
 

 

ABSTRACT 

SHAPACK, GRIFFITH LEE. Analysis and Design of Cored Slabs Prestressed with Carbon 

Fiber Strands. (Under the direction of Dr. Rudolf Seracino). 

 

Steel prestressed cored slab superstructures are a structural system commonly used 

for bridges in coastal North Carolina. However, due to the aggressive marine environment 

several of such bridges are in need of major repairs or replacement after being in service for 

little more than 40 years. In order to prevent the premature deterioration of future bridges, an 

investigation was conducted into replacing steel prestressed cored slabs with FRP prestressed 

cored slabs.  

An experimental program was undertaken to design, manufacture, and test to failure 

full-scale cored slabs prestressed with carbon FRP (CFRP) and reinforced with glass FRP 

(GFRP) stirrups.  Direct tension tests were conducted on the CFRP strands and GFRP bars to 

validate the manufacturers’ design values.  Beam-end specimens were tested to evaluate the 

bond characteristics of the CFRP strand. 

Two CFRP prestressed cored slabs were 45 ft long and tested in flexure, while two 

were 15 ft long and tested in shear. The concrete section and CFRP strand layout were 

designed to be similar to that of current steel prestressed cored slabs so that they may be cast 

using existing stressing beds at precast facilities familiar with the production of cored slabs. 

Test results of the experimental program were compared to the predicted performance and 

strength of the CFRP prestressed cored slabs relative to current design recommendations 

given in the current ACI 440 design guides. Direct comparison to control steel prestressed 

cored slabs was also undertaken to ensure that the CFRP cored slabs would be a suitable 

replacement alternative.  
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CHAPTER 1: Introduction 

1.1 Background 

The North Carolina Department of Transportation (NCDOT) has used prestressed 

concrete cored slabs in bridge superstructures for over 40 years.  The typical cross section of 

the steel prestressed cored slab is illustrated in Figure 1.1.  The section consists of two 

tubular cores in a rectangular concrete section 3 ft. wide with shear keys on both sides.  

These sections have depth ranging from 18 to 24 in. and are economical for spans ranging 

from 40 to 60 ft.  In the bridge superstructure, the cored slabs are grouted together at the 

shear keys and post-tensioned transversely at the third points of spans, as shown in Figure 

1.2.  An asphalt wear surface is placed directly on the slabs with no cast-in-place concrete 

deck. 

 

 

Figure 1.1: Typical cored slab section 
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Figure 1.2: Typical span of cored slab units 

 

Several cored slab bridges built in the 1970s along the North Carolina coast, similar 

to that depicted in Figure 1.3, are showing signs of significant deterioration.  The soffit of the 

cored slabs, particularly at the end spans, is continuously exposed to salt-water splash leading 

to spalls in the cover concrete caused by corrosion of the bottom stirrup legs and the bottom 

layer of prestressing.  Several cored slab bridge superstructures have been replaced by the 

NCDOT due to corrosion, or are scheduled for replacement. 
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Figure 1.3: Typical cored slab bridge in coastal North Carolina 

 

Fiber Reinforced Polymer (FRP) is a noncorrosive composite material with high 

tensile strength.  Since the late 1980’s, FRP has been used as tensile reinforcement in 

concrete structures around the world.  It has been tested and implemented in exceedingly 

corrosive environments where it has been proven to be a safe, durable alternative to steel 

reinforcement (Soudki 1998).  FRP manufacturers have developed a wide variety of 

products, including replacements for both prestressing strands and mild steel reinforcement.  

In 2013, the NCDOT initiated a research project to assess the feasibility of replacing existing 

steel prestressed cored slabs with an FRP prestressed cored slab alternative. 

 

1.2 Objectives 

The purpose of this research project was to design, test, and evaluate an all-FRP 

reinforcing scheme for cored slabs.  It was critical that the design performed as well or better 

than the current steel reinforcement to address the aforementioned corrosion problem.  
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Because the cored slabs are a standard design and precast plants have dedicated equipment 

for casting them, the existing design parameters were changed as little as possible.  A series 

of experiments were conducted to assess the performance of FRP reinforced cored slabs. 

Carbon FRP (CFRP) prestressing strands and Glass FRP (GFRP) rebar were the 

reinforcement materials chosen.  An investigation into their mechanical properties was 

critical to proper design of the cored slabs.  Traditional steel reinforced and experimental 

FRP reinforced cored slabs were cast and tested to evaluate the performance of the FRP 

reinforcing scheme relative to the existing design. 

 

1.3 Scope 

The experimental program started with direct tension tests of six CFRP strand 

specimens and six GFRP rebar specimens to establish their material properties.  To examine 

the bond strength of the CFRP strand compared to steel strand, a critical design parameter, 

ten beam-end specimens were fabricated and tested.  The bonded length of the CFRP and 

steel strands was varied in each specimen.   

Full-scale cored slabs were cast and loaded to failure in flexural and shear tests.  For 

each set of tests, one steel reinforced cored slab was cast as a control specimen and two 

identical FRP reinforced cored slabs were cast as experimental specimens.  Both ends of each 

shear specimen were tested. 
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1.4 Layout 

The second chapter in this thesis provides background information on the use of FRP 

prestressing strands in concrete structures.  Research and implementation of FRP prestressing 

are discussed. 

The third chapter describes the tension tests performed on the GFRP rebar and the 

CFRP strand.  It also includes the design, casting and testing of the beam-end specimens.  

Results of both tests are presented and analyzed. 

The fourth chapter presents the design, performance prediction, fabrication, and 

testing of the flexural specimens.  Experimental results are explained and evaluated. 

The fifth chapter explains the design, analysis, casting, testing and results from the 

shear tests.  The implications of the findings are discussed. 

The sixth chapter summarizes the results from the experimental program and 

recommends future research on FRP prestressed structures. 
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CHAPTER 2: Literature Review 

2.1 Introduction 

Prestressed concrete bridge girders face deterioration from harmful environmental 

factors such as freeze-thaw cycles and exposure to de-icing salts and saltwater.  Over time, 

the steel reinforcement in concrete bridges corrodes, which often leads to the costly repair or 

replacement of bridges after a relatively short time in-service.  Previous research and field 

applications indicate that Fiber Reinforced Polymers (FRP) offer high tensile strength and 

corrosion resistance as a replacement for steel prestressing strands and reinforcing bars in 

bridge girders.  Bridges reinforced with FRP do not corrode, and therefore last longer than 

their steel reinforced counterparts.  This chapter summarizes milestones in FRP prestressed 

construction and significant research conducted on the use FRP prestressing systems in 

bridge girders. 

2.2 Historical Research and Implementation 

The first research project investigating the use of FRP for concrete reinforcement was 

carried out by the Army Corps of Engineers in 1966.  Glass FRP (GFRP) bars were tested in 

tension to establish their rupture stress and Young’s modulus.  The bond between the GFRP 

bars and concrete was tested using different surface preparations.  The most efficient surface 

preparation, coating the bars with epoxy and sand, was used in the casting of concrete beams 

reinforced with the GFRP bars.  The specimens were subjected to short and long term 

loading.  The poor bond between the GFRP and the concrete, coupled with the relatively low 

modulus of GFRP in comparison to steel, caused failure of the GFRP specimens below their 

predicted capacity.  This investigation showed that FRP had good potential for concrete 
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reinforcement, but that more development of FRP products was necessary (Wines and Hoff 

1966). 

During the following two decades, extensive research and development of fiber 

reinforced composites was accomplished in Germany and Japan.  The first bridge in the 

world post-tensioned with FRP was built in Dusseldorf, Germany in 1980.  The Lunensche 

Gasse Bridge, shown in Figure 2.1, was 23 ft. long and had a capacity of 30 tons.  The 

pedestrian bridge was partially stressed with 12 Polystal GFRP tendons manufactured by 

Bayer.  After 5 years it was dismantled for investigation and replaced by a bridge with an 

updated version of the tendons.  Following this success, the Ulenbergstrasse Bridge was 

constructed in Dusseldorf in 1986 using GFRP post-tensioned tendons.  This bridge carried a 

roadway with spans of 70 and 84 ft.  Several other bridges post-tensioned with GFRP 

tendons were built in Germany and Austria through the early 1990’s (Clarke 1993). 

 

 

Figure 2.1: Lunensche Gasse Bridge - Dusseldorf, Germany (Clarke 1993) 
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The first Carbon FRP (CFRP) prestressed bridge was the Shinmiya Bridge, built in 

1988 in Ishikawa Prefecture, Japan.  The bridge was 20 ft. long with a 20 ton capacity.  Each 

of the sixteen precast girders was prestressed with eight 0.5 in. diameter Carbon Fiber 

Composite Cable (CFCC) tendons manufactured by Tokyo Rope (Santoh et al. 1993).  The 

Shinmiya Bridge was built to replace a steel reinforced bridge that had been in service for 20 

years and had experienced aggressive corrosion.  In 2011, 23 years after its construction, the 

bridge was inspected and showed no signs of deterioration.  Figure 2.2 shows the steel 

reinforced bridge after being in service for 20 years alongside the CFCC reinforced bridge 

after being in service for 23 years (Enomoto et al. 2012). 

 

 

Figure 2.2: Shinmiya Bridge (Enomoto et al. 2012) 

 

The first FRP post-tensioned bridge in the United States was built in Rapid City, 

South Dakota in 1992.  The 30 ft. long, 17 ft. wide span was supported by steel girders.  The 
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bridge deck was post-tensioned in the transverse direction using steel, GFRP, and CFRP 

tendons (Iyer 1992). 

 

2.3 Prestressing with GFRP 

In early applications of FRP prestressing, tendons were partially prestressed.  That is, 

they were stressed to less than 50% of their ultimate strength because their long-term 

behavior under constant stress was unknown.  Feng et al. (1983) tested hundreds of GFRP 

specimens by stressing them at different increments and observing their behavior over 10 

years.  The results showed that GFRP bars will fail under sustained load (creep rupture).  

100% of the specimens stressed to 75% or more of their rupture stress failed during testing.  

At 65% capacity, 91% of the samples ruptured, and at 50% capacity, 15% of the specimens 

failed.  This showed that prestressing forces for GFRP must be kept low to prevent creep 

rupture. 

Because FRP is often chosen due to its corrosion resistance, it is important that 

structures reinforced with FRP have excellent durability.  Sen et al. (1993) cast concrete 

beams prestressed to 40% of their ultimate strength with GFRP strands.  Half of the 

specimens were loaded up their cracking load, and then unloaded.  Some beams were left in 

dry conditions as control specimens and the test specimens were subjected to saltwater spray 

for 20 months.  Beams were removed at 4 month intervals and tested to failure.  Cracked and 

uncracked specimens experienced a complete loss of effectiveness within 9 and 18 months, 

respectively.  Results from the control specimens showed that creep effects were only 
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responsible for a small fraction of this loss of strength.  This showed that while FRP does not 

corrode, GFRP under high stress can degrade severely when exposed to saltwater. 

Dolan et al. (2001) conducted tests for creep rupture and durability on GFRP, CFRP 

and Aramid FRP (AFRP) prestressing strands.  Specimens were loaded and exposed to 

saltwater for 16 months.  The report, prepared for the Federal Highway Administration 

recommends not using GFRP strands for prestressing because of their alkali reactivity and 

tendency for creep rupture.  Testing of a concrete slab prestressed with GFRP tendons by 

Sovjak et al. (2009) showed that the GFRP also undergoes significant relaxation losses over 

time.  As a result most recent research has been on AFRP and CFRP tendons, with a focus on 

CFRP because of its high tensile strength. 

 

2.4 Anchors for FRP Strands 

The main challenge faced when constructing an FRP prestressed concrete member is 

the jacking of the FRP strand.  The ratio of longitudinal tensile strength to transverse 

compressive strength for FRP is approximately 20 to 1 (Erki and Rizkalla 1993).  Therefore, 

a standard steel prestressing chuck, which relies on transverse stiffness of the strand, cannot 

be used to stress FRP strands.  Each FRP tendon manufacturer has its own proprietary system 

for strand anchorage.  Nanni et al. (1996) evaluated these anchor systems for ten different 

aramid, carbon, and glass FRP strand manufacturers.  Anchor types included wedge, resin 

potted, and spike type anchors.  An assortment of anchors is shown in Figure 2.3.  Only four 

of the ten anchor systems allowed the strands to reach their rupture stress.  The other six 

anchor types caused the tendons to fail prematurely at the anchorage. 
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Figure 2.3: Sample of FRP strand anchorage systems (Ehsani et al. 1997) 

 

2.5 Bond of FRP Strands 

The transfer and development lengths of prestressing strands are important design 

criteria.  Much research effort has been put into investigating the bond strength of FRP 

prestressing strands.  Ehsani et al. (1997) cast sixteen concrete specimens with five types of 

FRP strands and steel strand for a control specimen.  Three of the strands were AFRP:  

Arapree, manufactured by Sireg, FiBRA, manufactured by Fibex, and Technora Rope, 

manufactured by Pelican Rope.  The other two strands were CFRP:  Leadline by Mitsubishi 

Kasei, and CFCC by Tokyo Rope.  Transfer length specimens were cast as 10 ft. blocks with 

strain gages on the strands.  Their strain was monitored up to 90 days after casting.  Results 

showed that the transfer length for all of the FRP strands was shorter than the steel strand.  

Development length specimens were 20 ft. long and were tested in flexure.  The distance 

from the end of the beam to the point load was varied to test the bond of the strands at the 
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ultimate moment.  A tested specimen is shown in Figure 2.4.  The Arapree tendons had about 

the same development length as the steel strand, but the FiBRA and Technora tendons had 

slightly shorter development lengths.  Leadline strands had a significantly higher 

development length.  All of the CFCC strands ruptured during testing without any slip 

occurring.  While the lack of slip indicated good bond, the development length for CFCC 

was inconclusive because the sections did not reach their maximum moments. 

 

 

Figure 2.4: Failed beam after development length test (Ehsani et al. 1997) 

 

Mahmoud et al. (1999) cast 52 concrete prisms and splice beams to test transfer and 

development length, respectively.  Leadline, CFCC, and steel strands were investigated.  

Results showed that the presence of shear stirrups decreased the transfer lengths of Leadline 

and CFCC.  Stirrups also decreased the development length of the CFCC.  The transfer 

length of the Leadline increased by 22% after one year, but there was no effect on the CFCC 

or steel.  The bond strength of all materials was greatly affected by concrete strength.   
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Lu et al. (2000) cast 42 prisms and beams to find the bond strength of Technora, 

Leadline, a proprietary GFRP bar, and steel strand.  The results showed that the FRP strands 

had a slightly shorter transfer length than the steel, and that the transfer length was not 

affected by the level of prestressing.  The ACI 440.4R (2004) equations for predicting 

transfer and development length were found to be conservative.  The authors also commented 

that the rupture stress of the FRP strands should be used in the transfer and development 

length equations, as opposed to the stress in the strands at the nominal strength of the section. 

Grace (2000) cast eight double tee girders to evaluate transfer and development 

length:  four stressed with Leadline and four stressed with CFCC.  The results indicated that 

the transfer length of Leadline and CFCC is from 47 to 59 strand diameters and from 27 to 38 

strand diameters, respectively.  It was also found that the amount of prestress in the strand 

did not affect the transfer length.  After one year, all specimens experienced a transfer length 

increase of approximately 7%. 

 

2.6 Flexural Behavior 

A traditional steel prestressed beam is designed to fail by crushing of the concrete in 

the compression zone after the steel has begun to yield.  This allows for significant 

deformation of the beam, and thus warning before failure occurs.  Because FRP is fully linear 

elastic and does not yield, FRP prestressed beams can be designed to fail by one of two 

failure modes:  crushing of the concrete or rupture of the strands.  T-beams designed by 

Abdelrahman et al. (1996) were purposefully designed to fail due to progressive rupture of 

the CFRP strands.  The strands were cast in two layers, as shown in Figure 2.5.  As the beam 
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is loaded, the strain increases in the bottom strands until they rupture.  This causes a sudden 

and obvious energy release, which is a warning of impending failure.  The load carrying 

capacity of the section decreases by 50%, and it is loaded until the top layer of strands 

rupture.  Another indication of the impending failure of FRP prestressed beams is a wide 

distribution of large cracks. 

 

 

Figure 2.5: Cross section of T-beams (Abdelrahman et al. 1996) 

 

Grace et al. (2013a) cast AASHTO-type girders with seven layers of CFRP tendons.  

These specimens were also designed to fail from progressive rupture of the layers of 

prestressing.  Figure 2.6 shows the load-deflection response of one of the girders.  After the 

layers of tendons ruptured sequentially 5 times, the section still carried almost 50% of its 

capacity.  The girders, which were 41 ft. long and 22 in. deep, deflected 19.7 in. at midspan 

at failure. 
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Figure 2.6: Load-deflection curve for AASHTO girders (Grace et al. 2013a) 

 

CFRP prestressed beams can also be safely designed to fail from crushing of the 

concrete in the compression zone.  Although CFRP tendons do not yield, they can achieve 

significant strain before rupture, allowing for large deformation in a section.  Grace et al. 

(2013b) also cast AASHTO-type girders that failed from concrete crushing.  The 40 ft. long, 

21 in. deep girders reached 11.5 in. of midspan deflection at failure.  The prestressing strands 

were only at 67% of their capacity at failure.  A study of CFRP prestressed beam deflection 

was conducted by Abdelrahman and Rizkalla (1998).  Results showed that if steel and FRP 

reinforced beams are both designed to fail from strand rupture, the steel reinforced beam will 

deflect considerably more.  This is because steel strands rupture at approximately 6% strain, 

whereas CFRP strands rupture at approximately 2% strain.  However, if both steel and FRP 

reinforced beams are designed to fail by crushing of the concrete, their deflections are quite 

similar, as shown in Figure 2.7. 
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Figure 2.7: Compression and tension controlled failure modes  

(Abdelrahman and Rizkalla 1998) 

 

2.7 Fatigue and Durability Response 

Although FRP prestressing is more costly than steel, it is chosen because of its 

durability.  Therefore, it is critical that FRP tendons hold up under harsh environmental 

conditions and cyclic loading.  Abdelrahman et al. (1996) found that after two million cycles 

of loading up to 70%-100% of the cracking load, CFRP prestressed T-beams that were 

loaded monotonically to failure performed almost the same as a specimen that was not 

fatigue tested at all.  Braimah (2000) subjected steel and CFRP prestressed T-beams to two 

years of sustained loading.  The load induced a moment higher than the cracking moment, 

and stressed the CFRP strands to 40% of their ultimate capacity.  Results showed that the 

post-cracking stiffness of the CFRP prestressed section is higher than the steel prestressed 

section.  Also, the steel prestressed beam exhibited a higher midspan deflection at the 

sustained load level. 
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Rectangular concrete beams prestressed with steel and CFRP tendons were tested 

under extreme environmental and loading conditions by Mertol et al. (2007).  The specimens 

were subjected to sustained load and heated saltwater spray for 18 months, as shown in 

Figure 2.8.  After the sustained loading period, the specimens were tested with two million 

cycles of fatigue loading up to 65%-75% of the rupture stress of the strands before being 

tested monotonically to failure.  The steel prestressed beams that were subjected to the 

sustained loading and saltwater spray failed after 12 months, whereas the CFRP prestressed 

beams were still intact after 18 months.  None of the specimens experienced a major effect 

from the cyclic loading.  The CFRP prestressed specimens did not experience any change in 

durability or strength from the testing.  A higher sustained load decreased that strength of the 

CFRP specimens slightly, and made the steel specimens more susceptible to environmental 

effects. 

 

 

Figure 2.8: Environmental testing (a) elevation view and (b) in environmental chamber 

(Mertol et al. 2007) 
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T-beams prestressed with steel strands and CFRP rods were cast by Saiedi et al. 

(2012) to test the effects of cyclic loading at low temperatures.  Specimens were subjected to 

three million cycles of loading at -18°F.  The specimens were loaded from just below their 

decompression stress to their serviceability limit for floor construction.  This range was 

chosen so that cracks would open and close completely during each cycle.  The steel beam 

subjected to low temperatures failed after only 185,000 loading cycles.  The CFRP 

prestressed specimens showed superior fatigue performance to their steel counterparts. 

 

2.8 Shear Behavior 

2.8.1 Beams Prestressed with CFRP 

Shear failure is seldom a concern for shallow prestressed beams due to their high span 

to depth ratio, the axial effect of prestressing, and the minimum stirrup requirements.  

However, it is important to be able to characterize the shear capacity of a section for design 

purposes.  Research on the shear strength of beams prestressed with FRP is scarce, but 

growing.  Testing was conducted by Tottori and Wakui (1993) on the shear capacity of 

prestressed beams.  Rectangular beams were cast with steel strand and steel stirrups as 

control specimens.  The experimental beams had CFRP tendons and stirrups.  Shear tests 

revealed that shear capacity is a function of the degree of prestress in the section and that the 

decompression moment could be used to calculate the capacity. 

Fam et al. (1997) tested AASHTO-type girders reinforced with CFRP strands and 

stirrups in shear.  The tests were conducted before the implementation of ACI 440.4R (2004), 

which does not allow for an increase in the shear strength of a beam due to axial prestressing 
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forces.  Instead, predictions were made using ACI 318 (2011), which does account for the 

prestressing effect on shear strength.  Therefore, the concrete shear strength was 

overestimated, causing the effective strain in the stirrups to be underestimated.  When steel 

stirrups are used, the concrete contribution to shear strength is greater because of the higher 

stiffness of steel.  The shear cracks formed across steel stirrups are not as wide as they are 

with CFRP stirrups, and the concrete is able to retain more of its strength.  Sixteen years 

later, more shear tests were conducted on AASHTO-type girders with CFRP tendons and 

stirrups by Grace et al. (2013b)  The experimental values showed that the stirrup design 

method in ACI 440.4R (2004) gave conservative values for stirrup strain, validating that it is 

an adequate design process. 

Grace et al. (2015) tested bulb T-beams reinforced with CFRP tendons and stirrups in 

shear.  The results showed that the ratio of the actual capacity of the sections to the capacity 

calculated with ACI 440.4R (2004) ranged from 1.2 to 2.4 with an average of 1.8 and a 

standard deviation of 0.313.  Due to the high level on conservatism in these calculations, a 

modified AASHTO LRFD method was proposed. 

2.8.2 Non-Prestressed Beams Reinforced with GFRP Stirrups 

Due to the comparatively low stress demand of stirrups in comparison to longitudinal 

reinforcement in reinforced concrete beams, relatively inexpensive GFRP stirrups are an 

economical choice in FRP reinforced sections (Shehata et al. 2000).  According to ACI 

440.1R (2006), FRP stirrups are designed in a method similar to steel stirrups, except that the 

yield stress of the steel bar is replaced with the tensile design strength of the FRP bar.  The 

design strength is the lower of the stress corresponding to a strain of 0.4%, or the strength of 



 

 

20 

 

the bent bar.  The strain limit is imposed both to retain stability in the section, and to prevent 

the shear cracks from opening too much, thereby compromising the effectiveness of the 

concrete contribution to shear strength.  When an FRP bar is bent, the cross section is 

flattened, as shown in Figure 2.9.  This significantly reduces the rupture stress of the FRP 

stirrup (Bank 2007). 

 

 

Figure 2.9: Bent FRP bars with bent steel bar (Bank 2007) 

 

Nagasaka et al. (1993) cast thirty-five half scale beams reinforced longitudinally with 

braided AFRP, and transversely with AFRP, CFRP, GFRP, hybrid glass-carbon FRP, and 

steel stirrups.  The beams were tested with monotonically increasing shear force to failure.  

The concrete strength and shear reinforcement ratio were the principle variables.  Tension 

tests were also conducted on bent FRP bars embedded in concrete specimens.  Results 

showed that the strength of the bars was reduced to 30-80% of the strength of the straight 
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bars.  The two failure modes that were observed in the shear tests were rupture of the stirrup 

at the curved section or crushing of the concrete strut.  While the rupture mode was brittle, 

the crushing mode was relatively ductile.  The ultimate shear capacity increased linearly with 

the shear reinforcement ratio.  It was observed that there was not a significant difference in 

the performance of the different FRP stirrups. 

Shehata et al. (2000) tested six beams reinforced transversely CFRP, GFRP, steel, and 

no stirrups.  Forty additional specially designed specimens were tested to evaluate the bent 

bar capacity.  Results of these tests indicated that the stress capacity of the bent portion of the 

GFRP bars is approximately 49% of the strength parallel to the fibers.  The results of the 

beam tests showed that due to the relatively lower tensile stiffness of FRP compared to steel, 

a higher ratio of shear reinforcement is necessary for FRP stirrups to maintain the same crack 

width as sections reinforced with steel stirrups. 

2.9 Field Applications 

In 1993, the Beddington Trail Bridge, prestressed with CFRP, was built in Calgary, 

Alberta, Canada.  The bridge consisted of two spans of 75 ft. and 63 ft. and was prestressed 

with CFCC and Leadline strands.  The bridge was also outfitted with fiber optic sensors to 

monitor the behavior of the bridge in service (Rizkalla and Tadros 1994).  In 1997, the 

Taylor Bridge, also prestressed with CFCC and Leadline strands and monitored by fiber optic 

sensors, was built in Headingley, Manitoba, Canada (Rizkalla et al. 1998).  In 1995, at the 

U.S. Navy’s Advanced Waterfront Technology Test Site in Port Hueneme, California, 18 in. 

deep CFRP prestressed concrete slabs were built as part of a scale model of a pier (Malvar 

2000).  The Bridge Street Bridge, the first CFRP prestressed bridge in the United States, was 
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built in Southfield, Michigan in 2001.  The double tee bridge girders were prestressed with 

CFCC and Leadline tendons.  They were also internally post-tensioned in the transverse 

direction and externally post-tensioned in the longitudinal direction with CFCC, as shown in 

Figure 2.10 (Brooks and Cooper 2003). 

 

 

Figure 2.10: External CFCC post-tensioning on the Bridge Street Bridge  

(Brooks and Cooper 2003) 

 

In 2011, the Pembroke Avenue Bridge, prestressed and post-tensioned with CFCC, 

was built in Detroit, Michigan.  Two more CFCC prestressed and post-tensioned bridges 

were the M-50/US-127 bridge built in Jackson, Michigan in 2012 and the M-102 bridge over 

Plum Creek built in Southfield, Michigan in 2013.  In 2014, two bridges using the same FRP 

reinforcement were built in Port Huron, Michigan, and Kittery, Maine (Grace 2014). 

In 2012, two piles prestressed with CFCC were cast and driven by the Virginia 

Transportation Research Council.  The behavior of the piles was monitored during and after 

the driving process to assess their performance.  It was determined that the pile design was 
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successful.  In 2013, sixteen more piles of the same design were cast, driven, and put into 

service (Gomez 2014). 

The National Cooperative Highway Research Program funded a project at the 

University of Houston in 2013 with the objective of developing a design guide specification 

for the design of concrete beams prestressed with CFRP for bridge applications.  This guide 

will be produced in AASHTO LRFD format.  The project is ongoing and includes the design, 

construction, and testing of full-scale bridge beams to validate the guide specification (Hanna 

2013). 

In 2013, the Louisiana Transportation Research Center externally strengthened the I-

10 Littlewood Bridge with CFCC.  The original bridge was constructed from prestressed 

concrete girders whose steel strands had experienced severe corrosion.   Load cells were 

affixed to the CFRP strands to monitor their behavior after installation (Morvant 2013).  As 

of 2015, plans have been developed for the first FRP reinforced concrete bridge in Florida.  

The Halls River Bridge in Homosassa will be constructed with CFCC prestressed piles and 

hybrid composite girders.  The pile caps, bridge deck, and guard rails will be reinforced with 

GFRP rebar (Masséus 2015). 

The Virginia Department of Transportation (VDOT) will replace the existing beams 

of a bridge with CFCC prestressed beams in Halifax County in 2017.  Each of the two 

continuous 85 ft. long spans will consist of four 45 in. tall prestressed bulb tee beams 

(Ozyildirim 2013a).  VDOT will also use CFCC for prestressing strands and spiral 

reinforcement in the eighteen piles of a new bridge that will be constructed in Virginia Beach 

in 2019 (Ozyildirim 2013b). 
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2.10 Conclusion 

Currently, ACI 440.1R (2006) and ACI 440.4R (2004) are design guides for FRP 

reinforced and prestressed structures, respectively.  The next edition of ACI 318 will include 

mandatory language about the use of GFRP stirrups in concrete structures.  The current 

edition of the AASHTO Bridge Design Manual already includes this language.  As 

mentioned in Section 2.9, development of an AASHTO design guide for FRP prestressed 

bridges is currently underway. 

This project will add to the cumulative knowledge about the bond strength of FRP 

tendons in comparison to steel tendons discussed in Section 2.5.  The experimental program 

will also provide information about the design and performance of CFRP prestressed beams 

with GFRP stirrups, which is currently absent in the literature.  Results from the shear tests of 

CFRP prestressed cored slabs will augment the scarce data available on the topic. 
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CHAPTER 3: Material Characterization 

This chapter describes the material testing that was undertaken in order to compare 

the behavior of the FRP materials used in the testing program with the behavior of steel.  

Direct tension tests were used on samples of CFRP prestressing strands and GFRP 

reinforcing bars to evaluate their strength and Young’s modulus.  Beam-end specimens 

embedded with CFRP and steel prestressing strands were used to compare the bond strength 

of each material. 

 

3.1 Material Background 

FRP reinforcement was chosen for this experimental program due to its corrosion 

resistance.  CFRP prestressing strands were used for longitudinal reinforcement because of 

their high strength and stiffness.  The product chosen was Carbon Fiber Composite Cable 

(CFCC) manufactured by Tokyo Rope.  Figure 3.1 and Figure 3.2 show a standard steel 

strand and a CFCC strand.  CFCC has the same twisted 7-wire geometry as a steel strand, 

which enhances bond with concrete making it ideal for prestressing applications.  The 

material properties for steel prestressing strands and the manufacturer-supplied properties for 

the CFCC are shown in Table 3.1.  Due to the brittle failure mode of FRP, the guaranteed 

rupture stress for the CFCC is significantly lower than the mean rupture stress. 
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Figure 3.1: Steel (top) and CFCC (bottom) prestressing strands 

 

 

Figure 3.2: Cross section of steel (left) and CFCC (right) prestressing strands 

 

Table 3.1: Material properties of steel and CFCC prestressing strands 

 

 

GFRP bars were chosen to replace the mild steel rebar used as stirrups and top 

reinforcement because the stress requirement is not as high for shear reinforcement, and the 

cost of GFRP is significantly lower than that of CFRP.  The material chosen was Aslan 100 

GFRP rebar manufactured by Hughes Brothers, shown in Figure 3.3 with steel rebar.  

Guaranteed Rupture 

Stress (ksi)

Mean Rupture 

Stress (ksi)
Rupture Strain Tensile Modulus (ksi)

Steel Strand 270 282 6.0% 29000

CFCC 339 463 2.1% 21900
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Material properties of the steel and Aslan 100 bar as given by the manufacturer are given in 

Table 3.2. 

 

 

Figure 3.3: Steel (top) and GFRP (bottom) rebar 

 

Table 3.2: Material properties of steel and GFRP rebar 

 

 

3.2 Direct Tension Tests 

3.2.1 CFRP Prestressing Strands 

Six tension test specimens of 0.6 in. diameter CFRP prestressing strand were 

fabricated by the manufacturer and sent to the Constructed Facilities Laboratory.  The 

specimens were 4 ft. long, and had 1 ft. long steel sleeves filled with expansive material 

attached to each end.  These sleeves allowed the MTS machine to grip the specimen in the 

transverse direction without locally damaging the strands.  The sleeves were necessary 

because unlike steel which can be gripped directly by the testing machine, FRP is 

anisotropic.  While it has high strength in longitudinal tension, it is weak in transverse 

Yield Stress (ksi) Rupture Stress (ksi) Rupture Strain Tensile Modulus (ksi)

Steel Rebar 60 90 > 10% 29000

Aslan 100 N/A 105 1.6% 6700
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compression.  A cross section of the sleeve assembly, provided by the manufacturer, is 

shown in Figure 3.4. 

 

 

Figure 3.4: Diagram of CFRP with sleeves installed 

 

Two methods were used to measure strain in the strand during testing.  The first 

method was the use of a uniaxial strain gage.  First, the surface of the CFRP was carefully 

sanded down to expose a smooth contact surface, as shown in Figure 3.5.  Then, the strain 

gage was applied to the strand, and covered with polyurethane to prevent damage during 

loading into the test machine.  A CFRP specimen with a strain gage attached is shown in 

Figure 3.6. 
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Figure 3.5: Strand surface after sanding 

 

 

Figure 3.6: CFRP specimen with strain gage 

 

Strain gages were used to measure the strain of the first two CFRP specimens.  

However, during testing, the strain gage debonded at 40% and 60% of ultimate stress for the 

first two tests, respectively.  For the remaining tests, an extensometer was used to measure 

the axial strain in the specimen.  However, due to the violent nature of CFRP rupture, the 

extensometer was removed when the load reached 70% of the ultimate.  Also, a Plexiglas 

tube was placed around the specimens to prevent the fibers from exploding out into the lab 

space during failure.  Figure 3.7 shows a specimen loaded into the MTS machine and ready 

for testing. 
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Figure 3.7: CFRP specimen (inside Plexiglas tube) with an extensometer 

 

CFRP specimens were loaded monotonically at a rate of 0.05 in./min.  The failure 

mode was rupture for each specimen.  A tested specimen is shown in Figure 3.8.  Although 

strain data was only collected for the first 40% - 70% of the loading curve, the force at 

rupture was known, so the stress-strain curve was extrapolated to the failure stress.  Due to 

the elastic nature of FRP, the slope of the line was assumed to be the same for the duration of 

loading until rupture. 
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Figure 3.8: CFRP tension specimen after testing 

 

Table 3.3 shows the results from the six tension tests, the values given by the 

manufacturer, and the percent difference between the average of the experimental tests and 

the given manufacturer values.  Young’s modulus was calculated using two points on the 

stress-strain curve.  The rupture strain was calculated by dividing the rupture stress by the 

Young’s modulus.  The material properties obtained from laboratory testing verified the 

accuracy of the manufacturer’s values. 

 

Table 3.3: Results from CFRP tension tests 

 

 

Test # Rupture Load (k) Rupture Stress (ksi) Young's Modulus (ksi)  Rupture Strain

1 84.1 469.7 22010 2.13%

2 77.3 431.8 20941 2.06%

3 83.1 464.3 21741 2.14%

4 84.5 472.0 21322 2.21%

5 84.9 472.3 23938 1.97%

6 81.1 453.1 21926 2.07%

Standard 

Deviation
2.9 15.8 1040 0.08%

Average 82.5 460.5 21980 2.10%

Data from 

Manufacturer
83.0 462.7 21900 2.11%

% Difference -0.61% -0.47% +0.36% -0.80%
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3.2.2 GFRP Reinforcing Bars 

Direct tension tests were also performed on six No. 5 GFRP tension specimens.  

These specimens were 4 ft. long with 7 in. long steel sleeves on each end installed by the 

manufacturer using a mechanical process.  As was the case with the CFRP strand, these 

sleeves are necessary to grip the specimen without damaging it during testing.  One of these 

specimens is shown in Figure 3.9. 

 

 

Figure 3.9: GFRP specimen prior to testing 

 

To measure strain during testing, an extensometer was attached to the specimen.  

Rupture of the GFRP bars was not as explosive, so no protective tube was used for these 

tests.  A specimen loaded into the MTS machine and ready for testing is shown in Figure 

3.10. 
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Figure 3.10: GFRP specimen loaded into MTS machine 

 

The GFRP bars were also loaded monotonically at a rate of 0.05 in./min until failure.  

The extensometer was removed at around 70% of the peak load, to prevent damage during 

rupture.  As with the CFRP strand, fully elastic behavior of the bars allowed the full stress-

strain relationship to be obtained from the strain measurement of the first 70% of the loading 

curve.  While the specimens did not rupture in an explosive manner, failure was sudden and 

caused the bars to splinter, as shown in Figure 3.11. 
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Figure 3.11: GFRP specimen after testing 

 

The results from the six tension tests, the given values from the manufacturer, and the 

percent difference between the average of the experimental tests and the manufacturer values 

are shown in Table 3.4.  Note that for the first test, the extensometer was not properly 

attached to the bar, and no strain data is available for that test.  The values supplied by the 

manufacturer closely matched experimental results. 

 

Table 3.4: Results from GFRP tension tests 

 

 

 

Test # Rupture Load (k) Rupture Stress (ksi) Young's Modulus (ksi)  Rupture Strain

1 34.2 111.5 -- --

2 34.0 110.9 6235 1.78%

3 34.2 111.5 6403 1.74%

4 32.4 105.7 5965 1.77%

5 33.2 108.2 6074 1.78%

6 33.8 110.1 6281 1.75%

Standard 

Deviation
0.7 2.3 173 0.02%

Average 33.7 109.6 6192 1.76%

Data from 

Manufacturer
32.2 105.0 6700 1.57%

% Difference +4.39% +4.40% -7.59% +12.41%
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3.2.3 Comparison of CFRP and GFRP 

Figure 3.12 shows all stress-strain graphs from CFRP and GFRP tension tests.  The 

solid lines represent the part of the test for which strain data was collected.  The dashed lines 

represent perfectly linear behavior with the average Young’s modulus and rupture stress from 

all tests. 

 

 

Figure 3.12: Stress-strain graph for CFRP and GFRP tension tests 
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3.2.4 Comparison with Steel 

The stress-strain behavior of the CFRP strands and GFRP bars using the average 

values from experimental testing is shown in Figure 3.13, along with the typical behavior of 

270 ksi ASTM A416 steel prestressing strand and grade 60 ASTM A615 steel rebar.  For 

both prestressing strand and rebar, the FRP reinforcement has a higher rupture stress, but a 

lower rupture strain. 

 

 

Figure 3.13: Stress-strain comparison of CFRP, GFRP, and steel 
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The mechanical properties given by the manufacturers were used for the initial design 

of the cored slabs in the testing program.  Experimental results from material testing were 

used for analysis to predict experimental behavior of the cored slabs. 

 

3.3 CFRP Bond Strength Testing 

Beam-end tests are used to evaluate the strength of the bond between reinforcement 

and the concrete that surrounds it.  Ten beam-end specimens were designed, fabricated, 

tested, and analyzed to evaluate the bond strength of the CFRP prestressing strand in 

comparison to steel prestressing strand. 

3.3.1 Development Length Calculations 

The predicted flexural bond length, Lfb, for the CFRP strand was calculated using the 

following ACI 440.4R (2004) equation: 

 
Lfb=

(f
pu

-f
pe

 ) db

αfb f '
c

0.67
 

(3.1) 

where fpu is the rupture stress, fpe is the effective prestress in the strand, which for these non-

prestressed specimens was zero, db is the diameter of the CFRP strand, αfb is an adjustment 

factor for units and CFRP strand manufacturer (for in.-lb units and CFCC, αfb is 14.8), and f’c 

is the 28 day concrete strength.  For the strands used in this experimental program, the 

predicted flexural bond length was 52 in., or approximately 87 db.  Typically, Lfb is added to 

the transfer length, Lt, to find the development length, Ld.  However, because the strands in 

these specimens were not prestressed, Lfb was taken to be equal to Ld. 

Prestressed reinforcement has better bond characteristics than non-prestressed 

reinforcement due to both compression of the concrete surrounding the strand, and the Hoyer 
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effect (Domenico et al. 1998).  Because the ACI 440.4R (2004) equation was developed for 

prestressed strands, the actual development length was expected to be longer.  To calculate 

the development length for non-prestressed reinforcement, the following equation for FRP 

bars from ACI 440.1R (2006) was used: 

 

Ld=

𝛼
𝑓𝑓𝑟

√𝑓𝑐
′

− 340

13.6 +
𝐶
𝑑𝑏

𝑑𝑏 

(3.2) 

where α is a top-cast factor, ffr is the required stress in the bar, and C is the distance from the 

center of the bar to the face of the concrete.  The Ld calculated for the CFRP strands was 170 

in., or approximately 283 db.  This value exceeds a reasonable development length because 

the ffr value was set equal to the rupture stress of the CFRP strands, 461 ksi.  Equation (3.2 

was developed for use with standard FRP bars, which have significantly lower rupture stress 

values than CFRP strands.  Given these theoretical values, the experimental development 

length of the CFRP strands was expected to be greater than 87 db.  

ACI 318 (2011) gives the following equation for the development length of non-

prestressed deformed bars or wire smaller than 7/8 in. in diameter, with spacing greater than 

db, in tension: 

 
Ld = 

f
y
ψ

t
ψ

e

25 λ √f '
c

 db 
(3.3) 

where fy is the yield stress of the strand (in this case the rupture stress was used instead), ψt is 

a top-cast factor, ψe is a bar coating factor, and λ is a lightweight concrete factor.  The 

predicted development length using this equation is 80 in. or 134 db.   
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The calculated values for the expected experimental development lengths for non-

prestressed strands were used in the design of the beam-end specimens.  

3.3.2 Experimental Plan 

The standard for testing beam-end specimens is given by ASTM A944 (2010).  The 

procedure of the experiment involves casting different concrete blocks with varying lengths 

of reinforcement bonded to the concrete in each block.  The reinforcement extends beyond 

the end of the side of the block so that it can be gripped and pulled out of the specimen.  The 

block is tested with the exposed reinforcement at the top of the beam.  When a tensile load is 

applied to the reinforcement being tested, the test setup reacts with a compressive force 

against the bottom of the specimen.  In this way, the block is acting like an upside-down half 

of a beam.  Each specimen is tested until either pullout or rupture failure occurs.  If the 

reinforcement pulls out, then the bonded length tested is less than Ld.  If the reinforcement 

ruptures, then the bonded length tested is greater than Ld. 

The ten specimens were cast and tested in two phases.  Because no experimental 

values for beam-end tests with non-prestressed CFRP strands were available in the literature, 

the first phase specimens were cast with a varied range of bonded lengths.  These tests 

established a narrower range around Ld.  The second phase specimens were cast in this range.  

Specimens with steel strands were only cast and tested in phase two. 

3.3.3 Phase 1 

3.3.3.1 Beam-End Specimen Design 

The first phase of specimens covered a wide breadth of bonded lengths, from 33 to 

150 db, as shown in the test matrix in Table 3.5.   
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Table 3.5: Beam-end phase 1 test matrix 

 

 

The CFRP strands used for these specimens were prepared by the manufacturer.  

Each strand was 12 ft. long with a 1 ft. steel anchor on one end (see Figure 3.4).  The anchor 

end of the strand protruded from the surface of the concrete by 3 ft. as illustrated in Figure 

3.14, to allow the strand to be pulled by a hydraulic jack.  PVC pipe segments were used to 

debond the first 6 in. of strand from the block, to prevent a cone-type failure of the concrete.  

Another PVC pipe was used at the back end of the block to expose the end of the strand for 

slip measurement, to prevent anchorage from compressive stresses due to the block restraint, 

and to vary the bonded length in each specimen.  The variable geometry of each specimen is 

shown in Table 3.6.  In order to prevent a top-cast effect of weaker concrete around the 

strand, the specimen was cast upside down and flipped over before testing.  Two transverse 

PVC pipes were cast in the specimen to allow for lifting. 

 

Specimen ID Bonded Length (in) Bonded Length (d b)

1 20 33

2 30 50

3 45 75

4 65 108

5 90 150
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Figure 3.14: Phase 1 CFRP strand layout schematic 

 

Table 3.6: Beam-end phase 1 specimen geometry 

 

 

Test specimens were designed using ASTM A944 (2010) as much as possible, but 

due to the high strength of the CFRP strands, the dimensions of the concrete blocks were 

increased.  Specimens with shorter bonded lengths were 5 ft. long, while specimens with 

longer bonded lengths were 9 ft. long.  To ensure that the strain in the compression zone of 

the concrete would be well below the crushing strain of 0.3% when the CFRP reached its 

rupture stress, the blocks were designed to be 3 ft. tall.  To prevent cracking in the concrete 

Specimen ID Block Length (f t) Bonded Length (in) Debonded Length (in)

1 20 34

2 30 24

3 45 9

4 65 37

5 90 12

5

9
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surrounding the strands, two No. 8 flexural steel reinforcing bars were used.  Although shear 

was not expected to be a factor, No. 3 shear stirrups spaced at 8 in. were used.  ASTM A944 

(2010) designates that in order to prevent confinement of the test strand, no reinforcing bars 

should be cast in the horizontal direction perpendicular to the strand being tested.  Therefore, 

two independent mats of reinforcing steel were cast on either side of the strand, as shown in 

Figure 3.15.  Schematics of the design of the 5 and 9 ft. blocks are depicted in Figure 3.16 

and Figure 3.17, respectively. 

 

 

Figure 3.15: Cross section of phase 1 reinforcement 
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Figure 3.16: Elevation view of phase 1 reinforcement (5 ft. block) 

 

 

Figure 3.17: Elevation view of phase 1 reinforcement (9 ft. block) 

 

3.3.3.2 Beam-End Specimen Fabrication 

Beam-end specimens were cast in forms constructed of plywood and reinforced with 

steel and 2 x 4 dimension lumber.  Holes were cut in the side of the forms to allow the CFRP 

strand to extend out from the blocks.  PVC pipes were held in place by wooden disks that 

were screwed into the formwork and slid inside the end of the PVC pipes.  After the strand 

was placed into the formwork, rope caulk was used to create a seal between the PVC pipes 
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and the CFRP.  The flexible CFRP strand was kept in the middle of the specimen using 

plastic chairs that were stapled to the formwork.  Rebar mats were tied outside of the forms, 

then placed into the forms, as illustrated in Figure 3.18.  Completed formwork ready for 

casting is shown in Figure 3.19. 

 

 

Figure 3.18: Formwork with one side missing 

 

 

Figure 3.19: Phase 1 formwork before casting 
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The specimens were cast with a 5000 psi ready mix concrete from a local supplier.  

The forms were filled halfway, then consolidated with a vibrator.  Care was taken to ensure 

that the corners of the specimen were thoroughly consolidated.  The forms were filled to the 

top, the second layer was vibrated, then the surface was finished.  Cast specimens are 

depicted in Figure 3.20.  Several 4 in. x 8 in. test cylinders were cast simultaneously with the 

blocks.  After the initial set, curing compound was applied to the top surface of the concrete.  

Seven days after casting, the formwork was stripped and the test cylinders were removed 

from their molds. 

 

 

Figure 3.20: Phase 1 specimens after casting 

 

3.3.3.3 Beam-End Testing and Results 

A test setup was fabricated to restrain the beam-end specimen during testing and 

apply tension to the exposed strand.  Steel plates were welded together to form a loading 

fixture for the hydraulic jack to bear against.  The support was bolted to the top flange of a 

stiffened W30x211.  A steel box bolted to the right side of the top flange acted as a backstop 
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that contained the strands after rupture.   Two 3 ft. long HSS sections passed through holes in 

the web and anchored the bottom flange of the W-shape to the laboratory strong floor.  The 

test specimen rested on a roller made from 2 in. diameter round stock at the right end and 

steel plates on the left end.  Another 2 in. roller provided the reaction between the specimen 

and a steel plate welded to the left face of the W-shape.  An HSS bearing against the top of 

the left side of the block anchored the specimen to the floor.  A linear potentiometer was 

attached at the left end of the block to measure the slip of the strand during testing.  Three 

linear potentiometers were placed around the strand at the right end of the specimen 120° 

from each other.  The average of the three potentiometer readings gave the extension of the 

exposed strand.  A schematic and photograph of this test setup are shown in Figure 3.21 and 

Figure 3.22, respectively. 

 

 

Figure 3.21: Beam-end test setup schematic 
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Figure 3.22: Beam-end test setup 

 

After the specimen was loaded into the test setup, a steel plate and a chuck supplied 

by the CFRP manufacturer, shown in Figure 3.23, was placed on the steel sleeve to grip the 

strand.  The hydraulic jack was loaded at a rate of 0.25 in./min.  Loading continued until the 

strand ruptured or slipped.  Slipping was defined by any significant measurement read from 

the left end potentiometer (> 0.1 in.) accompanied by a decrease in load. 

 

 

Figure 3.23: Plate and chuck used to grip CFRP strand 
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Results from the five tests of phase 1 are depicted in Figure 3.24.  Specimen 5 (150 db 

bond length) ruptured at a load of 75.1 kips, 9.0% lower than the average rupture load of 82.5 

kips from tension testing.  The other specimens failed by strand pullout.  A linear regression 

of the tests that failed from pullout yielded the black trendline on the graph in Figure 3.24.  

The experimental Ld is the place where the trendline meets the red rupture limit.  This Ld is 

represented by the blue dot at 118 db.  The average concrete cylinder strength at the time of 

testing was 6300 psi. 

 

 

Figure 3.24: Phase 1 bond strength results 
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3.3.4 Phase 2 

3.3.4.1 Beam-End Specimen Design 

Due to the results of phase 1 testing, specimens were designed in increments of 5 

strand diameters, from 115 to 135 db.  The specimens were also cast with a steel strand 

embedded on the other side of the block.  This allowed each specimen to be tested twice, to 

allow for comparison between the bond strength of the CFRP and traditional steel strands.  

The calculated value from ACI 318 (2011) for the Ld of steel strands was 134 db.  Therefore, 

bonded lengths for the steel strands were varied in increments of 10 strand diameters, from 

110 to 150 db.  All phase two blocks were 9 ft. long.  The second phase test matrix is 

summarized in Table 3.7. 

 

Table 3.7: Beam-end phase 2 test matrix 

 

 

In order for the specimens to be loaded into the test setup, the strands had to face 

different directions.  This strand layout is shown in Figure 3.25 without any other 

reinforcement details for clarity.  The PVC bond breakers were arranged the same way for 

steel and CFRP strands.   

Specimen ID Bonded Length (in) Bonded Length (d b) Bonded Length (in) Bonded Length (d b)

6 69 115 66 110

7 72 120 72 120

8 75 125 78 130

9 78 130 84 140

10 81 135 90 150

CFRP Steel
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Figure 3.25: Phase 2 strand layout schematic 

 

In order to negate the top-cast effect that would cause different concrete strengths in 

the top and bottom of the specimen, and for ease of construction, the specimens were cast on 

their sides, and turned over before testing.  To suspend the top mat of steel in the forms, two 

straight 10 ft. long No. 4 casting support bars were run through holes in the ends of the 

forms, as illustrated in Figure 3.26 and Figure 3.27. 

 

 

Figure 3.26: Cross section of phase 2 reinforcement (casting orientation) 
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Figure 3.27: Plan view of phase 2 reinforcement (strands not shown for clarity) 

3.3.4.2 Beam-End Specimen Fabrication 

To prevent the PVC pipes used for lifting from filling with concrete during casting, 

the pipes were made 2 in. taller than the specimen, and the ends of the pipes were covered 

with duct tape.  Short segments of rebar tied to the pipes were used to keep them in place 

during casting.  PVC pipe support and use of the casting support bars were the only 

differences between the casting of phase 1 and phase 2 specimens.  Figure 3.28 and Figure 

3.29 show formwork ready for casting and the specimens after casting, respectively. 
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Figure 3.28: Phase 2 formwork before casting 
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Figure 3.29: Phase 2 specimens after casting 

 

3.3.4.3 Beam-End Testing and Results 

Before testing, the casting support bars protruding from the sides of the specimen 

were cut off to allow the blocks to fit into the test setup.  The testing procedure was the same 

as phase 1.  After the first side was tested, the block was removed from the setup, flipped 

over, turned around, and placed back into the setup.  Care was taken not to damage the 

exposed strand that was not being tested.  A standard steel prestressing chuck, depicted in 

Figure 3.30, was used to grip the steel strand.  The steel strand was loaded at a rate of 0.4 

in./min. 
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Figure 3.30: Steel prestressing chuck 

 

Results from the phase 2 tests on the CFRP strands are added to the results from 

phase 1 in Figure 3.31.  All five of the strands ruptured.  The average rupture load was 85.4 

kips.  The average concrete cylinder strength at the time of testing was 6500 psi.  Based on 

these results, it is assumed that Ld is between 108 and 115 db for the CFRP strand. 
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Figure 3.31: Phase 2 CFRP bond strength results 

 

Beam-end test results from phase 2 tests on steel strands are illustrated in Figure 3.32.  

The red line represents the expected failure load for the 0.6 in. diameter steel prestressing 

strand.  Each of the strands ruptured.  The average failure load was 60.7 kips.  Due to the 

lack of a pullout failure, the results for the development length of the steel strands were 

inconclusive. 
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Figure 3.32: Phase 2 steel bond strength results 

 

3.3.5 Discussion 

Because tests were conducted on unstressed strands, the experimentally observed 

development lengths from this testing are only valid for prestressing strands used as non-

prestressed reinforcement.  Furthermore, the lengths found were the lengths necessary to 

develop the full rupture stress of the strands.  For the steel strands, this is approximately 280 

ksi, which is only slightly higher than the stress that steel strands can face under in-service 

loading.  However, while the rupture stress of the CFRP strands is 461 ksi, the guaranteed 

value is 339 ksi.  Structures prestressed with CFRP strands are designed using the guaranteed 
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stress.  Therefore, the strands do not need to develop their full rupture strength.  Figure 3.33 

shows the CFRP test results with the load corresponding to the guaranteed stress represented 

by the horizontal blue line.   

 

 

Figure 3.33: Phase 2 CFRP bond strength results for guaranteed stress 

 

Based on this data, the expected length needed to develop the guaranteed stress for 

unstressed CFRP strands is between 75 and 108 db.  This 33 db range is large because of the 

wide breadth of db values chosen for phase 1 specimens.  Test results indicate that the length 
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needed to develop the full rupture stress of non-prestressed steel strands is less than 110 db.  

This suggests that the ACI 318 (2011) value of 134 db is conservative. 
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CHAPTER 4: Flexural Behavior 

This chapter describes the design, manufacture, testing, and analysis of cored slabs 

with all-FRP reinforcement and control slabs with steel reinforcement.  These cored slabs 

contained CFRP prestressing strands and GFRP stirrups designed according to the 

recommendations given in ACI440.4R (2004) and ACI440.1R (2006), respectively.  A steel-

reinforced control cored slab and two identical FRP-reinforced cored slabs were cast at a 

precast concrete plant.  The cored slabs were delivered to the Constructed Facilities 

Laboratory at North Carolina State University and were tested monotonically to failure using 

a four-point bending configuration.  Load, midspan deflection, strand slip, and midspan 

curvature were measured during testing.  The observed experimental behavior was compared 

to theoretical predictions.  The behavior of the FRP reinforced section was compared to that 

of the standard steel section to determine if it would be a suitable replacement. 

 

4.1 Flexural Cored Slab Design 

4.1.1 Steel Reinforced Cored Slab Design 

To enable evaluation of the experimental FRP reinforced cored slabs, a steel control 

specimen was designed according to the NCDOT standard design plans for steel prestressed 

cored slabs (NCDOT 2015).  For logistical purposes, a 45 ft. long, 36 in. wide, and 21 in. 

deep section was chosen for this experimental program.  The NCDOT standard longitudinal 

reinforcement scheme and stirrup placement for a cored slab with these dimensions is shown 

in Figure 4.1.  The section has two 12 in. diameter voids at mid-depth, centered at 16 in. on 

center horizontally.  Shear keys, 7 in. deep, on both sides of the specimen, are filled with 
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grout during bridge construction.  This allows for the cored slab units to transfer shear force 

to adjacent slabs.  The longitudinal reinforcement included thirteen 0.6 in. diameter 270 ksi 

low-relaxation ASTM A416 steel strands.  Eleven of the strands, at a depth of 19 in. in the 

section, provided flexural capacity.  Two strands in the top corners at a depth of 2.5 in. 

provided cracking resistance and allowed the steel to be tied more easily.  Each steel strand 

was prestressed to 43,950 lb, 75% of its rupture strength.  Two No. 4 60 ksi ASTM A615 

longitudinal bars, also at a depth of 2.5 in., provided additional cracking resistance.   

 

 

Figure 4.1: Steel reinforced cored slab cross section 

 

A 3 ft. long solid zone at each end of the cored slab is used to increase shear capacity 

at the end zones.  Shear reinforcement consisted of two overlapping U-shaped No. 4 60 ksi 

ASTM A615 steel stirrups.  The first stirrup is placed 12 in. from each end of the specimen.  

Spacing for the next 54 in. of each end the cored slab was 9 in. on center and the midspan 

region spacing was 12 in. on center.  This shear detail is depicted in Figure 4.2.  Two pairs of 
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No. 5 stirrups, each enveloping one of the cores, were placed with 1 in. clear cover from each 

end of the cored slab to provide strand confinement.  This detail is illustrated in Figure 4.3. 

 

 

Figure 4.2: Steel reinforced slab shear detail (plan view) 

 

 

Figure 4.3: Steel reinforced cored slab end shear reinforcement detail 
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The NCDOT standard design includes 8 in. long solid zones at third-points along the 

length of the cored slab, with ducts installed in the transverse direction for post-tensioning 

during bridge construction.  The specification also includes vertical dowel holes in the end 

solid zones to attach the cored slabs to the bridge bents.  While the third-point solid zones 

were included in the steel and CFRP prestressed specimens, the post-tensioning ducts and 

dowel holes were not.  The cored slabs were all designed with 6500 psi concrete target 

strength and Type III cement in order to reach release strength quickly. 

4.1.2 FRP Reinforced Cored Slab Preliminary Design 

The CFRP prestressed cored slabs were designed to be a direct replacement for their 

existing steel prestressed counterparts.  This allowed the cored slabs to be cast at precast 

plants that have existing forms and bulkheads in place for standard NCDOT cored slab sizes.  

Therefore, the design was kept as similar as possible to the current standard NCDOT 

geometric details.  Key parameters controlled by the standard design details included the 

geometry of the concrete section and the location of the prestressing strands.   

The final CFRP prestressed section is shown in Figure 4.4 where it can be seen that 

the 13 steel strands were replaced by 15 CFRP strands of the same size.  The CFRP strands 

were prestressed to 39,450 lb due to the ACI 440.4R (2004) jacking force limit of 65% of the 

guaranteed strength of the strand.  Therefore, two additional CFRP strands were required to 

have a similar total prestress force so that a similar design flexural capacity could be 

achieved.  These two strands were placed in a second layer in the section where strands are 

placed for longer spans.  Therefore, the existing bulkheads at the casting facility included 

holes for these strands.  The mild steel rebar was replaced with GFRP rebar in an attempt to 
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limit the increase in cost of the CFRP prestressed cored slab.  The two longitudinal No. 4 

mild steel bars were replaced with No. 5 GFRP bars. 

 

 

Figure 4.4: FRP reinforced cored slab cross section 

 

The No. 4 mild steel stirrups were also replaced with No. 5 GFRP rebar.  ACI 440.1R 

(2006) limits the available stress in GFRP stirrups to the lower of either the stress 

corresponding to a strain of 0.4%, or the maximum stress that can be achieved in a bent 

GFRP stirrup.  The strain limit, imposed to limit crack width, was the limiting factor.  This 

caused an increase in the size of the stirrups, and a reduction in stirrup spacing to maintain 

sufficient shear capacity.  The final design included No. 5 GFRP stirrups spaced at 7 in. 

throughout the length of the cored slab, as depicted in Figure 4.5.  The end stirrup 

arrangement is the same for the FRP slabs as it is for the steel slabs, except that No. 6 GFRP 

stirrups were used. 
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Figure 4.5: FRP reinforced slab shear detail (plan view) 

 

4.2 Flexural Cored Slab Analysis and Predictions 

A strain compatibility analysis in accordance with ACI 318 (2011) was performed to 

ascertain the flexural strength of the steel reinforced cored slabs.  The predicted failure mode 

was crushing of the concrete in the compression zone after yielding of the strands.  The 

predicted strength values from these calculations in terms of moment and total load in the 

experimental test setup are summarized in Table 4.1. 

The flexural capacity of the FRP reinforced cored slabs was evaluated in accordance 

with ACI 440.4R (2004).  While the mean rupture stress of the CFRP strands was 461 ksi, 

the guaranteed stress was 339 ksi.  Therefore, while the experimental failure mode was 

predicted to be crushing of the concrete in the compression zone, strand rupture governed for 

the ACI prediction.  An equivalent stress block was used to approximate the stress in the 
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concrete at the theoretical rupture of the CFRP strands prior to crushing.  The results of these 

calculations in terms of moment and total test load are shown in Table 4.1. 

 

Table 4.1: ACI flexural strength predictions 

 

 

After the initial design was completed and the ACI capacities were calculated, the 

slabs underwent a more detailed investigation to predict their expected performance.  The 

flexural capacity and behavior for all the cored slabs were predicted using a layered sectional 

analysis approach. 

The cross section was discretized into horizontal layers, as illustrated in Figure 4.6.  

The top strain, εc max, was varied from 0.1% to -0.3% in 0.005% increments.  Tensile 

(positive) top strains were used to account for camber.  For each top strain, the strain at the 

middle of each layer was calculated based on an assumed neutral axis depth and a linear 

strain distribution. 

 

Moment Capacity (k-ft) Test Load (k)

Unfactored 950 110

Factored 855 97

Unfactored 1131 135

Factored 961 112

FRP

Φ=0.85

Steel

Φ=0.9
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Figure 4.6: Layered sectional analysis schematic 

 

Because the specified concrete strength was 6500 psi, the initial analysis used the 

Hognestad (1951) parabolic model to relate concrete compression strain and stress: 

 
𝜎c=𝑓𝑐

′ [2
𝜀𝑐

𝜀𝑐𝑜
− (

𝜀𝑐

𝜀𝑐𝑜
)

2

] 
(4.1) 

where σc is the concrete stress, εc is the concrete strain, and εco is the strain corresponding to 

f’c.  However, the measured 28-day concrete strength exceeded 9000 psi.  To characterize the 

stress-strain relationship of this high-strength concrete in the cored slabs, the Popovics 

(1973) constitutive model was used to represent the concrete in compression because it gives 

a more accurate representation of the response of high-strength concrete: 

 

𝜎c=𝑓𝑐
′ (

𝑛 (
𝜀𝑐

𝜀𝑐𝑜
)

(𝑛 − 1) + (
𝜀𝑐

𝜀𝑐𝑜
)

𝑛) 

(4.2) 

where 

 n=0.4 x 10−3𝑓𝑐
′ + 1.0 (4.3) 
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This model was used to find the stress in each layer of concrete based on its strain.  The 

tensile strength of uncracked concrete was ignored.  The stress was multiplied by the area of 

each layer to calculate the resultant compressive force exerted on that layer, as shown in 

Figure 4.6. 

The strain in the prestressing strands was calculated by adding the effective 

prestressing strain to the concrete strain value obtained from the linear strain distribution at 

the level of the prestressing strand.  The strain in the rebar was assumed to be equal to the 

strain in the concrete at the same depth as the rebar.  A modified Ramberg-Osgood model 

(Collins and Mitchell 1991) was used to represent the steel tensile prestressing strand 

behavior: 

 

σps=𝐸𝑝𝑠𝜀𝑝𝑠 [𝐴 +
1 − 𝐴

[1 + (𝐵𝜀𝑝𝑠)
𝐶

]
1

𝐶⁄
] 

(4.4) 

where σps is the stress, Eps is the Young’s modulus, and εps is the strain in the prestressing 

strands, while A, B, and C were calibrated to 0.01, 107.5, and 13, respectively, using the mill 

certification for the steel prestressing strands used.  A bilinear stress-strain model with a 

yield stress of 60 ksi was used for the rebar.  A simple linear-elastic relationship was used to 

model the tensile behavior of the CFRP strands.  Following the recommendations in ACI 

440.1R (2006), the strength contribution from the GFRP bars in compression was ignored.  

The stress obtained from the applicable model was multiplied by the area of the 

reinforcement at a given section depth to find the resultant tensile force generated by the 

reinforcement at that depth. 
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The (negative) compressive forces from all layers of concrete and rebar in 

compression and the (positive) tensile forces from the prestressing strands were summed.  

Then, the value for neutral axis depth was varied until the sum of the forces in the section 

was equal to zero.  When this equilibrium condition was reached, the moments generated by 

each force were summed about the top of the section to find the moment capacity.  The 

corresponding curvature was calculated by dividing εc max by the neutral axis depth. 

In this manner, the moment and curvature for the full range of εc max values was 

determined.  This data was used to generate the full predicted moment-curvature response for 

the steel and FRP prestressed sections, shown in Figure 4.7.  The graph starts with negative 

curvature due to the presence of camber.  The failure moment was predicted to be 966 kip-ft. 

for the steel reinforced specimen and 1283 kip-ft. for FRP the reinforced specimen, 33% 

higher than the steel reinforced specimen.  The plateau portion of the prediction curve for the 

steel cored slab represents yielding of the prestressing strands.  Because the strands yield 

before the concrete crushes, a tension failure mode was predicted.  Although curvature 

comparable to that of the steel slab was predicted for the FRP reinforced slabs, a tension 

failure is not possible because CFRP strands do not yield.  A compression failure was 

predicted due to crushing of the concrete in the compression zone before strand rupture. 
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Figure 4.7: Moment-curvature response prediction 

 

The load-deflection behavior of the cored slabs was also predicted using the results of 

the layered sectional analysis.  The slab was discretized along its length into 6 in. sections, as 

depicted in Figure 4.8.  The maximum (midspan) total moment was varied from zero to the 

failure moment in 5 kip-ft. increments.  At each increment, the moment at the middle of each 

6 in. segment was calculated.  Then, the curvature corresponding to that moment was taken 

from the moment-curvature response and assumed constant over that increment.  The 

curvature distribution from support to midspan of the cored slabs was integrated over each 

segment to calculate the midspan deflection.  For the steel section, the deflection calculation 
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was problematic because of the flat segment of moment-curvature response leading up to 

failure.  The cored slab can continue to deflect with very little increase in load, making the 

deflection at failure difficult to predict.  Deflection calculations are further complicated by 

cracked segments of the cored slabs, where curvature is concentrated, because the analysis 

assumes a smooth curvature distribution. 

This deflection calculation was made for each increment of maximum moment.  The 

load at each moment increment was calculated based on a simply-supported, four-point 

bending test configuration.  The predicted load-deflection curves for the steel and FRP cored 

slabs generated by this analysis are plotted with the ACI strength predictions in Figure 4.9.  

The steel reinforced specimen was expected to fail at a load of 113 kips, with 17.0 in. of 

deflection.  Failure of the FRP reinforced specimen was predicted to occur at a load of 151 

kips, with 17.9 in. of deflection. 

 

 

Figure 4.8: Deflection calculation schematic 
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Figure 4.9: Load-deflection behavior prediction 

 

4.3 Flexural Cored Slab Fabrication 

Test specimens were cast at a precast plant that regularly produces cored slabs.  

While the standard procedure for casting cored slabs was used for the steel reinforced 

specimens, a special procedure was required to cast the FRP reinforced specimens. 

4.3.1 Steel Reinforced Cored Slab Fabrication 

The first step in the construction of the steel-reinforced slabs was running the steel 

strands down the length of the casting bed through the bulkheads and end plates, placing 
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chucks on the ends of the strands against the bulkheads, and stressing the strands.  Next, the 

cardboard void tubes were placed into the forms to create the hollow cores, and the stirrups 

were tied to the strands with steel rebar ties.  Concrete was then poured into the forms.  

Several 4 in. x 8 in. test cylinders were cast simultaneously with the cored slabs.  After 14 

hours, the concrete had reached its release strength of 4500 psi, the strands were detensioned 

with a torch cutter, as shown in Figure 4.10, and the cored slabs were removed from the 

forms. 

 

 

Figure 4.10: Detensioning with torch cutter 

 

4.3.2 FRP Reinforced Cored Slab Fabrication 

In order to avoid local crushing failure of the CFRP prestressing strands, due to 

transverse stresses at end anchorages, standard steel prestressing chucks cannot be used. 
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Hence, special anchorages specific to the CFRP prestressing strands must be used, as 

provided by the manufacturer.  The CFRP strands were run through the end plates of the 

cored slabs, but not the bulkheads.  They were cut shorter than the casting bed and the ends 

were attached via couplers to short segments of steel strand that ran from the couplers 

through the bulkheads at either end of the casting bed, as shown in Figure 4.11.   

 

 

Figure 4.11: CFRP prestressing schematic (elevation view) 

 

The couplers are a proprietary anchorage system developed by the CFRP strand 

manufacturer to connect the CFRP strands to steel strands.  A schematic of the coupler 

system is depicted in Figure 4.12.   

 

 

Figure 4.12: Coupler schematic 
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The installation of the anchorage and coupler system for the CFRP prestressing 

strands is summarized in Figure 4.13.  Coupler installation began by affixing two layers of 

buffer material to the ends of the CFRP strands.  This buffer material protected the strand by 

dissipating the transverse force applied to the strand by the couplers.  The first layer was a 

helical mesh wrap.  One end of it was attached to the end of the strand with electrical tape.  

Then, the rest of the wrap was tightly would around the strand, and taped at its other end, as 

shown in Figure 4.13(a).  The second layer, a metal jacket, was placed over the first mesh 

layer. One end of it was taped to the strand with electrical tape, and then the rest of the jacket 

was tightly squeezed around the CFCC. Then, the other end of the jacket was taped around 

the strand, as shown in Figure 4.13(b). 

After the buffer material was attached, the CFRP strands were inserted into the 

couplers.  The CFRP chuck was similar to a standard wedged steel chuck, except that the 

wedges were significantly longer, and they were arranged around the buffer material instead 

of directly onto the strand.  Both of these modifications allow for better distribution of 

clamping force onto the FRP strand.  The wedges were placed into a rubber wedge guide, 

which was then slid into the chuck, as shown in Figure 4.13(c).  To ensure a tight grip on the 

strand, the chuck was placed into a seating ram assembly.  A hand pump was used to the 

push the wedges into the chuck, as shown in Figure 4.13(d). 

A standard steel chuck was slid onto the steel strand segment, as shown in Figure 

4.13(e).  The other half of the coupler bore against the steel chuck, and was screwed onto the 

CFRP chuck, as shown in Figure 4.13(f).  The diameter of the couplers exceeded the strand 
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spacing.  Therefore, the couplers had to be staggered to prevent them from touching, as 

shown in Figure 4.13(g). 

 

  

(a) Helical mesh is wrapped around the end 

of the CFRP 

(b) A metal jacket is taped over the mesh 

wrap 

  

(c) Wedges are placed around the strand and 

fed into a chuck 

(d) A hand pump presses the wedges into the 

chuck 
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(e) A standard steel chuck is placed onto the 

steel strand 

(f) The two halves of the coupler are screwed 

together 

 
(g) Couplers are staggered so they do not 

touch during tensioning 

Figure 4.13: Coupler installation 

 

After the couplers were attached, the ends of the steel strands were passed through the 

bulkheads and tensioning could take place in the same manner as that of standard steel 

strands.  The GFRP stirrups were tied using plastic zip ties to eliminate all steel in the cored 

slabs except for the lifting hooks tied into both ends of the cored slabs, as depicted in Figure 

4.14.  The rest of the casting process was the same as the process for casting the steel 

prestressed cored slabs.  Figure 4.15 illustrates the final arrangement of reinforcement and 

cores before casting.  The casting process is shown in Figure 4.16. 
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Figure 4.14: Steel lifting hooks 

 

 

Figure 4.15: Overall reinforcing layout for CFRP prestressed cored slabs 
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Figure 4.16: Cored slab casting 

 

4.4 Flexural Cored Slab Testing 

The cored slabs were tested simply-supported and loaded monotonically to failure in 

four-point bending.  A 220 kip hydraulic actuator hanging from a reaction frame was placed 

at the midspan of the beam.  The reaction frame was post-tensioned to the laboratory strong 

floor.  A 15 ft. long spreader beam was bolted to the bottom of the actuator.  Pin and roller 

supports attached to plates on the bottom of the spreader beam transferred load at third points 

through 8 in. wide steel plates resting on the top of the cored slab specimen.  A schematic of 

the test setup for the 45 ft. long cored slabs is depicted in Figure 4.17. 
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Figure 4.17: Test setup schematic 

 

String potentiometers were used to measure deflection at the load points and at 

midspan.  Pi gages at midspan on the top and bottom of each cored slab measured average 

concrete strain.  This instrumentation is illustrated in Figure 4.18.  Linear potentiometers 

were also used to measure strand slip at one end of each cored slab.   

 

 

Figure 4.18: Flexural test instrumentation 
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Each flexural specimen was designated with the first two letters “FL”.  The steel 

prestressed control cored slab was named FL-ST, and the CFRP prestressed cored slabs were 

named FL-CF-1 and FL-CF-2. 

All specimens were loaded at a rate of 0.15 in./min up to the cracking load.  Post-

cracking, the load rate was increased to 0.5 in./min until failure.  Dunnage was placed under 

the beam to keep it from falling to the floor upon failure.  Figure 4.19 illustrates an overall 

view of the test setup prior to testing.  Figure 4.20 shows FL-CF-2 during testing, deflecting 

8 in. at midspan.  The blue line represents the location of the bottom of the beam when it was 

flat. 

 

 

Figure 4.19: FL-CF-1 before testing 
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Figure 4.20: FL-CF-2 during testing 

 

4.5 Flexural Cored Slab Test Results 

In each test, slabs failed near one of the load points, due to the stress concentration 

caused by interaction of the maximum moment and maximum shear.  Figure 4.21, Figure 

4.22, and Figure 4.23 depict the areas where failure occurred for FL-ST, FL-CF-1, and FL-

CF-2, respectively.  Each of these failures occurred on a diagonal plane from the loading 

plate towards the end of the slab.  This failure plane suggests that the effects of shear stresses 

in the section were a contributor to the failure of the cored slabs. 
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Figure 4.21: FL-ST after testing 

 

 

Figure 4.22: FL-CF-1 after testing 
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Figure 4.23: FL-CF-2 after testing 

 

A comparison of the flexural performance of FL-ST, FL-CF-1, and FL-CF-2 is 

summarized in Figure 4.24.  The behavior of all three slabs was the same until cracking.  The 

cracking load was approximately 55 kips, which is equivalent to a total moment of 540 kip-

ft.  All cored slabs demonstrated significant cracking throughout the maximum moment 

region.  After cracking, the load increased for the steel specimen until the steel yielded.  This 

initial portion of the post-cracking curve had a higher slope for the steel section than for the 

FRP section due to the higher stiffness of steel.  The steel continued to yield until the 

concrete crushed, resulting in a tension failure.  The FRP cored slabs exhibited bi-linear 

behavior.  After cracking, the load increased linearly with increasing deflection, until the 

concrete crushed.  Because the CFRP strands cannot yield and did not rupture, this was a 

compression failure.  However, due to extensive concrete cracking and substantial strain in 

the CFRP strands at the time of failure, the section had significant deformation capacity. 
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Figure 4.24: Flexural test results 

 

The strain data from the top surface pi gages at the midspan of each specimen are 

shown in Figure 4.25.  All strain gages remained attached to the compression face of the 

specimen until failure.  Both FL-ST and FL-CF-2 reached peak compression strains at failure 

acceptably near 0.3%, which supports a flexural failure accompanied by concrete crushing at 

the ultimate load.  FL-CF-1 failed from concrete crushing at a strain of 0.184%, considerably 

lower than 0.3%.  Because the CFRP strands were still intact after this failure, it was 
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hypothesized that another mechanism caused this premature failure.  This will be discussed 

further in Section 4.6.2 

 

 

Figure 4.25: Strain data from flexural tests 

 

Cylinders from the precaster were not available for concrete strength testing at the 

time of the cored slab testing at the laboratory.  Therefore, cores were extracted from each 

cored slab after testing.  The break strength data of the 28 day cylinders from the precaster 

and the cores taken at the laboratory are summarized in Table 4.2.  Because the entire CF 

series was cast at the same time on the same casting bed, there is one set of cylinders for all 
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slabs.  Due to the high variability of test cylinders for FL-ST and cores for the CF series, all 

cored slab concrete was assumed to have a compressive strength of 9500 psi. 

 

Table 4.2: Concrete compressive strength of 28 day cylinders and cores 

 

 

4.6 Flexural Cored Slab Discussion 

This section compares the performance of the flexural cored slabs tested to each other 

and to the predictions discussed in Section 4.2. 

4.6.1 FL-ST 

The tension controlled failure of the control slab was the expected behavior of the 

specimen.  A comparison of the test results with the prediction from the layered sectional 

analysis is illustrated in Figure 4.26.  The measured experimental capacity of the cored slab 

was 110 kips, equal to the ACI 318 (2011) capacity, and 2.7% lower than the predicted 

capacity of 113 kips. 
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Figure 4.26: Prediction and behavior of FL-ST 

 

4.6.2 FL-CF-1 

Figure 4.27 shows the test results from the first FRP reinforced specimen alongside 

the predicted behavior.  The predicted capacity was 151 kips, and the actual capacity was 101 

kips.  While this 50% error is larger than a reasonable experimental error, the test curve 

closely follows the predicted curve.  Because the CFRP strands did not rupture, this result 

suggests that a deficiency in the concrete caused this premature failure. 

 

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14 16 18

T
o

ta
l 

L
o

a
d

 (
k

)

Midspan Deflection (in)

FL-ST

Prediction

ACI 318 Capacity



 

 

88 

 

 

Figure 4.27: Prediction and behavior of FL-CF-1 

 

Upon inspection of the tested specimen, it was apparent that it contained a 

manufacturing defect.  One of the void tubes used to create the hollow cores had floated from 

its designated location at the mid-height of the section upward close to the surface of the 

cored slab.  This is depicted in Figure 4.28 immediately after failure and in Figure 4.29 after 

the cored slab had been broken apart for disposal.  Because the cross section of the cored 

slabs is short and wide, the compression zone is relatively shallow, about 4 in. deep.  

Therefore, when the void floated into the top of the cored slab, it created a large void in the 

compression zone, as illustrated in Figure 4.30.  This defect was particularly problematic 
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because it occurred at a third-point of the cored slab at the location of maximum moment and 

shear, as mentioned in Section 4.5. 

 

 

Figure 4.28: Elevation view of floated void tube in FL-CF-1 

 

 

Figure 4.29: Cross section view of floated void tube in FL-CF-1 
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Figure 4.30: Floating core schematic 

 

When the forms are being prepared for casting, void tubes are supported from the 

bottom by a loop of tie wire that is attached to the top of the form.  After the concrete is 

poured, the voids are pushed upwards by the buoyant force of the surrounding concrete.  To 

keep the tubes from floating, plastic cradles are suspended from above by bolts that are 

attached to a steel bar.  The steel bar is then bolted to the sides of the form to keep it in place.  

This system is shown in Figure 4.31.  The bolts holding the cradles are cast into the cored 

slabs.  Before detensioning, the bolts are removed and the holes are filled with grout. 

 



 

 

91 

 

 

Figure 4.31: Void hold-down supports 

 

It is clear from inspection of the failed FL-ST-1 specimen that some component of the 

system used to keep the void tubes from floating failed during casting.  This floating hollow 

core reduced the size of the compression zone.  This phenomenon was also observed by 

Storm et al. (2013) and was the cause of the premature failure of the specimen. 

4.6.3 FL-CF-2 

The behavior of the second FRP reinforced cored slab is depicted alongside its 

predicted behavior in Figure 4.32.  The unfactored and factored ACI 440.4R (2004) predicted 

capacities are also shown.  It was noted that although the strength of FL-CF-2 was 11% 

lower than the unfactored ACI value, it was 7% higher than the factored ACI value. 

  In a similar fashion to FL-CF-1, the predicted response curve was followed closely, 

but FL-CF-2 failed at 120 kips.  Again, since the CFRP strands did not rupture at failure, this 

26% difference must be attributed to other components of the section. 
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Figure 4.32: Prediction and behavior of FRP reinforced cored slabs 

 

Inspection of the tested specimen revealed that the void tubes were at the correct 

height in this section.  However, just before failure, while the concrete was beginning to 

crush, a crack developed on the side of the cored slab at the depth of the stirrups crossing 

through the compression zone, as illustrated in Figure 4.33.  The concrete in the compression 

zone of FL-ST failed erratically in small pieces that separated from the top of the section, as 

depicted in Figure 4.34.  During the failure of FL-CF-2, the top cover concrete separated 

from the specimen in a defined layer, exposing the top of the GFRP stirrups, as shown in 
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Figure 4.35.  This suggests that the presence of the GFRP stirrups in the compression zone 

may have contributed to the premature failure of the compression zone concrete. 

 

 

Figure 4.33: Longitudinal crack forming at depth of stirrup in FL-CF-2 
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Figure 4.34: Top of FL-ST after failure 

 

 

Figure 4.35: Top of FL-CF-2 after failure 
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In steel reinforced cored slabs, the top segment of the steel stirrup is present in the 

compression zone.  During loading, the concrete around the stirrups is compressed in the 

longitudinal direction due to bending.  This compresses the stirrups in their transverse 

direction.  But, because steel is an isotropic material with stiffness greater than concrete, the 

presence of the stirrups likely does not diminish the strength of the surrounding concrete. 

Conversely, GFRP stirrups are anisotropic.  They are manufactured to have high 

tensile strength in their longitudinal direction, but are not intended to resist compressive 

stresses in their transverse direction.  GFRP bars loaded in transverse compression rely on 

the stiffness of their epoxy, which is significantly less than that of concrete.  Additionally, 

due to Poisson’s effect, when the GFRP bars are compressed in the horizontal transverse 

direction, they expand in the vertical transverse direction.  This applies a splitting force to the 

concrete in the compression zone, as illustrated in Figure 4.36.  The solid area represents the 

reinforcement and the hatched area represents the compression zone.  The cross sectional 

area occupied by the stirrups in the concrete compression zone reduces the strength of the 

concrete. 
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Figure 4.36: Schematic of GFRP bars in the compression zone 

 

This effect was particularly detrimental to the strength of the cored slab because the 

large No. 5 stirrups were spaced closely at 7 in. and had approximately 1 in. of concrete 

cover.  The cover was decreased from 1.5 in. for the steel reinforced slabs to 1 in. for GFRP 

reinforced slabs because the strand pattern was not changed, the stirrup size was increased 

from No. 4 to No. 5, and the steel and GFRP stirrups had bend radii of 1.5 and 2.25 in., 

respectively.  The stirrups occupy 15.9% of the cross sectional area of the compression zone.  

ACI 440.1R (2006) does not include provisions to design for this weakening of the concrete 

due to GFRP stirrups, and no literature was found on this topic.  It is speculated that this 

phenomenon is at least one factor leading to the lower than expected capacity of FL-CF-2. 

Another factor that could have contributed to the lower than expected strength of FL-

CF-2 was the effect of the stress concentration at the load points discussed in Section 4.5.  At 

the failure location, there is the potential for adverse interaction between maximum moment 

and shear immediately outside the constant moment region.  Some evidence of this is the 
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diagonal nature of the failure planes that developed for the FL cored slab series, rather than 

only vertical flexural cracking, which would be expected in a pure moment failure. 

4.6.4 Comparison of Specimens 

The capacity predictions of the cored slabs presented in Section 4.2 were validated by 

the testing of FL-ST.  These predictions were used to evaluate the performance of the FRP 

reinforced cored slabs.  The results from FL-CF-1 highlighted a fabrication error that can 

significantly diminish the capacity of any cored slab, whether it is reinforced with steel or 

FRP.  This effect was also documented by Storm et al. (2013). 

FL-CF-2 revealed the potential negative effect of GFRP stirrups in the compression 

zone of the FRP reinforced cored slabs.  However, this and other possible issues must be 

studied further so that they can be quantified.  Although this specimen did not perform as 

well as predicted, it outperformed FL-ST, which was representative of the standard NCDOT 

design.  Therefore, this test verified that an all-FRP reinforced cored slab can exhibit similar 

or better flexural performance compared to current steel reinforced cored slabs. 
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CHAPTER 5: Shear Behavior 

This chapter details the experimental program undertaken to investigate the shear 

strength of FRP reinforced cored slabs in comparison to steel reinforced cored slabs.  One 

steel reinforced and two identical CFRP reinforced 15 ft. long cored slabs were designed.  

They were fabricated at the same time as the flexural specimens presented in Chapter 4.  A 

test setup was designed and fabricated to cause the cored slabs to fail in shear.  The cored 

slabs were delivered to the Constructed Facilities Laboratory at North Carolina State 

University.  Both ends of each specimen were tested to failure on a shear span equal to the 

depth of the section.  Results for the steel and FRP cored slabs were analyzed and compared 

and presented herein. 

 

5.1 Shear Cored Slab Analysis and Predictions 

Designing cored slab sections that would fail in shear required accurately analyzing 

the shear capacity of the section.  The shear capacity was calculated using the following 

equations from ACI 318 (2011): 

 Vn= Vc+Vreinf (5.1) 

where Vn is the nominal shear resistance, Vc is the shear resistance provided by the concrete, 

and Vreinf is the shear resistance provided by the steel or GFRP reinforcement. 

Vc is defined as the lesser of Vci, the shear resistance to flexural-shear cracks, and Vcw, 

the resistance to web-shear cracks.  Vci is calculated using: 

 
Vci =0.6 λ√f '

c
 bwdp+Vd+

ViMcre

Mmax

  
(5.2) 
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where bw is the width of the web, dp is the depth of the centroid of prestressing steel, Vd is the 

shear force due to dead load, Vi and Mmax are the shear and moment computed from the 

loading causing maximum moment, and Mcre is the cracking moment, given by: 

 
Mcre =

I

y
t

(6 λ√ f '
c
+f

pe
- f

d
 ) 

(5.3) 

where I is the section moment of inertia, yt is the distance from the centroidal axis to the 

tension face, fpe is the compression stress at the tension face due to prestressing, and fd is the 

stress at the tension face due to dead load.   

The web-shear crack resistance is calculated using the following equation: 

 
Vcw= (3.5λ√f '

c
+0.3f

pc
) bwdp 

(5.4) 

where fpc is the compression stress at the centroidal axis due to prestressing. 

Vreinf was calculated using the following: 

 
Vreinf =

Av 𝑓∗ d

s
 

(5.5) 

where Av is the cross sectional area of two stirrup legs, f* is the yield (fy) or maximum design 

(ffv) stress of steel or GFRP, respectively, d is the distance from the top compression fiber to 

the centroid of the tension reinforcement, and s is the stirrup spacing.  To make accurate 

predictions, average expected values for fy and ffv were applied.  The value used for fy was 68 

ksi, a typical value for yield stress of grade 60 bars.  Testing from the manufacturer of the 

GFRP bars showed that bent No. 5 bars ruptured at approximately 82 ksi, so this value was 

used for ffv (Hughes Brothers, unpublished internal report, June 2008).  The rupture stress of 

the straight GFRP bars was 105 ksi, but the ACI 440.1R (2006) stress limit of the bent bars 

was 50 ksi. 
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Initially, calculations were made for inducing a shear crack through the 3 ft. long 

solid zones at the ends of the specimens, which would mimic the in-service placement and 

loading of the slabs.  However, the shear capacity of the section exceeded the shear force that 

could be applied by the largest hydraulic actuator available at the Constructed Facilities 

Laboratory, which has a compressive load capacity of 450 kips.  Therefore, the capacity of 

the cored slabs was calculated for a crack going through the hollow cores adjacent to the 

solid zones.  A schematic of this shear span is shown in Figure 5.1.  This setup reduced bw 

from 36 in. to 12 in., which decreased the value of Vcw by 67%, as illustrated in Figure 5.2.  

However, while some of the concrete above and below the cores contributed to Vcw, this 

contribution could not be quantified using Equation (5.4).  Therefore, the Vcw calculated 

using a bw of 12 in. is a lower bound value. 

 

 

Figure 5.1: Schematic of shear test alignment 
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Figure 5.2: Schematic of web widths of solid ends and cored middle regions of slabs 

 

To analyze the cored slabs for this test setup, Vci, Vcw, Vreinf, and VA, the applied shear 

for a given load from the actuator, were calculated at 3 in. intervals along the length of the 

slab from the face of the support to midspan.  Then the Vc values were added to the Vreinf 

values to obtain the total shear resistance of the cored slab.  Both steel and FRP reinforced 

sections were predicted to fail due to web-shear cracking.  Figure 5.3 and Figure 5.4 show 

the predicted shear resistance and applied loading necessary to cause failure for the steel and 

FRP reinforced sections, respectively.  The predicted loading from the actuator at failure was 

248 and 323 kips for the steel and FRP reinforced specimens, respectively.  The predicted 

capacity of the FRP reinforced specimens is significantly higher mostly because of the larger 

cross sectional area and high rupture stress of the GFRP stirrups.  ACI 440.1R (2006) limits 

the shear crack width of members reinforced with FRP stirrups by limiting the maximum 

strain in the stirrups to 0.4%.  While tests performed by the manufacturer indicated that the 

ultimate stress of the bent bars was 82 ksi, this serviceability requirement limits ffv in the 

GFRP rebar to 27 ksi for the ACI strength calculation. 
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Figure 5.3: Predicted shear behavior of steel reinforced specimen 
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Figure 5.4: Predicted shear behavior of FRP reinforced specimen 

 

To ensure that the shear failure mode governed, the flexural capacity and total 

moment were plotted along the same intervals as the shear force and resistance.  The moment 

plots for the steel and FRP reinforced specimens are shown in Figure 5.5 and Figure 5.6, 

respectively.  This analysis showed that the test setup chosen would cause a shear failure in 
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the strands in this region of the cored slabs.  A standard sectional analysis was carried out at 

each interval.  The total prestressing force was equal to the amount allowed assuming a linear 

variation from zero to their effective stress along their transfer length.  Likewise, the stress in 

the prestressing strands was limited to the stress they were able to achieve assuming a linear 

variation from zero to their rupture stress along their development length. 

 

 

Figure 5.5: Reserve moment capacity for steel reinforced specimen 
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Figure 5.6: Reserve moment capacity for FRP reinforced specimen 

 

The development lengths used in these calculations were based on the results from 

Section 3.3.  ACI 318 (2011) gives the following equation for the transfer length of steel 

strands: 
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where fpe is the effective stress in the prestressing strand.   

The transfer length for the CFRP strand was calculated using the following equation 

from ACI 440.4R (2004): 
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L𝑡=

f
pe

 db

α𝑡  f '
c

0.67
 

(5.7) 

where αt is an adjustment factor for units and CFRP strand manufacturer (for in.-lb units and 

CFCC, αt is 11.2).  These transfer and development lengths are summarized in Table 5.1. 

 

Table 5.1: Transfer and development lengths for shear analysis 

 

 

5.2 Shear Cored Slab Design and Fabrication 

5.2.1 Steel Reinforced Cored Slab Design 

The design of the shear control specimen was the same as the flexural control 

specimen, described in Section 4.1.1 except that the span was 15 ft. long instead of 45 ft. 

long.  Therefore, only one pair of void tubes was used, and there were no solid zones in the 

middle of the cored slab.  The cross section view and end reinforcement detail are the same 

as the flexural specimens, and the plan view of the shear reinforcement is illustrated in Figure 

5.7. 

 

Transfer Length (in) Development Length (in)

Steel Strand 30 66

CFRP Strand 25 67
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Figure 5.7: Plan view of steel reinforced shear specimen 

 

5.2.2 FRP Reinforced Cored Slab Design 

The FRP reinforced shear slabs were also the same as their flexural counterparts, 

discussed in Section 4.1.2, except for the stirrup spacing.  The 7 in. spacing of GFRP stirrups 

did not allow the section to fail in shear with sufficient reserve moment capacity, calculated 

using the process described in Section 5.1.  Therefore, the standard NCDOT stirrup spacing, 

also used for the steel reinforced specimen, was used.  This reinforcing scheme is shown in 

Figure 5.8.  With the increased stirrup spacing, the ACI440.1R (2006) limit on stirrup strain 

was exceeded.  Therefore, while this cored slab design would never be put into service, the 

design was necessary to enable the specimen to fail in shear. 
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Figure 5.8: Plan view of FRP reinforced shear specimen 

 

5.2.3 Shear Cored Slab Fabrication 

The 15 ft. long cored slabs were cast at the same time, on the same casting beds as the 

45 ft. long cored slabs.  The manufacturing was identical to the process described in Section 

4.3.  Figure 5.9 shows all four FRP reinforced cored slabs on the casting bed after 

detensioning.  A spool of CFRP strand can be seen in the background. 
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Figure 5.9: FRP reinforced cored slabs on casting bed 

 

5.3 Shear Cored Slab Testing 

The simply-supported test setup shown in Figure 5.10 was designed to test this series 

of cored slabs.  Two concrete blocks were grouted to the strong floor, and a pin and roller 

support fabricated from steel plates and 2 in. steel round stock were grouted to the blocks.  If 

the bottom surface of the cored slab contained any deformations, an elastomeric bearing pad 

was placed between the slab and the support.  If the surface was flat, it was placed directly on 

the steel plate.  Two 6x6x1/2 HSS sections were bolted to the bottom of the actuator to 

transfer the load to the specimen.  Elastomeric bearing pads were used between the HSS and 

the specimen. 

Shear cracks typically occur through a reinforced concrete beam at a 45° angle.  In 

prestressed members, cracks are often flatter.  Due to the size of the actuator, the load was 

applied by the two 6 in. wide HSS sections spaced 6 in. apart.  This loaded the slab in an area 
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across the full width of the section, along 18 in. in the longitudinal direction of the specimen.  

The face of the support made a 45° angle with the outside face of the HSS and a 35° angle 

with the centerline of the actuator. 

 

 

Figure 5.10: Shear test setup schematic 

 

Two string potentiometers under the center of the actuator measured deflection.  If a 

bearing pad was used, then a linear potentiometer measured the compression of the pad.  This 

instrumentation is shown in Figure 5.11. 
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Figure 5.11: Shear test instrumentation 

 

The specimens were loaded at a rate of 0.085 in./min until failure.  Although this 

displacement rate was low, it caused the load to be increased at a rate of about 30 kips/min, 

due to the high stiffness of the cored slabs deforming in shear.  An overall view of the test 

setup is depicted in Figure 5.12.  A cored slab during testing is shown in Figure 5.13.  Lines 

drawn with marker on the side of the specimen indicate where cracks had formed. 
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Figure 5.12: Shear test setup 

 

 

Figure 5.13: Shear specimen during testing 

 

The steel reinforced slab was labeled SH-ST and the FRP reinforced slabs were 

labeled SH-CF-1 and SH-CF-2.  Both ends of each cored slab were tested to failure.  The 

first and second ends were labeled tests A and B, respectively. 
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5.4 Shear Cored Slab Results 

The results of the six tests are presented in this section.  Comparison to predicted 

values and discussion of the significance of the results are presented in Section 5.5. 

5.4.1 SH-ST-A 

The specimen was loaded up to 450 kips, which is the load capacity of the hydraulic 

actuator.  Cracks formed in the shear span of the section, the slab deflected 0.28 in., but no 

failure occurred.  The specimen after testing is shown in Figure 5.14. 

 

 

Figure 5.14: SH-ST-A after testing 

 

5.4.2 SH-ST-B 

The cored slab was rotated 180° and placed back on the testing frame.  Again, the 

specimen was loaded up to 450 kips, cracks developed, but no failure occurred.  Figure 5.15 

shows SH-ST-B after the first cycle of loading. 
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Figure 5.15: SH-ST-B after one cycle of loading 

 

The specimen was unloaded, then reloaded at the specified displacement rate six 

times.  Each time it was reloaded, the deflection increased marginally.  To induce a shear 

failure, the load was increased from zero load to 450 kips at the fastest rate the actuator 

would allow, approximately 100 kips/sec.  This was repeated seven times until the specimen 

failed.  While this loading did not yield any quantitative data about the shear capacity of the 

section, it confirmed that the section failed in shear.  At failure, the load was 456 kips and the 

deflection at failure was 0.48 in.  The cored slab after testing is shown in Figure 5.16. 
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Figure 5.16: SH-ST-B after failure 

 

5.4.3 SH-CF-1-A 

This test had the same result as SH-ST-A.  The slab was loaded to 450 kips and 

deflected 0.39 in., but did not fail.  The specimen after testing is shown in Figure 5.17. 

 

 

Figure 5.17: SH-CF-1-A after testing 
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5.4.4 SH-CF-1-B 

This side of the slab failed after being loaded monotonically up to 446 kips.  The 

deflection at failure was 0.44 in.  The specimen is shown after failure in Figure 5.18. 

 

 

Figure 5.18: SH-CF-1-B after failure 

 

5.4.5 SH-CF-2-A 

This specimen failed from monotonic loading at a load of 381 kips and a deflection of 

0.31 in.  The failed cored slab is shown in Figure 5.19. 
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Figure 5.19: SH-CF-2-A after failure 

 

5.4.6 SH-CF-2-B 

In order to test this side of this specimen after side A had failed, the supports had to 

be adjusted to extend the damaged portion of the slab past the support.  The roller support 

was brought in 30 in. towards the middle of the span, just past the failure zone, as shown in 

Figure 5.20.  The original location of the roller support is shown in dashed lines.  The failed 

side of the slab before testing is depicted in Figure 5.21.  By keeping the same length of shear 

span, but shortening the total simply-supported span, the maximum shear force that could be 

achieved in the shear span decreased from 332 kips to 289 kips, a 12.8% reduction. 
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Figure 5.20: Test setup for SH-CF-2-B 

 

 

Figure 5.21: Relocated roller support before testing SH-CF-2-B 

 

The specimen was loaded once at the prescribed rate and did not fail.  After two 

cycles of rapid loading, the slab failed with 455 kips of load on the side that had already 
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failed.  The measured deflection at failure was 0.29 in., the least of any of the tests.  

However, this deflection was low because the measurements were made on the side that was 

expected to fail, but not the side that did fail.  The specimen after failure is shown in Figure 

5.22.  While the failure plane is flatter than the other tests, this is a shear failure. 

 

 

Figure 5.22: SH-CF-2-B after failure 

 

5.5 Shear Cored Slab Discussion 

Figure 5.23 shows the shear force in the specimens at failure for all six tests along 

with the predicted values for shear resistance.  These results are also summarized in Table 

5.2.  During the tests where no failure occurred, significant shear cracks developed in the 

section, indicating that the specimens were loaded into the inelastic portion of their response.  

The load-deflection curve for SH-CF-1-A, shown in Figure 5.24, confirms this.  After the 

specimen was unloaded, it retained 0.08 in. of residual deflection, or 21% of its maximum 

deflection of 0.39 in. 
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Figure 5.23: Shear test results and predictions 

 

Table 5.2: Shear test result summary 
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Figure 5.24: Loading curve for SH-CF-1-A 

 

Note that SH-CF-2-A is the only specimen that failed under monotonic loading 

without the other end being damaged first.  Therefore, the other specimens could have 

resisted more shear force if the loading increased.  This is indicated by the arrows in Figure 

5.23.  While SH-CF-2-B failed at the maximum actuator load (450 kips), the shear force in 

the failure region of the slab (293 kips) was lower than the other specimens (330 kips) 

because the shear span was longer.  Although predictions were made as accurately as 

possible, all of the specimens failed at a higher load than predicted.  This shows that the ACI 
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318 (2011) provisions for calculating shear resistance give conservative values for short 

shear spans. 

The steel and FRP reinforced cored slabs were predicted to have Vcw values of 130 

and 135 kips, respectively.  However, concrete cracking did not occur until at least 180 kips 

of shear force were applied to the specimens.  This behavior is reasonable considering that 

the calculation of Vcw using Equation (5.4) gives a lower bound value, as discussed in Section 

5.1.   

Additionally, because the shear span was relatively short (a/d=1.4), the shear 

resistance during testing could have been provided by arching action in addition to beam 

action, which could have increased the capacity of the section.  However, the failure of SH-

CF-2-B occurred on the “wrong” side of the beam.  Therefore, the failure occurred across a 

longer span (a/d=2.6), and appeared to be characterized more by beam action.  Also, Vreinf 

was calculated using d/s = 2.3.  However, inspection of specimens after testing showed that 3 

stirrups spanned each shear crack, due to inclined cracks less than 45°, which increased Vreinf. 

The specimens were only able to fail in shear when they were loaded through their 

hollow core zone.  This is not a practical simulation of the loading the cored slabs face in 

service.  The loads that were necessary to fail the sections in shear in the laboratory would 

have to be significantly higher to cause a shear failure to an in service beam because of the 3 

ft. long solid zones at each end of the cored slabs.  This implies that shear failure is not likely 

a concern for either steel or FRP reinforced cored slabs, and that the flexural failure mode 

dominates for this section. 
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CHAPTER 6: Summary and Conclusions 

This chapter summarizes key findings of the research project that was a 

comprehensive study of the application of FRP reinforcement in prestressed concrete cored 

slabs.  The focus of the experimental program was to design and test a cored slab with all-

FRP reinforcement that was similar in design and performance to the existing steel reinforced 

section.  The results allowed an evaluation of the current design guidelines provided in ACI 

440.4R (2004) and ACI 440.1R (2006). 

 

6.1 Summary 

This research project investigated the replacement of traditional steel reinforcement 

with FRP reinforcement in prestressed concrete cored slabs to prevent corrosion in 

aggressive environments.  FRP is an attractive alternative to steel because it is noncorrosive 

and has high tensile strength.  A series of tests were performed to characterize the behavior 

of the FRP reinforcement. 

Tension tests were executed to verify the material properties given by the FRP 

manufacturers.  Beam-end specimens were tested to compare the bond properties of the 

CFRP strands in comparison to steel strands.  Full-scale flexural and shear specimens were 

tested to evaluate the performance of the FRP reinforced cored slabs in bending and shear 

relative to the steel reinforced cored slabs.   
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6.2 Conclusions 

Based on the testing and results of this research project, the following conclusions 

have been made: 

 The material properties for CFCC by Tokyo Rope and Aslan 100 Rebar by Hughes 

Brothers were accurate. 

 The guaranteed rupture stress given by Tokyo Rope for CFCC is 

highly conservative (0.74fu). 

 The development length of the CFCC strand used as non-prestressed reinforcement is 

between 108 and 115 db.  The development length of steel prestressing strand used as 

non-prestressed reinforcement is less than 110 db. 

 The flexural capacity of the properly manufactured FRP reinforced cored slab was 

9% greater than the capacity of the steel reinforced control cored slab 

 A hollow core tube floating during casting, which has been observed by others, 

dramatically weakens a cored slab section.  Care must be taken to prevent this 

phenomenon during construction. 

 The presence of closely spaced, large diameter GFRP stirrups in the compression 

zone of the FRP reinforced cored slabs appears to have caused premature failure of 

the specimens. 

 Even with the effect from the GFRP stirrups, ACI 440.4R (2004) gives reasonable 

strength values for flexural capacity. 

 ACI 440.4R (2004) also gives conservative values for shear strength. 
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 Due to the nature of the design of cored slabs, shear failure is not a design concern, as 

the flexural failure mode dominates for this section. 

 

Based on these conclusions, it is clear that the FRP reinforced cored slab design demonstrates 

equivalent or superior performance in monotonic flexure and shear to traditional steel 

reinforced cored slabs.  The performance demonstrated by the FRP reinforced sections in this 

experimental program, along with the excellent durability of the FRP reinforcement, should 

make the proposed cored slab design an effective and sustainable solution.  Confidence in the 

system also comes from a growing number of field applications and the development of 

design codes for FRP reinforcement and prestressing. 

 

6.3 Future Work 

A research project at the North Carolina State University Constructed Facilities 

Laboratory is underway to determine the effect of GFRP bars transverse to the direction of 

compression stress in concrete.  This will test the proposed hypothesis that concrete in the 

compression zone of cored slabs is negatively affected by the presence of GFRP stirrups. 

A life cycle assessment to evaluate the true economic benefit of replacing corrosive 

steel reinforced structural systems in aggressive environments with more durable FRP 

alternatives is also suggested. 
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