistent between untreated and treated FFRP. 
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CHAPTER 5: PERFORMANCE OF FLAX-FRP 

SANDWICH PANELS EXPOSED TO DIFFERENT 

AMBIENT TEMPERATURES 

5.1 INTRODUCTION 

Sandwich panels are composite structural systems comprised of a core material between two 

structural skins. For building construction, structural insulated panels (SIP) are common as they 

combine a soft foam core as a layer of insulation with a lightweight structural skin. Panels are 

prefabricated in a factory and assembled on-site, which allows for higher quality control as well as 

improves the speed and ease of construction. SIPs can be used for wall, roof and floor panels, where 

they are exposed to out-of-plane bending. In this configuration, the external structural skins provide 

flexural stiffness to the structural system, whereas the foam resists shear forces. Sandwich panels 

with low-density foams exhibit high shear deformations and are governed by serviceability 

conditions as opposed to ultimate load capacity (Mathieson and Fam 2014). 

Fibre-reinforced polymer (FRP) skins have traditionally relied on glass fibres due to their 

mechanical performance and low cost; however, previous studies have demonstrated that sandwich 

panels reinforced with carbon-FRP (CFRP) (Shawkat et al. 2008) and glass-FRP (GFRP) (Mathieson 

and Fam 2014) both exhibit shear failure of the foam when combined with soft foam cores 

therefore the full tensile strength of the skin is not utilized. 

Natural alternatives have been studied, although they focus on structural skins manufactured 

using randomly-oriented fibres (Burgueno et al. 2004; Dweib et al. 2004; Du et al. 2012). There are 

limited studies performed with flax fibre woven mats. Previous studies at Queen’s University have 

shown that flax fibres perform similarly to glass fibres for sandwich panel applications, specifically 
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three mats of flax provided an equivalent response to one mat of fibreglass (Mak et al. 2015; CoDyre 

et al. 2016; CoDyre and Fam 2017). Furthermore, studies have shown that flax-FRP (FFRP) skinned 

sandwich panels can be used to create a balanced design between core failure and skin failure (Mak 

et al. 2015; Betts et al. 2017). 

Although natural fibre-skinned FRP sandwich panels have demonstrated favorable 

performance in lab conditions, these do not represent real-life conditions of sandwich panels. 

Natural fibres are greatly impacted by their environmental conditions. Flax fibres are composed of 

64-75% cellulose, 11-20.6% hemicellulose, 1.8-2.3% pectin, 2.0-5.0% lignin, 0-1.7% wax and 0-10% 

moisture content (Yan et al. 2014). Each component will respond differently to environmental 

conditions. For example, cellulose is hydrophilic due to its hydroxyl and other polar groups, and can 

be greatly impacted by moisture. This could lead to concerns regarding the dimensional stability and 

mechanical performance (Satyanarayana et al. 2009). Depending on its crystallinity, its glass 

transition temperature (Szcześniak 2008) and mechanical properties (Bledzki and Gassan 1999) can 

also change.  

Due to the hydrophobicity of natural fibres, exposure to moisture and environmental 

conditions have been studied in-depth for flax fibres (Scida et al. 2013; Yan and Chouw 2015; 

Hristozov et al. 2016; Thuault et al. 2014), whereas research on durability for FRP-skinned sandwich 

panels has primarily focused on the impact of long-term exposure to specified harsh environmental 

conditions (i.e. alkali, salt, UV) through accelerated protocols (Manalo et al. 2017) and their 

performance thereafter. When individual flax fibres were exposed to sub-zero conditions, there were 

reported decreases in strength and strain (Thuault et al. 2014). It is therefore important to note that 

the complex nature of natural fibres as a composite render it susceptible to variation in performance 

post-exposure as well as during exposure.  
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Sandwich panels used for roofs and walls may be exposed to a wide range of environmental 

conditions, such as variable temperatures and exposure to moisture. These conditions are becoming 

more extreme due to climate change and the growing demand for construction in remote areas, such 

as Northern regions. Sandwich panel construction is ideal for the latter application due to its 

lightweight nature and ease of construction. The characteristics of natural fibres raise questions 

regarding in-field performance of natural-skinned FRP sandwich panels while under exposure to 

environmental conditions. To the author’s knowledge, sandwich panel construction with natural 

materials has not been studied under in-service environmental conditions. This research program 

aims to address this lack of knowledge, specifically assessing the mechanical performance of 

sandwich panels with FFRP structural skins in different ambient temperatures. 

5.2 EXPERIMENTAL PROGRAMS 

An experimental investigation was performed to determine the behavior of FRP-skinned 

sandwich panels exposed to different ambient temperatures. This section details the test specimens 

and parameters, materials, fabrication of test specimens, conditioning, and test setup and 

instrumentation. 

5.2.1 Test Specimens and Parameters 

Thirty-six sandwich panels of 1200x100 mm2 (length x width) were fabricated and tested: 

twelve different specimens with three repetitions each. The panels were composed of a 50 mm thick 

polyisocyanurate (PIR) foam core with a unidirectional FRP skin. The key parameters studied are the 

type of fibre, foam core density and test temperature. Sandwich panels with GFRP skins 

manufactured using conventional epoxy and a 32 kg/m3 PIR foam were used as a control. Details of 

the test matrix are shown in Table 5-1. The specimens are given identifications that reflect the 
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parameters studied. For example, F64-P20 is a specimen that is composed of a FFRP skin (F) and a 

64 kg/m3 PIR foam core (64). It has been tested at positive twenty degrees Celsius (P20).  

Table 5-1: Test Program 

Type Structural Skin Fibre Volume Fraction Core Temperature 

G32 Glass Epoxy 0.45 32 kg/m3 Polyisocyanurate Foam 20°C, 0°C, -20°C 

F32 Flax Epoxy 0.65 32 kg/m3 Polyisocyanurate Foam 20°C, 0°C, -20°C 

F64 Flax Epoxy 0.65 64 kg/m3 Polyisocyanurate Foam 20°C, 0°C, -20°C 

F96 Flax Epoxy 0.65 96 kg/m3 Polyisocyanurate Foam 20°C, 0°C, -20°C 

5.2.2 Materials 

The materials were previously tested at room temperature to determine their mechanical 

properties, specifically the tensile and compressive performance of the FFRP, GFRP and PIR 

(Figure 5-1). In addition, the manufacturer information on materials is as follows: 

Fibreglass: A 2.55 kg/m3 unidirectional E-glass with reported tensile strength and modulus of 3240 

MPa and 72.4 GPa, respectively. It exhibits a maximum elongation of 4.5% (Fyfe Co. LLC. 2012). 

Flax fibre: A 1.5 kg/m3 unidirectional flax fibre fabric with a reported tensile strength and modulus 

of 500 MPa and 50 GPa, respectively. It exhibits a maximum elongation of 2.0% (Composites 

Evolution 2012). 

Epoxy: A commercial epoxy resin with a reported post-cured (60°C for 72 hours) tensile strength 

and elastic modulus of 72.4 MPa and 3.18 GPa, respectively. It exhibits a maximum elongation of 

5.0% (Fyfe Co. LLC. 2012). 

Foam: Three pre-fabricated, rigid, closed-cell PIR foams of 32 kg/m3 (ELFOAM P200), 64 kg/m3 

(ELFOAM P400) and 96 kg/m3 (ELFOAM P600) were used. ELFOAM P200 has a reported shear 

strength, parallel and perpendicular, of 151 kPa and 110 kPa, respectively, and shear modulus, 

parallel and perpendicular, of 1.52 MPa and 1.22 MPa, respectively. It has an R-value of 1.06 m2 

°C/W per 25mm. ELFOAM P400 has a reported shear strength, parallel and perpendicular, of 379 
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kPa and 344 kPa, respectively, and shear modulus, parallel and perpendicular, of 5.86 MPa and 5.17 

MPa, respectively. It has an R-value of 1.04 m2 °C/W per 25mm. ELFOAM P600 has a reported 

shear strength, parallel and perpendicular, of 585 kPa and 489 kPa, respectively, and shear modulus, 

parallel and perpendicular, of 7.23 MPa and 6.06 MPa, respectively. It has an R-value of 0.97 m2 

°C/W per 25mm (Elliot Company of Indianapolis 2012). 

5.2.3 Fabrication of Test Specimens 

Sandwich panels were manufactured by hand using a wet lay-up method. The surface of a 

large PIR slab was dabbed clean with a damp cloth to remove loose particles. The surface was 

wetted with resin. Unidirectional fibre sheets were cut to size and placed directly on the foam. 

Additional resin was poured on the sheets and spread out using a flexible spreader. The resin was 

allowed to soak in to ensure full saturation of the fibre cloth. Additional layers of fibre and resin 

were placed on top until the desired thickness was achieved.  All specimens were flipped over, and 

the same procedure was used to cover the other side of the foam. A thin steel sheet was placed on 

top of the specimen to create a smooth finish.  

All specimens were allowed to cure for one month at room temperature. Sandwich panels 

were cut to produce 1200 mm × 100 mm specimens. FRP laminae were manufactured using the 

same approach and were cut to produce 250 mm × 25 mm coupons. Each specimen was 

individually inspected for variability. Measurements of length were taken in all directions at five 

locations. Masses were also measured and used to determine the fibre-volume fraction of the 

sandwich panel skins.  
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Figure 5-1: Material stress-strain graphs for sandwich panel components: (a) Flax (FE-W) 

and (b) glass (GE-W) FRP (Mak et al. 2015); and, (c) polyisocyanurate foam for 32, 64 and 

96 kg/m3 densities (CoDyre et al. 2016) 
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5.2.4 Conditioning 

Sandwich panels and FRP coupon specimens were tested at three specified temperatures: 

20ºC, 0ºC and -20ºC. Temperature can have a large impact on test equipment and instrumentation. 

To ensure accurate output, all testing equipment was maintained at the specified temperatures 

throughout the tests and compensated accordingly.  ` 

Prior to testing, sandwich panels were maintained at the specified test temperatures for at 

least one hour. Thermocouples (TC) on the exterior of the specimen were monitored throughout 

the conditioning period as well as during the test. A TC encased in a 0.2 mm diameter hypodermic 

probe was inserted at mid-depth, mid-span into the foam core at the end of temperature soak period 

to verify that the sandwich panel temperature reached equilibrium.  

5.2.5 Material Test Setup and Instrumentation 

FRP skins were tested in tension according to ASTM D3039 (2017) at the suggested rate of 

2 mm/min using a universal testing frame with wedge grips. An extensometer was used to determine 

strain in all tension tests. Maximum load, nominal thickness and measured width were used to 

determine the strength of each coupon. Moduli were calculated from the linear portion of each 

graph near failure. 

5.2.6 Sandwich Panel Test Setup and Instrumentation 

Sandwich panels were tested in a four-point bending configuration at a rate of 2 mm/min 

using a Lab Integration universal testing machine (Figure 5-2). The span was 1050 mm. A steel 

spreader beam was used in conjunction with rollers to create two equal shear spans of 375 mm and a 

constant moment region of 300 mm. Steel plates were used at every load and reaction point to 
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disperse the force across a 50x100 mm2 area. A thin sheet of rubber was used between the skin and 

steel plate to accommodate for minor rotation and imperfections of the skin. Figure 5-2(b) shows 

the specimen configuration with instrumentation. Electrical resistance strain gages (SG) were used to 

measure the longitudinal strain at mid-span along the centerline on both faces. Aluminum extenders 

(AE) were attached on both sides of the sandwich panel at mid-span. Three linear potentiometers 

(LP) were used in conjunction with the AEs to measure the mid-span deflection and rotation of the 

specimen. TCs were also placed on and suspended above the structural skin to monitor temperature 

throughout the temperature soak and test period to ensure consistent temperatures throughout the 

test. 

 

Figure 5-2: Test setup: (a) frame with specimen and (b) schematic 
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5.3 EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 5-3 shows the tensile performance of the FRP across the temperature range. Figure 

5-4 shows the load-deflection plots for all sandwich panels. Figure 5-5 shows the load-strain plots 

for sandwich panels. A summary of the test results is found in Table 5-2. 

 

Figure 5-3: Impact on of temperature on (a) FFRP tensile stress-strain, with a sample curve 

and ultimate failure points, (b) FRP tensile strength and (c) FRP tensile modulus 
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Figure 5-4: Load-deflection plots for all sandwich panels  
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Figure 5-5: Load-strain plots for sandwich panels 
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Table 5-2: Flexural Test Results 

Type 
Temperature 
(°C) 

Load (kN) 
Deflection 
(mm) 

Tension Skin (ε) 
Compression 
Skin (ε) 

Failure Modes1 

Avg. 
Std. 
Dev. 

Avg. 
Std. 
Dev. 

Avg. 
Std. 
Dev. 

Avg. 
Std. 
Dev. 

G32 

20 1.26 0.18 34.79 1.98 0.0014 0.0004 -0.0015 0.0002 
WR SZ, SH SZ, 
WR SZ 

0 1.27 0.21 31.25 4.49 0.0015 0.0002 -0.0015 0.0003 
WR SZ, WR 
SZ, WR SZ 

-20 1.32 0.04 34.04 2.53 0.0015 0.0002 -0.0015 0.0001 
SH SZ, SH SZ, 
WR SZ 

F32 

20 1.35 0.04 44.78 0.70 0.0022 0.0001 -0.0022 0.0002 
CR SZ, CR SZ, 
SH SZ 

0 1.55 0.16 40.22 4.50 0.0025 0.0004 -0.0023 0.0002 
CR SZ, CR SZ, 
CR SZ 

-20 1.53 0.12 44.75 3.20 0.0022 0.0002 -0.0022 0.0001 
CR SZ, CR SZ, 
CR SZ 

F64 

20 3.09 0.15 54.57 1.66 0.0070 0.0003 -0.0058 0.0002 
SH SZ, SH SZ, 
SH SZ 

0 3.67 0.25 54.49 4.31 0.0064 0.0002 -0.0056 0.0010 
SH SZ, SH SZ, 
SH SZ 

-20 3.59 0.15 49.98 1.73 0.0069 0.0001 -0.0054 0.0002 
SH SZ, SH SZ, 
SH SZ 

F96 

20 3.97 0.08 61.87 1.15 0.0127 0.0010 -0.0081 0.0006 
SH SZ, SH SZ, 
SH SZ 

0 4.45 0.21 63.40 1.61 0.0124 0.0004 -0.0081 0.0001 
SH SZ, SH SZ, 
SH SZ 

-20 5.08 0.24 64.63 1.38 0.0126 0.0000 -0.0079 0.0007 
SH SZ, SH SZ, 
SH SZ 

 

1WR = inward wrinkling; CR = compression skin crushing; and, SZ = shear zone. 
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5.3.1 FRP Performance 

The general tensile stress-strain behaviour of the FRP remains the same throughout the 

temperature range. The impact of temperature on tensile strength and modulus are shown in Figure 

5-3, as temperature decreased from room temperature.  For FFRP, a bilinear stress-strain behaviour 

was observed when subjected to tension throughout the temperature range (Figure 5-3(a)). The 

initial stiffness below approximately 0.003 strain remains unchanged throughout the temperature 

range, which is associated with the global loading of the fibre through the deformation of the cell 

walls; however, the stiffness of the FFRP increased throughout the transition region and secondary 

linear region. The non-linear transition region is associated with the elasto-visco-plastic deformation 

of the fibre, specifically the re-arrangement of the amorphous pectic and hemicellulose matrix 

(Charlet et al. 2009). The second linear phase is associated with loading of the microfibrils once 

aligned in the direction of applied load. When the temperature increases, FFRP’s stiffness decreases 

during the non-linear transition region and the second linear phase. This suggests a change in tensile 

properties for the amorphous matrix as well as the cellulosic chains. The tensile modulus is 

calculated in the second linear phase, which decreased as temperature increased at -0.51%/°C. The 

strength remains the same throughout the temperature range.  On the other hand, GFRP showed a 

linear response until failure and the strength decreased as temperature increased at a rate of -

0.31%/°C while the modulus remained the same throughout. 

5.3.2 Sandwich Panel Failure Mode 

A summary of the sandwich panel failure modes is outlined in Table 5-2 and shown in 

Figure 5-6. The governing component within sandwich panel failures is the foam core. For G32 and 

F32 specimens, failure primarily occurred due to inward wrinkling or compressive failure of the FRP 
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skin.  This is a result of the core’s low compressive strength and local instability of the structural 

skin. G32 specimens experienced shear failure of the foam in some instances as well. For F64 and 

F96 specimens, failure occurred due to shear failure of the foam core. The governing failure mode 

was established by the foam density. 

 

Figure 5-6: Sandwich panel failure mechanisms: (a) inward wrinkling in shear zone region;  

(b) compression skin crushing in shear zone region ; (c) foam shear failure in shear zone 

region; and, (d) foam shear failure with secondary delamination and FRP fracture  

In all these instances, the sandwich panel system failed at a skin tensile strain lower than the 

rupture strain of the FRP. At room temperature, GFRP has an ultimate tensile strain of 0.019 and an 

ultimate compressive strain of 0.008 (Mak et al. 2015). Compared to these rupture strains, G32 
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specimens only reached 7% and 19% of its capacity, respectively; however, the rupture strain of 

GFRP increases as temperature decreases, yielding a more conservative result. FFRP has an ultimate 

tensile strain of 0.017 and an ultimate compressive strain of 0.018 (Mak et al. 2015). With room 

temperature rupture strains, F32 specimens only reached 13% and 12% of their capacity, 

respectively; however, with the highest density foam, F96 specimens yielded responses with tensile 

and compressive strains of up to 74% and 44% of rupture, respectively. In addition, the FFRP 

rupture strain decreases with respect to temperature, which yields a less conservative result. The 

maximum tensile strain experienced in a sandwich panel is therefore 84% of rupture.  

5.3.3 Impact of Temperature 

Throughout all sandwich panel types, the ultimate capacity increased as the temperature 

decreased (Figure 5-7). The failure mode remained the same, where all sandwich panels failed within 

the foam core. The FRP strain at failure (Figure 5-8) remained the same across the temperatures, 

and there is no evident change of deflection at failure.  
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Figure 5-7: Impact of temperature on ultimate load 
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Figure 5-8: Impact of temperature on failure strain 

The decrease in service temperature resulted in an increase in load capacity for FFRP. This is 

likely due to an increase in stiffness of the FFRP skin, specifically as a result of the fibres. This can 
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be seen by comparing the sandwich panel types G32 and F32, where the only difference between 

them is the fibre type. In this situation, F32 showed an increase in load capacity of 13% as opposed 

to the 4% for G32 when there was a decrease in temperature of 40°C. G32 experienced a minimal 

change in capacity within the standard deviation, while exhibiting the same failure strain in the FRP 

across the temperature range. This suggests that there is little impact on the G32-skinned sandwich 

panels across the temperature range. Furthermore, it suggests that the temperature has a minor 

impact on the mechanical properties of the foam. 

The general load-deflection behavior of FFRP-skinned sandwich panels (Figure 5-9) is 

reflective of the flax, where the load-deflection and stress-strain plots show a bilinear behavior 

(Figure 5-2). As the temperature decreases, the FFRP’s stiffness increases and raises the overall 

stiffness of the sandwich panel. Specifically, the increase in stiffness is observed in the transition 

region and second linear phase (Figure 5-3) as temperature decreases. This leads to a higher load 

capacity of the sandwich panel prior to reaching the shear stress limit of the foam. 

In this research study, the inverse relationship between the temperature and load capacity of 

the sandwich panel is linear (Figure 5-7). The percent change is defined in Table 5-3; however, it is 

dependent on moisture content and thermal stability of the composite within the specified 

conditions.  
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Figure 5-9: Effect of temperature for FFRP-skinned sandwich panels with 96kg/m3 PIR 

foam core 
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Table 5-3: Load Capacity variation based on sandwich panel type 

 Rate of Change 

 % Load/°C 

G32 -0.11 

F32 -0.33 

F64 -0.40 

F96 -0.70 

 

5.3.4 Impact of Foam Density 

The foam core is the limiting factor for failure of the sandwich panels within this study. At 

32 kg/m3 density, the PIR fails in compression thereby allowing inward wrinkling of the tension 

skin. This transitions toward shear failure of the foam core as the density of the foam increases, and 

corresponds to an increase of load capacity of the sandwich panel system.  

The relationship between density and load capacity can be seen in Figure 5-10. At 20°C, the 

capacity increases at +3.0%/(kg/m3) and remains the same at 0°C; however, this rate increases to 

+3.6%/(kg/m3) at -20°C, which suggests a change in the stiffness of the PIR foam with respect to 

temperature in sub-zero conditions.  It is unclear what threshold is required before PIR is impacted 

by temperature.  
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Figure 5-10: Impact of density on ultimate load 

5.3.5 Impact of Fibre 

At room temperature, there was no difference in load capacity observed between the G32 

and F32 specimens; however, there was a difference in FRP strain at failure and in effect, the 

percentage of its rupture strain. A similar finding was established in a separate study (CoDyre et al. 

2015), and was consistent throughout the PIR density range within this research project. 

As a result, this study used 32 kg/m3 PIR foam to determine the impact of the fibre type 

with respect to the temperature. A difference can be observed in load capacity for G32 and F32 

specimens when temperature is varied: G32 showed an increase in capacity of 0.11%/°C as the 

temperature decreased, whereas F32 showed an increase in capacity of 0.33%/°C as the temperature 

decreased. As previously noted, this suggests that the flax fibres are more impacted by temperature 

than glass; however, a two-tailed, unequal variance T-test with an α  = 0.05 with a null hypothesis 
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that the means are the same was performed on the two sample groups. It was determined that there 

is no statistically significant difference between either G32 or F32 at -20°C and 20°C. This suggests 

that there was no difference in mechanical response for the FFRP specimens across the temperature 

range; however, a statistically significant difference was observed for other flax specimens with 

higher density cores: F64 with an increase of capacity of 0.40%/°C as temperature decreased and 

F96 with an increase of capacity of 0.70%/°C as temperature decreased. Therefore, this statistical 

indifference is likely due to the lower mechanical performance of the foam and affiliated variability. 

Additional testing is therefore recommended to confirm this with higher foam densities.  

5.3.6 Impact of Moisture on Cellulose Structure 

Moisture can greatly impact the mechanical properties of natural fibres and the glass 

transition temperature of cellulose (Szcześniak et al. 2008), as water interacts with the hydrophilic 

fibres. Furthermore, unbound water can freeze at sub-zero temperatures which can impact the 

mechanical performance of FFRP. 

The moisture content was determined in accordance with ASTM D4442 (2016), where the 

specimens are heated to 103±2°C. Three repetitions were used for each individual sandwich panel, 

and were cut out post-failure. GFRP had a moisture content of 0.51±0.01%, whereas the FFRP had 

a moisture content of 2.01±0.05%. The crystallinity index of cellulose was calculated using the 

method proposed by Segal et al. (1959), where, CrI expresses the relative degree of crystallinity, I200 

is the peak intensity of diffraction at plane 200 and Iam is the intensity of diffraction between plane 

200 and plane 110: 

 
𝐶𝑟𝐼 =

𝐼200 − 𝐼𝑎𝑚

𝐼200
𝑥 100 Eq. 5-1 
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A Panalytical X’pert Pro Powder diffractometer using CoΚα radiation (1.78901 nm), 

generated at 40 kV and 45 mA was used to scan the 2θ range of 10° to 45°. I200 is located at 2θ = 

25.95° and Iam is located at 2θ = 21.5°, which correspond to previously reported 22.7° and 18.7° 

using Ni-filtered CuΚα radiation (1.5406 nm), respectively (Lu and Hsieh 2012). The as-received flax 

fibre yielded a CrI of 68.61%. 

At the apparent 2% moisture content and CrI of 68.61%, the glass transition temperature of 

cellulose is reported to be at 140°C based on the Kaelbe’s approach (Szcześniak et al. 2008) and is 

not impacted by the test range; however, any water present could freeze, which would reduce the 

plasticization effect resulting in lower strengths and strains (Stamboulis et al. 2001). At the maximum 

test temperature, a moisture content of 8% would be required of the cellulose to be at its glass 

transition temperature.  

It is important to note however that the apparent moisture content of FFRP does not take 

into account all the water present in the FRP. Hydrophilic materials can house moisture in a free 

form, a freezing bound form, and a non-freezing bound form. The latter require higher activation 

energy to chemically bind, but also to be removed (Zhou and Lucas 1999). Even heating above 

170°C will result in cellulose with residual moisture (Szcześniak et al. 2008). 

5.3.7 Design Considerations 

FFRP-skinned sandwich panels are reported to perform similar to, and in certain 

configurations exceed, GFRP-skinned sandwich panels (Mak et al. 2015), which meet necessary 

design standards (Mathieson and Fam 2014), at ultimate capacity. However, low density foam cores 

allow for high shear deformations, which results in sandwich panel design being governed by 

deflection limits under service loads, such as span/180 and span/360 (Sharaf et al. 2010). 
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FFRP-skinned sandwich panels were reported to provide similar response to loading (Mak et 

al. 2015) in ambient conditions. In this research program, it was established that FFRP-skinned 

sandwich panels perform differently within sub-zero conditions; however, it is more prominent in 

sandwich panels with a higher density cores. The most prominent example is F96 at -20°C: at 

span/180, the maximum load is 0.64 kN, with a corresponding tensile strain in the FFRP of 0.0009 

and compressive strain in the FFRP of 0.0008. This is well below the transition region of the flax’s 

bilinear response, where FFRP exhibits a change in stiffness. As previously discussed, the impact of 

temperature is only apparent in the transition and secondary phases of FFRP’s bilinear behaviour. 

Therefore, FFRP-skinned sandwich panels provide an identical response to loading within the 20°C 

to -20°C temperature range under service limit states; and, an increased load capacity and stiffness at 

ultimate limit states within the same range of temperature.  

5.4 SUMMARY AND CONCLUSIONS 

This experimental study investigated the structural performance of FFRP for insulated 

sandwich panels under different environmental conditions. Fibre type, foam core density and 

temperature were varied to assess their performance. Sandwich panels were fabricated and then 

tested under four-point loading. The following conclusions were drawn within the scope of the 

current study:  

1. Sandwich panel failure modes were not impacted by temperature, but rather governed by 

core density. For 32 kg/m3 PIR foam, sandwich panels failed primarily via local instability of 

the structural skins; and, for 64 kg/m3 and 96 kg/m3 PIR foam, sandwich panels failed 

purely via core shear failure. 
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2. The overall stiffness of the FFRP-skinned sandwich panel system increases as temperature 

decreases; however, failure strains remain the same throughout all temperature ranges. 

3. FFRP exhibits bilinear behavior. As temperature decreases, the stiffness remains the same 

throughout the initial linear segment, whereas the stiffness increases throughout the 

secondary linear segment of its bilinear stress-strain response. This is reflected in the 

sandwich panel’s load-deflection response. 

4. At 20°C and 0°C, FFRP-PIR sandwich panels showed an increase in capacity of 

+3.0%/(kg/m3) as the density of the PIR foam core increases. This increases to 

+3.6%/(kg/m3) at -20°C.  

5. The load capacity of all sandwich panel increases as temperature decreases, and is impacted 

by both PIR foam core density as well as fibre type: 0.11%/°C for GFRP-skinned sandwich 

panels with 32 kg/m3 PIR foam cores, 0.33%/°C for FFRP-skinned sandwich panels with 

32 kg/m3 PIR foam cores, 0.40%/°C for FFRP-skinned sandwich panels with 64 kg/m3 PIR 

foam cores and 0.70%/°C for FFRP-skinned sandwich panels with 96 kg/m3 PIR foam 

cores. The maximum occurred at -20°C for FFRP-skinned sandwich panels with 96 kg/m3 

PIR foam cores, which had an average capacity increase of 28%. 

6. Although an increase in capacity was noted for 32 kg/m3 specimens, there was no 

statistically significant difference for these specimens from 20°C to -20°C. 

7. Within service limit states, there is no effective impact on the load-deflection response of 

FFRP-skinned sandwich panels within the temperature range of 20°C to -20°C. 
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CHAPTER 6: FATIGUE PERFORMANCE OF 

FURFURYL ALCOHOL RESIN FIBRE-REINFORCED 

POLYMER FOR STRUCTURAL REHABILITATION 

6.1 INTRODUCTION 

Over the past two decades, there has been growing interest in the production of 

environmentally sustainable infrastructure. This can be addressed in new construction with novel 

materials and designs; however, one of the most impactful ways to reduce environmental impacts is 

to simply extend the functional lifespan of existing infrastructure.  

The use of fibre-reinforced polymers (FRP) has become a growing approach to retrofitting 

and extending the lifespan of existing infrastructure. During the extended lifespan, the FRP must be 

able to withstand service conditions and high cycle fatigue. Although there has been a tremendous 

amount of research done on cyclic loading of FRPs, this has predominantly been in the aerospace 

industry where parameters such as fabrication method and tolerances are not representative of the 

construction industry (ACI 440.2R-08 2008). 

In addition, FRPs are fundamentally unsustainable due to their reliance on non-renewable 

resources. Ideally, both the fibres and resin used for FRP would be replaced with renewable 

alternatives, although this poses technical challenges. Natural fibres exhibit inferior mechanical 

properties and are highly hydrophilic, which can lead to durability concerns (Le Duigou et al. 2013). 

Furthermore, their low stiffness may not meet the needs of large structural retrofitting applications. 

Many plant oil-derived epoxy resins yield thermosetting plastics with lower thermal and mechanical 

properties compared to conventional resins when used neat. Polymer blends consisting of plant oil- 

and petroleum-derived epoxy resins have showed mutually improved properties; however, these 
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typically contain low concentrations of the plant oil-based constituent (Wang and Schuman 2014). 

The Building Research Establishment (BRE) states that the environmentally impactful component is 

the synthesis of the resin (Anderson 2004). As such, the replacement of the resin system will yield 

the largest impact in the pursuit of an alternative to conventional FRP systems. 

Furfuryl alcohol (FA) resin, a biosynthetic thermosetting resin derived from agricultural 

byproducts, such as corncobs and sugarcane, represents a potential alternative to the plant oil-

derived resin systems. These resins have a high chemical resistance and heat tolerance, specifically 

purported to be one of the most stable thermosetting resins (Foruzanmehr et al. 2016), while also 

exhibiting an improved carbon storage potential compared to conventional resins (Tumolva et al. 

2009).  

Contrary to full plant oil-derived epoxy systems, FA resin exhibited similar mechanical 

performance to epoxy systems when used as the matrix for FRP systems. For wet lay-up 

applications, FA exhibits a similar tensile strength and modulus compared to conventional epoxy 

resins when used with fibreglass (Fam et al. 2014), whereas carbon showed a 9% reduction of 

strength, but a 14% increase of modulus (McSwiggan and Fam 2016). Furthermore, it demonstrated 

promising results when used as the reinforcing fibre for pultrusion (Ma et al. 1995a; Ma et al. 1995b). 

When exposed to accelerated aging in salt solutions, FA-based FRP showed favourable 

mechanical performance as a material (Eldridge and Fam 2014a) as well as a reinforcing system for 

concrete in contact-critical applications (Eldridge and Fam 2014b; McSwiggan and Fam 2017; 

McSwiggan et al. 2017). Furthermore, short-beam shear tests, wicking tests and uniform tracks of 

detached fibres showed a stronger interface between FA resin and fibreglass compared to epoxy and 

fibreglass (Foruzanmehr et al. 2016). However, it has been reported to have a porous structure and 
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exhibited signs of deterioration of the polymeric backbone when exposed to accelerated saltwater-

aging procedures (Foruzanmehr et al. 2016). 

Externally bonded FRP is frequently used as a means to rehabilitate structures, such as 

bridges, which would be exposed to cyclic loads, and therefore its fatigue performance is an 

important limit state to consider for design. Although FA-based FRPs have demonstrated promising 

short-term performance, no research has been done on its performance when exposed to long-term 

mechanical stressors (e.g. cyclic loading). Furthermore, previous research has focused on the fatigue 

performance of FRPs used in aerospace applications with different fabrication methods and 

tolerances, which are not representative of the civil engineering construction industry. This research 

program aims to address this lack of knowledge, specifically assessing the fatigue performance of 

FA- and conventional epoxy-based FRPs for pre-fabricated and on-site fabricated sheets.  

6.2 EXPERIMENTAL PROGRAM 

An experimental investigation was performed to determine the behaviour of furfuryl alcohol 

resin-based carbon-FRP (CFRP) subjected to tension-tension cyclic loads. This section details the 

test specimens and parameters; materials; fabrication of test specimens; and test setup and 

instrumentation. 

6.2.1 Test Specimens and Parameters 

One hundred and twenty tension coupons were fabricated and tested: twenty-four different 

specimens with up to six repetitions each. For reliability, ASTM E739 (2015) specifies that there 

should be between 12 and 24 specimens and a minimum of 75% replicates for reliability data. In this 

instances, all specimen types meet these requirements. 
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 The key parameters studied are the type of resin, number of fibre layers, manufacturing 

method and stress amplitude. Details of the test matrix are shown in Table 6-1. The specimens are 

given identifications that reflect the parameters studied. For example, ID FC-2F represents an FRP 

manufactured using furfuryl alcohol resin (F) with carbon fibre (C). This specimen will contain two 

layers (2) of fabric and be manufactured using wet lay-up simulating a field application (F), where the 

top surface will exhibit a rough texture. 

Table 6-1: Experimental Program 

ID Resin 

Fibre Manufacturing 
Simulation 

Normalized 
Stress Amplitude Type Layers 

FC-2F Furfuryl Alcohol Carbon 2 Field wet lay-up 

65%, 70%, 75%, 
80%, 85% 

EC-2F Epoxy Carbon 2 Field wet lay-up 

EC-2L Epoxy Carbon 2 Lab wet lay-up 

EC-1L Epoxy Carbon 1 Lab wet lay-up 

6.2.2 Materials 

Manufacturer information on materials used is as follows: 

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

of 4000 MPa, and modulus of 230 GPa. It exhibits a maximum elongation of 1.7%. (Fyfe Co. LLC 

2013) 

Epoxy (E): A commercial epoxy resin with a reported post-cured tensile strength and elastic 

modulus at 60°C for 72 hours is 72.4 MPa and 3.18 GPa, respectively. It exhibits a maximum 

elongation of 5.0% (Fyfe Co. LLC 2013). 

Furfuryl alcohol (FA): QuaCorr 1001, a commercial furfuryl alcohol (C5H6O2) resin which is 

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

color, and has the following physical characteristics: a 1.22 specific gravity, viscosity of 300-600 cps 
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and a flash point of 75.6°C. QuaCorr 2001, a proprietary catalyst, was used to cure the resin system. 

A 3% per weight ideal concentration of catalyst was established (Fam et al. 2013). 

6.2.3 Fabrication of Test Specimens 

FRP laminates were manufactured using a wet lay-up method with either a simulated lab or 

field-application condition, which is used to simulate concrete rehabilitation. The lab condition is 

reflective of a simulated prefabricated FRP plate, where the plate is manufactured in a factory and 

then adhered to concrete surfaces at a later stage using viscous resin. The field-application condition, 

where the wet lay-up is directly implemented in the field on top of the concrete surface.  

A sheet of plastic was wetted with resin. A unidirectional fibre sheet was cut to size and 

placed on the wetted surface. Additional resin was poured on the sheet and spread out using a 

flexible spreader. The resin was allowed to soak in to ensure full saturation of the fibre cloth. An 

additional layer of fibre and resin was placed on top, if the laminate consisted of two layers.  For the 

simulated field wet lay-up specimens, the laminate was allowed to cure with the top surface exposed.  

For the simulated prefabricated laminate specimens, a sheet of plastic was placed on top of the 

wetted fabric and a flexible spreader was used to remove all visible air bubbles. The covered 

laminate was sandwiched between two 25 mm thick HDPE sheets. The top HDPE sheet was 

weighed down to create an even, flat laminate with a smooth finish, as in prefabricated plates. The 

approximate applied pressure was 3 kPa. 

Each laminate was allowed to cure for two weeks at room temperature, and was cut using a 

diamond bladed wet tile saw to 50 mm × 250 mm. Measurements of length were taken in all 

directions at five locations. The difference between the coupons is shown in Figure 6-1(a). 
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Figure 6-1: Fatigue setup: (a) fatigue specimens and (b) test frame 

6.2.4 Test Setup and Instrumentation 

To determine the ultimate tensile strength, specimens were tested in accordance with ASTM 

D3039 (2008) at the suggested rate of 2 mm/min using an Instron 8802 testing frame with hydraulic 

grips. An extensometer was calibrated against strain gages and used to determine strain in all tension 

tests.  The maximum load, measured cross-sectional width and nominal thickness were used to 

determine the strength of each coupon. Moduli were calculated from the linear portion of each 

graph near failure. 

To determine fatigue life, specimens were tested using an Instron 8802 testing frame with 

hydraulic grips. Cyclic loading was in tension-tension at approximately R = 0, and was loaded as 

shown in Figure 6-2. Loading began at 0.5Hz and was ramped up to 2.5 Hz, where it was maintained 

until failure. The maximum number of cycles was set to 2,000,000 cycles. 
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Figure 6-2: Cycling protocol  

Due to the sensitivity of cyclic tests to their environmental conditions, tests were completed 

in a temperature controlled room at 23°C. High cycling rates can adversely affect results due to 

internal heating. The maximum suggested frequency for carbon fibre composites is 20 Hz, or a 

surface temperature increase of at most 10°C (Demers 1998). The test rate was limited to 2.5 Hz due 

to lab limitations. This also eliminated the potential of heating of the polymeric matrix and verified 

with a thermocouple.  

To determine stiffness degradation, load and stroke measurements were recorded every 500 

cycles for a recording period of 2.5 cycles. The load, measured cross-sectional width and nominal 

thickness were used to determine the stress, whereas the stroke was calibrated against a strain gauge, 

and used for subsequent strain readings. The modulus was calculated from the loading phase using 
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the linear portion, between 30% to 70% of the applied stress range, of the stress-strain response. 

The average of 2-3 moduli was reported for every 500 cycles. 

6.2.5 Environmental Scanning Electron Microscopy (ESEM) 

Environmental scanning electron microscopy (ESEM) observations and image analysis were 

performed on the fibre surfaces to assess the failure mode. Analysis was performed on the specimen 

under low vacuum, using a FEI-MLA Quanta 650 FEG-ESEM in backscatter electron diffraction 

(BSED) mode. These observations were used to provide a qualitative assessment of polymer-fibre 

interface. 

6.3 EXPERIMENTAL RESULTS AND DISCUSSION 

6.3.1 Quasi-Static Performance 

All specimen types were tested under quasi-static conditions. The quasi-static tensile strength 

and modulus are reported in Table 6-2 and the stress-strain plots are shown in Figure 6-3. Failure 

modes were consistent across coupon type. Typically, for epoxy-based CFRP, failure of the 

specimens were lateral failures (Figure 6-4(b)); and for FA-based CFRP, failure of the specimens 

were explosive failures (Figure 6-4(d)).  

Table 6-2:  Quasi-static Results 

Coupon 
Type 

Strength, σu (MPa) Modulus, E0 (GPa) 

AVG 
STD. 
DEV. AVG 

STD. 
DEV. 

FC-F2 744 76 87.4 5.4 

EC-F2 975 110 89.2 2.5 

EC-L2 1030 96 85.4 4.5 

EC-L1 931 96 89.9 5.0 

 



 
139 

 

 

Figure 6-3: Quasi-static tension stress-strain plot, with a sample curve and ultimate failure 

points 

All specimens demonstrated a linear behaviour up to failure, and similar moduli values were 

observed, ranging from 85 GPa to 89 GPa; however, the failure strength varied amongst specimens. 

For the field wet lay-up application, the replacement of epoxy with FA resulted in a 24% reduction 

in strength. Since FRP performance is typically dependent on the fibre to provide strength and the 

resin to disperse the load, the lower strength may be a result of premature failure of the matrix or 

poor fibre-resin bond which would eliminate stress transfer throughout the composite. For epoxy-

based CFRP, the use of in-lab manufacturing resulted in a 5% increase in strength compared to their 

field wet lay-up application equivalent, which may be reflective of a reduced cross-section variation 

and subsequently, better stress distribution throughout the composite. When this was reduced to a 

single layer, EC-L1 had a 10% reduction in strength compared to the two layer equivalent, EC-L2. 
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This may be due to the fact that any imperfections or variations will have a larger impact in a single 

layer composite compared to a double layer composite. 

6.3.2 Fatigue Performance: Fatigue Life 

Specimens were loaded under cyclic conditions until failure or until the predetermined run-

out limit of 2,000,000 cycles was reached. The fatigue life output is detailed in Table 6-3. In 

instances where there is a run-out, the value plotted was the run-out limit. This is represented as a 

semi-log S-N plot in Figure 6-5. The line of best fit was determined using the least squares method 

of regression. All run-outs, represented by ‘→’, were not included in the fitting. The equation for the 

line of best fit was re-arranged in an exponential form and is displayed in Figure 6-5.  
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Table 6-3:  Fatigue Life Results, where → signifies run-out 

Coupon 
Type 

Normalized Stress 
Amplitude [σa/σu] 

Repetitions Number of cycles until failure 
Average number of 
cycles until failure 

FC-F2 
85% 5 

15,380; 5,523; 212,973; 28,591; 
2,243              52,942  

80% 5 
259,719; 2,861; 29,484; 26,187; 
219,274           107,505  

75% 5 
726,565; 375,279; 2,000,000→; 
54,255; 1,699,027 

 Includes Run-out: 
1,295,969  

70% 0 - - 

65% 3 72,525; 2,000,000→; 2,000,000→ 
 Includes Run-out: 
1,357,508  

EC-F2 85% 5 1,630; 21; 35; 246; 268                    440  

80% 5 121; 7,406; 614; 8,681; 70                3,378  

75% 5 5,618; 103,526; 6,505; 297; 11,516              25,492  

70% 5 
44,229; 1,332,338; 7,586; 2,375; 
44,754           286,256  

65% 5 
891,501; 4,209; 1,923,750; 2,294; 
625,365           689,424  

EC-L2 85% 5 51; 442; 147; 1,680; 115                    487  

80% 5 2,154; 7,098; 1,184; 11,270; 14,531                7,247  

75% 5 754; 554; 2,387; 8,650; 3,911                3,251  

70% 6 
2,647; 74,303; 144,620; 204,719; 
17,020              84,919  

65% 5 
170,288; 2,000,000→; 
2,000,000→; 2,000,000→; 33,118 

 Includes Run-out: 
1,634,056 

EC-L1 
85% 5 

51,807; 21,698; 33,079; 3,868; 
3,325              22,755  

80% 5 
16,255; 59,528; 63,087; 289,406; 
9,407              87,537  

75% 5 
268,094; 73,328; 7,921; 385,356; 
55,228           157,985  

70% 5 
84,457; 718,279; 212,915; 135,555; 
97,216           249,684  

65% 5 

2,000,000→; 2,000,000→; 
2,000,000→; 2,000,000→; 
2,000,000→ 

 Includes Run-out: 
2,000,000  
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Figure 6-5: Experimental S-N Curves for all coupon types, where run-out occurs at 2,000,000 

cycles (→): (a) FC-F2, (b) EC-F2, (c) EC-L2 and (d) EC-L1 
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The exponential constant is representative of the rate of change between the increase in 

fatigue life with respect to a decreased stress amplitude. Specifically, if the required fatigue life was 

2,000,000 cycles, a decrease of the exponential constant would result in a lower permissible stress 

amplitude. Based on the line of best fit, the lab manufactured coupon types, EC-L2 and EC-L1, 

exhibited the lowest exponential constant at 
−1

35.08
 and 

−1

32.49
, respectively. This suggests that the lab 

manufactured specimens are the most negatively affected by fatigue loads and cannot sustain a high 

stress amplitude. Conversely, the field manufactured coupon types, EC-F2 and FC-F2, yielded 

higher exponential constants at 
−1

59.83
 and 

−1

45.76
 , respectively. This suggests that the FA-based FRP 

may be most resistant to deterioration under high cycle fatigue loading based on normalized stress 

amplitude; however, it is important to note that its stress amplitude is lower than the epoxy variants 

due to its lower strength. 

6.3.2.1 Prediction of fatigue life 

Experimental fatigue life yields high scatter as a function of the fabrication and the nature of 

the composite system. It is therefore unreliable to derive estimates of fatigue life purely based on a 

fitting of the data (Vassilopoulos and Keller 2011).  Three reliability-based approaches were used to 

derive the S-N curve: normal lifetime distribution (NLD) (Vassilopoulos and Keller 2011), ASTM 

E739 (2015) and Whitney’s Pooling Scheme (Whitney 1981). 

The first approach, NLD, is a simplified method. The probability distribution function is 

assumed to be normal and have a specified confidence interval (i.e. 95%). The S-N curve is 

determined by fitting the characteristic value of cycles to failure (𝑅𝑘) to the corresponding stress 

amplitude to determine the material constants (i.e. 𝜎𝑜, 
1

𝑘
). The probability distribution function is 
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assumed to be normal. In addition, this method does not take into account run-outs. Stress levels 

that mainly consisted of run-outs were not taken into account. The allowable stress amplitude (𝜎) 

can therefore be determined based on a specified number of cycles using Equation 6-1. 

 
𝜎 = 𝜎𝑜𝑅

𝑘

(−
1
𝑘

)
 Eq. 6-1 

The second approach is specified by ASTM E739 (2015). The allowable stress amplitude and 

fatigue cycle life (𝑁) are linearized, taking the form of Equation 6-2. The material constants, 𝐴 and 

𝐵, can thereafter be determined by fitting the data using the maximum likelihood estimation (MLE) 

method. The probability distribution function is assumed to be normal. In addition, this method 

does not take into account run-outs. Due to the run-outs, a 95% confidence band for the entire 

range could not be established. Stress levels that mainly consisted of run-outs were not taken into 

account. 

 log(𝑁) = 𝐴 + 𝐵 log(𝜎) Eq. 6-2 

The third approach uses the Whitney’s Pooling Scheme, which assumes a two-parameter 

(i.e. 𝑁, 𝛼𝑓) Weibull distribution. For each stress level (𝑖), the survival probability (𝑃𝑆(𝑁)) can be 

described as a function of the number of cycles (𝑁) in Equation 6-3: 

 
𝑃𝑆(𝑁) = 𝑒𝑥𝑝 [− (

𝑁

�̅�
)

𝛼𝑓

] Eq. 6-3 

To account for the entire stress range, the data needed to be normalized and pooled. Upon 

solving for the pooled Weibull distribution parameters, the S-N curve can be determined at any level 

of reliability (i.e. 95%) using Equation 6-4, where the two constants (i.e. 𝜎𝑜, 
1

𝑘
) can be determined by 

performing a linear fit of a log-stress log-characteristic cycle plot. 
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𝜎𝑎 = 𝜎𝑜 {[− ln 𝑃𝑆(𝑁)]
(

1
�̂�𝑓𝑘

)
} 𝑁(−

1
𝑘

)
 Eq. 6-4 

To account for run-out fatigue specimens, Type 1 censoring (i.e. time-based) was applied 

when determining the MLE for the Weibull distribution parameters for each stress level, 𝛼𝑓𝑖 and 𝑁𝑖 , 

and subsequently, the MLE for the Weibull distribution parameters for the pooled data, �̂�𝑓 and �̂�𝑜. 

An iterative approach is used until one of the Weibull parameters, �̂�𝑜, is unity. Stress levels that 

solely consisted of run-outs were not taken into account. 

6.3.2.2 Results 

The three reliability-based S-N curves are plotted with the data in Figure 6-6. In addition, 

allowable stress amplitude to achieve a fatigue life of 2,000,000 cycles is presented in Table 6-4. For 

all specimen types, NLD and ASTM provide similar responses. The similarity between the two 

functions may be a result of the assumed normal distribution and the omission of run-outs. In 

addition, the two approaches utilize a simplified fitting: NLD is based on characteristic values, 

whereas ASTM is based on MLE of the linearized data. Furthermore, previous analyses have shown 

that if a low run-out value is chosen, it can result in a lower allowable stress (Zhao et al. 2016). As a 

result, the omission of run-outs may have inevitably resulted in a projected lower allowable stress 

limit. 
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Figure 6-6: Reliability-based S-N curves for all coupon types: (a) FC-F2, (b) EC-F2, (c) EC-

L2 and (d) EC-L1 

 

Table 6-4:  Fatigue Life Predictions: Allowable stress amplitude for 2,000,000-cycle fatigue 

life 

Coupon 
Type 

Line of Best Fit NLD ASTM Whitney 

(MPa) (% Strength) (MPa) (% Strength) (MPa) (% Strength) (MPa) (% Strength) 

FC-F2 560.2 74.6% 523.9 69.7% 444.1 59.1% 52.7 7.0% 

EC-F2 647.3 65.5% 624.5 63.2% 579.8 58.6% 500.8 50.7% 

EC-L2 663.8 63.8% 646.4 62.1% 609.4 58.6% 644.5 61.9% 

EC-L1 657.6 69.2% 561.3 59.0% 553.4 58.2% 459.3 48.3% 
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Regardless, Whitney’s Pooling Scheme, which assumes a Weibull distribution and takes into 

account run-outs, consistently yielded an even lower allowable stress amplitude for a given fatigue 

life. This is consistent with previous analyses (Vassilopoulos and Keller 2011; Zhao et al. 2016), and 

may be reflective of the observed variability. Specifically, if there is a higher degree of variability 

observed in the data, the predicted S-N curve must assume a lower allowable stress amplitude to 

account for a 95% confidence level. This is especially evident for FC-F2 specimens, where the 

Whitney S-N curve does not appear representative of the data as a result of the high scatter 

observed in these specimens. As such, further analyses depending on the predicted fatigue life will 

be based on the ASTM method. 

6.3.3 Fatigue Performance: Stiffness Degradation 

The dynamic modulus was determined throughout the tests for all specimens. The 

normalized stiffness retention is shown with respect to normalized cycle life in Figure 6-7, which is 

reflective of a typical three region stiffness degradation curve. More specifically, the FRP experiences 

cracking of the matrix during the initial steep stiffness loss, gradual matrix-fibre interfacial 

debonding during the plateaued central region of its fatigue life, and finally, crack development in 

the fibres during the final steep stiffness loss, which leads to failure (Van Paepegem 2010).  
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Figure 6-7: Normalized stiffness degradation curves for all specimens 



 
150 

 

6.3.3.1 Prediction of Stiffness Degradation 

Stiffness degradation occurs as damage progresses through the FRP. To predict the stiffness 

degradation over the span of the FRP life, the phenomenological model by Whitworth (1998) was 

used and is described in Equation 6-5.  

 

𝐸(𝑛) = 𝐸(0) (
𝑆

𝑐1𝑆𝑢
)

1
𝑐2

[−ℎ ln(𝑛 + 1) + (
𝑐1𝑆𝑢

𝑆
)

𝑚
𝑐2

]

1
𝑚

 
Eq. 6-5 

Where, the residual stiffness (𝐸(𝑛)) is based on the initial stiffness (𝐸(0)) and can be 

determined at any number of cycles (𝑛) for the applied stress range (𝑆) and FRP strength (𝑆𝑢). The 

parameters 𝑚, ℎ, 𝑐1 and 𝑐2 are stress-level independent constants. 

To apply this model, the 𝑐1 and 𝑐2 parameters are determined by assuming that the fatigue 

failure occurs when the maximum cyclic strain reaches the ultimate tensile strain. This can be 

described as a function of applied stress, strength, initial stiffness and failure stiffness (𝐸(𝑁)): 

 𝑆

𝑆𝑢
= 𝑐1 [

𝐸(𝑁)

𝐸(0)
]

𝑐2

 Eq. 6-6 

Thereafter, the parameters 𝑚 and ℎ can be determined by applying a non-linear regression 

of the data for all stress levels using Equation 6-5. For the associated data, a Levenberg-Marquardt 

algorithm was used to determine the non-linear fit. All specimens were weighted equally. 

6.3.3.2 Results 

The Whitworth model was applied to each FRP combination. The resultant normalized 

stiffness degradation trend can be observed in Figure 6-7. To determine the stiffness degradation per 

applied stress range, the failure cycle was defined as the average number of cycles until failure as per 

Table 6-3. The model is in general agreement with the experimental stiffness degradation. 



 
151 

 

This model follows the power law, which is representative of the aforementioned first two 

regions of stiffness degradation. Therefore, the stiffness retention determined through the 

Whitworth model can be used to predict the maximum stiffness degradation within the plateau 

region, prior to critical failure of the fibre. This is a region of interest given that this region 

represents the majority of the FRP’s life. To determine this value, the theoretical fatigue life for a 

given normalized applied stress range was defined based on the ASTM S-N curve.  

The relationship between normalized stiffness degradation and normalized fatigue life for 

the experimental stress amplitudes is therefore presented in Figure 6-8, with the associated values 

presented in Table 6-5. In general, the two EC-F2 and EC-L2 yielded similar stiffness degradation 

over the course of their lifespan. The reduction from two layers, EC-L2, to a single layer, EC-L1, of 

carbon fibre resulted in more consistent stiffness degradation between different stress amplitudes. 

This may be a result of the interaction between the multiple layers of carbon fibre mat. In addition, 

the stiffness degradation for FA-based FRP is significantly more severe at the beginning of its 

lifespan and varied more between different stress amplitudes. This may be a result of the fibre-resin 

interface, as discussed in the subsequent section. 
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Figure 6-8: Predicted normalized stiffness degradation curves using Whitworth Model  

 

Table 6-5:  Stiffness Reduction Predictions, where fatigue life is based on the ASTM S-N 

curve 

Normalized 
Stress 
Amplitude 
[σa/σu] 

FC-F2 EC-F2 EC-L2 EC-L1 

Stiffness 
Retention 

Fatigue Life 
Stiffness 
Retention 

Fatigue 
Life 

Stiffness 
Retention 

Fatigue 
Life 

Stiffness 
Retention 

Fatigue 
Life 

65% 69% 153,855 86% 631,930 85% 178,028 80% 490,495 

70% 74% 24,335 90% 256,688 87% 31,943 81% 190,938 

75% 79% 4,371 93% 110,955 89% 6,453 80% 79,329 

80% 82% 877 95% 50,630 91% 1,445 82% 34,882 

85% 85% 194 85% 24,229 97% 355 93% 16,121 
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6.3.4 Fatigue Performance: Failure 

Figure 6-4 shows sample failures of the two types of resin-fibre combination. In the case of 

EC-FRP, damage within the matrix is very visible: cyclic loads lead to transverse and longitudinal 

cracks in the resin (Figure 6-4(a)). The unidirectional carbon fibre is a mat, which is composed of 

bundles that are cross-stitched together. As a result, the most prevalent case of transverse cracks 

occurs between bundles of unidirectional fibre. Furthermore, longitudinal cracks appear at the cross-

stitch location. Upon failure, EC-FRP coupons failed by splitting or lateral fracture, which yielded a 

clean separation (Figure 6-4(b)) similar to the quasi-static tests. 

In the case of FC-FRP, there were no visible cracks or signs of deterioration until failure 

(Figure 6-4(c)), whereby the FC-FRP failed via an explosive mode (Figure 6-4(d)) similar to the 

quasi-static tests. 

The coupons were assessed post-failure via ESEM, specifically the fibre-resin interface. In 

the case of epoxy resin (Figure 6-9(a)), fragments of resin remained attached to the fibre post-failure. 

In the case of furfuryl resin (Figure 6-9(b)), the carbon fibre showed no signs of residual resin. This 

suggests that there is a poor bond between the furfuryl alcohol resin and carbon fibre. As such, 

instead of damage progressing in the matrix (i.e. cracks in epoxy), damage may have occurred more 

prevalently at the interface level. This may also be the cause of the higher stiffness loss when FA 

specimens were subjected to cyclic loads. 

  



 
154 

 

 

Figure 6-4: Fatigue specimen failure: (a) epoxy-based CFRP progressive damage and (b) 

representative failure; and, (c) furfuryl alcohol resin-based CFRP progressive damage and 

(d) representative failure 
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Figure 6-9: ESEM of the fibre surface post-fatigue failure for (a) epoxy-based CFRP and (b) 

furfuryl alcohol resin-based CFRP 

6.3.5 Design Limit 

The ASTM S-N curve was chosen to assess the fatigue performance of the different CFRP 

coupon types. With an assumed 2,000,000 cycle fatigue life, the maximum allowable applied stress 

range was determined (Table 6-4) using the ASTM S-N curve. This was used in conjunction with the 

Whitworth model to determine the stiffness degradation of the FRP types (Figure 6-10). 
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Figure 6-10: Stiffness degradation of coupon types based on the Whitworth model, with a 

minimum 2,000,000 cycle fatigue life based on the ASTM S-N curve 

Across all FRP combinations, the ASTM method predicted a similar allowable normalized 

applied stress amplitude of 59% of the tensile strength; however, there was significant deviation 

between resin types for stiffness degradation. In the case of EC-FRP, all specimens yielded a similar 

stiffness retention of 80%, whereas FC-F2 yielded a stiffness retention of 65%. 

Due to the difference in observed quasi-static performance between coupon types, the 

normalized stress amplitude and stiffness retention may be representative of the degradation trend; 

however, it is not representative of the mechanical properties of the FRP. The stress amplitude and 

residual stiffness are therefore presented in Table 6-6, which emphasizes the difference in 

performance between the coupon types.   
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Table 6-6:  Stiffness Reduction Predictions at a fatigue life of 2,000,000 

Coupon 
Type 

Allowable Stress 
Amplitude(MPa) 

Residual Stiffness 
(GPa) 

FC-F2 444.1 52.94 

EC-F2 579.8 74.31 

EC-L2 609.4 78.92 

EC-L1 553.4 59.81 

 

To maintain a 2,000,000 cycle fatigue life, FC-F2 can only be subjected to a maximum stress 

range of 444 MPa and will exhibit a residual stiffness of 53 GPa. When FA is replaced with epoxy, 

EC-F2 can be subjected to a 30% higher stress at 580 MPa and will exhibit a 40% higher stiffness at 

74GPa. This is improved further when changing from field-simulated wet lay-up manufacturing to 

lab-simulated wet lay-up manufacturing, with a 5% increase in strength and a 6% increase in 

stiffness. In lab conditions, the reduction from two layers, EC-L2, to a single layer, EC-L1, resulted 

in a 10% decrease in allowable applied stress and a 24% decrease in stiffness retention. 

6.4 SUMMARY AND CONCLUSION 

This experimental study investigated fatigue performance of FRP manufactured with furfuryl 

alcohol resin. Resin type, number of fibre layers, manufacturing method and stress amplitude were 

varied to assess its performance. The following conclusions were drawn within the scope of the 

current study:  

1. For quasi-static tension loading, furfuryl alcohol resin-based CFRP had a strength of 744±76 

MPa and a tensile modulus of 87±5.4 GPa. This is a 24% decrease in strength and a similar 

modulus to CFRP manufactured using conventional epoxy resin. 

2. For quasi-static tension loading, lab-simulated wet lay-up CFRP yielded a 5% increase in 

strength and maintained a similar stiffness, relative to field wet lay-up CFRP. 
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3. Based on an ASTM (S-N) curve, the maximum allowable applied stress amplitude is 59% of 

the tensile strength for all CFRP to achieve a 2,000,000 fatigue life. 

4. When subjected to an applied stress amplitude of 59%, epoxy-based CFRP is predicted to 

have a stiffness retention of 80% and furfuryl alcohol resin-based CFRP is predicted to have 

a stiffness retention of 65% at the end of 2,000,000 cycles using the Whitworth model. 

5. Epoxy-based CFRP showed visible transverse and longitudinal cracks within the matrix 

when subjected to high cycle fatigue. When the fibre was inspected via ESEM, residual resin 

was shown on the fibres, which suggests a good fibre-resin bond. 

6. Conversely, furfuryl alcohol resin-based CFRP showed no visible damage when subjected to 

high cycle fatigue; however, when the fibre was inspected via ESEM, there was no residual 

resin on the fibres, which suggests a poor fibre-resin bond. 
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CHAPTER 7: SUMMARY AND CONCLUSIONS 

7.1 SUMMARY OF RESEARCH 

Natural fibre-reinforced polymers (FRP) are of growing interest as a sustainable alternative 

to conventional FRP constituents; however, there is still a significant lack of information with 

regards to its long-term performance. This thesis encompasses a series of research studies, which 

investigated the performance of natural fibres (e.g. flax) and resins (e.g. epoxidized pine oil, furfuryl 

alcohol) compared to conventional fibres (e.g. glass, carbon) and resins (e.g. epoxy). Four 

phenomenon were assessed: wet-dry cycling, freeze-thaw cycling, cold climate testing and fatigue 

testing. To gain an understanding of the behaviour, material characterization, mechanical 

performance and statistics were used to assess the natural FRPs throughout the test programs. The 

following is a list of key conclusions drawn from this research: 

1. When subjected to wet-dry cycles, flax-FRP (FFRP) experienced a maximum reduction of 

12% tensile strength and 19% tensile modulus. This is due to delamination at the fibre-resin 

interface. There was no impact on equivalent glass-FRP (GFRP) specimens. 

2. When subjected to freeze-thaw cycles, FFRP experienced a maximum reduction of 8% 

tensile strength and 10% tensile modulus. This is due to delamination at the fibre-resin 

interface and damage within the fibre. There was no impact on equivalent GFRP specimens. 

3. The impact of wet-dry and freeze-thaw cycling on FFRP is reduced when the composite has 

a lower fibre-volume fraction, since the additional resin acts as a protective barrier against 

moisture absorption. This is due to flax’s hydrophilic nature combined with its higher fibre 

volume fraction and lower resin content, which served as a protective layer for the flax. 
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4. FFRP manufactured with SiO2-treated flax fibres showed signs of improved bond with the 

resin; however, it deteriorated similar to untreated variants when exposed to wet-dry and 

freeze-thaw exposure. 

5.  When exposed to wet-dry and freeze-thaw cycling, conventional epoxy and epoxidized pine 

oil blend showed signs of hydrolysis; however, epoxy showed a reduction in glass transition 

temperature, whereas epoxidized pine oil blend showed an increase in glass transition 

temperature. This is likely due to a combination of chain scission and post-curing. 

6. FFRP exhibits a bilinear tensile stress-strain response. As temperature decreases, the 

modulus remains the same throughout the initial linear segment, whereas the modulus 

increases throughout the secondary linear segment of its bilinear stress-strain response. At -

20°C, this resulted in an increased tensile modulus of 20%. 

7. Within service limit states, there is no impact on the load-deflection response of FFRP-

skinned sandwich panels within the temperature range of 20°C to -20°C; however, the 

ultimate load capacity increased upwards to 28%. 

8. Based on a 2,000,000 fatigue life and an ASTM (S-N) curve, the maximum allowable applied 

stress amplitude is 59%. With the Whitworth model, the residual stiffness retention for 

carbon-FRP (CFRP) with furfuryl alcohol resin (FA) is 65%, whereas the stiffness retention 

for CFRP with epoxy is 80%. 

9. Epoxy-based CFRP showed visible signs of transverse and longitudinal cracks, and good 

fibre-resin bond; whereas, FA-based CFRP showed no visible damage, and poor fibre-resin 

bond. 
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Overall, this research program has highlighted some of the potential opportunities and 

concerns relating to natural FRP systems. Flax fibre’s sensitivity to climate resulted in either an 

improved or reduced mechanical performance. Furthermore, epoxidized pine oil and furfuryl 

alcohol resins shared a similar response. Although it is clear that synthetic variants are more inert, 

these conclusions may be useful to determine the most appropriate applications for each of these 

materials. 

7.2 DISCUSSION 

Long-term durability has been the primary focus throughout this thesis. Through wet-dry 

and freeze-thaw cycling, it is clear that degradation of FFRP properties occur due to cyclic exposure 

to moisture; however, the degree of mechanical performance reduction is minimal for wet lay-up 

manufactured composites. Previous research has focused on the use of treatments to reduce the 

impact of these deterioration mechanisms, although it’s been shown that damage will occur 

regardless of treatment. Instead, the resin acts as a protective layer, and typically, significantly 

reduces the damage caused by these environmental conditions. Furthermore, certain environmental 

conditions, such as colder service temperatures, improve the mechanical properties of FFRP. 

This has implications for both research and production. In terms of research, there has been 

significant focus on the development of treatment methods to reduce moisture intake as a means to 

mitigate environmental degradation; however, this thesis has highlighted that degradation may occur 

regardless. Instead, it may be beneficial to focus on other means to reduce moisture intake (e.g. resin 

and coatings, low exposure applications). In terms of production, it is common to aim for a higher 

fibre-volume fraction (FVF) when pre-fabricating FRP composites; however, this is not desirable for 

FFRP, since the additional resin serves as a protective layer.  
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These concepts can be applied to different forms of construction, such as the use of 

structural insulated panels. By maintaining a lower FVF and a higher resin content, sandwich panels 

will be more resistant to the environmental climate. These panels can be used for interior 

applications, such as floor or internal wall panels, without concern of moisture degradation. 

Alternatively, they can be used as roof or external wall panels. These panels will be exposed to cyclic 

moisture exposure, where they will experience minimal deterioration and improved mechanical 

performance in cold climates. 

If a structure requires retrofitting, CFRP is desirable due to its higher tensile stiffness. 

Through fatigue testing, it is shown that FA-based CFRP has a projected lower residual stiffness and 

ultimate strength than epoxy-based CFRP; however, it is more chemically-resistant. These qualities 

directly impact their potential application. Although a direct replacement of epoxy with FA resin 

may not be desirable due to its reduced properties, its chemical resistant situations itself well marine 

environments and manufacturing plants.  

7.3 FUTURE RESEARCH 

The experimental studies conducted throughout this research program have highlighted 

several opportunities for future research, such as the following: 

1. To determine the maximum allowable moisture content prior to damage initiation, and 

potential solutions to reduce moisture absorption to remain below this moisture content. 

2. To investigate other treatment methods to reduce the moisture sensitivity of natural fibres 

and improve the fibre-resin interface. 

3. To investigate the compatibility of alternative natural fibre and resin combinations, 

specifically resin systems which may be able to accommodate swelling stresses. 
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4. To assess the environmental impact of treatment on natural fibres. 

5. To assess the combined effects of cold temperature and moisture on natural fibres and 

resins. 

6. To assess the impact of temperature on the mechanical performance of foam, specifically in 

the context of structural insulated panels in cold climates.  

7. To assess the fatigue performance of glass fibres with furfuryl alcohol resin systems. 

8. To improve the bond characteristics of carbon fibre with furfuryl alcohol resin systems. 
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APPENDIX A1: TENSION COUPON ANALYSIS 

This appendix details the tensile coupon analysis presented in Chapter 2, Chapter 3, and 

Chapter 4.  

A1.1  TENSILE MODULUS CALCULATION 

The stress-strain response of flax fibre-reinforced polymers show a bilinear response. Within 

the aforementioned chapters, it is described as having three phases: the first linear phase, a transition 

phase and a second linear phase. This is demonstrated in Figure A1-1.  

 

Figure A1-1: Sample tensile stress-strain plot for flax fibre-reinforced polymers 

ASTM D 3039 (2017) suggests that the tensile modulus be measured between 1000 and 3000 

microstrain. As shown in Figure A1-1, this is within its transition region and is not representative of 

its tensile modulus through the majority of its load range. Therefore, the tensile modulus was 
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calculated as the slope of the second linear phase (i.e. the black line in the Figure A1-1). All tensile 

moduli presented throughout the thesis was calculated using this method. 

A1.2  FIBRE-VOLUME FRACTION 

The fibre-volume fraction was determined for all fibre-reinforced polymer (FRP) specimens. 

Four methods were assessed: burn-off, acid digestion, optical microscopy and mass-volume. 

Burn-off and acid digestion are the suggested approaches according to ASTM E 3171 

(2015); however, these approaches would have damaged the fibres – especially the natural fibres – 

and were therefore rejected. Optical microscopy is an alternative approach, and has been used in the 

past for carbon fibre (Cann et al. 2008). This method analyzes a cross-sectional image of the FRP 

and determines the pixel count based on colour. Typically, the image would begin as a grayscale 

image and then converted into a black-and-white or binary image using a segmental process. 

Thereafter, (a) the pixel counts for black or white would represent the matrix or fibre, respectively, 

which could be used to determine fibre-volume fraction; or, (b) the number of fibres could be 

counted and the fibre-volume fraction could be determined assuming an average diameter. This 

could not be done with flax, because (a) the material is non-uniform and gradients were present 

within the fibre and (b) there was significant variation in diameter between fibres therefore this 

method was rejected. As a result, the approach chosen was to calculate the fibre-volume fraction 

using measured masses and volumes. 

For the mass-volume method, the full tensile coupons of 25-by-250 mm2 were used to 

determine the fibre-volume fraction. This method used Equation A1-1, where 𝑉𝑓 is the volume of 

the fibres, 𝑉𝑚is the volume of the matrix, 𝑚𝑓 is the mass of the fibres, 𝑚𝑚 is the mass of the matrix, 



 
169 

 

𝜌𝑓 is the density of the fibres, and 𝜌𝑚 is the density of the matrix. The mass of the fibre was 

determined by measuring the surface area of the coupon, and multiplying it by the number of layers 

of flax and the linear density of flax. The mass of the resin was determined by subtracting the total 

mass of the specimen with the mass of the fibres. The density of the fibre and resin were provided 

by the manufacturer. 

 
𝐹𝑉𝐹 =

𝑉𝑓

𝑉𝑓 + 𝑉𝑚
=

𝑚𝑓𝜌𝑚

𝑚𝑓𝜌𝑚 + 𝑚𝑚𝜌𝑓
 Eq. A1-1 
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APPENDIX A2: ACCLIMATIZATION FOR 

TEMPERATURE TESTS 

This appendix details the process for temperature acclimatization used in Chapter 5. The 

tests were performed in two separate climate controlled chambers, hereafter referred to as CC1 and 

CC2.  

A2.1  SANDWICH PANEL TESTS 

This series of tests consisted of sandwich panels subjected to flexural loads, as shown in 

Figure 5-2. The universal test frame, a Unite-o-matic, was placed in CC1. Five types of 

instrumentation and output were used throughout this test: load cell, frame stroke, strain gauge, 

linear potentiometer and thermocouple. This room had temperature control between -40°C and 

30°C.  

To ensure accurate output from this series of tests, each instrument was compensated at 

each test temperature. The data acquisition machine was kept outside of CC1, in room temperature 

conditions. The load cell is a strain gauge-based transducer. The output is sensitive to drifting as the 

temperature varies, which is likely due to thermal expansion and change in resistance of the internal 

wiring. Due to the test temperatures being static, the load cell was compensated by allowing the load 

cell to stabilize and subsequently subtracting the initial load reading. The frame stroke is not 

sensitive to temperature. At each temperature, the cross-head was displaced and the output was 

verified with a physical measurement. The measurements were consistent across temperatures. The 

strain gauge responded the same as the load cell; therefore, it was compensated by allowing the 

strain gauge to stabilize and subsequently subtracting the initial strain reading. The linear 
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potentiometer is not sensitive to temperature. The linear potentiometer was calibrated using a 

micrometer at room temperature. At each temperature, an object of known thickness was measured 

using the linear potentiometer. The measurements were consistent across temperatures. The 

thermocouple type was set within the program of the data acquisition. These processes and 

temperature sensitivities were verified with the manufacturers. 

All test specimens were placed in CC1 for at least one hour to reach equilibrium. Surface-

mounted thermocouples showed temperature equilibrium after 30 minutes; however, a 

thermocouple encased in a 0.2 mm diameter hypodermic probe was inserted at mid-depth, mid-span 

into the foam core at the end of temperature soak period to verify that the sandwich panel 

temperature reached equilibrium. 

A2.2  MATERIAL TESTS 

This series of tests consisted of constituent materials tested in tension, using the same frame 

as in Figure 5-2. Three materials were tested: glass fibre-reinforced polymer (GFRP), flax fibre-

reinforced polymer (FFRP) and polyisocyanurate (PIR) foam. The universal test frame, a Unite-o-

matic, was placed in CC2. Six types of instrumentation and output were used throughout this test: 

load cell, frame stroke, strain gauge, linear potentiometer, thermocouple and extensometer. This 

room had temperature control between -30°C and 50°C and humidity control. The temperature 

control was used throughout the tests, whereas the humidty was left unchanged.  

To ensure accurate output from this series of tests, each instrument was compensated at 

each test temperature. The load cell, frame stroke, strain gauge, linear potentiometer and 

thermocouple were compensated as discussed in Section A2.1. The extensometer is not sensitive to 

temperature. The extensometer was calibrated using a micrometer at room temperature. At each 
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temperature, an object of known thickness was used to move the measurement area of the 

extensometer. The measurements were consistent across temperatures. The process and temperature 

sensitivity was verified with the manufacturer. 

All test specimens were placed in CC2 for at least one hour to reach equilibrium. Due to the 

relative thin profile, a surface-mounted thermocouple was only used to verify the temperature of the 

first few specimens. GFRP and FFRP were tested in tension. The results were discussed in Section 

5.3.1. PIR foam was tested in tension; however, the failure loads were significantly lower and the 

electrical noise present in the machine rendered the results inconclusive. 
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APPENDIX A3: FATIGUE ANALYSIS 

This appendix details the processes involved in the data acquisition, processing and analysis 

for Chapter 6. The analysis was performed in Excel 2013 and MATLAB R2013a. 

A3.1  TEST CONDITIONS 

Specimens were subjected to tension-tension fatigue tests in an Instron 8802 test frame with 

hydraulic grips at 600 psi. The tests were performed in a temperature controlled environment, at 

23°C, and a measured relative humidity of between 20-30 %. Tests were performed at 2.5Hz to 

eliminate the potential of heating.  

A3.2  DATA ACQUISITION 

For this research program, it was required to acquire load and strain throughout the fatigue 

tests. The load was directly acquired through the load cell. To measure strain, displacement output 

from the test frame was converted to strain by dividing by an equivalent gauge length. The gauge 

length used for the stroke was determined, at the test speed, using both a strain gauge and 

extensometer across multiple repetitions. The strain gauge measurements were taken as recorded. 

The extensometer output was in mm, and then converted to strain using a 25.4 mm gauge length. 

The stroke output was in mm. A 200 mm equivalent gauge length was established for the carbon 

coupons. A sample of the stress-strain output is shown in Figure A3-1(a).  
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Figure A3-1: Stiffness calculation: (a) strain conversion verification and (b) stiffness range 

The data acquisition machine was set to record data for 1 second every 500 cycles until 

specimen failure. This resulted in each recording containing 2.5 full load cycles (i.e. load up to stress 

amplitude and unload back to approximately 0kN). A sample of this recording is shown in Figure 

A3-1(b). Every day, the data acquisition machine was set to save the existing record file and then 

create a new record file. As a result, the data for one specimen spanned multiple record files. This 

was done as a precaution against potential power outages and was taken into account for the 

analysis. 

A3.3  DATA PROCESSING 

Each specimen had multiple files containing load and stoke data. A MATLAB program, 

A4.1, was written to process each file to determine the stiffness and associated cycle count. The load 

was converted into stress by dividing it by the measured width and the nominal thickness. The 

nominal thickness for a single layer of carbon fibre was 1 mm, whereas the nominal thickness for 

two layers of carbon fibre was 2 mm (Fyfe Co. LLC. 2013). The stroke was converted into strain by 

dividing by the the equivalent gauge length of 200 mm. The stiffness was calculated as the slope for 
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approximately 30% to 70% of the applied stress range for each loading phase of the data (i.e. load 

up to stress amplitude). This is shown in red in Figure A3-1(b). Therefore, for each record period of 

1 second, there existed 2-3 stiffness values and associated cycle count. The average value between 

these 2-3 values was recorded. The result was a file for each import file that contained the averaged 

stiffness and cycle counts. 

A separate MATLAB program, A4.2, was written to consolidate the output from program 

A4.1 to determine failure data. The program imported the cycle count and associated stiffness 

retention for each file, sorted them, combined them and/or reorganized them into their associated 

specimen. The result was a summary document with all the specimen fatigue life results. These 

values were cross-referenced to the Instron 8802 internal logs, and then used for Section 6.3.2.  

A separate MATLAB program, A4.3, was written to compile the stiffness degradation trend 

across its fatigue life using the output from program A4.1. The program imported the stiffness and 

cycle count data for each file, assigned them to their associated specimen and re-organized the data. 

The result was a series of data files that contained the full stiffness degradation across its lifespan.  

A3.4  FATIGUE LIFE PREDICTION ANALYSIS 

Three general approaches were used to determine the reliability-based S-N curves: normal 

lifetime distribution (NLD) (Vassilopoulos and Keller 2011), ASTM E739 (2015) and Whitney’s 

Pooling Scheme (Whitney 1981). 

The NLD method is a simplified approach to determine the fatigue life, as defined as 

Equation 6-1. The analysis done for this method was completed using Excel 2013. Stress levels that 

mainly consisted of run-outs were not taken into account. 
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For each tested stress level (𝑖), the characteristic fatigue life (𝑅𝑘𝑖) can be determined using 

Equation A3-1, where �̅�𝑖 is the average fatigue life and 𝑚𝑖 is the number of repetitions. Once the 

characteristic fatigue life is determined, it can be applied with the associated stress amplitude (𝜎) at 

each stress level to Equation 6-1 with a 95% confidence level and a 15% coefficient of variation. 

Thereafter, a linearized fit can be used to determine the material constants, 𝜎𝑜 and 
1

𝑘
.  

 

𝑅𝑘𝑖(5%, 95%, 15%, 𝑚𝑖) = �̅�𝑖 (1 − 0.15 (1.645 +
1.645

√𝑚𝑖

)) Eq. A3-1 

Once the material constants are determined, it is possible to determine predicted allowable 

stress amplitude by inputting a required fatigue life into Equation 6-1. 

The ASTM method is based on a linearized fit of the data using maximum likelihood 

estimation to determine the material constants, 𝐴 and 𝐵. Stress levels that mainly consisted of run-

outs were not taken into account. There are many statistics softwares that have built-in capabilities 

to complete this analysis; however, the author has completed this using Excel. The step-by-step 

process is outlined within ASTM E739 (2015) and will not be repeated here. 

The Whitney Pooling Scheme (Whitney 1981) is a model approach that uses a “wear-out” or 

“strength degradation” mode approach, and relies on a classic power law and a two-parameter 

Weibull distribution. The analysis for this method was completed in both MATLAB and Excel. Due 

to the high fatigue life, a run-out fatigue life was set at 2,000,000. Type 1 censoring was applied to 

account for this run-out, which allows for specimens to reach 2,000,000 cycles and not fail. 

A MATLAB program, A4.4, was written to perform the initial fatigue life analysis. This 

initial process includes determining the Weibull parameters for each stress level, pooling the data, 
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determining the Weibull parameters for the pooled data and re-iterating until the pooled Weibull 

parameter �̂�𝑜 is unity. 

The two Weibull parameters (�̂�𝑓𝑖 and �̂̅�𝑖) were determined for each stress level (𝑖). �̂�𝑓𝑖 was 

determined using Equation A3-2, where 𝑟𝑖 is the number of failed specimens, 𝑚𝑖 is the number of 

tested specimens, 𝑗 is the specimen number, 𝑁𝑖𝑗 is the failure cycle, and 𝑁𝑠𝑖 is the number of cycles 

for predetermined run-out. This parameter was determined using a built-in root finding function 

within MATLAB, which relies on a combination of bisection, secant and inverse quadratic 

interpolation methods. Thereafter, �̂̅�𝑖 was determined using Equation A3-3.  

 ∑ 𝑁
𝑖𝑗

�̂�𝑓𝑖 ln(𝑁𝑖𝑗)
𝑟𝑖
𝑗=1 + (𝑚𝑖 − 𝑟𝑖)𝑁

𝑠𝑖

�̂�𝑓𝑖 ln(𝑁𝑠𝑖)

∑ 𝑁
𝑖𝑗

�̂�𝑓𝑖𝑟𝑖

𝑗=1 + (𝑚𝑖 − 𝑟𝑖)𝑁
𝑠𝑖

�̂�𝑓𝑖
−

1

𝑟𝑖
∑ ln(𝑁𝑖𝑗)

𝑟𝑖

𝑗=1

−
1

�̂�𝑓𝑖
= 0 Eq. A3-2 

 

�̂̅�𝑖 = {
1

𝑟𝑖
[∑ 𝑁

𝑖𝑗

�̂�𝑓𝑖
𝑟𝑖

𝑗=1
+ (𝑚𝑖 − 𝑟𝑖)𝑁

𝑠𝑖

�̂�𝑓𝑖
]}

1
�̂�𝑓𝑖

 Eq. A3-3 

 To pool the data, all fatigue life values must be normalized. Tested fatigue life data can be 

normalized using Equation A3-4, where 𝑄𝑖𝑗 is the normalized fatigue life. Predetermined run-out 

can be normalized using Equation A3-5, where 𝑍𝑖 is the normalized number of cycles for 

predetermined run-out. 

 
𝑄𝑖𝑗 =

𝑁𝑖𝑗

�̂̅�𝑖

 Eq. A3-4 

 
𝑍𝑖 =

𝑁𝑠𝑖

�̂̅�𝑖

 Eq. A3-5 

The two Weibull (�̂�𝑜 and �̂�𝑓) parameters were determined for the pooled data. �̂�𝑜 was 

determined using Equation A3-6, where 𝑙 is the total stress levels and 𝑟𝑇 is the total number of failed 
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specimens. This parameter was determined using a built-in root finding function within MATLAB, 

which relies on a combination of bisection, secant and inverse quadratic interpolation methods. 

Thereafter, �̂�𝑜 was determined using Equation A3-7. 

∑ ∑ 𝑄
𝑖𝑗

�̂�𝑓𝑟𝑖
𝑗=1 ln(𝑄𝑖𝑗)𝑙

𝑖=1 + ∑ (𝑚𝑖 − 𝑟𝑖)𝑙
𝑖=1 𝑍

𝑖

�̂�𝑓 ln(𝑍𝑖)

∑ ∑ 𝑄
𝑖𝑗

�̂�𝑓𝑟𝑖

𝑗=1
𝑙
𝑖=1 + ∑ (𝑚𝑖 − 𝑟𝑖)𝑙

𝑖=1 𝑍
𝑖

�̂�𝑓
−

1

𝑟𝑇
∑ ∑ ln(𝑄𝑖𝑗)

𝑟𝑖

𝑗=1

𝑙

𝑖=1

−
1

�̂�𝑓
= 0 Eq. A3-6 
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[∑ ∑ 𝑄

𝑖𝑗

�̂�𝑓

𝑟𝑖

𝑗=1

𝑙

𝑖=1

+ ∑(𝑚𝑖 − 𝑟𝑖)

𝑙

𝑖=1

𝑍
𝑖

�̂�𝑓]}

1
�̂�𝑓

 Eq. A3-7 

For a perfect fit, the value of �̂�𝑜 must be equal to unity. If it is not, the value of stress-level 

dependent Weibull distribution parameter (�̂̅�𝑖) can be modified with �̂�𝑜, as shown in Equation 

A3-8. The new value, �̅�𝑜𝑖 , will replace the old values of �̂̅�𝑖 , as shown in Equation A3-9.  

 �̅�𝑜𝑖 = �̂�𝑜�̂̅�𝑖 

 

Eq. A3-8 

 �̂̅�𝑖 = �̅�𝑜𝑖 

 

Eq. A3-9 

Afterward, the pooled data can be re-normalized with the new value of �̂̅�𝑖 and the analysis 

can be repeated until a new value of �̂�𝑜 and �̂�𝑓 are obtained. Once �̂�𝑜 reached unity, the MATLAB 

program outputs a data file with stress amplitudes, failure cycles and �̂�𝑓.  

Excel was used for the remainder of the analysis. A linearized fit was performed using the 

stress amplitude and failure cycles from MATLAB to determine the constants 𝜎𝑜 and 
1

𝑘
. These two 
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values, combined with �̂�𝑓, were used with Equation 6-4. The relationship between allowable stress 

amplitude and fatigue life could be determined, by assuming a probability of survival. 

A3.5  FATIGUE STIFFNESS DEGRADATION ANALYSIS 

The stiffness degradation analysis was performed using the phenomenological model by 

Whitworth (1998), as defined in Section 6.3.3.1. A MATLAB program, A4.5, was written to perform 

the complete Whitworth model analysis using the outputs from program A4.1. 

The process can be described as such: for each coupon type, 𝑐1 and 𝑐2 parameters were 

determined by fitting all the stiffness and stress level data using Equation 6-6. Thereafter, 𝑚 and ℎ 

parameters were determined by fitting all the stiffness, stress level and cycle count data was fit to 

Equation 6-5. A Levenberg-Marquardt algorithm was used to determine the non-linear fits. Once all 

four parameters were determined, Equation 6-5 was used to predict stiffness retention across stress 

levels. 
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APPENDIX A4: MATLAB CODE 

This appendix details the code developed in MATLAB R2013a, that were used for the 

analysis in Chapter 6 and the process detailed in Appendix A3. 

A4.1  CYCLE ANALYSIS 

The following program imports all the load and deflection values from the fatigue tests, and 

exports the tensile stiffness values with associated fatigue cycles per file. A summary file with the 

final values is created as well. 

% This program calculates positive stiffness for semi-sinusoisal 
% load-deflection response. Gage length needs to be defined. In addition, 
% data files should be here 'D:\Dropbox\PhD\Research\QC Fatigue\RAW\QC 
% Fatigue'. Width should be here: 'D:\Dropbox\PhD\Research\QC Fatigue' 
% under 'SpecimenWidth.xls'. Only types AD/GC/CE coupon types are allowed 
% currently, due to specimen width file. 
  
%relevant files: CycleFailure.xls, SpecimenWidth.xls in D:\Dropbox\PhD\Research\QC Fatigue 
%relevant files: raw files in D:\Dropbox\PhD\Research\QC Fatigue\RAW\QC Fatigue 
  
%note: n, c, i and p used as counters 
  
Gage = 200; %gage length for 8802/carbon  
  
%create a list 
cd 'D:\Dropbox\PhD\Research\QC Fatigue\RAW\QC Fatigue' 
[statusFL, listFL] = system('dir /B /S *.xls'); 
result = textscan(listFL,'%s','delimiter','\n'); 
fileList = result{1}; 
  
%import stress range and failure cycles 
cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
[FatigueLifeNum, FatigueLifeTXT, raw] = xlsread('cycleFailure.xls'); 
FatigueLifeNum(:,3)=1; 
  
%fatigue cycle counter 
CycleCounter = zeros(length(fileList),5); 
CycleCounterName = cell(length(fileList),1); 
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%waitbar setup 
h = waitbar(0,'Please wait...','Name','Stiffness 
Calculation','CreateCancelBtn','setappdata(gcbf,''canceling'',1)'); 
setappdata(h,'canceling',0); 
set(h, 'Position',[550 400 270 100]); 
  
for p = 1:2 
    for n = 1:length(fileList) 
        %update waitbar 
        if p == 1 
            bar = n; 
            status = sprintf('File %d of 
%d.\n%.2f%s\n',bar,2*length(fileList),100*bar/(2*length(fileList)),'% complete.'); 
            waitbar(bar/(2*length(fileList)),h,status); 
        end 
  
        if p == 2 
            bar = n + length(fileList); 
            status = sprintf('File %d of 
%d.\n%.2f%s\n',bar,2*length(fileList),100*bar/(2*length(fileList)),'% complete.'); 
            waitbar(bar/(2*length(fileList)),h,status); 
        end 
  
        %imports general file data 
        cd 'D:\Dropbox\PhD\Research\QC Fatigue\RAW\QC Fatigue' 
        CouponRAW = xlsread(char(fileList(n))); 
        [~, txt] = xlsread(char(fileList(n)),'Sheet 1','A2'); 
        SpecimenID = char(txt); 
        SpecimenID = SpecimenID(17:end-1); 
        warning('off', 'MATLAB:string:Obsolete'); %remove warning for obsolete string type 
  
        %skips quasi-static 
        if length(CouponRAW(1,:))~=4 
            continue 
        end 
  
        %convert CQ/QC to QC 
        if SpecimenID(1:2) == 'CQ' 
            SpecimenID = sprintf('QC%s',SpecimenID(3:end)); 
        end 
  
        %import data based on the number of sheets 
        [statusXI,sheetsXI,formatXI] = xlsfinfo(char(fileList(n))); 
        if length(sheetsXI) ~= 1 
            for i=2:length(sheetsXI) 
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                CouponRAWStore = CouponRAW; 
                CouponRAWAdd = xlsread(char(fileList(n)),i); 
                CouponRAW = [CouponRAWStore; CouponRAWAdd]; 
            end 
        end 
  
        %define stress range and failure cycles 
        if isempty(strfind(SpecimenID,'-'))  
            searchID = SpecimenID; 
        else 
            searchID = SpecimenID(1:strfind(SpecimenID,'-')-1); 
        end 
  
        doneCounter = 0; 
        for c=1:length(FatigueLifeNum) 
            importName = char(FatigueLifeTXT(c,1)); 
            if length(importName) ~= length(searchID) 
            elseif length(importName) == 3 
                if and(searchID(1:2) == importName(1:2),searchID(3:3) == importName(3:3)) 
                    CycleCounter(n,1) = (FatigueLifeNum(c,1)); %stress range 
                    CycleCounter(n,5) = (FatigueLifeNum(c,2)); %instron failure cycle 
                    doneCounter = 1; 
                end 
            else 
                if and(searchID(1:2) == importName(1:2),searchID(3:4) == importName(3:4)) 
                    CycleCounter(n,1) = (FatigueLifeNum(c,1)); %stress range 
                    CycleCounter(n,5) = (FatigueLifeNum(c,2)); %instron failure cycle 
                    doneCounter = 1; 
                end 
            end 
            if doneCounter == 0; 
                CycleCounter(n,1) = 1; 
                CycleCounter(n,5) = 1; 
            end 
        end 
  
        %determine width and thickness based on specific coupon and renames them 
        cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
        if SpecimenID(1:2) == 'CE' 
            CouponWidth = xlsread('SpecimenWidth.xls','CE'); 
            if isempty(str2num(SpecimenID(3:(strfind(SpecimenID,'-')-1))))==1 
                width = CouponWidth(str2num(SpecimenID(3:length(SpecimenID)))); 
            else 
                width = CouponWidth(str2num(SpecimenID(3:(strfind(SpecimenID,'-')-1)))); 
            end 
            SpecimenID = sprintf('EC-F2-%s',SpecimenID(3:end)); 
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            NominalThickness = 2; %assume nominal 
        elseif SpecimenID(1:2) == 'AD' 
            CouponWidth = xlsread('SpecimenWidth.xls','AD'); 
            if isempty(str2num(SpecimenID(3:(strfind(SpecimenID,'-')-1))))==1 
                width = CouponWidth(str2num(SpecimenID(3:length(SpecimenID)))); 
            else 
                width = CouponWidth(str2num(SpecimenID(3:(strfind(SpecimenID,'-')-1)))); 
            end 
            SpecimenID = sprintf('EC-L2-%s',SpecimenID(3:end)); 
            NominalThickness = 2; %assume nominal 
        elseif SpecimenID(1:2) == 'QC' 
            CouponWidth = xlsread('SpecimenWidth.xls','QC'); 
            if isempty(str2num(SpecimenID(3:(strfind(SpecimenID,'-')-1))))==1 
                width = CouponWidth(str2num(SpecimenID(3:length(SpecimenID)))); 
            else 
                width = CouponWidth(str2num(SpecimenID(3:(strfind(SpecimenID,'-')-1)))); 
            end 
            SpecimenID = sprintf('QC-F2-%s',SpecimenID(3:end)); 
            NominalThickness = 2; %assume nominal 
        elseif SpecimenID(1:2) == 'AE' 
            CouponWidth = xlsread('SpecimenWidth.xls','AE'); 
            if isempty(str2num(SpecimenID(3:(strfind(SpecimenID,'-')-1))))==1 
                width = CouponWidth(str2num(SpecimenID(3:length(SpecimenID)))); 
            else 
                width = CouponWidth(str2num(SpecimenID(3:(strfind(SpecimenID,'-')-1)))); 
            end 
            SpecimenID = sprintf('EC-L1-%s',SpecimenID(3:end)); 
            NominalThickness = 1; %assume nominal 
        else 
            continue %skip if not found 
        end 
        CycleCounterName{n,1} = string(SpecimenID); 
  
        %define random variables 
        Area = NominalThickness*width; 
  
        %Establish upper and lower load limits for calculations, 30-70% or +/- 5kN 
        MaxLoad = max(CouponRAW(:,3)); 
        MinLoad = min(CouponRAW(:,3)); 
        UpBound = MaxLoad – 0.3* MaxLoad; 
        LowBound = MinLoad + 0.3* MaxLoad; 
  
        %Wipe the concave and convex sections 
        for c=1:length(CouponRAW) 
            if or(CouponRAW(c,3) > UpBound, CouponRAW(c,3) < LowBound) 
                CouponRAW(c,3) = 0; 
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                CouponRAW(c,4) = 0; 
            end 
        end 
  
        %skips if no data 
        if sum(CouponRAW(:,3))==0 
            continue 
        end 
  
        %Calculate the number of stiffnesses 
        ModulusLength = 0; 
        for c=2:length(CouponRAW) 
            if and(CouponRAW(c,4) == 0,CouponRAW(c-1,4) > 0) 
                ModulusLength = ModulusLength + 1; 
            end 
        end 
  
        %define array for Modulus 
        Modulus=zeros(ModulusLength,3); 
        ModulusCount=0; 
        SlopeCounter = 0; 
  
        %convert load/stroke to stress/strain 
        CouponSS = CouponRAW; 
        for c=1:length(CouponRAW) 
            if CouponRAW(c,3) == 0 
            else 
                CouponSS(c,3) = CouponRAW(c,3)/Area; 
                CouponSS(c,4) = CouponRAW(c,4)/Gage; 
            end 
        end 
  
        %used to check slope calculation warnings 
        XYX = zeros(1000, ModulusLength); 
        XYY = zeros(1000, ModulusLength); 
  
        %Calculate all stiffness 
        for c=1:length(CouponSS) 
            if CouponSS(c,1)==1 
            elseif and(CouponSS(c,3)== 0,CouponSS(c-1,3) == 0) 
            elseif and(CouponSS(c,3) > 0,CouponSS(c-1,3) == 0)     
            elseif CouponSS(c,3) > 0 
                SlopeCounter = SlopeCounter +1; 
            else 
                ModulusCount = ModulusCount+1; 
                Modulus(ModulusCount,1)=CouponSS(c-SlopeCounter,1); %scan step 
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                Modulus(ModulusCount,2)=CouponSS(c-SlopeCounter,2); %time step 
  
                warning('off','all'); %turn off warning 
                XYplot = polyfit(CouponSS(c-SlopeCounter:c,4), CouponSS(c-SlopeCounter:c,3), 1); 
                warning('on','all'); %turn on warning 
  
                for i=1:SlopeCounter %used to check slope calculation warnings 
                    XYX(i,ModulusCount) = CouponSS(c-SlopeCounter+1-1,4); 
                    XYY(i,ModulusCount) = CouponSS(c-SlopeCounter+1-1,3); 
                end 
  
                if CouponSS(c-1,3)>CouponSS(c-SlopeCounter,3) 
                    Direction = +1; 
                else 
                    Direction = -1; 
                end 
                Modulus(ModulusCount,3)= Direction*XYplot(1); %modulus 
                SlopeCounter = 0; 
                clear XYplot; 
            end 
        end 
  
        %calculate positive stiffness: new matrix + isolate 
        ModulusLengthPos=0; 
        for c=1:length(Modulus(:,1)) 
            if Modulus(c,3)>0 
                ModulusLengthPos = ModulusLengthPos + 1; 
            end 
        end 
  
        ModulusPos = zeros(ModulusLengthPos,3); 
        ModulusCountPos = 1; 
  
        for c=1:length(Modulus(:,1)) 
            if Modulus(c,3)>0 
                ModulusPos(ModulusCountPos,1)= Modulus(c,1); %scan step 
                ModulusPos(ModulusCountPos,2)= Modulus(c,2); %time step 
                ModulusPos(ModulusCountPos,3)= Modulus(c,3); %modulus 
                ModulusCountPos = ModulusCountPos + 1; 
            end 
        end 
  
        %check to see if this is a dud AKA no positive modulus 
        if ModulusLengthPos == 0 
            continue 
        end 



 
187 

 

  
        %average moduli that are the roughly the same cycle count 
        i = 0; 
        skipRed = 0; 
        ModulusPosRed = [0 0 0]; 
        CycleCounter(n,4) = 0; 
        for c=1:length(ModulusPos(:,1)) 
            if skipRed ~= 0 
                skipRed = skipRed - 1; 
            else 
                redCount = 0; 
                i = i + 1; 
                    if fix(ModulusPos(c,2)) < 200 
                        cycleAdd = 1; 
                    elseif fix(ModulusPos(c,2)) == 200 
                        if c == 1 
                            cycleAdd = 500; 
                        else 
                            cycleAdd = fix((fix(ModulusPos(c,2)) - fix(ModulusPos(c - 1,2)))*2.5); 
                        end 
                    elseif and(c==1,mod(fix(ModulusPos(c,2)),200)==0) 
                        cycleAdd = 500; 
                    elseif and(mod(fix(ModulusPos(c,2)),200)==0, mod(fix(ModulusPos(c-
1,2)),200)==0) 
                        cycleAdd = 500; 
                    else 
                        cycleAdd = abs(500*((mod(fix(ModulusPos(c,2)),200))-mod(fix(ModulusPos(c-
1,2)),200)))/200; 
                    end 
                     
                    if and(fix(ModulusPos(c,2)) < 200, length(strfind(SpecimenID,'-'))<3) 
                        redCount = 1; 
                        CycleCounter(n,4) = CycleCounter(n,4) + cycleAdd; 
                        ModulusPosRed(i,1) = ModulusPos(c,2); 
                        ModulusPosRed(i,2) = CycleCounter(n,4); 
                        ModulusPosRed(i,3) = ModulusPos(c,3); 
                    end 
  
                    if and((c + 3) <= (length(ModulusPos(:,1))), redCount == 0) 
                        if fix(ModulusPos(c,2)) == fix(ModulusPos(c + 3,2)) 
                            redCount = 1; 
                            CycleCounter(n,4) = CycleCounter(n,4) + cycleAdd; 
                            ModulusPosRed(i,1)= fix(ModulusPos(c,2)); 
                            ModulusPosRed(i,2)= CycleCounter(n,4); 
                            ModulusPosRed(i,3)= mean([ModulusPos(c,3) ModulusPos(c + 1,3) 
ModulusPos(c + 2,3) ModulusPos(c + 3,3)],2); 
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                            skipRed = 3; 
                        end 
                    end 
  
                    if and((c + 2) <= (length(ModulusPos(:,1))), redCount == 0) 
                        if fix(ModulusPos(c,2)) == fix(ModulusPos(c + 2,2)) 
                            redCount = 1; 
                            CycleCounter(n,4) = CycleCounter(n,4) + cycleAdd; 
                            ModulusPosRed(i,1)= fix(ModulusPos(c,2)); 
                            ModulusPosRed(i,2)= CycleCounter(n,4); 
                            ModulusPosRed(i,3)= mean([ModulusPos(c,3) ModulusPos(c + 1,3) 
ModulusPos(c + 2,3)],2); 
                            skipRed = 2; 
                        end 
                    end 
  
                    if and((c + 1) <= (length(ModulusPos(:,1))), redCount == 0) 
                        if fix(ModulusPos(c,2)) == fix(ModulusPos(c + 1,2)) 
                            redCount = 1; 
                            CycleCounter(n,4) = CycleCounter(n,4) + cycleAdd; 
                            ModulusPosRed(i,1)= fix(ModulusPos(c,2)); 
                            ModulusPosRed(i,2)= CycleCounter(n,4); 
                            ModulusPosRed(i,3)= mean([ModulusPos(c,3) ModulusPos(c + 1,3)],2); 
                            skipRed = 1; 
                        end 
                    end 
  
                    if redCount == 0 
                        CycleCounter(n,4) = CycleCounter(n,4) + cycleAdd; 
                        ModulusPosRed(i,1) = ModulusPos(c,2); 
                        ModulusPosRed(i,2) = CycleCounter(n,4); 
                        ModulusPosRed(i,3) = ModulusPos(c,3); 
                    end 
  
                    if (c + skipRed) < length(ModulusPos(:,1)) 
                        ModulusPosRed = [ModulusPosRed; 0 0 0]; 
                    end 
  
            end 
        end 
  
        %eliminate any really large numbers 
        for c=1:length(ModulusPosRed(:,1)) 
            if or(ModulusPosRed(c,3) > 100, ModulusPosRed(c,3) < 25) 
                ModulusPosRed(c,3) = 1000; 
            end 
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        end 
        ModulusPosRed(ModulusPosRed(:,3)==1000,:)=[]; 
         
        if p == 1 
            %creates list for maximum stiffness 
            maxModPos = max(ModulusPosRed,[],1); 
            for c=1:length(FatigueLifeTXT) 
                if length(char(searchID)) == length(char(FatigueLifeTXT(c))) 
                    if char(searchID) == char(FatigueLifeTXT(c)) 
                        if maxModPos(3) > FatigueLifeNum(c,3) 
                            FatigueLifeNum(c,3) = maxModPos(3); 
                        end 
                    end 
                end 
            end 
        end 
  
        if p == 2 
            %determine maximum stiffness for coupon 
            maxModulusType = 1; 
            for c=1:length(FatigueLifeTXT) 
                if length(char(searchID)) == length(char(FatigueLifeTXT(c))) 
                    if char(searchID) == char(FatigueLifeTXT(c)) 
                        maxModulusType = FatigueLifeNum(c,3); 
                    end 
                end 
            end 
             
            %convert modulus into modulus retention 
            ModulusPosRed = [ModulusPosRed zeros(length(ModulusPosRed(:,1)),1)]; 
            for c = 1:length(ModulusPosRed(:,1)) 
                ModulusPosRed(c,4) = ModulusPosRed(c,3)/maxModulusType; 
            end 
             
            %tract max modulus + final reduction 
            CycleCounter(n,2) = maxModulusType; 
            CycleCounter(n,3) = ModulusPosRed(end); 
  
            %convert cycle count into percentage of fatigue life 
            ModulusPosRed = [ModulusPosRed(:,1:2) ModulusPosRed(:,2)/CycleCounter(n,5) 
ModulusPosRed(:,3:4)]; 
  
            %print to excel file - REDUCED 
            cd 'D:\Dropbox\PhD\Research\QC Fatigue\Stiffness Degradation' 
            warning('off', 'MATLAB:xlswrite:AddSheet'); %remove warning for creating new sheet 
            file_name = sprintf('%s.xls',SpecimenID); 
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            prop_header = {'Stress range';'Maximum Modulus';'Final Modulus Retention';'Calculated 
fatigue life';'Instron fatigue life'}; 
            col_header = {'Seconds','Cycle','Normalized Fatigue Life','Modulus (GPa)','Modulus 
Retention'}; 
            txtCount = cell(1,1); 
            txtCount{1,1} = SpecimenID; 
            stageCycleCounter = 
[CycleCounter(n,1);CycleCounter(n,2);CycleCounter(n,3);CycleCounter(n,4);CycleCounter(n,5)]; 
            xlswrite(file_name,txtCount,SpecimenID,'A1'); 
            xlswrite(file_name,txt,SpecimenID,'A2'); 
            xlswrite(file_name,prop_header,SpecimenID,'A4'); 
            xlswrite(file_name,stageCycleCounter,SpecimenID,'B4'); 
            xlswrite(file_name,col_header,SpecimenID,'A10'); 
            xlswrite(file_name,ModulusPosRed,SpecimenID,'A11'); 
            cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
  
            %define cycles for full positive output 
            ModulusPos(:,1) = ModulusPos(:,2); 
             
            for c=1:length(ModulusPos(:,1)) 
                for k=1:length(ModulusPosRed(:,1)) 
                    if fix(ModulusPos(c,1)) == fix(ModulusPosRed(k,1)) 
                        ModulusPos(c,2) = ModulusPosRed(k,2); 
                    end 
                end 
            end 
             
            %print to excel file - OLD 
            cd 'D:\Dropbox\PhD\Research\QC Fatigue\Stiffness Degradation - Full' 
            warning('off', 'MATLAB:xlswrite:AddSheet'); %remove warning for creating new sheet 
            file_name = sprintf('%s.xls',SpecimenID); 
            clear col_header; 
            col_header = {'Seconds','Cycle','Modulus (GPa)'}; 
            xlswrite(file_name,txt,SpecimenID,'A1'); 
            xlswrite(file_name,col_header,SpecimenID,'A3'); 
            xlswrite(file_name,ModulusPos,SpecimenID,'A4'); 
            cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
  
            %cancel button printout 
            if getappdata(h,'canceling') == 1 
                fprintf('Stiffness Calculation Cancelled.\n%s',status); 
                break 
            end 
  
            %completion notice 
            if n == length(fileList) 
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                fprintf('Stiffness Calculation Complete.\n'); 
            end 
  
            clearvars -except Gage fileList h status CycleCounter CycleCounterName FatigueLifeNum 
FatigueLifeTXT p 
  
        end     
    end 
end 
  
%print cycle count 
cd 'D:\Dropbox\PhD\Research\QC Fatigue\Stiffness Degradation' 
cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
warning('off', 'MATLAB:xlswrite:AddSheet'); %remove warning for creating new sheet 
file_name = sprintf('Fatigue Cycle Summary.xls'); 
col_header = {'ID','Stress range','Maximum Modulus','Final Modulus Retention','Calculated 
fatigue life','Instron fatigue life'}; 
warning('off', 'MATLAB:string:Obsolete'); %remove warning for obsolete string type 
txtCount = cell(1,1); 
txtCount{1,1} = 'Fatigue Cycle Summary'; 
xlswrite(file_name,txtCount,'Fatigue Cycle','A1'); 
xlswrite(file_name,col_header,'Fatigue Cycle','A3'); 
xlswrite(file_name,CycleCounterName,'Fatigue Cycle','A4'); 
xlswrite(file_name,CycleCounter,'Fatigue Cycle','B4'); 
cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
     
delete(h); 
clear; 
  
  
clear; 

 

A4.2  FATIGUE SUMMARY REDUCTION 

The following program imports data from the summary file, and consolidates them based on 

each coupon. The resultant files contains all the failure stiffness values and associated cycle count. 

%print cycle count 
cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
warning('off', 'MATLAB:xlswrite:AddSheet'); %remove warning for creating new sheet 
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file_name = sprintf('Fatigue Cycle Summary.xls'); 
num = xlsread(file_name,'Fatigue Cycle'); 
[~, txt] = xlsread(file_name,'Fatigue Cycle'); 
  
file_name2 = sprintf('StaticDetails.xls'); 
static = xlsread(file_name2,'Static'); 
[~, txt_stat] = xlsread(file_name2,'Static'); 
  
file_name3 = sprintf('CycleFailure.xls'); 
missNUM = xlsread(file_name3,'Sheet1'); 
[~, missTXT] = xlsread(file_name3,'Sheet1'); 
  
ID=cell(length(txt(:,1))-4,6); 
  
%classification 
for c=4:length(txt(:,1)) 
    ID_temp = char(txt(c,1)); 
    ID{c-3,1} = ID_temp; 
    ID{c-3,2} = ID_temp(1:5); 
    location = strfind(ID_temp,'-'); 
    space = strfind(ID_temp,' '); 
     
    if isempty(space) == 1 
        space = length(ID_temp); 
    end 
     
    if length(location) == 2 
        ID{c-3,3} = str2num(ID_temp(7:end)); 
        ID{c-3,4} = 0; 
        ID{c-3,5} = 0; 
        ID{c-3,6} = 100*ID{c-3,4} + ID{c-3,5}; 
    elseif length(location) == 3 
        ID{c-3,3} = str2num(ID_temp(7:location(1,3)-1)); 
        ID{c-3,4} = str2num(ID_temp(location(3)+1:space(1))); 
        ID{c-3,5} = 0; 
        ID{c-3,6} = 100*ID{c-3,4} + ID{c-3,5}; 
    elseif length(location) == 4 
        ID{c-3,3} = str2num(ID_temp(7:location(1,3)-1)); 
        ID{c-3,4} = str2num(ID_temp(location(3)+1:location(4)-1)); 
        ID{c-3,5} = str2num(ID_temp(location(4)+1:space(1))); 
        ID{c-3,6} = 100*ID{c-3,4} + ID{c-3,5}; 
    end 
     
end 
  
%eliminate dead scan sessions, based on calculated life 
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ID(num(:,4)==0,:)=[]; 
num(num(:,4)==0,:)=[]; 
  
%optional: delete non-person recorded fatigue lifes 
ID(num(:,5)==0,:)=[]; 
num(num(:,5)==0,:)=[]; 
ID(num(:,5)==1,:)=[]; 
num(num(:,5)==1,:)=[]; 
  
summary = cell(1,9); 
type_counter = 1; %number of types of specimens 
repeat_counter = 0; %number of scan sessions 
num = [num cell2mat(ID(:,6))];  
         
for c=1:length(ID(:,1)) %add something for first and last ones 
    if char(ID(c,2)) == char(txt_stat(2,1)) 
        static_counter = 1; 
    elseif char(ID(c,2)) == char(txt_stat(3,1)) 
        static_counter = 2; 
    elseif char(ID(c,2)) == char(txt_stat(4,1)) 
        static_counter = 3; 
    elseif char(ID(c,2)) == char(txt_stat(5,1)) 
        static_counter = 4; 
    else 
    end 
         
    if c == length(ID(:,1)) 
        summary = [summary ; cell(1,9)]; 
        repeat_counter = repeat_counter + 1; 
        [maxNum, maxIndex] = max(num(c-repeat_counter+1:c,6)); 
        maxIndex = (c-repeat_counter) + maxIndex - 1; 
         
        summary{type_counter,1} = sprintf('%s-%d',cell2mat(ID(c,2)),cell2mat(ID(c,3))); 
%specimen ID 
        summary{type_counter,2} = repeat_counter; %number of scans 
        summary{type_counter,3} = static(static_counter,5); %static modulus 
        summary{type_counter,4} = num(c,1); %stress range 
        summary{type_counter,5} = static(static_counter,4); %static modulus 
        summary{type_counter,6} = num(c,2); %maximum modulus 
        summary{type_counter,7} = num(maxIndex,3); %modulus reduction 
        summary{type_counter,8} = sum(num(c-repeat_counter+1:c,4));%number of cycles 
        summary{type_counter,9} = num(c,5); %8802 number of cycles 
        repeat_counter = 0; 
        type_counter = type_counter + 1; 
        static_counter = 0; 
    elseif and(char(ID(c,2)) == char(ID(c+1,2)), cell2mat(ID(c,3)) == cell2mat(ID(c+1,3))) 
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        repeat_counter = repeat_counter + 1; 
    elseif c == 1 
        repeat_counter = repeat_counter + 1; 
        summary{type_counter,1} = sprintf('%s-%d',cell2mat(ID(1,2)),cell2mat(ID(1,3))); 
%specimen ID 
        summary{type_counter,2} = repeat_counter; %number of scans 
        summary{type_counter,3} = static(static_counter,5); %static modulus 
        summary{type_counter,4} = num(1,1); %stress range 
        summary{type_counter,5} = static(static_counter,4); %static modulus 
        summary{type_counter,6} = num(c,2); %maximum modulus 
        summary{type_counter,7} = num(1,3); %modulus reduction 
        summary{type_counter,8} = num(1,4);%number of cycles 
        summary{type_counter,9} = num(1,5); %8802 number of cycles 
        repeat_counter = 0; 
        type_counter = type_counter + 1; 
        static_counter = 0; 
    else 
        if c ~= 1 
            summary = [summary ; cell(1,9)]; 
        end 
        repeat_counter = repeat_counter + 1; 
        [maxNum, maxIndex] = max(num(c-repeat_counter+1:c,6)); 
        maxIndex = (c-repeat_counter) + maxIndex; 
         
        summary{type_counter,1} = sprintf('%s-%d',cell2mat(ID(c,2)),cell2mat(ID(c,3))); 
%specimen ID 
        summary{type_counter,2} = repeat_counter; %number of scans 
        summary{type_counter,3} = static(static_counter,5); %static modulus 
        summary{type_counter,4} = num(c,1); %stress range 
        summary{type_counter,5} = static(static_counter,4); %static modulus 
        summary{type_counter,6} = num(c,2); %maximum modulus 
        summary{type_counter,7} = num(maxIndex,3); %modulus reduction 
        summary{type_counter,8} = sum(num(c-repeat_counter+1:c,4));%number of cycles 
        summary{type_counter,9} = num(c,5); %8802 number of cycles 
        repeat_counter = 0; 
        type_counter = type_counter + 1; 
        static_counter = 0; 
    end 
  
end 
  
for c=1:length(missTXT(:,1)) 
    missCheck = 0; 
    static_counter=0; 
    missType = char(missTXT(c,1)); 
    for d=1:length(summary(:,1)) 
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        missSum=char(summary(d,1)); 
        if (missType(1:2))=='CE' 
            if missSum(1:5) == 'EC-F2' 
                if missType(3:length(missType)) == missSum(max([strfind(summary{1,1},'-
')])+1:length(missSum)) 
                    missCheck = 1; 
                end 
            end 
        elseif (missType(1:2))=='QC' 
            if missSum(1:5) == 'QC-F2' 
                if missType(3:length(missType)) == missSum(max([strfind(summary{1,1},'-
')])+1:length(missSum)) 
                    missCheck = 1; 
                end 
            end 
        elseif (missType(1:2))=='AD' 
            if missSum(1:5) == 'EC-L2' 
                if missType(3:length(missType)) == missSum(max([strfind(summary{1,1},'-
')])+1:length(missSum)) 
                    missCheck = 1; 
                end 
            end 
        elseif (missType(1:2))=='AE' 
            if missSum(1:5) == 'EC-L1' 
                if missType(3:length(missType)) == missSum(max([strfind(summary{1,1},'-
')])+1:length(missSum)) 
                    missCheck = 1; 
                end 
            end 
        end 
    end 
     
  
    if (missType(1:2))=='CE' 
        missType = char(strcat('EC-F2-',missType(3:length(missType)))); 
    elseif (missType(1:2))=='QC' 
        missType = char(strcat('QC-F2-',missType(3:length(missType)))); 
    elseif (missType(1:2))=='AD' 
        missType = char(strcat('EC-L2-',missType(3:length(missType)))); 
    elseif (missType(1:2))=='AE' 
        missType = char(strcat('EC-L1-',missType(3:length(missType)))); 
    end 
                     
    for d=1:length(static(:,1)) 
        if missType(1:5) == char(txt_stat{1+d,1}) 
            static_counter = d; 
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        end 
    end 
     
    if missCheck == 0 
        summary = cat(1,summary, cell(1,length(summary(1,:)))); 
        summary(length(summary(:,1)),:) = 
[{missType};{0};{static(static_counter,5)};missNUM(c,1);static(static_counter,4);{0};{0};{0};mis
sNUM(c,2)]; 
    end 
end 
  
summaryElim = cell2mat(summary(:,9)); 
summary(or(isnan(summaryElim(:,1)),summaryElim(:,1)<2),:)=[]; 
  
col_header = {'ID','Scans','Static Strength','Stress range','Static Modulus','Maximum 
Modulus','Final Modulus Retention','Calculated fatigue life','Instron fatigue life'}; 
txtCount = cell(1,1); 
txtCount{1,1} = 'Fatigue Cycle Summary'; 
xlswrite(file_name,txtCount,'Fatigue Cycle - Summary','A1'); 
xlswrite(file_name,col_header,'Fatigue Cycle - Summary','A3'); 
xlswrite(file_name,summary,'Fatigue Cycle - Summary','A4'); 
  
clear 

 

A4.3  STIFFNESS COMPILATION 

The following program imports all the tensile stiffness files, sorts them and exports them 

into their associated coupon types. 

%compile stiffness degradation 
cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
warning('off', 'MATLAB:xlswrite:AddSheet'); %remove warning for creating new sheet 
  
%imports stats for tests 
file_name = sprintf('Fatigue Cycle Summary.xls'); 
num = xlsread(file_name,'Fatigue Cycle - Summary'); 
[~, txt] = xlsread(file_name,'Fatigue Cycle - Summary'); 
  
cd 'D:\Dropbox\PhD\Research\QC Fatigue\Stiffness Degradation' 
[statusFL, listFL] = system('dir /B /S *.xls'); 
result = textscan(listFL,'%s','delimiter','\n'); 
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fileList = result{1}; 
  
ID=cell(length(fileList(:,1)),8); 
  
%classification for ordering the files 
for c=1:length(fileList(:,1)) 
    ID_temp = char(fileList(c,1)); 
    ID{c,1} = char(fileList(c,1)); 
    ID{c,2} = ID_temp(58:length(ID_temp)-4); 
    ID{c,4} = ID_temp(58:62); 
    ID_temp = ID_temp(58:length(ID_temp)-4); 
    location = strfind(ID_temp,'-'); 
    space = strfind(ID_temp,' '); 
     
    if isempty(space) == 1 
        space = length(ID_temp); 
    end 
     
    if length(location) == 2 
        ID{c,3} = strcat(ID(c,4),'-',ID_temp(7:end)); 
        ID{c,5} = str2num(ID_temp(7:end)); 
        ID{c,6} = 0; 
        ID{c,7} = 0; 
        ID{c,8} = 1000*ID{c,5} + 100*ID{c,6} + ID{c,7}; 
    elseif length(location) == 3 
        ID{c,3} = strcat(ID(c,4),'-',ID_temp(7:location(1,3)-1)); 
        ID{c,5} = str2num(ID_temp(7:location(1,3)-1)); 
        ID{c,6} = str2num(ID_temp(location(3)+1:space(1))); 
        ID{c,7} = 0; 
        ID{c,8} = 1000*ID{c,5} + 100*ID{c,6} + ID{c,7}; 
    elseif length(location) == 4 
        ID{c,3} = strcat(ID(c,4),'-',ID_temp(7:location(1,3)-1)); 
        ID{c,5} = str2num(ID_temp(7:location(1,3)-1)); 
        ID{c,6} = str2num(ID_temp(location(3)+1:location(4)-1)); 
        ID{c,7} = str2num(ID_temp(location(4)+1:space(1))); 
        ID{c,8} = 1000*ID{c,5} + 100*ID{c,6} + ID{c,7}; 
    end 
     
end 
  
%deletes all unnecessary scans (no number of cycles) 
check = zeros(length(fileList),1); 
for c=1:length(fileList(:,1)) 
    for k=1:length(num(:,1)) 
        if length(char(ID{c,3})) == length(char(txt(3+k,1))) 
            if char(ID{c,3}) == char(txt(3+k,1)) 
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                check(c) = 1; 
            end 
        end 
    end 
end 
ID(check(:,1)==0,:)=[]; 
  
%stiffness degradation setup 
for d=1:length(num) 
    txtTemp = txt{d+3,1}; 
    t = 0; 
     
    if d == 1 
        x=1; 
        stiffD = cell(1,4,1); 
        stiffD{1,1,1} = txtTemp(1:5); 
        t=1; 
    else 
        for c=1:length(stiffD(1,1,:)) 
            if txtTemp(1:5)== stiffD{1,1,c} 
                t=1; 
            end 
        end 
    end 
     
    if t == 0 
        x = x+1; 
        stiffD = cat(3,stiffD,cell(length(stiffD(:,1,1)), length(stiffD(1,:,1)),1)); 
        stiffD{1,1,x} = txtTemp(1:5); 
    end 
end 
stiffD_C = stiffD; 
  
  
for c=1:length(num(:,1)) 
    %collects all relevant file names for one coupon 
    summary = cell(num(c,1),8); 
    t = 1; 
    for k=1:length(ID(:,1)) 
        if length(char(ID{k,3})) == length(char(txt(3+c,1))) 
            if char(ID{k,3}) == char(txt(3+c,1)) 
                summary(t,:)=ID(k,:); 
                t = t+1; 
            end 
        end 
    end 
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    summary=sortrows(summary,8); %sorts the relevant file names 
     
    %compiles all the files for the same coupon 
    cd 'D:\Dropbox\PhD\Research\QC Fatigue\Stiffness Degradation' 
    for k=1:length(summary(:,1)) 
        coup_file = strcat(summary{k,2},'.xls'); 
        [coupValImp,coupTitles] = xlsread(coup_file,summary{k,2}); 
        coupTitleVal = coupValImp(1:5,2); 
         
        %extracts calculated life 
         for d=1:length(num(:,1)) 
             if coupTitleVal(5)==num(d,8) 
                 coupTitleVal(4)=num(d,7); 
             end 
         end 
         
        if k==1 
            coupValImp=coupValImp(8:length(coupValImp),:); 
            coupVal = coupValImp; 
        else 
            coupValImp=coupValImp(8:length(coupValImp),:); 
            tempAddCol = [(ones(length(coupValImp(:,1)),1) * coupVal(length(coupVal(:,1)),1)) 
(ones(length(coupValImp(:,1)),1) * coupVal(length(coupVal(:,1)),2)) 
(ones(length(coupValImp(:,1)),1) * coupVal(length(coupVal(:,1)),3))]; 
            coupValImp = [(coupValImp(:,1:3) + tempAddCol(:,1:3)) coupValImp(:,4:5)]; 
            coupVal = [coupVal; coupValImp]; 
        end 
    end 
     
    %find and elimate all scans before maximum stiffness 
    coupVal=coupVal(find(coupVal(:,5)==1):end,:); 
    
    %print to excel file 
    cd 'D:\Dropbox\PhD\Research\QC Fatigue\Stiffness Degradation - Analysis' 
    SpecimenID = txt{3+c,1}; 
    TypeID = strcat(SpecimenID(1:6),num2str(100*num(c,3))); 
    warning('off', 'MATLAB:xlswrite:AddSheet'); %remove warning for creating new sheet 
    temp_file = sprintf('%s.xlsx',TypeID); 
    prop_headerA = {'Scans';'Instron fatigue life';'Calculated fatigue life'}; 
    headerAVal = [num(c,1);coupTitleVal(5);coupTitleVal(4)]; 
    prop_headerD = {'Static strength';'Stress ratio';'Stress range'}; 
    headerDVal = [num(c,4); num(c,3);num(c,4)*num(c,3)]; 
    prop_headerG = {'Static modulus';'Maximum Modulus';'Final Modulus Retention'}; 
    headerGVal = [num(c,2);coupTitleVal(2:3)]; 
    col_header = {'Seconds','Cycle','Normalized Fatigue Life','Modulus (GPa)','Modulus 
Retention'}; 
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    txtCount = cell(1,1); 
    txtCount{1,1} = SpecimenID; 
    xlswrite(temp_file,txtCount,SpecimenID,'A1'); 
    xlswrite(temp_file,prop_headerA,SpecimenID,'A3'); 
    xlswrite(temp_file,prop_headerD,SpecimenID,'D3'); 
    xlswrite(temp_file,prop_headerG,SpecimenID,'G3'); 
    xlswrite(temp_file,headerAVal,SpecimenID,'B3'); 
    xlswrite(temp_file,headerDVal,SpecimenID,'E3'); 
    xlswrite(temp_file,headerGVal,SpecimenID,'H3'); 
    xlswrite(temp_file,col_header,SpecimenID,'A7'); 
    xlswrite(temp_file,coupVal,SpecimenID,'A8'); 
    cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
end 
  
clear 

 

A4.4  WHITNEY MODEL 

The following program imports all the fatigue life data, and and processes it using the 

Whitney model to determine all the constants and fatigue life values. 

%Whitney model fit 
cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
warning('off', 'MATLAB:xlswrite:AddSheet'); %remove warning for creating new sheet 
  
%imports stats for tests 
file_name = sprintf('Fatigue Cycle Summary.xls'); 
num = xlsread(file_name,'Fatigue Cycle - Summary'); 
[~,txt] = xlsread(file_name,'Fatigue Cycle - Summary'); 
  
  
%sort coupons into types 
coupType = cell(length(num(:,1)),4); 
coupType(:,1) = txt(4:length(txt),1); 
  
for c=1:length(coupType) 
    tempType = char(coupType(c,1)); 
    coupType{c,2} = tempType(1:5); 
    coupType{c,3} = num(c,3); 
    coupType{c,4} = num(c,8); 
end 
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limit = 2000000; 
  
for c=1:length(coupType) %convert all data from file into a multi-dimentional matrix 
    if c == 1 
        clear data x y z; 
        if coupType{c,4} > limit %limit 
            data = [coupType(c,2); coupType(c,3);0; 1; 0]; %coupType(c,4)]; %type, stress, number 
failed, number censor, N 
        else 
            data = [coupType(c,2); coupType(c,3);1; 0; coupType(c,4)]; %type, stress, number failed, 
number censor, N 
        end         
        x = 1; %number of Coupon Types 
        xc = 0; 
        y = 1; %number of Stress values 
        yc = 0; 
        zc=0; %number of Repetitions 
    else 
        zc=0; 
        for d = 1:x %Coupon Type 
            if char(data{1,1,d}) == char(coupType{c,2}) 
                dc=0; 
                break 
            end 
             
            if d==x 
                x=x+1; 
                d=x; 
                zc=1;                
                data = cat(3,data,cell(length(data(:,1,1)),length(data(1,:,1))));    %adds to third 
dimension, AKA coupon type, x 
                data{1,1,d} = coupType{c,2}; 
                data{2,1,d} = coupType{c,3}; 
                if coupType{c,4} > limit 
                    data{3,1,d} = 0;  
                    data{4,1,d} = 1;    
                    %data{5,1,d} = limit; %coupType{c,4}; %limit 
                else 
                data{3,1,d} = 1; 
                data{4,1,d} = 0;  
                data{5,1,d} = coupType{c,4}; 
                end 
            end 
        end              
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        y=0;  
        for str=1:length(data(1,:,d)) 
            if isempty(data{1,str,d})==0 
                y=y+1; 
            end 
        end 
         
        for e = 1:y 
            if and(data{2,e,d} == coupType{c,3},zc==0) %Stress level 
                if coupType{c,4} > limit 
                    data{4,e,d} = data{4,e,d}+1; 
                    %if isempty([data{length(data(:,1,1)),:,1}])==1 
                    %   data = cat(1,data,cell(1,length(data(1,:,1)),d)); %adds row, AKA N 
                    %end 
                    %data{data{3,e,d}+data{4,e,d}+4,e,d}= limit; %coupType{c,4}; 
                else 
                    data{3,e,d}= data{3,e,d}+1; 
                    if isempty([data{length(data(:,1,1)),:,1}])==1 
                       data = cat(1,data,cell(1,length(data(1,:,1)),d)); %adds row, AKA N 
                    end 
                    data{data{3,e,d}+data{4,e,d}+4,e,d}= coupType{c,4};  
                end 
                zc=1; 
                xc=1; 
                break 
            end 
        end 
  
        if zc==0; 
            if y == length(data(1,:,1)) 
                data = cat(2,data,cell(length(data(:,1,1)),1,d)); %adds column, AKA stress range 
            end 
            y=y+1; 
            data{1,y,d} = coupType{c,2}; 
            data{2,y,d} = coupType{c,3}; 
            if coupType{c,4} > limit 
                data{3,y,d} = 0; 
                data{4,y,d} = 1; 
                %data{5,y,d} = limit; %coupType{c,4}; %limit 
            else 
                data{3,y,d} = 1; 
                data{4,y,d} = 0; 
                data{5,y,d} = coupType{c,4}; 
            end 
            yc=1; 
            xc=1; 
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        end 
    end 
end 
  
Whitney = cat(1,data(1:4,:,:),cell(length(data(:,1,1))+2,length(data(1,:,1)),x)); %output table 
  
%i run 
for d=1:x 
    %determine number of stress levels per coupon type 
    y=0;  
    for str=1:length(data(1,:,d)) 
        if isempty(data{1,str,d})==0 
            y=y+1; 
        end 
    end 
     
    for e=1:y 
        if data{3,e,d} == 0 
            Whitney{1,e,d}=[]; 
            Whitney{2,e,d}=[]; 
            Whitney{3,e,d}=[]; 
            Whitney{4,e,d}=[]; 
        else 
            fun = @(x1) 
(((sum(log([data{5:data{3,e,d}+data{4,e,d}+4,e,d}]).*([data{5:data{3,e,d}+data{4,e,d}+4,e,d}]).^
x1))+(data{4,e,d})*log(limit)*limit^x1)/(sum(([data{5:data{3,e,d}+data{4,e,d}+4,e,d}]).^x1)+(da
ta{4,e,d})*limit^x1))-(1/data{3,e,d}).*sum(log([data{5:data{3,e,d}+data{4,e,d}+4,e,d}]))-1/x1; 
            Whitney{5,e,d}=fzero(fun,1); %alpha_chapeau, fi: EQ 3.22 fatigue book 
            
Whitney{6,e,d}=((1/data{3,e,d}).*(sum(([data{5:data{3,e,d}+data{4,e,d}+4,e,d}]).^Whitney{5,e,
d})+((data{4,e,d})*limit^Whitney{5,e,d})))^(1/Whitney{5,e,d}); %N_chapeau_bar, i: EQ 3.23 
fatigue book 
            for z=1:(max([Whitney{3,:,:}]+[Whitney{4,:,:}])) 
                Whitney{6+z,e,d} = data{4+z,e,d}./Whitney{6,e,d}; %Q ij: EQ 3.16 fatigue book 
            end 
        end 
    end 
end 
  
%first ij run 
for d=1:x   
    y=0;  
    for str=1:length(data(1,:,d)) 
        if isempty(data{1,str,d})==0 
            y=y+1; 
        end 
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    end 
  
    for e=1:y 
        if data{3,e,d} == 0 
        else 
        fun = 
@(x1)(sum(([Whitney{7:max([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d}].^x1).*log([Whitney{7:ma
x([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d}]))+sum([Whitney{4,:,d}].*((limit./[Whitney{6,:,d}]).^x
1).*log(limit./[Whitney{6,:,d}])))/(((sum([Whitney{7:max([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d
}].^x1)))+sum([Whitney{4,:,d}].*(limit./[Whitney{6,:,d}]).^x1))-
(1/sum([Whitney{3,:,d}])).*sum(log([Whitney{7:max([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d}]))-
1/x1; 
        Whitney(7+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d)={fzero(fun,1)}; %alpha_chapeau, 
f: EQ 3.18 fatigue book 
        
Whitney(8+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d)={((1/sum([Whitney{3,:,d}])).*(sum([W
hitney{7:max([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d}].^Whitney{7+(max([Whitney{3,:,:}]+[Wh
itney{4,:,:}])),e,d}))+(sum([Whitney{4,:,d}].*(limit./[Whitney{6,:,d}]).^Whitney{7+(max([Whitne
y{3,:,:}]+[Whitney{4,:,:}])),e,d}))).^(1/Whitney{7+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d})
}; %Q_chapeau, o: Eq. 25 
        Whitney(9+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d)= {1}; 
        
Whitney(10+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d)=num2cell(cell2mat(Whitney(6,e,d)).*ce
ll2mat(Whitney(8+max([Whitney{3,:,:}]+[Whitney{4,:,:}]),e,d))); %N_bar, oi; Eq. 2.20 New value 
of Noi, if Q is not unity 
        end 
    end 
end 
  
  
  
%verification setup 
verification = cell(5,length(Whitney(1,1,:))); 
verNUM = 5; 
for ver=1:length(Whitney(1,1,:)) 
    verification(1,ver)=Whitney(1,1,ver); 
    verification(2,ver)=Whitney(7+max([Whitney{3,:,:}]),1,ver); 
    verification(3,ver)=Whitney(9+max([Whitney{3,:,:}]),1,ver); 
    verification(5,ver)=Whitney(8+max([Whitney{3,:,:}]),1,ver); 
end 
  
  
for Q=1:50 
    verNUM = verNUM + 1; 
    verification = cat(1,verification,cell(1,length(verification(1,:)))); 
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    for d=1:x 
        Whitney(6,:,d)=Whitney(length(Whitney(:,1,1)),:,d);     
        for e=1:y 
            for z=1:(Whitney{3,e,d}+Whitney{4,e,d}) 
                Whitney{6+z,e,d} = data{4+z,e,d}./Whitney{6,e,d}; %Q ij: EQ 3.16 fatigue book 
            end 
        end 
    end 
  
    for d=1:x   
        y=0;  
        for str=1:length(data(1,:,d)) 
            if isempty(data{1,str,d})==0 
                y=y+1; 
            end 
        end 
  
       for e=1:y 
            if data{3,e,d} == 0 
            else 
            fun = 
@(x1)(sum(([Whitney{7:max([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d}].^x1).*log([Whitney{7:ma
x([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d}]))+sum([Whitney{4,:,d}].*((limit./[Whitney{6,:,d}]).^x
1).*log(limit./[Whitney{6,:,d}])))/(((sum([Whitney{7:max([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d
}].^x1)))+sum([Whitney{4,:,d}].*(limit./[Whitney{6,:,d}]).^x1))-
(1/sum([Whitney{3,:,d}])).*sum(log([Whitney{7:max([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d}]))-
1/x1; 
            Whitney(7+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d)={fzero(fun,1)}; 
%alpha_chapeau, f: EQ 3.18 fatigue book 
            
Whitney(8+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d)={((1/sum([Whitney{3,:,d}])).*(sum([W
hitney{7:max([Whitney{3,:,:}]+[Whitney{4,:,:}])+6,:,d}].^Whitney{7+(max([Whitney{3,:,:}]+[Wh
itney{4,:,:}])),e,d}))+(sum([Whitney{4,:,d}].*(limit./[Whitney{6,:,d}]).^Whitney{7+(max([Whitne
y{3,:,:}]+[Whitney{4,:,:}])),e,d}))).^(1/Whitney{7+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d})
}; %Q_chapeau, o: Eq. 25 
            Whitney(9+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d)= {1}; 
            
Whitney(10+(max([Whitney{3,:,:}]+[Whitney{4,:,:}])),e,d)=num2cell(cell2mat(Whitney(6,e,d)).*ce
ll2mat(Whitney(8+max([Whitney{3,:,:}]+[Whitney{4,:,:}]),e,d))); %N_bar, oi; Eq. 2.20 New value 
of Noi, if Q is not unity 
            end 
        end 
  
        verification(2,d)=Whitney(7+max([Whitney{3,:,:}]),1,d); %alpha_chapeau 
        verification(3,d)={verification{3,d}+1}; %iterations 
        verification(verNUM,d)=Whitney(8+max([Whitney{3,:,:}]),1,d); %Qo 
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    end 
  
end 
  
  
%%Output formating 
%Title verification 
verification = [cell(length(verification(:,1,1)),1) verification]; 
verification(1:3,1)=[{'Type'};{'alpha, chapeau, f'};{'Total Iterations'}]; 
verification(4,1:5)=[{'Iteration'};'Qo';'Qo';'Qo';'Qo']; 
for Q=1:verification{3,2} 
    verification{4+Q,1} = Q; 
end 
  
%Output, dim1 = No 
charOutput = cell(9,5,3); 
for w=1:3 
    charOutput(1:2,1,w)=[{'Stress Range'};{'Strength (MPa)'}]; 
    charOutput(5:9,1,w)=[{0.85};{0.80};{0.75};{0.70};{0.65}]; 
    charOutput(4,1:5,w)=[{'Stress Range'};{'No'};{'No'};{'No'};{'No'}]; 
end 
  
for d=1:x %sort No, failure + censor 
    charOutput(1,1+d,1) = Whitney(1,1,d); 
    charOutput(1,1+d,2) = Whitney(1,1,d); 
    charOutput(1,1+d,3) = Whitney(1,1,d); 
     
    y=0;  
    for str=1:length(data(1,:,d)) 
        if isempty(data{1,str,d})==0 
            y=y+1; 
        end 
    end 
         
    for e=1:y 
        for z=1:max(length(Whitney(2,:,:))) 
            if Whitney{2,e,d}==charOutput{4+z,1,1} 
                charOutput(4+z,1+d,1) = Whitney(6,e,d); %No 
                charOutput(4+z,1+d,2) = Whitney(3,e,d); %Failed 
                charOutput(4+z,1+d,3) = Whitney(4,e,d); %Censored 
            end 
        end 
    end 
end 
  
for d=1:x %find strength 
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    for w=1:length(num(:,1)) 
        tempChar = char(txt{3+w,1}); 
        if char(charOutput{1,1+d,1}) == tempChar(1:5) 
                charOutput{2,1+d,1} = num(w,4); %No 
                charOutput{2,1+d,2} = num(w,4); %Failed 
                charOutput{2,1+d,3} = num(w,4); %Censored 
        end 
    end 
end 
  
charOutputA = charOutput(1:3,:,:); 
charOutputC = charOutput(3:length(charOutput(:,1,1)),:,:); 
for d=1:x 
    for e=1:x 
        if verification{1,1+d} == charOutputA{1,1+e,1} 
            charOutputA(3,1,1)=[{'alpha, chapeau'}]; 
            charOutputA(3,1,2)=[{'alpha, chapeau'}]; 
            charOutputA(3,1,3)=[{'alpha, chapeau'}]; 
            charOutputA{3,1+e,1}=verification{2,1+d}; 
            charOutputA{3,1+e,2}=verification{2,1+d}; 
            charOutputA{3,1+e,3}=verification{2,1+d}; 
        end 
    end 
end 
  
charOutput=cat(1,charOutputA,charOutputC); 
  
charOutputLog=cell(10,5,4); 
for d=1:x 
    charOutputLog(:,1,d)= charOutput(:,1,1); 
    charOutputLog(:,2,d)= charOutput(:,d+1,1); 
    charOutputLog(5,2:5,d)=[{'Stress (MPa)'};{'log(Stress)'};{'No'};{'log(No)'}]; 
    
charOutputLog(6:10,2,d)=num2cell(cell2mat(charOutputLog(2,2,d)).*cell2mat(charOutputLog(6:
10,1,d))); 
    charOutputLog(6:10,3,d)=num2cell(log10([charOutputLog{6:10,2,d}])); 
    for e=1:max(length(Whitney(2,:,:))) 
        if charOutput{5+e,1+d,2}>0 
            charOutputLog(5+e,4,d)=charOutput(5+e,d+1,1); 
            charOutputLog(5+e,5,d)=num2cell(log10([charOutputLog{5+e,4,d}])); 
        end 
    end 
end 
  
dataAdd = [{'Type'}; {'Stress Range'}; {'Fail'}; {'Censor'};{'Specimen 1'};{'Specimen 
2'};{'Specimen 3'};{'Specimen 4'};{'Specimen 5'};{'Specimen 6'}]; 



 
208 

 

dataAdd=cat(3,dataAdd,dataAdd); 
dataAdd=cat(3,dataAdd,dataAdd); 
data = cat(2,dataAdd,data); 
  
file_name = sprintf('Whitney_C.xlsx'); 
  
txtCount = cell(1,1); 
txtCount{1,1} = 'Convergence'; 
xlswrite(file_name,txtCount,'Convergence','A1'); 
xlswrite(file_name,verification,'Convergence','A3'); 
  
txtCount = cell(1,1); 
txtCount{1,1} = 'Inputs'; 
xlswrite(file_name,txtCount,'Inputs','A1'); 
txtCount{1,1} = 'Fail'; 
xlswrite(file_name,txtCount,'Inputs','A3'); 
xlswrite(file_name,charOutput(:,:,2),'Inputs','A4'); 
txtCount{1,1} = 'Censor'; 
xlswrite(file_name,txtCount,'Inputs','A15'); 
txtCount{1,1} = 'Limit:'; 
xlswrite(file_name,txtCount,'Inputs','D15'); 
xlswrite(file_name,limit,'Inputs','E15'); 
xlswrite(file_name,charOutput(:,:,3),'Inputs','A16'); 
txtCount{1,1} = 'RAW'; 
xlswrite(file_name,txtCount,'Inputs','A27'); 
xlswrite(file_name,data(:,:,1),'Inputs','A28'); 
xlswrite(file_name,data(:,:,2),'Inputs','A39'); 
xlswrite(file_name,data(:,:,3),'Inputs','A50'); 
xlswrite(file_name,data(:,:,4),'Inputs','A61'); 
  
txtCount = cell(1,1); 
txtCount{1,1} = 'Characteristic Output'; 
xlswrite(file_name,txtCount,'Characteristic Output','A1'); 
txtCount{1,1} = 'Normalized'; 
xlswrite(file_name,txtCount,'Characteristic Output','A3'); 
xlswrite(file_name,charOutput(:,:,1),'Characteristic Output','A4'); 
txtCount{1,1} = 'Log-Log'; 
xlswrite(file_name,txtCount,'Characteristic Output','A15'); 
xlswrite(file_name,charOutputLog(:,:,1),'Characteristic Output','A16'); 
xlswrite(file_name,charOutputLog(:,:,2),'Characteristic Output','A27'); 
xlswrite(file_name,charOutputLog(:,:,3),'Characteristic Output','A38'); 
xlswrite(file_name,charOutputLog(:,:,4),'Characteristic Output','A49'); 
  
clear 
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A4.5  WHITWORTH MODEL 

The following program imports all the tensile stiffness files and processes it using the 

Whitworth model to determine all the constants. 

%calculate stiffness degradation fit 
cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
warning('off', 'MATLAB:xlswrite:AddSheet'); %remove warning for creating new sheet 
  
%imports stats for tests 
file_name = sprintf('Fatigue Cycle Summary.xls'); 
num = xlsread(file_name,'Fatigue Cycle - Summary'); 
[~, txt] = xlsread(file_name,'Fatigue Cycle - Summary'); 
  
cd 'D:\Dropbox\PhD\Research\QC Fatigue\Stiffness Degradation' 
[statusFL, listFL] = system('dir /B /S *.xls'); 
result = textscan(listFL,'%s','delimiter','\n'); 
fileList = result{1}; 
  
ID=cell(length(fileList(:,1)),8); 
  
%classification for ordering the files 
for c=1:length(fileList(:,1)) 
    ID_temp = char(fileList(c,1)); 
    ID{c,1} = char(fileList(c,1)); 
    ID{c,2} = ID_temp(58:length(ID_temp)-4); 
    ID{c,4} = ID_temp(58:62); 
    ID_temp = ID_temp(58:length(ID_temp)-4); 
    location = strfind(ID_temp,'-'); 
    space = strfind(ID_temp,' '); 
     
    if isempty(space) == 1 
        space = length(ID_temp); 
    end 
     
    if length(location) == 2 
        ID{c,3} = strcat(ID(c,4),'-',ID_temp(7:end)); 
        ID{c,5} = str2num(ID_temp(7:end)); 
        ID{c,6} = 0; 
        ID{c,7} = 0; 
        ID{c,8} = 1000*ID{c,5} + 100*ID{c,6} + ID{c,7}; 
    elseif length(location) == 3 
        ID{c,3} = strcat(ID(c,4),'-',ID_temp(7:location(1,3)-1)); 
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        ID{c,5} = str2num(ID_temp(7:location(1,3)-1)); 
        ID{c,6} = str2num(ID_temp(location(3)+1:space(1))); 
        ID{c,7} = 0; 
        ID{c,8} = 1000*ID{c,5} + 100*ID{c,6} + ID{c,7}; 
    elseif length(location) == 4 
        ID{c,3} = strcat(ID(c,4),'-',ID_temp(7:location(1,3)-1)); 
        ID{c,5} = str2num(ID_temp(7:location(1,3)-1)); 
        ID{c,6} = str2num(ID_temp(location(3)+1:location(4)-1)); 
        ID{c,7} = str2num(ID_temp(location(4)+1:space(1))); 
        ID{c,8} = 1000*ID{c,5} + 100*ID{c,6} + ID{c,7}; 
    end 
     
end 
  
  
%deletes all unnecessary scans (no number of cycles) 
check = zeros(length(fileList),1); 
for c=1:length(fileList(:,1)) 
    for k=1:length(num(:,1)) 
        if length(char(ID{c,3})) == length(char(txt(3+k,1))) 
            if char(ID{c,3}) == char(txt(3+k,1)) 
                check(c) = 1; 
            end 
        end 
    end 
end 
ID(check(:,1)==0,:)=[]; 
  
%stiffness degradation setup 
for d=1:length(num) 
    txtTemp = txt{d+3,1}; 
    t = 0; 
     
    if d == 1 
        x=1; 
        stiffD = cell(1,4,1); 
        stiffD{1,1,1} = txtTemp(1:5); 
        t=1; 
    else 
        for c=1:length(stiffD(1,1,:)) 
            if txtTemp(1:5)== stiffD{1,1,c} 
                t=1; 
            end 
        end 
    end 
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    if t == 0 
        x = x+1; 
        stiffD = cat(3,stiffD,cell(length(stiffD(:,1,1)), length(stiffD(1,:,1)),1)); 
        stiffD{1,1,x} = txtTemp(1:5); 
    end 
end 
stiffD_C = stiffD; 
  
  
for c=1:length(num(:,1)) 
    %collects all relevant file names for one coupon 
    summary = cell(num(c,1),8); 
    t = 1; 
    for k=1:length(ID(:,1)) 
        if length(char(ID{k,3})) == length(char(txt(3+c,1))) 
            if char(ID{k,3}) == char(txt(3+c,1)) 
                summary(t,:)=ID(k,:); 
                t = t+1; 
            end 
        end 
    end 
    summary=sortrows(summary,8); %sorts the relevant file names 
     
    %compiles all the files for the same coupon 
    cd 'D:\Dropbox\PhD\Research\QC Fatigue\Stiffness Degradation' 
    for k=1:length(summary(:,1)) 
        coup_file = strcat(summary{k,2},'.xls'); 
        [coupValImp,coupTitles] = xlsread(coup_file,summary{k,2}); 
        coupTitleVal = coupValImp(1:5,2); 
         
        %extracts calculated life  
         for d=1:length(num(:,1)) 
             if coupTitleVal(5)==num(d,8) 
                 coupTitleVal(4)=num(d,7); 
             end 
         end 
         
        if k==1 
            coupValImp=coupValImp(8:length(coupValImp),:); 
            coupVal = coupValImp; 
        else 
            coupValImp=coupValImp(8:length(coupValImp),:); 
            tempAddCol = [(ones(length(coupValImp(:,1)),1) * coupVal(length(coupVal(:,1)),1)) 
(ones(length(coupValImp(:,1)),1) * coupVal(length(coupVal(:,1)),2)) 
(ones(length(coupValImp(:,1)),1) * coupVal(length(coupVal(:,1)),3))]; 
            coupValImp = [(coupValImp(:,1:3) + tempAddCol(:,1:3)) coupValImp(:,4:5)]; 
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            coupVal = [coupVal; coupValImp]; 
        end 
    end 
  
    %removes stiffnesses before max 
    coupVal=coupVal(find(coupVal(:,5)==1):end,:); 
     
    %compiles final modulus reductions, etc. for stiffness fitting 
    if length(summary(:,1)) > 0 
        for k=1:x 
            txtTemp = txt{3+c,1}; 
            if stiffD{1,1,k} == txtTemp(1:5) 
                if sum(cellfun(@isempty, stiffD(:,1,k))) == 0 
                    stiffD = cat(1,stiffD,cell(1,length(stiffD(1,:,1)), length(stiffD(1,1,:)))); 
                end 
                locTemp = (length(stiffD(:,1,k)) - sum(cellfun(@isempty, stiffD(:,1,k))) + 1); 
                stiffD(locTemp,1:4,k) = [{coupTitleVal(1,1)} {coupTitleVal(3,1)} {coupTitleVal(4,1)} 
{coupTitleVal(5,1)}];             
            end 
        end 
    end 
     
    %compiles final modulus reductions, etc. for stiffness fitting 
    %(censored) 
    limit = 0.8; 
    if length(summary(:,1)) > 0 
        if abs(coupTitleVal(4,1)/coupTitleVal(5,1))>limit 
            if coupTitleVal(5,1)<2000000 
                for k=1:x 
                    txtTemp = txt{3+c,1}; 
                    if stiffD_C{1,1,k} == txtTemp(1:5) 
                        if sum(cellfun(@isempty, stiffD_C(:,1,k))) == 0 
                            stiffD_C = cat(1,stiffD_C,cell(1,length(stiffD_C(1,:,1)), 
length(stiffD_C(1,1,:)))); 
                        end 
                        locTemp = (length(stiffD_C(:,1,k)) - sum(cellfun(@isempty, stiffD_C(:,1,k))) + 1); 
                        stiffD_C(locTemp,1:4,k) = [{coupTitleVal(1,1)} {coupTitleVal(3,1)} 
{coupTitleVal(4,1)} {coupTitleVal(5,1)}];             
                    end 
                end 
            end 
        end 
    end 
end 
  
cd 'D:\Dropbox\PhD\Research\QC Fatigue\Stiffness Degradation - Analysis' 
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[statusFL, listFL] = system('dir /B /S *.xlsx'); 
result = textscan(listFL,'%s','delimiter','\n'); 
fileList = result{1}; 
  
%limit fileList 
note{1,1} = 'Note: All-1000 REP-W-E0=E1 Dyanmic Modulus'; 
sheetName = 'Whitworth-All-1000-W-E0E1'; 
maxRep = 1000; 
weight = 1; %1=yes, 0=no 
fileListNames = zeros(length(fileList),1); 
for c=1:length(fileList) 
    fileListTemp = char(fileList(c)); 
    fileListTemp = eval(fileListTemp(75:76)); 
    fileListNames(c,1)=fileListTemp; 
    %fileListNames(fileListNames(:,1)==85,:)=1; 
    %fileListNames(fileListNames(:,1)==80,:)=1; 
    %fileListNames(fileListNames(:,1)==75,:)=1; 
    %fileListNames(fileListNames(:,1)==70,:)=1; 
    %fileListNames(fileListNames(:,1)==65,:)=1; 
end 
fileList(fileListNames(:,1)==1,:)=[]; 
  
%keep all specimen values 
Whitworth_C_Spec = cell(9,7,length(fileList)); 
  
for c=1:length(fileList) 
    %gets list of excel sheets 
    fileName = fileList{c}; 
    [~,sheet_name]=xlsfinfo(fileName); 
     
    %gets rid of normal 'Sheet1' 
    for d=1:length(sheet_name) 
        if length(sheet_name{d}) == length('Sheet1') 
            if sheet_name{d} == 'Sheet1' 
                sheet_name(d)=[]; 
                break; 
            end 
        end 
    end 
  
    %setups array to track c1, c2, h and m output 
    Whitworth_C = cell(2+length(sheet_name),7); 
    Whitworth_C(1,:) = [{'Specimens'} {'c1'} {'c2'} {'h-TRR'} {'m-TRR'} {'h-LMM'} {'m-
LMM'}]; 
    Whitworth_C_All(1,:) = [{'Specimens'} {'c1'} {'c2'} {'h-TRR'} {'m-TRR'} {'h-LMM'} {'m-
LMM'}]; 
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    %calculates the c1 and c2 factor 
    txtTemp = sheet_name{1}; 
    x=length(stiffD_C(1,1,:)); 
    for e=1:x 
        if stiffD_C{1,1,e} == txtTemp(1:5) 
            locTemp = (length(stiffD_C(:,1,e)) - sum(cellfun(@isempty, stiffD_C(:,1,e)))); 
            x_data=[stiffD_C{2:locTemp,2,e}]'; 
            y_data=[stiffD_C{2:locTemp,1,e}]'; 
            x0_c = [1,1]; 
            [c_output,c_stats]=fit(x_data,y_data,'power1','Start',x0_c); 
            c_conf = cfit(c_output); 
            c1 = c_output.a; 
            c2 = c_output.b; 
        end 
    end 
     
    %calculates the h and m factor, for each individual coupon repetition 
    x0 = [1,1]; 
         
    for d=1:length(sheet_name) 
        [sheet_num, sheet_txt] = xlsread(fileName,sheet_name{d}); 
        En_data = sheet_num(6:length(sheet_num(:,1)),4); 
        n_data = sheet_num(6:length(sheet_num(:,1)),2); 
        E0 =  sheet_num(2,8); %E0 = static 
        E0 = max(En_data); %E0 = dynamic 
        En = En_data/E0;  
        SSU = sheet_num(2,5); 
   
        fun = @(x) ((SSU/c1)^(1/c2))*(-x(1)*log(n_data+1)+((c1/SSU).^(x(2)/c2))).^(1/x(2))-
En_data; 
  
        Whitworth_C{d+1,1} = sheet_name{d}; 
        Whitworth_C{d+1,2} = c1; 
        Whitworth_C{d+1,3} = c2; 
         
        options = optimoptions(@lsqnonlin,'Algorithm','trust-region-reflective', 
'MaxIter',maxRep,'MaxFunEvals',maxRep); 
        x_results = lsqnonlin(fun,x0,[],[],options); 
        h = real(x_results(1)); 
        m = real(x_results(2)); 
        Whitworth_C{d+1,4} = h; 
        Whitworth_C{d+1,5} = m; 
         



 
215 

 

        options = optimoptions(@lsqnonlin,'Algorithm','levenberg-marquardt', 
'MaxIter',maxRep,'MaxFunEvals',maxRep); %'trust-region-reflective' was not chosen, since it can 
be less effective 
        x_results = lsqnonlin(fun,x0,[],[],options); 
        h = real(x_results(1)); 
        m = real(x_results(2)); 
         
        Whitworth_C{d+1,6} = h; 
        Whitworth_C{d+1,7} = m;         
    end 
     
    Whitworth_C_Spec(1:length(Whitworth_C(:,1)),:,c) = Whitworth_C; 
  
    %calculates the h and m factor all sheets of a stress level 
     
    %determine weighting 
    if weight == 0    %add weighting here: Take 1 (w) 
        for d=1:length(sheet_name) 
            [sheet_num, sheet_txt] = xlsread(fileName,sheet_name{d}); 
            E0 =  sheet_num(2,8); %E0 = static 
            SSU = sheet_num(2,5); 
            if d == 1 
                En_data = sheet_num(6:length(sheet_num(:,1)),4); 
                n_data = sheet_num(6:length(sheet_num(:,1)),2); 
                w = 
ones(length(sheet_num(6:length(sheet_num(:,1)),4)),1)/length(sheet_num(6:length(sheet_num(:,1)
),4)); 
                wei = ones(length(sheet_name),2); 
                wei(d,1)= 1/length(sheet_num(6:length(sheet_num(:,1)),4)); 
                wei(d,2)= length(sheet_num(6:length(sheet_num(:,1)),4)); 
            else 
                En_data = [En_data; sheet_num(6:length(sheet_num(:,1)),4)]; 
                n_data = [n_data; sheet_num(6:length(sheet_num(:,1)),2)]; 
                w = [w; 
ones(length(sheet_num(6:length(sheet_num(:,1)),4)),1)/length(sheet_num(6:length(sheet_num(:,1)
),4))];         
                wei(d,1)= 1/length(sheet_num(6:length(sheet_num(:,1)),4)); 
                wei(d,2)= length(sheet_num(6:length(sheet_num(:,1)),4)); 
            end 
        end 
        w = w/min(w); 
        E0 = max(En_data); %E0 = dynamic% 
    elseif weight == 1    %add weighting here: Take 2 (wei) -- if you want to leverage it 
        for d=1:length(sheet_name) 
            [sheet_num, sheet_txt] = xlsread(fileName,sheet_name{d}); 
            E0 =  sheet_num(2,8); %E0 = static 
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            SSU = sheet_num(2,5); 
            if d == 1 
                En_data = sheet_num(6:length(sheet_num(:,1)),4); 
                n_data = sheet_num(6:length(sheet_num(:,1)),2); 
                w = 
ones(length(sheet_num(6:length(sheet_num(:,1)),4)),1)/length(sheet_num(6:length(sheet_num(:,1)
),4)); 
                wei = ones(length(sheet_name),2); 
                wei(d,1)= 1/length(sheet_num(6:length(sheet_num(:,1)),4)); 
                wei(d,2)= length(sheet_num(6:length(sheet_num(:,1)),4)); 
            else 
                En_data = [En_data; sheet_num(6:length(sheet_num(:,1)),4)]; 
                n_data = [n_data; sheet_num(6:length(sheet_num(:,1)),2)]; 
                w = [w; 
ones(length(sheet_num(6:length(sheet_num(:,1)),4)),1)/length(sheet_num(6:length(sheet_num(:,1)
),4))];         
                wei(d,1)= 1/length(sheet_num(6:length(sheet_num(:,1)),4)); 
                wei(d,2)= length(sheet_num(6:length(sheet_num(:,1)),4)); 
            end 
        end 
        w = w/min(w); 
         
        wei(:,1) = wei(:,1)/min(wei(:,1)); 
        wei(wei(:,2)==1,:)=1; 
        wei = wei(:,1); 
        weiMult = 1; 
        while max(abs(round(wei*weiMult)-wei*weiMult)./(wei*weiMult)>0.05)==1 
            weiMult = weiMult + 1; 
            wei*weiMult; 
            abs(round(wei*weiMult)-wei*weiMult)./(wei*weiMult); 
        end 
  
        wei = round(wei*weiMult); 
  
        for d=1:length(sheet_name) 
            [sheet_num, sheet_txt] = xlsread(fileName,sheet_name{d}); 
            E0 =  sheet_num(2,8); 
            SSU = sheet_num(2,5); 
            if d == 1              
                for e=1:wei(d,1) 
                    if e == 1 
                        En_data = sheet_num(6:length(sheet_num(:,1)),4); 
                        n_data = sheet_num(6:length(sheet_num(:,1)),2); 
                        w = 
ones(length(sheet_num(6:length(sheet_num(:,1)),4)),1)/length(sheet_num(6:length(sheet_num(:,1)
),4)); 
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                    else 
                        En_data = [En_data; sheet_num(6:length(sheet_num(:,1)),4)]; 
                        n_data = [n_data; sheet_num(6:length(sheet_num(:,1)),2)]; 
                        w = [w; 
ones(length(sheet_num(6:length(sheet_num(:,1)),4)),1)/length(sheet_num(6:length(sheet_num(:,1)
),4))];         
                    end 
                end 
            else 
                for e=1:wei(d,1) 
                    En_data = [En_data; sheet_num(6:length(sheet_num(:,1)),4)]; 
                    n_data = [n_data; sheet_num(6:length(sheet_num(:,1)),2)]; 
                    w = [w; 
ones(length(sheet_num(6:length(sheet_num(:,1)),4)),1)/length(sheet_num(6:length(sheet_num(:,1)
),4))];         
                end 
            end 
        end 
        E0 = max(En_data); %E0 = dynamic% 
    end 
     
    En = En_data/E0;  
     
    %constant calculations 
    fun = @(x) ((SSU/c1)^(1/c2))*(-x(1)*log(n_data+1)+((c1/SSU).^(x(2)/c2))).^(1/x(2))-
En_data; 
         
    Whitworth_C{end,1} = fileName(69:76); 
    Whitworth_C{end,2} = c1; 
    Whitworth_C{end,3} = c2; 
  
    options = optimoptions(@lsqnonlin,'Algorithm','trust-region-reflective', 
'MaxIter',maxRep,'MaxFunEvals',maxRep); 
    x_results = lsqnonlin(fun,x0,[],[],options); 
    h = real(x_results(1)); 
    m = real(x_results(2)); 
    Whitworth_C{end,4} = h; 
    Whitworth_C{end,5} = m; 
  
    options = optimoptions(@lsqnonlin,'Algorithm','levenberg-marquardt', 
'MaxIter',maxRep,'MaxFunEvals',maxRep); %'trust-region-reflective' was not chosen, since it can 
be less effective 
    x_results = lsqnonlin(fun,x0,[],[],options); 
    h = real(x_results(1)); 
    m = real(x_results(2)); 
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    Whitworth_C{end,6} = h; 
    Whitworth_C{end,7} = m; 
     
    Whitworth_C_All = [Whitworth_C_All; Whitworth_C(end,:)]; 
     
     %compiles data for calculation across stress levels 
    checkStress = 0; 
    x=length(stiffD_C(1,1,:)); 
     
    %     Used to verify full transfer 
    tempLength = length(num2cell([c1.*ones(length(n_data),1) c2.*ones(length(n_data),1) En_data 
E0.*ones(length(n_data),1) n_data SSU.*ones(length(n_data),1)])); 
  
    if c == 1 
        Whitworth_T = cell(2,6,x); %used for all coupons 
        Whitworth_T(1,1,1) = {fileName(69:73)}; 
        Whitworth_T(2,:,1) = [{'c1'} {'c2'} {'En'} {'E0'} {'n'} {'SSU'}]; 
        Whitworth_Temp = num2cell([c1.*ones(length(n_data),1) c2.*ones(length(n_data),1) 
En_data E0.*ones(length(n_data),1)  n_data SSU.*ones(length(n_data),1)]); 
        Whitworth_Temp = cat(3, 
Whitworth_Temp,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-1)); 
        Whitworth_T = [Whitworth_T; Whitworth_Temp]; 
        checkStress = 1; 
    else 
        for d=1:x 
            excessCell = sum(cellfun(@isempty,Whitworth_T(:,1,d))); 
            Whitworth_Temp = num2cell([c1.*ones(length(n_data),1) c2.*ones(length(n_data),1) 
En_data E0.*ones(length(n_data),1)  n_data SSU.*ones(length(n_data),1)]); 
             
            if d == 1 
                Whitworth_Temp = cat(3, 
Whitworth_Temp,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-1)); 
            elseif d == 2 
                Whitworth_Temp = cat(3, 
Whitworth_Temp,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-2)); 
                Whitworth_Temp = 
cat(3,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-3), 
Whitworth_Temp); 
            elseif d == 3 
                Whitworth_Temp = cat(3, 
Whitworth_Temp,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-3)); 
                Whitworth_Temp = 
cat(3,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-2), 
Whitworth_Temp); 
            elseif d == 4 
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                Whitworth_Temp = 
cat(3,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-1), 
Whitworth_Temp); 
            end 
             
            if sum(cellfun(@isempty,Whitworth_T(1,1,d))) == 0      
                if fileName(69:73) == Whitworth_T{1,1,d} 
                    if excessCell == 0 
                        Whitworth_T = [Whitworth_T; Whitworth_Temp]; 
                        checkStress = 1; 
                    elseif (excessCell)>length(Whitworth_Temp(:,:,d)) == 1 
                        endCell = length(Whitworth_T(:,1,d))-excessCell; 
                        Whitworth_T((endCell+1):(endCell+length(Whitworth_Temp(:,:,1))),:,d) = 
Whitworth_Temp(1:end,:,d); 
                        checkStress = 1; 
                    else 
                        endCell = min(excessCell,length(Whitworth_Temp(:,:,1))); 
                        Whitworth_T((length(Whitworth_T(:,1,1))-excessCell+1):end,:,d) = 
Whitworth_Temp(1:excessCell,:,d); 
                        Whitworth_Temp = Whitworth_Temp((excessCell+1):end,:,:); 
                        Whitworth_T = [Whitworth_T; Whitworth_Temp]; 
                        checkStress = 1; 
                    end 
                end 
            end 
        end 
        if checkStress == 0 
            for d=1:x 
                excessCell = sum(cellfun(@isempty,Whitworth_T(:,1,d))); 
                clear Whitworth_Temp 
                Whitworth_Temp = num2cell([c1.*ones(length(n_data),1) c2.*ones(length(n_data),1) 
En_data E0.*ones(length(n_data),1) n_data SSU.*ones(length(n_data),1)]); 
                Whitworth_Temp = [cell(2,length(Whitworth_Temp(1,:))); Whitworth_Temp]; 
                Whitworth_Temp(1,1) = {fileName(69:73)}; 
                Whitworth_Temp(2,:) = [{'c1'} {'c2'} {'En'} {'E0'} {'n'} {'SSU'}]; 
                 
                if d == 1 
                    Whitworth_Temp = cat(3, 
Whitworth_Temp,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-1)); 
                elseif d == 2 
                    Whitworth_Temp = cat(3, 
Whitworth_Temp,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-2)); 
                    Whitworth_Temp = 
cat(3,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-3), 
Whitworth_Temp); 
                elseif d == 3 



 
220 

 

                    Whitworth_Temp = cat(3, 
Whitworth_Temp,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-3)); 
                    Whitworth_Temp = 
cat(3,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-2), 
Whitworth_Temp); 
                elseif d == 4 
                    Whitworth_Temp = 
cat(3,cell(length(Whitworth_Temp(:,1,1)),length(Whitworth_Temp(1,:,1)),x-1), 
Whitworth_Temp); 
                end 
             
                if sum(cellfun(@isempty,Whitworth_T(1,1,d))) == 1 
                    Whitworth_T(1,1,d) = {fileName(69:73)}; 
                    Whitworth_T(2,:,d) = [{'c1'} {'c2'} {'En'} {'E0'} {'n'} {'SSU'}]; 
                    if (excessCell)>length(Whitworth_Temp(:,:,1)) == 1 
                        endCell = length(Whitworth_T(:,1,d))-excessCell; 
                        Whitworth_T((endCell+1):(endCell+length(Whitworth_Temp(:,:,1))),:,d) = 
Whitworth_Temp(1:end,:,d); 
                        checkStress = 1; 
                        break 
                    else 
                        endCell = min(excessCell,length(Whitworth_Temp(:,:,1))); 
                        Whitworth_T((length(Whitworth_T(:,1,1))-excessCell+1):end,:,d) = 
Whitworth_Temp(1:excessCell,:,d); 
                        Whitworth_Temp = Whitworth_Temp((excessCell+1):end,:,:); 
                        Whitworth_T = [Whitworth_T; Whitworth_Temp]; 
                        checkStress = 1; 
                        break 
                    end 
                end 
            end 
        end 
    end 
     
%     Used to verify full transfer 
%     c 
%     Whitworth_T(1:2,1,:) 
     if c == 1 
         tempCheck = [{'Coupon'} {'TemporaryAdd Length'} {'Maximum Length'} {'Type(1) 
Length'} {'Type(2) Length'} {'Type(3) Length'} {'Type(4) Length'}]; 
         tempCheck = [tempCheck; cellstr(fileName(69:76)) tempLength length(Whitworth_T(:,1,1)) 
sum(cellfun(@isempty,Whitworth_T(:,1,1))) sum(cellfun(@isempty,Whitworth_T(:,1,2))) 
sum(cellfun(@isempty,Whitworth_T(:,1,3))) sum(cellfun(@isempty,Whitworth_T(:,1,4)))]; 
     else 
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         tempCheck = [tempCheck; cellstr(fileName(69:76)) tempLength length(Whitworth_T(:,1,1)) 
sum(cellfun(@isempty,Whitworth_T(:,1,1))) sum(cellfun(@isempty,Whitworth_T(:,1,2))) 
sum(cellfun(@isempty,Whitworth_T(:,1,3))) sum(cellfun(@isempty,Whitworth_T(:,1,4)))]; 
     end 
%     c=c+1; 
end 
  
clearvars -except Whitworth_T Whitworth_C_All Whitworth_C_Spec sheetName note maxRep 
fileList 
  
%average specimen values 
for c=1:length(Whitworth_C_Spec(1,1,:)) 
    for d=2:length(Whitworth_C_Spec(1,:,1)) 
        fileListTemp = char(fileList(c)); 
        fileListTemp = fileListTemp(69:76); 
        Whitworth_C_Spec{end,1,c} = fileListTemp; 
        Whitworth_C_Spec{end,d,c} = 
mean([Whitworth_C_Spec{2:(length(Whitworth_C_Spec(:,d,c)) - 
sum(cellfun(@isempty,Whitworth_C_Spec(:,d,c)))),d,c}]); 
    end 
end 
  
%determines h and m values for entire coupon type 
for d=1:length(Whitworth_T(1,1,:)) 
    x0 = [1,1]; 
    excessCell = sum(cellfun(@isempty,Whitworth_T(:,1,d))); 
    endCell = length(Whitworth_T(:,1,d))-excessCell; 
    c1 = cell2mat(Whitworth_T(3:endCell,1,d)); %{'c1'} 
    c2 = cell2mat(Whitworth_T(3:endCell,2,d)); %{'c2'} 
    En_data = cell2mat(Whitworth_T(3:endCell,3,d)); %{'En'} 
    E0 = cell2mat(Whitworth_T(3:endCell,4,d)); %{'E0'} 
    n_data = cell2mat(Whitworth_T(3:endCell,5,d)); %{'n'} 
    SSU = cell2mat(Whitworth_T(3:endCell,6,d)); %{'SSU'} 
  
    Whitworth_T_Add = cell(1,7); 
    Whitworth_T_Add{1,1} = Whitworth_T(1,1,d); 
    Whitworth_T_Add{1,2} = c1(1,1); 
    Whitworth_T_Add{1,3} = c2(1,1); 
     
    fun = @(x) ((SSU./c1).^(1./c2)).*(-x(1).*log(n_data+1)+((c1./SSU).^(x(2)./c2))).^(1./x(2))-
En_data; 
  
    options = optimoptions(@lsqnonlin,'Algorithm','trust-region-reflective', 
'MaxIter',maxRep,'MaxFunEvals',maxRep); 
    x_results = lsqnonlin(fun,x0,[],[],options); 
    h = real(x_results(1)); 
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    m = real(x_results(2)); 
    Whitworth_T_Add{1,4} = h; 
    Whitworth_T_Add{1,5} = m; 
     
    options = optimoptions(@lsqnonlin,'Algorithm','levenberg-marquardt', 
'MaxIter',maxRep,'MaxFunEvals',maxRep); %'trust-region-reflective' was not chosen, since it can 
be less effective 
    x_results = lsqnonlin(fun,x0,[],[],options); 
    h = real(x_results(1)); 
    m = real(x_results(2)); 
    Whitworth_T_Add{1,6} = h; 
    Whitworth_T_Add{1,7} = m; 
     
    Whitworth_C_All = [Whitworth_C_All; Whitworth_T_Add]; 
end 
  
cd 'D:\Dropbox\PhD\Research\QC Fatigue' 
warning('off', 'MATLAB:xlswrite:AddSheet'); %remove warning for creating new sheet 
temp_file = sprintf('Whitworth.xlsx'); 
xlswrite(temp_file,Whitworth_C_All,sheetName,'A1'); 
xlswrite(temp_file,note,sheetName,'I1'); 
xlswrite(temp_file,maxRep,sheetName,'I2'); 
  
for c=1:length(Whitworth_C_Spec(1,1,:)) 
    xlswrite(temp_file,Whitworth_C_Spec(1,:,1),'Specimen','A1'); 
    locationTot = sprintf('A%d',(c+1)); 
    xlswrite(temp_file,Whitworth_C_Spec(end,:,c),'Specimen',locationTot); 
    locationInd = sprintf('A%d',(c*10+2)); 
    xlswrite(temp_file,Whitworth_C_Spec(:,:,c),'Specimen',locationInd); 
end 
  
  
clear 

 


