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Abstract 

The contents of this dissertation present five submitted journal papers 

corresponding to experiments and prediction analysis of the bonding characteristics of 

fiber-reinforced-polymers (FRP) to concrete and steel. The papers are submitted to the 

American Society of Civil Engineers (ASCE) Journal of Structural Engineering and the 

American Concrete Institute (ACI) Journal of Composites for Construction. 

The first paper provides the background on the importance of resin systems in 

composites, particularly, for retrofitting and rehabilitating of existing structures. The 

paper provides a general understanding of the structure and important characteristics of 

epoxies for civil engineers involved in research and the application of FRP in 

construction. This paper also presents an overview of studies conducted on the durability 

of epoxy bonded joints in moist environments. 

The second and third paper provide the results of a comprehensive study on 

evaluation of bond strength of fiber-reinforced-plastics (FRP) to concrete and steel in 

simulated aggressive environments. The severity of bond deterioration varies in different 

environments and is quantified in this study. Fracture toughness is evaluated at the 

initiation of cracking and during the propagation of cracking. The environments consist 

of high temperature (120°F), acidic (pH=3), alkaline (pH=12), seawater (pH=8.3), and 

high humidity < 100%. The experiments consist of testing in shear 728 unidirectional 

carbon FRP coupons bonded to concrete and steel blocks. The lap shear tests evaluate 
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the bond strength and fracture toughness of the FRP/substrate interface as related to 

different exposure times in different environments. 

The last two papers focus on accelerated degradation testing techniques, and 

discuss the lifetime prediction on the bond of carbon (FRP) to concrete and steel. Pick's 

law of diffusion is used to model the moisture penetrating through the FRP and into the 

bonded joint. A reliability analysis is developed to predict the fracture toughness at any 

relative humidity and temperature, based on the 100% relative humidity conditions at 

ambient temperature. The results in this study generally show an excellent durability for 

the FRP bonded to either concrete or steel, even in the most severe environments. 
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Introduction 

Fiber composites have been used around the world for many years especially in 

the aeronautical and space industry. In recent years, fiber-reinforced-polymers (FRP) 

have been given more attention in civil engineering and construction industry 

applications. FRP provide solutions in many civil engineering applications when 

conventional materials have failed to provide proper performance and service life. This 

reason is due to their high-strength to weight ratio, resistance to electrochemical 

corrosion, formability and versatility for use in difficult to reach areas, and excellent 

fatigue resistance. 

Research in the last decade has provided valuable information that proves FRP are 

more efficient and advantageous in retrofitting techniques than conventional materials. 

Researchers have observed that replacing conventional materials with FRP have reduced 

many problems associated with strengthening of concrete and steel structures. 

Unfortunately, there are also concerns of factors that affect the material properties of the 

FRP. The primary problem is associated with the influence the environment has on the 

lifetime and mechanical properties of the FRP, along with the FRP/substrate interfacial 

bond strength. 

The simplicity of the application in bonding the carbon FRP to the substrate 

surface using an epoxy adhesive provides not only an efficient solution, but a new safety 

issue as well. The primary requirement for successful performance of carbon FRP 

strengthened structures lies within the physical and chemical compatibility between the 

substrate and the epoxy used for bonding. 
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Present Study 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in these papers. 

The first paper provides the background on the importance of resin systems in 

composites, particularly, for retrofitting and rehabilitating of existing structures. Most 

importantly, the paper presents studies conducted on the durability of epoxy bonded 

joints in moist environments. Previous studies suggest the relationship of moisture 

concentration on joint strength may be directly correlated with the ionic forces that exist 

at the interface. Studies show a linear dependence of joint strength on moisture content 

based on moisture diffusing through the epoxy to the interface. 

The second and third papers provide the results of a comprehensive study on 

evaluation of bond strength of FRP to concrete and steel in simulated aggressive 

environments. Fracture toughness is evaluated at the initiation of cracking and during the 

propagation of cracking. Initiation firactiire toughness values are experimentally 

9 9 
determined to be 41 J/m for FRP bonded to concrete and 19 J/m for FRP bonded to 

steel. Propagation fracture toughness values are experimentally determined to be 583 

jW for FRP bonded to concrete and 282 J/m^ for FRP bonded to steel. The seawater 

environment has the most severe affect on the fracture toughness of the FRP bonded to 

concrete, whereas the calcium hydroxide environment has the most severe affect on the 

fracture toughness of the FRP bonded to steel. 
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The last two papers focus on accelerated degradation testing techniques, and 

discuss the lifetime prediction on the bond of carbon FRP to concrete and steel. The 

diffusivity of the FRP, determined experimentally, is shown to be the most important 

parameter for predicting the life of the FRP/substrate bond. A lower FRP diffusivity will 

increase the time required for saturating the bonded joint. Since there are thousands of 

adhesives available that provide different formulations, it is important to select a quality 

adhesive with excellent resistance to moisture. 
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Appendix A 

Fundamental Characteristics of Epoxies for Retrofitting Applications 
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Fundamental Characteristics of Epoxies for Retrofitting Applications 
1 

by Jon Woods and Hamid Saadatmanesh , Member ASCE 

Abstract 

This paper provides a background on the importance of resin systems in 

composites, particularly, for retrofitting and rehabilitating of existing structures. 

Epoxies, composed with resinous system, are considered a type of adhesive whose 

primary function is to bond filaments in composites together. Epoxies can be described 

from a basic chemical composition whose backbone is the basis for more complicated 

chemical structures. It is very important to have a general understanding of properties 

and characteristics of one of the most important constituent materials in composites, that 

is, the epoxy matrix. Since there are thousands of adhesives and epoxies available that 

provide different formulations with various advantages and disadvantages, a basic 

understanding of their bonding properties and chemical compositions is essential in 

proper design of FRP systems for retrofit applications. 

This study attempts to provide a general understanding of the structure and 

important characteristics of epoxies for civil engineers involved in research and the 

application of FRP in construction. This paper also presents an overview of studies 

conducted on the durability of epoxy bonded joints in moist environments. Previous 

studies suggest the relationship of moisture concentration on joint strength may be 

directly correlated with the ionic forces that exist at the interface. Studies show a linear 

dependence of joint strength on moisture content based on moisture diffusing through the 

epoxy to the interface. 

Keywords: composite, epoxy, fiber-reinforced-polymer (FRP), molecular structure, 
diffusion. 

^ Graduate Research Assistant, Department of Civil Engineering and Engineering 
Mechanics, University of Arizona, P.O. Box 210072, CE Bldg #72, Room 206, Tucson, 
AZ 85721. 

^ Professor, Department of Civil Engineering and Engineering Mechanics, University of 
Arizona, P.O. Box 210072, CE Bldg #72, Room 206, Tucson, AZ 85721. 
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Introduction 

A composite is a structural material composed of two or more constituents that 

work together as one. The constituents are combined at the macroscopic level and can 

not diffuse into each other. The constituents are separated into two categories: the 

reinforcing phase and the matrix phase. The reinforcing phase material, typically 

consisting of fibers, particles, or flakes, provides the strength of the composite and is 

embedded within the matrix. The matrix phase material is a continuous and load 

transferring constituent such as lignin found in wood, calcium and other minerals fovind 

in bones, concrete reinforced with steel, and the most common today, epoxy reinforced 

with fibers. 

History of Epoxies 

Epoxy resins began with German Patent 676117 in 1939 by I. G. Farbenindustrie. 

The earliest patent in the U.S. was not disclosed until 1943 due to World War II. 

However, epoxy resins did not become widely used in manufacturing operations and 

industries until the 1950's with a strong emphasis on coatings. (Skeist 1958) It was 

estimated that by 1960, the total epoxy resin volume in the United States would top 200 

million pounds. This would equal more than the total consumption of all plastics in 

1937. In 1976, synthetic polymers surpassed steel as the most widely used material in the 

United States. By 1993, the production of synthetic resins totaled over 59 billion pounds. 

(Kotz and Treichel 1996) 

Epoxy Characteristics 

An epoxy resin is a type of polymer. Typically, polymers are classified in one of 

three groups associated with the mechanical and thermal properties. The three groups are 

thermoplastic polymers, elastomers, and thermosetting polymers. 

Thermoplastic polymers are easily recycled when heated due to characteristics 

that soften and form the long chains produced from joining monomers through viscous 

flow. Thermoplastic mechanical properties produce both elastic and plastic deformation 
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when an external force is applied. Various types of thermoplastic polymers and their 

material properties are shown in Table 1. 

Elastomers are also composed of long chains of molecules with atoms strongly 

joined by covalent bonds. In elastomers, however, such as rubber, the cross-linking of 

chains does not occur frequently. This allows elastomers to elastically deform by 

enormous amounts without permanent shape change or plastic deformation. Various 

types of elastomers and their mechanical properties are shown in Table 2. 

Thermosets are also composed of long chains of molecules, but they form a three-

dimensional matrix creating a stronger cross-link than thermoplastics. Thermosetting 

polymers, contrary to thermoplastic polymers, cannot be easily reprocessed after the 

cross-linking reaction has occurred because they do not have a fixed melting temperature. 

Although thermosets are generally stronger than thermoplastics, thermosets are more 

brittle. Various types of thermosetting polymers and their material properties are shown 

in Table 3. 

Some epoxies have material properties of that listed in Table 3. However, other 

epoxies may have an increase in stiffness and brittleness. A typical epoxy used by the 

authors in a related study (Fig.l), has the following material properties: modulus of 

elasticity of 468,000 psi, ultimate tensile strength of 4,500 psi, ultimate tensile strain of 

1.44 %, and a Poisson's ratio of 0.44 (Woods and Saadatmanesh 2003a,b). The epoxy, 

along with fiber reinforcement, is a useful application of FRP composites for civil 

engineering retrofits where stiffness is important for proper shear transfer and the 

durability is essential for protecting and increasing the lifetime the structure. 

An epoxy is a thermosetting resin with viscoelastic behavior and carries many 

beneficial properties after being cured that other plastics do not provide. These 

properties include versatility, good handling characteristics, toughness, high adhesive 

properties, low shrinkage, and inertness. These properties benefit toward the formulation 

of adhesives, sealing liquids, cold solders, castings, laminates, and coatings. The current 

advancement in technology also allows the epoxy-resin system to be engineered to 

diverse specifications. On the downside, the curing of thermosetting epoxies is 
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irreversible because these final products, although able to be softened when heated, can 

not be liquefied and recycled. 

Most epoxy resins are workable and applied at room temperature while other 

resins only need a moderate amount of heat during mixing. This characteristic benefits 

the workability and applications of the epoxy. Epoxy resins provide a relatively durable 

system in most aggressive environments due to their dense, closely packed chemical 

structure of the cross-linked resinous mass. These physical properties depend on the 

extent of the cure. A longer cure will increase the density of the cross-linking and 

enhance the chemical inertness that provides resistance to chemical or moisture attack. 

Molecular Structure of Epoxies 

The cross-linking process in epoxy resin involves the epoxy and hydroxyl reactive 

groups. The epoxy is made by chemically joining many small molecules, called 

monomers, into one macromolecule. The epoxy group is a three-membered ring: 

The epoxy group bonds will break under the slightest provocation from a variety of 

compounds with active hydrogen atoms. These compounds or organic groups, R, such as 

-CH3 and -C2H5, include amines, acids, phenols, alcohols, and thiols that are capable of 

breaking the ring to form a larger molecule with a secondary hydroxyl group. 

O 
/ \ 

HjC-CH - -

O OH 
/ \ 

R-H + H,C-C— = 
^ H 

R-C—C-

The molecule above on the right side is a secondary alcohol with the newly formed 

organic group -CH2. The secondary alcohol combines with fatty acids, anhydrides, 

phenolic and amino resins, and epoxide groups in other molecules. 
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Most epoxy resins are made from bisphenol A, which is a diphenol made by 

condensation of acetone and two phenolic hydroxyl groups: 

The main component of most liquid epoxy resins is the molecule created by combining 

one bisphenol A molecule with two epichlorohydrin molecules: 

The epichlorohydrin acts as a reactive diluent to decrease the viscosity and the size of the 

resin molecule. The epoxy compound epichlorohydrin is typically used due to its 

availability and low cost. Replacement of the epichlorohydrin by other sources of the 

epoxide group is the key to even cheaper epoxies. Epichlorohydrin is made by 

dehydrochlorination of the isomeric glycerol dichlorohydrins that are obtained from the 

chlorination of propylene. The reaction between bisphenol A and epichlorohydrin in the 

presence of alkali yield linear polymers. 

O 

H,C-C—C—R—C-C-C-
^ H Hj H 

/ \ 

R—C—C-CH 
H 

n 

where R = O 
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If n, the number of molecules in the bracket above, equals zero the molecule represents 

the pure diglycidyl ether of bisphenol A (DGEBA). It is also called "diepoxide 0", where 

the "0" indicates the absence of hydroxyls. This is the main component of most liquid 

epoxies which results from the combination of one bisphenol A molecule with two 

epichlorohydrin molecules. If n equals 1, the molecule is called "diepoxide 1" because 

the molecule will contain one hydroxyl group in addition to the two epoxides. This 

results if two bisphenol A molecules combine with three epichlorohydrin molecules. 

Still, by increasing the proportion of bisphenol A there results "diepoxide 2" with two 

hydroxyls, and so on, creating a larger molecule and a more solid, viscous resin. 

Along the chain from one epoxide to another, there are only carbon-carbon links 

and the ether links, carbon-oxygen-carbon. These linkages are stable and inert and 

provide the backbone for excellent resistance to acids and alkalies. The molecules are 

usually terminated by the epoxide groups, but can also be terminated by telogens (telo- = 

end, gen = generating). Examples of telogens are phenol, creosol, hydrochloric acid, etc, 

which are simple compounds that may be split to form monovalent terminating groups. 

Telogens remove end frinctional groups, which in turn, increases the inertness of the 

resin. 

The functionality of the molecules or the number of places it can be joined to 

other molecules is important to the utility of the epoxies. The increase in cross-linking 

based on the functionality of an epoxy provides better material properties such as 

hardness, solvent resistance, and higher softening temperatures. It is the epoxide or 

hydroxyl groups that provide the utility in converting the liquid resin to a solid end 

product. The reactive epoxide groups, along with the hydroxyl groups, depending on the 

size of the molecule, are the points of reaction with curing agents. In low-molecular 

weight resins the chemical activity is primarily due to the epoxide groups, while in the 

high-molecular weight resins the chemical activity is primarily due to the hydroxyl 

groups. After the occurrence of chemical reactions with cure inducing agents, 

outstanding properties of adhesion, flexibility, toughness, and chemical resistance are 

obtained. 
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In the curing process, two types of Unks with curing agents are possible. The 

curing agents may be linked directly to other resin intermediate molecules (non-epoxied 

group molecules) with the aid of a catalyst, or to a reactive hardener which combines 

with one or more additional molecules of resin. Catalysts are either strong bases, such as 

tertiary amines or acidic materials, such as boron trifluoride. Reactive hardeners are 

primary and secondary amines that react with the epoxides. 

An amine is a derivative of ammonia in which one or more of the hydrogen atoms 

of NH3 are replaced with an organic group, R. The amines, both aliphatic and aromatic, 

are the most useful organic nitrogen compounds as an epoxy resin curing agent. 

Aliphatic amines are members of the series ethylenediamine and have an open-chain 

structure allowing the single chained groups to rotate. The advantages included a quick 

curing time at room temperatvire, low cost, low viscosity, high toughness, readily 

miscible and non-hygroscopic properties. The disadvantages include a short pot life, a 

highly exothermic reaction that results in bubbling of unreacted amine, toxicity, low 

softening temperatures, and the high dependence of low softening temperature upon ratio 

of resin to hardener. Aromatic amines are members of MPDA (m-phenylenediamine), 

MDA (4-4' methylenedianiline), blends containing one or both, and DADPS 

(diaminodiphenyl sulfone). The advantages include a longer pot life and a higher 

softening temperature to the cured epoxy. The disadvantages include requiring high 

temperatures to bring about the cure, as well as, high temperatures to bring about melt 

conditions, since some curing agents are solids at ordinary temperatures. 

Curing agents can be chosen according to the demands of the application. Base 

catalyzed cures incorporate a polymerization reaction in which the tertiary amine 

converts the hydroxyl to an alkoxide ion and reacts with the epoxide to create a new 

alkoxide ion. This reaction combines a second molecule of epoxide that forms an ether, 

and regenerates the alkoxide ion to combine with another epoxide molecule. Shown in 

the reaction below, this cycle continues and the chain becomes larger until most of the 

epoxide is utilized. 
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P\ H ° 
R-0" + H^C-C-R ^ R-O-C-C-R + HX-C-R 

H H, ' H 

R-O-C-C-R + H,C-C-R ^ R-O-C-C-R 
H2 1 H " ^ H 

-CI 
I 
o 

O—C-CH ^ o-C-CH 
"2 L H 2 

O-C-CH 
H, |_ 

O 

On the contrary, reactive hardeners, which are the primary and secondary amines, react 

with the epoxide. The active hydrogen atoms that are attached to a nitrogen atom are 

capable of opening the epoxide ring. The primary amines react to form secondary 

amines. The secondary amines can then affiliate with other epoxide rings. The products 

of the reaction form secondary alcohols that stimulate the remaining amine to increase 

the reaction rate with the epoxide. In the reaction shown below, this continues until most 

of the amino hydrogen or epoxide is utilized. 

OH 
/ I /~\ P. /R I /R 0 

R-C-CH, + NH^ R-C-C-NH + R-C-CH, 
H H H 

OH 

R-C-C-N-
" "2 0—CH 

H2 I 
OH 

The two chemical reactions above are the basic backbone of epoxies. Most 

epoxies though, will contain additional constituents that augment special characteristics 

in the performance of the material. These additives include fillers, pigments, stabilizers, 

antistatic agents, flame retardants, and plasticizers. The final product provides optimum 

results for the various uses of the epoxy. However, each additive provides both positive 
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and negative features, seen as a weight and balance check, that affects the overall 

performance. 

The epoxy used in this study (Fig.l), contains a hardener composed of less than 

10 percent tetraethlenepentamine (TEPA), less than 20 percent benzyl alcohol, and more 

than 70 percent proprietary ingredients. TEPA is a liquid aliphatic polyamine curing 

agent that is low in cost at approximately $ 0.505 per pound (Skeist 1958), and has a 

functionality of 7, meaning there are 7 amine hydrogen atoms per TEPA molecule. 

TEPA provides the best solvent resistance of the amines tested, but has the most rapid 

film embrittlement. Benzyl alcohol is a plasticizer and non-reactive diluent used in room 

temperature cured systems. It is added to reduce viscosity, as much as 20 percent, and to 

reduce cost as a substitute for epichlorohydrin. However, benzyl alcohol can also reduce 

the tensile strength, as much as 40 percent, and the percent elongation, as much as 48 

percent (Weatherhead 1980). This strength reduction is evident when comparing the 

epoxy strength of 15,000 psi in Table 3 to the tested epoxy strength of 4,500 psi in Figure 

(1). 

Environmental Effects on Epoxy 

The effect of temperature on epoxy resin is an important environmental factor that 

can be detrimental to the epoxy properties. Envirormiental factors such as light intensity, 

spectral distribution, and temperature have an influence on the degradation rate during 

exposure of a polymer as investigated by Bruijn (1996) and Gijsman et al. (1996). 

When temperature effects are involved, the aging of a polymer can be described 

by a series of chemical reactions, each assumed to have the Arrhenius behavior. The 

Arrhenius equation describes the reaction rate as a function of temperature or thermal 

energy: 

f-2-1 
R'T 

Reaction Rate = DQ-e^ \ [1] 

where Do is a constant, Q is the activation energy required to initiate the reaction, R is the 

gas constant (1.987 cal/mol K), and T is the absolute temperature (K) (Askeland 1994). 
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When these polymers age in air environments, the chemical reactions dominating long-

term degradation usually involve the oxygen dissolved in the material. The oxygen 

consumption measurement is one critical aspect in extrapolating an appropriate time 

series analysis. On the other hand, weathering often leads to brittle failure and is caused 

by the initial fracture from ultra-violet (UV) rays on the outer surface layers (Gijsman et 

al. 1996). 

Studies have also been conducted on epoxy resins in hygro-thermal environments 

by incorporating changes in the relative humidity and temperature. Resins that are 

exposed to harsh outdoor environmental elements usually exhibit deterioration of 

mechanical properties. Albrecht et al. (2000) studied these effects showing how sensitive 

adhesives are to changes in the relative humidity and temperature in ambient conditions. 

The research showed that increasing the relative humidity, temperature, or both, 

decreases the modulus of elasticity, yield strength, and tensile strength, but increases the 

elongation or ductility at the break point. If the hygro-thermal environment changes the 

mechanical properties of epoxy resins, how will those environments effect the strength of 

the chemical bonds between the epoxy resin and the materials to which they are applied? 

The following section specifically addresses the important issue in the utilization of 

epoxies in construction. 

Environmental Effects on Epoxy-Bonded Joints 

Composites have been given more attention in civil engineering and construction 

industry applications because they provide solutions where conventional materials have 

failed to provide proper performance and service life. The process of bonding a 

composite to an existing structure provides a unique solution for retrofitting and 

rehabilitation applications, due to the composite characteristics of high-strength to weight 

ratio, resistance to electrochemical corrosion, formability into different shapes and odd 

places, and excellent fatigue and non-metallic properties. However, since the majority of 

bonded structures are exposed to moist air, the durability of an epoxy bonded joint is an 

important criteria. 
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Many studies have been conducted on the durability of epoxy/metal interface 

strengths subjected to moisture as a function of exposure time (Kinloch 1983). Kinloch 

(1983) reported various studies that concluded bonded joints exposed to a higher relative 

humidity and temperature show a larger decrease in joint strength over time, compared to 

joints exposed to a lower relative humidity and temperature. Therefore, it is moisture that 

acts according to a particular mechanism that alters the strength of adhesive joints. 

There are different mechanisms that contribute to the weakening effect moisture 

has on composites. Moisture can penetrate a joint by diffusion through the adhesive or 

adherend, wicking or transport along an interface, or capillary action through crazes or 

cracks. The moisture causes weakening of the joint by altering the mechanical properties 

of the adhesive through plasticisation, hydrolysis, crack or crazes, by attacking the 

bonded interface, or inducing swelling stresses in the joint. 

Moisture will typically enter a joint by diffusing through the adhesive since the 

adhesive is the outmoster exposed layer. The amount of moisture diffusing through the 

adhesive surface to the joint interface is modelled by Pick's first law, and the change in 

the concentration gradient with respect to time is modelled by Pick's second law. 

Experimentally, by following the mass uptake of moisture into a joint, the diffusion 

coefficient of a joint can be determined. The diffusivity is also a function of the 

temperature related by the Arrhenius equation, Eq.[l]. A typical value for the diffusion 

coefficient of an epoxide resin at 26.3°C is 1.5x10"'^ m^/s (Kinloch 1983). The epoxy 

used in this study, when bonded to concrete or steel, provided experimental diffusion 

coefficient values for various moisture enviroments. (See Table 4.) Table 5 provides the 

Arrhenius relationship of the diffusion coefficent as a fiinction of temperature for the 

same moisture environments. 

The requirement for destroying a bond involves the breakdown of either the 

primary or secondary forces at the molecular level. Primary forces, consisting of ionic, 

covalent and metallic bonds, are the strongest bonds that form when electrons are shared 

among atoms, creating opposite electrical charges and inducing atomic attration. 

Secondary forces, consisting of Van der Waals bonds, are the weakest bonds and form 
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from the electrostatic attration between atoms already covalently or ionically bonded. 

Surface energies related to these primary and secondary forces play an important role in 

the bond properties of epoxies to different substrates, especially when subjected to water. 

Kinloch (1983) explained for mild steel/epoxy joints consisting of only secondary 

interfacial forces, water will desorb or remove organic adhesives at the interface because 

of the low surface free energies provided from the metal oxide surface. However, when 

primary interfacial forces with chemical bonds exist across an interface, the structural 

bonding creates higher bonding energies and the unlikeliness of displacment of the epoxy 

layer by water. 

Kinloch (1983) showed that silane and phenolic based primers create good 

chemical bonds between epoxy/metal interfaces, as -Fe-O-Si- or -Cr-O-Si-, which 

increase the joint durability in moist environments. However, it was suggested the 

weakest link of the interface was at the -Si-O-Si- bonds, which induces a cohesively 

fractured layer from hydrolysis attack. Furthermore, it was suggested that the 

electrostatic force between the ions at the epoxy/metal interface, being inversely 

proportional to the relative permittivity (dielectric constant), decreases as the 

concentration of water in increases. This was explained based on the assumption, that 

because water molecules within the epoxides are free to orientate themselves within the 

ionic field, and given the relative permittivity of water of approximately 80, the relative 

permittivity of epoxy of approximately 4, and if an epoxy absorbs between 2% and 5% 

water, the relative permittivity may be increased between 5.5 and 8, lowering the force 

between the ions at the interface. 

Gledhill and Kinloch (1974) studied joint failures of mild steel/epoxy joints 

subjected to water by identifying the mechanisms and kinetics of failure. They concluded 

a ferric oxide layer, initiated by corrosion of the steel, controlled the failure of the joint 

after the adhesive was displaced from the ferric oxide layer by the water. Furthermore, 

similar failures would be expected for any epoxy/metal joint with an oxide substrate 

surface bond. Kinloch (1979) and Gledhill et al. (1980) evaluated the mechanism and 

kinetics of failure for epoxy/metal joints as a process of three sequential steps: (1) the 
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adhesive is displaced from the oxide layer as a function of the moisture diffusing through 

the adhesive to the interface, (2) the oxide layer deteriorates, its strength reduces, and it 

fails, and (3) corrosion of the substrate where corrosive solutions exist. 

The dependence of joint strength on moisture content has shown a linear 

correlation with adhesively bonded aluminum lap joints (Brewis et al. 1980a, Brewis et 

al. 1980b). Brewis et al. (1980a,b) showed for a number of joints the departure from 

linearity of the strength as a function of moisture content was approximately when 90% 

of the joint was saturated. It was suggested that the sudden decrease in strength was due 

to the attack of moisture on the interface after a long exposure time. Similarly, Woods 

and Saadatmanesh (2003a,b) showed for the various environments in Table 4, with a 

composite epoxy bonded to either steel or concrete, the decrease in strength of the bond 

was correlated with the increase in percent moisture content. 

Concrete, contrary to steel, is a more permeable construction material, thus, more 

susceptible to moisture attack. Concrete is composed of cement, aggregrates and mineral 

additions or admixtures. The cement, known as Portland cement, is the product of 

burning limestone and aluminosilicate rock at extremely high temperatures and is 

composed of approximately 80% calcium silicates (C3S, C2S) (St. John et al. 1998). 

Epoxy resins are useftil as protective coatings when concrete is subjected to severe 

environments. Epoxy resins have been used for floor coatings because they provide a 

resistant finish, as well as, remain bonded to the mortar screed to which they are applied. 

However, epoxy topping on floors have been shown to lift in patches due to the moisture 

penetrating up through the concrete slab, especially when no moisture barrier is used on 

the bottom of the slab (St. John et al. 1998). 

The study by Woods and Saadatmanesh (2000b) evaluated the durability of epoxy 

bonded to concrete after being subjected to not only a moist environment, but chemically 

enhanced environments. The chemicals consisted of hydrochloric acid, seawater, and 

calcium hydroxide in which the specimen were submerged and tested after various 

exposure times. The study revealed similar degradation effects to that of epoxy bonded 

to steel (Woods and Saadatmanesh 2000a), that is, aside from the various chemicals 
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reactions with the different substrates, it was the moisture transport with corrosive ions 

that precipitated the overall strength loss. The corrosion process of the epoxy bonded 

concrete joints were easier to visualize than the epoxy bonded steel joints. The concrete 

joints were examined after a test and there was usually a thin layer of concrete attached to 

the FRP coupon. Therefore, the failure zone of epoxy bonded joints takes place at the 

concrete surface. As the exposure time in a chemical environment increases, more 

corrosion takes place at the joint interface and less concrete is bonded to the FRP coupon. 

This trend is observed when the moisture content of the joint is less than 100%. When 

the joint reaches 100% moisture content, the concrete surface where the epoxy has been 

bonded begins to break down. (See Fig. 2 for the joint deterioration process with the 

concrete substrate.) This trend is similar in the epoxy bonded steel joints, however 

visually, it is not as apparent. (See Fig. 3 for the joint deterioration process with the steel 

substrate.) Also, the failure zone of the epoxy bonded steel joints does not occur within 

the steel substrate, but within a thin oxide layer that exists on the surface of the steel. 

The above studies show the affect moisture has on epoxy bonded joints, as well 

as, the importance of proper surface preparation, especially in epoxy/metal joints, inorder 

to incorporate more stable oxides and stronger interfacial forces. Overall, it is extremely 

important to select the proper adhesive, such that it is compatible and durable in its 

particular construction application. Although there are thousands of commerial based 

adhesives in the industry today, epoxy resins are exteremly advantageous for the 

following reasons (Shields 1970); 

1. They have high surface activity and good wetting properites for a wide variety 

of materials. 

2. They have a high cohesive strength for cured polymers which often exceeds 

adherend strength. 

3. Shrinkage is minimised from a miniscule amount of volatile reactions which 

allows larger areas to be bonded without pressure build-up during cure. Other 

adhesives usually have to be properly vented to allow the volatile byproducts 

to escape. 



28 

4. Compared to polyesters, acrylics and vinyl tapes, they have low shrinkage 

which prevents cured glue-lines from being highly strained. 

5. Compared to thermoplastics, they have lower creep properties which provides 

a higher strength retention under sustained loading. 

6. They can be modified with the selection of a base resin and hardener, 

combined with another polymer, and chemically enhanced with the addition 

of fillers (aluminum, silica, or carbonate). 

Conclusions 

Composites called fiber-reinforced-polymers (FRP) have been used around the 

world for many years especially in the aeronautical and space industry. The constituents 

are comprised of resin and fibers that complement one another with different individual 

material properties. The resin is the most essential ingredient in fiber reinforced 

composites because it acts as the load-transferring mechanism and protects the fibers 

from the outside environment. The basic molecular structure for a 2-part epoxy 

comprising of a resin and hardener has been shown. Different chemicals can be added to 

the epoxy to enhance its durability, workability, or material properties. 

Fiber-reinforced-polymers have been given more attention in civil engineering 

and construction industry applications because they provide solutions where conventional 

materials have failed to provide proper performance and service life. However, it is the 

epoxy bond to the existing substrate that makes this application successful, and at the 

same time, contains certain physical and chemical capabilities to which it is limited. 

Environmental effects, such as moisture and temperature, are shown to decrease 

the bond strength of epoxy to concrete and metal substrates, although, it is not the 

deterioration of the epoxy that causes failure of the joint, but the corrosion occurring at 

the interface of an oxide layer or weak botmdary layer. Since there are thousands of 

adhesives available that provide different formulations with various advantages and 

disadvantages, a basic understanding of their bonding properties and chemical 

compositions is essential in order to use this composite application successfully. 
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Table 1: Properties of various thermoplastics (Askeland 1994). 

Tensile 
Strength 

(psi) 
Strain 
(%) 

Elastic 
Modulus 

(psi) 
Density 
(g/cm3) 

Izod 
Impact 

(ft lb/in.) 

Polyethylene (PE): 3,000 800 40,000 0.92 9.0 
Low-density 5,500 130 180,000 0.96 4.0 

High-density 7,000 350 100,000 0.93 30.0 

Ultrahigh molecular weight 9,000 100 600,000 1.40 

Polyvinyl chloride (PVC) 6,000 700 220,000 0.90 1.0 

Polypropylene (PP) 8,000 60 45,000 1.06 0.4 
Polystyrene (PS) 9,000 4 580,000 1.15 4.8 

Polyacrylonitrile (PAN) 12,000 5 450,000 1.22 0.5 

Polymethyl methacrylate (PMMA) 
(acrlyic, Plexiglas) 6,000 250 300,000 2.15 2.6 

Polycholotrifluoroethylene 
(PTFE, Teflon) 7,000 400 80,000 2.17 3.0 

Polyoxymethylene (POM) 
(acetal) 12,000 75 520,000 1.42 2.3 

Polyamide (PA) 12,000 300 500,000 1.14 2.1 
Polyester (PET) 10,500 300 600,000 1.36 0.6 

Polycarbonate (PC) 11,000 130 400,000 1.20 16.0 

Polyimide (PI) 17,000 10 300,000 1.39 1.5 

Polyetheretherketone (PEEK) 10,200 150 550,000 1.31 1.6 

Polyphenylene sulfide (PPS) 9,500 2 480,000 1.30 0.5 

Polyether sulfone (PES) 12,200 80 350,000 1.37 1.6 

Polyamide-imide (PAI) 27,000 15 730,000 1.39 4.0 

Table 2: Properties of various elastomers (Askeland 1994). 
Tensile 

Strength 
(psi) 

Strain 
(%) 

Density 
(g/cm3) 

Polyisoprene 3,000 800 0.93 

Polybutadiene 3,500 0.94 

Polyisobutylene 4,000 350 0.92 

Polychloroprene (Neoprene) 3,500 800 1.24 

Butadiene-styrene (BS or SBR rubber) 3,000 2000 1.00 

Butadiene-acrylonitrile 700 400 1.00 

Siliocone 1,000 700 1.50 

Thermoplastic elastomer 5,000 1300 1.06 



32 

Table 3; Properties of various thermosets (Askeland 1994). 
Tensile Elastic 
Strength Strain Modulus Density 
(psi) (%) (psi) (g/cm3) 

Phenolics 9,000 2 1,300 1.27 

Amines 10,000 1 1,600 1.50 

Polyesters 13,000 3 650 1.28 

Epoxies 15,000 6 500 1.25 

Urethanes 10,000 6 1.30 

Silicone 4,000 0 1,200 1.55 

Table 4: Diffusivity, D^, maximum moisture content, M^, time to reach maximum moisture 
content, and time to reach 90% maximum moisture content, tgo% of composite/steel and 
composite/concrete joints. 

Substrate Environment Temperature Dx X 10' Mm t90% Substrate Environment 

T mm /s % hours hours 

Concrete HCl, pH 3 22 13.592 1.587 9,264 1,870 

Concrete Seawater, pH 8.5 22 12.240 1.540 10,390 2,057 

Concrete Ca(0H)2, pH 12 22 15.243 1.486 8,432 1,667 

Concrete Water, Humidity<100% 37.8 6.417 1.018 19,681 3,961 

Concrete Water, Immerged 51.1 10.700 1.500 11,804 2,375 

Concrete Water, Immerged 71.1 14.106 1.100 8,879 1,802 

Substrate Environment Temperature D x x i r  M™ tm t90% Substrate Environment 

°C mm^/s % hours hours 

Steel HCl, pH 3 22 17.362 1.933 7,264 1,464 

Steel Seawater, pH 8.5 22 13.821 1.189 9,110 1,839 

Steel Ca(0H)2, pH 12 22 16.168 0.734 7,750 1,572 

Steel Water, Humidity<100% 37.8 27.876 0.780 4,486 912 

Steel Water, Immerged 51.1 29.105 0.662 4,303 873 

Steel Water, Immerged 71.1 39.093 0.556 3,215 650 
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Table 5: Parameters for the Ahhrenius relationship, Eq.[l], on 
diffusion for the composite/steel and composite/concrete joints in 
various environments. 
Substrate Environment Do Q/R Substrate Environment 

(mm^/s) (K) 

Steel HCl, pH 3 1.37E+06 -8098 

Steel Seawater, pH 8.5 1.42E+06 -8177 

Steel Ca(0H)2, pH 12 4.18E+06 -8488 

Steel Water, pH 7 4.67E-04 -1647 

Concrete HCl, pH 3 1.12E+01 -4685 

Concrete Seawater, pH 8.5 1.88E+04 -6994 

Concrete Ca(0H)2, pH 12 4.08E+02 -5769 

Concrete Water, pH 7 1.25E-04 -1543 

4500 

« 2500 

0.005 0.01 

Strain (in/in) 
0.015 0.02 

Figure 1: Stress-strain of thermoset epoxy (Woods and 
Saadatmanesh 2000a,b). The test is based on ASTM D 638-98. 
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Figure 2a-e; Concrete substrate specimens submerged in seawater, pH = 8.5 
for different exposure times (Woods and Saadatmanesh 2003b). A moisture 
content of 100% occurs around 10,390 hours. See Table 4. 







UNIVERSITY 

(g) 

Figure 3a-g: Steel substrate specimens submerged in seawater, pH = 8.5, 
for different exposure times (Woods and Saadatmanesh 2003a). A moisture 
content of 100% occurs around 9.110 hours. See Table 4. 
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Appendix B 

Evaluation of Bond Strength Between FRP and Concrete in Severe Environments 
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Evaluation of Bond Strength Between FRP and Concrete in Severe Environments 

by Jon Woods' and Hamid Saadatmanesh^, 

Abstract 

This paper presents the results of a comprehensive study on evaluation of bond strength 

of fiber-reinforced-plastics (FRP) to concrete in simulated aggressive environments. The 

severity of bond deterioration varies in different environments and is quantified in this 

study. Fracture toughness is evaluated at the initiation of cracking and during the 

propagation of cracking. The environments consist of high temperature (120°F), acidic 

(pH=3), alkaline (pH=12), seawater (pH=8.3), and high humidity < 100%. The 

experiments consist of testing in shear 364 unidirectional carbon FRP coupons 33 mm 

wide (1.30 inch) and 3mm thick (0.12 inch), attached with a 152 mm (6 inch) bond length 

to concrete blocks 76 x 76 x 305 mm (3x3x12 inch). The lap shear tests evaluate the 

bond strength andfracture toughness of the FRP/concrete interface as related to different 

exposure times in different environments. The test results indicate that moisture diffusion 

into the bondline in different environments affect the bond strength. The test results show 

a decrease in fracture toughness at crack initiation over time in different environments. 

The rate of the fracture toughness during crack propagation decreases at a slower rate. 

The fracture toughness at the crack initiation can be used in retrofitting designs for 

evaluating the service life of the bond in typical civil engineering environments. 

Keywords: accelerated testing, mode IIfracture mechanics testing, severe 

environments, fiber-reinforced-plastics (FRP), concrete. 
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of Arizona, Tucson. His research interests include the design, application, and failure of 
FRP composites in structures. 
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Introduction 

Fiber composites have been used around the world for many years especially in 

the aeronautical and space industry. In recent years, fiber-reinforced-polymers (FRP) 

have been given more attention in civil engineering and the construction industry 

applications. FRP provide solutions in many civil engineering applications when 

conventional materials have failed to provide proper performance and service life. This 

reason is due to their high-strength to weight ratio, resistance to electrochemical 

corrosion, formability and versatility for use in difficult to reach areas, and excellent 

fatigue resistance. 

Plate bonding for structural strengthening was utilized in the early 1960's and was 

used primarily in France and South Africa. By the 1970's, this technology gained 

acceptance throughout Europe and North America. Klaiber et al.' and Ladner and 

Weder^ studied the use of epoxy-bonded steel plates to strengthen bridge girders in 

Europe, South Africa, and Japan. The method was attractive due to its ease of 

application. However, the long-term durability of steel in a corrosive environment 

proved to be a danger at the epoxy-steel interface because of a reduction in the bond 

strength. 

For seismic retrofit applications, steel jackets were typically used to enhance 

flexural performance. Recent earthquakes in California (Whittier, 1987; Loma Prieta, 

1989) have shown the vulnerability of the bridge infi-astructure to seismic attack. 

Priestley et al.^ and Chai et al."^ studied older bridge columns and discussed the structural 

inadequacies in flexural strength, flexural ductility and shear strength. Priestley et al. 

evaluated the steel jackets for enhancing the column performance. 

The research cited above are only a few of the many examples for the use of 

external reinforcement to enhance structural performance. In recent years, FRP materials 

have replaced steel in many retrofit projects involving external reinforcement. Due to 

their high strength, lightweight, and resistance to corrosion, they result in economic and 

improved long-term performance. The strength of the bond at the concrete/FRP interface 

and its performance over time, however, must be carefully investigated for a safe design 

of the retrofit system. This paper presents the results of a comprehensive study 
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evaluating the bond strength at the FRP/concrete interface under various simulated 

aggressive civil engineering environments. 

Previous Studies 

Research in the last decade has provided valuable information that proves FRP are 

more efficient and advantageous in retrofitting techniques than conventional materials.^ 

Researchers have observed that replacing conventional materials with FRP have reduced 

many problems associated with strengthening of concrete structures. Unfortunately, there 

are also concerns of factors that affect the material properties of the FRP. The primary 

problem is associated with the influence the envirormient has on the lifetime and 

mechanical properties of the FRP, along with the FRP/concrete interfacial bond strength. 

Concrete structures are prone to damage from corrosion of reinforcing bars, 

especially in marine envirormients where there is an excess of chloride ions and the 

susceptibility for a sulfate attack. The acidic nature of sulfates leads to the formation of 

gypsum which is responsible for concrete surface softening. This chemical reaction 

occurs after a prolonged exposure to such acidic conditions when the Ca(0H)2 present in 

the hydrated cement converts into gypsum. Rehabilitation of concrete piers and piles in 

marine environments are necessary to prevent concrete softening and the corrosion of the 

internal steel reinforcement that initiates concrete spalling and cracking. 

Some of the initial studies on FRP focused on replacement of the corrosion prone 

steel reinforcement under seismic or non-seismic conditions. Sen et al.® evaluated the 

durability of aramid (kevlar) FRP pretensioned elements used as piles driven in a marine 

environment. The study performed durability tests on 10 aramid FRP pretensioned, 

precracked beams in a 3-year wet/dry exposure for the simulation of tidal waters. The 

research determined that although the marine envirormient had a relatively minor effect 

on the ultimate capacity of the beams, there was evidence of bond deterioration between 

the aramid FRP reinforcing and the moist concrete. 

Sen et al.^ also performed a similar study using carbon FRP pretensioned piles 

driven in tidal waters. The study assessed the likely effect of diurnal/ seasonal 

temperature change on the durability of carbon FRP. Twelve precracked carbon FRP 

pretensioned beams designed to fail by rupture of the prestressing rods were kept in salt 
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water tanks and simultaneously subjected to wet/dry cycles for tidal simulation and 

hot/cold cycles for diurnal effects. Over a 3-year exposure period, the durability was 

assessed from flexural tests. The tests concluded that although both bond degradation 

and reductions in the ultimate capacity were observed in some of the specimens, the 

durability was largely unaffected. It was also concluded that the degradation appeared to 

be linked to the effect of the precracking damage sustained prior to exposure. 
Q 

Tannous and Saadatmanesh researched the envirormiental effects on the 

mechanical properties of E-glass FRP reinforcing bars. A total of 160 reinforcing bars 

(10 mm and 19.5 mm diameter) samples, constructed from E-glass fibers embedded in 

polyester or vinylester resin, were placed in corrosive chemical solutions that simulated 

the respective exposiire in the field. The tests were performed at temperatures of 25 °C 

and 60°C along with the following variables: the type of fiber (E-glass), two matrix 

materials (polyester or vinylester), seven chemical solutions, and ultraviolet radiation. 

The tests monitored changes in the weight and physical appearance over a one-year 

period. In addition, ten beams, each reinforced with two 10 mm E-glass/polyester or E-

glass/vinylester reinforcing bars, were tested in flexure to failure after one-year and two-

year periods, and the load versus deflection relationships were recorded. The tests 

concluded that there is a significant loss of strength due to chemical exposure of E-glass 

FRP reinforcing bars. 

Katsuki and Uomoto^ performed accelerated tests on aramid FRP, carbon FRP, 

and glass FRP in order to clarify the penetration of alkali in FRP rods. The alkali 

penetration was observed in sections of the rods using an Electron Prove Microscope 

Analyzer (EPMA). The investigation concluded that alkali penetration was found only 

in glass FRP. Tensile tests were conducted on the FRP rods and it was observed that the 

strength decreased only in the glass FRP rods. 

The above work, even though not directly related to the epoxy bonded FRP 

materials, provides an insight to the long-term durability of these types of materials in 

civil engineering environments. The paper addresses directly the long-term performance 

of bond at the interface of epoxy bonded FRP to concrete structures. 
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Problem Statement 

It has been shown that carbon FRP laminates, sheets, and plates are advantages 

for repair and rehabilitation of flexural concrete elements in buildings and bridges."' The 

simplicity of the application in bonding the carbon FRP to the concrete surface using an 

epoxy adhesive provides not only an efficient solution, but a new safety issue as well. 

The primary requirement for successful performance of carbon FRP strengthened 

structures lies within the physical and chemical compatibility between the concrete and 

the epoxy used for bonding. 

One of the most important factors in the mind of any structural engineer when 

selecting a material is its reliability and long-term performance. With the ever increasing 

acceptance of epoxy bonded fiber-reinforced-polymer materials for retrofitting of 

concrete structures, it is important to have some measure of confidence in the long-term 

performance of the bond strength of FRP to the substrate; the most essential element in 

this strengthening technique. 

The growing emphasis on quality and reliability of products has resulted in the 

increased interest in the ability to predict the aging behaviors and useful lifetimes of 

polymers in application environments. A reliable lifetime prediction capability would be 

highly desirable for use in long-term applications, both for assuring the durability of 

commercialized products, as well as, for selecting among new materials or formulations 

under current development and evaluation. Historical documentation and development of 

proper test methods are required for resistance to moisture and water, salt water, alkalis, 

dry heat, fuels/lubricants, and ultraviolet light. Other similar requirements are needed for 

freeze/thaw behavior, fire performance, glass transition temperature, and bond strength 

between the FRP and substrate. 

Research Significance 

As a part of the research program on bond durability of FRP to its respective 

substrate, this paper provides beneficial and unique accelerated test results on the 

durability and lifetime of carbon FRP bonded to concrete, after subjected to different 

chemical and hygrothermal environments. This study is believed to be the first to 
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quantify the bond degradation in terms of changes in the mode II fracture toughness 

within the FRP/concrete substrate bond line, due to the deterioration created from severe 

environments. 

Experimental Program 

The research presented herein focuses on accelerated degradation testing 

techniques and revolves around the fracture mechanics of crack initiation and crack 

propagation at the FRP/concrete interface. This type of research is formulated around 

tests conducted over the past 14 years involving the European Structural Integrity 

Society, ESIS, with some recent methods in determining the fracture toughness of 

polymers, composite materials, and plastics.'^ The tests in this research also revolve 

around a nimiber of parts from ASTM standards, including but not limited to, ASTM 

D6068-96, ASTM-El820-99, ASTM D638-98, El 11-97, D5573-94, D4501-95, D883-

98, D3039 / D3039M-95a, E132-97, and D5229/ D5229M-92. 

Simulated Enyironments 

The expected life of typical construction materials, as well as the structural epoxy 

used in this type of retrofitting, are so long that life testing at design conditions is 

economically and time-wise impractical. The environments used in this study are 

considered accelerated, that is, they enhance failure and degradation mechanisms while 

arriving at the same conclusions as if tested under normal design conditions. The six 

environments simulated in this research are as follows: 

1.) pH 8.5 (Seawater) 

The seawater environment will simulate the deterioration of conventional construction 

materials along coastal regions. Seawater will be prepared by dissolving only the 

primary constituents, NaCl (24.53 g/L), MgCl2 (5.20 g/L), Na2S04 (4.09 g/L), and CaCb 

(1.16 g/L) in water according to ASTM 1141-90. 

2.) pH 3 (HCl, Hydrochloric Acid) 
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The acid solution will represent the corrosive environment found in wastewater treatment 

facilities, sewer pipes, chemical plants, and acid rain infiltration. Natural acidic waters 

below pH 4 can also occur in marsh water where an insoluble coating of calcium humate 

forms in the present of humic acid.^^ The acidic solution is prepared by dissolving 

concentrated HCl in water until the pH level is reached and maintained within a pH 

resolution of + 0.1. 

3.) pH 7 (H2O, Water) 

The neutral pH solution of water will simulate conditions where moisture is prevalent in 

the form of fog and rain. To show the use of acceleration techniques with temperature, 

two water environments will be used at higher temperatures of 124°F and 160°F. 

4.) pH 12 (Ca(0H)2, Calcium Hydroxide) 

The alkaline solution is used to produce the simulation of older, cured concrete. Ca(0H)2 

is important in autogenous healing of cracks and porosity in concrete and its formation at 

interfaces affects the concrete strength. The alkaline solution will be prepared by 

dissolving Ca(0H)2 in water. 

5.) Oven temperature of 140°F, 160°F 

Three ovens at 140°F and 160°F will simulate extreme temperatures experienced by 

structures exposed to heat during their lifetime. The increase in change in the 

temperatures will be used to determine any change in the characteristics of the material 

properties of the FRP and its bond to its respective substrates. 

6.) Oven temperature of 100°F with Humidity < 100% 

This environment simulates a hot, humid environment at 100°F found in regions such as 

Florida. This environment will show how heat and water affects the properties of the 

FRP and the bond to its respective substrates. 



47 

Specimen Properties 

The experiments consist of testing 364 unidirectional carbon coupons attached to 

concrete blocks after subjected to a specific time in their respective simulated 

environments. There are a total of 91 concrete blocks as the carbon coupons have been 

attached to all four sides of the block to minimize the number of concrete blocks. The 

concrete was fabricated for a 20.7 MPa (3000 psi) normal density concrete mix with a 

maximum aggregate size of 9.5 mm (0.375 inch) and poured into wood forms to create a 

substrate of dimensions 76 x 76 x 305 mm (3 x 3 x 12 inch). The mean concrete 

compressive strength from a standard cylinder test was 23.2 MPa (3300 psi) with a 

standard deviation of 2.79 MPa (405 psi), and the mean tensile strength from a standard 

three-point flexural test was 5.6 MPa (812 psi) with a standard deviation of 320 kPa (46 

psi). The Young's Modulus of the concrete, calculated using the average concrete 

compressive strength, was found to be 22.8 GPa (3300 ksi). 

The carbon coupons were fabricated and prepared using a thermosetting structural 

adhesive and a unidirectional manufactured polyacrylonitrile carbon fiber sheet. The 

carbon coupons of dimension 3x33x381 mm (0.12x 1.30x 15 inch) were applied to 

the substrate with a 152 mm (6 inch) bond length. The adhesive is a structural epoxy 

composed of mixing a 2:1 ratio of resin to hardener. The resin is a Bisphenol A by

product with 20% proprietary ingredients and the hardener is composed of an aliphatic 

polyamine curing agent Tetraethlenepentamine (TEPA), among other proprietary 

ingredients. From static tensile tests performed (ASTM D638-98) on the epoxy adhesive, 

the mean tensile strength, the mean Young's Modulus, and the mean Poisson's ratio were 

found to be, respectively, 29.4 MPa (4,264 psi) with a standard deviation of 1.69 MPa 

(245 psi), 2.9 GPa (421,000 psi) with a standard deviation of 190 MPa (27,500 psi), and 

0.438 with a standard deviation of 0.026. Static tensile tests performed on the carbon 

coupons with various fiber volume contents determined the mean Young's Modulus and 

the mean strength as fiinctions of the fiber volume content and tensile loading rate. (See 

Table 1.) 
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Surface Preparation 

Proper surface preparation is a necessity before applying the FRP to the concrete. 

This includes, but is not limited to, removing dirt, oil and paint by sandblasting. After the 

concrete blocks were sandblasted, they were air-blasted before creating the FRP coupons. 

Also, the comers on one end of each block were rounded off and the coupon was attached 

in the center of the block to reduce the chance of a three-dimensional mode of failure at 

the loaded end.''^ 

Specimen Preparation 

An efficient method for mass producing the specimens was designed due to the 

large number of samples to be tested. Approximately 60 concrete blocks were laid out 

side by side. After the surfaces were properly cleaned, a 0.152 mm thick plastic sheet 

was applied to determine the bond line. The ends of the plastic were sealed to prevent the 

epoxy fi-om running under the plastic sheet. Wood templates were created to maintain 

the same FRP dimensions on all of the samples and were careftilly placed to create a 152 

mm (6 inch) bond length. A water soluble acrylic caulk was applied around the wood 

template and left to set for 24 hours. The wood template was then cut out which created 

a mold for laying the FRP coupon. The FRP coupon was created with three sequential 

steps. The carbon stripes were saturated, placed on a thin layer of epoxy in the mold, and 

then covered with a top layer of epoxy to the top of the mold. After 24 hours, the acrylic 

caulk was removed and the samples were rotated to repeat the process on another side. 

Test Apparatus 

The test setup is shown schematically in Figure (1) and pictures of the testing 

apparatus are shown in Figure (2). The test setup consists of creating a 381 mm (15 inch) 

long carbon coupon with a 152 mm (6 inch) bond length on each side of the concrete 

substrate. One coupon is tested at a time. The test apparatus, made from T-6061 

aluminum, is similar to one developed by Bizindavyi and Neale''^, however, 

modifications have been made to accommodate different testing parameters and 

dimensions. The test apparatus is placed in an MTS Series 311 Load Frame and held 

fixed in the upper grip. The concrete block is placed on the bearing plate of the test 
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apparatus with the free, unbonded end of the FRF facing down. The FRP is gripped by 

specially made extensional plates that have been heat treated for durability and strength, 

as well as, surface treated for good gripping action. The extensional plates are hand-

tightened and held by the lower grips of the MTS system while the FRP is slowly sheared 

off The specimen is supported in such a way that there is no rotation. Special 

precautions are taken to ensure the specimens are properly aligned in the fixture. 

Test Method 

Due to the large number of test specimens, the application of strain gauges was not 

practical in analyzing the shear stress distribution along the bonded joint and the tensile 

properties of the FRP coupon. A deformation controlled (1 mm/min) testing method was 

implemented that utilized the theory of fracture mechanics in determining the mode II 

fracture toughness at the bond line of the concrete and FRP coupon. 

Mode II is one of three kinematic movements in a loaded body of the upper and 

lower surfaces of a cracked region. Mode I is defined as the opening mode and is 

associated with local displacement in which the cracked surfaces move perpendicular to 

the plane of the crack. Mode II is defined as the edge-sliding mode or shearing mode and 

is characterized by displacements in which the cracked surfaces slide over one another 

perpendicular to the leading edge of the crack. Mode III is defined as the tearing mode 

and is related with cracked surfaces sliding over one another parallel to the leading edge 

of the crack. Fracture mechanics testing is utilized in this research because it provides an 

energy criterion, or fracture toughness, that quantifies how much energy is required to 

initiate cracks, eventually leading to delamination between the FRP coupon and concrete 

substrate. 

Fracture toughness is defined as the amount of energy release, G, available to drive 

the crack growth and overcome the fi-acture resistance, Gc- The energy release rate, G, 

can be written as 
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where dU is the energy change and dA is the area increase. At fracture, G equals Gc and 

Eq.[l] can be rewritten as 

dU 
""'—a- PI 

where da is the change in crack length for a uniform bonded width b. 

The fracture toughness is typically plotted as a function of the total crack growth, 

Aa, up to complete delamination of the FRP from the concrete substrate. This plot is 

termed the resistance or "R" curve, as shown in Figure (3). The fracture toughness in an 

"R" curve has two critical values, initiation and plateau. The Gc initiation values are 

usually the lowest and therefore judged as the most critical value. The initiation values 

are determined experimentally through either visual inspection, or more indirect methods 

of utilizing the load-displacement graph in order to observe the onset of non-linearity or 

using a 5% reduction in the slope of the compliance. 

In this study the initial crack length, ao, may not be equal to zero. This can be 

understood knowing that in every material there exists flaws or a particular density of 

initial cracks. The initial crack length is important for fatigue testing because it shows 

how much damage has occurred prior to any cracks propagating. If the fatigue life of a 

material is required, the crack history prior to any propagating cracks is necessary in 

order to provide an accurate analysis for the crack propagating condition. For design 

purposes, if the maximum size of a flaw in a material is known, along with the magnitude 

of stress applied, a material can be selected that has a fracture toughness high enough to 

prevent the flaw from growing. 

Typically, in fracture toughness testing, initial crack lengths or precracks are 

introduced before a material is subjected to crack propagating conditions. However, this 

type of procedure is not fit for polymeric materials because too much damage will take 

place at the crack tip." Therefore, for static fracture toughness measurements, notching 

procedures are recommended. From this starting notch, crack initiation will take place 

and the crack will then propagate. In this study, notches were created from an insert used 

to determine the beginning of the bondline. The introduction of the notch prior to loading 

was intended to be the defect from which the induced crack initiates and then propagates. 
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Fractvire toughness is largely affected by the heterogeneity of materials, especially 

in concrete and polymers. In concrete, the heterogeneity is correlated with the varying 

aggregate sizes, along with the pore and grain distribution that compose the aggregate 

matrix, the cement between the aggregate, and the distribution of contact and voids 

within the existing fractured areas. The heterogeneity may increase the fracture 

toughness of concrete because more energy is dissipated at the crack tip as random crack 

networks begin to form.'^'^®'^^ In polymers, the heterogeneity is correlated with the 

length of the molecular chains or the degree of polymerization within the epoxy matrix. 

The ability of these polymers to deform is critical because this causes the tip of any crack 
1 n 

to become blunt and prevents the growth of the crack. An increase in the fracture 

toughness can be observed by decreasing the stifftiess of these polymers to allow the 

molecular chains to stretch, rotate and deform within the matrix network. 

The Gc plateau values are found using a compliance calibration technique along 

with the observed crack lengths. The compliance is defined as the inverse of the stiffness 

in the load-displacement curve and is measured as a function of the crack length. In 

order to develop an expression with the compliance, G may be defined for any loading 

system as 

b -  d a  b - d a  b -  d a  b - d a  

where Uext is the external work, Us is the strain energy, Uk is the kinetic energy, and Ud is 

the dissipated energy. The last two terms in Eq.[3] can be set equal to zero because the 

tests are conducted at a low displacement rate iUk= 0) and the energy dissipated is 

assumed to be local to the crack tip {Ud = 0). Deriving an expression for Uext and Us 

yields the fracture toughness as a function of the load, P, width of the FRP coupon, b, and 

change in compliance, dC, versus the change in crack length, da, as 

d^ext dUs dUj( dU(} 
[3] G = 

2b da 
[4] 
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The schematic for the test setup in Figure (la) provides the variables for the 

derivation of the compliance calibration curve. The total displacement, u, for the length a 

+ (Lb-a), can be written as 

u = U] + U2 , [^] 

where 

U ]  =  
Pa 

AFRP • EFRP 
U2 = 

P - { L b -  a )  

(AFRP + Ac }EFRP 

and a  is the delamination crack length of the bond, L f ,  is the initial bond length, and Afrp  

is the cross-sectional area of the FRP coupon, equal to its width, bpRp, times its thickness, 

tfRp. The concrete substrate must be transformed to the same material as the FRP coupon 

in order to use the FRP elastic modulus, Efrp- Therefore, the transformed concrete cross-

sectional area, Ac\ becomes 

[6a,b] 

Ac — Tj • be' tc 

where 

Ec 
77 = 

[7] 

[8] 
EFRP 

Ec is the concrete substrate elastic modulus, rj is the modular ratio, be is the concrete 

width, and tc is the concrete thickness. The compliance, C(a) - u/P, as a function of the 

crack length can be written as 

C(a) a 
A, 

+ 
Lb 

E FRP{ A FRP + A c )  AFRP • EFRP • (AFRP + AC) 

which indicates the compliance varies linearly with the crack length, a, i.e.; 

C = ma + n 

[9] 

[10a] 

where 
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•^c 
m - [10b] 

[10c] 

Differentiating Eq.[9] with respect to a, and use of Eq.[4] yields the expression for the 

fracture toughness as 

Kendall'^ derived a similar expression to explain the crack propagation through a 

long symmetrical rubber lap-joint held under a constant load. The lap-joint strength was 

found to depend on the adhesive energy of the bonded surfaces measured by peel tests, 

and on the thickness, width and elastic modulus of the rubber sheets. Kendall'^ derived 

an expression for the load, F, required to propagate a crack through a long lap-joint as 

where di and d2 are the thickness of each rubber sheet, E is the rubber elastic modulus 

and R is the surface energy. After Eq.[ll] is rearranged and solved for the load, P, it 

becomes analogous to Kendall's derivation in Eq.[12]. Taljsten also derived a similar 

expression for the failure load using both linear and non-linear fracture mechanics. 

Test Procedures 

Two extensometers were attached to the FRP coupon during each test in order to 

measure the total displacement, u, of the bonded section, along with the elastic modulus, 

EpRp. (See Fig. 3b). The FRP elastic modulus was determined by placing extensometer A 

on its unbonded section. Extensometer A, measured the average strain over 25.4 mm (1 

inch) in order to calculate EFRP as 

P 
G - — -m . 

2b 
[11] 

[12] 
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. ['31 

ApRp • s 

where P is the load at an average strain, e, measured from extensometer A. The total 

displacement of the bonded joint was determined experimentally using extensometer B, 

which was modified for this particular test. Extensometer B was attached at one end, to 

the begirming of the bonded joint on both sides of the FRP coupon, approximately 1 mm 

above the FRP/concrete interface, and at the other end to the concrete substrate. This 

measurement would provide the relative displacement between the FRP and the concrete, 

if indeed there were any such displacements in the concrete. 

The cracks were visually measured on one side and marked with a pen on the 

substrate as they propagated to the end of the FRP/concrete bond line. The load and 

extensometer measurements were recorded at the same time a crack propagated. In order 

to see the crack as it propagated, the specimens were carefully cleaned before the test at 

the bond line to remove any excess dirt or material, then marked with white-out liquid 

solution. Although it is obvious that microscopic examination would provide more 

accurate results in measuring the length of a crack, there is no conclusive evidence that 

the crack length measured on the edges would be uniform throughout the interface. It 

will be shown, however, that the visual inspection technique used is reasonable for 

measuring the crack length, as determined from the plots of the compliance versus total 

crack length, and energy versus total crack length. 

Test Results 

After the conclusion of a test, the crack length markings were measured using 

calipers with an accuracy of 0.001 inches and the data was analyzed using MS Excel 

software. The graphs produced consisted of the load versus displacement (Fig. 4a), the 

compliance versus total crack length (Fig. 5), and the total energy versus total crack 

length (Fig. 6). 

The load-displacement plot is typical among each of the tested specimens. The 

crack initiation load is taken at the onset of non-linearity (Fig.4b) and the crack 
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propagation load is taken as the load implementing the first visual crack length. In the 

plot of the compliance versus total crack length, the points are experimentally determined 

from the displacement readings of extensometer B, the load, and the visualized crack 

lengths. The best fit line is calculated from Eq.[9] and shows reasonable accuracy in 

visually determining the crack lengths. The higher compliance values compared to the 

best fit line, occur from larger than normal displacement measurements caused by cracks 

developing on the edges of the FRP coupon behind extensometer B. This is also evident 

from Figure (6), which utilizes the area under the load-displacement curve in calculating 

the total energy at a recorded crack length. The slope in Figure (6) of the best-fit solid 

line to the experimental points represents the change in potential energy with respect to 

the change in crack length. The constant slope verifies the plateau region of a typical 'R' 

curve, that is, the amount of energy change needed to propagate a new crack, regardless 

of the crack size, will remain constant within the same environment at a particular point 

in time. The dotted line represents total energy values as a fimction of total crack length, 

and is simplified based on Eq.[3] as 

r ^ T T  \  
[14] 

B 

DUP 

\ da y 

where DUP is the change in potential energy and G is the fracture toughness calculated 

from Eq.[l 1] with the crack propagating load. The larger measured total energy values, 

as compared to the predicted values shown in Figure (6), can be explained by edge 

cracking of the FRP, creating a larger displacement reading from extensometer B, and 

therefore, a larger energy value. The other factor attributing to larger energy values may 

also be associated with crack arrest at the bond line. This characteristic can be seen in the 

load-displacement curve as the final increase in load after cracks have already 

propagated. Without the occurrence of crack arrest, a smaller load would increase the 

compliance value of the last point in Figure (5), and would provide a better fit to the 

calibrated solid line. 

The experimental value for the control sample's strain energy release rate was 583 
9 9 

J/m for the crack propagating condition and 41 J/m for the crack initiation condition. 
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Previous fracture mechanics tests have been performed to compare both initiation and 
01 O'Y O'X "JA 

propagation fracture toughness values. ' ' ' 

91 
Giurgiutiu et al. performed a related fracture test, but instead, measured the 

mode I fracture toughness at the FRP/concrete interface. The propagation fracture 

toughness value calculated from their experiments averaged 252 J/m^, approximately 

43% of the mode II values calculated from this study. Mode I tests are usually preferred 

over mode II tests because mode I provides lower, and therefore, more conservative 

values. However, it was observed in this study that peeling the FRP, as in mode I tests, 

typically terminated with debonding at the epoxy/carbon interface instead of the 

FRP/concrete interface, as consistently encoimtered in mode II. 

Karbhari et al. calculated both Mode I and Mode II fracture toughness values 

based on a peel test with FRP attached to concrete. Their value for the Mode II critical 

energy release rate, G//c, was 558.33 J/m^. De Lorenzis et al.^^ tested flexural concrete 

specimens with FRP bonded to the tension face. Their value for Guc was 1051 J/m and 

was calculated by averaging for all specimens, the area under the shear stress-slip plots. 

Wu et al.^'' performed flexural tests on concrete beams with externally bonded FRP sheets 

to the tension face to investigate Guc and verify the experimental results with a finite 

element procedure. They concluded Guc was in the range of 75 J/m to 150 J/m based on 

the number of flexural cracks that had developed in the concrete beam. 

The initiation condition, based on the onset of non-linearity in the load-

displacement curve, represents the initial micro-cracking that leads up to delamination. 

Even though the experiments were conducted as static tests, the fracture toughness values 

for design should be associated with the initiation condition because the design criteria 

will provide fracture toughness values before cracks can propagate due to creep and 

fatigue conditions. The fracture toughness value associated with the initiation condition 

can also be considered a material property. This was verified from previous research on 

double cantilever beam specimens composed of only a carbon composite with varying 

thickness for mode I delamination testing.^^ The test results concluded that although there 

was a strong effect on the propagation values due to the varied specimen thickness, there 

was no effect on the initiation values. Similar results were verified by research on 
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aluminum alloy for Gjc values to distinguish the pattern of fracture behavior between 

crack initiation and crack propagation?^ It was determined that crack initiation is 

independent of thickness where as crack propagation is strongly dependent on it. 

The remaining tests for each environment were conducted at various exposure 

times and analyzed as explained above with similar results. Eq.[ll] was used to 

determine the fracture toughness at crack initiation and crack propagation loads, which 

were read from each load-displacement curve. The fracture toughness for each 

environment was normalized to the control fracture toughness associated with the crack 

initiation and the crack propagation loads. Figures (7a through 7i) show a large decrease 

in Gc at the crack initiation load, with respect to the control specimen, in different 

environments as a function of exposure time. Figures (8a through 8i) show a more 

gradual decrease in Gc at the crack propagation load, with respect to the control 

specimen, in different envirormients as a function of exposure time. The lower and 

immediate decrease in Gc at the initiation load (Fig. 7a through 7i) shows the effect 

moisture and temperature have on initiating a crack as a function of exposure time. The 

higher fracture toughness values associated with the propagating condition (Fig. 8a 

through 8i) are attributed to the affect moisture concentration plays in the chemical 

reaction rate and the deterioration at the FRP/concrete interface. 

When comparing the initiation Gc values in the three chemical envirormients, 

pH=3, pH=8.5, and pH=12, at first glance, it seems they show a similar decreasing trend. 

However, after a reliability analysis is performed, the differences become quite 
•YJ 

apparent. First it must be understood that because we are dealing with not only two 

different materials, but a bonded interface as well, there exists more than one possible 

material or layer that can deteriorate and cause imminent failure. After a reliability 

analysis was performed, it was concluded that there existed two failures modes, where 

the first mode of failure was related to the FRP, and the second mode of failure was 

related to the concrete substrate or the bonds of a weak boundary layer. As verified from 

Figure (9a through 9e), the change in failure mode was observed after testing the 

specimens to failure. This conclusion is based on the increase in deterioration at the bond 
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from zero exposure time to an exposure time when the deterioration suddenly 

disappeared. 

Based on the reliability analysis for the concrete substrate specimens, the seawater 

environment had the most severe effect on the FRP bonds and the calcium hydroxide 

environment had the least effect on the FRP bonds. This trend can be understood 

knowing that the concentration of chloride ions has a detrimental effect on the concrete, 

the link with the FRP bonds. The calcium hydroxide environment shows there is less of a 

deterioration effect on the interfacial bonds because the calcium hydroxide is an 

autogenous healer of concrete cracks and reduces the concrete porosity.'^ 

The effect the water envirormient (pH = 7) has on the initiation Gc values is less 

severe than the chemical environments. Nevertheless, it is interesting to observe from the 

oven environments the effect temperature has on decreasing the Gc values, as heat 

exposure introduces cracking on various scales and has been shovwi to decompose the 

cement matrix and reduce the bond to the steel reinforcement 

When comparing the concrete substrate specimens to the steel substrate 

specimens (See Reference 25), there are similarities between the acid environment (pH = 

3) and the seawater environment (pH 8.5). Also, the effect temperature had on steel was 

not as severe as with the concrete substrate specimens. However, the most severe 

chemical environment for the steel substrate specimens was surprisingly with the calcium 

hydroxide environment (pH = 12). Although it is evident from the experiments that steel 

does not decompose in calcium hydroxide, it is a weak boundary layer that exists 

between the FRP and steel that is attacked to enhance the loss in bond strength. 

Overall, regardless of the initiation or propagation fracture toughness values, it 

seems moisture has a stronger effect on decreasing fracture toughness values compared to 

temperature or oven environments. However, it is the temperature variation that changes 

the rate moisture penetrates and diffuses into the FRP, enhancing the relative amount of 

deterioration at the interface of the FRP/concrete substrate. 
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Diffusion 

In the submerged environments, it is shown that moisture penetrating into the FRP 

and substrate affects the fracture toughness values at any time. Pick's Law of Diffusion 

is used in relating the moisture effects on the life distribution of bonded samples. Pick's 

first law explains the net flux of atoms by 

A C 
J  =  - D -

A X 
[15] 

9 9 
where J  is the flux (atoms/mm -s), D  (mm I s )  is the diffusivity or the diffusion 

coefficient, and AC/Ax (atoms/mm -mm) is the concentration gradient. There are several 

factors that affect the flux of atoms during diffusion. Among these factors are the 

temperature, activation energy, time, and materials. Diffusion is related to the 

temperature by the Arrhenius equation 

_Q_ 

RT [16] 
D = Do • e 

where Q (cal/mol) is the activation energy, R (1.987 cal/mol K) is the gas constant, T (K) 
2 is the absolute temperature, and Do (mm /s) is a constant for a given diffusion system. 

In order to determine the diffusivity, Pick's second law provides the differential 

equation of the dynamic or non-steady state diffusion of atoms as 

® c  
0t 

D-
S' 

0X 

C . [17] 

The diffusion parameter, D, must be determined experimentally from gravimetric 

analysis by weighing the specimens regularly to measure the moisture content. The 

diffusion in the penetrating surface of the submerged specimens, Dx, can then be 

determined as 

[18] 
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where M, Mm, h, I and t are respectively, the moisture content, the maximum moisture 

content, the thickness of the FRP coupon, the width of the FRP coupon, and the time 

associated with M?^ Eq.[18] takes into account the effects of moisture penetrating 

through the sides of the coupon other than in the x-direction. 

In order to obtain the variables within Eq.[18], small diffusion specimens were 

created to represent the large test specimens by taking a thin cross-section of the actual 

specimen and slicing it into four triangular pieces. This was necessary to obtain 

reasonable weight measurement accuracy, since the change in moisture content over time 

was so small compared to the weight of the large test specimen. A diffusion sample is 

shown in Figure (10) along with the direction coordinates. The samples were sealed 

using a heavy duty, waterproof epoxy paste on the top, bottom and back faces to ensure 

moisture penetrated through the front face only of the y-z plane, identical to the actual 

large specimens. At various times, the diffusion specimens weights were recorded using 

an analytical balance accurate to the nearest ± 0.001 gram. Table 2 shows Dx and of 

samples from the each of the simulated environments. 

After the diffusivity is determined from experimental evaluation, a plot can be 

created of the normalized moisture content, M„, versus a dimensionless time constant, t* 

(Fig. 11). M„ is calculated experimentally as the moisture content divided by the 

maximum moisture content and can be approximated analytically as shown by Shen and 

Springer^ ̂ as 

where 

* t = 

•7.3 
2 

V •s y [19] 

2 
s 

[20] 

In Eq.[19] and [20], the parameter t represents time (hours) and the parameter s is equal 

to twice the thickness of the FRP coupon, since it has only one face in the diffusing x-

direction subjected to the environment. According to Eq.[19], the value of M„, as a 

function of t*, remains constant for any material in any envirormient provided that 
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diffusivity, time, and material thickness are known. Figure (11) reiterates this concept 

visually by showing the same predicted normalized moisture content values as a function 

of t* for each environment. 

After weighing the triangular diffusion samples immersed in different 

envirotmients, Figure (11) shows the moisture content results with respect to their 

normalized moisture content, M„, and the dimensionless time constant, t*. In each 

envirormient, when reaches 1.000 or 100% saturation, the corresponding t* value 

equals 1.06, given an average FRP thickness of 3.264 mm. Comparing Figure (11a 

through f) shows that the dimensionless time, t*, required to reach the maximum moisture 

content is insensitive to the humidity and percent moisture content of the environment, 

but only dependent on the temperature through Dx. The normalized moisture content, M„, 

and the normalized fracture toughness values can be plotted against the dimensionless 

time constant, t*. When the normalized fracture toughness is plotted versus t*, the t* 

value can be used to predict at any other temperature of the same environment the actual 

time, t, to reach the same normalized fracture toughness value. The relationship between 

the diffusivity, maximum moisture content and decrease in the fracture toughness of the 

FRP/concrete substrate, will provide the data necessary for a life prediction of the 

fracture toughness for any design humidity and temperature value.^^ 

Conclusions 

Tests were conducted to study the durability of FRP bonded to concrete after 

subjected to severe enviroimients over time. Specimens were placed in six different 

environments that resembled various conditions in the field, however, the simulated 

environments were considered accelerated to conditions typically encountered, in order to 

enhance the deterioration and failure processes. 

The tests performed measured the mode II fracture toughness of 364 FRP coupons 

bonded to concrete after subjected to one of the six environments for a length of time. 

The tests were considered single lap-joint tests and there are no standards for determining 

the fracture toughness of such geometry. Numerous test methods available are useful and 

are usually based on engineering experience.'On the contrary, many products 

do not have a standard testing technique and it is the responsibility of the engineer to 
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determine a suitable agenda. The tests on the control samples provided good agreement 

between theory and experiment. In ambient conditions, the strain energy release rate was 

583 J/m for crack propagating conditions and 41 J/m for crack initiation conditions. 

Identical tests were conducted after the specimens were subjected to each 

environment for a length of time. The test results show a decreasing trend in the fracture 

toughness values over time as a function of the moisture content, temperature, and 

chemical solution. The seawater environment has the most severe effect in bond strength 

reduction compared to the other chemical enviroiraients, acid (pH = 3) and calcium 

hydroxide (pH = 12). The calcium hydroxide environment showed the least effect on the 

bond strength reduction. 

Pick's law was used to predict the diffusion of the moisture penetrating into the 

FRP bonded to the concrete substrate, such that the diffusivity and moisture content of 

the FRP at saturation could be determined. These results can be used to develop a 

relationship between the fracture toughness and moisture content based on Pick's law, for 
97 

predicting the design life of PR? bonded to concrete in different environments. 
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Figure 1: Test Schematic 

Figure 2: (a) Side of testing apparatus and (b) extensometers. 
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Figure 3: Typical resistance or 'R' curve of fracture toughness, 
versus crack growth. 
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Figure 4: (a) Typical load-displacement curve in concrete control specimen and (b) re-

scaled load-displacement curve to determine onset of non-linearity for crack initiation 

load. 
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Figure 5: Measured and predicted (Eq.[9]) compliance versus crack length. 
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Figure 6: Measured and predicted (Eq.[14]) total energy versus total crack length. 
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Figure 7: Normalized initiation fracture toughness versus dimensionless 

time for the specimens in the environments (a) pH 3, HCl, (b) pH 8.5, 

seawater, (c) pH 12, Ca(0H)2, (d) humid, 100°F, (e) water, 124°F, (f) 

water, 160°F, (g) 140°F oven, and (h)160°F oven. Fracture toughness 

values at time zero are 41 jW. 
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Figure 8: Normalized propagation fracture toughness versus 
dimensionless time for the specimens in the environments (a) pH 3, HCl, 
(b) pH 8.5, seawater, (c) pH 12, Ca(0H)2, (d) humid, 100°F, (e) water, 
124°F, (f) water, 160°F, (g) 140°F oven, and (h)160°F oven. Fracture 
toughness values at time zero are 583 J/m^. 
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Figure 9a-e: Concrete substrate specimens submerged in seawater, pH 8.5. 



Table 1: Composite coupon static tensile test values: Fiber volume 
content, Vf, Modulus, E, and tensile strength, a. 

Loading Rate = 0.001 in/s Loading Rate = 0.1 in/s 

Vf E CT Vf E a 

(%) (psi) (psi) (%) (psi) (psi) 

5 1,711,914 17,113 5 2,343,639 17,083 

23 5,978,880 71,819 23 14,688,158 179,274 

28 6,789,927 86,540 28 14,484,746 178,774 

52 13,413,896 424,884 52 38,809,567 

Table 1: Diffusivity, D^, maximum moisture content, M^, time to reach maximum moisture 
content, t^, and time to reach 90% maximum moisture content, t9o% of the small diffusion 
samples in Figure (9) representing the large scale test specimens. 

Environment Temperature Dx X 10-' tm t90% 
°C mm /s % hours hours 

HCl, pH 3 22 13.592 1.587 9,264 1,870 

Seawater, pH 8.5 22 12.240 1.540 10,390 2,057 

Ca(0H)2, pH 12 22 15.243 1.486 8,432 1,667 

Water, Humidity<100% 37.8 6.417 1.018 19,681 3,961 

Water, Imnierged 51.1 10.700 1.500 11,804 2,375 

Water, Immerged 71.1 14.106 1.100 8,879 1,802 

Substrate 

z 

y 

Coupon with Fiber 
Orientation in z-direction X 

Figure 10: Small diffusion sample to represent large test specimens. 
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Figure 11: Normalized moisture content, M„, versus dimensionless time constant, T, for 
the specimens in the environments (a) pH 3, HCl, (b) pH 8.5, Seawater, (c) pH 12, 
Ca(0H)2, (d) Humid, 100°F, (e) Water, 124°F, and (f) Water, 160°F. The solid line is 
from Eq.[19] and Eq.[20], and the points are from experimental data weight 
measurements. 
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Evaluation of the Long-Term Behavior of the Bond at the FRP/Steel Interface 

Jon Woods' and Hamid Saadatmanesh^, Member ASCE 

Abstract 

This paper presents test results of FRP bonded to steel after exposure to simulated severe 

environments based on Mode II fracture mechanics testing. The environments simulated 

consist of extreme temperatures greater than 120°F, solutions with pH=3, pH=12, and 

pH=8.3 for seawater, and hot, humid environments. The experiments consist of testing 

364 unidirectional carbon FRP coupons 3 x 33 x 381 mm (0.120 x 1.30 x 15 inch), 

attached with a 152 mm (6 inch) bond length to steel blocks. The lap shear tests 

evaluate the fracture toughness of the FRP bonded to the steel as related to different 

exposure times with respect to the different environments. The test results show how 

moisture diffusion and temperature affect the bond strength with a decrease in the 

propagation and initiation fracture toughness over time. The initiation fracture 

toughness is evaluated at the load acquired before the onset of microcracks or the point 

up to non-linearity of the load-displacement curve. The propagation fracture toughness 

is evaluated at the load acquired for propagating a crack or delamination of the FRP 

from the steel, due to deterioration or corrosion of the bond. The test results show a 

larger rate of decrease for the initiation fracture toughness over time compared to the 

propagation fracture toughness. The initiation fracture toughness distribution can be 

conservatively used in retrofitting designs for evaluating the service life of the bond in 

typical civil engineering environments. 

Keywords: accelerated testing, mode IIfracture mechanics testing, severe 
environments, fiber-reinforced-plastics (FRP), steel. 

' Graduate Research Assistant, Department of Civil Engineering and Engineering 
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Introduction 

Fiber composites have been used around the world for many years especially in 

the aeronautical and space industry. In recent years, fiber composites called fiber-

reinforced-polymers (FRP) have been given more attention in civil engineering and the 

construction industry applications. FRP provide solutions in many civil engineering 

applications when conventional materials have failed to provide proper performance and 

service life. This reason is due to their high-strength to weight ratio, resistance to 

electrochemical corrosion, formability and versatility for forming into different shapes, 

and excellent fatigue and non-metallic properties. 

Before the surge of research and understanding of FRP, steel was the primary 

material used to strengthen and retrofit deteriorating structures. Practical strengthening 

techniques at the time included external post-tensioning by means of high-strength 

strands or bars in bridge girders and buildings and the application of epoxy-bonded steel 

plates to tension flanges in bridge girders. 

The successful application of external post-tensioning was researched by Dunker 

et al. (1989), Saadatmanesh (1986), Saadatmanesh et al. (1989a), Saadatmanesh et al. 

(1989b), Mancarti (1984), and Berridge and Donovan (1956). The advantages of this 

application included significant reduction in the structural steel, as well as, an increase in 

the structural and architectural efficiency with the design of continuous beams and slabs. 

However, the research presented difficulties in providing anchorage for the post-

tensioning strands, maintaining the lateral stability of the girders during post-tensioning, 

and protecting the steel strands against corrosion. 

Plate bonding for structural strengthening was utilized in the early 1960's and was 

used primarily in France and South Africa. By the 1970's, this technology gained 

acceptance throughout Evirope and North America. Klaiber et al. (1987) and Ladner and 

Weder (1981) studied the use of epoxy-bonded steel plates to the tension face of bridge 

girders for methods of strengthening existing highway bridges in Europe, South Africa, 

and Japan. The advantages of these methods eased the application procedure and 

eliminated the anchorage needed in the post-tensioning method. However, the long-term 
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durability of steel in a corrosive environment proved to be a danger at the epoxy-steel 

interface because of a reduction in the bond strength. 

For seismic retrofit applications, steel jackets were typically used to enhance 

ductility and flexural performance. Recent earthquakes in California (Whittier, 1987; 

Loma Prieta, 1989) have shown the vulnerability of the bridge infrastructure to seismic 

attack. Priestley et al. (1994) and Chai et al. (1991) researched older bridge columns and 

observed the structural inadequacies of flexural strength, flexural ductility, flexural 

capacity, shear strength, footings, and joints. Priestley et al. (1994) observed that steel 

jackets increased the column stiffness by about 10 to 15 percent and restored the flexural 

strength and ductility of the columns. 

The research examples above are only a few of the many experiments that have 

been conducted on the use of steel in rehabilitation of structures. The success of these 

retrofitting techniques provided a temporary solution, however, the repair methods also 

contained various disadvantages. Such disadvantages included the difficulty in handling 

the heavy steel plates at the installation site, the problem of forming a clean butt joint 

between the short plates, and the possibility of corrosion at the steel/adhesive joint 

interface. These problems contributed to alternative methods and research of FRP to 

determine a more efficient method in the rehabilitation of structures for both the short 

term and the long term. 

Research in the last decade has provided valuable information that proves FRP are 

more efficient and advantageous in many retrofitting techniques than conventional 

materials, especially steel. Researchers have observed that replacing conventional 

materials with FRP has reduced many problems associated with the durability and 

strengthening of steel structures. Unfortunately, there are also concerns of factors that 

affect the material properties of the FRP. The primary problem is associated with the 

influence the environment has on the lifetime and mechanical properties of the FRP, 

along with the FRP/steel bond strength. 

One of the major concerns affecting the bond strength at the FRP/steel interface is 

associated with galvanic corrosion. Galvanic corrosion occurs when there is contact 
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between the carbon fibers and the steel substrate within an electrolytic medium, creating 

an electrochemical reaction called corrosion. The electrolytic medium serves the purpose 

of transferring electrons from the steel, labeled the anode, to a cathodic site through some 

electrical connection. The association between these four components; anode, cathode, 

electrolyte, and electrical connection, create the basic wet corrosion cell. 

The anodic reaction is the electrode where oxidation occurs on the steel or metal. 

Ml, and is the location where corrosion takes place. The anodic reaction can be 

chemically written as 

Mj -> M"^ +ne~. 

The cathodic reaction is the electrode where reduction occurs and is the area that 

attracts the electrons created in the anode. The cathode can be located on the corroding 

steel or on another metallic region, M2, depending on the cell characteristics. The 

chemical reaction can be in the formation of a metal film, reduction of oxygen, or 

evolution of hydrogen. These cathodic reactions can be chemically written as 

+ ne~ -> M2 

2H* + 2e~ H2 pH < 7, deaerated system 

O2 + + Ae" IHjO pH < 7, aerated system 

O2 + 2H2O + 4e~ -> 4(0Hy pH>7, aerated system 

H20 + e~ -^^H2+ (OH)' pH>7, deaerated system 

Corrosion of the steel occurs when there is conductivity within the cell from an 

electrolyte, an electrical connection, there is a higher potential in the steel than the 

cathode, and the cell electromotive force, EMF, is positive as determined from the Nerst 

equation 

Ecell = logiQ) . 
nF 

The cell potential, Eceii, is a function of Eg, defined as the potential difference of the 

reduction-oxidation reaction when all reactants and products are in their standard state. 
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the gas constant, R, temperature, T, the number of electrons transferred, n, Faraday's 

constant, F, and the activity quotient, Q, defined as 

^ n products 

n reactants 

A basic knowledge of corrosion tendencies in steel structures is essential for 

understanding the potential dangers that can exist, especially when bonding carbon FRP 

to steel for these retrofitting applications. The affect various environments have on the 

durability of the bond between FRP/steel must be thoroughly investigated in order to 

insure a long-term performance. 

Previous Work 

Among steel structures that have been deteriorated due to corrosion are large 

capacity crude oil storage tanks. The old riveted tanks are prone to leakage through rivets 

that have worked loose over the years. Typically, glass FRP has been used, either to 

completely line the steel tanks to provide corrosion resistance or to provide a leak tight 

repair, because glass, as opposed to carbon, is a non-conductive material and does not 

enhance the corrosion process. Other steel structures repaired using glass FRP are 

pipelines. The retrofitting application consists of plugging leaks by bandaging the pipe 

with a glass FRP sheet. Different types of fibers have been used for various retrofitting 

applications and research has been conducted to determine the environmental effects 

(Katsuki and Uomoto 1995, Tannous and Saadatmanesh 1998, Dolan 1989). Glass, 

however, has a significantly lower modulus than steel which results in an inefficient 

combination of these two materials for load carrying purposes. 

Tavakkolizadeh and Saadatmanesh (2001) studied the galvanic corrosion between 

carbon FRP and steel in aggressive environments. The experiments consisted of 

potentiodynamic polarization and galvanic corrosion tests on a total of 38 specimens 

made of steel and carbon fiber laminates in simulated seawater and deicing-salt 

environments. The potentiodynamic polarization tests provided an estimate of the 

corrosion rate of the materials in their solution and assessed the galvanic corrosion rate of 
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the materials coupled together. The galvanic corrosion tests provided a direct evaluation 

on the interaction between the two metals in their solutions by replacing the working and 

counter electrodes found in the potentiodynamic polarization tests, with the two metal 

materials. The experiments revealed that the galvanic corrosion rate is slightly higher in 

a deicing salt solution than in a seawater environment. Furthermore, different epoxy 

coating thickness on the laminates led to the conclusion that epoxy is an essential 

ingredient that bonds the FRP to steel and it acts as protective barrier that can decrease 

and stop the galvanic corrosion rate between the carbon FRP and steel. 

Carbon FRP bonded to steel is typically applied in bridge structures composed of 

composite members, that is, a concrete deck attached to a steel girder with welded shear 

studs. The strengthening of steel composite beams using FRP laminates provides a 

practical, effective, and efficient solution in rehabilitating structurally insufficient 

bridges. 

Sen et al. (1995) studied the application of strengthening steel composite bridge 

members using carbon FRP laminates. Six 6.1 m long specimens, each consisting of a 

W8 X 24 wide flange steel beam with a 0.114m thick by 0.71m wide reinforced concrete 

slab, were initially tested to the yield load of the tension flange, then unloaded and 

retrofitted with either 2 mm or 5 mm thick carbon FRP laminates, and loaded until no 

further load increase was observed. The tests showed an 11% to 50% ultimate strength 

increase. 

Tavakkolizadeh and Saadatmanesh (2003b) also studied composite girders 

reinforced with CFRP laminates. A total of three large scale composite girders, made of 

a W355 X 13.6 A36 steel beam and a 75 mm thick by 910 mm wide concrete slab, were 

retrofitted with 1, 3, and 5 layers of CFRP laminates on the tension face of the steel 

flange and tested to failure. The test results showed an increase of 44%, 51%, and 76% 

in the ultimate load-carrying capacity for 1, 3, and 5 layers, respectively. However, as 

the number of CFRP layers increased, the efficiency for using the CFRP sheet decreased, 

indicating that a balance design should be considered. 
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Tavakkolizadeh and Saadatmanesh (2003a) further studied steel girders, 

strengthened with CFRP laminates, for fatigue strength. A total of 21 notched, S127 x 

4.5 A36 steel beams retrofitted with a CFRP patch were tested under four point bending 

and cyclically loaded to failure, with loading rates between 5 and 10 Hz for constant 

stress ranges between 69 and 379 MPa. The results showed that the CFRP patch 

extended the fatigue life up to 3.5 times compared to an unretrofitted cracked specimen. 

Numerous studies beyond those mentioned on FRP show the unique solution to 

retrofitting and rehabilitation (Dunker et al. 1989, Kaiber et al. 1987). However, 

enviroimiental affects on the long-term durability at the FRP/steel interface remain a 

primary issue. This paper addresses directly the long-term performance in typical civil 

engineering environments of the bond at the interface of epoxy bonded FRP to steel 

structures. 

Problem Statement 

It has been shown that carbon FRP laminates, sheets, and plates are advantageous 

for repair and rehabilitation of flexural steel elements in buildings and bridges. The 

simplicity of the application in bonding the carbon FRP to the steel surface using an 

epoxy adhesive provides not only an iimovative solution, but a concern as well. The 

primary requirement for successful performance of carbon FRP strengthened structures 

lies within the physical and chemical compatibility between the steel and the epoxy used 

for bonding. 

One of the most important factors in the mind of any structural engineer when 

selecting a material is its reliability and long-term performance. With the ever increasing 

acceptance of epoxy bonded fiber-reinforced-polymer materials for retrofitting of 

structures, it is important to have some measure of confidence in the long-term 

performance of the bond strength of FRP to the substrate; the most essential element in 

this strengthening technique. 
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The growing emphasis on quahty and reliabihty of products has resulted in the 

increased interest in the ability to predict the aging behaviors and useful life of polymers 

in application environments. A reliable lifetime prediction capability would be highly 

desirable for use in long-term applications, both for assuring the durability of existing 

materials, as well as, for selecting among new materials or formulations under current 

development and evaluation. Historical documentation and development of proper test 

methods are required for resistance to moisture and water, salt water, alkalis, dry heat, 

fiiels/lubricants, and ultraviolet light. Other similar requirements are needed for 

freeze/thaw behavior, fire performance and the following mechanical/physical properties: 

tensile strength, shear strength, fiber volume fraction, glass transition temperature, and 

bond strength between the FRP and substrate. 

Research Significance 

As a part of the research program on bond durability of FRP to its respective 

substrate, this paper provides unique accelerated test results on the durability and lifetime 

of carbon FRP bonded to steel, after subjected to different chemical and hygrothermal 

environments. This study is believed to be the first to quantify the bond degradation in 

terms of changes in the mode II fracture toughness within the FRP/steel substrate bond 

line, due to the deterioration created from severe environments. 

Experimental Program 

The research presented herein focuses on accelerated degradation testing 

techniques and revolves around the fracture mechanics of crack initiation and 

propagation. This type of research is formulated around tests conducted over the past 14 

years involving the European Structural Integrity Society, ESIS, with some recent 

methods in determining the fracture toughness of polymers, composite materials, and 

plastics (Moore et al. 2001). 
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Simulated Environments 

The expected Hfe of typical construction materials, as well as the structural epoxy 

used in this type of retrofitting, are so long that life testing at design conditions is 

economically and time-wise impractical. The environments used in this study are 

considered accelerated, that is, they enhance failure and degradation mechanisms while 

arriving at the same conclusions as if tested under normal design conditions. The six 

environments simulated in this research are as follows: 

1.) pH = 8.5 (Seawater) 

The seawater environment will simulate the deterioration of conventional construction 

materials along coastal regions. Seawater will be prepared by dissolving only the 

primary constituents, NaCl (24.53 g/L), MgCb (5.20 g/L), Na2S04 (4.09 g/L), and CaCb 

(1.16 g/L) in water according to ASTM1141-90. 

2.) pH = 3 

The acid solution will represent the corrosive environment found in wastewater treatment 

facilities, sewer pipes, chemical plants, and acid rain infiltration. Natural acidic waters 

below pH = 4 can also occur in marsh water where an insoluble coating of calcium 

humate forms in the present of humic acid (Lea, 1970). The acidic solution is prepared 

by dissolving concentrated HCl (Hydrochloric) in water until the pH level is reached and 

maintained within a pH resolution of ± 0.1. 

3.)pH = 7 (Water) 

Water will simulate conditions where moisture is prevalent in the form of fog and rain. 

To show the use of acceleration techniques with temperature, two water environments 

will be used at higher temperatures of 124°F and 160°F. 

4.) pH=12 
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The alkaline solution is used to produce the simulation of cured concrete environment in 

case leaching occurs, and to simulate a highly concentrated alkaline environment. The 

alkaline solution will be prepared by dissolving Ca(0H)2 (Calcium Hydroxide) in water. 

5.) Oven temperature of 140°F, 160°F 

Two ovens at 140°F and 160°F will simulate extreme temperatures experienced by 

structures exposed to heat during their lifetime. The increase in change in the 

temperatures will be used to determine any change in the characteristics of the material 

properties of the FRP and its bond to its respective substrates. 

6.) Oven temperature of 100°F with High Humidity < 100% 

This environment simulates a hot, humid environment at 100°F found in regions such as 

Florida. This environment will show how heat and water affects the properties of the 

FRP and the bond to its substrate. 

Specimen Properties 

The experiments consist of testing 364 unidirectional carbon coupons attached to 

steel blocks after subjected to a specific time in their respective simulated environments. 

There are a total of 91 steel blocks as the carbon coupons have been attached to all four 

sides of the block to minimize the number of steel blocks. The steel substrates of 

dimensions 51 x 51 x 305 mm (2 x 2 x 12 inch) are A36 steel. 

The carbon coupons were fabricated and prepared using a thermosetting structural 

adhesive and a unidirectional manufactured polyacrylonitrile carbon fiber sheet. The 

carbon coupons of dimension 3 x 33 x 381 mm (0.120 x 1.30 x 15 inch) were applied to 

the steel substrate with a 152 mm (6 inch) bond length. The adhesive is a structural 

epoxy composed of mixing a 2:1 ratio of resin to hardener. The resin is a Bisphenol A 

by-product with 20% proprietary ingredients and the hardener is composed of an aliphatic 

polyamine curing agent Tetraethlenepentamine (TEPA), among other proprietary 

ingredients. From static tensile tests performed (ASTM D638-98) on the epoxy adhesive. 
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the mean tensile strength, the mean Young's Modulus, and the mean Poisson's ratio were 

found to be, respectively, 29.4 MPa (4,264 psi) with a standard deviation of 1.69 MPa 

(245 psi), 2.9 GPa (421,000 psi) with a standard deviation of 0.19 GPa (27,500 psi), and 

0.438 with a standard deviation of 0.026. Static tensile tests performed on the carbon 

coupons with various fiber volume contents determined the mean Yovmg's Modulus and 

the mean strength as functions of the fiber volume content and tensile loading rate. (See 

Table 1.) 

Surface Preparation 

Proper surface preparation is a necessity before applying the FRP to the steel. This 

includes, but is not limited to, removing dirt, oil and paint by slagblasting. The steel 

blocks were initially slagblasted and shipped to the structural laboratory. The variation 

between slagblasting and sandblasting a steel surface is seen in the final product, as 

slagblasting provides a rougher finish and may contribute to better adhesion. The carbon 

coupons were not immediately applied to all 91 steel blocks, so a small amount of surface 

oxidation occurred. The corrosion was removed by grinding the steel surface and air 

blasting before creating the FRP coupon. 

Specimen Preparation 

An efficient method for mass producing the specimens was designed due to the 

large number of samples to be tested. Approximately 60 steel blocks were laid out side 

by side. After the surfaces were properly cleaned, a 0.152 mm thick plastic sheet was 

applied to determine the bond line. The ends of the plastic were sealed to prevent the 

epoxy from running under the plastic sheet. Wood templates were created to maintain 

the same FRP dimensions on all of the samples and were carefully placed to create a 152 

mm (6 inch) bond length. A water soluble acrylic caulk was applied around the wood 

template and left to set for 24 hours. The wood template was then cut out which created 

a mold for laying the FRP coupon. The FRP coupon was created with three sequential 

steps. The carbon stripes were saturated, placed on a thin layer of epoxy in the mold, and 
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then covered with a top layer of epoxy to the top of the mold. After 24 hours, the acrylic 

caulk was removed and the samples were rotated to repeat the process on another side. 

Test Apparatus 

The test setup is shown schematically in Figure (1) and pictures of the testing 

apparatus are shown in Figure (2). The test setup consists of creating a 381 mm (15 inch) 

long carbon coupon with a 152 mm (6 inch) bond length on each side of the steel 

substrate. One coupon is tested at a time. The test apparatus, made from T-6061 

aluminum, is similar to one developed by Bizindavyi and Neale (1999), however, 

modifications have been made to accommodate different testing parameters and 

dimensions. The test apparatus is placed in an MTS Series 311 Load Frame and held 

fixed in the upper grip. The steel block is placed on the bearing plate of the test 

apparatus with the free, unbonded end of the FRP facing down. The FRP is gripped by 

specially made extensional plates that have been heat treated for durability and strength, 

as well as, surface treated for good gripping action. The extensional plates are hand-

tightened and held by the lower grips of the MTS system while the FRP is slowly sheared 

off The specimen is supported in such a way that there is no rotation. Special 

precautions are taken to ensure the specimens are properly aligned in the fixture. 

Test Method 

Due to the large number of test specimens, the application of strain gauges was not 

practical in analyzing the shear stress distribution along the bonded joint and the tensile 

properties of the FRP coupon. A deformation controlled (1 mm/min) testing method was 

implemented that utilized the theory of fracture mechanics in determining the mode II 

fracture toughness at the bond line of the steel and FRP coupon. 

Mode II is one of three kinematic movements in a loaded body of the upper and 

lower surfaces of a cracked region. Mode I is defined as the opening mode and is 

associated with local displacement in which the cracked surfaces move perpendicular to 

the plane of the crack. Mode II is defined as the edge-sliding mode or shearing mode and 

is characterized by displacements in which the cracked surfaces slide over one another 
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perpendicular to the leading edge of the crack. Mode III is defined as the tearing mode 

and is related with cracked surfaces sliding over one another parallel to the leading edge 

of the crack. Fracture mechanics testing is utilized in this research because it provides an 

energy criterion, or fracture toughness, that quantifies how much energy is required to 

initiate cracks, eventually leading to delamination between the FRP coupon and steel 

substrate. 

Fracture toughness is defined as the amount of energy release, G, available to drive 

the crack growth and overcome the fracture resistance, Gc. The energy release rate, G, 

can be written as 

G = —, [1] 
dA 

where dU is the energy change and dA is the area increase. At fracture, G equals Gc and 

Eq.[l] can be rewritten as 

dU 
Gc = — , [2] 

b • da 

where da is the change in crack length for a uniform bonded width b. 

The fracture toughness is typically plotted as a function of the total crack growth, 

Aa, up to complete delamination of the FRP fi-om the steel substrate. This plot is termed 

the resistance or "R" curve, as shown in Figure (3). The fracture toughness in an "R" 

curve has two critical values, initiation and plateau. The Gc initiation values are usually 

the lowest and therefore judged as the most critical value. The initiation values are 

determined experimentally through either visual inspection, or more indirect methods of 

utilizing the load-displacement graph in order to observe the onset of non-linearity or 

using a 5% reduction in the slope of the compliance. 

In this study the initial crack length, ao, may not be equal to zero. This can be 

understood knowing that in every material there exists flaws or a particular density of 

initial cracks. The initial crack length is important for fatigue testing because it shows 
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how much damage has occurred prior to any cracks propagating. If the fatigue life of a 

material is required, the crack history prior to any propagating cracks is necessary in 

order to provide an accurate analysis for the crack propagating condition. For design 

purposes, if the maximum size of a flaw in a material is known, along with the magnitude 

of stress applied, a material can be selected that has a fracture toughness high enough to 

prevent the flaw from growing. 

Typically, in fracture toughness testing, initial crack lengths or precracks are 

introduced before a material is subjected to crack propagating conditions. However, this 

type of procedure is not fit for polymeric materials because too much damage will take 

place at the crack tip (Moore et al. 2001). Therefore, for static fracture toughness 

measurements, notching procedures are recommended. From this starting notch, crack 

initiation will take place and the crack will then propagate. In this study, notches were 

created from an insert used to determine the beginning of the bondline. The introduction 

of the notch prior to loading was intended to be the defect from which the induced crack 

initiates and then propagates. 

Fracture toughness is largely affected by the heterogeneity of materials, especially 

in concrete and polymers. In concrete, the heterogeneity is correlated with the varying 

aggregate sizes, along with the pore and grain distribution that compose the aggregate 

matrix, the cement between the aggregate, and the distribution of contact and voids 

within the existing fractured areas. The heterogeneity may increase the fracture 

toughness of concrete because more energy is dissipated at the crack tip as random crack 

networks begin to form (Dai and Frantziskonis 1994, Frantziskonis 1994a,b). In 

polymers, the heterogeneity is correlated with the length of the molecular chains or the 

degree of polymerization within the epoxy matrix. The ability of these polymers to 

deform is critical because this causes the tip of any crack to become blvmt and prevents 

the growth of the crack (Askeland 1994). An increase in the fracture toughness can be 

observed by decreasing the stiffriess of these polymers to allow the molecular chains to 

stretch, rotate and deform within the matrix network. 
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The Gc plateau values are found using a compliance calibration technique along 

with the observed crack lengths. The compliance is defined as the inverse of the stiffness 

in the load-displacement curve and is measiired as a function of the crack length. In 

order to develop an expression with the compliance, G may be defined for any loading 

system as 

^ dUgxt dUg dU]^ dUd 

b-da b-da b-da b-da 

where Ugxt is the external work, Us is the strain energy, Uk is the kinetic energy, and Ud is 

the dissipated energy. The last two terms in Eq.[3] can be set equal to zero because the 

tests are conducted at a low displacement rate {Uk= 0) and the energy dissipated is 

assumed to be local to the crack tip (Ud = 0). Deriving an expression for Uext and Us 

yields the fracture toughness as a fimction of the load, P, width of the FRP coupon, b, and 

change in compliance, dC, versus the change in crack length, da, as 

[4] 
2b da 

The schematic for the test setup in Figure (la) provides the variables for the 

derivation of the compliance calibration curve. The total displacement, u, for the length a 

+ (Lb-a), can be written as 

u = U] + U2 , 

where 

P - a  P • (Zz, - a) 
' "2 - / ' A [6a,b] 

FRP • FRP [AFRJP + As JEFRP 

and a is the delamination crack length of the bond. Lb is the initial bond length, and AFRP 

is the cross-sectional area of the FRP coupon, equal to its width, bpRp, times its thickness, 

tpRp- The steel substrate must be transformed to the same material as the FRP coupon in 
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order to use the FRP elastic modulus, EFRP. Therefore, the transformed steel cross-

sectional area, As\ becomes 
t 

= V -bs ' t s  ,  [7] 

where 

Es 
n = [8] 

Efrp 

Es is the steel substrate elastic modulus, r] is the modular ratio, bs is the steel width, and ts 

is the steel thickness. The compliance, C(a) = ulP, as a function of the crack length, can 

be written as 

C{a) = a 
Lb 

+ 
Efrp[AFRP + ̂ s) Afrp  • E frp  • [AFRP + Asj  

which indicates the compliance varies linearly with the crack length, a, i.e.; 

C - ma + n 

[9] 

[10a] 

where 

A, 
m 

and 

n = 

AFRP • Efrp • {AFPR + Ag') 

Lb 

[10b] 

[10c] 
Efrp{Afrp + As') 

Differentiating Eq.[9] with respect to a, and use of Eq.[4] yields the expression for the 

fracture toughness as 

^2 
G = — -m . 

2b 
[11] 

Kendall (1975) derived a similar expression to explain the crack propagation 

through a long symmetrical rubber lap-joint held under a constant load. The lap-joint 

strength was found to depend on the adhesive energy of the bonded surfaces measured by 
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peel tests, and on the thickness, width and elastic modulus of the rubber sheets. Kendall 

derived an expression for the load, F, required to propagate a crack through a long lap-

joint as 

where dj and d2 are the thickness of each rubber sheet, E is the rubber elastic modulus 

and R is the surface energy. After Eq.[ll] is rearranged and solved for the load, P, it 

becomes analogous to Kendall's derivation in Eq.[12]. Taljsten (1994) also derived a 

similar expression for the failure load using both linear and non-linear fracture 

mechanics. 

Test Procedures 

Two extensometers were attached to the FRP coupon during each test in order to 

measure the total displacement, u, of the bonded section, along with the elastic modulus, 

Ec. The FRP elastic modulus was determined by placing extensometer A on its unbonded 

section. Extensometer A, measured the average strain over 25.4 mm (1 inch) in order to 

calculate Ec from Hooke's law as 

where P is the load at an average strain, e, measured from extensometer A. The total 

displacement of the bonded joint was determined experimentally using extensometer B, 

which was modified for this particular test. Extensometer B was attached at one end, to 

the begirming of the bonded joint on both sides of the FRP coupon, approximately 1 mm 

above the FRP/steel interface, and at the other end to the steel substrate. This 

measurement would provide the relative displacement between the FRP and the steel, if 

indeed there were any such displacements in the steel. 

[12] 

EFRP = 
A f r P - S  

[13] 
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The cracks were visually measured on one side and marked with a pen on the 

substrate as they propagated to the end of the FRP/steel bond line. The load and 

extensometer measurements were recorded at the same time a crack propagated. In order 

to see the crack as it propagated, the specimens were carefully cleaned before the test at 

the bond line to remove any excess dirt or material, then marked with white-out liquid 

solution. Although it is obvious that microscopic examination would provide more 

accurate results in measuring the length of a crack, there is no conclusive evidence that 

the crack length measured on the edges would be uniform throughout the interface. It 

will be shown, however, that the visual inspection technique used is reasonable for 

measuring the crack length, as determined from the plots of the compliance versus total 

crack length, and energy versus total crack length. 

Test Results 

After the conclusion of a test, the crack length markings were measured using 

calipers with an accuracy of 0.001 inches and the data was analyzed using MS Excel 

software. The graphs produced consisted of the load versus displacement (Fig. 4a), the 

compliance versus total crack length (Fig. 5), and the total energy versus total crack 

length (Fig. 6). 

The load-displacement plot is typical among each of the tested specimens. The 

crack initiation load is taken at the onset of non-linearity (Fig. 4b) and the crack 

propagation load is taken as the load implementing the first visual crack. In the plot of 

the compliance versus total crack length, the points are experimentally determined from 

the displacement readings of extensometer B, the load, and the observed crack lengths. 

The compliance calibration line is calculated from Eq.[9] and shows reasonable accuracy 

in visually determining the crack lengths. The higher compliance values compared to the 

calibration line, occur from larger than normal displacement measurements caused by 

cracks developing on the edges of the FRP coupon behind extensometer B. This is also 

evident from Figure (6), which utilizes the area under the load-displacement curve in 

calculating the total energy at a recorded crack length. The slope in Figure (6) of the 
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best-fit solid line to the experimental points represents the change in potential energy 

with respect to the change in crack length. The constant slope verifies the plateau region 

of a typical 'R' curve, that is, the amount of energy change needed to propagate a new 

crack, regardless of the crack size, will remain constant within the same environment at a 

particular point in time. The dotted line represents total energy values as a function of 

total crack length, and is based on Eq.[3] as 

b 

dUp 

da 
[14] 

where dUp is the change in potential energy and G is the fracture toughness calculated 

from Eq.[l 1] with the crack propagating load. The larger measured total energy values as 

compared to the predicted values shown in Figure (6) can be explained by edge cracking 

of the FRP, creating a larger displacement reading from extensometer B, and therefore, a 

larger energy value. The other factor attributing to larger energy values may also be 

associated with crack arrest at the bond line. This characteristic can be seen in the load-

displacement curve as the final increase in load after cracks have already propagated. 

Without the occurrence of crack arrest, a smaller load would increase the compliance 

value of the last point in Figvire (5), and would provide a better fit to the calibrated solid 

line. 

The experimental value for the control sample's strain energy release rate was 288 

J/m^ for the crack propagating condition and 19 J/m^ for the crack initiation condition. 

These values are almost 50% of the strain energy release rate found in similar tests, but 

for concrete substrate specimens (Woods and Saadatmanesh 2003a). After each test, the 

FRP was evaluated visually and it was observed that failure occurred in the epoxy layer 

immediately above the bond line. 

Prior to this study, Yao and Qu (1999) used a finite element model to calculate Gc 

for polymer/aluminum interfaces after varying the polymer elastic modulus and the 

polymer coefficient of thermal expansion. To alter the coefficient of thermal expansion, 

silica powder was used as an adhesive filler. Specimens were subjected to a four-point 
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bending test and Gc corresponded to the experimentally measured critical load at which 

an initial pre-crack propagated. It was concluded that the modulus had little effect on Gc 

values. The Gc values as a function of modulus were shown to be approximately 45 J/m^. 

On the contrary, the effect of the coefficient of thermal expansion of the polymers was 

more significant. As the coefficient of thermal expansion decreased, the Gc values 

decreased. The Go values as a function of the coefficient of thermal expansion were 
9 9 

shown to be between 5 J/m and 50 J/m . It was explained that although a higher filler 

content decreases the coefficient of thermal expansion, it increases the modulus. 

Therefore, the apparent Gc values of the combined effects of both modulus change and 

coefficient of thermal expansion ranged between 20 J/m and 53 J/m . The low 

propagating values may be correlated with the effect of using a pre-crack (Brunner et al. 

2001). 

The initiation condition in this study, based on the onset of non-linearity in the 

load-displacement curve, represents the initial micro-cracking that leads up to 

delamination. Even though the experiments were conducted as static tests, the fracture 

toughness values for design should be associated with the initiation condition because the 

design criteria will provide fracture toughness values before cracks can propagate due to 

creep and fatigue conditions. The fracture toughness value associated with the initiation 

condition can also be considered a material property. This was verified fi-om previous 

research on double cantilever beam specimens, composed of only a carbon composite of 

varying thickness for mode I delamination testing (Brunner et al. 2001). The test results 

concluded that although there was a strong effect on the propagation values due to the 

varied specimen thickness, there was no effect on the initiation values. Similar results 

were verified by research on aluminum alloy for Gic values to distinguish the pattern of 

fracture behavior between crack initiation and crack propagation (Lake 1976). It was 

determined that crack initiation is independent of thickness where as crack propagation is 

strongly dependent on it. 

The remaining tests for each environment were conducted at various exposure 

times and analyzed as explained above with similar results. Eq.[ll] was used to 
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determine the fracture toughness at crack initiation and crack propagation loads, which 

were read from each load-displacement curve. The fracture toughness for each 

environment was normalized to the control fracture toughness associated with the crack 

initiation and the crack propagation loads. Figures (7a through 7i) show a large decrease 

in Gc at the crack initiation load, with respect to the control specimen, in different 

environments as a function of exposure time. Figures (8a through 8i) show a more 

gradual decrease in Gc at the crack propagation load, with respect to the control 

specimen, in different envirormients as a function of exposure time. The lower and 

immediate decrease in Gc at the initiation load (Fig. 7a through 7i) shows the effect 

moisture and temperature have on initiating a crack as a function of exposure time. The 

higher fracture toughness values associated with the propagating condition (Fig. 8a 

through 8i) are attributed to the affect moisture concentration plays in the chemical 

reaction rate and the deterioration at the FRP/concrete interface. 

When comparing the initiation Gc values in the three chemical environments, 

pH=3, pH=8.5, and pH=12, at first glance, it seems they show a similar decreasing trend. 

However, after a reliability analysis is performed, the differences become quite apparent 

(Woods and Saadatmanesh 2003b). First, it must be understood that because we are 

dealing with not only two different materials, but a bonded interface as well, there exists 

more than one possible material or layer that can deteriorate and cause imminent failure. 

After a reliability analysis was performed, it was concluded that there existed two failures 

modes, where the first mode of failure was related to the FRP, and the second mode of 

failure was related to the concrete substrate or the bonds of a weak boundary layer. As 

verified from Figure (9a through 9g), the change in failure mode was observed after 

testing the specimens to failure. This conclusion is based on the increase in deterioration 

at the bond from zero exposure time to an exposure time when the deterioration suddenly 

disappeared. 

Based on the reliability analysis for the steel substrate specimens, the most severe 

chemical environment was surprisingly the calcium hydroxide environment (pH =12) 

(Woods and Saadatmanesh 2003b). Although it is evident from the experiments that steel 
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does not corrode in calcium hydroxide, it is a weak boundary layer that exists between 

the FRP and steel that is attacked to enhance the loss in bond strength. 

The seawater environment had the next most severe effect on the FRP bonds, and 

the HCl solution had the least effect out of the three chemical envirormients. This trend 

between the HCl and seawater can be understood knowing that the concentration of 

chloride ions has a detrimental effect on the steel, the link with the FRP bonds. 

The effect the water environment (pH = 7) has on the initiation Gc values is less 

severe than the chemical environments. However, the environment with humidity < 

100% at 100°F shows the corrosion effect oxygen has on the deterioration of the 

substrates, especially steel. After 10,000 exposure hours, some of the coupons simply 

fell off with a thin layer of steel remaining attached. This presents the appropriateness of 

testing in a deaerated or submerged system when studying the bond characteristics. If the 

subtrate fails other than at the bonded interface due to the corrosion that occurs, one is 

not studying the degradation of the bond where there is limited oxygen, but the 

deterioration of the materials themselves. This also reinforces the importance of 

completely protecting any exposed steel in the actual environments where oxygen and 

moisture are prevalent. 

The concrete substrate specimens provided similar results to the steel substrate 

specimens, but also introduced some different conclusions (Woods and Saadatmanesh 

2003a). The affect HCl and seawater had on the initial life of the concrete substrate 

specimens showed similar results to the steel substrate specimens, while the Ca(0H)2 

solution had less of an initial affect on the epoxy bonded joint. The HCl solution does 

not affect the concrete as severely as it does the steel, but the seawater solution affects the 

concrete slightly more than the steel. Also, the oven environments showed a decreasing 

affect on the propagation values for the concrete specimens, whereas no affect was 

observed with the steel substrate specimens. 

Overall, it seems moisture has a stronger affect on decreasing fracture toughness 

values compared to temperature or the oven environments of the steel substrate 
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specimens. This conclusion was based on the increase of the propagation fracture 

toughness over a period of time in the 140°F and 160°F ovens when no moisture was 

present. It is, however, the temperature variation that changes the rate moisture 

penetrates and diffuses into the FRP, which enhances the relative amount of deterioration 

at the interface of the FRP/steel substrate. 

Diffusion 

In the submerged environments, it is shown that moisture penetrating into the FRP 

and substrate affects the fracture toughness values at any time. Fick's Law of Diffusion 

is used in relating the moisture effects on the life distribution of bonded samples. Fick's 

first law explains the net flux of atoms by 

J = -D , [15] 
A X 

where J is the flux (atoms/mm^-s), D (mm^/s) is the diffusivity or the diffusion 

coefficient, and AClAx (atoms/mm -mm) is the concentration gradient. There are several 

factors that affect the flux of atoms during diffusion. Among these factors are the 

temperature, activation energy, time, and materials. Diffusion is related to the 

temperature by the Arrhenius equation 

R-T [16] 
D = Do • e 

where Q (cal/mol) is the activation energy, R (1.987 cal/mol K) is the gas constant, T (K) 
'Y 

is the absolute temperature, and Do (mm /s) is a constant for a given diffusion system. 

In order to determine the diffusivity, Fick's second law provides the differential 

equation of the dynamic or non-steady state diffusion of atoms as 

fc = . [H, 
9t 0x 

The diffusion parameter, D, must be determined experimentally from gravimetric 

analysis by weighing the specimens regularly to measure the moisture content. The 
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diffusion in the penetrating surface of the submerged specimens, Dx, can then be 

determined as 

where M, M„, h, I and t are respectively, the moisture content, the maximum moisture 

content, the thickness of the FRP coupon, the width of the FRP coupon, and the time 

associated with M (Springer 1981). Eq.[18] takes into account the effects of moisture 

penetrating through the sides of the coupon other than in the x-direction. 

In order to obtain the variables within Eq.[18], small diffusion specimens were 

created to represent the large test specimens by taking a thin cross-section of the actual 

specimen and slicing it into four triangular pieces. This was necessary to obtain 

reasonable weight measurement accuracy, since the change in moisture content over time 

was so small compared to the weight of the large test specimen. A diffusion sample is 

shown in Figure (10) along with the direction coordinates. The samples were sealed 

using a heavy duty, waterproof epoxy paste on the top, bottom and back faces to ensure 

moisture penetrated through the front face only of the y-z plane, identical to the actual 

large specimens. At various times, the diffusion specimens weights were recorded using 

an analytical balance accurate to the nearest ± 0.001 gram. Table 2 shows Dx and Mm of 

samples from the each of the simulated environments. 

After the diffusivity is determined from experimental evaluation, a plot can be 

created of the normalized moisture content, M„, versus a dimensionless time constant, t* 

(Fig. 11). is calculated experimentally as the moisture content divided by the 

maximum moisture content and can be approximated analytically as (Shen and Springer 

1976) 

Dx [18] 
h\ 

1  +  2 - -
I 

[19 ]  
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where 

* 
' = — • [20] 

In Eq.[19] and [20], the parameter t represents time (hours) and the parameter s is equal 

to twice the thickness of the FRP coupon, since it has only one face in the diffusing x-

direction subjected to the environment. According to Eq.[19], the value of M„, as a 

function of t, remams constant for any material in any environment, provided that 

diffusivity, time, and material thickness are known. 

After weighing the triangular diffiision samples immersed in different 

environments. Figure (11) shows the moisture content results with respect to their 

normalized moisture content, and the dimensionless time constant, t*. In each 

environment, when M„ reaches 1.000 or 100% saturation, the corresponding t* value 

equals 1.06, given an average FRP thickness of 3.264 mm. Comparing Figxire (10a 

through lOf) shows that the dimensionless time, t*, required to reach the maximum 

moisture content is insensitive to the humidity and percent moisture content of the 

environment, but only dependent on the temperature through Dx. The normalized 

moistiu-e content, M„, and the normalized fracture toughness values can be plotted against 

the dimensionless time constant, t*. When the normalized fracture toughness is plotted 

versus t*, the t* value can be used to predict at any other temperature of the same 

environment the actual time, t, to reach the same normalized fracture toughness value. 

The relationship between the diffusivity, maximum moisture content and decrease in the 

fracture toughness of the FRP/concrete substrate, will provide the data necessary for a life 

prediction of the fracture toughness for any humidity and temperature value (Woods and 

Saadatmanesh 2003b). 

In regards to corrosion due to moisture penetration, the immediate drop in the 

fracture toughness around 10,000 hours for the specimens in the humidity < 100% 

environment at 100°F resulted from corrosion within the steel and not at the bonded 

interface. This process is attributed to the pitting and crevice corrosion due to the 

difference in oxygen concentration on the metal surface. In fact, hot humid conditions 
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will typically have a greater effect on corrosion of metals compared to metals in a 

completely submerged water environment. The primary reason is because the corrosion 

rate in a submerged environment, compared to the aerated system, is inhibited from the 

deaerated cathodic reaction with fewer electrons required from the anode, and is reduced 

by a varying oxygen concentration along the surfaces. This observation shows the 

significance in protecting the steel with an epoxy layer in order to decrease the rate of 

corrosion of the steel. This observation also shows that submerging the specimens will 

provide a more realistic assessment on the deterioration of the FRP/steel interface, rather 

than the deterioration of the steel itself. 

Conclusions 

Tests were conducted to study the durability of FRP bonded to steel after 

subjected to severe environments over time. Specimens were placed in six different 

environments that resembled various conditions in the field, however, the simulated 

environments were considered accelerated to conditions typically encountered, in order to 

enhance the deterioration and failure processes. 

The tests performed measured the mode II fracture toughness of 364 FRP coupons 

bonded to steel after subjected to one of the six environments for a length of time. The 

tests were considered single lap-joint tests and there are no standards for determining the 

fracture toughness of such geometry. Numerous test methods are useful and are usually 

based on engineering experience (Bai and Chun 1991, Moore et al. 2001, Nelson 1990). 

On the contrary, many products do not have a standard testing technique and it is the 

responsibility of the engineer to determine a suitable agenda. 

The tests on the control samples provided reasonable agreement between theory 

and experiment. The strain energy release rate was 288 J/m^ for crack propagating 

conditions and 19 J/m^ for crack initiation conditions. Identical tests were conducted 

after the specimens were subjected to each environment for a length of time. The test 

results showed an overall decreasing trend in the fracture toughness values over time as a 

function of the moisture content and chemical solution. Out of the three chemical 
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solutions, pH = 12 had the greatest affect in decreasing the initial fracture toughness at 

the FRP/steel interface. The pH = 3 solution had the least affect on the FRP/steel 

substrate bond. The test results showed an increase in the propagating fracture toughness 

values over time from the specimens placed in the 140°F and 160°F ovens. 

Fick's law was used to predict the diffusion of the moisture penetrating into the 

FRP bonded to the steel substrate, such that the diffusivity and moisture content of the 

FRP at saturation could be determined. These results can be used to develop a 

relationship between the fracture toughness and moisture content for predicting the 

design life of FRP bonded to steel in different environments (Woods and Saadatmanesh 

2003b). 
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Figure 1: Test Schematic 

Figure 2: (a) Side and (b) front of testing apparatus, (c) Extensometers used. 
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Figure 3: Typical resistance or 'R' curve of fracture toughness, Gc 
versus crack growth. 
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Figure 4: (a) Typical load-displacement curve in steel control specimen and (b) re-
scaled load-displacement curve to determine onset of non-linearity for crack initiation 
load. 
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Figure 5: Measured and predicted (Eq.[9]) compliance versus crack length. 
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Figure 6: Measured and predicted (Eq.[14]) total energy versus total crack length. 
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Figure 7; Normalized initiation fracture toughness versus dimensionless 
time for the specimens in the environments (a) pH 3, HCl, (b) pH 8.5, 
seawater, (c) pH 12, Ca(0H)2, (d) humid, 100°F, (e) water, 124°F, (f) 
water, 160°F, (g) 140°F oven, and (h)160°F oven. Fracture toughness 
values at time zero are 19 J/m^. 
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Figure 8: Normalized propagation fracture toughness versus 
dimensionless time for the specimens in the environments (a) pH 3, HCl, 
(b) pH 8.5, seawater, (c) pH 12, Ca(0H)2, (d) humid, 100°F, (e) water, 
124°F, (f) water, 160°F, (g) 140°F oven, and (h)160°F oven. Fracture 
toughness values at time zero are 288 J/m^. 



(C) 



120 



(g) 

Figure 9a-g: Steel substrate specimens submerged in HCl, pH 3. 



Table 1: Composite coupon static tensile test values: Fiber volume 122 
content, Vf, Modulus, E, and tensile strength, a. 

Loading Rate = 0.001 in/s Loading Rate = 0.1 in/s 

Vf E <7 Vf E a 

(%) (psi) (psi) (%) (psi) (psi) 

5 1,711,914 17,113 5 2,343,639 17,083 

23 5,978,880 71,819 23 14,688,158 179,274 

28 6,789,927 86,540 28 14,484,746 178,774 

52 13,413,896 424,884 52 38,809,567 

Table 2: Diffusivity, Dx, maximum moisture content. Mm, time to reach maximum moisture 
content, t^, and time to reach 90% maximum moisture content, tgo% of the small diffusion 
samples in Figure (9) representing the large scale test specimens. 

Environment Temperature Dx X 10 ' M™ tm t90% 

"C mm^/s % hours hours 

HCl, pH 3 22 17.362 1.933 7264 1464 

Seawater, pH 8.5 22 13.821 1.189 9110 1839 

Ca(0H)2, pH 12 22 16.168 0.734 7750 1572 

Water, Humidity<100% 37.8 27.876 0.780 4486 912 

Water, Immerged 51.1 29.105 0.662 4303 873 

Water, Immerged 71.1 39.093 0.556 3215 650 

Substrate 

z 

M 

y 

Coupon with Fiber 
Orientation in z-direction X 

Figure 10: Small diffusion sample to represent large test specimens. 
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Figure 11: Normalized moisture content, M„, versus dimensionless time constant, t*, for the 
specimens in the environments (a) pH 3, HCl, (b) pH 8.5, Seawater, (c) pH 12, Ca(0H)2, (d) 
Humid, 100°F, (e) Water, 124°F, and (f) Water, 160°F. The solid line is from Eq.[19] and 
Eq.[20], and the points are from experimental data weight measurements. 
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Appendix D 

Accelerated Testing for Evaluating the Reliability of FRP Bonded to Concrete 
Under Severe Environments 
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Accelerated Testing for Evaluating the Reliability of FRP Bonded to Concrete 
Under Severe Environments 

by Jon Woods' and Hamid Saadatmanesh^ 

Abstract 
The study presented here focuses on accelerated degradation testing techniques, and 
discusses the lifetime prediction on the bond of carbon fiber-reinforced-polymer 
(FRP) to concrete. This paper is one part of a large accelerated testing program on 
the bond reliability of FRP to concrete after being placed in simulated severe 
environments. The environments simulate aggressive field conditions and consist of 
exposure to extreme temperatures greater than 12(fF, chemicals with pH=3, pH=12, 
and pH=8.3 for seawater, and hot, high humidity environments. The experiments 
consist of testing a total of 364 unidirectional carbon FRP coupons attached to 
concrete blocks. The lap shear tests evaluate the bond fracture toughness as related 
to different exposure times. Fick's law of diffusion is used to model the moisture 
penetrating through the FRP and into the bonded joint A reliability analysis is 
developed to predict the fracture toughness at any relative humidity and temperature, 
based on the 100% relative humidity conditions at ambient temperature. The model 
compares well with data developed by other researchers. The results in this study 
generally show an excellent durability for the FRP bonded to concrete, even in the 
most severe environments. 

Keywords: accelerated testing, lifetime prediction, severe environments, fiber-
reinforced-polymer, diffusion, concrete. 
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Introduction 

One of the most important factors in the mind of any structural engineer when 

selecting a material is its reliability and long-term performance. With the ever 

increasing acceptance of epoxy bonded fiber-reinforced-polymer (FRP) materials for 

retrofitting of concrete structures, it is important to have some measure of confidence 

in the long-term performance of the bond strength of the FRP to the substrate; the 

most essential element in this strengthening technique. 

The expected life of typical construction materials, as well as the structural 

epoxy used in this type of retrofitting, are so long that life testing at design conditions 

is economically and time-wise impractical. Accelerated testing provides an effective 

tool to enhance failure and degradation mechanisms and the ability to arrive at the 

same conclusions as if tested under normal design conditions. Some common 

degradation mechanisms used in accelerated tests include fatigue, creep, cracking, 

wear, corrosion or oxidation, and weathering. Accelerated tests can be divided in 

two categories: product life, or some other measure of performance such as strength 

over time. The types of tests may use accelerated variables such as high usage rate, 

overstress, censoring, and degradation. 

One of the simplest ways to accelerate life in a product is to test it faster with a 

high usage rate. However, careful consideration must be made toward maintaining 

identical failure modes as found in normal conditions. Overstress testing is the most 

common form of accelerated testing by running a product at higher than normal levels 

of stress or reaction rate. This provides a shorter product life and the ability to 

degrade the product performance faster. Censoring tests provides pertinent 

information needed in the lower or the upper tail of the life distribution. Lower tail 

censoring is advantageous for higher reliability products because it shortens the test 

time by terminating the test before all specimens have failed. Degradation accelerated 

tests use over-stressed testing methods. They are beneficial because failure can be 

predicted before any specimen fails. 

In practice, the researcher or designer must decide how to accelerate a test. 

Numerous standard test methods are available that are useful and usually based on 

engineering experience. On the contrary, many products do not have a standard 



127 

testing technique and it is the responsibility of the engineer to determine a suitable 

agenda. 

In this study, accelerated degradation testing is conducted due to the advantages 

it provides. Degradation testing makes it possible to use degradation models and data 

to make inferences and predictions about a failure-time distribution, because it 

provides a relationship between specimen failure. Frequently, few or no failures 

occur, even when a test is accelerated, so degradation testing allows specimens to be 

tested with severe time constraints compared to other tradition tests which record only 

times to failure. Overall, there is better opportunity to assess the adequacy of the 

modeled assumptions and to combine the important physical understanding of the 

failure process with limited, expensive data. 

Degradation Testing 

How to assess the product reliability within a reasonable life-testing time is 

important to engineers. Degradation is an aging process that can be accelerated. The 

acceleration can be modeled that describes the effect an accelerating variable has on 

the rate of a failure-causing chemical reaction. Nevertheless, how to effectively use 

the data for reliability assessment constitutes the problem of degradation analysis. 

There are three approaches to modeling degradation: the analytic approach, the 

growth curve approach, and the probabilistic approach. In the analytic approach, the 

degradation is modeled from each unit individually from a given parametric class of 

functions. Typically, an aging law of the degradation data describes the model as a 

first order differential equation with respect to time. In the growth curve approach, 

degradation measurements have been recorded at a common time for all the 

specimens and a simple function of the sample mean is fit through some form of least 

squares. The emphasis in the growth curve approach is on modeling from the data the 

average value of the degradation. In the probabilistic approach, the degradation is 

modeled on how the process is generated at the physical level and attempts to explain 

the randomness in the individual behavior of the specimens. The emphasis in the 

probabilistic approach is similar to the growth curve approach, but focuses on the 

stochastic process itself and not only on the mean of the function. 
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Once the degradation phenomenon is characterized, it needs to be associated 

and related to some failure mechanism. Failure in degradation testing does not mean 

that the specimen tested ceases to be operational. It might simply imply that failure 

occurs when a fixed known level of degradation is reached. Failure might also be 

considered conditional, that is, given the degradation of one specimen at time, t, and 

that the specimen has not yet failed, the probability of the specimen failing in the next 

time interval is modeled as a function of t and as a function of the degradation at t. 

The study presented focuses on accelerated degradation testing techniques and 

will revolve around the fracture mechanics of crack initiation and crack propagation. 

This type of research is formulated around tests conducted over the past 14 years 

involving the European Structural Integrity Society, ESIS, with some recent methods 

in determining the fracture toughness of polymers, composite materials, and plastics.' 

The tests of this research also revolve around a number of parts from ASTM 

standards, including but not limited to, ASTM D6068-96, ASTM-El 820-99, ASTM 

D638-98, El 11-97, D5573-94, D4501-95, D883-98, D3039 / D3039M-95a, E132-97, 

and D5229/ D5229M-92. 

Background 

Research in the last decade has provided valuable information that proves FRP 

materials are more efficient and advantageous in retrofitting techniques than 

conventional materials. Researchers have observed that replacing conventional 

materials with FRP have reduced many problems associated with the durability and 

strengthening of concrete structures. Unfortunately, there are also concerns of factors 

that affect the material properties of the FRP. The primary problem is associated with 

the influence the environment has on the lifetime and mechanical properties of the 

FRP, along with the FRP/substrate bond strength. 

It has been shown that carbon FRP laminates, sheets, and plates are 

advantageous in the repair and rehabilitation of flexural concrete elements in 

buildings and bridges.^ The simplicity of the application in bonding the carbon FRP 

to the concrete surface using an epoxy adhesive provides not only an innovative 

solution, but a new safety issue as well. The primary requirement for successful 
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performance of an FRP strengthened structure hes within the physical and chemical 

compatibility between the concrete and the epoxy used for bonding. 

Various mechanical tests involving fracture mechanics have been performed to 

analyze the performance of bonded materials by measuring the energy required for 

fracture or delamination failure.^ Not only is it important to arrive at a critical failure 

value, but it is just as imperative to determine where, why and how the failure 

transpires. In a two component system that comprises of a bonded interface between 

each material, failure may take place in five different regions, as opposed to a 

homogenous material tested alone where there would be only one region. These five 

different failure regions consist of the bulk phases of each adherend, the interface 

between the two materials, and the regions, referred to as the weak boundary layers, 

directly on either side and very near the interface. It is not a simple task using visual 

or even microscopic examination techniques for determining the locus of failure, that 

is, whether an apparent adhesive failure occurred at the interface, at some new 

interface, or a combination of both. 

It will be shown that the reliability of bonded materials can be represented by 

multiple failure modes as an alternative to the more complex physics-of-failure 

analysis. The durability test results performed on the bond of FRP to concrete is 

presented and shows mixed population failure modes and their dependence on the 

materials, the interactions of the materials, and the chemical reactions that occur 

within the various environments. 

Simulated Environments 

The environments used in this study are considered accelerated, that is, they 

enhance failure and degradation mechanisms while arriving at the same conclusions 

as if tested under normal design conditions. The six environments simulated in this 

research are as follows: 

1.) pH = 8.5 (Seawater) 

The seawater environment will simulate the deterioration of conventional construction 

materials along coastal regions. Seawater will be prepared by dissolving only the 
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primary constituents, NaCl (24.53 g/L), MgCl2 (5.20 g/L), Na2S04 (4.09 g/L), and 

CaCla (1.16 g/L) in water according to ASTM1141-90. 

2.) pH = 3 

The acid solution will represent the corrosive environment found in wastewater 

treatment facilities, sewer pipes, chemical plants, and acid rain infiltration. Natural 

acidic waters below pH = 4 can also occur in marsh water where an insoluble coating 

of calcium humate forms in the present of humic acid.^ The acidic solution is 

prepared by dissolving concentrated HCl (Hydrochloric) in water until the pH level is 

reached and maintained within a pH resolution of ± 0.1. 

3.)pH = 7 (Freshwater) 

The neutral pH solution of fresh water will simulate conditions where moisture is 

prevalent in the form of fog and rain. To show the use of acceleration techniques with 

temperature, two water environments will be used at higher temperatures of 124°F 

and 160°F. 

4.) pH = 12 

The alkaline solution is used to produce the simulation of older, cured concrete, and to 

simulate a highly concentrated alkaline environment. Ca(0H)2 (calcium hydroxide) is 

important in autogenous healing of cracks and porosity in and its formation at 

interfaces affects the concrete strength concrete."^ The alkaline solution will be 

prepared by dissolving Ca(0H)2 in water. 

5.) Oven temperature of 140°F and 160°F 

Three ovens at 140°F, 160°F will simulate extreme temperatures experienced by 

structures exposed to heat during their lifetime. The increase in change in the 

temperatures will be used to determine any change in the characteristics of the 

material properties of the FRP and its bond to its respective substrates. 

6.) Oven temperature of 100°F with Humidity < 100% 
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This environment simulates a hot, humid environment at 100°F found in tropical 

regions. This environment will show how heat and water affects the properties of the 

FRP and the bond to its respective substrates. 

Specimen Properties 

The experiments consist of a total of 364 unidirectional carbon FRP coupons 

attached to concrete blocks after exposed for an amount of time in their respective 

simulated environments. There are a total of 91 concrete blocks as the carbon FRP 

coupons have been attached to all four sides of the block to minimize the number of 

concrete blocks. The concrete was fabricated for a 20.7 MPa (3000 psi) normal 

density concrete mix with a maximum aggregate size of 9.5 mm (0.375 inch) and 

poured into wood forms to create a substrate of dimensions 76 x 76 x 305 mm (3 x 3 x 

12 inch). The mean concrete compressive strength from a standard cylinder test was 

23.2 MPa (3300 psi) with a standard deviation of 2.79 MPa (405 psi), and the mean 

tensile strength from a standard three-point flexural test was 5.6 MPa (812 psi) with a 

standard deviation of 0.32 MPa (46 psi). The Young's Modulus of the concrete, 

calculated using the average concrete compressive strength, was found to be 22.8 GPa 

(3300 ksi). 

The carbon FRP coupons were fabricated and prepared using a thermosetting 

structural adhesive and a unidirectional manufactured polyacrylonitrile carbon fiber 

sheet. One carbon coupon of dimension 3 x 33 x 381 mm (0.125 x 1.3 x 15 inch) 

was applied to the each surface of the concrete block with a 152 mm (6 inch) bond 

length. The adhesive is a structural epoxy composed of mixing a 2:1 ratio of resin to 

hardener. The resin is a Bisphenol A by-product with 20% proprietary ingredients 

and the hardener is composed of an aliphatic polyamine curing agent 

Tetraethlenepentamine (TEPA), among other proprietary ingredients. From static 

tensile tests performed (ASTM D638-98) on the bulk epoxy adhesive, the mean 

tensile strength, the mean Young's Modulus, and the mean Poisson's ratio were found 

to be 29.4 MPa (4264 psi) with a standard deviation of 1.69 MPa (245 psi), 2.9 GPa 

(421000 psi) with a standard deviation of 0.19 GPa (27,500 psi), and 0.438 with a 

standard deviation of 0.026, respectively. Static tensile tests performed on the carbon 

coupons with various fiber volume contents determined the mean Young's Modulus 
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and the mean strength as functions of the fiber volume content and tensile loading 

rate. (See Table 1.) 

Surface Preparation 

Proper surface preparation is a necessity before applying the FRP to the 

concrete. This includes, but is not limited to, removing dirt, oil and paint by 

sandblasting or grinding. After the concrete blocks were sandblasted, they were air-

blasted clean before bonding the FRP coupons. Also, the comers on one end of each 

block were rounded off and the coupon was attached in the center of the block to 

reduce the chance of a three-dimensional mode of failure at the loaded end.^ 

Test Apparatus 

The test setup is shown schematically in Figure (1) and pictures of the testing 

apparatus are shown in Figure (2). The test setup consists of creating a 381 mm (15 

inch) long carbon coupon with a 152 mm (6 inch) bond length on each side of the 

concrete substrate. One coupon is tested at a time. The test apparatus, made from T-

6061 aluminum, is similar to one developed by Bizindavyi and Neale^, however, 

modifications have been made to accommodate different testing parameters and 

dimensions. The test apparatus is placed in an MTS Series 311 Load Frame and held 

fixed in the upper grip. The concrete block is placed on the bearing plate of the test 

apparatus with the free, unbonded end of the FRP facing down. The FRP is gripped 

by specially made extensional plates that have been heat treated for durability and 

strength, as well as, surface treated for good gripping action. The extensional plates 

are hand-tightened and held by the lower grips of the MTS system while the FRP is 

slowly sheared off. The specimen is supported in such a way that there is no rotation. 

Special precautions are taken to ensure the specimens are properly aligned in the 

fixture. 

Test Method 

Due to the large number of test specimens, the application of strain gauges was 

not practical in analyzing the shear stress distribution along the bonded joint and the 

tensile properties of the FRP coupon. A deformation controlled (1 mm/min) testing 
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method was implemented that utilized the theory of fracture mechanics in determining 

the mode II fracture toughness at the bond line of the concrete and FRP coupon. 

Fracture toughness is defined as the amount of energy release, G, available to 

drive the crack growth and overcome the fracture resistance, Gc. The energy release 

rate, G, can be written as 

G = —, [1] 
dA 

where dU is the energy change and dA is the area increase. At fracture, G equals Gc 

and Eq.[l] can be rewritten as 

dU 

b • da 

where da is the change in crack length for a uniform bonded width b. 

The fracture toughness is typically plotted as a function of the total crack 

length growth, Aa, up to complete delamination of the FRP fi-om the concrete 

substrate. This graph is termed the resistance or "R" curve as shown in Figure (3). 

The fracture toughness in an "R" curve has two critical values, initiation and plateau. 

The Gc initiation values are usually the lowest and therefore judged as the most 

critical value. The initiation values are determined experimentally through either 

visual inspection, or more indirect methods of utilizing the load-displacement graph in 

order to observe the onset of non-linearity or using a 5% reduction in the slope of the 

compliance. In these experiments, the onset of non-linearity was selected as the 
'J 

criteria for the crack initiation condition, Gc-

The Gc plateau values are found using a compliance calibration technique 

along with the observed crack lengths. The compliance is defined as the inverse of 

the stiffness in the load-displacement curve and is measured as a function of the crack 

length. In order to develop an expression with the compliance, G may be defined for 

any loading system as 

^ dU^xt dUg dU]^ dU(^ 

b • da b • da b • da b - da 
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where Uext is the external work, Us is the strain energy, Uk is the kinetic energy, and 

Ud is the dissipated energy. The last two terms in Eq.[3] can be set equal to zero 

because the tests are conducted at a low displacement rate {Uk= 0) and the energy 

dissipated is assumed to be local to the crack tip {Ud = 0). Deriving an expression for 

Uext and Us yields the fracture toughness as a function of the load, P, FRP coupon 

width, b, and change in compliance, dC, versus the change in crack length, da, as 

G  =  — — .  m  
2b da 

The tests for each environment were conducted at various exposure times and 

analyzed to determine the fracture toughness of the bond at the crack initiation and 

crack propagation loads, which were read from each load-displacement curve. The 

fracture toughness for each environment was normalized to the control fracture 

toughness associated with the crack initiation and the crack propagation loads. Details 

on the experiment will not be discussed here but can be found elsewhere.^ 

Diffusion 

In the submerged environments, it is shown that moisture penetrating into the 

FRP and substrate affects the fracture toughness values at any time. Pick's law of 

diffusion is used in relating the moisture effects on the life distribution of bonded 

samples. Pick's first law explains the net flux of atoms by 

J  =  - D ~ ,  [5] 
A X 

where J is the flux (atoms/mm -s), D (mm /s) is the diffusivity or the diffusion 

coefficient, and AClAx (atoms/mm -mm) is the concentration gradient. There are 

several factors that affect the flux of atoms during diffusion. Among these factors are 

the temperature, activation energy, time, and materials. Diffusion is related to the 

temperature by the Arrhenius equation 

£) = £), 
' 0 - '  

[6] 
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where Q (cal/mol) is the activation energy, R (1.987 cal/mol K) is the gas constant, T 

(K) is the absolute temperature, and Do (mm^/s) is a constant for a given diffusion 

system. 

In order to determine the diffusivity, Pick's second law provides the 

differential equation of the dynamic or non-steady state diffusion of atoms as^ 

The diffiision parameter, D, (diffusivity) must be determined experimentally^ from 

gravimetric analysis by weighing the specimens regularly to measure the moisture 

content. The diffusion in the penetrating surface of the submerged specimens, Dx, can 

then be determined as 

where M, Mm, h, I and t are respectively, the moisture content, the maximum moisture 

content, the thickness of the FRP coupon, the width of the FRP coupon, and the time 

associated with Eq.[8] takes into account the effects of moisture penetrating 

through the sides of the coupon other than in the x-direction. Table 1 lists the 

parameters and diffusion coefficient for Eq.[8] for all simulated environments with 

moisture. 

After the diffusivity, D, is determined from experimental evaluation, a plot can 

be created of the normalized moisture content, Mn, versus a dimensionless time 

constant, t* (Fig.4). is calculated experimentally as the moisture content divided 
* « • * 8 by the maximum moisture content and can be approximated analytically as 

[8] 

Mn = 

-7.3-

[9] 

where 
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5 

In Eq.[9] and [10], the parameter t represents time (hours) and the parameter s is equal 

to twice the thickness of the FRP coupon, since it has only one face in the diffusing x-

direction subjected to the environment. According to Eq.[9], the value of M„, as a 

function of t*, remains constant for any material in any envirormient provided that 

diffusivity (Dx), time (f), and material thickness (s) are known. 

Figure (4) shows the moisture content results of the FRP bonded to concrete 

submerged in the pH = 3, HCl envirormient with respect to their normalized moisture 

content, M„, and the dimensionless time constant, t*. Regardless of the materials, 

when M„ reaches 1.0 or 100% saturation, the corresponding t* value equals 1.06, 

given an average FRP thickness of 3.264 mm. Also, the dimensionless time, t*, 

required to reach the maximum moisture content is insensitive to the humidity and 

moisture content of the environment, but only dependent on the temperature through 

Dx. The normalized moisture content, M„, and the normalized fracture toughness 

values can be plotted against the dimensionless time constant, t*. When the 

normalized fracture toughness is plotted versus t*, the t* value can be used to predict 

at any other temperature of the same environment the actual time, t, to reach the same 

normalized fracture toughness value. It will be shown that the relationship between 

the diffusivity, maximum moisture content and decrease in the fracture toughness of 

the FRP bonded to concrete, will provide the data necessary for a life prediction of the 

bond using fracture toughness as an indicator for any humidity and temperature value. 

Reliability Analysis 

In order to predict the total life of the interfacial bond strength a statistical 

methodology of the failure process is necessary. The failure process can be described 

by a reliability equation that fits the S-curve, shown in Figure (5), and may take the 

form 
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where M, A'2, A'a are the subpopulations of the early failures, useful life, and wearout 

periods respectively, N = 'Nx + #2 + A^3, YuYi^Yi ^6 the location parameters of the 

three periods respectively, /71, 72, 73 are the scale parameters of the three periods 

respectively, and /3\, /h. Pi are the shape parameters of the three periods respectively, 

as obtained in Kececioglu.^ In the early failure period, fix < \, y\ < ^ and 71 

c o r r e s p o n d s  t o  t h e  t i m e  d u r i n g  t h e  e a r l y  l i f e  a t  a  r e l i a b i l i t y  o f  3 6 . 7 % ,  w h e n  T  -  y \  =  r j i .  

In the useful life period, fix will equal 1.0, producing an exponential life distribution 

and a constant failure rate period, ^ 0, and 72 corresponds to the time during the 

use life at a reliability of 36.7%, when T- yi= ri2. In the wearout period, fii> \, yi> 

0, and 73 corresponds to the time during the wearout period at a reliability of 36.7%, 

when T - Yi = rjT,. 

Figure (5) shows the early failure and wearout periods after testing the bond of 

FRP to concrete submerged in calcium hydroxide, pH = 12, at room temperature. 

Figures (6 through 13) show pictures of the specimens after being tested with respect 

to the corresponding exposure time and environment. Notice in the early failure 

period there is no noticeable deterioration of the interface, suggesting the moisture 

associated with the environment destroyed the weakest links, possibly a weak 

boundary layer. After the early failure period, moisture has started corroding the 

interface and a chemical reaction is initiated. This chemical reaction eventually leads 

to the wear out period that will ultimately destroy the interfacial bond. 

The trend of the S-curve will more appropriately fit the reliability equation 

RCN ' I - i p - F I ( T ) *  ( \ - P )  F 2 ( T ) \  [12] 

where F x i T )  and FiiT) are the cumulative probability functions of the weak and 

standard subpopulations, respectively, and p is the proportion of the weak 

subpopulation. The weak subpopulation is the first group to fail and the standard 

subpopulation fails last. In the case where the trend follows a Weibull distribution, 

the equation will take the form^° 
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R { T )  =  p - l e  +  ( I  -  p )  •  _ e  ^  ^  [13] 

The graph of the data given in Figure (5) when plotted on Weibull probability plotting 

paper provides the parameters associated with the variables in Eq.[13]. Table 3 

provides the parameters for Eq.[13] for all concrete and steel specimens in the various 

simulated environments. 

In order to obtain a lifetime prediction of any material a graph can be developed 

with the lifetime versus stress level (Fig. 14), where the stress level is associated with 

thermal, hygrothermal, or non-thermal environments. At each constant stress level 

the probability density function (pdf) associated with Eq.[ll] or Eq.[13] is plotted 

versus the percent of degradation or time to failure. When at least two accelerated 

stress levels are known, the percent of degradation or time to failure prediction can be 

assessed. The accelerated stress levels used in this research, humidity and 

temperature, are functions of the lifetime prediction, L(H,T), through the Erying 

relationship 

where H and T are respectively, the accelerated stress level humidity and temperature, 

A and/is are constants, and h is associated with the activation energy of the particular 

Research conducted by Nairn and Han'^ provided valuable data from 

experiments on polyimide-matrix systems that were subjected to a series of 

hygrothermal aging tests at various temperatures and relative humidities. The tests 

concluded that from a first-order kinetics analysis, an aging master plot of any 

temperature and humidity could be constructed from a few experiments on specimens 

immersed in water, and thus, create an accelerated test method for characterizing 

hygrothermal stability. 

/ h 
— + — 

T H [14] 
L { H  J )  ̂  A - e  

stress level.'' 
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Springer' performed multiple experiments on FRP on their susceptibility to 

hostile environments. The research conducted was primarily concerned with changes 

that may occur in the properties and performance of FRP when they are exposed to 

moisture and to elevated temperature for long periods of time. 

Based on the observations and models developed by Nairn and Han'^ and 

Springer', the acceleration effects that humidity and temperature have on the life of 

the bond strength can be used to estimate a life prediction. The research of Nairn and 

Han^^ and Springer' provided conclusive evidence for the following assumptions: 

1.) The maximum moisture content varies linearly with relative humidity. 

2.) Dx does not vary with relative humidity. 

3.) Temperature has no effect on Mm-

4.) Fickian diffusion remains valid. 

5.) The life at any relative humidity can be predicted based on the immersion 

environment (100% R.H.) results and on the basis that any two samples 

subjected to the same length of exposure will have the same degradation level. 

6.) The degradation process is a first-order reaction. 

Along with the conclusive evidence stated above, systematic steps for a prediction 

method based on reliability analysis are proposed in this research. The technique 

predicts the bond life at any R.H. and temperature. The method for predicting bond 

life at any R.H. will first be shown as follows: 

1.) Normalize the immersed environment degradation values with respect to the 

initial or control samples before exposure to the environment. Create a graph of 

the percent failed, F{f), of the normalized degradation values versus time on 

Weibull probability plotting paper as shown in Figure (5). The plot will form an 

S - c u r v e  r e p r e s e n t e d  b y  E q . [ 1 3 ] ,  w h e r e  F { t )  -  1  -  R { f ) .  

2.) If the tail ends of the plot fall on a curve then a location parameter, y, will exist 

that will provide the best fit for a straight line as shown by Kececioglu®. The 

location parameter will provide the initial length of time in which no degradation 

has occurred. 

3.) The remaining variables from Eq.[13] will be determined by performing the 
1 "2 

following steps according to Jensen . The theoretical basis for this model can be 
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found in Kececioglu and Sun^''. Steps 3a-d correspond to Figure (5) and the 

parameters are listed below the plot. 

a.) Read off p  from the Weibull plot at the ordinate of F { f )  corresponding to the 

flat portion, or the smallest slope portion, on the cdf curve. 

b.) Read off rjx at the abscissa corresponding to F{f) = 0.632 p ,  and 772 

corresponding to F(t) =/? + 0.632 (1-p). The theoretical reasoning for these 

values is that during the early failure period when rji is far away from r|2, 

chance failures have not occurred, or F2(T) w 0. Therefore, F{T) wp-F\{T) and 

771 « r I F{T) = 0.632 p. During the chance failure period, the early failures 

have almost disappeared or Fi(7) « 1. Therefore, F{T) « /> + {\-p)-F2{T) and 

r]2^T\ F(T) ̂ p + 0.632 (I-;?). 

c.) Draw an asymptotic line to the Weibull curve at the earliest time to failure, t-y. 

Then, is the slope of this line. 

d.) Draw another asymptotic line to the Weibull curve at the right end of the time 

to failure, t-/. Then, jSi is the slope of this line. 

4.) Create the graphs on Weibull plotting paper of F { t )  versus C(t,Mm), and C(t,Mm) 

versus t as shown in Figures (15) and Figure (16), where 

r 

M { t  —  

[15] 

7.3-

0.75 

— 7.3-
2 

_ \ -  e  -
\ s ) 

- [16] 

and M„, M(t,Mm), My, and y are respectively, the maximum moisture content, the 

moisture content at time, t, with a particular Mm, the weight gain below which no 

degradation occurs, and the time to reach My. The parameter, y, can be calculated 

after rearranging Eq.[10] as 
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r = 
D, 

In 1-
M. 

M m J 
- 7 . 3  

1 
0.75 

[17] 

Conservatively, every specimen life in each environment was predicted with /= 0, 

otherwise, the curves in Figure (16) for each R.H. would converge to their respective 

y values as C{t,Mm) -> 0. Follow the previous steps, 3a and 3b, to determine the 

parameters 73 and 7/4 for this particular graph, where 773 and TJ4 are analogous to rji and 

t]2 , respectively, and are the values associated with C(t,Mm) for any relative humidity. 

5.) Based on the assumption that Mm varies linearly with relative humidity, determine 

a relative humidity level associated with typical conditions and the corresponding 

Mm. 

6.) Set C{tuMm) = 73 and C{t2,Mm) - 74 from step 4 and numerically solve for t\ and 

tl-

7.) Let r]\ = t\ + f and 72 - ̂2 + Y- Plot these two points on the F{t) versus t  graph in 

Figure (5) and draw a line parallel to the slopes created for and Pi. 

The final plots in Figure (17) show the different times to failure based on their 

respective deteriorated levels and R.H. levels. It is important to clarify the meaning 

of these figures, that is, F(t) equals where R(t) is the percent of the control 

initiation fracture toughness for any particular time over that at time zero. The 

initiation fractvire toughness is calculated at the microcracking initiation load from 

Eq.[4]. 

Once the degradation curve or reliability is known for a particular environment, 

the associated probability density function, pdf, can be calculated. Each pdf is 

represented by its respective R.H. and can be plotted for any time associated with a 

particular pdf value versus R.H., or as shown from Figure (14), from the characteristic 

lifetimes, 7]\ and 72, versus R.H. 

Next, the bond life at any temperature can be predicted. This prediction is 

based on the immersion environment temperature results at room temperature (23 °C) 

and the relationship of the difftision coefficient to temperature derived from the 
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Arrhenius equation in Eq.[6]. In order to obtain the relationship between the 

diffusivity and temperature, two different temperature environments are required to 

calculate the activation energyTable 4 shows the coefficients for the various 

simulated environments with respect to the Arrhenius equation. 

Using the relationship from the normalized moisture content and the constant t* 

from Eq.[9] and Eq.[10], respectively, the initiation fracture toughness at any real 

time, t, can be calculated as follows: 

1.) Determine the diffusion coefficient for at least two different temperatures of 

the same environment and obtain the relationship between diffusion and 

temperature based on the Arrhenius equation (See Table 3). 

2.) Create a graph, as in Figure (18), of the normalized initiation fracture 

toughness versus t* based on the temperature in the tested environment. 

3.) Using the t* value for any normalized strength value, determine the typical 

temperature required for the particular environment. Rearrange Eq.[10] to 

solve for the real time, t, and graph the results based on the new temperature. 

See the plots in Figure (19) for all environments. 

The usefulness of this technique allows true accelerated testing to be performed, 

however, testing under temperatures which are significantly higher than experienced 

in normal conditions may result in erroneous results. 
19 

The research of Nairn and Han provided valuable data to validate the 

reliability procedure as explained above for predicting the life at various R.H. and 
1 

temperature. Figure (20a,b) show the test results from Nairn and Han which agree 

well with the life prediction values provided from the reliability analysis within this 

study. The microcracking fracture toughness values, Gmc, at 76% and 50% R.H. in 

Figure (20a) are predicted based on the data from the 100% R.H. curve. After the Gmc 

values at the 100% R.H. level were estimated from the data provided, the only known 

parameters utilized to predict the remaining Gmc values at 76% and 50% R.H. levels 

were the reported maximum moisture contents and the time to reach 90% of the 

maximum moisture content values. The Gmc values in Figure (20b) are calculated 

based on the diffusivity at 43 °C and Eq.[9] and Eq.[10]. The diffusion coefficient 

was estimated from Eq.[9] based on the reported maximum moisture contents and the 

time to reach 90% of the maximum moisture content. 
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In addition to humidity and temperature, the final acceleration variable that 

could be used in these tests is associated with the pH value. The pH values used 

within this research may be beyond some conditions experienced in typical situations. 

A relationship should exist as the pH changes with the concentration of hydrogen ions 

and hydroxyl ions throughout the full-scaled pH range, pH 0 - pH 14.'^ Although 

multiple pH values were not used here, the application could be easily performed and 

would be very useful. 

Results 

The reliability analyses performed for each simulated environment can now be 

compared and discussed. It is important to clarify again that F(t) from the plots in 

Figure (17) is the percent reduction of the initiation fracture toughness at / = 0, where 

the initiation fracture toughness represents the microcracking that occurs at the 

bonded interface due to the onset of non-linearity in the load-displacement curve. 

When F(t) = 0, microcracks are minimal before loading, and when F(t) = 1, multiple 

microcracks are present before loading. F(t) = I does not imply that the bond has 

completely ruptured from a propagating crack because the fracture toughness values 

used for predicting the bond life are associated with the onset of non-linearity in the 

load-displacement plots of each specimen tested. 

Figure (6 though 13) show pictures taken after the specimens were tested and 

exposed to a simulated environment for a length of time. The pictures reinforce the 

fact that there is more than one mode of failure. This point is observed when the 

deterioration on the bonded side of the coupon decreases after a particular point in 

time. This mechanism is due to the change of failure mode or deterioration of another 

layer of the joint, either the substrate or a weak interfacial boundary layer, as moisture 

diffuses into the interface. 

The amount of moisture diffusing into the lap joint plays an important role in 

the deterioration rate of each failure mode. The mode change, shown from the change 

in slope of Figure (9), tends to be associated with the range represented by the time of 

90% saturation, ^90%, and the time of 100% saturation, found in Table 1 from the 

diffusion analysis. These saturation time points can also be compared to the similar 

times as shown in the pictures in Figure (5 through 13). The change in failure mode 
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can now be understood. As moisture penetrates into the joint through the FRP, the 

weakest areas or the areas initially penetrated by moisture are attacked and 

deteriorate, until finally, at 100% saturation of the joint, the substrate or weak 

interfacial boundary layer is attacked and deteriorates due to the chemical reactions 

occurring. 

After reviewing the lifetime plots of the concrete substrate specimens in 

Figure(17), it is evident when comparing the HCl and seawater solution that an 

increase in the concentration of chloride ions increases the initial deterioration rate at 

the joint. This is also shown from Table 3, where the proportion of the weak 

subpopulation, p, is lower for seawater than for HCl. Most importantly though, the 

resistance of concrete to chemical attack by seawater and acidic waters is determined 

from the permeability of the concrete. Concrete permeability has been shown to be 

reduced from the development of an almost impermeable layer of aragonite (calcium 

carbonate) forming over brucite (magensium hydroxide) in the concrete surface, due 
1^17 

to an attack from bicarbonate and magnesium ions within the concrete. ' Also, in 

marsh waters, where humic acid is present, a protective and insoluble calcium humate 
-5 

layer on the concrete surface can form , reducing the rate of corrosion. 

The Ca(0H)2 solution has less of an initial deterioration effect, compared to the 

HCl and seawater solutions, because the diffusion of calcium hydroxide through the 

epoxy to the joint interface keeps leaching of the calcium hydroxide at the surface 

layers to a minimum. It has been reviewed that bond strength within concrete is 

maintained from the multiple layers of calcium hydroxide that form at the aggregate 

and reinforcement faces. The concrete substrate specimens submerged in water at 

160° are not shown because the final slope of the lifetime curve is not complete. 

When the lifetime characteristics are developed for each of these simulated 

environments, the Eyring equation, Eq.[14], can be used to predict the lifetime at any 

relative humidity or temperature. Table 5 provides the parameters for the Erying 

equation. It is known that the constant, h, represents the activation energy for 

humidity. Similarily, the temperature constant, f, is also an activation energy after it 

is multiplied by the gas constant, R. This is shown when comparing the similarities 

between the temperature constant, f, in Table 5, to the slope values, Q/R, in Table 4, 

for the diffiision equation from the Ahhrenius relationship. Deiasi and Russell'^ 
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reported an activation energy of 15.6 kcal/mole for the aqueous degradation of 

polyimide coupons. Nairn and Han'^ reported an apparent activation energy of 6.7 

kcal/mol for the initiation of water-induced microcracks. 

The constants, A, f, and fi in Table 5 for the Eyring equation were calculated 

based on the characteristics times, rjj and ri2, of the reliability equation, Eq.[13], as 

shown in Table 3. The characteristics times represent the time when the degradation 

value is 36.78% of the control initiation fracture toughness at time equal to zero or the 

time when F(t) = 63.21%. However, if the critical degradation value is above or 

below F(t) = 63.21%, it would either be too conservative or very dangerous. In fact, 

the Eyring equation can be used to determine the life time estimation at any F(t) 

value. 

Design and Life Prediction Examples 

Calculation of a design fracture toughness would provide a start for a service 

life estimation before crack initiation occurs. For the design with a simply supported 

beam and FRP attach to the tension face, Taljsten'® provided the same equation used 

in this study for calculating the bond failure load as 

P  =  b p - E - t - G f ,  [ 1 8 ]  

where b, E, and t are the width, elastic modulus and thickness of the FRP sheet, 

repsectively, and G/ is the fracture toughness of the joint. The research of Taljsten'^ 

also indicated the tensile strain in the loaded end of the FRP sheet at bond failure is 

V E - t  

Based on design loads in Eq.[18] or a design strain in Eq.[19], the design G/can be 

back-calculated. Then, for any environmental condition provided, a useful life 

estimation can be provided. 

For instance, take a design example by Saadatmanesh and Malek^'' with a 6 m 

simply supported reinforced concrete beam retrofitted with a 10mm thick x 360 mm 

wide, 37,230 MPa modulus, carbon laminate. The cross section of the concrete beam 

is 400mm x 600mm and has 6 No. 10 tension reinforcing bars and 2 No.8 compression 
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reinforcing bars. The reinforced concrete beam was originally designed for a 40 

kN/m dead load and a 75 kN/m live load, but was required to increase the live load 

capacity 60%, to a 120 kN/m live load. The analysis performed obtained a maximum 

principle stress of 2.35 MPa at the concrete surface, at the cut-off points of the carbon 

laminate, 100 mm from the supports. The strain in the concrete at the cut-off point 

can then be calculated as 94.55 microstrain, based on a 4,000 psi concrete strength. 

Utilizing Eq.[19], with Gf-A\ J/m from the control specimens of the experimental 

portion of this study^, E = 37,230 MPa, and t = 10mm, the critical strain level is 

calculated as 469.3 microstrain, which is greater than 94.55 microstrain. This 

signifies that a good bond remains between the FRP and the concrete. 

It should be pointed out that the predicted lifetime values of Gc associated with 

the various envirormients would vary for different epoxies, number of FRP layers, and 

the type of fibers used. This conclusion is based on the premise that different 

composite characteristics will change the rate in which moisture will diffuse into the 

retrofitted interface. Therefore, an even more simplistic approach for predicting the 

life of bond strength has been shown from previous research with the dependence of 

joint strength on moisture content. 
^ 1 99 

Brewis et al. ' experimented with a variety of adhesively bonded aluminum 

alloy lap joints and determined that the joint strength is linearly dependent on the 

normalized moisture content of water up to approximately 90% of the maximum 

moisture content. As the moisture content approaches its maximum value, the 

strength of the joints show a rapid decrease, representing the attack of water on the 

interface after a long exposure time. Based on this linear trend, if the diffusion 

coefficient and thickness are known for any epoxy system, a lifetime estimation of a 

joint bond strength can be predicted by simply utilizing Eq.[10]. 

Reverting back to the previous example from Malek and Saadatmanesh , and 

subjecting the beam to a seawater environment at 100% R.H., the service life of the 

retrofit can be estimated. A typical epoxy has a diffusion coefficient in water between 
7 7 9 9"^ 

1x10' and 12x10" mm /s. Experimentally in this study, the calculated diffusion 
7 9 

coefficient for a seawater environment is 12.24x10" mm /s. Using Eq.[10], with s = 2 

X 10mm, D = 12.24xl0'^mm^/s, t* = 0.214 for 90% saturation, and t* = 1.06 for 100% 

saturation, results in the service life of the retrofitted beam to be between 2.26 years 
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and 11.12 years to reach 90% and 100% joint saturation, respectively, at 100% R.H. 

Suppose the beam is not submerged, and it is subjected to 10% R.H., the useful life of 

the retrofitted beam can be estimated utilizing the test results plotted in Figure (9) of 

the seawater environment. First, determine from Figure (9), F(tgo%) = 0.38, where t9o% 

= 2,057 hours, according to Table 1. At F(t9o%) = 0.48, read across to the 10% R.H. 

line and determine that t* = 0.827 from Eq.[10], where t = 8,000 hours, D =12.24x10'^ 

mm , and 5 = 2 x 3.264mm. Now, using s = 2x 10mm for the retroffited beam and 

the calculated t = 0.827, the service life is estimated at ^ = 8.56 years, an increase of 

6.3 years to the 100% R.H. environment. 

This life estimation does not mean the composite will be delaminated from the 

concrete surface, but that cracks will have developed in the concrete at the 

composite/concrete interface such that the biaxial state of stresses encountered are 

beyond the allowable.^"* The remaining life, given the amount of plastic energy still 

available before complete delamination, may be quite substantial, as noted from the 

large difference between the control Gc initiation value of 41 J/m^ and the control Gc 

propagation value of 583 J/m^ within the experimental portion of this study^. 

The following points must also be taken into consideration regarding the life 

prediction analysis. First, it has been shown in previous epoxy/substrate joint studies 

that there is a critical level of moisture content below which environmental 

deterioration has no affect. This means that joints exposed to relative humidity 

levels too low to induce this critical moisture content will not weaken. In this study, it 

has been conservatively assumed that degradation will occur for any relative humidity 

level. Also, the diffusion coefficients obtained within this study may be conservative. 

Using higher quality epoxies will lower the moisture diffusion coefficients and will 

significantly enhance the service life of the structure. Also, when the reinforcing fiber 

sheets are taken into accoimt, the different fabric layouts will affect the rate in which 

moisture will penetrate into the bonded interface, thus, changing the lifetime 

estimation.^ 

Conclusion 

The study presented here focuses on accelerated degradation testing techniques 

for evaluating the service life of identical samples of carbon FRP composites bond to 
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concrete subjected to severe environments. Accelerated degradation testing is 

performed, due to the advantages it provides, by subjecting specimens to higher than 

normal stress conditions. The accelerated stress variables, relative humidity and 

temperature, are used to determine the hygrothermal conditions at any relative 

hiunidity or temperature level. 

Pick's law of diffusion is used to model the moisture content as a function of 

time. Experimental specimens are weighed to provide the diffusion coefficient of the 

PRP/concrete joint. The diffusion coefficient as a function of any temperature is 

known based on the Ahhrenius reaction rate. 

The accelerated model in the study uses the test results of the initiation fractvire 

toughness, Gc, over time, at 100% R.H. condition and room temperature, for 

predicting Gc values at any other R.H. and temperature. The accelerated model is 

validated after comparing with experimental result obtained by Nairn and Han'^. The 

Eyring equation is used to predict the life of the FRP/concrete bond strength at any 

deterioration level. Results based on the lifetime prediction show the excellent 

durability of FRP attached to concrete, even in the most severe, accelerated 

environments. 

The lifetime prediction on the bond of PRP to concrete is a function of the 

diffusion coefficient and thickness of the PRP system. Therefore, different service 

life predictions will result for different epoxies and fabrics because the materials will 

yield different diffusion characteristics. Nevertheless, the plots for the various 

environments in this study can still be used to determine the lifetime of any PRP 

system because the change in bond strength is a function of the moisture content 

within the PRP system. 

Confidence must be built in composites for rehabilitation in civil engineering 

applications. The following needs to be clearly addressed before there is acceptance 

in these applications: fatigue characteristics when under load or exposed to the 

operating environment; creep behavior under loaded conditions and the need to 

inspect the quality of repair or upgrade installations; failure mechanisms of laminates; 

behavior characterization of the material system over time; and developing 

performance specifications that define and predict minimum acceptable behavior. 



149 

Acknowledgments 

The writers would like to acknowledge the funding of this research by the 

National Science Foimdation, under Grant No. CMS-9732908, with Dr. John B. 

Scalzi as program director. The results and conclusions presented here are those of 

the writers and do not represent the views of the National Science Foundation. 

References 

1. Moore, D.R., Pavan, A., and Williams, J.G. (2001). "Fracture mechanics 
testing methods for polymers adhesives and composites", ESIS Publication 28, 
Oxford, UK. 

2. Woods, J., and Saadatmanesh, H. (2003a). "Evaluation of bond strength 
between FRP and concrete in severe environments." ACl, In Review. 

3. Lea, F.M. (1970). "The chemistry of cement and concrete", 3'^'' edn., Edward 
Arnold Limited, London, UK. 

4. Lauer, K.R. and Slate, F. (1956). "Autogeneous healing of cement 
pastQ^American Concrete Institute, 1083-1098. 

5. Bizindavyi, L., and Neale, K. W. (1999). "Transfer lengths and bond 
strengths for composites bonded to concrete," Journal of Composites for 
Construction, 153-160. 

6. Wilhelm, J. (1960). "Diffusion in solids, liquids, and gases." New York, 
Academic Press. 

7. Springer, G. (1981). "Environmental effects on composite materials", 
Technomic Publishing Co., Inc. 

8. Shen, C. H., and Springer, G. S. (1976). "Moisture absortion and desorption 
of composite materials," Journal of Composite Materials, 10, 2. 

9. Kececioglu, D.B. (1991). "Reliability engineering handbook - Vol. 1", 
Prentice-Hall PTR. 

10. Kececioglu, D. B., and Sun, F.B. (1997). "Bum-in testing - Its 
quantification and optimization", Prentice-Hall PTR. 

11. ReliaSoft Corporation (1997). Life Data Analysis Reference, ReliaSoft 
Publishing, Tucson, AZ. 

12. Nairn, J.A., and Han, M-H. (1999). "Hygrothermal aging of polyimide 
matrix composite laminates", Proc. Int'l Conf on Comp. Mat. 12 (ICCM12). 

13. Jensen, Finn and Peterson, N.E. (1982). "Bum-in: an engineering approach 
to the design and analysis of bum-in procedures", John Wiley & Sons, New York. 

14. Askeland, D. R. (1994). "The science of engineering of materials", 3'^'^ Ed., 
PWS Publishing Company. 

15. Deiasi, R, and Russell, J. (1971). "Aqueous degradation of polyimides." 
Journal of Applied Polymer Science, 15, 2965-2974.13. 

16. Buenfeld, N.R. and Newman, J.B. (1984). "The permeability of concrete in 
a marine envirormient." Magazine of Concrete Research, 36 (127), 67-80. 

17. Buenfeld, N.R. and Newman, J.B. (1986). "The development and stability 
of surface layers of concrete exposed to seawater." Cement and Concrete Research, 
16(5), 721-732. 



150 

18. Bentur, A., and Mindess, S. (1990). Fibre reinforced cementitious 
composites, London, Elsevier Applied Science, 22-32. 

19. Taljsten, B, "Plate Bonding. Strengthening of existing concrete structures 
with epoxy bonded plates of steel or fibre reinforced plastics". Doctoral Thesis, Lule^ 
University of Technology, Sweden, 1994. 

20. Saadatmanesh, H., and Malek, A. (1998). "Repair and retrofit-1 -
Strengthening of concrete beams with fiber composites." ICCI 1998 short course 
notes. 

21. Brewis, D. M., Comyn, J., Cope, B. C., Moloney, A. C., (1980a). Polymer, 
21,344. 

22. Brewis, D. M., Comyn, J., Tegg, J. L. (1980b/ International Journal of 
Adhesives, 35. 

23. Hartshorn, S.R. (1986). "The durability of Structural adhesive joints." 
Structural Adhesives - Chemistry and Technology, Edited by Hartshorn, S.R., Plenum 
Press, New York. 

24. Kupfer, H.B., and Grestle, K.H. (1973). "Behavior of concrete under 
biaxial stresses." ASCE, Journal of Engineering Mechanics Division, 99 (EM4), 853-
866. 

25. Kinloch, A. J. (1983). "Durability of structural adhesives", Applied Science 
Publishers LTD. 



FRP coupon 

dx 

Substrate 

/ / / / / / / / / / / / /  
1 Ao(fe + dfJ 

( a )  
Figure 1: Test Schematic 

Tx 

( b )  

ExlcnsDineter A 
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Figure 3: Typical resistance or 'R' curve of fracture toughness, Gc 
versus crack growth. 
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Figure 4: Normalized moisture content, M„, versus 
dimensionless time constant, t*, for the FRP bonded 
to concrete in the submerged pH=3, HCl 
environment. 
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Figure 5: Weibull probability plot for the FRP bonded to concrete submerged in 
HCl, pH=3, at room temperature. 
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Figure 6a-c: Tested concrete substrate specimens after submerged 
in HCl, pH 3 for various exposure times. 
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Figure 7a-c: Tested concrete substrate specimens after 
submerged in seawater, pH 8.5 for various exposure times. 



(b) 

Figure 8a-c; Tested concrete substrate specimens after 
submerged in calcium hydroxide, pH=12 for various exposure 
times. 
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Figure 9a,b: Tested concrete substrate specimens in humidity 
< 100% at 100°F at various exposure times. 
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Figure lOa-c: Tested concrete substrate specimens submerged 
in fresh water, pH=7 at 120°F at various exposure times. 
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Figure lla-c: Tested concrete substrate specimens submerged 
in fresh water, pH 7 at 160°F for various exposure times. 



Figure 12a-c: Tested concrete substrate specimens in 140°? 
oven for various exposure times. 



Figure 13a-c: Tested concrete substrate specimens in 160°F 
oven after various exposure times. 
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Figure 14: Example of life at the characteristic life, r|, versus stress 
(relative humidity), along with the pdf associated at each constant 
relative humidity level. 
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Figure 15: F{t) values versus C{t,Mm), Eq-[15], of FRP bonded to concrete 
immersed in hydrochloric, pH 3 solution. 
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Figure 17: F(t) versus time for FRP bonded to concrete in the simulated 
environments of HCl, seawater, Ca(0H)2, and hot, high humidity < 100% of 
fresh water. The 100% relative humidity curves in the chemical environments 
are from the experimental results and the 75%, 50% and 10% relative humidities 
are the predicted results. 
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Figure 18: Normalized degradation values versus dimensionless 
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Concrete -pH 3 - HCl 

PH 
c o 0.5 

' 2  
0.25 

o 
IZ 3000 6000 9000 1 .210  1 . 5 1 0  

Time (hours) 
72 deg. Fahrenheit (Experimental) 
90 deg. Fahrenheit (Predicted) 

KKK 100 deg. Fahrenheit (Predicted) 

Concrete - pH 8.5 - Seawater, 

0.75 

0.5 

•a 0.25 

0 Z ,4 ,4 
0 3000 6000 9000 1.210 1 . 5 1 0  

Time (hours) 
72 deg. Fahrenheit (Experimental) 
90 deg. Fahrenheit (Predicted) 
100 deg. Fahrenheit (Predicted) 

Concrete -pH 12 - Calcium Hydroxide 
1 

,75 

0.5 

0.25 
T3 

0 
,4 ,4 

0 3000 6000 9000 1 .210  1 . 5 1 0  
Time (hours) 

72 deg. Fahrenheit (Experimental) 
K-XK 90 deg. Fahrenheit (Predicted) 
KXK 100 deg. Fahrenheit (Predicted) 
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Figure 20a,b: Experimental (Nairn and Han'^) and prediction results from the reliability 
analysis within this study, (a) Microcracking fracture toughness, Gmc, as a fiinction of 
time for Avimid® K polymer laminates aged at 80°C while immersed in water (100%) or 
exposed to relative humidities of 76%, 50%, and 26% (Nairn and Han'^). (b) 
Microcracking fracture toughness, Gmc, as a function of time for Avimid® K polymer 
laminates immersed in water but aged at 80°C, 60°C and 43°C (Nairn and Han'^). 

Table 1: FRP coupon static tensile test values; Fiber volume content, Vf, 
modulus, E, and tensile strength, a. 

Loading Rate = 0.001 in/s Loading Rate = 0.1 in/s 

Vf E a Vf E CT 

(%) (psi) (psi) (%) (psi) (psi) 

5 1,711,914 17,113 5 2,343,639 17,083 

23 5,978,880 71,819 23 14,688,158 179,274 

28 6,789,927 86,540 28 14,484,746 178,774 

52 13,413,896 424,884 52 38,809,567 
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Table 2: Diffusivity, D^, maximum moisture content. Mm, time to reach maximum moisture 
content, and time to reach 90% maximum moisture content, t9o% of diffusion samples 
representing the large scale test specimens. 

Substrate Environment Temperature X 10 ^ tpi t90% Substrate Environment 

°C mm^/s % hours hours 

(1) (2) (3) (4) (5) (6) (7) 

Concrete HCl, pH 3 22 13.592 1.587 9,264 1,870 

Concrete Seawater, pH 8.5 22 12.240 1.540 10,390 2,057 

Concrete Ca(0H)2, pH 12 22 15.243 1.486 8,432 1,667 

Concrete Water, Humidity<100% 37.8 6.417 1.018 19,681 3,961 

Concrete Water, Immerged 51.1 10.700 1.500 11,804 2,375 

Concrete Water, Immerged 71.1 14.106 1.100 8,879 1,802 

Table 3: Parameters for the reliability equation, Eq.[13], for the FRP bonded to concrete in 
various environments. 

Substrate Environment Temperature Pi P2 T11 112 P Substrate Environment 

"C 

Pi P2 

(hours) (hours) (%) 

Concrete HCl, pH 3 22 1.44 5.39 1,901 10,649 62.6 

Concrete Seawater, pH 8.5 22 0.78 1.87 538 6,576 45.85 

Concrete Ca(0H)2, pH 12 22 2.66 4.38 3,174 13,080 85.83 

Concrete Water, Humidity<100% 37.8 2.98 8.38 2,882 12,246 51.69 

Table 4: Parameters for the Ahhrenius equation, Eq.[6], for the FRP 
bonded to concrete in various environments. 

Substrate Environment Do Q/R Substrate Environment 

(mm^/s) (K) 

Concrete HCl, pH 3 1.12E+01 -4685 

Concrete Seawater, pH 8.5 1.88E+04 -6994 

Concrete Ca(0H)2, pH 12 4.08E+02 -5769 

Concrete Water 1.25E-04 -1543 



Table 5; Parameters for the Eyring equation, Eq.[14], for the FRP bonded to 
concrete in various environments. 

Weak Subpopulation 

Substrate Environment A f h Substrate Environment 

(hours) (K) 

Concrete HCl, pH 3 5.62E-05 5081 0.1346 

Concrete Seawater, pH 8.5 3.20E-06 5582 0.1344 

Concrete Ca(0H)2, pH 12 9.13E-06 5769 0.1346 

Strong Su bpopulation 

Substrate Environment A f h Substrate Environment 

(hours) (K) 

Concrete HCl, pH 3 3.15E-04 5081 0.1350 

Concrete Seawater, pH 8.5 3.90E-05 5583 0.1348 

Concrete Ca(0H)2, pH 12 3.76E-05 5769 0.1346 
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Accelerated Testing for Evaluating the Reliability of FRP Bonded to Steel 
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Accelerated Testing for Evaluating the Reliability of FRP Bonded to Steel 

-I 

Jon Woods and Hamid Saadatmanesh , Member ASCE 

Abstract 
The research presented herein focuses on accelerated degradation testing techniques, 
and discusses the life prediction of the carbon fiber-reinforced polymer (FRP) bond to 
steel after subjected to severe environments. The environments simulated aggressive 
field conditions and consist of exposure to extreme temperatures greater than 120°F, 
high heat and humidity, and chemicals with pH=3, pH=12, andpH==8.3 for acid rain 
or sewage, hydrated cements, and seawater, respectively. The experiments consist of 
testing a total of 364 unidirectional carbon FRP coupons attached to steel blocks. 
The lap shear tests evaluate the bond fracture toughness as related to different 
exposure times. Pick's law of diffusion is used to model the moisture penetrating 
through the FRP and into the bonded joint. A reliability analysis is developed to 
predict the fracture toughness at any relative humidity and temperature, based on the 
100% relative humidity conditions at ambient temperature. The model compares well 
with data developed by other researchers. The results generally show an excellent 
durability for the FRP attached to steel, even in the most severe environments. 

Keywords: accelerated testing, life prediction, severe environments, fiber-
reinforced-polymers, steel. 
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Introduction 

One of the most important factors in the mind of any structural engineer when 

selecting a material is its reliability and long-term performance. With the ever 

increasing acceptance of epoxy bonded fiber reinforced polymer (FRP) materials for 

retrofitting of steel structures, it is important to have some measure of confidence in 

the long-term performance of the bond strength of FRP to the substrate; the most 

essential element in this strengthening technique. 

The expected life of typical construction materials, as well as the structural 

epoxy used in this type of retrofitting, are so long that life testing at design conditions 

is economically and time-wise impractical. Accelerated testing provides an effective 

tool to enhance failure and degradation mechanisms and the ability to arrive at the 

same conclusions as if tested under normal design conditions. Some common 

degradation mechanisms used in accelerated tests include fatigue, creep, cracking, 

wear, corrosion or oxidation, and weathering. Accelerated tests can be divided in 

two categories; product life, or some other measure of performance such as strength 

over time. The types of tests may use accelerated variables such as high usage rate, 

overstress, censoring, and degradation. 

One of the simplest ways to accelerate life in a product is to test it faster with a 

high usage rate. However, careful consideration must be made toward maintaining 

identical failure modes as found in normal conditions. Overstress testing is the most 

common form of accelerated testing by running a product at higher than normal levels 

of stress or reaction rate. This provides a shorter product life and the ability to 

degrade the product performance faster. Censoring tests provides pertinent 

information needed in the lower or the upper tail of the life distribution. Lower tail 

censoring is advantageous for higher reliability products because it shortens the test 

time by terminating the test before all specimens have failed. Degradation accelerated 

tests use over-stressed testing methods and are typically beneficial because failure can 

be predicted before any specimen fails. 

In practice, the researcher or designer must decide how to accelerate a test. 

Numerous standard test methods are available that are useful and usually based on 

engineering experience. On the contrary, many products do not have a standard 
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testing technique and it is the responsibility of the engineer to determine a suitable 

agenda. 

In this research, accelerated degradation testing is conducted due to the 

advantages it provides. Degradation testing makes it possible to use degradation 

models and data to make inferences and predictions about a failure-time distribution, 

because it provides a relationship between specimen failure. Frequently, few or no 

failures occur, even when a test is accelerated, so degradation testing allows 

specimens to be tested with severe time constraints compared to other tradition tests 

which record only times to failure. Overall, there is better opportunity to assess the 

adequacy of the modeled assumptions and to combine the important physical 

understanding of the failure process with limited, expensive data. 

How to assess the product reliability within a reasonable life-testing time is 

important to engineers. Degradation is an aging process and can be accelerated. The 

acceleration can be modeled that describes the effect an accelerating variable has on 

the rate of a failure-causing chemical reaction. Nevertheless, how to efficiently use 

the data for reliability assessment constitutes the problem of degradation analysis. 

There are three approaches to modeling degradation: the analytic approach, the 

growth curve approach, and the probabilistic approach. In the analytic approach, the 

degradation is modeled from each unit individually from a given parametric class of 

functions. Typically, an aging law of the degradation data describes the model as a 

first order differential equation with respect to time. In the growth curve approach, 

degradation measurements have been recorded at a common time for all the 

specimens and a simple function of the sample means is fit through some form of 

least squares. The emphasis in the growth curve approach is on modeling from the 

data the average value of the degradation. In the probabilistic approach, the 

degradation is modeled on how the process is generated at the physical level and 

attempts to explain the randomness in the individual behavior of the specimens. The 

emphasis in the probabilistic approach is similar to the growth curve approach, but 

focuses on the stochastic process itself and not only on the mean of the function. 

Once the degradation phenomenon is characterized, it needs to be associated 

and related to some failure mechanism. Failure in degradation testing does not mean 

that the specimen tested ceases to be operational. It might simply imply that failure 
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occurs when a fixed known level of degradation is reached. Failure might also be 

considered conditional, that is, given the degradation of one specimen at time t and 

that the specimen has not yet failed, the probability of the specimen failing in the next 

time interval is modeled as a function of time t and as a function of the degradation at 

time t. 

The research presented herein focuses on accelerated degradation testing 

techniques and will revolve around the fracture mechanics of crack initiation and 

propagation. This type of research is formulated around tests conducted over the past 

14 years involving the European Structural Integrity Society, ESIS, with some recent 

methods in determining the fracture toughness of polymers, composite materials, and 

plastics (Moore et al. 2001). The tests of this research also revolve around a number 

of parts from ASTM standards, including but not limited to, ASTM D6068-96, 

ASTM-E 1820-99, ASTM D638-98, El 11-97, D5573-94, D4501-95, D883-98, D3039 

/ D3039M-95a, El32-97, and D5229/ D5229M-92. 

Background 

Research in the last decade has provided valuable information that proves FRP 

materials are more efficient and advantageous in retrofitting techniques than 

conventional materials, such as steel. Researchers have observed that replacing 

conventional materials with FRP have reduced many problems associated with the 

durability and strengthening of steel and concrete structures. Unfortunately, there are 

also concerns of factors that affect the material properties of the FRP. The primary 

problem is associated with the influence the environment has on the lifetime and 

mechanical properties of the FRP, along with the FRP/substrate bond strength. 

It has been shown that carbon FRP laminates, sheets, and plates are 

advantageous in the repair and rehabilitation of flexural steel elements in buildings 

and bridges (Woods and Saadatmanesh 2003a). The simplicity of the application in 

bonding the carbon FRP to the steel surface using an epoxy adhesive provides not 

only an effective solution, but a concern-raising situation as well. The primary 

requirement for successful performance of an FRP strengthened structure lies within 

the physical and chemical compatibility between the steel or concrete and the epoxy 

used for bonding. 
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Various mechanical tests involving fracture mechanics have been performed to 

analyze the performance of bonded materials by measuring the energy required for 

fracture or delamination failure. Not only is it important to arrive at a critical failure 

value, but it is just as imperative to determine where, why and how the failure 

transpires. In a two component system that comprises of a bonded interface between 

each material, failure may take place in five different regions, as opposed to a 

homogenous material tested alone where there would be only one region. These five 

different failure regions consist of the bulk phases of each adherend, the interface 

between the two materials, and the regions sometimes referred to as the weak 

boundary layers, directly on either side and very near the interface. It is not a simple 

task using visual or even microscopic examination techniques for determining the 

locus of failure, that is, whether an apparent adhesive failure occurred at the interface, 

at some new interface, or a combination of both. 

It will be shown that the reliability of bonded materials can be represented by 

multiple failure modes as an alternative to the more complex physics-of-failure 

analysis. The durability test results performed on the bond of FRP to steel is 

presented and shows mixed population failure modes and their dependence on the 

materials, the interactions of the materials, and the chemical reaction rates that occur 

within various environments. 

Simulated Environments 

The environments used in this study are considered accelerated, that is, they 

enhance failure and degradation mechanisms while arriving at the same conclusions 

as if tested under normal design conditions. The six environments simulated in this 

research are as follows: 

1.) pH = 8.5 (Seawater) 

The seawater environment will simulate the deterioration of conventional construction 

materials along coastal regions. Seawater will be prepared by dissolving only the 

primary constituents, NaCl (24.53 g/L), MgCb (5.20 g/L), Na2S04 (4.09 g/L), and 

CaCl2 (1.16 g/L) in water according to ASTM1141-90. 
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2.) pH = 3 

The acid solution will represent the corrosive environment found in wastewater 

treatment facilities, sewer pipes, chemical plants, and acid rain infiltration. Natural 

acidic waters below pH = 4 can also occur in marsh water where an insoluble coating 

of calcium humate forms in the present of humic acid (Lea 1970). The acidic solution 

is prepared by dissolving concentrated HCl (Hydrochloric) in water until the pH level 

is reached and maintained within a pH resolution of ± 0.1. 

3.)pH-7 (Freshwater) 

Fresh water will simulate conditions where moisture is prevalent in the form of fog 

and rain. To show the use of acceleration techniques with temperature, two water 

environments will be used at higher temperatures of 124°F and 160°F. 

4.)pH= 12 

The alkaline solution is used to produce the simulation of cured concrete environment 

in case leaching occurs, and to simulate a highly concentrated alkaline environment. 

The alkaline solution will be prepared by dissolving Ca(0H)2 (Calcium Hydroxide) in 

water. 

5.) Oven temperature of 140°F, 160°F 

Two ovens at 140°F and 160°F will simulate extreme temperatures experienced by 

structures exposed to heat during their lifetime. The increase in change in the 

temperatures will be used to determine any change in the characteristics of the 

material properties of the FRP and its bond to its respective substrates. 

6.) Oven temperature of 100°F with High Humidity < 100% 

This environment simulates a hot, humid environment at 100°F found in tropical 

regions. This environment will show how heat and water affects the properties of the 

FRP and the bond to its substrate. 
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Specimen Properties 

The experiments consist of testing 364 unidirectional carbon coupons attached 

to steel blocks after subjected to a specific time in their respective simulated 

environments. There are a total of 91 steel blocks as the carbon coupons have been 

attached to all four sides of the block to minimize the number of steel blocks. The 

steel block substrates of dimensions 51 x 51 x 305 mm (2 x 2 x 12 inch) are A36 steel. 

The carbon coupons were fabricated and prepared using a thermosetting 

structural adhesive and a unidirectional manufactured polyacrylonitrile carbon fiber 

sheet. One carbon coupon of dimension 3x33x381 mm (0.120 x 1.30x 15 inch) 

was applied to each surface of the steel block with a 152 mm (6 inch) bond length. 

The adhesive is a structural epoxy composed of mixing a 2:1 ratio of resin to 

hardener. The resin is a Bisphenol A by-product with 20% proprietary ingredients 

and the hardener is composed of an aliphatic polyamine curing agent 

Tetraethlenepentamine (TEPA), among other proprietary ingredients. From static 

tensile tests performed (ASTM D638-98) on the bulk epoxy adhesive, the mean 

tensile strength, the mean Young's Modulus, and the mean Poisson's ratio were found 

to be, respectively, 29.4 MPa (4,264 psi) with a standard deviation of 1.69 MPa (245 

psi), 2.9 GPa (421,000 psi) with a standard deviation of 0.19 GPa (27,500 psi), and 

0.438 with a standard deviation of 0.026. Static tensile tests performed on the carbon 

coupons with various fiber volume contents determined the mean Yoimg's Modulus 

and the mean strength as functions of the fiber volume content and tensile loading 

rate. (See Table 1.) 

Surface Preparation 

Proper surface preparation is a necessity before applying the FRP to the steel. 

This includes, but is not limited to, removing dirt, oil and paint by slagblasting. The 

steel blocks were initially slagblasted and shipped to the structural laboratory. The 

variation between slagblasting and sandblasting a steel surface is seen in the final 

product, as slagblasting provides a rougher finish and may contribute to better 

adhesion. The carbon coupons were not immediately applied to all 91 steel blocks, so 

a small amount of surface oxidation occurred. The corrosion was removed by 

grinding the steel surface and air blasting before bonding the FRP coupon. 
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Test Apparatus 

The test setup is shown schematically in Figure (1) and pictures of the testing 

apparatus are shown in Figure (2). The test setup consists of creating a 381 mm (15 

inch) long carbon coupon with a 152 mm (6 inch) bond length on each side of the 

steel substrate. One coupon is tested at a time. The test apparatus, made from T-6061 

aluminum, is similar to one developed by Bizindavyi and Neale (1999), however, 

modifications have been made to accommodate different testing parameters and 

dimensions. The test apparatus is placed in an MTS Series 311 Load Frame and held 

fixed in the upper grip. The steel block is placed on the bearing plate of the test 

apparatus with the free, unbonded end of the FRP facing down. The FRP is gripped 

by specially made extensional plates that have been heat treated for durability and 

strength, as well as, surface treated for good gripping action. The extensional plates 

are hand-tightened and held by the lower grips of the MTS system while the FRP is 

slowly sheared off. The specimen is supported in such a way that there is no rotation. 

Special precautions are taken to ensure the specimens are properly aligned in the 

fixture. 

Test Method 

Due to the large number of test specimens, the application of strain gauges was 

not practical in analyzing the shear stress distribution along the bonded joint and the 

tensile properties of the FRP coupon. A deformation controlled (1 mm/min) testing 

method was implemented that utilized the theory of fracture mechanics in determining 

the mode II fracture toughness at the bond line of the steel and FRP coupon. 

Fracture toughness is defined as the amount of energy release, G, available to 

drive the crack growth and overcome the fracture resistance, Gc- The energy release 

rate, G, can be written as 

dA 

where dU is the energy change and dA is the area increase. At fracture, G equals Gc 

and Eq.[l] can be rewritten as 
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dU 

b • da 
[2] 

where da is the change in crack length for a uniform bonded width b. 

The fracture toughness is t5^ically plotted as a function of the total crack 

length growth, Aa, up to complete delamination of the FRP from the steel substrate. 

This plot is termed the resistance or "R" curve, as shown in Figure (3). The fracture 

toughness in an "R" cvirve has two critical values, initiation and plateau. The Gc 

initiation values are usually the lowest and therefore judged as the most critical value. 

The initiation values are determined experimentally through either visual inspection, 

or more indirect methods of utilizing the load-displacement graph in order to observe 

the onset of non-linearity or using a 5% reduction in the slope of the compliance. In 

these experiments, the onset of non-linearity was used as a sign for crack initiation. 

The Gc plateau values are found using a compliance calibration technique 

along with the observed crack lengths. The compliance is defined as the inverse of 

the stiffness in the load-displacement curve and is measured as a function of the crack 

length. In order to develop an expression with the compliance, G may be defined for 

any loading system as 

where Uext is the external work. Us is the strain energy, Uk is the kinetic energy, and 

Ud is the dissipated energy. The last two terms in Eq.[3] can be set equal to zero 

because the tests are conducted at a low displacement rate {Uk= 0) and the energy 

dissipated is assumed to be local to the crack tip {Ua^ 0). Deriving an expression for 

Uext and Us yields the fracture toughness as a fimction of the load, P, width of the FRP 

coupon, b, and change in compliance, dC, versus the change in crack length, da, as 

Gc. 

^^ext dUg dU]^ dU(( 
[3] 

b • da b • da b •da b - da 

[4] 
2b da 
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The tests for each environment were conducted at various exposure times and 

analyzed to determine the fracture toughness of the bond at the crack initiation and 

crack propagation loads, which were read from each load-displacement curve. The 

fracture toughness for each environment was normalized to the control fracture 

toughness associated with the crack initiation and the crack propagation loads. Details 

on the experiment will not be discussed here but can be found elsewhere (Woods and 

Saadatmanesh 2003). 

Diffusion 

In the submerged envirormients, it is shown that moisture penetrating into the 

FRP and substrate affects the fracture toughness values at any time. Pick's law of 

diffusion is used in relating the moisture effects on the life distribution of bonded 

samples. Pick's first law explains the net flux of atoms by 

J  =  - D — ,  [5] 
A X 

9 9 
where J is the flux (atoms/mm -s), D (mm /s) is the diffusivity or the diffusion 

coefficient, and AC/Ax (atoms/mm^-mm) is the concentration gradient (Wilhelm 

1960). There are several factors that affect the flux of atoms during diffusion. 

Among these factors are the temperature, activation energy, time, and materials. 

Diffusion is related to the temperature by the Arrhenius equation 

Q_ 

RT J [6] 
D ^ Do e 

where Q (cal/mol) is the activation energy, R (1.987 cal/mol-K) is the gas constant, T 

(K) is the absolute temperature, and Do (mm^/s) is a constant for a given diffusion 

system. 

In order to determine the diffusivity. Pick's second law provides the 

differential equation of the dynamic or non-steady state diffusion of atoms as 

f c = D.iLc . [7] 
5t 0x 
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The diffusion parameter, D, (diffusivity) must be determined experimentally from 

gravimetric analysis by weighing the specimens regularly to measure the moisture 

content. The diffusion in the penetrating surface of the submerged specimens, Dx, can 

then be determined as 

Dr = 
\yMm J 

n 
4 

1  +  2 -  -
I) 

[8] 

where M, M^, h, I and t are respectively, the moisture content, the maximum moisture 

content, the thickness of the FRP coupon, the width of the FRP coupon, and the time 

associated with M (Springer 1981). Eq.[8] takes into account the effects of moisture 

penetrating through the sides of the coupon other than in the x-direction. Table 2 lists 

the parameters and diffusion coefficient for Eq.[8] for all simulated environments 

with moisture. 

After the diffusivity, Dx, is determined from experimental evaluation, a plot can 

be created of the normalized moisture content, M„, versus a dimensionless time 

constant, t* (Fig.4). is calculated experimentally as the moisture content divided by 

the maximum moistvire content and can be approximated analytically (Shen and 

Springer 1976) as 

A 0.75 

Mn ^ \ -e 

where 

• 7 . 3  
2 

K S J [9] 

D r - t  
t = 

[10] 

In Eq.[9] and [10], the parameter t represents time (hours) and the parameter s is equal 

to twice the thickness of the FRP coupon, since it has only one face in the diffusing x-

direction subjected to the environment. According to Eq.[9], the value of M„, as a 

function of t*, remains constant for any material in any environment provided that 

diffusivity, time, and material thickness are known. 
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Figure (4) shows the moisture content results of the specimens submerged in the 

pH 3, HCl environment with respect to their normalized moisture content, M„, and the 

dimensionless time constant, t*. Regardless of the materials, when reaches 1.0 or 

100% saturation, the corresponding t* value equals 1.06, given an average FRP 

thickness of 3.264 mm. Also, the dimensionless time, t*, required to reach the 

maximum moisture content is insensitive to the humidity of the environment, but only 

dependent on the temperature through Dx. The normalized moisture content, M„, and 

the normalized fracture toughness values can be plotted against the dimensionless 

time constant, t*. When the normalized fracture toughness is plotted versus t*, the t* 

value can be used to predict at any other temperature of the same enviroimient the 

actual time, t, to reach the same normalized fracture toughness value. It will be 

shown that the relationship between the diffusivity, maximum moisture content and 

decrease in the fracture toughness of the FRP/substrate, will provide the data 

necessary for a life prediction of the bond using fracture toughness as an indicator for 

any humidity and temperature value. 

Reliability Analysis 

In order to predict the total life of the interfacial bond strength a statistical 

methodology of the failure process is necessary. The failure process can be described 

by a reliability equation that fits the S-curve, shovm in Figure (5), and may take the 

form 

T-ri 

Ni 
R { T )  =  — - e  

N 

N2 
+ — -e 

N 

T-72 

12 Ni 
+ e 

N 

m [11] 

where M, N3 are the subpopulations of the early failures, usefiil life, and wearout 

periods respectively, N = Ni + N2 + N3, /i, 'yi are the location parameters of the 

three periods respectively, rju 72, 73 are the scale parameters of the three periods 

respectively, and P\, fii, /h are the shape parameters of the three periods, respectively, 

as detailed in Kececioglu (1991). In the early failure period, P\ < \, y\ <0 and rj\ 

corresponds to the time during the early life at a reliability of 36.7%, when T- y\ = rji. 

In the usefiil life period, J3i may equal 1.0, producing an exponential life distribution 
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and a constant failure rate period, ^ 0,  and 772 corresponds to the time during the 

use life at a reliability of 36.7%, when T- yi= rfi. In the wearout period, Pi> \, yi> 

0, and 773 corresponds to the time during the wearout period at a reliability of 36.7%, 

when 

T-ri = ri3. 

Figure (5) shows the early failure and wearout periods after testing the bond of 

FRP to steel specimens submerged in calcium hydroxide, pH = 12, at room 

temperature. Figures (6 through 13) show pictures of the specimens after being tested 

with respect to the corresponding exposure time and environment. Notice in the early 

failure period there is no noticeable deterioration of the interface, suggesting the 

moisture associated with the environment destroyed the weakest links, possibly a 

weak boundary layer. After moisture has started corroding the interface, a chemical 

reaction is initiated, eventually leading to the wear out period that will ultimately 

destroy the interfacial bond. 

The trend of the S-curve will more appropriately fit the reliability equation 

R(T) = 1-\_P- F , ( T ) * ( 1 - P) - F 2(T)\ [12] 

where F\iT) and FjiT) are the cumulative probability functions of the weak and 

standard subpopulations, respectively, and p is the proportion of the weak 

subpopulation (Kececioglu 1997). The weak subpopulation is the first group to fail 

and the standard subpopulation fails last. In the case where the trend follows a 

Weibull distribution (Kececioglu 1991), the equation will take the form 

RiT) = p 

' T-r^ 

ril m [ U ]  

The graph of the data given in Figure (5) when plotted on Weibull probability plotting 

paper provides the parameters associated with the variables in Eq.[13]. Table 3 

provides the parameters for Eq.[13] for all steel specimens in the various simulated 

environments. 

In order to obtain a reliable lifetime prediction of any material it is necessary to 

develop a graph of the lifetime versus stress level (Fig. 14), where the stress level is 



183 

f h_ 

^ ^ \ [14] L { H  , T )  =  A - e ^  ^  

associated with thermal, hygrothermal, or non-thermal environments (Reliasoft 1997). 

At each constant stress level the probability density function (pdf) associated with 

Eq.[ll] or Eq.[13] is plotted versus the degradation or lifetime. When at least two 

accelerated stress levels are known, the degradation or lifetime prediction can be 

assessed. The accelerated stress levels used in this research, humidity and 

temperature, are functions of the lifetime prediction, L(H,T), through the Erying 

relationship 

where H and T are respectively, the accelerated stress level humidity and temperature, 

A and f are constants, and h is associated with the activation energy of the particular 

stress level. 

A study conducted by Nairn and Han (1999) provided valuable data from 

experiments on polyimide-matrix systems that were subjected to a series of 

hygrothermal aging tests at various temperatures and relative humidities. The tests 

concluded that from a first-order kinetics analysis, an aging master plot of any 

temperature and humidity could be constructed from a few experiments on specimens 

immersed in water, and thus, create an accelerated test method for characterizing 

hygrothermal stability. 

Springer (1981) performed multiple experiments on FRP on their susceptibility 

to hostile environments. The research conducted was primarily concerned with 

changes that may occur in the properties and performance of FRP when they are 

exposed to moisture and to elevated temperature for long periods of time. 

The acceleration effects that humidity and temperature have on the life of the 

bond strength can be used to estimate a life prediction, based on observations and 

models developed by Nairn and Han (1999) and Springer (1981) and their conclusive 

evidence for the following assumptions: 

1.) The maximum moisture content varies linearly with relative humidity. 

2.) Dx does not vary with relative humidity. 

3.) Temperature has no effect on Mm-
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4.) Fickian diffusion remains valid. 

5.) The life at any relative humidity can be predicted based on the immersion 

environment (100% R.H.) results and on the basis that any two samples 

subjected to the same length of exposure will have the same degradation level. 

6.) The degradation process is a first-order reaction. 

Along with the conclusive evidence stated above, systematic steps for a prediction 

method based on reliability analysis are proposed in this research. The technique 

predicts the bond life at any R.H. and temperature. The method for predicting bond 

life at any R.H. will first be shown as follows: 

1.) Normalize the immersed envirormient degradation values with respect to the 

initial or control samples before exposure to the envirormient. Create a graph of 

the percent failed, F{t), of the normalized degradation values versus time on 

Weibull probability plotting paper as shown in Figure (5). The plot will form an 

S-curve represented by Eq.[13], where F{f) = 1 - R{t). 

2.) If the tail ends of the plot fall on a curve then a location parameter, y, will exist 

that will provide the best fit for a straight line as shown by Kececioglu (1991). 

The location parameter will provide the initial length of time in which no 

degradation has occurred. 

3.) The remaining variables from Eq.[13] will be determined by performing the 

following steps according to Jensen (1982). The theoretical basis for this model 

can be found in Kececioglu and Sun (1997). Steps 3a-d correspond to Figure (5) 

and the parameters are listed below the plot. 

a.) Read off p from the Weibull plot at the ordinate of F{t) corresponding to the 

flat portion, or the smallest slope portion, on the cdf curve. 

b.) Read off 771 at the abscissa corresponding to F{t) = 0.632 p, and 772 

corresponding to F(t) = p + 0.632 (1-/?). The theoretical reasoning for these 

values is that during the early failure period when rii is far away from r|2, 

chance failures have not occurred, or F^iT) « 0. Therefore, F(T) «p-F\(T) and 

7/1 « r I F{T) = 0.632 p. During the chance failure period, the early failures 

have almost disappeared or F\(T) « 1. Therefore, F(T) « /? + {\-p)-F2{T) and 

r]2 « r| F(7) =p + 0.632 (!-/>). 
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c.) Draw an asymptotic line to the Weibull curve at the earliest time to failure, t-y. 

Then, /?i is the slope of this line. 

d.) Draw another asymptotic line to the Weibull curve at the right end of the time 

to failure, t-y. Then, is the slope of this line. 

4.) Create the graphs on Weibull plotting paper of F{f )  versus C(t,Mm), and C{t,Mm) 

versus t as shown in Figures (15) and Figure (16), where 

c{ t , M m ) =  M { t , M m ) d t ,  [15] 

0.75" 

- 7.3-

_ 1 - e - -M{t ,Mn)  = \_ '^ -e  ^  ^  ,  [16] 

and Mm, My, and y are respectively, the maximum moisture content, the 

moisture content at time, t ,  with a particular Mm, the weight gain below which no 

degradation occurs, and the time to reach My. The parameter, y, can be calculated 

after rearranging Eq.[9] as 

s y = — 
D. 

In 1-
M„ 

M m y 

•7.3 

1 
0.75 

[17] 

Although many studies with epoxy bonded joints have shown there is a critical 

moisture concentration below which no degradation occurs (Kinloch 1983), 

conservatively, the specimens in each environment of this study were predicted 

with y= 0. Otherwise, the lines in Figure (16) for each R.H. would converge to 

their respective /values as C(t,Mm) —> 0. Follow the previous steps, 3a and 3b, to 

determine the parameters tjs and 774 for this particular graph, where 73 and rj4 are 

analogous to 771 and rj2, respectively, and are the values associated with C{t,Mm) 

for any relative humidity. 
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5.) Based on the assumption that Mm varies linearly with relative humidity, determine 

a relative humidity level associated with the "at use" conditions and the 

corresponding M„. 

6.) Set = ^3 and C(t2,Mm) = ^4 from step 4 and numerically solve for ti and 

h-

7.) Let T] \  =  t ]  +  ymd  t ]2~  t 2+  Y-  Plot these two points on the F{ t )  versus t  graph in 

Figure (5) and draw a line parallel to the slopes created for /?i and 

The final plots in Figure (17) show the different times to failure based on their 

respective deteriorated levels and R.H. levels. It is important to clarify the meaning 

of these figures, that is, F(t) equals l-i?(t), where i?(t) is the percent of the initiation 

fracture toughness for any particular time over that at time zero. The initiation 

fracture toughness is calculated at the crack initiation load from Eq.[4]. 

Once the degradation curve or reliability is known for a particular environment, 

the associated probability density function, pdf, can be calculated. Each pdf is 

represented by its respective R.H. and can be plotted for any time associated with a 

particular pdf value versus R.H., or as shown from Figure (14), from the characteristic 

lifetimes, 71 and rji, versus R.H. 

Next, the bond life at any temperature can be predicted. This prediction is 

based on the immersion environment temperature results at room temperature (23 °C) 

and the relationship of the diffusion coefficient to temperature derived from the 

Arrhenius equation in Eq.[6]. In order to obtain the relationship between the 

diffusivity and temperature, two different temperature envirormients are required to 

calculate the activation energy (Askeland, 1994). Table 4 shows the coefficients for 

the various simulated environments with respect to the Arrhenius equation. 

Using the relationship fi-om the normalized moisture content and the constant t* 

from Eq.[9] and Eq.[10], respectively, the initiation fracture toughness at any real 

time, t, can be calculated as follows: 

1.) Determine the diffusion coefficient for at least two different temperatures of 

the same environment and obtain the relationship between diffusion and 

temperature based on the Arrhenius equation (See Table 4). 
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2.) Create a graph, as in Figure (18), of the normalized initiation fracture 

toughness versus t* based on the temperature in the tested environment. 

3.) Using the t* value for any normalized strength value, determine a typical 

temperature required for the particular environment. Rearrange Eq.[10] to 

solve for the real time, t, and graph the results based on the new temperature. 

See the plots in Figure (19) for all environments. 

The usefulness of this technique allows true accelerated testing to be performed, 

however, testing under temperatures which are significantly higher than experienced 

in normal conditions may result in erroneous results. 

The research of Nairn and Han (1999) provided valuable data to validate the 

reliability procedure as explained above for predicting the life at various R.H. and 

temperature. Figure (20a,b) show the excellent agreement between the test results 

from Nairn and Han (1999) along with the life prediction values provided from this 

study. In Figure (20a), the microcracking fracture toughness, Gmc, at 76% and 50% 

R.H. level are predicted using the values associated with the 100% R.H. curve. After 

the Gmc values at the 100% R.H. level were estimated from the data provided, the only 

known parameters utilized to predict the remaining Gmc values at their respective R.H. 

levels were the reported maximum moisture contents and the time to reach 90% of the 

maximum moisture content values. The predicted Gmc values in Figure (20b) are 

calculated based on the diffusivity at 43 °C and Eq.[9] and Eq.[10]. The diffusion 

coefficient was estimated from Eq.[9] based on the reported maximum moisture 

contents and the time to reach 90% of the maximum moisture content. 

In addition to humidity and temperature, the final acceleration variable that 

could be used in these tests is associated with the pH value. The pH values used 

within this research may be beyond some conditions experienced in typical situations. 

A linear relationship should exist as the pH changes with the concentration of 

hydrogen ions and hydroxyl ions throughout the fiill-scaled pH range, pH 0 - pH 14 

(Deiasi and Russell 1971). Although multiple pH values were not used here, the 

application could be easily performed and would be very usefiil. 
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Results 

The reUability analyses performed for each simulated environment can now be 

compared and discussed. It is important to clarify again that F(t) from the plots in 

Figure (17) is the percent reduction of the initiation fracture toughness at t == 0, where 

the initiation fracture toughness represents the microcracking that occurs at the 

bonded interface due to the onset of non-linearity in the load-displacement curve. 

When F(t) = 0, microcracks are minimal before loading, and when F(t) = 1, multiple 

microcracks are present before loading. F(t) = 1 does not imply that the bond has 

completely ruptured from a propagating crack because the fracture toughness values 

used for predicting the bond life are associated with the onset of non-linearity in the 

load-displacement plots of each specimen tested. 

Figure (6 through 13) show pictures taken after the specimens were tested and 

exposed to a simulated enviroimient for a length of time. The pictures reinforce the 

fact that there is more than one mode of failure. This point is observed when the 

deterioration on the bonded side of the coupon decreases after a particular point in 

time. This mechanism is due to the change of failure mode or deterioration of another 

layer of the joint, either the substrate or a weak interfacial boundary layer, as moisture 

diffuses into the interface. 

The amount of moisture difftising into the lap joint plays an important role in 

the deterioration rate of each failure mode. The mode change, shown fi-om the change 

in slope of the plots in Figure (17), tends to be associated with the range represented 

by the time of 90% saturation, t9o%, and the time of 100% saturation, tm, found in 

Table 2 from the diffusion analysis. These saturation time points can also be 

compared to the similar times as shown in the pictures of Figure (6 through 13). The 

change in failure mode can now be understood. As moisture penetrates into the joint 

through the FRP, the weakest areas or the areas initially penetrated by moisture are 

attacked and deteriorate, until finally, at 100% saturation of the joint, the substrate or 

weak interfacial boundary layer is attacked and deteriorates due to the chemical 

reactions occurring. 

After reviewing the lifetime plots of the steel substrate specimens in Figure 

(17), it is evident when comparing the HCl and seawater solutions that an increase in 
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the concentration of chloride ions increases the initial deterioration rate of the epoxy. 

However, the HCl solution has a stronger effect on the steel substrate's oxidized layer 

compared to the seawater specimens. This can be observed from the pictures taken in 

Figure (6 and 7). At the opposite end of the spectrum, Ca(0H)2 has the most severe 

effect on the epoxy compared to seawater and HCl. This is shown after comparing 

the initial slopes for each of the solutions in Figure (17). And although steel is known 

not to corrode in Ca(0H)2, it is the weak boundary layer or oxidized layer that is 

eventually attacked by the hydroxyl ions. This is also evident from the pictures in 

Figure (8) because corrosion is only visible in the bonded area. 

The steel substrate specimens submerged in water at 160°F shows the effect 

temperature has on the lifetime by decreasing the initiation fracture toughness more 

rapidly than in the ambient environments. 

The environment with humidity < 100% at 100°F shows the corrosion effect 

oxygen has on the deterioration of the substrates, especially steel. This is evident 

from the large slope parameter, P2, of 12.87 given in Table 3, signifying a wearout 

trend. After 10,000 exposure hours, some of the coupons simply fell off with a thin 

layer of steel remaining attached. This presents the appropriateness of testing in a 

deaerated or submerged system when studying the bond characteristics. If the 

subtrate fails other than at the bonded interface due to the corrosion that occurs, one is 

not studying the degradation of the bond where there is limited oxygen, but the 

deterioration of the substrate materials themselves. This also reinforces the 

importance of completely protecting any exposed steel in the actual environments 

where oxygen and moisture are prevalent. 

Now that the lifetime characteristics are developed for each of these simulated 

environments, the Eyring equation, Eq.[14], can be used to predict the lifetime at any 

relative humidity or temperature. Table 5 provides the parameters for the Erying 

equation. Regarding the parameters within the Erying equation, it is known that the 

constant for the humidity, h, represents the activation energy for humidity. Similarily, 

the temperature constant, f, is also an activation energy when mulitpled by the gas 

constan, R, but for temperature. This is shown when comparing the temperature 

constant, f, in Table 5 to the slope values, QIR, in Table 4 for the difftision equation 

from the Ahhrenius relationship. Deiasi and Russell (1971) reported an activation 
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energy of 15.6 kcal/mole {QIR = 7,851 K"') for the aqueous degradation of polyimide 

coupons. 

The constants. A, f, and h in Table 5 for the Eyring equation were calculated 

based on the characteristics times, rji and 7^, of the reliability equation, Eq.[13], as 

shown in Table 3. The characteristics times represent the time when the degradation 

value is 36.78% of the initiation fracture toughness at time equal to zero or the time 

when F(t) = 63.21%. If the critical degradation value is above or below F(t) = 

63.21%, it would either be too conservative to use this percentage if the critical value 

is well below it and very dangerous if the critical value is anywhere above it. In fact, 

the Eyring equation can be used to determine the life time estimation at any F(t) 

value. 

Design and Life Prediction Examples 

Calculation of a design fracture toughness would provide a start for a service 

life estimation before crack initiation occurs. Taljsten (1994) provided the same 

equation used in this study for calculating the bond failure load as 

where b, E, and t are the width, elastic modulus of and thickness of the FRP sheet, 

repsectively, and G/ is the fracture toughness of the joint. The research of Taljsten 

(1994) also indicated the tensile strain in the loaded end of the FRP sheet at bond 

failure is 

Based on design loads in Eq.[18] or a design strain in Eq.[19], the design G/can be 

back-calculated. Then, for any enviroimiental condition provided, a useful life 

estimation can be provided. 

For instance, take a retrofit design example of a bridge from Tavakkolizadeh 

(2001) with 20m span, simply supported composite girders, spaced at 2m on center. 

The bridge comprises of a 15cm concrete deck and W760x40 steel beams each 

retrofitted with a 1cm thick x 20 mm wide, 175 GPa modulus, carbon laminate plate 

[18] 

[19] 
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epoxy bonded to the tension flange. The epoxy has a modulus of 800 MPa and is 

1mm thick. The bridge is being upgraded for use of an a HS 20-44 truck live load 

from an HI5 truck live load. The analysis used, according to Saadatmanesh and 

Malek (1998), enabled the maximum principle stress to be calculated as 24.9 MPa in 

the bottom of the tension steel flange, at the cut-off points of the carbon laminate, 500 

mm from the supports. The strain in the bottom flange at the cut-off point can then be 

calculated as 125 microstrain, based on the steel modulus of 200 GPa. It will be 

assumed this is also the strain in the the layer of the epoxy at the epoxy/steel interface 

since delamination has not occurred. Utilizing Eq.[19], with G/= 19 jW from the 

experimental portion of this study (Woods and Saadatmanesh 2003), E= \15 Gpa for 

the composite modulus, and t = 1cm, the critical strain at the bottom of the laminate is 

calculated as 147 microstrain which is greater than 125 microstrain. This signifies 

that a good bond remains between the FRP and the steel flange. 

It should be pointed out that the predicted lifetime values of Gc associated with 

the various environments would vary for different epoxies, number of FRP layers, and 

the type of fibers used. This conclusion is based on the premise that different 

composite characteristics will change the rate in which moisture will diffrise into the 

retrofitted interface. 

An even more simplistic approach for predicting the life of bond strength has 

been shown from previous research with the dependence of joint strength on moisture 

content. Brewis et al. (1980a,b) experimented with a variety of adhesively bonded 

aluminum alloy lap joints and determined that the joint strength is linearly dependent 

on the normalized moisture content of water up to approximately 90% of the 

maximimi moisture content. As the moisture content approaches its maximum value, 

the strength of the joints show a rapid decrease, representing the attack of water on the 

interface after a long exposure time. Based on this linear trend, if the diffusion 

coefficient and thickness is known for any epoxy system, a lifetime estimation of a 

joint bond strength can be predicted by simply utilizing Eq.[10]. 

Reverting back to the previous example from Tavakkolizadeh (2001) and 

subjecting the beam to seawater environment at 100% R.H., the service life of the 

retrofit can be estimated. A typical epoxy has a diffusion coefficient in water between 

1x10"' mm^/s and 12x10"' mm^/s (Hartshorn 1986). Experimentally in this study, the 
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calculated diffusion coefficient for a seawater environment is 13.821x10'^ mm^/s. 

Using Eq.[10], with 5 = 2 x lOmm, D = 13.821x10'^ mm^/s, t* = 0.214 for 90% 

saturation, and t* - 1.06 for 100% saturation, results in the service life of the 

retrofitted beam to be between 1.96 years and 9.17 years to reach 90% and 100% joint 

saturation, respectively, at 100% R.H. Suppose the composite in the retrofit has a 

smaller diffusion coefficient of 10x10"^ mm^/s within the same exact environment, 

and is subjected to 10% R.H., the useful life of the retrofitted beam can be estimated 

utilizing the test results plotted in Figure (17) of the seawater environment. First, 

determine from the seawater plot in Figure (17), F(t9o%} = 0.67, where ^90% = 1,839 

hours, according to Table 2. At F(t9oo/) = 0.67, read across to the 10% R.H. line and 

determine that t* = 0.8173 from Eq.[10], where t = 7,000 hours, D = 13.821x10"^ 

mm^/s, and s = 2x 3.264mm. Now, using s = 2x 1cm and D = 10x10"^ mm^/s for the 

retroffited beam, and the calculated t* = 0.817, the service life is estimated at / = 10.36 

years, an increase of 8.4 years to the 100% R.H. environment. 

This life estimation does not mean the composite will be delaminated from the 

steel surface, but that microcracking will have developed within the composite/steel 

interface such that the biaxial state of stresses encountered are beyond the allowable. 

The remaining life, given the amount of plastic energy still available before complete 

delamination, may be quite substantial, as noted from the large difference between the 

control Gc initiation value of 19 J/m^ and the control Gc propagation value of 288 J/m^ 

determined from the experimental part of this study (Woods and Saadatmanesh 2003). 

The following points must also be taken into consideration regarding the life 

prediction analysis. First, it has been shown in previous epoxy/substrate joint studies 

that there is a critical level of moisture content below which environmental 

deterioration has no affect (Kinloch 1983). This means that joints exposed to relative 

humidity levels too low to induce this critical moisture content will not weaken. In 

this study, it has been conservatively assumed that degradation will occur for any 

relative humidity level. Also, the diffusion coefficients obtained within this study 

may be conservative. Using higher quality epoxies with lower moisture diffusion 

coefficients will significantly enhance the service life of the structure. Also, when the 

reinforcing fiber sheets are taken into account, the different fabric layouts will affect 
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the rate in which moisture will penetrate into the bonded interface, thus, changing the 

lifetime estimation (Shen and Springer 1976). 

Conclusion 

The study presented here focuses on accelerated degradation testing techniques, 

and discusses service life estimation techniques of identical samples of carbon FRP 

composites bond to steel after subjected to severe environments. Accelerated 

degradation testing is performed, due to the advantages it provides, by subjecting 

specimens to higher than normal stress conditions. The accelerated stress variables, 

relative humidity and temperature, are used to determine the hygrothermal conditions 

at any relative humidity or temperature level. 

Pick's law of diffusion is used to model the moisture content as a function of 

time. Experimental specimens are weighed to provide the diffusion coefficient of the 

PRP/steel joint. The diffusion coefficient, as a fiinction of any temperature, is knovm 

based on the Ahhrenius reaction rate. 

The accelerated model in this study uses the test results of the initiation fracture 

toughness, Gc, over time, at 100% R.H. condition and room temperature, for 

predicting Gc values at any other R.H. and temperature. The accelerated model is 

validated by comparing the analysis with experimental results obtained by Nairn and 

Han (1999). 

The Eyring equation is used to predict the life of the FRP/steel bond strength at 

any deterioration level. Results based on the lifetime prediction show the excellent 

durability of PR? attached to steel, even in the most severe, accelerated environments. 

The lifetime prediction is a function of the diffusion coefficient, as well as, the 

stiffness and thickness of the PR? system. Therefore, different conclusions will result 

for different epoxies, fabrics, and laminates used in this retrofitting application. 

Nevertheless, the plots for the various environments in this study can still be used to 

determine the lifetime of any PRP system because the bond strength is a function of 

the moisture content within the PRP system. 

Confidence must be built in composites for rehabilitation in civil engineering 

applications. The following needs to be clearly addressed before there is acceptance 

in these applications: long-term durability and fatigue characteristics when under load 
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or exposed to the operating environment; creep behavior under loaded conditions and 

the need to inspect the quality of repair or upgrade installations; failure mechanisms 

of laminates; behavior characterization of the material system over time; and 

developing performance specifications that define and predict minimum acceptable 

behavior. 
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( a )  ( b )  
Figure 1: Test Schematic 

(a) (b) (c) 

Figure 2; (a) Side and (b) front of testing apparatus, (c) Extensometers attached to test 
specimen. 

Propagation 
Plateau 

Initiation 

Total Crack Growth, Aa 

Figure 3: Typical resistance or 'R' curve of fracture toughness, 
Gc versus crack growth. 
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Steel,pH3,HCI 
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Figure 4: Noimalized moisture content, M„, versus 

dimensionless time constant, t*, for the FRP bonded 

steel specimens submerged in pH=3, HCl 

environment. 
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Figure 5: Weibull probability plot for FRP bonded to steel submerged in 

calcium hydroxide, pH 12, at room temperature. 
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(c) 

Figure 6a-c: Tested steel substrate specimens after submerged in 
HCl, pH=3 for various exposure times. 



(a) 

Figure 7a-c: Tested steel substrate specimens after submerged 
in seawater, pH=8,5 for various exposure times. 
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(c) 
Figure 8a-c: Tested steel substrate specimens after submerged 
in calcium hydroxide, pH=12 for various exposure times. 



(a) 

Figure 9a-c: Tested steel substrate specimens after subjected 
to humidity < 100% at 100°F for various exposure times. 



(a) 

Figure lOa-c: Tested steel substrate specimens after 
submerged in water, pH=7 at 120°F for various exposure times. 



Figure lla-c: Tested steel substrate specimens after submerged 
in water, pH =7 at 160°F for various exposure times. 



(a) 

(b) 

Figure 12a-c: Tested steel substrate specimens after subjected 
to 140°F oven for various exposure times.. 



(a) 

(c) 

Figure 13a-c: Tested steel substrate specimens after subjected 
to 160°F oven for various exposure times. 
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Figure 14 : Example of life at the characteristic life, r|, versus stress 
(relative humidity), along with the pdf associated at each constant 
relative humidity level. 
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Steel - pH 12 - Calcium Hydroxide 

0.00001 0.0001 0.001 
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Figure 15: F{t) values versus Eq.[15] of FRP bonded to steel specimens 

immersed in Ca(0H)2, pH=12 solution. 
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Figure 16: C(t,Mm) values, Eq.[15], versus time of 

FRP bonded to steel immersed in Ca(0H)2, pH=12 

solution. 
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Figure 17: F(t) versus time of FRP bonded to steel in the simulated environments 

of HCl, seawater, Ca(0H)2, water at 160°F, and hot, high humidity < 100%. The 

100% relative humidity curves in the chemical and 160°F water environments are 

from the experimental results and the 75%, 50% and 10% relative humidity 

conditions are the predicted results. 
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Figure 18: Normalized degradation values versus dimensionless time 

constant, t*, of FRP bonded to steel submerged in Ca(0H)2, pH=12 

solution at room temperature. 
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Figure 19: Experimental and predicted degradation initiation fracture 

toughness values versus time of FRP bonded to steel specimens submerged in 
simulated environments with pH=3, pH=8.5, and pH=12, at different 

temperatures. 
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Figure 20a,b: Experimental (Nairn and Han 1999) and prediction results from the 

reliability analysis within this study, (a) Microcracking fracture toughness, Gmc, as a 

function of time for Avimid® K polymer laminates aged at 80°C while immersed in water 

(100%) or exposed to relative humidities of 76%, 50%, and 26% (Nairn and Han 1999). 

(b) Microcracking fracture toughness, Gmc, as a fiinction of time for Avimid® K polymer 

laminates immersed in water but aged at 80°C, 60°C and 43°C (Nairn and Han 1999). 
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Table 1: FRP coupon static tensile test values: Fiber volume content, Vf, 

modulus, E, and tensile strength, a. 

Loading Rate = 0.001 in/s Loading Rate = 0.1 in/s 

Vf E CT Vf E a 

(%) (psi) (psi) (%) (psi) (psi) 

5 1,711,914 17,113 5 2,343,639 17,083 

23 5,978,880 71,819 23 14,688,158 179,274 

28 6,789,927 86,540 28 14,484,746 178,774 

52 13,413,896 424,884 52 38,809,567 

Table 2: Diffiisivity, maximum moisture content, M^, time to reach maximum moisture 

content, tm, and time to reach 90% maximum moisture content, t9o% of diffusion samples 

representing the large scale test specimens. 

Substrate Environment Temperature Dx X 10 ^ M™ tm t90% Substrate Environment 

°C mm^/s % Hours hours 

Steel HCl, pH 3 22 17.362 1.933 7,264 1,464 

Steel Seawater, pH 8.5 22 13.821 1.189 9,110 1,839 

Steel Ca(0H)2, pH 12 22 16.168 0.734 7,750 1,572 

Steel Water, Humidity< 100% 37.8 27.876 0.780 4,486 912 

Steel Water, Immerged 51.1 29.105 0.662 4,303 873 

Steel Water, Immerged 71.1 39.093 0.556 3,215 650 

Table 3: Parameters for the reliability equation, Eq.[13], for the FRP bonded to steel in the 

various environments. 

Substrate Environment Temperature Pi P2 ^12 P Substrate Environment 

"C 

Pi P2 

(hours) (hours) (%) 

Steel HCl, pH 3 22 1.75 2.17 680 13,227 36.33 

Steel Seawater, pH 8.5 22 0.93 5.35 693 10,375 71.68 

Steel Ca(0H)2, pH 12 22 0.74 1.84 284 15,399 60.9 

Steel Water, R.H.<100% 37.8 1.80 12.87 2,140 10,882 69.75 

Steel Water, Immerged 71.1 1.84 2.54 33 3,623 68.67 



Table 4: Parameters for the Ahhrenius equation, Eq.[6], for the FRP 

bonded to steel specimens in the various environments. 

Substrate Environment Do Q/R Substrate Environment 

(mm^/s) (K) 

Steel HCl, pH 3 1.37E+06 -8098 

Steel Seawater, pH 8.5 1.42E+06 -8177 

Steel Ca(0H)2, pH 12 4.18E+06 -8488 

Steel Water 4.67E-04 -1647 

Table 5: Parameters for the Eyring equation, Eq.[14], for the FRP bonded to steel 

specimens in the various environments. 

Weak Subpopulation 

Substrate Environment A f h Substrate Environment 

(hours) (K) 

Steel HCl, pH 3 3.40E-09 7646 0.1344 

Steel Seawater, pH 8.5 9.15E-10 8040 0.1345 

Steel Ca(0H)2, pH 12 2.29E-09 7539 0.1343 

Steel Water 2.34E-01 1647 0.1345 

Strong Su bpopulation 

Substrate Environment A f h Substrate Environment 

(hours) (K) 

Steel HCl, pH 3 6.63E-08 7645 0.1350 

Steel Seawater, pH 8.5 1.37E-08 8039 0.1345 

Steel Ca(0H)2, pH 12 l.lOE-07 7513 0.1353 

Steel Water 8.54E+01 1647 0.1352 


