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NOTATION 

Ag gross cross-secdonal area of rebar or tendon, 

a time rate of absorption, 1/sec 

b time rate of desorption, 1/sec 

c moisture concentration in composite material, g/mm^ 

C ion concentration, mol/1 

D mass diffusivity, mm^/sec 

Do diameter of rebar or tendon, nun 

E elastic modulus, GPa 

Eo initial elastic modulus for relaxation specimen, GPa 

G time dependent coefficient, dimensionless 

K thermal conductivity. 

thermal diffusivity of a composite in along the z-axis. 

L length of cylindrical diffusion test specimen, mm 

m moisture content in the material, dimensionless 

rrii initial moisture content in the composite, dimensionless 

mm moisture content in composite at saturation, dimensionless 

M percent moisture content, dimensionless 

N number of fatigue cycles 

Pi tensilcforce in tendon after I hour, kN 

Pp predicted tensile strength, kN 

Pr residual tensile strength, kN 
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Pt tensile force in tendon as a function of time, IcN 

Pu ultimate tensile strength, kN 

R stress range, MPa 

To initial radius of specimen, mm 

Tr residual radius of specimen, mm 

t exposure time, sec 

T temperature, °C 

Vf volume fraction of fHier, dimensionless 

V volume of composite, mm^ 

W Weight of moist composite matenal, g 

Wd dry weight of composite material, g 

X depth of penetration by solution through diffusion, mm 

ultimate tensile stress of a composite, MPa 

^min mim'mum tensile stress of tension-tension fatigue cycle, MPa 

initial strain and strain after one hour, in/in (dimensionless) 

Su ultimate strain of a composite 

<!> diameter of a rebar or tendon, mm 

APs loss of tensile force due to grip seating, kN 

V Poisson's ratio 

P mass density of a composite, g/cm^ 



ABSTRACT 

Due to their unique properties, fiber reinforced plastics (FRPs) are increasingly 

becoming popular within the civil engineering communily as a possible alternative to 

steel. FRPs could provide a possible solution to the corrosion problem of steel 

reinforcement because of their excellent resistance to electrochemical corrosion. 

A total of 610 rebar and tendon specimens were tested in tension until failure 

along with 210 -102 mm (4 in) long specimens that were used to determine the 

moisture diflusivity of FRP rebars and tendons. The main objective was to investigate 

the effect of moisture absorption on changes in the ultimate tensile strength (P J, elastic 

modulus (E), ultimate strain (EJ, and Poisson's ratio (v). In addition, twenty concrete 

beams reinforced with two -10 mm (3/8 in) diameter GFRP rebars were constructed to 

investigate the effect of prolonged exposure to deicing salts on the durability of GFRP 

reinforcement. Test results showed long-term durability problems with using glass fiber 

reinforced plastic (GFRP) rebars in alkaline or salt solutions, while carbon and aramid 

tendons exhibited superior durability to that of GFRP rebars. 

The relaxation, creep, and fatigue behavior of carbon and aramid FRP tendons 

was investigated. The behavior of 54 tendon specimens was recorded for 3000 hours 

to examine the effect of temperature and type of environment on the loss of tensile 

force due to relaxation. Test results showed that relaxation losses increased with the 



increase in initial stress ratio and temperature, and it was higher in solutions than in air. 

A preliminary investigation of the creep behavior of GFRP rebars, and FRP 

tendons under exposure to simulated aggressive environments was carried out. A total 

of eight GFRP specimens and eighteen tendon specimens were subjected to sustained 

loading corresponding to 40% of their ultimate tensile strength. Test results showed 

that creep was higher in solutions than in air, and it was dependent of the of fiber 

and type of environment. 

A total of 225 tendon specimens were tested in tension-tension fatigue to 

examine the effect of cyclic &tigue loading on the elastic modulus, Poisson's ratio, and 

ultimate tensile strength. Carbon and aramid tendons displayed excellent fatigue 

characteristics for stress range corresponding to 5% of the ultimate tensile strength, and 

to a lesser degree for stress range corresponding to 10% of the ultimate tensile strength 

of the tendon. Poor fatigue performance was exhibited for stress range corresponding 

to 20% of the ultimate tensile strength of the tendon. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Problem of Steel Corrosioii 

Steel is cunently the primary material used in the fabrication of reinforcement bars 

and prestressing tendons because of its desirable properties of strength, ductility, and low 

cost. Steel is susceptible to corrosion v^en exposed to adverse elements such as high 

temperature and humidity, sea water, heavy snow, and extensive use of deicing salts on the 

highways. In the 1960's, the extensive use of deicing salts became the leading cause to 

corrosion of steel reinforcement in bridge decks and highways, which became a major 

concern nationwide [I]. The eighth annual report of the Secretary of Transportation to the 

Congress of the United States on " Highway Bridge Replacement and Rehabilitation 

Program", states that more than forty percent of the nation's 574,729 inventoried bridges are 

classified as either structurally or functionally deficient and a national plan should be 

addressed to solve this problem [2]. According to this report, these bridges must be either 

replaced or improved to adequately serve the present and flmire needs and goals of 

transportation in the United States. 

E>eteriorated bridge decks are one of the most expensive problems in the 

infrastructure of the United States at the present time. Public demand and the "clear roads 

year-round" policy adopted in the United States resulted in steady growth in the use of 
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deicing salts since the early 1950's at a high rate to over twelve million tons in 1979 due to 

this policy [3]. As a result, the leading cause of deterioration is the corrosion of 

reinforcement due to the use of chloride-containing deicing salts. The costs of combating 

corrosion are difficult to estimate. A 1985 report estimates between $16 and $24 billion 

dollars were needed including $400 million dollars needed for bridge deck restoration alone 

[4]. The corrosion of steel tendons becomes a much more serious problem than in 

conventional reinforcement because of their relatively small cross-sections and high tensile 

stresses. Brittle fracture due to corrosion could result in sudden catastrophic structural 

collapse without warning. This was the case in 1985 when the 18.3 m (60 ft) long segment 

of the Ynysy-Gwas Bridge in England collapsed [5]. Failure was caused by chloride 

penetration from deicing salts through the 25.4 nun (1 in) mortar joints. In 1972, the 

superstructure of the Azergues River Bridge had to be replaced after considerable cracking 

was discovered. The investigation revealed that chloride contamination resulted in 

accelerated loss in the 144 post-tensioned tendons supporting the superstructure [6]. In the 

United States, there are over 570,000 bridges, out of which 135,729 bridges are considered 

to be structurally deficient An additional 108,181 bridges are functionally obsolete [7]. This 

gives special importance to the search for alternative materials that can overcome corrosion. 

1.2 The Need for New Materiab 

Due to their unique properties, fiber reinforced plastics (FRPs) are becoming 

increasingly popular among researchers and engineers. Fiber reinforced plastics possess 

desirable properties such as resistance to electrochemical corrosion, high strength-to-weight 
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ratio, magnetic neutrality, and excellent fatigue charactenstics in the cases of aramid and 

carbon fiber reinforced composites. Some disadvantages associated with using FRP systems 

are high fabrication cost, low modulus of elasticity^, low failure strains resulting in reduced 

ductility. Other factors include moisture absorption and deterioration in alkaline 

environments especially glass fibers, and anchorage difficulties. 

O Historical Background 

Man have utilized composites available in nature since the dawn of civilization. The 

ancient Chinese, Egyptians, and Israelites made bricks by mixing straw with clay. The 

Chinese used bamboo to build structures, and pattern welding in ancient China involved 

forging together wrought iron and steel [8]. Laminated composites were used by the 

Egyptians by gluing the veneers together, thus enhancing the strength of wood and the 

possibility of shrinkage and swelling was reduced. Timber is one of the most important 

natural resources of construction materials. Wood is an organic composite material mainly 

composed of cellulose chains embedded in h'gnin matrix. A variety of natural fibers were 

available and used by man for thousands of years like silk, cotton, and wool. 

1.4 Problem Statement and Objectives 

When addressing the applicability of composites to civil engineering, several issues 

should be addressed. In particular, the long-term durability of composites in adverse 

environments. Other issues are creep, relaxation, and fatigue which could result in 

excessive deflections, cracks, and loss of ductility. Therefore, before a widespread use of 

composites, their durability should be investigated. 
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Although composites possess excellent resistance to electrochemical corrosion, 

studies have shown some long-term durability problems due to prolonged exposure to 

adverse environments. The aim of this stucfy^ is to provide a detailed investigation of changes 

in material properties of some commercially available FRP rebars and tendons when 

exposed to different environments or subjected to various loading conditions. Three different 

fiber reinforced composite tendons and ei^ different combinations of glass fiber reinforced 

composite rebars will be examined. Twenty beam samples reinforced with four different 

GFRP lebars were tested in flexure until &ilure to examine the effect of exposure to deicing 

salts on the strength and durability of GFRP reinforcement The main objectives of the this 

study are: 

1. Examine the moisture absorption and associated changes in material properties of 

fiber reinforced plastic rebars and tendons when placed in chemical and salt 

solutions. Changes in material propeities will be examined in terms of changes in the 

ultimate tensile strength, elastic modulus, ultimate strain, and Poisson's ratio. 

2. Study the relaxation behavior of carbon and aramid FRP tendons under different 

combinations of enviroimient, temperature, and initial stress ratio. 

3. A ineliminaty investigation of the creep behavior of carbon and aramid FRP tendons, 

in addition to four different combinations of GFRP rebars. Mathematical models will 

be developed through data analysis to model the creep behavior and to forecast the 

creep strains due to prolonged exposure to sustained dead loads. 

4. Study the effect of exposure to ultraviolet radiation and fireeze-thaw cycles on 
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changes in the mechanical properties of FRP rebars and tendons. 

5. Evaluate die durability of CFRP and AFRP composite tendons under tension-tension 

fatigue (^cles. Durability under fiitigue loading will be evaluated in terms of changes 

in the ultimate tensile strength, elastic modulus, and Poisson's ratio. 

1.5 What is a Composite ? 

A composite can be defined as a heterogeneous mixture formed by combining two 

or more homogeneous materials to form a new matenal with new properties that are superior 

to those of the constituents. In general, an FRP is mainly made from the following 

components; fibers, matrix, fillers, and catalysts. Since fiber reinforced plastics will be the 

main focus of the this study, a review of the basic components of a typical composite will 

be presented next 

1.6 Fibers 

Fibers are the most important component of an FRP. Fibers greatly differ in material 

type and properties. In civil engineering applications, three main groups of fibers are used 

at the present time. These fibers include carbon/graphite fibers, aramid fibers, and glass 

fibers. The main fimction of a fiber is to provide the tensile and shear strength of a 

composite. Fibers used to manufacture tensile elements for structural applications must meet 

some basic requirements. It must have high tensile strength, high modulus of elasticity, 

sufficient elongation to provide adequate ductility, and adequate resistance to environmental 

attack within or outside concrete. Three types of fibers will be examined in this study, glass, 

carbon, and aramid. 



1.6.1 CartMn/Gniphite Fibers 

Carbon fibers were first produced by Shido of Japan in 1964 [9]. Although the word 

carbon and graphite are commonly used in reference to fibers made fiom the carbon element 

(C), however, th^ are not the same. Carbon fibers ( also known as PAN-based fibers) 

contain 93% to 95% carbon element, while graphite fibers contain more than 99% carbon 

element Carbon fibers are usually produced at DOO'C, wiiile the higher modulus graphite 

fibers are produced from the graphitization of carbon at 2000°C to 30CK)°C. Carbon fibers 

produced after graphitization contain graphite crystallites responsible for the high tensile 

strength. Graphite fibers are the strongest fibers known to man at the present time, and are 

known for their high strength, high modulus, and resistance to heat and chemicals. More 

recently, progress was made towards producing continuous graphite filaments which 

involves a precursor conversion process [10]. Textile fibers usually rayon and 

polyacrylonitrile PAN-based fibers are used as precursor materials. Polyvinyl alcohol, 

phenolics, and pitches also have been used as precursors. In the manufacturing process, the 

molecular orientation of the fibers is preserved and the strong carbon-carbon covalent bonds 

are aligned along the axis of the fiber. The organic fibers are first pyrollysed by first heating 

at low temperature. Then carbonization is followed by exposing the fibers to 1300°C 

temperature. In the case of PAN-based fibers, tension is applied to the precursor when it 

undergoes pyrolysis in a protected atmosjdiere. The resulting carbon fibers have high elastic 

modulus (HM), and high tenacity (HT). Also, carbon fibers are highly resistant to 
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electrochemical corrosion and their diameter is in the range of 5 to 10 /An.Properties of 

some commercially produced carbon fibers are listed in Table LI [11]. 

1.6.2 Aramid Fibers 

Aramid fibeis are synthetic organic fibers called aromatic polyamide fibers. They are 

formed from the polycondensation product of terephthaloyl chloride (TCD) and p-phenylene 

diamine (PPD). The strength of aramid fibers is derived from the anisotropic structure of 

high crystallinity consisting from cross-linked chains on macromolecule. The molecular 

chains are aligned and stiffened by means of aromatic rings linked by hydrogen. Early 

prestressing applications in the United States using kevlar aramid fibers were conducted by 

Dolan in 1989 [12]. Major developments on aramid fibers were accomplished in Europe. 

Some commercially {xoduced aramid fibers and their properties are listed in Table 1.2 [11]. 

For example, kevlar is produced by Dupont in the United States, Twaron (HM) is produced 

by Maatscappij in the Netherlands, and Technora is produced by Tegin Corporation in Japan. 

1.6 J Glass Fibers 

Glass composites have been in use since the 1920s. It was the first alternative 

material to steel used for prestressing concrete [13]. Common fibers are made from E-glass 

(55% SiOj, 8% AI2O3,19% CaO, 5% MgO, 10% Bfiy, and fillers 3%). C and S-glass (65% 

Si02,25% AI2O3, and 10% MgO) has higher tensile strength and elastic modulus than E-

glass, and higher resistance to alkaline attack. Properties of some conmiercially produced 

glass fibers are listed in Table 1.3 below [13]. 
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Table 1.1 - Properties of Some Commercially Produced Carbon Fibers 

j Fiber Type Oensity 
(P) 

(g^cm^) 

Short-term 
Strength (a J 
(GPa).(ksi) 

Elastic 
Modulus (E) 
(GPa), (ksi) 

Ultimate Strain 
at Failure (E^) 

(%) 

HM300 1.8 4.0,580 300,43500 1.3 

HM400 1.8 2.7,392 400,58000 0.6 

HM500 1.9 2.4,348 500,72500 0.5 

HT3.6 1.7 3.6,522 230,33350 1.5 

HT4.5 1.8 4.5,653 250,36250 1.8 

HT5.6 1.8 5.6,812 300,43500 1.8 

Table 1.2 - Properties of Some Commercially Produced Aramid Fibers 

Material Property Unit Twaron Kevlar Technora 

NH IM HM 29 49 

Density ( p) (g/cm^) 1.45 1.45 1.39 

Tensile Strength (0"„^ (MPa) 3000 3000 3100 Tensile Strength (0"„^ 
(ksi) 435 435 450 

Young's Modulus (E) (GPa) 80 no 125 63 130 77 
(ksi X 10 ) 12 16 18 9 19 U.2 

Ultimate Strain (8„{) (%) 4.1 3.1 2.3 4.0 2.3 ** 

Coeff. Therm. Exp (a) (1/10®°C) -5 5 ** 

(1/10® °F) ** ** ** 

(*) Data was not available 
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Table 1.3 - Properties of Some Commercially Produced Glass Fibers 

1 Fiber Property 1 Unit 1 E-GIass S-Glass D-Glass 

Specific Gravity Ratio 2.54 2.49 2.16 

Tensile Strength (GPa) 3.45 4.59 2.41 
(cy,rf) (ksi) 500 665 350 

Young's Modulus (GPa) . 7.24 8.55 5.17 
(E) (ksi) 10500 12400 7500 

Ultimate Strain (%) 4.8 5.4 4.7 

(Euf) 

Coeflf. Therm. Exp. l/IO® "C -2.8 1.6 1.7 
(a) 1/10®T •* ** ** 

Softening Point CO 846 970 771 
(T) m 1555 1778 1420 

(*) Data was not available 

Glass fibers are manufactured as continuous filaments. Raw glass is fed into a 

furnace and melted, then fibers are drawn fi'om molten glass. Commercially produced glass 

fibers have diameters ranging from 2.4x10"* to 19x10"* cm. 

The main advantage of using glass fibers as reinforcement is their low cost 

compared to other fibers used today and they can be easily fabricated in continuous 

filaments. Some durability problems are associated with using glass fibers such as moisture 

absorption in alkaline environment (i.e. concrete), which results in fiber detrioration and 

strength reduction. In addition, glass fibers have relatively low elastic modulus and low 

softening point and strength can be affected by the existence of any flaws on their surfaces. 

In this study, two types of glass fibers will be examined, E-glass and AR-glass. 
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1.7 Matrix 

The functioii of a matrix extends beyond simply holding the fibers together. It plays 

an important role in preserving the strength and integrity of the composite system, some of 

the matrix functions are: 

• Physical barrier against environmental effects such as humidity, temperature and 

ultraviolet radiation. 

• Protects the fiber surface from impact, corrosion, and abrasiotL 

• Distnbutes the longitudinal load carried by the fibers. 

• Gives the composite system the ability to sustain its shape and geometry. 

Matrices are made fix)m different materials that differ in their physical and chemical 

properties. Composite materials with resin matrices and in particular, thermoplastic 

matrices, are attractive because of their relatively low density, low fabrication cost, and 

resistance to corrosion. Three dififerent matrix materials were considered, polyester, 

vinylester and epoTty resins. A review of the polyester and epojty resins is presented next 

1.7.1 Polyester (Unsaturated) 

Polyester is formed from the polymerization of unsaturated organic compounds. The 

general reaction involves the combination of di-basic and di-acidic monomers and can be 

expressed as: 

n ( HOR-OH ) + n ( H-P-H) => - [ R-P ]„ - + 2n H2O 

Di-basic and di-acidic monomers such as ethylene glycol 

HO-CH2-CH2-OH 
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and furmic acid HO-C-CH=CH-C-OH 

11 1 
o o 

can condense by splitting out water to form the following unsaturated polyester. 

- [ CH2-CH2-0-C-CH=CH-C-0 ] „ -
i 1 
o o 

The double bonds between the adjacent carbon atoms indicate that the polyester 

molecules are not saturated. These unsaturation sites enables the cross-links to be 

established between the molecular chains during the curing process. Unsaturated polyester 

has a tensile strength of 11 ksi (75.9 MPa), modulus of elasticity of440 ksi (3034 MPa), and 

ultimate strain of 4.0%. Most polyesters perform satisfactorily at temperatures up to 250 "C. 

Strength deteriorates with increasing temperature, and they become more susceptible to 

moisture and chemical attack. Fillers are usually added to polyester resins to lower the cost, 

improve resistance to moisture, and to reduce shrinkage. Properties of polyester and epoxy 

resins are listed in Table 1.4 [14]. 

1.7.2 Epoxy Resin 

The structure of epojQr resin is characterized by the epoxy group -CH-O-CHj, also 

known as epoxide. Epoxy resins range from viscous liquids to high-melting solids. A variety 

of hardeners or curing agents are used with epoxy. The main type is amine which is often 

used in structOral applications. The hardening effect is achieved through the formation of 

cross-links between the resin polymer chain and the hardener. For example, Epon 9310 
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epoxy made by the Shell Chemical Company has a tensile strength of 11 ksi (75.9 MPa), 

elastic modulus of 450 ksi (3.1 GPa), and strain at failure of 4% [15]. The major type of 

epoxy resins are manufactured from epichlorohydrin and bisphenol A [16]. Epo^ resins can 

be modified by plasticisers which are low-molecular-weight additives that serve to separate 

the molecular chains, thus improving the impact and low temperature properties. 

Table 1.4 - Properties of Polyester and Epoxy Resins 

Material Proper^ Unit Polyester 1 Epoxy 1 

Specific Gravity Ratio 1.28 1 
Tensile Strength (MPa) 55 34 

(ksi) 7.98 4.93 

Young's Modulus (MPa) 3500 3400 
(E) (ksi) 507.5 493 

Ultimate Strain (%) 2-4 5-10 

(S„f) 

Coeff. Therm. Exp. (1/10® °C) 100 60 
(a) (1/10®T) *** ** 

(*) Data was not availab e 

1.8 Composites in Civil Engineering Appliaitions 

In the past two decades, the construction industry has been increasingly paying 

attention to the potential of FRP composites as a construction material. As previously 

mentioned, FRPs possess unique properties that well suits their use in reinforced or 

prestressed concrete members, cables and structural ties. Some problems like cost and 
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inherent material properties still prohibit the widespread use of FRPs in the construction 

industry. For example, Arapree AFRP tendons were used in limited applications such as in 

post-tensioned posts, and in the construction of sound barriers and fish ladders in The 

Netherlands [17]. 

Japan is one of the leading nations to use FRPs in prestressed and post-tensioned 

concrete structures. In 1988, CFRP strands 12.5 mm (0.5 in) in diameter were used to 

prestress concrete decks used in the construction of the Shinmiya Bndge in the Ishikawa 

Prefecture. The bridge had 7.0 m (23.3 ft) wide decks, and spanned 5.76 m (19.2 ft) across 

the supports. In 1992, CFRP strands were used in the construction of the Hishinegawa 

Bicycle Bridge, and in 1989, CTRP rods were first used in a two-span post-tensioned 

concrete highway bridge in Kitalgrusyu City. The two span bridge was 12.3 m (41.0 ft) wide 

and 35.8 m (119.0 ft) long. The deck structure was supported by 18.25 m (60.7 ft) long 

prestressed girders, and 17.55 m (58.4 ft) long post-tensioned girders. In 1990,14.0 mm ( 

0.55 in) diameter AFRP tendons were used in the construction of three out of twenty one 

girders of a deck-girder composite system. Furthermore, FRPs were used in reinforced earth 

construction for embankments, external prestressing of tall chimneys, and buildings [18]. 

Other applications of FRPs include rock bolts in tunneling and ground anchors for retaining 

structures. 

Composites were successfully applied in the construction of bridges and other types 

of structures in Europe and the United States. In 1978, The Virginia Pedestrian Bridge was 

constructed from GFRP triangular trussed girders [19]. In 1990, The giders of the Dupont 
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Countiy Club Pedestnan Bric^ in Washington, E)elaware, were made from pultruded glass 

fibers and the supporting cables were made from aramid fibers [20]. 

Europe has achieved substantial developments in the design and use of composites 

especially in bridge construction. In Germany, CFRP tendons were used in the construction 

of the 85 m (283 ft) long Ostsrasse Bridge in Ludwigshafen. CFRP tendons consisting of 

nineteen -12.5 mm (0.5 in) diameter wires were used with steel tendons to prestress the four 

20 m (66.6 ft) long girder segments forming the bndge [21]. In 1989, the A19 Tees-Viaduct 

in Middlesbrou^ England had an enclosure built fix)m GFRP materials for it's longest span 

of 117 m (389.6 ft) to reduce the rate of corrosion of the plate girders, and to provide a 

platform for inspection and maintenance [22]. In 1992, the suspension cables of the 

Aberfeldy Golf Club Footbridge over the Tay River in Scotland were made from Parafil 

AFRP tendons [23]. In 1982, the Ginizi Highway Bridge in Bulgaria was erected as one 12 

m (40 ft) simply supported span constructed fix)m GFRP I-beams [24], 

1.9 DifTerences Between FRPs and Metals 

To conclude, it must be noted that there are fimdamental differences between fiber 

reinforced plastics (FRPs) and metals used in the construction of reinforced and prestressed 

concrete structures. 

• Composites aire anisotropic and elastic in which the physical and mechanical 

properties are dependent on fiber type, orientation, and fiber volume fraction. 

Other &ctors include matrix material, fabrication, and construction procedures. 

• Short-term tensile strength is hi^er than the long-term strength due to exposure. 
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creep, and manufacturing defects. 

• Composites ate brittle with linear stress-strain relationship until failure, 

associated with low strains and no yielding at failure. 

• Some durability concerns are associated with the use of some composites in 

alkaline environments (i.e. E-glass) rather than acidic where steel corrodes. 

• Composites have low modulus of elasticity in comparison to steel which may 

result in some problems due to creep and relaxation. 

Over twenty yeras ago, few experimental data was available on the factors that could 

affect the strength and durability of composites. Early durability studies conducted on £n)er 

reinforced composites were mainly in the fields of automotive and aerospace industries [25]. 

In the follwoing chapter, a review of the early investigations will be presented. This 

will include the environmental effects on the durability and strength of composites and 

leading up to the recent durability studies pertaining to civil engineering applications. 
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CHAPTER2 

LITERATURE REVIEW 

2.1 Introduction 

During the last two decades, there have been numerous studies on the durability and 

long-term behavior of fiber reinforced composites. For optimum and safe design of 

structural elements made fix)m FRPs, considerable attention should be paid to the effects of 

prolonged exposure to adverse environments that could negatively impact the strength and 

durability of composites. This becomes of particular importance when composites are 

directly exposed to one or a combination of harsh environments such as moisture, heat, 

marine environment, deicing salts, heavy snow, fieeze-thaw cycles and ultraviolet radiation. 

Given the brittle nature of failure of composites, laboratory simulated field 

conditions are important for understanding and ultimately preventing this type of failure 

in the field. Early studies have shown that moisture absorption is one of the leading factors 

affecting the mechanical properties of a composite. In this chapter, a general review of 

durability studies done on examining the effects of moisture absorption on the mechanical 

properties of composites will be discussed. In addition, studies on topics related to the long-

term behavior of composites such as relaxation, creep, and response to fatigue loading will 

be presented. Furthermore, the behavior of concrete members reinforced or prestressed using 

FRPs will be reviewed. 
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22 Moisture Absorption in Composites 

Loos and Sfvinger examined the moisture absorption of graphite/epojQr composite 

immersed in liquids and humid air [26], Test specimens were manufactured by three 

different compam'es, Fiberite, Hercules, and Namco. Samples were inamersed in saturated 

NaQ solution and distilled water. Tests were performed on 8-ply um'directional specimens 

101 mm (4 in) long, 12.7 mm (0.5 in) wide, and 1.04 mm (0.05 in) thick. Samples were 

immersed in Uquids at temperatures of 49,71, and 93 t!. Results showed that the maximum 

moisture content (M^^ and dififusivity (D) in distilled water were higher than saturated salt 

solution, but was relatively insensitive to changes in temperature for the same liquid. 

Loos and Springer also examined the moisture absorption of E-glass composites in 

liquids and humid air [27]. Three different E-glass polyester composites designated SMC-25, 

SMC-65, and SMC-30EA were examined. Coupon samples were placed in 16 different 

liquids including distilled water and saturated salt solution at temperatures of 25 and 65'C. 

It was concluded that the maximum moisture content strongly depended on the type of 

material and environment (liquid or air), but was relatively insensitive to temperature. Under 

most conditions. Pick's law was applicable in estimating the dififusivity and moisture content 

of samples until was reached. 

Lou and Murtha investigated the environmental effects on glass fiber reinforced 

composites (GFRPs) [28]. Composite panels tested were 254 mm (10 in) long, 254 mm (10 

in) wide, and 3.18 mm (1/8 in) thick. They were tested at elevated temperatures up to 232 

with or without exposure to water. A maximum moisture content of 1 to 1.3% was recorded 
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after 180 days in water at 93°C, and it was dependent on the temperature and exposure. 

Shen and Springer tested the effects of temperature and moisture on the tensile 

strength of 300/Fiberite 1034 unidirectional graphite/epo?Qr composites [29]. Tension 

specimens were 30.4 cm (12 in) long, 12.7 cm (5 in) wide and 0.4 mm (0.016 in) thick. 

Samples were tested in dry air, humid air with relative humidities of50,75 and 100%, and 

in distilled water. Samples were kept in environmental chambers under constant 

temperatures ranging between 49 and 149 until the moisture content reached the required 

value. Test results showed that below moisture content of 1%, little or no change in material 

properties was observed and moisture diffusion obeyed Pick's law, and above 1% moisture 

content the tensile strength would decrease by up to 20%. 

Shen and Springer investigated the moisture absorption and desorption of 

composites exposed to water and humid air [30]. Graphite T-300 Fiberite 1034 (with fiber 

volume fraction Vf of 68%) composite plates were tested. The plates were 50.8 mm (2 in) 

long, 12.7 mm (0.5 in) wicfe and 1.27 mm (0.05 in) thick. The initial moisture content of the 

plate was 0.5%. Specimens were exposed on both sides to 77 °C temperature and 90% 

humidity. Test results showed that temperature approaches equih'brium at a rate of 10 ^times 

faster than the rate of moisture equilibrium. Data analysis showed that the temperature 

across the plate became nearly uniform in about 15 seconds, while the moisture 

concentration was expected to reach equiUbrium within 12.8 years. This allowed the 

decoupling of the Fourier and Fick equations as will be shown later in Chapter 3. It was 

concluded that Pick's law could be used to model moisture diffusion into a composite when 
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the initial temperature and moisture concentrations inside the matedal are uniform. In 

addition, the temperature and moisture content of the environment surrounding the 

composite should also be constant 

Shinell investigated the difiiision of water vapor in graphite/epoxy composites [31]. 

A total of 778 specimens were fabricated from Thomel 300 high-strength graphite fibers 

embedded in Narmco 5208 epoTQr resin (T300/5208). Test specimens were 76 mm x 76 mm 

(3.0 in X 3.0 in) square, and 43 mm (1.7 in) thick. Test specimens were oven dried at 631 

and 0% relative humidity^ until no change in weight was observed. Test specimens were then 

exposed to thirty three different combinations of temperature and relative humidity. 

Temperature ranged from 211 to 83*t, and relative humidity ranged from 0 to 100%. The 

weight of the specimens was recorded periodically, and the moisture content versus the 

square root of time curves were developed for each individual case. Examining the test 

results revealed that non-Ficldan diffusion anomalies had occured, and they were likely to 

appear at higher temperatures and at both high and low moisture concentrations. Specimen 

thickness and edge conditions also had an effect on the dififiisivity and moisture absorption 

of the graphite composites. It was also concluded that Pick's law was not applicable and a 

post-Fickian diffusion model should be developed. 

Delasi and Whiteside studied the effect of moisture absorption on six different types 

of epoxy resins [32]. The selected epoxies were 3501-1,3501-6,5208,934, and NMD 2373, 

and the selected composites were AS/3501-1, B/5505, and hybrid B/5505-AS/3501-5. In 

addition, the effect of moisture absorption on the glass transition temperature of six epoxy 
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resins and two composites using thermochemical analysis was also examined. Graphite 

composite specimens were constructed from l5-ply um'directional AS/3501-5, while all the 

boron/epo^QT specimens were made from 6-ply um'directional B/5505. Specimens were 

subjected to weekly thermal cycles of heating and cooling that simulated supersonic nussion 

conditions. Temperature ranged from -55°C to 127°C, and relative humidity ranged from 

47 to 100%. It was concluded that the increase in fiber volume fraction has a direct impact 

on the strength and difiusivity of a composite. When epoxy resins are subjected to moisture 

absorption, it can result in some loss of strength but does not have and a significant effect 

on the transition temperature of glass nor on the activation energy and entropy of moisture 

diffusion within the composite. 

The effect of moisture diffusion on the mechanical properties of glass and 

graphite/epoxy composites was investigated by Browning et al. [33]. Changes in the elastic 

modulus, ultimate tensile stress, and ultimate strain at failure as a result of moisture 

absoiption was exammed. Test specimens were cut from 30.5 cm (12 in) wide 8-ply panels 

fabricated from AS/3501-5. Tensile specimens were 25.4 mm (1 in) wide, 229 mm (9 in) 

long and 1.118 mm (0.044 in) thick. Th^ were cured at 1761, and then oven dried at 931. 

Test specimens were then placed in chambers at temperature of 71 ̂  and relative humidities 

(RH) of 75 and 95%. Test results indicated that the moisture difiiisivity can be predicted 

using Pick's law for one dimensional diffusion. The recorded diffusivity was 1.939 x 10"® 

in^/hr (3.475 x lO'̂ mm^/sec), and the maximum percentage weight gain was 1.05% for RH 

of 75% and 1.6% for RH of 95%. A reduction in the tensile strength and elastic modulus of 
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resin and composite was noticed with the increase in temperature and relative humidity. 

Degradation and loss of strength was mainly due the plasticization of the epoxy in epoxy 

dominated composites, which results in lowering the transitional temperature of the epoxy. 

The other type of degradation was due the swelling of matrix and fiber-matrix interface 

degradation. 

2 J Durability for Civil Engineering Applications 

One of the earliest attempts to examine the durability of composites for civil 

engineering applications in the United States was conducted by Dolan [34]. The durability 

of glass fiber reinforced plastic (GFRP) and aramid fiber reinforced plastic (AFRP) tendons 

in alkaline envirormient was examined. Preliminary investigation concluded that GFRP and 

AFRP tendons had long-term durability problems associated with their used especially glass 

in alkaline environment Since fireshly poured concrete has a pH of 12, high concentration 

of (OPf) ions will attack the bond between oxygen and silicon in the Si-O-Si silica molecule. 

This results in the deterioration and loss of cross-sectional area of the glass fibers, thus 

resulting in the loss of tensile strength of the rebar or tendon. 

The efifects of temperature and humidity, concrete, and marine environment on the 

deterioration of GFRP rebars in bridge decks were examined by Zayed [35]. E-glass 

polyester rebar samples 10 mm (3/8 in) in diameter (fiber volume fiiaction Vf- of 70%) were 

placed in saturated calcium hydroxide solution with pH of 12 simulating hydrating cement, 

in NaCl 3.5% by weight solution simulating sea water, a mixture of alkaline and sea water 

solution simulating concrete in marine environment, and tap water at 40°C simulating 



49 

exposure to high temperature and humidity. Test results mdicated that the initial weight gain 

in samples followed the Ficldan diffusion, but it became non-Fickian after exposure for a 

long time. After 8S days, losses in strength up to 15% were observed in samples placed in 

alkaline and salt solution, and 5% losses for samples immersed in water at 40*0. Test results 

clearly demonstrated durability concerns associated with the use of GFRP composites 

exposed to concrete or marine environment 

Uomoto and Katsuki examined the moisture diffusion and durability of GFRP, 

AFRP, and CFRP rods placed in alkaline solution with pH of 12 [36]. Test samples were 40 

cm (16 in) long and 6 mm (1/4 in) in diameter, with a fiber volume fraction of 55%. GFRP 

rods were placed in a 1.0 mol/1 NaOH alkaline solution at room temperature, while the 

AFRP and CFRP rods were placed in a 2 mol/1 NaOH solution at 40^1;. Electron Microscope 

Analyzer (EMA) was used to detect the alkali penetration into the FRP rods. Test results 

showed that Na^ and OH" ion penetration was clearly observed in the case of GFRP rods, 

while it was negligil)le for the AFRP and CFRP rods. Losses in strength up to 60% after 120 

days of exposure to alkaline solution was recorded for GFRP rebars in comparison to only 

1% loss in strength for AFRP and CFRP rods. 

The durability of S-2 glass/epo)ty prestressed beams was examined by Sen and 

Shahawy [37]. Test beams were subjected to wet-dry cycles simulating tidal effects. Tests 

performed on twelve beams measuring 2.6 m (8.5 ft) in length with a 150 mm x 102 mm (6 

in X 4 in) rectangular cross-sections. Beams were pretensioned with single 12.5 nun (1/2 in) 

diameter S-2 glass/epo^ty tendon. Results indicated that marine envirormient contributed to 
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the degradation of glass tendons and it progressively increased with time. 

2.4 Behavior of Concrete Beams Reinforced with FRP 

Saadatmanesh and Ehsam' examined the use of glass fiber reinforced plastic rebars 

as tension and shear reinforcement in concrete [38], Five rectangular beams with a 200 mm 

X 460 mm (8 in x 18 in) rectangular cross sections, and one T-beam with web thickness of 

200 mm (8 in), top flange width of 610 nmi (24 in), and flange thickness of 75 mm (3 in) 

were tested in flexure until failure. Tension reinforcement consisted of two -20 mm (3/4 in) 

diameter rebars, and shear reinforcement consisted of 13 mm (0.5 in) diameter stirrups 

placed at 100 m (4 in) on center. Beams were simply supported and load was applied 

through two concentrated loads placed 460 mm (18 in) apart and symmetrically placed about 

the mid-span. Flexural behavior of the beams showed good aggreement between the 

measured and the theoretical ultimate loads, thus indicating the applicability of the classical 

methods of analysis to FRP reinforcement 

Fujisaki et al. examined the flexural behavior of concrete panels reinforced with 

grid-shaped FRP re^orcement [39]. The panels were made from concrete with compressive 

strength of 32.2 MPa (4.7 ksi). The grid-shaped FRP reinforcement was made fi-om high-

strength glass, carbon, and hybrid continuous fibers. Grid spacing was 100 mm (4 in) in 

both directions. The concrete panels were 3.6 m (11.8 ft) long, 3 m (9.84 ft) wide and 150 

mm (5.9 in) thick. Load was applied in a four-point bending with load points placed 1.0 m 

(3.3 ft) apart and synunetrically placed about the panel mid-span. Load deflection tests 

showed that the elastic theory for concrete analysis was valid and good agreement between 
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the measured and calculated loads was obtained. Thus, indicating the possible use of grid-

shaped FRP reinforcement in concrete. 

Alsayed et aL evaluated the behavior of nine concrete beams reinforced with GFRP 

bars [40], Six beams (Le. Groups I and II) had a 200 mm x 210 mm (7.9 in x 8.25) 

rectangular cross-section, and the other three (i.e. Group m) had a 200 mm x 260 nun (7.9 

in X 10.2 in ) rectangular cross-section. Group I was reinforced with 3-14 mm (0.6 in) 

diameter steel rebars. Group n was reinforced with 4 -19 mm (3/4 in) diameter GFRP rebars 

,and Group III was reinforced with 4 -12.7 mm (0.5 in) diameter GFRP rebars. Flexural test 

results revealed that the ultimate design method can be used to determine the flexural 

capacity of overeinforced sections, and deflection could control the design at service loads. 

Furthermore, an increase in beam depth could be an economical approach to controlling 

deflection and to greatly reduce the amount of GFRP reinforcement needed, thus offsetting 

the higher cost of GFRP reinforcement 

2^FRPsui Prestressed Concrete Structures 

Fam et al. investigated the applicability of FRP flexural and shear reinforcement for 

highway bridges [41]. A total of nine I-section AASHTO type reinforced concrete beams 

were tested Three beams were prestressed by five 15.2 nmi (0.6 in) diameter CFCC seven-

wire cables. Shear reinforcement consisted of three types of CFCC stirrups, 7.5 mm (5/16 

in) seven-wire strand, 5 mm (0.2 in) seven-wire cable, and 5 mm (0.2 in) solid cables. 

Two beams were prestressed by ten -8 mm (5/16 in) diameter Leadline rods and 

shear stirrups were fabricated fi'om single and double-legged Leadline rods. The last beam 
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was the control specimen, and was prestressed by five -13 mm (0.5 in) diameter steel 

strands. Shear reinforcement was double-legged steel stirrups. Flexural test results showed 

that all beams behaved linearly up to cracking. After cracking, a 70% reduction in beam 

stiffiiess was observed for beams prestressed with CFCC, and 65% reduction in stiffiiess for 

beams prestressed with Leadline. Beams failed by rupturing of the tendons at the draping 

points and shear ^ilures were brittle. No slip was observed which indicated good bond and 

transfer of stresses was developed. This demonstrates the good potential of FRP tendons for 

use in prestressed concrete bridge girders. 

Arockiasamy el al. examined the durability and flexural behavior of prestressed 

concrete beams with CFRP tendons exposed to sea water and alkaline environments [42]. 

The durability of CFCC 1x7 12.5 mm (0.5 in) diameter tendon was examined. Nine 

rectangular concrete beams 2490 mm (98 in) long with a 254 mm x 254 mm (10 in x 10 in) 

cross-section. Beams were prestressed with two CFRP tendons, and shear reinforcement 

consisted of CFCC 1x7 7.5 mm (5/16 in) diameter rectangular helicoidal hoops. Beams 

were divided into three groups. Six were prennacked and one fiom each group was subjected 

to dry-wet cycles in sea water, while the other was subjected to alkaline solutiotL The 

remaining three control specimens were kept dry and tested in flexure 28 days after being 

cast Test results showed that the flexural strength was not reduced by exposing precracked 

the beams to sea water or alkaline solutioiL Good agreement was shown between the 

experimental strength and the one obtained through the conventional theory for prestresssed 

concrete beams. Thus, indicating good flexural bond between FRP tendons and concrete. 
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2.6 Long-term Behavior of FRPs 

Mukae et al. studied the characteristics of Technora aramid FRP rods [43], Test 

specimens used to determine the tensile strength of Technora were 3 m (9.84 ft) long and 

6 mm (0.25 in) in diameter. A total of 54 specimens were testd in tension to failure. Failure 

stress was 1750 MPa (254 ksi), which was statistically determined as the strength 

corresponding to 99.87% failure probability. Creep specimens measuring 0.9 m (3 ft) in 

length were tested in air at room temperature. Stress levels ranged from 1390 MPa (201.6 

ksi) to 1700 MPa (247 ksi). Data analysis showed that when specimens subjected to 

sustained loading corresponding to 61% of the standard tensile strength, it is estimated that 

creep failure will take 100 years to occur. Fatigue testing of Technora showed that for 

specimens subjected to fatigue cycles with stress amplitude of250 to 600 MPa (36.3 to 87.0 

ksi), tendon specimens completed more than two million cycles without failure. This was 

also true up to amplitude of380 MPa (55.1 ksO and minimum stress of 1380 MPa (200 ksi). 

Mitsubishi Kasei [44] conducted tests on Leadline PC-D8 8 nmi (5/16 in) diameter 

tendon in air at room temperature. Tests showed that the extrapolated relaxation losses 

after 30 years were 3% for initial stress ratio of 0.5 and 3.7% for initial stress ratio of 0.7. 

Stress ratio is defined as PyP„, where P^ is the initial tensile force and P„ is the initial short-

term ultimate tensile strength of the tendon. The behavior of Leadline tendons under tension-

tension fatigue loading was also examined. Fatigue specimens were 400 mm (16 in) in 

length and 3 mm (1/8 in) in diameter. The ratio (R = was 0.1, and loading 

frequency was 2 to 5 Hz. The im'tial ultimate tensile stress (cr^ was 2158 MPa (313 ksi). 
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For R of 0.1, results showed that for initial tensile stress less than 55% of ultimate tensile 

stress, &ilure would not occur due to fatigue qrclic loading (i.e. more than 10 ̂ cycles did not 

induce tension ^tigue failure). Further more, the durability of ei^t Leadline tendon samples 

was examined under exposure to 5% NaCl solution at 35 for one year. Samples were 400 

mm (16 in) in length and 3mm (0.125 in) in diameter. Strength retention after one year was 

100.9% which indicates excellent durability under exposure to sea water or salts. 

Tokyo Rope reported durability and long term behavior of CFCC composite cables 

[45]. The relaxation and creep behavior of CFCC cables was investigated for their use in 

post-tensioned concrete bndges in Japan. CFCC cables were used in pilot projects such as 

the Shinmiya Bridge and the Hakui Biqrcle Bridge. The relaxation losses of 1x7 12.5 mm 

(1/2 in) diameter CFCC cables were examined in dry air at room temperature. For im'tial 

stress ratios (Po/PJ of 0.5,0.65, and 0.80, the reported percentage relaxation losses after 

100 hours were 0.48,0.81, and 0.96%, respectively. Creep tests conducted on 1x7 -12.5 

mm (1/2 in) diameter CFCC cables at room temperature showed that at a sustained load 

corresponding to 65% of the average short-term brealdng load, creep strains were 0.0068% 

after 1000 hours. Ehnabtlity tests were performed on 1x7 -12.5 mm (0.5 in) diameter CFCC 

tendons in marine environment Test results showed little to no decomposition of fibers or 

deterioration in strength or elastic modulus after one and two years of exposure to sea water. 

Durability studies conducted on glass, aramid, and caiiran fibers for civil engineering 

applications showed deterioration problems associated with the use of glass fibers, while 

carbon and aramid fibers exhibited superior resistance to environmental attack. Uomoto 
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et al. examined the tensile strength, creep, and fatigue properties of GFRP, carbon fiber 

reinforced plastic (CFRP), and AFRP composite rods [46]. Test samples were 6 mm (0.25 

in) in diameter and 400 mm (16 in) in length with a fiber volume fraction of 55% embedded 

in a vinylester resin matrix. One hundred samples were tested in tension in air at 20'C and 

the tensile strength was specified by 50% failure probability on the probability density 

function. Aramid creep samples were subjected to sustained loads of 70 to 90% of the mean 

strength. In fatigue, the highest tensile stress was 20 to 100% of the mean strength with 

frequency ranging from 1 to 10 Hz with amplitudes of 10 MPa (1.45 ksi"), 20 MPa (2.9 ksi), 

50 MPa (7.25 ksi), 80 MPa (11.6 ksO, and 100 MPa (14.5 ksi). The stu<fy concluded that the 

tensile and fatigue strength of composites are directly related to the type of fiber, and it can 

be expressed by the amplitude, the mean stress, and the number of cycles. Furthermore, 

creep in composites is a function of stress and the rate of creep strains are increased with 

the increase in the initial stress. 

Gerritse and Uijl conducted a study on the long-term behavior of Arapree in 

aggressive environmems [47]. The emphasis was on examining the stress-rupture, creep, and 

relaxation behavior of Arapree AFIU* prestressing elements. Test specimens consisted of 

strips that were 20 mm (3/4 in) wide, 1.5 mm (1/16 in) thick, and 400 mm (16 in) long, 

containing 100,000 filaments of Twaron high-modulus (HM) fibers in epo^ matrix. 

Relaxation specimens were loaded up to 60% of their tensile strength and directly exposed 

to air or alkaline solution with pHof 13 and temperatures of 20 and 60'C. Creep specimens 

were subjected to sustained load levels corresponding to 62,67,72,75, and 78% of their 
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tensile strength. The study concluded that relaxation in alkaline solution was 40% more 

than in air, and a lower bound level equal to 52% of the tensile strength could be established 

as design criteria corresponding to 100 years of service without failure. Moreover, the 

extrapolated relaxation losses for 100 years of exposure to alkaline solution were 20%, and 

15% for samples in air at the same temperature. 

Kage et al. studied the long-term deflection of continuous fiber reinforced concrete 

beams [48]. Test specimens were concrete beams measuring 1.8 m (6 ft) in length with a 200 

mm X 200 nmi (7.9 in x 7.9 in) cross>section. In addition to steel, aramid, carbon and glass 

FRP reinforcement was tested. Flexural reinforcement ratio was 0.92 to 0.94%, and shear 

reinforcement ratio was 0.6%. The long-term deflection test was conducted at room 

temperature. Beams were tested in four-point bending with two point loads placed 400 mm 

(16 in) apart and symmetrically applied about the mid-span point The applied load was 

32.82 kN (7.38 kips) which corresponded to 2/3 of the load causing yielding of 

reinforcement The stucfy^ concluded that the relationships used in the calculation of the post-

cracking stiffiiess and curvature of a beam reinforced with steel reinforcement tend to be 

overestimated with FRP reinforcement This was due to the lower modulus of elasticity of 

FRP reinforcement Long-term deflection equations tend to underestimate the long-term 

deflection, and it tends to be less conservative with lower values of elastic modulus. It was 

also concluded that creep could be a factor in determining the long-term deflection of 

members reinforced with FRPs. 
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CHAPTERS 

THEORETICAL MODELS 

3.1 Introductioa 

Owing to their favorable performance characteristics, fiber reinforced composites 

have been gaining use in wide civil engineering applications. When subjected to moisture 

for a long period of time, a reduction in material strength was observed. In order to fully 

utilize the strength potential of a composite, time related changes in moisture content should 

be fully investigated under simulated field conditions. Results derived in the subsequent 

chapters will be based on test results of samples that were placed in a variety of chemical 

solutions of constant temperature (T) and moisture content (c) which is required in order for 

the derived analytical model to be applicable. If a function that relates the variation in 

temperature and moisture content with respect to time is defined, then it is important to 

define the following functions; 

1. T(x,t), function that defines the temperature within a composite with respect to 

position (x) and time (t). 

2. c(x,t), function that defines the moisture concentration within a composite with 

respect to position (x) and time (t). 

3. M(t), function that defines the total mass of moisture within a composite with 

respect to time (t). 
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3.2 Moisture DifTusioii in Composites 

The analytical model used to describe moisture diffusion in composites is based on 

the following assumptions: 

1. Heat is transferred within a composite through conduction and is descnbed by 

Fourier's law. 

2. Pick's law can be used to describe the moisture diffusion within a composite. 

3. Mass diffusivity and heat conduction is dependent only on temperature. 

4. Temperature equilibrium within a composite is much faster than the equilibrium 

of moisture concentration which allows Fourier's and Fick's laws to be decoupled. 

Before introducing the analytical model used to describe the mass diffusion into 

composites, some frequently used terms will be defined next 

3.2.1 Maximam Moisture Content, 

The maximum moisture content is the moisture level within a sample when it 

approaches an asymptotic value after a long period of exposure to a constant temperature 

and constant moisture content environment This is observed when changes in the moisture 

content with respect to time become negligible. The maximum moisture content is 

dependent on the type of fiber and matrix material forming the composite, temperature, and 

moisture content within the environment Experimental results showed increase in moisture 

content beyond Mg^, v\iiich is attributed to excessive cracks developed within the matrix and 

fiber debonding along the fiber-matrix interface. In this case, Fick's law in not applicable, 

and a two-phase model becomes necessary to account for post-M,n phase behavior. 
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3.2.2 Mass DifTusion Coefficient (DifTusivity), D 

The mass diffiision coefficient (diffiisivity) is a measure of the speed at which 

moisture is being transported within a composite. E)iffusivity is dependent on the type of 

environment, initial moisture content within a composite, stress levels, and temperature. The 

diffiisivity is a function of the matrix resin, fiber material, and fiber volume fi^ction. 

3.23 Thermal Conductivity, K 

Thermal conductivity is a measure of the speed at which heat is transferred within 

a composite. Experimental work have shown that for most composites, the thermal 

conductivity is 10"^ to 10® times larger than the diffiisivity. Thermal conductivity of a 

composite is a function of material type, initial moisture content, stress levels, and 

temperature. The first three Victors are beyond the scope of this study and only temperature 

effects will be taken into account for the application of Pick's law. 

33 DifTusion in Composites, Analytical Models 

Changes in material properties will take place upon changes in temperature and 

moisture content Due to the anisotropy in the mechanical and chemical properties of the 

components forming unidirectional composites, these changes may directly influence the 

mechanical properties, dimensional stability and ultimately the safety of the structure. 

Fouriers equation for heat transfer in a composite is given by the following: 
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where 

= thermal conductivity through the z plane 

p = mass density of the composite element 

T = temperature of composite element 

(K , pC) = thermal diffvsivity of the composite 

Moisture Diffusion can similarly be derived from the balance of mass as: 

where 

T AT, = diffusion coefficient of composite material, also referred to as the diffusi>/ity D 

For constant , then Eq. (3.1) is reduced to Pick's law 

(3.3) 
' St 

As previously mentioned, since the thermal diffusion takes place at a rate 10^ times 

the rate of moisture diffiision. Consequently, temperature equiUbrium will be acheived much 

faster than moisture equilibrium. This allows Eq. (3.1) and Eq. (3.3) to be decoupled. 

The moisture content (c) of a composite is defined by the following equation: 

c  =  H / p  (3.4) 

where 

c = specific moisture concentration 
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H = moisture concentration within the composite material 

p =mass density of the composite material 

Physically, "c" represents the amount of moisture as a fraction of the dry mass of 

composite material, i.e. 

mass of moisture within LV C - lim i. fy c-v 
mass of dry conposite of volume LV " ' 

where "c" is the moisture concentration in the composite material. 

As a result. Pick's law with problem's boundary conditions can be written as: 

n 
Bt (3.6) 

where 

c = ion concentration at a distance "x" measured in the direction normal to the surface 

t = exposure time. 

c  =  c i  0 < x < h  t s O  (3.7a) 

c = Cg X = 0; X = h t > 0 (3.7b) 

where 

Cj = initial moisture content within the composite material 

Cg = ambient moisture concentration on both sides of the composite material 

h = thickness of composite material 

/ = exposure time 

The solution of Eqs. (3.6) and (3.7) was given by Jost [49]: 
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c -
• 1 - -i £ SS. exp ( -OJAf (^) 1 (3.8) 

c ,  -  c ,  I ty .o  k  fc2  

where 

c = moisture content of composite at exposure time t 

c„ = moisture content of composite after long exposure time (ue.t = °°) 

D = diffusivity of composite material 

The total weight of moisture in the composite is obtained by integrating Eq. (3.8) 

over the thickness "h" 

m = a C dx (3.9) 

where 

m = total weight of moisture within the composite 

a = constant 

A time dependent coefficient (G) is defined by integrating Eq. (3.9), thus 

g ^ exp 
G ^ i- = 1 - ^ ; 5 (3.10) 

/. 0 OjAf 

where 

m, = initial weight of moisture in the composite sample prior to exposure 

m„ = weight of moisture in the composite sample when fidly saturated 

G = time dependent coefficient 

For a sufficiently short period of time, Eq. (3.10) can be approximated by: 
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m - m. 

- m. \ 'H' (3-11) 

Rebar and tendon specimens are approximated as (flinders with radius "r" and length 

to radius ratio (L/r)» 1, therefore, diffusion will occur in the radial direction only. Thus 

the relationship between weight gain and diffiisivity during the initial linear stage for a 

cylindrical sample is given by Crank [50] as: 

m - m. 

m_ - m, \ 
(^) (3.12) 

In practical situations, it is of interest to determine the moisture content (m) as a 

percentage of the weight gain of the composite material (M). Thus "M" can be defined as; 

A/ = 
W - W ,  

w. X 100 (3.13) 

where W and are the weight of moist sample and weight of dry sample, respectively. By 

noting that. 

where 

W= Wj -^m  (3.14) 

m = mass of moisture within the composite 
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Eq. (3.14) can be written in the following fonn: 

M=G(M„-M,) + Mi (3.15) 

where H and M„, are the initial percentage moisture content and percentage moisture 

content at saturation, respectively. Thus, Eq. (3.12) can be rearranged to obtain the 

diffiisivity "D" normal to the surface as a function of (t)"^ as follows: 

D. ̂  ( 1 ) 

The two-phase diffusion model has also been used to determine the diffusivity and 

weight gain in composites when exposed to temperature and humidity [51, 52]. It can be 

defined by introducing the following two parameters: 1) the time rate of moisture absorption 

(a); and 2) The time rate of moisture desorption (b). Eq. (3.10) can be approximated by: 

o . exp [-fa] f; [ ' exp (-5^ 
a * b  a * b  J .  0  (2y + l)̂  

For a suffuciently short period of time (i.e. t < t^J, Eq. (3.17) can be approximated 

by the following equation: 

m - m, h 
-  =  4 ( - V )  

m. Chb \ (3.18) 

On the other hand, for a sufficiently long period of time (i.e. t^ < t < t^, Eq. (3.17) 
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can be approximated by: 

(3.19) 

Taking the natural logarithm of Eq. (3.19) the following is obtained: 

In ( 1- (7 ) = In (—^) - bt 
a * b (3.20) 

Eq. (3.20) lists the relationship between the time dependent coefficient (G) and the 

exposure time (t). Parameters "a" and "b" can be determined from Eq. (3.20), where "b" is 

the slope and "a" can be determined from the zero time intercept. 

From Eqs. (3.12) and (3.18), the dif[usivity from the two-phase diffusion model (D *) 

can be related to the free 

phase model diffusivity (D) through the following equation: 

3.4 Experimental Determination of Difihisivity, (D) 

As shown by Eq. (3.16), in order to predict the M(%) versus (t)''̂  relationship of a 

composite, then the maximum percentage moisture content Mn^and the diffusivity D must 

be knowiL To achieve this task, representative specimens were taken from each type of rebar 

and tendon. Specimens were 104 mm (4 in) long, with a length to radius ratio (L/r) » 1. 

The following is the experimental procedure that was followed to determine the diffusivity: 

/ ) •  = £ ) (  f J -A f 
b 

(3.21) 
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1. Both ends of the rebar and tendon specimens were coated with moisture and 

chemical-resistant epo^gr to prevent dtffiision throu^ the ends (i.e. only radial diffusion was 

allowed). 

2. Test specimens were completely dried in an oven at 65°C. (i.e. Mj = 0) 

3. Test specimens were then immersed in solutions with constant temperature and 

moisture concentration, and weighed periodically using a Mettler Analytical Balance. 

4. The moisture content as calculated by Eq. (3.13) was plotted versus the square root 

of time (t)^ as shown in Fig. 3.1. 

5. Tests were done on all different types of composite samples immersed in the 

seven different solutions used for each case. The difflisivity and moisture content of each 

type of composite were claculated based on the average of results obtained from three 

identical specimens. For a sufficiently short period of time (t2-tx), the diffiisivity can be 

calculated from the initial linear part of the curve as given by Eq. (3.16). 

The initial part of a typical curve is linear until time indicating Fickian 

diffusion, then levelling ofif towards an a^miptotic value corresponding to M^at saturation. 

After extended period of time (i.e. t > tfj a rapid nonlinear increase in M(%) with respect 

to (t)^ was observed indicating non-Fickian difiusion due to progressive cracking and 

deterioration of the matrix and fibers as shown in Fig. 3.1. 

3.5 Durability of FRP Rebars and Tendons 

The durability of FRP rebar and tendon specimens will be measured in terms of 

changes in ultimate tensile strength (P J, elastic modulus (E), and ultimate strain at failure 
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(EJ. Based on Ficldan difiusion (I.e. Eq. (3.6)), the alkali and salt attack mainly occurs due 

to the presence of fiee OH'and CI' ions in the solutions. To determine the extent of induced 

damage due to diffusion of hydrojQrl and chloride ions, the depth of the damaged zone "x" 

in which the matrix and fibers are considered ineffective in transferring tensile forces should 

be determined as shown by Fig. 3.2. The. loss in properties is based on the rate and depth of 

penetration of contaminants. From Fick's first law of difRision, the depth of penetration can 

be calculated as: 

X = yj 1 . D . C t 

where 

X = depth of ion penetration 

C = hydroxyl (OFT) or chloride (CV) ion concentration 

t = exposure time 

Considering the initial radius of a rebar sample to be "r^", the depth of moisture 

penetration to be "x", and the initial tensile strength to be "P„", the residual tensile strength 

Tr" can be calculated from: 

P r - P . i ^  -  - f  •  P A - ?  (3 23) 
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rr = r '̂X (3.24) 

where 

= initial radius of specimen before exposure 

= residual radius of specimen after exposure 

In Chapter 5, the durability of E-glass and AR-glass composite rebars immersed in 

solutions will be examined along with the durability of GFRP reinforcement in concrete 

members exposed to deicing salts. In addition, the durability of Leadline, CFCC and 

Arapree tendons will also be evaluated. The applicability of Pick's law to predict losses in 

tensile strength will be investigated. 

In the next Chapter, a review of the test program, test parameters, im'tial material 

properties, and the various test setups used to carry out the experimental program will be 

presented. 



69 

CHAPTER4 

EXPERIMENTAL STUDY 

4.1 General 

A general review of the experimental program and initial material properties of the 

different FRPs considered for this study will be presented. In addition, test parameters, 

specimen design and different test setups and procedures used will also be presented. One 

of the main objectives of this study is to examine the effects of accelerated exposure to 

simulated field conditions on changes in the mecham'cal properties of FRP rebars and 

tendons. To accomplish this task, chemical solutions were used to simulate exposure to 

different harsh field conditions that would adversely affect the strength of FRPs. 

Representative specimens from each different composite were used to determine the mass 

diffusion coefiGcients necessary to predict the changes in matenal properties with respect 

to exposue time. Furthermore, twenty reinforced concrete beams were constructed to 

examine the durability of GFRP reinforcement in concrete exposed to deicing salts. Other 

areas of interest included creep behavior under sustained dead loads; long-term losses in 

tensile force due to relaxation; and response to tension-tension fatigue cycles. 

4.2 Test Variables 

The primary variables of the durability tests were: 

1. Type of composite specimen: 8 GFRP rebars, 2 CFRP tendons, and 1 AFRP tendon, 

2. Type of accelerated exposure: 7 different solutions, UV radiation, freeze-thaw 
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cycles, tension-tension fatigue loading, and exposure to deincing salts for GFRP 

rebars used as tension reinforcement in concrete beams. 

3. Type of test: accelerated exposure, and long-term behavior (i.e. relaxation and 

creep tests). 

4.2.1 Type of Composite 

Composite specimens were divided into two major groups, rebars and tendons. The 

rebar group consisted of eight different combinations of glass fiber reinforced plastic 

(GFRP) rebars. This included two types of glass fibers (E-glass and AR-glass), two types of 

matrix material (polyester and vinylester), and two rebar sizes (10 mm (3/8 in) and 19.5 

mm (3/4 in) diameter). Each rebar specimen was designated by one numeral followed by two 

or three letters. The numeral is a measure of the rebar diameter in "mm" rounded to the 

nearest integer (10 and 20). The numeral is followed by either one or two letters (E or AR) 

indicating the type of glass fiber, E-glass or AR-glass. The last letter (P or V) indicates the 

type of matrix material, polyester or vinylester. For example, lOEP indicates a 10 mm (3/8 

in) diameter rebar made from E-glass fibers embedded in a polyester resin matrix. 

Two carbon fiber reinforced plastic (CFRP) tendons, and one Aramid fiber 

reinforced plastic (AFRP) tendon were considered. The CFRP tendons included Leadline 

PC-D8 8 mm (5/16 in) diameter tendon hereafter referred to only by "Leadline", and 1x7 -7.5 

nwn (5/16 in) diameter carbon fiber composite cable (CFCC) hereafter referred to only by 

"CFCC". In addition, one aramid fiber reinforced plastic (AFRP) tendon was considered, 

namely, Arapree 10 nmi (3/8 in) diameter tendon hereafter referred to by only "Arapree". 
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4.2.2 Simulated Field Conditions, (Solutions) 

Seven different solutions were used to simulate accelerated exposure to 

environmental attack. These solutions are: 1) water H2P at temperature of 25t simulating 

exposure to high humidity; 2) saturated calcium hydroxide Ca(OH)2 solution with pH of 12 

and temperature of 25°C simulating exposure to hydrating cement; 3) saturated calcium 

hydroxide Ca(0H)2 solution with pH of 12 and temperature of 60®C simulating exposure 

to hydrating cement in hot weather; 4) hydrochloric acid HCl solution with pH of 3 and 

temperature of 25°C simulating the carbonization of concrete or the infiltration of sewage 

and acidic chemicals through cracked concrete; 5) sodium chloride NaCl 3.5% by weight 

solution and temperature of 25°C simulating exposure to marine environment; 6) sodium 

chloride and calcium chloride NaQ+CaCl2 (2:1) 7% by weight solution and temperature 

of 25^ simulating exposure to NaCl and TETRA94 Anhydrous Calcium Chloride deicing 

salts; and 7) sodium chloride and magnesium chloride NaCl+MgCl2 (2:1) 7% by weight 

solution and temperature of 25*\r simulating exposure to NaCl and Ice-Stop with corrosion 

inhibitor (CI) magnesium chloride deicing salts. 

Saturated calcium hydroxide Ca(OH)2 solution with pH of 12 was prepared by 

dissolving calcium hydroxide in distilled water until no more calcium hydroxide was 

dissolvable. Undissolved calcium hydroxide was then removed and 1.0 mol/l NaOH solution 

was added to help in controlling the pH of the solution. The pH level was monitored daily 

with a temperature compensated pH meter with a resolution of ±0.01 and adjusted when 

changed by ±0.2 from the desired level. In the case of alkali and other solutions at 60°C, 
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test specimens were placed in an oven inside air-tight plastic containers to prevent 

evaporation. The final solution had an alkali concentration [OH'] of 1.044 mol/1. 

Acidic solution with pH of 3 was prepared by gradually dissolving concentrated 

hydrochloric acid HCl in distilled water until the desired pH was achieved. The pH level was 

monitored daily and kept within ±0.2 of the desired level. The chlonde concentration [CI ] 

of the solutions was 0.001 mol/1. 

Tj^ically, sea water contains about 3.5% by weight of soluble salts. The average 

weight of the constituent salts per liter of sea water are NaCl (27 g/1), MgCU (3.2 g/1), 

MgS04 (2.2 g/1), and CaS04 (1.3 g/1), and KCl (0.2 g/l) [53]. Since NaCl accounts for 80% 

of the total weight of all soluble salts, sea water was prepared by dissolving 35 grams of 

sodium chloride in 500 grams of distilled water, then water was added until the total weight 

of the solution was 1000 grams. The resulting solution was 3.5% by weight of soluble NaCl 

with a chloride concentration [CI*] of 0.6 mol/1. 

Three conmionly used deicing salts, namely, sodium chloride (NaCl), TETRA94 

Anhydrous Calcium Chloride (CaClj), and Ice-Stop with corrosion inhibitor (CI) magnesium 

chlonde (MgClj) were used to simulate exposure to deicing salts. Sodium chloride pellets 

with purity of 99.6% were obtained from a local supplier. Calcium chloride was furnished 

in white pellets contaim'ng by weight CaClj (94%), NaCl (5%), MgCl2 (0.2%), and 

impurities (0.8%) [54], Ice-Stop magnesium chloride with corrosion inhibitor (CI) is a dense 

colorless liquid with specific gravity of 1.255. Ice-Stop contains 53% by weight solubles 

which includes MgClj (25%), Cr (18.6%), Mg^^ (6.4%), SCK'̂  (1.9%), Na^ (0.5%), K" 



(0.4%), and other solubles (0.2%) [55]. TETRA94 Anhydrous Calcium Chlonde and Ice-

Stop CI were supplied by Scotwood Industries. The final solutions were NaCl+CaClj (2:1) 

7% by weight and NaCl+MgCl2 (2:1) 7% by weight, with chloride concentrations of 1.218 

mol/1 and 0.9 mol/1, respectively. These mixtures of deicing salts are one of several 

recommended by the salt producers. Normally, a 2:1 ratio by weight mixture of NaCl and 

CaClz or MgClz is used in cold weather (up to temperatures of-18 'C) when snow and ice 

must be melted in a short period of time [56]. 

Initial Material Properties 

4.3.1 E-Glass and AR-Glass FRP Rebars 

Eight different types of GFRP rebars were considered, lOEP, 20EP, lOEV, 20EV, 

lOARP, 20ARP, lOARV, and 20ARV. Th^r were manufactured using the pultrusion process 

in which fibers were passed through a resin bath and pulled through a die of selected size. 

To improve the bond to concrete, nbbed surfaces were made by wounding glass fibers 

around the bar in a spiral [57]. E-glass fiber was selected because it is the most widely used 

in the composite industiy. The alkali-resistant AR-glass fiber contains a high percentage of 

zirconia (20% Z1O2) was also selected. Currently, short AR-glass fibers are being used in 

the construction of wall panels for high-rise buildings in the United States because of their 

light weight and durability. All GFRP rebars were supplied by International Gratings. 

Uniaxial tension tests were conducted at room temperature in dry conditions to 

determine the initial material properties of the different types of GFRP rebars .Tension 

specimens were instrumented with CEA-06-125UN-120 strain gages with a resolution of 
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IxlO"® in/in. Tensile load was applied at the rate of 1.27 mm/min (0.05 in/min) until failure 

of the test specimen, and the stress-strain relationship was recorded. Initial material 

properties were determined as the average test results obtained fix)m five identical specimens 

tested in tension until Mure. To prevent premature failure and to provide a good grip during 

tensioning, both ends of the sample were coated with a sand-epoxy mixture and placed 

inside a steel sleeve. Figure 4.1 shows the tension test setup used in testing the GFRP rebars 

along with a typical rebar specimen dimensions and grip details. The stress-strain 

relationships were linear-elastic until failure and in all cases, test specimens exhibited a 

sudden and brittle mode of failure by rupturing of the fibers as shown in Fig. 4.2. 

The stress-strain relationships for lOEP and 20EP rebars are shown in Fig. 4.3, and 

for lOEV and 20EV rebars are shown in Fig. 4.4. Similarly, for lOARP and 20ARP, and 

lOARV and 20ARV rebars, the stress-strain relationships are shown in Figs. 4.5 and 4.6, 

respectively. The Initial Material properties of E-glass and AR-glass FRP rebars are listed 

in Table 4.1. 

43.2 Carbon and Aramid FRP Tendons 

Both CFCC and Leadline CFRP tendons were fabricated from PAN-type carbon 

fibers (fiber volume fifaction Vf = 65%) embedded in epoxy resin matrix. PAN-type fibers 

were prepared from the carbonization of organic fibers at 1300*^!. The finished surface of 

Leadline is smooth with an indented spiral around the tendon to improve the mechanical 

bond to concrete. CFCC is composed of six-2.5 mm (3/32 in) diameter strands spirally 

wound around a central 2.5 mm (3/32 in) diameter strand to form a seven-wire cable. 



Table 4.1 - Initial Material Properties of 10 mm and 19.5 mm 
GFRPRebars 

Propeity 
(1) 

lOEP 
(2) 

lOEV 
(3) 

20EP 
(4) 

20EV 1 
(5) 1 

Do (mm) 10.03 10.61 19.54 19.36 

Ag(mm )̂ 79.01 88.41 299.9 294.4 

Vf(%) 72 72 72 72 

P„,(lcN) 
S.D., (kN) 

62.27 
5.452 

61.38 
6.345 

177.92 
8.262 

16725 
9.023 

<iu,(MPa) 
S.D., (MPa) 

788.2 
22.50 

694.3 
11.51 

593.3 
11.06 

568.2 
1227 

E, (GPa) 
S.D., (GPa) 

55.8 
2.48 

56.7 
2.53 

56.7 
2.54 

53.6 
2.48 

£„,(%) 
S.D., (%) 

1.413 
0.196 

1.225 
0.271 

1.046 
0.278 

1.060 
0.211 

Property 
(1) 

lOARP 
(2) 

lOARV 
(3) 

20ARP 
(4) 

20ARV 
(5) 

Do (mm) 10.434 10.158 18.554 19.352 

Ag(imn )̂ 85.51 81.04 270.4 294.2 

Vf(%) 72 72 72 72 

P„ikN) 
Sl).,(kN) 

60.00 
3.976 

61.29 
4.851 

171.3 
10.322 

176.1 
7.988 

CT (̂MPa) 
S.D., (MPa) 

701.7 
46.5 

756.3 
59.86 

633.5 
38.17 

598.6 
27.15 

E, (GPa) 
S.D., (GPa) 

53.8 
5.83 

54.1 
5-78 

53.9 
5.46 

51.2 
5.01 

£„,(%) 
S.D., (%) 

1 

1.304 
0.137 

1.398 
0.162 

1.175 
0.181 

1.169 
0.204 

1 in = 25.4 mm 1 lb = 4.448 N I psi = 6.895 kPa 
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Arapree FRP tendon is made of 350,000 Twaron synthetic (i.e. aranud) filaments 

(fiber volume fraction V{- of 50%) embedded in epoxy resin matrix. Sand is glued to the 

tendon surface to improve the mecham'cal bond to concrete after it is cured and also it 

prevents sUpage between the aluminum anchoring wedges and the tendon during tensioning. 

Leadline, CFCC and Arapree tendons and their respective grips are shown in Fig. 4.7. Load 

was applied through a 120-kip (535 IcN) capacity iQrdraulic jack. Tensile force was measured 

through a 100-kip (445 kN) capacity universal flat load cell with a resolution of ±50 lbs (200 

N) at 50,000 lbs (200 kN) of compression. The clear length of each test specimen between 

the grips was approximately 400 mm (16 in). 

Leadline and Arapree specimens were instrumented with EA-06-125TM-120 strain 

gages used to evaluate Poisson's ratio (v). All strain gages were supplied by Measurements 

Group. Strain measurements were recorded and stored using MegaDac-2000 computerized 

data acquisition system. Five Specimens from each tendon type were tested in tension until 

failure to determine the initial material properties. Figure 4.8 shows the tension test setup 

used for testing all tendon sprecimens. Figures 4.9,4.10 and 4.11, show the stress-strain 

relationships for Leadline, (3FCC, and Arapree, respectively. For Leadline and Arapree, 

Poisso'ns ratio was calculated as the ratio of the transverse strain to the longitudinal strain 

(-E^./s^). The Poisson's ratio (v) versus longitudinal stress (a^ relationships for Leadline and 

Arapree are shown in Figs. 4.12 and 4.13, respectively. The initial material properties of 

Leadline, CFCC and Arapree are listed in Table 4.2. Leadline was supplied by Mistsubishi 
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Kasei Corporation of Japan, CFCC was supplied by Tolqfo Rope Manufacturing Company 

of Japan, and Arapree was supplied by Sireg Corporation of Italy. 

4.4 Beam Specimens 

A total of twenty concrete beams measuring 2.4 m (8ft) in length with a 200 x 405 

mm (8 in x 16 in) rectangular cross-section were tested in flexure until failure to evaluate 

the durability of GFRP reinforcement in concrete exposed to deicing salts. Beams were 

simply supported with a clear span of 2.29 m (7.5 ft), and loaded in a four-point bending as 

shown in Fig. 4.14. Tension reinforcement included four types of GFRP rebars. It consisted 

of two -lOEP, lOEV, lOARP, and lOARV rebars, resulting in a reinforcement ratio (p) of 

0.18%. Shear reinforcement consisted of 10 mm (3/8 in) diameter G60 (yield stress of 414 

MPa) double-leg steel stirrups placed at 125 mm (5 in) on center. Concrete mix was 

supplied by a local cement mixing compai^r, and beams were cast in two pours to minimize 

the variation in concrete strength. Average concrete compressive strength ranged between 

33.8 MPa (4.9 ksi) and 34.8 MPa (5.1 ksi). 

Initially, load was applied in increments of 2 kN (0.45 kip), and in increments of 1 

kN (0.225 kip) after 75% of the expected flexural capacity was achieved. Load was recorded 

using a 100-kip (445 kN) capacity universal flat load cell, and mid-span deflection was 

recorded at the end of each load increment using a dial gage with a 0.0254 mm (0.001 in) 

resolution. All beams failed by means of tension failure of reinforcement as indicated by 

the flexural cracks developed in the region of maximum bending moment Fexural test setup 

and a typical mode of failure of a beam specimen are shown in Fig. 4.15. 



Table 4.2 - Initial Matenal Properties of Leadline, CFCC, and Arapree FRP 
Tendons 

Material Property 

c, 

Leadline PC-D8 
8 mm ̂  CFRP -
EpoTty Matrbc 

(2) 

1x7 -7.5 mm 
CFCC 

Epojty Matrix 
(3) 

Arapree 
10 mm AFRP 
Epoxy Matrix 

(4) 

Do(nun) 8.0 7.5 10.0 

Ag(nim )̂ 50.27 30.40 78.54 

Vf(%) 65 65 50 

Pa,(kN) 100.5 64.90 91.2 
S.D., (kN) 5.120 1.121 3.794 

a„,(MPa) 1999.2 2134.9 2324.1 
S.D., (MPa) 31.7 36.9 48.3 

E, (GPa) 149.6 146.7 120.7 
S.D., (GPa) 12.48 5.067 15.93 

1.34 1.43 2.09 
S.D., (%) 0.169 0.087 0.112 

Poisson's ratio ( v ) 

- -

0.301 **** 0.362 

(*) Poisson's ratio for CFCC was not measured 
l i n  =  2 5 . 4 n n n  l l b  =  4 . 4 4 8 N  1  p s i  =  6 . 8 9 5  k P a  
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4.5 Ultraviolet Radiation 

When FRP elements are directly exposed to UV radiation for a long period of time, 

deterioration and loss of strength could occur. This results from the degradation and 

breakage of the cross-links between the molecular chains forming the matrix structure, and 

ultimately the molecular chains themselves [58]. Tests were conducted only on 1OEP, 1OEV, 

lOARPand lOARV rebars. Specimens were subjected to ultraviolet light at the rate of 31.69 

X 10*^ J/sec/cm^ for six months. Test specimens were placed in a thermally insulated 

environmental chamber as shown in Fig. 4.16. Rebar specimens were tested after being 

exposed to UV light for six months. The accumulated ultraviolet radiation energy per cm^ 

of rebar surface area was approximately 0.5 kJ/cm^ 

4.6 Freeze-Thaw Cycles 

The effect of freeze-thaw cycles is most pronounced when the fiber and matrix are 

thermally incompatible. The difference in the coefScients of thermal expansion (a) between 

the fiber and matrix will result in stress buildup along the fiber-matrix interface. After a 

large number of cycles, this will lead to microcracking of the matrix and fiber debonding. 

Although, freeze-thaw action alone may not result in substantial loss of tensile strength, 

however, induced cracking and debonding may facilitate (i.e. accelerate) moisture diffijsion 

of OH* or Cr ions and other contaminants, thus leading to more aggressive forms of 

degradation. Only Leadline, CFCC and Arapree tendons were placed in a temperature and 

humidity controlled chamber as shown in Fig. 4.17. 

Test specimens were subjected to freeze-thaw cycles with temperatures varying 
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between -30 and 60t. Specimens were subjected to a total of 1200 freeze-thaw cycle, and 

were tested after completing 400,800 and 1200 cycles to examine the effect of fireeze-thaw 

cycles on the ultimate tensile strength, elastic modulus and ultimate strain at failure. 

A larger number of fireeze-thaw cycles could not be achieved due to techm'cal 

dif[!culties resulting fix)m frequent machine failures and the long time period for a complete 

freeze-thaw cycle (i.e. 5 hours per cycle). Figures 4.18 and 4.19, respectively, show the 

temperature variation with time for the first five freeze-thaw cycles and the corresponding 

theraial strains for only Leadline and Arapree. bi the case of CFCC, partial debonding of the 

strain gage occurred and no results were obtained in this case. Analysis of the test results 

will be presented in the following chapter. 

4.7 Relaxation of FRP Tendons 

Tests of prestressing CFRP and AFRP tendons with constant elongation maintained 

over a period of time have shown a gradual decrease in tensile force. In this test, different 

factors that would affect the net relaxation losses will be examined. These factors include 

the initial stress ratio, temperature, and the type of environment surrounding the tendon. The 

initial stress ratio is defined as the ratio of the initial force in the tendon to the ultimate 

tensile strength (?(/?„). In addition, short-term losses resulting from grip seating will also 

be evaluated. Figure 4.20 shows the relaxation test setup and a typical relaxation specimen. 

Two initial stress ratios were considered, 0.4 and 0.6, and three different FRP 

tendons were tested, namely. Leadline, CFCC and Arapree. Test specimens were directly 

exposed to air at temperatures of -30,25 and 60 °C; alkaline solution with pH of 12 and 
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temperatures of 25 and 60 acidic solution with pH of 3 and temperatures of 25 and 60°C, 

and in NaCl 3.5% by weight solution (i.e. sea water) at temperatures of 25 and 60 ®C. 

Regression analysis was used to model the relaxation behavior using data obtained from 

each test specimen. The average of test results obtained from two identical test specimens 

was used in plotting the (P/Po) versus Log (t) relationships. Further deatils and data analysis 

will be presented in the Chapters 6 and 7. 

4.8 Tension-Tension Fatigue Loading 

Tension-tension fatigue tests were conducted in air at room temperature. The 

minimum applied tensile stress corresponded to 40% of the ultimate tensile strength for 

Leadline and CFCC, and 30% of ultimate for Arapree. Tests were conducted using and MTS 

servo as shown in Fig. 4.21. To minimize the effect of frequency, tension-tension load cycles 

were applied at a frequency from 3 to 5 Hz. Five specimens were tested in each case, and 

each specimen was subjected up to three 3 million tension-tension cycles or until the failure 

of the specimen. If a specimen did not fail after 3 million cycles, the test was stopped and 

the specimen was unloaded and then reloaded until failure to determine the residual tensile 

strength, elastic modulus, and Poisson's ratio. Changes in the elastic modulus and Poisson's 

ratio were examined after every one million cycles. To achieve that, each specimen was 

unloaded and then reloaded to the same initial stress level during which changes in the 

elastic modulus and Poisson's's ratio were recorded. 

4.9 Creep 

A preliminary investigation of the creep behavior of FRP rebars and tendons was 
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conducted. Specimens were tested in air and in solutions simulating field conditions. 

Specimens were subjected to sustained dead loads approximately corresponding to 40% of 

their ultimate tensile strength. All tests were conducted at room temperature for 3000 hours, 

during which the creep strains were monitored regularly. Figure 4.22 shows the creep test 

setup along with a typical specimen (i.e. Leadline) tested in air. Regression analysis was 

used to model the behavior of different rebars and tendons, and later used to approximately 

forecast the failure time of the specimen as a result of creep. Detailed analysis and results 

will be presented in Chapters 6 and 7. 
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DURABILITY OF FRP REBARS AND TENDONS 

5.1 General 

Due to their unique properties, fiber reinforced plastics (FRPs) are becoming 

increasingly popular among researchers and engineers in the construction industry. FRP 

rebars and tendons in particular present an attractive alternative to steel in reinforced or 

prestressed concrete members. This chapter presents the durability test results of eight 

different combinations of GFRP rebars, two CFRP tendons, and one AFRP tendon. A total 

of340 rebar specimens and 270 tendon specimens were tested in corrosive solutions that 

simulated exposure in the field. In addition, the effect of exposure to ultraviolet radiation 

on GFRP rebars along with exposure to freeze-thaw cycles on FRP tendons was also 

investigated. Twenty beam samples reinforced with four different types of GFRP rebars 

were subjected to accelerated exposure to deicing salt solutions. Th^r were tested in flexure 

until Mure after one year and two years of exposure to deicing salt solutions, and the load 

versus mid-span deflection relationships were recorded. 

5.2 Diffusivity of E-Glass Rebars in Chemicai Solutions 

The free-phase model (i.e. Fick's law) and the two-phase model as described in 

Chapter 3 wore used to simulate the moisture diffusion in composite. Test samples were 

immersed in solutions simulating different environments and changes in weight were 



recorded penodically. Table 5.1 lists the apparent maximum moisture content and 

diffusivity D of E-glass/polyester and vinylester FRP rebars with diameters of 10 mm (3/8 

in) and 19.5 nmi (3/4 in). In the case of rebar samples inunersed in water, M„ and D were 

much higher in the case of polyester rebars than in the case of vinylester. For example, M„ 

and D of lOEP rebar were 1.643% and 3.9 xlO^ nwnVsec, repectively, in comparison to 

0.536% and 1.6x 10^ nun^sec in the case of lOEV rebar. In the case of 10 mm (3/8 in) and 

19.5 mm (3/4 in) diameter GFRP samples in alkaline solution, the diffiisivity and maximum 

moisture content increased with the increase in temperature. For lOEP and lOEV rebars the 

increase in M„ was 2.1 and 10.7%, and the increase in D was 57.1 and 15.4%, respectively. 

For 120EP rebars, the increase in M„ and D was higher at 26.0% and 110.3%, respectively, 

while for 20EV rebars the increase was 17.4 and 26.7%, respectively. This indicates that in 

alkaline solutions, vinylester has a lower difRisivity and maximum moisture content In the 

case of vinylester, M„ and D were less affected by temperature than in polyester. Figures 5.1 

to 5.14 show the M(%) versus (t)*^ for lOEP, lOEV, 20EP, and 20EV rebars. 

For samples immersed in acidic solution with pH of 3, no pattem was detected from 

the results. Figures 5.13 and 5.14 showed a decrease in composite weight for lOEP and 

lOEV rebars as a result of fiber and matrix erosion at a rate higher than that of moisture 

mass difiiision. This behavior was observed only for lOEP, lOEV, lOARP, and lOARV 

rebars. For sea water and deicing salt solutions, the recorded difiiisivities were generally 

higher than in the cases of alkaline and acidic solutions, especially for 20EP and 20EV 

rebars as a result to the presence of CI", Na*, Ca"^ and Mg"^ ions in higher concentrations 



Table 5.1 - Maximum Moisture Content (M,„) and Diffusivity (D) of 10 mm (3/8 in) and 19,5 mm (3/4 in) Diameter 
E- Glass/Polyester and Vinylester Rebars Immersed in Solutions 

Environment TCC) 

1 
£ 

1 
E 

1 
£
 ) E-glass 10 mm (|i E-glass 19.5 mm (|i E-glass 19.5 mm <)» E-glass 

Polyester Matrix Vinylester Matrix Polyester Matrix Vinylester Matrix 

(0 (2) (0 (2) 

1 
DxlO' 

(mmVmin) 
(4) "g 

DxlO' 
(mmVmin) 

(6) 

DxlO' 
(mmVmin) 

(8) 

mo, 

„s_ 
DxlO^ 

(mrnVmin) 
(10) 

Water, H^O 25°C 1.643 3.90 0.536 1,60 1,326 4.20 0.763 1,40 

Ca(0H)2, pH=12 25"C 0.970 3.50 0.289 1.30 0,416 3.90 0,513 1,50 

Ca(OH)2, pH=12 eo-c 0.990 5.50 0.320 1.50 0,523 8.20 0,602 1,90 ^ 1 

HCl, pH=3 25"C 0.431 6.40 0,825 1.90 0.593 4,60 0.640 2,40 

NaCI 3.5% 25°C 0.571 4.50 0,366 1.40 0.624 7.80 0.816 4,60 

NaCI+CaCI, 
(2:1), 7% 

25°C 0.997 3.80 0.453 1,20 0.649 8.30 0.621 4.90 

NaCI+MgCI, 
(2:1), 7% 

25°C 0.916 4.60 1.350 1,30 0.666 9,70 0,751 5.10 

I in = 25,4 mm 
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and their ability to penetrate (i.e. diffuse) into the rebars. The diffiisivities were also higher 

in polyester composites than in vinylester composites. Figures S.13 to 5.16 show the M(%) 

versus (t)'̂  relationships for lOEP, lOEV, 20EP and 20EV rebars immersed in acidic 

solution. Similarly the M(%) versus (t)*^ relationships for glass rebars immersed in NaCl 

3.5% solution are shown in Figs. 5.17 to 5.20. 

Figures 5.21 to 5.24 show the M(%) versus (t)''̂ relationships for E-glass rebars 

immersed in NaCl+CaCl2 (2:1) 7% solution. Similarly, Figs. 5.25 to 5.28 show the M(%) 

versus (t)^ relationships for rebars immersed in NaCl+ MgCl2(2:l) 7% solution. In generl, 

the difiEusivity in sea water or deicing salt solutions was not sensitive to changes in the type 

of salt solution as indicated by the measured diffusivities. 

The two-phase diffusion parameters "a" and "b" for lOEP and lOEV rebars are listed 

in Table 5.2, and for 20EP and 20EV rebars are listed in Table 5.3. In all cases the values 

of "b" were much higher than the values of "a" which indicates that rebars absorb moisture 

at a much lower rate than of moisture desorption.Thus, the two-phase model approaches the 

one-phase model (i.e. Pick's law) after extended periods of time. For example, for lOEP 

rebar in alkaline solution at room temperature, the values of "a" and "b" parameters were 

0.30 xlO'̂ and 1 xlO*^ l/sec, respectively, and the coiiespondii^ D andD'are 3.5 xlO'̂ and 

3.7 xlO*^ mmVmin, respectively. 

As shown by Eq. (3.16), the difilisivity of a composite can be derived from the initial 

slope of the M(%) - (t)*^ relationships. For example. Figs. 5.5 to 5.8 show the M(%) versus 



Table 5.2 - Two-phase DiflFusion Time Parameters (a) and (b), and Diffusivity (D*) of 10 mm (3/8 in) Diameter 
E -Glass/Polyester and Vinylester Rebars Immersed in Solutions 

1 Environment TCQ 10 mm <|) E-glass Rebar 10 mm (|> E-glass Rebar 

(1) (2) 

Polyester Matrix Vinylester Matrix 

(1) (2) 
ax 10* 
(1/sec) 

(3) 

bx 10* 
(l/sec) 

(4) 

DxlO^ 
(mmVinin) 

(5) 

D\IO' 
(mmVmin) 

(6) 

ax 10* 
(1/sec) 

(7) 

bx 10* 
(1/sec) 

(8) 

DxlO^ 
(minVmin) 

(9) 

D'xIO' 
(mmVmin) 

(10) 

Water, H^O 25"C 0.25 8.7 3.90 4.13 1.70 44.3 1.60 1.73 

Ca(0H)2, pH=12 25''C 0.30 10.0 3.50 3.71 3.05 34.0 1.30 1.54 

Ca(0H)2, pH=12 60"C 2.00 20.0 5.50 6.65 3.60 42.2 1.50 1.77 

HCI, pH=3 25°C 7.00 68.0 6.40 7.79 3.20 35.0 1.90 2.26 

NaCI 3.5% 25"C 0.40 40.0 4.50 4.59 3.12 46.0 1.40 1.60 

iNaCI+CaClj 
1(2:1), 7% 

25''C 1.50 20.0 3.80 4.39 2.61 31.0 1.20 1.41 

iNaCI+MgClj 
1(2:1), 7% 

25"C 0.71 9.00 4.60 5.35 2.30 20.0 1.30 1.62 

I in = 25.4 mm 

00 



Table 5.3 - Two-phase Diffusion Time Parameters (a) and (b), and Diffusivity (D*) of 19.5 mm (3/4 in) Diameter 
E -Glass/Polyester and Vinylester Rebars Immersed in Solutions 

Environment TCC) 19,5 mm (|) G-glass Rebar 1 19.5 mm (j> G-glass Rebar 

(1) (2) 

Polyester Matrix Vinylester Matrix 

(1) (2) 
ax 10" 
(I/sec) 

(3) 

bx 10* 
(I/sec) 

(4) 

DxlO^ 
(minVmin) 

(5) 

D*xl0' 
(mmVmin) 

(6) 

ax 10" 
(l/sec) 

(7) 

bx 10* 
(l/sec) 

(8) 

DxlO^ 
(mmVmin) 

(9) 

D'XIO^ 
(mmVmin) 

(ID) 

Water, H2O 25"C 1.70 43.7 4.20 4.53 1.35 52.7 1.40 1.47 

Ca(0H)2, pH=l2 25°C 0.70 30,0 3.90 4.08 3.15 46.0 1.50 1.71 

Ca(0H)2, pH=12 60°C 2.00 32.0 8.20 9.26 5.60 55.0 1.90 2.31 

HCl, pH=3 25°C 1.32 26.7 4.60 5.07 4.80 41.0 2.40 3.00 

NaCI 3.5% 25''C 7.06 66.2 7.80 9.55 1.00 14.6 4.60 5.25 

NaCI+CaCl, 
(2:1), 7% 

25-C 2.00 20.0 8.30 10.43 3.00 13.2 4.90 7.38 

NaCI+MgCij 
|(2-.1).7% 

25"C 1.60 24.2 9.70 11.03 2.00 16.5 5.10 6.41 

1 in = 25.4 mm 

00 
00 

I 
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relationships for lOEP, lOEV, 20EP, and 20EV rebars immersed in alkaline solution 

at 25°C. The initial part of the curves was linear indicating Fickian diffusion . The 

maximum moisture content was estimated from the level part of the curve. The 

maximum apparent moisture contents were 0.970,0.289,0.416, and 0.513%, respectively. 

After longer periods of time, the moisture content increased after the asymptotic value of 

M„ had been reached. The increase in moisture content beyond M„, is due to non-Fickian 

diffusion resulting from micro-cracking and fracturing of the matrix, and moisture diffusion 

along the fiber-matrix inter&ce. As a result, a nonlinear rapid increase in weight with respect 

to time was observed at which both models become invalid. The initial linear part of the 

curve was used to calculate the diffusivity according to Eq. (3.16). The initial part of Fig. 

5.7 does not indicate measurable moisture gain. This was due to evaporation caused by the 

inadvertent time lapse from when the sample was taken out of the solution and when it was 

weighed. 

It is of importance to estimate the diffusivity of a composite material in order to 

estimate the depth of moisture penetration with respect to time, and to identify a zone in 

which the fibers and matrix are rendered inefifective due to chemical reaction with the 

solution as previously shown by Fig. 3.2. The circle with the radius "r" shows an equivalent 

undamaged area that was not damaged by moisture diffusion. For example, silica (SiOj) is 

the primary component of glass fibers, and when exposed to high concentrations of free OH' 

ions, a breakdown of the Si-OSi single bond forming the glass structure is induced. This 

would cause a reduction in the cross-sectional area of the fiber and loss of strength. 
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As for polyester or vinylester, their microstructure consists of long molecular chains 

formed from the polymerization of unsaturated organic compounds. In the case of polyester, 

long-term exposure to OH'or CI' ions will lead to the breakdown of the bond between 

oxygen and carbon atoms in the molecular chain. This chemical reaction will result in the 

breakdown ofthe molecular chain and micro-cracking and fracturing in the structure of the 

matrix.This would result in loss of strength and rapid increase in moisture diffusion as was 

observed in Figs 5.1 to 5.28 after M„ was reached. Vinylester is formed when the double 

bond between carbon atoms in the molecular chain is transformed into a single bond, and 

one single bond on each side is formed with another molecular chain. When exposed to OH' 

and Cr ions, the initial chemical reaction would occur along these exterior single bonds but 

the bond between the carbon atoms forming the molecular chain will not be broken, thus 

preserving the strength of the vinylester matrix. Eventually deterioration will take place, 

however, ft will be at a lower rate than that of polyester. 

5 J Durability of E-Glass FRP Rebars 

The durability of GFRP rebar samples was measured in terms of changes in the 

ultimate tensile strength (P J, the elastic modulus (E), and the ultimate strain at failure (e J. 

Based on Fickian diffusion, the alkali and salt attack mainly occurs due to the presence of 

free OH'and CI' ions. The loss in properties is based on the rate and depth of penetration of 

the contaminants. From Pick's law of diffusion, the depth of penetration was calculated 

using Eq. (3.22). The loss of strength was evaluated on the assumption that only glass fibers 

in the contaminated area are destroyed, thus the residual tensile strength was calculated 
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using Eq. (3.23) based on the previously stated assumptions. Five rebar samples of each 

lOEP, lOEV, 20EP, and 20 EV lebars were tested in tension until faflure. The initial material 

properties are listed in Table 4.1, where (D J is the average daimeter of the rebar specimen, 

(Ag) is the avera^ gross cross-sectional area of the rebar, (V() is the percentage average fiber 

volume fraction as provided by the manufacturer, (P J is the average ultimate tensile strength 

of the rebar specimens, (CTJ is the ultimate tensile stress (P^Ag), E is the elastic modulus, 

and (8„) is the average ultimate strain at failure. The behavior of rebars was linear-elastic 

until failure which was also exhibited by the rebars after exposure to chemical solutions. 

Rebars were tested after 6 months of direct exposure to solutions during which Fickian 

diffusion was still present, thus Eq. (3.22) was used to estimate the depth of moisture 

penetration into the rebars. Tables 5.4a and 5.4b, respectively, list the tension test results of 

10 mm (3/8 in) and 19.5 nun (3/4 in) diameter samples after 6 months of accelerated 

exposure. Columns 6,7, and 8, respectively, show the initial tensile strength (PJ, the 

measured residual strength (P^), and the predicted residual strength (Pp) of vanous rebar 

specimens. In general, the assumption of Fickian diffusion during the six month test period 

was a valid one, thus Eqs. (3.22) and (3.23) can be used to effectively estimate the depth 

of moisture penetration and the residual tensile strength of a composite rebar sample. From 

test results, it can be concluded that in the presence of Fickian diffusion, this method used 

in predicting the loss of tensile strength is a reasonably accurate and reliable one. 

Generally, hi^r losses of strength were observed in the case of alkaline and deicing 

salt solutions, and it was the lowest in water at room temperature. This is because water is 



Table 5.4a - Test Results of 10 mm (3/8 in) Diameter E-Glass/Polyester and Vinylester Rebars After 6 Months of Exposure 

f———————1 
Environment DxlO^ C t (min) X P« P, Pp E Er Eu 6„_ 

(mmV mol/1 xio' mm kN kN kN GPa GPa 
u 

% 
^ur 
% 

(1) min) (3) (4) (5) (6) (7) (8) (9) (10) (H) (12) 

10 mm ^ E-glass/polyester 

Water HA T=25''C 3.9 0 2.592 •••• 62,3 58.4 55,8 54,6 1.413 1,108 
Ca(0H)2 sol., pH= 12, T= 25°C 3.5 1.041 2.592 0.435 62,3 46.7 51.9 55,8 54,3 1,413 1.102 
Ca(0H)2 sol., pH= 12, T= 60°C 5.5 1.041 2.592 0.546 62,3 44.5 49,5 55,8 56,1 1,413 1,012 
HCI sol., pH= 3, T= 25°C 6.4 0.001 2,592 0.018 62,3 57,8 61,8 55,8 55.7 1,413 1,316 
NaCI 3.5% by w. solution 4.5 0.600 2,592 0.375 62,3 55,5 53,3 55.8 51,3 1,413 1,384 
NaCI +CaCl2 (2; 1), 7% by w. sol. 3.8 1.218 2,592 0.490 62,3 45,6 50,7 55,8 59,3 1.413 0,987 
NaCl+MgCl2 (2:1), 7% by w. sol. 4.6 0.900 2,592 0.461 62.3 44,3 51.3 , 55,8 56,1 1,413 1,012 
Ultraviolet radiation (31.7x 10*^ ** *00* 2,592 •••• 62,3 61.9 55,8 53.4 1,413 1,063 
J/sec/cm^) 

10 mm ^ E-glass/vinytester 

Water H,0. T= 25°C 1.6 0 2.592 61,4 59.6 **** 56.7 53.2 1,225 1,143 
Ca(OH),sol..oH= I2.T=25"C 0 '3 1.041 2.592 0.265 61,4 53.4 55.4 56.7 55.4 1,225 1,098 
Ca(OH)2Sol., pH=l2,T=60°C 1.5 1.041 2.592 0,285 61.4 48.9 55.0 56,7 52.7 1,225 1.058 
HCIsol.,pH= 3,T=25"'C 1.9 0,001 2.592 0,010 61.4 59.1 61.2 56,7 48.3 1.225 1,386 
NaCI 3.5% by w. solution 1.4 0.600 2,592 0,209 61.4 57.4 56.7 56,7 58.1 1,225 1.124 
NaCI +CaCl2(2:l), 7% by w. sol. 1.2 1,218 2,592 0,275 61,4 47,4 55,2 56,7 55.1 1,225 0,979 
NaCl+MgCl2 (2:1), 7% by w. sol. 1.3 0.900 2,592 0.246 61,4 46,6 55,8 56,7 54,8 1.225 0.968 
Ultraviolet radiation (31.7x lO"** 2.592 61.4 60.1 **** 56,7 51,6 1,225 1,058 
J/sec/cm^) 

(*) Pick's law was not applicable 
I in = 25.4 nun I lb = 4.448 N 1 psi = 6.895 kPa 

vO N) 



Table 5.4b - Test Results of 19.5 mm (3/4 in) Diameter E-G lass/Polyester and Vinylester Rebars After 6 Months of Exposure 

Environment 

(I) 

19.5 mm f E-glass/polyester 

Water H2O, T= 25°C 
Ca(0H)2 sol., pH= 12, T= 25"C 
Ca(OH)2Sol., pH= 12. T= 60T 
HCl sol., pH= 3, T= 25°C 
NaCl 3.5% by w. solution 
NaCl +CaCl2(2:l), 7% by w. sol. 
NaCl+MgClj (2:1). 7% 1^ w. sol. 
Ultraviolet radiation (31.7x10*^ 
J/sec/cm^) 

19.5 mm f E-glass/viny tester 

Water HjO, T= 25"C 
Ca(0H)2 sol., pH= 12, T= 25°C 
Ca(0H)2 sol., pH= 12, T= 60°C 
HCl sol., pH= 3, T= 25°C 
NaCl 3.5% by w. solution 
NaCl +CaCl2(2:l), 7% by w. sol. 
NaCI+MgClj (2; 1), 7% by w. sol. 
Ultraviolet radiation (31.7x 10''' 
J/sec/cm^) 

DxlO' 
(mmV 
min) 
(2) 

4.2 
3.9 
8.2 
4.6 
7.8 
8.3 
9.7 

1.4 
1.5 
1.9 
2.4 
4.6 
4.9 
5.1 
** 

C 
mol/l 
(3) 

0 
I.04I 
1.041 
0.001 
0.600 
1.218 
0.900 
**** 

0 
1.041 
1.041 
0.001 
0.600 
I.2I8 
0.900 

t (min) 
xIO' 
(4) 

2.592 
2.592 
2,592 
2.592 
2.592 
2.592 
2.592 
2.592 

2.592 
2.592 
2.592 
2.592 
2.592 
2.592 
2.592 
2.592 

X 
mm 
(5) 

**** 

0.459 
0.665 
0.015 
0.493 
0.724 
0.673 
**** 

**** 

0.285 
0.320 
O.OM 
0.378 
0.556 
0.488 
•••• 

(*) Pick's law was not applicable 
I in = 25.4mm lib = 4.448N 

* U 
kN 
(6) 

77.9 
77.9 
77.9 
77.9 
77.9 
77.9 
77.9 
77.9 

167.3 
167.3 
167.3 
167.3 
167.3 
167.3 
167.3 
167.3 

Pr 
kN 
(7) 

169.4 
144.6 
142.3 
153.5 
164.2 
156.3 
158.6 
**** 

161.7 
149.0 
146.8 
160.1 
159.6 
157.2 
153.2 

Pp 
kN 
(8) 

**** 

161.6 
154.5 
177.4 
160.4 
152.5 
154.3 
**** 

**** 

157.6 
156.4 
166.9 
154.4 
148.6 
150.8 
•••• 

E 
GPa 
(9) 

56.7 
56.7 
56.7 
56.7 
56.7 
56.7 
56.7 
56.7 

53.6 
53.6 
53.6 
53.6 
53.6 
53.6 
53.6 
53.6 

Er 
GPa 
(10) 

53.4 
51.7 
54.7 
58.1 
55.9 
57.4 
53.4 

54.5 
51.3 
53.4 
54.1 
55.2 
56.4 
52.7 

**11 
% 

(II) 

1.046 
1.046 
1.046 
1.046 
1.046 
1.046 
1.046 
1.046 

1.060 
1.060 
1.060 
1.060 
1.060 
1.060 
1.060 
1.060 

1 psi = 6,895 kPa 

vO u> 
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not as chemically active as the alkaline and deicing salt solutions rich with free OH", CI", 

and other ions that are able to diffuse into and react with the matrix and glass fibers. For 

lOEP rebars, the highest losses in strength after 6 months were in deicing salt and alkaline 

solutions. The same observation could be made about lOEV rebars, but the measured losses 

in strength were lower. For example, in the case of alkaline solutions at temperatures of 

25°C and 60°C, the measured losses of strength for lOEP rebar were 25.0 and 28.6%, 

respectively, as compared to lOEV rebars where the measured losses were 13.0 and 20.3%, 

respectively. This is in agreement with the increase in difiiisivity with temperature, thus 

resulting in deeper moisture penetration (i.e. larger "x") as shown by Eq.(3.22). Similar 

observations were recorded in the cases of 20EP and 20EV rebars. The difference between 

the measured residual tensile strength (P^) and the predicted strength (Pp) was within 13% 

for most cases, and within 8% for 20EP and 20EV rebars. 

In the case of acidic solution with pHof 3, the reported losses in strength were lower 

than that for alkaline and salt solutions. This was due to the lower concentration of Cl 'ions, 

thus resulting in lower "x" values as shown in column 5 of Tables 5.4a and 5.4b. For 

example, the measured loss of strength for 20EP rebar in alkaline solution at room 

temperature was 18.8%, >^e it was 13.7% in acidic solution at the same temperature. The 

measured differences between the measured residual and the predicted residual strength 

were within 11.8%. 

Lower losses of tensile strength were observed in sea water than in deicing salt 

solutions inspite of the relatively close diffusivities that were recoreded. This can be 



attributed to the relatively higher concentrations of CI" ions present in the solutiotL For 1OEP 

and lOEV rebars in sea water, losses in tensile strength were 10.9 and 6.5%, respectively, 

while for NaCl+CaClj 7% by weight solution, the measured losses were 26.7 and 22.9%, 

respectively. Similarly, for 20EP and 20EV rebars, losses in tensile strength were 8.3 and 

4.6% in sea water, respectively, and in NaCl+CaCl27% by weight solution, they were 13.8 

and 6.0%, respectively. 

Exposure to ultraviolet radiation caused the color of samples to darken but no 

significant effect on strength was observed. This is due to the ability of the glass fibers and 

matrix to absorb radiation with limited effect on their molecular structure, thus providing 

adequate resistance to radiation effects. The loss of strength was within 3%. 

It is of importance to point out that, although significant losses in strength were 

observed, limited changes in the elastic modulus and ultimate strain at failure calculated 

based on the residual area were recorded. For example, in the case of lOEP rebar immersed 

in alkaline solution at room temperature, the loss of tensile strength was 25.0%, while the 

elastic modulus changed from 55.8 to 54.3 GPa. This is in agreement with the assumption 

that fibers in the contaminated zone are damaged and no longer effective, and the damage 

is confined only to the portion penetrated through diffusion as shown in Fig. 3.2. Thus, the 

remainder zone of fiber-matrix composite still possesses the same im'tial elastic modulus. 

The ultimate strain at feilure was more affected by moisture diffusion than the elastic 

modulus because of stress concentrations developing in the damaged zone as a result of the 

matrix's reduced ability to distribute and transfer stresses between the fibers. 
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5.4 Durability of Beams Reinforced with E-glass Rebars 

Flexure tests conducted on reinforced concrete beams have shown that FRP rebars 

can be used as an alternative to steel reinforcement Ten rectangular beams with GFRP 

longitudinal rebars and steel stirrups were tested in flexure until failure and the load versus 

mid-span deflection relationships were recorded. Flexural test results of ten beams will be 

discussed in this section. Each beam was 2.4 m (8.0 ft) long with a 200 x 405 mm (8.0 x 

16.0 in) rectangular cross-section and was simply supported with a clear span of 2.29 m 

(7.5 ft). The beams were simply supported and loaded in four-point bending as previously 

shown in Fig. 4.14. 

Figure 5.29 shows the flexural behavior of beams B-1, B-2, and B-3 until failure. 

Loads were applied in increments of 2 kN (0.45 kip) and at I kN (0.225 kip), and the mid-

span deflection was recorded at the end of each increment Beam B-1 was the control 

specimen for lOEP rebars with concrete compressive strength of 33.1 MPa (4.8 ksi). The 

initial behavior was linear-elastic up to P of 13.4 kN (3.0 kips). The behavior after that was 

non-linear up to failure load of 47.9 kN (10.8 kips) and deflection of 22.8 mm (0.9 in). 

Beams B-2 and B-3, respectively, correspond to beams tested after l-year and 2-year of 

exposure to NaCl+CaClj (2:1) 7% by weight solution. Beams B-2 and B-3 exhibited a 

similar initial linear-elastic behavior until the first flexural cracks appeared at loads of 15.6 

kN (3.51 kip) and 16.8 kN (3.78 kip), respectively. The concrete strength measured before 

testing beams B-2 and B-3 was 34.5 (5.0 ksi) and 32.8 (4.8 ksi) MPa, respectively. The 

ultimate load and mid-span deflection for beams B-2 and B-3 were 46.8 kN (10.52 kip) and 



23.7 mm (0.93 in), and 44.6 kN (10.03 kip) and 25.2 mm (1.0 in), respectively. Figure 5.29 

shows that prolonged combined exposure to alkaline (i.e. concrete) and deicing salt solutions 

for lOEP rebars had a limited effect on the strength of these rebars. The ultimate tensile 

force in the rebars at failure was 59.9 kN (13.47 kip) for beam B-1 (i.e. after one year in dry 

concrete), 54.4 kN (12.23 kip) for B-2 (i.e. after one year in concrete exposed to deicing 

salts), and 56.4 kN (12.68 kip) for B-3 (i.e- after two years in concrete exposed to deicing 

salts). The beams were significantly underreinforced and all failed by means of rupturing of 

the tension reinforcement Therefore, the concrete in these beams was stressed relatively 

low, thus allowing the assumption of linear elastic analysis to be valid. The measured initial 

tensile strength of lOEP rebars was 62.3 kN (14.01 kips). The percentage loss of rebar 

strength in beams B-1, B-2, and B-3 was 3.8%, 6.0%, and 10.5%, respectively. In these tests, 

since the beams were uncracked while subjected to salt solutions, the concrete provided 

good protection by reducing the rate of penetration of moisture and salts into the rebars. 

However, this might not be true in the field where ahnost all beams will have cracks during 

their service life. 

Figure 5.30 shows the flexural behavior of beams B-1, B-4, and B-5. Beams B-4 and 

B-5 were reinforced with two-lOEP rebars, and were placed in NaCl+MgCl2(2:l) 7% by 

weight deicing salt solution. Beam B-4 was tested after one yera of exposure to deicing 

salts, while beam B-5 was tested after two years of exposure. Before testing, the concrete 

compressive strength for beams B-4 and B-5 was 33.8 MPa (4.9 ksi), and 31.7 MPa (4.6 

ksi), respectively. The initial behavior of beams B-4 and B-5 was linear-elastic until the first 



flexural crack was observed at load of 13.5 ieN (3.04 kip) and deflection of 1.1 mm (0.04 in) 

for beam B-4, and load of 14.4 kN (3.24 kip) and 1.2 mm (0.047 in) for beam 3-5. The 

average tensile force per rebar at failure was 55.7 kN (12.52 kip) for beam B-4 (i.e. after 

one year of exposure to concrete and deicing salts), and 56.4 kN (12.68 kip) for beam B-5 

(i.e. after two years of exposure to concrete and deicing salts). As shown in Table 5.5, the 

loss of tensile strength due to direct exposure to NaCl+MgCl27% by wei^t solution at room 

temperature was 28.8% after six months, while for beams B-4 and B-5 it was 10.5 and 

12.8%, respectively. This demonstrates the concrete's abili^ to reduce the effects of 

exposure to deicing salts on the strength of lOEP rebars, which can be enhanced by reducing 

the permeability of concrete of increasing the concrete cover. 

Figures 5.31 and 5.32 show the load versus mid-span deflection relationships for 

beams B-6, B-7, B-8, B-9, and B-10. All beams were reinforced with two-lOEV rebars, 

resulting in a reinforcement ratio of 0.18%. Beam B-6 was the control specimen which was 

kept dry and tested after one year. The concrete compressive strength of beam B-6 before 

testing was 33.3 MPa (4.83 ksi). The initial tensile strength of lOEV rebar was 61.38 kN 

(13.8 kip).When B-6 was tested in flexure, it failed at P of 47.9 kN (10.76 kip), mid-span 

deflection of 22.8 mm (0.9 in), and rebar tensile force of 59.2 kN (13.31 kip). As for beam 

B-7, it failed at load P of 43.5 kN (9.78 kip), mid-span deflection of 23.6 nrni (0.93 in), and 

an average tensile force per rebar of 57.4 kN (12.91 kip). Beam B-8 failed at a load P of 

41.8 kN (9.4 kip), mid-span deflection of 21.3 mm (0.84 in), and tensile force per rebar of 

56.5 kN (12.7 kip). 



Table 5.5 - Tensile Strength of 10 mm (3/8 in) Diameter E-glass/Polyester and Vinylester Rebars in Solutions 
and/or Concrete Beams 

1 Environment / Rebar Type 

(1) 

Initial Pu 
(kN) 
(2) 

Pf -6 mo. 
(kN) 
(3) 

Loss in Pu 
(%) 
(4) 

P, -1 year 
(kN) 
(5) 

Loss in Pu 
(%) 
(6) 

P, - 2 years 
(kN) 
(7) 

Loss in Pu 
(%) 
(8) 

10 mm E-glass/polyester 

Beam B-I 62.3 59.9 3.8 

Ca(0H)2 solution. T=25°C 62.3 46.7 25.0 

Beams B-2 and B-3 62.3 58.5 6.0 56.4 9.4 

NaCI+CaCl2(2:l),7%by w. 62.3 45.6 26.7 

Beams B-4 and B-S 62.3 55.7 10.5 54.3 12.8 

NaCI+MgCIj (2:1),7% by w. 62.3 44.3 28.8 

10 mm E-glass/vinytester 

Beam B-6 61.4 59.2 3.6 

Ca(0H)2 solution., T=25''C 61.4 55.4 9.7 

Beams B-7 and B-8 61.4 57.4 6.5 55.8 9.1 

Naa+CaCl2(2:l),7%byw. 61,4 47.4 22.9 

Beams B-9 and B-IO 61.4 56.5 8.0 54.6 11.1 

NaCI+MgClj (2;l).7%by w. 61.4 46.6 24.1 

1 in = 25,4 mm I lb = 4.448 N I psi = 6.895 kPa 
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Table 5.5 hsts the test results of the initial tensile strength of lOEP and lOEV rebars, 

and the residual strength after six months of direct exposure to alkaline solution at room 

temperature; after six months of direct exposure to two deicing salt solutions; and the 

calculated residual tensile strength of the rebars in beams B-1 to B-10 at failure. By 

examining test results of lOEP rebars, it is observed that losses due to exposure to hardened 

concrete after one year were below 4%, while it was 25% due to accelerated exposure to 

alkaline solution for six months. The limited loss in strength was due to initial exposure to 

hydrating cement The same observation could be made in the case of lOEV rebars. 

Similarly, for exposure to deicing salt solutions, it was observed that concrete cover plays 

a vital role in limiting the effect of exposure to chloride ions since uncracked concrete 

provides a bam'er against moisture penetration. Thus losses due to chlonde penetration were 

less than 13% after two years of exposure, while the average loss of strength due to direct 

exposure was 25%. It can be concluded that exposure to deicing salt or marine enviroiunent 

can be reduced by lowering concrete permeability, reducing cracks, and increasing the 

thickness of concrete cover. 

5.5 Durability of AR-glass Rebars 

Durability of AR-glass FRP rebars will be estimated in terms of changes in the 

ultimate tensile strength elastic modulus E, and ultimate strain at failure The model 

that will be used in {vedicting the loss in tensile strength is the free-phase model (i.e. Pick's 

first law of diffusion). The loss in strength is determined based on the following two 

assumptions; I) the glass fibers in the contaminated area are ineffective and no longer carry 
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tensile stresses; and 2) the fibers and matrix in the uncontaminated zone are undamaged and 

possess the same initial mechanical properties. 

The alkali and salt attack will mainly occur due to the presence of OH' and CI' free 

ions in the solution. Test samples were immersed in chemical solutions simulating different 

environments, and changes in weight were recorded periodically. The maximum moisture 

content M„ and diflRisivity D of lOARP, lOAPV, 20ARP, and 20ARV rebars are listed in 

Table 5.6 . The percentage weight gain M is based on the numerical average of the 

percentage weight gain of three identical samples. Initial material properties of AR-glass 

rebars are as previusly listed in Table 4.1. Test results are considered only when a test 

sample fails in tension. Failure of sample is considered as tension failure when glass fibers 

rupture outside the grip area. Initial material properties are the average test results of five 

test samples successfully tested in tension until failure. Similarly, the same number of 

samples was used to determine material properties after 6 months exposure to chemical 

solutions and ultraviolet radiation. Table S.7 lists the two-phase diffusion parameters "a" 

and "b" for 10 ARP and lOARV glass rebars immerssed insolution. Similarly, they are listed 

for 20ARP and 20ARV rebars in Table 5.8 . Tension test results of lOARP and 

lOARVrebars after six months of accelerated exposure are h'sted in Table 5.9a. Similarly, 

tension test results of 20ARP and 20ARV rebars are listed in Table 5.9b. 

Predicting the changes in tensile strength is based on Fickian diffusion. In all cases, 

the initial part of the M(%) versus (t)*^ relationship was approximately linear, indicating 

Fickian diffusion, then leveling off towards an asymptotic value of The non-Fickian 



Table 5.6 - Maximum Moisture Content (M„) and Diffusivity (D) of 10 mm (3/8 in) and 19,5 mm (3/4 in) Diameter 
AR- Glass/Polyester and Vinylester Rebars Immersed in Solutions 

Environment ICC) 10 mm <)> AR-glass 10 mm (j) AR-glass 19.5 mm i|> AR-glass 19.5 mm ^ AR-glass 

Polyester Matrix Vinylester Matrix Polyester Matrix Vinylester Matrix 

(1) (2) (1) (2) 

(%7 
(3i 

Dxio' 
(mrnVmin) 

(4) 

Mm DxlO^ 
(mmVmin) 

(6) 

DxlO' 
(mmVmin) 

(8) 
Mj- DxlO^ 

(mmVmin) 
(10) 

Water, HjO 1 25"C 1.650 4.20 0.724 2.10 1.214 5.20 0,533 2,60 

Ca(0H)2, pH=12 25"C 1,401 3.10 0.527 1.20 0.631 4.50 0.857 2,30 

Ca(0H)2. pH=12 eo'c 1.528 5.10 0,631 1.70 0.745 9.80 1,026 3,10 

HCl, pH=3 IS'C 1.023 6.40 0,510 3.90 0.716 6.30 0.512 2,90 

NaCI 3.5% 25°C 0.603 4.20 0.436 1.10 0.552 9.20 0.605 5,30 

NaCI+CaCl2 
(2:1), 7% 

25''C 0.635 4.10 0.651 2.50 0.671 10.7 0.613 5.90 

NaCI+MgCK 
(2:1), 7% 

25''C 0.581 4.40 0.686 2.70 0.695 11,3 0.715 5,60 

1 in = 25.4 mm 



Table 5.7 - Two-phase Moisture Diffusion Parameters (a) and (b), and Diffusivity (D*) of 10 mm (3/8 in) Diameter 
AR -Glass/Polyester and Vinylester Rebars Immersed in Solutions 

Environment T(°C) 10 mm (|> AR-glass Rebar 10 mm (|> AR-glass Rebar 

(1) (2) 

Polyester Matrix Vinylester Matrix 

(1) (2) 
a x  10* 
(1/sec) 

(3) 

b x  10* 
(1/sec) 

(4) 

dxlo^ 
(mmVmin) 

(5) 

d\io^ 
(mmVmin) 

(6) 

ax 10* 
(1/sec) 

(7) 

bx 10* 
(1/sec) 

(8) 

dxlo' 
(mmVmin) 

(9) 

d\io' 
(mmVmin) 

(10) 

Water, H^O 25''C 4.50 120.0 4.20 4.52 2.60 90.0 2.10 2.22 

Ca(0H)2, pH=I2 25''C 3.00 80.0 3.10 3.34 4.03 100.0 1.20 1,30 

Ca(OH)j, pH=12 ecc 1.50 28.0 5.10 5.66 5.07 98.0 1.70 1.87 

HCl, pH=3 25"C 5.10 93.0 6.40 7.12 2.11 30.2 3.90 4.44 

NaCI 3.5% 25°C 5.13 43.0 4.20 5.24 3.09 40.7 1.10 1.12 

NaCl+CaCI, 
(2:1),?% 

25°C 2.20 61.0 4.10 4.40 4.00 60.7 2.50 2.84 

NaCI+MgClj 
(2:1), 7% 

25°C 2.00 23.0 4.40 5.20 4.12 61.2 2.70 3.07 

I in = 25,4 mm 



Table 5.8 - Two-phase Moisture Diffusion Parameters (a) and (b), and Diffusivity (D*) of 19.5 mm (3/4 in) Diameter 
AR -Glass/Polyester and Vinylester Rebars Immersed in Solutions 

Environment T(°C) 19.5 mm <|> AR-glass Rebar 19,5 mm AR-glass Rebar 

(1) (2) 

Polyester Matrix Vinylester Matrix 

(1) (2) 
ax 10* 
(1/sec) 

(3) 

bx 10* 
(1/sec) 

(4) 

DxlO^ 
(mmVmin) 

(5) 

D\IO^ 
(mmVmin) 

(6) 

ax 10* 
(1/sec) 

(7) 

bx 10* 
(1/sec) 

(8) 

DxlO^ 
(mmVmin) 

(9) 

D'x IO' 
(mmVmin) 

(10) 

Water, HjO 25°C 2.30 36.0 5.20 5.89 1.70 23.0 2.60 3,00 

Ca(0H)2, pH=l2 25°C 1.00 50.0 4.50 4.68 5.00 110.0 2.30 2.51 

Ca(0H)2, pH=12 60°C 5.30 72.0 9.80 11.30 2.10 74.0 3.10 3.27 

HCI, pH=3 25°C 7.00 20.0 6.30 6.30 2.00 60.0 2.90 3.10 

NaCI 3.5% 25"C 2.00 40.0 9.20 10.14 3.00 60.2 5.30 5.84 

NaCI+CaClj 
(2:1), 7% 

25"C 7.30 94.0 10.7 12.43 5.20 71.0 5.90 6.80 

NaCI+MgCl2 
(2:1), 7% 

25°C 1.00 50.0 11.3 11.76 7.20 93.0 5,60 6,50 

I in = 25.4 mm 

g 



Table 5,9a - Test Results of 10 mm (3/8 in) Diameter AR-Glass/Polyester and Vinylester Rebars After 6 Months of Exposure 

Environment 

(I) 

DxlO^ 
(mmV 
min) 
^2) 

C 
mol/l 
(3) 

t (min) 
xlO^ 
(4) 

X 
mm 
(5) 

Pu 
kN 
(6) 

Pr 
kN 
(7) 

Pp 
kN 
(8) 

E 
GPa 
(9) 

Er 
GPa 
(10) 

e„ 
% 

(11) 

®ur 
% 

(12) 

4.2 0 2.592 **** 60.0 55.6 *** 53.8 52.6 1.304 0,952 
3.1 1.041 2.592 0.411 60.0 47.5 50.9 53.8 51.7 1.304 1,082 
5.5 1.041 2.592 0.525 60.0 43.2 48.1 53.8 53.9 1.304 0.948 
6.4 0.001 2.592 0.018 60.0 52.8 59.6 53.8 54.1 1.304 1.141 
4.2 0.600 2.592 0.361 60.0 50.1 52.0 53.8 53.3 1.304 1.104 
4.1 1.218 2.592 0.509 60.0 45.6 48.9 53.8 52.2 1.304 1.032 
4.4 0.900 2.592 0.453 60.0 44.3 50.0 53.8 55.1 1.304 0.948 

2.592 **** 60.0 56.9 53.8 52.1 1,304 1.185 

2.1 0 2.592 **** 61.3 57.7 ««« 54.1 56.3 1,398 1.159 
1.2 1.041 2.592 0.255 61.3 53.5 55.3 54.1 54.4 1.398 1.215 
1.7 1.041 2.592 0.303 61.3 47.4 54.2 54.1 53.3 1.398 1,102 
3.9 0.001 2.592 0.014 61.3 53.2 61.0 54.1 58.2 1.398 1.128 
1.1 0.600 2.592 0.181 61.3 52,3 57.0 54.1 56.7 1.398 1.140 
2.5 1.218 2.592 0.397 61,3 47.4 52.1 54.1 57.3 1.398 1.026 
2,7 0.900 2.592 0.355 61,3 45.9 53.0 54.1 59.1 1.398 0.964 
** 2.592 **** 61.3 57.8 *** 54.1 55.4 1.398 1.079 

10 mm ^ AR-glasa/polycater 

Water H20,T=25°C 
Ca(0H)2 sol., pH= 12, T= 25X 
Ca(OH)2Sol., pH= 12, T= 60°C 
HClsol.,pH=3.T=25°C 
NaCl 3.5% by w. solution 
NaCl +CaCl2(2:1), 7% by w. sol. 
NaCl+MgCla (2:1), 7% by w. sol. 
Ultraviolet radiation (31 .TxlO*^ 
J/scc/cm^) 

10 mm ^ AR-giassArfny tester 

Water HjO, T= 25°C 
Ca(0H)2 sol., pH= 12, T= 25°C 
Ca(OH)2Sol., pH= 12, T= 60°C 
HCl sol,, pH= 3, T= 25"C 
NaCl 3,5% by w. solution 
NaCl +CaCl2(2:l), 7% by w. sol, 
NaCI+MgCl2 (2:1), 7% by w. sol. 
Ultraviolet r^iation (31.7x10'^ 
J/sec/cm^) 

{*) Pick's law was not applicable 
1 in = 25.4 mm 1 lb = 4,448 N 1 psi = 6,895 kPa 

o 



Table 5.9b - Test Results of 19.5 mm (3/4 in) Diameter AR-Glass/Polyester and Vinylester Rebars After 6 Months of Exposure 

r Environment 

(I) 

DxlO' 
(mmV 
min) 
(2) 

C 
mol/l 
(3) 

-
 1

 
X 

1 

X 
mm 
(5) 

P« 
kN 
(6) 

Pr 
kN 
(7) 

Pp 
kN 
(8) 

E 
GPa 
(9) 

E, 
GPa 
(10) 

Eu 
% 

(") 

e«r 
% 

(12) 

5.2 0 2.592 **** 171.3 160.3 •••• 53.9 51.4 1.175 1.034 
4.5 1.041 2.592 0.493 171.3 148.5 153.5 53.9 56.4 1.175 0.977 
9.8 1.041 2.592 0.727 171.3 142.3 145.5 53.9 54.3 1.175 0.975 
6.3 0.001 2.592 0.018 171.3 153.5 170.6 53.9 52.8 1.175 1.075 
9.2 0.600 2.592 0.535 I7I.3 159.7 152.1 53.9 58.2 1.175 1.017 
10.7 1.218 2.592 0.822 171.3 154.2 142.3 53.9 55.6 1.175 1,032 
11.3 0.900 2.592 0.726 171.3 155.7 145.5 53.9 57.3 1.175 1,010 
** **** 2.592 **** 171.3 •••• **** 53.9 1.175 

2.6 0 2.592 **** 176.1 165.7 **** 51,2 53.6 1.169 1,152 
2.3 1.041 2.592 0.352 176.1 158.7 163.6 51.2 52.3 1.169 1,032 
3,1 1.041 2.592 0.409 176.1 151.2 161,6 51.2 50.2 1.169 1.025 
2.9 0.001 2.592 0.012 176.1 164.1 175.7 51.2 52.6 1.169 1.061 
5.3 0.600 2.592 0.406 176.1 165.2 161,7 51.2 54.7 1.169 1.023 
5.9 1.218 2.592 0.610 176.1 160.0 154.6 51.2 52.6 1.169 1.038 
5.6 0.900 2.592 0.511 176.1 161.1 158.0 51.2 55.4 1.169 0.991 
0* **** 2.592 **** 176.1 **** **** 51.2 1.169 •••• 

19.5 mm ^ AR-glass/polyester 

Water H20,T=25°C 
Ca(0H)2 sol., pH= 12, T= 25''C 
Ca(OH)2Sol., pH= 12, T= 60X 
HCI sol., pH= 3, T= 25°C 
NaCI 3.3% by w. solution 
NaCI +CaCl2(2:I), 7% by w. sol. 
NaCI+MgClz (2.1), 7% by w. sol. 
Ultraviolet relation (31.7x10*^ 
J/sec/cm^) 

19.S mm ^ AR-glass/vinylester 

Water H2O, T= 25''C 
Ca(0H)2 sol., pH= 12, T= 25°C 
Ca(0H)2 sol., pH= 12, T= 60"C 
HCI sol., pH= 3, T= 25°C 
NaCI 3.5% by w. solution 
NaCI +CaCl2(2:l), 7% by w. sol. 
NaCI+MgClj (2; I), 7% by w. sol. 
Ultraviolet radiation (31.7x10*^ 
J/sec/cm^) 

(*) Pick's law was not applicable 
I in = 2S.4 mm 1 lb = 4.448 N 1 psi = 6.895 kPa 

I 

o OS 
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diffiision was indicated by the rapid non-linear increase in M, at which the one-phase and 

two-phase diffusion models become invalid. Generally, the one-phase and two-phase model 

predictions were very close, and predictions obtained through the two-phase model were 

more accurate in the transitional zone between the end of the linear part and the part 

asymptotic to However, both models convei^ed towards the same asymptotic M„ value. 

Changes in the elastic modulus were generally small, which indicates that the 

damage caused to fibers and matrix due to moisture diffusion is confined to the penetrated 

zone, while the remainder area still possesses the same initial material properties. In all 

cases, the ultimate strain at failure was lower than the initial strain, indicating a more brittie 

behavior after exposure as was reflected by the increase in the elastic modulus. 

5.5.1 Water HjO, T= 25°C: 

In the case of rebar samples immersed in water, M„and D were higher for polyester 

rebars as compared to vinylester. For example, for lOARP rebars M„ and D were 1.605% 

and 4.2 x 10"' mmVmin (6.51 xlO*'" in^min), respectively, while M^and D were 0.724% and 

2.1 X 10"'mm^/min(326 xlO'"* inVmin), respectively, for the lOARV rebar. Pick's law was 

applicable in calculating the diffusivity, but Eqs. (3.22) and (3.23) could not be used to 

estimate the losses in the tensile strength since the ion concentration "C "is equal to zero, 

thus resulting in a depth of moisture penetration equal to zero (i.e. theoretically x = 0). In 

this case. Pick's law is not applicable, and Eqs. (3.22) and (3.23) can not be used to calculate 

the depth of moisture penetration nor the predicted residual tensile strength. This was 

indicated by the asterisks in columns 5 and 8 of Tables 5.4a, 5.4b, 5.9a, and 5.9b. As for 
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lOARP and lOARV rebars, the reduction in tensile strength was 7.3% and 5.8%, 

respectively. Limited changes in the elastic modulus were observed and were within S% of 

the initial values. Similar observations could be made about 20 ARP and 20 ARV rebars. The 

M(%) versus (t)'̂ relationships for lOARP, lOARV, 20ARP, and 20APV are shown in Figs. 

5.33 to 5.36, respectively. 

5.5.2 Ca(OH)2 Soiutioii with pH of 12, T= 25X! 

Figures 5.37 and 5.38, respectively, show the M(%) versus (t)*'̂  relationship for 

lOARP and lOARV rebars in alkaline solution. M„and D were generally lower in the case 

of vinylester which indicates that vinylester provides a better protection than polyester 

against moisture difiEusion. This is reflected in a lower depth of penetration "x", thus smaller 

loss in tensile strength. The loss in strength was 20.8% in the case of lOARP rebars, while 

it was 12.7% for lOARV rebars. Figures. 5.39 and 5.40, respectively, show the M(%) versus 

(t)''̂  relationship for 20ARP and 20ARV rebars in alkaline solution at room temperature. 

The difiusivity for vinylester was lower than that of polyester, which was reflected in lower 

losses of tensile strength. As for polyester rebars, the average loss of strength was 13.3% 

, while for vinylester rebars it was 9.93%. The values of "a" and "b" time factors were l.O 

xlO"* 1/sec and 50 xlO"* 1/sec, respectively, for 20ARP rebars, and 1.7 xlO** and 23 xlO"* 

1/sec, respectively, for 20ARV rebars. The percentage difference between the measured 

residual strength P^and the predicted residual strength Pp was within 10%. For example, it 

was 3.4% in the case of lOARP rebar, and 3.1% for the 20ARV rebar. As for the20ARP and 

20ARV rebars, it was 7.2% and 3.4%, respectively. This indicates that Fick's law is an 
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acceptable method to predict the loss of strength due to diffiision in alkaline environment 

5.53 Ca(OH)2 Solutioii with pH of 12, T= 60°C 

and D were higher than that in alkaline solution at room temperature. This 

indicates that temperature has a direct effect on the difiusivity. Similarly, the difitusivity of 

vinylester rebars was lower than that of polyester rebars. The highest percentage loss of 

tensile- strength was observed in alkaline solution at 60°C. For the lOARP rebars, it was 

28.0%, and for the lOARV rebars, it was 22.6%. As for the 20ARP and 20ARV rebas, it was 

16.9% and 14.1%, respectively. The percentage difference between the measured and 

predicted residual strengths was within 15% for the 10 mm (3/8 in) diameter rebars, and 

within 9% for the 19.5 mm (3/4 in) diameter rebars. This demonstrates that this method, can 

, with reasonable accuracy, predict the loss of strength in alkaline solutions at room or 

elevated temperatures. The M(%) versus (t) '̂ relationships for lOARP, lOARV, 20ARP, and 

20ARV rebars are shown in Figs. 5.41 to 5.44, respectively. 

S.5.4 HCl SolutioD with pH of 3, T= 25°C 

M„ and D were higher for lOARP and 20ARP than lOARV and 20ARV rebars. No 

noticeable loss in tensile strength was predicted in this case due to the very low 

concentration of chloride ions [Cl^ present in the solution. As a result, very small "x" values 

were predicted by Eq. (322), which underestimated the true depth of moisture penetratioiL 

This indicates that other Victors could play a role in strength loss such as water and hydrogen 

ion diffusion. In general, the predicted loss of strength, using Fick's law, was within 15% of 

the measured residual strength. The M(%) versus (t)''̂  relationships for lOARP, lOARV, 
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20ARP, and 20ARV rebars are shown in Figs. 5.45 to 5.48, respectively. 

S.SS Sea Water and Deicing Salt Solutions, T= 2S°C 

Generally, the difiiisivity of polyester rebars was hi^ier than that of vinylester rebars. 

However, less deviation in the measured M„ and D values was observed among the 10 mm 

(3/8 in) and 19.5 mm (3/4 in) diameter polyester and vinylester rebars. Furthermore, little 

difference was observed in between 10 mm (3/8 in) and 19.5 mm (3/4 in) diameter 

vinylester and polyester rebars. Lower losses in tensile strength was observed in sea water 

than deicing salt solutions, which is mainly due to lower chloride concentration and lower 

diffiisivity. The difference between the measured and predicted residual strength was within 

15% in the case of 10 mm (3/8 in) diameter polyester and vinylester rebars, and it was within 

6% for the 19.5 mm (3/4 in) diameter rebars. This indicates that Fick's law is an adequate 

approach to estimate losses of strength due to exposure to marine environment or deicing 

salt solutions. The M(%) versus (t) ̂  relationships for 10 ARP, lOARV, 20ARP, and 20ARV 

rebars in sea water and deicing salt solutions are shown in Figs. 5.49 to 5.60. 

5.5.6 Ultraviolet Radiation 

Only 10 mm (3/8 in) diameter AR-glass/polyester and vinylester rebars were exposed 

to ultraviolet radiation. Test results indicated that the fibers along with polyester and 

vinylester were not significantly affected by ultraviolet radiation. The average loss of tensile 

strength after exposure to UV light was 5.1% for lOARP rebars and 5.7% for the lOARV 

rebars. Based on Eq. (3.22), an equivalent depth of a damaged zone could be estimated at 

0.134 mm (0.0053 in) for lOARP rebars and 0.146 mm (0.0058 in) for lOARV rebars. 
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Limited effect on the elastic modulus due to ultraviolet radiation was observed. This is 

consistent with the assumption that fiber damage is restricted to the penetrated zone, and the 

remainder undamaged composite possesses the same initial material properties. 

5.6 Durability of Beams Reinforced with AR-Glass Reirars 

Beams were loaded in a fouFrpcint bending as shown in Fig. 4.14 . Each beam 

sample was reinforced by two -lOARP of lOARV rebars resulting in a reinforcement ratio 

of 0.18%. Shear reinforcement consisted of 10 mm (3/8 in) G60 (yield stress of 414 MPa) 

deformed steel rebars placed at 125 mm (5 in ) on center.. Table 5.10 summarizes the 

flexural test results of the ten beams tested in flexure. All beams failed by tension failure 

of tension reinforcement since all beams were greatly underreinforced to insure this mode 

of failure. Therefore, the concrete in these beams was stressed relatively low, thus allowing 

the assumption of linear-elastic analysis to determine the tensile force in the rebars at failure 

to be used. Beam specimens were divided into three main groups: 1) two control beams, B-l 

and B-6, were kept dry and tested after one year; 2) four beams, B-2, B-4, B-7, and B-9, 

were tested after one year of exposure to deidi^ salt solutions; and 3) four beams, B-3, B-5, 

B-8, and B-10, were tested after two years of exposure to deicing salt solutions. Loads were 

applied in increments of 2 kN (450 lbs) and 1 kN (225 lbs) near failure. The mid-span 

deflection was recorded at the end of each increment by a dial gage with a 0.0254 mm 

(0.001 in) resolution. 

Figure 5.61 shows the flexural behavior of beams B-l, B-2, and B-3. The initial 

behavior was linear-elastic up to the appearance of the first flexural crack. Beam. The 



Table 5.10 - Tensile Strength of 10 mm (3/8 in) Diameter AR-glass/Polyester and Vinylester Rebars in Solutions 
and/or Concrete Beams 

1 Environment / Rebar Type 

(1) 

Initial 
(kN) 
(2) 

P, -6 mo. 
(kN) 
(3) 

Loss in Pu 
(%) 
(4) 

P, -1 year 
(kN) 
(5) 

Loss in P„ 
(%) 
(6) 

P, - 2 years 
(kN) 
(7) 

Loss in Pu y 
(%) 1 
(8) 

10mm f,AR-glass/polye8ter 

Beam B-1 60.0 55.6 7.3 

Ca(0H)2 solution, T= 25°C 60.0 47.5 20.8 

Beams B-2 and B-3 60.0 47.1 21.5 42.3 29.5 

NaCI+CaCIi(2;l),7%byw. 60.0 45.6 24.0 

Beams B-4 and B-S 60.0 44.5 25.8 39.5 34.2 

NaCI+MgCI, (2:1),7% by w. 60.0 44.3 26.2 

1 Omm^,AR-glMs/vlny tester 

Beam B-6 61.3 52.6 14.2 

Ca(0H)2 solution., T= 25°C 61.3 53.5 12.8 

Beams B-7 and B-8 61.3 45.8 25.3 42.3 31.0 

NaCI+CaClj (2:l).7%by w. 61.3 47.4 22.7 

Beams B-9 and B-10 61.3 46.2 24.6 44.0 28.2 

NaCl+MgClj (2;I),7% by w. 61.3 45.9 25.1 

1 in = 25.4 mm 1 lb = 4.448 I psi = 6.895 kPa 
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percentage loss of tensile strength of reinforcement for beam B-l at failure was 7.3% 

compared to 20.8% loss in strength after 6 months of exposure to alkaline solution. Beams 

B-2 and B-3 were placed in a NaQ+CaClj (2:1) 7% solution and tested after one year and 

two years of exposure, respectively. Test results showed a 21.5% loss in tensile strength 

for the lOARP rebars in B-2, and 29.5% for B-3, that was accompanied with a loss of beam 

stiffiiess and bending capacity. Although, high-zircom'a AR-glass examined in this study 

was designed to resist alkali attack in concrete, it displayed satisfactory durability in dry 

uncracked concrete only, while under accelerated exposure to alkaline and deicing salt 

solutions the loss of tensile strength was high (i.e. loss > 20%). Similar observations could 

be made about beams B-4 and B-5 in Fig 5.62. Furthermore, a loss of beam stiffiiess and 

bending capacity was observed in all beams placed in deicing salt solutions. 

Figures 5.63 and 5.64 show the flexural behavior of beams reinforced with two -

lOARV rebars and exposed to NaCl+CaClz (2:1) 7% solution and NaCl+MgClj (2:1) 7% 

solution, respectively. Beam B-6 was the control specimen which was kept dry and tested 

in flexure after one year. The initial beam behavior was linear-elastic until the appearance 

of the first flexural crack, followed a non-linear behavior until failure by rupturing of the 

tension reinforcement After one year of exposure to dry concrete (i.e. beam B-6), the loss 

of tensile strength of lOARV rebars was 14.2%. However, excessive loss of tensile strength 

(i.e. loss > 20%) was recorded in the case of direct exposure to alkaline solution, deicing 

salt solutions, and as reinforcement for beams exposed to deicing salt solutions. This raises 

long-term durability concerns reflected by the loss of beam stiffiiess and flexural capacity 
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in aggressive environments. However, in diy environments as indicated by test results of 

beam B-6, the losses were not as excessive. Also, it was observed that the loss of tensile 

strength of rebars was more dependent on the exposure time than the type of deicing salt 

5.7 Durability of Cariran and Anunid FRP tendons 

The average of test results obtained from five samples of each tendon type were 

used to determine the initial material properties of each tendon. Similarly, the same number 

of samples was considered to determine aiqr changes in matenal properties after six months 

and twelve months of exposure. The material behavior of Leadline, CFCC, and Arapree 

tendons was linear-elastic until failure as shown in Figs. 4.9,4.10, and 4.11, respectively. 

Discussion of results will be mainly focused on diffusion and the applicability of Pick's law 

in predicting the loss of tensile strength as a result of direct exposure to chemical solutions 

and freeze-thaw cycles, and to a lesser extent on changes in E, and v. 

5.7.1 Water HjO, T= ISTC 

The diffiisivity D and maximum moisture content M„ were the lowest for Leadline 

and CFCC in water in comparison to other solutions. For all three tendons, the initial part 

of the M versus (t)'̂ curves was linear indicating Ficldan diffusion. The diffiisivity and M„ 

were overestimated for CFCC since the surface texture of CFCC allowed moisture to collect 

within the gaps and cavities created by the carbon threads wound around each one of the 

individual strands forming the cable. This was not the case for Leadline where the diffiisivity 

of Leadline was 1.15 xlO*' mmVmin compared to that of 27.5 xlO*' nmiVmin for CFCC. 

The diffiisivity and Mg,parameters for Leadline, CFCC, and Arapree are listed in Table 5.11. 



Table 5,11 - Maximum Moisture Content (M„) and difFusivity (D) of Leadline PC-D8 8 mm (5/16 in) (|) CFRP, 
1x7 -7.5 (5/16 in) (|> CFCC, and Arapree 10 mm (3/8 in) (|) AFRP Tendons Immersed in Solutions 

Environment T(°C) Leadline PC-D8 
8 mm <)> CFRP 
Epoxy Matrix 

1x7 -7.5 mm ^ 
CFCC 

Epoxy Matrix 

Arapree 10 mm <(> 
AFRP 

Epoxy Matrix 

(1) Mm DxlO® Mm DxlO" M„, DxIO* (1) \^) (%) (mmVmin) (%) (mmVmin) (%) (minVmin) 

(3) (4) (5) (6) (7) (8) 

Water, H^O 1 25°C 0.310 0.115 4.470 2.75 0.625 2.14 

Saturated Ca(0H)2, pH= 12 25"C 0.199 0.152 0.943 4.60 0.376 2.80 

Saturated Ca(0H)2, pH=12 60''C 0.345 0.540 1.920 6.90 0.537 4.40 

HCl solution, pH=3 25"C 0.193 0.160 2.217 2.90 1.321 9.20 

NaCl 3.5% 25°C 0.290 0.880 3.955 13.0 1.207 1,80 

NaCI+CaClj (2:1), 7% 25''C 0.306 0.740 3.915 14.1 1.321 4.10 

NaCI+MgCl2 (2:1), 7% 25°C 0.402 0.670 3.932 18.0 1.342 3.30 

1 in = 25.4 mm 
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The M(%) versus relationships for Leadline, CFCC, and Arapree in water are 

shown in Figs. 5.67, 5.74, and 5.81, respectively. Test results showed that water had a 

limited effect on the tensile strength of all three types of tendons. The loss of tensile strength 

in Leadline was 0.4% after 6 months and 0.7% after one year (Table 5.13 ), in CFCC was 

0.3% after 6 months and 0.31% after one year (Table 5.14), and in Arapree was 1.8% after 

6 months and 2.3% after one year (Table 5.15). As for water, the concentration of hydroj^l 

(OH') and chloride(Cr) ions was zero, thus resulting in a theoretical depth of penetration 

equal to zero as calculated by Eq. (3.22). In this case, Fick's law was not applicable in 

predicting the loss of tensile strength of the tendons. This was shown by the astensks in 

columns 5 and 8 of Tables 5.13,5.14, and 5.15. For Leadline the time factors "a" and "b" 

were 0.4x10"* 1/sec and 12.5x10"* 1/sec, respectively, and as for Arapree they were 1.12x10"* 

1/sec and 21.5x10"* 1/sec, respectively. The "a" and "b" time dependent coefficients for the 

two-phase diffusion model are listed in Table 5.12 for Leadline, CFCC, and Arapree. 

S.7.2 CaCOH), Solution with pH of 12, T= 25 and 6frC 

Figures 5.65 and 5.66 show the M(%) versus (t)"^ relationships for Leadline in 

alkaline solution at temperatures of 25''C and 60°C, respectively. The initial part of the 

curves was linear indicating Fickian di£^usion, then becoming asymptotic to the M„ value. 

Test results showed little effect of alkaline solution (i.e. hydrating cement) on the 

mechanical properties of Leadline. This clearly demonstrates that PAN-type carbon fibers 

in conjunction with epoxy matrix has excellent durability in alkaline environments. This is 

also demonstrated by the limited changes in the elastic modulus and Poisson's ratio. Elevated 



Table 5.12 - Two-phase Moisture Diffusion Parameters (a) and (b), and Diffusivity (D*) of Leadline, CFCC 
and Arapree FRP Tendons Immersed in Solutions 

Leadline PC-D8 CFRP 1x7-7.5 mm CFCC 1 Arapree 10 mm AFRP 

Environment Epoxy Matrix Epoxy Matrix Epoxy Matrix 

(1) DxlO' 
hunV 
min 

axlO' 
I/sec 

bxlO' 
1/sec 

D*xlO' 
mmV 
min 

DxlO' 
mmV 
min 

axlO' 
1/sec 

bxlO' 
1/sec 

D^xlO' 
mmV 
min 

DxlO' 
mmV 
min 

axlO' 
1/sec 

bxlO' 
1/sec 

D*xlO" 
mm'/ 
min 

(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 

Water HA T=25°C O.IIS 0.40 J2,5 0.123 2.75 1.65 J 6.7 3.32 2.14 1 ) 2  21.5 2.37 

Ca(OH)jSol.,pH=l2,T=25"C 0.152 0.10 8.20 0.156 4.60 1.05 9.20 5.71 2.80 1.93 15.3 3.55 

Ca(OH),sol., pH= 12, T= 60"C 0.540 0.24 10.0 0.566 6.90 1.50 12.3 8.69 4.40 2.32 12.7 6.15 

HCIsoi.,pH=3.T=25''C 0.160 0.32 20.0 0,165 2.90 1.90 21.3 3.44 9.20 1.90 19.3 111 

NaCI 3.5% w. solution 0.880 0.73 11.2 0.999 13.0 1.70 15.7 14.4 1.80 1.24 10.7 2.24 

NaCI+CaCl2(2:l),7%byw. 0.740 2.11 22.3 0.887 14.1 1.20 19.3 15.9 4.10 2.02 9.85 5.95 

NaCI+MgClj(2.l),7%byw. 0.670 3.10 32.4 0.804 18.0 3.00 18.6 24.3 3.30 2.74 13.6 4.76 

I in = 25.4 mm I lb = 4.448 N I psi = 6.89S kPa 



Table 5.13 - Durability Test Results of Leadline PC-D8 8 mm (5/16 in) Diameter CFRP Tendon 

Environment 

(») 

DxlO® 
mmV 
min 
(2) 

C 
moi/1 

(3) 

t 
min 
^l0^ 
(4) 

X 

mm 

(5) 

Pu 
kN 

(6) 

Pr 
kN 

(7) 

Pp 
kN 

(8) 

E 
OPa 

(9) 

E, 
GPa 

(10) 

% 
®Mf 
% 

(12/ 

V Vr 

After 6 Months of Eiposure 

Water HjO,T=25T 0.1 IS 0 2,392 100.5 100.1 **** 149,6 147.6 1.34 1.349 0,301 0.305 
Ca(OH), sol., pH= 12, T= 25°C 0.132 1.041 2.392 0.029 100.5 99.8 99.1 149.6 143.5 1.34 1.383 0.301 0,299 
Ca(OH)}Sol.. pH= 12, T= 60T 0.340 1.044 2.592 0,054 100.5 98.9 97.8 149,6 140.6 1.34 1.399 0.301 0,298 
HCIsol.,pH=3,T=25"C 0.160 0.001 2.S92 0.001 100.3 100.3 100.5 149.6 155.6 1.34 1.282 0.301 0.301 1 
NaCI 3.3% by w. solution 0.880 0.600 2.392 0.052 100.3 101.3 97,9 149.6 151.6 1.34 1,329 0.301 0.293 1 
NaCI+CaCI,(2:I),7%byw. 0.140 1.218 2,392 0.029 100,3 99,7 99,0 149.6 146.1 1.34 1,337 0.301 0.293 1 
NaCI+MgClj (2:1), 7% by w. 0.670 0.900 2.392 0.056 100.3 98.2 97.7 149.6 153.2 1.34 1.275 0.301 0.296 1 

After 12 Months of Exposure 
( 

Water HJO,T=25»C 0.1 IS 0 3,184 100,3 99.8 149,6 148.3 1.34 1.339 0.301 0,300 
Ca(OH)j sol., pH= 12, T= 25»C 0.132 1.041 3.184 0.041 100,3 97.1 98.5 149.6 151,3 1.34 1.277 0.301 0,310 
Ca(OH)iSol., pH= 12, T= 60rC 0.540 1.041 5.184 0.076 100,5 96,6 96.7 149,6 150.7 1.34 1.275 0.301 0,290 
HCIsol.,pH=3,T=25»C 0.160 0.001 5,184 0.001 100.3 98.2 100.4 149.6 143.6 1.34 1.36 0.301 0.300 
NaCI 3,5% by w. solution 0.880 0.600 5.184 0.074 100,3 95.3 96.8 149.6 130.3 1.34 1.261 0,301 0.290 
NaCI +CaClj (2.1), 7% by w. 0.140 1.218 5.184 0.042 100.5 96.0 98.4 149,6 144.3 1.34 1,323 0,301 0.292 
NaCI+MgClj (2:1), 7% by w. 0.670 0.900 5.184 0,079 100,5 95.4 96.6 149.6 130,4 1.34 1,262 0.301 0,294 

('*') Pick's law was not applicable 
I in = 25.4 mm I lb = 4.448 N I psi = 6.89S kPa 



Table 5.14 - Durability Test Results of 1x7 -7.5 mm (5/16 in) Diameter CFCC Tendon 

Environment 

( I )  

Dxio" 
mmV 
min 
(2) 

C 
mol/l 

(3) 

t 
min 
xio' 
(4) 

X 

mm 

(5) 

Pu 
kN 

(6^ 

Pr 
kN 

(7) 

Pp 
kN 

^8) 

E 
GPa 

(9) 

Er 
GPa 

(10) 

e„ 
% 

Bur 
% 

(12) 

V 

(13) 

V, 

^14/ 

After 6 Mentha of Eipesure 

Water HJO,T=25T 2.75 0 2.592 64.9 64.7 146,7 146.3 1.430 1.455 
Cb(OH), sol., pH= 12, T= 25"C 4,60 1.041 2.592 0,158 64.9 64.6 58.5 176.7 148.6 1.430 1,403 
Ca(Oll)28ol., pH= 12, T= 60T 6.90 1.044 2.592 0.061 64,9 64.1 57.1 146.7 146.7 1.430 1.397 •••• 

HCI soI.,pH=3,T=25°C 2,90 0.001 2.592 0.004 64,9 64,7 64.7 146.7 150.3 1,430 1.381 •••• 

NaCI 3.5% by w. solutkm 13.0 0.600 2,592 0.201 64.9 65,1 56.8 146.7 144.5 1.430 1.468 
NaCI+C8Clj(2:!),7%byw. 14.1 1.218 2,592 0.094 64,9 64,8 61.0 146.7 151.3 1,430 1,391 
NaCI+MgCIi(2:I),7%byw. 18.0 0.900 2.592 0,290 64,9 64,7 53,4 146.7 149.6 1,430 1.414 

After 12 IVfonthi of Eiposure 

Water H,0, T= 25°C 2,75 0 5,184 64.9 64,5 146,7 143.5 1.430 1.479 
Ca(OH), sol., pH= 12, T= 25"C 4.60 1.041 5.184 0.223 64,9 64,3 55.9 146,7 140.8 1.430 1.481 
C8(OH)2SoI., pH= 12, T= 60"C 6.90 1,041 5,184 0,086 64,9 64.1 54,0 146.7 145.6 1.430 1.408 •••• •••• 

HCI sol., pH= 3, T= 25^ 2,90 0,001 5.184 0,006 64,9 64.6 64,7 146,7 148.9 1.430 1,394 
NaCI 3,5% by w. solution 13,0 0.600 5.184 0,284 64.9 64,5 53.6 146,7 151.3 1.430 1.402 
NaCI+CaCl2(2;l),7%byw. 14,1 1.218 5.184 0,133 64,9 64.0 59.5 146.7 146.7 1.430 1.435 •••• •••• 

NaCI+MgCI,(2:l).7%byw, 18.0 0.900 5.184 0.410 64,9 64,3 48,9 146.7 145.6 1,430 1.453 **** •••• 

C*) Columns S and 8, Pick's law was not applicable 
{*) Columns 13 and 14, Poisson's ratio for CFCC was not measured 
I in = 25.4 mm I lb = 4,448 N I psi = 6,895 kPa 



Table 5,15 - Durability Test Results of Arapree 10 mm (3/8 in) diameter AFRP Tendon 

Environment 

(0 

DxlO® 
mmV 
min 
(2) 

C 
mol/l 

(3) 

t 
min 
xio' 
(4) 

X 

mm 

(5) 

P« 
kN 

(6) 

P. 
kN 

(7) 

kN 

(8) 

E 
GPa 

(9) 

E, 
GPa 

(10) 

% 
®ur 
% 

^12) 

V 

(13) 

Vr 

(14) 

After 6 Moaihs of Eiposure 

Water H,0,T=25''C 2.14 0 2.592 •••• 91.2 89.5 **** 120,7 121,6 2,091 2.343 0,362 0,358 
Ca(OH)j sol., pH= 12, T= 25°C 2.80 1.04J 2,592 0.123 91,2 89,2 86,8 1207 118.4 2,091 2.398 0,362 0.355 
Ca(OH),sol., pH= 12, T= 60°C 4.40 1.044 2.592 0,154 91.2 88,6 85,7 120.7 114.6 2,091 2,461 0,362 0,349 
HCIsol.,pH=3,T=25''C 9.20 0.001 2.592 0.007 91.2 86.1 90.9 120,7 II5.4 2.091 2.375 0.362 0.345 
NaCI 3.5% by w. solution 1.80 0.600 2.592 0.075 91.2 88,9 88.5 120.7 121.6 2.091 2.327 0.362 0.347 
N8CI+CaCI,(2;l),7%byw. 4.10 1.218 2.592 0.161 91.2 88,5 85.4 120.7 124.5 2.091 2.263 0.362 0,349 
NaCl+MgCIj (2; 1), 7% by w. 3.30 0.900 2,592 0.124 91.2 88,3 86,7 120.7 119.6 2.091 2.350 0.362 0,351 

After 12 Mondis of Exposure 

Water HAT=25''C 2.14 0 5,184 ***« 91,2 89,1 120.7 119.6 2.091 2.371 0,362 0.360 
Ca(OH),sol.,pH=I2,T=25''C 2.80 1.041 5.184 0,174 91.2 87,3 85,0 120.7 115,3 2.091 2.410 0.362 0.344 
Ca(OH)aSol.,pH=l2,T=60°C 4.40 1.041 5.184 0.218 91.2 85,4 83,4 120.7 110.3 2.091 2.465 0.362 0,343 
HCIsol.,pH=3,T=25T 9.20 0.001 5.184 0.010 91.2 83.6 90,8 120,7 109,7 2.091 2,478 0.362 0.333 
NaCI 3.5% by w. solution 1.80 0.600 5.184 0.106 91.2 87.3 87.4 120,7 112.3 2.091 2.474 0.362 0.352 
NaCHCaCI,(2:l),7%byw, 4.10 1.218 5.184 0.228 91,2 87,1 83.1 120.7 118.2 2.091 2.346 0.362 0.342 
NaCI+MgCI, (2.1), 7% by w. 3.30 0.900 5.184 0.176 91,2 86,6 84.9 120.7 119.6 2.091 2.310 0.362 0.331 

(*) Pick's law was not applicable 
I in = 25,4 mm I lb = 4,448 N 1 psi = 6,895 kPa 
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temperature had a direct effect on the difiiisivity. The maximum moisture content at IS'C 

was relatively lower than that at 60'C for all three types of tendons as listed in Table 5.11. 

Good agreement between the measured residual strength (Pf) and the predicted residual 

strength (Pp) after 6 months and 12 months of direct exposure to solutrions was observed, 

thus Pick's law can adequately predict changes in the strength of Leadline. 

The M(%) versus (t)*^ relationships of CFCC in alkaline solution at 25*^ and 60°C 

are shown in Figs 5.72 and 5.73, respectively. The initial behavior was linear indicating 

Fickian difilision, however, this behavior was observed for the first 216 hours of exposure, 

followed by non-Fickian difiusion. This was noted by a rapid increase in M(%) with respect 

to (t)''̂ . Also, no asymptotic value of M„was clearly defined. As a result, the measured M„ 

was approximated. The rapid increase in wei^ was mainly not due to the diffusion of OH' 

ions into the individual carbon wires forming the CFCC cable, but as a result of moisture 

and calcium hydroxide Ca(0H)2 residue depositing within the cavities of the carbon threads 

wrapped around the strands. Visual inspection of CFCC specimens showed white residue 

deposited on the surfiice, especially in the case of alkaline solution at temperature of 60'C. 

Similar non-Fickian behavior was observed in the case of acidic solution, NaCl 3.5% 

solution, and deicing salt solutions. As a result, the predicted values listed in column (8) of 

Table 5.14, based on Fickian diffusion, underestimated the true residual strength. In this 

case. Pick's law perhaps is not suitable for estimating the depth of the contaminated zone 

since it does not include provisions for taking into account the effects of other factors such 

as entrapped moisture or residues due to sur^ice texture of the specimen. Another factor that 
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could have potentially contributed to underestimating the residual strength is that fibers in 

the contaminated zone are undamaged and still contribute to the load carrying capacity of 

the tendon since the chemical resistance of carbon is very good. This, however, was not the 

case for E-giass and AR-glass fibers. In this case, due to the poor chemical resistance of E-

glass and AR-glass to alkali attacic, the fibers lost most of their strength in the contaminated 

zone, resulting in a closer agreement between the measured and predicted residual strength. 

Figures 5.79 and 5.80 show the M(%) versus for Arapree in alkaline solution 

at temperatures of 25'C and SCC, respectively. The initial behavior was Fickian, however, 

non-Fickian diffusion was observed after an extended period of time (i.e. t = 1600 hours). 

This Non-Fickian behavior was observed due to micro-cracking and firacturing of the epoxy 

matrix. The loss of tensile strength after one year in alkaline solution at 60 "C was 6 %. The 

predicted residual strength was underestimated by Fick's law, indicating that fibers in the 

contaminated zone were not totally destroyed according to the previously stated 

assumptions. However, this is not conclusive due to the very small area of the contaminated 

zone in comparison with the uncontaminated area. 

S.7J HCI Solution with pH of 3, T= 25°C 

M„ and D were the lowest in the case of Leadline. No noticeable loss of tensile 

strength was observed for Leadline, and the predicted loss of tensile strength was in good 

agreement with the measured tensile strength, indicating that Fick's law was applicable for 

Leadline in acidic environment Moisture absorption for CFCC was initially Fickian, 

however, it became non-Fickian after about 100 hours. The close agreement between the 
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measured and predicted loss of strength in this case was just coincidental. No noticeable 

change in the tensile strength, modulus of elasticity, and Poisson's ratio was observed in the 

cases of CFCC and Leadline, which indicates excellent resistance to acidic attack. As for 

Arapree, the loss of tensile strength was 6% after 6 months and 8.3% after 12 months of 

direct exposure. Moreover, a fxogressive reduction in Poisson's ratio and the elastic modulus 

with time was also observed. The predicted loss in strength was higher than the measured 

loss of strength because moisture di£^usion was mostly controlled by the diffusivity of the 

matrix and does not reflect the &ct that fibers in the contaminated zone are not totally 

destroyed and still can transfer tensile forces. The M(%) versus (t)''̂  relationships for 

Leadline, CFCC, and Arapree are shown in Figs. 5.68,5.75, and 5.82, respectively. 

5.7.4 Sea Water and Deicing Salt Solutions 

For Leadline, the measured Mg, and D were relatively insensitive to the concentration 

or type of salt A relatively small reduction in the tensile strength of Leadline samples 

immersed in sea water or deicing salt solutions. For example, the loss of strength for 

Leadline samples inmiersed in sea water was 0.8% after six months and 5.2% after one year. 

Similar loss of strength was recorded for Leadline samples inmiersed in deicing salt 

solutions. Limited changes in the elastic modulus and Poisson's ratio were also observed 

after six months and one year of exposure to sea water and salt solution as shown in Table 

5.14 As for CFCC cable in sea water and deicing salt solutions, non-Fickian diffusion was 

observed approximately after 100 to 150 hours after immersion in salt solutions. The 

diffusivity and M„ were relatively unaffected by the type of salt or concentration. Moreover, 
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the measured values of D and M„ were higher in salt solutions than in alkaline or acidic 

solutions. Fickian difKjsion was exhibited by Arapree immersed in sea water and salt 

solutions. The diffiisivity was little affected by the type of salt or concentration, however, 

M„ was hi^er in deicing salt solutions than in sea water, which indicated a dependency on 

concentration. Moreover, D and M„ were hi^er in acidic and salt solutions than in alkaline 

solutions. This indicates that chloride CI' ions has a greater ability than hydroxyl OH* ions 

to penetrate (i.e. difiuse) into aramid composite. Generally, the two-phase model provided 

more accurate predictions of M values than the predictions provided by the one-phase 

model (i.e. Fickfs law) specially in the transitional zone between the initial linear part of the 

curve and the part asymptotic to M„as can be seen for Arapree in Figs. 5.83,5.84, and 5.85. 

Little changes in the elastic modulus and Poisson's ratio were observed for all three types of 

tendons. The M(%) versus (t) ̂  relationships for Leadline in deicing salt solutions and sea 

water are shown in Figs. 5.69 to 5.71, respectively, and for CFCC in Figs. 5.76 to 5.78, 

respectively. Similarly for Arapree, they are shown in Figs. 5.83 to 5.85, respectively. 

5.7.5 Freeze-Thaw Cycles 

Table 5.16 lists the tension test results of Leadline, CFCC, and Arapree subjected to 

fieeze-thaw cycles between -30*0 and 60'C. Thermal fatigue in this case will be induced as 

a result to the thermal incompatibility between the fibers and matrix forming the composite. 

Test results indicated that freeze-thaw cycles under dry conditions had a limited effect on 

the material properties of all three different tendons. No measurable changes in material 

properties were recorded since the thermal strains, a shown in Fig. 4.19, were not significant 



Table 5.16 - Durability Test Results of Leadline, CFCC, and Arapree FRP Tendons Subjected to Freeze-Thaw Cycles 
Between -30°C and 60°C 

Freeze-Thaw Cycles 

(1) 

Pu 
(kN) 
(2) 

P, 
(kN) 
(3) 

E 
(GPa) 

(4) 

E. 
(GPa) 

(5) 

Eu 
(%) 
(6) 

®ur 
(%) 
(7) 

V 

(8) 

Vr 

(9) 

Leadline 8 mm (5/16 in) ̂  
CFRP Tendon 

400 Cycles 
800 Cycles 
1200 Cycles 

100,5 
100,5 
100.5 

103.5 
97.63 
95.92 

149.6 
149.6 
149.6 

145.5 
150.6 
157.1 

1,34 
1,34 
1.34 

1,31 
1,29 
1,23 

0,301 
0,301 
0,301 

0.302 
0.299 
0,303 

1x7 -7.5 mm (5/16 in) ̂  CFCC 
1 

400 Cycles 
800 Cycles 
1200 Cycles 

64.90 
64.90 
64.90 

63.70 
66.52 
64.97 

146.7 
146.7 
146.7 

151.6 
149.7 
155.8 

1.43 
1,43 
1,43 

1.38 
1.40 
1,44 

**** 

Arapree 10 mm (3/8 in) ̂  
AFRP Tendon 

400 Cycles 
800 Cycles 
1200 Cycles 

91.20 
91.20 
91.20 

88.71 
92.74 
90.77 

120.7 
120.7 
120.7 

118,7 
126,7 
122,7 

2,09 
2,09 
2,09 

1,93 
1.88 
1.98 

0,362 
0,362 
0.362 

0,356 
0.361 
0,359 

(•) Poisson's ratio for CFCC was not measured 
1 in = 25.4 mm I lb = 4.448 N I psi = 6.895 kPa 

K) 
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enough to induce thermal fatigue. Furthermore, temperature fluctuations between the hot 

and cold cycles were appUed gradually (i.e. similar to field conditions), which eliminated 

the effect of thermal spikes. Thus, no noticeable thermal cracks or debonding were 

developed within the matrix, fibers, or along the fiber-matrix interface. As a result, low 

thermal strains were well within the elastic range for the tendons. A larger number of 

cycles (i.e. greater than 1200 cycles) will be required to induce any measurable thermal 

fatigue damage. The combined exposure to freeze-thaw cycles and deicing salts, in 

conjunction with sustained tensile stresses, could a more accuratly represent field 

conditions. This test was not conducted because of the expected damage to the 

environmental chamber from the corossive effects of exposure to deicing. 

5.8 Laboratory Versus Field 

Test results generally indicated that after extended period of time, non-Fickian 

diffusion was observed, which prevents the prediction of loss of strength with reasonable 

accuracy. However, under most conditionsin the field, FRP tendons are unlikely to 

experience moisture diffiision beyond the initial linear part of the M(%) versus (t) curve. 

This is due to the presence of uncracked concrete cover or protective grout in post-tensioned 

members ^^ch would greatly reduce the ability of moisture infiltration. Moreover, tendon 

samples in direct exposure to alkaline and salt solutions ex^gerates the actual exposure in 

the field. For example, alkaline solution rich with OH'fiee ions could accurately reflect the 

effect of freshly poured concrete where pores contain free OH'ions, but after a relatively 

short time and as a result of hydration, OH' ions are trapped within hardened gel and no 
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longer free, which greatly reduces their ability to diffuse or chemical reactivity. 

Considering the slow nature of diffiision and the existence of barriers that would 

furthermore slow it down such as concrete cover, matrix and fiber resistance, and dry 

weather cycles, it would take a relatively longer period of time in the field to induce the 

same diffusion results obtained in the lab. Additional studies are needed to extrapolate 

accelerated test results to predict long-term behavior of composites under field conditions. 
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CHAPTER6 

LONG-TERM BEHAVIOR OF CFRP TENDONS 

6.1 General 

Test results on relaxation and-creep behaviors, in addition to accelerated tension-

tension fatigue of two carbon fiber reinforced plastic (CFRP) tendons, namely. Leadline PC-

D8 8 mm (5/16 in) diameter, and 1x7 -7.5 nmi (5/16 in) diameter carbon fiber composite 

cable (CFCC) are presented in this chapter. The relaxation behavior of twelve Leadline and 

twelve CFCC tendon specimens was examined in air at temperatures of -30,25, and 60*^. 

Furthermore, the relaxation behavior of 24 Leadline and 24 CFCC samples was examined 

in solutions simulating aggressive field conditions. Loss of tensile force due to relaxation 

was dependent on the initial stress level, and the type and temperature of the envirormient. 

A total of 190 specimens of Leadline and CFCC tendons were tested in tension-tension 

fatigue to examine the effect of cyclic fatigue loading on the elastic modulus, Poisson's ratio, 

and the residual tensile strength. Fatigue strength of FRP tendons was dependent on the 

stress range (R), minimum stress level for a load cycle and the number of tension-

tension fatigue qrcles (N)- A pteliminaiy investigation of the creep behavior of Leadline and 

CFCC in air and in chemical solutions at room temperature was also conducted. Six samples 

of Leadline and six samples of CFCC were tested at room temperature in air, or in alkaline 

and acidic solutions. 



6.2 Test Program 

The initial material properties were determined by testing five specimens of each 

tendon in tension until failure. Tension test specimens were 400 mm (16 in) in length and 

instrumented with EA-06-125TM-120 strain gages with resolution of 10"® in/in for Leadline 

specimens, and EA-06-125UN-120 gages for the CFCC specimens. Stress versus strain 

relationships for both tendons was linear-elastic until failure as previously shovm in Figs. 

4.9 and 4.10, respectively. As fisr Leadline, Poisson's ratio (v) calculated as the ratio of the 

transverse strain to the axial strain (-ey/e^ as was shown in Fig. 4.12. Poisson's ratio for the 

seven-wire CFCC was not measured. The initial material properties for both tendons are as 

previously listed in Table 4.2. 

63 Relaxation Tests 

In the relaxation tests, the elongation of the test specimen is kept constant to the 

initially set value, and the reduction in the tensile force is measured as a function of time. 

The relaxation specimens were loaded in air at room temperature (T= 25*0 to the desired 

load level, and the stress-strain relationship was recorded for each individual specimen. A 

Schematic view of the apparatus used for the relaxation tests is shown in Fig. 6.1 along with 

a typical specimen. After the desired load level was achieved, the four nuts at the end of 

each compression rod were tightened to preserve the initial elongation of the sample. The 

initial force and strain of the tendon sample were recorded at the moment of release of the 

hydraulic jack. After recording the initial force and strain, they were scarmed at one hour 

intervals until the conclusion of the test The loss in strain due to compression of the rods 
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was negligible, and grip slip appeared to occur immediately after force release and quickly 

levelled ofif and became negligible within one hour after force release. From the strain-time 

relationships of all relaxation specimens, a one hour time period was estabh'shed as an 

adequate cut-off point between the time the hydraulic jack was released and the beginning 

of the period for recording the long-term losses to allow all grip seating to occur. Grip 

seating was observed by the rapid reduction in elastic strain of the tendon specimen with 

time. If 8, is the strain of the specimen one hour after force release, then the reduction in 

force due to anchorage seating can be calculated as: 

= (6.1) 

where 

AF  ̂= reduction in force due to anchorage seating, 

£„ = the initial elastic strain just after load release 

e, = elastic strain after one hour from the release of the force 

Eg = elastic modulus determined from the stress-strain relationship obtained from the 

initial loading of the specimen 

Ag = gross cross-sectional area of the tendon. 

The values of e, £„ and AP. for the stress ratios (Po/PJ of 0-4 and 0.6 are listed in 

columns 4, S, and 6, respectively, of Tables 6.1 and 6.2, where the initial stress ratio is 

defined as the'ratio of the initial force in the tendon at the moment of release to the ultimate 

tensile strength P„. 



Table 6.1- Relaxation and Grip Seating Losses of Leadline PC-D8 8 mm (5/16 in ) (j) and 1x7 -7.5 mm (5/16 in) ((i 
CFCC Tendons in Air, and Immersed in Solutions With Initial Stress Ratio (PyPu) of 0.4 

1 Environment 

( I )  

T 
(°C) 
(2) 

Po/P« 

(3) 

% 
(%) 
(4) 

Eo 
(GPa) 

(5) 

AP. 
(%) 
(6) 

Pl/Po 
(%) 
(7) 

l-year 
(%) 
(8) 

10-year 
(%) 
(9) 

50-year 
(%) 
(10) 

Leadline PC-D8 8 mm (5/16 in) 
^ tendon 

In air -30 
25 
60 

0.401 
0.399 
0.398 

0.536 
0.517 
0.587 

149.6 
154.3 
135.6 

3.91 
4.52 
3.68 

96.09 
95.48 
96.32 

2,74 
3.81 
4.70 

3,91 
5,02 
6,08 

4,73 
5,87 
7.04 

Ca(0H)2 solution, pH= 12 25 
60 

0.397 
0.396 

0.555 
0.567 

143.0 
139.4 

4.53 
5.11 

95.47 
94.89 

5,00 
6,31 

6,27 
8.19 

7.15 
9.50 

HCI solution, pH'= 3 25 
60 

0.400 
0.395 

0.527 
0.533 

151.7 
148.2 

3.86 
4.13 

96.14 
95.87 

4,86 
5,33 

6,34 
6,59 

7.37 
7.46 

NaCI 3.5% by weight solution 25 
60 

0.399 
0.398 

0,522 
0.545 

152.8 
146.0 

3.95 
4.22 

96,05 
95.78 

5,17 
5,69 

6,81 
7.42 

7,95 
8,62 

U7 -7.5 mm (5/16 in) ̂  CFCC 

In air -30 
25 
60 

0.399 
0.398 
0.401 

0.566 
0.545 
0.588 

150.5 
155.7 
145.5 

3.11 
3.86 
4.12 

96.89 
96.14 
95.88 

3.61 
4,67 
6,05 

4,53 
5,83 
6,88 

5,17 
6,65 
7,47 

Ca(0H)2 solution, pH= 12 25 
60 

0.398 
0.399 

0.581 
0.555 

146.1 
153.5 

3.52 
3.45 

96,48 
96,55 

6,10 
7.10 

7,56 
7,89 

8,58 
8.45 

HCI solution, pH= 3 25 
60 

0.402 
0.401 

0.589 
0.571 

145.8 
149.8 

4.09 
4.00 

95,91 
96,00 

6.65 
7.57 

8,35 
9,04 

9.54 
10,06 

1 NaCI 3.5% by weight solution 25 
60 

0.396 
0.398 

0.563 
0.577 

150.2 
147.1 

3.45 
3.66 

96,55 
96.34 

6.80 
6,97 

8,19 
8.74 

9,16 
9,98 

I in = 25.4 mm I lb = 4.448 N I psi = 6.895 kPa 



Table 6.2 - Relaxation and Grip Seating Losses of Leadline PC-D8 8 mm (5/16 in ) ()i and 1x7 -7.5 mm (5/16 in) (j) 
CFCC Tendons in Air, and Immersed in Solutions With Initial Stress Ratio (PyPJ of 0.6 

1 Environment 

(1) 

T 
(°C) 
(2) 

PA 

(3) 

Eo 
(%) 
(4) 

Eo 
(GPa) 

(5) 

AP. 
(%) 
(6) 

P.o/P„ 
(%) 
(7) 

l-year 
(%) 
(8) 

10-year 
(%) 
(9) 

50-year 
(%) 
(10) 

Leadline PC-D8 8 mm (5/16 in) 
^ tendon 

in air -30 
25 
60 

0.602 
0.600 
0,599 

0.816 
0.824 
0.856 

147.5 
145.6 
139.9 

6,35 
6,55 
7,03 

93,65 
93,45 
92,97 

3.84 
5,52 
5,97 

4.82 
6,64 
7.48 

5,50 
7.43 
8.52 

Ca(0H)2 solution, pH= 12 25 
60 

0.602 
0.599 

0,790 
0.800 

152.3 
149.7 

5,96 
5,77 

94.04 
94.23 

7,28 
8,06 

8.64 
9.65 

9,59 
10.8 

HCI solution, pH= 3 25 
60 

0.600 
0.600 

0,821 
0,835 

146.1 
143.7 

6.23 
6.78 

93.77 
93,22 

6.88 
7,90 

8,42 
9,26 

9.49 
10.2 

NaCl 3.5% by weight solution 25 
60 

0.598 
0.601 

0,811 
0,795 

147,4 
151,1 

6.45 
5,15 

93,55 
94.85 

7,38 
6,99 

8,47 
8,83 

9,23 
10,1 

1x7 -7.5 mm (5/16 in) ̂  CFCC 

In air -30 
25 
60 

0,595 
0.593 
0.593 

0,861 
0.866 
0,845 

147,5 
146,2 
149,9 

5,25 
4,86 
4,97 

94.75 
94.14 
95.03 

5,05 
5,99 
5.20 

6,23 
8,06 
7,09 

7.04 
9,50 
8,41 

Ca(0H)2 solution, pH= 12 25 
60 

0.592 
0.593 

0,820 
0,815 

154,0 
155,4 

5.15 
5.09 

94.85 
94,91 

7.04 
7,35 

8.41 
9,03 

9.37 
10.2 

HCI solution, pH= 3 25 
60 

0,592 
0,595 

0,835 
0.890 

151.3 
142.7 

4.66 
5.00 

95,34 
95,00 

7,69 
8.43 

9,17 
10,1 

10.2 
H.3 

NaCI 3.5% by weight solution 25 
60 

0.593 
0.596 

0.888 
0.835 

142.6 
152,5 

5.56 
5.35 

94,44 
94.65 

7,59 
8.23 

9,68 
10,4 

11,1 
11.9 

I in = 25.4 mm I lb = 4.448 N I psi = 6.895 kPa 

NJ 
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Six Leadline and six CFCC tendon samples were tested in air at temperatures of -30, 

25, and 60°C, and 24 specimens of each tendon type were tested in chemical solutions at 

temperatures of 25 and 60"C. Two different initial stress ratios (PJP^ were considered, 0.4 

and 0.6, and exposure time was up to 3000 hours. Two identical samples were tested in each 

case to determine the relaxation losses. Saturated calcium hydroxide solution was used to 

simulate exposure to alkaline environmet (i.e hydrating cement), HCl acidic solution was 

used to simulate exposure to acidic chemicals or the carbonization of concrete, and NaCI 

3.5% by weight solution was used to simulate exposure to marine environment 

6.4 Results and Discussion 

6.4.1 Losses Due to Relaxation 

To estimate the losses in tensile force due to relaxation, it is important to establish 

a reference point that corresponds to zero relaxation losses. As previously mentioned, a 

period of one hour was considered as a reference point during which the losses due to grip 

seating have taken place. The immediate losses for initial stress ratios of 0.4 and 0.6 are 

listed in Column 6 of Tables 6.1 and 6.2, respectively. 

The tensile force after one hour Pi for Leadline and CFCC samples in air and 

chemical solutions is listed as a percentage of the initial force Poin Column 7 of Tables 6.1 

and 6.2 for initial stress ratios 0.4 and 0.6, respectively. Regression analysis was used to 

model the relaxation behavior using measurments obtained from each test specimen. From 

regression analysis, the equation of the stress ratio as a function of time (P /P ̂  fitted through 

the data points is given by: 
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( ) = a _ A log ( r ) 
U 

(6-2) 

where 

(P,'PJ = the stress ratio as a function of time 

a ,b = the two constants as determinedfrom the regression analysis 

t = the elapsed time in hours starting after one hour from the moment of load release 

The stress ratio (P,/PJ as a function of (t) of each specimen was plotted, and the 

formula used to estimate the cumulative percentage losses of tensile force with time due to 

relaxation can be written as: 

[ i - ( a - 6 log ( O ) ] 
(%) Relaxation = 5 x 100 (6.3) 

A 
P. 

where 

( P, / P„) = the stress ratio after one hour of load release, which is also the initial stress 

ratio for the relaxation period 

The percentages of loss in force due to relaxation for Leadline and CFCC after 1-

year, 10-year and 50-year periods are listed in Columns 8,9, and 10, respectively, of Table 

6.1 for(Po/PJ of 0.4, and in Table 6.2 for (P^PJ of 0.6. The regression constants "a", "b", 

and their corresponding coefficients of correlation (R^s) for Eqs. (6.1) and (6.2) are listed 
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in Columns 4,5, and 6, respectively, of Table 6.3 for stress ratio of 0.4, and Columns 8,9, 

and 10, respectively, of Table 6.3 for stress ratio of 0.6 . Generally, experimental data 

showed good correlation between data points. 

6.4.2 Losses in Air, T= -30,25, and WC 

Tables 6.1 and 6.2 list the losses due to relaxation and grip seating for Leadline and 

CFCC specimens in air at temperatures of -30,25, and dCC, and in three chemical solutions 

simulating aggressive field conditions at temperatures of 25 and 60°C. The average initial 

loss of force due to grip seating for initial stress ratio of 0.4 was 4.2% for Leadline, and 

3.7% for CFCC, while for an initial stress ratio of 0.6, the losses after one hour were 6.3% 

for Leadline, and 5.1% for CFCC. Test data indicates no correlation between the type and 

temperature of the environment on the inunediate losses, but it was dependent on the initial 

stress ratio (Pa/P J- As for Leadline and CFCC samples with initial stress ratios of 0.4 and 

0.6, and tested in air at temperatures of -30,25, and 60°C, the percentage loss in force due 

to relaxation increased with the increase in temperature and initial stress ratio, and it was 

generally higher for CFCC than that of Leadline. For example, the predicted relaxation 

losses of CFCC with initial stress ratio of 0.4 at 60°C were 39% higher than at -30°C after 

1 year, and 16% higher after 50 years, whfle for Leadline at the same temperature and initial 

stress ratio, the predicted relaxation losses at 60'C were 72% higher than that at -30'C after 

1 year, and 49% higher after 50 years. In addition, the relaxation losses for CFCC were 

higher than that for Leadline. For example, for CFCC with initial stress ratio of 0.4, the 

predicted cumulative relaxation losses in air after 50 years were higher than that of Leadline 



Table 6.3 - Regression Analysis of Relaxation Test Results for Leadline PC-D8 8 mm (5/16 in ) (j) and 1x7 -7.5 mm (5/16 in) 
(|» CFCC Tendons in Air, and Immersed in Solutions with Initial Stress Ratios (PyPJ of 0.4 and 0.60 

i Environment T 
(°C) 
(2) 

PA 

(3) 

a 

(4) 

b 

(5) (6) 

PA 

(7) 

a 

(8) 

b 

(9) 

R^ 

(10) 

Leadline PC-D8 8 mm (5/16 in) 
^ tendon 

In air -30 
25 
60 

0,401 
0.399 
0,398 

0.3925 
0.3846 
0.3861 

0.0045 
0.0046 
0,0053 

0,899 
0,917 
0,874 

0.602 
0.600 
0.599 

0,5638 
0,5546 
0.5506 

0.0055 
0.0063 
0,0084 

0.871 
0.883 
0,903 

Ca(0H)2 solution, pH= 12 25 
60 

0.397 
0,396 

0.3790 
0.3798 

0,0048 
0.0070 

0,863 
0,935 

0.602 
0.599 

0.5552 
0.5543 

0.0077 
0.0090 

0,911 
0.932 

HC1 solution, pH= 3 25 
60 

0,400 
0,395 

0.3883 
0.3772 

0.0057 
0.0048 

0,920 
0,912 

0.600 
0.600 

0.5581 
0.545P 

0.0087 
0.0076 

0.872 
0.925 

NaCI 3.5% by weight solution 25 
60 

0,399 
0,398 

0.3870 
0.3854 

0.0073 
0.0066 

0,970 
0,950 

0.598 
0.601 

0.5421 
0.5714 

0.0061 
0,0105 

0.9Cl4 
0,962 

1x7 -7.5 mm (5/16 in) f CFCC 

In air -30 
25 
60 

0,399 
0.398 
0.401 

0.3865 
0.3824 
0.3778 

0.0035 
0.0045 
0.0033 

0,879 
0,911 
0.875 

0,595 
0,593 
0,593 

0,5614 
0.5704 
0.5762 

0,0066 
0,0115 
0,0106 

0.935 
0,948 
0,961 

Ca(0H)2 solution, pH= 12 25 
60 

0.398 
0.399 

0.3828 
0.3699 

0.0056 
0.0031 

0.930 
0.857 

0,592 
0,593 

0.5526 
0.5567 

0,0077 
0.0095 

0,941 
0,963 

1HCI solution, pH= 3 25 
60 

0.402 
0.401 

0.3858 
0,3781 

0,0066 
0,0057 

0.890 
0.873 

0,592 
0,595 

0,5539 
0,5550 

0.0084 
0.0095 

0,954 
0,958 

1 NaCI 3.5% by weight solution 25 
60 

0.396 
0.398 

0,3773 
0,3834 

0,0053 
0,0068 

0.909 
0.856 

0,593 
0,596 

0,5638 
0,5657 

0.0117 
0.0122 

0,936 
0,969 

1 in = 25.4 mm 1 lb = 4.448 N 1 psi = 6.895 kPa 

On 
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by 9.4% at -30°C, by 13.4% at 25°C, and by 6.0% at 60°C. Moreover, more than 50% of 

the predicted cumulative relaxation losses took place within the first year and it slowed 

down with the passage of time. This observation was also true for specimens immersed in 

solutions. For example, the expected relaxation losses for Leadline in air with initial stress 

ratio of 0.4 and temperature of 25°C were 3.81% after one year, which represents 76% of 

the total expected losses after 10 years, and 65% of the total expected losses after 50 years. 

For both Leadline and CFCC specimens in air, the expected relaxation losses after 50 years 

were within 8% for initial stress ratio of 0.4, and within 10% for initial stress ratio of 0.6. 

Relaxation losses were higher with the increase in temperature due to the softening 

of the epoxy matrix and the reduction in its ability in transferring the loads to the core fibers 

located away ft^om the boundary. Figures 6.2,6.3, and 6.4 show the relaxation behavior of 

Leadline in air for initial stress ratios of 0.4 and 0.6, and at temperatures of -30, 25, and 

60°C, respectively. Similarly, Figs. 6.5,6.6, and 6.7 show the relaxation behavior of CFCC 

for the same conditions. Test results showed a mild gradual reduction in the tensile force 

with time and the rate of reduction increased with the increase in temperature and initial 

stress ratio. 

6.4 J Simulated Aggressive Environments, (Solutions) 

Relaxation losses in solutions were higher than that of air as a result to the 

penetration of hydro^Q^l OH' and chloride CI* free ions into the epoxy matrix. Moreover, 

relaxation losses increased with the increase in temperature as a result to the increase in 

moisture diffiisivity and higher rates of matrix deterioratiotL Similarly, relaxation losses 
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were higher at higher temperature and initial stress ratio, and they were higher in solutions 

than in air. For example, for Leadline in air with stress ratio of 0.4 and temperature of 25 "C, 

the predicted losses after 50 years were 5.87%, while they were, respectively, 7.15,7.37, 

and 7.95% for pH=l2, pH= 3, and NaCl 3.5% solutions at the same temperature and initial 

stress ratio. Relaxation losses were higher for CFCC than for Leadline for the same stress 

ratio and Q^pe of exposure. 

Figures 6.8 and 6.9, respectively, show the relaxation behavior of Leadline in 

alkaline solution with pH of 12 at temperatures of 25 and 60°C, and initial stress ratios of 

0.4 and 0.6. Similarly, Figs. 6.10 and 6.11 show the behavior of CFCC for the same 

conditions. For Leadline, relaxation losses were the highest in alkaline solution at 60'C for 

initial stress ratios of 0.4 and 0.6. As for CFCC, it was the highest in acidic solution at 60 Xl 

for stress ratio of 0.4, and in sea water at 60°C for initial stress ratio of 0.6. 

The relaxation behavior of Leadline in acidic solution with pH of 3 and temperatures 

of 25 and 60°C is shown in Figs. 6.12 and 6.13, respectively. Similarly, For CFCC it is 

shown in Figs. 6.14 and 6.15, respectively. The relaxation behavior of Leadline and CFCC 

in marine environment at room and elevated temperature is shown in Figs. 6.16 to 6.19, 

respectively. 

6.5 Tension Fatigue Tests 

Tension &tigue tests of Leadline and CFCC samples were conducted in air at room 

temperature. The minimum stress applied to the test sample was 30% of the short-term 

tensile strength. Stress ranges of 100 MPa (14.5 ksi), 200 MPa (29 ksi), and 400 MPa (58 
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ksi) were considered for Leadline, and stress ranges of 107 MPa (15.5 ksi), 214 MPa (31 

ksi), and 428 MPa (62 ksi) for CFCC. Leadline test samples were instrumented with EA-06-

125-TM-120 strain gages, while CFCC tendons were not instrumented with strain gages 

due to the nature of the surface texture of the tendon, and due to the natural tendency of the 

exterior wires to twist around the central wire during tensioning, thus causing separation of 

the strain gage and tendon surface. The aim of the fatigue tests is to examine the effect of 

cyclic loading on the mechanical properties and the residual tensile strength of the tendon 

in relationship to the number of cycles (N), initial stress level (a^, and stress range (R). 

Tests were conducted using an MTS servo mechanical machine with a ±445kN (±100 kip) 

capacity. To minimize the effect of frequency, cyclic loading was applied at a frequency 

from 3 to 5 Hz. Up to five specimens were tested in each case. Each loading cycle was 

repeated up to 3 million times or until failure of the test specimen. As for Leadline, after 

each one million cycles, the test specimen was unloaded and then reloaded to the same 

initial stress level during which and Ey for each specimen was recorded to determine 

any changes in the elstic modulus or Poisson's ratio. If a sample did not fail after 3 million 

cycles, it was unloaded and then reloaded to failure to determine the residual tensile 

strength P, after 3 million cycles. 

Tables 6.4 and 6.5 list the fetigue test results of single Leadline tendon specimens 

tested in air at room temperature. The letters LL in the specimen number stand for Leadline, 

followed by the sample number which runs between 1 to 5. The next number denotes the 



Table 6.4 - Fatigue Test Results of Leadline PC-D8 8 mm (5/16 in) ^ CFRP Tendon, R = 100 MPa (14.5 ksi) 

1 Specimen 
No. 

( I )  

^min 

(MPa) 

(2) 

R 

(MPa) 

(3) 

^mox 

(MPa) 

(4) 

Initial (0 cycles) 

(5) 

After 1,000,000 1 
cycles 

(6) 

After 2,000,000 
cycles 

(7) 

After 3,000,000 1 
cycles 

(8) 

p/p„ 

,9, 

1 Specimen 
No. 

( I )  

^min 

(MPa) 

(2) 

R 

(MPa) 

(3) 

^mox 

(MPa) 

(4) 
E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) 

p/p„ 

,9, 

LLI-16.0.3 600 100 700 146.4 0.304 144.0 0.305 141.7 0,306 145,1 0.303 0,957 
LL2-16-0.3 600 100 700 152.7 0.306 137.2 0.311 147.5 0,309 155.5 0.311 0,915 
LL3-16-0.3 600 too 700 138.1 0.301 138.1 0.302 155.5 0,302 162.4 0.309 1.012 
LL4-16-0.3 600 100 700 147.3 0.298 149.9 0.296 142,7 0,298 142,0 0,301 0.889 
LL5-16-0.3 600 100 700 138.8 0.309 152.8 0.312 137,0 0,312 137,9 0,298 0.954 

LH-12-0.4 800 100 900 134.8 0.303 143,8 0.341 138,0 0,316 143,6 0.282 0.956 
LL2-12-0.4 800 100 900 142.0 0.302 155,5 0.322 148.6 0,309 148,6 0.298 0,994 
LL3-12-0.4 800 100 900 148.8 0.307 151,0 0.313 144,1 0,309 152,7 0,300 1,054 
LU-12-0.4 800 100 900 143.6 0.310 162,3 0,309 152,6 0,307 143.7 0,295 0,914 
LL5-12-0.4 800 100 900 137.2 0.309 154,2 0,310 140,8 0,313 137,1 0,286 0,903 

LL 1-10-0.5 1000 too 1100 135.1 0.305 138.9 0,311 152,7 0.303 137.8 0,301 1,031 
LL2-10-0.5 1000 100 1100 147.3 0.306 141.2 0.308 148,1 0.307 141,1 0,298 0,984 
LL3-10-0.5 1000 100 1100 153.9 0,310 151.7 0,307 141,7 0.297 148.6 0,299 0,899 
LL4-I0-0.5 1000 100 1100 143.3 0.308 136,4 0,312 149,0 0.302 152,4 0,295 0,911 
LL5-10-0.5 1000 100 1100 138.7 0.301 138,8 0,304 154,2 0.305 141,0 0,302 0,937 

LLl-8-0.6 1200 100 1300 141.1 0.305 148.6 0,299 137,1 0,302 141,7 0,301 0,915 
LL2-8-0.6 1200 100 1300 137.4 0.302 154.2 0,301 148.6 0,298 148,9 0,298 1,035 
LL3-8-0.6 1200 100 1300 135.5 0,300 155,5 0,305 156.5 0,301 151,8 0,301 0,907 
LL4-8-0.6 1200 100 1300 138.2 0,298 148.9 0.311 144,3 0,307 142.0 0,305 0,874 
LL5-8-0.6 1200 100 1300 148.9 0.299 141,8 0,298 137.1 0,309 135.4 0,299 0,925 

b = 4.448 N I psi = 6.89S kPa 



Table 6.4 - Fatigue Test Results of Leadline PC-D8 8 mm (5/16 in) ̂  CFRP Tendon, R = 100 MPa (14,5 ksi) - Continued 

Specimen 
No, 

(1) ' 

*^niin 

(MPa) 

(2) 

R 

(MPa) 

(3) 

^max 

(MPa) 

(4) 

Initial (0 cycles) 

(5) 

After 1,000,000 1 
cycles 

(6) 

After 2,000,000 
cycles 

(7) 

After 3,000,000 
cycles 

(8) 

P/Pu 

(9) 

Specimen 
No, 

(1) ' 

*^niin 

(MPa) 

(2) 

R 

(MPa) 

(3) 

^max 

(MPa) 

(4) 
E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) 

P/Pu 

(9) 

LLI-7-0.7 1400 100 ISOO 139.5 0.297 142.1 0.266 145,6 0.263 145,8 0.237 0.941 
LL2-7-0,7 1400 100 1500 152,7 0.298 137.0 0.289 138,9 0.297 140.4 0,258 0.911 
LL3-7-0.7 1400 100 1500 140.4 0.304 147.3 0,301 152.7 0,301 137.0 0.278 0.995 
LU-7-0,7 1400 100 1500 137.0 0.301 154.2 0,302 147,3 0.291 140,4 0.285 0.911 
LL5-7-0,7 1400 too 1500 146.3 0.302 143.3 0,306 163,1 0.293 148.1 0.281 1.001 

LL 1-6-0,8 1600 100 1700 144.1 0.301 146,9 0.317 147,8 0.318 150,0 0,226 0,965 
LL2-6-0.8 1600 100 1700 136,4 0.301 155,6 0.307 154,2 0.311 154,9 0.227 1,005 
LL3-6-0,8 1600 100 1700 154.0 0.289 148,0 0.311 148,0 0,305 146,5 0,277 1,009 
LU-6.0.8 1600 100 1700 148.9 0.295 140.4 0,299 140,4 0.307 148,0 0,289 0,987 
LL5-6-0,8 1600 100 1700 141.0 0.306 161,9 0,306 137,0 0.302 140.4 0,280 1,023 

LLl-5-0,9 1800 100 1900 148.1 0.299 150,5 0,299 I5I.5 0.358 148.5 0,256 1,045 
LL2-5-0,9 1800 100 1900 152,5 0.302 140.4 0,300 129,6 0.325 139.0 0,278 1,031 
LL3-5-0,9 1800 100 1900 137.0 0.305 140.1 0,304 136.1 0.331 148.0 0,299 0,998 
LU-5-0,9 1800 100 1900 140.4 0.298 137.0 0,296 140.4 0.318 154.1 0,256 1,032 
LL5-5-0.9 1800 100 1900 148.9 0.311 I37.I 0.305 148.0 03316 162.4 0,277 0,966 

I in = 25,4 mm 1 lb = 4,448 N 1 psi = 6,895 kPa 



Table 6.5 - Fatigue Test Results of Leadline PC-D8 8 mm (5/16 in) ^ CFRP Tendon, R = 200 MPa (29.0 ksi) 

1 Specimen 
No. 

(MPa) 

(2) 

R 

(MPa) 

(3) 

^innx 

(MPa) 

(4) 

Initial (0 cycles) 

(5) 

After 1,000,000 1 
cycles 

(6) 

After 2,000,000 
cycles 

(7) 

.... 

After 3,000,000 
cycles 

(8) 

P/Pu 

(9) (1) 

(MPa) 

(2) 

R 

(MPa) 

(3) 

^innx 

(MPa) 

(4) 
E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) 

P/Pu 

(9) 

LLl-32-0.3 600 200 800 152,7 0.309 166.3 0.311 176.2 0,299 170.1 0.325 0,925 
LL2-32-0.3 600 200 800 148,5 0,306 155.6 0.308 160.3 0,303 165,4 0,311 0,997 
LL3.32-0.3 600 200 800 150.5 0,301 160.4 0.309 155.7 0,306 158.9 0,322 1.013 
LL4-32-0.3 600 200 800 144.7 0.298 148.6 0,311 161.4 0.307 161.3 0.309 1,035 
LL5-32-0.3 600 200 800 139,7 0.299 145.7 0,304 171.5 0.321 149.7 0,308 0,907 

LLI-24-0.4 800 200 1000 151,3 0.300 160.5 0,306, 166.5 0.299 150.8 0.333 0,954 
LL2-24-0.4 800 200 1000 149,6 0.311 166.3 0,309 163.4 0.316 156,7 0.326 0,997 
LL3-24-0.4 800 200 1000 145.3 0.309 154.8 0.312 155.8 0,333 161,3 0,316 1,035 
LL4-24-0.4 800 200 1000 149,6 0.301 151.3 0,305 158,7 0.317 149.5 0,318 1,056 
LL5-24-0.4 800 200 1000 155,7 0,298 155.3 0,307 159,4 0,305 155,2 0,311 0,943 

LLl-20-0.5 1000 200 1200 144.6 0,299 149.6 0.315 166,4 0,304 166,4 0,322 0,897 
LL2-20-0.5 1000 200 1200 149.6 0,295 153.2 0.299 170,2 0.311 171.3 0,327 0,901 
LL3-20-0.5 1000 200 1200 145.8 0,300 156.7 0.300 156,4 0,313 165.4 0.310 0.942 
LL4-20-0.5 1000 200 1200 155.7 0,302 160.5 0.304 149,8 0.314 155,3 0.328 0.913 
LL5-20-0.5 1000 200 1200 139.8 0,306 155.6 0.305 155.7 0.319 150,4 0.333 0,894 

LLI-I6-0.6 1200 200 1400 150.6 0,301 163.7 0.314 164,2 0,298 160.7 0.345 0,905 
LL2-16-0.6 1200 200 1400 147.2 0.300 154.7 0.321 155,7 0.276 166,9 0.347 0,914 
LL3-16-0.6 1200 200 1400 142.3 0,303 148,3 0.333 149.8 0.300 155,2 0.319 0.911 
LL'4-16-0.6 1200 200 1400 150.3 0,293 160,5 0.314 145.5 0.289 154,3 0.311 0.923 
LL5-16-0,6 1200 200 1400 149.2 0.304 166.7 0.309 155,5 0.300 150,9 0.317 

• 

0.8 
. 

I in = 25,4 mm b = 4.448 N I psi = 6.89S kPa 



Table 6.5 - Fatigue Test Results of Leadline PC-D8 8 mm (5/16 in) ^ CFRP Tendon, R = 200 MPa (29.0 ksi) - Continued 

1 Specimen 
No. 

(1) 

®niin 

(MPa) 

(2) 

R 

(MPa) 

(3) 

®niax 

(MPa) 

(4) 

Initial (0 cycles) 

(5) 

After 1,000,000 1 
cycles 

(6) 1 

1 After 2,000,000 
cycles 

1 (7) 

After 3,000,000 
cycles 

(8) 

pypu 

(9) 

1 Specimen 
No. 

(1) 

®niin 

(MPa) 

(2) 

R 

(MPa) 

(3) 

®niax 

(MPa) 

(4) 
E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) 

pypu 

(9) 

LLI-14-0.7 1400 200 1600 140.8 0.321 ** ** ** failure 
LL2-14-0.7 1400 200 1600 149.7 0.305 ** ** •• ** failure 
LL3-14-0.7 1400 200 1600 155.3 0,309 ** failure 
LU-14-0.7 1400 200 1600 151.7 0,301 ** ** ** ** • • ** failure 
LL5-14-0.7 1400 200 1600 146.9 0,302 ** ** ** 

" failure 

LLM2-0.8 1600 200 1800 151,3 0.324 ** ** ** ** failure 
LL2-12-0.8 1600 200 1800 155,6 0,300 ** ** failure 
LL3-12-0.8 1600 200 1800 143,7 0,295 ** ** ** ** ** ** failure 
LU-12-0.8 1600 200 1800 160,1 0,302 •• ** ** ** failure 
LL5-12-0.8 1600 200 1800 148.6 0,311 ** ** •• ** failure 

LLl-IO-0.9 1800 200 2000 155.6 0.300 ** ** ** ** ** ** failure 
LL2-10-0,9 1800 200 2000 160.3 0.281 ** ** ** <¥* •• failure 
LL3-10-0.9 1800 200 2000 143,9 0.299 ** ** ** ** failure 
LU-10-0,9 1800 200 2000 149.4 0.305 ** ** ** failure 
LL5-10-0,9 1800 200 2000 150.3 0,301 ** **  **  ** ** failure 

C") Specimens failed before completing the first one million cycles 
I in = 25,4 mm I lb = 4.448 N 1 psi = 6.895 kPa 

•4̂  
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percentage ratio of the stress range to the minimum stress (R/cr^). The last number 

represents the ratio of minimum stress to the ultimate tensile stress Columns 2,3, 

and 4 of Tables 6.4 and 6.5 list the minimum stress, the stress range, and the maximum 

stress, respectively, for each test group. Columns S ,6,7, and 8 list the elastic modulus and 

Poisson's ratio of each specimen at the initial, 1-million, 2-million, and 3-million cycles, 

respectively. Column 9 lists the residual tensile strength after 3 million cycles as a ratio 

of the initial ultimate tensile strength P„. 

The asterisks in Table 6.5 indicate that strain gages did not survive the first one 

million cycles, and "failure" indicates that the samples failed before completing the first 

million cycles. Leadline samples subjected to fatigue cycles with stress range of400 MPa 

(58 ksi) were not instrumented with strain gages since they were not expected to survive the 

first one million cycles, and only the number of cycles to failure was recorded. 

Fig. 6.20 shows the relationship of the percentage (R/a^) ratio versus the number 

of cycles (N) of Leadline for stress ranges of 100 MPa (14.5 ksi), 200 MPa (9 ksi), and 400 

MPa (58 ksi). Fig. 6.21 shows the same relationship of CFCC for stress ranges of 107 MPa 

(15.5 ksi), 214 MPa (31 ksi), and 428 MPa (62 ksi). 

Test results showed that for stress range of 100 MPa (14.5 ksi) for Leadline, and 107 

MPa (15.5 ksi) for CFCC , all specimens completed 3 million cycles without reaching 

failure for ali(R/cT  ̂ratios. This indicates excellent fatigue characteristics exhibited by 

Leadline and CFCC at that stress range level. This was shown in Figs. 6.20 and 6.21 by the 
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column of circles each corresponding to all five specimens that have completed 3 million 

cycles without failure for all different (R/cr  ̂ratios. This was supported by test results 

listed for Leadline in Table 6.4 in which limited changes in the elastic modulus and 

Poisson's ratio were observed, and all specimens retained on the average more than 90% of 

their average tensile strength P„. 

Similariy, the CFCC specimens tested after 3 million cycles at stress range of 107 

MPa (15.5 ksi) have retained on the average more than 90% of their initial tensile strength, 

and also limited changes in the elastic modulus were observed. As for stress range of 200 

MPa (29 ksi) for Leadline and 214 MPa (31 ksi) for CFCC, Leadline specimens completed 

the targeted 3 million cycles for (R/ct  ̂ratios of 32,24, 20, and 16%, during which an 

increase in the elastic modulus and poissons ratio was generally observed indicating 

brittleness with the increase in fatigue cycles. This was shown in Fig. 6.20 by the column 

of four triangles conesponding to the five specimens testedat each one of the four (R/ct„,J 

ratios. As for (R/<t„,J ratios of 14,12 and 10%, none of the Leadline specimens survived 

the first one million cycles, thus exhibiting poor fatigue characteristics. As for CFCC with 

stress range of 214 MPa (31 ksi), only specimens with (R/o  ̂ ratios of32,24 and 20% 

have completed the targeted 3 million cycles as shown in Fig. 6.21 by the column of three 

triangles each coneponding to the five specimens tested at these (R/ct„  ̂ratios. As for stress 

range of 400 MPa (58 ksi) for Leadline, and 428 MPa (62 ksi) for CFCC, only Leadline 

specimens with (R/a  ̂ratio of 67% completed the targeted 3 million cycles as indicated 
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by the single square representing the five specimens. As for CFCC, non of the specimens 

survived the first one million qrcles corresponding to stress range of428 MPa (62 ksi), and 

only the number of cycles until failure was recorded. 

6.6 Creep Test 

This part of the stucty is a preliminary investigation of the creep behavior of Leadline 

and CFCC tendons in air and in solutions simulating aggressive field conditions. Samples 

were subjected to a sustained dead load corresponding to approximately 40% of their short-

term tensile strength P„. Figure 6.22 shows a schematic view of the creep test setup and a 

typical creep specimen in air or in solution at room temperature along with lead blocks, 

each weighing approximately 8.9 Id  ̂(2000 lbs), used to load the specimens. A hydraulic 

jack was used to lift the loads until they were fireely suspended in air. The loads were kept 

in position by tightening the anchor nut and then releasing the jack. As for creep samples 

in solutions, they were encased in a plastic tube that contained almost the entire sample 

between the grips. pH levels were monitored daily, and adjusted when changed by ±0.2. 

Figs. 6.23 and 6.24 show the percentage creep strains versus time for Leadline and 

CFCC tendons, respectively. Samples were instrumented with EA-06-125UN-120 strain 

gages, and were subjected to sustained loads for 3000 hours during which strains were 

recorded at one hour intervals. As for Leadline, it experienced almost no creep strains in air 

at room temperature, while it experienced some creep strains in alkaline and acidic 

solutions. As for CFCC, it expenenced similar creep strains in air and in alkaline and acidic 

solutions. Generally, Leadline and CFCC exhibited limited creep strains at sustained dead 
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loads 40% of their ultimate tensfle strength. The creep of these tendons should be further be 

investigated at higher stress levels and for longer penods of time. It is also noted that for 

CFCC, due to the difficulty of placing strain gages on the tendon which consisted of seven 

wires, more epoxy had to be used to create a flat surface. This-additional epoxy at the 

interface of the gage and wire could have affected the creep strain test results. 

It is important to point out that creep and relaxation behavior of Leadline and CFCC 

specimens, especially those directly exposed to solutions, is a result of an accelerated 

exposure that is not necessarily reflected by actual field conditions. For example, hardened 

concrete contains little to no ftee OH" ions, \^Me the alkaline solution with pH of 12 is rich 

in free OH' ions. This could result in lower relaxation losses and creep strains in comparison 

to those observed in the lab. 



148 

CHAPTER? 

LONG -TERM BEHAVIOR OF AFRP TENDONS 

7.1 Introduction 

Fiber reinforced plastics (FRPs) can provide a potential solution to the corrosion 

problem of steel tendons in prestressed or post-tensioned concrete members. Rapid 

developments in the field of composites have produced materials that are stronger and 

lighter than steeU with an excellent resistance to corrosion. In this chapter, the results of 

experiments aimed at investigating the relaxation, creep, and fatigue behavior of Arapree 

10 mm (3/8 in) diameter aramid fiber reinforced plastic (AFRP) tendon under simulated 

field conditions will be presented. Twelve specimens were tested in air at temperatures of 

-30, 25, and 60°C, and twenty^-four specimens were tested in alkaline, acidic, and salt 

solutions at temperatures of 25, and dCC. Moreover, 45 specimens were tested in tension-

tension fatigue to investigate the effect of cyclic fatigue loading on changes in the elastic 

modulus (E), Poisson's ratio (v), and the residual tensile strength (P^). The results of a 

preliminary investigation of the creep behavior for Arapree and four types of GFRP rebars, 

namely, lOEP, lOEV, lOABlP, and lOARV that were tested at room temperature in air, 

alkaline solution, and acidic solution. 

7.2 Relaxation Tests 

Relaxation specimens were loaded in air at room temperature (T= 25°C) to the 

desired load level, and the stress-strain relationship was recorded for each individual 
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specimen. After the desired load level was achieved, the four nuts at the end of each 

compression rod were tightened to preserve the initial elongation of the sample. The initial 

force and strain of the sample were recorded at the moment of release of the hydraulic jack. 

After recording the imtial force and strain, they were scanned at one hour intervals until the 

conclusion of the test 

From the strain-time data of all relaxation specimens, a one hour time period was 

estabh'shed as a cut-ofif point between the time the hydraulic jack was released to allow grip 

seating to occur, and the beginning of the period for recording the long-term losses. The 

reduction in force due to anchorage seating was calculated as previously shown using Eq. 

(6.1). The values of So, and AP, for stress ratios (PJPJ of 0.4 and 0.6 are listed in 

columns 4,5, and 6, respectively, of Table 7.1, where the initial stress ratio is defmed as the 

ratio of the initial force in the tendon at the moment of load release to the ultimate short-

term tensile strength P„. 

Six Arapree specimens were tested in air at temperatures of -30,25, and 60°C, and 

24 specimens were directly exposed to chemical solutions at temperatures of 25 and 60'C. 

Two different initial stress ratios (PJPJ were considered, 0.4 and 0.6, and exposure time 

was up to 3000 hours. Two identical samples were tested in each case to determine the 

relaxation losses. Saturated calcium hydroxide solution was used to simulate exposure to 

alkaline environmet (i.e hydrating cement), HCl acidic solution was used to simulate 

exposure carbonization of concrete or chemicals, and NaCl 3.5% by weight solution was 

used to simulate exposure to marine environment 



Table 7.1- Relaxation and Grip Seating Losses of Arapree 10 mm (3/8 in) ^ Tendon in Air, and Immersed in Solutions 
With Initial Stress Ratios (PJPJ of 0.4 and 0.6 

1 in = 25,4 mm I lb = 4.448 

Environment T PA Go Eo AP. Pi/Po 1-year 10-year 50-year 
CO (%) (GPa) (%) (%) (%) (%) (%) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

Initial stress ratio (Po/PJ of 0.4 
1 

In air -30 0.401 0.836 120.4 5.61 94.39 5.67 7.13 8,16 1 
25 0.399 0.788 131.6 5.11 94.89 8,29 9.82 10.9 1 
60 0.398 0.821 136.7 6.51 93.49 6,57 9.12 10.9 1 

Ca(0H)2 solution, pH= 12 25 0.397 0,851 115,3 3.15 %.84 8.13 11,6 11,6 Ca(0H)2 solution, pH= 12 
60 0.396 0,891 121.7 6.19 93.81 947 12,9 12.9 

HCI solution, pH= 3 25 0.400 0.799 123.7 6.38 93,62 9,26 13.4 13,4 HCI solution, pH= 3 
60 0.395 0.811 II9.3 3.49 96,51 10.2 15.1 15.1 

NaCI 3.5% by weight solution 25 0.399 0.841 133.2 7.72 92,28 8,16 11.8 11.8 1 NaCI 3.5% by weight solution 
60 0.395 0,822 125.4 5.22 94.78 9,64 13.6 13,6 1 

Initial stress ratio (P^PJ of 0.6 
1 

In air -30 0,602 1,254 123.4 8.61 91.39 6,56 8.33 9.56 1 
25 0.601 1,267 117.6 7,22 92.78 8,28 10.2 12.7 
60 0,599 1.198 126.8 5,78 94.22 8,58 10,9 13.6 

Ca(0H)2 solution, pH= 12 25 0.602 I , I I I  119.7 5,76 94.27 9,26 11,6 13.2 Ca(0H)2 solution, pH= 12 
60 0,596 1,315 120.9 4,09 95.91 10.5 13.7 15.9 

HCI solution, pH= 3 25 0,600 1.277 122.7 5.25 94.75 10.1 13,0 15.1 HCI solution, pH= 3 
60 0,600 1.301 118.6 5.42 94.58 11.7 14,9 17.2 

NaCI 3.5% by weight solution 25 0.597 1.256 127.4 4.94 95,06 10.2 12.7 14.5 
60 0.601 1.225 125.4 6.41 93,59 I I I  14.2 16.4 

N 1 psi = 6.895 kPa 
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73 Losses Due to Rebaation 

To calculate the losses in tensile force due to relaxation, it is important to establish 

a reference point that corresponds to zero relaxation losses. A period of one hour was 

considered as a proper reference point during wMch the losses due to grip seating have taken 

place. The immediate losses for initial stress ratios of 0.4 and 0.6 are listed in Column 6 of 

Table 7.1. The average loss in tensile force due to grip seating was 5.5% for initial stress 

ratio of 0.4, and 5.9% for initial stress ratio of 0.6. The tensile force after one hour (P i) for 

Arapree samples in air and in solutions is listed as a percentage of the initial force (?„) in 

column 7 of Table 7.1 for initial stress ratios 0.4 and 0.6. From regression analysis, the 

equation of the stress ratio as a fimction of time (P,/P„) is given by Eq. (6.2). Similarly, the 

cumulative relaxation losses with time was calculated using Eq. (6.3). 

The percent loss of force due to relaxation for Arapree after 1-year, lO-year and 50-

year periods is listed in Columns 8,9, and 10, respectively, of Table 7.1 for (PyPa) of 0.4 

and 0.6. The regression constants "a" and "b", and their corresponding coefficients of 

correlation (R^s) for Eqs. (6.2) and(6.3) are listed in Columns 4,5, and 6 of Table7.2 for 

stress ratios of 0.4 and 0.6. In discussing relaxation losses for Arapree in air and in solutions, 

the emi^iasis will be on eounining the effects of the initial stress ratio, temperature, and the 

type of environment on the long-term losses. 

73.1 Relaxation in Air, T= -30,25, and 60°C 

Table 7.1 lists the losses in tensile force due to grip seating and the predicted 

relaxation losses after one year, ten years, and fifty years for Arapree specimens with 



Table 1.1 - Regression Analysis of Relaxation Test Results for Arapree 
Solutions With Initial Stress Ratios (P^Pu) of 0.4 and 0.6 

10 mm (3/8 in) (|) Tendon in Air, and Immersed in 

Environment 1 PyPu a b Po/P« a b 
rc) 

(1) (2) L _(3) (4) (5) (6) (7) (8) (9) (10) 

In air -30 0.401 0.3794 0,0056 0.902 0.602 0,5525 0,0097 0.873 
25 0.399 0.3700 0,0058 0.887 0.601 0,5684 0.0145 0.932 
60 0.398 0.3851 0.0095 0.931 0,599 0,5680 0.0132 0.972 

Ca(0H)2 solution, pH= 12 25 0.397 0,3840 0.0078 0.911 0,602 0,5665 0,0131 0.908 
60 0.3% 0.3657 0.0075 0.905 0,5% 0,5830 0,0181 0,984 

HCI solution, pH= 3 25 0.400 0,3756 0.0091 0.867 0,600 0,5774 0,0168 0,854 
60 0.395 0,3861 0.0111 0.957 0,600 0,5740 0,0184 0,964 

NaCI 3.5% by weight solution 25 0.399 0,3906 0.0078 0.885 0,597 0,5667 0.0145 0,898 
60 0.395 0,3726 0.0087 0.957 0,601 0,5688 0.0175 0.953 

I in = 23.4 mm Mb = 4.448 N I psi = 6.895 kPa 

Ul N» 
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initial stress ratios of 0.4 and 0.6, and exposed to air at temperatures of-10,25, and 60°C. 

From examining test results, the relaxation losses were higher for higher initial stress ratio. 

For example, the predicted relaxation losses after one year for Arapree specimens exposed 

to air at temperature of -30°C were 33.5% higher for initial stress ratio of 0.6 than that for 

the initial stress ratio of 0.4. 

Figures 7.1, 7.2, and 7.3 show the relaxation behavior of Arapree in air at 

temperatures of -30,25, and 60°C, respectively. In all cases, a slow and gradual reduction 

in tensile force was observed with respect to time. Losses in tensile force due to grip seating 

a r e  s h o w n  a t  t i m e  " t "  o f  o n e  h o u r  a s  i n d i c a t e d  b y  t h e  d i f f e r e n c e  b e t w e e n  t h e  p o i n t s  (PJPJ 
location on the y-axis and its respective initial stress ratio of 0.4 or 0.6. 

73 J. Relaxation in Simoiated Aggressive Environments, (Solutions) 

Relaxation losses for AFRP specimens immersed in solutions are listed in Table 7.1 

for initial stress ratios of 0.4 and 0.6. Relaxation losses increased for higher stress ratios at 

the same temperature. For example, the predicted relaxation losses after one year for 

specimens immersed in alkaline solution at room temperature were 13.7% higher at initial 

stress ratio of 0.6 than that at 0.4. Similar behavior was observed in the cases of samples 

immersed in acidic or salt solution. As for samples in alkaline solution at room temperature, 

the predicted relaxation losses for initial stress ratio of 0.6 experienced on the average 

13.8% higher losses than for stress ratio of 0.4 after 1-year, 10-year, and 50-year periods. 

This behavior was not observed for specimens at 60°C, where the difference in relaxation 

losses progressively increased from 10.9% after one year to 23.3% after fifty years. 
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Figures 7.4 and 7.5 show the relaxation behavior of Arapree tendon in alkaline 

solution at temperatures of 25 and 60* ,̂ respectively. The predicted relaxation losses after 

one year were 16.4% higher at 60°C than at 25''C for initial stress ratio of 0.4, and 13.3% 

higher for initial stress ratio of 0.6. Similar behavior was observed for specimens immersed 

in acidic solution. For both initial stress ratios of 0.4 and 0.6, the predicted relaxation losses 

were the lowest for Leadline and the highest for Arapree in the same solutions at the same 

temperature. Moreover, relaxation losses for Leadline were the highest at 9.5% in alkaline 

solution at 60  ̂and initial stress ratio of 0.4, while they were the lowest at 7.2% in alkaline 

solution at 25*  ̂and the same initial stress ratio. As for initial stress ratio of 0.6, the highest 

losses for Leadline were 10.8% in alkaline solution at 601!, and the lowest losses were 9.2% 

for NaCl 3.5% solution at 25°C. Similarly for CFCC with initial stress ratio of 0.4, losses 

were the highest in acidic solution at 60°C and the lowest in alkaline solution at 60°C. As 

for initial stress ratio of 0.6, relaxation losses were the highest in NaCl 3.5% solution at 

60°C, and the lowest in alkaline solution at 25''C. 

The relaxation behavior of Arapree in acidic solution at temperatures of 25 and 60 

is shown in Figs. 7.6 and 7.7, respectively. Figures 7.8 and 7.9, respectively, show the 

relaxation behavior of Arapree in NaCl 3.5% by weight solution (i.e. sea water) at 

temperatures of 25 and 60'C. Similariy, predicted relaxation losses were higher with higher 

initial stress ratio and hi^ier temperature, and th^r were hi^ier in solutions than in air at the 

same temperature or initial stress level This was more pronounced in the cases of acidic and 

salt solutions than for alkaline solution. For example, for initial stress ratios of 0.4 and 0.6, 
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the predicted relaxation losses were the hi^est at 15.1% and 17.2%, respectively, for 

Arapree specimens in acidic solution at 60°C. This was followed by specimens in NaCl 

3.5% solution at 60t ,̂ and then in alkalme solutions at 60 .̂ This is can be attnbuted to the 

lesser ability of hydrojQrl OH* alkaline ions than the acidic chloride CI' ions to diffuse into 

and react with the epoxy matrix. In addition, this shows that relaxation losses for aramid 

tendons is related of the type and temperature of environment in contact with the tendon. 

The increase in relaxation losses with the increase in temperature and initial stress 

ratio could be mainly attributed to the softening and moisture di£fusion, in the case of 

solutions, into the epoxy matrix. This would cause a reduction in matrix's ability to transfer 

stresses from the exterior fibers to the ones located near the core. Furthermore, the estimated 

relaxation losses as determined by lab experiments may overestimate the actual relaxation 

losses in the field, where tendons are mainly exposed to hardened concrete that contains 

little to no free hydroxyl ions which makes it less effective than alkaline solution rich in 

free OH' ions. Moreover, uncracked concrete provides a barrier that can reduce chloride 

contamination in comparison to direct exposure to solutions rich in CI' free ions. 

7.4 Tension Fatigue Tests 

Tension fatigue tests of Arapree specimens were conducted in air at room 

temperature. The minimum stress applied in a fatigue cycle corresponded to 30% of the 

short-term ten^e strength of Arapree. The aim of &tigue tests was to examine the effect of 

cyclic loading on the properties and the residual strength of the tendon in relationship to the 

number of cycles (N), minimum stress level for a &tigue cycle and the stress range 
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(R). Tests were done using an MTS servo mechanical machine. To minimize the effect of 

frequency, (^clic loading was applied at a fi:equency from 3 to S Hz, and five specimens 

were tested in for case. Each loading cycle was repeated up to 3 million times or until failure 

of the test specimen. After each increment of one million cycles, the test specimen was 

unloaded and then reloaded to the same initial stress level during which ct„ 8 x, and were 

recorded to determine the changes in the elastic modulus and Poisson's ratio of the test 

specimen. Ifa sample did not fiiil after 3 million cycles, it was unloaded and then reloaded 

until failure to determine the residual tensile strength (P J. Although grips used to anchor 

the test specimens provided adequate protection against slippage, failures were induced 

prematurely due to the excessive compressive stresses exerted by the wedges on the tendon. 

Thus, crushing the specimen and causing it to fail at a lower number of cycles. This 

phenomenon was associated with initial stresses (a  ̂corresponding to more than 50% of 

the ultimate strength for Arapree. To limit the grip effect on test results, samples were 

subjected to stress ranges of 58 MPa (8.4 ksi), 116 MPa (16.8 ksi), and 232 MPa (33.6 ksi), 

and CT  ̂ was limited to 1162 MPa (168.5 ksi) which corresponds to 50% of the ultimate 

tensile strength. 

Tables 7.3,7.4, and 7.5 list the fimgue test results of single AFRP tendon specimens 

tested in air at room temperature. The letters "AR" in colunm 1 stand for Arapree, followed 

by the specimen number w^iich runs between 1 and 5. The next number denotes the percent 

ratio of the stress range to the minimum stress (RJa ,̂ and the last number represents the 



Table 7.3 - Fatigue Test Results of Arapree 10 mm (3/8 in) <f> Tendon, R = 58.0 MPa (8.4 ksi) 

Specimen 
No. 

(1) 

®min 

(MPa) 

(2) 

R 

(MPa) 

(3) 

®max 

(MPa) 

(4) 

Initial (0 cycles) 

(5) 

After 1,000,000 
cycles 

(6) 

After 2,000,000 
cycles 

(7) 

After 3,000,000 
cycles 

(8) 

pyp« 

(9) 

Specimen 
No. 

(1) 

®min 

(MPa) 

(2) 

R 

(MPa) 

(3) 

®max 

(MPa) 

(4) 
E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) 

pyp« 

(9) 

ARI-8-0.3 700 58.0 758 120,5 0,356 121.7 0,355 122.3 0.345 126,7 0,351 0,925 
AR2-8-0.3 700 S8.0 758 126.7 0.342 131.4 0.339 126.4 0.345 129,4 0.354 0,943 
AR3-8^.3 700 58.0 758 131.2 0.365 126.4 0.354 131.5 0,336 133,5 0,366 1.014 
AR4-8-0.3 700 58.0 758 117,5 0.359 119.4 0.361 119.7 0,351 124.5 0.345 1,023 
AR5-8-0,3 700 58.0 758 124,3 0,345 128.1 0.333 121,7 0,344 126.4 0.351 0.974 

ARl-6-0.4 930 58.0 988 119.4 0.333 118.2 0.341 123.4 0,356 125,6 0,341 0.95*4 
AR2-6-0.4 930 58.0 988 115.6 0.348 117.3 0.357 125,4 0,361 125.9 0,355 1.014 
AR3-6-0.4 930 58.0 988 114.3 0.347 II9.2 0.355 120,8 0,368 123.4 0,337 1.034 
AR4-6-0.4 390 58.0 988 120.7 0.361 121.3 0.367 119.8 0,343 121.4 0.345 0,987 
AR5-6-0.4 930 58.0 988 118.4 0.358 116.8 0.361 116.7 0,339 120.7 0.347 0,991 

AR 1-5-0.5 1160 58.0 1218 123.4 0.349 125.3 0.356 124.3 0,345 126.3 0,358 0,964 
AR2-5-0.5 1160 58.0 I2I8 119.6 0.338 118.4 0.341 121.3 0,356 124.7 0,350 0,973 
AR3-5-0.5 1160 58,0 1218 120.4 0.349 118.6 0.355 116.5 0,344 119.7 0.352 1.014 
AR4-5-0.5 1160 58.0 1218 116.8 0.363 121.4 0.358 119.7 0,361 123.9 0,366 1.033 
AR5-5-0.5 1160 58.0 1218 119,3 0.365 121,7 0.361 126.3 0,349 125,4 0,361 1.011 

I in = 25.4 mm lb = 4.448 N I psi = 6.895 kPa 



Table 7.4 - Fatigue Test Results of Arapree 10 mm (3/8 in) (j) Tendon, R = 116 MPa (16.8 ksi) 

Specimen ®min R ^nwx Initial (0 cycles) After 1,000,000 After 2,000,000 After 3,000,000 P/Pu 
No. 

®min 
cycles cycles cycles 

(MPa) (MPa) (MPa) (5) (6) (7) (8) 

(1) (2) (3) (4) 
E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) (9) 

ARI-16-0.3 700 116 816 119.3 0.356 121.3 0,361 124.6 0.412 130.1 0.427 0.941 
AR2-16-0.3 700 116 816 124.5 0.361 126,7 0.378 128.4 0.406 133,5 0.415 0,911 
AR3-16-0.3 700 116 816 126,3 0.358 127.4 0.366 128.7 0.401 136,1 0.419 0.995 
AR4-I6-0.3 700 116 816 115.4 0.355 120,5 0,367 124.3 0.399 128.4 0,409 0.911 
AR5-16-0.3 700 116 816 117.5 0.344 124.3 0.359 127.3 0,416 129,3 0,425 0.942 

AR1-I2-0.4 930 116 1046 121.3 0,360 126.3 0.378 127.7 0,415 129.4 0.431 0.924 
AR2-12-0.4 930 116 1046 120.7 0,358 125,8 .369 126.4 0,421 132.1 0.426 0,933 
AR3-12-0.4 930 116 1046 120.1 0.349 124,9 0.366 130.2 0,389 133.5 0.421 0.916 
AR4-I2-0.4 390 116 1046 119.4 0.355 122.2 0.371 124.7 0,393 130.1 0.416 0.952 
AR5-I2-0.4 930 116 1046 114.9 0.363 120.3 0,375 123.4 0.387 126.4 0.399 0,907 

AR I-10-0,5 1160 116 1276 121,3 0.362 126.7 0.378 127.4 0,415 129.4 0.431 0,901 
AR2-l0-0,5 1160 116 1276 124.3 0,352 130.4 0.368 129.7 0,421 130.4 0.425 0,894 
AR3-10-0,5 1160 116 1276 119.4 0.351 125.7 0.364 133.4 0,423 131.2 0.433 0,926 
AR4-10-0.5 1160 116 1276 118.6 0.347 124.3 0.359 130.1 0.398 132,4 0,417 0,903 
AR5-10-0.5 1160 116 1276 121.7 0.358 123.7 0,366 129.4 0.388 136,3 0.409 0.887 

1 in = 25.4 mm lb = 4.448 N I psi = 6,895 kPa 



Table 7.5 - Fatigue Test Results of Arapree 10 mm (3/8 in) ij> Tendon, R = 232 MPa (33.6 ksi) 

Specimen ^min R ®max Initial (0 cycles) I After 1,000,000 
r — I  

After 2,000,000 After 3,000,000 P/P» 
No. 

^min ®max 
cycles cycles cycles 

(MPa) (MPa) (MPa) (5) (6) (7) (8) 

(0 (2) (3) (4) 
E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) E 

(GPa) 
(V) (9) 

AR 1-32-0.3 700 232 932 121.3 0.361 126.7 0.379 133.4 0.412 132,1 0,418 0.906 
AR2-32-0.3 700 232 932 125.4 0.345 131.5 0.388 136.4 0.406 129.7 0.425 0.945 
AR3-32-0.3 700 232 932 123.1 0.355 127.5 0.366 129.4 0.401 131.2 0,419 0,913 
AR4-32-0,3 700 232 932 116.8 0.365 121.3 0.392 120.4 0.399 128.7 0,415 0,897 
AR5-32-0.3 700 232 932 119.7 0,356 120.4 0.401 124.3 0,416 133.7 0,423 0,887 

AR 1-24-0.4 930 232 1162 125.3 0.361 127.4 0.401 135,6 0.415 131,7 0,431 0,901 
AR2-24-0.4 930 232 1162 116.7 0.358 130.3 0.425 129,4 0.421 133,1 0,439 0,857 
AR3-24-0.4 930 232 1162 119.8 0.355 121.3 0.431 126,4 0.389 128.7 0,409 0,891 
AR4.24-0.4 930 232 1162 121.1 0.362 120.7 0,393 127,1 0.393 130,4 0,418 0,856 
AR5-24-0.4 930 232 1162 117.4 0.363 125.4 0.387 124,9 0,387 132,4 0.419 0,899 

ARI-20-0.5 1160 232 1392 123.2 0.353 131.2 0.416 133.7 0,425 *0 ** failure 
AR2-20.0.5 1160 232 1392 122.2 0.349 133.4 0.407 ** ** ** failure 
AR3-20-0.5 1160 232 1392 119.7 0.357 125.7 0.403 130.0 0,423 ** failure 
AR4-20-0.5 1160 232 1392 116.7 0.354 119.4 0.389 129.8 0,398 135,1 0,436 0,825 
AR5-20-0.5 1160 232 1392 120.3 0.350 122.3 0.398 129.9 0,388 132,4 0.423 0,887 

(*) Strain gage failure before completion of targeted number of cycles 
I in = 25.4 mm lb = 4.448 N I psi = 6.895 kPa 
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ratio of minimum stress to the ultimate tensile stress( a^). Columns 2,3, and 4 of 

Tables 7.3, 7.4, and 7.5 Ust the minimum stress ), the stress range(R), and the 

maximum stress (OokX respectively, for each test specimen. Colunms 5,6,7, and 8 h'st the 

elastic modulus and Poisson's ratio of each specimen at initial, 1-million, 2-million, and 

3-million cycles, respectively. Column 9 lists the ratio of the residual tensile strength (P  ̂

to the ultimate tensile strength (PJ after three million cycles . The asterisks in columns 7 

and 8 of Table 7.5 indicate that the strain gages failed before completing the targeted 

number of cycles, and "feilure" indicates that specimens ARl-20-0.5, AR2-20-0.5, and AR3-

20-0.5 failed before completing the targeted 3-million cycles. 

Figure 7.10 shows the relationship of (RATnia) versus (N) of Arapree tendons for 

stress ranges of 58 MPa (8.4 ksi), 116 MPa (16.8 ksi), and 232 MPa (33.6 ksi), where N is 

the number of cycles. As shown by test results Usted in Table 7.3, all specimens subjected 

to cyclic loading with stress range of 58 MPa (8.4 ksi) completed the targeted three million 

cycles without failure for all (R/o  ̂ratios of 8,6, and 5%. This indicates that Arapree 

possesses excellent fatigue characteristics for stress levels up to 50% of the ultimate stress 

and stress range of 58 MPa (8.4 ksi). This was shown in Fig. 7.10 by the colunm of circles 

each representing the five specimens tested at that particular (R/a  ̂percent ratio. A small 

change in the elastic modulus and Poisson's ratio was observed after one milh'on cycles, 

while a slight increase in Poisson's ratio was observed for some specimens with (R/a  ̂of 

6 and 5%. An increase in the elastic modulus of specimens was observed after three million 
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cycles ̂ ^ch may indicate some hardening as a result of increased stress levels in the fibers. 

This could result fiom increased stresses in the fibers, especially in the outer zone, resulting 

from cracks developing within the matrix and the reduction of the efifective area due to some 

fiber breakage. This was more pronounced at higher (R/a  ̂ratios. However, matrix 

cracking and fiber failure was limited as reflected by the small changes in the elastic 

modulus and Poisson's ratio. This was also supported by the fact that all specimens have 

retained on the average 99% of their ultimate tensile strength. 

As for specimens tested in &tigue with a stress range of 116 MPa (16.8 ksi), they all 

completed the targeted 3 million cycles, thus Arapree also exhibited excellent fatigue 

characteristics for stress range of 116 MPa (16.8 ksi), and up to a minimum stress 

corresponding to 50% of ultimate strength as shown by Table 7.4. This was indicated by 

the column of the three triangles corresponding to (R/cr  ̂ ratios of 16, 12, and 10%. A 

small increase in the elastic modulus and Poisson's ratio was generally observed after one 

million cycles. Further increases in E and v were recorded with the increase in the number 

of cycles, however, the increase in "v" was more significant, indicating progressive 

fracturing and cracking of the matrix at higher rates than fiber damage. This was shown by 

samples retaining on the average more than 92% of their ultimate tensile strength for 

specimens with (R/a  ̂of 16 and 12%, and for some specimens with (R/c„  ̂of 10%. 

Fatigue test results of Arapree samples subjected to cyclic loading for stress range of 232 

MPa (33.6 ksi) are listed in Table 7.5. Similar behavior was observed in the case of samples 
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with (R/ffn  ̂of 32 and 25% to that observed in Tables 7.3 and 7.4. This was indicated by 

the single arrow corresponding to the two groups of samples with (R/Omn) of 33 and 25%. 

The increase in the elastic modulus and Poisson's ratio was more significant 

indicating a direct relationship between stress range, (R/a  ̂ratio, and number of cycles, 

and the induced damage to the epojQr matrix and fibers especially in the outer zone. This 

was most pronounced for samples with (R/cr  ̂of 20%, where 3 out of 5 samples failed in 

tension before completing the targeted 3 miUion cycles as shown in Fig. 7.10. Failure of test 

specimens was observed first by the initiation of very small cracks parallel to the fibers, 

then they became more visible with the increase in the number of cycles. Near failure, a part 

of the tendon section would separate and buckle outward due to grip slippage in that area, 

and then followed by failure in the vicinity of the grip. 

7.5 Creep 

7.5.1 Creep of ArapreeTendons 

This part of the stucfy  ̂is a preliminaiy investigation of the creep behavior of Arapree 

tendon in air and in solutions simulating aggressive field conditions. Samples were subjected 

to a sustained dead load corresponding to 40% of their short-term tensile strength (P J. The 

average initial strains were 0.8176,0.8416, and 0.8282% for creep samples in air, alkaline 

solution, and acidic solution, respectively. A schematic view of the test setup is as was 

previously shown by Fig. 6.22. First, nut A was tightened and the hydraulic jack was used 

to lift the lead weights off the supporting blocks until they were freely suspended in air 
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during which the strain in each test specimen was recorded every two seconds until the 

blocks were completely lifted off the floor. The loads were kept in position by tightening nut 

B, and then releasing the hydraulic jack. The initial strain in the sample was recorded just 

after jack release. As for creep samples in solutions, they were encased in a plastic tube that 

contained almost the entire sample between the grips. The pH levels were monitored daily, 

and adjusted by replacing the solution when the pH level changed by ±0.2. 

Figure 7.11 shows the percentage creep strains versus time of AFRP tendon. Each 

specimen was instrumented with EA-06-125UN-120 strain gages, and were subjected to 

sustained loads up to 3000 hours during which strains were recorded at one hour intervals. 

Creep strains were the highest in acidic solution with pH= 3, and the lowest in air. For more 

definitive observations and conclusions, further investigations are needed at higher stress 

levels and for longer periods of time. 

7.5.2 Creep of GFRP Rebars 

The creep behavior of lOEP and lOARP, and lOEV and lOARV rebars is shown in 

Figs. 7.12 and 7.13, respectively. From examining test results, it was observed that AR-glass 

based composite rebars have experienced higher rates of creep strains than E-glass based 

rebars subjected to the same stress level, and having the same matrix material. More 

investigations are needed to stucty the creep strains of GFRP rebars exposed to higher stress 

levels and aggressive field conditions. 
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SUMMARY AND CONCLUSIONS 

8.1 Durability of E-Glass and AR-Glass Rebars 

The difiiisiviQr and moisture contem at saturation was determined for eight different 

types of GFRP rebars. Specimens were nnmersed in seven different solutions that resembled 

various conditions in the field. They were also tested for ultraviolet radiation and as 

reinforcement in concrete members. The fiee-phase model (i.e. Pick's law), and a two-phase 

diffusion model were used to model the moisture diffusion in GFBIP rebars. Rebars were 

tested in tension after six months of direct exposure to chemical solution, and changes in the 

ultimate tensile strength, elastic modulus, and ultimate strain a failure were recorded. In 

addition, the flexural behavior of twenty concrete beams was examined to investigate the 

durability of GFRP rebars in concrete members subjected to deicing salts. After examining 

the test results, the following brief conclusions could be drawn: 

1. Under most conditions, Pick's law together with the values of apparent diffiisivi  ̂

may be used to predict the changes in moisture content and mechanical properties 

with respect to time until the moisture at saturation is reached. 

2. Generally, dififiisivity from the two-phase closely matched the diffiisivity obtained 

by Pick's law. This was due to the &ct that the rate of moisture absorption was much 

lower than the rate of moisture desorption. 
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3. Pick's law generally applies to relatively short-term prediction of accelerated test 

results. At longer time periods, due to the highly complex nature of the diffusion 

phenomenon as a result of the micro-cracking and progressive damage, the behavior 

can not be predicted by Pick's law. Purthermore, the applicability of Pick's law in 

some cases may be dictated by the natural behavior or composition of the of the 

material itself (i.e. carbon and aramid composites). 

4. Di£[usivity is dependent on temperature and the type and concentration of solution. 

5. In most cases, rapid increase in moisture content was observed beyond saturation as 

a result of excessive cracking and fracturing of matrix matenal and fiber damage. 

6. Vinylester has lower diflusivity and better resistance to chemical attack than 

polyester. 

7. Concrete can provides adequate protection against moisture penetration and it can 

be improved for long-term exposure by lowering concrete permeability, increasing 

concrete cover thickness, reducing cracking, and increasing rebar sizes to limit the 

net effect of the damaged zone on the residual area. 

8. More investigations are needed to examine the effect of temperature, matrix 

material, type of fiber, and stress level on M„ and D. 

9. E-glass and AR-glass displayed durability problems under accelerated exposure to 

alkali attack, marine environment, and deicing salt solutions, and it was more 

pronounced in smaller diameter rebars. 

10. Ultraviolet radiation had limited effect on the strength of GPRP rebars. 
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8.2 Carbon and Aramid FRP Tendons 

The diilusivity and moisture content at saturation was determined for two carbon 

fiber reinforced plastic (CFRP) tendons, namely. Leadline PC-D8 8 nun (5/16 in) diameter 

tendon and 1x7-7.5 mm (5/16 in) diameter CFCC, and one aramid fiber reinforced plastic 

(AFRP) tendon, namely, Arafxee 10 nmi (3/8 in) diameter tendoiL Tendon specimens were 

directly exposed to seven solutions simulating aggressive field conditions. Free-phase and 

two-phase diffusion models were used to predict changes in moisture content with time. In 

addition, tendons were subjected to fireeze-thaw cycles between temperatures of -SOtT and 

60°C, simulating extreme temperature variations in the field. The following is concluded; 

1. Pick's law together with the maximum moisture content M„ and diffusivity D could 

be used to predict, with reasonable accuracy, the changes in moisture content 

2. The two-phase model predicted with greater accuracy than Pick's law the moisture 

content in the transitional zone, however both models converged in the initial linear 

part of the curve, and the part asymptotic to the M,, value. 

3. Pick's law was not applicable in the case of CFCC tendon due to non-Pickian 

diffusion induced by surface texture, which resulted in overestimated predictions of 

losses in tensile strength. 

4. For Arainee, in some cases. Pick's law could result in overestimated loss of tensile 

strength, since the fibers in the contaminated zone could still contribute to the load 

carrying capacity. 

5. Difiusivity is dependent on temperature, and the type and concentration of solution. 
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and it was mostly dominated by the behavior of the qx)xy matrix due to the excellent 

resistance of carbon and aramid fibers to chenucal attack. 

6. Difiusivity and maximum moisture content were generally higher in sea water and 

deicing salt solutions than in alkaline or acidic solutions. 

7. The limited number of fieeze-Aaw cycles had a limited effect on the durability of 

carbon and aramid composites. The effect of freeze-thaw cycles in conjunction with 

existing tensile stresses and exposure to concrete or deicing salts need to be 

investigated. 

8. Direct exposure to chemical solutions could be used to simulate prolonged exposure 

in the field, however, more investigations are needed to extrapolate simulated lab 

environments to measurable equivalent field conditiotis. 

9. The effects of pre-existing stress levels, concrete cover, and the presence of 

contaminants on the difiusivity and related changes in mechanical properties of 

composites need to be investigated. 

8 J Long-term Behavior of CFRP and AFRP Tendons 

The relaxation, fatigue, and creep behaviors were examined for two carbon fiber 

reinforced plastic (CFRP) tendons, namely. Leadline PC-D8 8 mm (S/16 in) diameter tendon 

and 1x7 7.5 mm (5/16 in) diameter CFCC. Tendon specimens were tested in air or in direct 

exposure to three different chemical solutions simulating aggressive field conditions to 

evaluate the long-term losses due to relaxation. The specimens were also tested in fatigue 

with a minimum stress level corresponding to 30% of the ultimate strength, and three 
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different stress ranges. Moreover, specimens were subjected to sustained loading 

corresponding to 40% of their ultimate strength in air, alkaline, and acidic solutions to 

conduct a preliminafy investigate of the creep behavior. From the test results, the following 

conclusions can be made: 

1. The predicted losses in tensile force due to relaxation after fifty years for Leadline 

and CFCC were within 12%, and within 18% for Arapree. In addition, losses 

increased with the increase in initial stress ratio, temperature, and they were higher 

in solutions than in air. 

2. For the same environment and initial stress ratio, relaxation losses were the lowest 

for Leadline and the highest for Arapree. 

3. Leadline and CFCC exhibited excellent durability under fatigue loading for stress 

range of 100 MPa (14.5 ksi), and 107 MPa (15.5 ksi), respectively. 

4. Durability under fatigue loading was reduced with the increase in stress range, 

minimum tensile stress, and the number of fatigue cycles. 

5. A stress level of 60% to 70% of ultimate tensile strength of Leadline and CFCC 

tendons in combination with a stress range equal to or less than 100 MPa (14.5 ksi) 

could be easily survive 3 million cycles of loading. 

The relaxation, fatigue, and creep behaviors of Arapree 10 mm (3/8 in) diameter 

AFRP tendon specimens were investigated in air or in direct exposure to three different 

chemical solutions simulating exposure to aggressive field conditions. Specimens with 

initial stress levels corresponding to 40% and 60% of ultimate strength were exposed to air 
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at temperatures of -30, 25, and 60°C, and to three different solutions at 25 and 60°C to 

investigate the relaxation losses. Arapree was also tested in fatigue for minimum stress 

levels between 30% and 50% of ultimate strength, and for three stress ranges of 58 MPa 

(8.4 ksi), 116 MPa (16.8 ksi), and 232 MPa (33.6 ksO- Moreover, Arapree and GFRP 

specimens were subjected to sustained loading corresponding to 40% of their ultimate 

strength in air, alkaline, and acidic solutions to conduct a preliminary investigation of the 

creep behavior. From test results, the following conclusions can be made; 

1. The predicted losses of tensile force for Arapree due to relaxation in air were the 

highest at temperature of 60°C, and they were 10.9% and 12.6%, respectively, for 

initial stress ratios of 0.4 and 0.6. 

2. Relaxation losses in air were lower than those in solutions, and the 50-year predicted 

losses were highest at 17.2% in acidic solution at 60*  ̂and stress ratio of 0.6. 

3. Relaxation losses in solutions were the highest in acidic solution, and the 

lowest in alkaline solution for temperatures of 25 and 60* ,̂ and initial stress ratios 

of 0.4 and 0.6. 

4. Arapree tendon exhibited excellent fatigue charactenstics for stress ranges of 58 

MPa (8.4 ksi) and 116 MPa (16.4 ksi), and for minimum tensile strength up to 50% 

of ultimate, and stress up to 40% of ultimate for stress range of232 MPa (33.6 ksi). 

5. Duralnlity under fatigue loading was reduced with the increase in stress range, 

minimum tensile stress, and the number of fatigue cycles. 

6. A stress level of 50% to 60% of ultimate stress in combination with a stress range 
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up to 116 MPa (16.8 ksi) could easily survive 3 million cycles of loading. 

Better grips are needed to allow &tigue tests for higher stress larger 

(R/o  ̂percent ratios, and a larger number of fatigue cycles. 

Arapree exhibited good creep characteristics in air and in alkaline solution, and to 

a lesser degree in acidic solution at sustained dead loads corresponding to 40% of 

ultimate strength. 

Creep strains for E-glass rebars were lower than AR-glass rebars for the same matrix 

material and stress level. 

More creep and relaxation tests are needed at higher stress levels, and for longer 

periods for both Arapree and GFRP Rebars. 
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Figure 3.1 Typical M(%) versus (t)'^ relationship for FRP rebars and tendons as a 
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Figure 3.2 Mass difTusion of CI' and OH' free ions in alkaline, acidic, and salt solutions 
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(a) Tension failure of lOEV rebar 

(b) Tension failure of 20EP rebar 

Figure 4.2 Brittle mode of failure by rupturing of fibers in GFRP rebars 
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Figure 4.3 Stress versus strain relationships for lOEP and 20EP GFRP rebars 
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(a) Leadline PC-D8 8 mm (5/16 in) diameter tendon 

(b) 1x7 -7.5 mm (5/16 in) diameter CFCC cable 



(c) Arapree 10 mm (3/8 in) diameter tendon 

Figure 4.7 Leadline, CFCC, and Arapree tendons and their respective grips 



(a) Tension test setup (b) Tension specimen (i.e. Arapree) 

Figure 4,8 Tension test setup and a typical tendon specimen 00 
to 
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Figure 4.13 Poisson's ratio versus stress for Arapree 10 mm (3/8 in) diameter tendon 
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(a) Flexural test setup 
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Figure 4.15 Flexuarl test setup and a typical mode of failure of a beam specimen 



Figure 4.16 Ultraviolet radiation chamber 
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Figure 4,17 Freeze-thaw test setup 
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(a) Relaxation test setup 

Figure 4,20 

(b) Relaxation specimen (i.e. Leadline) 

Relaxation test setup and a typical relaxation specimen vO 



(a) Fatigue test setup (b) Fatigue specimen (i.e. Leadline) 

Figure 4.21 Fatigue test setup and a typical latigue specimen 
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(a) Creep test setup 

Figure 4.22 

(b) Creep specimen (i.e. Leadline) 

Creep test setup and a typical creep specimen tested in air vO o 
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