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I. INTRODUCTION1 
 

There are approximately 500,000 bridges in the Federal Highway System and an 

estimated one trillion dollars needs to be invested in the system to rehabilitate those 

bridges that are classified as insufficient (Nystrom 2003). Corrosion of steel 

reinforcement is a primary problem afflicting the concrete bridges in the United States.  

Considerable research efforts have been made worldwide to mitigate the damage caused 

by corrosion of steel reinforcement in concrete.  The use of fiber-reinforced-polymer 

(FRP) bars to reinforce concrete has been researched since the 1970s and this material 

has shown promise as an alternative reinforcement for steel (Nawy and Neuwerth 1971). 

Glass Fiber-Reinforced Polymer (GFRP) bars are lightweight, non-conductive, exhibit 

high tensile strength, and have been reported to be non-corrosive when compared with 

conventional steel reinforcement.  As a result of these characteristics, FRP reinforcement 

has been used to reinforce prestressed concrete bridge beams, bridge decks, tunnel 

linings, waterfront structures, buildings near waterfronts, electrical substations, marine 

aquariums, as well as to retrofit historic buildings (Trejo et al. 2000, Hughes Brothers 

2002). 

 

FRP reinforcing bars and tendons are composite materials made up of 

unidirectional fibers embedded in a polymeric matrix.  The fiber materials used to make 

reinforcing bars for civil applications are glass, aramid, and carbon.  The most 

commonly used polymeric resins are polyester, epoxy, vinyl ester, and polyimide.  Of 

particular interest are GFRP bars because they have the lowest initial costs. 

 

Although GFRP reinforcing bars may provide potential benefits for the 

performance of reinforced concrete structures, problems have been identified with these 

types of bars.  There are a number of gaps in existing knowledge regarding the 

performance of GFRP bars as reinforcement for concrete.  The mechanical properties of 
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the GFRP bars degrade with time, and the residual properties have not been fully 

characterized.  The methods available for the prediction of long-term deflections of 

GFRP-reinforced concrete members due to creep may be unconservative, and further 

creep tests are necessary.  The equations available for the prediction of maximum crack 

width of GFRP-reinforced concrete members have not been thoroughly investigated.  

The increase in deflections of FRP-reinforced concrete members due to cyclic loading 

are supported by limited tests, and only a limited number of tests were conducted on 

GFRP bars.  Limited information exists on the degradation of the bond strength of GFRP 

bars in concrete after exposure.  The information available to determine whether 

concrete structures can crack due to stresses induced by differential thermal expansion 

between GFRP bars and concrete is inconclusive.  This research will address each of 

these issues. 

 

The construction of the Sierrita de la Cruz Creek Bridge, built for the Texas 

Department of Transportation in Amarillo, Texas, motivated most of the research 

questions addressed in this report.  The Sierrita de la Cruz Creek Bridge incorporated 

hybrid concrete decks in two of the spans.  In the spans containing GFRP reinforcement, 

the bottom mat of the deck consisted of a combination of epoxy coated steel 

reinforcement, uncoated steel bars, and uncoated steel strands, and the top mat consisted 

of GFRP reinforcement. 

 

Section II presents a review of the existing literature pertaining to the 

degradation of the tensile strength of variously conditioned FRP bars over time, the 

characterization of the direct shear strength of GFRP bars, the prediction of long-term 

deflections of GFRP-reinforced concrete members, the prediction equations for 

maximum crack width of GFRP-bar reinforced concrete elements, the increase in 

deflections of GFRP-bar reinforced concrete elements due to cyclic loading, the 

degradation of bond strength between GFRP bars and concrete, and the cracking of 

concrete structures due to thermal expansion. 
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Section III describes the materials used in this research, the experimental 

program, research test specimens, and the test procedures used in this research. This 

section describes the following tests: axial tension test, moisture absorption test, direct 

shear strength test, creep test, cracking of concrete slabs test, cyclic loading of concrete 

beam test, bond test, and thermal expansion of concrete slabs test. 

 

The results of the tests described in Section III are presented in Section IV.  An 

analysis of the results is presented for each test. 

 

Section V contains a review of the ACI 440 design guidelines analyzed in the 

light of the results of this investigation. A design example showing how the 

recommendations from this research can be implemented into the existing design 

methodology is presented. Section VI contains recommendations for including GFRP 

reinforcement into American Association of State Highway and Transportation Officials 

(AASHTO) Load and Resistance Factor Design (LRFD) specifications for the design of 

bridges. 

 

Although preliminary recommendations are made here, the reader is cautioned 

that some recommendations are based on the results of this research program only. 

Section VII summarizes the document by presenting the conclusions, recommendations, 

and required future work. 
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II. RELATED LITERATURE REVIEW 
 

As described in the introduction, the topics addressed in this document are aimed 

toward improving the current knowledge for the application of GFRP bars in reinforced 

concrete elements. This section will begin with an introduction to diffusion concepts and 

their application toward predicting moisture absorption by GFRP bars. Following this, 

issues involving the change of tensile properties of GFRP reinforcing bars over time due 

to the moisture absorption and diffusion into GFRP bars, direct shear strength of GFRP 

bars, creep-induced deflections of GFRP-reinforced concrete elements, cracking of 

GFRP-reinforced concrete structures, deflections of GFRP-reinforced concrete elements 

due to cyclic loading, degradation of bond between GFRP bars and concrete, and 

cracking of GFRP-reinforced concrete elements due to thermal expansion. Each of these 

issues has been identified as an issue that has not been thoroughly investigated or that 

requires further investigation to better assist engineers in the design of GFRP-reinforced 

concrete structures. 

 

DIFFUSION CONCEPTS 

 
 The change in the mechanical properties of GFRP bars depends on the transport 

rates and mechanisms resulting from the migration of elements that degrade the 

properties of the polymeric matrix and glass fibers. Mass transport in solution is a 

function of diffusion of molecules due to a concentration gradient (Shackelford 1996), 

diffusion of charged particles under the influence of an electrical potential (Girifalco 

1964), and hydrodynamic transport (Rossier 2003). In the case of GFRP bars embedded 

in concrete, the hydrodynamic transport factor would be negligible. According to Soles 

et al. (2000), the polarity of the resin may be an important factor in the moisture 

transport in epoxy resins, even though they did not measure the polarity of the resins 

used in their study. The same researchers verified that moisture uptake of a polymer 

could be modeled by applying Fick’s second law of diffusion. A review of Fick’s laws 

as they apply to diffusion of a substance into a cylinder is presented next. 
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Fick’s First Law of Diffusion 

Fick’s first law of diffusion, as it applies to one-dimensional transport, is given 

by: 

x
cDJ

∂
∂

−=      (1) 

where, 

J = Flux in one dimension with the concentration gradient being constant with time, 

D = Diffusion coefficient for the substance considered, usually assumed to be constant 

for a given medium, temperature, and pressure (cm2 sec-1), 

c  = Concentration of the solution, 

x  = Direction of flux. 

 

Fick’s Second Law of Diffusion 

For three-dimensional linear diffusion: 
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where the terms are as defined above, t is time, and y and z are directions of flux. 

 

Fick’s second law of diffusion applies to cases where the concentration gradient 

is not constant with time. The first law is obtained by reducing Equation 2 to one-

dimensional flow for the case of no change in concentration with time, i.e., 
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and the following is obtained: 
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Fick’s second law can be rewritten in cylindrical coordinates by using the 

appropriate divergence operator: 
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obtaining: 
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assuming that the diffusion coefficient remains constant (linear diffusion). 

 

If it is further assumed that the concrete pore solution has a constant 

concentration at the surface of the GFRP bar, that the bar can be modeled to be 

homogeneous and cylindrical, and that migration into the cylindrical bar occurs in the 

radial direction only, the diffusion equation simplifies to the following expression: 
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This equation can then be used to determine the rate of transport of compounds 

or elements that can influence the mechanical characteristics of GFRP bars. 

 

ISSUE I. CHANGE OF TENSILE PROPERTIES OF GFRP REINFORCING 

BARS OVER TIME 

 
Corrosion of steel reinforcement reduces the useful life of a structure, resulting in 

high economic losses and safety hazards.  It has been reported that the estimated service 

life of a deck reinforced with conventional reinforcing steel is 10 years, that of a deck 

with two layers of epoxy-coated steel reinforcement is 40 years, and that of a deck with 

two layers of stainless steel reinforcement ranges from 75 to 100 years (Yunovich and 

Thompson 2003). The service life of GFRP-reinforced concrete structures is not known.  

Nevertheless, the interest in using GFRP reinforcing bars has been mostly driven by the 

fact that these reinforcing bars do not exhibit conventional corrosion, similar to that of 

steel reinforcement. As such, these bars are becoming a potential substitute for steel 

reinforcement, conceivably eliminating or reducing the safety and serviceability issues 

associated with corrosion of steel reinforcement. 
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It is well known that polymers absorb moisture and the polymer matrix softens as 

a result of this moisture absorption (Trejo et al. 2000). Because the pore humidity in 

concrete seldom drops below 72 percent (Pyé 1998), GFRP bars are continually exposed 

to a moist environment. Beginning with the onset of hydration, concrete exhibits a high 

pH (Mindess and Young 1981), usually between 12 and 12.5 (in the absence of 

carbonation). In addition, glass fibers have been reported to deteriorate in alkaline 

environments (Tannous and Saadatmanesh 1999). As a result, the mechanical 

characteristics of GFRP bars embedded in concrete would be expected to change over 

time, since concrete is a moist environment with a high pH solution. Although the 

fundamental reason for implementing the use of FRP bars has been to eliminate 

conventional steel reinforcement deterioration due to corrosion, FRP bars, especially 

GFRP bars, could exhibit significant loss of tensile strength. 

 

Katsuki and Uomoto (1995) found that the residual tensile strength of GFRP bars 

after exposure to alkaline solutions could be predicted based on the hypothesis that 

GFRP bars degrade due to the attack on the glass fibers by alkalis present in the concrete 

pore solution that diffuses into the bar. They observed and measured the depth of 

penetration of the alkaline solution into the bars with an Electron Probe Microscope 

Analyzer, and proposed the use of the following expression to compute the depth of 

penetration: 

Dctx 2=      (8) 

where x, D, c, and t, as reported by the authors, indicate depth from the surface of the bar 

(cm), diffusion coefficient of the FRP bar for the concrete pore solution (cm2 h-1), 

alkaline concentration (mol/l), and time (h), respectively. The authors stated that the 

above expression was obtained using Fick’s first law. However, rearranging Equation 8, 

it can be shown that the concentration is a function of time and of the penetration 

distance to the second power. Thus, the authors did not use Fick’s first law of diffusion 

to model the penetration of the concrete pore solution into the GFRP bar. The authors 

assumed the alkali-penetrated area of the bar could be modeled as a ring. To predict the 
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residual tensile strength, the authors assumed the ring-like alkali-penetrated area to have 

no strength and the core of the bar to have the original strength. As a result, the authors 

obtained the following expression for the computation of the residual tensile strength: 
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where the terms are as described earlier and σt, σo, and Ro are the tensile strength at any 

given age (MPa), the tensile strength before exposure (MPa), and the bar radius (cm), 

respectively. Katsuki and Uomoto (1995) exposed GFRP bars to a 39,006 ppm aqueous 

solution of NaOH at 104 °F. The diffusion coefficient computed was 2.8×10-6 cm2/h. 

The authors appear to have obtained good agreement between the predicted residual 

tensile strength and the measured strength. Since the degradation study was based on 

specimens exposed to high temperature, it is not clear whether the results from such 

accelerated exposure conditions would be applicable to normal concrete exposure 

conditions. 

 

Gurtin and Yatomi (1979) proposed a two-phase diffusion model to predict the 

moisture absorption of composite materials. However, for classical non-steady-state 

diffusion (Fick’s second law), the diffusion coefficient is independent of the length of 

the specimen. As such, because the model proposed by Gurtin and Yatomi depends on 

the length of the specimen, the validity of the model is questionable. 

 

Carter and Kibler (1978) proposed another diffusion model. Their model fits 

experimental data well for specimens 0.038 inch thick made with a specific resin (type 

5208). The authors stated that their model could be applied to other composites although 

they conducted their tests on only one type of epoxy resin. 

 

Although polymers are heterogeneous materials, Dejke (2001) carried out 

moisture absorption tests on GFRP bars and used Fick’s second law of diffusion to 

model the moisture absorption of the bars. However, the author did not verify whether 
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the model was applicable to FRP bars, probably because the author used a solution of 

Fick’s second law of diffusion that yields concentration as a function of penetrated 

distance and time, and could not correlate that with the weight gain measurements from 

the experimental program, since a method to measure the concentration at different 

depths has not yet been developed. Dejke (2001) also developed a service life prediction 

model; however, the author compared the model predictions of residual strength of 

GFRP bars with results from another model and not with actual test results. 

 

In another study, Tannous and Saadatmanesh (1999) found that the strength of 

GFRP bars degraded and the modulus of elasticity increased over six months of 

exposure to different environments. The authors recorded the moisture absorption of 

GFRP bars with 0.375-inch and 0.75-inch diameters. The researchers used the models by 

Gurtin and Yatomi (1979) and Carter and Kibler (1978), among others, to develop one- 

and two-phase diffusion models. The researchers conducted moisture absorption tests for 

a period of 417 days. The researchers’ moisture absorption models agree reasonably well 

with the initial portion of the moisture absorption curves that they recorded from the test 

data. However, the predicted moisture absorption curves depart from the actual data at 

26 days for one specimen and at 150 days for the other three specimens studied. As 

indicated by the authors, the models used to predict moisture absorption become invalid 

when the predictions and the measured data depart. Although none of the specimens 

reached complete saturation when the test was stopped, the highest recorded weight 

moisture absorption was approximately 100, 425, 240, and 200 percent of the maximum 

moisture absorbed predicted by the models for 0.375-inch diameter glass-polyester bar, 

0.375-inch diameter glass-vinylester bar, 0.75-inch diameter glass-polyester bar, and 

0.75-inch diameter glass-vinylester bar, respectively. Tannous and Saadatmanesh (1999) 

used the moisture absorption data to find a diffusion coefficient and the model proposed 

by Katsuki and Uomoto (1995) to predict the residual tensile strength of the GFRP bars. 

The authors’ predictions were between 8 percent below and 15 percent above the 

measured ultimate strength of the GFRP bars exposed for six months. The good 



 

   11

agreement between the predicted and measured tensile strength losses may result from 

the good agreement between the moisture absorption models and the moisture absorption 

test results up to approximately 150 days. The bars used in the tension tests were 

exposed for only six months. The model used by the authors to make residual tensile 

strength predictions may not be valid for exposure periods longer than six months, due to 

the large discrepancies between the measured and predicted moisture absorption data 

after 150 days. 

 

The present literature demonstrates the need to conduct tension tests and 

moisture absorption tests on GFRP bars exposed over longer periods of time in order to 

gain confidence in making long-term predictions. A model that relates results from 

tensile strength degradation of GFRP bars to the moisture absorption that takes place in 

the bars is required to improve existing models for the prediction of the rate of change of 

the mechanical properties of the bars. To fill this gap, the authors implemented a study to 

evaluate the influence of six-month and one-year exposure periods on the mechanical 

properties of GFRP bars. Tension tests were performed at the end of these exposure 

times. Moisture absorption tests on GFRP bars also were performed until the bars were 

near saturation. 

 

In addition to possible degradation of GFRP bars exposed to concrete pore 

solution, there is concern in the design community that GFRP bars may be damaged by 

construction equipment and regular construction practices. Deitz (1998) made an 

assessment of the constructability of bridge decks with GFRP bars and concluded that 

construction tools such as shovels and vibrators could scratch the surface of the bars, but 

that no major damage was observed. Nonetheless, Deitz (1998) pointed out that the 

scratches could lead to long-term deterioration. Thus, there is also a need for degradation 

tests to be conducted on “damaged” GFRP bars exposed to simulated concrete pore 

solution. To address this issue, the authors of this project notched GFRP and exposed 

them to a simulated concrete pore solution. The bars were then tested, and the moduli of 
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elasticity and tensile strengths were measured after exposure to evaluate any changes in 

mechanical properties. 

 

ISSUE II. DIRECT SHEAR STRENGTH OF GFRP BARS 

 
GFRP bars could be subjected to direct shear when used to reinforce concrete 

elements that are connected by a construction joint crossed by the reinforcement. GFRP 

bars have been proposed to reinforce bridge barriers and their connection to concrete 

decks. It is typical in the construction of bridge decks to cast the deck prior to casting the 

barrier, leaving the connecting bars to the barrier protruding from the concrete. The 

reinforcement for the barrier is later tied and finished and the barrier concrete cast. 

GFRP bars connecting the barrier and the deck across this construction joint could be 

subjected to a combination of tension and direct shear in the case of a vehicle impact. 

GFRP dowel bars that connect a bridge deck to the concrete pavement are another 

example where GFRP bars can be subjected to direct shear. Nevertheless, limited 

information exists on the shear strength of GFRP bars and on the deterioration of the 

direct shear strength of GFRP bars exposed to concrete environments. Ueda et al. (1995) 

conducted shear tests on aramid FRP bars subjected simultaneously to tension and shear 

and developed failure envelopes. Dejke (2001) evaluated the interlaminar shear strength 

of FRP bars by testing them in three-point bending after exposure to neutral, alkaline, 

and concrete environments at room and high temperatures for up to 421 days. Dejke 

found the largest interlaminar shear strength reductions ranged from approximately 20 to 

80 percent for specimens exposed to alkaline and concrete environments at 140 °F for 

approximately 390 days. Up to 82 percent reductions in interlaminar shear strength were 

reported for specimens exposed to alkaline solution and concrete for exposure to 68 °F 

for approximately 390 days. 
 

Structural elements without shear reinforcement such as bridge decks or slabs are 

other applications where GFRP bars may fail in direct shear or a combination of tension 

and direct shear. In an experimental study on the behavior of one-way concrete slabs 



 

   13

reinforced with FRP bars, Michaluk et al. (1998) conducted flexural tests. The 

researchers found that one of their specimens collapsed after shear rupture occurred on 

GFRP bars at a crack. Therefore, the direct shear strength of GFRP bars can be an 

important parameter to consider in design and requires further evaluation. 

 

Since limited test data on the degradation of the direct shear strength exists, this 

research focused on testing and evaluating the direct shear strength of GFRP bars and 

determining the change in direct shear strength and direct shear stiffness as a function of 

exposure time to simulated concrete pore solutions. 

 

ISSUE III. CREEP-INDUCED DEFLECTIONS OF GFRP-REINFORCED 

CONCRETE ELEMENTS 

 
A reinforced concrete structure must be designed to meet strength and 

serviceability requirements. Strength requirements indicate that a structural member 

must be able to sustain the factored design loads. Regarding serviceability requirements, 

GFRP-reinforced concrete elements are required to develop small deformations under 

service (unfactored) loads to maintain the function of the structure, to limit damage to 

nonstructural elements, to give the users confidence in the structure, and to prevent the 

structural behavior from being different from that assumed (Park and Paulay 1975). 

GFRP bars have higher tensile strengths and lower tensile and shear stiffnesses than 

conventional steel reinforcing bars. As a result of the lower axial stiffness of the GFRP 

bars, GFRP-reinforced concrete members deform more than typical steel-reinforced 

concrete members. Consequently, the design of GFRP-reinforced concrete members is 

typically governed by serviceability requirements. Allowable deflections are thus 

common governing requirements for GFRP-reinforced concrete elements. Deflections of 

structures are of two types: immediate and long-term. The contribution of creep and 

shrinkage of concrete, as well as creep of GFRP bars account for the total long-term 

deflections. Based on the research of Brown (1997), Kage et al. (1995), and Vijay and 

GangaRao (1998), the current American Concrete Institute (ACI) 440 (2001) design 
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guidelines provided the following equation for the computation of the long-term 

deflections of FRP-reinforced concrete elements: 

( ) ( )susishcp Δ=Δ + ξ6.0      (10) 

where, 

Δ(cp+sh) = Additional deflection due to creep and shrinkage under sustained loads (mm, 

inch), 

(Δi)sus   = Immediate deflection due to sustained loads (service loads) (mm, inch), 

ξ          = Time-dependent factor for sustained load defined in the ACI 318 Building 

Code (2000). 

 

Equation 10 is believed to yield inaccurate predictions for GFRP-reinforced 

concrete elements under sustained load, as demonstrated by tests conducted by Kage et 

al. (1995) and by Brown (1997). Equation 10 does not consider the contribution of creep 

of FRP bars to the total deflection. Gere and Timoshenko (1990) define creep as the 

increase in length of a bar loaded with a constant force over time, beyond the initial 

(elastic) deformation. The original equation to compute long-term deflections of steel-

reinforced concrete members due to creep and shrinkage of the concrete alone was 

developed by Branson (1977). In Equation 10, the factor of 0.6 was likely proposed 

because this number fit data obtained from tests conducted by Brown (1997). However, 

creep and shrinkage deflections computed using the 0.6 factor overestimated the 

measured deflections for a carbon FRP-reinforced concrete beam by 350 percent, and by 

360 percent for a glass FRP-reinforced concrete beam after one year (Kage et al. 1995). 

Tests conducted by Brown (1997) showed that the deflections of one beam specimen 

were accurately predicted using Equation 10. However, the ACI 440 (2001) method for 

computing long-term deflections underestimated the six-month deflections of two other 

beam specimens by 24 percent. Summarizing, Equation 10 does not specifically account 

for the creep of FRP bars, and the factor of 0.6 may not be adequate to account for long-

term creep. 
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In an attempt to improve the methods available to predict deflections of FRP-

reinforced concrete elements due to creep, this project included tests to measure creep of 

FRP bars and proposes a new method for evaluating the strains and curvatures of FRP-

reinforced concrete elements, accounting for creep of FRP bars. The proposed method of 

analysis is derived from a method used in the prediction of deflections of prestressed 

concrete elements, where simplified methods similar to the one described above fail to 

provide accurate predictions (Gilbert and Mickleborough 1990). The ACI 440 (2001) 

method for predicting long-term deflections of FRP-reinforced concrete elements may 

be used to make order-of-magnitude estimates of long-term deflections. However, more 

accurate predictions of long-term deflections could be obtained by accounting for creep 

and shrinkage of concrete and creep of FRP bars. 

 

ISSUE IV. CRACKING OF GFRP-REINFORCED CONCRETE STRUCTURES 

 
The design of steel-reinforced concrete elements is sometimes governed by 

strength requirements. Concrete members with a given geometry reinforced with bars 

that have a lower elastic modulus than steel bars will deform more and develop wider 

cracks than concrete members with the same geometry reinforced with the same 

configuration and area of steel bars. For this reason, the design of GFRP-reinforced 

concrete elements is typically governed by serviceability requirements such as allowable 

maximum crack widths and allowable deflections. Maximum crack widths in steel-

reinforced concrete members have typically been limited in design codes to preserve 

visual appearance and because of reinforcement corrosion concerns (ACI 1996). 

Although the 1995 version of the ACI 318 code does not explicitly mention that crack 

width limits were chosen because of corrosion concerns, the corrosion concern is 

evidenced by the fact that different crack width limits are indicated for concrete elements 

subjected to interior exposure and exterior exposure (ACI 1996). As MacGregor (1992) 

points out, crack width has traditionally been related to corrosion of steel reinforcement. 

However, since the 1999 version of the ACI 318 code, the requirements for crack width 

limitations have been eliminated and no distinction is made between structural elements 
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subjected to interior or exterior exposure (ACI 2000). The crack width limitations were 

eliminated because the relationship between cracks and corrosion of steel reinforcement 

is controversial (ACI 2000). Nevertheless, the spacing of reinforcement requirement that 

replaced the crack width limitations in the 1999 version of the ACI 318 code still 

implicitly limits the surface crack widths. 

 

Maximum crack widths in FRP-reinforced concrete structures are implicitly 

limited in concrete building codes, such as the ACI 318 Building Code (1996), to 

maintain visual appearance, to reduce the possibility of deterioration of the 

reinforcement, and to limit stiffness reductions. No publication has been identified that 

links crack width to durability of GFRP bars. Schmuck and de Tourreil (2003) have 

reported that over 100 “brittle fractures” have occurred in composite bars used as 

insulators in distribution lines and transmission systems. Schmuck and de Tourreil 

(2003) reported that the hardener used for the impregnation of the glass fibers used to 

manufacture the bars could be transformed into an acid by moisture and degrade the 

glass fibers up to a point that causes brittle failure of the bars while in service. As such, 

GFRP bars exposed to moisture at a crack in a concrete element may degrade and 

rupture. Therefore, until the influence of maximum crack width on the deterioration of 

GFRP bars is studied and the mechanisms governing the deterioration of GFRP bars in 

concrete elements under service conditions are further explored, the maximum implicit 

crack width limit remains a useful design parameter for GFRP-reinforced concrete 

elements. 

 

In the current ACI 440 (2001) design guidelines, Equation 8-9b given for 

maximum crack width prediction is based on an equation developed by Gergely and 

Lutz (1973) for steel-reinforced concrete elements. ACI committee 440 (2001) adapted 

the Gergely and Lutz (1973) equation for FRP-reinforced concrete members. The ACI 

440 (2001) design guidelines recommended using the Gergely and Lutz (1973) equation 

after reviewing three investigations, one of which was conducted by Faza and GangaRao 
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(1993), another by Masmoudi et al. (1998), and a technical report by the civil 

engineering department of the University of Sherbrooke that could not be obtained by 

the authors. To better understand the topic, a basic description of the cracking 

phenomenon will be provided next, followed by an analysis of the investigations that led 

to Equation 8-9b reported in the ACI 440 (2001) design guidelines. 

 

When a reinforced concrete member is loaded in flexure, an internal couple will 

develop to balance the applied moment. The internal couple is the result of stresses 

developed by the concrete and the reinforcement. The concrete will develop compressive 

and tensile stresses. The reinforcement will develop tensile stresses, as well. However, 

the fraction of the tensile load taken by the reinforcement will be small compared to the 

load sustained by the concrete in tension. This behavior will continue until the applied 

moment causes tensile stresses in the concrete larger than the tensile strength of the 

concrete, and the concrete will crack. After cracking, almost all of the tensile force is 

transferred to the reinforcement at the cracked section. As the applied moment increases, 

the stresses in the reinforcement will continue to increase, and the crack will widen. If 

the applied moment is further increased, more cracks will develop, the stresses in the 

reinforcement will increase, and the width of the first crack will change. When several 

cracks develop in a reinforced concrete element, the widths of the cracks will be 

different at different load stages, and usually one of the cracks will be the widest. The 

widest crack at one load level may not be the widest at another load level. At a given 

load level, the widths of all of the cracks can be measured, the average crack width can 

be computed, and the maximum crack width identified. 

 

Gergely and Lutz (1973) proposed the following expression for estimating the 

most probable maximum crack width, Wmax, at a given reinforcement stress level on the 

bottom (tensile side) of a steel-reinforced concrete specimen: 

3
max 076.0 AdfW cs ⋅⋅= β     (11) 
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where, 

Wmax  = Maximum crack width (inch), 

β   = h2/h1, 

h1  = Distance from the centroid of the reinforcement to the neutral axis (inch), 

h2  = Distance from the extreme tension fiber to the neutral axis (inch), 

fs   = Stress in the reinforcement (ksi), 

dc  = Bottom cover measured from the center of lowest bar (inch), 

A   = Twice the difference between the total and effective depths multiplied by the 

width of the section (effective area of concrete surrounding the main 

reinforcement) divided by the number of bars (inch2). 

 

Gergely and Lutz (1973) conducted a statistical evaluation of the results of five 

different investigations on crack width. As reported by Gergely and Lutz (1973), the 

maximum crack width measured at a certain stress level is considered statistically as an 

observation. The researchers evaluated 24 different possible equations to be used to 

predict the maximum bottom crack width. The investigators concluded that the most 

relevant parameters influencing maximum crack width were the reinforcement stresses, 

the concrete cover, the effective area of concrete surrounding the reinforcement, and the 

number of bars. The reinforcement stress was deemed the most important variable by the 

researchers. The investigators identified scatter in the data such that approximately two-

thirds of the maximum crack widths were within 25 percent of the most probable value. 

The researchers also found that perfect correlation could not be obtained even for a 

single beam using fs or any other variable. 

  

The research conducted by Faza and GangaRao (1993) was one of the 

investigations reviewed by the ACI 440 (2001) guidelines before proposing Equation 8-

9b. Faza and GangaRao (1993) proposed to use the following equation to predict 

maximum flexural crack width in a beam:  
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where, 

Wmax = Maximum crack width (inch), 

  ′ f t  = 7.5 (  ′ f c )1/2, 

  ′ f c     = Compressive strength of concrete (psi), 

ff       = Maximum FRP bar stress at service load level (ksi), 

Ef      = Modulus of elasticity of FRP bar (ksi), 

μm     = Maximum bond stress (psi), 

D      = Bar diameter (inch), 

A      = Twice the difference between the total and effective depths multiplied by the 

width of the section (effective area of concrete surrounding the main 

reinforcement) divided by the number of bars (inch2). 

  

The expression proposed by Faza and GangaRao (1993) was derived from an 

equation used to compute average crack spacing developed by Watstein and Bresler 

(1974). Although the equation proposed by Faza and GangaRao (1993) is based on an 

average crack width expression, Faza and GangaRao reported their equation to predict 

maximum crack widths. Equation 12 tends to predict larger crack widths than the crack 

widths predicted with Equation 11. This can be seen in Figure 1, which is a plot of the 

values reported in Table 2 of the study conducted by Faza and GangaRao. As mentioned 

by Gergely and Lutz (1973), concrete cover is one of the important variables to predict 

maximum crack width. Unfortunately, the information provided by Faza and GangaRao 

is limited and neither the specimens’ dimensions nor the concrete cover were reported. 

Since the number of observations is limited and because crack width behavior usually 

exhibits large scatter, it would be difficult to determine whether the equation proposed 

by Faza and GangaRao reliably predicts maximum crack widths for specimens with 

different concrete covers. A larger number of observations are required to gain 
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confidence in the accuracy of the proposed expression to compute maximum crack 

widths in FRP-reinforced concrete members. 
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Figure 1.  Test Data, Faza and GangaRao Equation, and ACI 440 Equation. 

 

 

Masmoudi et al. (1998) tested 12 GFRP-reinforced concrete beams. All of the 

beams were reinforced with 0.5-inch diameter bars. The specimens were made in groups 

with three different reinforcement ratios, namely: 0.5, 0.7, and 1.07 percent. All of the 

specimens had a clear concrete cover of 1.18 inches. The authors found good 

“correlation” between predictions made with the Gergely and Lutz (1973) expression 

and a European equation. However, only a visual comparison between the results of two 

of the 12 specimens and the equations mentioned was made, with no quantitative 

analysis. It would have been quite useful to have the data obtained from all of the 

specimens compared with the theoretical predictions. Measurement of a data set of 21 

bridge decks by Weyers et al. (2003) showed an average cover depth of 2.56 inches and 

a standard deviation of 0.36 inch. An additional data set of 31 bridge decks showed an 

average cover depth of 2.6 inches and a standard deviation of 0.38 inch. The measured 

cover depths result from a requirement by the AASHTO Specifications (1998) that deck 
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slabs exposed to deicing salts have a cover depth of not less than 2.5 inches. Thus, it is 

common to find concrete covers larger than 2.5 inches in bridge decks. However, the 

study conducted by Masmoudi et al. (1998) was limited to a concrete cover of 1.18 

inches, and it is, therefore, necessary to verify the applicability of the Gergely and Lutz 

expression for GFRP-reinforced concrete elements with concrete covers of 2.5 inches or 

larger. 

 

Limited information is available from maximum crack width tests on FRP-

reinforced concrete elements. Correlation between maximum crack width data and the 

equations given by the ACI 440 (2001) design guidelines and by Faza and GangaRao 

(1993) have not been validated. This investigation will fill that gap by conducting tests 

that evaluate the cracking behavior of FRP-reinforced concrete elements with different 

concrete covers. The test sample configuration will be similar to typical bridge decks 

built in Texas, such as the Sierrita de la Cruz Creek Bridge deck built in Amarillo, 

Texas. In addition, this research will provide a correlation between the observed data and 

the different equations proposed. 

 

ISSUE V. DEFLECTIONS OF GFRP-REINFORCED CONCRETE ELEMENTS 

DUE TO CYCLIC LOADING 

 
The low modulus of elasticity of GFRP bars compared to steel reinforcement 

typically results in either allowable maximum crack widths or allowable deflections 

being the governing design criterion for GFRP-reinforced concrete elements. 

 

Iwamoto et al. (1993) carried out cyclic loading tests on concrete beams 

prestressed with aramid FRP bars. Deflections in some beams doubled and in others 

increased five times after approximately 1.5 million cycles. Benmokrane et al. (1999) 

subjected a concrete slab reinforced with carbon FRP mesh to 4 million cycles of 

loading, and the slab showed an increase in deflection of 44 percent from the initial 

deflection. 
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The research conducted by Iwamoto et al. (1993) and Benmokrane et al. (1999) 

was limited and did not account for the effects of bar size, bar texture, and concrete 

cover. Equations have not been developed to predict deflections due to cyclic loading. 

Current ACI 440 (2001) design guidelines do not account for deflections due to repeated 

loading, perhaps because few cyclic loading studies have been made. 

 

The research conducted by Iwamoto et al. (1993) and Benmokrane et al. (1999) 

indicates that deflections of FRP-reinforced concrete members due to cyclic loading can 

be significant and should be accounted for in design. The research studies mentioned 

were carried out on specimens made with prestressed aramid FRP bars and a slab 

reinforced with non-prestressed carbon FRP mesh. It is necessary to conduct cyclic load 

tests on non-prestressed specimens made with GFRP bars due to the limited availability 

of test data. It has not been reported how bar size, concrete cover, and surface finish of 

the bar influence the deflections of FRP-reinforced concrete elements due to cyclic 

loading. To address these issues, concrete beams were tested by the authors in cyclic 

loading, and the test results were used to develop an expression to predict deflections 

due to cyclic loading. As shown by Iwamoto et al. (1993) and Benmokrane et al. (1999), 
deflections of FRP-reinforced concrete members due to cyclic loading can be significant 

and should be accounted for in the prediction of long-term deflections. 

 

ISSUE VI. DEGRADATION OF BOND BETWEEN GFRP BARS AND 

CONCRETE 

 
A number of studies have been made to characterize the bond strength and 

behavior of FRP bars in concrete (Trejo et al. 2000). However, only a few studies have 

been performed to evaluate the changes in bond properties over time. Mashima and 

Iwamoto (1993) concluded that freeze-thaw cycles do not significantly degrade the bond 

strength of FRP bars. Al-Dulaijan et al. (1996) found considerable reduction in bond 

strength of FRP bars immersed in an alkaline solution for 28 days. 
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Bond is important to maintain the integrity of a reinforced concrete structure. 

Excessive bond degradation could cause slippage in the development length region of 

FRP bars and the eventual collapse of a structural element. As such, it is necessary to 

carry out longer-term studies to evaluate the bond performance of GFRP bars to judge 

whether bond failure due to degradation could be an issue at later ages for FRP-

reinforced concrete elements. The following expression given by ACI committee 440 

(2001) to compute the development length of FRP bars has not been verified for long-

term exposure of FRP bars embedded in concrete (ACI 2001):  

2700
fub

bf

fd
l =       (13) 

where, 

lbf = Development length of an FRP bar (inch), 

db = Bar diameter (inch), 

ffu = Tensile strength of FRP bar considering reductions for service environment (psi). 

 

To address the possible issue of long-term bond degradation, this project will 

investigate the degradation of bond strength of GFRP bars embedded in concrete beams 

exposed to high relative humidity for a period of 16 months. 

 

ISSUE VII. CRACKING OF GFRP-REINFORCED CONCRETE ELEMENTS 

DUE TO THERMAL EXPANSION 

 
Another concern with FRP bars arises from the fact that the transverse coefficient 

of thermal expansion of the bars ranges from four to nine times that of concrete (Gentry 

and Husain 1999). Several researchers have performed theoretical and experimental 

studies. Aiello (1999) performed analytical and experimental studies, and provided an 

analytical solution to predict the maximum temperature rise that can be sustained by the 

concrete before cracking for a given ratio between the coefficient of thermal expansion 

(CTE) of the FRP bar and the CTE of the concrete, and for a given bar diameter and 
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concrete cover. Although the author did not specify the reference temperature with 

respect to which the temperature rise should be measured, the model predicts that the 

minimum allowable concrete cover increases as the ratio of the CTE of the FRP bar to 

the CTE of the concrete increases. The experimental study was limited to 0.375-inch 

diameter aramid FRP bars with concrete covers varying from 0.375 inch to 0.89-inch 

and the tests were carried out in specimens 3.94 inches deep by 5.91 inches wide by 39.4 

inches long. The author did not indicate the setting temperature of the concrete 

specimens built and did not indicate the reference temperature against which a 

temperature rise was measured. The analytical predictions showed good agreement with 

the experimental results in predicting the temperature increase required for cracking of 

the concrete to occur for values of concrete cover to diameter ratios of 1.0, 1.19, and 

1.25. However, for larger values of the cover to diameter ratios, such as 1.67, 2.0, and 

2.27, the agreement was poor. Another limitation of the research is that the authors used 

aramid FRP bars only. Aramid FRP bars are polymeric fibers and, thus, have a larger 

coefficient of thermal expansion in the transverse direction than glass fibers. 

 

Gentry and Husain (1999) developed an analytical solution for a cylindrical bar 

confined by a cylinder of concrete. The solution provided by Gentry and Husain (1999) 

predicts that the concrete surrounding the bar will crack for 0.5-inch and 0.75-inch 

diameter bars for a temperature rise of 72 ºF regardless of concrete cover. An obvious 

limitation of the model developed by the researchers arises from the fact that it predicts 

the concrete to crack for a given temperature and for any concrete cover size. 

Additionally, for ease of computation, the researchers utilized a model consisting of an 

FRP bar placed concentrically in a concrete cylinder. The boundary conditions in typical 

reinforced concrete structures differ significantly from those assumed.  

 

Rahman et al. (1995) proposed an analytical solution to compute the stresses in a 

cylinder of concrete with an FRP bar in its center. The researchers analyzed the thermal 

behavior of carbon and carbon-glass FRP bars embedded in a concrete cylinder. The 
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authors assumed square bars to be cylindrical. The model predicted the concrete cylinder 

surrounding the FRP bars with a compressive strength of 5075 psi to crack for a 0.31- 

inch diameter bar and a concrete cover of 0.75 inch for a temperature increase of 54 ºF. 

The reference temperature considered by the authors was 68 ºF. A limitation of the 

model considered by the researchers is the assumption that a concrete cylinder would 

concentrically enclose the FRP bar. This boundary condition differs considerably from 

the boundary conditions encountered in real structural elements. The authors did not 

verify their theoretical predictions with experiments. 

  

Due to the lack of realistic models, engineers designing GFRP-reinforced 

concrete structures are still not sure of temperature limits that result in cracking caused 

by the large transverse coefficient of thermal expansion of these bars (Gisiner and 

Bradberry 2003). This project will provide more realistic test data by studying the 

behavior of concrete slabs under high temperature changes for a typical bridge deck and 

common concrete covers. The test specimens for this project are 8 inch deep by 12 inch 

wide by 60 inch long concrete bridge deck sections reinforced with 0.75-inch diameter 

bars with covers of 1, 2, and 3 inches. The tests carried out in this project will provide a 

lower-bound value for safe concrete covers to be used in concrete structures reinforced 

with 0.75-inch diameter or smaller GFRP bars. 
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III. MATERIALS, EXPERIMENTAL PROGRAM, AND TEST 

PROCEDURES 
 

As indicated in Section II, several experiments are required to address the many 

issues associated with using FRP bars in concrete. This section will describe the materials 

used in the experiments. The experimental program used to evaluate the characteristics of 

the materials, including tensile properties, moisture absorption properties, direct shear 

strength properties, creep properties, cracking behavior of GFRP-reinforced concrete 

slabs, response of GFRP-reinforced concrete beams to cyclic loading, bond properties, 

and thermal expansion of GFRP-reinforced concrete slabs will be described in this 

section as well. Finally, this section will describe the test procedures followed to perform 

all of the necessary tests. 

 

MATERIALS 

 
The main materials used in this research were GFRP bars and concrete. 

 

GFRP Reinforcing Bars 

GFRP bars with diameters of 0.5 inch, 0.625 inch, and 0.75 inch provided by 

three different manufacturers were used in the experiments. The bars contained 

approximately 70 percent unidirectional glass fibers by volume and 30 percent resin. 

Three different bar types, representing three manufacturers, were evaluated. The bars are 

identified as bar P, V1, and V2, and were manufactured by Marshall Industries, Hughes 

Brothers, and Pultrall, respectively. 

 

As indicated by Schaefer (2002), bar type P is made with polyethylene 

terephthalate (PET) polyester matrix and E-glass fibers. The manufacturer did not report 

either the chemical composition of the bar nor the type of filler material used in the resin 

matrix. Bar type P has a noncircular cross section due to the impression of surface lugs.  
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The surface of bar type P was finished with lugs and had no sand coating. Figures 2 and 3 

show the surface and cross section of each bar type (modified from Schaefer [2002]). 

 

Bar type V1 contains E-glass fibers embedded in a vinyl ester resin (Schaefer 

2002). Bar type V1 is made with external helical fiber wrapping with an average spacing 

of 1.04 inches. The surface of the bar is coated with fine sand. Figures 2 and 3 (modified 

from Schaefer [2002]) show the surface and cross section of this bar type. 

 

Bar type V2 is composed of E-glass fibers embedded in a vinyl ester resin 

(Schaefer 2002). Bar type V2 has a circular cross section and is coated with coarse sand. 

Figures 2 and 3 (modified from Schaefer [2002]) show the surface and cross section of 

this bar type. 

 

 

 
Figure 2.   Surface of GFRP Bar Types P1, V1, and V2 (Modified from Schaefer [2002]). 

 

 

Bar P Bar V1 Bar V2 
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Figure 3.   Cross Section of GFRP Bar Types P, V1, and V2 (Modified from Schaefer [2002]).  

 

 

Schaefer (2002) conducted an examination of the bars under a scanning electron 

microscope (SEM). The SEM observations indicated that the thickness of the resin 

around the circumference of all three bar types was non-uniform. A layer of resin that 

protects the fibers is present on most of the surface of the bars and is more prevalent on 

one side. This occurs because the uncured resin made by pultrusion flows downward due 

to gravity before entering the heated die and setting. As such, portions of the bar where 

the glass fibers are exposed can be found.  None of the bar types exhibited a uniform 

resin matrix cover over the glass fibers.  Figure 4 (modified from Schaefer [2002]) 

illustrates how some glass fibers are exposed on the surface of a bar. Figure 5 (modified 

from Schaefer [2002]) shows the same type of bar where a rich resin layer covers the 

fibers. 

 

Bar P Bar V1 Bar V2
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Figure  4.   SEM Photograph of the Surface of a V1 Bar (Modified from Schaefer [2002]).  

 

 

 

Figure 5.   SEM Photograph of the Surface of a V1 Bar (Modified from Schaefer [2002]).  

 
 

Surface of bar Glass fiber

Surface of bar Resin 

Sand grain 

Resin 

Void Glass fibers 



 

   31

It is necessary to determine the area of the bars to compute engineering stresses in 

the reinforcement. Since the surface of the bars are irregular, the cross-sectional area of 

the bars was measured by immersing the samples in water. Water was placed in a 

graduated measuring cylinder; then the FRP bar was introduced in the cylinder, and the 

displaced volume was measured. To obtain the average cross-sectional area, the volume 

was divided by the measured bar length. The computed area and diameter of the bars are 

indicated in Table 1. 

 

 

Table 1.  Measured Area and Diameter of Bars. 

Bar type Nominal diameter 
(in.) Bar Avg. area (in.2) Avg. diameter 

(in.) 
1 0.750 
2 

0.44 0.751 

1 0.625 
2 

0.34 0.661 

1 

P 

0.500 
2 

0.20 0.508 

1 0.750 
2 

0.43 0.743 

1 0.625 
2 

0.33 0.651 

1 

V1 

0.500 
2 

0.20 0.503 

1 0.750 
2 

0.47 0.775 

1 0.625 
2 

0.34 0.660 

1 

V2 

0.500 
2 

0.21 0.520 

 

 

Concrete 

The specimens used in the different tests were made with a TxDOT class “S” 

concrete. The design 28-day compressive strength was 4000 psi, and the target 
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water/cement ratio was 0.35. The design mix contained the following proportions per 

cubic yard:  
 

• 1895 lb. of limestone with maximum size of 1 inch; 
• 1180 lb. of sand, 488 lb. of TxDOT type-1-3 aggregate; 
• 116 lb. of Type C fly ash, 210 lb. of water; 
• 4 fl. oz. of air entraining (type AE90); 
• 24 fl. oz. of superplasticizer; and  
• 603 lb. of cement.  

 

The target concrete slump was 5 inches. The compressive strength of the concrete 

cylinders was measured at 14 days, 28 days, 56 days, and on test dates following ASTM 

C 39-96 (1998). The specimens were cast on five different dates. The results of the 

concrete compressive strengths at 7, 28, and 56 days are shown in Figure 6 and 

summarized in Table 2. 

 
Materials Used in the Cracking of Concrete Slabs Test 

 GFRP bars, 0.75 and 0.625 inch in diameter, were used to reinforce the slabs. 

Concrete from casts 1, 3, and 4 was used to make the slabs. The compressive strength of 

the concrete cylinders corresponding to the day of the test is indicated in Table 3.  
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Figure 6.  Average Concrete Compressive Strengths at 7, 28, and 56 Days.
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Table 2.  Concrete Compressive Strengths. 

Compressive strength cast 1, slump 5.5 in. 
Cylinder number 7 days              

(psi) 
28 days             

(psi) 
56 days             

(psi) 
1 5728 5505 7383 
2 4757 5807 8019 
3 5322 3850 7940 

Average 5269 5054 7780 
Compressive strength cast 2, slump 4.5 in. 

Cylinder number 7 days              
(psi) 

28 days             
(psi) 

56 days             
(psi) 

1 3397 5569 5235 
2 4344 2912 5171 
3 3882 4288 5322 

Average 3874 4256 5243 
Compressive strength cast 3, slump 5 in. 

Cylinder number 7 days              
(psi) 

28 days             
(psi) 

56 days             
(psi) 

1 5871 6698 7208 
2 5927 5418 7669 
3 3763 5855 4789 

Average 5187 5990 6555 
Compressive strength cast 4, slump 5.5 in. 

Cylinder number 7 days              
(psi) 

28 days             
(psi) 

56 days             
(psi) 

1 3771 4479 5187 
2 4097 5147 6197 
3 3683 4439 5203 

Average 3850 4688 5529 
Compressive strength cast 5, slump 5 in. 

Cylinder number 7 days              
(psi) 

28 days             
(psi) 

56 days             
(psi) 

1 4360 5107 5394 
2 4924 5012 5975 
3 4940 5155 5632 

Average 4741 5091 5667 
 
 



 

   34

Table 3.  Concrete Compressive Strengths on Test Date for Cracking Slabs. 

Compressive strength cast 1, slump 5.5 in. 
Cylinder number 274 days                               

(psi) 
1 9208 
2 7086 
3 7796 
4 8090 
5 8476 
6 7663 

Average 8053 
Compressive strength cast 3, slump 5 in. 

Cylinder number 270 days                               
(psi) 

1 7438 
2 9098 
3 8984 
4 7937 
5 8258 
6 8547 

Average 8377 
Compressive strength cast 4, slump 5.5 in. 

Cylinder number 249 days                               
(psi) 

1 5415 
2 6749 
3 6129 

Average 6098 
 

 

Materials Used in the Cyclic Loading of Concrete Beams Test 

 GFRP bars, 0.5 and 0.75 inch in diameter, were used to reinforce the beam 

specimens. The beams were made with the TxDOT class “S” concrete. Concrete from 

casts 2, 3, 4, and 5 was used to make the beams. The compressive strength of the concrete 

cylinders corresponding to the day of the test is shown in Table 4.  
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Table 4.  Concrete Compressive Strengths on Test Date for Beams. 

Compressive strength cast 2, slump 4.5 in. 
Cylinder number 365 days                               

(psi) 
1 6254 
2 6202 
3 6240 

Average 6232 
Compressive strength cast 3, slump 5 in. 

Cylinder number 270 days                               
(psi) 

1 8572 
2 8228 
3 8840 

Average 8546 
Compressive strength cast 4, slump  5.5 in. 

Cylinder number 319 days                               
(psi) 

1 6186 
2 6356 
3 6715 

Average 6419 
Compressive strength cast 5, slump 5 in. 

Cylinder number 292 days                               
(psi) 

1 5810 
2 6790 
3 6643 

Average 6414 
 

 

Materials Used in the Bond Test 

 GFRP bars 0.5 and 0.625 inch in diameter were embedded in the concrete beams. 

The bond specimens were made with the TxDOT class “S” concrete. Concrete from casts 

2 and 5 was used to make the bond specimens. The compressive strength of the concrete 

cylinders corresponding to the day of the test is the same as that indicated in Table 4 for 

casts 2 and 5. 
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Materials Used in the Thermal Expansion of Concrete Slabs Test 

 A thermal expansion test was performed on GFRP bars embedded in concrete 

slabs. The bars used had a diameter of 0.75 inch, and the slabs were made with the 

TxDOT class “S” concrete. Concrete from cast 1 was used to make the thermal expansion 

slabs. The compressive and tensile strength of the concrete was evaluated on the test date, 

following ASTM C 39-96 (1998) and ASTM C 496-96 (1998), respectively. The results 

of the concrete compressive and tensile strengths evaluated on the day of the test are 

shown in Table 5. 

 

 

Table 5.  Concrete Compressive and Tensile Strengths. 

Compressive strength cast 1, 
slump 5.5 in. Tensile strength 

Cylinder number 372 days                  
(psi) 

372 days                  
(psi) 

1 8122 659 
2 8267 410 
3 7687 733 

Average 8025 601 
 

 

EXPERIMENTAL PROGRAM 

 
The objectives of the experimental program are to address each of the issues 

described in Section II. Several tests need to be conducted to address these issues. The 

tests to be conducted are the following: 

 
• tension test of GFRP bars, 
• moisture absorption test of GFRP bars, 
• direct shear strength of GFRP bars, 
• creep test of GFRP bars, 
• cracking of GFRP-reinforced concrete slabs, 
• cyclic loading of GFRP-reinforced concrete beams, 
• bond between GFRP bars and concrete, and  
• thermal expansion of GFRP-reinforced concrete slabs. 



 

   37

 In this section, the objective of each test will be stated, the test will be discussed, 

the equipment and instrumentation required for the test will be described, and the 

procedures followed to fabricate, condition, and test the specimens will be described. 

 

Tension Test 

Test Objective 

Tension tests on environmentally conditioned GFRP bars simulating exposure to 

concrete environments are necessary to evaluate the change of tensile strength and 

modulus of elasticity of the bars with exposure time. The results of the tests are necessary 

to predict, using degradation models, the residual tensile strength of GFRP bars over 

time. In this investigation, the influence of temperature, solution pH, moisture, bar 

composition, and time on the change of tensile strength and Young’s modulus of GFRP 

bars over time will be evaluated.  

 

Since GFRP bars are relatively new materials in the civil engineering market, the 

degradation of their tensile properties is a concern in the design community, as evidenced 

in the high strength reduction factors suggested by ACI 440 design guidelines (ACI 

2001). Glass fibers corrode by either etching or leaching (Adams 1984). Etching is 

characterized by alkaline attack and leaching by acid attack (Adams 1984). As indicated 

by Paul (1982), the pH and the nature of the attacking solution are the factors that govern 

the chemical durability of glasses. All silicate glasses become especially susceptible to 

decomposition when in contact with a solution with pH values higher than approximately 

9 or 10 (Paul 1982). Vitreous silica will be attacked at a pH of 10 or higher. Thus, the 

glass fibers used in GFRP bars may be susceptible to corrosion when the high pH 

concrete pore solution diffuses through the GFRP bar. This condition can result in tensile 

strength degradation of the GFRP bars. However, since the rate of glass degradation is 

not known, simulated exposure tests are required to estimate the tensile strength 

degradation of GFRP bars used to reinforce concrete elements. 
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Test Description 

GFRP bar specimens, 41 inches long, were cut from 0.625 inch diameter, 20 ft 

long, bars for all three bar types. Five bars from each manufacturer were tested as 

received at room temperature. Sets of five bars from each manufacturer were placed into 

two exposure conditions: distilled water and a solution with a pH of 12. Each set of 

specimens was exposed to three different temperatures for periods of six months and one 

year as indicated in Table 6. Because temperature can influence the migration of ions, 

elements, or compounds into a material, the samples were tested at different 

temperatures.  After exposure, the bars were allowed to air dry for two days and then 

tested at room temperature. A total of 65 bars from each manufacturer were tested. 

Schaefer (2002) conducted the exposure and testing of all of the specimens. 

 

 

Table 6.  Number of Tension Test Specimens. 

26 weeks 50 weeks 
pH Bar type 

No exposure     
(control 

specimens) 
Temperature 

7 12 7 12 

Low (52 oF) 5 5 5 5 
Room (70 oF) 5 5 5 5 P 5 
High (95 oF) 5 5 5 5 
Low (52 oF) 5 5 5 5 

Room (70 oF) 5 5 5 5 V1 5 
High (95 oF) 5 5 5 5 
Low (52 oF) 5 5 5 5 

Room (70 oF) 5 5 5 5 V2 5 
High (95 oF) 5 5 5 5 

 
 

 

Plastic containers were utilized to expose the bars in the solutions. Only the 

middle 16-inch portion of the bar was exposed to the solution. Only a portion of the bar 

was exposed to the solution to avoid a potential loss of bond between the bars and the 
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pipes grouted on the bar ends during testing. A solution with a pH of approximately 12 

was used in the containers to simulate the alkalinity of the concrete pore solution. The 

high pH was obtained by adding 0.055 lb. of calcium hydroxide to 3.96 gallons of 

distilled water. The pH of the solution was monitored every two weeks and adjusted as 

needed to keep it close to the target pH value of 12. Figure 7 shows the exposure setup. 

 

 

 

Figure 7.   Setup for Exposure of GFRP Bars. 

 

 

The average temperature of the specimens stored at room temperature was 70 °F. 

The average temperatures in the hot and cold rooms were 95 °F and 51 °F, respectively. 

Daily readings of the temperature were recorded. 
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Test Equipment and Instrumentation 

A 110 kip MTS load frame loaded the specimens. The frame components 

included an MTS 410 function generator, an MTS 442 controller, and an MTS 413 

master control panel. The load accuracy of the load cell was 0.05 kips. The 1994 version 

of the Labtech NotebookPro® software was used to collect the data.  

 

An MTS extensometer was used to measure the strain on the bar during the 

tension test.  The extensometer had a gage length of 1 inch, a range of ± 0.15 inch, and an 

accuracy of 0.125 percent. 

In addition to the extensometer, CEA-06-250UW-350 strain gages from Micro-

Measurements® were attached to the bar sides as illustrated in Figure 8, to form a quarter 

bridge and measure the strain in the bars. 

 

 

 

Figure 8.  Strain Gage Attached to Surface of FRP Bar. 

 

 

Notched Bar Testing 

Notches in three bars from each manufacturer simulated possible damage during 

construction and were tested at room temperature. Another three bars from each 
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manufacturer were notched and exposed to a solution with a pH of 12 for six months at 

room temperature before testing. The same containers and calcium hydroxide solution as 

used in the tension test were used for the notched bar tests. 

 

Test Procedure 

The bar ends were grouted in 1.5-inch diameter steel pipe to prevent crushing of 

the bar during testing.  

 

The specimen preparation, as described by Schaefer (2002), is as follows: 

 

• The bars and steel pipes were cut to length using a 12 inch disk cutoff saw. 
• After exposure, specimens were removed from the exposure environment 

and dried in air at 70 ºF for 24 hours.  
• To cap the bars, plastic cylinder molds 2 inches by 4 inches were utilized. 

The molds were drilled at the center of the bottom to align the FRP bar in 
the steel pipe. 

• The capped bar and pipe were then placed in an alignment rack, cast with 
grout, and allowed to cure for 24 hours before testing. 

• The bars were marked at the center to identify the location for the strain 
gage installation. The protective cover of the bar was removed with a 
Dremmel® tool, and the surface was sanded sequentially with 220 and 320 
sand paper. Fiber damage was avoided during sanding. The surface of the 
bar was then cleaned with ethyl alcohol. 

• The strain gage was then glued to the bar following the manufacturer’s 
specifications using M-bond AE-10 adhesive. Once the glue had cured, 
wires were soldered to the strain gage tabs in order to make a quarter 
bridge installation. 

• The knife-edges of the extensometer were pressed against the sides of the 
bar with a rubber band. Then the edges of the extensometer were glued to 
the side of the bar with cyanoacrylate adhesive. 

 

A schematic of the dimensions of the test specimen is illustrated in Figure 9.  
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Figure 9.  Test Specimen Layout for Tensile Tests. 

 

As described by Schaefer (2002), the specimen testing was conducted as follows: 

 
• The bar ends were mounted on grips specifically designed for the test. 
• A preload of 500 lb. was applied to the bar, the grips were tightened, and 

the load was then released. 
• The extensometer was then glued on the bar and the pin removed. 
• The data acquisition was started, and then loading of the bar began. Once 

the bar reached the ultimate load, the machine was stopped and then the 
data acquisition was stopped. 

• The bars were loaded in displacement-controlled mode up to failure. The 
loading rate was 0.11 inch/min. 

 

Test Procedure for Notched Bars 

Rotating a pipe cutter around the FRP bar created a notch on the bars. In order to 

obtain uniform notch depths, a fixed number of rotations were applied with the pipe 

cutter. Five trial specimens were notched, and the notches were measured to determine 

the average notch depth. The average notch depth was 0.057 inch for bar type P, 0.055 

inch for bar type V1, and 0.055 inch for bar type V2. All tension tests were conducted on 

0.625-inch nominal diameter bars. The reduced bar diameters were 0.547 inch for bar 

type P, 0.541 inch for bar type V1, and 0.55 inch for bar type V2. To measure the strain, 

an MTS extensometer was mounted on the bar across the notch. 

 
Moisture Absorption Test 

Test Objective 

GFRP bars are composed of unidirectional glass fibers embedded in a polymer 

matrix. It is known that polymers absorb moisture and the polymer matrix softens as a 

result of this moisture uptake. GFRP reinforcing bars are typically exposed to a moist 
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concrete environment, which usually exhibits a degree of saturation above 72 percent 

(Pyé 1998). Thus, it is necessary to investigate whether moisture absorption affects the 

tensile strength and/or modulus of elasticity of GFRP bars. In order to do this, a series of 

moisture absorption tests were performed. The results of the moisture absorption tests 

were compared with results from tension tests of GFRP bars to determine how moisture 

absorption affects the tensile strength or modulus of elasticity of the bars over time. 

 

As mentioned in the discussion of the tension test, the corrosion of glass fibers 

depends on the pH and the nature of the attacking exposure solution surrounding the 

GFRP bars. However, the attacking solution needs to be transported through the matrix of 

the GFRP bars before reaching the glass fibers. Thus, it is necessary to obtain the 

diffusion coefficient of a simulated concrete pore solution diffusing into a GFRP bar in 

order to make estimates of the tensile strength degradation of GFRP bars embedded in 

concrete. 

  

Test Description 

Some manufacturers require protecting the cut ends of GFRP bars while others 

have no requirements for protecting the ends. There is no consensus in the field as to 

whether end capping is needed to prevent moisture uptake at the bar ends. As such, mass 

gain tests on capped and uncapped specimens were conducted to determine how much 

solution uptake could be expected. The test with capped ends may better reflect the 

transport mechanisms that take place between the concrete and FRP bars since, in the 

case of a specimen with capped ends, the transport of solution into the bar from the ends 

would not be significant. This would also be the case in a GFRP-reinforced concrete 

structural element where the moisture absorption of the midspan section is not affected 

by any moisture uptake that takes place at the ends of the member. 

 



 

   44

Moisture Absorption of Bars with Capped Ends.  

Tests were performed on three bar types with 0.50-, 0.625-, and 0.75-inch bar 

diameters. For each bar type, one set of bars was exposed to distilled water, and another 

set was exposed to a simulated concrete pore solution made with 1.98 gallons of distilled 

water and 0.028 lb. of calcium hydroxide. Prior to exposure, all bars were weighed. Five 

bars of each diameter were then exposed to both solutions for a period of 97 weeks at an 

average temperature of 70 °F. Bars were then removed and reweighed, and data were 

recorded to evaluate mass gain. Since the moisture absorption of capped end bars was 

considered more representative of the actual absorption phenomenon occurring in GFRP 

bars used in concrete structures, the diffusion coefficient of the simulated concrete pore 

solution that diffused into the GFRP bar was obtained for this test only. The results 

section describes how the diffusion coefficient was determined. The weight gain of the 

specimens used in this project was measured periodically until the bars were near 

saturation. 

 

Moisture Absorption of Bars with Uncapped Ends.  

Tests were performed on three bar types with three bar diameters, namely: 0.50, 

0.625, and 0.75 inch for each bar type. Four solutions were used to simulate different 

environments. Solution 1 was distilled water. Solution 2 was a high pH solution made 

with 3.96 gallons of distilled water and 0.055 lb. of calcium hydroxide to simulate the 

concrete environment. Solution 3 was made with distilled water and 3.5 percent of 

sodium chloride content. Solution 4 was a high pH solution made with 3.96 gallons of 

distilled water, 0.055 lb. of calcium hydroxide, and with 3.5 percent sodium chloride 

content. Prior to exposure, all bars were weighed. Three bars of each diameter were 

exposed in each solution at an average temperature of 70 °F. Bars of type P were exposed 

for 48 weeks, and bars of type V1 and V2 were exposed for 68 weeks. These exposure 

times resulted from the fact that bars V1 and V2 were received from the manufacturers 

20 weeks before the type P bars. Bars were then removed and reweighed, and data were 

recorded to evaluate weight gain. 
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Test Equipment and Instrumentation 

The bars were weighed before and after exposure with an electronic balance with 

a precision of 2.20×10-6 lb. 

 

Test Procedure 

The bars with capped ends were cut to a length of 6 inches, tagged and identified, 

and protected on the ends with two layers of a sprayed polymer before placing them in 

the solutions indicated in the experimental program section. The bars were weighed at 

0.7, 2.4, 15.9, 68, and 88.7 weeks. Before weighing the bars, they were dried to a 

saturated surface dry condition. The bars air-dried for approximately five minutes at 69.8 

ºF before being weighed. In the case of the uncapped bars, type P bars were weighed at 

48 weeks and bar types V1 and V2 at 68 weeks. 

 
Direct Shear Strength Test 

Test Objective 

The direct shear strength of GFRP bars may be necessary to design some 

structural elements, such as a concrete bridge rail that is connected to a concrete bridge 

deck with GFRP bars. The failure of GFRP bars by direct shear strength has also been the 

cause of failure of GFRP-reinforced concrete structural elements (Michaluk et al. 1998). 

As indicated in Section II, limited information is available on the direct shear strength of 

GFRP bars and on the degradation of the direct shear strength of exposed GFRP bars. 

Thus, GFRP bars were tested at a constant load rate in direct shear. The degradation over 

time of the direct shear strength and shear modulus of elasticity of GFRP bars was also 

determined by testing specimens previously exposed to different solutions in uncapped 

ends conditions. Studies on unidirectional Kevlar®-epoxy and carbon-epoxy composites, 

conducted by Kaddour et al. (1995), showed that FRP laminates have a higher shear 

strength and shear modulus of elasticity at high strain rates (80/sec) than at low strain 

rates (5/sec). Since a similar behavior can be expected from glass FRP unidirectional 

composites, this research will focus on determining the shear strength and shear modulus 
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of elasticity at low strain rates (0.062/sec). Designing with the quasi-static shear strength 

obtained in this project will be conservative, since higher shear strengths should be 

developed by GFRP bars when subjected to impact from a vehicle on a bridge barrier or 

for dowel pavement bars. As such, high strain rate shear strength tests were not 

conducted as part of this project. The results of these tests will provide design engineers 

with values of the direct shear strength for GFRP bars used in the design of connections 

between structural elements where the bars are subjected to direct shear loads. 
 

According to the American Concrete Pavement Association (ACPA), the 

longevity of concrete pavements is greatly affected by joints with poor performance 

(ACPA 2003). Typical distress, such as faulting, pumping, and corner breaks, develop 

partly as a result of poor load transfer efficiency. When joints deflect significantly under 

loads, all of the problems mentioned above are aggravated. An isolation joint, which has 

a maximum joint opening of 1 inch, is a typical joint type that can undergo serious shear 

displacements. Isolation joints are normally used where the pavement connects to a 

bridge.  

 

Test Description 

The 6-inch long specimens with uncapped ends exposed to the four different 

solutions in the moisture absorption gain test to 48 and 68 weeks were tested in a direct 

shear test apparatus. Bars with a 0.625-inch diameter were investigated. The shear span 

was 0.0197 inch.  

 

Test Equipment and Instrumentation 

A direct shear apparatus as shown in Figure 10 was used to test the 0.625-inch 

diameter GFRP bars. The test apparatus was fabricated following the Japanese 

recommendation for design and construction of concrete structures using continuous fiber 

reinforcing materials (Japanese Society of Civil Engineers1997) and modified so that 

bars could be tested with variable shear gaps. A metallic gage was used to measure the 
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0.0197-inch gap between the loading block and the support block. A 110-kip MTS 

machine was used to load the specimens, and the 1994 version of the Labtech® Notebook 

computer program was used to collect the data. The shear displacement was measured 

using the frame crosshead displacement. 
 

Test Procedure 

After exposure to the solutions, bars were placed in plastic bags to prevent drying 

and tested within two hours at a temperature of 74 °F. The specimen was placed in the 

direct shear test apparatus, and a 200 lb. preload was applied. The gap between the 

sliding block and the bearing blocks of the shear test apparatus was confirmed with a 

metallic gage. The specimen was then loaded in displacement-controlled mode with a 

loading rate of 0.11 inch/min. The applied strain rate was 0.062/sec. The shear 

deformation was obtained from the measured crosshead displacement. During the test, 

the bars were loaded until a reduction in the applied load was observed. 

 

 

 

Figure 10.  Direct Shear Strength Test Apparatus. 
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Creep Test 

Test Objective 

Composite materials creep under constant load and can fracture due to creep-

rupture under sustained high loads. For a GFRP-reinforced concrete element, this could 

situation lead to catastrophic failure. Even if a GFRP-reinforced concrete element does 

not fail by creep rupture, creep of GFRP bars increases the long-term deflections of 

GFRP-reinforced concrete elements as noted in Section II. As such, creep tests were 

conducted on GFRP bars to investigate whether creep rupture would occur at service 

loads for a typical bridge deck overhang and to obtain the creep properties of GFRP bars. 

Bar specimens from three manufacturers were instrumented and loaded under controlled 

temperature and relative humidity conditions, and after a six-month exposure period, the 

performance of these bars was determined. 

 

Test Description 

Six steel creep frames were fabricated to apply a service load equivalent of 

approximately 23 percent of the design tensile strength of the GFRP bars for a period of 

six months. The specimens were loaded to 23 percent of the design tensile strength of the 

bars because the design of GFRP-reinforced concrete elements is typically governed by 

serviceability requirements, and the GFRP bars will be subjected to stresses considerably 

smaller than the design tensile strength of the bar. The design example shown at the end 

of Section V shows that a typical sustained stress experienced by GFRP bars is 

approximately 9.4 percent of the design tensile strength of the bar, and the service load 

stress is approximately 23 percent of the design tensile strength of the bar. These stress 

levels are larger than those expected to occur in service. Creep of the GFRP bars was 

monitored continually by recording the strain in the bars with a data acquisition system. 

 

Test Equipment and Instrumentation 

Steel creep frames were used to load the GFRP bars as indicated in Figure 11. The 

specimens were wired to a computer with a data acquisition system controlled with 
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LabView® software. Strain gages type CEA-06-250UW-350 made by Micro-

Measurements® with a 350-ohm resistance and a gage factor of 2.09 were used to 

measure the strain in the bars. Coupled with the strain gages, 350-ohm precision resistors 

from Micro-Measurements® with a precision of 0.01 percent and wide bandwidth strain 

gage signal conditioners (model 1B31, made by Analog Devices) were used to monitor 

the strain in the bars. An AC1222 mounting card and an ATMIO 16-bit data acquisition 

card were used to acquire the data. 
 

 

 

Figure 11.  Elevation View of Creep Frame. 

 

 

Test Procedure 

The creep frames were located in a temperature-controlled room. The average 

temperature was 88 ºF, and the average relative humidity was 67 percent. Two strain 

gages were attached on opposite sides at the middle portion of the bar using M-bond AE-

10 adhesive and aligned in the longitudinal direction. The gages were connected with the 

350-ohm precision resistors to form a half bridge as shown in Figure 12. This setup was 

designed to cancel any strain due to bending of the bar. The half bridge was connected to 

a wide bandwidth strain gage signal conditioner model 1B31 made by Analog Devices, 

which was mounted on an AC1222 mounting card. The output from the signal 

conditioning cards was connected to a multi-channel connector box connected to the 
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computer port. A 1994 Version of LabView® software and an ATMIO 16-bit data 

acquisition card was used to acquire the data. The entire system was calibrated by 

mounting the strain gages and precision resistors on a steel bar. The strain was verified 

using an MTS extensometer model 632.11B-20, and the bar was loaded with a 110-kip 

MTS machine. The system was then recalibrated using the GFRP specimens before 

placing them in the creep frames. The GFRP bars were placed in the creep frames located 

in the environmentally controlled room, and the data acquisition was run to collect the 

data. A rocker connector was placed in the connection between the creep frame and the 

bar end to prevent bending moments from being transferred to the bars. Creep data were 

recorded every three hours for a period of six months. 
 

 

 

Figure 12.  Half Bridge Used in Strain Gage Setup for Creep Test. 

 

 

Cracking of Concrete Slabs Test 

Test Objective 

Because the modulus of elasticity of FRP bars is only approximately one-fifth that 

of steel, it is expected that GFRP-reinforced concrete members with a given geometry 

will deform more than steel-reinforced concrete members, with the same area of 
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reinforcement and geometry, after cracking. Crack widths in the GFRP-reinforced 

concrete members are expected to be larger than in their steel-reinforced concrete 

counterparts. This makes maximum crack width one of the governing design criteria in 

GFRP-reinforced concrete elements. This project provides extensive testing results and 

evaluates the appropriateness of existing equations to predict the maximum crack width 

of GFRP-reinforced concrete elements. 

 

Test Description 

In order to investigate the effects of concrete cover, bar diameter, and bar type in 

the cracking of typical bridge decks built in Texas, a series of slabs having the same 

reinforcement type, diameter, and spacing as those of the Sierrita de la Cruz Creek bridge 

deck built in Amarillo, Texas, were fabricated and tested. Thirty-six concrete slabs 

reinforced with GFRP bars were fabricated as indicated in Table 7. For each cover and 

bar size reinforcement, two identical specimens were built for the three different bar 

types. The parameters investigated were bar diameter and concrete cover. Figure 13 

illustrates the reinforcement configuration for the slabs reinforced with 0.625-inch 

diameter GFRP bars, and Figure 14 shows the configuration for the slabs with 0.75-inch 

diameter GFRP bars. All of the specimens are hybrid in the sense that 0.625-inch 

diameter epoxy-coated steel (ECS) bars were placed on the compression side of the slabs. 

 

Table 7.  Cracking Test Parameters. 

Cover (in.) 
Number of specimens (two 

identical slabs for each of three 
bar types) 

Bar diameter 
(in.) Bar spacing (in.) 

6 0.625 4.13 
1 

6 0.75 5.51 
6 0.625 4.13 

2 
6 0.75 5.51 
6 0.625 4.13 

3 
6 0.75 5.51 
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Figure 13.   Layout of Slabs with 0.625-inch Diameter Bars in Top Mat. 

 

 

The concrete used to make the slabs was TxDOT class “S,” with a 28-day design 

compressive strength of 4000 psi as described in the materials section. The slabs were 

kept continuously wet using burlap for a period of 28 days. The slabs were tested 

approximately one year after being cast. The dimensions of the specimens were 120 

inches long by 16.5 inches wide by 7.87 inches deep. Figure 15 shows the test setup and 

indicates where the FRP reinforcement and the epoxy coated steel reinforcement are 

located. 
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Figure 14.  Layout of Slabs Reinforced with 0.75-inch Diameter Bars on Top Mat. 

 

 

 

Figure 15.  Slab Cracking Test Setup. 

 

Test Equipment and Instrumentation 

Two strain gages were installed, as indicated in the tension test, on the 

longitudinal GFRP bars at the middle section of each slab. The specimens were loaded 

with a 100-kip hydraulic actuator in four-point bending. The displacements of the slabs 

were measured by placing Linear Variable Differential Transformers (LVDTs) at the load 
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points and at midspan. A crack microscope was used to measure crack widths at several 

load levels. 

 

Test Procedure 

Each slab was placed on simple supports and loaded in four-point bending. The 

specimens were loaded statically per ASTM C 78-75 (1975) with a load rate between 125 

and 175 psi/min. A mixture of plaster was made following the manufacturer’s 

instructions and placed on top of the two flat steel plates where the slab rested. The plates 

were placed on top of the simple supports to reduce stress concentrations. The slab was 

then placed on top of the fresh plaster, and the plaster was allowed to set for 20 minutes. 

A 0.75-inch thick neoprene pad was placed between the slab and the top steel bearings to 

reduce stress concentrations.  The time to failure at continuous loading was estimated to 

be approximately three minutes. Loading of the slabs was stopped between 8 to 10 times 

to measure crack widths, and thus, the actual test time was approximately one hour. The 

loading was applied in the displacement-controlled mode with a stroke rate of 0.5 

inch/min. Crack widths were measured at several load levels with a crack microscope. 

 

Cyclic Loading of Concrete Beams Test 

Test Objective 

Bridge decks are subjected to repeated loading due to traffic. Thus, GFRP bars 

embedded in concrete bridge decks are subjected to repeated loading. Cyclic loading has 

been reported to increase deflections of FRP-reinforced concrete elements   

(Iwamoto et al. 1993, Benmokrane et al. 1999). Thus, cyclic loading tests were conducted 

to simulate bridge loading and to document the behavior of GFRP-reinforced concrete 

sections under repeated loading.  

 

Test Description 

Beams were constructed to study the influence of varying bar diameters (0.5 and 

0.75 inch) and covers of 1.5 and 2 inches on the response of GFRP-reinforced concrete 
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beams to repeated loading. Bars from three different manufacturers were evaluated. The 

beam dimensions were 84 inches long, 5.5 inches wide, and 7.87 inches deep. Twenty-

seven beams were fabricated for this test. Twelve beams were tested at constant load rate. 

Fifteen beams were subjected to 2 million cycles of loading at simulated service load and 

then tested at constant load rate to failure. The beam loading setup is shown in Figure 16. 

Eight of the specimens subjected to cyclic load were reinforced with 0.75- inch diameter 

bars, and seven of the specimens were reinforced with 0.5-inch diameter bars. The upper 

load magnitude was 4.1 kips, and the lower load magnitude was 200 lb. for the beams 

reinforced with 0.75-inch diameter bars. Thus, the load range was 3.9 kips. The upper 

load magnitude was 2.1 kips, and the lower load magnitude was 200 lb. for the beams 

reinforced with 0.5-inch diameter bars. Thus, the load range was 1.9 kips. Therefore, 

beams reinforced with 0.75-inch diameter bars were cyclically loaded with an upper load 

of approximately 25 percent of the ultimate load of the beams, and beams reinforced with 

0.5-inch diameter bars were loaded to approximately 16 percent of the ultimate load of 

the beams. By loading the 15 beams subjected to cyclic loading to failure after being 

subjected to 2 million cycles of load, the residual load capacity of the beams could be 

determined.  

 

 

Figure 16.   Beam Loading Setup. 

 

 

Test Equipment and Instrumentation 

The beams were instrumented with a strain gage attached, as indicated in the 

tension test, to the FRP bar at midspan. Beam displacements were measured with an 

LVDT placed at midspan. The 12 beams loaded at a constant displacement rate were 
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loaded with a 110-kip MTS machine. The beams subjected to cyclic loading were loaded 

with a 50-kip MTS machine. The beams that survived the cyclic loading test were tested 

at a constant load rate to failure with a 110-kip MTS machine. Strain, load, and 

displacement were recorded during testing. 

 

Test Procedure 

The beams were cast using TxDOT class “S” concrete with a 28-day design 

compressive strength of 4000 psi as described in the materials section. The beams were 

then kept continuously wet using burlap for a period of 28 days. The beams were exposed 

outdoors and tested approximately one year after being cast. The beams were loaded with 

simple supports in four-point bending. The constant rate load was applied in the 

displacement-controlled mode. The static load rate was 0.5 inch/min. The frequency of 

application of the cyclic load was 10 Hertz. 

 

Bond Test 

Test Objective 

The bond strength between GFRP bars and concrete is difficult to characterize 

because it depends on many factors. These factors include concrete strength, surface 

finish of the bar, strength of the matrix of the bar, concrete cover, environmental effects, 

etc. Of particular concern are environmental effects. Al-Dulaijan et al. (1996) detected 

considerable reduction in the bond strength of pullout specimens (GFRP bars embedded 

in concrete) immersed in a saturated calcium hydroxide solution with a pH of 12.3 at 140 

ºF for 28 days. This reduction seems to be a result of degradation of the resin. Based on 

the findings of the previously mentioned study and the potential impact on performance 

of GFRP-reinforced concrete elements, a study investigating the reduction in bond 

strength of GFRP bars embedded in concrete was performed. 
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Test Description 

The influence of bar diameter, bond length, and exposure as indicated in Table 8 

was studied. The specimen dimensions are illustrated in Figure 17. The ends of the GFRP 

bars were first cast in steel pipes. The bars were then placed in the molds and steel shear 

reinforcement was placed around the FRP bars. PVC pipes were placed at the ends of the 

bars to obtain the desired bond length as indicated in Figure 17. The specimens were cast 

using TxDOT class “S” concrete with a design 28-day compressive strength of 4000 psi 

as described in the materials section. The specimens were kept continuously wet using 

burlap for a period of 28 days. After curing, the specimens with 0.5-inch diameter bars 

were left outdoors for three months, and the specimens with 0.75- inch diameter bars 

were left outdoors for 1.5 months. After that outdoor exposure, nine specimens with two 

0.5-inch diameter bars each and nine specimens with two 0.75-inch diameter bars each 

were placed in a room with temperature and humidity controls for a period of 16 months. 

The room had an average temperature of 95 °F and a relative humidity of 88 percent. 

Another set of 20 bond specimens with two 0.5-inch diameter bars each was left outdoors 

for the entire period of time. A total of 38 specimens were fabricated for this test. 
 

Sets of bond specimens with two bars each were exposed as indicated in Tables 9 

and 10 for the specimens with 0.5-inch and 0.75-inch diameter bars, respectively. The 

average clear concrete covers were 3.15 inches and 2.33 inches for the 0.5-inch and 0.75- 

inch diameter bars, respectively. 

 

 

Table 8.   Parameters to Investigate in Bond Test. 

Exposure condition Bar diameter       
(in.) 

Bond length             
(in.) 

Duration of 
exposure (months)

Outdoors 0.5 5, 15, 30 
0.5 5, 15, 30 Indoors            

95 F  88% RH 0.75 7.5, 22.5, 45 
16 
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Table 9.  Number of Bond Specimens with 0.5-Inch Diameter Bars. 

Outdoor exposure Indoor exposure Bond length 
(in.) Bar P Bar V1 Bar V2 Bar P Bar V1 Bar V2 

5 3 3           4 1 1 1 
15 3 3 2 1 1 1 
30 2 0 0 1 1 1 

 

 

Table 10.  Number of Bond Specimens with 0.75-Inch Diameter Bars. 

Outdoor exposure Indoor exposure Bond length 
(in.) Bar P Bar V1 Bar V2 Bar P Bar V1 Bar V2 
7.5 0 0 0 1 1 1 

22.5 0 0 0 1 1 1 
45 0 0 0 0 2 1 
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Figure 17. Dimensions of Bond Specimens Reinforced with (a) 0.5-Inch Diameter Bars and (b) 0.75-
Inch Diameter Bars. 

 

 

Test Equipment and Instrumentation 

A 100-kip actuator was used to load the specimens, and an LVDT was used to 

measure the bond slip at the loaded end of the specimen. The same grip used in the 

tension test was used in the bond test to connect the specimens to the actuator. A bearing 

frame was built and mounted on the laboratory floor to hold the concrete specimen while 

the bar was being loaded. The test setup is depicted in Figure 18. 
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Figure 18.  Loading Setup of Bond Specimens. 

 

 

Test Procedure 

The end of the specimen to be loaded was placed in the groove of the grip 

described in the tension test section. The nuts were slightly tightened, followed by 

centering the concrete block of the specimen on the bearing frame. After centering, the 

bar was preloaded with a 500 lb. load. The nuts were then securely tightened with a 

pneumatic wrench, and the preload was released before actual testing began. The LVDT 

was attached to the side of the loading grip via a magnet. The specimens were loaded at 

constant rate in pullout to failure at room temperature. The specimens were loaded in 

displacement-controlled mode at a rate of 0.18 inch/min. After one end of the specimen 

was tested, the specimen was turned, and the other end was loaded.  

 

Thermal Expansion of Concrete Slabs Test 

Test Objective 

The coefficient of thermal expansion of concrete is approximately 6×10-6/ºF (Beer 

and Johnston 1981), that of E-glass fibers is approximately 1×10-6/ºF (Agarwal and 

Broutman 1990), and that of polyester is approximately 69×10-6/ºF (Agarwal and 

Broutman 1990). The coefficient of thermal expansion of the FRP composite bars is 

governed in the longitudinal direction primarily by the thermal properties of the glass 

fibers and in the transverse direction completely by the thermal properties of the matrix. 

Thus, there is concern in the design community that GFRP bars may cause spalling of the 

concrete on structures exposed to high temperatures such as bridge decks. The main 

objectives of this test are to determine whether thermal expansion is a concern for 
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reinforced concrete structures and to determine a minimum concrete cover that would not 

cause spalling of the concrete under typical service temperature. 
 

Test Description 

Bars with 0.75-inch diameters were cast in a slab with the typical thickness of a 

TxDOT bridge deck. The bar diameter used was selected because this size was the largest 

diameter used in the deck of the Sierrita de la Cruz Creek Bridge built in Amarillo, 

Texas. The specimens were cured for 28 days and stored outdoors for 372 days. The 

materials used in the thermal expansion test were as described in the materials section. 

 

The concrete specimen dimensions were 8 inches thick, 12 inches wide, and 60 

inches long. Each concrete slab contained nine 0.75-inch diameter and 10-inch long 

GFRP bars. The bars were placed in groups of three at three different depths to 

investigate the effects of cover depth on cracking. The clear cover for each bar depth was 

1, 2, and 3 inches. One thermocouple was attached to the side of the bar, with a plastic 

tie, at the depth of the centroid for each of the three depths. Three specimens were 

fabricated for this test, one for each bar type. Figure 19 illustrates the reinforcement 

configuration of the specimens. 

 

Test Equipment and Instrumentation 

Fastoria Sun-Nite® infrared heat lamps, model CH-212-A, were used to heat the 

slabs. Copper and constantan thermocouples were used to monitor the temperature. A 

2176A Fluke digital thermometer, model No. 2414065, with 10 channels and a precision 

of 0.2 °F was used to read the output temperature from the thermocouples. 
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Figure 19.  Dimensions and Reinforcement of Thermal Expansion Specimens. 

 

 

Test Procedure 

The specimens were tested 372 days after casting. The temperature at the time the 

concrete set was approximately 95 °F. Thermocouples were tied to the surface of the 

middle bars for each of the three cover depths during casting. Thermocouples were also 

attached to the top and bottom surfaces of the slabs. The slabs were then heated with two 

infrared heat lamps located 3 inches above the top surface of the slab. The slabs were 

heated until cracking on the surface of the slab was observed. The temperature at which 

cracking on the surface of the slab occurred was recorded. The specimens were inspected 

for cracking at regular intervals. The slab inspections were made visually. When cracks 

were detected on the surface of the slab, the temperature was recorded, a line was drawn 

next to the cracks with a marking pen, and the temperature was marked on the slab next 

to the line. 
 

All of the specimens were first heated with the infrared heat lamps placed 5.25 

inches above the surface of the slab. Since no cracks were observed for any of the three 

slab specimens, the lamps were lowered to a distance of 0.5 inch from the surface of the 

slab, and the test was repeated. 
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                                                 IV. RESULTS 
 

This section presents the results of the tests described in the experimental 

program. The results to be presented correspond to the tension tests, moisture absorption 

tests, direct shear strength tests, creep tests, cracking of concrete slab tests, cyclic 

loading of concrete beam tests, bond tests, and thermal expansion of concrete slab tests. 

 

TENSION TEST 

 

This section summarizes the results of the tension tests. Only 0.625-inch 

diameter bars were evaluated in the tension tests. The characteristics of the bars, as well 

as the exposure conditions and test procedures, were described in Section III. The 

properties of interest in the tension test are the tensile strength and Young’s modulus. 

Schaefer (2002) conducted all of the testing and obtained the raw data used in this 

section. The results of the modulus of elasticity were taken directly from Schaefer’s 

work and are presented here for completeness. The tensile strength results from 

Schaefer’s work were reanalyzed and are presented in this document. Finally, additional 

analyses were carried out for both the tensile strength and the modulus of elasticity 

results. The unexposed tensile strength and modulus of elasticity of the bars will be 

presented first, followed by the results of the effects of exposure on the tensile strength 

and modulus of elasticity of the GFRP bars. Results of the tensile tests on notched GFRP 

bars will be presented at the end of this section. 

 

Unexposed Tensile Strength and Modulus of Elasticity Results 

The bars used for these tests were not exposed to any solution and were tested as 

received from the manufacturers. The unexposed tensile strength results are summarized 

in Table 11 for each bar type. The unexposed moduli of elasticity obtained for each bar 

type are summarized in Table 12.  
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Table 11.  Unexposed Tensile Strength Results. 

Bar P                  
(psi) 

V1                 
(psi) 

V2                 
(psi) 

1 86,125 76,393 76,670 
2 85,414 93,258 77,096 
3 81,286 96,778 75,099 
4 87,265 90,766 71,673 
5 82,851 85,339 71,816 

Average 84,588 88,507 74,471 
Standard Deviation 2,456 7,951 2,598 

Coefficients of Variation 0.03 0.09 0.03 
 
 

 

Table 12.  U nexposed Modulus of Elasticity Results. 

Bar P                  
(psi) 

V1                 
(psi) 

V2                 
(psi) 

1 6,236,745 6,952,246 6,912,379 
2 4,854,173 5,920,664 6,878,169 
3 5,846,400 6,451,806 6,320,454 
4 5,197,169 5,865,517 6,103,352 
5 - 6,203,626 5,656,034 

Average 5,533,622 6,278,772 6,374,078 
Standard Deviation 623,716 443,896 532,830 

Coefficients of Variation 0.11 0.07 0.08 
 
 

In general, the coefficients of variation (COV) of the moduli of elasticity are 

larger than the COV of the tensile strength. Only bar V1 has a higher COV for the 

tensile strength than for the modulus of elasticity. Castro and Carino (1998) conducted 

tension tests on GFRP bars and reported coefficients of variation for the tensile strength 

that ranged from 8.3 to 9.9 percent for sand-coated GFRP bars spiral-wrapped with a 

fiber bundle with a pitch of 1.18 inches. Castro and Carino (1998) reported that a COV 

of 9 percent is high, and in that case, five test specimens do not provide a reliable 
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estimate of the true mean tensile strength. The authors used the relationship given by 

ASTM E 122-72 (1975) to compute the likely relative error, e, at the 0.05 risk level, 

between the true mean tensile strength and the mean tensile strength obtained from n test 

specimens. The ASTM expression is presented next. 

n
COVe 96.1

±=       (14) 

Castro and Carino (1998) analyzed the case for a COV of 9 percent and five test 

specimens, obtaining a computed relative error of ±7.9 percent. The authors also 

analyzed the case of reducing the relative error to ±2 percent, obtaining that over 70 

specimens would need to be tested for a risk level of 0.05. More than five specimens are 

necessary to obtain a computed relative error of less than 5 percent. However, due to 

limitations of budget and time, only five specimens were used for these tests. A typical 

stress-strain plot is shown in Figure 20. 
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Figure 20.  Typical Stress-Strain Plot. 
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Exposed Tensile Strength and Modulus of Elasticity Results 

The results from the tensile strength and Young’s modulus measurements are 

presented next. The terms LT, RT, and HT will be used to indicate low temperature 

exposure conditions, room temperature exposure conditions, and high temperature 

exposure conditions, respectively.  

During testing of some bars, several fibers snapped directly underneath the strain 

gages, damaging the gage and data acquisition process required for the determination of 

the Young’s modulus. In other instances, the strain gages debonded and precluded the 

determination of the Young’s modulus of those bars. Thus, only the modulus of 

elasticity data from specimens where the strain gage stayed bonded to the bar surface 

could be used.  

 

Tensile Strength of Bar Type P 

Table 13 shows the strength results for bar type P after exposure to distilled 

water, and Table 14 shows the strength results after exposure to the high pH solution. 

The data in Tables 13 and 14 indicate that the tensile strength test results have high 

variability as indicated by the coefficients of variation. The highest COV is 7 percent. As 

discussed in the unexposed tension tests, this is a high COV. 

 

 

Table 13.  Tensile Strength of Bar Type P after Exposure to Distilled Water. 

Low temperature (psi) Room temperature 
(psi) High temperature (psi)Specimen Unexposed 

(psi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 86,125 88,389 73,004 89,405 89,405 86,792 73,004 
2 85,414 90,421 71,553 93,033 80,406 86,502 76,343 
3 81,286 86,357 77,649 95,936 91,727 89,840 72,424 
4 87,265 88,824 70,827 88,824 87,228 88,679 68,650 
5 82,851 85,631 77,794 88,244 89,115 86,792 76,923 

Avg. 84,588 87,954 74,165 91,001 87,663 87,663 73,440 
S. D. 2,456 1,930 3,701 3,295 4,311 1,466 3,353 
COV 0.03 0.02 0.05 0.04 0.05 0.02 0.05 
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Table 14.  Tensile Strength of Bar Type P after Exposure to Alkaline Solution. 

Low temperature (psi) Room temperature 
(psi) High temperature (psi)Specimen Unexposed 

(psi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 86,125 90,397 82,508 79,933 84,488 85,627 76,303 
2 85,414 89,187 85,222 90,752 92,176 85,200 71,890 
3 81,286 91,108 80,222 87,905 80,929 85,271 77,015 
4 87,265 89,114 85,008 83,207 85,200 88,973 80,645 
5 82,851 94,525 79,222 83,919 76,018 87,763 73,740 

Avg. 84,588 90,866 82,436 85,143 83,762 86,567 75,918 
S. D. 2,456 2,211 3,002 4,227 5,945 1,706 3,341 
COV 0.03 0.02 0.03 0.05 0.07 0.02 0.04 

 

 

Figures 21 and 22 illustrate the relative strength results of the samples exposed to 

distilled water and alkaline solution, respectively. It can be seen in these figures that the 

tensile strength increased on average, in some cases, by as much as 8 percent of the 

reference strength after 26 weeks of exposure. Nevertheless, after 50 weeks of exposure, 

most of the exposure conditions degraded the GFRP bar strength, the maximum mean 

reduction being 13 percent. The specimens studied do not follow a consistent 

degradation pattern linked to an exposure condition. Exposure time appears to be the 

only significant factor evaluated in this project affecting the change in strength of bar 

type P. It is not clear why the tensile strength increased at 26 weeks of exposure. The 

fact that the distilled water exposure condition seems to degrade the tensile strength of 

the bars more than the alkaline exposure condition at 50 weeks may result from a 

difference in diffusion coefficients, especially since the diffusion rate of distilled water 

through the resin is faster than the diffusion rate of the calcium hydroxide solution. 
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Figure 21.  Strength of Bar Type P after Distilled Water Exposure. 
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Figure 22.  Strength of Bar Type P after Alkaline Solution Exposure. 

 

 

Young’s Modulus of Bar Type P 

Tables 15 and 16 show the Young’s modulus data for bar type P exposed to 

distilled water and the high pH solution, respectively. These data indicate that Young’s 

moduli have more variability as compared to tensile strength results. In this case, the 



 

   69

highest COV is 17 percent, a very high value when compared with the coefficients of 

variation of the tensile strength results. 

 

 

Table 15.  Modulus of Elasticity of Bar Type P after Exposure to Distilled Water. 

Low temperature (ksi) Room temperature 
(ksi) High temperature (ksi)Specimen Unexposed 

(ksi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 6,241 6,749 6,865 5,806 5,051 5,428 6,110 
2 4,862 6,125 6,851 5,849 4,993 5,689 5,980 
3 5,849 7,170 6,430 5,660 5,225 5,443 7,460 
4 5,196 6,430 7,126 5,559 5,210 5,994 6,168 
5 - 6,488 8,258 5,980 4,993 6,096 7,126 

Avg. 5,537 6,592 7,106 5,771 5,094 5,730 6,569 
S. D. 623 392 691 164 115 308 675 
COV 0.11 0.06 0.10 0.03 0.02 0.05 0.10 

 
 

Table 16.  Modulus of Elasticity of Bar Type P after Exposure to Alkaline Solution. 

Low temperature (ksi) Room temperature 
(ksi) High temperature (ksi)Specimen Unexposed 

(ksi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 6,241 6,299 6,967 5,167 - 6,081 6,168 
2 4,862 - 6,328 6,299 6,792 5,559 7,634 
3 5,849 - 8,882 4,746 5,907 6,183 6,720 
4 5,196 5,980 5,718 5,196 7,562 6,343 6,546 
5 - 6,284 6,792 - 6,517 5,646 6,096 

Avg. 5,537 6,188 6,938 5,352 6,694 5,962 6,633 
S. D. 623 180 1,190 664 686 343 617 
COV 0.11 0.03 0.17 0.12 0.10 0.06 0.09 

 

 

Figures 23 and 24 depict the relative modulus of elasticity results for the distilled 

water and high pH solution exposure conditions, respectively. The only clear pattern 

observed in Figures 23 and 24 is that the Young’s moduli of bars tend to increase with 

longer exposure times irrespective of the solution or temperature. The maximum relative 

stiffness increase was 28 percent, on average, at 50 weeks. 
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Figure 23.  Modulus of Elasticity of Bar Type P after Distilled Water Exposure. 
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Figure 24.  Modulus of Elasticity of Bar Type P after Alkaline Solution exposure. 

 

 

Tensile Strength of Bar Types V1 and V2 

Tables 17 and 18 summarize the tensile strength results of bar type V1 exposed 

to distilled water and the high pH solution, respectively. From the data in Tables 17 and 

18, it can be observed that the tensile strength results have relatively high variability, 
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with the highest COV being 9 percent. High temperature exposure conditions seem to 

degrade the bars more in distilled water, while low temperature caused more degradation 

in the specimens exposed to the alkaline solution. 

 

 

Table 17.  Tensile Strength of Bar Type V1 after Exposure to Distilled Water. 

Low temperature (psi) Room temperature 
(psi) High temperature (psi)Specimen Unexposed 

(psi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 76,393 89,444 81,436 91,058 - 77,788 84,753 
2 93,258 81,159 72,936 82,993 91,571 92,158 80,427 
3 96,778 95,237 92,152 80,134 91,058 77,861 83,726 
4 90,766 80,502 86,294 95,677 79,987 91,058 78,594 
5 85,339 92,670 83,008 90,398 80,647 80,207 82,847 

Avg. 88,507 87,802 83,165 88,052 85,816 83,814 82,069 
S. D. 7,951 6,691 7,766 6,344 6,358 7,191 2,516 
COV 0.09 0.08 0.08 0.07 0.07 0.09 0.03 

 
 

Table 18.  Tensile Strength of Bar Type V1 after Exposure to Alkaline Solution. 

Low temperature (psi) Room temperature 
(psi) High temperature (psi)Specimen Unexposed 

(psi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 76,393 77,494 73,578 88,272 86,072 76,541 77,421 
2 93,258 82,407 85,080 86,292 77,201 88,932 79,254 
3 96,778 78,081 82,865 81,014 93,404 90,838 89,885 
4 90,766 84,386 73,007 80,940 77,788 90,838 70,969 
5 85,339 87,905 83,079 82,260 95,310 83,726 85,779 

Avg. 88,507 82,055 79,522 83,756 85,955 86,175 80,662 
S. D. 7,951 4,370 6,349 3,336 8,461 6,121 7,377 
COV 0.09 0.05 0.07 0.04 0.10 0.07 0.09 

 
 

The strength results for bar type V1 are plotted in Figures 25 and 26 for the 

distilled water and high pH solutions, respectively. As observed in Figures 25 and 26, all 

exposure conditions led to deterioration of the bars at 26 and 50 weeks. All of the 

exposure conditions at 50 weeks, except the room temperature exposure condition, had 



 

   72

more deterioration than the 26 weeks exposure. Thus, bar type V1 shows a clear pattern 

of increased degradation with time. The maximum and minimum degradation at 26 

weeks were 7 and 1 percent, on average, respectively. The maximum and minimum 

degradation at 50 weeks were 10 and 3 percent, on average, respectively.  
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Figure 25.  Strength of Bar Type V1 after Distilled Water Exposure. 
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Figure 26.  Strength of Bar Type V1 after Alkaline Solution Exposure. 
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The data in Tables 19 and 20 show the tensile strength results from bar type V2 

after exposure to the distilled water and the high pH solution, respectively. 

 

Table 19.  Tensile Strength of Bar Type V2 after Exposure to Distilled Water. 

Low temperature (psi) Room temperature 
(psi) High temperature (psi)Specimen Unexposed 

(psi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 76,670 - 66,435 76,240 76,455 68,388 67,460 
2 77,096 71,172 65,363 74,099 74,741 69,887 62,534 
3 75,099 69,102 66,721 74,384 70,244 65,033 67,674 
4 71,673 71,957 61,220 74,456 73,314 71,386 62,534 
5 71,816 72,243 67,721 73,742 72,600 70,315 66,318 

Avg. 74,471 71,118 65,492 74,584 73,471 69,002 65,304 
S. D. 2,598 1,419 2,793 968 2,330 2,466 2,580 
COV 0.03 0.02 0.04 0.01 0.03 0.04 0.04 

 

 

Table 20.  Tensile Strength of Bar Type V2 after Exposure to Alkaline Solution. 

Low temperature (psi) Room temperature 
(psi) High temperature (psi)Specimen Unexposed 

(psi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 76,670 70,530 64,721 76,707 72,742 67,460 64,747 
2 77,096 72,243 68,292 79,464 69,958 67,817 66,532 
3 75,099 72,100 70,435 80,094 68,317 72,171 64,105 
4 71,673 70,815 67,935 79,464 69,887 69,958 56,609 
5 71,816 74,313 69,578 74,581 72,314 68,459 63,819 

Avg. 74,471 72,000 68,192 78,062 70,644 69,173 63,162 
S. D. 2,598 1,499 2,410 2,346 1,848 1,929 3,812 
COV 0.03 0.02 0.03 0.03 0.03 0.03 0.06 

 

 

Figures 27 and 28 show the tensile strength results of bar type V2 after exposure 

to the distilled water and the high pH solution, respectively. Most exposure conditions 

led to strength degradation at 26 weeks of exposure, with an average maximum 

degradation of 7 percent. However, the specimens stored at room temperature showed an 

average strength increase of 5 percent. At 50 weeks, all of the exposure conditions 
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reduced the strength of the specimens, with a minimum strength reduction of 2 percent 

and a maximum strength reduction of 15 percent, on average. 
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Figure 27. Strength of Bar Type V2 after Distilled Water Exposure. 
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Figure 28.  Strength of Bar Type V2 after Alkaline Solution Exposure. 
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In the case of bar type V2, the highest COV from the tensile strength results is 6 

percent. Alkaline solution exposure caused more tensile strength reduction than the 

distilled water exposure condition for room and high temperature exposures at 50 weeks. 

Thus, GFRP bars embedded in the alkaline environment of concrete could potentially 

suffer considerable tensile strength deterioration. No marked difference was observed at 

26 weeks of exposure between the distilled water and alkaline solution exposure 

conditions. 

 

Young’s Modulus of Bar Types V1 and V2 

Tables 21 and 22 show the results of the modulus of elasticity data for bar type 

V1 exposed to distilled water and the high pH solution, respectively.  

 

 

Table 21.  Young’s Modulus of Bar V1 after Exposure to Distilled Water. 

Low temperature (ksi) Room temperature 
(ksi) High temperature (ksi)Specimen Unexposed 

(ksi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 6,952 6,792 7,315 5,980 - 7,620 7,126 
2 5,922 7,591 6,792 6,125 7,518 6,821 7,489 
3 6,459 6,952 6,763 6,038 8,070 7,388 6,792 
4 5,864 7,518 7,170 6,284 7,083 6,401 7,576 
5 6,212 6,894 7,591 6,081 7,388 7,170 6,517 

Avg. 6,282 7,149 7,126 6,102 7,515 7,080 7,100 
S. D. 444 375 352 115 413 480 451 
COV 0.07 0.05 0.05 0.02 0.05 0.07 0.06 
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Table 22.  Young’s Modulus of Bar V1 after Exposure to Alkaline Solution. 

Low temperature (ksi) Room temperature 
(ksi) High temperature (ksi)Specimen Unexposed 

(ksi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 6,952 6,313 7,997 - 7,213 7,547 7,010 
2 5,922 6,894 6,676 5,907 - 6,778 7,010 
3 6,459 7,184 7,997 6,255 7,141 6,531 7,054 
4 5,864 6,081 9,390 6,168 7,141 7,678 5,864 
5 6,212 6,241 6,807 - - 6,749 7,300 

Avg. 6,282 6,543 7,774 6,110 7,165 7,057 6,848 
S. D. 444 472 1,101 181 42 518 563 
COV 0.07 0.07 0.14 0.03 0.01 0.07 0.08 

 

 

Figures 29 and 30 depict the behavior of the modulus of elasticity of bar type V1 

after exposure to distilled water and high pH solution, respectively. Bar type V1 showed 

modulus of elasticity gain, in general, regardless of exposure condition at 50 weeks. The 

maximum modulus of elasticity gain was 24 percent and the minimum was 9 percent. No 

modulus of elasticity reductions were observed at 50 weeks. There is high variability in 

the Young’s moduli exhibited by bar type V1. The highest COV was 14 percent. There 

are no marked differences between the distilled water and alkaline solution exposure 

conditions.  
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Figure 29.  Modulus of Elasticity of Bar Type V1 after Distilled Water Exposure. 
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Figure 30.  Modulus of Elasticity of Bar Type V1 after Alkaline Solution Exposure. 

 

 

Tables 23 and 24 show the Young’s moduli of bar type V2 after exposure to 

distilled water and the high pH solution, respectively.  
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Table 23.  Young’s Modulus of Bar V2 after Exposure to Distilled Water. 

Low temperature (ksi) Room temperature 
(ksi) High temperature (ksi)Specimen Unexposed 

(ksi) 
26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 6,923 - 6,401 6,038 5,849 4,078 6,720 
2 6,880 6,473 6,081 5,864 5,864 5,428 6,139 
3 6,328 6,096 6,720 5,878 6,923 4,514 6,125 
4 6,110 5,747 6,459 6,212 8,157 6,705 4,122 
5 5,660 5,718 6,212 5,747 6,923 5,617 5,414 

Avg. 6,380 6,009 6,374 5,948 6,743 5,269 5,704 
S. D. 533 354 245 180 953 1,024 998 
COV 0.08 0.06 0.04 0.03 0.14 0.19 0.18 

 

 

Table 24.  Young’s Modulus of Bar V2 after Exposure to Alkaline Solution. 

Low temperature (ksi) Room temperature 
(ksi) High temperature (ksi)

Specimen Unexposed 
(ksi) 26 weeks 50 weeks 26 weeks 50 weeks 26 weeks 50 weeks

1 6,923 6,154 5,660 4,673 5,254 5,835 5,399 
2 6,880 6,197 5,951 6,517 5,109 5,515 6,183 
3 6,328 5,806 6,096 5,980 5,051 5,065 5,922 
4 6,110 5,936 6,560 5,704 4,731 5,820 6,154 
5 5,660 6,502 6,241 6,067 5,109 5,791 5,806 

Avg. 6,380 6,119 6,102 5,788 5,051 5,605 5,893 
S. D. 533 267 334 688 194 329 318 
COV 0.08 0.04 0.05 0.12 0.04 0.06 0.05 

 

 

Figures 31 and 32 illustrate the results for exposure to distilled water and high 

pH solution, respectively. From Figures 31 and 32 it can be observed that the modulus of 

elasticity was reduced for all times under alkaline exposure conditions and for all times 

except the room temperature condition at 50 weeks in the distilled water exposure. The 

maximum observed average reduction was 21 percent for the 50-week room temperature 

exposure condition.  
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Figure 31.  Modulus of Elasticity of Bar Type V2 after Distilled Water Exposure. 
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Figure 32.  Modulus of Elasticity of Bar Type V2 after Alkaline Solution Exposure. 

 

 

Once again, high variability is observed in the Young’s moduli results. In the 

case of bar type V2, the maximum COV is 19 percent. It is not clear why the modulus of 

elasticity decreased at 26 weeks for the specimens exposed to distilled water, and then 

increased at 50 weeks. 
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A summary of the tensile strength test results is illustrated in Figure 33. A 

circular data marker indicates the average values of the results obtained from each 

exposure condition for 26 and 50 weeks. Thus, 18 circular markers corresponding to 3 

bar types with 6 exposure conditions each are drawn for the times of 26 and 50 weeks. 

An overall average value of the relative tensile strength was obtained using the average 

values from the relative tensile strength of each of the exposure conditions mentioned. 

The middle line shown in Figure 33 shows the location of the overall average relative 

tensile strength. The overall average tensile strength values are 0.99 at 26 weeks and 

0.93 at 50 weeks. The top line in Figure 33 connects the maximum relative tensile 

strengths observed from all of the specimens tested for each test time. The maximum 

relative tensile strength values observed were 1.09, 1.13, and 1.09 at 0, 26, and 50 weeks 

of exposure, respectively. The lower line in Figure 33 connects the minimum relative 

tensile strengths observed from all of the specimens tested for each test time. The 

minimum relative tensile strength values observed were 0.86, 0.86, and 0.76, for 0, 26, 

and 50 weeks of exposure, respectively. The overall standard deviations for the relative 

strength at 0, 26, and 50 weeks were 0.054, 0.063, 0.070, respectively. The overall 

coefficients of variation at 0, 26, and 50 weeks were 0.054, 0.063, and 0.075, 

respectively. An analysis of the results obtained in this section will be presented at the 

end of the moisture absorption test section, where a method to predict long-term 

degradation of the GFRP bars is described. 
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Figure 33.  Summary of Tensile Strength Results. 

 

 

A summary of the Young’s modulus test results is illustrated in Figure 34. A 

circular data marker indicates the average values of the results obtained for each 

exposure condition at 26 weeks and 50 weeks. As for the tensile strength case, an overall 

average value of the relative Young’s modulus was obtained using the average values 

from the relative Young’s modulus of each of the exposure conditions mentioned. The 

middle line shown in Figure 34 indicates the location of the overall average relative 

Young’s modulus. The overall average Young’s modulus values are 1.01 at 26 weeks 

and 1.09 at 50 weeks. The top line in Figure 34 connects the maximum relative Young’s 

modulus observed from all of the specimens tested for each test time. The maximum 

relative Young’s modulus values observed were 1.13, 1.29, and 1.60 at 0, 26, and 50 

weeks of exposure, respectively. The bottom line in Figure 34 connects the minimum 

relative Young’s modulus observed from all of the specimens tested for each test time. 

The minimum relative Young’s modulus values observed were 0.88, 0.64, and 0.65, for 

0, 26, and 50 weeks of exposure, respectively. The overall standard deviations for the 

relative modulus of elasticity at 0, 26, and 50 weeks were 0.081, 0.12, 0.17, respectively. 

Lower values
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The overall coefficients of variation at 0, 26, and 50 weeks were 0.081, 0.12, and 0.16, 

respectively.   
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Figure 34.  Summary of Young’s Modulus Results.  

 

 

 Summarizing, the tensile strength values of the GFRP bars studied have a 

tendency to decrease with exposure time. The overall average tensile strength reductions 

were 1 percent at 26 weeks and 7 percent at 50 weeks. The Young’s modulus of the 

GFRP bars tested had a tendency to increase with time. The overall average increase of 

the Young’s modulus was 1 percent at 26 weeks and 9 percent at 50 weeks. The test 

results can be used to make predictions for exposure periods similar to those studied. 

However, exposure tests carried out over longer periods of time are necessary to make 

accurate long-term behavior predictions. 

 

Tension Test of Notched Bars 

This test evolved as a result of the need to evaluate the effects of abrasion and 

other damage to the GFRP bars during transportation and construction. When the bars 

Lower values

Upper values
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are notched, they undergo a reduction in area, which will affect the performance of the 

bar. The tensile strengths reported hereafter were obtained by dividing the failure load 

by the reduced area. The formation of a slip surface at the depth of the notch precluded 

the strains in the core of the bar from being measured. Since the extensometer was 

placed across the notch, it could only measure the slip at the notch surface and not the 

strain in the core of the bar. Thus, the Young’s modulus could not be determined. 

 

Tensile Strength of Notched Bar Type P 

The tensile strength results of bar type P are shown in Table 25. After 26 weeks 

of exposure to a high pH solution and room temperature, the notched bars showed a 

tensile strength reduction of 12 percent, on average, when compared to the unexposed 

notched bars. The exposed notched tensile strength results have a COV of 31 percent, a 

very large value when compared with the COV of the tensile strength of the unexposed 

un-notched bars. The tensile strength of the notched bars without exposure is larger than 

the tensile strength of the un-notched unexposed bars because small diameter FRP bars 

have higher tensile strengths. This can be explained considering that a small diameter 

bar has less probability of having a flaw than a larger diameter bar.  

 

 
Table 25.  Tensile Strength of Bar Type P Notched. 

Specimen Un-notched without exposure 
(psi) 

Notched without exposure 
(psi) 

Notched with 
exposure (psi) 

1 86,125 105,864 61,711 
2 85,414 113,656 114,279 
3 81,286 110,020 114,695 
4 87,265 - - 
5 82,851 - - 

Avg. 84,588 109,847 96,895 
S. D. 2,456 3,899 30,471 
COV 0.03 0.04 0.31 
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Tensile Strength of Notched Bar Type V1 

The tensile strength results of bar type V1 are shown in Table 26. After 26 weeks 

of exposure to a high pH solution and room temperature, the notched bars showed a 

tensile strength reduction of 4 percent, on average, when compared with the unexposed 

notched bars. For this bar type, the maximum COV is 10 percent. It can also be observed 

from Table 26 that the tensile strength of the notched bars without exposure is larger 

than the tensile strength of the un-notched bars without exposure. This behavior can be 

explained as described for bars type P. 

 

Table 26.  Tensile Strength of Bar Type V1 Notched. 

Specimen Un-notched without 
exposure (psi) 

Notched without exposure 
(psi) 

Notched with 
exposure (psi) 

1 76,393 86,559 77,610 
2 93,258 88,896 89,486 
3 96,778 98,136 93,992 
4 90,766 - - 
5 85,339 - - 

Avg. 88,507 91,197 87,029 
S. D. 7,951 6,122 8,463 
COV 0.09 0.07 0.10 

 

 

Tensile Strength of Notched Bar Type V2 

The tensile strength results of bar type V2 are shown in Table 27. After 26 weeks 

of exposure to a high pH solution and room temperature, the notched bars showed an 

average tensile strength reduction of 3 percent when compared with the unexposed 

notched bars. The maximum COV was 5 percent for the type V2 notched bars exposed 

to the high pH solution. For bar type V2, the tensile strength of the unexposed notched 

specimens is smaller than the tensile strength of unexposed un-notched specimens. It is 

not clear why the tensile strength of the unexposed notched bars is lower than the tensile 

strength of the unexposed un-notched bars. There could be error either in the failure load 

or in the bar area. The reduced bar area was obtained accounting for the notched depth. 

Both the bar area and the notch depth are not significantly different from the areas and 
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notched depths of the other bars. The failure load, on the other hand, is quite lower than 

the failure loads of the other bar types. The average failure loads of bar types P, V1, and 

V2 are 25.8 kips, 21.0 kips, and 15.5 kips, respectively. Thus, although not reported by 

Schaefer (2002), failure of the specimens could have initiated at the end grips, causing 

premature failure of the specimens. 

 

Summarizing, bar type P exhibited an average strength reduction of 12 percent, 

while bars V1 and V2 showed reductions of only 4 and 3 percent, respectively. Thus, the 

bars made with polyester resin exhibited reductions in strength three times higher than 

bars made with vinyl ester resin after 26 weeks of exposure. This indicates that the vinyl 

ester resin may perform better than polyester resin when damage to the bar occurs. The 

mean tensile strength of a commercially available vinyl ester resin is 14,000 psi (Dow 

Chemical Company 2003). The mean tensile strength of a typical polyester resin is 

10,500 psi (Lubin 1969). The improved performance of the vinyl ester resin could be 

due to better interfacial bond strength with the glass fibers and better wetting of the 

fibers.  

 

 
Table 27.  Tensile Strength of Bar Type V2 Notched. 

1 76,670 67,308 66,859
2 77,096 65,561 62,251
3 75,099 63,403 61,330
4 71,673 - -
5 71,816 - -

Avg. 74,471 65,424 63,480
S. D. 2,598 1,956 2,962
COV 0.03 0.03 0.05

Specimen Un-notched without exposure 
(psi)

Notched without exposure 
(psi)

Notched with exposure 
(psi)
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MOISTURE ABSORPTION TEST 

 
 The need to conduct moisture absorption tests on GFRP bars was discussed in 

Section II, and a test to determine absorption rates as a function of time was described in 

Section III. The results of the moisture absorption tests on bars with uncapped ends will 

be presented first. Following this, the results of the moisture absorption tests on bars 

with capped ends, and a model for prediction of the diffusion into the GFRP bars is 

presented. Finally, a prediction model to estimate the residual tensile strength of exposed 

GFRP bars is presented. Specimens with capped and uncapped ends were tested because 

there is no agreement between manufacturers as to whether the ends of FRP bars should 

be protected with a resin. The test with capped ends was also necessary because capping 

the ends of the bar limits the moisture ingress into the bar from the ends, allowing 

moisture to diffuse into the bar almost exclusively from the bar sides. This condition is 

more representative of actual field conditions where bars are long, and the moisture 

absorption that occurs at the ends does not affect the moisture absorption at bar sections 

far removed from the ends. 

 

Test Results for Bars with Uncapped Ends 

The test results of the bars with uncapped ends are summarized in Table 28, 

where the ratio of the measured wet weight to the dry initial weight is shown. The results 

shown are the average values obtained from three test specimens. All specimens show an 

increase in weight (or mass) with time. All specimens from this experiment were tested 

in shear at the end of the test. The specimens exposed to distilled water and no chlorides 

displayed the highest moisture absorption. The researchers believe that the surface of 

bars exposed to an alkaline solution made with calcium hydroxide and those exposed to 

chlorides exhibit less diffusion because the calcium hydroxide and chloride atoms can 

block the movement of other atoms into the bar. Therefore, the diffusion coefficient of 

FRP bars exposed to calcium hydroxide and chloride atoms could be reduced over time. 

It is believed that this is the reason why the bar specimens exposed to distilled water 

exhibited the highest moisture absorption values. The relative weights of the specimens 
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exposed to distilled water, with mean pH values of 7.4 and 7.3, are shown in Table 28. 

The relative weights of the specimens exposed to a calcium hydroxide solution, with 

average pH values of 9.1 and 9, are shown in Table 28. In general, smaller diameter bars 

have higher moisture absorption rates than large diameter bars at a given time. This 

behavior indicates that small diameter bars will saturate faster than large diameter bars, 

as expected. The complete data of the uncapped end results are presented in Table A1 of 

Appendix A. 

 

Table 28.  Average Relative Weight from Test of Bars with Uncapped Ends. 

Exposure time (weeks) 
22 42 42 48 68 68 pH 

NaCl 
content  

(%) 

Bar 
diameter 

(in.) Bar P Bar V1 Bar V2 Bar P Bar V1 Bar V2 
0.500 - - - 1.0032 1.0127 1.0112 
0.625 - - - 1.0042 1.0087 1.0052 7.4 0 
0.750 - - - 1.0060 1.0058 1.0022 
0.500 1.0028 1.0077 1.0055 1.0026 1.0092 1.0067 
0.625 1.0021 1.0040 1.0023 1.0021 1.0045 1.0029 7.3 3.5 
0.750 1.0054 1.0020 1.0016 1.0055 1.0028 1.0020 
0.500 1.0030 1.0081 1.0073 1.0027 1.0117 1.0084 
0.625 1.0035 1.0048 1.0040 1.0036 1.0068 1.0049 9.1 0 
0.750 1.0045 1.0021 1.0019 1.0047 1.0041 1.0026 
0.500 - - - 1.0026 1.0088 1.0083 
0.625 - - - 1.0025 1.0048 1.0045 9.0 3.5 
0.750 - - - 1.0048 1.0029 1.0023 

 

 

Test Results for Bars with Capped Ends 

Table 29 summarizes the results of the moisture absorption of the bars with 

capped ends in distilled water. The distilled water had an average pH value of 7.8. Table 

29 shows the ratio of the measured wet weight (or mass) to the dry initial weight (or 

mass). The moisture absorption is consistently larger for small diameter bars than for 

large diameter bars for bar types V1 and V2. Bar type P shows the highest moisture 

absorption for the 0.75-inch diameter bars. The complete data for the capped end 

specimens in distilled water are presented in Table A2 of Appendix A. 



 

   88

Table 29.  Average Relative Weight from Test of Capped-End Bars in Distilled Water. 

Exposure time (weeks) 
Bar type 

Bar 
diameter 

(in.) 0.7 2.4 15.9 79.0 88.7 97.0 
0.500 1.0000 1.0011 1.0015 1.0023 1.0071 1.0071 
0.625 1.0000 1.0008 1.0011 1.0018 1.0066 1.0066 P 
0.750 1.0000 1.0018 1.0029 1.0051 1.0102 1.0103 
0.500 1.0000 1.0025 1.0040 1.0072 1.0138 1.0139 
0.625 1.0000 1.0016 1.0029 1.0053 1.0115 1.0115 V1 
0.750 1.0000 1.0011 1.0017 1.0027 1.0073 1.0074 
0.500 1.0000 1.0028 1.0044 1.0079 1.0136 1.0139 
0.625 1.0000 1.0017 1.0024 1.0040 1.0089 1.0091 V2 
0.750 1.0000 1.0009 1.0013 1.0019 1.0064 1.0064 

 

 

Table 30 summarizes the results of the moisture absorption of the bars with 

capped ends in alkaline solution. The alkaline solution had an average pH value of 12.8. 

Table 30 shows the ratio of the measured wet weight to the dry initial weight. As for the 

distilled water case, the moisture absorption is invariably larger for small diameter bars 

than for large diameter bars for bar types V1 and V2. Also, bar type P shows the highest 

moisture absorption for the 0.75-inch diameter bars, followed by the 0.625-inch diameter 

bars, and then by the 0.5-inch diameter bars. The complete data for the capped end 

specimens in alkaline solution are presented in Table A3 of Appendix A. 

 

 
Table 30.  Average Relative Weight from Test of Capped-End Bars in Alkaline Solution. 

Exposure time (weeks) Bar type Bar diameter 
(in.) 0.7 2.4 15.9 79.0 88.7 97.0 

0.500 1.0000 1.0007 1.0012 1.0021 1.0065 1.0066 
0.625 1.0000 1.0007 1.0011 1.0017 1.0065 1.0066 P 
0.750 1.0000 1.0011 1.0018 1.0035 1.0082 1.0087 
0.500 1.0000 1.0018 1.0035 1.0065 1.0135 1.0135 
0.625 1.0000 1.0006 1.0016 1.0037 1.0096 1.0101 V1 
0.750 1.0000 1.0006 1.0011 1.0018 1.0063 1.0064 
0.500 1.0000 1.0016 1.0019 1.0032 1.0096 1.0096 
0.625 1.0000 1.0010 1.0014 1.0019 1.0068 1.0070 V2 
0.750 1.0000 1.0007 1.0009 1.0014 1.0061 1.0062 
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It can be observed from Tables 29 and 30 that the specimens in the distilled water 

solutions exhibited higher absorptions than those in the alkaline solution for all bar types 

and diameters. 

 

The average relative weight results versus the square root of time are plotted in 

Figures 35 and 36 for the specimens exposed to distilled water and alkaline solution, 

respectively. In Figures 35 and 36, the labels indicate bar type followed by bar diameter 

in eighths of an inch. The labels of the ordinates indicate the average weight of five 

specimens (w) expressed as a fraction of the initial (dry) weights (wo). Both figures show 

that all specimens are either saturated or close to saturation.  
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Figure 35.  Average Relative Weight of Specimens in Distilled Water. 

 

 



 

   90

1.000

1.002

1.004

1.006

1.008

1.010

1.012

1.014

0 5 10 15 20 25 30

Square root of time (days)^0.5       .

A
ve

ra
ge

 W
 / 

W
o

P-4
V1-4
V2-4
P-5
V1-5
V2-5
P-6
V1-6
V2-6

 

Figure 36.  Average Relative Weight of Specimens in Alkaline Solution. 

 

 

 It can be seen in Figures 35 and 36 that all of the 0.5-inch diameter bar 

specimens are saturated. Most of the specimens with 0.625-inch and 0.75-inch diameter 

bars are close to saturation, although still some increase in moisture was observed, 

especially for the 0.75-inch diameter bars. 

 

The results from bar types V1 and V2 will be used to compare the moisture 

absorption of the uncapped-end and capped-end specimens. Comparing the results 

obtained at 68 weeks of exposure from Table 28 for pH values of 7.4 and 9.1 and no 

chloride content with the results obtained at 79 weeks of exposure from Tables 29 and 

30, it can be seen that the specimens with uncapped ends absorbed more moisture than 

the specimens with capped ends. Although the results of the uncapped-end specimens 

were recorded at 68 weeks and the results for the capped-end specimens were obtained 

at 79 weeks, the uncapped-end specimens showed moisture absorption 2 percent higher, 

on average. Thus, capping the bar ends should yield absorption rates that are closer to 

actual absorption rates found in the long bars embedded in concrete elements. 
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 The moisture absorption of the bars will now be modeled to obtain the diffusion 

coefficient of the GFRP bars. The diffusion coefficient will then be used in a model to 

predict the tensile strength degradation of GFRP bars. The model to predict the strength 

degradation of GFRP bars will then be used to predict the tensile strength degradation 

versus exposure times. 

 

Diffusion Analysis 

Modeling diffusion in GFRP bars is complex because there are several factors 

that introduce heterogeneity, including the fact that the bar is a composite material, an 

interface exists between the resin and the fibers, there is an uneven distribution of fibers 

within the matrix, and voids and fillers are present. Some of these features can be seen in 

Figures 4 and 5 shown previously. A typical inhomogeneous distribution of fibers within 

the matrix can be observed in Figure 37. 

 

 

  

Figure 37.  Heterogeneous Distribution of Fibers within the Matrix. 

 

 

Resin 

Fiber 
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Solid polymers do not satisfy some of the basic assumptions made regarding 

diffusion through a medium according to Neogi (1996). Among the conditions not 

satisfied are isotropy and homogeneity. Alfrey (1965) identified the first basic type, out 

of the two known, of non-Fickian sorption behaviors. In Alfrey’s sorption experiments 

for glassy polymers, the moisture gain was found to be proportional to time, instead of 

being proportional to the square root of time for Fickian behavior. Long and Richman 

(1960) documented the second type of non-Fickian behavior. In that case, the moisture 

uptake was found to be sigmoidal. Figure 38 depicts the main types of Fickian and non-

Fickian sorption. 

 

 

 

Figure 38.  Main Types of Diffusion. 

 

 

 In order to determine whether the moisture absorption of GFRP bars can be 

modeled with Fick’s second law of diffusion, the results of the moisture absorption tests 

of the bars with capped ends will be plotted in different ways. Figures 39 and 40 

illustrate the moist weight, w, expressed as a fraction of the weight at saturation, 

wsaturation, for all types of capped bars. In this case, saturation is defined as the moisture 

absorption level beyond which there is no moisture absorption increase. It can be 

observed from both figures that moisture absorption in GFRP bars can be approximated 

with Fick’s second law of diffusion as illustrated in Figure 38, since the moisture 

absorption is approximately proportional to the square root of time up to saturation. It 
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can be seen from Figures 39 and 40 that, in general, the specimens exposed to the 

distilled water solution absorbed more moisture than the specimens exposed to the 

alkaline solution at a given time.  
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Figure 39.  Weight of Bars in Distilled Water as a Fraction of Weight at Saturation. 
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Figure 40.  Weight of Bars in Alkaline Solution as a Fraction of Weight at Saturation. 
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 To obtain the diffusion coefficient, the equation for Fick’s second law for 

diffusion of a substance into a cylinder can be used as follows: 
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 A solution to Equation 15 is given by Jost (1952), which lends itself for 

comparison with experiments where it is typically not easy to measure local 

concentrations, but rather the total amount of solution taken up by the bar, is as follows: 
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where, 

ci = Initial solution concentration, 

cf  = Final solution concentration, 

cavg = Average solution concentration, 

ξvi  = Roots of the equation Jo(x) = 0, where Jo(x) is the Bessel-function of zero order 

(ξvi = 2.405, 5.520, 8.654, 11.792, 14.931, 18.071…), 

ro = Radius of the bar (inch), 

D  = Diffusion coefficient (inch2 sec-1), 

T = Time (sec). 

 

where the average concentration is computed as follows: 

∫=
or

o
avg cdr

r
c

0

1      (17) 

where c is the concentration at a given point in the bar. In the case of a GFRP bar 

immersed in distilled water, cavg is the moisture content at time t, expressed as a fraction 

of the moisture absorbed at saturation. 

 

The boundary conditions for the equations are: 

c = ci = 0 for 0 < r < ro and t = 0     (18) 

c = cf ≠ 0 for r = ro and t > 0     (19) 
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where r is a radial distance (inch). 

 

Using the first term of the series: 
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For the case of a GFRP bar in distilled water, cf is equal to one, the fraction of 

moisture content at saturation; ci is the initial moisture content of the bar, equal to zero, 

i.e., the bar was dried prior to using it in the moisture absorption test. 

 

 Equations 20 and 21 are used to obtain the diffusion coefficients of the bars with 

capped ends exposed to distilled water. The same equations are used to compute the 

diffusion coefficients of the bars with capped ends exposed to the alkaline solutions. In 

the case of the specimens exposed to the alkaline solution, the diffusion coefficient was 

determined by assuming the average concentration (cavg) at a given time to be equal to 

the weight gain at that time expressed as a fraction of the weight gain at saturation, as it 

was assumed in the case of the specimens exposed to distilled water. The concentrations 

ci and cf are equal to 0 and 1, respectively, as is the case of the distilled water specimens. 

The diffusion coefficients for the specimens exposed to distilled water and alkaline 

solution are indicated in Table 31. The diffusion coefficient can be computed at any 

time. However, the researchers noticed that the diffusion coefficients computed at short 

exposure times were not realistic, and as the exposure time approached the saturation 

time, the computed diffusion coefficient was less variable and more realistic as indicated 

in Figure 41. This could be an indication that the diffusion coefficient is not constant 

with time. Therefore, the diffusion coefficients were obtained for the value of time 
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closest to the time at which the specimens reached saturation. The specimens in distilled 

water have a slightly higher diffusion coefficient. 

 

 

Table 31.  Diffusion Coefficients. 

D                                      
(in.2/sec) Bar type Diameter             

(in.) 
Distilled water Alkaline solution 

0.500 9.12E-10 1.61E-10 
0.625 1.65E-09 1.04E-09 P 
0.750 1.92E-09 1.35E-09 
0.500 9.74E-10 3.36E-10 
0.625 4.47E-10 1.02E-09 V1 
0.750 1.74E-09 2.39E-09 
0.500 1.68E-11 4.74E-11 
0.625 1.14E-09 1.19E-09 V2 
0.750 8.03E-10 1.85E-09 

Average 1.07E-09 1.04E-09 
Standard Deviation 6.23E-10 7.79E-10 
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Figure 41.  Typical Trend of Computed Diffusion Coefficients. 
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 The diffusion coefficients indicated in Table 31 are similar to diffusion 

coefficients obtained by other authors. Tannous and Saadatmanesh (1999) obtained a 

diffusion coefficient of 1.06×10-11 inch2/sec for 0.375-inch diameter GFRP bars exposed 

to distilled water at 77 °F. Carter and Kibler (1978) reported a diffusion coefficient of 

1.63×10-10 inch2/sec for resin type 5208 at 75 °F.  Soles et al. (2000) reported diffusion 

coefficients that ranged from 2.5×10-8 to 5.8×10-8 inch2/sec for resins with different 

stiffnesses at 95 °F.  Sen et al. (2002) reported diffusion coefficients that ranged from 

1.49×10-8 to 1.38×10-10 inch2/sec for 0.375-inch diameter GFRP bars exposed to an 

alkaline solution with average pH of 13.4. 
 

The diffusion coefficients obtained from Table 31 were used to compute the 

moisture absorption as a function of time for the bars studied. The results are plotted in 

Figures 42 and 43. The nomenclature used in Figures 42 and 43 to identify the bar type 

and size is the same as described previously. 
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Figure 42.  Predicted Weight Gain for Distilled Water Specimens Using Computed Diffusion 
Coefficients. 



 

   98

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 5 10 15 20 25 30

Square root of time (days)^0.5

W
 / 

W
sa

tu
ra

tio
n

P-4
V1-4
V2-4
P-5
V1-5
V2-5
P-6
V1-6
V2-6
Average

 

Figure 43.  Predicted Weight Gain for Alkaline Solution Specimens Using Computed Diffusion 
Coefficients. 

 

 

 Comparing Figure 39 with Figure 42 and Figure 40 with Figure 43, it can be seen 

that the average computed weight gain is higher than the mean measured weight gain. 

This observation is more clear in Figures 44 and 45. Thus, the computed diffusion 

coefficients predict higher moisture contents than measured values before saturation for 

all times. The saturation time is the same in the predicted and measured specimens.  

 

The predictions of the tensile strength degradation of the GFRP bars are not 

significantly affected by the fact that the computed diffusion coefficients predict higher, 

although conservative, moisture contents than those measured. This observation is 

adequate, since the time required for saturation of the bars is approximately 550 days 

(1.5 years), a small fraction of the time structures are intended to last. 
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Figure 44.  Comparison between Average Predicted and Measured Absorption in Distilled Water. 
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Figure 45.  Comparison between Average Predicted and Measured Absorption in Alkaline Solution. 
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Tensile Strength Degradation Analysis 

To estimate the degradation of GFRP bars over time, the method proposed by 

Katsuki and Uomoto (1995) will be modified. Katsuki and Uomoto predicted the depth 

of penetration of a solution into an FRP bar to be: 

Dctx 2=      (22) 

where,  

x = the depth from surface of the bar (mm), 

D = the diffusion coefficient of the FRP bar in concrete pore solution (mm2 sec-1), 

c = the concentration of the exposure solution (mol/l), 

t = time (sec). 

 

The depth x is illustrated in Figure 46. 

 

 

 

Figure 46.  Schematic of Degradation Model. 

 

 

 



 

   101

Katsuki and Uomoto (1995) obtained the following expression for the 

computation of the residual tensile strength: 
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where,  

σt = the tensile strength at any give age (psi), 

σo = the tensile strength before exposure (psi), 

ro = the bar radius (inch). 

 

 The model by Katsuki and Uomoto assumed the fibers located in the region (r < 

r1) to be intact and the fibers located in the region (r0 > r > r1) to be completely 

degraded. This assumption would imply that the whole bar would be entirely 

deteriorated upon saturation, at approximately 1.5 years. However, glass fibers do not 

degrade instantaneously as they are exposed to the solution. Therefore, Equation 23 will 

be modified to account for the fact that time is required to degrade the glass fibers as 

follows: 

0

2

0

21 σλσ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

R
tD

t     (24) 

where the terms are as defined earlier and λ = f(c, t). Equation 24 yields the residual 

tensile strength using an equivalent depth of penetration. The difference between the 

new proposed depth of penetration (x´ = (2Dλt)1/2 ) and x is that x´ is smaller than x, 

since glass fibers do not degrade instantaneously upon contact with a solution. The 

predicted residual strength will be computed using the overall average diffusion 

coefficient obtained from the distilled water exposure specimens. The value of λ will be 

obtained by fitting the predicted residual tensile strength to the overall lowest observed 

tensile strength obtained from the tension tests for the 0 and 50 weeks exposure times, 

using least squares. The value determined for λ was 0.006. The predicted residual tensile 

strengths are plotted in Figure 47 and are labeled “fit to lowest observed values.” Figure 
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47 also shows all the data points for the measured relative tensile strengths at 0, 26, and 

50 weeks. Since Equation 24 is parabolic, the predicted relative tensile strengths will 

reach a minimum at a given time and then will increase. Therefore, Equation 24 should 

be valid only for residual tensile strength predictions up to the time when the minimum 

relative residual tensile strength is reached. The residual tensile strengths should be 

considered to remain constant beyond that time. 
 

There are obvious limitations on the validity of the model to predict residual 

tensile strengths at long periods of time, since the model is based on residual strength 

data for exposures of only one year. In addition, recent work indicates that the basic 

assumption by Katsuki and Uomoto that alkali ions can migrate into GFRP bars may not 

be applicable (Jones 1998, Dejke 2001). Nevertheless, in the absence of reliable long-

term data, the model was used to predict residual relative tensile strengths at exposure 

times much larger than those covered by the experiments. The residual tensile strengths 

were predicted to be 0.64, 0.55, 0.49, and 0.44 at 5, 10, 15, and 20 years, respectively. 
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Figure 47.  Measured and Predicted Residual Relative Tensile Strength. 
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The ACI 440 (2001) design guidelines recommend using a design tensile strength 

for the FRP bars equal to: 
*
fuEfu fCf =      (25) 

where, 

ffu  = Design tensile strength of FRP, considering reduction for service environment, 

psi, 

CE  = Environmental reduction factor (0.8 and 0.7 for GFRP bars, for concrete not 

exposed to earth and weather, and concrete exposed to earth and weather, 

respectively), 

f*
fu  = Guaranteed tensile strength of an FRP bar defined as the mean tensile strength of 

a sample of test specimens minus three times the standard deviation (f*
fu = fu,avg – 

3σ) (psi). 

 

The overall average and standard deviations of the tensile strength of all the 

specimens tested were presented in the tension test section. The standard deviations of 

the relative tensile strength for all the specimens tested at 0, 26, and 50 weeks of 

exposure were 0.054, 0.063, and 0.070, respectively. The standard deviations were used 

to compute the guaranteed tensile strength, by subtracting three standard deviations from 

the average values, at 0, 26, and 50 weeks. The guaranteed relative tensile strengths at 0, 

26, and 50 weeks are 0.84, 0.80, and 0.72, respectively. A new value of λ equal to 

0.0057 was obtained by fitting a new predicted residual tensile strength to the guaranteed 

relative tensile strength obtained for the 26- and 50-week exposure times, using least 

squares. The results are presented in Figure 47 and are labeled “fit to average minus 3 

standard deviations.”  The residual tensile strengths, relative to the initial tensile 

strength, at 5, 10, 15, and 20 years were predicted to be 0.64, 0.55, 0.49, and 0.44, 

respectively. On the other hand, the residual tensile strengths, computed relative to the 

guaranteed initial tensile strength are 0.74, 0.65, 0.58, and 0.53 at 5, 10, 15, and 20 

years, respectively. Figure 47 shows (with a dashed line) the design relative tensile 
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strength computed following the ACI 440 design guidelines for an environmental 

reduction factor of 0.7. Figure 47 indicates that the predictions made with the lowest 

value fit line and with the average minus three standard deviations fit line are similar. 

Figure 47 also shows that the predicted residual tensile strength and the design strength 

computed following the ACI 440 design guidelines meet at approximately seven years. 

This indicates that if the exposure conditions of the test specimens match those of bars 

embedded in concrete elements in the field, the environmental reduction factor of 0.7 for 

glass FRP bars given in the ACI 440 design guidelines may be unconservative beyond 7 

years assuming the best fit equation can be interpolated beyond one year. A comparison 

between the results obtained and the ACI 440 design guidelines will be given in Section 

V. 
  

Sen et al. (2002) conducted tests on 0.375-inch diameter E-glass vinyl ester bars 

unstressed and subjected to 10, 15, and 25 percent of the ultimate stress. Several sets of 

three bars each were exposed to a simulated concrete pore solution with a pH that varied 

between 13.35 and 13.55. The authors found that the residual tensile strength of exposed 

specimens with no load was 50 percent of the original tensile strength, on average, after 

one month of exposure. The residual strength of the specimens stressed at 10 percent of 

the ultimate original strength showed a residual strength of 40 percent, and the 

specimens loaded at 25 percent of the initial original strength showed a strength 

reduction of 100 percent (all of the specimens failed). At six months of exposure, the 

results obtained were as follows: the unloaded specimens showed average residual 

tensile strengths of 36 percent, the specimens loaded at 10 percent of the original 

strength showed average residual tensile strengths of 31 percent, and the specimens 

loaded at 15 percent of the original strength showed average residual tensile strengths of 

8 percent. At nine months of exposure, the unloaded specimens showed average residual 

strengths of 37 percent, the specimens loaded at 10 percent of the initial ultimate 

strength showed an average residual strength of 30 percent, and the specimens loaded at 

15 percent of the ultimate initial strength showed strength reductions of 100 percent (all 



 

   105

of the specimens failed). It is clear from these results that stress level affects GFRP bars 

considerably and that using even the lower bound relative strength values may be 

unconservative. 

 

The residual tensile strengths obtained by Sen et al. (2002) are lower than values 

obtained in this project. The results of the unloaded test results from Sen et al. and from 

this project are compared in Table 32. Sen et al. obtained much larger tensile strength 

degradations than obtained in this project. This may be because Sen and coworkers 

exposed their specimens to a pH higher than used in this project. Sen and coworkers 

argue that the concrete pH varies between 12.5 and 13.5, while Mindess and Young 

(1981) report that concrete pH values typically range between 12 and 12.5. Since pH is 

based on a logarithmic scale, an increase in pH of one is a ten-fold increase in hydroxyl 

ions (OH-). Obviously the concrete pH depends on the concrete mix and raw materials 

used to make it; however, the value of 13.3 used by Sen et al. could be on the high side. 

Another reason that contributed to the faster degradation observed by Sen and coworkers 

is that they tested 0.375-inch diameter specimens, while this project tested 0.625-inch 

diameter specimens. As indicated in the moisture absorption results, smaller diameter 

bars will saturate faster than larger diameter bars and, therefore, will degrade faster. 

Based on this analysis, the results of the unstressed bars tested in this project can be 

assumed to be an upper bound residual tensile strength. 

 

 

Table 32.   Comparison of Relative Residual Tensile Strength Results of Unstressed Specimens. 

6 Months 9 or 11.5 Months 

Project Avg. pH 
Residual 
tensile 

strength 
Avg. pH Residual tensile 

strength 

Sen et al. (2002) 13.35 0.36 13.41 0.37 at 9 months 
This project (guaranteed strength fit) 12.00 0.77 12.00 0.74 at 11.5 months
This project  (smallest observation fit) 12.00 0.79 12.00 0.76 at 11.5 months
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 The results of the moisture absorption of bars with capped and uncapped ends 

have been presented. The results show that all specimens were either saturated or close 

to saturation at approximately 1.5 years. Capping of the moisture absorption specimens 

is necessary to model more accurately the moisture absorption behavior of GFRP bars 

used in service conditions. Fick’s second law of diffusion can be used to model the 

moisture absorption of GFRP bars. The solution to the differential equation of diffusion 

of a solution into an infinitely long cylinder with constant concentration at the surface as 

presented by Jost (1952) was used to find the diffusion coefficients of the specimens 

studied. Results indicate that diffusion through GFRP bars takes place at a faster rate 

when the solution is distilled water when compared with calcium hydroxide exposure 

solutions. The average diffusion coefficient of the specimens exposed to distilled water 

was used in a degradation model obtained by modifying the model proposed by Katsuki 

and Uomoto (1995). This was done to better account for the time required for glass 

fibers to degrade. Finally, predictions of residual tensile strengths were made using the 

modified tensile strength degradation model. The limitations of the prediction model are 

that only one bar size was studied, the specimens were exposed for only 1.5 years, and as 

described in the tension test results section, a larger number of specimens may be 

necessary for statistical validation due to the high variability of the tensile strength of 

GFRP bars. 

 

DIRECT SHEAR STRENGTH TEST 

 
 As noted in Section II, the degradation of the direct shear strength of GFRP bars 

is an important parameter for design of FRP-reinforced concrete structures that has not 

yet been characterized. Section II also describes an application where the shear modulus 

of elasticity could be used. This section presents the direct shear strength test results, 

followed by the shear modulus of elasticity test results and by a failure analysis.  

 

The direct shear strength tests were conducted with 0.625-inch diameter bars. As 

indicated in the uncapped end moisture absorption tests, bar types P, V1, and V2 were 
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exposed for 48, 68, and 68 weeks, respectively. Bar type P specimens were exposed for 

only 48 weeks because the exposure test began with the other bars before bar types P 

were received. 

 

Direct Shear Strength Test Results 

Tables 33, 34, and 35 show the shear strength test results for bar types P, V1, and 

V2, respectively. It can be observed from Tables 33 through 35 that the maximum COV 

of the shear strength is 8 percent. In general, the coefficients of variation of the shear 

strength test results are smaller than the coefficients of variation obtained for the tension 

tests. 

 

 

Table 33.  Shear Strength Values of Bar Type P. 

Exposed for 48 weeks (psi) Specimen Unexposed   
(psi) pH = 7 pH = 7, Na Cl pH = 12 pH = 12, Na Cl 

1 22,487 22,915 21,130 21,273 20,416 
2 22,201 23,058 21,273 22,772 21,487 
3 22,344 21,915 21,559 20,631 22,130 
4 20,488 - - - - 
5 21,915 - - - - 

Average 21,887 22,629 21,321 21,559 21,344 
S.D. 810 622 218 1,099 866 
COV 0.04 0.03 0.01 0.05 0.04 

 

 

Table 34.  Shear Strength Values of Bar Type V1. 

Exposed for 68 weeks (psi) Specimen Unexposed   
(psi) pH = 7 pH = 7, Na Cl pH = 12 pH = 12, Na Cl 

1 23,415 24,129 22,701 22,201 23,700 
2 23,058 21,915 22,344 22,772 24,057 
3 23,914 20,559 22,986 21,915 23,058 
4 22,986 - - - - 

Average 23,343 22,201 22,677 22,296 23,605 
S.D. 424 1,802 322 436 506 
COV 0.02 0.08 0.01 0.02 0.02 
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Table 35.  Shear Strength Values of Bar Type V2. 

Exposed for 68 weeks (psi) Specimen Unexposed   
(psi) pH = 7 pH = 7, Na Cl pH = 12 pH = 12, Na Cl 

1 20,916 21,416 20,845 19,988 20,988 
2 21,773 23,058 23,058 18,061 20,988 
3 21,559 20,060 20,559 21,202 20,773 
4 23,058 - - - - 
5 21,130 - - - - 

Average 21,687 21,511 21,487 19,750 20,916 
S.D. 838 1,501 1,368 1,584 124 
COV 0.04 0.07 0.06 0.08 0.01 

 

 

Figure 48 shows a comparison of the direct shear strength results. The ordinate 

indicates the shear strength results after exposure relative to the unexposed shear 

strength. It can be observed that the most severe condition is the high pH exposure. In 

this case, the direct shear strength reductions amount to 2, 4, and 9 percent of the 

original shear strength values for bar types P, V1, and V2, respectively. As indicated by 

Paul (1982) all silicate glasses become especially susceptible to decomposition when in 

contact with a solution with pH values higher than approximately 9 or 10. Thus, larger 

shear strength degradations are expected to occur in GFRP bars exposed to high pH 

solutions. Nevertheless, a shear strength increase of approximately 3 percent relative to 

the original value was recorded for bar type P after 48 weeks of exposure to distilled 

water, and a relative increase of approximately 2 percent was measured in bar type V1 

after 68 weeks of exposure in a high pH solution with chlorides. The apparent shear 

strength increase may result from the high variability of the mechanical properties of 

GFRP bars as indicated in the tension test results section. 
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Figure 48.  Relative Shear Strength versus Exposure Condition. 

 

 

 

Shear Modulus of Elasticity Test Results 

Tables 36, 37, and 38 show the shear modulus of elasticity test results for bar 

types P, V1, and V2, respectively. The shear modulus of elasticity is the slope of the 

direct shear stress versus the shear strain curve. The shear moduli of elasticity test results 

have higher variability than the shear strength test results. 

 

 

Table 36.  Shear Modulus of Elasticity Values of Bar Type P. 

Exposed for 48 weeks (psi) Specimen Unexposed   
(psi) pH = 7 pH = 7, Na Cl pH = 12 pH = 12, Na Cl 

1 2,465 2,432 2,554 1,897 2,369 
2 2,513 2,198 2,814 2,131 2,185 
3 2,365 1,808 2,233 2,143 2,112 
4 2,305 - - - - 
5 2,411 - - - - 

Average 2,412 2,146 2,534 2,057 2,222 
S.D. 82 315 291 139 132 
COV 0.03 0.15 0.11 0.07 0.06 
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Table 37.  Shear Modulus of Elasticity Values of Bar Type V1. 

Exposed for 68 weeks (psi) Specimen Unexposed   
(psi) pH = 7 pH = 7, Na Cl pH = 12 pH = 12, Na Cl 

1 2,446 2,368 2,121 2,526 2,621 
2 2,608 2,617 2,884 2,125 2,629 
3 2,393 2,340 2,531 2,552 2,413 
4 2,911 - - - - 

Average 2,590 2,442 2,512 2,401 2,554 
S.D. 233 152 382 239 122 
COV 0.09 0.06 0.15 0.10 0.05 

 

 

 

Table 38.   Shear Modulus of Elasticity Values of Bar Type V2. 

Exposed for 68 weeks (psi) Specimen Unexposed   
(psi) pH = 7 pH = 7, Na Cl pH = 12 pH = 12, Na Cl 

1 2,766 3,195 2,460 2,308 2,628 
2 2,866 3,160 2,903 2,629 2,916 
3 2,941 2,877 2,910 2,520 2,734 
4 2,893 - - - - 
5 2,568 - - - - 

Average 2,807 3,077 2,758 2,486 2,759 
S.D. 148 174 258 163 146 
COV 0.05 0.06 0.09 0.07 0.05 

 

 

A comparison of the average values of the shear modulus of elasticity test results 

obtained before and after exposure is presented in Figure 49. The ordinate indicates the 

shear modulus of elasticity of exposed specimens relative to the shear modulus of 

elasticity of unexposed specimens. Once again, the pH of 12 exposure condition seems 

to be the most severe condition, resulting in shear modulus of elasticity reductions of 15, 

7, and 11 percent for bar types P, V1, and V2, respectively. An increase in shear 

modulus of elasticity of nearly 10 percent relative to the original value was recorded in 

bar type V2 after 68 weeks of exposure to distilled water. A relative shear modulus of 

elasticity increase of 5 percent was found for bar type P after 48 weeks of exposure to a 

solution made with distilled water and chlorides. 



 

   111

0.80

0.85

0.90

0.95

1.00

1.05

1.10

Unexposed pH7 pH7, NaCl pH12 pH12, NaCl

Exposure

R
el

at
iv

e 
sh

ea
r 

m
od

ul
us

 o
f 

el
as

tic
ity

P, 51 weeks V1, 71 weeks V2, 71 weeks
 

Figure 49.  Relative Shear Modulus of Elasticity versus Exposure Condition. 

 

 

Failure Analysis 

In the case of a unidirectional composite subjected to shear forces, failure may 

occur by matrix shear failure, matrix shear failure with fiber debonding, fiber debonding, 

or shear rupture of fibers (Agarwal 1990). Figures 50, 51, and 52 illustrate the failure 

modes of bar types P, V1, and V2, respectively. 

 

 

Figure 50.  Failure of Bars Type P. 
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Figure 51.  Failure of Bars Type V1. 

 

 

 
Figure  52.  Failure of Bars Type V2. 

 

 

It can be observed in Figures 50 and 52 that bars type P and V2 tend to fail by a 

combination of constituent debonding and shear rupture of the matrix and the glass 

fibers. Bars type V1 failed primarily by direct shear, that is to say, mostly by matrix 

shear failure and fiber rupture as illustrated in Figure 51. 

 

As an application of the use of the shear strength of GFRP bars in design, 

consider the case of a concrete pavement connected to a bridge deck with GFRP bars 
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(even though this is not the case for pavement-bridge interfaces in Texas). The 

connection can be conservatively designed by assuming the shear force transmitted to 

the pavement by a vehicle will be transferred to the deck solely by shear through the 

GFRP bars. As such, the shear strength of the barrier can be computed to be: 

ff NAV τ=       (26) 

where, 

V =  Shear strength of the barrier (lb.), 

Af = FRP bar area (inch2), 

N = Number of FRP bars, 

τf = Shear strength of a GFRP bar (psi). 

 

From this project, it was found that after 71 weeks of exposure, a degradation of 

the direct shear strength of the GFRP bars was reduced by as much as 9 percent of the 

original direct shear strength. Therefore, a direct shear strength reduction factor should 

be applied to Equation 26 to include the long-term exposure effects in the design of 

GFRP-reinforced structural elements connected with GFRP bars subjected to direct 

shear. The proposed equation should consist of an exposure factor, k, as follows: Vexp = k 

Af N τf, where k represents the degradation as a function of time. 

 

 Summarizing, exposing GFRP bars to simulated concrete pore solutions for a 

period of 68 weeks could lead to reductions in the direct shear strength of the bars as 

high as 9 percent of the original shear strength value. The shear modulus of elasticity 

reductions could be as high as 15 percent from the original for some bars after 48 weeks 

of exposure to simulated concrete pore solutions. 
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CREEP TEST 

 

 It was discussed in Section II that a limit on deflections is one of the 

serviceability requirements that typically governs the design of FRP-reinforced concrete 

elements. A method currently available for the computation of deflections for FRP-

reinforced concrete elements was also reviewed in Section II. It was noted that the 

method used to compute long-term deflections of FRP-reinforced concrete elements 

given by the ACI 440 design guidelines does not account for creep of FRP bars. Before 

presenting the creep test results, some definitions of terms used in this section will be 

given. This section describes the results of the creep test, followed by a description of a 

method that can be used in the computation of long-term deflections of FRP-reinforced 

concrete elements accounting for creep of the FRP bars. 

 

Definitions 

Creep 

The definition of creep given by Shackelford (1996) is that creep is the plastic 

(permanent) deformation occurring at high temperature under constant load over a long 

time period. Neville and Meyers (1964) defined concrete creep as “an increase with time 

in the strain of concrete subjected to stress.” Lin and Burns (1981) define creep as “time-

dependent inelastic deformation of concrete or steel resulting solely from the presence of 

stress and a function thereof.” Gere and Timoshenko (1990) define creep as the increase 

in length of a bar loaded with a constant force over time, beyond the initial (elastic) 

deformation. The definition of creep given by Gere and Timoshenko (1990) will be used 

in this section. 

 

Relaxation 

Lin and Burns (1981) define relaxation as the “time-dependent inelastic 

deformation of steel resulting from sustained stress and a function thereof.” Gilbert and 

Mickleborough (1990) indicated that high-strength steel creeps under high stress and that 
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the loss of stress in a tendon subjected to a constant strain is known as relaxation. 

According to Gere and Timoshenko (1990), stretching a wire between two immovable 

supports will cause an initial stress in the wire, and as time elapses, the stress in the wire 

gradually diminishes a manifestation of creep, which is called relaxation of the material. 

The definition of relaxation given by Gere and Timoshenko (1990) will be used in this 

section. 

 

Creep Test Results 

The criterion used to determine the elastic and creep strains in the GFRP bars 

tested in this project is illustrated in Figure 53. The magnitudes of the elastic and creep 

strains at different times for a bar subjected to constant tensile forces are shown in 

Figure 53. The following nomenclature is used in Figure 53: 
 

P  =   Force 
L  =   Initial bar length 
L’  =   Final bar length at time t1 
ΔL  =   Initial elastic elongation of the bar, after the application of force P 
ΔL’  =   Total bar elongation due to creep at time t1 
εe  =   Elastic strain 
εc =   Creep strain 
εT   =   Total strain 
t  =   Time 
εeo =   Elastic strain at time to 
εco  =   Creep strain at time to 
εTo  =   Total strain at time to 
εe1  =   Elastic strain at time t1 
εc1  =   Creep strain at time t1 
εT1  =   Total strain at time t1 

σ  =   Stress 
 

It can be demonstrated in Figure 53 that the elastic strain remains constant over 

time; the creep strain, initially zero, develops over time, and the total strain increases 

over time in a tension specimen subjected to constant load.  Nádai (1931) reported that 

the stress in the bar remains essentially constant for small strain values. The true stress 

should be computed when large strains develop (Nádai 1931).  
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Figure 53.  Elastic and Creep Strains of a Bar under Constant Load. 

 

 

The creep test procedure was described in Section III. Six GFRP bars were 

placed in creep frames located inside a controlled-environment room with an average 

temperature of 88 °F and a relative humidity of 67 percent for a period of six months. 

The specimens were loaded to simulated service load conditions, and a load equivalent 

to approximately 23 percent of the ultimate tensile load of the GFRP bars was applied to 

the specimens. The load applied to the bars was 6900 lb. The bars used in the test had a 

diameter of 0.625 inch. Thus, the stresses present in bars were 20,110 psi, 20,710 psi, 

and 20,170 psi for specimens with bar types P, V1, and V2, respectively. These stresses 

correspond to 24, 23, and 27 percent of the ultimate strength of the bar types P, V1, and 

V2, respectively. Although the ACI 440 design guidelines recommend limiting the stress 

due to sustained loads to 20 percent of the ultimate strength of the bars, the researchers 

selected the stress levels indicated to obtain conservative estimates of the creep 

deformation of the GFRP bars. These stresses are higher than sustained stresses expected 

under service loading in a bridge deck 
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Creep strain is the strain increase, with time, recorded beyond the elastic strain. 

The time-microstrain curves recorded for the samples tested in this project are shown in 

Figure 54. One microstrain is equal to one millionth of a millimeter per millimeter. For 

example, 10,000 microstrain is equivalent to a strain of 0.01 inch/inch, or 1 percent. In 

Figure 54, the specimens are identified by bar type first, followed by nominal bar size in 

eighths of an inch, and by specimen (either a or b). It can be observed in Figure 54 that 

all specimens had a relative peak in strain at approximately 95 days. It is not clear why 

this occurred; however, the strain readings could have been affected by temperature or 

moisture changes at that time. Figure 54 illustrates that the largest increase in strain rate 

beyond the initial elastic strain was developed during the first 10 days. After 10 days, the 

strain increased at a slower rate with some variations. The location of the elastic strain 

after the load was applied to the bar is indicated in Figure 54 for specimen V1-5-a. The 

elastic strain was the strain recorded immediately after the loading jack was released and 

the 500 lb. load was hanging freely from each creep frame. The elastic strains for all 

specimens are shown in Table 39. The test was run for a period of 180 days. The creep 

test data are presented in Table B1 of Appendix B. 

 

From the data shown in Table 39, it can be determined that specimens 

manufactured without fibers wrapped round the bar (P and V2) showed an increase in 

strain beyond the initial elastic strain on the order of 2 percent. This value was computed 

by dividing the creep strain by the elastic strain from Table 39. Specimens V1, which 

were manufactured with fibers wound around the bar, exhibited an increase in strain 

beyond the initial elastic strain on the order of 6 percent over the six-month period. A 

similar behavior was reported by Yamasaki et al. (1993) where stranded or braided 

carbon FRP bars displayed strains from 100 to 300 microstrain larger than straight 

carbon FRP bars after being subjected to a constant load equal to one-third of the tensile 

strength of the bars for one year. Sixty-five hours after being loaded, specimen V2-5-b 

failed by rupture of the bar. Failure of the specimen occurred at the gripping end. 
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Figure 54.  Creep Test Results. 

 

Table 39.  Creep Strain of GFRP Bars at Six Months. 

Specimen Elastic strain     
(microstrain) 

Final strain      
(microstrain) 

Creep strain      
(microstrain) 

Creep strain over 
elastic strain     

(%) 
P-5-a 3643 3721 78 2.1 
P-5-b 3794 3882 88 2.3 

V1-5-a 4058 4282 224 5.5 
V1-5-b 3521 3755 234 6.6 
V2-5-a 3457 3525 68 2.0 
V2-5-b 3555 This specimen failed at 65 hours after the test began 

 

 

Time-Dependent Deformation Analysis 

 The long-term deformation analysis presented here was modified from an 

analysis used in prestressed concrete elements presented by Gilbert and Mickleborough 

(1990). The analysis presented is for the computation of the time-dependent strains and 

curvatures of cracked GFRP-reinforced concrete elements, where creep of the GFRP 

bars is taken into account. An analogy between deformations of prestressed concrete 

V1-5-a

P-5-b 

V1-5-b

V2-5-a 

V2-5-b P-5-a

Elastic strain 
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elements due to relaxation of the high-strength prestressing steel and the deformations of 

GFRP-reinforced concrete elements due to creep of GFRP bars will be presented first. 

The difference between relaxation and creep has been explained in the definitions 

addressed previously. 

 

Analogy between Deformations of Steel-Prestressed Concrete and GFRP-Reinforced 

Concrete Elements 

 Under constant total strain, high-strength steel relaxes (loses stress) over time. 

High-strength steel develops permanent deformations due to dislocation glide at high 

stresses and temperatures below the melting temperature (Courtney 2000). This behavior 

is illustrated in Figure 55 for a steel tendon that is held at a constant total strain. The 

terms of Figure 55 are as defined before, and the subscript r represents relaxation. Po and 

P1 are the forces present in the tendon at times to and t1, respectively; and σo and σ1 are 

the stresses present in the tendon at times to and t1, respectively. It can be observed that 

the prestressing force and the stresses present in the tendon are reduced due to 

relaxation. The prestressing force is reduced because the elastic strain is reduced over 

time. The elastic strain is reduced as the creep strain increases. 

 

Figure 55.  Relaxation of Prestressing Steel Tendon. 
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The same behavior is observed in an imaginary unbonded prestressed concrete 

beam where shrinkage and creep of the concrete are artificially prevented. Figure 56 

illustrates the case where a beam with an unbonded tendon is prestressed and subjected 

to a distributed load w. At transfer (t = to), the strain present in the tendon is the elastic 

strain (εeo), the prestressing force is Po, and the deflection is Δo. After an elapsed time, Δt 

= t1 – to, relaxation of the tendon occurs, and the strain in the tendon consists of an 

elastic strain component (εe1) and a relaxation strain component (εr1), with the total 

strain (εT1 = εe1 + εr1) remaining constant, as illustrated in part c of Figure 55. As a result 

of the relaxation of the tendon, the prestressing force is reduced to P1, and the deflection 

increases to Δ1. The nomenclature used in Figure 56 is the same as in Figure 55, and Δ is 

the midspan beam displacement. The strains developed at times to and t1 in Figure 56 are 

the same as the strains of Figure 55 for times to and t1, respectively. 
 

 

 

Figure 56.  Prestress Losses due to Prestressing Steel Relaxation in a Loaded Beam. 
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The deflection Δ of the prestressed beam shown in Figure 57 can be computed 

using the moment area method.  In Figure 57, e is the eccentricity of the tendon and n.a. 

is the neutral axis location. The M/EI diagram is illustrated in Figure 57. M is the 

bending moment acting at a section on the beam, E is the modulus of elasticity of the 

beam, and I is the moment of inertia of the beam at the same section. Thus, the 

deflection, Δ, can be computed as: 
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Using Equation 27 to compute the deflections of the beam in Figure 56, it can be 

found that Δ1 is larger than Δo because the prestressing force P1 is smaller than the 

prestressing force Po. 

 

 

Figure  57.  Prestressed Concrete Beam Deflections. 

 

From Figure 56, the increase of strain over time can be obtained as: 

spss
r EA

P
E

Δ
=

Δ
==Δ

σεε      (28) 

where (ΔP = Po−P1) is the change in prestressing force, Aps is the area of prestressing 

steel, and Es is the elastic modulus of steel.  
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Thus, the loss of prestress can be computed as: 

spsr EAP ε=Δ       (29) 

The prestress losses due to steel relaxation of an actual prestressed concrete beam 

are different than those obtained with Equation 29 because prestress losses of actual 

prestressed concrete beams due to relaxation are affected by creep and shrinkage of the 

concrete, elastic shortening of the concrete section at transfer, type of prestressing 

reinforcement, and level of prestress. Different equations have been proposed to 

compute relaxation losses of bonded and unbonded tendons (Branson 1977).  

 

For pretensioned strands: 

CRs = 20,000−0.125 (SH + ES + CRc)    (30) 

 

For post-tensioned strands: 

CRsp = 20,000−0.125 (0.8 SH + 0.5 ES + CRc)  (31) 

 

where,  

CRs = the ultimate losses (in psi) due to relaxation from pretensioning, 

CRsp = relaxation from post-tensioning, 

SH = shrinkage of the concrete, 

ES, = elastic shortening of the section, 

CRc = creep of the concrete . 

 

Nevertheless, it is common to use methods that make no distinction between bonded and 

unbonded tendons to compute relaxation losses, as the method given by the 

Precast/Prestressed Concrete Institute (PCI 1999): 

 

RE = [Kre – J (SH + CR + ES)] C      (32) 
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where,  

RE = the relaxation of tendons, 

Kre = is a factor that depends on the grade and type of tendon (stress relieved, low-

relaxation strand, etc.), 

J = is a factor that depends on the same variables as Kre, 

SR = is the shrinkage of the concrete, 

CR = is the creep of the concrete, 

ES = is the elastic shortening of the concrete, and C depends on the level of 

prestressing. 

 

In the case of a non-prestressed steel-reinforced concrete section, the strain (and, 

therefore, the stress) in the steel remains basically unchanged due to long-term loads and 

the effects of concrete shrinkage and creep (Holloway 1978). Therefore, it can be 

assumed that creep and shrinkage of the concrete do not affect the strain in the FRP 

reinforcement. That is, creep of FRP bars due to long-term loads depends only on the 

stresses of the reinforcement resulting from the sustained loads.  

 

An analysis similar to the analysis presented in Figure 56 for a prestressed 

concrete beam can be performed with an FRP-reinforced concrete beam, as depicted in 

Figure 58. All of the terms used in Figure 58 have the same meaning as those in Figure 

53, and Δ represents the midspan deflection of the beam. The total strain (εTo) present in 

the beam at time to is equal to the elastic strain (εeo). After an elapsed time, Δt = t1 – to, 

the FRP reinforcement creeps (εc1), the elastic strain is now (εe1), and the total strain is 

the sum of the elastic and creep strains (εT1 = εe1 + εc1). The increase of strain at time t1 

due to creep of the FRP bars can be described as an imaginary change in stress: 

f

f
c EL

L σ
ε

Δ
=

Δ
=

'
1       (33) 

where σf is the imaginary stress in the FRP reinforcement required to induce an elastic 

strain equal in magnitude to εc1, and Ef is the elastic modulus of the FRP reinforcement.  
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An equivalent imaginary creep loss of prestressing force can be obtained as 

follows: 

ff AP σΔ=Δ        (34) 

where Af is the area of the FRP reinforcement. 

 

The equivalent imaginary creep loss of prestressing force can thus be written as: 

ffc AEP 1ε=Δ       (35) 

As explained in previous paragraphs, the stress in the FRP bar does not increase 

with time when the bar is subjected to reasonably small strains and, therefore, the stress 

Δσf in Equations 34 and 35 is nonexistent. Analyzing the deflections of an FRP-

reinforced concrete beam where the effects of creep and shrinkage of the concrete are 

artificially prevented, it would be concluded that deflections increase over time due to 

creep of the FRP bars alone, as illustrated in Figure 58. If a prestressing force acting 

along the axis of the FRP bar shown in Figure 58 at time t1 was applied to the beam, and 

if the prestressing force had a magnitude equal to the force ΔP computed with Equation 

35, the midspan deflection of the beam would be Δo instead of Δ1. That is, the increase in 

deflection of the FRP-reinforced concrete beam caused by creep of the FRP bars would 

be canceled. This means that the deflections of an FRP-reinforced concrete beam can be 

computed by assuming the FRP bars do not develop any creep when stressed and by 

adding to the new FRP-reinforced concrete beam an equivalent prestress loss with 

magnitude ΔP obtained with Equation 35.  
 

The equivalent loss of prestressing force can be computed if the creep strain 

developed in the FRP reinforcement is known along the bar. There is controversial 

information regarding whether the creep rate of GFRP materials depends on the level of 

applied stress. Holloway (1978) stated that the magnitude of the creep strain of GFRP 

materials depends on the magnitude of the stress the composite is subjected to, although 
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no experimental evidence is provided. Johnston (1979) presents experimental evidence 

showing that the creep-time behavior of glass fabric/polyester in water at 73.4 °F (23 °C) 

is different for different applied stress levels. The stress levels presented by Johnston are 

40, 50, 55, 60, 65, 70, and 75 percent of the ultimate tensile strength. However, the 

creep-time curves presented by Johnston could be approximated with straight lines of 

similar slope for the different stress levels studied. Holmes and Just (1983) present best-

fit lines through experimental creep-time observations performed on unidirectional 

continuously reinforced glass fiber composites. The best-fit lines show approximately 

the same slope for the creep-time plots at the stress levels of 10.8 ksi and 14.8 ksi. Thus, 

since the creep strain rate does not seem to change appreciably at different stress levels, 

it will be assumed to be constant. As such, it will be assumed that the creep strain rate is 

the same at any section along a GFRP-reinforced concrete beam subjected to a uniformly 

distributed load. Therefore, the total elongation due to creep (ΔL´) of a GFRP bar 

subjected to different stress levels along a beam, as shown in Figure 58, can be 

computed as ΔL´ = εc1 L, where εc1 is the creep strain at time t1. Computing the 

imaginary creep loss of prestressing force with Equation 35, the method described next 

can be readily implemented to compute the long-term defections of GFRP-reinforced 

concrete elements. 
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Figure 58.  Creep of FRP Reinforcement in a Loaded Concrete Beam. 
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Properties of Cracked Cross Sections 

An FRP-reinforced concrete cross section with a vertical axis of symmetry will 

be analyzed. The top surface of the cross section will be used as the reference surface, 

instead of the neutral axis. This choice of reference surface is used because the position 

of the neutral axis of the cross section varies with time due to creep and shrinkage of the 

concrete. Thus, a distance y measured from the top surface will be used for analysis of 

the section as indicated in Figure 59.  Note that the sign convention used is as follows: y 

is negative as shown in the figure; εoi is negative when the concrete is in compression; κi 

(curvature sign) is obtained by dividing εoi by kd; concrete stress, σ, is positive in tension 

and negative in compression. 

 

 

 

Figure 59.  Analysis of a Cracked Cross Section. 

 

 

In Figure 59, n is the short-term modular ratio (Ef / Ec), where Ef is the elastic 

modulus of the FRP bar and Ec is the elastic modulus of concrete. The strain at a depth y 

from the top surface depends on the top surface strain εoi and the initial curvature κi, 

such that: 
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ioii yκεε +=        (36) 

Assuming the short-term behavior to be linearly elastic, the initial concrete stress 

at a depth y below the top surface is: 

)( ioicici yEE κεεσ +==      (37) 

 The resultant axial force Ni present in the section can be determined by 

integrating the stresses over the height of the section as indicated in the following 

expression: 
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TBEAEN ciccoici ++= κε  
where, 

∫
=

=

=
kdy

y
c dAA

0

    = Area of the transformed section in compression, 

 

∫
=

=

=
kdy

y
c ydAB

0

  = First moment of the transformed area in compression about the top 

surface, 
 
T  = Tensile force developed in the FRP bar. 

 

The resultant moment about the top surface is obtained by integrating the stresses 

about the top surface over the depth of the section, as indicated in Equation 39. 
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TdIEBEM ciccoici ++= κε  
where, 
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∫
=

=

=
kdy

y
c ydAB

0

  = First moment of the transformed area in compression about the top 

surface, 
 

AdyI
kdy

y
c ∫

=

=

=
0

2  = Second moment of the transformed area in compression about the top 

surface, 
 
T                    = Tensile force in the FRP bar, 

d                    = Effective depth of the section. 

 

 Equations for the initial top fiber strain and curvature can be obtained in terms of 

Ni and Mi by rearranging Equations 38 and 39: 
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 To find the depth of the neutral axis, the first moment of the area in tension about 

the neutral axis is equated to the first moment of the area in compression about the 

neutral axis. Thus, 

  
k = ρ f n( )2+ 2ρ f n − ρ f n      (44) 

where, 

bd
Af

f =ρ  = FRP reinforcement ratio, and b and d are as defined in Figure 59. 
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Time-Dependent Analysis of Cracked Cross Sections 

 The depth of the neutral axis increases with time according to experimental 

observations (Branson 1977). However, as indicated by Gilbert and Mickleborough 

(1990), little error is incurred if the depth of the neutral axis is assumed to remain 

constant with time. This assumption permits the principle of superposition to apply to 

fully cracked cross sections and, therefore, enables the stresses and strains computed 

from an elastic analysis to be added to time-dependent stresses and strains. Figure 60 

illustrates the initial and time-dependent strain distributions. 

 

 

 

Figure 60  Initial and Time Dependent Strains and Curvatures. 

 

 

The change in the top fiber strain (Δεo) and the change in curvature (Δκ) can be 

used to determine the time-dependent strain at any distance y from the top surface of the 

section (Δε):  

κεε Δ+Δ=Δ yo       (45) 

The magnitude of Δε is the addition of the following components: 

• the free shrinkage strain; 
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• the creep strain resulting from the initial concrete stress applied at the beginning 

of the time period, that is εc = Δφσi/Ec, where Δφ is the increment of the creep 

coefficient associated with the time period under consideration; 

• the creep and elastic strain resulting from ΔN(t) and ΔM(t) applied gradually to 

the section (This term is the contribution to the internal restraint to creep and 

shrinkage given by the bonded reinforcement.); and 

• the tensile creep strain in the FRP bars. 
  

To determine the changes in strain during a given time period, a relaxation 

procedure proposed by Bresler and Selna (1964) will be used. During a time interval, the 

strains in the cross section are assumed to remain fixed; that is, the effects of creep and 

shrinkage on strain are fictitiously prevented. For the total strain to remain constant 

while having the shrinkage and creep strains change, the elastic component of strain 

must also change by an equal and opposite amount. Since the elastic strains change, the 

concrete stress changes as well. This implies that the concrete stresses on the section 

must be modified due to relaxation. Equilibrium unbalance results from these forces. To 

restore equilibrium, an axial force δN and a flexural moment δM need to be applied to 

the section. 

 

If bonded reinforcement did not restrain creep from taking place in the concrete 

and the concrete stress stayed constant during the period of analysis, the strain at the top 

fiber would increase by Δφεoi and the curvature by Δφκi. The forces necessary to keep 

this deformation from developing are obtained from the following expressions: 

( )icoicecreepconcrete BAEN κεφδ +Δ−=− −     (46) 

( )icoicecreepconcrete IBEM κεφδ +Δ−=− −     (47) 

where Ac, Bc, and Ic are the properties of the area in compression of the cracked concrete 

cross section with respect to the top surface. Since these equations are comprised of only 

the creep in the concrete, the properties of the concrete section alone are utilized. Since 
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the restraining forces δN and δM are slowly applied during the period of analysis, the 

age-adjusted effective modulus Ee is used: 

),(1
),(

τφχ
τ

t
E

tE c
e Δ+

=       (48) 

where χ is an aging coefficient that depends on the age at first loading and the duration 

of loading. The coefficient χ varies between 0.6 and 1.0 and, according to Gilbert and 

Mickleborough (1990), for most practical purposes can be taken as 0.8. In Equation 48, 

Δφ(t,τ) is the increment of the creep coefficient of the concrete between times t and τ, 

defined as the ratio of the creep strain to the instantaneous strain and is expressed by: 
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The elements of Equation 49 are illustrated in Figure 61. There are several 

methods available for the computation of the creep coefficient. The ACI method for 

estimating the increment of the creep coefficient is given by (Mindess and Young 1981, 

Gilbert and Mickleborough 1990):  
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=Δ      (50) 

where Δφ(t,τ) is the increment of the creep coefficient between times t and τ, τ is the age 

of concrete at first loading (in days), t−τ is the duration of loading (in days), Cult is the 

ultimate creep coefficient, and D is a constant that is equal to 10 for concrete loaded at 

an age of 7 days or older. The value of Cult will be in the range of 1.30 to 4.15, and ACI 

recommends an average value of 2.35 for evaluation of Cult if no experimental data are 

available. The following correction factors (C.F.) for relative humidity and age at 

loading are recommended by ACI: 

%40,0067.027.1.. ≥−= HHFC RH     (51) 
118.025.1.. −

−− = lloadingatage tFC      (52) 

where H is the relative humidity as a percentage, and tl is the age of the concrete at the 

time of loading in days. 
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Figure 61. Elastic, Shrinkage, and Creep Strains Developed in Concrete. 

 

 

 Shrinkage strain, εsh, develops during the time period of analysis, and there is no 

curvature induced if the shrinkage is uniform over the height of the section and free from 

any restraints. The restraining forces necessary to stop this uniform deformation are: 

csheshrinkage AEN εδ −=−       (53) 

csheshrinkage BEM εδ −=−      (54) 

 The shrinkage strain can be estimated using the ACI method at any time t after 7 

days for moist cured concrete with:  

( ) ( )ultshtsh t
t εε
+

=
35

      (55) 

where (εsh)ult is the ultimate shrinkage value for drying at 40 percent relative humidity 

(RH). Corrections for RH are given by: 

 

above 80 percent RH  (C.F.)H = 3.00 –0.03H     (56) 

below 80 percent RH  (C.F.)H = 1.40 –0.01H    (57) 
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where H is the relative humidity expressed as a percentage. The value of (εsh)ult will fall 

in the range of 415 to 1070×10-6, and ACI recommends a value of 730×10-6 when no 

data are available. 

 

 The analogy between a prestressed concrete section and an FRP-reinforced 

concrete section will be presented next. In a prestressed concrete element, restraining 

forces are necessary to prevent the relaxation in the tendons from developing. Thus, in 

an FRP-reinforced concrete element, an equivalent prestressing force F equal to the 

force ΔP of Equation 35 is required to prevent tensile creep from occurring in the FRP 

reinforcement. The equivalent restraining forces required to prevent creep in the m layers 

of the FRP reinforcement are: 

∑
=

− =−
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j
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1
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and 

∑
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j
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 The total restraining forces are obtained by adding the creep of the concrete, 

concrete shrinkage, and creep of the FRP reinforcement components: 
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 The following expressions can be used to obtain the increments of the top fiber 

strain (Δεo) and curvature (Δκ) of the section, resulting from the gradual application of 

the force δN and the moment δM: 
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where Ae, Be, and Ie are the area of the age-adjusted transformed section, the first 

moment of the age-adjusted transformed section about the top surface, and the second 

moment of the age-adjusted transformed section about the top surface, respectively. Ae, 

Be, and Ie are the properties of the transformed area obtained using the age-adjusted 

effective modulus, Ee, in the computation of the transformed area of the bonded 

reinforcement. Since δN and δM produce elastic and creep strains, the age-adjusted 

effective modulus is used in Equations 62 and 63. 

 

Deflection Computations 

 Following the analysis by Gilbert and Mickleborough (1990), by integrating the 

curvature along a concrete member, the slope θ and the curvature κ at any point x can be 

computed. Using simple beam theory: 

∫= dxx)(κθ        (64) 

dxdxxy ∫∫= )(κ       (65) 

Equations 64 and 65 are applicable to elastic and inelastic behavior. 

  

 If the curvatures at the supports and midspan are known, the deflection of the 

GFRP-reinforced concrete element illustrated in Figure 62 can be computed using the 

following expression:  

( )BCAC
Ly κκκ ++= 10
96

2

    (66) 

Using the time dependent deformation analysis described assumes that creep of 

the FRP bars is uniform across the span. 
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Figure 62.  Deflections of a Simple Beam. 

 

 

 The change in curvature with time due to creep of concrete, shrinkage, and creep 

of FRP bars obtained from Equation 63 can be included in Equation 66 to compute the 

long-term deflections of FRP-reinforced concrete elements. 

 

Some limitations of the work presented here include that the creep tests were 

conducted on only one bar diameter and at only one stress level, and that only five data 

points were obtained. In order to fully utilize the method described to compute long-term 

deflections, more creep tests are required that include different bar sizes and different 

stress levels with a larger number of specimens. An example is provided in Section V for 

completeness using the creep data obtained in the test program. 

 

 Summarizing, the results of a creep test for GFRP bars are presented. An analogy 

between relaxation of prestressing steel tendons and creep of FRP bars is presented. A 

method to compute the changes in strain and curvature of FRP-reinforced concrete 

elements over time due to creep of the concrete, shrinkage, and creep of FRP bars also is 

given. Finally, the use of calculated time-dependent changes in curvature in the 

computation of deflections of FRP-reinforced concrete elements also is presented. 
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CRACKING OF CONCRETE SLABS TEST 

 

This section describes the test results of the concrete slabs tests. The need to 

carry out the tests was described in Section II. The materials used in the test, the test 

description, and test specimens were described in Section III. This section is divided into 

three parts. The first part presents and describes the test results. The second part 

compares the test results and available equations to predict maximum crack width. The 

last part involves a correlation analysis of the available expressions, resulting in the 

validation of the expression to predict maximum crack width. 

 

As described in the literature review section, testing of concrete elements with 

different concrete covers is necessary because crack widths are a function of concrete 

cover, as well as an evaluation of the correlation between the test results and proposed 

equations. Limited information on maximum crack width of FRP-reinforced concrete 

flexural members was available when Equation 8-9b (and 8-9c) of the ACI 440 (2001) 

design guidelines was proposed. Section II presents an expression proposed by Faza and 

GangaRao (1993) to compute maximum crack width; however, verification of the 

goodness of fit of this expression to maximum crack width test data is necessary.  

 

Test Results 

This section describes the results of the flexural tests conducted on 36 hybrid 

epoxy-coated steel (ECS) GFRP-reinforced concrete slabs. The cracking behavior and 

ultimate loads of the specimens are described first. The GFRP bar stresses, computed 

from measured GFRP bar strains, and corresponding maximum crack widths will then be 

presented and described. 

 

As mentioned in Section III, 36 specimens were tested, 12 for each of the 

nominal covers of 1, 2, and 3 inches. The specimens with 1-inch nominal cover had 

actual average covers of 1.25 inches when 0.625-inch diameter bars were used and 1.16 
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inches when 0.75-inch diameter bars were used. The overall average clear concrete 

cover for the specimens with 1-inch nominal cover was 1.21 inches. The specimens with 

2-inch nominal cover had actual average covers of 2.19 inches when 0.625-inch 

diameter bars were used, and 2.18 inches when 0.75-inch diameter bars were used. The 

overall average clear concrete cover for the specimens with 2-inch nominal cover was 

2.18 inches. The specimens with 3-inch nominal cover had actual average covers of 3.23 

inches when 0.625-inch diameter bars were used, and 3.13 inches when 0.75-inch 

diameter bars were used. The overall average clear concrete cover for the specimens 

with 3-inch nominal cover was 3.18 inches. 

 

The slabs were loaded at a constant displacement rate until cracking occurred and 

were then held at constant displacement until crack widths were measured. After 

measuring crack widths, the displacement increased sequentially at several displacement 

levels (and, therefore, several load levels) until failure of the specimen occurred. The 

cracking and ultimate loads for the 36 specimens are presented in Table 40. As observed 

from the data, the ultimate load of the specimens with smaller cover was the highest. 

This was expected since the specimens with small cover had a larger effective depth and, 

therefore, a higher flexural strength than the specimens with large covers. The cracking 

load was also dependent on concrete cover, being highest for the specimens with the 

smallest cover. This behavior results from the contribution to the moment of inertia of 

the transformed section by the tension reinforcement. In Table 40, the specimens are 

labeled as follows: the bar type is given first, followed by the number of bars, then by 

the bar size in eighths of an inch, and finally by the specimen (either a or b).  
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Table 40.  Cracking and Ultimate Loads of Specimens. 

Average cover = 1.21 in. Average cover = 2.18 in. Average cover = 3.18 in.
Specimen Cracking 

load   (kips) 
Ultimate 

load   (kips)
Cracking 

load   (kips)
Ultimate 

load   (kips)
Cracking 

load   (kips) 
Ultimate 

load   (kips)
P-4-5-a 3.5 15.0 3.0 12.0 2.1 7.8 
P-4-5-b 2.8 14.2 2.7 9.6 2.2 8.4 
V1-4-5-a 3.5 16.1 2.7 10.7 2.6 7.9 
V1-4-5-b 3.2 14.4 3.0 10.8 2.2 8.7 
V2-4-5-a 3.5 13.3 3.1 12.8 2.2 8.0 
V2-4-5-b 3.5 13.9 3.3 9.9 2.3 8.4 
P 3-6-a 3.2 13.8 2.7 10.6 2.7 7.8 
P-3-6-b 3.2 14.9 2.8 11.1 2.7 8.8 
V1-3-6-a 3.2 13.2 2.6 11.4 2.4 9.3 
V1-3-6-b 3.3 13.9 3.3 10.5 2.3 8.9 
V2-3-6-a 3.4 14.8 3.0 10.8 2.2 8.4 
V2-3-6-b 3.5 14.1 2.7 11.7 2.2 9.0 

Average 3.3 14.3 2.9 11.0 2.3 8.4 
S.D. 0.21 0.80 0.23 0.88 0.22 0.50 
COV 0.06 0.06 0.08 0.08 0.09 0.06 

 

 

Loading of the slabs was stopped approximately eight times after the cracking 

load was attained to measure the widths of cracks with a crack microscope. The strains 

recorded during testing of the slabs were converted to stresses using the elastic moduli of 

the bars. The average values of the moduli of elasticity from each bar type were used in 

the computations. The computed GFRP bar stresses and the corresponding maximum 

crack widths (Wmax) observed at those stress levels are illustrated in Tables 41 through 

45. Table 41 shows the results for specimens with an average clear concrete cover of 

1.21 inches. Tables 42 and 43 show the results for a clear concrete cover of 2.18 inches. 

Tables 44 and 45, show the results for the specimens with a clear concrete cover of 3.18 

inches. In Tables 41 through 45 the top of the column identifies the specimen with the 

bar type first, followed by the number of bars, followed by the bar diameter in eighths of 

an inch, and by the specimen (either a or b). For example, specimen V1-4-5-a was made 

with four-vinyl ester bars type 1 (described in Section III) with a diameter of 0.625 inch 

and is specimen a. The researchers were unable to download strains from some of the 
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specimens from the acquisition system, and the data from those specimens are not 

included in Tables 41 through 45. The labels part a and part b in Tables 42 through 45 

indicate that the specimens of parts a and b belong to the same concrete cover group. 

 

 
Table 41.  Midspan GFRP Bar Stresses and Maximum Crack Widths for 1.21-Inch Cover. 

P-4-5-b V1-4-5-a V1-4-5-b V2-4-5-b V1-3-6-a V1-3-6-b V2-3-6-b 
Stress 
(psi) 

Wmax 
(in.) 

Stress 
(psi) 

Wmax 
(in.) 

Stress 
(psi) 

Wmax 
(in.) 

Stress 
(psi) 

Wmax 
(in.) 

Stress 
(psi) 

Wmax 
(in.) 

Stress 
(psi) 

Wmax 
(in.) 

Stress 
(psi) 

Wmax 
(in.) 

295 0.000 439 0.000 410 0.000 309 0.000 349 0.000 219 0.000 370 0.000
2,657 0.012 4,515 0.012 9,045 0.008 9,167 0.012 4,742 0.008 2,633 0.008 1,011 0.008
3,204 0.016 5,858 0.016 9,582 0.008 10,536 0.016 6,440 0.012 3,252 0.012 7,584 0.012
4,214 0.016 8,308 0.024 12,679 0.016 14,259 0.020 9,676 0.016 6,393 0.016 10,566 0.016
19,821 0.020 10,923 0.028 15,440 0.020 17,344 0.028 12,419 0.028 9,825 0.024 14,191 0.020
24,900 0.035 17,113 0.039 27,856 0.028 23,201 0.043 19,789 0.039 16,957 0.039 19,986 0.031
29,628 0.043 23,848 0.059 30,660 0.039 30,382 0.039 26,794 0.047 22,535 0.043 26,203 0.035
31,432 0.059 31,386 0.087 31,570 0.055 31,496 0.075 31,268 0.063 31,282 0.047 31,159 0.047

 

 

Table 42.  Midspan GFRP Bar Stresses and Maximum Crack Widths for 2.18-Inch Cover (Part A). 

P-4-5-a P-4-5-b V1-4-5-a V1-4-5-b V2-4-5-a V2-4-5-b 
Stress 
(psi) 

Wmax     
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

195 0.000 37 0.000 143 0.000 157 0.000 105 0.000 151 0.000 
311 0.008 110 0.008 224 0.012 168 0.000 197 0.000 165 0.000 

3,166 0.012 2,586 0.016 10,662 0.012 196 0.008 238 0.004 15,076 0.016 
5,470 0.020 3,233 0.024 12,992 0.020 12,477 0.024 10,791 0.012 16,085 0.016 
6,662 0.028 6,353 0.031 17,885 0.035 18,008 0.028 14,499 0.024 19,397 0.016 
12,648 0.051 19,857 0.047 23,079 0.047 26,996 0.047 20,357 0.035 24,186 0.035 
19,061 0.075 23,892 0.071 31,600 0.067 30,182 0.071 29,286 0.047 29,945 0.047 
29,117 0.098 31,148 0.130 31,607 0.071 31,164 0.091 31,392 0.071 31,285 0.063 

- - - - 31,614 0.134 - - - - - - 
 

 

 

 



 

   141

Table 43.  Midspan GFRP Bar Stresses and Maximum Crack Widths for 2.18-Inch Cover (PartB). 

P-3-6-a P-3-6-b V1-3-6-a V1-3-6-b V2-3-6-b 
Stress    
(psi) 

Wmax     
(in.) 

Stress   
(psi) 

Wmax      
(in.) 

Stress   
(psi) 

Wmax      
(in.) 

Stress   
(psi) 

Wmax      
(in.) 

Stress   
(psi) 

Wmax      
(in.) 

219 0.000 164 0.000 179 0.000 35 0.000 93 0.000 
223 0.012 256 0.000 342 0.004 108 0.000 240 0.004 

1,189 0.016 9,897 0.012 1,236 0.008 188 0.008 346 0.012 
10,706 0.020 11,414 0.020 1,687 0.016 14,832 0.016 1,260 0.016 
13,837 0.028 13,506 0.031 2,896 0.020 16,018 0.024 2,059 0.024 
18,012 0.043 16,808 0.047 14,920 0.035 20,437 0.028 14,618 0.051 
23,600 0.063 20,094 0.094 20,818 0.051 25,467 0.047 18,996 0.055 
31,202 0.094 31,649 0.094 27,910 0.063 31,150 0.063 30,415 0.055 
31,180 0.122 - - - - - - - - 

 

 

Table 44.  Midspan GFRP Bar Stresses and Maximum Crack Widths for 3.18-Inch Cover (Part A). 

P-4-5-a P-4-5-b V1-4-5-a V1-4-5-b V2-4-5-a V2-4-5-b 
Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

85 0.000 22 0.000 61 0.000 47 0.000 87 0.000 102 0.000
339 0.020 306 0.028 140 0.016 27 0.016 148 0.016 166 0.016

4,523 0.035 416 0.039 3,294 0.020 460 0.020 473 0.020 1,607 0.022
6,380 0.047 5,766 0.047 10,021 0.028 1,618 0.031 1,398 0.024 5,596 0.029

16,211 0.094 13,950 0.087 11,387 0.033 5,326 0.083 5,480 0.043 11,717 0.063
22,552 0.106 21,575 0.118 13,491 0.043 11,698 0.094 16,178 0.067 19,450 0.102
27,671 0.138 29,494 0.138 15,509 0.055 18,612 0.146 23,784 0.091 28,207 0.126
31,147 0.177 31,270 0.177 17,677 0.055 - - 30,964 0.134 31,387 0.146

- - - - 20,202 0.071 - - 31,528 0.157 - - 
- - - - 24,073 0.094 - - - - - - 
- - - - 29,323 0.098 - - - - - - 
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Table 45.  Midspan GFRP Bar Stresses and Maximum Crack Widths for 3.18-Inch Cover (Part B). 

P-3-6-a P-3-6-b V1-3-6-a V1-3-6-b V2-3-6-a V2-3-6-b 
Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

Stress 
(psi) 

Wmax    
(in.) 

19 0.000 231 0.000 68 0.000 22 0.000 12 0.000 42 0.000
191 0.000 494 0.025 125 0.008 131 0.016 37 0.000 100 0.008

2,188 0.026 1,229 0.051 4,713 0.020 9,359 0.020 132 0.024 245 0.016
4,376 0.043 8,860 0.102 6,733 0.028 11,239 0.031 2,352 0.028 11,090 0.028
6,065 0.071 11,748 0.134 11,706 0.055 14,842 0.047 5,665 0.055 16,367 0.051

11,389 0.114 20,391 0.154 16,277 0.098 19,082 0.087 22,350 0.087 20,593 0.063
18,719 0.134 24,959 0.177 28,741 0.126 28,206 0.114 28,819 0.102 26,567 0.071
24,469 0.217 - - 31,240 0.118 31,360 0.134 - - 31,413 0.106

 

 

The results presented in Tables 41 through 45 are summarized in Figures 63, 64, 

and 65 for the specimens with overall clear covers of 1.21 inches, 2.18 inches, and 3.18 

inches, respectively. The specimen designation is as indicated earlier. Similar to the 

results by Gergely and Lutz (1973), there is considerable scatter in the data. Although, 

the maximum crack width versus GFRP bar stress shows a non-linear behavior at high 

stresses for some specimens, a straight line can be used as an approximation to represent 

the data. It can be seen from Figures 63 through 65 that the maximum crack width of the 

specimens increases as the concrete cover increases. This behavior is captured by the 

factor β of Equation 67 shown in the next section. 
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Figure 63.  Stress versus Maximum Crack Width of Specimens with 1.21-Inch Cover. 
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Figure 64.  Stress Versus Maximum Crack Width of Specimens with 2.18-Inch Cover. 



 

   144

0.00

0.05

0.10

0.15

0.20

0.25

0 5000 10000 15000 20000 25000 30000 35000

FRP bar stress measured at midspan (psi)

M
ax

im
um

 c
ra

ck
 w

id
th

 (i
n.

)..
P-4-5-a

P-4-5-b

V1-4-5-a

V1-4-5-b

V2-4-5-a

V2-4-5-b

P-3-6-a

P-3-6-b

V1-3-6-a

V1-3-6-b

V2-3-6-a

V2-3-6-b

 

Figure 65.  Stress versus Maximum Crack Width of Specimens with 3.18-Inch Cover. 

 

 

Comparison between Test Results and Available Equations to Predict Maximum 

Crack Width 

The suitability of the expression given by the ACI 440 (2001) design guidelines 

and the equation given by Faza and GangaRao (1993) to predict the maximum crack 

width in FRP-reinforced concrete members will be evaluated in this section. A 

comparison between existing equations and the experimental data will be made, 

beginning with the Gergely and Lutz (1973) equation: 

3
max 076.0 AdfW cs ⋅⋅= β      (67) 

where, 

β  = h2/h1 

h1  = Distance from the centroid of the reinforcement to the neutral axis (inch), 

h2  = Distance from the extreme tension fiber to the neutral axis (inch), 

fs = Stress in the reinforcement (ksi), 

dc  = Bottom cover measured from the center of lowest bar (inch), 
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A  = Twice the difference between the total and effective depths multiplied by the width 

of the section (effective area of concrete surrounding the main reinforcement) 

divided by the number of bars (inch2). 

 

Committee ACI 440 (2001) modified the Gergely and Lutz (1973) equation for 

FRP-reinforced concrete elements as: 

3
max 076.0 Adf

E
E

W cf
f

s ⋅⋅= β     (68) 

where all the terms are as defined before and: 

ff  = Stress in the FRP reinforcement (ksi), 

Es  = Modulus of elasticity of steel (29,000,000 psi), 

Ef  = Modulus of elasticity of FRP bars (psi). 

 

 The ACI 440 equation was evaluated to estimate the maximum crack width of 

the specimen with 0.75-inch diameter bars for the three different concrete covers. The 

values of the variables to be used in the equation will be presented next. The variables 

were taken as follows: Es = 29,000,000 psi, Ef = 6,062,000 psi (average of unexposed 

elastic modulus from all bar types studied), f’c = 5990 psi, Ec = 4,412,000 psi, nf = Ef/Ec 

= 1.37, the area of four 0.625-inch diameter bars is 1.48 inch2, and the area of three 0.75-

inch diameter bars is 1.35 inch2. The average width of the slab is 17.1 inches, and the 

average slab thickness is 8 inches. The rest of the elements used in the ACI 440 

expression are presented in Table 46. 
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Table 46.  Variables Used in the ACI 440 Expression. 

Bar 
diameter 

(in.) 

Number 
of bars 

Cover dc  
(in.) 

Bar 
area 
(in.2) 

Depth  
d      

(in.) 
ρ k kd     

(in.) β 
A    

(in.2) Es/Ef 

0.625 4 3.56 1.48 4.44 0.0195 0.2062 0.92 2.01 30.39 4.78 
0.750 3 3.51 1.35 4.49 0.0176 0.1968 0.88 1.97 39.94 4.78 
0.625 4 2.52 1.48 5.48 0.0158 0.1877 1.03 1.57 21.51 4.78 
0.750 3 2.56 1.35 5.44 0.0145 0.1806 0.98 1.57 29.12 4.78 
0.625 4 1.58 1.48 6.42 0.0135 0.1748 1.12 1.30 13.48 4.78 
0.750 3 1.54 1.35 6.46 0.0122 0.1671 1.08 1.29 17.51 4.78 

 

 

The expression developed by Faza and GangaRao (1993) to predict maximum 

flexural crack widths in a beam is:  

 
D
Af

E
f

W
m

t

f

fs

πμ

'

max
2

=      (69) 

where, 

Wmax  = Maximum crack width (inch), 

'' 5.7 ct ff =  

f´c  = Compressive strength of concrete at 28 days (psi), 

ffs  = Maximum FRP bar stress at service load level (ksi), 

Ef  = Modulus of elasticity of FRP bar (ksi), 

μm  = Maximum bond stress (psi), 

D  = Bar diameter (inch), 

A  = Twice the difference between the total and effective depths multiplied by the 

width of the section (effective area of concrete surrounding the main 

reinforcement) divided by the number of bars (inch2). 

 

Since the bond strength of the bar is required in Equation 69, the specific value 

obtained from the bond tests from bar type V2 will be used. The bond strength of 1663 

psi for bar V2 was used because it was the value closest to the overall average of all the 

bond strengths obtained from the specimens that failed in pullout. The overall average 
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bond strength was 1754 psi. The highest bond stress obtained was 2567 psi, and the 

lowest was 668 psi. The details of the bond test results are given in the bond test results 

section presented later. The values used in Equation 69 are indicated in Table 47.  

 

 

Table 47.  Values of the Variables Used in the Equation of Faza and GangaRao. 

Nominal 
cover (in.) 

d      
(in.) 

h      
(in.) 

b      
(in.) 

A    
(in.2) 

μm     
(psi) 

ff      
(psi) 

f'c     
(psi) 

f't      
(psi)  

D     
(in.) 

Ef       
(psi) 

1 6.46 8.00 17.08 52.53 1663 84588 5990 580 0.751 6062157
2 5.44 8.00 17.08 87.37 1663 84588 5990 580 0.751 6062157
3 4.49 8.00 17.08 119.81 1663 84588 5990 580 0.751 6062157

 

 

The maximum crack widths computed with the ACI 440 and Faza and GangaRao 

expressions together with the data from the experiments are illustrated in Figures 66 

through 68 for the specimens with overall clear covers of 1.21 inches, 2.18 inches, and 

3.18 inches, respectively. Figures 66 through 68 also show the maximum crack width 

limit for exterior exposure of 0.02 inch recommended by the ACI 440 design guidelines. 

It can be observed from Figures 66 through 68 that most specimens at low stress levels 

exceed the ACI 440 crack width limit. The number of maximum crack width 

observations that exceed the ACI 440 limit tends to decrease as the concrete cover 

decreases. As noted earlier, maximum crack width is a function of concrete cover and 

this behavior is taken into account in Equations 67 and 68 by the β factor. This behavior 

also was noticed in steel-reinforced concrete elements (Beeby 1978), where it was 

identified that the width of a crack varies almost linearly from the surface of the 

reinforcement. As indicated by Beeby (1978), crack widths are nearly the same at the 

surface of the reinforcement for different covers, while they are larger at the surface of 

the concrete for elements with larger covers. Thus, it might be reasonable to use a 

maximum crack width limit that is a function of concrete cover. 
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Figure 66. Comparison of Predicted and Measured Values for Specimens with 1.21-Inch Cover. 
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Figure 67.  Comparison of Predicted and Measured Values for Specimens with 2.18-Inch Cover. 
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Figure 68. Comparison of Predicted and Measured Values for Specimens with 3.18-Inch Cover. 

 

 

Correlation of Test and Predicted Results 

 In order to evaluate the correlation of the equations given by ACI 440 (2001) and 

Faza and GangaRao (1993), the method of least squares was used. Gergely and Lutz 

(1973) used a similar statistical analysis to the one used in this project. Thus, a best-fit 

line was obtained for the observed data. The results are illustrated in Figures 69, 70, and 

71 for the specimens with overall clear covers of 1.21 inches, 2.18 inches, and 3.18 

inches, respectively. The equation proposed by Faza and GangaRao was observed to be 

overly conservative and consistently predicted larger maximum crack widths than those 

predicted by the least squares line for the three concrete covers tested in this project. 

Since the equation given by ACI 440 predicted maximum crack widths that were closer 

to the least squares lines, it was decided to evaluate the ACI 440 equation. The objective 

was to develop (or validate) an expression that could predict maximum crack widths that 

were closer to the best-fit lines determined from this research. The following modified 

ACI 440 equation will be studied: 

ACI 440 limit 
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  Wmax = C ⋅ β ⋅ f f ⋅ dc A3      (70) 

where all terms were defined earlier and the coefficient C needs to be determined. 

 

Equation 70 is plotted with a value of C = 0.09 in Figures 69, 70, and 71. The 

procedure used to obtain the coefficient C will be described next.  
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Figure 69.  Comparison of Equations Analyzed for Specimens with 1.21-Inch Cover. 
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Figure 70.  Comparison of Equations Analyzed for Specimens with 2.18-Inch Cover. 
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Figure 71.  Comparison of Equations Analyzed for Specimens with 3.18-Inch cover. 
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The method of least squares was used to judge how close an expression lay to the 

least squares line. The residual or error is defined as the deviation between an 

observation and the value predicted by a regression line ei = (yobs – ypred) (Johnson and 

Bhattacharayya 1985). The sum of the squares due to error (SSE) is defined as (Johnson 

and Bhattacharayya 1985):  

∑= 2
ieSSE       (71) 

The method of least squares minimizes the SSE to obtain the best fitting line to 

the observed data. Since the regression line obtained by least squares is the line with the 

smallest SSE, the goodness of fit of the three expressions analyzed to predict maximum 

crack width will be based on how close their SSE lies to the SSE obtained by the best-fit 

line equation. Thus, the sum of the squares due to error was obtained for the best-fit line, 

the ACI 440 (2001) expression, the equation of Faza and GangaRao (1993), and the 

modified ACI 440 equation. The sums of the errors squared were obtained for each of 

the three covers studied for all of the equations mentioned. The results of the sum of the 

errors squared from each cover were normalized to the sum of the errors squared of the 

least squares line. The numbers obtained from the three covers from all of the equations 

were then added. Thus, the sum corresponding to the least squares line was 3, one from 

each cover. The modification proposed for the ACI 440 expression consists in changing 

the multiplier of 0.076 for a constant C. Several values were evaluated for the constant C 

until the value that gave the lowest SSE results was obtained. The results from the 

analysis are summarized in Table 48. The sample correlation coefficients (R2) between 

the FRP bar stress and the maximum measured crack width are 0.81, 0.74, and 0.75 for 

concrete covers of 1.21 inches, 2.18 inches and 3.18 inches, respectively. 
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Table 48.  Values of SSE of Several Equations Normalized to SSE of Least Squares Line. 

C Equation Least 
squares 

ACI 
440 

Faza & 
Ganga 

Rao 0.070 0.080 0.085 0.088 0.089 0.090 0.091 0.092 0.095 0.100
1.21 in. 
cover 1.00 1.47 3.82 1.84 1.29 1.12 1.06 1.04 1.03 1.02 1.01 1.00 1.05

2.18 in. 
cover 1.00 1.01 4.70 1.08 1.01 1.07 1.13 1.15 1.18 1.21 1.24 1.34 1.57

3.18 in. 
cover 1.00 1.56 1.57 1.82 1.42 1.28 1.22 1.21 1.19 1.18 1.17 1.15 1.15

Sum 3.00 4.04 10.08 4.74 3.72 3.47 3.40 3.40 3.39 3.40 3.41 3.49 3.76
 

 

 From the analysis summarized in Table 48, it appears that Equation 70 with a 

value of C = 0.09 would make maximum crack width predictions that are closest to the 

least squares lines fit to the test data, since Equation 70 has a smaller sum than the Faza 

and GangaRao expressions. In order to verify whether Equation 70 has a higher 

probability of predicting maximum crack widths than the other expressions, the 

percentage of observations recorded within a range of ±30 percent of all of the equations 

was determined and compared in Table 49.  
 

Table 49.  Observations within ± 30 Percent Rangea. 

Number of observations within +/- 30 
% of values predicted by equation 

Percentage of total observations       
within +/- 30 % range 

Average 
cover 
(in.) ACI 440 Faza C = 0.09 ACI 440 Faza C = 0.09 
1.21 31 26 34 55 46 61 
2.18 45 31 42 50 34 47 
3.18 45 42 50 46 43 52 

a The total number of observations from this research were: 56 for the 1.21 inch cover, 90 for the 2.18 inch cover, and 97 for the 3.18 
inch cover. 

 

 

 Table 49 shows that the coefficient, C, of 0.09 has good correlation with the ACI 

440 equation for predicting the maximum crack width for average concrete covers of 

1.21, 2.18, and 3.18 inches. Note that in the ACI 440 equation a constant of 0.076 is 
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used (see Equation 68).  ACI 440 recommends a kb factor of 1.2.  Multiplying the kb 

factor of 1.2. with the constant 0.076 results in a factor of 0.0912, very similar to the 

value estimated in this research (i.e., C = 0.09).  Following the results from this research, 

the following equation to predict maximum crack width of FRP-reinforced concrete 

flexural members is as follows: 

3
max 09.0 AdfW cf ⋅⋅= β      (72) 

where all of the terms have been defined earlier. 

 

It should be noted that the best-fit line was used to predict the average maximum 

crack width, although this is not a conservative approach since 50 percent of cracks will 

be larger than that predicted with the equation. However, since Gergely and Lutz 

performed the same analysis for conventionally reinforced concrete sections, the same 

approach was used in this project. 

 

 The applicability of Equation 72 to beam type elements needs verification. 

However, in developing Equation 72, the research data reported by the studies conducted 

by Faza and GangaRao (1993) and by Masmoudi et al. (1998) were not included for 

several reasons. The study reported by Faza and GangaRao did not include the size of 

the specimens, reinforcement type, or test configuration. The research by Masmoudi et 

al. did not present the data numerically and did not report the stresses corresponding to 

each maximum crack width observation. Thus, verification of the applicability of the 

equation proposed in this project could not be made for beams.  

 

Summarizing, measurements of maximum crack width and GFRP reinforcement 

stress from a large number of tests were compared to existing equations. Using the 

method of least squares, a new equation that fits the data from this research was 

determined. This equation needs verification with FRP-reinforced concrete members 

other than slabs, such as square and T-beams. This project found that the maximum 

allowable crack width recommended by the ACI 440 document is similar to that found 
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in this research. Since the maximum crack widths recorded are a function of concrete 

cover, a larger maximum crack width limit that is a function of concrete cover might be 

more reasonable. 

 

Cyclic Loading of Concrete Beams Test 

 

 Section II described the previous efforts by researchers devoted to investigating 

the performance of FRP-reinforced concrete members under cyclic loading. As noted, 

research is limited in this area and limited tests have been reported on the effects of 

cyclic loading on the deflections of GFRP-reinforced concrete specimens. The 

specimens, materials, and setup used in this research were described in Section III. The 

influence of bar diameter, concrete cover, and bar surface finish on the deflection 

performance of GFRP-reinforced concrete beams was investigated. Two bar diameters 

were used: 0.5 inch and 0.75 inch; two concrete covers were investigated: 1.5 inch and 2 

inch; and three bar surface types: bars with a ribbed surface, bars with a circular shape 

finished with a sand coating, and bars with a helical wrapping and sand coating were 

used. The strength results of the beams tested at a constant load rate will be presented 

first, followed by the deflections of the beams tested under cyclic loading. Finally, the 

residual strength of the beams subjected to cyclic loading will be presented.  

 

Constant Load Rate Tests 

 Twelve beams were first tested at constant load rate in four-point bending to 

determine their failure loads. The ultimate loads of the beams were necessary to 

determine the upper loads to be applied to the specimens subjected to cyclic load.  The 

failure loads and failure modes of the beams tested at constant load rate are summarized 

in Table 50 for the beams reinforced with 0.5-inch diameter bars and Table 51 for the 

beams reinforced with 0.75-inch diameter bars. The specimen designation is given by 

the reinforcement type, followed by the bar diameter in eighths of an inch, and by the 

clear concrete cover in inches. For example, specimen P-6-2 is a beam reinforced with a 
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bar type P, 0.75 inch in diameter, and a clear concrete cover of 2 inches. Tables 50 and 

51 show that the beams reinforced with 0.75-inch diameter bars are 22 percent stronger 

than the beams reinforced with 0.5-inch diameter bars, on average. Most of the beams 

with 0.75-inch diameter bars failed by crushing of the concrete, while most of the beams 

with 0.5-inch diameter reinforcement failed by rupture of the bars. The failure loads 

showed a COV of 6 percent for the beams reinforced with 0.75-inch diameter bars and 8 

percent for the beams reinforced with 0.5-inch diameter bars.  

 

Table 50.  Failure Loads of Beams with 0.5-Inch Diameter Bars. 

Specimen Failure load (kips) Failure mode 
P-4-2 13.3 Compression 
V1-4-2 12.6 Compression followed by tension 
V2-4-2 14.6 Tension 
P-4-1.5 14.8 Tension 
V1-4-1.7 12.2 Tension 
V2-4-1.5 13.0 Tension 
Average 13.4   
S.D. 1.1   
COV 0.08   

 
 

Table 51.  Failure Loads of Beams with  0.75-Inch Diameter Bars. 

Specimen Failure load (kips) Failure mode 
P-6-2 15.5 Compression 
V1-6-2 17.1 Compression 
V2-6-2 16.2 Compression 
P-6-1.5 17.9 Compression 
V1-6-1.5 15.2 Compression 
V2-6-1.5 16.2 Tension 
Average 16.4   
S.D. 1.0   
COV 0.06   
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Cyclic Load Tests 

All 13 beams tested in cyclic loading were cracked under load before the 

application of the cyclic loading. The beams were subjected to a sinusoidal load with a 

frequency of 10 Hz. All beams were loaded with two-point loads in four-point bending. 

The upper load magnitude was 4.1 kips, and the lower load magnitude was 0.2 kips for 

the beams reinforced with 0.75-inch diameter bars. Thus, the load range was 3.9 kips. 

The upper load magnitude was 2.1 kips, and the lower load magnitude was 0.2 kips. for 

the beams reinforced with 0.5-inch diameter bars. Thus, the load range was 1.9 kips. The 

upper load magnitudes are equivalent to 25 percent and 16 percent of the average failure 

load of the beams reinforced with 0.75-inch and 0.5-inch diameter bars, respectively. A 

summary of the reinforcement stresses, computed at midspan using elastic analysis, is 

presented in Table 52. Average values from all bar types were used in the computation 

of the area, diameter, modulus of elasticity, and tensile strength of the bars. The stress 

range for all specimens is approximately 18.9 ksi. Although there appears to be a 

different load range applied to beams reinforced with 0.75-inch and 0.5-inch bar 

diameters, there is essentially no difference in the stress ranges applied to the bars. Thus, 

stress range was not a variable. The measured midspan deflections and the 

corresponding number of cycles obtained in the cyclic loading tests are summarized in 

Tables 53, 54, and 55. The labels a, b, and c in Tables 53, 54, and 55 are used only to 

assign the tables a different name and to indicate that the results of those tables are part 

of the same test. The specimens are labeled as noted earlier.  It should be noted that no 

companion specimens with steel reinforcement were evaluated.  
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Table 52.  GFRP Bar Stresses at Midspan. 

Bar diameter 
(in.) 

Cover       
(in.) 

Load        
(kips) 

Stress       
(psi) 

Stress range 
(psi) 

Average stress 
range            
(psi) 

4.10 19,886 2.0 
0.20 970 

18,916 

4.10 18,883 
0.75 

1.5 
0.20 921 

17,962 
18,699 

2.10 21,744 2.0 
0.20 2,071 

18,439 

2.10 20,667 
0.50 

1.5 
0.20 1,968 

19,673 
19,186 

 

 

Table 53.  Number of Cycles and Midspan Beam Deflections (Part A). 

V1-6-1.5 V1-6-2-a P-4-2-a V1-6-2-b V2-6-2 

Number 
of cycles 

Deflection 
(in.) 

Number 
of cycles 

Deflection 
(in.) 

Number 
of cycles

Deflection 
(in.) 

Number 
of 

cycles

Deflection 
(in.) 

Number 
of cycles

Deflection 
(in.) 

1 0.13 500 0.13 33 0.09 32 0.10 52 0.10 
102 0.21 1,000 0.13 100 0.10 100 0.12 103 0.13 
649 0.22 10,000 0.15 510 0.11 500 0.13 510 0.13 

1,053 0.22 20,000 0.15 1,010 0.11 1,000 0.14 1,010 0.14 
9,963 0.24 50,000 0.15 10,510 0.14 199,880 0.15 10,010 0.14 

20,019 0.26 100,000 0.15 20,000 0.14 276,880 0.17 20,010 0.14 
49,967 0.26 200,000 0.16 50,000 0.15 - - 49,510 0.14 

100,043 0.26 500,000 0.17 103,530 0.15 - - 99,510 0.14 
200,432 0.27 593,000 0.17 201,810 0.26 - - 199,510 0.13 
541,612 0.27 1,000,000 0.23 501,820 0.27 - - 499,510 0.14 
989,500 0.28 - - 1,000,830 0.28 - - 997,590 0.31 

2,001,644 0.29 - - 2,026,820 0.34 - - 2,012,590 0.36 
2,841,644 0.29 - - - - - - - - 
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Table 54.  Number of Cycles and Midspan Beam Deflections (Part B). 

P-4-2-b P-6-1.5 V1-4-1.5-b P-4-1.5 
Number of 

cycles 
Deflection 

(in.) 
Number of 

cycles 
Deflection 

(in.) 
Number of 

cycles 
Deflection 

(in.) 
Number of 

cycles 
Deflection 

(in.) 
34 0.09 33 0.10 32 0.12 32 0.11 

103 0.09 103 0.11 102 0.16 102 0.12 
540 0.14 855 0.11 512 0.21 500 0.13 

1,040 0.15 1,010 0.13 1,024 0.22 1,000 0.14 
9,946 0.17 10,070 0.17 10,033 0.26 10,000 0.14 

36,490 0.18 44,390 0.22 49,972 0.27 49,600 0.15 
49,990 0.19 85,798 0.22 100,000 0.28 99,840 0.15 

100,240 0.21 839,830 0.29 500,670 0.28 675,730 0.15 
202,970 0.28 998,240 0.37 1,001,770 0.31 1,001,130 0.17 
502,970 0.30 1,989,050 0.40 1,458,020 0.38 2,157,380 0.18 
998,670 0.32 3,002,270 0.41 - - - - 

1,999,110 0.40 3,933,520 0.41 - - - - 
2,269,110 0.41 - - - - - - 

 
 

Table 55.  Number of Cycles and Midspan Beam Deflections (Part C). 

V1-13-38-a V2-13-50 P-19-50 V2-19-38 
Number of 

cycles 
Deflection 

(in.) 
Number of 

cycles 
Deflection 

(in.) 
Number of 

cycles 
Deflection 

(in.) 
Number of 

cycles 
Deflection 

(in.) 
10 0.08 29 0.06 32 0.08 33 0.11 

109 0.10 89 0.06 100 0.09 103 0.13 
509 0.10 440 0.08 200 0.10 550 0.13 

1,010 0.11 2,000 0.12 2,040 0.13 1,000 0.18 
10,500 0.11 10,000 0.12 10,040 0.14 10,000 0.25 
49,500 0.11 50,100 0.12 50,240 0.14 49,960 0.31 
99,500 0.12 101,100 0.13 101,240 0.14 76,990 0.32 

499,500 0.12 501,100 0.13 501,240 0.15 151,240 0.33 
1,001,260 0.12 1,001,100 0.13 1,001,240 0.15 186,240 0.36 
1,683,030 0.12 1,996,100 0.13 1,996,240 0.14 500,860 0.42 
3,395,850 0.12 - - - - 1,000,860 0.43 
4,761,830 0.13 - - - - 1,998,570 0.44 

- - - - - - 2,163,570 0.44 
 

 

Beam V1-4-1.5-b is the only specimen that failed during cyclic loading. The 

beam failure may have been the result of overloading. If a beam moved sideways or the 
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bearing pads wore out, the testing machine would stop. Beam V1-4-1.5-b was left under 

cyclic loading overnight. During the night, the testing machine stopped.  The next day 

when the testing machine was restarted, the load ram may have loaded the beam beyond 

the intended load level, and a cracking noise was heard. It is possible that the beam was 

not properly seated and aligned after changing the bearing pads before loading was 

resumed. Cyclic load testing of beam V1-4-1.5-b was stopped at that time. This beam 

had undergone 1,458,020 cycles before failure occurred. The results from Tables 53, 54, 

and 55 are shown graphically in Figures 72 and 73. 
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Figure 72.  Cyclic Loading Results of Beams Reinforced with 0.75-Inch Diameter Bars. 
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Figure 73.  Cyclic Loading Results of Beams Reinforced with 0.5-Inch Diameter Bars. 

  

 

In general, an increase in deflections with number of cycles of loading is 

observed for all of the specimens. A beam with a 2-inch cover would have a smaller 

cracked moment of inertia than a section with 1.5-inch cover, all other variables being 

the same. This factor did not seem to cause a significant influence on the increase in 

deflections due to cyclic loading as shown in Figure 74. Figure 74 illustrates that beams 

with concrete covers of 2 inches and 1.5 inches have a similar increase in deflection rate. 
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Figure 74.  Influence of Concrete Cover on Rate of Beam Deflection Increase. 

 

 

As can be seen in Figure 74, after 1000 cycles, bars with three different surface 

finishes have essentially the same slope in the deflection versus number of cycles plot. 

This behavior is an indication that bars with different surface finishes and, therefore, 

different bond strengths have similar performance under cyclic loading. 

 

The results of all beams are presented in Figure 75 to investigate whether bar size 

has an influence in beam deflections. As observed from Figure 75, there is no clear 

difference between the results obtained for the beams reinforced with 0.75-inch diameter 

bars and the beams reinforced with 0.5-inch diameter bars. 

 

Similar slope 
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Figure 75.  Deflections of All Specimens. 

 

 

A regression analysis of the data resulted in the following equation:  

0384.0)ln(0154.0 += ny      (73) 

where y is the beam deflection in inches and n is the number of cycles. The correlation 

coefficient is R2 = 0.38. The slope of Equation 73 may be used to predict the increase of 

deflections of GFRP-reinforced concrete members under cyclic loading. Thus, for a 

beam having an initial deflection of 0.038 inch, the increment of deflection can be 

computed to be 680 percent at 2 million cycles. This shows that deflections of GFRP-

reinforced concrete elements may increase considerably due to cyclic loading. 

In an effort to obtain a higher correlation coefficient for the data obtained, a new 

analysis will be made where some of the results will be omitted due to an abrupt increase 

in deflections (i.e., possibly due to slip) or because the beam deflections differ 

considerably from the deflections of most of the other beams. Thus, the results of 

specimens V1-6-1.5-a and V2-6-1.5-a from the 0.75-inch diameter bar group were 
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omitted. In addition, the data corresponding to specimens V1-6-2-a, V2-6-2-a, and P-6-

1.5-a was truncated at 1 million cycles, 1 million cycles, and 10,000 cycles, respectively. 

Also, the results of specimens P-4-2-b and V1-4-1.5-b from the 0.5-inch diameter bar 

group were omitted. Additionally specimen P-4-2-a was truncated at 200,000 cycles. 

The selected data are presented in Figure 76. 
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Figure 76.  Selected Deflections of Specimens with 0.5-and 0.75-Inch Diameter Bars. 

 

 

There is basically no difference between the deflections obtained for the 0.5-inch 

and 0.75-inch diameter bar specimens. Therefore, a regression analysis was carried out 

for the combined data, and the trend line is presented in Figure 77. 

 

 



 

   165

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Number of cycles

D
ef

le
ct

io
n 

(in
.)

Selected 0.5 in. and 0.75 in. diameter bar specimens
Least squares R^2 = 0.47

 

Figure 77.  Regression Analysis Results. 

 

 

 

The correlation coefficient for the combined selected data is R2 = 0.47, and the 

regression equation is:  

0858.0)ln(0046.0 += ny      (74) 

where y is the beam deflection in inches and n is the number of cycles. 

 

Although the coefficient of correlation is relatively low, the slope of Equation 74 

could still be used to estimate the increase in deflections of a GFRP-reinforced concrete 

beam due to cyclic loading. The deflections of a beam due to cyclic loading could be 

estimated to be 0.15 inch after 2 million cycles for an initial deflection of 0.086 inch, 

using Equation 74. That is a 74 percent increase in deflection relative to the initial elastic 

deflection. Thus, Equation 74 may be used to compute a lower bound expected 

deflection for GFRP-reinforced concrete members subjected to cyclic loading. 
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Elastic short-term deflections of cracked FRP-reinforced concrete beams can be 

computed using the effective moment of inertia of Equation 8-12a recommended by the 

ACI 440 (2001) design guidelines:  
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where Es and Ef have been defined previously, 
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and 

α    = Bond-dependent coefficient, 

Ie    = Effective moment of inertia of the section (inch4), 

Icr   = Cracked moment of inertia of the section (inch4), 

Ig    = Gross moment of inertia of the section (inch4), 

Mcr = Cracking moment (inch-lb), 

Ma  = Maximum moment in the member at stage deflection is computed (inch-lb). 
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b   =Width of the section (inch), 

d   = Distance from top of the beam to center of the reinforcement (inch), 

Af  = Cross-sectional area of the FRP reinforcement (inch2). 
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The deflections of a cracked FRP-reinforced concrete element subjected to cyclic 

loading can be obtained by adding to the elastic deflections computed using Equation 75. 

In this equation, m is the slope of the deflection versus number of cycles line obtained 

from the linear regression, and n is the number of cycles. The deflections predicted with 

Equations 73 and 74 are valid only for an FRP bar stress range of 18.9 ksi. Future tests 

should include different bar stress ranges to provide the basis for making predictions of 

the deflection behavior of beams under cyclic loading at different stress ranges.  

 

Constant Load Rate after Cyclic Load Tests 

The results from the constant load rate tests include the number of cycles the 

beam was subjected to, the failure load after constant load rate testing, and the ratio of 

the failure load due to constant load rate testing after cyclic load was applied to the 

failure load due to constant load rate without cyclic load. The results are summarized in 

Tables 56 and 57 for specimens with 0.75-inch and 0.5-inch diameter bars, respectively. 

Specimen P-6-1.5-a was subjected to almost 4 million cycles and had a residual strength 

of 91 percent of the original strength, while specimen V1-4-1.5-b was subjected to close 

to 5 million cycles and showed a residual strength of 113 percent of the strength 

exhibited by the specimen not subjected to cyclic load. The COV of the failure load for 

the specimens subjected to cyclic loading and reinforced with 0.75-inch diameter bars 

was 8 percent. The average failure load after cyclic loading for the 0.75-inch diameter 

specimens was 5 percent higher, on average, than for the specimens not subjected to 

cyclic loading.  

 

Specimen V1-4-1.5-b offset the average values of the failure load and COV, 

since it failed during the cyclic loading. The average failure load of the specimens 

reinforced with 0.5-inch diameter bars and subjected to cyclic loading, computed 

excluding specimen V1-4-1.5-b, was 13.5 kips. This average value is the same as the 

average value obtained from the specimens not subjected to cyclic loading. Based on 

these data, it can be concluded, under the conditions tested, that applying an average of 2 
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million cycles of loading with a bar stress range of 18.9 ksi did not affect the load 

capacity of the GFRP-reinforced concrete beams studied. 

 

 

Table 56.  Failure Loads with and without Cyclic Loading for 0.75-Inch Diameter Bar Specimens. 

Specimen Number of cycles
Pu after cyclic 

loading         
(kips) 

Pu without cyclic 
loading         
(kips) 

Pu after cycling / 
Pu without 

cycling 
P-6-2-a 1,196,240 17.7 15.5 1.14 
V1-6-2-a 276,880 17.2 17.2 1.00 
V1-6-2-b 1,000,000 18.0 17.2 1.05 
V2-6-2-a 2,012,590 17.1 16.2 1.05 
V2-6-2-b 1,996,450 16.7 16.2 1.03 
P-6-1.5-a 3,933,520 16.3 17.9 0.91 
V1-6-1.5-a 2,841,644 18.4 15.2 1.21 
V2-6-1.5-a 2,163,570 16.4 16.2 1.01 
Average 1,927,612 17.2 16.4 1.05 
S.D. - 0.8 - - 
COV - 0.04 - - 

 

 

Table 57.  Failure Loads with and without Cyclic Loading for 0.5-Inch Diameter Bar Specimens. 

Specimen Number of cycles
Pu after cyclic 

loading         
(kips) 

Pu without cyclic 
loading         
(kips) 

Pu after cycling / 
Pu without 

cycling 
P-4-20-a 2,026,820 13.6 13.3 1.02 
P-4-2-b 2,269,110 13.8 13.3 1.03 
V2-4-2-a 1,996,100 12.7 14.6 0.87 
P-4-1.5-a 2,157,380 13.7 14.9 0.92 
V1-4-1.5-a 4,761,830 13.8 12.2 1.13 
V1-4-1.5-b 1,458,080 4.5 12.2 0.37 
V2-4-1.5-a 2,014,510 13.1 13.0 1.01 
Average 2,383,404 12.2 13.4 0.91 
S.D. 4,761,830 3.4 - - 
COV - 0.28 - - 
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From the tests performed in the laboratory, results indicate that surface finish, 

concrete cover, and bar diameter do not significantly affect the rate of deflection 

increase of GFRP-reinforced concrete beams. Two best-fit line equations were obtained 

to predict the deflections of GFRP-reinforced concrete beams for a bar stress range of 

18.9 ksi. The application of 2 million cycles of loading does not affect the ultimate 

capacity of GFRP-reinforced concrete beams. However, the application of 2 million 

cycles of loading could increase the deflections of GFRP-reinforced concrete beams 

between 78 and 680 percent from the initial elastic deflection. 

 

BOND TEST 

 

 In the literature review section, it was evident that the degradation of the bond 

strength of GFRP bars has not been thoroughly evaluated. The applicability of Equation 

11-7 from the ACI 440 (2001) design recommendations, used to compute the 

development length of FRP bars, requires verification for GFRP bars embedded in 

concrete. This section describes test results that show that the bond strength between 

GFRP bars and concrete may degrade with time. 

 

Tables 9 and 10 presented in Section III describe the number of samples used for 

the specimens with 0.5-inch and 0.75-inch diameter bars, respectively. As described in 

Section III, a set of specimens was exposed outdoors, and another set was exposed 

indoors under high temperature and high humidity conditions. During planning of the 

test, the researchers believed that a continuously moist and hot environment would 

accelerate bond degradation to a measurable degree, if any occurred, between the FRP 

bars and concrete. Thus, some specimens were left outdoors, and some were exposed in 

the controlled conditions, both for a period of 16 months. 

 

 The recorded maximum bond stresses at failure are shown in Tables 58 and 59. 

The results presented in Tables 58 and 59 are average values computed using all of the 
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test specimens whether they failed by pullout or bar rupture. The results indicate that the 

bond strength of the bars is either equal to or greater than the recorded bond stress value. 

The bond strength would be equal to the recorded bond stress when the bar failed by 

pullout. When the specimen failed by bar rupture, the bond strength would be equal to or 

greater than the recorded bond stress. Thus, the results presented in Tables 58 and 59 are 

lower bounds of bond strength. A comparison between the recorded average bond stress 

values of the indoor specimens made with bar type V1 and a bond length of 5 inches and 

the outdoor specimens shows that the indoor exposed specimens had a lower bound bond 

stress of 9 percent less than the value found for the outdoor specimens. Except for the 

0.5-inch diameter specimens made with bar type P and a bond length of 5 inches, all 

specimens subjected to the controlled environment showed higher lower bound bond 

stress values, on average, than the specimens exposed to the outdoor exposure condition. 

This could be the result of a tensile strength reduction of the GFRP bars in the indoor 

condition relative to the outdoor condition, since all the specimens except six ultimately 

failed by bar rupture. 

 

 

Table 58.  Average Bond Stresses at Failure for the 0.5-Inch Diameter Bars. 

Outdoor exposure, failure stress (psi) Indoor exposure, failure stress (psi) Bond length 
(in.) Bar P Bar V1 Bar V2 Bar P Bar V1 Bar V2 

5 2,328 1,775 2,094 2,380 1,625 1,708 
15 827 669 690 798 462 643 
30 432 - - 404 305 320 
- no data 

 

 

Table 59.  Average Bond Stresses at Failure for the 0.75-Inch Diameter Bars. 

Outdoor exposure, failure stress (psi) Indoor exposure, failure stress (psi) Bond length 
(in.) Bar P Bar V1 Bar V2 Bar P Bar V1 Bar V2 
7.5 - - - 2,161 1,717 1,721 

22.5 - - - 673 590 549 
45 - - - - 291 291 
- no data 
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Tables 58 and 59 contain the results of specimens that failed by bar rupture as 

well as by pullout. Only six specimens out of the 38 tested failed by pullout. The average 

bond stresses at failure of the specimens that failed by pullout will be discussed next. 

Two 0.5-inch diameter specimens of bar type P exposed outdoors exhibited pullout 

stresses of 2567 psi and 2484 psi. The average pullout strength for these specimens was 

2526 psi. No specimens with 0.5-inch diameter bars and indoor exposure failed by 

pullout. The average pullout failure stresses of the specimens with 0.75-inch diameter 

bars are summarized in Table 60. None of the specimens with 0.75-inch diameter bars 

subjected to outdoor exposure failed by pullout. 

 

 

Table 60.  Average Pullout Failure Stresses for 0.75-Inch Diameter Bars. 

Indoor exposure, failure stress (psi) Bond length         
(in.) Bar P Bar V1 Bar V2 
7.5 2,161 * - 1,663 

22.5 668 - - 
1143 (45) - - - 

*Average of two samples (2246 psi and 2075 psi). 

 

 

Two of the 20 specimens exposed outdoors experienced pullout failures, while 4 

specimens out of the 18 exposed indoors exhibited pullout failures. This could be an 

indication that the continuously moist concrete environment may degrade the bond 

strength between GFRP bars and concrete more than the concrete environment of the 

specimens exposed outdoors. This is the environmental condition typically encountered 

in concrete bridge decks according to measurements made by Pyé (1998).  

 

 Equilibrium of forces in a bond specimen can be determined as follows: 

fufbff fAlD =μπ      (76) 

where, 

D = Diameter of FRP bar (inch), 
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μf = Average bond strength of FRP bar (psi), 

lbf = Basic development length of an FRP bar (inch), 

ffu = Design tensile strength of FRP bar (psi). 

 

 Rewriting Equation 76: 

f

fuf
bf D

fA
l

μπ
=       (77) 

or 

f

fu
bf

Df
l

μ4
=       (78) 

 Using Equation 78, the development length of the specimens that failed in 

pullout can be computed. The development length can be computed using the unexposed 

tensile strength of the GFRP bars, assuming that the tensile strength obtained from 

tension tests on 0.625-inch diameter bars was the same for the 0.5-inch and 0.75-inch 

diameter bars. The average development length of the specimens made with 0.5-inch 

diameter type P bars exposed outdoors was 4.3 inches. The development lengths of the 

specimens with 0.75-inch diameter bars are shown in Table 61. 

 
Table 61.  Computed Development Length for 0.75-Inch Diameter Bars. 

Indoor exposure,  development length (in.) Bond length         
(in.) Bar P Bar V1 Bar V2 
7.5 7.4 - 8.7 

22.5 23.8 - - 
45 - - - 

 

 

The required bond length for the specimens according to Equation 11-7 of the 

ACI 440 (2001) design guidelines is computed as: 

2700
fub

bf

fd
l =      (79) 

where the terms are as indicated before. 
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Assuming the tensile strength of the 0.5-inch and 0.75-inch diameter bars to be 

the same as those of the 0.625-inch diameter bars and substituting the unexposed 

average tensile strengths of 84,588, 88,507, and 74,471 psi for bar types P, V1, and V2, 

respectively, in Equation 79, the following development lengths for a 0.5-inch diameter 

bar are obtained: 15.7 inches, 16.4 inches, and 13.8 inches for bar types P, V1, and V2, 

respectively. The computed development lengths for the 0.75-inch diameter bars are: 

23.5 inches, 24.6 inches, and 20.7 inches for bar types P, V1, and V2, respectively. 

 

 Comparing the development lengths obtained from pullout failure stresses and 

those computed using Equation 79, it can be concluded that the development length 

required by ACI 440 Equation 11-7 is conservative for all of the 0.5-inch diameter 

specimens. It can also be observed that the development lengths obtained using ACI 440 

Equation 11-7 for bond length would be adequate for the 0.75-inch diameter specimens 

of bar types V1 and V2. However, it should be noted that one specimen failed at a 

development length of just 101 percent of that recommended by the design guidelines. 

 

The Japanese Recommendations for Design and Construction of Concrete 

Structures Using Continuous Fiber Reinforcing Materials (JSCE 1997) contains a test 

method to evaluate the bond properties of FRP reinforcement. The specifications 

indicate that loading of the specimens should be continued until the tendon pulls out of 

the concrete or the load decreases significantly due to splitting or cracking of the 

concrete. Obviously, another failure mode not mentioned in the specifications is rupture 

of the tendon. The Japanese specifications recommend measuring the slippage at the free 

end of the specimen. Although the Japanese specifications do not specifically classify 

tendon pulling out of the concrete or concrete splitting as bond failures, they are implied. 

If the criterion of bar pullout from the concrete in the Japanese specifications is 

followed, only 6 specimens out of a total of 38 experienced bond failures. 
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In an unpublished draft of a document by committee ACI 440-K (2000), a test 

method for the determination of the bond strength of FRP bars is described. The ACI 

440-K test method requires loading the specimen continuously until either rupture of the 

FRP bar occurs, the enclosing concrete splits, or slippage of at least 0.1 inch occurs at 

the loaded end of the specimen. The failure criterion of excessive slippage was most 

likely established because excessive slippage would either lead to large crack widths in a 

reinforced concrete member, invalidating methods of analysis where perfect bond is 

assumed, or compromise the safety of the structure. Although the unpublished ACI 440-

K recommended test method to measure bond strength does not specifically classify 

splitting of the concrete or slippage in excess of 0.1 inch as bond failures, it is implied. 

 

The criterion of the unpublished ACI 440-K recommended test methods (ACI 

2000) could be used to analyze the test data obtained in this research. With this method, 

the displacement at the loaded end limit state criterion is applied to the specimens tested. 

Using this criterion, it can be concluded that all but one specimen failed in bond. The 

average slip displacements at the loaded end of the specimens are summarized in Tables 

62 and 63.  It can be observed from these that the 0.75-inch diameter bars, on average, 

slipped a distance of only 44 percent of the slipped distance recorded for the 0.5-inch 

diameter bars at failure. It can also be seen that the indoor exposed 0.5-inch diameter 

specimens slipped, on average, 13 percent more than the outdoor specimens, at failure. 

The data in Table 62 indicate that for type V2 and P bars the average slippage at failure 

is 30 and 23 percent higher, respectively, for the indoor exposed specimens. On the other 

hand, for type V1 bars the slip at failure for the indoor exposed specimens was only 78 

percent of the slip recorded for outdoor exposed specimens. The fact that the specimens 

exposed to the controlled environment exhibited larger slip at the loaded end at failure 

than the specimens exposed outdoors is an indication that the moist and hot environment 

could degrade the bond between the FRP bars and the concrete more than the outdoor 

exposure. 
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Table 62.  Average Slip at Loaded End of 0.5-Inch Diameter Bars at Failure. 

Outdoor exposure, slip (in.) Indoor exposure, slip (in.) Bond length 
(in.) Bar P Bar V1 Bar V2 Bar P Bar V1 Bar V2 

5 0.40 0.35 0.48 0.61 0.39 0.51 
15 0.65 0.36 0.28 0.57 0.18 0.35 
30 0.49 - - 0.66 0.26 0.72 

Average 0.52 0.36 0.38 0.61 0.27 0.53 
 

 

Table 63.  Average Slip at Loaded End of 0.75-Inch Diameter Bars at Failure. 

Indoor exposure, slip (in.) Bond length          
(in.) Bar P Bar V1 Bar V2 
7.5 0.24 0.18 0.18 

22.5 0.26 0.18 0.17 
45 - 0.22 0.21 

Average 0.25 0.19 0.19 
 

 

Typical bar rupture and pullout failures are shown in Figures 78 and 79, 

respectively. 

 

 

Figure 78.  Bar Rupture Failure. 
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Figure 79.  Pullout  Failure. 

 

 

Results of the test program indicate that a continuously wet concrete environment 

may degrade the bond properties of GFRP bars more than an outdoor exposure, with 

slippage at failure load increasing by as much as 30 percent after 16 months of exposure. 

Equation 11-7 of the ACI 440 (2001) design guidelines does not take into account 

degradation of bond strength between concrete and FRP bars. This is important because 

any bond strength degradation increases the required development length of a 

reinforcing bar. An analysis of the effects of bond strength degradation in the 

computation of the development length will be presented in Section V, where the ACI 

440 design guidelines are reviewed. The number of specimens that failed in pullout from 

the indoor exposure group was twice as large as the number of specimens from the 

outdoor exposure group. It was also found that the larger diameter bars exhibited less 

slippage than the smaller diameter bars. Equation 11-7 given by the ACI 440 design 

guidelines to compute bond length may be unconservative, since one specimen failed at 

the required development length. Furthermore, as explained in Section V, the basic 

development length computed with ACI 440 Equation 11-7 may provide adequate 
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development length at the end of the service life of the structure, but it does not provide 

adequate development length when the structure is put in service. This happens because 

Equation 11-7 includes FRP bar strength reduction factors that automatically and 

unconservatively reduce the basic development length. Thus, a higher factor of safety 

may be necessary. A modification to ACI 440 Equation 11-7 is proposed in Section V 

after an analysis of the effects of bond strength degradation and tensile strength 

degradation on the computation of the development length of an FRP-reinforced 

concrete element. The ACI 440-K recommended test methods may need to revise the 

0.1- inch slip limit at the loaded end of a bond test specimen. If the 0.1-inch slip limit at 

the loaded end is considered a bond failure criterion, the bond strength results of all but 

one of the specimens of this experiment have to be categorized as bond failures. This 

research indicates that the outdoor exposure of some specimens may not be the condition 

that degrades bond strength between FRP bars and concrete the most. Since the 

specimens exposed to a high moisture environment showed more bond strength 

degradation, it is expected that reinforced concrete elements exposed to high moisture 

environments could exhibit higher bond strength degradation. Also, samples made, 

cured, and tested in the laboratory may have bond properties that vary from actual bond 

properties in the field. 

 

 
THERMAL EXPANSION OF CONCRETE SLABS 

 

The high transverse coefficient of thermal expansion of FRP bars causes concern 

for cracking in decks. As such, it is important to know the depth of a safe concrete cover 

to be used with FRP bars in concrete for the typical bar sizes and temperatures expected 

to develop in a concrete structure. Schaefer (2002) conducted the thermal expansion tests 

and obtained the data presented in this section. The data are reanalyzed in this section. 

 

A particular type of structure needs to be selected in order to evaluate the effects 

of thermal expansion on an FRP-reinforced concrete structure. Thermal expansion can 
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be a problem for FRP-reinforced concrete elements in bridge structures. Bridge decks 

experience considerable solar radiation in some regions, and since they are very common 

structures, a bridge deck was selected as the structural element to study. A bridge deck 

section 8 inches thick was tested to evaluate the effect of temperature and cover depth on 

surface cracking. 

  

FRP bars can undergo expansions or contractions without stressing the concrete 

before the concrete has set. However, once the concrete sets, tensile stresses develop in 

the concrete as a result of the differential thermal expansion between the FRP bars and 

the concrete, at temperatures above the temperature present in the concrete at setting. In 

this project, the temperature at which the specimens set was not measured. However, the 

specimens were cast on July 13, 2000, when the normal maximum temperature was 

approximately 95 °F, as recorded by the National Weather Service in Dallas-Forth 

Worth (NWSFO 2003). Therefore, the setting temperature of the specimens was 

assumed to occur at 95 °F.  

 

Cracking Temperature of Bar Type P Specimen 

After the heat lamps were turned on, the specimen was visually monitored 

continuously for surface cracking. For P bar types, cracks were observed for bar cover 

depths of 1, 2, and 3 inches. These cracks were observed on the surface of the concrete 

specimen over the bars with cover depths of 1 inch when the temperature on the surface 

of the center bar was 239 °F. This indicates that an increase of 144 °F from the setting 

temperature is required to cause cracking. The temperature on the surface of the slab 

when the specimen cracked for the 1-inch cover depth samples was 292 °F. Figure 80 

(modified from Schaefer [2002]) shows the specimen after testing. 

 

Cracks on the specimen with the 2-inch cover depths occurred when the 

temperature at the surface of the center bar was 206 °F. Thus, a temperature increase of 

111 °F at the level of the reinforcement was required to crack the concrete over the FRP 
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bar. The temperature at the surface of the slab when the specimen cracked on the 2-inch 

cover depth sample was 292 °F. 

 

Some small cracks were observed on the surface of the slab over the 3-inch 

cover. The temperature recorded at the depth of the bars was 168 °F. This represents a 

temperature rise of 73 °F from the setting temperature. The temperature on the surface of 

the slab when the specimen cracked for the 3-inch cover depth was 292 °F. 

  

 

 

Figure 80.  Specimen with Bars Type P after Testing (Modified from Schaefer [2002]). 

 

The temperature profile at cracking is shown in Figure 81. These results 

presented indicate that for the larger covers, smaller temperature differentials are 

required to crack the slab. However, Figure 81 shows that the temperature is not uniform 

over the depth of the slab, the temperature being highest at the surface and lowest at the 

bottom. Thus, cracks developed simultaneously at all three different covers. If the 

temperature were uniformly distributed, the smallest cover would crack first. 

 

 

1-inch cover 
depth bars 
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Figure 81.  Temperature Profile of Slab at Cracking for Bars Type P. 

 

Section 3.16 of the 1992 AASHTO (1992) specifications indicates the range of 

temperatures for designing concrete structures to be +30 °F and –40 °F in moderate 

climates and a temperature rise of 35 °F and a temperature fall of 45 °F in cold climates. 

Section 3.16 of the 1992 AASHTO specifications is intended to be a guide to compute 

uniform temperature changes in the absence of more precise information for the design 

of expansion bearings and deck joints. The 1998 AASHTO (1998) specifications cover 

uniform temperature changes in Section 3.12.2. Section 3.12.2 has a different 

temperature range requirement. This section requires an upper temperature of 80 °F and 

a lower temperature of 10 °F for moderate climates and an upper temperature of 80 °F 

and a lower temperature of 0 °F for cold climate. The 1998 AASHTO specifications 

indicate that the difference between the upper or lower boundary and the base 

construction temperature shall be used to compute thermal deformation effects. Both 

specifications were developed to account for temperature rise and fall relative to the 

temperature of the concrete when setting occurred. Temperature variations of ± 36 °F are 

typical in bridges according to Taly (1998). Therefore, the temperature rise of 73 °F 

required to cause cracking over the 3-inch cover would typically not occur in a bridge. 

Based on the results obtained in this project, the use of 1-, 2-, or 3-inch covers for 0.75- 
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inch diameter (or smaller) FRP bars would not cause a typical concrete bridge deck with 

28-day compressive strength of approximately 5880 psi to crack due to thermal 

expansion. The cracking temperatures are summarized in Figure 82. 
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Figure 82.  Temperature Profile of Slab at Cracking for Bars Type V1. 

 

 

Cracking Temperature of Bar Type V1 Specimen 

 In this specimen, cracks were also observed at cover depths of 1, 2, and 3 inches. 

The cracks that occurred over the 1-inch cover depth developed when the temperature at 

the depth of the bar was 284 °F. Thus, a temperature increase of 189 °F from the setting 

temperature was required to produce cracks over the 1-inch cover depth. Small cracks 

were detected over the 2-inch cover depth when the temperature at the surface of the bar 

was 223 °F. Therefore, a temperature increase of 128 °F from the setting temperature 

was required to produce cracks over the 2-inch cover depth. Cracks appeared on the 

surface of the slab over the 3-inch cover depth when the temperature at the surface of the 

bar was 182 °F. This indicates that a temperature increase of approximately 87 °F from 

the setting temperature is required to produce cracks over the 3-inch cover depth. The 
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temperature recorded at the surface of the slab at the time the cracks over the three cover 

depths were observed was 347 °F. Figure 83 (modified from Schaefer [2002]) shows the 

specimen after testing. 
 

 

 

 Figure 83.  Specimen with Bars Type V1 after Testing (Modified from Schaefer [2002]). 

 

 

The temperature profile of the specimen with bars type V1 is shown in Figure 83. 

The same observations made earlier regarding temperature distribution for the specimen 

with bars type P are applicable to the specimen with bars type V1. 

 

A similar analysis to the one performed for the specimen with bars type P would 

lead to the same conclusions for specimens with bars type V1, since now the smallest 

temperature increase at which cracking occurred was 87 °F. Thus, concrete covers of 1, 

2, and 3 inches would be adequate for GFRP bars with 0.75-inch diameter or smaller to 

be used in a typical concrete bridge deck with a concrete compressive strength of 5880 

psi. 
 

Cracking Temperature of Bar Type V2 Specimen 

 Cracks were observed over the 1-inch and the 2-inch cover depths for the slab 

containing V2 bars. A temperature of 264 °F was measured at the surface of the bar with 

1-inch cover when cracks developed at the surface of the slab directly over the bars. This 

1-inch cover 
depth bars 
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indicates a temperature rise of approximately 169 °F from the setting temperature is 

required to crack the concrete cover. The surface of the slab developed a small crack 

directly over the bars with 2-inch cover when the temperature at the surface of the bar 

was 185 °F. Thus, a temperature rise of approximately 90 °F is required to crack the 

specimen directly over the bars with 2-inch cover depth. No cracking occurred over the 

bars with 3-inch cover. Cracking over the bars with 1-inch and 2-inch cover depths 

occurred when the temperature on the surface of the slab was 327 °F. Figure 84 

(modified from Schaefer [2002]) shows the specimen after testing.  
 

 

 
Figure 84.  Specimen with Bars Type V2 after Testing (Modified from Schaefer [2002]). 

 

 

The temperature distribution of the specimen with bars type V2 is shown in 

Figure 85. The observations made earlier regarding temperature distribution across the 

section for the specimen with bars type P are valid for the specimen with bars type V2. 
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Figure 85.  Temperature Distribution of Slab at Cracking for Bars Type V2. 

 

 

 Performing the same analysis as for specimens with bars type P and V1 for the 

specimen with bars type V2, the same conclusions are reached. For the specimen with 

bars type V2, the approximate minimum temperature increase necessary to cause the 

concrete cover to crack would be 90 °F. Therefore, concrete covers of 1, 2, and 3 inches 

would be adequate for 0.75-inch diameter GFRP bars or smaller used in a typical 

concrete bridge deck with a concrete compressive strength of 5880 psi. 

 

A comparison between the different bar types is made in Table 64. The specimen 

with bars type P cracked at the lowest temperature, and the specimen with bars type V1 

cracked at the highest temperature. For comparison, the specimen with bar types V1 

cracked at the 1-inch cover at a temperature 20 °F higher than the cracking temperature 

of the specimen with bars type V2 for the same cover and at a temperature 45 °F higher 

than the cracking temperature of the specimen with bars type P for the same cover.  
 

 

 

 



 

   185

 

Table 64.  Comparison of Temperatures at Cracking. 

Temperature (deg. F) Distance from top 
surface (in.) P V1 V2 

0 292 347 327 
1 239 284 264 
2 206 223 185 
3 168 182 155 * 
8 109 116 87 

* No cracking was observed over the 3-inch cover for specimen V2. 

 

 

 The results indicate that a typical 8-inch thick concrete bridge deck reinforced 

with GFRP bars would not experience cracking on the surface due to thermal expansion 

for concrete covers of 1, 2, and 3 inches and GFRP reinforcement with a diameter 0.75 

inch or smaller. This assertion would be valid for conditions where a temperature rise of 

less than 54 °F from the concrete setting temperature takes place and the concrete 

compressive strength is 5880 psi or higher. The results presented in this section are 

limited to the properties of the materials used in this research program. 
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V. REVIEW OF ACI 440 DESIGN GUIDELINES 
 

 This section will review the ACI 440 design guidelines as they relate to the 

results obtained in this research. The ACI 440 design guidelines present information on 

the history and use of FRP reinforcement, a description of the material properties of 

FRP, and committee recommendations relative to the construction of concrete structures 

reinforced with FRP bars. The ACI 440 document also includes recommended materials 

requirements, construction practices, and design recommendations. Only sections of the 

ACI 440 design guidelines that could be improved and that are related to the use of FRP 

bars in bridges will be reviewed. The first section to be reviewed is Section 7.2, Design 

Material Properties, specifically related to the environmental reduction factors proposed 

by the guidelines to be applied to the tensile strength of FRP bars reinforced with glass 

fibers. A review of Section 8.3, Serviceability, follows. The serviceability section will be 

reviewed in regard to cracking (subsection 8.3.1) and deflections (addressed in 

subsections 8.3.2 and 8.3.2.3). Section 11.1 regarding the development length of straight 

bars also will be reviewed. Finally, comments will be provided in regard to minimum 

concrete cover. 

 

ACI 440 SECTION 7.2 DESIGN MATERIAL PROPERTIES 

 

 This section of the guidelines indicates that the material properties provided by 

the manufacturer should be reduced to account for long-term exposure to the 

environment. The guidelines recommend that the tensile strength should be determined 

by: 
*
fuEfu fCf =       (80) 

where, 

ffu  = Design tensile strength of FRP, considering reduction for service environment

     (psi), 

CE  = Environmental reduction factor, 
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f*
fu  = Guaranteed tensile strength of an FRP bar defined as the mean tensile strength

     of a sample of test specimens minus three times the standard deviation 

(f*
fu = fu,ave – 3σ) (psi), 

fu,ave  = Average tensile strength of FRP bars. 

 

 The environmental reduction factors given in the guidelines for GFRP bars are 

0.8 and 0.7 for concrete not exposed to earth and weather and for concrete exposed to 

earth and weather, respectively. The guidelines indicate that the environmental reduction 

factors are conservative estimates where temperature effects have been considered, as 

long as the material is not used above the glass transition temperature of the polymer 

employed to manufacture the bars.  

 

 The average tensile strengths of the unexposed specimens of the tension tests in 

this dissertation are presented in column 2 of Table 65. The unexposed tensile strength 

standard deviations and guaranteed tensile strengths are indicated in columns 3 and 4, 

respectively, of Table 65. Also indicated in Table 65 (in columns 5 and 6) are the design 

tensile strengths as computed using Equation 80. The smallest measured tensile strength 

from any of the exposure conditions at 50 weeks is shown in column 7 of Table 65. 

Column 8 presents the guaranteed tensile strength (f*fu = fu,ave – 3σ) obtained from the 

measured exposure data at 50 weeks. Column 9 presents the predicted average residual 

tensile strength computed using a value of λ = 0.0057 (best fit to guaranteed tensile 

strength) computed using the method described in the tensile strength degradation 

analysis section of the moisture absorption test results, for a five-year exposure period. 

Column 10 shows the predicted residual tensile strength using a value of λ = 0.006 

(curve fit to lowest measured data points) described in the tensile strength degradation 

analysis section of the moisture absorption test results, for a five-year exposure period. 

 

According to comparisons made with the research conducted by Sen et al. (2002) 

in the tensile strength degradation analysis section, the results predicted with Equation 
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24 and a value of λ of 0.0057 (best fit to guaranteed tensile strength) can be considered 

as upper bound residual tensile strengths. The predictions are considered as upper bound 

residual strength values because the bars were exposed unstressed, and as indicated by 

Sen and coworkers, the application of a sustained stress to GFRP bars causes larger 

strength reductions with time than when the bars are unstressed. 
 

 

Table 65. Tensile Strength Results and Predicted Values. 

Tensile strength (psi) 
Bar 
type fu, avg 

unexp. 
S.D. 

unexp. 
f*fu   

unexp. 

ffu      
(CE 

=0.8) 

ffu      
(CE 

=0.7) 

Smallest  
50 weeks  

fu (psi) 

Guaranteed 
50 weeks 
f*fu (psi) 

Predicted 
5 years 

f*fu (psi) 

Predicted  
5 years   
fu (psi) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
P 84,588 2,456 77,219 61,775 54,053 68,616 59,995 52,868 53,798 

V1 88,507 7,951 64,655 51,724 45,258 70,969 63,559 55,317 56,290 
V2 74,471 2,598 66,676 53,341 46,673 56,609 54,863 46,544 47,363 

 

 

Comparing the values presented in columns 6 and 8 of Table 65, it can be seen 

that the values of column 6 are only 11, 40, and 18 percent lower than the values of 

column 8. The values of ffu represent the design tensile strength obtained following ACI 

440 design guidelines and include an environmental reduction factor for exterior 

exposure that is intended to account for strength reductions suffered by GFRP bars over 

the life of the structure. The results shown indicate that the design strength is slightly 

larger than the guaranteed tensile strength after one year of exposure for bar type P. 

Since the reductions in strength shown in column 8 were determined for unstressed 

specimens, it is expected that the guaranteed tensile strength will be lower in actual 

service conditions, where the GFRP bars are stressed.  

 

A comparison of columns 6 and 9 of Table 65 shows that the five-year predicted 

guaranteed tensile strengths are equivalent to 0.98, 1.22, and 1.00 of the design strengths 

presented in column 6. This shows that the GFRP bars studied in this research and using 
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the predicted degradation model, after five years in service conditions (although 

unstressed), can have a guaranteed residual tensile strength close to the design strength. 

As mentioned in the previous paragraph, GFRP bars are expected to have a lower 

residual tensile strength when they are stressed in service conditions.  

 

Glaser et al. (1983) conducted a 10-year study on the life estimation of S-Glass/epoxy 

composites under sustained tensile load. The specimens were kept at a temperature 

between 68 °F and 82 °F and a relative humidity between 24 and 37 percent. The 

researchers found that the residual tensile strength of the specimens continuously 

decreased with time, even beyond five years.  

 

Based on the observations of this project, and since the tensile strength of GFRP 

bars in stressed service conditions is expected to either level off or continue to degrade 

after one year of exposure, the results indicate that the environmental reduction factors 

given by the ACI 440 design guidelines may be unconservative. 

 

As indicated in the tensile strength degradation analysis section of the moisture 

absorption test, it is difficult to make valid predictions for long periods of time with the 

limited exposure times studied. It is, therefore, necessary to carry out exposure tests over 

longer periods of time to make reliable long-term behavior predictions. The application 

of the strength reduction factors is presented in a design example given at the end of this 

section. 

 

ACI 440 SECTION 8.3.1 CRACKING 

 

 The ACI 440 design guidelines indicate that FRP bars are corrosion resistant, and 

as a result, the maximum crack width limitation can be relaxed when corrosion of the 

reinforcement is the main reason for crack-width limitations. The guidelines recommend 
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using maximum crack width limits of 0.02 inch for exterior exposure and 0.028 inch for 

interior exposure. 

 

 The results section of the cracking of the concrete slabs test indicated that 

maximum crack width increases with concrete cover. However, as indicated by Beeby 

(1978), although the crack width on the surface of the concrete is a function of concrete 

cover, the crack width at the level of the reinforcement could be approximately the same. 

Thus, it would be appealing to specify a maximum surface crack width limit that is a 

function of concrete cover if the degradation of the GFRP bar depends on the crack 

width at the surface of the bar rather than at the surface of the concrete. However, until 

research that relates the degradation of GFRP bars to crack width at the surface of the 

concrete and at the surface of the GFRP bar is available, no recommendations can be 

made.  

 

 The ACI 440 design guidelines recommend using Equation 8-9c to estimate the 

maximum crack width of FRP-reinforced concrete elements. As described in the results 

section, the constant 0.076 multiplied by a kb of 1.2 as shown by the ACI 440 yields a 

good fit to the experimental data: 

3
max 09.0 AdfW cf ⋅⋅= β      (81) 

where the terms are as described in Section IV. 

 

 In Figure 86, Equation 81 is compared with ACI 440 Equation 8-9b, the equation 

proposed by Faza and GangaRao (1993), and the experimental data obtained from this 

research. Note that the equation by Faza and GangaRao is more conservative, but past 

practice has been to use the best-fit line equation instead of the more conservative 

approach. The ACI 440 maximum crack width limit for exterior exposure is also 

indicated in Figure 86 and provides very similar results to those found in this research. 
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According to the analysis presented in Section IV, in the cracking of concrete 

slabs test results, Equation 81 yields a good prediction of average maximum crack width 

and a better prediction than the work done by Faza and GangaRao (1993). Previous to 

this research, limited test results were available on maximum crack width of FRP-

reinforced concrete elements, and no analysis had been done to evaluate the correlation 

between test data and proposed equations. It should be noted that Equation 81 was 

developed based on experiments on slabs only. 

 

An application of Equation 81 is presented in the design example given at the 

end of this section. The example presents the maximum crack width computations 

obtained using Equation 81 and ACI 440 Equations 8-9b and 8-9c shown next: 

ACI 440 Equation 8-9b 3
max 076.0 Adf

E
E

W cf
f

s ⋅⋅= β     (82) 

ACI 440 Equation 8-9c  3
max

2200 Adfk
E

W cfb
f

⋅⋅= β     (83) 

where all terms have been described previously and kb is a bond modification factor with 

a recommended value of 1.2 for bond strength between FRP bars and concrete similar to 

the bond strength between steel bars and concrete. The results of the design example 

show that Equations 81 and 83 yield similar maximum crack widths. In addition, the 

maximum crack widths obtained with Equations 81 and 83 are larger, and therefore 

more conservative, than those obtained with Equation 82. 
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Figure 86.  Comparison between Equation 81 (C=0.09) and Other Equations for a 1.21-Inch Cover. 

 

 

ACI 440 SECTION 8.3.2 DEFLECTIONS 

 

 The ACI 440 design guidelines require deflections to be limited in FRP-

reinforced concrete flexural members. The guidelines follow the deflection limitations of 

the ACI 318 building code, where the deflections of reinforced concrete elements under 

immediate and sustained static loads are limited. However, the deflection limitations of 

the ACI 440 design guidelines and the ACI 318 code do not apply to dynamic loads, 

such as earthquakes, transient winds, or vibration of machinery. 

 

 The results section of the cyclic loading of concrete beam tests indicate that the 

deflections of beams subjected to 2 million cycles of loading with an FRP bar stress 

range of 18.9 ksi increased by 78 percent. This increment was computed from a least 

squares best-fit line to the data. Therefore, the deflection increase due to cyclic loading 

is significant and should be accounted for in the ACI 440 design guidelines. In the 

ACI 440 limit 

Faza 
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absence of more test data, Equation 73, shown below as Equation 84, can be used to 

estimate a lower bound of the increase in long-term deflections due to cyclic loading. 

0858.0)ln(0046.0 += ny     (84) 

where y is the beam deflection in inches and n is the number of cycles. The correlation 

coefficient between beam deflection and the number of cycles is R2 = 0.47. The slope of 

this equation can be used to compute deflections due to cyclic loading of GFRP-

reinforced concrete members. 

 

An application of Equation 84 to estimate deflections due to cyclic loading is 

shown in the example presented at the end of this section. The design example computes 

the deflections of a GFRP-reinforced concrete beam subjected to dead load and the 

application of 2 million cycles of an alternating live load. The results show an initial 

deflection due to dead and live load of 0.37 inch and a final deflection due to dead and 

live load of 0.47 inch, after 2 million cycles of application of the live load. This 

represents a 27 percent increase in deflection due to cyclic load application.  

 

 

ACI 440 SECTION 8.3.2.3 CALCULATION OF DEFLECTION (DIRECT 

METHOD) 

 
This section of the ACI 440 design guidelines presents a method to compute 

long-term deflections  of  FRP-reinforced  concrete  elements  using  ACI 440  Equation 

8-14: 

( ) ( )susishcp Δ=Δ + ξ6.0      (85) 

where, 

Δ(cp+sh) = Additional deflection due to creep and shrinkage under sustained loads (mm, 

 inch), 

(Δi)sus   = Immediate deflection due to sustained loads (service loads) (mm, inch), 
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ξ = Time-dependent factor for sustained load defined in the ACI 318 building code 

(ACI 2000). 

 

As indicated in Section III, Equation 85 can predict smaller deflections than 

recorded. Perhaps the biggest advantage of Equation 85 is its simplicity. However, 

Equation 85 does not specifically account for creep of FRP bars. The method 

described in Section IV under creep test for the computation of long-term deflection 

of FRP-reinforced concrete elements, accounting for creep of FRP bars, is proposed 

as an alternative to Equation 85. Equation 86 can be used to compute the increment 

in curvature, and Equation 87 can be used to compute the long-term deflection:  

( )eeee

ee

IABE
MANB

−

−
=Δ 2

'δδ
κ       (86) 

( )BCAC
Ly κκκ ++= 10
96

2

     (87) 

where all the terms have been defined before. 

Long-term deflection computations obtained with Equations 85 and 87 are shown 

in the design example presented at the end of this section. The six-month dead load 

deflections obtained with Equation 85 are 0.2 inch, and the six-month dead load 

deflections obtained with Equations 86 and 87 are 0.61 inch. Thus, the six-month 

deflection due to dead load computed with the newly proposed method from this 

research is equal to three times the deflection obtained with ACI Equation 8-14. 

 

ACI 440 SECTION 11.1 DEVELOPMENT LENGTH OF A STRAIGHT BAR 

 

 The development length of a straight bar can be computed with Equation 11-3 of 

the ACI 440 design guidelines as follows: 

f

fub
bf

fd
l

μ4
=        (88) 

where, 
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lbf   = Basic development length (inch), 

db  = Bar diameter (inch), 

ffu  = Design tensile strength of FRP, considering reductions for service environment 

(psi), 

μf  = Bond strength between FRP bar and concrete (psi). 

  

 The bond test results presented in Section IV indicate that the bond strength of 

GFRP bars exposed to an environment with high temperature and moisture was lower 

than the bond strength of specimens exposed outdoors. In addition, the number of 

specimens exposed to controlled conditions that failed by pullout was twice as many as 

the number of specimens from the outdoor exposure group that experienced pullout 

failures. However, only a small number of samples were studied in this research. The 

displacement recorded at the loaded end was larger, on average, for the specimens 

exposed in temperature-and moisture-controlled conditions than for the specimens 

exposed outdoors. These are indications that bond strength degrades over time. ACI 440 

Equation 11-3 recognizes that the tensile strength of FRP bars degrades with time and 

yields a smaller development length for a smaller tensile strength. Nevertheless, when 

the bond strength degrades, the development length increases. This fact may make 

Equation 88 (ACI 440 Equation 11-3, 2001) unconservative. The development length of 

Equation 88 should depend on the ratio of the rate of tensile strength degradation of FRP 

bars to the rate of bond strength degradation between the FRP bars and concrete. 

Additional research is needed to better estimate both the rate of tensile strength 

degradation in a given environment and the rate of bond degradation in the same 

environment. Perhaps the simplest way to account for the bond strength degradation 

would be to apply an environmental reduction factor to the bond strength.  

 

The bond strength of FRP bars in concrete depends on the compressive strength 

of concrete, and tests have determined the denominator of Equation 88 to be 

approximately 2850 psi. The ACI 440 design guidelines propose using Equation 11-7: 
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2700
fub

bf

fd
l =        (89) 

If the basic development length of an FRP bar is computed with Equation 89 

(above), the bar should have adequate development length at the end of its service life, 

since Equation 89 includes an environmental reduction factor (CE) in ffu. But, the bond 

length should be enough to develop the full strength of the bar when the bar is put in 

service (fu,ave), as well as the strength of the bar when it is close to the end of its service 

life (ffu). Therefore, the basic development length obtained would be insufficient to 

develop the guaranteed tensile strength (f*fu = fu,ave – 3 σ  = ffu / CE) or the average 

tensile strength (fu,ave) of the FRP bar when the structure is put in service. The terms ffu, 

f*fu,  fu,ave, and CE were defined at the beginning of this section. 

 

Until sufficient data are available to determine the rate of degradation of the 

tensile strength and the rate of degradation of the bond strength, the average tensile 

strength should be used in the computation of the basic development length of FRP bars, 

without reducing it by three standard deviations and without the application of the 

environmental reduction factor as used in Equation 89. Thus, this research recommends 

that the following equation be used to compute the basic development length and should 

replace ACI 440 Equation 11-7: 

2700
,aveub

bf

fd
l =      (90) 

where the terms are as defined before and fu,ave is the average tensile strength of FRP 

bars. 

 

The design example presented at the end of this section shows the basic 

development lengths computed using Equations 89 and 90. Equation 89 yields a basic 

development length of 17 inches, and Equation 90 yields a basic development length of 

26.4 inches. Thus, Equation 90 can yield basic development lengths 55 percent larger 

than those obtained with Equation 89. 
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MINIMUM CONCRETE COVER 
  
 The results of the thermal expansion of the concrete slabs test indicate 

that using 0.75-inch diameter GFRP bars in 8 inch concrete bridge decks with clear 

covers of 1, 2, and 3 inches would not crack under a temperature increase of 54 °F from 

the concrete setting temperature, for a concrete compressive strength of 5880 psi or 

higher. The fact that 0.75-inch diameter GFRP bars could be safely used in concrete 

elements subjected to temperature increases smaller than 54 °F for 1, 2, and 3 inch 

concrete covers could be used in the ACI 440 design guidelines to determine minimum 

concrete cover requirements. The concrete covers of 1-, 2-, and 3-inches are equivalent 

to 1.33, 2.66, and 4 bar diameters, respectively. From the results of this research, it 

cannot be determined whether the minimum concrete cover of 1 bar diameter 

recommended by the ACI 440 design guidelines does not have problems with cracking 

due to thermal expansion. However, it can be concluded from the results of this research 

that a minimum concrete cover of 1.33 bar diameters would not cause thermal expansion 

problems for typical bridge decks under normal environmental conditions. 

 

 
 
INTRODUCTION TO DESIGN EXAMPLE 

 
This section presents a design example that includes the recommended 

modifications and/or verifications to the ACI 440 design guidelines. A simply supported 

beam subjected to distributed dead and live loads is designed for strength. The resulting 

design section is then checked to satisfy deflection, maximum crack width, and creep 

rupture stress limits. The basic development length is also computed. Finally, the beam 

deflections due to 2 million cycles of live load application are estimated. 
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DESIGN EXAMPLE 

 
Objective 

Design a simply supported rectangular concrete beam with a span of 14 ft. The 

beam will be in the exterior of a structure. The beam should carry a service live load of 

wLL = 1.2 kips/ft and a superimposed dead load of wSDL = 0.6 kips/ft. The deflection of 

the beam at six months should not exceed l/240, and the instantaneous live load 

deflection should not exceed l/360. GFRP bars will be used to reinforce the beam. The 

average tensile strength of the GFRP bars is fu,ave = 96,000 psi, the standard deviation is 

(S.D.) = 2500 psi, and the guaranteed tensile strength is f*
fu = 88,500 psi. Other material 

properties are: Ef = 6,279,000 psi and f’c = 4000 psi. Assume the beam has adequate 

shear strength. Assume the beam will be cured for 7 days and first loaded at 14 days of 

age. Compute the basic development length of the FRP reinforcement. Estimate the 

beam midspan deflection after 2 million cycles of loading due to an alternating live load.  

Figure 87 shows a design based on ACI 440 guidelines and based on results from this 

research. 
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Design based on ACI 440.1R-03 design guidelines Design based on results from this research project 

1. Estimate the beam size. 

Estimate the depth of a simply supported reinforced 
concrete beam from Table 9.5(a) of the ACI 318 code. 
Deflections, however, need to be checked. 

16
lh ≅  

( )( )in.
ft14 ft 12

h 10.5 in.
16

≅ =  

Since GFRP bars have lower stiffness than steel bars, 
greater depth than steel-reinforced concrete may be required 
for deflection control 
 
Try h = 16 inches 
Try b = 10.5 inches 

1. Estimate the beam size. 

Estimate the depth of a simply supported reinforced concrete 
beam from Table 9.5(a) of the ACI 318 code. Deflections, 
however, need to be checked. 

16
lh ≅  

( )( )in.
ft14 ft 12

h 10.5 in.
16

≅ =  

Since GFRP bars have lower stiffness than steel bars, greater 
depth than steel-reinforced concrete may be required for 
deflection control 
 
Try h = 16 inches 
Try b = 10.5 inches 

2. Factored load 

Compute the distributed dead load: SWSDLDL www += . 
( )( )

( )
( )lb lb

DL ft ft2
in.
ft

10.5 in. 16 in.
w 600 150 pcf 775

12
= + =  

Compute the total factored load LLDLu www 7.14.1 += . 

( ) ( ) ft
kip

ft
kip

ft
kip

uw 13.32.17.1775.04.1 =+=  

2. Factored load 

Compute the distributed dead load: SWSDLDL www += . 
( )( )

( )
( )lb lb

DL ft ft2
in.
ft

10.5 in. 16 in.
w 600 150 pcf 775

12
= + =  

Compute the total factored load LLDLu www 7.14.1 += . 

( ) ( ) ft
kip

ft
kip

ft
kip

uw 13.32.17.1775.04.1 =+=  
 
 
 

Figure 87:  Design Example. 
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Design based on ACI 440.1R-03 design guidelines Design based on results from this research project 

3. Compute the design strength. 

For a beam located in an exterior space an environmental 
reduction factor (CE) of 0.7 is used. The design rupture 
strength is: 

*
fuEfu fCf =  

( )( )fuf 0.7 88.5 ksi 62.0 ksi= =  

3. Compute the design strength. 

For a beam located in an exterior space an environmental 
reduction factor (CE) of 0.70 is used. The design rupture 
strength is: 

*
fuEfu fCf =  

( )( )fuf 0.7 88.5 ksi 62.0 ksi= =  
4. Determine the area of GFRP bars required for 
flexural strength. 
Factored moment demand at midspan: 

8

2lwM u
u =  

( )( )2kip
ft

u

3.13 14 ft
M 76.6 kip ft

8
= = ⋅  

Balanced reinforcement ratio: 

fucuf

cuf

fu

c
fb fE

E
f
f

+
=

ε
ε

βρ 1

'

85.0  

( ) ( )( )
( )( )

6279 0.00340.85 0.85
62.0 6279 0.003 62.0fbρ =

+
 

0.0109fbρ =  
For a failure controlled by concrete crushing, the 
reinforcement ratio should be at least 1.4 ρfb. If ρf ≥ 1.4 ρfb, 
the strength reduction factor is 0.70. 

4. Determine the area of GFRP bars required for flexural 
strength. 
Factored moment demand at midspan: 

8

2lwM u
u =  

( )( )2kip
ft

u

3.13 14 ft
M 76.6 kip ft

8
= = ⋅  

Balanced reinforcement ratio: 

fucuf

cuf

fu

c
fb fE

E
f
f

+
=

ε
ε

βρ 1

'

85.0  

( ) ( )( )
( )( )

6279 0.00340.85 0.85
62.0 6279 0.003 62.0fbρ =

+
 

0.0109fbρ =  
For a failure controlled by concrete crushing, the 
reinforcement ratio should be at least 1.4 ρfb. If ρf ≥ 1.4 ρfb, 
the strength reduction factor is 0.70. 

 
 
 
 
 

Figure 87:  Design Example. (Continued) 
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Design based on ACI 440.1R-03 design guidelines Design based on results from this research project 
1.4 0.0152fbρ =  
Try using 6-No. 6 bars with a cover of 1.5 inch and No. 3 
stirrups: 

16 . 1.5 0.375 (0.743/ 2) 13.75 .d in in= − − − =  
2 2

fA 0.433 in. (6 ) 2.60 in.= =  

bd
Af

f =ρ  

2

f fb
2.60 in. 0.0180 1.4 0.7

10.5 in.(13.75 in.)
ρ ρ φ= = > ∴ =  

 
Find the FRP bar stress when the ultimate strain of 0.003 in 
the concrete is reached: 

( )
fucufcuf

f

ccuf
f fEE

fE
f ≤−+= εε

ρ
βε

5.0
85.0

4

'
1

2

 

( )[ ] ( )( ) ( )( )003.06279
0180.0

485.085.0
4

003.06279 2

+=ff  

( )( )003.062795.0−  
46.4 62f fuf ksi f ksi= < = ∴ Failure occurs indeed by 

concrete crushing. 

1.4 0.0152fbρ =  
Try using 6-No.6 bars with a cover of 1.5 inch and No. 3 
stirrups: 

16 . 1.5 0.375 (0.743/ 2) 13.75 .d in in= − − − =  
2 2

fA 0.433 in. (6 ) 2.60 in.= =  

bd
Af

f =ρ  

2

f fb
2.60 in. 0.0180 1.4 0.7

10.5 in.(13.75 in.)
ρ ρ φ= = > ∴ =  

 
Find the FRP bar stress when the ultimate strain of 0.003 in 
the concrete is reached: 

( )
fucufcuf

f

ccuf
f fEE

fE
f ≤−+= εε

ρ
βε

5.0
85.0

4

'
1

2

 

( )[ ] ( )( ) ( )( )003.06279
0180.0

485.085.0
4

003.06279 2

+=ff  

( )( )003.062795.0−  
46.4 62f fuf ksi f ksi= < = ∴ Failure occurs indeed by 

concrete crushing. 
 
 
 
 
 
 
 
 
 

Figure 87:  Design Example. (Continued) 
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Design based on ACI 440.1R-03 design guidelines Design based on results from this research project 
Nominal Moment capacity: 

2
'59.01 bd

f
f

fM
c

ff
ffn ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

ρ
ρ  

( )( ) ( )( )2(0.0180)(46.4)0.0180 46.4 1 0.59 10 13.75
4nM ⎡ ⎤= −⎢ ⎥⎣ ⎦

nM 1385 kip in. 115.4 kip ft= ⋅ = ⋅  
 
Provided moment capacity: 

un MM ≥φ  

( )nM 0.7 115.2 kip ft 80.8 kip ftφ = ⋅ = ⋅  
80.8 76.6n uM kip ft M kip ftφ = ⋅ ≥ = ⋅ ∴The section has 

adequate flexural strength. 
 
Minimum reinforcement: 

db
f

f
A w

fu

c
f

'

min,

4.5
=  

The minimum reinforcement requirement does not need to 
be checked because the section is over-reinforced. 

Nominal Moment capacity: 
2

'59.01 bd
f

f
fM

c

ff
ffn ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

ρ
ρ  

( )( ) ( )( )2(0.0180)(46.4)0.0180 46.4 1 0.59 10 13.75
4nM ⎡ ⎤= −⎢ ⎥⎣ ⎦

nM 1385 kip in. 115.4 kip ft= ⋅ = ⋅  
 
Provided moment capacity: 

un MM ≥φ  

( )nM 0.7 115.2 kip ft 80.8 kip ftφ = ⋅ = ⋅  
80.8 76.6n uM kip ft M kip ftφ = ⋅ ≥ = ⋅ ∴The section has 

adequate flexural strength. 
 
Minimum reinforcement: 

db
f

f
A w

fu

c
f

'

min,

4.5
=  

The minimum reinforcement requirement does not need to be 
checked because the section is over-reinforced. 

 
 
 
 
 
 
 
 

Figure 87:  Design Example. (Continued) 
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Design based on ACI 440.1R-03 design guidelines Design based on results from this research project 

5. Check the short-and long-term deflections of the 

beam, 

Short-term deflection 
Gross moment of inertia of the beam: 

12

3bhI g =  

( )( )3
3

g

10.5 in. 16 in.
I 3584 in.

12
= =  

Modular ratio: 

'57000 c

f

c

f
f

f

E
E
E

n ==  

6279000 1.74
57000 4000f

psin
psi

= =  

 
Neutral axis depth: 

( ) ffffff nnnk ρρρ −+= 22  

( )( ) ( )( )[ ] ( )( )74.10180.074.10180.074.10180.02 2 −+=k  
221.0=k  

 

( )223
3

1
3

kdAnkbdI ffcr −+=  

5. Check the short-and long-term deflections of the beam, 

Short-term deflection 
Gross moment of inertia of the beam: 

12

3bhI g =  

( )( )3
3

g

10.5 in. 16 in.
I 3584 in.

12
= =  

Modular ratio: 

'57000 c

f

c

f
f

f

E
E
E

n ==  

6279000 1.74
57000 4000f

psin
psi

= =  

 
Neutral axis depth: 

( ) ffffff nnnk ρρρ −+= 22  

( )( ) ( )( )[ ] ( )( )74.10180.074.10180.074.10180.02 2 −+=k  
221.0=k  

 

( )223
3

1
3

kdAnkbdI ffcr −+=  

 
 
 
 

Figure 87:  Design Example. (Continued) 
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Design based on ACI 440.1R-03 design guidelines Design based on results from this research project 
( )( ) ( ) ( )( ) ( )223

3

221.0175.1360.274.1221.0
3

75.1310
−+=crI  

4
crI 613 in.=  

Compute the reduction coefficient for deflections using αb = 
0.50 for FRP bars having the same bond strength as steel 
bars: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+= 1

s

f
bd E

E
αβ  

62790.50 1 0.608
29000d

ksi
ksi

β
⎛ ⎞

= + =⎜ ⎟
⎝ ⎠

 

 
Moment due to dead load plus live load: 

8

2lwM LLDL
LLDL

⋅
= +

+  

( )( )20.775 1.2 14
48.4

8

kip kip
ft ft

DL LL

ft
M kip ft+

+
= = ⋅  

 
Cracking moment: 

2

5.7 '

h
If

y
If

M gc

t

gr
cr ==  

( )( ) ( ) ( )( ) ( )223
3

221.0175.1360.274.1221.0
3

75.1310
−+=crI  

4
crI 613 in.=  

Compute the reduction coefficient for deflections using αb = 
0.50 for FRP bars having the same bond strength as steel  
bars: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+= 1

s

f
bd E

E
αβ  

62790.50 1 0.608
29000d

ksi
ksi

β
⎛ ⎞

= + =⎜ ⎟
⎝ ⎠

 

 
Moment due to dead load plus live load: 

8

2lwM LLDL
LLDL

⋅
= +

+  

( )( )20.775 1.2 14
48.4

8

kip kip
ft ft

DL LL

ft
M kip ft+

+
= = ⋅  

 
Cracking moment: 

2

5.7 '

h
If

y
If

M gc

t

gr
cr ==  

 
 
 
 

Figure 87:  Design Example. (Continued) 
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Design based on ACI 440.1R-03 design guidelines Design based on results from this research project 

( )4

cr

7.5 4000 psi 3584 in. 1 kip 1 ftM 17.7 kip ft16 in. 1000 lb 12 in.
2

⎛ ⎞⎛ ⎞
= = ⋅⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

Cracked moment of inertia: 

( ) cr
LLDL

cr
gd

LLDL

cr
LLDLe I

M
MI

M
MI

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

++
+

33

1β  

( ) ( )( ) ( )
3 317.7 17.70.608 3584 1 613

48.4 48.4e DL LL
I

+

⎡ ⎤⎛ ⎞ ⎛ ⎞= + −⎢ ⎥⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

 

( ) 4
e DL LL

I 690 in.
+

=  
 
Midspan deflection due to dead and live load: 

( ) ( ) LLDLec

LLDL
LLDLi IE

lw
y

+

+
+

⋅
=

384
5 4

 

( ) ( )( ) ( )
( )( )

34kip kip in.
ft ft ft

i DL LL 4

5 0.775 1.2 14 ft 12
y 0.69 in.

384 3605 ksi 695 in.+

+
= =  

 
Midspan deflections due to dead load alone and live load alone: 

( ) ( ) LLDLi
LLDL

DL
DLi y

w
w

y +
+

=  

( )4

cr

7.5 4000 psi 3584 in. 1 kip 1 ftM 17.7 kip ft16 in. 1000 lb 12 in.
2

⎛ ⎞⎛ ⎞
= = ⋅⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

Cracked moment of inertia: 

( ) cr
LLDL

cr
gd

LLDL

cr
LLDLe I

M
MI

M
MI

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

++
+

33

1β  

( ) ( )( ) ( )
3 317.7 17.70.608 3584 1 613

48.4 48.4e DL LL
I

+

⎡ ⎤⎛ ⎞ ⎛ ⎞= + −⎢ ⎥⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

 

( ) 4
e DL LL

I 690 in.
+

=  
 
Midspan deflection due to dead and live load: 

( ) ( ) LLDLec

LLDL
LLDLi IE

lw
y

+

+
+

⋅
=

384
5 4

 

( ) ( )( ) ( )
( )( )

34kip kip in.
ft ft ft

i DL LL 4

5 0.775 1.2 14 ft 12
y 0.69 in.

384 3605 ksi 695 in.+

+
= =  

 
Midspan deflections due to dead load alone and live load alone: 

( ) ( ) LLDLi
LLDL

DL
DLi y

w
w

y +
+

=  

 
 
 

Figure 87:  Design Example. (Continued) 
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( ) ( )
kip
ft

i kip kipDL
ft ft

0.775
y 0.69 in. 0.27 in.

0.775 1.2
= =

+
 

( ) ( ) LLDLi
LLDL

LL
LLi y

w
w

y +
+

=

( ) ( )
kip
ft

i kip kipLL
ft ft

1.2
y 0.69 in. 0.42 in.

0.775 1.2
= =

+
 

Allowable instantaneous live load deflection: 

( )
360

ly LLi =  

( )( )in
ft14 ft 12

0.42 in. 0.47 in.
360

< = ∴ O.K.  
 
Long-term deflection: 
ξ = 1.25 (ACI 318 for a duration of six months) 

ξλ 60.0=  
( ) 75.025.160.0 ==λ  

 
Compute six-month deflection and compare to allowable: 

( ) ( )DLiLLiLT yyy λ+=  

( ) ( )LTy 0.42 in. 0.75 0.27 in. 0.62 in.= + =  
 
 

( ) ( )
kip
ft

i kip kipDL
ft ft

0.775
y 0.69 in. 0.27 in.

0.775 1.2
= =

+
 

( ) ( ) LLDLi
LLDL

LL
LLi y

w
w

y +
+

=

( ) ( )
kip
ft

i kip kipLL
ft ft

1.2
y 0.69 in. 0.42 in.

0.775 1.2
= =

+
 

Allowable instantaneous live load deflection: 

( )
360

ly LLi =  

( )( )in
ft14 ft 12

0.42 in. 0.47 in.
360

< = ∴ O.K. 

Long-term deflection due to dead load: 
 
Compute initial top fiber strain and curvature at midspan. 
 
Area of transformed section in compression: 

( )( )( ) 2
cA bkd 10.5 in. 0.221 13.75 in. 31.9 in.= = =  

First moment of area of transformed section in compression 
about top surface: 

( ) ( ) ( )( ) 22
3

c

0.221 13.75 in.kd
B b 10.5 in. 48.5 in.

2 2
⎡ ⎤⎣ ⎦= = =  
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Allowable long-term deflection: 

240
lyLT ≤  

( )( )in.
ft14 ft 12

0.62 in. 0.70 in.
240

< = ∴ OK 

Moment of inertia of transformed section in compression 
about top surface: 

( ) ( )
212

23 kdbkdbIc +=

( ) ( )( ) ( ) ( )( )3 3

c

0.221 13.75 in. 0.221 13.75 in.
I 10.5 in. 10.5 in.

12 4
⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦= +

4
cI 98.3 in.=  

( )3

'

1 k
cc

cc d
dABAA

−
−

+=  

( )( )
( )

3 2
' 2 2
c 0.221

3

48.5 in. 13.75 in. 31.9 in.
A 31.9 in. 1.27 in.

13.75 in. 1
−

= + =
−

 

( )3

'

1 k
cc

cc d
dBIBB
−

−
+=  

( )( )
( )

4 3
' 3 3
c 0.221

3

98.3 in. 13.75 in. 48.5 in.
B 48.5 in. 3.86 in.

13.75 in. 1
−

= + =
−

 

Moment due to dead load: 
2

8
DL

DL
w lM ⋅

=  
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 ( )( )2kip

ft
DL

0.775 14 ft
M 19.0 kip ft

8
= = ⋅  

Initial top fiber strain and curvature at midspan: 
( )( )

( ) ( )( )

12 in. 3
1 ft 4

oiC 23 4 2

19 kip ft 3.86 in.
3.12x10 in. / in.

3605 ksi 48.5 in. 98.3in. 31.9 in.
ε −

⋅
= = −

⎡ ⎤−⎢ ⎥⎣ ⎦

( )( )( )
( ) ( )( )

12 in.2
1 ft 4 1

iC 23 4 2

1.27 in. 19 kip ft
1.02x10 in.

3605 ksi 48.5in. 98.3in. 31.9 in.
κ − −

− ⋅
= =

⎡ ⎤−⎢ ⎥⎣ ⎦

 

Check curvature: 
( )

( )( )
12 in.
1 ft 4 1i

iC 4
c cr

19 kip ftM 1.03x10 in.
E I 3605 ksi 613 in.

κ − −
⋅

= = =   ∴OK 

Check top fiber strain: 
( )( )( )4 1

oiC ick kd 1.02x10 in 0.221 13.75 in.ε − −= − = −  

43.10 10 ./ .oiC x in inε −= − ∴OK 

Creep coefficient at six months: 
Assume Cult = 2.35. 

( )
( ) ultC
tD

tt 6.0

6.0

),(
τ

ττφ
−+

−
=Δ  

 
 

 
 

Figure 87:  Design Example. (Continued) 



 

 

210
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 ( )

( )
( ) 60.135.2

1418010
14180)14,180( 6.0

6.0

=
−+

−
=Δφ  

Choose an aging coefficient χ = 0.8, as recommended by 
Gilbert and Mickleborough: 
 
Shrinkage strain at six months: 
Assume the beam was cured for 7 days. 

( ) ( )ultshtsh t
t εε
+

=
35

 

Assume (εsh)ult = -730x10-6 

( ) ( )
( ) ( )6 4

180 7

180 7
730 10 6.07 10 ./ .

35 180 7sh x x in inε − −
−

−
= − = −

+ −
 

 
Obtain an equivalent imaginary creep loss of prestressing 
force at six months. 
 
As explained in the creep test results section, the creep strain 
can be assumed to be independent of stress. Thus, for a beam 
with a distributed load, the creep strain will be assumed to be 
constant over the full length of the 14-ft span. 
 
The creep strain at six months of 234x10-6 inch/inch from 
specimen V1-5-b of the creep test will be used. 
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 Thus, the equivalent imaginary creep loss of prestressing 

force is: 
( )( )6 2in.

c1 f f in.F P E A 234x10 6279 ksi 2.60 in. 3.82 kipΔ ε −= = − = − = −

Age-adjusted effective modulus: 

),(1
),(

τφχ
τ

t
E

tE c
e Δ+

=  

( )( )e
3605 ksiE ( t , ) 1591 ksi

1 0.8 1.60
τ = =

+
 

 
Total restraining forces at midspan: 

( )[ ] ∑
=

+++Δ−=−
m

j
jcshiCcoiCce FABAEN

1
εκεφδ   

( )( ) ( )( )2 4 3 4 1
c oiC c iCA B 31.9 in. 3.12x10 48.5 in. 1.02x10 in.ε κ − − −+ = − +

23 .100.5 inxBA iCcoiCc
−−=+ κε  

( ) ( ) ( )( )3 2 4 2
c oiC c iC sh cA B A 1.6 5.0x10 in. 6.07 x10 31.9 in.Δφ ε κ ε − −+ + = − + −

( ) 2
c oiC c iC sh cA B A 0.0273 in.Δφ ε κ ε+ + = −  

( )2N 1579 ksi 0.0273 in. 3.82 kipδ− = − − −  

N 39.3 kipδ− =  
 
 
 
 
 
 

Figure 87:  Design Example. (Continued) 
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Design based on ACI 440.1R-03 design guidelines Design based on results from this research project 
 ( )[ ] ∑

=

+++Δ−=−
m

j
jjcshicoice dFBIBEM

1

εκεφδ  

( )( ) ( )( )3 4 4 4 1
c oiC c iCB I 48.5 in. 3.12x10 98.3 in. 1.02x10 in.ε κ − − −+ = − +

33 .1011.5 inxIB iCcoiCc
−−=+ κε  

( ) ( ) ( ) ( )3 3 4 3
c oiC c iC sh cB I B 1.6 5.11x10 in. 6.07 x10 48.5 in.Δφ ε κ ε − −+ + = − + −

( ) 3
c oiC c iC sh cB I B 0.0376 in.Δφ ε κ ε+ + = −  

( )( )( )1 ft
12 in.Fd 3.82 kip 13.75 in. 4.38 kip ft= − = − ⋅  

( )( )1 ft3
12 in.M 1579 ksi 0.0376 in. 4.38 kip ftδ− = − − − ⋅  

M 0.57 kip ftδ− = ⋅  
 
Properties of age-adjusted transformed section: 
 
Area of age-adjusted transformed section: 

ffee AnbkdA +=  

f
fe

e

E 6279 ksin 3.98
E 1579 ksi

= = =  

( )( )( ) ( )2 2
eA 10.5 in. 0.221 13.75 in. 3.98 2.6 in. 42.2 in.= + =  
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 First moment of area of age-adjusted transformed section 

about top of surface: 
( ) dAnkdbB ffee +=

2

2

 

( ) ( ) ( ) ( )( )
2

2 3
e

0.221 13.75 in.
B 10.5 in. 3.98 2.6 in. 13.75 in. 191 in.

2
⎡ ⎤⎣ ⎦= + =

 

Moment of inertia of transformed section in compression 
about top of surface: 

( ) ( ) 2
23

212
dAnkdbkdbI ffee ++=

( ) ( )( ) ( ) ( ) ( )3 3

e

0.221 13.75 in. 0.221 13.75 in.
I 10.5 in. 10.5 in.

12 4
⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦= +

( )( )223.98 2.6 in. 13.75 in.+  

4
eI 2054 in.=  

( )3

'

1 k
ee

ee d
dAB

AA
−

−
+=  

( )( )
( )

3 2
' 2 2
e 0.221

3

191 in. 13.75 in. 42.2 in.
A 42.2 in. 11.6 in.

13.75 in. 1
−

= + =
−

 

 
 
 
 

Figure 87:  Design Example. (Continued) 



 

 

214

Design based on ACI 440.1R-03 design guidelines Design based on results from this research project 
 

( )3

'

1 k
ee

ee d
dBI

BB
−

−
+=  

( )( )
( )

4 3
' 3 3
e 0.221

3

2054 in. 13.75 in. 191 in.
B 191 in. 146 in.

13.75 in. 1
−

= + =
−

 

Time-dependent increments of curvature and top surface 
strain at midspan: 

( )eeee

ee
oC AIBE

NIMB
−
−

=Δ 2

' δδ
ε  

( )( )( ) ( )( )
( ) ( )( )

12 in. 3 4
1 ft

oC 23 4 2

0.57 kip ft 146 in. 39.4 kip 2054 in.

1579 ksi 191in. 2054 in. 42.2 in.
Δε

− ⋅ − −
=

⎡ ⎤−⎢ ⎥⎣ ⎦
31001.1 −−=Δ xoCε  

( )eeee

ee
C AIBE

MANB
−

−
=Δ 2

'δδ
κ   

( )( ) ( )( )( )
( ) ( )( )

12 in.3 2
1 ft

C 23 2 2

191 in. 39.4 kip 11.6 in. 0.57 kip ft

1579 ksi 191in. 2054 in. 42.2 in.
Δκ

− − − ⋅
=

⎡ ⎤−⎢ ⎥⎣ ⎦
15 .1039.9 −−=Δ inxCκ  

./.1031.1 3 ininxoCoiCoC
−−=Δ+= εεε  
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 Final curvature and top surface strain at midspan: 

14 .1096.1 −−=Δ+= inxiCC κκκ  
Initial top fiber strain and curvature at left support: 

( ) 02

'

=
−
−

=
cccc

cici
oiL AIBE

INBM
ε  since Mi=0 and Ni =0 

( ) 02

'

=
−

−
=

cccc

icic
iL AIBE

MANB
κ  since Mi=0 and Ni =0 

Total restraining forces at left support: 

( )[ ] ∑
=

+++Δ−=−
m

j
jcshiLcoiLce FABAEN

1
εκεφδ

( ) ∑
=

+−=−
m

j
jcshe FAEN

1

εδ  

( )( )4 2N 1579 ksi 6.07x10 31.9in. 3.82 kip 26.8 kipδ −⎡ ⎤− = − − − =⎣ ⎦  

( )[ ] ∑
=

+++Δ−=−
m

j
jjcshiLcoiLce dFBIBEM

1

εκεφδ  

( ) ∑
=

+−=−
m

j
jjcshe dFBEM

1

εδ  

( )( ) ( )1 ft4 3
12 in.M 1579 ksi 6.07 x10 48.5 in. 4.38 kip ftδ −⎡ ⎤− = − − − ⋅⎣ ⎦

M 0.50 kip ftδ− = − ⋅  
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 Time-dependent increments of curvature and top surface 

strain: 

( )eeee

ee
oL AIBE

NIMB
−
−

=Δ 2

' δδ
ε  

( )( )( ) ( )( )
( ) ( )( )

12 in. 3 4
1 ft

oL 23 4 2

0.50 kip ft 146 in. 26.8 kip 2054 in.

1579 ksi 191in. 2054 in. 42.2 in.
Δε

⋅ − −
=

⎡ ⎤−⎢ ⎥⎣ ⎦

 

41002.7 −−=Δ xoLε  

( )eeee

ee
L AIBE

MANB
−

−
=Δ 2

'δδ
κ  

( )( ) ( )( )( )
( ) ( )( )

12 in.3 2
1 ft

L 23 4 2

191 in. 26.8 kip 11.6 in. 0.50 kip ft

1579 ksi 191in. 2054 in. 42.2 in.
Δκ

− − ⋅
=

⎡ ⎤−⎢ ⎥⎣ ⎦

 

15 .1050.6 −−=Δ inxLκ  
 
Final curvature and top surface strain at left support: 

./.1002.7 4 ininxoLoiLoL
−−=Δ+= εεε  

15 .1050.6 −−=Δ+= inxLiLL κκκ  
 
Initial top fiber strain and curvature at right support: 

0=oiRε , 0=iRκ   
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 Final curvature and top surface strain at left support: 

./.1002.7 4 ininxoR
−−=ε  

15 .1050.6 −−= inxRκ  
 
Compute midspan deflection at six months due to dead load: 

( ) ( )RCLDLLT
Ly κκκ ++= 10
96

2

 

( )
( )( ) ( )( )

212 in.
1 ft 5 1 4 5 1

LT DL

14 ft
y 6.50x10 in. 10 1.02x10 6.50x10 in.

96
− − − − −

⎡ ⎤
⎣ ⎦= + +

( )LT DL
y 0.61 in.=  

 
Total six-month deflection at midspan: 

( ) ( )DLLTLLiLT yyy +=  

LTy 0.41 in. 0.61 in. 1.03 in.= + =  
 
Allowable long-term deflection: 

240
lyLT ≤  

( )( )in.
ft14 ft 12

1.03 in. 0.70 in.
240

> = ∴ N.G. 

 

Before redesigning the section, check the maximum crack 

width. 
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6. Check the maximum crack width. 
Compute the stress level in the FRP bars under dead load 
plus live load (service conditions): 

⎟
⎠
⎞

⎜
⎝
⎛ −

= +

3
1 kdA

Mf
f

LLDL
f

 

( )
f

2

12 in.48.4 kip ft
1 ft

f 17.5 ksi
0.2212.60 in. 13.75 in. 1

3

⎛ ⎞
⋅ ⎜ ⎟

⎝ ⎠= =
⎛ ⎞−⎜ ⎟
⎝ ⎠

 

Find the effective tension area of concrete: 

kdd
kdh

−
−

=β  

( )
( )

16 in. 0.221 13.75 in.
1.21

13.75 in. 0.221 13.75 in.
β

−
= =

−
 

=cd  cover + stirrup size bd
2
1

+  

( )c
1d 1.5 in. 0.375 0.743 in. 2.25 in.
2

= + + =  

( )2 h d b
A

No.bars
−

=  

( )( ) 22 16 in. 13.75 in. 10.5 in.
A 7.86 in.

6
−

= =  

6. Check the maximum crack width. 
Compute the stress level in the FRP bars under dead load plus 
live load (service conditions): 

⎟
⎠
⎞

⎜
⎝
⎛ −

= +

3
1 kdA

Mf
f

LLDL
f

 

( )
f

2

12 in.48.4 kip ft
1 ft

f 17.5 ksi
0.2212.60 in. 13.75 in. 1

3

⎛ ⎞
⋅ ⎜ ⎟

⎝ ⎠= =
⎛ ⎞−⎜ ⎟
⎝ ⎠

 

Find the effective tension area of concrete: 

kdd
kdh

−
−

=β  

( )
( )

16 in. 0.221 13.75 in.
1.21

13.75 in. 0.221 13.75 in.
β

−
= =

−
 

=cd  cover + stirrup size bd
2
1

+  

( )c
1d 1.5 in. 0.375 0.743 in. 2.25 in.
2

= + + =  

( )2 h d b
A

No.bars
−

=  

( )( ) 22 16 in. 13.75 in. 10.5 in.
A 7.86 in.

6
−

= =  
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Compute the maximum crack width using ACI 440.1R-03 
Equation 8-9b: 

3076.0 Adf
E
E

w cf
f

sβ=  

( ) ( ) ( )( )23
29000w 0.076 1.21 17.5 ksi 2.25 in. 7.86 in.
6279

=  

w 19 mils 20 mils= <   ∴ OK 
 
Compute the maximum crack width using ACI 440.1R-03 
Equation 8-9c, using the recommended value of kb = 1.2: 

32200 Adfk
E

w cfb
f

β=  

( )( )( ) ( )( )23
2200w 1.21 1.2 17.5 ksi 2.25 in. 7.86 in.
6279

=  

23 20w mils mils= >   ∴ N.G. 

Compute the maximum crack width using Equation 81 from 
this research: 

3
max 09.0 AdfW cf ⋅⋅= β  

( ) ( ) ( )( )23
max

29000W 0.09 1.21 17.5 ksi 2.25 in. 7.86 in.
6279

=  

maxW 23 mils 20 mils= >   ∴ N.G. Redesign the beam. 

5a. Check the short-and long-term deflections of the 
beam. 
 
The beam is adequate for short-term and long-term 
deflections. 

5a. Check the short-and long-term deflections of the 
beam. 
 
Try h = 19 inches. 

bd
Af

f =ρ  

2

f fb
2.60 in. 0.0148 1.4 0.0152 0.7

10.5 in.(16.75 in.)
ρ ρ φ= = < = ∴ =  
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 Moment capacity: 

n uM 113.7 kip ft M 77.7 kip ftφ = ⋅ ≥ = ⋅ ∴ OK 
 
Live load deflection: 
( )i LL

y 0.22 in. 0.47 in.= <   ∴ OK 
 
Total long-term deflection: 

( )LT

ly 0.67 in. 0.70 in.
240

= ≤ =  ∴ OK 

6a. Check the maximum crack width. 

The beam is adequate per ACI Equation 8-9b. 
 
Try h = 19 inches. 
 
Compute the maximum crack width using ACI 440.1R-03 
Equation 8-9c, using the recommended value of kb = 1.2: 
w 18.6 mils 20 mils= <   ∴ OK 

6a. Check the maximum crack width. 

Compute the maximum crack width using Equation 81 from 
this research: 

maxW 18.4 mils 20 mils= <   ∴ OK 

7. Check the creep rupture stress limit. 

Moment due to sustained load: 
DLS MM =  

( )2kip
ft

S

0.808 14 ft
M 19.8 kip ft

8
= = ⋅  

7. Check the creep rupture stress limit. 

Moment due to sustained load: 
DLS MM =  

( )2kip
ft

S

0.808 14 ft
M 19.8 kip ft

8
= = ⋅  
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Sustained stress in the FRP bars: 

⎟
⎠
⎞

⎜
⎝
⎛ −

=

3
1

, kdA

Mf
f

S
Sf  

( )
f

2

12 in.19.8 kip ft
1 ft

f 5.85 ksi
0.2032.6 in. 16.75 in. 1

3

⎛ ⎞
⋅ ⎜ ⎟

⎝ ⎠= =
⎛ ⎞−⎜ ⎟
⎝ ⎠

 

Check the stress limit for GFRP bars: 
fuSf ff 20.0, ≤  

( )5.85 ksi 0.20 62 ksi 12.4 ksi≤ =   ∴ O.K. 

Sustained stress in the FRP bars: 

⎟
⎠
⎞

⎜
⎝
⎛ −

=

3
1

, kdA

Mf
f

S
Sf  

( )
f

2

12 in.19.8 kip ft
1 ft

f 5.85 ksi
0.2032.6 in. 16.75 in. 1

3

⎛ ⎞
⋅ ⎜ ⎟

⎝ ⎠= =
⎛ ⎞−⎜ ⎟
⎝ ⎠

 

Check the stress limit for GFRP bars: 
fuSf ff 20.0, ≤  

( )5.85 ksi 0.20 62 ksi 12.4 ksi≤ =   ∴ O.K. 
8. Compute the basic development length. 

Use ACI Equation 11-7: 
( )( )b fu

bf

d f 0.743 in. 62000 psi
l 17 in.

2700 2700
= = =  

8. Compute the basic development length. 

Use Equation 90 from this research: 
( )( )b u ,ave

bf

0.743 in. 96000 psid f
l 26.4 in.

2700 2700
= = =  

9. Compute additional deflections due to cyclic loading. 

ACI 440.1R-03 does not account for deflections due to 
cyclic loading. 

9. Compute additional deflections due to cyclic loading. 

Assume the cyclic loading will be due to live load alone. 
Thus, use the slope of Equation 84 from this research, and use 
the initial deflection due to dead load and live load. 
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Initial deflection due to dead load and live load: 

( ) ( ) LLDLec

LLDL
LLDLi IE

lw
y

+

+
+

⋅
=

384
5 4

 

( ) ( )( ) ( )
( )( )
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i DL LL 4

5 0.808 1.2 14 ft 12
y 0.15 in. 0.22 in.

384 3605 ksi 1299 in.+

+
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y 0.37 in.

+
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Lower bound beam defection due to 2 million cycles of 
application of live load: 
 
y 0.0046 in.ln( n ) 0.37 in.= +  
y 0.0046 in.ln( 2000000 ) 0.37 in. 0.47 in.= + =  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 87:  Design Example. (Continued) 
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As a result of this review, the following changes are proposed to the ACI 440 

document. A reevaluation of the environmental reduction factors is proposed, since this 

research showed that they could be unconservative. Equation 81 is proposed to replace 

ACI 440 Equation 8-9a. This research also proposes the deflections of GFRP-reinforced 

concrete elements induced by cyclic loading to be accounted for in the ACI 440 design 

guidelines. The method presented in Section IV under creep test is proposed as an 

alternative to Equation 8-14 of the ACI 440 design guidelines. Equation 88 is proposed 

to replace Equation 11-7 of the ACI 440 design guidelines. Finally, the minimum cover 

of 1 bar diameter recommended by the ACI 440 design guidelines cannot be verified for 

adequacy using this research. However, a cover of 1.33 bar diameters has been shown by 

this research to have no cracking problems due to thermal expansion. 
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VI. PROPOSED REVISIONS TO THE AASHTO LRFD BRIDGE 

DESIGN SPECIFICATIONS 
 

INTRODUCTION 

 

This section presents a review of the 1998 AASHTO LRFD bridge design 

specifications (1998) and recommends changes based on the results of this and other 

research related to the use of non-prestressed GFRP bars to reinforce concrete structures.  

This section presents a brief introduction followed by a description of the AASHTO 

sections that may need to be modified to include the design of concrete elements 

reinforced with FRP bars.  The sections of the AASHTO specifications that do not need 

to be modified are not listed in this section. 

 

 The 1998 AASHTO LRFD bridge design specifications do not include 

recommendations for the design of concrete structures reinforced with GFRP bars.  

Because the results obtained by this research and by the studies referenced are limited to 

the conditions and exposures evaluated in this research, extreme care should be taken 

when designing GFRP-reinforced concrete elements that will be subjected to different 

conditions.  It should be noted that these recommendations are proposed based on the 

research to date and in most cases more work is needed before implementing such 

modifications.  A review of the applicable sections is presented next.  Note that the 

section numbers listed below are the section numbers from the 1998 AASHTO LRFD 

bridge design specifications. 

 

PROPOSED REVISIONS 

 

1. Add to Section 1.3.3 Ductility  

This section of the code requires the bridge to develop significant and visible 

inelastic deformations at the strength and extreme event limit states. Since GFRP bars 
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exhibit linearly elastic behavior up to failure, GFRP-reinforced concrete elements do not 

exhibit significant ductility. Naaman and Jeong (1995) indicated that although FRP-

reinforced concrete beams may deform considerably before failure, they elastically store 

most of the energy imposed on them during loading. Thus, since inelastic deformations 

are required by the code, either GFRP bars should not be used or GFRP bars should be 

used in combination with other systems or materials to provide ductility. Alternatively, 

the code may develop non-ductile behavior requirements for GFRP-reinforced concrete 

elements. 

 

2. Add to Section 2.5.2.1.1 Materials 

The degradation of GFRP reinforcement should be accounted for in design. The 

tensile strength of GFRP bars can degrade in the concrete. The durability of FRP-

reinforced concrete structures can be affected by several environmental factors such as: 

acids, alkalis, high temperatures, ultraviolet radiation, organic solvents, and oxygen or 

ozone (Bakht et al. 2000). The bond strength between GFRP bars and concrete can 

degrade with time in high-temperature moist conditions. 

 

3. Add to Section 3.10.1 General 

 The fact that FRP-reinforced concrete elements are non-ductile should be 

considered when performing a seismic design.  

 

4. Notice for Section 4.6.2 Approximate Methods of Analysis 

This section may require modifications because FRP-reinforced concrete 

elements with a given amount and distribution of reinforcement and a given geometry 

have lower stiffness than steel-reinforced concrete elements having the same geometry 

and amount and configuration of reinforcement. 
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5. Notice for Section 5 Concrete Structures 

 The ACI 440.1R-03 (2003) design and construction guidelines should be adopted 

for this section.  However, special care must be taken to ensure that these equations and 

factors apply to the conditions at the actual structures’ location because it has been 

determined that environmental conditions do affect the performance of GFRP 

reinforcing bars.  Special consideration should be given to the subsections addressed in 

the following proposed revisions.  

 

6. Add to Section 5.4 Material Properties 

 Consideration should be given in this section to the material properties of GFRP 

bars such as tensile strength, accounting for environmental reduction factors, as already 

discussed in the ACI 440.1R-03 design and construction guidelines, coefficient of 

thermal expansion of the FRP bars, creep of FRP bars, deflections due to cyclic loading, 

and deterioration of bond strength between GFRP bars and concrete. A description of the 

durability and reactivity of fibers and resins to different environmental conditions given 

in the Canadian Bridge Design code provisions for fiber-reinforced structures could be 

included in this section (Bakht et al. 2000). A summary of the deleterious effects of 

several environments on fibers and matrices as described by Bakht et al. (2000) is given 

next: 

 

• Water: Polymeric fibers and matrices absorb moisture. Moisture absorption 

softens the polymers. There are not sufficient data for the rate of deterioration of 

carbon and glass fibers. 

• Weak acids: Bridges in industrialized areas may be exposed to weak acids from 

acid rain and carbonization, with pH values between 4 and 7. Weak acids can 

attack glass fibers and polyester matrices. 

• Strong acids: Accidental spillage may cause strong acids to come in contact with 

bridge components. Strong acids can attack glass fibers, aramid fibers, and 

polyester and epoxy matrices. 
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• Weak alkalis: Concrete containing pozzolans can have pH values between 7 and 

10. Weak alkalis such as these materials can attack glass fibers and polyester 

matrices. 

• Strong alkalis: Typical Portland cement concretes have pH values greater than 10 

and can cause degradation of glass fibers.  Strong alkalis can attack glass fibers, 

aramid fibers, and polyester matrices. 

• High temperatures: Carbon and glass fibers are resistant to high temperatures. 

However, high temperatures adversely affect aramid fibers and polymeric 

matrices. 

• Ultraviolet radiation: Carbon and glass fibers are resistant to ultraviolet 

radiation. However, ultraviolet radiation adversely affects aramid fibers and 

polymeric matrices. 

 

7. Move Section 5.4.4 Prestressing Steel to Section 5.4.5 

 

8. Move Section 5.4.5 Posttensioning Anchorages and Couplers to Section 5.4.6 

 

9. Move Section 5.4.6 Ducts to Section 5.4.7 

 

10. Add Section 5.4.4 FRP Reinforcement 

 

11. Add Section 5.4.4.1 General 

The design tensile strength of GFRP bars should be taken from the ACI 440.1R-

03 design and construction guidelines as shown previously in Equation 1: 
*
fuEfu fCf =  

 

12. Add Section 5.4.4.2 Modulus of Elasticity 

The modulus of elasticity of FRP bars should be the average value reported from 

proper testing or by the manufacturer. 
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13. Add to Section 5.5.3.2 Reinforcing Bars 

The results of the cyclic load tests conducted in this research indicate that the 

flexural strength of GFRP-reinforced concrete beams show no significant degradation 

after the application of 4 and 5 million cycles of an alternating load with a GFRP bar 

stress range of 18.9 ksi.  The fatigue capacity of FRP bars to be used in a bridge should 

be validated by further tests. 

 

14. Add Section 5.5.4.2.4 FRP Construction 

The resistance factors recommended by the ACI 440.1R-03 design and 

construction guidelines should be used in this section.  The resistance factors for flexure 

are: 

φ = 0.50 for ρf ≤ ρfb 

φ = 
fb

f

ρ
ρ

2
 for ρf < ρfb < 1.4ρfb    (92) 

φ = 0.70 for ρf ≥ 1.4ρfb 

 

The resistance factor for shear should be the same as the factor used in the ACI 

318 (2000) building code (φ = 0.85). 

 

15. Add Section 5.7.3.2.5 FRP-Reinforced Concrete Elements 

 The equations for flexural resistance given in the ACI 440.1R-03 design and 

construction guidelines should be used in this section.  The reinforcement ratio ( fρ ) and 

the balanced reinforcement ratio ( fbρ ) for GFRP-reinforced sections can be computed 

with Equations 13 and 14, respectively: 

bd
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f =ρ        (93) 

fucuf
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=
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'

185.0     (94) 

where, 
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Af  =  Area of FRP reinforcement (inch2), 

a    =  Depth of equivalent rectangular stress block (inch), 

b    =  Width of section (inch), 

d    =  Effective depth of the section (inch), 

εcu  =  Ultimate strain in concrete, 

β1   =  Factor taken as 0.85 for values of f’c up to and including 4 ksi. Above 4 ksi, 

the factored is reduced linearly at a rate of 0.05 for each 1 ksi in excess of 4 

ksi, but should not be smaller than 0.65, 

ffu   =  Design tensile strength of FRP reinforcement (ksi), 

f’c   =  Design compressive strength of concrete (ksi), 

Ef  =  Modulus of elasticity of FRP bars (ksi). 

 

When the reinforcement ratio is below the balanced ratio, FRP rupture is the 

failure mode; otherwise, concrete crushing is the failure mode. 

The ACI 440.1R-03 design and construction guidelines recommend the 

following equations to compute the nominal flexural capacity when the reinforcement 

ratio is greater than the balanced ratio: 

⎟
⎠
⎞

⎜
⎝
⎛ −=

2
adfAM ffn        (95) 

bf
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ff
'85.0

=         (96) 
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E ff E E f
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⎛ ⎞
⎜ ⎟= + − ≤⎜ ⎟⎜ ⎟
⎝ ⎠

  (97) 

where, 

Mn  =  Nominal flexural capacity (kip.inch), 

ff   =  Stress in the FRP reinforcement (ksi). 
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When the reinforcement ratio is smaller than the balanced ratio, the ACI 440.1R-

03 design and construction guidelines recommend the following equation to compute the 

nominal flexural capacity: 

   ⎟
⎠
⎞

⎜
⎝
⎛ −=

2
8.0 1 b

fufn
c
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     (98) 
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Where εfu is the ultimate strain in the GFRP reinforcement and all other terms were 

previously defined. 

 

16. Add to Section 5.7.3.3.2 Minimum Reinforcement 

For FRP-reinforced concrete elements in which failure is controlled by FRP 

rupture, the minimum area of FRP reinforcement should be as recommended by the ACI 

440.1R-03 design and construction guidelines: 

db
f

db
f

f
A w

fu
w

fu

c
f

3604.5 '

min, ≥=     (99) 

This requirement is intended to prevent flexural failure upon concrete cracking. 

 

17. Add to Section 5.7.3.4 Control of Cracking by Distribution of Reinforcement 

 This section should use the allowable crack width for FRP-reinforced concrete 

elements as recommended by the ACI 440.1R-03 design and construction guidelines.  

The allowable maximum crack widths are 0.028 inches for interior exposure and 0.020 

inches for exterior exposure. 

 Maximum crack widths can be estimated using the following equation, validated 

in this project and presented earlier as Equation 2: 

3
max 09.0 AdfW cf ⋅⋅= β     (100) 
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18. Add to Section 5.7.3.5 Moment Redistribution 

Following the ACI 440.1R-03 design and construction guidelines, since GFRP-

reinforced concrete elements exhibit linear elastic behavior up to failure, moment 

redistribution should not be considered for GFRP-reinforced concrete. 

 

 

19. Add to Section 5.7.3.6.2 Deflection and Camber 

 Deflection and camber of GFRP-reinforced concrete elements should consider 

GFRP creep.  Equations 8-12a and 8-12b as recommended by the ACI 440.1R-03 design 

and construction guidelines to compute instantaneous deflections should be used: 
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where, 

Icr   = cracked moment of inertia of the section (inch4), 

Ig    = Gross moment of inertia of the section (inch4), 

and all other terms have been defined previously. 

 

The long-term deflections can be computed using Equation 8-14, provided by the 

ACI 440.1R-03 design and construction guidelines and shown previously as Equation 6: 

( ) ( )susishcp Δ=Δ + ξ6.0     (102) 

Alternatively, the change in curvature due to long-term loading can be computed 

using the following equation, shown earlier as Equation 7: 

( )eeee

ee

IABE
MANB

−

−
=Δ 2

'δδ
κ      (103) 

and the long-term deflections can be computed by substituting Equation 7 into Equation 

8: 
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( )BCAC
Ly κκκ ++= 10
96

2

    (104) 

Cyclic loading of concrete beam tests shows that deflections due to cyclic 

loading can increase by 78 percent due to cyclic loading and should be included in the 

computation of deflections due to live load.  

 

 

The slope of Equation 5 can be used to compute the lower bound deflection 

increments due to the application of cyclic load: 

0858.0)ln(0046.0 += ny     (105) 

 

20. Add to Section 5.8.2.5 Minimum Transverse Reinforcement 

 The requirements for minimum transverse reinforcement provided by the ACI 

440.1R-03 design and construction guidelines should be adopted in this section.  The 

minimum transverse reinforcement for FRP-reinforced concrete sections is: 

fv

w
fv f

sb
A

50
min, =      (106) 

where, 

Afv,min =  Minimum area of transverse FRP reinforcement (inch2), 

bw  =  Width of section (inch), 

s  =  Spacing of stirrups (inch), 

ffv  =  Stress level in the FRP shear reinforcement at ultimate (ksi). 

 

According to the ACI 440.1R-03 design and construction guidelines, the stress 

level in the FRP shear reinforcement at ultimate should be limited to the following value 

to avoid failure at the bent portion of the FRP stirrup: 

fbffv fEf ≤= 002.0      (107) 

where ffb is the strength of a bent portion of an FRP stirrup (ksi). 
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21. Add to Section 5.8.3.3 Nominal Shear Resistance 

The neutral axis depth of cracked FRP-reinforced concrete sections is smaller 

than that for steel-reinforced concrete elements due to the lower stiffness of FRP bars 

when compared to steel bars (ACI 2000). Thus, the contribution to shear strength by 

aggregate interlock, dowel action, and shear of compressed concrete are lower for FRP-

reinforced concrete members than for steel-reinforced concrete members. This section 

should adopt the recommendations of the ACI 440.1R-03 design and construction 

guidelines for shear design of FRP-reinforced concrete members. 

The ACI 440.1R-03 design and construction guide recommendations for the 

shear force taken by the concrete should be used: 

c
c
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, 90β
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=      (108) 

where the terms are as defined before and Vc is the nominal shear force provided by the 

concrete for steel-reinforced concrete members as given in the ACI 318 code (2000).  

The value of Vc,f  should not be larger than Vc. 

The required spacing and area of shear reinforcement when stirrups are used 

perpendicular to the member are: 

( )
df

VV
s

A

fv

fcufv

⋅
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φ
φ ,      (109) 

where the terms have been defined before and, 

Afv  =  Area of shear reinforcement (inch2), 

Vu  =  Factored shear force at section (kips). 

 

22. Add to Section 5.10.2.1 Standard Hooks 

 The recommendation of ACI 440.1R-03 design and construction guidelines for a 

minimum tail length of 12 bar diameters should be used in this section. 
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23. Add to Section 5.10.2.3 Minimum Bend Diameters 

The minimum ratio of radius of bend to bar diameter of three for FRP stirrups, as 

recommended by the ACI 440.1R-03 design and construction guidelines, should be 

considered in FRP-reinforced concrete elements. 

 

24. Add to Section 5.10.7 Transverse Reinforcement for Flexural Members 

 A maximum spacing for transverse reinforcement of d/2 or 24 inches, as 

recommended by the ACI 440.1R-03 design and construction guidelines, should be 

considered in this section. 

 

25. Add to Section 5.10.8 Shrinkage and Temperature Reinforcement 

 The ACI 440.1R-03 design and construction guidelines recommended minimum 

reinforcement ratio for temperature and shrinkage ρf,ts should be used in this section (but 

need not be more than 0.00036): 

0014.0000,600018.0, ≥=
f

s

fu
tsf E

E
f

ρ     (110) 

 

26. Notice for Section 5.10.11 Provisions for Seismic Design 

 Since GFRP reinforcement is non-ductile, provisions should be taken in the 

design of GFRP-reinforced concrete elements where ductility is required. 

 

27. Add to Section 5.11.2.1.1 Tension Development Length 

 This research recommends that the basic development length of GFRP-reinforced 

concrete elements be computed with the following equation, shown earlier as Equation 

11: 

    
2700

,aveub
bf

fd
l =      (111) 
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28. Add to Section 5.11.2.1.2 Modification Factors that Increase ld 

The ACI 440.1R-03 design and construction guidelines recommend a 

modification factor of 1.3 for top bars to obtain the development length of an FRP bar 

(ldf). 

 

29. Add to Section 5.11.2.4.1 Basic Hook Development Length 

 The recommended development length for a bent bar provided by the ACI 

440.1R-03 design and construction guidelines should be used in this section.  The 

development length for hooked bars is determined as follows: 

   b
bhf fu'

c

dl 2000 for f 75,000 psi
f

= ⋅ ⋅ ≤   

 fu b
bhf fu'
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f dl for 75,000 psi f 150,000 psi
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= ⋅ ⋅ < <  (112) 

 b
bhf fu'

c

dl 4000 for f 150,000 psi
f

= ⋅ ⋅ ≥  

The development length computed with Equation 28 should not be less than 12 

db or 9 inches. 

 

30. Add to Section 5.11.5.3.1 Lap Splices in Tension 

 There is limited research in this area.  However, the ACI 440.1R-03 design and 

construction guidelines recommend using values of 1.3 ldf for class A and 1.6 ldf for class 

C splices (as defined by AASHTO).  Since the value of 1.7 ld for class C splice 

recommended by AASHTO is more conservative, it is advisable to use that value to 

compute the development length of spliced FRP bars. 

 

31. Add to Section 5.12 Durability 

 This section should give special consideration to the durability of GFRP 

reinforcement. Refer to the new proposed section 5.4 Material Properties (recommended 

by this research to be added to the AASHTO LRFD specifications) for a brief 
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description of environmental effects on GFRP bars. A summary of the deleterious effects 

of several environments on fibers and matrices as described previously is repeated next: 

 

• Water: Moisture absorption softens the polymers. There are not sufficient data 

for the rate of deterioration of carbon and glass fibers. 

• Weak acids: Weak acids can attack glass fibers and polyester matrices. 

• Strong acids: Strong acids can attack glass fibers, aramid fibers, and polyester 

and epoxy matrices. 

• Weak alkalis: Weak alkalis can attack glass fibers and polyester matrices. 

• Strong alkalis: Strong alkalis can attack glass fibers, aramid fibers, and polyester 

matrices. 

• High temperatures: Carbon and glass fibers are resistant to high temperatures. 

Nevertheless, high temperatures adversely affect aramid fibers and polymeric 

matrices. 

• Ultraviolet radiation: Carbon and glass fibers are resistant to ultraviolet 

radiation.  However, ultraviolet radiation adversely affects aramid fibers and 

polymeric matrices. 

 

32. Add to Section 5.12.3 Concrete Cover 

This section of the code specifies a minimum cover for exterior exposure of 2 

inches.  The recommended covers should consider the fact that a 1-inch cover for a 

concrete deck with compressive strength of approximately 5.88 ksi and a 0.75-inch 

diameter bar does not cause cracking due to thermal expansion.  This implies that, 

according to this research, a cover of 1.33 bar diameters is adequate to avoid cracking 

due to thermal expansion for typical conditions encountered by bridge superstructures.  

The 2-inch cover should be adequate for elements reinforced with 0.75-inch and smaller 

diameter bars.  The cover depth design of elements exposed to direct solar radiation 

reinforced with bar diameters larger than 0.75 inch should be supported by tests. 
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VII. CONCLUSIONS, RECOMMENDATIONS, AND FUTURE 

WORK 
 

CONCLUSIONS AND RECOMMENDATIONS 

 

 A comprehensive research program has been performed on the characteristics of 

GFRP bars and GFRP-reinforced concrete specimens. The research has identified key 

issues that needed to be addressed. These issues are: 

• the evaluation of the tensile strength degradation of GFRP bars with time 

after exposure to simulated concrete pore solutions, 

• the evaluation of the deterioration of the direct shear strength of GFRP bars 

exposed to simulated concrete pore solutions, 

• the estimation of the creep-induced deflections of GFRP-reinforced concrete 

elements, 

• the evaluation of the maximum crack widths of GFRP-reinforced concrete 

elements, 

• the evaluation of the deflections of GFRP-reinforced concrete elements due to 

cyclic loading, 

• the study of the degradation of the bond strength between GFRP bars and 

concrete, and 

• the evaluation of the cracking of GFRP-reinforced concrete elements due to 

thermal expansion. 

 

The tensile strength of GFRP bars degrades with time while in contact with 

simulated concrete pore solution. The tensile strength degraded as much as 24 percent 

after 50 weeks of exposure for bars exposed to a high pH solution and high temperature 

environment. Overall, the mean tensile strength degraded 1 percent at 26 weeks and 7 

percent at 50 weeks of exposure. In general, the modulus of elasticity of the GFRP bars 
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studied tends to increase with exposure time. The modulus of elasticity increased, on 

average, 1 percent at 26 weeks and 9 percent at 50 weeks. 

 

The applicability of Fick’s second law to model the diffusion of a solution into a 

GFRP bar was verified. A model was developed to predict the tensile strength 

degradation of GFRP bars, using the results of the tension tests and the diffusion 

coefficients obtained from moisture absorption tests. The strength degradation model 

predicts an upper bound residual strength for stressed GFRP bars. In Section V, a 

comparison made between the predicted residual tensile strength at five years and the 

design tensile strength computed using the ACI 440 design guidelines strength reduction 

factors showed that the environmental reduction factors may be unconservative. 

Although the strength degradation model for GFRP bars from this research may not 

actually predict the degradation of other FRP bars (especially carbon or aramid FRP 

bars), the research conducted by Glaser et al. (1983) has verified that the tensile strength 

of GFRP bars continues to decrease with time, even beyond five years. It should also be 

noted that the bars evaluated by Glaser et al. may not represent more modern GFRP bars.  

Thus, the conclusion that the strength reduction factors given by the ACI 440 design 

guidelines may be unconservative could be realistic, especially for GFRP bars under 

stress (any practical GFRP-reinforced concrete member). A strength reduction factor for 

use in the design of GFRP-reinforced concrete members cannot be recommended based 

on these results due to the limited exposure times. 

 

Results from this research indicate that the direct shear strength of GFRP bars 

could be reduced as much as 9 percent when exposed to simulated concrete pore 

solutions for a period of 68 weeks. Results also indicate that the shear stiffness could be 

reduced as much as 15 percent for some bars after 48 weeks of exposure to simulated 

concrete pore solutions. The direct shear strength is a material parameter that is 

necessary for the computation of the strength of construction joints such as joints in 
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precast elements, pavements joints, and joints between a bridge barrier and a bridge 

deck. 

 

GFRP bars can creep between 2 and 6 percent over six months, when stressed at 

23 percent of the ultimate strength of the bar. Although the stress evaluated in this 

research is higher than allowed in the ACI 440 design guidelines, this stress level was 

evaluated to be conservative. The method presented to compute the long-term 

deflections of FRP-reinforced concrete elements accounting for creep and shrinkage of 

the concrete and creep of the FRP bars is the only existing alternative to the current 

existing ACI 440 method to compute long-term deflections of FRP-reinforced concrete 

elements. The method provided by the ACI 440 design guidelines to compute long-term 

deflections of FRP-reinforced concrete elements has been shown to make non-

conservative predictions. In the design example presented at the end of Section V, it was 

shown that the method proposed in this research, for the computation of long-term 

deflections, can predict deflections two times higher at six months than those obtained 

with the current method recommended by the ACI 440 design guidelines under the 

conditions tested. The use of the method of analysis proposed in this research should be 

considered for implementation in the ACI 440 design guidelines and the AASHTO code. 

 

Tests on GFRP-reinforced concrete slabs led to the development of an expression 

that better predicts the maximum crack width than Equation 8-9b given in the ACI 440 

design guidelines. The ACI 440 maximum crack width limits should be a function of 

concrete cover. The equation developed in this project for the prediction of maximum 

crack width of FRP-reinforced concrete elements should be implemented into the ACI 

440 design guidelines and the AASHTO LRFD specifications. It should be mentioned 

that the proposed equation was developed using only 0.625-inch and 0.75-inch diameter 

GFRP bars. The equation will need verification with FRP bars reinforced with aramid or 

carbon fibers. 
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Cyclic loading tests on GFRP-reinforced concrete beams show that deflections 

can be increased between 78 and 680 percent when the beams are loaded for 2 million 

cycles and the GFRP bar stress range is 18.9 ksi. This research made evident the 

importance of deflections of GFRP-reinforced concrete elements induced by cyclic 

loading. Thus, deflections due to cyclic loading should be considered in the design of 

GFRP-reinforced concrete flexural elements. The surface finish of the bar and concrete 

cover did not seem to make a difference in the deflections recorded, although further 

work is needed to validate this. This research also found that the residual flexural 

strength of GFRP-reinforced concrete beams is basically not affected by cyclic loading 

at GFRP bars stresses of approximately 21 percent of the average GFRP bar strength for 

up to 5 million cycles of loading. 

 

 Bond tests on GFRP bars embedded in concrete exposed to a moist, elevated 

temperature environment showed reduced bond strength values after 16 months of 

exposure. Although all tests exceeded ACI 440 bond requirements, some results were 

very close to the limits. As a result of this investigation, it was found that Equation 11-7 

of the ACI 440 design guidelines may be unconservative. Thus, a conservative 

modification is proposed to Equation 11-7 of the ACI 440 design guidelines for the 

computation of the basic development length. The proposed modification consists of 

replacing the design tensile strength (ffu) in the numerator of ACI 440 Equation 11-7 by 

the average tensile strength (fu,ave). 

 

 Tests on GFRP-reinforced concrete slabs subjected to heat indicate that a typical 

8-inch thick concrete deck reinforced with 0.75 inch diameter bars and a concrete 

compressive strength of 5880 psi and concrete covers of 1, 2, and 3 inches could stand a 

temperature increase of 54 °F without cracking. Thus, concrete covers of 1.33 bar 

diameters are not expected to result in cracking due to differential thermal expansion 

between GFRP bars and concrete for typical bridge decks under normal conditions. 



 

 243

Similar results may be obtained from carbon FRP bars, but aramid FRP bars are 

expected to induce larger thermal expansion stresses in the concrete than GFRP bars. 

  

FUTURE WORK 

 
An investigation that exposes GFRP bars over longer periods of time, preferably 

under different stress levels, is required in order to make reliable, long-term residual 

tensile strength predictions and to obtain adequate environmental strength reduction 

factors. 

 

Additional long-term creep tests on FRP bars reinforced with glass, aramid, and 

carbon fibers with different bar diameters and under different stress levels are necessary. 

 

 An investigation of the influence of an applied stress range on the cyclic loading 

induced deflections of FRP-reinforced concrete members could help develop a general 

expression for the computation of cyclic loading induced deflections in those structures. 

 

The degradation of the bond strength between concrete and GFRP bars needs to 

be investigated further. Experimental research is required in this area, especially long-

term bond strength tests in order to determine whether the bond strength of GFRP bars 

degrades faster than their tensile strength. 

 

As with most research, a more comprehensive test program is needed to 

statistically validate results from this research program. 
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APPENDIX A: ABSORPTION DATA 
 

Table A1.  Moisture Absorption of Uncapped End Specimens. 

Exposure time (weeks) 
22 42 42 48 68 68 pH 

Na Cl 
content  

(%) 

Bar 
diameter 

(in.) 
Specimen 

Bar P Bar V1 Bar V2 Bar P Bar V1 Bar V2 
1 - - - 1.0031 1.0133 1.0137 
2 - - - 1.0028 1.0130 1.0104 0.500 
3 - - - 1.0036 1.0120 1.0095 
1 - - - 1.0032 1.0093 1.0052 
2 - - - 1.0050 1.0083 1.0056 0.625 
3 - - - 1.0043 1.0086 1.0048 
1 - - - 1.0072 1.0063 1.0020 
2 - - - 1.0049 1.0053 1.0023 

7.4 0 

0.750 
3 - - - 1.0060 1.0059 1.0022 
1 1.0022 1.0075 1.0063 1.0022 1.0086 1.0062 
2 1.0036 1.0076 1.0038 1.0029 1.0096 1.0055 0.500 
3 1.0027 1.0081 1.0064 1.0026 1.0095 1.0085 
1 1.0018 1.0044 1.0017 1.0021 1.0050 1.0028 
2 1.0021 1.0039 1.0028 1.0021 1.0042 1.0029 0.625 
3 1.0025 1.0036 1.0023 1.0021 1.0042 1.0029 
1 1.0056 1.0019 1.0015 1.0052 1.0026 1.0021 
2 1.0059 1.0023 1.0016 1.0062 1.0028 1.0019 

7.3 3.5 

0.750 
3 1.0047 1.0018 1.0016 1.0052 1.0029 1.0018 
1 1.0033 1.0084 1.0074 1.0028 1.0113 1.0083 
2 1.0024 1.0075 1.0049 1.0026 1.0104 1.0070 0.500 
3 1.0032 1.0084 1.0095 1.0027 1.0135 1.0100 
1 1.0026 1.0041 1.0036 1.0028 1.0063 1.0045 
2 1.0023 1.0041 1.0048 1.0024 1.0066 1.0054 0.625 
3 1.0055 1.0060 1.0036 1.0056 1.0076 1.0048 
1 1.0044 1.0017 1.0019 1.0047 1.0033 1.0026 
2 1.0044 1.0020 1.0017 1.0046 1.0033 1.0024 

9.1 0 

0.750 
3 1.0047 1.0026 1.0020 1.0049 1.0058 1.0027 
1 - - - 1.0031 1.0093 1.0076 
2 - - - 1.0024 1.0084 1.0080 0.500 
3 - - - 1.0022 1.0087 1.0093 
1 - - - 1.0028 1.0052 1.0046 
2 - - - 1.0023 1.0050 1.0048 0.625 
3 - - - 1.0026 1.0043 1.0040 
1 - - - 1.0043 1.0030 1.0024 
2 - - - 1.0048 1.0024 1.0022 

9.0 3.5 

0.750 
3 - - - 1.0053 1.0032 1.0023 
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Table A2.  Moisture Absorption of Capped End Specimens in Distilled Water. 

Exposure time (weeks) 
Bar type Bar diameter 

(in.) Specimen 
0.7 2.4 15.9 79.0 88.7 97.0 

1 1.0011 1.0017 1.0022 1.0072 1.0072 1.0075 
2 1.0011 1.0016 1.0024 1.0071 1.0069 1.0071 
3 1.0011 1.0014 1.0024 1.0073 1.0073 1.0070 
4 1.0011 1.0013 1.0021 1.0069 1.0072 1.0069 

0.500 

5 1.0011 1.0013 1.0021 1.0070 1.0070 1.0070 
1 1.0008 1.0011 1.0020 1.0067 1.0067 1.0069 
2 1.0008 1.0010 1.0018 1.0065 1.0065 1.0067 
3 1.0006 1.0010 1.0016 1.0065 1.0065 1.0067 
4 1.0008 1.0013 1.0018 1.0068 1.0068 1.0068 

0.625 

5 1.0010 1.0013 1.0020 1.0067 1.0067 1.0069 
1 1.0023 1.0036 1.0069 1.0118 1.0116 1.0118 
2 1.0013 1.0021 1.0041 1.0087 1.0085 1.0090 
3 1.0017 1.0029 1.0049 1.0103 1.0106 1.0102 
4 1.0012 1.0020 1.0034 1.0084 1.0089 1.0080 

P 

0.750 

5 1.0022 1.0039 1.0063 1.0118 1.0119 1.0118 
1 1.0026 1.0042 1.0079 1.0147 1.0147 1.0147 
2 1.0027 1.0040 1.0072 1.0143 1.0146 1.0146 
3 1.0029 1.0045 1.0073 1.0139 1.0141 1.0141 
4 1.0024 1.0043 1.0069 1.0131 1.0131 1.0131 

0.500 

5 1.0018 1.0032 1.0066 1.0129 1.0132 1.0132 
1 1.0013 1.0027 1.0050 1.0115 1.0115 1.0115 
2 1.0014 1.0029 1.0055 1.0116 1.0116 1.0116 
3 1.0017 1.0029 1.0056 1.0118 1.0118 1.0118 
4 1.0017 1.0028 1.0050 1.0113 1.0113 1.0113 

0.625 

5 1.0020 1.0031 1.0055 1.0115 1.0115 1.0115 
1 1.0010 1.0018 1.0027 1.0071 1.0071 1.0071 
2 1.0013 1.0015 1.0025 1.0070 1.0072 1.0074 
3 1.0015 1.0020 1.0031 1.0079 1.0079 1.0083 
4 1.0010 1.0016 1.0027 1.0074 1.0075 1.0075 

V1 

0.750 

5 1.0008 1.0016 1.0025 1.0069 1.0072 1.0072 
1 1.0030 1.0047 1.0087 1.0147 1.0150 1.0150 
2 1.0030 1.0045 1.0080 1.0140 1.0138 1.0135 
3 1.0025 1.0045 1.0068 1.0121 1.0126 1.0126 
4 1.0025 1.0040 1.0075 1.0133 1.0138 1.0138 

0.500 

5 1.0027 1.0042 1.0082 1.0140 1.0145 1.0142 
1 1.0017 1.0025 1.0040 1.0089 1.0091 1.0089 
2 1.0015 1.0020 1.0037 1.0087 1.0092 1.0090 
3 1.0017 1.0025 1.0042 1.0091 1.0094 1.0089 
4 1.0020 1.0024 1.0043 1.0092 1.0092 1.0092 

0.625 

5 1.0017 1.0025 1.0037 1.0084 1.0087 1.0085 
1 1.0006 1.0010 1.0015 1.0063 1.0063 1.0063 
2 1.0011 1.0011 1.0019 1.0064 1.0065 1.0067 
3 1.0010 1.0017 1.0027 1.0069 1.0069 1.0070 
4 1.0010 1.0013 1.0020 1.0065 1.0065 1.0065 

V2 

0.750 

5 1.0010 1.0014 1.0012 1.0058 1.0060 1.0060 
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Table A3.  Moisture Absorption of Capped End Specimens in Alkaline Solution. 

Exposure time (weeks) 
Bar type Bar diameter 

(in.) Specimen 
0.7 2.4 15.9 79.0 88.7 97.0 

1 1.0008 1.0011 1.0021 1.0067 1.0067 1.0054 
2 1.0008 1.0011 1.0022 1.0066 1.0068 1.0068 
3 1.0005 1.0011 1.0019 1.0059 1.0059 1.0059 
4 1.0005 1.0014 1.0022 1.0068 1.0068 1.0068 

0.500 

5 1.0008 1.0013 1.0022 1.0067 1.0067 1.0067 
1 1.0008 1.0011 1.0016 0.0000 0.0000 0.0000 
2 1.0008 1.0013 1.0018 1.0066 1.0066 1.0067 
3 1.0007 1.0010 1.0016 1.0063 1.0067 1.0067 

0.625 

4 1.0007 1.0010 1.0018 1.0065 1.0065 1.0067 
1 1.0007 1.0015 1.0034 1.0068 1.0076 1.0076 
2 1.0007 1.0010 1.0025 1.0069 1.0075 1.0075 
3 1.0012 1.0021 1.0042 1.0090 1.0093 1.0095 
4 1.0019 1.0033 1.0057 1.0106 1.0108 1.0108 

P 

0.750 

5 1.0006 1.0009 1.0019 1.0078 1.0081 1.0085 
1 1.0024 1.0043 1.0075 1.0155 1.0155 1.0155 
2 1.0013 1.0026 1.0050 1.0118 1.0118 1.0115 
3 1.0008 1.0027 1.0056 1.0128 1.0128 1.0126 
4 1.0027 1.0045 1.0077 1.0146 1.0146 1.0146 

0.500 

5 1.0018 1.0037 1.0066 1.0129 1.0129 1.0129 
1 1.0003 1.0016 1.0036 1.0091 1.0094 1.0093 
2 1.0003 1.0008 1.0024 1.0080 1.0085 1.0086 
3 1.0008 1.0021 1.0048 1.0106 1.0112 1.0109 
4 1.0005 1.0016 1.0032 0.0000 0.0000 0.0000 

0.625 

5 1.0009 1.0020 1.0044 1.0107 1.0112 1.0112 
1 1.0002 1.0006 1.0013 1.0057 1.0057 1.0057 
2 1.0006 1.0014 1.0020 1.0066 1.0067 1.0066 
3 1.0007 1.0010 1.0021 1.0066 1.0069 1.0069 
4 1.0008 1.0011 1.0016 1.0063 1.0064 1.0065 

V1 

0.750 

5 1.0007 1.0013 1.0020 1.0064 1.0064 1.0066 
1 1.0015 1.0017 1.0030 1.0102 1.0102 1.0102 
2 1.0017 1.0022 1.0037 1.0099 1.0099 1.0099 
3 1.0018 1.0018 1.0030 1.0093 1.0093 1.0093 
4 1.0015 1.0018 1.0033 1.0095 1.0095 1.0095 

0.500 

5 1.0015 1.0022 1.0030 1.0092 1.0092 1.0092 
1 1.0009 1.0011 1.0017 1.0065 1.0065 1.0066 
2 1.0011 1.0017 1.0023 1.0069 1.0074 1.0074 
3 1.0011 1.0015 1.0019 1.0068 1.0069 1.0073 
4 1.0009 1.0015 1.0020 1.0071 1.0072 1.0075 

0.625 

5 1.0009 1.0011 1.0018 0.0000 0.0000 0.0000 
1 1.0007 1.0009 1.0013 1.0063 1.0064 1.0066 
2 1.0007 1.0010 1.0014 1.0061 1.0062 1.0067 
3 1.0007 1.0009 1.0014 1.0060 1.0060 1.0061 
4 1.0007 1.0009 1.0015 1.0060 1.0061 1.0063 

V2 

0.750 

5 1.0008 1.0009 1.0013 1.0060 1.0061 1.0062 
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APPENDIX B: CREEP TEST DATA 

Table B1.  Creep Test Data. 

Strain (microstrains = 1x10-6 in./in.) Strain (microstrains = 1x10-6 in./in.) 

Specimen Specimen 
Time 
(days) 

V1-5-a V1-5-b P-5-a P-5-b V2-5-a V2-5-b 

Time 
(days)

V1-5-a V1-5-b P-5-a P-5-b V2-5-a V2-5-b 

0.000 -5 -39 -15 -25 -19 -20 1.37 39 3579 3721 3848 3579 3521 

0.003 -5 -44 -15 -29 -20 -20 2.13 4077 3579 3672 3833 3569 3491 

0.007 -5 -39 -15 -29 -20 -20 5.2 4180 3613 3687 3857 9995 3501 

0.010 -5 269 -15 -29 -20 -20 10.2 4209 3638 3701 3872 9995 3521 

0.014 -10 3447 -15 -29 -24 -20 15.1 4214 3648 3696 3867 9995 3511 

0.017 -10 3491 -20 -29 -20 -20 20.1 4224 3662 3696 3862 9995 3511 

0.021 -10 3516 -15 -29 -20 -20 24.9 4233 3672 3696 3862 9995 3511 

0.024 -5 3496 -15 -29 -20 -20 29.8 4243 3682 3701 3867 9995 3511 

0.028 10 3496 -15 -29 -20 -20 34.8 4253 3691 3706 3872 9995 3516 

0.031 3901 3506 -15 -29 -20 -20 39.8 4253 3696 3706 3872 9995 3511 

0.035 3940 3501 -5 -29 -20 -20 44.8 4263 3701 3711 3872 9995 3521 

0.038 3945 3506 1538 -29 -20 -20 49.8 4268 3706 3716 3877 9995 3525 

0.042 3955 3511 3638 -29 -20 -20 60.8 4273 3716 3716 3872 9995 3521 

0.045 3960 3516 3633 -29 -20 -20 65.0 4273 3716 3711 3877 9995 3516 

0.049 3955 3511 3633 -24 -20 -15 67.5 4273 3716 3711 3872 9995 3516 

0.052 3955 3511 3638 -29 -20 -20 70.6 4282 3721 3721 3882 9995 3525 

0.056 3960 3511 3638 -29 -20 -15 75.6 4277 3721 3711 3872 9995 3516 

0.063 3960 3516 3643 -29 15 -15 80.3 4287 3735 3726 3887 9995 3530 

0.069 3965 3516 3647 -24 3550 -15 85.2 4292 3740 3726 3887 9995 3530 

0.076 3965 3516 3643 -29 3555 166 89.9 4287 3740 3726 3882 9995 3530 

0.083 3965 3516 3647 -24 3564 78 94.8 4297 3745 3735 3897 9995 3540 

0.090 3970 3521 3647 -29 3564 78 99.4 4302 3760 3740 3897 9995 3550 

0.097 3970 3516 3647 -24 3564 117 113.8 4287 3745 3721 3882 9995 3530 

0.10 3970 3521 3647 -24 3564 142 118.6 4292 3750 3731 3892 9995 3535 

0.11 3970 3521 3647 -24 3564 103 123.4 4292 3750 3735 3892 9995 3540 

0.12 3975 3521 3652 -24 3564 3086 133.6 4292 3755 3731 3887 9995 3535 

0.13 3975 3521 3647 -24 3564 3472 138.3 4292 3750 3731 3887 9995 3535 

0.13 3975 3521 3643 -24 3564 3472 143.1 4287 3750 3726 3887 9995 3530 

0.14 3975 3525 3647 298 3564 3481 148.9 4287 3750 3721 3882 9995 3530 

0.15 3975 3521 3652 3799 3564 3481 153.9 4287 3750 3721 3882 9995 3525 

0.15 3975 3521 3652 3794 3560 3472 158.6 4287 3750 3726 3882 9995 3525 

0.16 3975 3521 3648 3799 3565 3462 163.6 4287 3755 3721 3882 9995 3525 

0.29 1777 3584 3643 3794 3555 3452 168.6 4282 3755 3721 3882 9995 3525 

0.53 1773 3584 3652 3804 3560 3472 174.0 4287 3755 3726 3887 9995 3525 

0.54 1773 3579 3648 3799 3560 3467 179.0 4282 3750 3716 3882 9995 3521 

0.75 1768 3594 3652 3804 3555 3462 183.9 4282 3755 3726 3887 9995 3525 

0.95 1768 3604 3652 3804 3560 3467 188.9 4282 3755 3731 3892 9995 3530 

1.16 1768 3608 3667 3823 3579 3501 - - - - - - - 
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