
ABSTRACT 

MILLER, BRYANT LEROY HENSBY. Synergistic Effect of Mechanical Loading and 
Environmental Conditions on the Degradation of Pultruded Glass Fiber-Reinforced Polymers 
(GFRP). (Under the direction of Mohammad Pour-Ghaz, Ph.D. and Sami Rizkalla. Ph.D.) 

Commercially available pultruded Glass Fiber-Reinforced Polymers (GFRP) are becoming 

widely accepted as civil infrastructure materials. During their intended service life, GFRPs 

are exposed to a variety of loadings and environmental exposures that may result in 

degradation of their mechanical properties. A majority of the current research has addressed 

the impact of loading or the impact of various environmental exposures. However, there is 

limited knowledge and experimental data on the synergistic effect of mechanical loading and 

environmental conditions on the degradation of GFRP materials, which more effectively 

simulates actual service conditions. Therefore, the main objective of this thesis is to develop 

an understanding of the degradation mechanisms of FRP materials when exposed to 

combined mechanical and environmental loadings. The parameters studied included: the type 

of resin matrix, the type of solution that the materials are exposed to, the duration of the 

exposure, and the amount of loading. The degradation in ultimate tensile strength and elastic 

modulus of conditioned samples were experimentally measured. Test results from acoustic 

emission, thermogravimetric, and moisture content analyses, as well as, Scanning Electron 

Microscopy images are presented to assist in understanding the complex nonlinear 

degradation mechanisms of the materials when exposed to these various loading and 

exposure conditions. Additionally, the question of whether acoustic emission can be used as 

a non-destructive test method to quantify degradation in FRP materials is examined.  
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CHAPTER 1: INTRODUCTION 

 

Fiber-reinforced polymers (FRP) are composite materials which consist of reinforcing 

fibers embedded in a binding resin matrix. Fiber reinforced composites offer structural 

engineers a high-strength, lightweight, and corrosion-resistant alternative to more 

conventional structural materials, such as steel. The use of FRP materials in civil 

infrastructure is becoming increasingly more prevalent. This is especially true in certain 

corrosive environments where steel members may be severely affected. Fiber-reinforced 

polymers can also have a higher initial cost than other structural materials. Currently, glass 

FRP composites are the most common FRP materials due to their lower cost compared to 

other FRP materials, such as carbon FRP.  

During their service life, FRP materials are subjected to a combination of mechanical 

loadings and environmental conditions that may degrade their mechanical properties. The 

issue of durability of FRP materials remains a major concern in the design and application of 

the composites (Karbhari et al. 2003). Due to the lack of research data and knowledge about 

the long-term durability performance of FRP materials, a high degree of conservatism is 

being applied in the design process. Previous researchers have studied the effect of various 

environmental conditions. The synergistic effect of mechanical and environmental loadings, 

however, has not been fully understood (Karbhari et al. 2003). Understanding the synergistic 

effect of mechanical loading and exposure to solutions at elevated temperature can help in 

predicting the service life of FRP materials and structures, as well as, designing test methods 

that more realistically simulate the natural aging of the materials. 

The failure and degradation process can be quite complicated, especially in 

commercially available pultruded GFRP composites. The ability to isolate and understand the 

different mechanisms involved in failure of samples exposed to mechanical and 

environmental loadings could provide a better understanding of the degradation behavior of 

FRP materials. Therefore, this thesis is concerned with the synergistic effect of loadings, 

temperature, and exposure to solutions on the degradation of mechanical properties of 

commercially available pultruded GFRP composites.  
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This thesis represents a collaborative research program with West Virginia University 

which was conducted at the Constructed Facilities Laboratory at North Carolina State 

University in conjunction with the National Science Foundation. 

 

1.1. Objective 

 The main objective of this research is to develop an understanding of the degradation 

mechanisms of composite materials when exposed to combined mechanical and 

environmental loadings. In addition, the question of whether acoustic emission can be used 

as a non-destructive test method to quantify degradation in FRP materials is investigated.  

 

1.2. Project Scope 

To achieve the research objective stated, an extensive experimental and analytical 

research program was undertaken. The following provides the scope of this research 

program: 

 

a) A literature review was conducted discussing the effects of various environmental 

conditions on the mechanical properties of glass FRP composites. Also, a literature 

review was performed on the use of acoustic emission as a test method to evaluate 

failure of FRP composites. 

 

b) Tension testing was performed on unconditioned samples to provide control 

references for ultimate tensile strength, elastic modulus, and ultimate tensile strain. 

Tension testing was then conducted on conditioned samples to determine residual 

tensile strength, elastic modulus, and tensile strain.  

 

c) Acoustic emission testing was performed on unconditioned samples in an attempt to 

understand cracking and the failure behavior of the FRP materials. Different AE 
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characteristics were then proposed to be correlated to various damage and failure 

mechanisms of the material.  

 

d) Acoustic emission testing was also performed on conditioned samples in an attempt 

to understand the impact of the environmental conditions and effect of damage on the 

composites. The question of whether the AE characteristics were altered due to 

conditioning was studied.  

 

e) Scanning Electron Microscope (SEM) images were taken to provide corroborating 

information about cracking, the failure processes, and damage of the composites. 

 

f) Other materials tests including moisture content and glass transition temperature were 

conducted on both the unconditioned and conditioned samples to assess imposed 

damaged and the effect of the environmental conditions. 
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CHAPTER 2: BACKGROUND 

 

 This chapter presents a brief background on fiber-reinforced polymer (FRP) 

composites and the impact of environmental conditioning on the mechanical behavior of FRP 

composites. In addition, theoretical and experimental studies found in the literature are 

discussed. The literature presented in this chapter generally pertains to the durability of 

pultruded glass composites with a limited discussion on the durability of glass reinforcing 

bars and other types of FRP. Lastly, a brief background on acoustic emission and its use as a 

non-destructive test method for FRP materials is provided. 

 

2.1. Fiber-Reinforced Polymer (FRP) Composites 

Fiber reinforced-polymers (FRPs) are attractive materials for use in civil engineering 

infrastructure due to properties such as their light weight, corrosion resistance, and high 

mechanical performance. FRP materials are made of different constituent materials. In 

simplest form, FRP materials are comprised of matrix and fiber. Typical matrices for FRP 

materials can include various thermoset resins such as epoxies, vinylesters, and polyesters. 

Thermoset resins are formed through polymer cross-linking, which is the creation of bonds 

between the individual polymer chains. This process produces a hard material that cannot be 

reformed by heating, like as a thermoplastic material. The polymer matrix is used to provide 

a load transfer mechanism to the fibers and protect the fibers from chemical degradation. The 

stiffness for the matrix is considerably lower than the fibers. Thus, the fibers serve as the 

main load carrying constituent of the composite. Generally, FRP composites used in 

infrastructure consist of glass, aramid, basalt, or carbon fibers. 

In addition to the constituent phases, manufacturing processes can have significant 

impacts on the durability of FRP materials. FRP composites can be produced using various 

manufacturing techniques which may include compression molding, autoclave molding, wet-

layup, infusion, or pultrusion processes. Therefore, there is a wide variety of FRP materials 

currently available which can increase the difficulty in the durability assessment of 
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composites. In this thesis, FRP materials manufactured by a commercial pultrusion process 

with either a vinylester or polyester resin were used; therefore, a brief overview of the 

pultrusion process is provided below. 

 

2.1.1. Pultrusion 

Pultrusion first began around the 1950’s and is a mechanical process that pulls 

reinforcing fibers and a resin mixture through a heated die (Starr 2000). The heated die forms 

the material into a particular shape and facilitates curing of the polymer matrix. Once the 

material cools, it can be cut and the process is complete. A typical commercial pultrusion 

process is shown in Figure 2.1. Using this manufacturing process, a variety of structural 

shapes, such as channels, angles, and plates, can be manufactured. 

 

 

Figure 2.1 – Schematic illustration of a typical pultrusion process (Strongwell, Inc.) 

 

Commercially available pultruded composites generally consist of polyester or 

vinylester resins with interchanging layers of unidirectional fibers and chopped strand mat. 

Unidirectional fibers are long fibers oriented in a single direction and are very effective when 

subjected to tensile forces, whereas chopped strand mat consists of short fibers oriented in 
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different directions, increasing the transverse strength. Figure 2.2 shows chopped strand mat 

and unidirectional fibers on the top and bottom, respectively. Polyester resins are the most 

common in pultrusion since the resin has a low viscosity, allowing for the matrix to easily 

impregnate the reinforcing fibers, and a high polymerization rate that aids in decreasing the 

manufacturing time. Vinylester is similar to polyester; however, it is slightly more expensive, 

but can possibly provide a more durable material. In theory, vinylester is less susceptible to 

chemical degradation than polyester due to the position of each resin’s ester groups (Starr 

2000). 

 

 

Figure 2.2 – Photograph of a pultruded FRP section showing unidirectional fibers and 
chopped strand mat 

 

In addition to fiber and matrix, inorganic fillers or resin additives may be used to 

reduce cost or alter the material properties of the composite. A pure resin surface veil may 

also be added to provide additional fire and UV resistance, as well as, increased protection to 

the reinforcing fibers. Currently, commercially available pultruded materials have been used 

as possible replacement materials in applications such as pedestrian bridges, bridge girders, 

cooling tower systems, and certain building systems (Bank 2006). 

Unidirectional Fibers 

Chopped Strand Mat 
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2.2. Environmental Conditioning 

A survey of the literature indicates that a wide variety of testing procedures have been 

used to study the effect of environmental exposure on the degradation of FRP materials. The 

lack of consistency among test methods is mainly due to the limited availability of standards 

and guidelines. Typical environmental factors studied in the literature include exposure to 

different conditions such as temperatures, aggressive solutions, loadings, and freeze-thaw 

cycles.   

 

2.2.1. Accelerated Aging and Effect of Temperature 

Rapid assessments of the long-term durability of FRPs require the use of accelerated 

aging tests (Bank et al. 1995). Currently, increasing the conditioning temperature is the most 

common practice for accelerated aging when coupled with another environmental condition, 

such as salt exposure. Mechanical behavior of the materials at higher temperatures may be 

different than at lower temperatures (room temperature), mainly due to softening of the resin 

matrix (Scott et al. 1995). In general, it is imperative to avoid exceeding the glass transition 

temperature of the material (discussed in more detail in Section 2.4). Altering the 

conditioning temperature has been shown to have a greater impact on degradation than 

altering the other conditioning parameters, such as the amount of sustained loading (Buck et 

al. 1998, Karbhari et al. 2007, Robert et al. 2010).  

An increase in conditioning temperature might alter the mechanism of degradation of 

the material as opposed to accelerating the same mechanism that occurs at lower 

temperatures. As a first approximation, it can be speculated that if the increase in the rate of 

degradation with increased temperature follows Arrhenius’ Law, the degradation mechanism 

is unaltered. However, if the increase in the rate of degradation diverges from Arrhenius type 

behavior, the results may be misleading since it would be unclear if the degradation 

mechanism is representative of service life conditions. Arrhenius’ equation is presented in 

Equation 2.1 where k is the reaction rate constant, A is a constant, Ea is the activation energy, 

R is the universal gas constant, and T is the temperature in Kelvin. 
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exp  2.1 

 

The appropriate temperature for accelerated aging conditions has been discussed in 

the literature and can vary between studies. Based on experimental findings, Robert et al. 

(2010) have recommended 60ºC (140ºF) as the maximum exposure temperature for 

accelerated aging. This is also the temperature that ACI 440.3R-12 recommends for assessing 

the durability of FRP reinforcing bars. Currently, 60C seems to be the most common 

accelerated aging temperature. 

Lastly, an increase in exposure temperature may cause post-curing of the resin matrix, 

because heat can facilitate additional cross-linking of the polymer chains. Additional cross-

linking increases the bonds that are present between the polymer chains. This process can 

alter the mechanical and durability properties of the composites. Various research studies 

have discovered an increase in strength following conditioning at higher temperatures, most 

likely due to post-curing effects (Kajorncheappunngam et al. 2002, Hammami and Al-

Ghuilani, 2004, and Karbhari et al. 2003). 

 

2.2.2. Effect of Solutions 

One of the most common environmental factors studied is the exposure of composites 

to different solutions and aggressive agents. Losses in mechanical properties due to the 

sorption of moisture in the matrix have been attributed to different mechanisms such as 

plasticization, hydrolysis, and saponification (Karbhari et al. 2003).  Plasticization typically 

occurs earliest when solution molecules enter and occupy the space between polymer chains. 

Hydrolysis occurs when chemical bonds are separated due to the addition of water after an 

extended time of exposure. A schematic of the hydrolysis process of polyester is shown in 

Figure 2.3. Saponification is similar to hydrolysis, but occurs due to the presence of an 

alkali/basic solution. By definition, plasticization is a reversible process upon drying the FRP 

material, but plasticization may cause swelling of the polymer matrix and form residual 
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hygral stresses (Weitsman and Elahi 2000). At shorter conditioning durations, plasticization 

could be the only degradation mechanism (Correia et al. 2006). Differing from plasticization, 

hydrolysis is an irreversible process which causes permanent damage to the matrix. This is 

particularly important for glass FRP composites. Once the solutions reach the fiber-matrix 

interphase, the solutions can also deteriorate glass fibers by hydrolysis (Suri and Perreux 

1994).  

 

 

Figure 2.3 – Schematic of the hydrolysis process of polyester (Saleh, 2002) 

 

Due to the reversible nature of mechanisms like plasticization, it has been shown that 

the strength of the FRP composites can be dependent on the moisture condition of the 

sample. Chu and Karbari (2005) found that for a pultruded uniaxial glass/vinylester 

composite there was an approximate 5-10% regain in strength when the samples were dried 

at room temperature before testing as opposed to being tested “wet”. McBagonluri et al. 

(2000) also showed that the mechanical properties were greater when the sample was dry and 

not tested with the presence of moisture. Both studies discovered that upon drying the 

samples, the mechanical properties were still significantly lower than the unconditioned 

samples. This showed that the environmental conditions had caused irreversible damage, 

most likely due to hydrolysis. 

Commonly, accelerated aging is used to increase the rate of degradation due to 

exposure to different solutions. Chin et al. (2001) found that Arrhenius Law was valid for 

interlaminar shear strength for both vinylester and polyester resin matrix composites 

subjected to fresh water and salt water at 23-80°C. Chu and Karbhari (2005) also found that 
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Arrhenius Law can reasonably explain the degradation of tensile strength of a 

glass/vinylester composite exposed to freshwater at 23-80°C.  

McBagonluri et al. (2000) undertook a study involving accelerated aging of a 

glass/vinylester pultruded composite, similar to the one used in this research program, 

exposed to freshwater (at 45C) and a 3.5% salt water solution (at 65C). The authors found 

that the loss in tensile strength and modulus were roughly the same for both solutions. The 

samples showed an approximate 30% reduction in tensile strength and 10% reduction in 

modulus following 5 months of conditioning (approximately 3600 hrs). For shorter exposure 

durations, the difference between freshwater and saltwater solutions may not be significant 

(Sonawala and Spontak 1996). Interestingly, Liao et al. (1999) found a similar 30% reduction 

in tensile strength of the same materials as McBagonluri et al. (2000) after 9120 hours of 

conditioning in room temperature freshwater. This could lead to some understanding of the 

impact of accelerated aging.  

 

2.2.3. Effects due to Freeze/Thaw Cycles 

Freezing of the moisture present in composites can increase the rate of material 

degradation (Gomez and Castro 1996). Freezing of water is accompanied by an approximate 

nine percent volumetric increase. This increase in volume can create stresses and cause 

cracking. More moisture can then enter into the system and potentially freeze, resulting in 

increased cracking. In a polymer resin, it is believed that the voids present are not likely to be 

large enough to allow water to freeze due to cross-linking of the polymer chains. However, 

fiber reinforced polymer composite have large enough voids, particularly at the fiber/matrix 

interphase, to allow the internal water to freeze (Haramis et al. 2001).  

Freeze-thaw cycles have been shown to cause micro-cracking in the matrix and 

fiber/matrix debonding which could lead to subsequent degradation (Karbhari 2007). 

Samples exposed to freeze-thaw cycles with saltwater may degrade more than samples 

subjected to freshwater (Wu et al. 2006). This is due to the collection and possible 

crystallization of the salts that have entered into the composite (Karbhari et al. 2003). Gomez 
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and Castro (1996) observed that the loss in strength of both pultruded glass/vinylester and 

glass/polyester composites remained relatively constant following 200 cycles. The sealed 

samples were observed to have an approximate flexural strength loss of 20 percent.  

 

2.2.4. Synergistic Effect of Loading and Environmental Conditions  

The synergistic effect of mechanical loading and environmental conditions is 

important because it has been shown that the combination of multiple parameters can cause 

larger losses in mechanical properties when compared to the effect of only environmental 

conditions or loading (Carra and Carvelli 2014). Currently, limited research has been done on 

the synergistic effect due to the combination of loading and environmental aging conditions, 

especially on commercially available pultruded glass FRP profiles (Karbhari et al. 2003).  

Sustained loading can cause cracking or interphase debonding that could accelerate 

moisture ingress and subsequent degradation. Many factors can influence the effect of 

loading on the degradation of FRP materials including matrix type, geometry of the specimen 

(cross-sectional shape), loading type, and magnitude of the loading. The resin matrix can be 

important in the loading of FRP materials, mainly because a more ductile matrix, such as 

polypropylene, will behave differently compared to a more brittle polyester matrix.  

A large portion of the studies in the literature pertain to sustained loading of glass 

reinforcing bars in the presence of solutions. Nkurunziza et al. (2005) found that there was a 

minimal difference in tensile strength loss due to sustained tensile loads in a glass-vinylester 

reinforcing bar exposed to freshwater (at room temperature) for 10,000 hours. Also, tensile 

preloading of a pultruded uniaxial glass reinforcing bar has been shown to not have a 

significant impact on the composite’s durability (Robert and Benmokrane 2010). The resin 

matrix may be the same (i.e. vinylester) and degrade in a similar manner, but glass 

reinforcing bars have a different cross-sectional geometry than the pultruded glass 

composites in this research. Glass bars are generally orthotropic materials, consisting of only 

unidirectional fibers and matrix. However, due to the inclusion of chopped strand mat, the 

materials in this research are anisotropic. Scott et al. (1995) noted that the fiber orientation is 
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vital in understanding the creep behavior of FRP composites. In addition to this, FRP 

reinforcing bars have distinct manufactured cross-sections. Samples taken from 

commercially pultruded structural shapes must be cut, increasing the variance present 

between different research programs.  

Some experimental studies have shown that a sustained bending loading with 

exposure to solutions can cause larger overall strength losses in FRP composites as opposed 

to no loading (Karbhari et al. 2007 and Segovia et al. 2007). However, sustained bending 

loads could have limitations. Due to the nature of bending, only the extreme tension regions 

may experience cracking. The area close to the neutral axis may not be sufficiently strained 

to cause cracking, and compression could close any possible cracks. Thus, tensile loading 

could present a better method to understand loading and the impact of cracking on pultruded 

glass composites.  

 

 

Figure 2.4 – Load frame used by Li et al (2011) for tensile sustained loading of FRP 

 

Li et al. (2011) studied the synergistic effect of sustained tensile loading and freeze-

thaw cycles on rectangular CFRP samples (produced by a wet-layup process). The results 
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indicated that loading caused a loss in strength, but the freeze-thaw cycles appeared to cause 

more damage than the sustained loading. A typical load frame used in the research program 

is shown in Figure 2.4. 

A few studies have researched the synergistic effect of mechanical loading, exposure 

to solutions, and an increased exposure temperature. Abdel-Magid et al. (2005) studied the 

effect of freshwater, 65°C, and 20% of ultimate tensile stress on a unidirectional glass/epoxy 

composite. After a sustained loading of 20% UTS and exposure to moisture conditioning at 

room temperature for a duration of 3000 hours, a decrease in strength of approximately 35% 

was observed. For the samples exposed to the sustained loading, environmental, and 

accelerated aging condition of 65°C for 1000 h, a loss in strength of 18% was observed. The 

authors noted that significant fiber-matrix debonding was observed on the samples exposed 

to the increased conditioning temperature. It was postulated that this was a result of moisture 

penetrating the fiber/matrix interphase. 

In another study, Buck et al. (1998) studied the effect of a sustained tensile loading, 

approximately 30% of ultimate, on infused glass-vinylester composite samples while 

exposed to different temperatures and freshwater. The sustained loading (for less than 700 

hrs duration) appeared to only cause a slight loss in strength. The authors noted that no 

significant cracks were seen in the SEM images. Thus, the impact of sustained loading 

seemed to be minimal.  

Currently, there is a lack of research and knowledge about the effect of sustained 

loading. Recommendations have been discussed in the literature concerning the maximum 

sustained loading levels that FRP materials should be subjecting to during their service life. 

Karbhari et al. (2003) recommends limiting the sustained factored loads to less than 25% of 

the guaranteed design strength for glass FRP materials. ACI 440.2R-08 also recommends 

subjecting GFRP reinforcing bars to 20% of their guaranteed tensile strength. In both cases, 

the maximum recommended loading is very conservative, below 20% of the actual ultimate 

strength of the material. 
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2.3. Moisture Content and Diffusion Coefficient 

Moisture flow and moisture diffusion coefficient have been identified as important 

material parameters in the durability assessment of composites. Moisture ingress can occur 

due to the ingress of water into the space between the polymer chains, voids in the polymer 

matrix, voids at the fiber-matrix interface, and cracks in the composite. Diffusion 

phenomenon can be used to describe moisture ingress in composites. It has been shown in the 

literature that the moisture uptake may be fairly accurately described by Fick’s Second Law 

of Diffusion (Apicella et al. 1982, Chin et al. 1999, Liao et al. 1999, Correia et al. 2006, and 

Karbhari et al. 2007), although the diffusion of water into vinylester, polyester, and FRP 

materials with these two polymers do not show perfect Fickian behavior (Schutte 1994). It is 

also common to determine the moisture uptake profile of a material by calculating the 

percentage change in weight as a function of the square root of time. 

Fick’s Second Law concerns nonsteady state diffusion and is presented in Equation 

2.2, where c is the concentration at time t, D is the diffusion coefficient, and x is the location. 

 

 2.2 

 

The applicability of Fick’s Law can be determined by the uptake profile which must exhibit 

the following (Chin et al. 1999): 

 

1. The uptake and desorption profiles begin with a linear correlation between mass 

uptake and the square root of time. 

2. The linear region continues for at least 60% of the maximum moisture uptake. 

3. Following the linear portion, the curves are concave about the x-axis (time). 

4. The uptake profiles do not vary with thickness 

5. The uptake and desorption profiles will only coincide with one another when the 

diffusion coefficient remains constant with a change in concentration. 
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A schematic illustration of a moisture uptake profile that exhibits Fickian Behavior is 

shown in Figure 2.5 (based on Shen and Springer 1976). If the composite displays Fickian 

diffusion, the diffusion coefficient can be approximated by Equation 2.3 (Shen and Springer 

1976), where h is the sample thickness, Mm is the maximum (equilibrium) moisture uptake, 

and M1 and M2 are the percentage weight uptake at times t1 and t2, respectively. The values 

for 1 and 2 must be on the linear portion of the uptake profile and this equation neglects 

moisture edge effects. 

 

 

Figure 2.5 – Schematic illustration of a typical Fickian moisture uptake profile 

 

4 √ √
 2.3 

 

The equilibrium uptakes for vinylester and polyester in freshwater or salt solution 

have been shown to be similar (Chin et al. 1999 and Liao et al. 1999). However, Cabral-

Fonseca et al. (2012) observed that the moisture uptake for polyester composites was greater 

than for vinylester composites. Similarly, Chin et al. (1999) found that the diffusion 
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coefficient for the polyester resin was greater than for vinylester resin. Generally, an increase 

in temperature leads to an increase in the moisture uptake and diffusion coefficient (Apicella 

et al. 1982). Apicella et al. (1982) also noted that while the composite yielded similar results 

to the resin, composites uptake more water due to the possibility of fiber-matrix debonding.  

Lastly, it has also been shown that external loading (such as sustained bending) 

increases the maximum moisture uptake and the moisture diffusion coefficient of fiber-

reinforced composites (Marom and Broutman 1981, Karbhari et al. 2007, Segovia et al. 2007, 

Robert and Benmokrane 2010). Due to the presence of cracks, the moisture uptake is quicker 

in a damaged material (Suri and Perreux 1994). 

 

2.4. Glass Transition Temperature 

The glass transition temperature of a polymer or polymeric composite represents the 

temperature at which the amorphous material changes from a hard, brittle state to a more 

liquid, rubber-like state. Polymers subjected to temperatures above their glass transition 

temperature have less stiffness and strength. Thus, it is important to avoid subjecting fiber-

reinforced composites to temperatures above their glass transition temperature. In addition to 

this, knowledge of the impact of environmental conditioning on the glass transition 

temperature is vital to ensure that the material will not undergo severe changes during its 

service life. Differential Scanning Calorimetry (DSC) and Dynamic Mechanical Thermal 

Analysis (DMTA) are the two methods most commonly used to determine the glass 

transition temperature of fiber-reinforced composites.  

A Differential Scanning Calorimeter measures the difference in the heat flow rate 

between a test sample and a reference subjected to the same temperature profile. A decrease 

in heat flow rate represents an endothermic process where heat flows into the sample whereas 

an increase in heat flow is an exothermic reaction. The results can be used to determine the 

various transitions that occur in a polymer such as glass transition, melting, and 

decomposition. A schematic DSC result is depicted in Figure 2.6 (TA Instruments 2012). The 

glass transition is characterized by an endothermic reaction that typically occurs earlier in the 



 

17 

temperature profile. The glass transition is not a distinct temperature but occurs over a 

temperature range. A process for defining the glass transition temperature is discussed in 

ASTM E1356-08 Standard Test Method for Assignment of the Glass Transition 

Temperatures by Differential Scanning Calorimetry. Studying glass composites with both 

vinylester and polyester resins, Chin et al. (2001) found that the glass transition temperature 

was approximately 135°C and 75°C for the vinylester and polyester composites, respectively. 

 

 

Figure 2.6 – Schematic illustration of heat flow versus temperature in DSC (TA 
Instruments 2012) 

 

Glass transition temperature analysis can also be used to provide information 

concerning the cure ratio of the composite (Crompton 2013). Chin et al. (2001) found that the 

glass transition temperature increased when the FRP materials were exposed to a salt water 

or freshwater solution at elevated temperatures. Other studies have also shown that an 

increase in the transition temperature can occur following exposure to solutions at increased 

temperatures, most likely due to post-curing of the polymer matrix (Apicella et al. 1982, 

Cabral-Fonseca et al. 2012, and Garland 2000). Chu and Karbhari (2005) observed that 

following an initial increase in glass transition temperature due to post-curing, longer 



 

18 

exposures caused the glass transition temperature to decrease due to hydrolysis of the 

polymer matrix. 

 

2.5. Acoustic Emission 

Acoustic emission (AE) has been used to monitor a variety of structural materials 

including FRP composites, concrete, wood, and steel. Acoustic emission is a non-destructive 

testing method that can be used to monitor damage in a material. When cracking occurs 

within a material, energy is released and elastic stress waves are emitted. AE sensors capture 

and digitize these stress waves into an electric signal. The digitized wave can then be 

analyzed. A schematic sample acoustic emission wave is presented in Figure 2.7. Some of 

the key AE parameters are discussed below: 

 

- Threshold: chosen, pre-set value of amplitude that must be exceeded before data is 

recorded, in decibels, dB (typically set at 40-50 dB) 

- Event/Hit: occurs when the wave amplitude exceeds the threshold level 

- Duration: time between the first and last threshold crossing of an event 

- Peak amplitude: the maximum value of amplitude during a hit, in dB (typically referred 

to as just amplitude of the hit) 

- Energy: area over the duration that is bounded by the threshold amplitude and a bi-linear 

line connecting the threshold amplitude to the peak amplitude, representing the energy 

released during an event 

- Source: location of the AE event 
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Figure 2.7 – Schematic illustration of a typical acoustic emission event (Vallen 2011) 

 

2.5.1. Kaiser Effect 

The Kaiser Effect is a phenomenon discovered by Joseph Kaiser in 1950 and is the 

absence of acoustic emission activity until the material exceeds the previously experienced 

maximum loading. If the Kaiser Effect holds, the AE data can then be used to determine the 

maximum loading that a material has experienced in-service. The Dunegan corollary to the 

Kaiser Effect states that if AE activity has occurred prior to the previous maximum loading, 

new damage (i.e. crack growth) has occurred (Scott 1990). Thus, if the Kaiser Effect remains 

valid, theoretically, no new permanent damage has occurred to the material.  

 

	 	  2.4 

 

However, when there is AE activity prior to the previously experienced maximum 

loading, this is referred to as the Felicity Effect. A Felicity Ratio, presented in Equation 2.4, 

can be used to quantify this effect. If the Kaiser Effect is valid, FR is greater than or equal to 

one. A FR value less than one indicates the presence of the Felicity Effect which can be very 



 

20 

useful in the damage assessment and evaluation of fiber-reinforced polymer structures (Ziehl 

2008). 

 

2.5.2. Source/Location Analysis 

An important feature of AE is the ability to determine the location of an acoustic 

emission event. When multiple AE sensors are used, an event may be able to be recorded by 

several sensors. The AE data (arrival time) and wave velocity can then be used to determine 

the location of the event. Thus, a repeatable source needs to be produced to determine the 

wave velocity. The source is most commonly created from a pencil lead break test. This idea 

was first developed by Hsu (Hsu and Breckenridge 1981) and Nielson (1980). The lead, 

typically 0.3 to 0.5 mm, is broken from a mechanical pencil at a desired location. This break 

then creates an easily repeatable wave that propagates to the AE sensors. The wave velocity 

found for polymers, approximately 2000 m/s, is typically lower than for fiber reinforced 

polymers, approximately 2500-3000 m/s (Giordano et al. 1998, Godin et al. 2006, and Woo 

and Choi 2006).  

 

2.5.3. FRP Damage Mechanisms 

Understanding cracking in FRP composites can be a very difficult process since 

multiple damage mechanisms can be occurring simultaneously during loading. Damage 

occurs with mechanisms such as matrix cracking, debonding/delamination, fiber pullout, and 

fiber cracking. Matrix cracking or fiber cracking occur when either the polymer matrix or 

reinforcing fiber crack. Debonding/delamination happen when one of the constituent 

materials/layers of the composite begins to separate from another. Fiber pullout is very 

similar, but occurs when the unidirectional fibers are pulled from the polymer matrix. 

Mehan and Mullin (1971) proposed that acoustic emission could be used in an 

attempt to understand various failure processes by correlating them to specific AE events. 

Previously, both peak amplitude and wave frequency have been used with various clustering 
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procedures and analysis tools to identify the ranges for specific failure mechanisms. In early 

studies, amplitude was used in the classification of the various mechanisms. It was found 

that, typically, higher amplitude, longer duration events corresponded to fiber cracking, 

whereas smaller amplitude, shorter duration events would correspond to matrix cracking 

(Goustautas et al. 2005 and Barre and Benzeggagh 1994). There are, however, limitations to 

using amplitude: The amplitude of an acoustic emission wave attenuates as the wave 

propagates. Therefore, the amplitude is dependent on the distance from the sensor to the 

source.  It has been shown, on the other hand, that the wave frequency remains constant over 

the travel distance (Ni and Iwamoto 2002) and could represent a better classification 

characteristic. The wave frequency of an acoustic emission event is found by performing a 

fast Fourier Transform (FFT) on the data.  

Table 2.1 presents a list of the results from some of the acoustic emission studies on 

composites in the literature. Overall, it can be seen that lower wave frequencies have been 

found to typically correspond to matrix cracking, medium wave frequencies to 

debonding/delamination, and higher frequencies to fiber cracking and pullout. 

It is generally thought that matrix cracking occurs first and ultimately fiber breakage 

will occur closer to the maximum loading. Crivelli et al. (2014) proposed that matrix 

cracking began around 20 percent of ultimate stress for a glass composite. The chopped 

strand mat layer then began to crack around 50 percent of ultimate and lastly, the glass fibers 

around 80 percent of ultimate. However, Loutas et al. (2006) found that each distinct 

frequency band (approximately four-five) began around the beginning of the test for a center-

holed glass/polyester composite. Kempf et al. (2014) also observed that damage always 

began at the fiber/matrix interphase for a glass-carbon/epoxy-polyurethane material. 

Fiber/matrix debonding then led to the other failure mechanisms. Thus, with all the 

variability within FRP materials and the results presented in literature, it may not be 

sufficient to assume a damage mechanism solely based on the time of occurrence. Additional 

testing and analysis may be necessary for the classification of damage mechanisms. 
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Table 2.1 – Correlation of FRP damage mechanisms and acoustic emission responses in literature 

Author Material 
Matrix 

Cracking 
Fiber/Matrix 
Debonding 

Delamination 
Fiber 

Pull-Out 
Fiber 

Cracking 

Amplitude (dB) 

Barre and Benzeggagh 
(1994) 

Glass/ 
Polypropylene 

40-55 60-65 - 65-85 85-95 

Frequency (kHz) 

Suzuki et al. (1988) Glass/ Polyester 30-150 180-290 30-100 180-290 300-400 

de Groot et al. (1995) Carbon/ Epoxy 75-150 ‐  - 150-250 250- 

Ramirez-Jimenez et al. 
(2003) 

Glass/ 
Polypropylene 

N/A ≈100 - 200-300 420-520 

Gutkin et al. (2011) Carbon/ Epoxy 0-50 200-300 50-150 500-600 400-500 

Oskouei et al. 
(2012) 

Glass/ Polyester 100-250 250-350 - - 400-500 

Kempf et al. (2014) 
Glass-Carbon/ 

Epoxy-
Polyurethane 

0-250 250-450 - - 450-800 
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2.5.4. Effect of Environmental Aging 

A few studies have utilized acoustic emission to study the effect of degradation due to 

environmental loadings. Harris et al. (1979) studied glass/epoxy laminates that were 

conditioned in water at 60C for four weeks. The research found that AE counts may not be a 

successful method in determining composite damage. Later, Godin et al. (2006) conducted 

research on the effects of exposing pure polyester resin and a glass/polyester composite to 

freshwater at 50-70C. These authors observed that that these ageing conditions did not 

significantly alter the wave velocity. The AE signals for matrix cracking and fiber/matrix 

debonding were not significantly changed, but the authors believed that the results indicated 

that aging had a larger influence on the fiber-matrix interphase than on the resin matrix. In 

another study, Akil et al. (2014) found that aging a glass-jute/polyester composite in 

freshwater for approximately 4000 hours resulted in an increased amount of higher amplitude 

and higher duration acoustic emission events. Overall, limited research has studied the 

acoustic emission response of environmentally conditioned FRP materials. 
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CHAPTER 3: EXPERIMENTAL PROGRAM 

 

 This chapter provides details of the experimental program and is presented in three 

sections: material and sample preparation, experimental setup, and test methods. Overall, the 

experimental program aims at accelerated environmental aging and conditioning of the 

composites, then evaluating the mechanical properties of the composites after environmental 

aging. The mechanical tests included ultimate tensile strength, elastic modulus, and ultimate 

strain. The environmental conditioning of the samples was performed in two major groups: 

static conditioning (no imposed loading) and sustained loading. The environmental 

conditioning matrix is shown in Table 3.1. In addition, tests were performed to understand 

the degradation mechanisms, as well as the effect of environmental aging. The particular 

tests performed were: moisture content, SEM imaging, acoustic emission, and glass transition 

temperature testing.  

 

Table 3.1 – Environmental conditioning matrix 

Static Conditioning Sustained Loading 

Matrix Vinylester, Polyester Vinylester, Polyester 

Solutions Freshwater, Saltwater Freshwater, Saltwater 

Strain Level None 10%, 20%, 30% of UTS 

Temperature 60°C 60°C 

Duration 1000 hrs, 2000 hrs 1000 hrs, 2000 hrs 

Repetitions 4 4 

Total 32 96 

 

 

For the composites studied herein, freshwater and saltwater present the most common 

solutions that the composites are exposed to during in-service conditions. The freshwater 

used in the experimental program was distilled water, and the saltwater was a 3.5% NaCl (by 



 

25 

mass) aqueous salt solution in distilled water, to replicate seawater. The temperature and 

strain parameters were chosen based on the recommendations and results discussed in the 

background. Sustained loading percentages above and below the recommended level (i.e., 

20%) were chosen. Lastly, ACI 440.3R-12 recommends a 2000 hour duration for the 

durability assessment of FRP reinforcing bars. Thus, this durational period and a shorter 

1000 hour environmental conditioning duration were chosen. Mechanical tensile testing was 

performed on three of the repetitions, with the remaining sample used in other material 

testing. 

 

3.1. Materials 

The materials used in this research were chosen after careful literature review and 

discussions with the industry partners and research collaborators (West Virginia University). 

The samples used in the experimental program were a glass composite with a polyester resin 

and a glass composite with a vinylester resin. Both sets of samples contained a resin surface 

veil and were taken from 8’x4’x1/4” plates.  

 

3.2. Test Specimens 

3.2.1. Control Tension Specimens 

Initial tension tests were performed to observe the failure mode and properly design 

the geometry of the tension specimens. The initial geometry was chosen to be rectangular 

geometry with dimensions of 12” x 1”. These samples were carefully cut from the 4’x8’ 

sheets using a wet tile saw. Tensile testing (see Section 3.4.1) resulted in composite failure 

close to the aluminum tabs in all the tests performed on the rectangular specimens (the 

process of adding tabs to the samples is addressed later in this chapter). This was an 

undesirable failure mode and failure close to the tabs was attributed to the geometry of the 

sample with stress concentrations at the tab interface. In addition, it was necessary to drill 

holes in the tabs (and through the FRP) to be able to mount the specimens in the sustained 
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were performed to determine the necessary gage width. A gage width of 5/8” was found to 

eliminate failure at the tab holes and next to the tab. The sample geometry and design of the 

curvature for the tapered portion of the specimen are shown in Figure 3.1 and Figure 3.2, 

respectively. The samples were cut using a water-jet to ensure a smooth transition between 

the sample ends and tapered regions. After the samples were cut, the edges were lightly 

sanded to remove any residual materials.   

Tension tests (Section 3.4.1) were performed on dog-bone shaped samples. Figure 3.3 

illustrates a photograph of the dog-bone shaped specimens following testing. An improved 

mode of failure as compared to rectangular specimen geometry was observed, with the 

failure occurring in the dog-boned/tapered region. The failure region was away from the tab 

interface and in the solution conditioning region for the sustained loading setup (See Section 

3.2.2). Thus, the impact of environmental aging due to moisture could be more accurately 

captured. Note that slippage of the tabs was also eliminated. Subsequently, these dog-boned 

shaped samples were used in experimental program. 

 

 

Figure 3.3 – Photograph illustrating the typical failure mode of the dog-boned samples 
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Following water-jet cutting and sanding the samples, the edges of the samples were 

sealed in an attempt to minimize lateral moisture uptake and diffusion. This helped to 

simulate actual structural exposure conditions, as well as, minimize the effects on moisture 

penetration created by “dog-boning” the samples. It has been shown that diffusion is different 

in all three directions (Aniskevich et al. 2012). A thin layer of two-component epoxy was 

carefully applied by hand to the edges of the samples. Figure 3.4a shows a comparison of 

samples which were sealed with the epoxy and samples that were not sealed.  Similar 

attempts have been made to minimize lateral moisture ingress through the edges of the 

samples during conditioning. Previously, silicone paste (Suri and Perreux 1994), a two-

component resin (McBagonluri et al. 2000), and epoxy (Haramis et al. 2001) have been used 

to seal the edges of sample exposed to solution by other researchers. 

 

 

(a) 

 

(b) 

Figure 3.4 – Photographs illustrating samples with sealed edges: (a) Comparison of a 
sample sealed with epoxy and an unsealed sample (b) Illustration of two samples 

following the rubber coating 

 

Since the FRP samples would be loaded in tension during the environmental 

conditioning, the epoxy on the edges may crack. These cracks may result in lateral moisture 

penetration. To avoid this possibility, a layer of flexible rubber was also applied on top of the 
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epoxy layer at the edges of the samples. The faces of the samples were stripped with 

painters’ tape, and then the rubber layer was sprayed onto the samples’ edges. Once the 

rubber sealant cured, the tape was carefully removed. Figure 3.4b shows a picture of two 

samples with the rubber coating. The samples were then stored in an environmental chamber 

which maintained room temperature conditions until needed in the experimental program.  

 

3.2.1.1. Process of Applying Tabs 

The experimental program required testing several samples in tension and a 

consistent methodology for creating the tension samples was developed. The tension test 

specimens required the use of tabs to reduce the effects due to gripping the samples’ ends in 

the testing machine, and the tabs were necessary for the sustained loading experimental setup 

(see Section 3.4.1 and Section 3.3.1).  Three-inch aluminum tabs were cut from 1”x3/8” bar 

stock and milled, producing a tapered region of approximately 1.5 inches in length to reduce 

the effects of stress concentrations. The aluminum tabs were then sandblasted. The four 

extreme outer faces of the FRP samples were sanded. The length of the sanded section on 

FRP was approximately three inches.  Sandblasting the tabs and sanding the faces of the FRP 

sample was intended to facilitate a better bond between the surfaces and the epoxy. Enhanced 

bond can reduce the possibility of a tab failure (i.e. shearing/debonding of the tabs from the 

FRP sample).  

The tabs were then installed on one end of the specimens (both faces) using a two-

component epoxy. To minimize movement of the samples, a plastic mold was used. The 

following day (approximately 24 hours), the samples were removed from the mold and tabs 

were added to the other side following the same procedure. The epoxy was cured in room 

temperature for a minimum of seven days prior to any testing. Figure 3.5 illustrates the added 

tabs to one side of a set of samples. 
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Figure 3.5 – Photograph illustrating the tab application process and plastic mold 

 

3.2.2. Sustained Loading Specimens 

The samples for the sustained loading environmental conditioning were sealed and 

tabs were installed one end of the samples as presented in Sections 3.2.1 and 3.2.1.1, 

respectively. Small slits were cut into the center of two 1.5 inch diameter flexible pipe caps, 

and a small hole was drilled in one of the caps, designated as the top pipe cap. The FRP 

sample was carefully positioned at the center of the two pipe caps and a 9-inch section of 

clear PVC pipe. Pure silicone caulking was used to seal all openings, and adjustable pipe 

rings were used to form an airtight seal at the connection of two pipe caps and the PVC pipe 

segment.   

After assembling the PVC pipe and pipe caps, tabs were installed on the other end of 

the samples following the same procedure as described above. This was followed by a 7-day 

curing period for the epoxy used for tabs. A 1/2 inch hole was drilled through the tabs and 

FRP using a drill press. Special care was taken to ensure that the samples were not damaged 

during the drilling process. The appropriate conditioning solution was added to the reservoir 

container through the hole in the top cap using a syringe. Lastly, a thin layer of silicone 
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caulking was applied over the hole created for injection. Two typical samples used for the 

sustained loading conditioning are illustrated in Figure 3.6. 

 

 

Figure 3.6 – Photograph depicting two typical sustained loading samples 

 

3.2.3. Static Conditioning Specimens 

The static conditioning samples were sealed following the procedure stated in Section 

3.2.1. Tabs were not added to these samples before conditioning. See Figure 3.4(b) for 

examples of the static conditioning specimens.  

 

3.2.4. Acoustic Emission Specimens 

Acoustic emission sensors with a peak frequency of 650 kHz and frequency range of 

1MHz were used. A thin protective layer of aluminum was mounted to the surface of each 

sensor to protect the sensor since they were glued to the surface of the samples. The sensors 

were mounted to the FRP samples by applying a small amount of pure silicone adhesive, in 

accordance with ASTM E650 Standard Guide for Mounting Piezoelectric Acoustic Emission 
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Sensors and carefully positioning the sensors. The silicone cured for a minimum of two hours 

prior to testing to ensure that the sensors were properly adhered to the FRP surface. Figure 

3.7 shows a photograph of AE sensors attached to the surface of a FRP sample. After 

completing the tests, the sensors were carefully removed by placing a thin razor between the 

FRP and the sensor.   

 

 

Figure 3.7 – Photograph depicting acoustic emission sensors attached to a FRP sample  

 

3.2.5. Moisture Content Specimens 

The control samples were cut using a wet tile saw into nominal dimensions of 2”x1”. 

The control samples’ edges were sealed using the same procedure stated in Section 3.2.1 and 

conditioned in an oven at 60°C for 144 hours to dry the samples. Conditioned samples were 

taken from the gage length. A section of the sample, 2.5” in length (half of the 5 inch gage 

length from the beginning of the gage length to the center of the sample) was cut using a wet 

tile saw. Similar to the control samples, the edges were sealed using the procedure stated in 

Section 3.2.1 and dried in an oven at 60°C for a total of 144 hours. Only 1000-hours 
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conditioned specimens were tested for moisture content. Photographs showing the moisture 

content specimens are presented in Section 3.4.3. 

 

3.2.6. SEM Imaging Specimens 

Scanning Electron Microscopy (SEM) samples were cut from dog-bone shaped 

tension specimens using a diamond wafering blade. The samples were then polished by wet 

sanding the face of the sample with increasing grit sizes, using 120, 320, 400, 600, 800, and 

1200 grit paper. The samples were carefully sonicated and washed between grits to minimize 

damage. Before SEM images were taken, the imaged faces of the samples were plated with 

gold. Samples showing the failure surface were taken from tested samples and plated with 

gold. No polishing was used for the samples taken from the failure surface.  

 

3.2.7. Glass Transition Temperature Specimens 

Control and conditioned samples were cut from the tapered region of the dog-boned 

tension specimens using a diamond wafering blade into sizes that were approximately 25 mg 

in mass. The samples were placed in an oven at 140ºF/60ºC for an hour in an attempt to 

remove excess moisture. The samples were then stored in room temperature conditions for 24 

hours prior to testing. 

 

3.3. Experimental Setup and Preparation 

3.3.1. Sustained Loading Conditioning 

A preliminary design for load frames to be used to provide the sustained loading 

during the environmental conditioning was analyzed using SAP 2000 to confirm that the 

setup was adequate for the imposed loading. The load frames were then fabricated using a 

larger section (HSS 4x4x3/8 members) than the structurally required section as calculated 

based on SAP analyses. The larger sections were intended to increase the rigidity of the 
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frame and reduce the effects posed by deflection of the members. The design for one welded 

steel load frame in the sustained loading setup is shown in Figure 3.8.  The HSS sections 

were cut into dimensions as shown in the figure.  Holes were drilled in the top HSS members 

and the 2”x3/8” bars (shown attached to the bottom HSS members in the figure).  When 

welding the frames, special care was taken to ensure that the samples would be level in 

uniaxial tension. As shown in the figure, the load frames allowed multiple samples to be 

loaded while minimizing space requirements. Lastly, three frames were bolted together to 

allow the frames to be setup in a “U-shape” to increase stability. 

 

 

Figure 3.8 – CAD sketch of the elevation view of a typical sustained loading frame 

 

Figure 3.9 shows an individual FRP sample assembly mounted in the frame.  The 

samples were mounted in the load frames using female clevis rod ends that were connected 

to 1/2 inch threaded rods. The threaded rods passed through the holes in the top HSS 
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members of the load frames. The loading was applied to the samples by tightening nuts on 

the threaded rods. The threaded rod was designed to also act as a load cell to determine the 

applied loading for each sample. The samples and frames were then placed in a controlled 

temperature environment to achieve the same accelerated aging temperature of 60C for 

every sample. Belleville disc spring washers were used between the hex nut and top HSS 

members to lessen the load relaxation and thermal effects of the setup. 

 

 

Figure 3.9 – CAD sketch of the side view of a typical sustained loading sample 

 

The threaded rod load cells were created using the 1/2”-20 threaded rod stipulated by 

the female clevis rod ends. A one-inch long section of each threaded rod was milled by to a 

5/16 inch diameter. This provided an area to apply a strain gage. Strain gages were mounted 

to the threaded rods in the uniaxial direction. A polyethylene layer was applied over the 
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strain gages to prevent moisture effects. Figure 3.10a shows a picture of a load cell with the 

female clevis rod end attached. 

 

   

(a)       (b) 

Figure 3.10 – Photographs illustrating the sustained loading load cells: (a) Typical 
threaded rod and female clevis rod end (b) Strain gage applied on the milled region of 

the threaded rod 

 

Each of the threaded rod load cells were calibrated individually. Threaded coupler 

ends were used to grip the threaded rod load cells in a MTS Q-Test machine. The strain gage 

on each threaded rod was connected to a specific channel of a Vishay SB-10 Switch and 

Balance unit, which was subsequently connected to a specific channel of a Vishay P3 Strain 

Indicator. Each load cell was calibrated in the SB-10 channel (1-10) that would be used for 

that load cell during the entire sustained loading conditioning. Loading from 0 to 3000 

pounds was added in increments of 250 pounds by manually displacing the crosshead of the 

MTS machine. At each incremental load level, the strain value measured by the Vishay P3 

was recorded. The rod was then unloaded and two subsequent repetitions of loading were 

performed for each threaded rod load cell. A linear regression (trendline) was fit to the data 

for each of the three repetitions. The average for the three slopes was used as the calibration 

factor. The minimum r-squared constant was 0.99. 
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An environmental chamber was constructed to provide the controlled temperature 

environment of 60ºC for the environmental conditionings. The chamber was built using 

insulated stud walls and flooring, and the chamber was split into two sections, with an 

opening (window) in the middle separating wall. This window was to ensure that both sides 

of the chamber remain at approximately the same temperature. The window could also be 

closed (using an insulated plug) to provide a mean to work in one section of the chamber 

while allowing the temperature of the other section of the chamber to remain unaltered. 

Construction of the chamber is shown in Figure 3.11a. Special care was taken to ensure that 

the chamber was properly insulated.  

 

   

(a)       (b) 

Figure 3.11 – Photographs of construction of the environmental chamber: (a) Erecting 
insulated side walls (b) Illustration of the thermostat used to control the temperature 

 

Two radiator heaters were designed and fabricated to heat each section of the 

chamber with both sections of the chamber having individual heating systems. The opening 

(window) allowed heat exchange between the two sections. A small fan was placed in each 

chamber section to assist in circulating the warm air. The heaters were plugged into 

thermostats set to 140ºF (60ºC). The temperature was regularly checked with a thermocouple 

to ensure that the thermostats were providing an effective means of controlling the 
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temperature at the desired level. Figure 3.11b shows a picture of a thermostat that was used 

to maintain the conditioning temperature. 

Three load frames were placed in each of the chamber sections. The three frames 

were then bolted together in the aforementioned “U-shape”. The threaded rod loads cells 

were placed in the load frames and the strain gage wires were run outside of the chamber. 

Each strain gage was then connected to the appropriate Vishay SB-10 channel. Lastly, all of 

the holes in the chamber were adequately insulated. A photograph of the completed 

environmental chamber is shown in Figure 3.12. 

 

 

Figure 3.12 – Photograph of the completed controlled temperature environmental 
chamber 

 

Before starting the conditioning duration, all of the samples were mounted in the 

frames and “snug-tightened.” Figure 3.13 illustrates the samples in the environmental 

chamber. Then, the heaters in both compartments of the environmental chamber were turned 

on. The samples were left in the chamber for a period of 72 hours. This period was used to 

allow the frame and all components to reach thermal equilibrium. Following this step, the 

strain value for each of the samples was zeroed by adjusting the balance dials on the SB-10 
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units. Figure 3.14 illustrates a Vishay SB-10 Strain and Balance unit wired into a Vishay P3 

Strain Indicator system.  

 

 

Figure 3.13 – Photograph depicting the placement of the sustained loading samples in 
the environmental chamber 

 

Table 4.1 (in Section 4.1) presents the tension test data for the control FRP 

composites. Using a nominal cross-section of 5/8 by 1/4 inches, the ultimate loading was 

estimated to be 6750 and 7000 pounds for the polyester and vinylester composites, 

respectively. The imposed sustained loading amounts were then calculated and are presented 

in Table 3.2. 

 

Table 3.2 – Sustained loading applied to the samples during conditioning 

 10% Loading (lbs) 20% Loading (lbs) 30% Loading (lbs) 

Polyester 675 1350 2025 

Vinylester 700 1400 2100 
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Figure 3.14 – Illustration of a Vishay SB-10 connected to a Vishay P3 used to monitor 
the sustained loading 

 

 Using the calibration constants, the required strain for the particular threaded rod load 

cell for each sample was determined. The required loading for each sample was then applied 

by slowly tightening the nuts on the threaded rods. The strain of each threaded rod load cell, 

reported by the Vishay P3, was closely monitored and loading ceased at the desired strain 

value. During the load application process, the clevis was held in place in an attempt to 

eliminate any imposed torsion. Lastly, after loading each sample, the strain values for all 

other samples were checked and adjusted. This process was repeated as many times as 

necessary until all the samples had the desired load level.  

 The samples were periodically monitored throughout the duration of the conditioning 

period to determine if any additional loading should be applied to the samples due to 

relaxation of the steel and creep of the FRP. Also, the solution levels in the individual 

containers and the temperature of the chamber were monitored throughout the duration of the 

environmental conditioning. Overall, 48 sustained loading samples were conditioned for 

1000 hours and 48 additional samples for 2000 hours.  
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 After completion of the conditioning, the clear PVC and pipe caps were removed; the 

silicone caulking was also carefully removed from the faces of the samples. Before testing, 

samples were post-conditioned in an oven at 60ºC for a 72 hour period to adequately assess 

the degree of degradation. The samples were then stored in room temperature conditions for 

a minimum of 250 hours before any testing. 

 

3.3.2. Static Conditioning 

Clear watertight containers were partially filled with distilled water or the 3.5% NaCl 

aqueous solution. Two sections of rectangular FRPs were used as spacers on both ends of the 

containers to allow for moisture ingress through both faces. The containers were then placed 

in the environmental chamber to expose all of the samples to the same accelerated aging 

temperature of 60C/140F. Figure 3.15 depicts the static conditioning setup. 

 

   

(a)       (b) 

Figure 3.15 – Photographs illustrating the static conditioning setup: (a) Placement of 
the conditioning container in the environmental chamber (b) Placement of samples in 

the conditioning container 

 

During the conditioning, the solution levels in the containers were periodically 

monitored. A total of 16 static conditioning samples were conditioned for 1000 hours and 16 



 

42 

additional samples for 2000 hours. After conditioning, the samples were post-conditioned. 

Tabs were then installed to the samples as discussed in Section 3.2.1.1. 

 

3.4. Test Methods 

3.4.1. Tension Test 

Tension tests were performed using a MTS Q-Test machine according to ASTM D 

3039 Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials 

with a displacement controlled rate of 0.05 in/min. The strain was measured using a 2 inch 

Epsilon extensometer placed at the center of the sample. Data was collected at a rate of 2 Hz. 

The dimensions of each sample were measured using a digital micrometer at three different 

locations along the dog-bone gage length, and the average of the three values was used. 

Figure 3.16 shows a typical tension test with a dog-boned sample. 

 

 

Figure 3.16 – Photograph depicting a typical tension test and extensometer 
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3.4.2. Acoustic Emission 

 For all of the acoustic emission tests, Score Dunegan SE650-P sensors placed on the 

samples were connected to Vallen AEP4 pre-amplifiers. The amplifiers had a gain of 34 dB 

and were subsequently connected to a Vallen AMSY-6 acquisition system. The test data was 

captured using a computer. A BNC cable connected the acquisition system to the Q-Test 

machine, allowing for time correlation between the two data acquisition systems. The typical 

setup for a tension acoustic emission test is shown in Figure 3.17. 

 

 

Figure 3.17 – Photograph of the typical acoustic emission setup 

 

3.4.2.1. Location Analysis/Wave Velocity 

Acoustic emission sensors were placed on the samples at locations of 10, 18, 25, and 

33 centimeters measured from one edge of the sample. Small dots were drawn on samples at 

locations of 12, 14, 16, 20, 21.5, 23, 27, 29, and 31 centimeters. These dots designated the 

locations of pencil lead break events. Both vinylester and polyester samples were tested for 

their respective wave velocities by performing lead breaks with a 0.05mm Hsu-Nielson lead 

pencil according to ASTM E976 Standard Guide for Determining the Reproducibility of 
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Acoustic Emission Sensor Response. Three lead pencil breaks occurred at each of the 

specified locations on the test samples. Care was taken to ensure that the length of the lead 

was consistent for each trial. The data was checked following every break to see that the lead 

broke cleanly, not causing any additional events, and the amplitude of the break was 

consistent with previous trials. An example of a pencil lead break test is shown in Figure 

3.18. 

 

 

Figure 3.18 – Illustration of a typical lead pencil break test for determining the wave 
velocity 

 

3.4.2.2. Tension Testing 

Acoustic emission sensors were placed at locations of 12, 16.5, 26.5, and 31 

centimeters from the bottom edge of the samples. This placement allowed for sensors to be 

directly on both sides of the tapered region as previously illustrated in Figure 3.7. With this 

positioning, the tapered regions could be more accurately monitored. The standard tension 

test procedure used for the acoustic emission analysis for both the control and conditioned 

samples followed the procedure presented in Section 3.4.1.  
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3.4.2.3. Tension Testing: Cyclic Loading 

One vinylester and one polyester sample were tested in tension using a cyclic loading 

to determine the acoustic emission response and the applicability of the Kaiser Effect. The 

loading graph is shown in Figure 3.19. The samples were loaded to 1200 lbs, approximately 

20% of the ultimate tensile load, with a displacement controlled rate of 0.05 in/min and then 

unloaded to 600 lbs (≈ 10% of ultimate) with the same displacement rate. The samples were 

then loaded to 2400 (≈ 40%), 3600 (≈ 60%), and 4800 (≈ 80%) lbs, unloading to 600 lbs 

between each cycle. Finally the samples were loaded to failure. Similar to the standard 

tension tests, the strain was measured using a 2 inch Epsilon extensometer placed at the 

center of the sample. Data was collected at a rate of 2 Hz. The dimensions of each sample 

were measured using a digital micrometer at three different locations along the dog-bone 

gage length, and the average of the three values was used.  

 

 

Figure 3.19 – Schematic of the acoustic emission cyclic loading profile 
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3.4.3. Moisture Content 

 Moisture uptake tests were performed on unconditioned vinylester and polyester 

samples. Three replications were used, and both freshwater and saltwater uptakes were 

studied. Measurements were performed at room temperature and 140ºF/60ºC (for a total of 

24 tests). All the samples were preconditioned in the oven at 60ºC for 144 hours prior to 

exposure to the solutions. The dry mass for each sample was measured using a digital scale 

with a precision of 0.1 mg, shown in Figure 3.20a. 

The samples were then placed in their respective solutions, supported on both ends to 

allow for moisture ingress along the top and bottom faces, as shown in Figure 3.20b. 

Containers with the solutions at 60ºC were placed in an oven 24 hours prior to ensure that the 

solutions were at the desired temperature. Periodically during the exposure duration, the 

samples were removed from the solutions and the surfaces were dried using a damp cloth. 

The mass for each sample was then measured. The total exposure duration for the control 

samples was approximately 2000 hours. 

The testing procedure for the 1000 hours conditioned samples was similar to that of 

the control samples. However, moisture uptake was only studied at room temperature. The 

total exposure duration for the conditioned samples was approximately 1500 hours. Testing 

containers for conditioned samples are shown in Figure 3.20c. 

 

3.4.4. SEM Imaging 

All of the SEM images were taken using a variable pressure S3200 Hitachi Scanning 

Electron Microscope. 
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(a) (b) 

 

(c) 

Figure 3.20 – Photographs depicting moisture uptake testing: (a) Measurement scale 
used during testing (b) Typical control samples and solution container (c) Typical aged 

samples and solution container 

 

3.4.5. Glass Transition Temperature  

Glass transition temperature testing was undertaken using a Differential Scanning 

Calorimeter (DSC). The masses of two small aluminum pans and the sample were measured 

using a digital scale with a precision of 0.1 mg. The sample was then placed in one of the 

small aluminum low-mass pans. The other aluminum pan was denoted as the reference pan 
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and remained constant for every test. Both pans were then placed in the DSC as shown in 

Figure 3.21. 

 

   

(a)      (b) 

Figure 3.21 – Photographs illustrating glass transition temperature testing: (a) TA 1000 
Differential Scanning Calorimeter used for testing (b) Typical placement of samples in 

low mass aluminum pans 

 

The samples were first cooled at a temperature of 0ºC. It is recommended by ASTM 

E1356–08 Standard Test Method for Assignment of the Glass Transition Temperatures by 

Differential Scanning Calorimetry to equilibrate the samples at a temperature that is 50ºC 

below the particular transition of interest. Initial trails showed that the glass transition 

temperature for the polyester samples was approximately 50ºC, thus 0ºC was chosen as the 

initial temperature for both the vinylester and polyester samples. The samples were then 

heated at a rate of 10ºC/min, as recommended by ASTM E1356-08, until a temperature of 

200ºC, approximately 50ºC above the transition temperature for the vinylester samples. The 

reported glass transition temperature is the average of three different sample trials. 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

 In this chapter, the results from tension tests on unconditioned and conditioned fiber-

reinforced polymer (FRP) composites as well as material testing results are presented. The 

results from material testing are used to assist in understanding the synergistic effect of 

mechanical loading and environmental conditions on the degradation of the FRP materials. In 

addition, results of acoustic emission (AE) testing on unconditioned (control) samples are 

discussed. In particular amplitude, frequency, and duration are used to gain understanding of 

the failure. The various damage mechanisms during tensile loading and their proposed 

correlation to AE characteristics are discussed. The control AE characteristics are then 

compared to the conditioned samples to determine whether AE could be used as a viable 

method to quantify and understand degradation. 

 

4.1. Properties of the Control Samples 

 The fiber fraction of the composites, by mass, was approximately 58%, as determined 

by a burn-off test. The results of the burn-off tests are presented in Appendix A. The 

measured ultimate tensile strength (UTS) for the unconditioned vinylester and polyester 

samples was 44.4 and 42.7 ksi, respectively. The tensile properties (average of 6 samples for 

each matrix) are presented in Table 4.1 with the standard deviations shown in parentheses. 

The elastic modulus was computed by performing a linear regression for the data between 

1000 and 3000 . These strain values are recommended by ASTM D 3039 Standard Test 

Method for Tensile Properties of Polymer Matrix Composite Materials. The stress-strain 

relationships for two typical control samples are shown in Figure 4.1. The vinylester sample 

is represented by the solid red line, whereas the polyester sample is represented by the dashed 

blue line. It can be seen that the materials exhibited mostly linear elastic behavior up to 

failure, with a slight degree of non-linearity developing in the later stages of loading. Small 

discrete displacements are due to slip of the extensometer. Overall, the two different FRP 
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materials had similar properties with the vinylester samples exhibiting slightly higher values 

of elastic modulus and ultimate tensile strength. 

 

Table 4.1 – Tensile properties of unconditioned (control) samples 

 
Ultimate Tensile 

Strength (ksi) 
Elastic Modulus 

(ksi) 
Ultimate Tensile 

Strain (

Vinylester 44.4 (4.1)* 3202 (277) 15806 (679)** 

Polyester 42.7 (2.8) 3134 (172) 15296 (612) 

*The values in parenthesis indicate standard deviation in ksi  
** The values in parenthesis indicate standard deviation in micro-strain  

 

 

 

 Figure 4.1 – Stress-strain relationship of a typical control vinylester and polyester 
sample 

 

 Scanning Electron Microscopy (SEM) images of the cross-section of a control sample 

before loading are presented in Figure 4.2. The images have been coupled to provide a view 

of the entire cross-section. The resin surface veil can be seen on the outer edges of the figure 

PL  
VN
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where no fibers are observed. The composite then consists of interchanging layers of 

chopped strand mats and unidirectional fibers as shown in the figure. It is interesting to 

observe that the images show substantially more resin present in the chopped mat layers. 

Overall, four layers of chopped strand mat and three layers of unidirectional fibers are 

observed.  

  

 

Figure 4.2 – SEM images depicting the cross-section of a typical control sample 

 

 Also, note the non-uniformity of the individual layers which could increase the 

variance between samples. Rather large standard deviations in mechanical properties were 

observed for the control samples as presented in parentheses in Table 4.1 (approximately 

10% for vinylester). Lastly, the crack observed in the unidirectional layer is believed to be 

caused by grinding necessary for sample preparation. 

 

 

 

Chopped Strand Mat 

Unidirectional Fibers 
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4.2. Failure of the Control Samples 

 In both types of samples, failure occurred in the tapered region, close to the beginning 

of the gage length. The observed failure mode was consistent for all the samples. While 

visual inspection of the samples showed that failure of the composite was due to failure of 

the chopped strand mat, delamination of the chopped strand mat from the unidirectional layer 

might have preceded the failure of the chopped stand mat. Figure 4.3a illustrates the failure 

crack in the chopped strand mat layer in the tapered region of the sample. Figure 4.3b depicts 

delamination of the individual layers that also occurred at failure.   

 

    

(a)      (b) 

Figure 4.3 – Photographs illustrating the typical failure mode of the control samples: (a) 
Cracking observed through an outer layer of chopped strand mat (b) Delamination of 

chopped strand mat and unidirectional fiber layers  

 

 Additionally, in some of the samples, the chopped strand mat layers would 

completely crack, without significant cracking of the unidirectional fibers. This is shown in 

Figure 4.4a and Figure 4.4b. Notice how the chopped strand mat layers in both images are 

completely cracked.  
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(a)      (b) 

Figure 4.4 – Photographs illustrating the complete cracking of the chopped strand mat 
layers (a) Vinylester sample (b) Polyester sample 

 

Since failure consisted of significant cracking in the chopped strand mat, SEM 

images were taken from the failure surface and are shown in Figure 4.5 through Figure 4.7. 

In all of images shown in Figure 4.5 to Figure 4.7, the first image (a) represents an initial 

image and the second image (b) is a zoomed-in view of the area inside the rectangle shown in 

(a). The chopped stand mat fibers are seen in bundles oriented in different directions. 

 Figure 4.5 depicts a region of the chopped strand mat where considerable fiber-matrix 

debonding has occurred. The individual fibers bundles in the chopped strand mat seem to be 

well-impregnated; however, limited resin is observed on the outer perimeter of the fiber 

bundles. Figure 4.6 shows a region with better fiber-matrix adhesion. However, note the 

small grooves that are present in the resin that seem to represent locations where fibers have 

debonded from the matrix. Lastly, Figure 4.7 depicts a region of unidirectional fibers. Figure 

4.7 shows that the unidirectional fibers seem to have slightly debonded from the matrix, but 

limited fiber pull-out had occurred. In addition to this, fiber breakage can also be observed in 

all of the SEM images. 
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(a)      (b) 

Figure 4.5 – SEM images depicting a region of high fiber-matrix debonding in the 
chopped strand mat 

 

 

   

(a)      (b) 

Figure 4.6 – SEM images depicting a region with better resin adhesion 
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(a)      (b) 

Figure 4.7 – SEM images depicting a region with unidirectional fiber-matrix debonding 

   

Overall, all of the images presented in Figure 4.5 through Figure 4.7 clearly suggest 

that fiber cracking and significant fiber-matrix debonding has occurred in the chopped strand 

mat at failure. The short fibers in the chopped strand mat do not have the same development 

length as the unidirectional fibers. Thus, the short fibers may be prone to debonding from the 

resin matrix.  

 The white crystal-like speckles that are observed on the fibers and matrix in the 

images were examined using an Energy Dispersive Spectroscopy (EDS) analysis. An EDS 

analysis can determine the atoms present in a system. The EDS analysis location and results 

are shown in Figure 4.8b. The location was taken from the denoted area in Figure 4.8a, which 

is an enhanced view of the highlighted rectangle in Figure 4.5b. The results showed an 

increased level of bromine. Brominated flame retardants are commonly used as chemical 

admixtures to increase the fire resistance of polymer materials (Innes and Innes 2001). Thus, 

it was concluded that this was likely a resin filler material and was not related to failure of 

the FRP. 
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(a)      (b) 

Figure 4.8 – EDS analysis of resin filler material: (a) SEM image depicting the location 
of the EDS analysis (b) Results of the EDS analysis showing high levels of bromine 

 

4.2.1. Damage Due to Tensile Loading 

To ascertain a better understanding of the failure process, SEM images were taken of 

a cross-section of a vinylester sample that had been previously loaded to 34 ksi 

(approximately 75% of the control ultimate strength). Samples were taken and analyzed from 

both the tapered region and the gage length. A general region of the cross-section of the 

tapered region is depicted in Figure 4.9. There is a noticeable crack present in the matrix 

located in the denoted rectangle. However, extensive cracking is not observed.  
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Figure 4.9 – SEM image depicting limited cracking observed in the cross-section of a 
sample loaded to 75% UTS 

 

 Two cracks observed in the cross-section of the tapered region of the FRP sample are 

shown in Figure 4.10. In Figure 4.10a notice the large crack and fiber damage present in the 

image. It can be seen that the crack propagates on either side of the chopped strand fiber 

bundle that appears damaged. Below the damaged fiber bundle, it can be seen that the crack 

continues downward into the resin matrix, while on the other side of the damaged fibers, it 

appears that the crack propagates through the matrix that is present between the two fiber 

bundles. Figure 4.10b shows a crack, present in a different section of the tapered region. 

Similar to Figure 4.10a, it appears that the crack propagates into the matrix both above and 

below the damaged fiber region.  
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(a) 

 

(b) 

Figure 4.10 – SEM images depicting two cracks observed in the chopped strand mat in 
the tapered region of a sample loaded to 75% UTS 
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For both Figure 4.10a and Figure 4.10b the fiber damage and cracking is not believed 

to be due to sample preparation. The cracks formed during sample preparation always 

appeared to be parallel to the 0.25 inch thickness. In addition to this, cracks believed to be 

formed during sample preparation always appeared to be limited to the unidirectional layers, 

not propagating in the matrix or the chopped strand mat (see Figure 4.2 for an example of 

damage/crack due to sample preparation). As previously stated, these two cracks in Figure 

4.10 show extensive cracking in the resin matrix. Also, notice how in both Figure 4.10a and 

Figure 4.10b the cracks in the fiber bundles appear to follow the contours of the embedded 

fibers. It is believed that the fiber damage present in the images is due to cracking at the 

interphase of the fibers and matrix. This could have been the result of either fiber-matrix 

debonding or initial fiber cracking. If the fibers had begun to debond from the matrix or were 

already damaged, the friction from sanding could easily break the fibers, providing an 

explanation for the fiber damage observed in the images. Thus, it is believed that these 

images represent damage in the form of matrix cracking and interphase cracking (either due 

to fiber cracking or fiber-matrix debonding) created by tensile loading. 

Overall, minimal fiber cracking was observed in the SEM images presented in Figure 

4.9 and Figure 4.10. It may be difficult to see the actual fiber cracking in the cross-section 

since the sample face was sanded to provide a smooth surface for imaging, and this process 

could eliminate visible fiber cracks. Additionally, minimal cracking was observed in the 

cross-section taken from the gage length of the sample.  

In conclusion, Figure 4.3 showed visible failure occurred in the chopped strand mat 

layers with delamination occurring between the individual layers. SEM images shown in 

Figure 4.5 through Figure 4.10 have also shown that there may be considerable matrix 

cracking, fiber cracking, and fiber-matrix debonding in the chopped strand mat, particularly 

in the tapered region of the sample. Thus, the failure behavior appears to be governed by the 

tensile strength of the chopped strand mat layers and the interlaminar shear strength of the 

samples. 
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4.3. Acoustic Emission Characteristics of Control Samples 

 In this section, acoustic emission (AE) characteristics of the unconditioned, control 

samples are presented. Before it could be determined whether AE could be used as a viable 

method to quantify degradation and obtain insight to mechanism of mechanical degradation, 

a correlation between damage mechanisms and AE should be developed.  Previously, in the 

literature two characteristics, amplitude and frequency have been used to understand the 

damage processes in FRP materials. 

 

4.3.1. Amplitude Analysis 

 Figure 4.11 depicts the amplitude distribution for a polyester and vinylester sample. 

The data are plotted as a function of time and each hollow blue symbol represents a recorded 

hit while the red line displays the stress values. Both the vinylester and polyester samples 

exhibited considerable cracking throughout loading. This can be observed by the large 

number of hits that were recorded. In addition to this, general trends for the amplitude 

distributions of both samples were observed. As shown in Figure 4.11a, the amplitude 

increased at a linear rate until failure for the polyester samples. However, a linear increase in 

amplitude with a subsequent plateau in the maximum amplitude was observed for the 

vinylester samples. Generally, the maximum recorded amplitudes were similar for both 

samples.  

Even though both samples exhibited higher amplitude events as the loading increased, 

it may not be rational to assume that a certain damage mechanism corresponds to a particular 

range of amplitude. The peak amplitude captured by the acoustic emission sensors is a 

function of the distance of the source of the event and the location of the sensors. A matrix 

crack occurring adjacent to a sensor might produce an AE peak amplitude that is similar to a 

fiber crack that occurs farther away from the sensor. Therefore, amplitude might not be a 

reliable parameter to characterize the damage mechanisms. This has also been previously 

discussed by other researchers (Ni and Iwamoto 2002 and Gutkin et al. 2010).  
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 (a) 

 

(b) 

Figure 4.11 – Typical amplitude distribution and stress as a function of time for control 
samples: (a) Polyester (b) Vinylester 

 

AE Hits  
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AE Hits  
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4.3.2. Frequency Analysis 

 Frequency has been shown to not be dependent on distance (Ni and Iwamoto 2002). 

A typical AE wave is characterized by amplitude over time (time domain). After performing 

a Fast Fourier Transform (FFT), the wave can be transformed to amplitude versus frequency 

(frequency domain). The frequency that corresponds to the maximum amplitude in the 

frequency domain is referred to as the frequency at maximum amplitude (simply referred to 

as “frequency” hereafter). Figure 4.12a and Figure 4.12b show two example frequency 

domains from two separate events. The frequency for the event in Figure 4.12a is 

approximately 100 kHz whereas the frequency for the event in Figure 4.12b is approximately 

600 kHz. 

 

  

   (a)       (b) 

Figure 4.12 – Examples of FFT used for determining wave frequencies: (a) Event with a 
frequency at maximum amplitude ≈ 100 kHz (b) ≈ 600 kHz 

 

 Figure 4.13a and Figure 4.13b presents results of the frequency of the captured events 

versus time for a typical control polyester and vinylester sample, respectively. Each blue 

hollow symbol represents the frequency of a recorded event. The red line displays stress 

versus time. 
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 (a) 

 

  (b) 

Figure 4.13 – Typical frequencies (at maximum amplitude) emitted during tensile 
loading of control samples as a function of time: (a) Polyester (b) Vinylester 

AE Hits  
Stress 

AE Hits  
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 The results of the frequency analysis presented in Figure 4.13 show that there are 

three distinct frequency bands emitted at approximately 0-100, 350-450, and 550-650 kHz 

for both types of matrix. Three distinct bands were also found by Oskouei et al. (2012) for a 

glass-polyester composite, as presented in Table 2.1. Typically the lowest and highest 

frequency bands began around the same load level, at approximately 20% of the ultimate 

tensile strength. For the majority of the samples, the middle band seemed to occur slightly 

later in loading than the other two frequency bands. Overall, the lowest frequency band was 

the most prevalent during tensile loading, encompassing approximately 80-85% of the total 

hits. The highest and middle bands each comprised approximately 5-10% of the total hits. 

 

 

Figure 4.14 – Typical frequency versus amplitude relationship for a control vinylester 
sample 

 

 Figure 4.14 shows that all of the frequency bands had a similar amplitude distribution 

and no relationship between amplitude and frequency could be established. However, a trend 

was observed for frequency and duration. The results are shown in Figure 4.15. This graph 

proposes that the longer recorded durations typically corresponded to the lower frequency 
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band. The results also suggest that the middle and higher bands have a similar frequency-

duration distribution. 

 

 

Figure 4.15 – Typical frequency versus duration relationship for a control polyester 
sample 

 

4.3.3. Location Analysis/Wave Velocity 

Wave velocity data was needed to perform a location analysis. After performing the 

lead pencil break tests, the wave velocity was optimized by minimizing the difference 

between the calculated locations and actual locations of the AE events. This resulted in a 

wave velocity of 3000 m/s for the vinylester samples and 2900 m/s for the polyester samples. 

The calculated wave velocities are similar to values reported in the literature – approximately 

2500-3000 m/s (Giordano et al. 1998, Godin et al. 2006, and Woo and Choi 2006). The 

results from the location analysis are presented in Table 4.2. The standard deviation for the 

calculated location is presented in parentheses. Overall, it can be seen that the locations of 

the events were closely calculated with minimal error. 



 

66 

Table 4.2 – Results of calculated location versus actual location used for the 
determination of the control wave velocities 

Polyester Vinylester 

Actual 
Location 

(cm) 

Calculated 
Location (cm) 

Difference 
(cm) 

Actual 
Location 

(cm) 

Calculated 
Location (cm) 

Difference 
(cm) 

12 11.6 (0.02)* 0.4 12 12.0 (0.02) 0.0 

14 13.9 (0.02) 0.1 14 13.6 (0.05) 0.4 

16 16.2 (0.30) 0.2 16 15.8 (0.17) 0.2 

20 20.4 (0.15) 0.4 20 20.1 (0.07) 0.1 

21.5 21.4 (0.45) 0.1 21.5 21.6 (0.01) 0.1 

23 22.7 (0.35) 0.3 23 22.3 (0.47) 0.7 

27 26.7 (0.13) 0.3 27 27.4 (0.01) 0.4 

29 28.8 (0.01) 0.2 29 29.1 (0.05) 0.1 

31.5 31.3 (0.02) 0.2 31 30.8 (0.13) 0.2 

*The values in parenthesis indicate standard deviation in cm 

 

4.3.4. Location/Frequency Analysis 

 Location analyses provided a powerful tool when performed simultaneously with a 

frequency analysis. The data could be used to determine where each of the frequencies was 

emitted during testing. The result from a frequency-location analysis for a polyester sample is 

shown in Figure 4.16. The frequency of the AE events are represented by the blue hollow 

symbols and the locations of the AE sensors are denoted by the red sold symbols. As 

previously shown in Figure 3.7, the AE sensors were placed on either side of the tapered 

region. 
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Figure 4.16 – Typical Frequency-Location analysis of a control polyester sample 

 

 Figure 4.16 suggests that the lowest frequency band occurred along the entire length 

of the sample, but a slightly higher density is observed in the tapered region. The results 

indicate that the probability of lower frequency events occurring in the gage length of the 

sample is significantly greater than higher frequency events. There is also a greater 

probability of higher frequency events occurring in the tapered region of the sample than in 

the gage length. The location for all of the hits could not be determined, so higher frequency 

events could have occurred in the gage length. Therefore, it is recommended that this data 

should only be used to provide an idea of the location of the highest number of events with 

that particular frequency. 
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4.4. AE Correlation of Damage Mechanisms 

The test results, SEM images, and visual observations suggest that four different 

damage mechanisms are present during tensile loading of the FRP samples: 

 (i) matrix cracking (particularly in the chopped strand mat) 

 (ii) delamination of chopped strand mat and unidirectional fiber layer 

 (iii) fiber-matrix debonding in the chopped strand mat 

 (iv) fiber cracking (particularly in the chopped strand mat) 

 

4.4.1. Matrix Cracking 

Based on the experimental data, it is postulated that matrix cracking (particularly in 

the chopped strand mat and delamination) corresponds to the lowest frequency band of 0-100 

kHz. The following provides a detailed analysis supporting this postulation: 

 

Location of occurrence 

The frequency-location analysis that was presented in Figure 4.16 showed that a large 

percentage of the lower frequency events were occurring over the gage length of the sample. 

During testing, cracking was observed on the surface of the gage length of the samples, 

especially for the vinylester samples. Figure 4.17 shows a photograph of cracking at the gage 

length. SEM images were taken of one of these cracks, as shown in Figure 4.18. The SEM 

images suggest that the crack has occurred through the resin (matrix) surface veil.  

 

 

Figure 4.17 – Photograph illustrating surface cracking observed during testing along 
the gage length of a vinylester sample 
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(a)      (b) 

Figure 4.18 – SEM images depicting a surface crack in the resin surface veil along the 
gage length of the sample 

 

Additionally, there is a considerable amount of resin between the individual layers as 

shown in Figure 4.2. Cracking in the matrix would need to occur to separate the individual 

layers. Therefore, delamination would naturally seem to be a matrix dominated failure mode, 

emitting a similar frequency as matrix cracking. Significant delamination was visually 

observed along the gage length at failure, such as shown in Figure 4.3. The frequency-

location analysis suggested that the lowest frequency band was more evenly distributed along 

the gage length. It is believed that this is the result of the combination of surface cracks in the 

resin matrix, delamination cracking, and other possible matrix cracking in the chopped strand 

mat occurring along the gage length of the sample during loading. 

Figure 4.2 also shows a substantial amount of resin present in the chopped strand mat 

layers. Therefore, for the mat layer to fail, considerable matrix cracking (such as depicted in 

Figure 4.10 for the loaded sample) would be needed. This could provide an explanation for 

the substantial portion of lower frequency events also occurring in the tapered region.  
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Duration and time of occurrence 

 Experimental results showed that the lowest frequency events generally had longer 

duration. Intuitively, it would seem that a crack in the matrix would be a longer durational 

event than a fiber crack. Also, the lowest frequency band typically was the first band emitted, 

beginning around 20% of ultimate. Crivelli et al. (2014) also proposed that matrix cracking 

began first, around 20 percent of ultimate stress for a glass composite. 

 

The lowest frequency constituted the majority of events 

The combination of significant matrix cracking in the chopped strand mat at the 

tapered region, resin cracking on the surface of the sample, and delamination cracking could 

provide an explanation for the lowest frequency band constituting the vast majority 

(approximately 90%) of the events.  

 

Results from the literature 

 All of the references listed in Table 2.1 suggested that the lowest frequency band 

emitted correlated to matrix cracking. Specifically, Suzuki et al. (1988) and Oskouei et al. 

(2012) found that matrix cracking corresponded to 30-150 and 100-250 kHz, respectively, for 

a glass-polyester composite. 

 

4.4.2. Fiber Cracking  

Based on the experimental data, it is postulated that fiber cracking (particularly in the 

chopped strand mat) corresponds to the highest frequency band of 550-650 kHz. The 

following provides an analysis supporting this postulation: 

 

Location of occurrence 

Ultimately, the FRP failure occurred in the tapered region. The frequency-location 

analysis shown in Figure 4.16 displayed that the highest frequency band was mostly located 

at the tapered region where the sample ultimately failed. At the location of failure, fiber-
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cracking in the chopped strand mat at the tapered region was observed in the SEM images 

(Figure 4.5 to Figure 4.7). 

  

Results from the literature 

 All of the references listed in Table 2.1 except Gutkin et al. (2011) suggested that the 

highest frequency band emitted correlated to fiber cracking. For example, Oskouei et al. 

(2012) found fiber cracking to correspond to 400-500 kHz frequency emissions for a glass-

polyester composite.  

 

4.4.3. Fiber-Matrix Debonding 

Based on the experimental data, it is postulated that fiber-matrix debonding 

(particularly in the chopped strand mat) corresponds to the middle band of 350-450 kHz. The 

following provides an analysis supporting this postulation: 

 

Location of occurrence 

As previously stated, ultimate failure occurred in the tapered region. The frequency-

location analysis shown in Figure 4.16 displayed that the middle frequency band was mostly 

located at the tapered region where the sample ultimately failed. At the location of failure, 

significant fiber-matrix debonding in the chopped strand mat was observed in the SEM 

images (Figure 4.5 to Figure 4.7). Also, it is believed that the SEM images in Figure 4.10 

taken from the tapered region of a loaded sample depict areas of fiber-matrix debonding. 

 

Time of occurrence 

The middle band typically began slightly later in loading than the other two bands 

which were emitted. It is believed that fiber-matrix debonding should be more likely to occur 

at later stages in loading when the difference in stiffness and strain could be great enough to 

cause slip. 
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Results from the literature 

Previous observations by other researchers have found that fiber-matrix debonding 

generally corresponds to a middle frequency band (Suzuki et al. 1988, Gutkin et al. 2011, 

Oskouei et al. 2012, and Kempf et al. 2004). Specifically, Oskouei et al. (2012) suggested 

that fiber matrix debonding corresponds to 250-350 kHz for a glass-polyester composite. 

 

To fully assess the validity of these postulations, additional research and testing 

would need to be undertaken. Lastly, the results from the control samples of this section will 

then be compared with results from the conditioned samples to determine if degradation can 

be quantified using AE. It was hypothesized that a frequency shift could be indicative of an 

impact on that specific damage mechanism. 
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4.5. Properties of the Conditioned Samples 

Residual tensile properties of the conditioned samples were calculated as shown in 

Equation 4.1 below. 

 

	 	 % 100 ∗
	

 4.1 

 

Table 4.3 presents the results for the percentage residual tensile strength of the 1000 

hours conditioned samples, taken as the average of three samples. VN-FW stands for 

vinylester in freshwater, VN-SW stands for vinylester in saltwater, PL-FW stands for 

polyester in freshwater, and PL-SW stands for polyester in saltwater. This notation will be 

used herein for the rest of this chapter. Premature tab failure during tensile loading and tab 

failure during conditioning occurred in some of the samples and therefore some values 

reported in Table 4.3 are the average of two values. Tab failure during conditioning appeared 

to be the result of the tabs shearing from the FRP surface, leading to subsequent failure of the 

sample through bearing at the hole in the FRP sample.  

 

Table 4.3 – Residual tensile strength of 1000 hours conditioned samples (%) 

 Percentage of Conditioned Loading 

0 10 20 30 

VN-FW 92.0 92.9 93.4 96.0 

PL-FW 101.4 93.6 102.4 93.7 

VN-SW 92.3 91.9 92.2 94.2 

PL-SW 101.6 102.3 100.4* 89.2* 

* Represents a group of samples which present data from the average of two 
samples instead of three 
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The results for residual tensile strength following a 1000 hour conditioning duration 

are graphically depicted in Figure 4.19. The averages are represented by solid symbols, and 

the error bars present the standard deviation of the test results. Similarly, Figure 4.20 presents 

the results for residual elastic modulus following 1000 hours. The residual strain percentages 

are not listed since the samples exhibited linear elastic behavior. Therefore, the ultimate 

strain was dependent on the elastic modulus and ultimate tensile strength. The residual tensile 

strain percentages can be found in Appendix B.  

 

Table 4.4 – Residual tensile strength of 2000 hours conditioned samples (%) 

 Percentage of Conditioned Loading 

0 10 20 30 

V-FW 89.6 84.7 93.1 80.3* 

P-FW 90.3 94.0 93.6 91.9* 

V-SW 87.0 88.1 97.9 85.0 

P-SW 94.3 93.9 96.7* - 

* Represents a group of samples which present data from the average of two 
samples instead of three 

 

 

 Table 4.4 presents the results for the percentage residual tensile strength of the 2000 

hours conditioned samples, also taken as the average of three samples. Note that, 

unfortunately, all of the polyester samples subjected to 30% loading and saltwater for 2000 

hours experienced tab failures during conditioning. Graphically, the data for residual tensile 

strength and elastic modulus following the 2000 hours duration is shown in Figure 4.21 and 

Figure 4.22, respectively. 
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(a)      (b) 

      

(c)        (d) 

Figure 4.19 – Residual tensile strength (%) of 1000 hours conditioned samples as a 
function of sustained loading (%): (a) VN-FW (b) PL-FW (c) VN-SW (d) PL-SW 
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(a)      (b) 

      

(c)        (d) 

Figure 4.20 – Residual elastic modulus (%) of 1000 hours conditioned samples as a 
function of sustained loading (%): (a) VN-FW (b) PL-FW (c) VN-SW (d) PL-SW 
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(a)      (b) 

      

(c)        (d) 

Figure 4.21 – Residual tensile strength (%) of 2000 hours conditioned samples as a 
function of sustained loading (%): (a) VN-FW (b) PL-FW (c) VN-SW (d) PL-SW* 

* Note that all of the polyester samples subjected to 30% loading and saltwater for 2000 hours 
experienced tab failures during conditioning. 
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(a)      (b) 

      

(c)        (d) 

Figure 4.22 – Residual elastic modulus (%) of 2000 hours conditioned samples as a 
function of sustained loading (%): (a) VN-FW (b) PL-FW (c) VN-SW (d) PL-SW 
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4.5.1. Initial Observations  

 The following few initial observations are presented in this section and are further 

discussed in the following sections of this thesis. In general, the vinylester samples seem to 

have degraded more than the polyester samples. It can be seen in Table 4.3 and Figure 4.19 

that, on average, the vinylester samples appear to have experienced a 5-10 percent reduction 

in tensile strength following the 1000 hours conditioning while the polyester samples only 

seem to have had a 0-5 percent loss in tensile strength. Additionally, as shown in Figure 4.21 

and Table 4.4, the vinylester samples appear to have experienced a higher degree of loss in 

tensile strength (10-15%) than the polyester samples (5-10%) following 2000 hours of 

conditioning.  

However, the data presented in Figure 4.20 and Figure 4.22 indicates that both 

samples may have experienced a similar reduction in elastic modulus after conditioning. The 

results suggest that both types of samples had an approximate 5 percent and 10 percent 

reduction in elastic modulus following 1000 hours and 2000 hours of conditioning, 

respectively.  

When comparing the data from the 1000 hours duration to the data from the 2000 

hours duration, a trend for length of conditioning can be observed. It can be seen in all of the 

figures that, on average, the losses in both tensile strength and elastic modulus are greater 

following the longer duration. 

 It is difficult, however, to observe a difference in the data between exposure to 

freshwater and exposure to saltwater. The results indicate that similar losses were induced to 

the composites following exposure to each solution. Additionally, it is hard to distinguish 

whether residual tensile strength or residual elastic modulus may be the more sensitive 

mechanical property, as both have similar reductions.  

Lastly, for all of the plots shown in Figure 4.19 through Figure 4.22, it is also difficult 

to observe a trend between residual tensile properties and the amount of sustained loading 

during conditioning. The impact of these levels of sustained loading appears to possibly have 

a minimal impact on the residual properties.  
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4.5.2. Comparison with Thermally Aged Samples 

Interestingly, it can also be seen in Table 4.3 and Figure 4.19 that some of the 

averages for residual tensile strength are higher than the control values, while others are 

lower. This is particularly exemplified for the polyester samples. These results suggest that 

there may be two competing mechanisms involved during the conditioning: degradation 

decreasing the strength, and post-curing possibly increasing the strength. To address the 

possibility of post-curing, thermally aged samples that were not subjected to solutions nor 

loading were tested. The testing results, taken as the average of three samples, for the 

thermally aged samples are presented in Table 4.5. 

 

Table 4.5 – Tensile properties for thermally aged samples 

 
 

Ultimate Tensile 
Strength (ksi) 

Elastic Modulus 
(ksi) 

Ultimate Tensile 
Strain (

Vinylester 

Control 44.4 (4.1)* 3202 (277) 15806 (679) 

1000 hrs 45.2 (1.1) 3311 (84) 15980 (329) 

% of Control 101.7 103.4 101.1 

2000 hrs 44.8 (5.8) 3159 (280) 16917 (1376) 

% of Control 100.9 98.7 107.0 

Polyester 

Control 42.7 (2.8) 3134 (172) 15296 (612) 

1000 hrs 43.8 (1.8) 3060 (182) 15621 (186) 

% of Control 102.5 97.6 102.1 

2000 hrs 45.4 (4.7) 3064 (147) 16881 (500) 

% of Control 106.5 97.8 110.4 

 *The values in parenthesis indicate standard deviation in ksi or 
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The results in Table 4.5 suggest that the tensile properties for the thermally aged 

vinylester samples remained approximately the same as the control samples. However, 

ultimate tensile strength of the polyester samples may have increased following thermal 

aging. This increase in strength could be indicative of post-curing. Results from the glass 

transition temperature tests suggest that post-curing occurred due to exposure to the 

accelerated aging temperature. Thermal aging and post-curing is further addressed in Section 

4.6.  

Another alternative to present and analyze the data is to compare the conditioned 

samples to the respective thermally aged samples instead of the control samples. This could 

provide a method to assess the total degradation that has occurred to the samples during 

conditioning. The comparison can be seen in Figure 4.23 and Figure 4.24 which present the 

data for residual tensile strength when compared to the thermally aged samples for 1000 

hours and 2000 hours, respectively. Residual elastic modulus was not compared to the 

thermally aged samples due to the possibility of variance created by placement of the 

extensometer on the samples during testing. 

 The data shown in Figure 4.23 (for 1000 hours duration) is relatively the same as the 

data that was previously presented in Figure 4.19. Similar losses in tensile strength as 

discussed in Section 4.5.1 are observed.  

As previously stated, when comparing the conditioned results to the control samples, 

the vinylester samples appeared to have a larger reduction in tensile strength than the 

polyester samples following the 2000 hours duration. However, the results shown in Figure 

4.24 now appear to indicate that both the polyester and vinylester samples have similarly 

degraded following the 2000 hours conditioning. When compared to the thermally aged 

samples and possibly accounting for effects due to post-curing, a decrease of approximately 

10-15 percent in tensile strength is observed for both samples in both freshwater and 

saltwater. This is in contrast with observations made in Section 4.5.1. 
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(a)      (b) 

      

(c)        (d) 

Figure 4.23 – Residual tensile strength (%) of 1000 hours conditioned samples when 
compared to thermally aged samples: (a) VN-FW (b) PL-FW (c) VN-SW (d) PL-SW 
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(a)      (b) 

      

(c)        (d) 

Figure 4.24 – Residual tensile strength (%) of 2000 hours conditioned samples when 
compared to thermally aged samples: (a) VN-FW (b) PL-FW (c) VN-SW (d) PL-SW 
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4.5.3. Impact of Sustained Loading 

As mentioned in Section 4.5.1, the residual tensile results presented earlier proposed 

that there may be little difference in degradation due to a difference in sustained loading. It is 

difficult to observe distinct differences in losses for samples subjected to a sustained loading 

of 30 percent of UTS and samples not subjected to loading. This is particularly displayed for 

the residual elastic modulus data presented in Figure 4.20 and Figure 4.22. On average, the 

losses in modulus appear to remain relatively constant with differences in sustained loading.  

For the residual tensile strength data presented in Figure 4.23d and Figure 4.24a there 

is a noticeable decrease for samples subjected to a sustained loading of 30 percent UTS. 

However, this is not observed in the other plots in Figure 4.23 and Figure 4.24, as the losses 

remain relatively constant. Thus, the observed difference is believed to be within the 

variability of the samples. 

The results from acoustic emission testing on control samples may provide an 

explanation for the limited impact of sustained loads of 30 percent and less. Figure 4.25 

shows cumulative AE hits versus stress for a control vinylester and polyester sample. The 

results show that the cumulative AE hits increase exponentially with stress. In both samples, 

half of the AE hits occurred between 75 and 100 percent of the total stress. The imposed 

arrows on the graph represent 30 percent of the ultimate stress. Notice that there is limited 

acoustic emission activity at lower stress levels, particularly at levels below 30% of ultimate. 

For these particular results, only 1-2% of the total hits had occurred prior to 30% of the 

ultimate stress. 

Thus, only minimal cracking may have occurred until later stages of loading, and the 

impact of a low sustained loading may be minimal. The AE and residual tensile properties 

data suggests that if the samples are to be only subjected to a low level of in-service loading, 

a sustained loading conditioning may not be necessary for the durability assessment of these 

FRP materials. Most of the losses seem to be due to the synergism of exposure to solutions 

and the accelerated aging temperature. This is particularly important because a sustained 

loading conditioning is a more difficult experimental setup than a static conditioning. 
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(a) 

   

 (b) 

Figure 4.25 – Typical cumulative AE hits versus stress relationship for unconditioned 
(control) samples: (a) Polyester (b) Vinylester 
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(a)      (b) 

      

(c)        (d) 

Figure 4.26 – Residual tensile strength (%) of conditioned samples when compared to 
thermally aged samples as a function of conditioning duration: (a) VN-FW (b) PL-FW 

(c) VN-SW (d) PL-SW 
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4.5.4. Average Degradation due to Solution and Temperature 

Figure 4.26 shows data for the residual tensile strength (when compared to the 

thermally aged samples) and the impact of the conditioning duration. Overall, as previously 

stated in Section 4.5.1, it can be observed that larger decreases in tensile strength occurred 

following the 2000 hours conditioning duration when compared to the 1000 hours duration. 

However, comparisons between solutions can still be difficult due to variance in the 

test results (the standard deviations for the tensile strength results are listed in Appendix C). 

It is believed that a portion of the observed variance can be attributed to the aforementioned 

non-uniformity of the layers in the cross-section. Also, a sample containing an area with a 

manufacturing defect (i.e. fibers not fully impregnated in the matrix) could also experience a 

higher level of degradation. Therefore, testing and analyzing more than three samples for 

each parameter could result in a better assessment of the impact of each conditioning 

parameter.  

 

Table 4.6 – Losses in tensile strength and elastic modulus (%) after averaging all of the 
losses regardless of the sustained loading percentages 

 Residual Tensile Strength (%) Residual Elastic Modulus (%) 

1000 hrs 2000 hrs 1000 hrs 2000 hrs 

VN-FW 6.4 (8.0)* 12.5 (13.2) 2.3 9.9 

PL-FW 2.2 (4.6) 7.5 (13.1) 5.9 9.2 

VN-SW 7.4 (8.9) 10.8 (11.6) 5.0 4.9 

PL-SW 1.0 (3.4) 5.4 (11.1) 6.7 9.5 

*The values in parenthesis indicate comparison with respective thermally aged samples

 

 

As mentioned in the previous section, a sustained loading did not appear to have a 

significant impact on the residual properties of the samples. Thus, due to the inherent 

variability in the samples, taking the averages of all of the loading cases could provide 
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information concerning degradation due to the synergism of exposure only to solutions and 

the accelerated aging temperature. The averages of tensile strength loss and loss in elastic 

modulus for all the sustained loading cases are presented in Table 4.6. The values listed in 

parenthesis are comparisons with the respective thermally aged samples instead of control 

samples. 

The results in Table 4.6 show that following 1000 hours of conditioning, the 

vinylester samples experienced, on average, an approximate 7 percent decrease in ultimate 

tensile strength when exposed to saltwater and freshwater. The results also show that the 

vinylester samples had a slightly lower average loss in elastic modulus (≈4%) than loss in 

tensile strength. While the results suggest that the polyester samples experienced a similar 

loss in elastic modulus as compared to the vinylester samples, the samples only had an 

approximate 3 percent decrease in strength. Additionally, after the 1000 hours duration, there 

still does not appear to be a discernible difference between conditioning in freshwater or 

saltwater.  

Following the 2000 hours conditioning duration, the average results show that the 

vinylester samples experienced an approximate 12 percent reduction in ultimate tensile 

strength and 10 percent reduction in elastic modulus. When taking into account the possible 

increase in strength due to post-curing effects, the polyester samples degraded in a similar 

manner to the vinylester samples. Also, the results indicate that the average reduction in 

tensile properties was approximately twice as large after the 2000 hours duration as 

compared to the 1000 hours duration. Overall, these observations are similar to those 

previously mentioned in Sections 4.5.1 and 4.5.2. 

 However, the results in Table 4.6 now show a difference in tensile strength loss 

between conditioning in freshwater and saltwater for 2000 hours. The average results 

indicate that conditioning the samples in freshwater may cause slightly higher reductions in 

tensile strength compared to conditioning in saltwater. This observation is addressed further 

in Section 4.7 when discussing moisture uptake and chemical degradation. 
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 Even after the 2000 hour duration, the samples appear to have not severely degraded, 

only experiencing an approximate 10-15 percent reduction in elastic modulus and ultimate 

tensile strength. 

 

4.6. Glass Transition Temperature and Post-Curing 

 Glass transition temperature testing was undertaken to possibly provide information 

concerning post-curing or chemical degradation that may have occurred during the 

environmental conditioning. Typical heat flow versus temperature graphs of two 

unconditioned FRP samples obtained using Differential Scanning Calorimetry (DSC) are 

shown in Figure 4.27. The glass transition is represented by a sudden change in heat flow. 

 

 

(a)       (b) 

Figure 4.27 – Typical DSC results of heat flow versus temperature for two 
unconditioned (control) samples: (a) Vinylester (b) Polyester 
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 The change in heat flow does not occur at a particular temperature, but over a range 

of temperatures. Therefore, the glass transition temperature was determined by following 

ASTM E1356 – 08 Standard Test Method for Assignment of the Glass Transition 

Temperatures by Differential Scanning Calorimetry. ASTM E1356 recommends using the 

midpoint temperature to define the transition temperature since it has been shown to be more 

reproducible. In defining the glass transition temperature, the standard defines the following 

transition points: 

 

- Extrapolated Onset Temperature (Tf): “the point of intersection of the tangent drawn at 

the point of greatest slope on the transition curve with the extrapolated baseline prior to 

the transition” 

- Extrapolated End Temperature (Te): “the point of intersection of the tangent drawn at the 

point of greatest slope on the transition curve with the extrapolated baseline following the 

transition” 

- Midpoint Temperature (Tm): “the point on the thermal curve corresponding to 1⁄2 the 

heat flow difference between the extrapolated onset and extrapolated end” 

 

Using this methodology, two analyses on unconditioned samples are depicted in 

Figure 4.28. In the figure, the extrapolated onset temperatures, extrapolated end 

temperatures, and midpoint temperatures are shown. The reported glass transition 

temperatures (using the midpoint temperature) for these tests were 58.9ºC and 131.2ºC for 

the polyester and vinylester samples, respectively. 

 Figure 4.29 presents the results and analysis for two conditioned samples. The heat 

flow curves are similar to the unconditioned samples. However, a noticeable shift in the 

transition temperature can be observed for both samples. The reported glass transition 

temperatures for these two tests were 84.7ºC and 134.5ºC for the polyester and vinylester 

samples, respectively. 
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(a) 

 

(b) 

Figure 4.28 – Typical methodology for determining the glass transition temperature for 
control samples: (a) Polyester (b) Vinylester 
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(a) 

 

 (b) 

Figure 4.29 – Typical methodology for determining the glass transition temperature for 
conditioned samples: (a) Polyester (b) Vinylester 

 

 The results for all of the glass transition tests, taken as the average of three trials, are 

presented in Table 4.7. The results show that the glass transition temperatures for the 

conditioned samples are higher than for the control samples. A substantial increase of 

approximately 25-30°C was observed for the polyester samples, while the glass transition 

temperature for the vinylester samples only slightly increased by a few degrees. Interestingly, 
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the glass transition temperatures appear to continue to increase with a longer conditioning 

duration. A decrease in the glass transition temperature due to degradation (i.e., hydrolysis) 

was not observed. Generally, the glass transition temperature values for the conditioned 

samples are similar to values reported by Chin et al. (2001). 

 

Table 4.7 – Glass transition temperature results for unconditioned (control) and 
conditioned samples 

 Vinylester Polyester 

Conditioning 
Avg.  
(°C) 

Std. Dev. 
(°C) 

Avg.  
(°C) 

Std. Dev. 
(°C) 

Control 131.0 0.4 58.3 0.9 

1000 Hours Thermal 135.2 0.8 85.4 1.3 

1000 Hours FW 135.0 1.4 85.5 0.4 

1000 Hours SW 134.0 1.2 85.8 1.2 

2000 Hours Thermal 134.7 1.7 81.0 0.5 

2000 Hours FW 134.9 3.8 89.6 0.2 

2000 Hours SW 137.6 1.8 87.7 1.0 

 

 

The result of an increase in glass transition temperature suggests that post-curing has 

occurred due to the prolonged exposure to the accelerated aging temperature. As previously 

stated, post-curing of the resin can cause additional cross-linking of the polymer matrix. 

Additional cross-linking in the polymer will lead to an increase in the glass transition 

temperature (Brydson, 1999). These results also corroborate the results for tension testing of 

the thermally aged samples and the postulation that post-curing may have increased the 

tensile strength of the samples, particularly for the polyester matrix. 
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4.7. Moisture Content and Degradation 

Following the environmental conditioning, both types of samples were noticeably 

lighter in color. Blistering was also observed on the surface of the samples with slightly more 

blistering exhibited on the 2000 hours conditioned samples as compared to 1000 hours 

conditioned samples. Figure 4.30 shows two blistered samples following conditioning for 

2000 hours. Blistering can be seen to be more prevalent on the surface of the polyester 

sample than the vinylester sample. Overall, larger blisters were also observed on the 

polyester samples.  

 

 

Figure 4.30 – Photograph illustrating blistering observed on the FRP surface following 
2000 hours conditioning 

 

In addition to this, the conditioning solutions had a slightly yellowish color and were 

emitting an odor upon opening the containers. Figure 4.31 shows a container of pure distilled 

water of the left and a container of distilled water following the conditional duration on the 

right. This discoloration is believed to be indicative of chemical degradation and leaching of 

material from the samples during conditioning.  
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Figure 4.31 – Photograph illustrating clean solution and discolored solution following 
2000 hours conditioning 

 

 Since it is believed that a portion of the tensile strength losses observed could be 

attributed to the solutions and chemical degradation, moisture content testing was 

undertaken. Moisture content/uptake can provide information concerning the different 

composites and their sorption behavior. The moisture uptake profiles of saltwater and 

freshwater at room temperature for both materials are presented in Figure 4.32 (average of 

three samples). The results show that at room temperature, the samples uptake saltwater and 

freshwater at an approximately linear rate with respect to the square root of time. After the 

2000 hours duration, the composites had not reached equilibrium at room temperature. It can 

be seen in Figure 4.33 that the samples exposed to solutions at the accelerated aging 

temperature of 140°F/60°C absorbed moisture at a substantially faster rate than at room 

temperature. The exposure temperature appears to have a significant impact on the moisture 

uptake of the samples.  
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(a) 

 

(b) 

Figure 4.32 – Average moisture uptake profiles for control samples exposed to solution 
at room temperature: (a) Vinylester (b) Polyester 

 

VN-SW  
VN-FW

PL-SW  
PL-FW
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(a) 

 

(b) 

Figure 4.33 – Average moisture uptake profiles for control samples exposed to solution 
at 140°F (60°C): (a) Vinylester (b) Polyester 

 

VN-SW  
VN-FW

PL-SW  
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 As shown in Figure 4.33, the samples exposed to solution at 140°F/60°C also appear 

to exhibit Fickian behavior, displaying the typical linear region and concavity about the x-

axis necessary for Fick’s Second Law of Diffusion. After the conclusion of 2000 hours, the 

samples all appeared to be at equilibrium. The average maximum moisture contents are 

presented in Table 4.8. The maximum moisture uptakes for the polyester samples 

(approximately 2% by mass) appear to be approximately twice as large as for the vinylester 

samples for both solutions.  

It can also be observed in Table 4.8, Figure 4.32, and Figure 4.33 that for both 

temperatures, the results suggest that the polyester samples uptake more solution that the 

vinylester samples. Thus, there could be correlation with the blisters that were observed on 

the surface of the samples. Also, both of the samples appear to uptake more freshwater than 

saltwater. This could provide an explanation for the larger average tensile strength losses 

observed in Table 4.6 due to conditioning in freshwater as compared to conditioning in 

saltwater for 2000 hours.  

 

Table 4.8 – Average maximum moisture uptake for control samples exposed to solution 
at 140°F (60°C) 

Sample Maximum Moisture Uptake (%) 

VN-FW 1.1 (0.02) 

PL-FW 2.1 (0.10) 

VN-SW 0.9 (0.08) 

PL-SW 1.9 (0.02) 

 

 

 Following the moisture content duration, the solutions at the accelerated aging 

temperature were also discolored and emitting an odor. The moisture content samples 

exposed to solution at 140°F/60°C also displayed considerable blistering throughout the test 

duration. The blisters were first noticed after approximately 500 hours of exposure. Figure 
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4.34 shows a picture of the samples following the moisture sorption period. The samples are 

arranged PL-FW, VN-FW, PL-SW, and VN-SW, beginning from the left-side of the figure. 

Similar to the observations for the conditioned samples, the polyester samples displayed 

more surface blistering than the vinylester samples. In addition, it appeared that there was 

more significant blistering on the samples exposed to freshwater than the samples exposed to 

saltwater. 

 

 

Figure 4.34 – Photograph illustrating blistering observed on moisture content samples 
following 2000 hours 

 

It should also be noted that this moisture sorption method is a measurement of the 

difference in mass. Thus, both moisture uptake and the amount of materials leached from the 

system are measured. To determine if leaching of materials and subsequent material loss had 

occurred, the samples were dried after the 2000 hours moisture uptake period in an oven at 

140°F/60°C for a period of two weeks. The mass loss upon drying the samples for this 

duration is presented in Table 4.9.  

The results in Table 4.9 suggest that the samples exhibited a reduction in mass due to 

exposure to the solutions. A decrease in mass is indicative of chemical degradation, causing 

leaching of materials and is believed to be the result of hydrolysis on the polymer matrix. 
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Additionally, the measured mass loss is also considerably higher for the samples which were 

exposed to freshwater and for the polyester samples in general. These results corroborate 

results presented in Table 4.6 which showed larger strength losses observed due to 

conditioning in freshwater for 2000 hours.  

 

Table 4.9 – Average measured mass loss upon drying for samples exposed to solution at 
140°F (60°C) 

Sample Mass Loss Upon Drying (%) 

VN-FW 0.2 (0.01) 

PL-FW 0.3 (0.2) 

VN-SW 0.02 (0.015) 

PL-SW 0.08 (0.05) 

  

 

 As presented earlier, the tension test results showed a decrease in tensile properties 

following conditioning. Therefore, the samples would have had to have been degraded to 

cause a loss in stiffness and strength. Since the samples were post-conditioned following the 

environmental conditioning, the effects of plasticization are believed to have been 

minimized. Thus, the observed losses in tensile properties are alleged to be the result of 

irreversible chemical degradation, most likely due to hydrolysis of the matrix. 

 Also, as previously discussed, failure occurred in the chopped strand mat layers with 

delamination occurring between the individual layers. Thus, the failure behavior of the 

samples seems to be governed by the tensile strength of the chopped strand mat layers and 

the interlaminar shear strength. Therefore, it is proposed that the solutions have most likely 

caused irreversible chemical degradation to the chopped strand mat layers and the 

interlaminar shear strength of both the polyester and vinylester samples. 
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4.7.1. 1000 Hours Conditioned Samples 

 The results for the moisture uptake for the conditioned samples are presented in 

Figure 4.35 and Figure 4.36. Note that the moisture uptake was performed at room 

temperature. For comparison, the uptakes of the control (unconditioned) samples have been 

added as denoted on the graphs. 

 It can be seen that the saltwater conditioned samples uptake water at room 

temperature similar to the control samples at 140°F/60°C. This observation was not as 

noticeable for the freshwater conditioned samples. These results indicate that the 

conditioning temperature may have a significant impact on the re-absorption behavior of the 

composites. 

Also, it seems that a sustained loading did not have a considerable impact on moisture 

sorption. Theoretically, cracking and damage in the material will cause a difference in the 

moisture sorption behavior. However, all of the uptake profiles are very similar. Therefore, 

as previously stated, the amount of cracking occurring at these load levels may not be 

significant enough to cause a change in degradation. 
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(a) 

 

(b) 

Figure 4.35 – Moisture uptake profiles for 1000 hours conditioned samples exposed to 
saltwater at room temperature: (a) Polyester (b) Vinylester 
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(a) 

 

(b) 

Figure 4.36 – Moisture uptake profiles for 1000 hours conditioned samples exposed to 
freshwater at room temperature: (a) Polyester (b) Vinylester 
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4.8. Use of Acoustic Emission for Understanding Degradation 

4.8.1. Kaiser Effect 

To determine the applicability of the Kaiser Effect, one polyester sample and one 

vinylester sample were subjected to a cyclic loading. This is important for the use of AE in 

understanding degradation. An absence of hits for the sustained loaded samples could be 

misinterpreted for damage, but could only be a result of the Kaiser Effect. The Kaiser Effect 

could also be very useful for in-field classifications to possibly understand in-service 

maximum loadings.  

The results of the acoustic emission tests are presented in Figure 4.37. Loading versus 

time is represented by the red line and the AE hits are represented by the blue hollow 

symbols. It can be observed that, generally, AE hits did not begin until the previously 

maximum experienced loading. These results are in agreement with Gostautas et al (2005) 

who showed that a GFRP bridge decks beam exhibited the Kaiser Effect in bending.  

To obtain a better understanding of the Kaiser Effect, the Felicity ratios were 

calculated as presented in Equation 2.4. As long as the Felicity ratio is greater than one, the 

Kaiser Effect is valid. For lower stress levels, the onset of new AE activity was taken as the 

first recorded hit. However, at higher stress levels, the onset of new AE activity was taken at 

the point when two hits occurred within the average time between events for the control 

samples (approximately 0.01 seconds). This was done in an attempt to eliminate random 

events and noise. Overall, the Felicity ratios for the two tests are presented in Table 4.10. 
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(a)  

 

 (b) 

Figure 4.37 – Amplitude distribution displaying the Kaiser Effect and loading as a 
function of time for control samples: (a) Polyester (b) Vinylester 
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Table 4.10 – Calculated Felicity ratios following AE cyclic testing on control samples 

Previous Maximum Loading 
(lbs) 

Vinylester Polyester 

1200 (≈ 20%) 1.08 1.00 

2400 (≈ 40%) 0.98 1.02 

3600 (≈ 60%) 0.90 0.95 

4800 (≈ 80%) 0.81 0.76 

 

 

The results show that the Felicity ratios decrease with increased loading, which is an 

expected result. However, the most significant observation may be that the Kaiser Effect 

seems to be valid for loading levels less than 40% of ultimate (the values that are used in this 

conditioning).  

 

4.8.2. Conditioned Results 

The damage mechanisms have been postulated to be correlated to particular AE 

frequency emissions and the applicability of the Kaiser Effect has been determined. Lastly, in 

this section, the AE results for the conditioned samples are compared to the control samples 

to determine if there is a noticeable shift in AE characteristics due to degradation. 

 Figure 4.38 shows the amplitude distribution for a 2000 hours conditioned sample 

exposed to a sustained loading of 30 percent of ultimate and saltwater for 2000 hours. After 

testing, the sample exhibited an approximate 15 percent reduction in ultimate tensile strength. 

It can be seen in the figure that, even though noticeable degradation occurred, the maximum 

amplitude and amplitude distribution are very similar to the control sample shown in Figure 

4.11b. The sample also displayed the same plateau in peak amplitude. It is also interesting to 

observe that the Kaiser Effect is shown for this sample. The imposed line shows the sustained 

loading amount that the sample was subjected to during the environmental conditioning. It 

can be seen that the majority of hits begin around this loading value during the test. However, 
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it should be noted that this was not always observed. For some tests, hits occurred before the 

sustained loading during the conditioning. This is an area that may need to be addressed in 

future research. 

 

 

Figure 4.38 – Amplitude distribution with the Kaiser Effect displayed for a 2000 hour 
vinylester conditioned sample 

 

Figure 4.39 shows the frequency distribution for the aforementioned conditioned 

sample. The sample was exposed to a sustained loading of 30 percent of ultimate and 

saltwater for 2000 hours, exhibiting an approximate 15 percent reduction in ultimate tensile 

strength. Similarly, Figure 4.40 shows the frequency distribution for a 1000 hours 

conditioned sample exposed to a sustained loading of 20 percent of ultimate and freshwater. 

This conditioned sample had an approximate 11 percent reduction in ultimate tensile 

strength. These two samples were chosen to be representative of the AE frequency results 

from the conditioned samples since they exhibited rather large losses in ultimate tensile 

strength as compared to the other tested samples. 
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Figure 4.39 – Frequencies (at maximum amplitude) emitted during tensile loading for a 
vinylester conditioned sample exposed to saltwater and 30% loading for 2000 hours  

 

For both tests, a change is frequency cannot be easily distinguished and is within the 

variance that was exhibited for the control samples. The lowest and highest frequency bands 

still begin at approximately the same point in loading, with the middle band beginning at a 

slightly higher loading.  

 Overall, the frequency results on the conditioned samples suggest that the failure 

modes of the samples may not have been altered. During testing, there was no visible 

observation of a change in the failure mode of the conditioned samples as compared to the 

control samples. In addition to this, all of the other AE parameters, such as duration and 

energy, were consistent with results from the AE tests on unconditioned samples. The wave 

velocity did not significantly change as well. A definitive conclusion cannot be made based 

on the results in this research as if AE is a viable method to quantify degradation since the 

duration of conditioning was relatively short. For expected losses of around 10-15% of 

ultimate, AE may not be a viable method to quantify degradation. However, to fully 
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determine whether AE and the emitted frequencies could be used for the durability 

assessment of composites, more severely degraded samples may need to be tested. 

 

 

Figure 4.40 – Frequencies (at maximum amplitude) emitted during tensile loading for a 
vinylester conditioned sample exposed to freshwater and 20% loading for 1000 hours 
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CHAPTER 5: CONCLUSIONS 

 

 This section provides a summary of the research program conducted on the 

synergistic effect of mechanical loadings and environmental conditions on the degradation of 

glass FRP composites. After an extensive literature review, an environmental conditioning 

and testing matrix was developed encompassing a variety of conditioning parameters. The 

impacts of the load level, the accelerated aging temperature, the type of solution that the 

materials were exposed to, the conditioning duration, and the matrix type were addressed. 

Other material testing results, such as acoustic emission, glass transition temperature, 

moisture content, and SEM images were presented to assist in understanding the induced 

degradation following conditioning. Also, acoustic emission results were presented to 

address whether AE could be a viable method to quantify degradation in FRP materials.  

 Test results suggest that the introduction of a sustained loading up to 30 percent of the 

ultimate strength during accelerated aging may have a minimal impact on both residual 

strength and stiffness. Acoustic emission analyses indicated there was limited activity at 

lower stress, especially levels less than 30 percent of ultimate. Currently, various design 

recommendations insist on limiting the maximum in-service sustained loading to less than 20 

percent of the ultimate strength. Thus, there may be minimal cracking during service 

conditions which may not alter the degradation resistance of the materials. 

If a low in-service load is anticipated, a sustained loading conditioning may not be 

necessary for the durability assessment of commercially available pultruded FRP composites. 

A sustained loading conditioning is a considerably more difficult experimental setup than a 

static conditioning. Therefore, researchers could potentially obtain the same results using a 

static conditioning setup that is both more time and monetarily efficient. Additionally, there 

is extensive data available in the literature discussing the synergism of solutions and 

temperatures and their effects on FRP materials. The results from this research suggest that 

engineers can be reassured that the data available in the literature, which may not address 

loading, can be used in the design of these materials. 
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 Results indicated that there may be two competing mechanisms occurring when the 

FRP materials are subjected to environmental conditioning, post-curing increasing the tensile 

strength and degradation decreasing the strength. The accelerated aging temperature is 

believed to have facilitated post-curing of the polymer matrix. Increases in both tensile 

strength and glass transition temperature were observed in samples that were only exposed to 

elevated temperatures but were not exposed to mechanical and environmental loading. In 

addition to post-curing effects, the accelerated aging temperature also appeared to largely 

influence moisture uptake. Substantially faster uptake rates were shown for samples exposed 

to solutions at the accelerated aging temperature of 140°F/60°C as compared to room 

temperature. 

 Visual observations and test results suggest that chemical degradation occurred in the 

materials during conditioning. The observed losses in tensile properties are believed to be the 

result of irreversible chemical degradation, most likely due to hydrolysis of the matrix. Due 

to the failure behavior of the samples, it is also proposed that the irreversible chemical 

degradation has most likely affected the chopped strand mat layers and the interlaminar shear 

strength of the samples. Overall, the conditioning temperature and the solutions appear to 

have been more important factors than a sustained loading in the observed degradation. 

 Due to the corrosive nature of saltwater for materials like steel, it is commonly 

believed that saltwater may be more damaging to materials than freshwater. However, test 

results suggest that freshwater may cause more degradation, than saltwater, to the FRP 

materials tested in this research.  

The effect of solution may be dependent on the matrix type. Significantly more 

blistering was observed on the surface of the polyester samples following conditioning as 

compared to the vinylester samples. Also, the polyester samples exhibited more moisture 

uptake and mass loss upon drying than the vinylester samples. However, tension test results 

showed that the two samples degraded similarly, with the vinylester samples even possibly 

showing a larger reduction in mechanical properties following conditioning. This could 

possibly be attributed to the nonlinear coupling of thermal effects and the effects of exposure 

to solution. 
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 Overall, larger losses in tensile strength and elastic modulus were observed for both 

samples following the 2000 hours duration as compared to 1000 hours. The test results 

indicated that the reductions in mechanical properties were approximately twice as large for 

the 2000 hours conditioning when compared to 1000 hours conditioning. However, even 

after the 2000 hours duration, both the polyester and vinylester samples only exhibited a 10-

15 percent reduction in tensile strength and an approximate 10 percent decrease in elastic 

modulus. 

 Acoustic emission analyses showed that three distinct frequency bands were emitted 

during tensile loading at approximately 0-100, 350-450, and 550-650 kHz for both polyester 

and vinylester samples. No correlation between amplitude and frequency was observed. 

Events with longer durations were shown to typically correspond to the lowest frequency 

band (i.e., 0-100 kHz), while the middle (i.e., 350-450 kHz) and highest (i.e., 550-650 kHz) 

frequency bands typically had a similar duration distribution. Based on the experimental data 

and results from the literature, it was postulated that the lowest frequency band (0-100 kHz) 

corresponds to matrix cracking, the middle band (350-450 kHz) to fiber matrix-debonding, 

and the highest band (550-650 kHz) to fiber cracking, especially in the chopped strand mat.  

 Acoustic emission test results also showed that both the polyester and vinylester 

samples exhibited the Kaiser effect during cyclic tensile loading. However, no distinct 

changes in acoustic emission characteristics were observed following conditioning. A 

discernable difference in the frequency distributions for the conditioned samples as compared 

to the control samples was not observed. Thus, acoustic emission may not be a viable method 

to quantify degradation for composites that only degrade 10-15 percent. To fully address 

whether acoustic emission and the corresponding emitted frequencies could be used to 

quantify degradation, more severely degraded samples may need to be tested. 
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Appendix A: Mass Percentage of Matrix and Fiber 

 

Table 7.1 – Mass percentage of matrix and fiber determined from a burn-off test 

 Vinylester Polyester 

Initial Mass (mg) 15114 14066 15822 15628 

Final Mass (mg) 6150 5768 6542 6610 

% Matrix 40.7 41.0 41.3 42.3 

% Fiber 59.3 59.0 58.7 57.7 

  

Appendix B: Control Tensile Properties 

 

Table 7.2 – Control tensile properties for vinylester samples 

Sample Stress (ksi) Modulus (ksi) Strain ( 

C-VN-1 38.49 2857.2 15261 

C-VN-2 44.86 3218.8 15732 

C-VN-3 47.05 3317.5 16692 

C-VN-4 50.55 3668 15730 

AE-VN-1 42.72 3090.9 14936 

AE-VN-2 42.65 3058.4 16483 

 

 

Table 7.3 – Control tensile properties for polyester samples 

Sample Stress (ksi) Modulus (ksi) Strain (me) 

C-PL-1 38.51 2902.9 15596 

C-PL-2 41.3 2962.1 16168 

C-PL-3 41.5 3119.4 15388 

C-PL-4 46.57 3339 15410 

AE-PL-1 44.39 3217.2 14769 

AE-PL-2 43.81 3262.5 14444 
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Appendix C: Residual Tensile Strain Properties for Conditioned Samples 

 

Table 7.4 – Residual tensile strain of 1000 hours conditioned sampled (%) 

 Percentage of Conditioned Loading 

0 10 20 30 

V-FW 97.8 100.1 92.2 90.0 

P-FW 104.3 99.0 102.8 103.5 

V-SW 96.0 101.0 97.6 96.9 

P-SW 104.1 101.7 115.5* 87.3* 

 

 

Table 7.5 – Residual tensile strain of 2000 hours conditioned sampled (%) 

 Percentage of Conditioned Loading 

0 10 20 30 

V-FW 98.4 97.7 95.5 90.5* 

104.3 104.3 98.5 94.9 100.3* 

V-SW 93.7 87.3 100.5 92.6 

P-SW 105.6 109.6 102.4* - 

 

 

Table 7.6 – Standard deviations for tensile strength of 1000 hours conditioned samples 
(ksi) 

 Percentage of Conditioned Loading 

0 10 20 30 

V-FW 5.2 5.5 1.8 6.2 

P-FW 3.3 4.5 4.4 4.5 

V-SW 5.3 4.3 2.1 3.1 

P-SW 1.4 5.6 7.6 1.6 
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Table 7.7 – Standard deviations for tensile strength of 2000 hours conditioned samples 
(ksi) 

 Percentage of Conditioned Loading 

0 10 20 30 

V-FW 2.8 1.5 5.5 0.1 

P-FW 4.1 2.4 4.6 5.0 

V-SW 4.5 1.1 3.2 1.6 

P-SW 4.6 3.7 1.6 - 
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Table 7.8 – Tension properties for 1000 hours conditioned vinylester samples 

Sample Stress (ksi) Modulus (ksi) Strain ( 

1000.VNFW-1 42.45 3268.4 14202 

1000.VNFW-2 35.06 2626.6 15128 

1000.AE-VNFW 45.05 3362.3 17063 

1000.VN-1.1 42.32 3060.1 14916 

1000.VN-1.2 35.31 2739.2 15380 

1000.AE-1.4 46.11 3122.7 17190 

1000.VN-1.9 42.26 3330 14529 

1000.VN-2.1 42.66 3115 15151 

1000.AE-1.10 39.45 3134.6 14042 

1000.VN-2.7 36.22 3251 12456 

1000.VN-2.8 43 3162.6 14594 

1000.AE-2.9 48.55 3383.3 15607 

1000.VNSW-1 46.9 3324.4 15835 

1000.VNSW-2 36.86 3089.4 13702 

1000.AE-VNSW 39.2 2857.3 16000 

1000.VN-3.7 38.88 2952.7 15656 

1000.VN-3.8 45.67 3298.6 16259 

1000.AE-3.5 37.86 2897.9 15977 

1000.VN-5.1 38.5 2836.9 15623 

1000.VN-5.4 41.88 2992.9 15998 

1000.AE-5.2 42.36 3171.1 14639 

1000.VN-4.4 44.63 3219.4 14925 

1000.VN-4.5 38.53 2846.2 14640 

1000.AE-4.6 42.28 3038.1 16404 
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Table 7.9 – Tension properties for 1000 hours conditioned polyester samples 

 

 

 

 

 

Sample Stress (ksi) Modulus (ksi) Strain ( 

1000.PLFW-1 39.53 2700.9 15767 

1000.PLFW-2 45.92 3119.3 16093 

1000.AE-PLFW 44.44 3031.9 15996 

1000.PL-1.5 45.07 3219.6 15108 

1000.PL-1.6 36.64 2588.6 15189 

1000.AE-1.7 38.11 2701.2 15134 

1000.PL-2.3 40.21 2899.8 14969 

1000.PL-2.5 42.22 3501 15216 

1000.AE-2.4 48.65 3099.6 16998 

1000.PL-3.1 45.17 3393.2 14557 

1000.PL-3.2 37.07 2465.8 17021 

1000.AE-3.3 37.78 2662.3 15897 

1000.PLSW-1 41.81 3157.2 14442 

1000.PLSW-2 43.88 2992 15856 

1000.AE-PLSW 44.35 2823.8 17465 

1000.PL-3.10 45.78 3311 14698 

1000.PL-4.1 47.92 3075.7 16802 

1000.AE-4.2 37.28 2623.4 15151 

1000.PL-5.7 48.21 3074.3 16300 

1000.PL-5.9 **Tab Failure During Conditioning** 

1000.AE-5.5 37.51 2331.8 19047 

1000.PL-4.8 36.89 2862.1 13070 

1000.PL-4.7 **Tab Failure During Tensile Testing** 

1000.AE-4.9 39.21 2973.8 13630 
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Table 7.10 – Tension properties for 2000 hours conditioned vinylester samples 

Sample Stress (ksi) Modulus (ksi) Strain ( 

2000.VNFW-1 42.93 3005.2 15661 

2000.VNFW-2 38.60 2783.4 15529 

2000.VNFW-3 37.74 2652 15448 

2000.VN.1-1 37.71 2979.5 14831 

2000.VN.1-3 39.06 2784.4 15858 

2000.VN.1-4 36.02 2688.2 15657 

2000.VN.1-9 47.32 3358.1 15417 

2000.VN.1-10 40.18 3010.4 15014 

2000.VN.2-1 36.50 2825.4 14830 

2000.VN.2-7 35.72 2731.8 15317 

2000.VN-2.8 35.53 2918.3 13303 

2000.VN-2.9 **Tab Failure During Conditioning** 

2000.VNSW-1 38.44 2945.7 15012 

2000.VNSW-2 34.22 2763 14141 

2000.AE.VNSW 43.15 3201 15272 

2000.VN.3-5 39.06 3146.6 13498 

2000.VN.3-6 40.26 3244.6 13711 

2000.VN.3-7 38.03 3169.6 14202 

2000.VN.5-1 47.12 3239.8 16324 

2000.VN.5-3 41.32 3059.3 15452 

2000.VN.5-4 41.92 2909.1 15897 

2000.VN.4-3 35.58 2899.6 14025 

2000.VN.4-4 39.26 3071.6 14490 

2000.VN.4-6 37.82 2856.8 15047 

2000.AE.4-5 38.25 3089.6 14977 
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Table 7.11 – Tension properties for 2000 hours conditioned polyester samples 

Sample Stress (ksi) Modulus (ksi) Strain ( 

2000.PLFW-1 33.93 2604.7 13759 

2000.PLFW-2 39.84 2595.4 17846 

2000.AE. PLFW 41.88 2799.3 16247 

2000.PL.1-5 40.59 3047.8 15498 

2000.PL.1-6 37.51 2830.9 14247 

2000.PL.1-7 42.31 2959.6 15442 

2000.PL.2-3 36.1 2740.5 14623 

2000.PL.2-5 45.02 3350.9 14499 

2000.PL.2-6 38.77 2946.8 14439 

2000.PL.3-2 42.76 3080.5 15165 

2000.PL.3-3 35.71 2354.9 15504 

2000.PL.3-4 **Tab Failure During Conditioning** 

2000.PLSW-1 34.98 2589.7 14481 

2000.PLSW-2 42.89 2809.9 17399 

2000.PLSW-3 42.84 2798.7 16577 

2000.PL.3-9 35.17 2635.7 14825 

2000.PL.3-10 44.05 3017.4 16842 

2000.PL.4-1 40.18 2669.1 18850 

2000.PL.4-2 40.87 2931.6 16531 

2000.PL.5-5 42.41 3037.3 15643 

2000.PL.5-9 40.11 3030.6 15696 

2000.PL.5-7 **Tab Failure During Conditioning** 

2000.PL-4.7 
 

**Tab Failures During Conditioning** 
 

2000.PL-4.8 

2000.PL-4.9 
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Appendix D: Wave Velocity Data 

 

Table 7.12 – Actual location versus calculated location used for wave velocity 

Actual Location 
(cm) 

Calculated Location 
(cm) 

Actual Location 
(cm) 

Calculated Location 
(cm) 

12 11.55 12 12.02 

12 11.58 12 12.06 

12 11.56 12 12.06 

14 13.91 14 13.68 

14 13.88 14 13.58 

14 13.90 14 13.65 

16 16.03 16 15.93 

16 16.52 16 15.81 

16 15.98 16 15.60 

20 20.21 20 20.06 

20 20.40 20 20.20 

20 20.51 20 20.15 

21.5 21.89 21.5 21.60 

21.5 21.10 21.5 21.61 

21.5 21.14 21.5 21.62 

23 22.63 23 22.03 

23 22.33 23 22.03 

23 23.03 23 22.84 

27 26.56 27 27.42 

27 26.71 27 27.42 

27 26.82 27 27.40 

29 28.83 29 29.11 

29 28.81 29 29.01 

29 28.83 29 29.08 

31.5 31.36 31 30.69 

31.5 31.32 31 30.94 

31.5 31.32 31 30.88 
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Appendix E: Glass Transition Temperature Data 

 

Table 7.13 – Glass transition temperature data for control and conditioned samples 

Sample Polyester Vinylester 

Control-1 57.29 130.56 

Control-2 58.89 131.2 

Control-3 58.72 131.2 

1000-1 84.73 136.08 

1000-2 84.5 134.95 

1000-3 86.87 134.48 

1000FW-1 85.92 133.44 

1000FW-2 85.27 135.47 

1000FW-3 85.17 136.14 

1000SW-1 87.09 134.99 

1000SW-2 84.74 132.73 

1000SW-3 85.43 134.23 

2000-1 81.62 133.3 

2000-2 80.55 136.57 

2000-3 80.82 134.27 

2000FW-1 89.81 132.59 

2000FW-2 89.7 132.81 

2000FW-3 89.38 139.29 

2000SW-1 88.45 137.68 

2000SW-2 86.5 135.8 

2000SW-3 88.05 139.46 
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Figure 7.1 – Glass transition temperatures for control polyester samples 

 

  

 

Figure 7.2 – Glass transition temperatures for control vinylester samples 
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Figure 7.3 – Glass transition temperatures for 1000 hours thermally aged polyester 
samples 

 

  

 

Figure 7.4 – Glass transition temperatures for 1000 hours thermally aged vinylester 
samples 
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Figure 7.5 – Glass transition temperatures for polyester samples subjected to 
freshwater for 1000 hours 

 

  

 

Figure 7.6 – Glass transition temperatures for vinylester samples subjected to 
freshwater for 1000 hours 
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Figure 7.7 – Glass transition temperatures for polyester samples subjected to saltwater 
for 1000 hours 

 

  

 

Figure 7.8 – Glass transition temperatures for vinylester samples subjected to saltwater 
for 1000 hours 
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Figure 7.9 – Glass transition temperatures for 2000 hours thermally aged polyester 
samples 

 

  

 

Figure 7.10 – Glass transition temperatures for 2000 hours thermally aged vinylester 
samples 
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Figure 7.11 – Glass transition temperatures for polyester samples subjected to 
freshwater for 2000 hours 

 

  

 

Figure 7.12 – Glass transition temperatures for vinylester samples subjected to 
freshwater for 2000 hours 
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Figure 7.13 – Glass transition temperatures for polyester samples subjected to saltwater 
for 2000 hours 

 

  

 

Figure 7.14 – Glass transition temperatures for vinylester samples subjected to 
saltwater for 2000 hours 
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Appendix F: Moisture Uptake Data 

 

Table 7.14 – Moisture uptake data for vinylester samples at room temperature 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

0 15.3904 15.1342 15.5475 15.2482 15.458 15.2093 

0.5 15.3915 15.1357 15.5490 15.2501 15.4608 15.2110 

1.25 15.3925 15.1368 15.5509 15.2511 15.4615 15.2113 

3.5 15.3942 15.1383 15.5527 15.2526 15.4625 15.2135 

7 15.3958 15.1403 15.5543 15.2542 15.4645 15.2158 

12 15.3974 15.1421 15.5559 15.2562 15.4664 15.2169 

23 15.3996 15.1451 15.5593 15.2589 15.4689 15.2198 

32 15.4014 15.1473 15.5617 15.2616 15.4707 15.2217 

48 15.4047 15.1498 15.5654 15.2639 15.4739 15.2248 

70.5 15.4075 15.1527 15.5695 15.2673 15.4770 15.2286 

86 15.4096 15.1548 15.5703 15.2686 15.4777 15.2300 

105.25 15.4113 15.1563 15.5726 15.2710 15.4801 15.2313 

127 15.4136 15.1587 15.5754 15.2723 15.4826 15.2338 

151 15.4155 15.1610 15.5775 15.2744 15.4846 15.2357 

191.5 15.4187 15.1633 15.5804 15.2778 15.4870 15.2389 

216 15.4198 15.1652 15.5821 15.2788 15.4887 15.2405 

264 15.4224 15.1681 15.5852 15.2813 15.4913 15.2433 

318.5 15.4257 15.1707 15.5878 15.2851 15.4939 15.2465 

385 15.4282 15.1736 15.5903 15.2879 15.4977 15.2497 

459.5 15.4307 15.1769 15.5933 15.2905 15.5002 15.2521 

503 15.4326 15.1782 15.5951 15.2923 15.5011 15.2534 

576 15.4348 15.1803 15.5974 15.2938 15.5031 15.2561 

646.5 15.4372 15.1824 15.5999 15.2958 15.5052 15.2582 

753 15.4400 15.1858 15.6031 15.2986 15.5090 15.2614 

921 15.4439 15.1895 15.6072 15.3023 15.5118 15.2653 

1059 15.4466 15.1921 15.6104 15.3045 15.5143 15.2680 

1224 15.4500 15.1951 15.6140 15.3081 15.5167 15.2706 
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Table 7.14 Continued 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

1415.5 15.4533 15.1989 15.6169 15.3114 15.5207 15.2741 

1632 15.4564 15.2020 15.6211 15.3144 15.5236 15.2770 

1818.5 15.4591 15.2045 15.6230 15.3169 15.5251 15.2792 

2015 15.4610 15.2066 15.6254 15.3188 15.5273 15.2819 

 

 

Table 7.15 – Moisture uptake data for polyester samples at room temperature 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

0 16.2551 15.6456 15.9632 15.8644 16.0583 15.7684 

0.5 16.2560 15.6468 15.9670 15.8657 16.0596 15.7696 

1.25 16.2581 15.6474 15.9679 15.8665 16.0598 15.7705 

3.5 16.2595 15.6491 15.9693 15.8684 16.0628 15.7721 

7 16.2613 15.6515 15.9712 15.8706 16.0642 15.7739 

12 16.2638 15.6532 15.9737 15.8724 16.0664 15.7760 

23 16.2672 15.6567 15.9769 15.8751 16.0695 15.7790 

32 16.2699 15.659 15.9797 15.8775 16.0720 15.7814 

48 16.2730 15.6622 15.9823 15.8804 16.0742 15.7843 

70.5 16.2768 15.6660 15.9859 15.8838 16.0781 15.7879 

86 16.2788 15.6680 15.9881 15.8860 16.0803 15.7898 

105.25 16.2816 15.6709 15.9909 15.8885 16.0823 15.7923 

127 16.2843 15.6730 15.9938 15.8906 16.0851 15.7946 

151 16.2870 15.6766 15.9969 15.8933 16.0878 15.7973 

191.5 16.2908 15.6800 16.0004 15.8969 16.0914 15.8010 

216 16.2933 15.6821 16.0025 15.8985 16.0936 15.8030 

264 16.2972 15.6857 16.0065 15.9024 16.0967 15.8069 

318.5 16.3007 15.6893 16.0102 15.9061 16.1008 15.8102 

385 16.3045 15.6927 16.0140 15.9090 16.1036 15.8140 
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Table 7.15 Continued 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

459.5 16.3083 15.6965 16.0179 15.9121 16.1069 15.8172 

503 16.3102 15.6987 16.0196 15.9138 16.1088 15.8187 

576 16.3138 15.7015 16.0233 15.9169 16.1119 15.8217 

646.5 16.3165 15.7046 16.0260 15.9193 16.1143 15.8249 

753 16.3215 15.7089 16.0304 15.9228 16.1183 15.8285 

921 16.3263 15.7141 16.0354 15.9278 16.1229 15.8343 

1059 16.3310 15.7178 16.0398 15.9313 16.1269 15.8371 

1224 16.3351 15.7229 16.0433 15.9350 16.1305 15.8417 

1415.5 16.3406 15.7273 16.0486 15.9391 16.1349 15.8453 

1632 16.3450 15.7322 16.0534 15.9430 16.1387 15.8494 

1818.5 16.3481 15.7353 16.0568 15.9471 16.1422 15.8527 

2015 16.3518 15.7389 16.0603 15.9491 16.1445 15.8558 

 

 

Table 7.16 – Moisture uptake data for vinylester samples at 140°F/60°C 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

0 15.1494 15.0437 14.935 15.1894 15.3222 15.3689 

0.75 15.1533 15.047 14.9381 15.1917 15.3273 15.3726 

1.25 15.1553 15.0483 14.9394 15.1956 15.3285 15.3753 

3.75 15.1599 15.0525 14.9444 15.1991 15.3309 15.3781 

7.25 15.1643 15.0588 14.9508 15.2034 15.3366 15.3834 

12.25 15.1702 15.0636 14.9565 15.208 15.3419 15.388 

23.25 15.1786 15.0731 14.9646 15.2159 15.3495 15.3959 

32.25 15.1841 15.0793 14.9706 15.2221 15.3554 15.4019 

48.25 15.1916 15.0868 14.9786 15.229 15.3617 15.408 

70.75 15.2002 15.0956 14.9866 15.2365 15.3686 15.4147 

86.25 15.2046 15.0995 14.9906 15.2388 15.372 15.4184 
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Table 7.16 Continued 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

105.75 15.2101 15.1041 14.9963 15.2443 15.3767 15.4233 

127.5 15.2146 15.1099 15.0009 15.2484 15.3807 15.4289 

151.5 15.2201 15.1156 15.0066 15.2533 15.3853 15.4318 

192 15.2276 15.1222 15.014 15.26 15.3922 15.4384 

216.5 15.231 15.127 15.0182 15.2627 15.3959 15.4424 

264.5 15.2385 15.1346 15.0253 15.27 15.4014 15.4476 

319 15.2476 15.1434 15.0344 15.2766 15.4085 15.454 

385.5 15.2571 15.1526 15.0432 15.2831 15.4148 15.4611 

460 15.2645 15.1597 15.0499 15.2905 15.4207 15.4663 

503.5 15.2713 15.1646 15.054 15.294 15.4241 15.4702 

576.5 15.2759 15.1715 15.0618 15.2992 15.4291 15.4751 

647 15.2844 15.18 15.0696 15.3041 15.4332 15.4799 

753.5 15.295 15.1881 15.0785 15.3116 15.4401 15.4866 

921.5 15.3006 15.1981 15.0884 15.3189 15.4474 15.4937 

1059.5 15.308 15.2036 15.093 15.3249 15.4527 15.4957 

1224.5 15.3099 15.1993 15.0961 15.3286 15.4562 15.5003 

1416 15.3154 15.2044 15.0979 15.3335 15.4589 15.5027 

1632.5 15.313 15.2002 15.0983 15.334 15.4595 15.5038 

1819 15.3127 15.2026 15.0978 15.3338 15.4606 15.503 

2015.5 15.3118 15.1985 15.0974 15.3326 15.4594 15.5035 
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Table 7.17 – Moisture uptake data for polyester samples at 140°F/60°C 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

0 15.6606 15.855 15.6271 16.0332 15.6183 16.2765 

0.75 15.6671 15.8624 15.6321 16.0391 15.624 16.2827 

1.25 15.6689 15.8641 15.6349 16.042 15.6249 16.2856 

3.75 15.6742 15.8687 15.6393 16.0458 15.6317 16.29 

7.25 15.682 15.8783 15.6485 16.056 15.6404 16.2995 

12.25 15.6928 15.8886 15.6591 16.065 15.6494 16.3091 

23.25 15.7095 15.9051 15.6754 16.079 15.664 16.3235 

32.25 15.7203 15.9159 15.6861 16.0882 15.6724 16.3331 

48.25 15.7356 15.9316 15.7015 16.1003 15.6841 16.3445 

70.75 15.7526 15.9489 15.7189 16.114 15.6989 16.3592 

86.25 15.7625 15.9578 15.728 16.1214 15.7055 16.3671 

105.75 15.7737 15.969 15.74 16.1304 15.7139 16.3752 

127.5 15.7838 15.9803 15.7501 16.1375 15.7209 16.3827 

151.5 15.7953 15.9908 15.7612 16.1462 15.7304 16.3918 

192 15.8112 16.007 15.777 16.1576 15.7417 16.4037 

216.5 15.8218 16.0173 15.7871 16.1642 15.7483 16.4111 

264.5 15.8363 16.033 15.8018 16.176 15.7586 16.422 

319 15.8559 16.051 15.8195 16.1914 15.7745 16.4377 

385.5 15.8744 16.0693 15.8396 16.203 15.7868 16.4501 

460 15.8913 16.0861 15.8564 16.2161 15.799 16.4613 

503.5 15.8999 16.098 15.8655 16.2229 15.807 16.4686 

576.5 15.9176 16.1124 15.8835 16.2347 15.8187 16.4804 

647 15.9273 16.1254 15.8983 16.2444 15.829 16.4911 

753.5 15.9464 16.145 15.9208 16.2601 15.843 16.506 

921.5 15.9556 16.1604 15.9426 16.2767 15.8589 16.5236 

1059.5 15.961 16.1656 15.9523 16.2933 15.8733 16.54 

1224.5 15.9657 16.1722 15.9654 16.3069 15.8871 16.5554 

1416 15.9715 16.1748 15.963 16.3215 15.8987 16.5698 

1632.5 15.9727 16.1766 15.9625 16.3238 15.8932 16.5818 
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Table 7.17 Continued 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

1819 15.969 16.1754 15.9637 16.3301 15.8965 16.5881 

2015.5 15.9660 16.1770 15.9690 16.3315 15.8939 16.5933 

 

 

Table 7.18 – Mass upon drying for vinylester samples exposed to solution at 140°F/60°C 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

- 15.1162 15.0116 14.9055 15.1836 15.321 15.3658 

 

 

Table 7.19 – Mass upon drying for polyester samples exposed to solution at 140°F/60°C 

Time 
(hrs) 

Room Temp. Freshwater Room Temp. Saltwater 

- 15.6093 15.8102 15.5785 16.0202 15.5983 16.2716 

 


