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ABSTRACT 

            The present research investigates lightweight and normal weight precast 

concrete panels for highway bridges. The panels are reinforced with Glass Fiber 

Reinforced Polymer (GFRP) bars.  A benefit of precast concrete panels reinforced 

with GFRP bars for bridge decks is that they are essentially immune to environments 

where chloride-induced deterioration is an issue.     

            Twenty panels constructed using lightweight and normal weight concrete 

reinforced with GFRP bars for flexure without any shear reinforcement were tested to 

failure.  The variables investigated were concrete compressive strength, deck span, 

panel thickness and width, and reinforcement ratio.  The experimental performance of 

lightweight precast GFRP reinforced panels versus normal weight precast GFRP 

reinforced panels was investigated in terms of shear capacity, deck deflections, and 

moment of inertia.   

            The experimental results show that lightweight concrete panels performed 

similar to normal weight concrete panels; however, they experienced larger 

deflections under the same load and had a lower ultimate shear strength than normal 

weight concrete panels.  An extended database of 97 test results including normal 

weight and lightweight concrete restricted to members reinforced with GFRP bars for 

flexure without any shear reinforcement was compiled.  The extended database 

including 77 normal weight concrete members from literature, 8 normal weight 

concrete panels and 12 lightweight concrete panels tested in the current research; no 

lightweight concrete members reinforced with GFRP has been found.  ACI 440.1R 
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predicted smaller shear strength conservatism of lightweight concrete panels 

compared with normal weight concrete panels.  A reduction factor has been 

recommended for the ACI 440.1R shear strength prediction equation when 

lightweight concrete is used.   

            Modified Compression Filed Theory (MCFT) was also used for the prediction 

of ultimate shear strength of GFRP reinforced concrete panels.  The comparison of 

prediction to the experimental results shows that MCFT can predict accurately the 

shear strength for both lightweight and normal weight concrete panels reinforced with 

GFRP bars.   

            All the tested panels both normal weight and lightweight concrete panels 

designed according to ACI 440.1R satisfy the service load deflection requirements of 

the AASHTO LRFD Bridge Design Specifications.  The experimental results indicate 

that the moment of inertia for precast panels reinforced with GFRP bars with initial 

cracks was less than the gross moment of inertia even before the cracking moment is 

reached.  An expression for predicting deflection using a conservative estimate of the 

moment of inertia for precast concrete panels reinforced with GFRP bars is proposed.  

Using the proposed equation, a better deflection prediction is obtained for precast 

concrete panels reinforced with GFRP bars under service load.  
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1 INTRODUCTION 

            Corrosion of steel is a major cause of deterioration of reinforced concrete 

structures. Concrete bridge decks are subjected to severe environmental conditions 

such as significant use of deicing salts, variations in temperature, and multiple freeze-

thaw cycles. As an example, from 1948 until 2000, Salt Lake City had an average of 

103 freeze-thaw cycle days per year.  The severe environmental conditions reduce the 

life span of bridge decks.  Concrete bridge decks have an average life of 35 to 40 

years mainly because of deterioration due to corrosion of steel reinforcement. The 

expansion of steel reinforcement due to corrosion causes the concrete bridge deck to 

experience cracking and spalling; this results in major rehabilitation costs and traffic 

disruption (Yunovich and Thompson 2003).  Fiber Reinforced Polymer (FRP) bars 

are immune to chloride-induced corrosion, and have higher tensile strength compared 

to steel bars.  The noncorrosive FRP bar provides a viable alternative to steel as 

reinforcement for concrete bridge decks under severe corrosion conditions.  In the 

past two decades, three types of FRP bars have been tested and used, including Glass 

Fiber Reinforced Polymer (GFRP), Carbon Fiber Reinforced Polymer (CFRP), and 

Aramid Fiber Reinforced Polymer (AFRP).  Compared with CFRP and AFRP, GFRP 

bars are more economical, and thus are generally used in bridge decks as an 

alternative to steel or epoxy coated steel reinforcement.  

            FRP reinforcement has a different mechanical behavior compared to 

conventional steel reinforcement.  One of the major differences is that FRP bars do 

not yield; they are elastic until failure.  The brittle properties of FRP bars compared 
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with ductile steel rebar cause a lack of ductility in structural concrete members.  High 

tensile strength in the direction of the reinforcing fibers only, which is caused by 

anisotropic properties of materials, also affects the shear strength and dowel action of 

FRP bars and the bond performance to concrete.  FRP reinforcement has a much 

smaller modulus of elasticity compared to steel reinforcement, which causes larger 

deflections in structural components. 

1.1 Lightweight Concrete 

Sand-lightweight concrete has approximately 75%-85% the density of normal 

weight concrete.  Examination of a number of projects constructed with steel 

reinforced lightweight concrete bridge decks has demonstrated that they can perform 

well in service for a range of different environments (Castrodale and Robinson 2008); 

this includes sites that vary from coastal with salt breezes, to mountainous where salt 

is applied to deice the deck in winter; in addition, traffic counts varied from very 

heavy urban interstate travel with a high percentage of trucks to light rural traffic. 

The use of lightweight concrete precast bridge decks reinforced with GFRP 

bars is cost-competitive in environments where chloride-induced deterioration is an 

issue and the use of GFRP bars could extend the life of the deck.  Several benefits 

could be gained from lightweight concrete precast GFRP reinforced deck panels, 

especially when they are used in Accelerated Bridge Construction (ABC); in this 

method of construction, the whole bridge or parts of the bridge are constructed off site 

and brought to the bridge site using mobile transportation.  The reduced weight of 

decks constructed with lightweight concrete implies that they could be lifted with 

smaller cranes and could reduce the transportation requirements such as Self 
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Propelled Modular Transporters (SPMTs). In addition, the reduction in weight is 

beneficial in the design of the superstructures, substructure, and foundations since the 

weight of the deck is the main dead load resisted by the girders, substructure, and 

foundations.  Moreover, the reduced weight of GFRP bars compared to steel bars 

makes them easier to handle during construction.  Reduction of weight of concrete 

and reinforcement is also beneficial when seismic forces are considered. 

There are no experimental data known to the author regarding the use of 

lightweight concrete reinforced with GFRP bars.  The Japan Society of Civil 

Engineers (JSCE) and American Concrete Institute (ACI) 440.1R (2006) Guidelines 

do not provide guidance for lightweight concrete reinforced with GFRP bars.  The 

American Association of State Highway and Transportation Officials (AASHTO) 

Load and Resistance Factor Design (LRFD) Bridge Design Guide Specifications for 

GFRP Reinforced Concrete Bridge Decks and Traffic Railings (2009) do not allow 

the use of lightweight concrete for decks reinforced with GFRP bars because of the 

lack of research.  The Canadian Design and Construction of Building Components 

with Fibre-Reinforced Polymers S806 (2002) consider the effect of concrete density 

on tensile strength through a modification factor.  However, it is not clear how this 

factor is to be obtained.   

1.2 Shear Capacity 

Extensive research has been carried out to determine the shear capacity of 

GFRP reinforced beams or slabs without transverse shear reinforcement.  Swamy and 

Aburawi (1997) evaluated the performance of concrete beams reinforced with GFRP 

bars and suggested that an integrated approach to design based on material and 
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structural interaction may give engineers the breakthrough to optimum designs with 

GFRP bars. Deitz et al.  (1999) tested several GFRP reinforced deck panels, and 

proposed two equations for computing the shear capacity of concrete panels 

reinforced with GFRP bars.  Alkhrdaji et al. (2001) found that the contribution of 

concrete to the internal shear resistance was influenced by the amount of longitudinal 

GFRP reinforcement.  Yost et al. (2001) evaluated the shear strength of intermediate 

length simply supported concrete beams and found that shear strength was 

independent of the amount of longitudinal GFRP reinforcement; a simplified 

empirical equation for predicting the ultimate shear strength of concrete beams 

reinforced with GFRP bars was endorsed.  Tureyen and Frosch (2002) investigated 

different types of FRP reinforcement and found that the ACI 440 (2001) method was 

very conservative, whereas the ACI 318 (1999) method resulted in unconservative 

computations of shear strength.  Gross et al. (2003) evaluated the shear strength for 

normal and high strength concrete beams and found that the longitudinal 

reinforcement ratio had a small influence on the concrete shear strength; in addition, 

high strength concrete beams exhibited a slightly lower relative shear strength 

(experimental shear strength normalized by �𝑓𝑐′𝑏𝑑) than normal strength concrete 

beams.  Ashour (2005) tested concrete beams reinforced with GFRP bars and 

determined that the theoretical predictions of shear capacity obtained from modifying 

the ACI 318-99 recommendations were inconsistent and that further research was 

necessary to establish a rational method for the prediction of shear capacity.   

El-Sayed et al. (2005) investigated several full-size slabs and found that the 

ACI 440.1R-03 (2003) design method for predicting the concrete shear strength of 

FRP slabs was very conservative; better predictions were obtained by both the 
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Canadian CAN/CSA-S806-02 Code and the Japan Society of Civil Engineers design 

recommendations (JSCE 1997).  El-Sayed et al. (2006a) investigated the behavior and 

shear strength of concrete slender beams reinforced with FRP bars and found that ACI 

440.1R-03 was very conservative and proposed a modification to the ACI shear 

prediction.  El-Sayed et al. (2006b) reported experimental data on the shear strength 

of high strength concrete slender beams and found that high strength concrete beams 

exhibited slightly lower relative shear strength compared to normal strength concrete 

beams.  Alam and Hussein (2009) found that the shear strength of GFRP reinforced 

concrete beams was a function of the shear span to depth ratio, the effective depth of 

the beam, and the longitudinal reinforcement ratio.  Jang et al. (2009) proposed a 

shear strength correction factor to evaluate the shear strength of FRP reinforced 

concrete beams considering the elastic modulus of FRP bar reinforcement, shear span 

to depth ratio, and flexural reinforcement ratio.  Bentz et al. (2010) summarized the 

results of tests for reinforced concrete beams with GFRP reinforcement and found that 

members with multiple layers of longitudinal bars appeared to perform better in shear 

capacity than those with a single layer of longitudinal reinforcing bars; in addition, 

they found that the fundamental shear behavior of FRP reinforced beams was similar 

to that of steel-reinforced beams despite the brittle nature of the reinforcement.  

1.3 Shear Prediction using Modified                                             

Compression Field Theory 

Another promising shear prediction method used for GFRP reinforced 

concrete members is Modified Compression Field Theory (MCFT).  It is an analytical 

model with fifteen equations which produce accurate estimates of shear strength for 
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steel-reinforced concrete members.  Bentz and Collins (2006) reduced the MCFT 

equations into two, and these equations were found to provide accurate estimates of 

the shear strength of steel reinforced concrete members (Sherwood et al. 2007).  Hoult 

et al. (2008) found that crack widths are affected by both a size effect and a strain 

effect regardless of the type of reinforcement used; they also showed that the two 

MCFT equations proposed by Bentz and Collins (2006) work equally well in 

predicting the shear capacity of normal weight concrete slabs reinforced with steel or 

FRP reinforcement.  Sherwood et al. (2006) demonstrated that the width of a member 

does not have a significant influence on the shear stress at failure for steel reinforced 

concrete members, which indicates that the MCFT could be used for both beams and 

slabs.  Bentz et al. (2010) found that despite the brittle nature of the reinforcement, 

FRP reinforced large concrete beams have a similar shear behavior as steel reinforced 

concrete beams.     

1.4 Service Load Deflection 

GFRP reinforcement has a smaller modulus of elasticity compared to steel 

reinforcement, and the smaller modulus will induce larger deflections when concrete 

members are reinforced with GFRP bars.  Generally, serviceability requirements 

control the design of concrete members reinforced with GFRP bars rather than 

ultimate load conditions.  Determination of the moment of inertia is critical in the 

deflection prediction of concrete member reinforced with GFRP bars.  Extensive 

research has been conducted regarding prediction of the moment of inertia of GFRP 

reinforced concrete members (Gal et al. 1998, Theriault and Benmokrane 1998, 

Touganji and Saafi 2000, Yost et al. 2003, Bischoff and Paixao 2004, Bischoff 2005, 
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2007, Bischoff and Scanlon 2007, Said 2010, and Bischoff and Gross 2010).  Efforts 

have been made for the modification of Branson’s (1965) equation to consider the 

different properties of GFRP and steel bars when they are used as reinforcement and 

new equations were proposed for the prediction of moment of inertia.  All previous 

research was focused on predicting the moment of inertia after the reinforced concrete 

member had cracked; it was assumed that the moment of inertia before the cracking 

moment was equal to the gross moment of inertia.  However, precast concrete panels 

reinforced with GFRP bars can develop initial cracks from shrinkage, lifting, and 

transportation-induced stresses, which may reduce the value of moment of inertia 

from the gross moment of inertia value before the cracking moment is reached.  

Moment deflection diagrams comparing experimental to theoretical results in El-

Salakawy and Benmokrane (2004) and Kassen et al. (2011) show that deflections 

prior to reaching the cracking moment are underestimated; this indicates that the 

corresponding moment of inertia is lower than the gross moment of inertia before the 

cracking moment is reached.  The accurate prediction of moment of inertia before the 

cracking moment is just as critical as the accurate prediction of the moment of inertia 

after the cracking moment.  This is justified since the bending moment under service 

loads can be lower than the value of the cracking moment, especially when high 

strength concrete is used.  In such cases, the design of bridge panels reinforced with 

GFRP bars may be carried out using the gross moment of inertia and this may lead to 

unconservative designs.     

The present project investigates lightweight and normal weight concrete 

precast deck panels for highway bridges.  The deck panels are reinforced with GFRP 

bars.  The experimental performance of lightweight concrete precast GFRP reinforced 
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deck panels versus normal weight concrete precast GFRP reinforced deck panels is 

investigated in terms of flexural performance, panel deflections, and shear capacity.  

GFRP reinforced concrete panels with different width, thickness, span, and 

reinforcement ratio were cast with both normal weight and sand-lightweight concrete.  

The applicability of existing equations in the ACI 440.1R (2006) design guidelines 

considering the shear capacity of GFRP reinforced concrete members is evaluated, 

and a reduction factor for consideration of sand-lightweight concrete is proposed.  

The moment of inertia of high strength normal weight and lightweight concrete 

precast bridge panels reinforced with GFRP bars is also investigated.  Measured 

deflections at service moment and ultimate moment are compared with predictions 

using linear elastic analysis.  Finally, the experimental shear strength of the precast 

decks was compared with the shear capacity predicted by the Modified Compression 

Field Theory (MCFT).   
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2 LIGHTWEIGHT CONCRETE PRECAST BRIDGE                              

DECK PANELS REINFORCED WITH GFRP BARS 

Chris P. Pantelides, Ruifen Liu, and Lawrence D. Reaveley 

2.1 Abstract 

           Lightweight concrete results in bridge deck panels that are easier to lift, and its 

use reduces the bridge deck and substructure weight.  Twenty panels constructed 

using lightweight and normal weight concrete reinforced with GFRP bars for flexure 

without any shear reinforcement were tested to failure.  The variables investigated 

were concrete compressive strength, deck span, panel thickness and width, and 

reinforcement ratio.  The experimental results show that lightweight concrete panels 

performed similar to normal weight concrete panels; however, they experienced larger 

deflections under the same load and had a lower ultimate shear strength than normal 

weight concrete panels.  The ultimate shear strength of lightweight concrete panels 

reinforced with GFRP bars is predicted using the ACI 440.1R guidelines and the 

service load deflection is compared to AASHTO requirements.  A reduction factor is 

found to be necessary for predicting shear strength when lightweight concrete is used 

with GFRP bars.   

2.2 Introduction 

Deicing salts are used on roadways for the removal of snow and ice.  When 

the concentration of chlorides in bridge decks reaches a critical level, the passivation 
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layer on the steel reinforcement breaks down over time and active corrosion initiates.  

Corrosion can also be induced when the structure is near seawater.  Corrosion of steel 

reinforcement leads to significant costs in rehabilitation or replacement and disruption 

of use.  Yeomans1 found that epoxy coating gave excellent corrosion protection to 

reinforcing steel provided the coating remained intact.  If the coating was damaged 

severely, corrosion occurred to a similar extent as for black steel in equivalent 

circumstances.  Manning2 found that the number of defects in the coating is the 

dominant factor affecting the performance of epoxy coated bars in structures exposed 

to salt (marine and deicing).  According to Manning2, there is little doubt that coated 

bars extend the time to corrosion-induced damage in concrete structures.  However, in 

a Canadian Strategic Highway Research Program (C-SHRP), Manning2 reported that 

the time to corrosion-induced damage exceeded that of black bar reinforcement in 

bridges exposed to salt (marine and deicing) by only five to six years.  Detection of 

corrosion in epoxy-coated steel bars has lead to consideration of GFRP bars as an 

alternative form of reinforcement when life-cycle costs are considered.  GFRP bars 

are noncorrosive, and are becoming cost-competitive for structures that are vulnerable 

to corrosion.  The use of GFRP bars can potentially extend the service life of bridge 

decks exposed to salt (marine and deicing).   

Accelerated Bridge Construction (ABC) is a construction method which 

reduces on-site construction time and traffic disruption.  The use of precast 

lightweight concrete deck panels reinforced with GFRP bars could benefit ABC.   

Sand-lightweight concrete commonly used in structures has a density between 90 and 

115 lb/ft3 (1440 to 1840 kg/m3).  Holm and Ries3 provide details regarding the 

properties of lightweight concrete and lightweight aggregates.  The reduced weight of 
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lightweight precast concrete bridge deck panels and precast monolithic decks is 

advantageous for lifting and moving when the ABC method is used.  Lightweight 

concrete is also beneficial for the design of the substructure and foundations since the 

bridge deck weight is a significant portion of the dead load.  Reduction of weight is 

also beneficial when seismic forces are considered.  

Many design provisions and guidelines have been published regarding the 

performance and design of concrete structures reinforced with GFRP bars, such as the 

Japan Society of Civil Engineers Design provisions (JSCE) 4, the Canadian Design 

Provisions (CAN/CSA-S806-02)5, the American Concrete Institute Guidelines (ACI 

440.1R-06)6, and the American Association of State Highway and Transportation 

Officials (AASHTO) Load Resistance Factor Design (LRFD) Bridge Design Guide 

for GFRP-Reinforced Concrete Bridge Decks7.   

Extensive research has been carried out regarding the flexural performance 

and shear capacity of concrete members reinforced with GFRP bars.  Benmokrane et 

al.8, Michaluk et al.9, Masmoudi, et al.10, Yost and Gross11, Yost et al.12, Prachasaree 

et al.13, El-Mogy et al.14, Swamy and Aburawi15, Deitz et al.16, Alkhrdaji et al.17, Yost 

et al.18, Tureyen and Frosch19, Gross et al.20, Ashour21, El-Sayed et al.22-24, Alam and 

Hussein25, Jang et al.26, and Bentz et al.27, have investigated the flexural performance 

and shear capacity of normal weight concrete beams or slabs reinforced with GFRP 

bars without transverse shear reinforcement.  The research has shown that flexural 

performance could be predicted using the plane sections remain plane assumption; 

however, the shear capacity of members reinforced with GFRP bars could not be 

predicted as well as flexural capacity.   
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All research completed to date has investigated normal weight concrete 

members reinforced with GFRP bars.  There are no experimental data regarding the 

use of lightweight concrete with GFRP bars as reinforcement known to the authors.  

The JSCE4 and ACI 440.1R-066 guidelines do not provide guidance for lightweight 

concrete reinforced with GFRP bars. The AASHTO GFRP-Reinforced Deck 

Specifications7 do not allow the use of lightweight concrete for decks reinforced with 

GFRP bars because of the lack of research.  The Canadian guidelines CAN/CSA-

S806-025 consider the effect of concrete density on tensile strength through a 

modification factor. 

            This paper presents the test results of twenty panels reinforced with GFRP 

bars, twelve of which were cast using lightweight and eight using normal weight 

concrete.  The variables studied in this research include concrete compressive 

strength, reinforcement ratio, slab thickness, deck span, and panel width.  The service 

load deflections of the panels were measured and compared to the AASHTO LRFD 

Specifications.  The ultimate shear strength of lightweight and normal weight concrete 

specimens was compared, and a reduction factor is found to be necessary when 

considering the use of lightweight concrete reinforced with GFRP bars.  

2.3 Research Significance 

             Lightweight concrete precast panels are easier to lift and their use results in 

the reduction of bridge deck and substructure weight.  However, there are no data 

available with respect to the use of lightweight concrete reinforced with GFRP bars 

known to the authors.  The research reported in this paper presents test results that are 

used to evaluate the performance of lightweight and normal weight concrete panels 
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reinforced with GFRP bars for flexure without shear reinforcement.  The performance 

of lightweight is evaluated and compared to that of normal weight concrete panels 

regarding structural behavior, failure modes, service load deflection, and ultimate 

shear strength.    

2.4 Experimental Investigation 

2.4.1 Specimen Details 

Twenty concrete panels with thickness and reinforcement typical of GFRP 

reinforced decks were constructed and tested, including twelve lightweight concrete 

(LW) and eight normal weight concrete (NW) panels.  A number of batches were cast 

for both NW and LW concrete panels at two different time periods.  The NW concrete 

panels were designed using the ACI 440.1R6 flexural design method; the specimens 

were designed so that failure was governed by concrete crushing; the panels were 

checked for service load requirements according to ACI 440.1R6 (crack width 

requirement) and AASHTO LRFD guidelines (deflection requirement)7,28; additional 

panels were built using a reinforcement spacing twice that of the flexurally designed 

panels in the main direction.  The flexurally designed panels were designed to fail in a 

concrete crushing failure mode since the latter gives limited warning of impending 

failure in the form of extensive cracking and large deflection due to the significant 

elongation that FRP reinforcement experiences before rupture6.  In all tests, LW 

concrete panels were reinforced in an identical manner to NW concrete panels for 

comparison.   

The panels were divided into four series according to their dimensions and 

reinforcement.  Series A and B panels were 2 ft (0.61 m) wide, whereas Series C and 
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D panels were 6 ft (1.83 m) wide.  Tables 2.1-2.4 show relevant dimensions and the 

reinforcement ratio for all panels.  The first letter and the following number is the 

time of casting of concrete panels, where B1 = first period, B2 = second period; the 

next two letters stand for concrete type, where NW=normal weight, LW=lightweight; 

the fifth letter (E) when used stands for the case of reduced reinforcement ratio.  

Series D panels (Table 2.4) were constructed with 56% of the area of longitudinal 

reinforcement of Series C panels (Table 2.3).  The NW concrete panels in Series A, B, 

and C were designed according to the ACI 440.1R6 flexural design method.  The NW 

concrete panels in Series D were built with a reinforcement ratio equal to half that of 

Series C panels with one additional bar at the two panel edges.  The LW concrete 

panels in each series were reinforced in an identical manner to the NW concrete 

panels since currently there are no guidelines regarding the design of GFRP panels 

using LW concrete. 

  All panels were constructed at a local precast concrete plant and transported to 

the laboratory.  This was done to simulate precast bridge deck construction practice 

using the Accelerated Bridge Construction (ABC) method.  The panels were inspected 

before testing; initial cracks due to handling and transportation were measured and 

mapped. The maximum initial crack width of each panel is given in Tables 2.1-2.4. 

The number and width of the initial cracks are important in estimating the initial 

stiffness of the panels. 

All panels tested had a 2 ft (0.61 m) overhang on each side of the supports (as 

shown in Figs. 2.1 and 2.2); this overhang increased the length available to develop 

the full tensile capacity of the GFRP bars.  Actual bridge decks are continuous over 

several spans and can develop full strength in each span.  The dimensions, 
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reinforcement, and transverse section of the panels for Series A and B are shown in 

Fig. 2.1, and for Series C and D are shown in Fig. 2.2.   

The intent of the original flexural design of the panels was to provide a 

reinforcement ratio (ρf) higher than the balanced reinforcement ratio (ρb).  However, 

because the concrete as cast had a higher compressive strength than the design 

strength, the resulting reinforcement ratio ended up being approximately equal to the 

balanced reinforcement ratio.  Series A and B panels shown in Fig. 2.1 were 

constructed using a width of 2 ft (0.61 m) to simulate the design of bridge decks 

according to AASHTO Bridge Design Specifications28.  Series A panels shown in Fig. 

2.1(a) had a deck span of 8 ft (2.44 m) typical of GFRP reinforced cast-in-place 

normal weight concrete bridge decks.  Series B panels shown in Fig. 2.1(b) had a deck 

span of 9 ft-6 in. (2.90 m) which is typical of steel reinforced cast-in-place normal 

weight concrete bridge decks.  Series C panels shown in Fig. 2.2(a) were constructed 

using a 6 ft (1.83 m) width to simulate the behavior of a recently constructed bridge 

deck in Utah using 6 ft-10 in. (2.08 m) x 41 ft-5 in. (12.62 m) normal weight precast 

concrete panels 9 ¼ in. (235 mm) thick, reinforced with GFRP bars.  Series D panels 

shown in Fig. 2.2(b) had the same dimensions as Series C panels with half the 

reinforcement; the actual reinforcement ratio of Series D panels was 56% the amount 

of GFRP reinforcement ratio since one extra GFRP bar was added on each side of the 

panel.  This was done to investigate whether the amount of reinforcement and thus the 

cost of the panels could be reduced, without affecting acceptable performance.   
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2.4.2 Materials 

All concrete panels in this research were reinforced with # 5 (Ф16) GFRP 

bars.  The tensile strength of the specific lot of GFRP bars used in this research was 

103,700 psi (655 MPa), and the modulus of elasticity was 6,280,000 psi (40.8 GPa).  

These properties were determined using ACI 440.3R29 test procedures for the specific 

lot of bars used in this research.  The compressive strength of NW concrete at the time 

of testing ranged from 8,500 psi (59 MPa) to 12,600 psi (87 MPa); the compressive 

strength of LW concrete ranged from 8,100 psi (56 MPa) to 10,900 psi (75 MPa), as 

shown in Tables 2.1-2.4.  The coarse hard rock aggregate for NW concrete had a size 

of ¾ in. (19 mm); the expanded shale aggregate for LW concrete had a size of ½ in. 

(12.7 mm).  Fine aggregate used for the LW concrete was sand commonly used in 

NW concrete; thus, the LW concrete used in this research is classified as sand-

lightweight concrete.  The unit weight of the LW concrete used was 123 lb/ft3 (1970 

kg/m3).  Split cylinder tests were carried out for both types of concrete.  The mean 

tensile splitting strength of LW concrete was 82% that of NW concrete.  

2.5 Instrumentation 

All specimens were instrumented in a manner similar to that shown in Fig. 2.3.  

Electrical resistance strain gauges were adhesively bonded to GFRP bars to measure 

strain in the longitudinal (B10_1 to B10_9) and transverse directions (BL_11 to 

BL_16) as shown by the solid boxes in Fig. 2.3.  Additional electrical resistance strain 

gauges were bonded to the top surface of the panels to measure strain in the concrete 

as shown by the dashed boxes in Fig. 2.3 (CSG1 to CSG6).  One Linear Variable 

Differential Transducer (LVDT) was attached to the bottom of the panels at midspan 
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and two at the quarter span points for the 2 ft (0.61 m) wide panels to measure 

deflections.  One LVDT was attached at midspan and two at the quarter span points 

for the 6 ft (1.83 m) wide panels; two additional LVDTs were used on each side of the 

panels at the outer edges at midspan.  The dashed lines in Fig. 2.3 are the centerlines 

of the supporting beams and the rectangle in the middle of the panel is the steel 

bearing plate used to apply the load. 

2.6 Test Setup and Procedure 

All panels were tested as shown in Fig. 2.4; the panels were simply supported 

on two reinforced concrete beams.  Elastomeric pads 6 in. (152 mm) wide and 2 in. 

(51 mm) thick were placed on the two supporting beams so the panels could rotate 

freely near the support without crushing the panel.  This setup is a simplification of 

actual support conditions for precast concrete panels used in bridge decks.  Typically, 

block-outs in the panels are grouted to connect them to the supporting girders to 

achieve composite action.   

The load was applied using a hydraulic actuator through a 10 in. x 20 in. x 1 

in. (254 mm x 508 mm x 25 mm) steel bearing plate, which simulates the area of a 

double tire truck load on a bridge deck (AASHTO28).  The load was applied as a 

series of half-sine downward cycles of increasing amplitude without stress reversals, 

with a constant loading rate of 0.2 in./min (5.08 mm/min) using displacement control.  

The loading procedure used for the actuator displacement is shown in Fig. 2.5, where 

downward displacement is positive.  The loading scheme was intended to simulate the 

repeated truck loading on the panels of a precast concrete bridge deck.   
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2.7 Experimental Results 

2.7.1 Behavior 

All panels developed flexural cracks at lower load levels and additional 

diagonal cracks at higher load levels.  Ultimately the panels failed in a diagonal 

tension failure mode, as shown in Fig. 2.6 for 2 ft (0.61 m) wide panels and Fig. 2.7 

for 6 ft (1.83 m) wide panels.  The panels were designed so that concrete crushing 

failure would control; accordingly the reinforcement ratio was intended to be higher 

than the balanced reinforcement ratio.  However, the actual concrete compressive 

strength was higher than the design strength, which led to a slightly lower 

reinforcement ratio than the balanced reinforcement ratio; despite this, the panels 

failed in a concrete crushing failure mode.  After formation of the critical diagonal 

crack near one of the two supports, the concrete was horizontally split along both the 

top and bottom reinforcing mats and debonding of the top and bottom bars occurred; 

ultimately, concrete crushed on the compression face of the panels.  All panels failed 

by the same failure mode regardless of concrete type (NW concrete or LW concrete), 

panel dimensions, or amount of reinforcement.  Failure of the panels was sudden; the 

GFRP bars in the bottom mat did not fracture in any of the tests even though they 

experienced significant deformation, as shown in Fig. 2.8.  The measured maximum 

load and deflection of all panels tested in this research is provided in Tables 2.1-2.4.  

A comparison of the ultimate load of NW and LW panels shows that the latter had a 

lower capacity.  This was expected as the tensile strength of LW concrete is lower 

(75%-100%) compared to NW concrete3.  On average, LW concrete panels reached 

81% of the shear capacity of NW panels.  As far as ultimate deflection, on average, 

LW concrete panels reached 77% of the ultimate deflection of NW panels.     
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2.7.2 Strain Measurements 

Figure 2.9 shows strains measured from strain gauges (SG) in panel #17 

B2LW, which is representative of the 6 ft (1.83m) wide LW panels.  The strains in a 

bottom GFRP bar at the mid-width of the panel are shown.  The strain gauge numbers 

correspond to the locations shown in Fig. 2.3.  As the load increases, strains also 

increase during each cycle.  After unloading, residual strains remain in the GFRP 

bars; the residual strains increase as the load increases.  Strains are higher in the bar 

when the strain gauge is located near the load bearing plate as evidenced by 

comparing strains in SG B10_1, SG B10_2, and SG B10_3.  The maximum strain in 

the GFRP bar occurs near the perimeter of the load bearing plate rather than at 

midspan; this is shown by comparing SG B10_3 and SG B10_4.  Strain Gauge B10_2 

reached much higher strains in the last two cycles of loading because the critical 

diagonal crack formed in its proximity.  The strain gauges located symmetrically with 

respect to midspan show similar strains at the beginning of the test, but have different 

values in the last few cycles because of the development of the critical diagonal crack 

near one of the supports.   

Figure 2.10 shows the strains in the GFRP bars in the transverse (6 ft (1.83 

m)) direction of the panels.  The strains in these GFRP bars increase rapidly as the 

position of the strain gauge approaches the midpoint of the panel.  The strains in the 

transverse direction are much smaller than the strains in the longitudinal direction; in 

general, the peak strain in the 6 ft (1.83 m) direction was 30% to 60% of the strain in 

the 12 ft (3.66 m) direction for both NW and LW concrete panels.  The strain in the 

transverse direction is due to the transfer of the applied load across the entire width of 
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the panel; this shows that the outer edges of the panel are trying to hold up the center 

section that is directly under the applied load.    

2.7.3 Load-Deflection Envelopes  

Load-deflection envelopes were constructed by connecting consecutive points 

of the maximum load for each cycle.  Figures 2.11-2.13 show that the load deflection 

envelopes are generally bilinear.  The first line segment is up to the point where the 

section reached the cracking moment; in this segment, the panels have a higher 

stiffness; this is the initial stiffness given in Tables 2.1-2.4.   Before the section 

reached the cracking moment, for panels with the same reinforcement ratio, the 

stiffness was approximately the same for both NW and LW concrete panels within 

each series.  After the section reached the cracking moment, both NW and LW panels 

had a much smaller stiffness, approximately 13% to 35% of the initial stiffness.   

Figures 2.11 and 2.12 show the stiffness of 2 ft (0.61 m) wide panels for two 

different deck spans.  Series B panels had 80% the stiffness of Series A panels before 

the section reached the cracking moment; after the section reached the cracking 

moment, Series B panels had 83% the stiffness of Series A panels.  The stiffness of 

the panels with reduced reinforcement ratio (Series D) was 60% of the stiffness of the 

Series C panels with the higher reinforcement ratio (Series C), for both NW and LW 

concrete panels.  Comparing Tables 2.1 and 2.2, the ultimate load of Series A LW 

concrete panels is 5% higher than Series B LW panels, while the ultimate load of 

Series A NW concrete panels is 13% higher than Series B NW panels.  By increasing 

the thickness, Series B panels which had a longer span achieved a similar 
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performance to Series A panels in terms of stiffness, ultimate load, and ultimate 

deflection, as shown in Tables 2.1-2.4.   

Figure 2.13 shows that after the section reached the cracking moment, the 

stiffness of the 6 ft (1.83 m) wide panels was influenced by the reinforcement ratio, as 

evidenced by a comparison of Series C and Series D panels (underlined in Fig. 2.13).  

Before the section reached the cracking moment, the panel stiffness is related to the 

number and width of initial cracks but not the reinforcement ratio; this is 

demonstrated by the fact that the initial stiffness (stiffness before the section reached 

the cracking moment) of Series D panels reached 94% of the stiffness of Series C 

panels; after cracking, the stiffness of Series D panels is only 60% of Series C panels.  

All panels tested had initial cracks 0.002 in. (0.05 mm) wide or wider, as shown in 

Tables 2.1-2.4.  Initial crack widths resulting from specimen handling had no effect 

on the ultimate load capacity provided they were smaller than 0.01 in. (0.25 mm) 

wide.  It is clear that handling stresses can create cracks, which in turn can reduce 

local bond and aggregate interlock and thus reduce the shear capacity of the member.  

Handling of precast concrete panels reinforced with GFRP bars requires extra care.  

One method for handling such panels would be to lift them with straps placed 

underneath the panels at multiple points rather than using lifting hoops at the four 

corners.  

Figures 2.11 and 2.13 show the behavior for different panel widths but the 

same deck span of 8 ft (2.44 m).  Before the cracking moment was reached, the 

stiffness of Series A panels was 50% of the stiffness of Series C panels; after the 

section reached the cracking moment, Series A panels had a stiffness equal to 39% of 

the stiffness of Series C panels.  Comparing Tables 2.1 and 2.3, the ultimate load 
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capacity of Series C panels was on average 2.7 times that of Series A panels for both 

NW and LW concrete.  This demonstrates that panel capacity is not linearly 

proportional to panel width.  This is due to the manner in which the panels were 

loaded (steel plate in the middle section of the panel) and the elastomeric support 

conditions (the middle sections of the elastomeric supports deflected more than the 

outer sections).   

Comparing Tables 2.3 and 2.4, the ultimate load capacity of NW panels with 

reduced reinforcement ratio (Series D) was on average 77% of the NW panels with 

nominal reinforcement (Series C); similarly, the capacity of the LW Series D panels 

was on average 80% of the LW Series C panels.  This is true even though the ratio of 

reduced to nominal reinforcement was 56%.  The explanation for this is that the 

GFRP bar strains for the Series D panels were on average 10% to 16% higher than the 

Series C panels, thus contributing to higher flexural capacity; the increase in GFRP 

bar strain was limited because of the shear failure mode observed in all tests.    

2.8 Service Load Deflection Comparison with                          

AASHTO LRFD Specifications  

            Service load deflections typically control the design of GFRP reinforced 

concrete bridge decks.  The deflections of GFRP reinforced precast concrete panels 

were recorded continuously during the tests.  The recorded service load deflections of 

the panels were compared to the deflection requirements of the AASHTO LRFD 

Bridge Design Specifications28.  Table 2.5 shows the deflection of the panels at 

service load and the ratio of the measured deflection to the allowable.  The allowable 

deflection at service load in AASHTO28 is 800L , where L is the span length; thus 
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the deflection requirement at service load is 0.12 in. (3.0 mm) and 0.14 in. (3.6 mm) 

for the 8 ft (2.44 m) span and 9 ft-6 in. (2.90 m) span panels, respectively.  Comparing 

the experimental deflection measured at service load, it is found that all panels satisfy 

the service load deflection requirement of AASHTO28, except for the two lightweight 

concrete panels with reduced reinforcement ratio of Series D.  On average, the 

deflection of all lightweight concrete panels is 1.4 times that of all normal weight 

concrete panels at service load.   

2.9 Ultimate Load and Ultimate Moment Comparisons  

with AASHTO LRFD Specifications  

In AASHTO LRFD Bridge Design Specifications28, an HL-93 live load is 

used for design.  The HL-93 live load consists of a design truck or tandem, combined 

with a design lane load.  For 2 ft (0.61 m) wide panels, an HS truck causes the 

maximum shear load; for 6 ft (1.83 m) wide panels, tandem causes the maximum 

shear load.  Table 2.6 shows the ratio of the achieved ultimate load to the AASHTO 

load on average.  The minimum load ratio is 1.5 for NW concrete and 1.3 for LW 

concrete panels.  This comparison shows that all panels exceeded the load capacity 

required by AASHTO Specifications, with the wider panels having more conservative 

results.  This conservatism becomes more pronounced when one considers that for HS 

trucks, the distance between wheel axles is 14 ft (4.27 m).  AASHTO bridge decks are 

designed using ultimate moment capacity.  Table 2.6 shows the ratio of ultimate 

moment achieved to the AASHTO design moment.  The minimum moment ratio is 

3.9 for NW panels and 3.3 for LW panels.  The comparison shows that all panels 

exceeded the moment capacity required by AASHTO Specifications. 
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2.10 Shear Strength Comparison with ACI 440.1R  

Guidelines  

            To predict the shear capacity of flexural members using GFRP bars as the 

main reinforcement, ACI 440.1R6 uses the following equations: 

 

'2
5c c wV f b c=                                                   2.1(a) 

c kd=                                                          2.1(b) 

                             2.1(c) 

1.5 '0.043c c cE w f=                                              2.1(d) 

1.5
'3.32 6895

2320
c

c c
wE f   = +                                     2.1(e) 

 

where '
cf = specified compressive strength of concrete (MPa); wb = web width (mm); 

c = cracked transformed section neutral axis depth (mm); d = distance from extreme 

compression fiber to centroid of tension reinforcement (mm); fn = ratio of modulus of 

elasticity of FRP bars to modulus of elasticity of concrete; fρ = FRP reinforcement 

ratio; k = ratio of depth of neutral axis to reinforcement depth; cE = modulus of 

elasticity of concrete (MPa), where Eq. (2.1d) applies to normal strength concrete for 

'
cf  less than 41 MPa and Eq. (2.1e) for high strength concrete for '

cf  greater than 41 

MPa; and cw =density of concrete.               

( )2
2 f f f f f fk n n nρ ρ ρ= + −
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            Figure 2.14 shows a comparison of experimental ultimate shear to the ACI 

440.1R predicted shear strength using Eq. (2.1) for the present study; the experimental 

shear strength is larger than the predicted shear strength.  In addition, the shear 

strength of lightweight concrete panels had a smaller reserve strength compared to 

normal weight concrete panels.  Figure 2.15 shows the comparison of experimental 

ultimate shear to the ACI 440.1R predicted shear strength using an extended database.  

The extended database includes beam or slab tests from the literature (Swamy and 

Aburawi15, Deitz et al.16, Alkhrdaji et al.17, Yost et al.18, Tureyen and Frosch19, Gross 

et al.20, Ashour21, El-Sayed et al.22-24, Alam and Hussein25, Jang et al.26, and Bentz et 

al.27), in which the normal weight concrete specimens were reinforced with GFRP 

bars without any transverse reinforcement and failed in one-way shear.  Figure 2.15 

shows the same trend as Fig. 2.14.  Comparing the experimental shear of normal 

weight to lightweight concrete members, it is found that the ACI 440.1R equation 

must use a reduction factor for lightweight concrete, if lightweight concrete members 

reinforced with GFRP bars are to have the same conservatism as normal weight 

concrete members.   

2.11 Conclusions 

            The performance of precast lightweight concrete panels reinforced with GFRP 

bars was investigated and compared to that of normal weight concrete panels 

reinforced in an identical manner.  The main findings of this research are summarized 

as follows:   

1. Satisfactory performance of panels with different spans was achieved 

following the ACI 440.1R guidelines.  Panels were tested for two different 
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deck spans, 8 ft (2.44 m) and 9 ft-6 in. (2.90 m), with the same reinforcement 

spacing.  By increasing the thickness of the panels to 10 ¾ in. (273 mm), 

panels with a 9 ft-6 in. (2.90 m) span achieved a similar performance in terms 

of stiffness, service load deflection, and ultimate load compared to 8 ft (2.44 

m) span panels with a 9 ¼ in. (235 mm) thickness.   

2. All panels designed and reinforced according to ACI 440.1R satisfied the 

service load deflection limit of the AASHTO LRFD Specifications.  

Lightweight concrete panels with only 56% the reinforcement ratio of the 

panels designed according to ACI 440.1R did not satisfy the service load 

deflection limit of the AASHTO LRFD Specifications, even though normal 

weight concrete panels with reduced reinforcement ratio satisfied the 

deflection requirement.  On average, the service load deflection of lightweight 

concrete panels was 1.4 times that of normal weight concrete panels. 

3. The number and width of initial cracks controlled panel stiffness before the 

section reached the cracking moment.  Initial crack widths resulting from 

handling of the specimens had no effect on the ultimate load capacity provided 

they were smaller than 0.01 in. (0.25 mm) wide.  After the panels reached the 

cracking moment, both normal weight and lightweight concrete panels had a 

reduced stiffness ranging from 13% to 35% of the initial stiffness.  Handling 

of precast panels reinforced with GFRP bars requires extra care; one suggested 

method is to lift the panels with straps placed underneath the panels at 

multiple points rather than using lifting hoops at the four corners of the panel.      

4. The shear strength of lightweight concrete panels reinforced with GFRP bars 

was on average 81% that of normal weight concrete panels reinforced with 
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GFRP bars.  This is due to the lower tensile strength of lightweight concrete 

compared to normal weight concrete, and the resulting reduction of the 

splitting resistance.     

5. The ultimate shear strength of panels with a reduced reinforcement ratio (56% 

of flexurally designed panels) was 77% and 80% of the panels designed 

according to ACI 440.1R for normal weight and lightweight concrete, 

respectively.  The reason for this is that GFRP bars in panels with the reduced 

amount of reinforcement developed higher strains (10%-16%) than the 

flexurally designed panels; however, this increase in strain was limited due to 

the shear failure mode of the panels.    

6. The ultimate load performance of both normal weight and lightweight 

concrete panels is acceptable when compared to the standard design truck 

load.  The 2 ft (0.61 m) wide panels with the load configuration tested in this 

research achieved a capacity of 1.3 to 1.7 times the load, and 4.4 to 6.1 times 

the moment requirement of the AASHTO LRFD Specifications.  The 6 ft 

(1.83 m) wide panels achieved a capacity of 1.8 to 2.7 times the load, and 3.1 

to 5.5 times the moment requirement of the AASHTO LRFD Specifications.  

7. The ACI 440.1R shear strength equations are conservative in predicting the 

ultimate shear strength of GFRP reinforced members.  Lightweight concrete 

had a smaller shear strength reserve compared to normal weight concrete for 

panels tested in this research and for panels from an extended database, which 

included normal weight concrete from the literature.  This research has shown 

that a reduction factor is required for predicting the shear strength of 

lightweight concrete when GFRP bars are used as reinforcement.   
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2.12 Notation 

            wb =web width;  

            c = cracked transformed section neutral axis depth; 

            d = distance from extreme compression fiber to centroid of tension   

                   reinforcement; 

            cE = modulus of elasticity of concrete; 

            
'

cf =concrete compressive strength;  

            h =overall height of flexural member;  

            k = ratio of depth of neutral axis to reinforcement depth; 

            LW=lightweight concrete; 

            fn = ratio of modulus of elasticity of FRP bars to modulus of elasticity of  

                    concrete; 

            NW=normal weight concrete; 

            maxp =maximum load recorded from actuator; 

            S =deck span; 

            cw =density of concrete; 

            fρ =FRP reinforcement ratio; 

            fbρ =FRP reinforcement ratio producing balanced strain conditions 
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Table 2.1  Series A panels: 2 ft (0.61 m) wide x 9 ¼ in. (235 mm) thick with 8 ft (2.44 m) 
span 

Specimen 
Number 

fc’ 
psi 

(MPa) 

ρf 
% 

ρb 
% 

Initial 
crack 
width 

in. 
(mm) 

Initial 
stiffness 
kip/in. 

(kN/mm) 

Vexp 
kips 
(kN) 

 

Pmax  
kips 
(kN) 

∆ult. 
in. 

(mm) 

 #1 B1NW 10,370 
(71.50) 0.94 0.95 0.002 

(0.051) 
87.79 

(15.37) 
30.62 

(136.2) 
59.37 

(264.1) 
2.09 

(53.1) 

#2 B2NW 12,650 
(87.22) 0.94 1.16 0.002 

(0.051) 
175.30 
(34.20) 

30.26 
(134.6) 

58.56 
(260.5) 

1.77 
(45.0) 

#3 B2NW 8,760 
(60.40) 0.94 0.80 0.002 

(0.051) 
160.36 
(28.08) 

27.62 
(122.9) 

53.38 
(237.4) 

1.70 
(43.2) 

#4 B1LW 9,090 
(62.67) 0.94 0.83 0.007 

(0.178) - 24.26 
(112.4) 

48.66 
(216.5) 

1.52 
(38.6) 

#5 B1LW 10,930 
(75.36) 0.94 1.00 0.002 

(0.051) 
102.35 
(17.92) 

23.09 
(102.7) 

44.32 
(197.1) 

1.06 
(26.9) 

#6 B2LW 8,700 
(59.98) 0.94 0.80 0.005 

(0.127) - 23.18 
(103.1) 

44.50 
(197.9) 

1.61 
(40.9) 

#7 B1LW* 8,730 
(60.19) 0.94 0.91 0.002 

(0.051) - 27.46 
(122.2) 

53.20 
(236.6) 

0.69 
(17.6) 

                  *span was 6.66 ft (2.03 m) 
 

Table 2.2  Series B panels: 2 ft (0.61 m) wide x 10 ¾  in. (273 mm) thick with 9 ft-6 in. 
(2.82 m) span 

Specimen 
Number 

fc’ 
psi 

(MPa) 

ρf 
% 

ρb 
% 

Initial 
crack 
width 

in. 
(mm) 

Initial 
stiffness 
kip/in. 

(kN/mm) 

Vexp 
kips 
(kN) 

 

Pmax  
kips 
(kN) 

∆ult. 
in. 

(mm) 

#8 B1NW 11,420 
(78.74) 0.79 1.05 0.016 

(0.406) 
80.35 

(14.07) 
24.01 

(106.8) 
45.45 

(202.2) 
2.73 

(69.3) 

#9 B2NW 8,840 
(60.95) 0.79 0.81 0.002 

(0.051) 
122.80 
(21.51) 

27.95 
(124.3) 

53.32 
(237.2) 

1.81 
(46.0) 

#10 B1LW 9,080 
(62.60) 0.79 0.83 0.004 

(0.102) 
93.93 

(16.45) 
22.44 
(99.8) 

42.30 
(188.2) 

1.79 
(45.5) 

#11 B2LW 8700 
(59.98) 0.79 0.80 0.003 

(0.076) 
119.84 
(20.99) 

23.69 
(105.4) 

44.80 
(199.3) 

1.88 
(47.8) 
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Table 2.3  Series C panels: 6 ft (1.83 m) wide x 9 ¼ in. (235 mm) thick with 8 ft (2.44 m) 
span 

Specimen 
Number 

fc’ 
psi 

(MPa) 

ρf 
% 

ρb 
% 

Initial 
crack 
width 

in. 
(mm) 

Initial 
stiffnes

s 
kip/in. 
(kN/m

m) 

Vexp 
kips 
(kN) 

 

Pmax  
kips 
(kN) 

∆ult. 
in. 

(mm) 

#12 B1NW 12,130 
(83.63) 0.96 1.11 0.007 

(0.178) 
269.62 
(47.22) 

87.63 
(389.8) 

169.82 
(755.4) 

3.31 
(84.1) 

#13 B2NW 8,510 
(58.67) 0.96 0.78 0.002 

(0.051) 
270.60 
(47.39) 

72.74 
(323.6) 

140.05 
(623.0) 

2.64 
(67.1) 

#14 B1LW 9,080 
(62.60) 0.96 0.83 0.003 

(0.076) 
296.11 
(51.86) 

61.76 
(274.7) 

118.09 
(525.3) 

1.83 
(46.5) 

#15 B1LW 9,080 
(62.60) 0.96 0.83 0.007 

(0.178) 
201.59 
(35.30) 

65.23 
(290.2) 

125.02 
(556.1) 

3.32 
(84.3) 

#16 B2LW 8,250 
(56.88) 0.96 0.76 0.002 

(0.051) 
245.85 
(43.06) 

67.21 
(299.0) 

128.99 
(573.8) 

2.63 
(66.8) 

#17 B2LW 8,060 
(55.57) 0.96 0.74 0.005 

(0.127) 
283.61 
(49.67) 

68.01 
(302.5) 

130.58 
(580.8) 

1.65 
(41.9) 

 

 

Table 2.4  Series D panels: 6 ft (1.83 m) wide x 9 ¼ in. (235 mm) thick with 8 ft (2.44 m) 
span 

Specimen 
Number 

fc’ 
psi 

(MPa) 

ρf 
% 

ρb 
% 

Initial 
crack 
width 

in. 
(mm) 

Initial 
stiffness 
kip/in. 

(kN/mm) 

Vexp 
kips 
(kN) 

 

Pmax  
kips 
(kN) 

∆ult. 
in. 

(mm) 

#18 B1NWE 12,130 
(83.63) 0.54 1.11 0.005 

(0.127) 
334.24 
(58.53) 

62.09 
(276.2) 

118.75 
(528.2) 

2.96 
(75.2) 

#19 B1LWE 9,080 
(62.60) 0.54 0.83 0.009 

(0.229) 
213.27 
(37.35) 

56.03 
(249.2) 

106.62 
(474.3) 

2.35 
(59.7) 

#20 B2LWE 8,060 
(55.57) 0.54 0.74 0.005 

(0.127) 
189.19 
(33.13) 

49.71 
(221.1) 

93.99 
(418.1) 

1.99 
(50.5) 
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Table 2.5  Service load deflection of panels and comparison with AASHTO LRFD 
Specifications 

Series Specimen 

Service load 
deflection Service/AASHTO 

∆service 
(mm) ∆service/∆all 

A 

#1 B1NW 2.01 66% 
#2 B2NW 1.02 33% 
#3 B2NW 1.22 40% 
#4 B1LW 1.70 56% 
#5 B1LW 1.68 55% 

B 

#8 B1NW 3.05 84% 
#9 B2NW 1.45 40% 
#10 B1LW 1.88 52% 
#11 B2LW 1.73 48% 

C 

#12 B1NW 1.80 59% 
#13 B2NW 1.88 62% 
#14 B1LW 1.75 57% 
#15 B1LW 2.74 90% 
#16 B2LW 2.79 92% 
#17 B2LW 1.83 60% 

D 
#18 B1NWE 1.60 52% 
#19 B1LWE 3.63 120% 
#20 B2LWE 3.71 122% 

 

Table 2.6  Ultimate load and ultimate moment comparisons with AASHTO LRFD 
Specifications 

Series Specimens Ultimate 
load/AASHTO 

Ultimate 
Moment/AASHTO 

A NW 1.7 5.5 
LW 1.4 4.6 

B NW 1.5 5.7 
LW 1.3 5.1 

C NW 2.7 5.0 
LW 2.2 4.1 

D NW 2.1 3.9 
LW 1.8 3.3 

NW=normal weight concrete; LW=lightweight concrete 
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39 

 

 

 

6'
-0

''

2'-0'' 8'-0'' 2'-0''

18
#5

@
4''

24#5@6''

A

2''

3'' 3''

2''

A

support

 
 

6'-00''

21 8'
'

1'
'

4''

C
LR

C
LR

2''

91 4'
'

4''
 

Section A-A 
(a) 
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(a) Series C panels; (b) Series D panels (1 in. =25.4 mm) 
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Fig. 2.4  Test setup: (a) elevation; (b) plan (1 in. =25.4 mm, 1 ft = 0.305 m) 
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Fig. 2.5  Loading procedure for actuator displacement 
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Fig. 2.6  Diagonal tension failure of 2 ft (0.61 m) wide panels:                                                                    

(a) NW panel; (b) LW panel 
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(a) 

 
(b) 

Fig. 2.7  Diagonal tension failure of 6 ft (1.83 m) wide panels:                                                                    

(a) NW panel; (b) LW panel 

 

 

 

Fig. 2.8  Deformation of GFRP bars at bottom of panels after shear failure 
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Fig. 2.9  Strains in GFRP bar along 12 ft (3.66 m) dimension of lightweight concrete 

panel #17 B2LW  

 

Fig. 2.10  Strains in GFRP bar along 6 ft (1.83 m) dimension of lightweight concrete 

panel #17 B2LW 
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Fig. 2.11  Load-deflection diagrams for 2 ft (0.61 m) wide Series A panels  

              

Fig. 2.12  Load-deflection diagrams for 2 ft (0.61 m) wide Series B panels 
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Fig. 2.13  Load-deflection diagrams for 6 ft (1.83 m) wide Series C and Series D panels 

(underlined) 

 
Fig. 2.14  Comparison of predicted and experimental shear strength (current research) 
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Fig. 2.15  Comparison of predicted and experimental shear strength (extended database) 
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3 SHEAR STRENGTH OF PRECAST GFRP REINFORCED 

LIGHTWEIGHT CONCRETE PANELS  

Ruifen Liu, Chris P. Pantelides 

3.1 Abstract 

             The capacity of lightweight concrete panels reinforced with GFRP bars is 

investigated in terms of shear strength.  An extended database of 97 test results 

including normal weight and lightweight concrete restricted to members reinforced 

with GFRP bars for flexure without any shear reinforcement was compiled.  The shear 

strength of lightweight concrete panels was compared to that of normal weight 

concrete beams and panels tested in this research and the extended database.  Analysis 

of the data has resulted in a proposed reduction factor for sand-lightweight concrete 

panels reinforced with GFRP bars for possible use in the current ACI 440.1R-06 

guidelines.  The shear predictions using Canadian (CAN/CSA-S806-02) and Japanese 

(JSCE) recommendations are also compared to the extended database; each of these 

two provisions predicts the shear strength of lightweight and normal weight concrete 

panels reinforced with GFRP bars with a similar degree of conservatism.  

3.2 Introduction 

Fiber Reinforced Polymer (FRP) composites have gained acceptance as 

structural reinforcement for concrete members because of concern for chloride 

induced corrosion of steel.  Several guidelines have been published for the design of 
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fiber reinforced polymer bars in concrete members.  For flexural design, the 

provisions of the available guidelines follow a rational theory similar to that used for 

flexural members reinforced with conventional steel.  The flexural strengths predicted 

by the developed guidelines are unlikely to vary by more than 10% (El-Sayed and 

Benmokrane, 2008).   

Many design provisions and guidelines have been published regarding the 

shear capacity of concrete beams or slabs reinforced with GFRP bars, such as the 

Japan Society of Civil Engineers Design Provisions (JSCE, 1997), the Canadian 

Design Provisions (CAN/CSA-S806, 2002), the American Concrete Institute 

Guidelines (ACI 440.1R, 2006), and the American Association of State Highway and 

Transportation Officials Load Resistance Factor Design Guide Specifications for 

GFRP Reinforced Decks and Traffic Railings (AASHTO, 2009).  The shear capacity 

of GFRP reinforced members has been investigated extensively in the literature.  

Swamy and Aburawi (1997), Deitz et al. (1999), Alkhrdaji et al. (2001), Yost et al. 

(2001), Tureyen and Frosch (2002), Gross et al. (2003), Ashour (2005), El-Sayed et 

al. (2003, 2006a, 2006b), Alam and Hussein (2009), Jang et al. (2009), and Bentz et 

al. (2010) have investigated the shear capacity of normal weight concrete beams or 

slabs reinforced with GFRP bars without transverse shear reinforcement.  In the 

aforementioned studies, normal weight concrete was used with either normal or high 

strength; in addition, all members tested failed in one-way shear.  

There is a paucity of research regarding the use of lightweight concrete with 

GFRP bars as reinforcement.  ACI 440.1R (2006) does not provide specific guidance 

for lightweight concrete reinforced with GFRP bars; AASHTO (2009) does not allow 

the use of lightweight concrete for decks reinforced with GFRP bars.  The Canadian 
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guidelines CAN/CSA-S806 (2002) consider the effect of concrete density on tensile 

strength through a modification factor.   

  A research program has been carried out to investigate the shear capacity of 

GFRP reinforced lightweight concrete panels.  This paper presents the quantification 

of the shear strength of concrete panels reinforced with GFRP bars, twelve of which 

were lightweight concrete and eight normal weight concrete.  The variables included 

concrete compressive strength, reinforcement ratio, slab thickness, deck span, and 

panel width.  Available test data for normal weight concrete reinforced with GFRP 

bars in flexure were collected and compared to tests in the present research.  A 

reduction factor is proposed for the shear capacity of lightweight concrete members 

reinforced with GFRP bars for possible use in the ACI 440 guidelines. 

3.3 Current Recommendations for One-way Shear  

Strength of GFRP Reinforced Concrete Members 

3.3.1 American Concrete Institute Guidelines (ACI 440.1R 2006) 

The concrete shear capacity cV  of flexural members using GFRP bars as the 

main reinforcement is given as: 

 

'2
5c c wV f b c=                                                                (3.1a) 

c kd=                                                                        (3.1b) 

 ( )2
2 f f f f f fk n n nρ ρ ρ= + −

                                                   (3.1c) 

1.5 '0.043c c cE w f=                                                                    (3.1d) 
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1.5
'3.32 6895

2320
c

c c
wE f   = +                                                    (3.1e) 

 

where '
cf = specified compressive strength of concrete (MPa); wb = web width (mm); 

c = cracked transformed section neutral axis depth (mm); d = distance from extreme 

compression fiber to centroid of tension reinforcement (mm); fn = ratio of modulus of 

elasticity of FRP bars to modulus of elasticity of concrete; fρ = FRP reinforcement 

ratio; k = ratio of depth of neutral axis to reinforcement depth; cE = modulus of 

elasticity of concrete (MPa), where Eq. (3.1d) applies to normal strength concrete for 

'
cf  less than 41 MPa and Eq. (3.1e) for high strength concrete for '

cf  greater than 41 

MPa; cw =density of concrete.   

3.3.2 Canadian Design Provisions (CAN/CSA-S806 2002) 

The concrete contribution to shear strength is calculated using the following 

equations: 

 

1
3

'0.035 f
c d c c f f w

f

V
V f E d b d

M
λ φ ρ

 
=   

                                            (3.2a)
 

' '0.1 0.2d c c w c d c c wf b d V f b dλ φ λ φ≤ ≤                                       (3.2b)  

                                              
1.0f

f

V
d

M
≤

                                                               (3.2c) 
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where dλ = factor for the concrete density effect; cφ = resistance factor for concrete;                 

fE = modulus of elasticity of GFRP bars (MPa); fV = shear at section of interest (kN); 

fM = moment at section of interest (kN x m). The Canadian Code specifies that dλ = 

0.85 for sand-lightweight concrete (semi-low-density) in which all the fine aggregate 

is natural sand, and dλ = 0.75 for all lightweight (low-density) concrete in which none 

of the fine aggregate is natural sand.  These values of dλ  are the same values used in 

the ACI 318-08 Building Code Requirements19 for steel reinforcement. 

For sections with an effective depth greater than 300 mm without transverse 

shear reinforcement or less transverse reinforcement than the minimum required by 

code, the value of cV  is calculated using the following equation: 

 

                  
' '130 0.08

1000c d c c w d c c wV f b d f b d
d

λ φ λ φ = ≥ +                                   (3.2d) 

 

3.3.3 Japan Society of Civil Engineer                                                 

Design Provisions (JSCE 1997) 

The Japan Society of Civil Engineers has published design provisions for 

shear design; the shear capacity is given as:  

 

/c d p n vcd w bV f b dβ β β γ=                                                       (3.3a) 

( )1/3'
20.2 0.72vcd c

Nf f mm= ≤
                                              (3.3b)
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( )
1

41000 1.5d dβ = ≤
                                                      (3.3c)

 

( )
1

3100 / 1.5p f f sE Eβ ρ= ≤
                                               (3.3d)

 

1 2n O dM Mβ = + ≤  for ' 0dN ≥                                              (3.3e) 

                    1 2 0n O dM Mβ = + ≥  for ' 0dN <                                              (3.3f) 

 

where bγ = member safety factor ( bγ =1.3); sE = modulus of elasticity of steel (MPa);                         

OM = decompression moment (kN x m); dM = design bending moment (kN x m); '
dN

= design axial compressive force (kN). 

3.3.4 Proposal by El-Sayed et al. (2006a) 

A proposal for the shear capacity based on research by El-Sayed et al. (2006a) 

is given as: 

 

1 ' '3

'90 6 6
f f c c

c w w
c

E f f
V b d b d

f
ρ

β

  
 = ≤                                               (3.4) 

 

where β = factor taken as 0.85 for concrete compressive strength up to and including 

28 MPa.  For compressive strength above 28 MPa, this factor is reduced continuously 

at a rate of 0.05 per each 9 MPa of compressive strength in excess of 28 MPa, but is 

not taken less than 0.65.       
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3.4 Experimental Behavior 

The geometry and properties of all the materials used in the present 

experiments are described in Table 3.1, which includes the compressive strength of 

each specimen at the time of testing.  Twelve panels were cast using lightweight 

concrete and eight using normal weight concrete.  Two panel widths (2 ft and 6 ft) 

and two spans (8 ft and 9 ft-6 in.) were tested.  Typical dimensions are shown in Fig. 

3.1(a) and the test setup is shown in Fig. 3.1(b).  The panels were divided into four 

series according to their dimensions and reinforcement.  Series A panels were 2 ft 

wide x 12 ft long (0.61 m x 3.66 m), with a thickness of 9 ¼ in. (235 mm); Series B 

panels were 2 ft wide x 13 ½ ft long (0.61 m x 4.12 m), with a thickness of 10 ¾ in. 

(273 mm), and the same reinforcement details as Series A panels.  Series C and D 

deck panels were 6 ft wide x 12 ft long (1.83 m x 3.66 m), with a thickness of 9 ¼ in. 

(235 mm); Series D panels had 56% the reinforcement ratio of Series C panels and are 

denoted by the letter E in the specimen designation in Table 3.1.  Series A, C, and D 

had a span of 8 ft (2.44 m) and Series B panels had a span of 9 ½ ft (2.90 m).  Series 

A, B, and C were designed according to the ACI 440.1R (2006) guidelines.  The 

design was governed by service load deflection and crack width.  Series D panels did 

not meet ACI 440.1R (2006) guidelines because of the reduced reinforcement ratio.   

All panels tested in this research had a diagonal tension failure mode.  During 

testing, all panels initially developed flexural cracks at midspan at lower load levels; 

as the load level was increased, shear cracks developed on each side of the panels.  

The panels failed with the formation of a critical diagonal crack near one of the two 

supports.  After formation of the critical diagonal crack, the concrete was horizontally 

split along both the top and bottom mats of the longitudinal reinforcement and 
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concrete crushed on the compression face.  At the end of the loading procedure, 

concrete at the bottom of the panels near the support spalled off but none of the 

bottom GFRP bars which were in tension ruptured, and the panels were able to hold a 

significant percentage of the ultimate load after the peak load was reached.  Figure 3.2 

shows the diagonal tension failure of normal weight and lightweight concrete panels 

for 2 ft (0.61 m) x 12 ft (3.66 m) specimens.  Figure 3.3 shows the diagonal tension 

failure of normal weight and lightweight concrete panels for 6 ft (1.83 m) x 12 ft (3.66 

m) specimens.  The panels failed in shear due to formation of a critical diagonal crack 

for both 2 ft (0.61 m) and 6 ft (1.83 m) wide specimens.  Series A, B, and C panels 

satisfied the service load deflection limit of the AASHTO LRFD Specifications 

(2009) of span/800.  Regarding Series D panels, normal weight panel #18 B1NWE 

also satisfied the deflection limit but lightweight concrete panels #19 B1LWE and #20 

B2LWE did not.  More details of the experimental program are presented in 

Pantelides et al. (2011). 

            The results for all tests carried out in the present study are shown in Table 3.2.  

A summary of the average shear strength obtained from the tests in this study is 

shown in Table 3.3 for both lightweight and normal weight concrete specimens.  It is 

clear from Table 3.3 that the lightweight concrete panels have a shear strength that 

ranges from 82% to 89% of the normal weight concrete panels for the specimens 

designed with a reinforcement ratio according to ACI 440 recommendations, and 85% 

for the specimens with a reduced reinforcement ratio (Series D). 
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3.5 Comparison of Design Provisions and                                           

Test Results 

The shear strength of twelve lightweight concrete panels and eight normal 

weight concrete panels tested in this research, reinforced with GFRP bars, was 

compared with the shear design provisions of the ACI 440.1R (2006) design 

guidelines.  The ratio of experimental shear strength to predicted shear strength 

according to Eq. (3.1) is shown in Fig. 3.4; it is clear that the ratio of experimental to 

ACI 440.1R (2006) predicted shear capacity of lightweight concrete panels reinforced 

with GFRP bars is considerably lower than that of normal weight concrete panels. 

To investigate further the trend observed in Fig. 3.4, the shear strength of 

panels in the extended database reinforced with GFRP bars was compared with the 

shear design provisions of the ACI 440.1R (2006) design guidelines, the CAN/CSA-

S806 (2002) code, the JSCE (1997) design manual, and an equation proposed by El-

Sayed et al. (2006a).  In the CAN/CSA-S806 (2002) recommendations, a coefficient 

dλ is used to consider the concrete density effect; however, to investigate the 

applicability of this coefficient, a value of dλ = 1.0 was used in this research so that 

comparisons could be made to the experimental results and other provisions or 

equations.  The ratio of experimental shear strength to predicted shear strength 

according to each design equation is shown in Figs. 3.5-3.8.  Figures 3.5-3.8 include 

results from experiments carried out in this research, and an extended database using 

data collected from additional research carried out by other investigators (Swamy and 

Aburawi (1997), Deitz et al. (1999), Alkhrdaji et al. (2001), Yost et al. (2001), 

Tureyen and Frosch (2002), Gross et al. (2003), Ashour (2005), El-Sayed et al. (2003, 
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2006a, 2006b), Alam and Hussein (2009), Jang et al. (2009), and Bentz et al. (2010)).  

These experiments were selected from the available literature to create a database that 

includes slabs or beams reinforced with GFRP bars in flexure but without any shear 

reinforcement of any kind (steel or GFRP).  All specimens in the database failed in 

shear, either in diagonal tension failure or shear compression failure.  The relevant 

geometrical properties of the members in the database and their original sources are 

given in Appendix 3.A.   

The comparison of predicted to experimental shear capacities using the four 

methods (ACI 440.1R (2006), CAN/CSA-S806 (2002), JSCE (1997), and El-Sayed et 

al. (2006a)) for the present experiments and the database is given in Table 3.2 and 

Appendix 3.B.  The mean values of all ratios of experimental to predicted shear 

capacity are shown in Table 3.4.  ACI 440.1R is the only one which is safe for all 

tests in the database, as shown in Fig. 3.5; however, it is also the most conservative 

compared to the other three predictions.  Figures 3.6-3.8 show that the CAN/CSA 

(2002), JSCE (1997) and the El-Sayed et al. (2006a) predictions have a better 

agreement with the experimental results but in a few cases, they slightly overpredict 

the shear capacity.  The ACI 440.1R (2006) predictions are more scattered for normal 

weight concrete GFRP reinforced panels compared to lightweight concrete, as is 

evident from Table 3.4. The coefficient of variation for the ACI 440.1R (2006) 

prediction is 18%, which is similar to the other three predictions (18%, 16%, and 14% 

for the El-Sayed et al. (2006a), the JSCE (1997), and CAN/CSA (2002) requirements, 

respectively).  Figure 3.5 shows that regardless of concrete type (normal weight or 

lightweight) and compressive strength, the value of the minimum ratio of 

experimental to ACI 440.1R (2006) predicted shear strength is 1.3.  
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Table 3.4 shows that ACI 440.1R (2006) predicts that the ratio of experimental 

to predicted shear capacity of lightweight concrete panels reinforced with GFRP bars 

is considerably lower than that of normal weight concrete panels.  On the other hand, 

the JSCE (1997), the CAN/CSA (2002) guidelines, and to some degree the El-Sayed 

et al. (2006a) equation predict similar ratios of experimental to predicted shear 

strength for both normal weight and lightweight concrete panels; this is the case even 

though in the CAN/CSA (2002) code the coefficient dλ   for lightweight concrete was 

assumed to be equal to 1.0.  Table 3.4 and Figs. 3.6 and 3.7 demonstrate that the 

CAN/CSA (2002) and JSCE (1997) provisions predict the shear strength of 

lightweight and normal weight concrete panels reinforced with GFRP bars with a 

similar degree of conservatism; this is attributed to the indirect manner of including 

the concrete tensile strength in these two guidelines.  The mean value of the El-Sayed 

et al. (2006a) prediction for lightweight concrete panels shown in Fig. 3.8 is 90% of 

the normal weight concrete panels, so a correction factor for lightweight concrete 

panels seems appropriate in this case.  In all shear predictions for lightweight 

concrete, the coefficient of variation was lower than the coefficient of variation for 

normal weight concrete; this is expected since the database for lightweight concrete 

specimens is smaller and the tests were carried out only in the present research; in 

addition, the range of lightweight concrete compressive strength and reinforcement 

ratios were narrow while the normal weight concrete specimens had a wider range of 

concrete compressive strengths and reinforcement ratios.  

Figure 3.9 shows the correlation of experimental to predicted shear strength 

versus reinforcement ratio.  Figure 3.9 shows that the minimum ratio of experimental 

to predicted shear strength is relatively independent of the reinforcement ratio.  The 
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minimum ratio of experimental shear strength to that of predicted shear strength by 

ACI 440.1R (2006) regardless of reinforcement ratio, type of concrete (normal weight 

or lightweight concrete), or concrete compressive strength is 1.3. 

3.6 Proposed Modification to ACI 440.1R-06  

Shear Equation for Lightweight Concrete 

Figures 3.4, 3.5, 3.9, and Tables 3.3 and 3.4 clearly show that the type of 

concrete (normal weight or lightweight concrete) should be considered in the shear 

capacity prediction using ACI 440.1R (2006).  However, the ACI 440.1R 

recommendations do not include provisions for evaluating the shear capacity of 

lightweight concrete structural members reinforced with GFRP bars.  A reduction 

factor for one-way shear capacity is presented herein by the same procedure used in 

the ACI Building Code Requirements for Structural Concrete ACI 318 (2008), to 

include the effect of lightweight concrete and introduce the same level of 

conservatism as for normal weight concrete.  The reduction factor is defined as λ in 

the ACI 318 Building Code Requirements for steel reinforced lightweight concrete 

members; the value of λ  for steel reinforced sand-lightweight concrete is given as 

0.85λ = .  Equation (3.1a) from the ACI 440.1R recommendations is modified for the 

shear capacity prediction of lightweight concrete panels reinforced with GFRP bars as 

follows: 

 

'2
5MOD f c wV f b cλ=                                                                 (3.5) 
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The tests carried out in this research and the extended database established in Table 

3.1 and Appendix 3.A for 97 beams and one-way slabs reinforced with GFRP bars for 

flexure without any shear reinforcement are used to investigate the applicability of 

Eq. (3.5) and to determine an appropriate value of the reduction factor fλ  for 

lightweight concrete panels reinforced with GFRP bars.  The experimental results in 

Table 3.3 suggest that a lower bound reduction value of fλ equal to 0.80 is 

appropriate.  Figure 3.10 shows the correlation of experimental-to-predicted shear 

strength versus compressive concrete strength for a value of fλ equal to 0.80 for the 

specimens tested in this research.  Comparing Figs. 3.4 and 3.10, it is clear that the 

modified equation yields predictions which are more rational for evaluating shear 

strength capacity of lightweight concrete panels reinforced with GFRP bars.   

A reduction factor value of fλ equal to 0.80 for sand-lightweight concrete 

reinforced with GFRP bars was determined to be adequate from the extended database 

as well.  The correlation of experimental-to-predicted shear strength versus 

compressive concrete strength is given in Fig. 3.11 using the reduction factor fλ = 

0.80 for lightweight concrete and the modified Eq. (3.5).  This reduction factor is 

smaller than the reduction factor in the ACI 318 Building Code Requirements (2008) 

for sand-lightweight concrete reinforced with steel bars.  The fact that the reduction 

factor fλ = 0.80 for sand-lightweight concrete reinforced with GFRP bars is smaller 

than λ = 0.85 for sand-lightweight concrete reinforced with steel bars is justified for 

the following reasons: (a) the bond mechanism of GFRP bars to concrete is different 

than that of steel bars, (b) the modulus of elasticity of GFRP bars is lower than that of 

steel bars, and under the same situation, GFRP reinforced members will have larger 
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deflection; the neutral axis is closer to the compression concrete fiber and the 

compression area of concrete is smaller, which will reduce the ultimate shear strength, 

and (c) GFRP reinforced concrete members have larger cracks compared with steel 

reinforced concrete members, which reduces the aggregate interlock, which will also 

reduce the ultimate shear strength.  The mean value and coefficient of variation for 

the ratio of experimental to predicted shear strength using fλ = 0.80 is given in Table 

3.5 for the panels tested in this research, and in Table 3.6 for the panels in the 

extended database.   

Figure 3.12 shows the correlation of experimental to predicted shear strength 

versus reinforcement ratio using the modified Eq. (3.5).  Comparing Figs. 3.9 and 

3.12, it is clear that the proposed modification yields a similar conservatism for 

normal weight and lightweight concrete panels reinforced with GFRP bars.  Table 3.6 

and Figs. 3.11 and 3.12 show that the modified equation (Eq. 3.5) yields predictions 

that are more rational for evaluating the shear strength of sand-lightweight concrete 

panels reinforced with GFRP bars without shear reinforcement.  All four methods 

(CAN/CSA (2002), JSCE (1997), El-Sayed et al. (2006a), and the modified equation 

(Eq. 3.5)) estimate the ratio of experimental to predicted shear strength for lightweight 

concrete to be within 10% of the ratio for normal weight concrete.   

3.7 Conclusions 

The behavior and shear capacity of precast lightweight concrete panels 

reinforced with GFRP bars and its comparison to normal weight concrete panels 

reinforced with GFRP bars have been analyzed.  The main findings of this research 

can be summarized as follows:   
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1. The current ACI 440.1R (2006) design guidelines provide a lower bound 

for the shear capacity of panels reinforced with GFRP bars for flexure 

without any shear reinforcement, for both lightweight concrete and normal 

weight concrete panels; moreover, all panels in the database achieved 1.3 

times the ACI 440.1R predicted shear capacity.   

2. The predictions using the Canadian CAN/CSA (2002) guidelines, the 

Japanese JSCE (1997) guidelines, and an equation proposed by El-Sayed 

et al. (2006a) had a smaller conservatism compared to the ACI 440.1R 

guidelines for both normal weight and lightweight concrete panels 

reinforced with GFRP bars.  However, in a few cases, the last three 

predictions (CAN/CSA, JSCE, El-Sayed et al.) were slightly 

unconservative.   

3. This research has shown that precast concrete panels can be designed 

using either normal weight or lightweight concrete provided that an 

appropriate reduction factor is used for lightweight concrete.  The 

Canadian CAN/CSA and Japanese JSCE guidelines predict the shear 

strength of lightweight concrete panels reinforced with GFRP bars for 

flexure, without any shear reinforcement, with the same degree of 

conservatism as normal weight concrete panels.   

4. A reduction factor is introduced to modify the shear prediction equation in 

ACI 440.1R for lightweight concrete members reinforced with GFRP bars 

for flexure without any shear reinforcement.  A value of the reduction 

factor of fλ = 0.80 was determined comparing a database of 97 members 

reinforced with GFRP bars without stirrups, 85 of which were normal 



64 

 

 

 

weight concrete beams or panels and 12 were lightweight concrete panels.  

Using the modified equation proposed herein and a reduction factor fλ = 

0.80, the lightweight concrete panels achieved a similar conservatism as 

the normal weight concrete panels in the database.   

5. The fact that the reduction factor for sand-lightweight concrete reinforced 

with GFRP bars ( fλ =0.80) is lower than the corresponding factor for steel 

bars ( λ =0.85) is justified because of the different failure mode, bond 

mechanism, modulus of elasticity, maximum stress, and stress distribution 

for the two reinforcing bar types.   
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3.9 Notation 

            a =shear span of the flexural member; 

            wb =width of the web;  

            c =cracked transformed section neutral axis depth;  

            d =distance from extreme compression fiber to neutral axis at balanced strain   

                  condition;  
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            cE =modulus of elasticity of concrete;  

            sE =modulus of elasticity of steel;  

            fE =modulus of elasticity of FRP;  

            
'

cf =design compressive strength of concrete;  

            uf =tensile strength of GFRP bars;  

            h =overall height of flexural member; 

            k =ratio of depth of neutral axis to reinforcement depth; 

            dM =design bending moment;  

            fM =moment at section of interest;  

            OM =decompression moment;  

            fn =ratio of modulus of elasticity of FRP bars to modulus of elasticity of  

                   concrete;  

            
'
dN =design axial compressive force; 

            ACIV = shear strength predicted using ACI code; 

            cV =nominal shear strength provided by concrete; 

            /CAN CSAV =shear strength predicted using CAN/CSA code; 

            JSCEV =shear strength predicted using JSCE code; 

            MODV =shear strength predicted using modified equations; 

            expV =experimental shear strength; 

            fV =shear at section of interest; 
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            cw =density of concrete; 

            β =factor taken as 0.85 for concrete strength '
cf  up to and including 28 MPa.  

                   For strength above 28 MPa, this factor is reduced continuously at a rate of  

                   0.05 per each 9 MPa of strength in excess of 28 MPa, but is not taken less  

                   than 0.65; 

            fρ =FRP reinforcement ratio; 

            fbρ =FRP reinforcement ratio producing balanced strain conditions; 

            λ =reduction factor for steel bars used in lightweight concrete; 

            dλ =factor reflecting concrete density effect; 

            fλ =reduction factor for GFRP bars used in lightweight concrete; 

            cφ =resistance factor for concrete; 

            bγ =member safety factor ( bγ =1.3). 
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Table 3.1 Properties and dimensions of precast panels tested in present study 

Specimen fc' Ec fu Ef bw h d Span ρf ρf/ρfb 

 MPa GPa MPa GPa mm mm mm m   
#1 B1NW 72 35.0 715 43.3 635 235 202 2.44 0.0094 0.99 

#2 B2NW 87 37.9 715 43.3 635 235 202 2.44 0.0094 0.81 

#3 B2NW 60 32.7 715 43.3 635 235 202 2.44 0.0094 1.17 

#4 B1LW 63 25.9 715 43.3 635 235 202 2.44 0.0094 1.13 

 #5 B1LW 75 27.9 715 43.3 635 235 202 2.44 0.0094 0.94 

#6 B2LW 60 25.52 715 43.3 635 235 202 2.44 0.0094 1.18 

 #7 B1LW 68 26.8 715 43.3 635 260 227. 2.03 0.0083 0.92 

#8 B1NW 79 36.4 715 43.3 635 273 240 2.90 0.0079 0.75 

#9 B2NW 61 32.8 715 43.3 635 273 240 2.90 0.0079 0.97 

#10 B1LW 63 25.9 715 43.3 635 273 240 2.90 0.0079 0.95 

#11 B2LW 60 25.5 715 43.3 635 273 240 2.90 0.0079 0.99 

#12 B1NW 84 37.3 715 43.3 1854 235 202 2.44 0.0096 0.87 

#13 B2NW 59 32.3 715 43.3 1854 235 202 2.44 0.0096 1.24 

#14 B1LW 63 25.9 715 43.3 1854 235 202 2.44 0.0096 1.16 

#15 B1LW 63 25.9 715 43.3 1854 235 202 2.44 0.0096 1.16 

 #16 B2LW 57 25.0 715 43.3 1854 235 202 2.44 0.0096 1.27 

#17 B2LW 56 24.7 715 43.3 1854 235 202 2.44 0.0096 1.30 

 #18 B1NWE 84 37.3 715 43.3 1854 235 202 2.44 0.0054 0.48 

#19 B1LWE 63 25.9 715 43.3 1854 235 202 2.44 0.0054 0.64 

#20 B2LWE 56 24.7 715 43.3 1854 235 202 2.44 0.0054 0.72 

NW=normal weight; LW=lightweight; E=reduced reinforcement ratio 
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Table 3.2 Comparison of different shear prediction methods for precast panels tested in 
present study 

Specimen Vexp Vexp/VACI Vexp/VCAN/CSA Vexp/VJSCE Vexp/VEl-Sayed Vexp/VMOD 

  kN      
#1 B1NW 136.19 2.21 1.84 1.72 1.68 2.21 

#2 B2NW 134.59 2.05 1.70 1.70 1.61 2.05 

#3 B2NW 122.87 2.10 1.75 1.55 1.56 2.10 

#4 B1LW 112.37 1.69 1.58 1.42 1.42 1.99 

 #5 B1LW 102.72 1.46 1.36 1.30 1.26 1.72 

#6 B2LW 103.12 1.58 1.48 1.30 1.31 1.85 

 #7 B1LW 122.15 1.68 1.40 1.47 1.40 1.98 

#8 B1NW 106.80 1.53 1.24 1.25 1.16 1.53 

#9 B2NW 124.31 1.93 1.58 1.46 1.40 1.93 

#10 B1LW 99.80 1.37 1.25 1.17 1.12 1.61 

#11 B2LW 105.36 1.47 1.34 1.24 1.19 1.73 

#12 B1NW 389.80 2.03 1.69 1.67 1.59 2.03 

#13 B2NW 323.58 1.89 1.58 1.39 1.40 1.89 

#14 B1LW 274.74 1.40 1.32 1.18 1.18 1.65 

#15 B1LW 290.16 1.48 1.39 1.24 1.24 1.74 

 #16 B2LW 298.99 1.57 1.48 1.28 1.30 1.85 

#17 B2LW 302.52 1.60 1.51 1.30 1.32 1.89 

 #18 B1NWE 276.21 1.90 1.46 1.44 1.37 2.23 

#19 B1LWE 249.23 1.67 1.45 1.30 1.30 1.96 

#20 B2LWE 221.14 1.54 1.34 1.15 1.18 1.81 

NW=normal weight; LW=lightweight; E=reduced reinforcement ratio 
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Table 3.3  Ratio of lightweight (LW) to normal weight (NW) concrete GFRP panel shear 
strength from current research 

Serie
s 

NW GFRP panel 
average shear 

strength 
kips 
(kN) 

LW GFRP panel 
average shear 

strength 
kips 
(kN) 

(LW/NW) 
GFRP panel 

shear strength 
ratio 

A 29.5 
(131.2) 

24.5 
(109.0) 0.83 

B 26.0 
(115.6) 

23.1 
(102.6) 0.89 

C 80.2 
 (356.7) 

65.6 
(291.6) 0.82 

D 62.1 
(276.2) 

52.9 
(235.2) 0.85 

 

 

Table 3.4  Comparison of experimental to predicted shear strength ratio of three design 
codes and other research 

 ACI 440.1R 
(2006) 

CAN/CSA 
(2002) 

JSCE  
(1997) 

El-Sayed et al. 
(2006a) 

NW mean 1.91 1.33 1.27 1.35 

NW Coefficient 
of variation% 18 18 16 14 

LW mean 1.50 1.38 1.25 1.24 

LW Coefficient 
of variation % 7 6 7 7 

(LWm)/(NWm) % 78 104 98 92 

                                 NW=normal weight concrete;          LW=lightweight concrete; 
                           (xx m) =mean value    
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Table 3.5  Comparison of experimental to predicted shear strength ratio of specimens 
tested in this research using ACI 440.1R (2006) equation and modified equation 

Method NW mean 
NW 

Coefficient of 
variation % 

LW mean 
LW 

Coefficient of 
variation % 

(LWm)/(NWm) % 

ACI 440.1R 
(Eq. 1) 

1.90 10 1.50 7 79 

Modified 
(Eq. 5) 

1.90 10 1.88 7 99 

                                 NW=normal weight concrete;          LW=lightweight concrete; 
                           (xx m) =mean value;    
 

 

Table 3.6  Comparison of experimental to predicted shear strength ratio using ACI 
440.1R (2006) equation and modified equation for extended database 

Method NW mean 
NW 

Coefficient of 
variation % 

LW mean LW Coefficient of 
variation % 

(LWm)/(NWm) % 

ACI 440.1R 
(Eq. 1) 

1.91 18 1.50 7 78 

Modified 
(Eq. 5) 

1.91 18 1.88 7 98 

                                 NW=normal weight concrete;          LW=lightweight concrete; 
                           (xx m) =mean value    
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Fig. 3.1  Dimension details and loading setup of the panels (a) details of Series A-D; (b) 
load setup 

 

           
(a) 

      
(b) 

Fig. 3.2  Diagonal tension failure of 2 ft (0.61 m) x 12 ft (3.66 m) GFRP reinforced panels:                   

(a) normal weight concrete (b) lightweight concrete 
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(b) 

Fig. 3.3  Diagonal tension failure of 6 ft (1.83 m) x 12 ft (3.66 m) GFRP reinforced panels:                   

(a) normal weight concrete (b) lightweight concrete 

 

 
Fig. 3.4  Comparison of experimental shear strength of specimens tested in this research 

with predicted shear strength from ACI 440.1R (2006) 
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Fig. 3.5  Correlation of experimental to predicted shear strength                                                           
from ACI 440.1R (2006) for extended database 

 

 

Fig. 3.6  Correlation of experimental to predicted shear strength                                                        
from CAN/CSA-S806 (2002) for extended database 
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Fig. 3.7  Correlation of experimental to predicted shear strength from JSCE (1997) for 
extended database 

 
Fig. 3.8  Correlation of experimental to predicted shear strength                                                             

from El Sayed et al. (2006a) for extended database       
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Fig. 3.9  Correlation of experimental to predicted shear strength versus reinforcement 

ratio          from ACI 440.1R (2006) for extended database 

 
Fig. 3.10  Comparison of experimental shear strength of specimens tested in this 

research with predicted shear strength from modified Eq. (3.5) 
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Fig. 3.11  Correlation of experimental to predicted shear strength using modified Eq. 

(3.5) for extended database 

                                         

    

Fig. 3.12  Correlation of experimental to predicted shear strength versus reinforcement 

ratio using modified Eq. (3.5) for extended database 
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Appendix 3.A Properties of beams and one-way slabs used for determination of λf 

Author Specimen fc' Ec fu Ef bw h d Span ρf ρf/ρfb 

  MPa GPa MPa GPa mm mm mm m   
Swamy and 

Aburawi (1997) F-3-GF 39 29.6 586 34 154 254 220.7 2.10 0.0136 2.12 

Deitz, et al. 
(1999) 

GFRP1 29 25.3 612 40 305 190 157.5 2.74 0.0037 0.67 

GFRP2 30 26.0 612 40 305 190 157.5 2.74 0.0037 0.64 

GFRP3 27 24.6 612 40 305 190 157.5 2.74 0.0037 0.70 

Alkhrdaji, et al. 
(2001) 

BM7 24.1 23.2 717 40 178 330 296.7 1.50 0.0201 5.76 

BM8 24.1 23.2 717 40 178 330 296.7 1.50 0.0068 1.96 

BM9 24.1 23.2 717 40 178 330 296.7 1.50 0.0117 3.37 

Yost, et al (2001) 

1FRP, a 36.3 39.9 690 40 229 286 225 2.13 0.0111 2.10 

1FRP, b 36.3 39.9 690 40 229 286 225 2.13 0.0111 2.10 

1FRP, c 36.3 39.9 690 40 229 286 225 2.13 0.0111 2.10 

2FRP, a 36.3 39.9 690 40 178 286 225 2.13 0.0142 2.71 

2FRP, b 36.3 39.9 690 40 178 286 225 2.13 0.0142 2.71 

2FRP, c 36.3 39.9 690 40 178 286 225 2.13 0.0142 2.71 

3FRP, a 36.3 39.9 690 40 229 286 225 2.13 0.0166 3.15 

3FRP,b 36.3 39.9 690 40 229 286 225 2.13 0.0166 3.15 

3FRP,c 36.3 39.9 690 40 229 286 225 2.13 0.0166 3.15 

4FRP,a 36.3 39.9 690 40 279 286 225 2.13 0.0181 3.44 

4FRP,b 36.3 39.9 690 40 279 286 225 2.13 0.0181 3.44 

4FRP,c 36.3 39.9 690 40 279 286 225 2.13 0.0181 3.44 

5FRP,a 36.3 39.9 690 40 254 286 224 2.13 0.0205 3.89 

5FRP,b 36.3 39.9 690 40 254 286 224 2.13 0.0205 3.89 

5FRP,c 36.3 39.9 690 40 254 286 224 2.13 0.0205 3.89 

6FRP,a 36.3 39.9 690 40 229 286 224 2.13 0.0227 4.32 

6FRP,b 36.3 39.9 690 40 229 286 224 2.13 0.0227 4.32 

6FRP,c 36.3 39.9 690 40 229 286 224 2.13 0.0227 4.32 

Tureyen and 
Frosch (2002) 

V-G1-1 39.7 29.8 607 41 457 406 360 2.44 0.0096 5.05 

V-G2-1 39.9 29.9 593 38 457 406 360 2.44 0.0096 5.33 

V-G1-2 42.3 30.8 607 41 457 427 360 2.44 0.0192 4.92 

V-G2-2 42.5 30.9 593 38 457 427 360 2.44 0.0192 5.33 

Gross, et al. 
(2003) 

FRP-1a-26-HS 79.6 46.1 689 40 203 286 226 2.13 0.0125 1.31 

FRP-1b-26-HS 79.6 46.1 689 40 203 286 226 2.13 0.0125 1.31 

FRP-1c-26-HS 79.6 46.1 689 40 203 286 226 2.13 0.0125 1.31 

FRP-2a-26-HS 79.6 46.1 689 40 152 286 226 2.13 0.0166 1.74 

FRP-2b-26-HS 79.6 46.1 689 40 152 286 226 2.13 0.0166 1.74 

FRP-2c-26-HS 79.6 46.1 689 40 152 286 226 2.13 0.0166 1.74 

FRP-3a-26-HS 79.6 46.1 689 40 165 286 224 2.13 0.0210 2.20 

FRP-3b-26-HS 79.6 46.1 689 40 165 286 224 2.13 0.0210 2.20 

FRP-3c-26-HS 79.6 46.1 689 40 165 286 224 2.13 0.0210 2.20 

FRP-4a-26-HS 79.6 46.1 689 40 203 286 224 2.13 0.0256 2.69 

FRP-4b-26-HS 79.6 46.1 689 40 203 286 224 2.13 0.0256 2.69 

FRP-4c-26-HS 79.6 46.1 689 40 203 286 224 2.13 0.0256 2.69 
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Appendix 3.A (continued) 

Author Specimen fc' Ec fu Ef bw h d Span ρf ρf/ρfb 

  MPa GPa MPa GPa mm mm mm m   

Ashour, A. F. 
(2005) 

Beam 1 34 27.6 650 38 150 200 168 2.00 0.0045 0.80 

Beam 3 34 27.6 705 32 150 250 212 2.00 0.0071 1.71 

Beam 5 34 27.6 705 32 150 300 263 2.00 0.0086 2.07 

Beam 7 59 32.4 705 32 150 200 163 2.00 0.0139 2.51 

Beam 9 59 32.4 705 32 150 250 213 2.00 0.0106 1.91 

Beam 11 59 32.4 705 32 150 300 262 2.00 0.0115 2.08 

El-Sayed, et al. 
(2005) 

S-G1 40 30.0 597 40 1000 200 162 2.50 0.0086 1.00 

S-G2 40 30.0 540 40 1000 200 159 2.50 0.0170 2.00 

S-G2B 40 30.0 597 40 1000 200 162 2.50 0.0171 2.00 

S-G3 40 30.0 540 40 1000 200 159 2.50 0.0244 3.00 

S-G3B 40 30.0 597 40 1000 200 162 2.50 0.0263 3.10 

El-Sayed, et al. 
(2006a) 

GN-1 50 30.4 608 39 250 400 326 2.75 0.0087 1.18 

GN-2 45 29.1 754 42 250 400 326 2.75 0.0122 2.50 

GN-3 44 28.8 754 42 250 400 326 2.75 0.0171 3.50 

El-Sayed, et al. 
(2006b) 

GN-1.7 44 28.8 754 42 250 400 326 2.75 0.0171 3.50 

GH-1.7 63 33.3 754 42 250 400 326 2.75 0.0171 2.61 

GH-2.2 63 33.3 754 42 250 400 326 2.75 0.0220 3.36 

 
Alam and 
Hussein 
(2009) 

G-2.5 40 29.9 751 48 250 350 305 2.84 0.0086 1.34 

G-3.5 40 29.9 751 48 250 350 305 3.54 0.0086 1.34 

G-500 45 29.1 751 48 250 500 440 3.54 0.0090 1.27 

G-650 37 28.9 751 48 300 650 584 4.04 0.0091 1.49 

G-0.5-500 37 28.9 751 48 250 500 455 3.54 0.0035 0.57 

G-2.5-500 37 28.9 751 48 250 500 429 3.54 0.0149 2.44 

Jang, et al. 
(2009) 

G-2.5-R1-1,2 30 25.9 980 48 200 250 221 2.20 0.0033 1.19 

G-2.5-R2-1,2 30 25.9 980 48 150 250 221 2.20 0.0044 1.59 

G-2.5-R3-1,2 30 25.9 941 49 150 250 214 2.20 0.0079 2.60 

G-3.5-R1-1,2 30 25.9 980 48 200 250 221 2.20 0.0033 1.19 

G-3.5-R2-1,2 30 25.9 980 48 150 250 221 2.20 0.0044 1.59 

G-3.5-R3-1,2 30 25.9 941 49 150 250 214 2.20 0.0079 2.60 

G-4.5-R1-1,2 30 25.9 980 48 200 250 221 2.20 0.0033 1.19 

G-4.5-R2-1,2 30 25.9 980 48 150 250 221 2.20 0.0044 1.59 

G-4.5-R3-1,2 30 25.9 941 49 150 250 214 2.20 0.0079 2.60 

Bentz, et al. 
(2010) 

M05-0 35 28.0 397 41 450 500 438 3.05 0.0055 0.39 

S05-0 35 28.0 474 41 450 250 194 1.52 0.0066 0.64 

M20-0 35 28.0 397 41 450 500 405 3.05 0.0236 1.67 

S20-0 35 28.0 397 41 450 250 188 1.52 0.0254 1.80 
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Appendix 3.B Comparison and verification of different shear prediction methods 

Author Specimen Vexp Vexp/VACI Vexp/VCAN/CSA Vexp/VJSCE Vexp/VEl-Sayed Vexp/VMOD 

  kN      Swamy and 
Aburawi (1997) F-3-GF 20.44 1.43 0.96 0.93 1.04 1.43 

Deitz, et al. 
(1999) 

GFRP1 28.59 2.63 1.74 1.24 1.65 2.63 

GFRP2 30.10 2.73 1.96 1.31 1.71 2.73 

GFRP3 30.99 2.89 2.09 1.35 1.81 2.89 

Alkhrdaji, et al. 
(2001) 

BM7 54.40 2.19 1.49 1.43 1.67 2.19 

BM8 37.05 2.42 1.46 1.40 1.63 2.42 

BM9 41.05 2.10 1.35 1.29 1.50 2.10 

Yost, et al 
(2001) 

1FRP, a 40.64 2.27 1.42 1.24 1.41 2.27 
1FRP, b 40.04 2.23 1.40 1.22 1.39 2.23 
1FRP, c 38.39 2.14 1.34 1.17 1.33 2.14 
2FRP, a 29.34 1.88 1.21 1.06 1.21 1.88 
2FRP, b 36.24 2.32 1.50 1.31 1.49 2.32 
2FRP, c 33.29 2.13 1.38 1.21 1.37 2.13 
3FRP, a 41.59 1.93 1.27 1.11 1.26 1.93 
3FRP,b 50.19 2.33 1.53 1.34 1.52 2.33 
3FRP,c 46.29 2.15 1.41 1.24 1.41 2.15 
4FRP,a 45.74 1.67 1.11 0.98 1.11 1.67 
4FRP,b 47.84 1.75 1.17 1.02 1.16 1.75 
4FRP,c 47.99 1.76 1.17 1.02 1.16 1.76 
5FRP,a 39.47 1.51 1.02 0.89 1.01 1.51 
5FRP,b 52.77 2.01 1.36 1.19 1.35 2.01 
5FRP,c 48.37 1.85 1.25 1.09 1.24 1.85 
6FRP,a 45.09 1.82 1.25 1.09 1.24 1.82 
6FRP,b 43.34 1.75 1.20 1.05 1.19 1.75 
6FRP,c 42.89 1.74 1.19 1.04 1.18 1.74 

Tureyen and 
Frosch (2002) 

V-G1-1 108.09 1.68 1.13 1.22 1.20 1.68 
V-G2-1 94.75 1.53 1.01 1.10 1.08 1.53 
V-G1-2 137.01 1.53 1.11 1.23 1.18 1.53 
V-G2-2 152.57 1.76 1.27 1.40 1.35 1.76 

Gross, et al. 
(2003) 

FRP-1a-26-HS 43.00 1.84 1.25 1.42 1.33 1.84 

FRP-1b-26-HS 31.77 1.36 0.92 1.05 0.98 1.36 

FRP-1c-26-HS 43.47 1.86 1.26 1.44 1.34 1.86 

FRP-2a-26-HS 32.04 1.61 1.13 1.28 1.20 1.61 

FRP-2b-26-HS 34.11 1.71 1.20 1.37 1.28 1.71 

FRP-2c-26-HS 34.55 1.73 1.22 1.39 1.29 1.73 

FRP-3a-26-HS 39.56 1.66 1.20 1.36 1.28 1.66 

FRP-3b-26-HS 33.31 1.40 1.01 1.15 1.07 1.40 

FRP-3c-26-HS 37.80 1.58 1.15 1.30 1.22 1.58 

FRP-4a-26-HS 49.67 1.55 1.15 1.30 1.22 1.55 

FRP-4b-26-HS 47.14 1.47 1.09 1.23 1.16 1.47 

FRP-4c-26-HS 46.63 1.45 1.08 1.22 1.14 1.45 
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Appendix 3.B (continued) 

Author Specimen Vexp Vexp/VACI Vexp/VCAN/CSA Vexp/VJSCE Vexp/VEl-Sayed Vexp/VMOD 

  kN      

Ashour, A. F. 
(2005) 

Beam 1 13.18 2.06 1.32 1.06 1.34 2.06 

Beam 3 18.35 1.98 1.22 1.12 1.34 1.98 

Beam 5 26.03 2.07 1.22 1.27 1.44 2.07 

Beam 7 18.18 1.53 1.15 1.08 1.16 1.53 

Beam 9 28.35 2.06 1.36 1.51 1.50 2.06 

Beam 11 31.03 1.77 1.10 1.38 1.30 1.77 

El-Sayed, et al. 
(2005) 

S-G1 118.69 1.99 1.60 1.16 1.39 1.99 

S-G2 147.69 1.85 1.63 1.17 1.41 1.85 

S-G2B 168.69 2.07 1.81 1.31 1.57 2.07 

S-G3 168.69 1.80 1.65 1.18 1.43 1.80 

S-G3B 173.69 1.76 1.61 1.17 1.40 1.76 

El-Sayed, et al. 
(2006a) 

GN-1 73.63 2.22 1.46 1.71 1.61 2.22 

GN-2 62.56 1.62 1.12 1.27 1.24 1.62 

GN-3 80.63 1.81 1.30 1.46 1.43 1.81 

El-Sayed, et al. 
(2006b) 

GN-1.7 80.63 1.81 1.30 1.46 1.43 1.81 

GH-1.7 90.13 1.79 1.29 1.63 1.45 1.79 

GH-2.2 118.63 2.11 1.56 1.98 1.75 2.11 

 
Alam and 

Hussein (2009) 

G-2.5 63.83 2.08 1.27 1.46 1.52 2.08 

G-3.5 47.13 1.54 1.05 1.08 1.12 1.54 

G-500 82.24 1.70 1.08 1.41 1.28 1.70 

G-650 112.67 1.59 0.98 1.29 1.16 1.59 

G-0.5-500 73.04 2.47 1.35 1.67 1.59 2.47 

G-2.5-500 97.24 1.79 1.17 1.43 1.39 1.79 

Jang, et al. 
(2009) 

G-2.5-R1-1,2 25.97 2.47 1.36 1.30 1.56 2.47 

G-2.5-R2-1,2 24.58 2.72 1.55 1.49 1.79 2.72 

G-2.5-R3-1,2 27.37 2.37 1.46 1.39 1.68 2.37 

G-3.5-R1-1,2 26.10 2.48 1.52 1.31 1.57 2.48 

G-3.5-R2-1,2 21.36 2.36 1.51 1.30 1.56 2.36 

G-3.5-R3-1,2 20.77 1.80 1.24 1.06 1.28 1.80 

G-4.5-R1-1,2 20.47 1.95 1.30 1.03 1.23 1.95 

G-4.5-R2-1,2 17.52 1.94 1.35 1.06 1.28 1.94 

G-4.5-R3-1,2 20.87 1.81 1.36 1.06 1.28 1.81 

Bentz, et al. 
(2010) 

M05-0 86.00 1.49 0.95 1.02 0.99 1.49 

S05-0 54.50 1.96 1.33 1.12 1.34 1.96 

M20-0 138.00 1.34 1.04 1.07 1.06 1.34 

S20-0 74.00 1.50 1.20 1.00 1.20 1.50 



 

 

4 DEFLECTION PERFORMANCE OF INITIALLY         

CRACKED PRECAST CONCRETE PANELS             

REINFORCED WITH GFRP BARS  

 Ruifen Liu, and Chris P. Pantelides 

4.1 Abstract 

            Initial cracks in precast concrete panels reinforced with GFRP bars can 

develop from shrinkage, handling, lifting, and transportation-induced stresses.  

Seventeen lightweight and normal weight precast concrete panels reinforced with 

GFRP bars with initial cracks were tested to investigate their deflection performance 

at service load and ultimate conditions.  The test results show that both normal weight 

and lightweight concrete panels designed according to ACI 440.1R satisfy the service 

load deflection requirements of the AASHTO LRFD Bridge Design Specifications.  

The test results indicate that the moment of inertia for precast panels reinforced with 

GFRP bars with initial cracks was less than the gross moment of inertia even before 

the cracking moment is reached.  An expression for predicting deflection using a 

conservative estimate of the moment of inertia for precast concrete panels reinforced 

with GFRP bars is proposed.  Using the proposed equation, a better deflection 

prediction is obtained for precast concrete panels reinforced with GFRP bars under 

service load; this is critical in the design of such panels, since service load deflection 

generally controls the design. 
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4.2 Introduction 

            Fiber Reinforced Polymer bars are corrosion resistant, they have high tensile 

strength and light weight, and are easy to install.  However, concrete panels reinforced 

with Glass Fiber Reinforced Polymer (GFRP) bars develop larger deflections and 

cracks than concrete panels reinforced with steel bars having the same reinforcement 

ratio.  This is primarily due to the lower modulus of elasticity of GFRP bars compared 

to steel bars.  Consequently, the design of GFRP reinforced concrete panels is 

typically governed by serviceability requirements instead of ultimate limit states. 

            Determination of the effective moment of inertia of the member is critical in 

the deflection prediction of concrete reinforced with GFRP bars.  Extensive research 

has been conducted regarding prediction of the moment of inertia of GFRP reinforced 

concrete members (Theriault and Benmokrane 1998, Toutanji and Saafi 2000, Yost et 

al. 2003, Bischoff and Paixao 2004, Bischoff 2005, Bischoff 2007, Bischoff and 

Scanlon 2007, Said 2010, and Bischoff and Gross 2010).  Efforts have been made for 

the modification of Branson’s (1965) equation and new equations were proposed to 

consider the use of GFRP bars as reinforcement for the prediction of the effective 

moment of inertia.  All previous research was focused on predicting the moment of 

inertia after the reinforced concrete member reached the cracking moment; it was 

assumed that the moment of inertia before the cracking moment is reached was equal 

to the gross moment of inertia.  However, precast concrete panels reinforced with 

GFRP bars can develop initial hairline cracks from shrinkage, handling, lifting, and 

transportation-induced stresses, which may reduce the moment of inertia even before 

the cracking moment is reached.  The moment deflection diagrams in El-Salakawy 

and Benmokrane (2004) and in Kassem et al. (2011) show that deflections prior to the 
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cracking moment are underestimated; this indicates that the corresponding moment of 

inertia is lower than the gross moment of inertia before the cracking moment is 

reached.  It should be noted that in Kassem et al. (2011), the beams tested were 

initially uncracked.        

               The value of the moment of inertia before the cracking moment is critical in 

predicting deflections under service loads for precast concrete members reinforced 

with GFRP bars.  This is the case since the bending moment under service loads may 

be lower than the cracking moment, especially when high strength concrete is used.  

In such cases, the design of precast concrete panels reinforced with GFRP bars is 

typically carried out using the gross moment of inertia, which may lead to 

unconservative designs.  

            The objective of this paper is to investigate the moment of inertia of high 

strength normal weight and lightweight concrete precast panels reinforced with GFRP 

bars that have cracks of varying spacing and width.  These initial cracks were not 

intentionally inflicted but resulted from shrinkage, handling, lifting, and 

transportation-induced stresses.  Measured deflections at service and ultimate moment 

are compared with predictions using linear elastic analysis.  From the experimental 

results, the moment of inertia before and after the cracking moment is compared with 

the moment of inertia predicted by the ACI 440.1R (2006) guidelines, as well as from 

research studies available in the literature.   
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4.3 Experimental Program 

4.3.1 Specimen Details 

            Seventeen precast concrete panels reinforced with GFRP bars were tested; ten 

of the panels were cast using normal weight (NW) concrete and seven using 

lightweight (LW) concrete.  The panel variables included concrete compressive 

strength, span, panel thickness, and reinforcement ratio.  The NW concrete panels 

were designed according to the ACI 440.1R (2006) flexural design method and 

satisfied the deflection requirements of the AASHTO LRFD guidelines (2007).  

Fourteen panels were designed using a reinforcement ratio larger than the balanced 

reinforcement ratio as recommended by ACI 440.1R (2006), and three panels were 

built using a reinforcement ratio equal to approximately one half that of the other 

panels.  The LW concrete panels were reinforced in an identical manner to the NW 

concrete panels.   

            The precast concrete panels are divided into four series according to their 

dimensions and reinforcement ratio, as shown in Tables 4.1-4.4 and Fig. 4.1.  Series A 

panels had a dimension of    3.66 m x 0.61 m x 0.235 m with a deck span of 2.44 m, 

and Series B panels had a dimension of 4.12 m x 0.61 m x 0.273 m with a deck span 

of 2.90 m. Series C panels were constructed with a dimension of 3.66 m x 1.83 m x 

0.235 m.  The panels had a 0.61 m overhang on each side of the supports, as shown in 

Fig. 4.1, which increased the length available to develop the full strength of the GFRP 

bars.  Series A and B panels were 0.61 m wide to simulate the strip design method of 

bridge decks according to AASHTO Bridge Design Specifications (2007), whereas 

Series C and D panels were 1.83 m wide to simulate the behavior of a recently 

constructed bridge deck in Utah with 12.62 m x 2.08 m x 0.235 m normal weight 
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precast concrete panels reinforced with GFRP bars.  Series A panels (Table 4.1), 

Series C panels (Table 4.3), and Series D panels (Table 4.4) were constructed with a 

span of 2.44 m; Series B panels (Table 4.2) were constructed with a span of 2.90 m.  

Series D panels were constructed with the same geometry as Series C panels but with 

56% of the area of longitudinal reinforcement, and are identified by symbol E in the 

specimen number.  A number of batches were cast for both NW and LW precast 

concrete panels at two different time periods.   

            All panels were reinforced with φ 16 diameter Aslan 100 GFRP bars.  For 

Series A, B, and C panels, the reinforcement in the span direction was φ 16 @ 102 

mm; the reinforcement in the short direction was φ 16 @ 152 mm.  For Series D 

panels, the reinforcement along both directions was φ 16 @ 203 mm. 

            The panels were constructed at a Precast/Prestressed Concrete Institute 

certified plant following the same construction procedure as steel reinforced concrete 

members, and then transported to the laboratory, which simulates precast bridge deck 

construction. Embedded lifting hoops at the four corners were used for lifting the 

panels.  The panels were inspected before testing; initial cracks due to shrinkage, 

handling, lifting, and transportation-induced stresses were measured and mapped.  For 

each panel, the measured concrete compressive strength at the time of testing, 

reinforcement ratio, balanced reinforcement ratio, experimental cracking moment, and 

service moment per AASHTO LRFD Bridge Design Specifications (2007) are given 

in Tables 4.1-4.4.  The experimental cracking moment is defined as the point of 

change in slope of the bilinear load-deflection diagram.  The maximum initial crack 

width of each panel is shown in Table 4.5.  The initial crack widths ranged from 0.051 

mm to 0.406 mm.  It is clear that handling of precast concrete panels reinforced with 
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GFRP bars requires extra care.  One method for handling theses panels is to lift them 

with straps placed underneath the panels at multiple points rather than using lifting 

hoops at the four corners, as was done in this case.  

4.3.2 Materials 

            The tensile strength of the specific lot of GFRP bars used in this research was 

655 MPa, and the modulus of elasticity 40.8 GPa.  The compressive strength of both 

NW and LW concrete at the time of testing was higher than 55 MPa, as shown in 

Tables 4.1-4.4; thus, both types of concrete are classified as high strength concrete.  

The coarse hard rock aggregate for NW concrete had a size of 19 mm; the expanded 

shale aggregate for LW concrete had a size of     12.7 mm.  Fine aggregate used for 

the LW concrete was sand commonly used in NW concrete; thus, the LW concrete 

used in this research is classified as sand-lightweight concrete.   

4.3.3 Instrumentation 

            Three Linear Variable Differential Transducers (LVDTs) were used to 

measure the deflection of the 0.61 m wide panels: one was attached at midspan and 

two at the quarter span points.  Five LVDTs were used to measure the deflection of 

the 1.83 m wide panels: one was attached at midspan, two at the quarter span, and one 

on each side of the panels at the outer edges at midspan.   

4.3.4 Test Setup and Procedure 

            The panels were tested using a hydraulic actuator as shown in Fig. 4.1; the 

panels were supported on two reinforced concrete beams.  Elastomeric pads 152 mm 

wide and 51 mm thick were placed on the two supporting beams so the panels could 
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rotate freely at the supports.  The load was applied through a 254 mm x 508 mm x 25 

mm steel bearing plate to simulate the area of a double tire truck load on a bridge 

deck (AASHTO 2007).  The load was applied as a series of half-sine downward 

cycles of increasing amplitude.  The number of half cycles to crack the panels ranged 

from six to nine, and the number of half cycles to ultimate load from seventeen to 

twenty.  The load application was displacement controlled, with a loading rate of 5 

mm/min.   

4.4 Deflection Comparison of Theoretical to                      

Experimental Results 

            Deflection is important in the design of GFRP reinforced concrete members, 

as serviceability requirements usually control the design of concrete bridge decks 

reinforced with GFRP bars.  Figure 4.2 shows the deflection of a typical panel during 

testing, and typical crack spacing, which was mostly uniform along the span.  The 

ACI 440.1R (2006) design guide and the AASHTO LRFD Bridge Design Guide 

Specifications for GFRP Reinforced Concrete Decks and Traffic Railings (2009) 

require the use of a direct method of deflection control.  When the applied bending 

moment is smaller than the cracking moment, the gross moment of inertia gI  is used 

to calculate panel deflection; in the range from cracking moment to ultimate moment, 

the effective moment of inertia should be used to calculate the panel deflection.  To 

account for the lower modulus of elasticity of GFRP bars and the different bond 

behavior of GFRP bars to concrete, ACI 440.1R (2003) recommended the following 

equation for finding the effective moment of inertia after the cracking moment:  
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where eI = effective moment of inertia; crI = moment of inertia of transformed 

cracked section;   gI = gross moment of inertia; dβ = reduction coefficient used in 

calculating deflection;  

crM = cracking moment; aM = maximum moment in the member when deflection is 

computed; bα  = bond dependent coefficient taken as 0.5; fE = modulus of elasticity 

of GFRP bars; sE = modulus of elasticity of steel bars. 

              Toutanji and Saafi (2000), and Yost et al. (2003) found that the degree of 

tension stiffening is affected by the amount and stiffness of the flexural reinforcement 

and by the relative reinforcement ratio.  The reduction coefficient related to the 

reduced tension stiffening dβ  was modified from Eq. (4.1b) in ACI 440.1R (2006) to 

the following expression: 
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where, fρ = GFRP reinforcement ratio; fbρ = GFRP reinforcement ratio at balanced 

strain conditions.  Bischoff and Scanlon (2007) proposed an alternative expression for 
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the effective moment of inertia after the cracking moment, without empirical 

correction factors, as: 
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where, 1 cr gI Iη = − .  

            The moment of inertia equations presented previously only address the 

moment of inertia after the cracking moment; it is generally assumed that the moment 

of inertia before the cracking moment is the gross moment of inertia.  However, for 

precast concrete panels reinforced with GFRP bars, the presence of initial cracks may 

reduce the gross moment of inertia before the cracking moment is reached.  The focus 

of this investigation is the effect of initial cracks, which may be present in precast 

concrete panels reinforced with GFRP bars due to shrinkage, handling, lifting, and 

transportation-induced stresses, on the moment of inertia before the section reaches 

the cracking moment.  The member deflection in this study was predicted using linear 

elastic analysis, based on a simplified model of the panels, as shown in Fig. 4.3.  The 

panels were supported on two concrete beams; the distributed load on the steel 

bearing plate is equal to q P B= , where P = load recorded from the actuator, and B = 

steel bearing plate length, as shown in Fig. 4.1.  The following equations based on 

linear elastic analysis are used to calculate the deflection and compare it with the 

measured deflection at midspan:  
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where, ( )M x = bending moment due to applied load; ( )m x = moment due to unit 

load; ∆ = measured deflection at midspan; aveI = average moment of inertia for the 

panel span; cE = concrete modulus of elasticity.  Equation (4.4e) is valid since the 

initial crack widths observed were mostly uniform throughout the panel span, as 

shown in Figs. 4.2 and 4.4.   

            Measured midspan deflection at service and ultimate load conditions, and the 

deflection predicted using the moment of inertia given in the ACI 440.1R (2006) 

guidelines (Eqs. (4.1a), (4.2) and Eq. (4.4d)) are given in Table 4.5.  In general, the 

deflections predicted by ACI 440.1R (2006) at ultimate load are close to those of the 

NW and LW precast GFRP reinforced concrete panels tested in this study; however, 

the deflections at service load conditions are underestimated.   

At service load, the deflection predicted using Eqs. (4.1a), (4.2), and (4.4d) is 

much smaller than the experimentally observed deflection; the ratio of experimentally 
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observed to predicted deflection at service load ranged from 2.7 to 7.5 for NW precast 

panels and 3.0 to 6.8 for LW precast panels.  The panels with larger initial crack 

widths generally had a higher ratio of experimentally observed to predicted deflection 

at service load (panels #8 B1NW, #19 B1LWE, #12 B1NW, #15 B1LW, and #20 

B2LWE); it should be stressed that these five panels had significantly wide initial 

cracks, which may not be typical.  However, the remaining panels also show 

significantly large ratios of observed to predicted deflection at service load.  The 

deflection predicted using Eqs. (4.1a), (4.2), and Eq. (4.4d) at ultimate load is close to 

the experimentally measured deflection; the ratio of experimentally observed to 

predicted deflection at ultimate load ranges from 0.8 to 1.4 for NW precast concrete 

panels and 0.9 to 2.4 for LW precast concrete panels.   

            In Table 4.5, the under-prediction of deflection for service loads indicates that 

the ACI 440.1R (2006) guidelines suggest a much higher moment of inertia for 

precast concrete panels for both NW and LW concrete reinforced with GFRP bars 

than that implied from the experimentally observed deflections.  A similar trend 

exhibited by the specimens in this research for the initial loading prior to the cracking 

moment was observed in the moment versus deflection diagrams of some of the slabs 

tested by El-Salakawy and Benmokrane (2004) and beams tested by Kassem et al. 

(2011).  Comparing these three research studies, it is clear that the lower moment of 

inertia prior to the cracking moment is not caused by the loading procedure 

(monotonic loading or cyclic loading), the concrete type (normal weight or 

lightweight), or the member depth (slab or beam).     
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4.5 Proposed Modification of Equation for Moment of  

Inertia of Precast GFRP Reinforced Concrete Panels  

             Comparing the experimentally observed to predicted midspan deflections at 

service moment, it has been shown that ACI 440.1R (2006) over-predicts the moment 

of inertia up to the cracking moment for the precast high strength concrete panels 

reinforced with GFRP bars with initial cracks tested in this study.   

            To investigate the moment of inertia before and after the cracking moment, 

Figs. 4.5(a) and 4.5(b) show the normalized moment of inertia calculated from Eq. 

(4.4e) for the 0.61 m and 1.83 m wide precast panels, respectively.  The cracking 

moment crM  used in Figs. 4.5(a) and 4.5(b) is the actual cracking moment 

determined as the point of change in slope of the bilinear load deflection diagram. The 

bending moment aM  was calculated based on the load recorded by the actuator and 

the midspan deflection was measured by the LVDTs.  Beyond very small deflections 

(0.1 mm) for which there is disturbance due to instrument inaccuracies, Figs. 4.5(a) 

and 4.5(b) show that the normalized moment of inertia is generally constant up to the 

cracking moment.  Figure 4.5(a) shows that when 1a crM M < , the normalized 

moment of inertia is in the range of 20% to 40% of the gross moment of inertia for the 

0.61 m wide precast panels.  Figure 4.5(b) shows that when 1a crM M < , the 

normalized moment of inertia is in the range of 20% to 32% of the gross moment of 

inertia for the 1.83 m wide precast panels, including the panels with a reduced 

reinforcement ratio.  When 1a crM M ≥ , the moment of inertia drops significantly, 

and the values of ave gI I  for different panels are close to each other, and within ±5% 

of the median value.   
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            Figures 4.5(a) and 4.5(b) show that even though the initial crack widths caused 

by shrinkage, handling, lifting, and transportation of the panels ranged from 0.051 

mm to 0.406 mm, the moment of inertia is 20% to 40% of the gross moment of inertia 

before the cracking moment; moreover, this value is relatively constant regardless of 

the a crM M  ratio when 1a crM M < .  In addition, the width and concrete 

compressive strength of the panel do not seem to affect significantly the value of the 

moment of inertia before the cracking moment is reached.  Beyond the cracking 

moment, ACI 440.1R (2006) predicts the effective moment of inertia accurately as 

compared to the experimental moment of inertia.  Based on these observations, the 

moment of inertia of precast concrete panels reinforced with GFRP bars before the 

cracking moment is reached should be modified.  Due to the lower modulus of 

elasticity of GFRP bars and the resulting cracks caused by shrinkage, handling, 

lifting, and transportation of precast concrete panels, the moment of inertia could be 

predicted adequately as follows:  
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            The moment of inertia calculated from the experiments using Eq. (4.4e),  ACI 

440.1R-06 (2006) (Eqs. (4.1a) and (4.2b)), the Bischoff and Scanlon (2007) equation 

(Eq. (4.3)), and the proposed expression Eq. (4.5) are compared in Figs. 4.6 and 4.7 

for the 0.61 m wide and 1.83 m wide precast concrete panels, respectively.  The 

cracking moment used in Figs. 4.6 and 4.7 is the experimental cracking moment, and 

the vertical line in the figures is located where the applied moment is equal to the 

service moment; in many cases, the service moment is less than the cracking moment 

which indicates that Eq. (4.5a) should be used in the design of GFRP reinforced 

precast concrete panels rather than the gross moment of inertia. 

            Figures 4.6 and 4.7 show that Eq. (4.5) can predict the moment of inertia in a 

satisfactory manner for panels with two different spans and two different widths, 

before the cracking moment is reached.  Both the ACI 440.1R (2006) equation and the 

Bischoff and Scanlon (2007) equation use the gross moment of inertia before the 

cracking moment is reached.  However, this does not reflect what occurred in the 

present tests of initially cracked precast concrete panels reinforced with GFRP bars.  

The panels tested but not shown in this paper displayed a similar trend to the results 

shown in Figs. 4.6 and 4.7. 

            The load deflection diagram from the experiments and that calculated using 

the moment of inertia based on ACI 440.1R (2006), Bischoff and Scanlon (2007), and 

Eq. (4.5) are shown in Figs. 4.8 - 4.10.  Figures 4.8 and 4.9 show the load deflection 

diagram before and shortly after the cracking moment.  Figure 4.10 shows the load 

deflection diagram up to the ultimate load.  The first line segment of the bilinear load 
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deflection diagram corresponds to the applied moment being less than the cracking 

moment; the second line segment corresponds to the applied moment after the 

cracking moment.  When the load is less than or equal to that corresponding to the 

cracking moment, the deflections are predicted in a satisfactory manner using the 

proposed expression; however, the deflections are underestimated by both the ACI 

440.1R (2006) and the Bischoff and Scanlon (2007) methods.  On the other hand, 

when the applied moment exceeds the cracking moment, predictions of deflection are 

acceptable and conservative up to the ultimate moment; in this region, the Bischoff 

and Scanlon (2007) equation predicts the deflection slightly better than Eq. (4.5b), 

which is identical to the ACI 440.1R (2006) equation.          

4.6 Deflection Requirements of the AASHTO                                

LRFD Bridge Design Specifications 

            The GFRP reinforced precast concrete panels were checked for deflection at 

the service moment according to the AASHTO LRFD Bridge Design Specifications 

(2007); all panels except the lightweight concrete panels with reduced reinforcement 

ratio satisfied the deflection requirement.  The AASHTO Specifications use an HL-93 

live load for the service and ultimate load design of bridge decks.  According to 

AASHTO, the HL-93 live load consists of either a design truck or tandem, combined 

with a design lane load.  In the present case, the service moments were calculated 

based on the following assumptions: for the 0.61 m wide specimens, only one set of 

wheels from a truck could be placed on the panel with a load equal to 71.2 kN; for the 

1.83 m wide specimens, two sets of wheels from the tandem could be placed on the 

panel with a total load equal to 111.2 kN; the design lane load is a uniform load of 
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9.34 kN/m.  To simplify the calculation, the service moments from Section 4 in Table 

A4-1 of the AASHTO LRFD Bridge Specifications were used, which is similar to the 

calculated service moments based on the HL-93 live load.  Figure 4.11 shows the 

moment-deflection diagram with the service moment (including both HL-93 live load 

and dead load of the panels) and the service load deflection limits; the solid line 

represents normal weight concrete panel, while the dashed line represents lightweight 

concrete panel.  Figure 4.11(a) shows the moment-deflection diagram and the 

allowable deflection at the service moment for Series A panels; Figure 4.11(b) shows 

the same comparison for Series B panels; Figures 4.11(c) and 4.11(d) show the 

moment-deflection comparison for Series C and D panels, respectively.  Figure 4.11 

shows that all panels satisfy the deflection requirement under the service moment, 

including panels with increased span and deck thickness, except for two panels.  The 

lightweight concrete panels with reduced reinforcement ratio did not satisfy the 

deflection requirement at service moment, as shown in Fig. 4.11(d); the experimental 

deflection was within 25% of the deflection requirement at the service moment.   

4.7 Conclusions 

            The midspan deflection at service and ultimate moment and the corresponding 

values of the moment of inertia for seventeen GFRP reinforced precast concrete 

panels constructed using normal weight and lightweight concrete are presented.  The 

precast panels had initial crack widths ranging from 0.051 mm to 0.406 mm.  Based 

on the experimental results, the following conclusions can be drawn: 

1. For precast concrete panels with initial cracks, the experimental moment of 

inertia is much smaller than the ACI 440.1R (2006) guidelines when the 
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applied bending moment is less than the cracking moment.  The effective 

moment of inertia predicted by the ACI 440.1R (2006) guidelines from the 

cracking moment to ultimate moment is close to that observed in this research.   

2. For precast concrete panels reinforced with GFRP bars with initial cracks, the 

moment of inertia should not be taken as the gross moment of inertia when the 

service moment is less than the cracking moment.  The present tests show that 

before reaching the cracking moment, the moment of inertia was 20% to 40% 

of the gross moment of inertia for 0.61 m wide panels.  The moment of inertia 

was 20% to 32% of the gross moment of inertia for 1.83 m wide panels.   

3. High strength concrete increases the design cracking moment; in this case, the 

service moment can be smaller than the cracking moment.  Since precast 

concrete panels reinforced with GFRP bars can develop initial cracks due to 

shrinkage, handling, lifting, and transportation-induced stresses, use of the 

gross moment of inertia is unconservative.  The type of concrete, i.e. normal 

weight concrete or lightweight concrete, does not affect the moment of inertia 

significantly before the cracking moment is reached.    

4. For initially cracked precast concrete panels reinforced with GFRP bars, an 

expression is proposed to evaluate the moment of inertia when the design 

service moment is less than the cracking moment; in the range of applied 

bending moments, the equation predicts deflections more accurately compared 

to the ACI 440.1R (2006) prediction. Using the proposed expression, the 

predicted deflections before the cracking moment are satisfactory compared to 

the observed behavior.  More research needs to be conducted on precast 
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concrete panels with initial cracks reinforced with GFRP bars, in terms of the 

effects of reinforcement ratio and concrete strength on the moment of inertia.     

5. All panels tested satisfied the service moment deflection requirements of the 

AASHTO LRFD Bridge Design Specifications, even though some of them 

had longer spans than typical GFRP reinforced precast bridge deck panels, or 

normal weight concrete panels with reduced reinforcement ratio. However, 

lightweight concrete panels with reduced reinforcement ratio did not satisfy 

the service moment deflection requirements of AASHTO. 

6. Lifting of precast concrete panels reinforced with GFRP bars requires extra 

care.  Embedded lifting hoops should not be used for lifting these panels.  It is 

recommended that such panels be lifted with straps placed underneath the 

panels at multiple points in the long dimension of the panel. 
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4.9 Notation 

            B = steel bearing plate length;   

            DL = dead load per foot width of slab;  
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            cE = modulus elasticity of concrete;   

            fE = design or guaranteed modulus of elasticity of GFRP bars;  

            sE = modulus of elasticity of steel reinforcement;  

            aveI = average moment of inertia for the panel span;  

            crI = moment of inertia of transformed cracked section;    

            eI = effective moment of inertia;  

            gI = gross moment of inertia;  

            L = span length; 

            ( )m x = moment due to unit load;  

            ( )M x = bending moment due to applied load from the left side support;  

            aM = maximum moment in the member at stage at which deflection is  

                     computed;  

            crM = cracking moment;  

            DLM = dead load moment per foot-width of slab;  

            LLM = live load moment per foot-width of slab;  

            P = load from actuator;  

            LP = live load;  

            S = effective span length;  

            bα  = bond dependent coefficient taken as 0.5;  

            dβ = reduction coefficient used in calculating deflection;  

            ∆ = measured deflection at midspan;  
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            a∆ = allowable deflection;  

            fρ = GFRP reinforcement ratio;  

            fbρ = GFRP reinforcement ratio producing balanced strain conditions. 
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Table 4.1  Series A panels: 0.61 m wide x 235 mm thick with 2.44 m span 

Specimen 
number 

fc’ 
 (MPa) 

ρf 
% 

ρfb 
% 

Cracking 
moment  
(kN*m) 

Service 
moment 
 (kN*m) 

 #1 B1NW 71.50 0.94 0.95 31.7 18.1 
#2 B2NW 87.22 0.94 1.16  25.0 18.1 
#3 B2NW  60.40 0.94 0.80 23.3 18.1 
#5 B1LW 75.36 0.94 1.00 20.5 17.8 

NW=normal weight, LW=lightweight 
 

Table 4.2  Series B panels: 0.61 m wide x 273 mm thick with 2.90 m span 

Specimen 
number 

fc’ 
 (MPa) 

ρf 
% 

ρfb 
% 

Cracking 
moment 
(kN*m) 

Service 
moment 
(kN*m) 

#8 B1NW 78.74 0.79 1.05 11.7 21.5 
#9 B2NW 60.95 0.79 0.81 24.1 21.5 
#10 B1LW 62.60 0.79 0.83 26.8 21.0 
#11 B2LW 59.98 0.79 0.80 18.5 21.0 

NW=normal weight, LW=lightweight 
 

Table 4.3  Series C panels: 1.83 m wide x 235 mm thick with 2.44 m span 

Specimen 
number 

fc’ 
 (MPa) 

ρf 
% 

ρfb 
% 

Cracking 
moment 
 (kN*m) 

Service 
moment 
(kN*m) 

#12 B1NW 83.63 0.96 1.11 93.9 52.8 
#13 B2NW 58.67 0.96 0.78 63.8 52.8 
#14 B1LW 62.60 0.96 0.83 66.1 51.9 
#15 B1LW 62.60 0.96 0.83 50.8 51.9 
#16 B2LW 56.88 0.96 0.76 32.8 51.9 
#17 B2LW 55.57 0.96 0.74 69.9 51.9 

NW=normal weight, LW=lightweight 
 

Table 4.4  Series D panels: 1.83 m wide x 235 mm thick with 2.44 m span 

Specimen 
Number 

fc’ 
(MPa) 

ρf 
% 

ρfb 
% 

Cracking 
moment 
(kN*m) 

Service 
moment 
(kN*m) 

#18 B1NWE 83.63 0.54 1.11 68.0 52.8 
#19 B1LWE 62.60 0.54 0.83 41.9 51.9 
#20 B2LWE 55.57 0.54 0.74 45.5 51.9 

NW=normal weight, LW=lightweight; 
E = panels with reduced reinforcement ratio 
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Table 4.5  Midspan deflection of panels at service and ultimate moment 

Series Specimen 

Initial 
crack 
width  
 (mm) 

Service moment Ultimate moment 

∆experiment 
(mm) 

∆prediction 
(mm) ∆exp/Δpre 

∆experiment 
(mm) 

∆prediction 
(mm) ∆exp/Δpre 

A 

#1 B1NW 0.051 2.01 0.41 4.9 37.7 46.7 0.8 
#2 B2NW 0.051 1.02 0.38 2.7 43.7 45.8 1.0 
#3 B2NW 0.051 1.22 0.43 2.8 41.3 42.2 1.0 
#5 B1LW 0.051 1.68 0.51 3.3 73.0 35.3 2.1 

B 

#8 B1NW 0.406 3.05 0.41 7.5 41.5 41.8 1.0 
#9 B2NW 0.051 1.45 0.46 3.2 51.6 54.4 1.0 
#10 B1LW 0.102 1.88 0.56 3.4 38.7 40.3 1.0 
#11 B2LW 0.076 1.73 0.58 3.0 41.3 42.9 1.0 

C 

#12 B1NW 0.178 1.80 0.38 4.7 52.2 44.3 1.2 
#13 B2NW 0.051 1.88 0.43 4.4 51.0 36.4 1.4 
#14 B1LW 0.076 1.75 0.53 3.3 34.7 31.5 1.1 
#15 B1LW 0.178 2.74 0.53 5.1 39.0 33.5 1.2 
#16 B2LW 0.051 2.79 0.56 5.0 66.8 27.7 2.4 
#17 B2LW 0.127 1.83 0.56 3.3 31.0 35.4 0.9 

D 
#18 B1NWE 0.127 1.60 0.38 4.2 61.7 51.4 1.2 
#19 B1LWE 0.229 3.63 0.53 6.8 53.0 47.9 1.1 
#20 B2LWE 0.127 3.71 0.56 6.6 48.8 41.6 1.2 

NW=normal weight, LW=lightweight, E = panels with reduced reinforcement ratio 
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Fig. 4.1  Dimensions, top and bottom GFRP reinforcement mat for slabs: (a) Series A; (b) 

Series B; (c) Series C; (d) Series D; Test setup: (e) elevation; (f) plan (mm)  
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Fig. 4.1  (continued) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



108 

 

 

 

   

18
29

610 2438 610

8φ
16

@
20

3

18φ16@203

A

51

102 102

51

A

15
2

15
2

support

 
 

     

1829

54
25

203

C
LR

C
LR

127

23
5

203

 
Section A-A 

(d) 
 

Bearing Plate

ActuatorLoad
Frame

Load Cell

Elastomeric pad
Concrete beam

GFRP panel

Bearing Plate

25
4

B=508 61
0 

or
 1

82
9

Traffic direction

Elastomeric pad

3658 or 4115
2438 or 2896

152

610 610

 
(e)                                                                        (f) 
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(a)                                                                                 (b) 

Fig. 4.2  Panel performance: (a) deflection, and (b) cracks on one side of panel 

 

L

B

P

q

x

 

Fig. 4.3  Deflection prediction 

 

   

                                    (a)                                                              (b) 

Fig. 4.4  Initial cracks caused by shrinkage, handling, lifting, and transportation at the 
underside of the panel: (a) 0.61 m wide panel; (b) 1.83 m wide panel 
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(a)                                                                        (b) 

Fig. 4.5  Normalized moment of inertia: (a) 0.61 m wide panel; (b) 1.83 m wide panel 

                                       

#1 B1NW (0.61 m x 3.66 m)                          #5 B1LW (0.61 m x 3.66 m) 

                                       

#8 B1NW (0.61 m x 4.12 m)                                           #10 B1LW (0.61 m x 4.12 m)   

Fig. 4.6  Comparison of normalized moment of inertia for 0.61 m wide panels 
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#13 B2NW (1.83 m x 3.66 m)                                    #17 B2LW (1.83 m x 3.66 m) 

                              
#18 B1NWE (1.83 m x 3.66 m)                              #20 B2LWE (1.83 m x 3.66 m) 

Fig. 4.7  Comparison of normalized moment of inertia for 1.83 m wide panels 
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#1 B1NW (0.61 m x 3.66 m)                                     #5 B1LW (0.61 m x 3.66 m) 

                                 
#8 B1NW (0.61 m x 4.12 m)                                     #10 B1LW (0.61 m x 4.12 m)   

Fig. 4.8 Comparison of load deflection curve for 0.61 m wide panels 
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#13 B2NW (1.83 m x 3.66 m)                                      #17 B2LW (1.83 m x 3.66 m)  

                        
#18 B1NWE (1.83 m x 3.66 m)                                          #20 B2LWE (1.83 m x 3.66 m)  

Fig. 4.9  Comparison of load deflection curve for 1.83 m wide panels 
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#1 B1NW (0.61 m x 3.66 m)                                 #17 B2LW (1.83 m x 3.66 m) 

                                 
#8 B1NW (0.61 m x 4.12 m)                                      #20 B2LWE (1.83 m x 3.66 m)    

Fig. 4.10  Comparison of load deflection curve up to ultimate for four panels 
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(a)                                                              (b)  

                      
(c)                                                              (d) 

Fig. 4.11  Deflection requirement under service moment for: (a) Series A panels; (b) 
Series B panels; (c) Series C panels; (d) Series D panels;        =NW; - - - =LW 
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5 SHEAR CAPACITY OF HIGH STRENGTH CONCRETE SLABS 

REINFORCED WITH GFRP BARS USING THE MODIFIED 

COMPRESSION FIELD THEORY 

Ruifen Liu, and Chris P. Pantelides 

5.1 Abstract 

            The ultimate shear capacity of slabs reinforced with GFRP bars is compared to 

the shear strength predicted using the Modified Compression Field Theory (MCFT). 

This paper utilizes the results of twenty tests of GFRP reinforced slabs with either 

lightweight or normal weight high-strength concrete.  Several parameters were 

examined including slab width, span, thickness, and reinforcement ratio of GFRP 

bars.  It is shown that the MCFT can predict accurately the shear strength for both 

high-strength normal weight and lightweight concrete slabs reinforced with GFRP 

bars.     

5.2 Introduction 

Corrosion of steel in reinforced concrete structures is one of the main factors 

that reduces durability and service life of bridge decks and parking garages.  The use 

of deicing salts or the presence of a marine environment can accelerate the corrosion 

of steel in concrete structures; corrosion mitigation requires expensive maintenance or 

slab replacement.  The use of Glass Fiber Reinforced Polymer (GFRP) bars as internal 

reinforcement is a possible solution to corrosion of steel bars.  In addition to their 
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noncorrosive properties, GFRP bars have a higher strength, they are light and easy to 

handle, which makes them attractive as reinforcement for certain concrete elements, 

such as slabs.  However, GFRP bars have different mechanical properties compared to 

steel; GFRP bars behave in a linear elastic manner until failure which makes concrete 

members reinforced with GFRP bars vulnerable to brittle failure.        

Considerable research has been undertaken for both flexural and shear 

performance of GFRP reinforced concrete structures.  Even though GFRP bars have 

different material properties compared to steel bars, the prediction of flexural capacity 

using the strain compatibility approach is still effective. However, the behavior of 

lightweight concrete slabs reinforced with GFRP bars without any shear 

reinforcement is still a topic of active research.  The shear capacity prediction is 

essential in the design of GFRP reinforced concrete members as the ACI 440 

Committee recommends such members be designed as over-reinforced, which makes 

them a candidate for shear-type failure1.  There is not a substantial amount of research 

available for GFRP reinforced slabs constructed with high strength normal weight or 

lightweight concrete.   

The Modified Compression Field Theory (MCFT) is an analytical model with 

fifteen equations which produce accurate estimates of shear strength for steel 

reinforced concrete members2.  Bentz and Collins3 reduced the MCFT equations to 

two, and these equations still provide accurate estimates of the shear strength of steel 

reinforced concrete members4.  Hoult et al.5 found that crack widths are affected by 

both a size effect and a strain effect regardless of the type of reinforcement used; they 

also showed that the two MCFT equations proposed by Bentz and Collins3 work 

equally well in predicting the shear capacity of normal weight concrete slabs 
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reinforced with steel or FRP reinforcement.  Sherwood et al.6 demonstrated that the 

width of a member does not have a significant influence on the shear stress at failure 

for steel reinforced concrete members, which indicates that the MCFT could be used 

for both beams and slabs.  Bentz et al.7 found that despite the brittle nature of the 

reinforcement, FRP reinforced large concrete beams have a similar shear behavior as 

steel reinforced concrete beams.  In this paper, a series of twenty tests are presented to 

investigate the influence of the slab width and depth, the slab span, the concrete 

compressive strength, and the type of concrete (lightweight concrete versus normal 

weight concrete) on the shear strength of GFRP reinforced slabs.  The maximum 

deflection of the slabs under service loads satisfied the AASHTO Specifications in the 

tests for the slabs designed for flexure according to ACI 440.1R1 guidelines, as 

reported elsewhere (Pantelides et al.8).  

5.3 Experimental Program 

            A total of twenty slabs were tested to investigate the behavior of GFRP 

reinforced concrete slabs constructed with high strength normal or lightweight 

concrete.  The construction variables included type and compressive strength of 

concrete, slab span and depth, slab width, and reinforcement ratio.  Four series of 

slabs were built with different dimensions or reinforcement ratios.  Figure 5.1 shows 

the top and bottom reinforcement for Series A and B slabs; Series A and B slabs have 

the same width (2 ft (610 mm)) but have different span and slab depth; Series C slabs 

have the same reinforcement, thickness, and span as Series A, but their width is 6 ft 

(1829 mm); Series D slabs have the same dimensions as Series C slabs, but a reduced 

GRRP reinforcement ratio which is approximately one-half that of Series C slabs.  
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5.4 Material Properties 

The normal weight concrete used in this study was ready-mix concrete.  Hard 

rock aggregate was used for normal weight concrete which had a size of ¾ in. (19 

mm). The compressive strength of normal weight and lightweight concrete was 

designed as 6,000 psi (41 MPa); however, several batches were cast at different times 

and consequently, the concrete compressive strength for normal weight concrete at the 

time of testing ranged from 8,500 psi (59 MPa) to 12,600 psi (87 MPa) and for 

lightweight concrete from 8,100 psi (56 MPa) to 10,900 psi (75 MPa). The 

lightweight concrete used was sand-lightweight concrete, which had a coarse 

aggregate size of ½ in. (12.7 mm).  The unit weight of the sand-lightweight concrete 

used was 123 lb/ft3 (1970 kg/m3).   

The Glass Fiber Reinforced Polymer bars used for construction were #5 (φ16) 

diameter Aslan 100 bars.  The tensile strength of the specific lot of GFRP bars used in 

these tests was 103,700 psi (715 MPa), and the modulus of elasticity 6,280,000 psi 

(43 GPa) as determined from tensile tests of the bars according to ACI 440.3R9.   

5.5 Test Setup and Procedure 

All slabs were tested as simply supported members on two reinforced concrete 

beams, as shown in Fig 5.2.  Elastomeric pads 6 in. (152 mm) wide and 2 in. (51 mm) 

thick were placed on the two supporting beams so the slabs could rotate freely near 

the support without coming into contract with the beams.   

The load was applied using a hydraulic actuator through a 10 in. x 20 in. x 1 

in. (254 mm x 508 mm x 25 mm) steel bearing plate for all slabs, which simulates the 

area of a double tire truck load on a bridge deck10.  The load was applied as a series of 
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half-sine downward cycles of increasing amplitude without stress reversals.  The load 

application was displacement controlled, with a slow constant loading rate of 0.2 

in./min (5 mm/min).  The loading scheme was intended to simulate the repeated truck 

loading applied to the slab of a precast concrete bridge deck.   

5.6 Test Results 

            During testing, all slabs developed flexural cracks at lower load levels and 

additional diagonal cracks at higher loads.  Ultimately the slabs failed in a diagonal 

tension failure mode, as shown in Fig 5.3.  After formation of the critical diagonal 

crack near one of the two supports, the concrete crushed on the compression face of 

the slabs.  All slabs failed with the same failure mode regardless of concrete type 

(normal weight concrete or lightweight concrete), slab dimensions, or amount of 

reinforcement.  In a small number of tests, a few GFRP bars in the top mat near the 

outer edges of the slab snapped and sheared off after the ultimate load was reached, 

shortly before the ultimate deflection, as shown in Fig 5.3; this occurred after the 

concrete cover had spalled off and the bars were exposed, and was the result of the 

GFRP bars trying to carry the compression forces arising from the applied load.  The 

GFRP bars in the bottom mat did not fracture in any of the tests even though they 

experienced significant tensile strain and deformation.  The concrete compressive 

strength at the time of testing, the actual reinforcement ratio, the balanced 

reinforcement ratio, and the experimental shear capacity are shown in Tables 5.1-5.4.  
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5.7 Shear Strength Prediction using the Modified                        

Compression Field Theory 

            To predict the shear strength of the slabs, the Modified Compression Field 

Theory (MCFT) is used. The MCFT assumes that the ultimate shear strength of 

concrete members is related to the crack width at shear failure, which is controlled by 

the strain effect and the size effect.  The strain effect indicates that the larger the 

longitudinal strain, the wider the cracks, and the lower the aggregate interlock and 

ultimate shear strength.  The size effect means that if two geometrically similar beams 

or slabs with different depths are subjected to the same shear stresses, the deeper the 

beam, the wider the crack width, and the lower the ultimate shear strength; the size 

effect is influenced by the aggregate size.  Two simplified equations were used for 

shear capacity predictions.  The first equation is a first-order linear approximation, 

which was initially developed for steel reinforced concrete sections with the value of 

strain at failure ( xε ) being less than 0.1%, as shown below (Hoult et al5): 

 

( ) ( )
'0.40 1300

1 1500 1000c c w v
x xe

V f b d
sε

   
=    + +                                (5.1) 

 

where xε  = longitudinal strain at mid-depth of the section at predicted shear failure 

(mm/mm); xes  = effective crack spacing (mm); '
cf  = concrete compressive strength 

(MPa); wb  = web width (mm); vd  = effective shear depth to be taken as 0.9 d  (mm), 

where d  = distance from extreme compression fiber to the middle of the bottom FRP 

bar.  
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            The size effect term for members without stirrups is given by Hoult et al.5 as:  

 

31.5 0.77
16xe

g

ds d
a

= ≥
+                                                 (5.2) 

 

where ga  = maximum aggregate size (mm). For high strength normal weight concrete 

(compressive strength above 10,000 psi (70 MPa)) or for lightweight concrete, the 

aggregate size should be taken as zero because the cracks tend to pass through the 

aggregate particles; this was confirmed in the present tests in which both the normal 

weight and lightweight concrete were high strength.  To avoid a discontinuity in 

strength predictions, for normal weight concrete, it is suggested that the aggregate size 

be linearly reduced from the specified size to zero as the concrete strength increases 

from 8,700 psi (60 MPa) to 10,000 psi (70 MPa) (Hoult et al.5).   

            The strain effect is included via the strain term xε ; for members not subjected 

to axial load that are not prestressed, the strain term is given by Hoult et al.5 as:  

 

2
f v f

x
r r

M d V
E A

ε
+

=                                                         (5.3) 

 

where rE  = elastic modulus of the reinforcement (GPa); rA  = area of the longitudinal 

reinforcement (mm2); rM  and rV  are the bending moment and shear force at the 

critical section for shear, respectively, which is evaluated at a distance d  away from 

the maximum moment location. 
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            When FRP reinforcement is used, typically higher longitudinal strains will be 

developed compared to steel reinforcement.  A second-order approximation to the 

MCFT theoretical diagonal crack width calculation leads to the shear capacity 

prediction equation as (Hoult et al.5): 

 

                        (5.4) 

 

The experimental shear strength of the specimens was compared to Eq. (5.1) and Eq. 

(5.4).  As shown in Fig 5.4, the shear cracks pass through the coarse aggregate even 

though some of the normal weight concrete compressive strength was slightly less 

than 10,000 psi (70 MPa); thus, the aggregate size was considered to be zero in the 

shear prediction equations for all specimens.  The predicted shear capacity of the slabs 

using the first-order Eq. (5.1) (Vpred1) and the second-order Eq. 5.14 (Vpred2) are shown 

in Tables 5.1-5.4.  A comparison of the ratios of tested to predicted shear strength 

versus concrete compressive strength is shown in Figs 5.5 and 5.6 for the first-order 

and second-order MCFT predictions, respectively.  

            Considering Fig 5.5, the average ratio of experimental shear strength to 

predicted shear strength is 1.97, with a coefficient of variation (COV) of 10.6%; in 

Fig 5.6, the average ratio of experimental shear strength to predicted shear strength is 

1.46, with a coefficient of variation of 10.7%.  The results show that both equations 

predict conservative estimates of the shear strength; the second-order equation 

predicts results that are closer to the experimentally obtained shear capacity.  This is 

expected because of the higher longitudinal strain in the GFRP bars.  However, the 

ratio of experimental shear strength to predicted shear strength for both the first-order 

( ) ( )
'

0.7
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Eq. (5.1) and the second-order Eq. (5.4) is 43% and 27% higher, respectively, than the 

beams or slabs in the study by Hoult et al.5.  This may be caused by the high 

compressive strength of the concrete and the fact that only GFRP reinforced concrete 

specimens were included in this research, whereas the study by Hoult et al.5 

considered steel, GFRP, CFRP, and AFRP reinforced specimens.  

            Comparing the experimental to predicted shear strength ratios in Figs 5.5 and 

5.6, respectively, it is shown that normal weight concrete slabs generally have higher 

ratios of experimental shear strength to predicted shear strength than lightweight 

concrete slabs.  In Fig 5.5 for the first-order expression, the average ratio of 

experimental to predicted shear strength for normal weight concrete slabs is 2.14, with 

a COV of 9.2%; the average ratio for lightweight concrete slabs is 1.86, with a COV 

of 6.1%; in Fig 5.6 for the second-order expression, the average ratio for normal 

weight concrete slabs is 1.58 with a COV of 9.9%; the average ratio for lightweight 

concrete slabs is 1.38 with a COV of 8.1%.  In both the first-order and second-order 

MCFT predictions, the lightweight concrete slabs have an experimental to predicted 

shear strength ratio equal to 87% of the normal weight concrete slabs.  This shows 

that even though the predictions are conservative for lightweight concrete, they are 

less conservative than the predictions for normal weight concrete.  Thus, the density 

of the concrete needs to be considered in predictions for shear strength.   

            Figures 5.7 and 5.8 show the experimental shear strength normalized by the 

shear predictions Eq. (5.1) and Eq. (5.4), respectively, using the actual strain in the 

GFRP bars measured during the tests.  In Fig 5.7 for the first-order MCFT expression, 

the average ratio for normal weight concrete slabs is 3.05, with a COV of 17.3%; the 

average ratio for lightweight concrete slabs is 2.54, with a COV of 12.0%.  In Fig 5.8, 
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for the second-order MCFT expression, the average ratio for normal weight concrete 

slabs is 1.62 with a COV of 15.7%; the average ratio for lightweight concrete slabs is 

1.37 with a COV of 9.7%.  In both the first-order and second-order MCFT 

predictions, the lightweight concrete slabs have a shear ratio of 83% to 85% of the 

normal weight concrete slabs, respectively.  Comparing the results of Fig 5.5 to Fig 

5.7, and Fig. 5.6 to Fig 5.8, the different ratios of experimental shear strength to 

predicted shear strength demonstrate that Eq. (5.3) slightly under-predicts the actual 

strain of the tested concrete slabs in this research.   

            Tables 5.5 to 5.8 show the measured and predicted strain using the first-order 

(εpred1) and second-order (εpred2) approximations at the mid-depth of the slabs.  The 

measured mid-depth strain is defined as the maximum strain measured at the bottom 

longitudinal GFRP bars divided by two.  The overall average ratio of the first-order 

MCFT expression predicted to measured strain is 60.5% for normal weight concrete 

slabs, and 61.6% for lightweight concrete slabs.  In addition, the measured to 

predicted strain ratio is higher for slabs with a longer span (Series B) and slabs with a 

smaller reinforcement ratio (Series D) for both the first-order and second-order 

equations.  The overall average ratio of the second-order MCFT expression predicted 

to measured strain is 82.0% for normal weight concrete slabs, and 83.1% for 

lightweight concrete slabs.  It is shown that the second-order equation predicts more 

accurately the mid-depth strain than the first-order equation; both the first-order and 

second-order equations predict similar strains for normal weight and lightweight 

concrete.   
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5.8 Shear Design using the MCFT 

            It is interesting to examine the conservatism of the two MCFT equations from 

the designer’s perspective.  The assumptions used in the design of normal weight and 

lightweight concrete slabs are as follows: the design concrete compressive strength is 

60,000 psi (41 MPa); the GFRP bar modulus of elasticity is 5,920,000 psi (40.8 GPa), 

and the ultimate tensile strength is 95,000 psi (655 MPa).  Using the design approach 

recommended by Hoult et al.5 with strain compatibility analysis, the predicted shear 

strength of the concrete slabs is found to be conservative.  The resulting average 

experimental to predicted shear strength ratio is 3.57 and 3.54 for normal weight and 

lightweight concrete slabs, respectively, when using the first-order MCFT prediction; 

the COV is 10% and 7.4% for normal weight and lightweight concrete slabs, 

respectively. Using the second-order MCFT prediction, the ratio of experimental to 

predicted shear strength is 1.86 and 1.85 for normal weight and lightweight concrete 

slabs, respectively; the COV is 11.3% and 8.1%, respectively.  The conservatism of 

the second-order MCFT in the design process is found to be slightly higher than the 

experimental predicted ratios observed in the tests.  However, this is desirable in 

actual design and thus the design approach recommended by Hoult et al.5 produces 

acceptable results.      

            To compare the results of the GFRP reinforced slabs tested in the present 

study, in particular those cast with lightweight concrete, to existing data for normal 

weight concrete slabs reinforced with GFRP bars, a comparison is made of the present 

test results to the database provided in Hoult et al.5, which includes references11-20.  

Additional studies of normal weight concrete specimens reinforced with GFRP bars 

(references7, 21-23) were included in the present study to create an updated database.  
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All specimens in the updated database are normal weight concrete beams or slabs 

reinforced with GFRP bars without any transverse reinforcement, which failed in one-

way shear.  Figures 5.9 and 5.10 show the strain effect using the first-order and 

second-order MCFT equations for the GFRP reinforced members using the updated 

database, respectively.  The longitudinal strain at mid-depth is the strain predicted 

using the MCFT, and the shear strength is normalized, so only the strain effect is 

shown.  Figures 5.9 and 5.10 show that lightweight concrete slabs follow the same 

trend as normal weight concrete beams or slabs, which indicates that the strain effect 

is unchanged and could be predicted using the MCFT for lightweight concrete slabs.    

            Figure 5.11 shows the size effect for normal weight and lightweight concrete 

members reinforced with GFRP bars.  The size effect is derived using the tested shear 

strength normalized by the strain effect and the quantity '
c w vf b d .  Figure 5.11 shows 

that lightweight concrete slabs follow the same trend as normal weight concrete 

beams or slabs, which indicates that the size effect is unchanged and could be 

predicted using the MCFT for lightweight concrete slabs. 

            The size effect and the strain effect do not exhibit significant differences 

between normal weight concrete and lightweight concrete beams or slabs.  This is also 

verified by comparing the predicted and experimental shear strength results of all 

beams or slabs in the updated experimental database.  For the first-order MCFT 

equation, the average ratio of experimental to predicted shear strength is 1.59 and 1.84 

for normal weight concrete and lightweight concrete members, respectively; the COV 

is 35.0% and 5.9% for normal weight and lightweight concrete members, 

respectively.  The normalized shear strength versus concrete compressive strength 

using the second-order MCFT is shown in Fig 5.12.  For the second-order MCFT 
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equation, the average ratio of experimental shear strength to predicted shear strength 

is 1.27 and 1.37, and the COV is 27.2% and 5.8% for normal weight and lightweight 

concrete members, respectively.  It is noted that the ratio of experimental to predicted 

shear strength is lower for normal weight concrete beams or slabs than the ratio for 

lightweight concrete slabs when the ratios are compared with the updated database; 

these results are the opposite of what was found for the specimens tested in the 

present study.  However, this is caused by the member depth effect. The yellow 

diamond in Fig. 5.12 represent slab specimens collected from other research. 

Comparing the experimental to predicted shear strength ratio, it is noted that slab 

specimens have a higher ratio than the beam specimens.  Considering only the slabs 

collected from other research and specimens from the current research, the average 

experimental ratio for normal weight concrete slabs is 1.56 and 1.37 for lightweight 

concrete slabs using the second-order equation.  Lightweight concrete specimens have 

a ratio 88% of normal weight concrete slabs, which follows the same trend as the 

specimens tested in the current research.  The comparison for tested slab specimens 

indicates that a reduction factor is needed for the use of lightweight concrete 

members. The reduction factor generally used for sand lightweight concrete 

reinforced with steel 0.85 seems appropriate for GFRP reinforced sand-lightweight 

concrete members.  

            The size effect factor used in Eq. (5.1) and Eq. (5.4) was developed based on 

steel reinforced concrete members, which has a maximum strain at mid-depth of the 

member of 0.001 in./in. (0.001 mm/mm) (Bentz and Collins3).  The measured average 

strain in the bottom GFRP bars in the present research at midspan is 0.012 in./in. 

(0.012 mm/mm), thus the mid-depth strain is 0.006 in./in. (0.006 mm/mm).  The 
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measured strain in the tested slabs is six times the maximum strain used to develop 

the size effect factor.  Figure 5.9 in Bentz and Collins3 was re-developed and higher 

strain data curves were added, as shown in Fig 5.13.  In Fig 5.13, six of the curves 

represent the assumed mid-depth strain from 0.001 in./in. (0.001 mm/mm) to 0.006 

in./in. (0.006 mm/mm).  A new curve shown in Fig 5.13 was chosen to compare with 

the one in the MCFT; this curve lies close to the middle of the data from the MCFT 

analyses across the size range and is similar to the size factor used in Eq. (5.1) and Eq. 

(5.4).  The size effect factor intended to compare with the MCFT is obtained as: 

 

1450
1000 1.5 zes+                                                      (5.5)  

 

Using Eq. (5.5) to replace the size effect factor in Eq. (5.1) and Eq. (5.4), the 

prediction results are shown in Table 5.9.  Table 5.9 shows that using Eq. (5.5), the 

ratio both for first-order and second-order experimental to predicted shear strength 

improved slightly; predictions were closer to the experimental results.  However, note 

that the size effect factor in Eq. (5.1) and Eq. (5.4) could be used for both steel and 

FRP reinforcement, and the ratio of experimental to predicted shear strength improved 

only slightly using Eq. (5.5). This indicates that even if the strain achieved in GFRP 

reinforced concrete members is higher than that in steel reinforced concrete members, 

the size effect factor in Eq. (5.1) and Eq. (5.4) is sufficiently accurate for the shear 

capacity prediction of GFRP reinforced concrete members.  
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5.9 Conclusions 

            This paper presents experimental results for twenty Glass Fiber Reinforced 

Polymer (GFRP) reinforced concrete slabs, cast with either normal or lightweight 

concrete, and compares the shear strength obtained in the tests to the Modified 

Compression Field Theory (MCFT).  The following conclusions can be made: 

1. The second-order MCFT equation predicts the shear strength of normal weight 

and lightweight concrete slabs reinforced with GFRP bars accurately.  The 

first-order MCFT equation is more conservative compared to the second-order 

equation.  Lightweight concrete slabs, which failed in one-way shear, show the 

same size and strain effects as normal weight concrete slabs or beams 

reinforced with GFRP bars. 

2. The average ratio of predicted to measured mid-depth strain was 60% for both 

normal weight and lightweight concrete slabs using the first-order MCFT 

equation; the average ratio was 82% for both normal weight and lightweight 

concrete slabs using the second-order MCFT equation.  

3. Using the strains from flexural design for the first-order and second-order 

MCFT equations results in conservative designs since the actual concrete 

compressive strength and guaranteed GFRP properties are generally higher 

than the design values.  

4. A reduction factor is needed for the use of lightweight concrete when GFRP is 

used as reinforcement.  The ratio of 0.85 which is used for steel reinforced 

concrete members seems appropriate for GFRP reinforced concrete members.  

5. Even though the size effect factor in the original MCFT was developed based 

on strains in steel reinforced concrete members, it is still accurate for the shear 
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prediction of GFRP reinforced concrete members which achieve much higher 

strains.   

6. Both normal weight and lightweight concrete slabs tested in this study were 

constructed with high strength concrete.  Additional results for normal 

strength lightweight concrete slabs are required to validate the findings of the 

present study. 
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5.11 Notation 

            ga  = maximum aggregate size in mm; 

            rA  = area of the longitudinal reinforcement;  

            wb  = web width; 

            1COV = coefficient of variation for first-order MCFT; 

            2COV = coefficient of variation for second-order MCFT; 
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            d = distance from extreme compression fiber to the middle of the bottom FRP  

                    bar;  

            vd  = effective shear depth to be taken as 0.9 d ;  

            rE  = elastic modulus of the reinforcement;  

            
'

cf  = concrete compressive strength;  

            fM = bending moment at the critical section for shear, a distance d  away  

                     from the maximum moment location; 

            xes  = effective crack spacing;  

            cV  = predicted shear strength; 

            expV  = experimental shear strength; 

            fV  = shear force at the critical section for shear, a distance d  away from the  

                     maximum moment location; 

             1predV  = predicted shear capacity using first-order MCFT; 

            2predV  = predicted shear capacity using second-order MCFT; 

            xε  = longitudinal strain at mid-depth at predicted shear failure;  

            _m aveε  = average longitudinal strain at mid-depth at shear failure;  

            1predε  = predicted longitudinal strain at mid-depth at shear failure using        

                         first-order MCFT;  

            2predε  = predicted longitudinal strain at mid-depth at shear failure using   

                         second-order MCFT;  

            bρ  = FRP reinforcement ratio producing balanced strain conditions;  
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            fρ  = FRP reinforcement ratio; 
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Table 5.1  Series A slabs: 2 ft wide x 9 ¼ in. thick with 8 ft span 

Specimen 
Number fc’, psi ρf, % ρb, % Vexp, kip Vpred1, kip Vpred2, kip 

#1 B1NW 10,370 0.94 0.95 30.6 12.7 17.1 

#2 B2NW 12,650 0.94 1.16 30.2 13.4 18.2 

#3 B2NW 8,760 0.94 0.80 27.6 12.2 16.2 

#4 B1LW 9,090 0.94 0.83 25.1 12.3 16.4 

#5 B1LW 10,930 0.94 1.00 22.9 12.9 17.4 

#6 B2LW 8,700 0.94 0.80 23.0 12.1 12.2 

#7 B1LW* 9,900 0.94 0.91 27.4 15.1 19.9 
               *For this specimen the span was 6.7 ft; 1 ft = 304.8 mm; 1 psi = 6.895 kPa; 1 kip = 4.448 kN 
 

 

Table 5.2  Series B slabs: 2 ft wide x 10 ¾ in. thick with 9 ft-6 in. span 

Specimen 
Number fc’, psi ρf, % ρb, % Vexp, kip Vpred1, kip Vpred2, kip 

#8 B1NW 11,420 0.79 1.05 23.8 13.0 19.0 

#9 B2NW 8,840 0.79 0.81 27.7 13.0 17.5 

#10 B1LW 9,080 0.79 0.83 22.0 13.1 17.7 

#11 B2LW 8,700 0.79 0.80 23.3 13.0 17.5 

1 psi = 6.895 kPa; 1 kip = 4.448 kN 

 

Table 5.3  Series C slabs: 6 ft wide x 9 ¼ in. thick with 8 ft span 

Specimen 
Number fc’, psi ρf, % ρb, % Vexp, kip Vpred1, kip Vpred2, kip 

#12 B1NW 12,130 0.96 1.11 87.6 39.3 52.9 

#13 B2NW 8,510 0.96 0.78 72.7 35.7 47.3 

#14 B1LW 9,080 0.96 0.83 61.3 36.3 48.3 

#15 B1LW 9,080 0.96 0.83 64.8 36.3 48.3 

#16 B2LW 8,250 0.96 0.76 66.8 35.4 46.9 

#17 B2LW 8,060 0.96 0.74 67.6 35.1 46.5 
1 psi = 6.895 kPa; 1 kip = 4.448 kN 
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Table 5.4  Series D slabs: 6 ft wide x 9 ¼ in. thick with 8 ft span 

Specimen 
Number fc’, psi ρf, % ρb, % Vexp, kip Vpred1, kip Vpred2, kip 

#18 B1NWE 12,130 0.54 1.11 62.1 29.9 42.5 

#19 B1LWE 9,080 0.54 0.83 55.6 27.7 38.8 

#20 B2LWE 8,060 0.54 0.74 49.3 26.8 37.4 

1 psi = 6.895 kPa; 1 kip = 4.448 kN 

 

Table 5.5  Series A slabs mid-depth strain 

Specimen 
Number 

Measured 
average 
strain 

εm ave, % 

1st order 
predicted 

strain 
εpred1, % 

εpred1/ εm_ave 

2nd order 
predicted 

strain 
εpred2, % 

εpred2/ εm_ave 

#1 B1NW 0.61 0.36 0.59 0.48 0.79 

#2 B2NW 0.60 0.38 0.63 0.51 0.85 

#3 B2NW 0.59 0.34 0.59 0.46 0.78 

#4 B1LW n.d. 0.35 n.d. 0.46 n.d. 

#5 B1LW 0.59 0.37 0.62 0.49 0.84 

#6 B2LW 0.60 0.34 0.57 0.46 0.76 

#7 B1LW* n.d. 0.31 n.d. 0.41 n.d. 
                  *For this specimen the span was 6.7 ft; 1 ft = 304.8 mm; n.d. = no data 

 

Table 5.6  Series B slabs mid-depth strain 

Specimen 
Number 

Measured 
average 
strain 

εm ave, % 

1st order 
predicted 

strain 
εpred1, % 

εpred1/ εm_ave 

2nd order 
predicted 

strain 
εpred2, % 

εpred2/ εm_ave 

#8 B1NW 0.55 0.39 0.72 0.54 0.98 

#9 B2NW 0.66 0.37 0.56 0.50 0.75 

#10 B1LW 0.56 0.37 0.66 0.50 0.89 

#11 B2LW 0.55 0.37 0.66 0.39 0.89 
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Table 5.7  Series C slabs mid-depth strain 

Specimen 
Number 

Measured 
average 
strain 

εm ave, % 

1st order 
predicted 

strain 
εpred1, % 

εpred1/ εm_ave 

2nd order 
predicted 

strain 
εpred2, % 

εpred2/ εm_ave 

#12 B1NW 0.79 0.37 0.47 0.50 0.63 

#13 B2NW 0.58 0.34 0.58 0.45 0.78 

#14 B1LW 0.70 0.34 0.49 0.46 0.65 

#15 B1LW 0.60 0.34 0.57 0.46 0.76 

#16 B2LW 0.45 0.33 0.74 0.44 0.98 

#17 B2LW 0.63 0.33 0.53 0.44 0.70 

 

 

Table 5.8  Series D slabs mid-depth strain 

Specimen 
Number 

Measured 
average 
strain 

εm ave, % 

1st order 
predicted 

strain 
εpred1, % 

εpred1/ εm_ave 

2nd order 
predicted 

strain 
εpred2, % 

εpred2/ εm_ave 

#18 B1NWE 0.72 0.51 0.70 0.72 1.00 

#19 B1LWE 0.79 0.47 0.60 0.65 0.84 

#20 B2LWE 0.64 0.46 0.72 0.64 1.00 

 

 

Table 5.9  Comparison results for different size effect factor 

Size effect factor Concrete type Vexp/Vpre1 COV1 Vexp/Vpre2 COV2 

1300
1000 zes+

 Eq. (5.1) 
NW 1.59 0.35 1.27 0.27 

LW 1.84 0.06 1.37 0.06 

1450
1000 1.5 zes+

Eq. (5.5) 
NW 1.52 0.20 1.22 0.20 

LW 1.70 0.06 1.29 0.06 

 NW(5)/NW(1) 0.95 0.57 0.96 0.62 

 LW(5)/LW(1) 0.92 0.97 0.94 1.01 
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              Normal weight concrete slab                                 Lightweight concrete slab 

Fig 5.4  Shear cracks pass through the aggregate 

 

 

Fig 5.5  Normalized shear strength versus concrete compressive strength using 
the first-order MCFT Eq. (5.1) (1 psi = 6.895 kPa) 
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Fig 5.6  Normalized shear strength versus concrete compressive strength using 
the second-order MCFT Eq. (5.4) (1 psi = 6.895 kPa) 

 

 

Fig 5.7  Normalized shear strength versus concrete compressive strength using 
actual strain and the first-order MCFT Eq. (5.1) (1 psi = 6.895 kPa) 

1.0

1.5

2.0

7,000 9,000 11,000 13,000

N
or

m
al

iz
ed

 S
he

ar
 S

tr
en

gt
h 

V c
/E

q.
 (5

.4
) 

Concrete Compressive Strength (psi) 

NW

LW

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

7,000 9,000 11,000 13,000

N
or

m
al

iz
ed

 S
he

ar
 S

tr
en

gt
h 

V c
/E

q.
 (5

.1
) 

Concrete Compressive Strength (psi) 

NW

LW



145 

 

 

 

 

Fig 5.8  Normalized shear strength versus concrete compressive strength using 
actual strain and the second-order MCFT Eq. (5.4) (1 psi = 6.895 kPa) 

 

 

Fig 5.9  Strain effect: normal weight concrete versus lightweight concrete slabs 
for first-order MCFT Eq. (5.1) (1 MPa = 145 psi) 
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Fig 5.10  Strain effect: normal weight concrete versus lightweight concrete slabs 
for second-order MCFT Eq. (5.4) (1 MPa = 145 psi) 
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Fig 5.11  Size effect: normal weight concrete versus lightweight concrete slabs for 
second-order MCFT Eq. (5.4) (1 in. = 25.4 mm) 

 

 

Fig 5.12  Normalized shear strength versus concrete compressive strength using 
the second-order MCFT Eq. (5.4) for the updated database (1 psi = 6.895 kPa) 
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Fig 5.13  Size effect factor for mid-depth strain 
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6 CONCLUSIONS 

            The performance of precast lightweight concrete panels reinforced with Glass 

Fiber Reinforced Polymer (GFRP) bars was investigated and compared to that of 

normal weight concrete panels reinforced in an identical manner.  The results for the 

lightweight concrete panels reinforced with GFRP bars are the only ones available in 

the literature to the knowledge of the author.  Four sets of specimens were built and 

tested.  The first set of specimens and the third set of specimens had the same span (8 

ft) which is smaller than the typical prestressed concrete girder spacing for steel 

reinforced concrete panels, with a slab thickness of 9 ¼ in.  The second set of 

specimens had a typical prestressed concrete girder spacing (9 ½ ft) with an increased 

slab thickness of 10 ¾ in.  The first and second set of specimens had the same width  

(2 ft) which simulates the behavior of a strip from the deck panel; the third set of 

specimens had a larger width (6 ft), which is typical of actual bridge precast deck 

panels similar to the ones used at a recently constructed bridge near Price on US 6 in 

Utah (6 ft-10 in. x 41 ft-5 in. x 9 ¼ in.).  The fourth set of specimens had a dimension 

exactly the same as the third set of specimens but with a reinforcement ratio 

approximately one-half that of the third set.  All panels tested were simply supported 

which is a much more severe condition than the detail used in actual precast bridge 

deck panels; the latter method attaches the precast panels to the girders using 

blockouts by anchoring the panels through grout and steel studs in the blockouts to the 

top face of the girder flanges; in addition, actual bridge decks are continuous over 

several spans.  The main findings of this research are summarized as follows:   
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1. Satisfactory performance of panels with different spans was achieved 

following the ACI 440.1R guidelines.  Panels were tested for two different 

deck spans, 8 ft and 9 ½ ft, with the same reinforcement spacing.  By 

increasing the thickness of the panels to 10 ¾ in., panels with a 9 ½ ft span 

achieved a similar performance in terms of stiffness, service load deflection, 

and ultimate load compared to 8 ft span panels with a 9 ¼ in. thickness.   

2. The shear strength of lightweight concrete panels reinforced with GFRP bars 

was on average 81% that of normal weight concrete panels reinforced with 

GFRP bars.  This is due to the lower tensile strength of lightweight concrete 

compared to normal weight concrete, and the resulting reduction of the 

splitting resistance.     

3. The ultimate shear strength of panels with a reduced reinforcement ratio (56% 

of flexurally designed panels) was 77% and 80% of the panels designed 

according to ACI 440.1R for normal weight and lightweight concrete, 

respectively.  The reason for this is that GFRP bars in panels with the reduced 

amount of reinforcement developed higher strains (10%-16%) than the 

flexurally designed panels; however, this increase in strain was limited due to 

the shear failure mode of the panels.    

4. The ultimate load performance of both normal weight and lightweight 

concrete panels is acceptable when compared to the standard design truck 

load.  The 2 ft wide panels with the load configuration tested in this research 

achieved a capacity of 1.3 to 1.7 times the load, and 4.4 to 6.1 times the 

moment requirement of the AASHTO LRFD Specifications.  The 6 ft wide 
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panels achieved a capacity of 1.8 to 2.7 times the load, and 3.1 to 5.5 times the 

moment requirement of the AASHTO LRFD Specifications.  

5. The predictions using the Canadian CAN/CSA guidelines, the Japanese JSCE 

guidelines, and an equation proposed by El-Sayed et al. had a smaller 

conservatism compared to the ACI 440.1R guidelines for both normal weight 

and lightweight concrete panels reinforced with GFRP bars.  However, in a 

few cases the last three predictions (CAN/CSA, JSCE, El-Sayed et al.) were 

slightly unconservative.   

6. This research has shown that precast concrete panels can be designed using 

either normal weight or lightweight concrete provided that an appropriate 

reduction factor is used for lightweight concrete using ACI 440.1R guidelines.  

The Canadian CAN/CSA and Japanese JSCE guidelines predict the shear 

strength of lightweight concrete panels reinforced with GFRP bars for flexure, 

without any shear reinforcement, with the same degree of conservatism as 

normal weight concrete panels.   

7. The current ACI 440.1R design guidelines provide a lower bound for the shear 

capacity of panels reinforced with GFRP bars for flexure without any shear 

reinforcement, for both lightweight concrete and normal weight concrete 

panels; moreover, all panels in the database achieved 1.3 times the ACI 

440.1R predicted shear capacity.   

8. A reduction factor is introduced to modify the shear prediction equation in 

ACI 440.1R for lightweight concrete members reinforced with GFRP bars for 

flexure without any shear reinforcement.  A value of the reduction factor of 

fλ = 0.80 was determined comparing a database of 97 members reinforced 
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with GFRP bars without stirrups, 85 of which were normal weight concrete 

beams or panels and 12 were lightweight concrete panels.  Using the modified 

equation proposed herein and a reduction factor fλ = 0.80, the lightweight 

concrete panels achieved a similar conservatism as the normal weight concrete 

panels in the database.   

9. The fact that the reduction factor for sand-lightweight concrete reinforced with 

GFRP bars ( fλ =0.80) is lower than the corresponding factor for steel bars ( λ

=0.85) is justified because of the different failure mode, bond mechanism, 

modulus of elasticity, maximum stress, and stress distribution for the two 

reinforcing bar types.   

10. All panels designed and reinforced according to ACI 440.1R satisfied the 

service load deflection limit of the AASHTO LRFD Specifications.  

Lightweight concrete panels with only 56% the reinforcement ratio of the 

panels designed according to ACI 440.1R did not satisfy the service load 

deflection limit of the AASHTO LRFD Specifications, even though normal 

weight concrete panels with reduced reinforcement ratio satisfied the 

deflection requirement.  On average, the service load deflection of lightweight 

concrete panels was 1.4 times that of normal weight concrete panels. 

11. The number and width of initial cracks controlled panel stiffness before the 

section reached the cracking moment.  Initial crack widths resulting from 

handling of the specimens had no effect on the ultimate load capacity provided 

they were smaller than 0.01 in. wide.  After the panels reached the cracking 

moment, both normal weight and lightweight concrete panels had a reduced 

stiffness ranging from 13% to 35% of the initial stiffness.   
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12. The second-order MCFT equation predicts the shear strength of normal weight 

and lightweight concrete slabs reinforced with GFRP bars accurately.  The 

first-order MCFT equation is more conservative compared to the second-order 

equation.  Lightweight concrete slabs, which failed in one-way shear, show the 

same size and strain effects as normal weight concrete slabs or beams 

reinforced with GFRP bars. 

13. The average ratio of predicted to measured mid-depth strain was 60% for both 

normal weight and lightweight concrete slabs using the first-order MCFT 

equation; the average ratio was 82% for both normal weight and lightweight 

concrete slabs using the second-order MCFT equation.  

14. Using the strains from flexural design for the first-order and second-order 

MCFT equations results in conservative designs since the actual concrete 

compressive strength and guaranteed GFRP properties are generally higher 

than the design values.  

15. The ratio of experimental to predicted shear strength from MCFT is lower for 

lightweight compared to normal weight concrete if one considers only the 

specimens in this research.  However, when the ratio of experimental to 

predicted shear strength is compared with an updated database of GFRP 

reinforced slabs and beams, the ratio for normal weight is less than lightweight 

concrete.   This is caused by the relatively smaller number of data samples for 

lightweight  (12) compared to normal weight concrete members (92), and the 

higher concrete compressive strength of the slabs in this research (both normal 

weight and lightweight). 
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16. Even though the size effect factor in the original MCFT was developed based 

on strains in steel reinforced concrete members, it is still accurate for the shear 

prediction of GFRP reinforced concrete members which achieve much higher 

strains.   

17. For precast concrete panels with initial cracks, the experimental moment of 

inertia is much smaller than the ACI 440.1R guidelines when the applied 

bending moment is less than the cracking moment.  The effective moment of 

inertia predicted by the ACI 440.1R guidelines from the cracking moment to 

ultimate moment is close to that observed in this research.   

18. For precast concrete panels reinforced with GFRP bars with initial cracks, the 

moment of inertia should not be taken as the gross moment of inertia when the 

service moment is less than the cracking moment.  The present tests show that 

before reaching the cracking moment, the moment of inertia was 20% to 40% 

of the gross moment of inertia for 0.61 m wide panels.  The moment of inertia 

was 20% to 32% of the gross moment of inertia for 6 ft wide panels.   

19. High strength concrete increases the design cracking moment; in this case, the 

service moment can be smaller than the cracking moment.  Since precast 

concrete panels reinforced with GFRP bars can develop initial cracks due to 

shrinkage, handling, lifting, and transportation-induced stresses, use of the 

gross moment of inertia is unconservative.  The type of concrete, i.e. normal 

weight concrete or lightweight concrete, does not affect the moment of inertia 

significantly before the cracking moment is reached.    

20. For initially cracked precast concrete panels reinforced with GFRP bars, an 

expression is proposed to evaluate the moment of inertia when the design 
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service moment is less than the cracking moment; in the range of applied 

bending moments, the equation predicts deflections more accurately compared 

to the ACI 440.1R prediction. Using the proposed expression, the predicted 

deflections before the cracking moment are satisfactory compared to the 

observed behavior.   

21. All panels tested satisfied the service moment deflection requirements of the 

AASHTO LRFD Bridge Design Specifications, even though some of them 

had longer spans than typical GFRP reinforced precast bridge deck panels, or 

normal weight concrete panels with reduced reinforcement ratio. However, 

lightweight concrete panels with reduced reinforcement ratio did not satisfy 

the service moment deflection requirements of AASHTO specifications. 

22. Lifting of precast concrete panels reinforced with GFRP bars requires extra 

care.  Embedded lifting hoops should not be used for lifting these panels.  It is 

recommended that such panels be lifted with straps placed underneath the 

panels at multiple points in the long dimension of the panel. 

 

 

 

 



 

 

7 RECOMMENDATIONS FOR FURTHER RESEARCH 

The results of the tests carried out in this research are sufficient to recommend 

the use of lightweight concrete reinforced with GFRP bars for construction of precast 

concrete bridge decks.  Both normal weight and lightweight concrete panels had a 

residual capacity after failure which was approximately equal to one-half the ultimate 

load capacity.  The research has also shown that there is a choice for the designer 

when it comes to meeting the AASHTO LRFD Bridge Design Specifications 

deflection requirement.  The first option is to keep the slab thickness at 9 ¼ in. and 

reduce the deck span from 9 ½ ft to 8 ft; this option involves the addition of new 

girder lines.  The second option is to keep the deck span at 9 ½ ft and increase the slab 

thickness to 10 ¾ in.  Bridge decks using the Accelerated Bridge Construction method 

could benefit from the use of GFRP reinforced lightweight concrete precast panels.  In 

addition, deflections measured at service loads were less than the allowable 

deflections permitted by the AASHTO LRFD Bridge Design Specifications.  

Implementation with a smaller GFRP reinforcement ratio would be more economical 

and should include the use of lightweight concrete with the appropriate modification 

factor for shear strength capacity found in this research.  The Beaver Creek Bridge on 

US 6 near Price, Utah, has used GFRP reinforcement in normal weight concrete deck 

panels and was constructed in September 2009. The deck span used was 7 ft-7 in.; the 

bridge deck with a 9 ¼ in. thickness slab has performed very well to date.  Further 

implementation of lightweight concrete or normal weight precast concrete panels for 
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bridge decks reinforced with GFRP bars is recommended based on the results of this 

research project.   

            More research needs to be conducted on precast concrete panels with initial 

cracks reinforced with GFRP bars, in terms of the effects of reinforcement ratio and 

concrete strength on the moment of inertia.  Both normal weight and lightweight 

concrete slabs tested in this research were constructed with high strength concrete.  

Additional results for normal strength lightweight concrete slabs are required to 

validate the findings of the present research. 

 

 


