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In recent years, use of fibre reinforced polymer (FRP) bars as substitute for steel 

reinforcing bars, to avoid corrosion, is increasing. This thesis analyses previously published 

data and the results of experiments conducted at the University of Calgary to determine the 

most accurate method of predicting immediate and long-ten deflections of concrete 

memben reinforced with FRP bars. The analysis conducted in this thesis compares 

experimental deflections of FRP reinforced concrete members to theoretical values 

calculated using the following design codes for steel reinforced concrete members: 

CSA A23.3-94 (ACI 3 18-95) and CEB-FIP Model Code 1990. The results of the analysis 

show that CEB-FIP Model Code 1990 accurately predicts both immediate and time- 

dependent deflections and that CSA A23.3-94 (ACI 3 18-95) under-estimates immediate 

deflections and over-estimates timedependent deflections. 

Due to the low elastic modulus of FRP bars compared to steel, the design of concrete 

members with FRP reinforcement will most likely be governed by deflection and crack 

width. This thesis gives equations that can be used in design to select the span-to-depth 

ratio of members reinforced with FRP bars. The members selected using the span-to-depth 

ratio equations should not have excessive deflection in service conditions. 
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strain at the extreme compression fibre at failure of the concrete 

strain in the FRP reinforcement at concrete compression failure 

ultimate shrinkage strain of unrestrained concrete 

bar diamew or, flexural strength reduction factor for FRP reinforcement 

material resistance factor for concrete 

material resistance factor for FRP bars 
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Chapter 1 

INTRODUCIlON 

1 .  GENERAL 

In recent years extensive testing has been done on many types of advanced composites 

for use as reinforcement for concrete. These advanced composites consist of fibres, such as 

glass, k d ,  and carbon, embedded in a resin matrix, such as epoxy or vinylester. 

Advanced composites can be used in many forms to reinforce concrete, including sheets, 

plates, bars, and prestressing tendons. Sheets and plates are used predominately in repair 

and rehabilitation of existing structures, and ban and tendons as reinforcement in new 

construction, 

Research of advanced composites as reinforcement for conmte is now extensive due to 

their positive properties, such as high strength to weight ratios and the fan that they are 

generally electro-magnetically neutral and corrosion resistant (S m e s h  1994). 

Although advanced composites do not corrode in the same manner as steel, it is not to 

say that they do not deteriorate over time given particular c ~ c e s .  For example, 

aramid fibres are adversely effected by ultraviolet radiation and glass fibres by alkali 

solutions (Kato et ai. 1997) (Sen et al. 1993). These problems can be partially overcome by 

the matrix resin enveloping the fibns and other mdace conditioning. However, the resins 

themselves can be adversely effeted by the environment (Sheard & Clarke 1996). Thus the 

durability of the advanced composites is still in question. Once the durability of advanced 

composites is determined, they have great potentid for use in construction and rehabilitation 

of structures* 
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Besides durability, another stumbling block of the widespread acceptance of FRPs in the 

construction industry is the lack of design codes as well as the lack of civil engineers with 

experience in the use of advanced composites (Clarke 1996). 

The present study is done to determine whether or not c m n t  design equations for the 

deflection prediction of simply supported concrete members reinforced with steel can be 

used to accurately predict deflections of concrete members reinforced with fibre reinforced 

polymer (FRP) bars. A large amount of published infomation is available on short-term 

deflections but very little is available on long-term deflections. Therefore, it was decided to 

do long-term deflection tests on slab strips reinforced with glass fibre reinforced polymer 

(GFRP) bars. 

1.2 OBJECTIVES 

The objective of the work of this thesis is to determine the most accurate method of 

predicting deflections of concrete members reinforced with fibre reinforced polymer (FRP) 

bars. The &fIection predictions inciude both short-terrn and long-term vaiues. 

Experimental short and long-term deflections of simply supported FEW reinforced 

concrete members from many published sources and from tests conducted in the laboratory 

are compared to theoretical deflections calculated using current design codes for steel 

reinforced concrete members. The design codes used are the American (ACI318-95), 

Canadian (CSA A23.3-94) and European (CEB-FIP MC-90) codes. 

These design codes were written for use with steel reinforced concrete members. This 

thesis examines the validity of using these same codes for F W  reinforced concrete 

members. 
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The span-to-depth ratios for steel reinforced concrete members, found in both 

ACI 3 18-95 and CSA A23.3-94, cannot be used for FRP reinforced concrete members. 

Thus an equation for the minimum span-to-depth ratio of FRP reinforced concrete members 

is derived theoretically. 

13 SCOPE 

In this study the short-term and long-term deflections of simply supported concrete 

members reinforced with fibre reinforced polymer (FRP) bars an discussed. A comparison 

between predicted deflections and experimental data is presented. The most accurate 

method for deflection prediction is determined. 

A description of fibre reinforced polymer (FRP) and its properties is given in Chapter 2 

along with properties of individual fibres and resins. Also, a brief discussion of some 

bridges that have been built using FRP bars and tendons as reinforcement in concrete is 

given. 

The methods of deflection prediction are discussed in Chapter 3. 

Chapter 4 is a combination of literature review and theoretical analysis. A comparison 

between published short and long-term experimental deflections with predicted deflections 

is presented. The data includes deflection results of nonprestressed simply supported 

concrete members reinforced with steel and ammid, carbon or glass fibre reinforced 

polymer (FRP) reinforcing bars. 

In Chapter 5, the experhental set-up is presented Short-term tests were done on four 

sIab strips reinforced with nonpstressed glass fibre reinforced polymer (GFRP) bars. Two 

were tested under static loading and two under cycIical loading. Long-term tests were done 

on two slab strips reinforced with GFRP bars and two slab strips reinforced with steel bars. 
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The long-term specimens were first tested under a cyclical load to produce cracking and 

then they were subjected to a sustained load greater than the cracking load for an eight 

month period. 

Chapter 6 shows the experimental results. 

A discussion and comparison of the theoretical and experimental results is given in 

Chapter 7. 

In Chapter 8, equations are derived which calculate the span-tudepth ratio for both steel 

and FRP reinforced concrete simply supported members. 

The conclusions are presented in Chapter 9. 



Chap* 2 

FIBRE REXNFORCED POLYMER(FRP) 

2.1 GENERAL 

The concept of using advanced composite materials as reinforcing ban and tendons in 

concrete has been under study for decades. During the nineteen fifties and sixties, when 

advanced composites were being used mainly in the aerospace industry, research into their 

applications for struchlrai engineering were also being done. In the nineteen fifties, bars 

and tendons composed of fibreglass and fibreglass encased in resin were looked at as a 

replacement for steel, not ody because of fibreglass' resistance to corrosion, but because of 

its high axial strength and also due to the fact that at that time supplies of steel wen scarce 

especially in countries where steel was not produced (Rubinsky & Rubinsky 1954). 

Researchers in the nineteen fifties and sixties we= aware of the difficulties in using 

fibreglass as reinforcement, which even now hamper its acceptance for use in construction. 

These difficulties include the suscep~ibility of fibreglass to abrasion, duration of loading, 

moisture, and alkali attack, all of which can cause premature failure. Other problems 

include low elastic modulus, brittle failure, low bond strength, and difficulty in anchoring 

due to low shear strength m the transverse direction (Rubinsky & Rubinsky 1954) 

(Kajfasz 1960) (Somes & Kajfasz 1961) (Somes 1963). Research into fibnglw continued 

into the nineteen seventies (Nawy, Neuwerth & Phillips 1971) (Nawy & Neuwerth 1977). 

However, it was not until the nineteen eighties and nineties that serious interest in advanced 

composites as reinforcing bars and tendons began. 

Interest in advanced composite materials as reinforcement in concrete structures quickly 

became widespread due to the discovery of major corrosion problems m steeI reinforced 

concrete structures. Premature &terioration of steeI c a w d  by the presence of chloride ions 
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in marine environments or due to the use of de-icing salts has occurred in many structures 

such as bridges and parkades (Chaalld & Benmokrane 1993). Also, the need for electro- 

magnetically neutral materials to replace steel as reinforcement for concnte became 

necessary in certain appIications because the steel interfered with the operation of sensitive 

equipment This equipment includes radar at airports and hospital equipment such as 

magnetic resonance imaging systems (MRIs). (Ballinget 1992) (Uomoto & Hodhod 1993) 

From the nineteen fifties to the present, advances have been made in the use of a variety 

of different fibres and resins in the production of advanced composites. The fibres include 

d d ,  glass and carbon, and resins include epoxies and polyesters. Advanced composites, 

produced by combining fibres and resins, are used in the aerospace industry as well as for 

automobiles and sporting equipment such as bicycles and racquets. The use of advanced 

composites as reinforcement for concrete has taken two f o m .  Firstly, the use of advanced 

composite plates and sheets for repair and rehabilitation of existing structures and secondly 

the use of bars and tendons for the reinforcement in new structures ( B b d  1992). 

The following is a brief description of some fibres, resins and combinations of the two 

in the form of fibre reinforced polymer (FRP) bars and tendons. 

Fibre reinforced polymer (FRP) is a term used for advanced composite materials when 

they are used for civil engineering applications. Advanced composites are made of fibres 

enveloped in a resin matrix. The fibres give the material its strength and stifhess while the 

resin transfers stresses between the fibres and provides protection for them from 

environmental and mechanical damage. The following is a summary of some of the types 

of fibres and resins used in the production of FRP bars and tendons. Also, a brief 

description of the availabie types of FRP bars and tendons is given. 
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2.2.1 Fibres 

Fibres are either inorganic, in the case of carbon and glass fibres, or organic in the case 

of aramid fibres. They are characterised by their high axial tensile strength, low axial 

tensile strain at failwe, and the fact that they are linearly elastic to fdure. Figure 2.1 shows 

the general stress-strain relationship of the most common fibres used to produce FRP: 

glass, carbon, and aramid. 

4000- I , carbon 1 

Strain(%) 

Figure 2.1 - Fibres: stress vs. main 

2.2.1.1 Glass 

Glass fibres are eIectricaUy and magnetically neutral. Their coefficient of thermal 

expansion ranges from 3 to 5 x lo4 PC. Glass fibre strength can be easily degraded by 

moisture, sustained load and high alkali environments (Karbhari & Seible 1997) (ACI State- 

of-the-Art Report 1995) (porter & Barnes 1991). The extent of degradation due to these 

factors depends upon the chemical composition of the glass fibre. There are several types of 

glass fibres used to produce FRPs, the most common being EGlass and S-Glass. 

E-Glass is the most widely used glass fibre as it is the least expensive. It is composed of 

calcium-alumina-silicate- Due to large amounts of boric acid and aluminate in this g l w  it 

is not resistant to alkali attacks (i-e. concrete environrnet). The ultimate axial tensile 
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strength ranges from 2700 - 3600 MPa with percent elongation of about 4 96 and tensile 

elastic modulus approximately 73 GPa. 

S-Glass has better mechanical properties than E-Glass with an ultimate axial tensile 

strength of approximateIy 4000 MPa and tensile elastic moduius of 86 GPa. S-Glass is 

composed of magnesium-alumino-silicate and contains no boric acid and is thus more 

resistant to alkali attack than E-Glass. However, since S-glass is more expensive to 

produce, E-Glass is still the most commonly used fibre in the production of FRPs. 

(JSCE S tate-of- the-Art Report 1992) (ACI S tate-of-the-Art Report 1995) 

2.2.1.2 Carbon 

Carbon fibres arr magnetically neutral but can still conduct electricity, although not as 

readily as steel (Toms-Acosta et al. 1996). Compared to glass and aramid fibres, carbon 

fibres have low toughness and low impact resistance due to their small axial tensile strain at 

failure (Kakihara et ai. 1991). Their coefficients of thermal expansion in the longitudinal 

and transverse directions differ, from -0.1 to -1 2 x lo6 PC in the longitudinal direztion and 

- 1.6 to +I2 x lo4 PC in the transverse direction. 

Three sources for commercially availabie carbon fibres are cod pitch (a by-product of 

petroleum distillation), PAN (polyacry1onieile) and rayon. The difference in mechanical 

properties between the different fibres depends upon the molecular arrangement of the 

carbon atoms and the number of defects present. h the formation of the fibres a 

temperature above 1000 O C  is necessary. 

PAN-based fibres have a range of uitimate axial tensile strength from approximately 

2300 to 5600 MPa and a tensile elastic modulus range of appmximateiy 220 to 345 GPa 

Pitch-based fibres have an ultimate axial tensile strength of approximately 1900 to 

2400 MPa and tensile elastic modulus of approxhkIy 380 to 750 GPa These values 

depend on the manufacturing process used to produce the fibres. (JSCE: State-of-the-& 

Report 1992) (ACI State-of-thewArt Report 1995) 



9 

2.2.1.3 A t d  

Degradation of aramid fibres can occur when subjected to strong acids or bases, or 

ultraviolet radiation. Similar to carbon and glass fibres their coefficients of thermal 

expansion in the longitudinal and transverse directions differ: -2 x lo4 PC in the 

longitudinal dimtion and +59 x lo6 PC in the transverse direction. 

Ararnid stands for poly-para-phenyleneterephthdamide (PPD-T). These are organic 

fibres produced from a liquid crystal polymer. The commercially available fibres are 

patented. T '  well known fibres are Kevlar, Twaron and Technora. Their mechanical 

properties fall between those of glass and carbon, with an ultimate axial tensile between 

2500 and 3900 MPa and a tensile elastic modulus ranging from 73 to 130 GPa 

(JSCE: S tate-of-the-Art Report 1992) (ACI State-of-theArt Report 1995) 

2 Matrixresins 

Matrix polymers in FRPs have many purposes. The first is to bind fibres together and 

produce a more even distribution of stnsses. Secondly, the manix provides compressive 

and shear strength and p r o m  the fibres from lateral pressure and abrasion. And thirdly, 

the matrix protects the fibres from environmental conditions such as moisture, acid and 

alkali attack, and ultraviolet radiation. (Moukwa 1996) (Rostby & Budelmann 1991) 

(Rostky 1993) 

To accomplish the above purposes the resin must have relatively high elastic modulus, 

tensile strength, compressive strength, shear strength, and yield and ultimate elongation, as 

well as good chemical, thermal and moisture resistance. (Moukwa 1996) 

The most widely used matrix resins in the production of FRPs are thermosetting 

polymers. Before cnring thennosetting polymers have low viscosity and are thus readily 

pmcessabIe, but after curing they become rigid, intractable and insoIubIe and bum off when 

heated Thermosetting polymers have advantages as well as disadvantages depending upon 

the type. In general they exhibit good thermd stability, load-bearing performance, and 
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chemical stability, but can be suceptiile to hydrolysis, ultraviolet radiation, and acid and 

alkali attack. A ckxase in the rigidity of a thermosetting polymer causes an increase in its 

ductility and toughness. However, decreasing the rigidity of a thermosetting polymer makes 

it more sensitive to solvents which may cause swelling due to hydrolysis and/or stress 

cracking. (Moukwa 1996) (Seible et al. 1997) 

The most widely used thermosetting polymers for the production of FRPs are polyester, 

vinylester and epoxy resins. 

2.2.2.1 Polyester resin 

Polyester resins are used mainly in the construction, marine and automotive industries. 

They have poor impact and mechanical properties and high curing shrinkage. Typically 

polyester resins give good adhesion between fibre and resin, are easy to process, can 

withstand temperatures greater than 150 OC, and are low cost. But, they are generally easily 

attacked by acids, alkalis, moisture, and ultraviolet radiation. (CHBDC Technical 

Subcommittee No. 16 1996) (Moukwa 1996) 

Polyesters have tensile strengths in the range of 45 to 190 MPa, tensile elastic modulus 

between 2 5  to 12 GPa, ultimate tensile elongation between 1 to 3 %, and coefficient of 

thermal expansion as gnat as 120 x lod PC. (ACI State-of-the-& Report 1995) 

Commercially available polyester resins include orthophthalic polyester and isophthalic 

polyester. Orthophthalic polyesters have poor thermal stability and chemical resistance. 

For this reason it is unlikely that they will be used for demanding structurai applications 

such as advanced composites for reinforced concrete. hphthalic polyesters have superior 

thermal stability, mechanical properties, and moisture and chemical resistance compared to 

oahophthatic polymers. Although isophthatic polymers are more expensive than 

onhophthalic poiymers, they are highly processabIe for use in pdtrusion of bars and 

tendons. (Seible et aI. 1997) 
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2.2.2.2 Vinyks?er re& 

The properties of vinylester include tensile strength in the range of 40 to 100 MPa, 

tensile elastic modulus of 3 to 5 GPa, ultimate tensile elongation of 1 to 7 %, coefficient of 

thermal expansion between 80 to 160 x lo4 PC, and heat distortion temperanue of 120 to 

140°C. (Buyle-Bodin et al. 1995) (ACI State-of-the-& Report 1995) 

Vinylesters are more expensive than orthophalic and isophthalic polyesten but provide 

increased mechanical and chemical performance. VinyIesten have good fatigue and impact 

resistance, are flexible, and are resistant to acids and alkalis. For these reasons many 

researchers believe that vinylester should be used as matrix resin for FRP bars and tendons. 

However, vinylesters can be attacked by moisture, UltravioIet radiation and high 

temperatures, although not to the same extent as polyesters. (Pleimann 1991) (CHBDC 

Technical Subcommittee No. 16 1996) 

2.2.2.3 Epoxy resin 

The tensile strength of epoxy resin ranges fram 50 to 100 MPa, tensile elastic modulus 

from 3 to 6 GPa, ultimate tensile elongation from 2 to 8 'Po, and heat distortion temperature 

from 120 to 20m.  (Moukwa 1996) 

Epoxy resins are widely used in the aircraft, aerospace, and defence industries. They 

have low shrinkage compared to polyester resins, excellent fatigue resistance, good strength, 

excellent mechanical properties, and good adhesion to a variety of fibres. Epoxy resin is 

widely recognised as having better resistance to acids, alkalis, and ultraviolet radi-ation than 

either vinylesters or polyesters. But some epoxies are sensitive to moisture, although still 

Iess permeable than polyesters. Other disadvantages include high cost and low impact 

strength. Also, some epoxies can cause rashes on skin when exposed to i~ therefore, must 

be handled with care. (Sen et al. 1993) (Moukwa 1996) (ACI State-of-the-Art Report 1995) 



Fibre reinforced polymer @BP) bars and tendons are produced from a variety of 

constituents and by a variety of processes. Thus an unlimited variety of FRP bars and 

tendons can be produced. 

The two major constituents are discussed above, the fibre and the resin. Other 

constituents include fibre coatings and resin additives. Fibres are coated to protect them 

from moisture and to increase adhesion between fibres and resin (ACI State-of-the-Art 

Report 1995). Additives to resin are used to improve such properties as  fire retardancy and 

resistance to ultraviolet radiation (Saadatmanesh 1994). 

Pultrusion is the most widely used process for the production of FRP bars and tendons 

since it produces structuralIy superior components relatively easily and at relatively Low cost 

(CSCE S tate-of-the-& Report 199 1). The pultrusion process consists of continuous 

longitudinal fibre strands which are pulled through a bath of Liquid resin which impregnates 

the fibres. The resin impregnated fibres are pulled through a die which has the desired 

cross-sectional diameter. The die can be either heated or not heated, Heated dies begin the 

curing process of the resin. Dies are generally about one metre long and can produce 

approximately one metre of rod per minute depending on the rod diameter (ACI State-of- 

the-Art Report 1995). 

Since the rods will most probably be used as reiaforcing bars or prestressing tendons in 

concrete, attention must be paid to their ability to bond with concrete. Before curing, 

exterior deformations can be added to the smooth bars to increase their bond to concrete. 

There are a variety of ways to accomplish this. One is to spirally wind fibres about the bar 

either to produce ridges or under pnssurr to squeeze the bar and produce bulges. These 

exterior fibres can be given a variety of thicknesses, winding angles, and pitches 

@fdvar 1995). Another is to take several rods and twist them together forming strands 
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similar to prestressing steeI strands (Porter & Barnes 1991). Sand particles can be attached 

to either of the above deformed rods, or also to smooth rods, to fbrther increase bond. The 

sand particles can have a variety of grain size distributions (Benmokrane et al. 1996). 

From the above it can be seen that the method of production and not only the properties 

and proportions of the fibres and resins influence the mechanical properties and durability 

of the o v e d  FRP rods (GangaRao et al. 199'7). 

23.1 Short-term mechanical properties 

Although the overall properties of FRP rods depend on many factors, the main 

contributing factor to the axial tensile strength and elastic modulus is the continuous fibres. 

Figure 2 2  shows a comparison between the stress-strain curves of average carbon, aramid 

and @ass FRP rods ((=FRP, AFRP and GFRP, respectively) and reinforcing and prestressing 

steel. By comparing Figure 2.1 and 22, the similarity of the stress-strain curves of the 

fibres and those of the FRP rods is evident. The IinearIy elastic behaviour to failure of the 

FRP rods is similar to that of their comsponding fibres. 

Rod diameter has a significant effect on the axial tensile strength. As the rod diameter 

increases the tensile strength demeases (Ehsani et al. 1996). Other fafton which effect axial 

tensile strength include volume fiaction of fibres and resins and quality control in 

manufacturing (Faza & GangaRao 1992). 

As shown in Figure 2.2, FRP rods have siifhess less than that of steel. The FRP rods 

with the highest stifbess are CFRP followed by AFRP then GFRP. The tensile modulus of 

elasticity &pends on the fibre type and its volume h t i o n  and is virtually independent of 

the bar size, bar type (with or without exterior deformations) and type of resin (Faza & 

GangaRao 1992). 



T . CFRP Prestressing Steel 
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Figure 2 2  - Comparison of stress vs. strain of FRPs and steel 

Unlike steel, the axial compression properties of FRP rods are diffe~nt when compand 

to their tensile properties. The compressive strength of FRP rods can be up to 50 % less 

than their tensiie strength (Kobayashi & Fujisaki 1995). Unlike the tensile modulus of 

elasticity, the compression modulus of elasticity does depend on bar size, bar type and also 

on the length to diameter ratio of the test specimen (ACI State-of-the-Art Report 1995). 

The shear strength of FRP rods is much less than their axial tensile strength, since the 

strength perpendicular to the longitudinal axis is mainly dependent on the strength of the 

resin (Somes 1963). 

2.3.2 Long-term mechanical properties 

In general, FRP rods have a high tensile fatigue resistance. Steel prestressing tendons 

must be able to withstand 2 miUion cycles in a stress range of 200 MPa and main 90 to 

95 9% of their ultimate tensile strength. CFRP prestresing tendons can withstand 2 million 

cycles in a stress range of 600 MPa which by far exceeds the acceptance criteria for steeI 

prestressing tendons (Yemg & Naylor 1996). AFRP rods also have high fatigue t e s h c e  

but GFN? rods have fatigue resistance Iower than that of steel (Erki & RkkaHa 1993). 



15 
Creep rupture occurs when a reinforcing rod is stressed to a sustained static tensile stress 

which is below the rod's ultimate tensile strength and over time the rod fails. The higher 

the sustained stress the less time it takes to reach failure. The amount of time it takes to 

reach failure is called the endurance time. This phenomenon exists for all structud 

materials. Experiments have shown that prestressing steel can hold 75 percent of its 

ultimate tensile strength indefinitely without failure or strength loss (Budelmann & 

Rostky 1993). This is not the case for FRP rods. The time it takes for FRP rods to fail due 

to creep rupture depends on the stress level, the type of fibres and resins, and environmental 

effects. Under similar conditions creep rupture will occur fint in the GFRP, then the AFRP 

and then the CFRP. The CFRP rods are the least e f f ~ d  by sustained stresses flakewaka 

& Khin 1996). 

Unlike steel the relaxation of FRP prestressing tendons is practically independent of the 

initial sustained stress. For example, AFRP tendons subjected to initial stresses of 50 to 

70 4b of the ultimate tensile strength have relaxation losses of 8 to 9 96. The trend of the 

reIaxation losses for regular steel is quite different, For stresses of 50,60,70 and 80 % of 

the ultimate tensile strength, the relaxation losses are 1.2, 3.5, 6.0 and 10.0 46, respectively. 

Low relaxation steel behaves similarly to regular steel but the relaxation losses are not as 

extreme being 0.8, 0.9, 1.05 and 2.4 8 for the same stress values (Gerritse 1996). The 

relaxation losses of GFRP are about 5 % and for AFRP can be up to 20 % (Mogahadam & 

SentIer 1995) (Kaci 1992). 

2.3.3 Environmental effects and durability 

The Iong-term properties, as stated above, are those of FRP rods under ambient 

conditions. However, the environment in which the bats and tendons are used wilI effkct 

their durability. Environmental effects include ultraviolet radiation, exposure to salt (sea or 

de-icing), the alkaline concrete environment and exposure to water. 



I6 

Similar to aramid ares, AFRP rods deteriorate when expdsed to ultravioIet radiation 

but not to the same extent. The resin covers the fibres thus providing some protection from 

the radiation. For example, the tensile strength of an AFRP rod decreased by 13 1 after 

2500 hours of exposure but the tensile strength of the aramid fibres alone decreased by 

50 95 after 1000 hours. After 2500 hours of exposure to ultraviolet radiation CFRP and 

GFRP rods had no change in their ultimate tensile strength. The GFRP and CFRP rods 

were produced using the same resin matrix as the AFRP rods. In most w e s  FRP rods will 

be used as reinforcement in concrete; therefore, will not be exposed to ultraviolet radiation. 

But before being embedded in concrete AFRP rods should be stored away from light. (Kato 

et d. 1997) 

In general, FRP rods are resistant to corrosion in environments where steel corrodes, 

such as exposure to sea and de-icing salts. But, where steel is the least susceptible to 

corrosion, that is in the high alkaline environment of concrete, FRP rods can be severely 

damaged (Gemtse 1992). 

The following is a summary of some experimental results found in the literature on the 

effects of exposure of FRP rods to water, alkaline solution and heat to simdate ageing. Due 

to the diverse nature of FRP rods the results found for one type of rod are not necessarily 

applicable to any other type of rod. Even if the fibres and resin fractions are the same, the 

production process is still different and has an important effect on durability. 

Glass fibres degrade in an alkaline environment. It is believed that by embedding the 

glass fibres in resin and by providing a thick enough coating of resin on the surface of the 

rods that the fibres will be protected (Porter & Bames 1991). This belief has been shown to 

be unfounded in many cases. 

In one experiment, two types of unstressed GFRP rods were immersed in aIkaIine 

solution at 60°C for 81 days. Both types used E-glass fibres but different resin systems, one 
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polyester, the other vinylester. The results showed that the tensile strength of the rods 

decreased by 66 % for both types of GFRP rods. This does not necessarily mean that the 

resins were attacked but that somehow the Wine solution passed through the resins to 

reach the fibres. This could be by diffusion through the resin, through cracks which may 

have formed in the resin, or that during manufacturing the fibres were not perfectly coated 

with resin. Thus the quality control in the production process is essential. (Porter et 

aI. 1996) 

The above experiment was done on bare rods at elevated temperature. But what really 

happens to GFRP rods in concrete when subjected to real time environmental conditions? 

The following experiment showed that moisture combined with alkali present in the 

concrete caused the deterioration of GFRP prestressing tendons in pretensioned concrete 

beams. The GFRP tendons used were composed of S2-glass and epoxy. Eight beams were 

subjected to wetfdry cycles using sea water. The beams were pretensioned and the GFRP 

tendons were stressed to 52 % of their ultimate tensile strength. Four beams were 

precracked, on the top and bottom, before testing. AU the beams were designed to undergo 

concrete compression fai1m. After exposure to the wetldry cycles the beams we= tested in 

flexure under four point loading. Of the four precracked beams, one failed in compression, 

and three in corrosion mode. The term corrosion m o b  was used to indicate that failure 

occurred almost imrnediateIy after the beam reached its cracking load The beam that failed 

in compression was exposed to the wethdry cycIes for 3 months, the other three beams for 9, 

15 and 20 months. Of the four uncracked beams, only the one subjected to wetidry cycles 

for I8 months failed in the comosion mode. It was shown that, in the beams that failed in 

the corrosion mode, the loss in strength was due to deterioration of the GFRP tendons. The 

same exposure tests were done on similar steel reinforced beams and no strength loss was 

found (Sen et aI. 1993). 

Experiments on the effects of moisture and alkaline soIution to the relaxation of AFRP 

rectangular strips (20 x 15 mm) were conducted. The strips have a cross section of 
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20 x 1.5 mm. These strips were stressed to 50 % of their ultimate tensile strength and were 

put in four different environments. The first in air at 20°C and relative humidity 60 1, the 

second in water at 20°C, the third in alkaline solution at 20°C, and the fourth in alkaline 

solution at 6 m .  After 167 days, the strips in air had a relaxation of 11.1 %, the smps in 

water had a relaxation of 14.25 %, the rods in alkaline solution at 20°C had a relaxation of 

14.15 %, and the strips in &dine solution at 60°C had a relaxation of 13.9 46. These 

results show that the relaxation of the AFRP strips increases due to water absorption and not 

alkali attack. (Matthys er al. 1995) 

CFRP rods are assumed to be immune to deterioration in any environment. One 

experiment immersed bare CFRP tendons in alkaline solution at 60°C. The tendons were 

stressed to 61 % of their ultimate tensile strength. After nine months. the tendons were 

tested and no loss in tensile strength was found. (Santoh et d. 1993) 

Other tests show that while the carbon fibres remain immune to alkali attack this is not 

necessarily true for the resin matrix. Three different types of CFRP rods were exposed to 

50°C alkaline solution. Some rods were unstressed, while others were stressed to 70 % of 

their ultimate tensile strength. Two CFRP rods when made with the an epoxy resin from 

one manufacturer (Bisphenol A), while the third type was made with an epoxy resin from 

another manufacturer (Novolak). The shapes of all three rods were different. After 3000 

hours of exposure the rods were tested to failure. One type of rod had a decrease of 20 % in 

its tensile strength whether it was stressed or not These rods were looked at under a 

scanning electron microscope (SEW and it was found that the resin had deteriorated. The 

second type of rod experienced no loss in tensile strength for the unstressed rods and the 

tensile strength decreased with increased immersion time for the stressed rods. The third 

type of rod experienced no decrease in tensile strength. (Takewaka & Win 1996) 
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2.3.4 Physid properties 

Fibre reinforced polymers an lighter than steel. The specific gravity of steel is 

7860 kg/m3 while that of FRPs is in the range of 1000 to 3000 kg/m3, CFRP being the 

lightest and GFRP being the heaviest. Because of their light weight, reduced costs for 

transportation, handling, and installations can be achieved. (Bidard 1992) 

FRP rods are not thermally compatible with concrete. That is, FRP rods have different 

thermal expansion coefficients, a ~ ,  than concrete. Concrete has the same coefficient of 

thermal expansion in all directions but FRP rods have different values in their axid and 

radial directions. Most GFRP rods have axial coefficient of thermal expansion, u, close 

to that of concrete at 6 to 10 x lo6PC; however, their radial coefficient of thermal 

expansion, andi.~, can be 5 times the axial value (Chaallal& Bemokrane 1993) (Gentry & 

Hudak 1996). AFRP rods are the most thermally incompatiile of the FRP rods. Their 

is negative and can be -15.0 x 104/"C and their goes to the other extreme with 

60 x lo4 PC. CFRP rods have abut zero u, plus or minus 1.0 x lod PC and of 

about 30 x lo4 PC (Erki & Rizkalla 1993) (Den Uij11995) (Sen et ai. 1997). These 

differences may cause degradation of the bond between the concrete and the ERP rods due 

to temperature fluctuations over the service We of a structure (Buyle-Bodin & 

Convain 1992). 

Since the bond may be effected by t e m p e m  changes it is important to have sufficient 

concrete cover. This fact is taken into account in the new Canadian Highway Bridge 

Design Code (CHBDC Technical Subcommittee No. 16 1996). 

Prestressed AFRP tendons known as Arapree have been used for over a decade in 

Werent applications. Arapree has been used to prestress conmte in small water works 

projects such as fish traps in Alphen a m  de Maas and shore protection in Sassenheim in the 

Netherlands. In these applications the concrete cover was pushed off due to deterioration 

caused by temperature expansion. Arapree as pmtressing for concrete has aIso been used 
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as posts for noise barrier walls along a highway in the Netherlands. The general behaviour 

of the posts is satisfactory but small cracks have appeared over a period of time on the side 

faces. It is believed that the cracks are most Uely due to the high transverse thermal 

expansion of the Arapree. (De Sitter & Tolman 1995) (Taerwe 1997) 

2.4 FRP BARS AND TENDONS IN CONSTRUCTION 

FRP bars and tendons have been used in several applications all over the world, 

including antenna support cables (Ballinger 1992)' prestressing tendons for masonry walls, 

prestressed concrete posts for a noise barrier (Gerritse & Werner 199 I), ground anchorages 

(Xu et ai. 1995) (Tokumam et d. 1995) and as prestressed and nonprestressed 

reinforcement for stnrctures. The following are some examples of where FRP bars and 

tendons have been used as flexural reinforcement for structures, 

Several prestressed concrete bridges have been built in Germany using Polystal GFRP 

prestressing tendons. The following are a sample of these bridges which were constructed 

between 1980 and 199 1. In 1980, the Liinen'sche Gasse pedestrian bridge was constructed 

in Dlisseldorf. It has a span of 7 m and is an unbonded post-tensioned bridge. In 1986, dso 

in Diisseldorf, the Ulenbergstmsse road bridge was constructed. This was the fmt road 

bridge in the world to use FEW reinforcement. It is a two span continuous bonded post- 

tensioned construction, where the grout used in the ducts is an artificial resin. In 199 1, two 

similar road bridges were constructed; the Schiessbergstrasse bridge in Leverkuen, 

Germany and the N6tsch bridge in Ehten,  Austria Both bridges an three span 

continuous bonded post-temioned structures with the spans ranging from 13 to 20 m. 

(Miesseler & Wolff 199 1) 

In Japan, several prestressed bridges have k n  constructed with CFRP and AFRP 

tendons. In 1988, the S h . y a  highway bridge was built in Ishikawa Prefecture with a 

span of 5.76 m and a width of 7.0 m. In 1989, the Bachi-Minamii-Bask highway bridge 



21 

was built in K i m  City. 1t is a simple two span post-tensioned bridge 35.8 m long and 

12.3 m wide. Also in 1989, CFRP strands were used in the Nagatsugawa pedestrian 

overbridge. This bridge was built in Funabashi City and is a simple pretensioned slab 

bridge with width 2.5 m and length 8.0 m. This bridge was fabricated entirely in the 

factory. As many as three pedestrian bridges prestressed with AFRP tendons have been 

built on golf courses in Japan. One in Tochigi Prefecture is a composite deck-and-girder 

bridge spanning 12 m with a width of 2.40 m. Another built in Ibaraki Prefecture is a post- 

tensioned suspended slab 54.5 m long and 2.1 m wide. The third was built in Tochigi 

Prefecture and consists of three 12.0 m spans and is 2.4 m wide. All three of these bridges 

were completed in 1990. More recently in 1996, a trial bridge was built at the Gifu 

Technical Research laboratory of Ube-Nitto Kasei Co. Ltd. in Gifu Prefecture. The Mugen 

bridge uses a newly designed AFRP flat rod prestressing system and spans 10.5 m with a 

width of 4.2 m. (Erki & Rizkalla 1993) (Tsuji et al. 1993) 

In Canada, two bridges have been pretensioned using CFRP tendons. The first bridge is 

the Beddington Trail Bridge in Calgary, Alberta, Canada completed in 1993. It was the first 

bridge in North America to be prestressed using CFRP tendons. It is a two span continuous 

skew bridge consisting of 13 bulb-Tee precast pretensioned concrete girders in each span. 

One span is 22.8 m and the other is 19.2 m. Three girders of each span were pretensioned 

with straight CFRP tendons, the other ten with steel. Post-tensioning was done with steel 

tendons to comect two girders together to form the continuous structure. (Rizkalla & 

Tadros 1994). The second bridge is the Hidingley Bridge buiit in Winnipeg, Manitoba, 

Canada. In a section of the bridge CFRP tendons were used as draped and straight 

pretensioned tendons for four 31.2 m precast I-girders. The shear reinforcement in the 

girden was also made of CFRP as well as for the deck slab. (Rizkalla 1997). Also, in 

Canada in 1997, GFRP bars were used as reinforcement in a deck slab of an overpass bridge 

on Crowchild Trail which goes over University Drive, Calgary. 
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In 1996, the first concrete bridge deck built in the United States with GFRP 

reinforcement was completed. The McKinleyviUe Bridge in Brooke County, West Virginia 

is a three span continuous highway bridge consisting of stee1 girders with the concrete deck 

slab reinforced with GFEW bars. (Gang* et al. 1997) 



Chapter 3 

DEFLECTION OF REINFORCED CONCRETE MEMBERS 

It is the objective of this thesis to determine whether or not current design approaches 

for steel reinforced concrete members can be used for FRP reinforced concrete members. 

Two design approaches are chosen for this comparison: CSAStandard A23.3-94 and 

CEB-FIP Model Code 1990. Rediction of short-term deflections in CSA A23.3-94 is based 

upon an equation developed by Branson (Branson 1968) which is also adopted by the 

ACI 318-95 Code. This equation is empirically developed from tests conducted on steel 

reinforced beams. On the other hand, the CEB-FIP Model Code equations are based upon 

the fint principles of equilibrium and compatibility. Both methods neglect deformations 

due to shearing forces. 

3.1 CSA STANDARD A23.3-94 - DESIGN OF CONCRETE STRUCTURES 

(CSA A23.3-94) 

The methods for design of flexural members in Canadian Standard Association 

(CSA) A23.3-94 are almost identical to those in the American Concrete Institute 

(ACI) 3 18-95 - Building Code Requirements for Structural Concrete. Therefore, any 

conclusions drawn from using CSA A23.3-94 also apply to ACI 3 18-95. 

The equations used to calculate the materia1 properties of concrete are given below, 

followed by the equations for cracking moment, effective moment of inertia and deflection. 

Lastly, the method used for calculation of long-term deflections is d e s c x i i  

3.1.1 Concrete properties 

For concrete strengths between 20 and 40MPa, the following equation is used to 

caIcuIate the concrete elastic modulus, Ec. 



where&' is the specified compressive strength of concrete as determined by experiment If 

the concrete strength exceeds 40 MPa, the following equation is used instead. 

where y, is the density of concrete between 1500 and 2500 kg/m3. If the density is not 

known a value of 2400 kg/rnJ is used. 

The modulus of rupture of concrete, f, , is 

3.1.2 Cracking moment 

The cracking moment, M, is calculated based on the properties of the gross conate 

section ignoring the contribution of the reinforcement. 

where I, is the moment of inertia of the gross concrete section about its centroidal axis and 

y, is the distance from the centroidaI axis of the gross concrete section to the extreme fibre 

in tension. 

3.13 Effective moment of inertia 

Before cracking, the moment of inertia is constant over the entire length of a reinforced 

concrete prismatic member. However, after cracking this is no longer me. At the location 
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of a crack the moment of inertia is significantly reduced since only the concrete in 

compression and the reinforcement provide stifbess at that location. Between the cracks 

the concrete in tension adds stiffhess to the member. This added stifhess is tenned tension 

mening. Thus, the moment of inertia along a member varies between two extremes; that 

of a cracked section and that of an mcracked section. Since it is impossible to determine 

the exact location, number and size of the cracks along the length of a member, empirical 

methods have been developed which interpolate between the ~o extremes to give an 

estimate of the actual moment of inertia 

An equation developed by Branson (Branson 1968) is used to calculate an "effective" 

moment of inertia, I,, which interpolates between the moment of inertia of an uncracked 

gross concrete section, I,, and the moment of inertia of a transformed cracked section, I, 

This interpolation is based on the cube of the ratio of the cracking moment, M, to the 

maximum applied moment, Ma. 

The effective moment of inertia, I,, is calculated at the location of maximum applied 

moment due to the appIied Ioad on a member and is assumed to be constant over the length 

of the member. For example, if a simpIy supported beam is under a uniform load the 

location of the maximum applied moment is at the midspan and Ie calculated at midspan is 

assumed to be the same at alI sections along the member. 

Since I, is assumed to be the same over the entire length of the member, simple 

deflection equations such as those given in the following section can be used 
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The above empirical equation for I, is based on experiments on concrete members 

reinforced with steel. Because of this it may not be possible to k t l y  apply it for use with 

FRP reinforced concrete members. This is further discussed in Chapters 4 and 7. 

3.1.4 Deflection equations 

The following equations give deflections at midspan for simply supported members 

under various loading conditions. In order to use these equations the elastic modulus and 

the moment of inertia must be constant over the entire span. In the following equations it is 

assumed that the elastic modulus is constant and equal to the that of concrete, Ec, and that 

the moment of inertia is constant and equal to I,. The equations can be easily derived using 

the method of virtual work. 

- s q  z4 
UniformIv Distributed Load ~unifOrtn - 

384 E, I ,  

One Concentrated Load at Midman 
P z3 

D,, = 48 Ec I ,  

Two EcruaI Concentrated Loads D, . - P a  
(31' - 4 a 2 )  

D"" - 24 E, I ,  
(3.8) 

where q is the magnitude of a uniformly distriiutd load, P is the magnitude of a 

concentrated load, I is the span of a member, a is the distance fmm a support to the 

concentrated load, Ec is the modulus of elasticity of the concrete and I. is the effective 

moment of inertia as calculated above. 

3.1.5 Long-term ddections 

The f01lowing method for cddating long-term deflections is that used in 

CSA A23.3-94 if values are not obtained by a more comprehensive analysis. The long-term 
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deflection, 4 is calculated by multipIying the immediate short-term deflection due to 

sustained load, 4, by a fwor which accounts for the effects of creep and shrinkage of the 

concrete as well as the effects of compression steel. 

where p' is the reinforcement ratio for compression reinforcement at midspan of a simply 

supported concrete member, 

A*' 
P '  = bd 

where As ' is the area of the compression steel at midspan, b is the width of the compression 

face of the member and d is the distance from the concrete compression fibre to the centroid 

of the tension reinforcement. The time dependent factor, S, accounts for the effects of creep 

and shrinkage on the long-term deflection due to sustained loads. It is equal to 2.0 for a 

sustained load duration above 5 years, 1.4 for a sustained load duration of 12 months, 1 2  

for a sustained load duration of 6 months and 1.0 for a sustained load duration of 3 months. 

In some cases it may be more accurate to take into account the effects of creep and 

shrinkage separately. One method which does this is suggested by the American Concrete 

Institute (ACI) Cormnittee 209. In this case the long-term deflection due to the sustained 

load, &, is calculated as: 

where 4 is the amount of deflection produced by creep of the concrete due to the sustained 

load and A* is the deflection due to shrinkage of the concrete. 
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The creep deflection, 4, is calculated using, 

where k, is a multiplier which accounts for the effect of the compression reinforcement on 

the deflection due to creep of the concrete, 

and C, is the creep coefficient of the concrete. The creep coefficient is the ratio of the 

change in stmin over time to the immediate strain caused by the sustained stress and in this 

case is calculated as foIlows, 

where t is the time in days after the sustained stress is apptied, C. is the ultimate creep 

coefficient and Q, is a correction factor for use in non-standard conditions. The ultimate 

creep coefficient, Cu, varies between 1.30 and 4.15 but an average value of 2.35 is 

suggested for use if specific data is not available. For fuaher details on standard conditions 

and the calculation of C, see the ACI Conunittee 209 report (1992). 

The correction factor to account for non-standard conditions, Q, is: 

where the values of Q are coefficients correcting for duration of curing, relative humidity, 

type of aggregate, volume to surface ratio, slump of the concrete and percentage of 
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entrained air, nspectively. Values of these factors can be found in the ACI Committee 209 

report (1992) or in the Canadian Portland Cement Association (CPCA) Canadian Concrete 

Design Handbook (1995). 

The shrinkage deflection, Ash, is cdculated using, 

where Ksh is a multiplier which accounts for the type of member supports and has a value of 

0.125 for simply supported beams, I is the span of the beam and #sh is the curvature due to 

shrinkage of the member at the location of the maximum bending moment, 

where h is the thickness of the member, Ash is a multiplier which accounts for the 

restraining effects of steel reinforcement on the shrinkage of the concrete and is found in 

Table 6.10 of the CPCA Concrete Design Handbook (1995) and ~~h is the shrinkage strain 

of plain concrete. 

Shrinkage is independent of applied loading and is the decrease over a period of time in 

volume of hardened concrete. This deaease in volume is mainly due removal of water 

from the concrete either by hydration or evaporation. The following equation calculates the 

shrinkage saain, Q, for mmtmhed concrete, 
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where r is the time in days starting immediately after the initial' wet curing, C' is a factor 

dependent on the type and duration of curing and is equal to 35 if the concrete is moist 

cured for 7 days and 55 if steam cured for 1 to 3 days; eSh is the ultimate shrinkage strain 

and in the absence of specific shrinkage data for local conditions the average value 

suggested for use is 780 x lo4; and Pd is a comction factor similar to Q, 

The comtion factor to account for non-standard conditions, PJh, is: 

where the values of P are coefficients correcting for cement content, reiative humidity, type 

of aggregate, volume to surface ratio, slump of the concrete and percentage of entrained air, 

respectively. 

3 3  CEB-FIP MODEL CODE 1990 - DESIGN CODE (MC-90) 

The equations used to calculate the material properties of concrete are given followed 

by the equations for cracking moment Then the methods used to calculate curvatures and 

deflections due to short-term and long-term loading are discussed. 

3.2.1 Concrete properties 

The characteristic compressive strength of concrete is calculated as, 

where 4fis equal to 8 MPa and f, is the mean value of compression strength determined by 

experiment, 



The moddus of elasticity of ConCrete at age 28 days for n o d  weight concrete is 

calculated with, 

where fd is 10 MPa and Em is 2.15 x lo4 MPa. 

If only an elastic analysis of the concrete structure is required a reduced elastic modulus 

is used, 

The axial tensile strength, fa, can be calculated by one of Equations (3.23) to (3.25) 

which give a maximum value, f&-, a minimum value, f-, and a mean value, f,. 

where 4= 8 MPa and fh = 10 MPa 
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3.2.2 Cracking moment 

Unlike the cracking moment calculated in CSA A23.3-94, the following equation 

accounts for the effects of the reiaforcement, 

where I1 is the moment of inertia of the uncracked transformed section, y, is the distance 

from the centroidal axis of the uncracked transformed section to the extreme concrete fibre 

in tension and fa is the axial tensile strength of concrete. It is recommended in MC-90 that 

the mean value of the axial tensile strength, f,, be used if the e f f ~  of an overall 

deflection are to be considered. 

3.23 Meancurvature 

The mean curvature equation is similar to Branson's equation for I,, in that it is an 

empirical equation which interpolates between the uncracked and cracked states to account 

for the effects of tension stiffening. However, while the derivation of the interpolation 

equation for mean curvature is based primarily on theory and verified by experimentation, 

the derivation of the effective moment of inertia equation is empirical and is based on 

experimentd results for steel reinforced concrete members. 

The curvature, y, of a cross-section is related to the moment of inertia of a cross-section 

as follows, 

where M is the bending moment at the section, E is the modulus of elasticity and I is the 

moment of inertia about the centroidai axis of the section. 
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If we term an uncfacked seaion to be in state 1 and a cracked section to be in state 2, the 

cwatures of the uocracked and cracked sections are, respectively, 

where M is the bending moment at a section, Ec is the modulus of elasticity of concrete, Il is 

the moment of inertia of an uncracked Wormed section about its centroidal axis and I2 is 

the moment of inertia of a cracked transformed section about the neutral axis. 

To estimate the actual curvatun at a cross-section the following empirical equation 

interpolates between the uncrafked and cracked states to find the mean curvature, y,, at a 

section. 

Y, = (1-C) YI + 5 ~ 2  

where, the interpolation coefficient, 5; is calculated by, 

when the member is subjected to bending alone, and where M is the bending moment at the 

section. & is the coefficient charactensing the bond quality of the reinforcing bars and is 

equal to 1.0 for high bond ban and 0.5 for smooth bars; and is the coefficient 

representing the intluence of the duration of appIication or of repetition of loading and is 0.8 

for first loading and 0.5 for long term or cyclic loading. 
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The magnitude of the effect of tension stiffening depends on several factors including 

how the load is applied (i.e. point load, third point loading, etc.), the magnitude of the load, 

the duration and frequency of the load, and the bond between the reinforcing bars and the 

concrete. These factors are interdependent That is, the type, magnitude, duration and 

frequency of loading influences the bond between the concrete and the reinforcement. 

Therefore, the coefficients & and are interdependent. 

The values of the coefficients and a are chosen based on experimental evidence. 

Eurocode 2 (1991), although using the same methods as above in the calculation of mean 

curv-, differs in the values used for the coefficient a. For fint loading the Eurocode 2 

uses a value of 1.0 instead of 0.8 used in MC-90. 

Equation (3.31) for the interpolation factor is derived hnm a hyperbolic relation 

between the unnacked and cracked states where the mean curvature asymptotically 

approaches the lim y2 from the point MKnd. Wgure 3.1 shows the relationship between the 

uncracked, cracked and mean cwatures of a reinforced concrete member under pure 

bending. The cracking moment M, is quai to the reduced cracking moment MRRd when 

fir = 1.0 and a = 1.0. 

Although both the CSA A23.3-94 and MC-90 equations for interpolation are empirical, 

MC-90 takes into consideration the effect of loading and bond on the effectiveness of 

tension Mening. Also unlike the CSA A23.3 94, in the calculation of deflections MC-90 

takes into account the fact that the a e s s  of a cracked member is not constant over the 

Iength of the member. 



figure 3.1 - Bending moment vs. curvature ( p w  bending) 

3.2.4 Short-term deflections 

The mean curvatures at several sections dong the span of a member due to any type or 

combination of loading can be determined Once these mean matures are determined, 

integration applying the theorem of virtual work can be used to calculate deflections and 

angular rotations. The calculation of deformations by integration is tedious and is most 

Nckly accomplished by the use of a computer program. In the analyses presented in this 

thesis the computer program CRACK by and E l b w  & GhaIi (1985 (revised 199 1)) is used 

to caiculare the deflections by integration of mean curvatures at several sections aiong a 

member. In this program the integration assumes that ym varies linearly between each two 

adjacent sections or assumes parabolic variation for each three adjacent sections. 

The mean curvature, w, from Equation (3.3 1) can be written in the form: 



where im is the mean moment of inertia given by, 

By substituting Equation (3.3 1) into Equation (3.34), the following equation is 

derived: 

where ll is the moment of inertia of the uncracked transformed section, Z2 is the moment 

of inertia of the fully cracked transformed section, Mcr is the cracking moment and Ma is 

the applied moment at the section. 

For a simple beam the deflection is mainly dependent upon the mean curvature at 

midspan. In one quick analysis procedure the value 1, calculated by Equation (3.35) is 

employed in the same way as I, in Equations (3.6) to (3.8) to calculate the midspan 

deflection. Thus, 11, I2, and I, are determined at the section of maximum moment and the 

beam is treated as if it has constant moment of inertia. 

The greater the number of sections chosen, the more accurate the calculated deflections. 

The accuracy also depends on the locations chosen for the sections. That is, more accurate 

results are found when sections are located at regions of abrupt changes in and at 

points of change in bending moment. 
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3.2.5 Long-term deflections 

The change in deflection over time can be calculated using integration once the change 

in curvature over time at a section, Aym, is determined The computer program CRACK 

(Elbadry & Ghab 1991) calculates the values of Ay, at a number of sections, as re-& 

The values of fke shrinkage strain, at, td ,p coefficient, Ht, to), and ageing 

coefficient, X(f to) are given as input data. 

3.2.5.1 Creep coemient 

The creep coefficient, qft, to), is the ratio of the creep strain to the instantaneous strain 

of the concrete due to a sustained stress. The creep coefficient increases with the decrease 

in age at loading, to, and also increases as the period of sustained loading (t - to) increases. 

The following equation for the cnep coefficient is recommended only for use if the stress in 

the concrete is less than or equal to 40 46 of the ultimate concrete strength, if the relative 

humidity is between 40 and I00 %, if the mean temperature is between 5 and 30 O C  and the 

characteristic concrete compression strength, fd, is bebetween 12 and 80 MPa 

where to is the age of the concrete at loading, t is the age at which we want to determine the 

creep coefficient and, 

where Ec(tO) and Ed28) are the modulus of elasticity of concrete at age of loading and at the 

age of 28 days, respectively, and 



where pH is a function of relative humidity and member size, 

and Q)RH is a factor which accounts for relative humidity and member size, 

where RH is the relative humidity in percent, hwis equal to 100 mm and is the notational 

size of the member, 

where A, is the gross concrete area of the section and u is the perimeter of the section in 

contact with the atmosphere. 

where, 

5.3 a l f m )  = J f ,  
f f d  



3a2a5.2 Shrinkage 

Shrinkage of concrete begins just after moist curing has ended when the age of the 

concrete is t ,  as shown in Figure 32 .  

Figure 3.2 - Shrinkage vs. concrete age 

Shrinkage which occurs over the period of time between ro and t is given by, 

€=(t7 to )  = E, (t,  1,) - ea(t,7t*) 

where t, is the age of the concrete at which concrete curing is stopped, to is the age at which 

the sustained stress is applied and t is the age at which we want the shrinkage which 
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occurred over the period (t - to). The values for a t ,  t*) and Uth ts) are both calculated 

using the following equation, 

where a(t - tsJ is a hction desmiing the development of shrinkage with time and &o is 

the nominal shrinkage, 

where & is a fanor depending on cement type and is equal to 4, 5 and 8 respectively for 

slowly, normally and rapidly hardening cements; and, 

for reIative humidity betwcen 40 and 99 percent, 



Chapter 4 

LITERATURE REVIEW AND THEORETICAL ANALYSIS 

4.1 INTRODUCTION 

In recent years, numerous experimental programs have been carried out in order to 

dewmine the behaviour of nonprestressed and prestressed concrete members reinforced 

with fibre reinforced polymer (FRP) reinforcement This chapter is concerned with the 

cracking moments and deflections of nonprestressed simply supported concrete members 

reinforced with steel or FEP bars. 

The objective of this thesis is to determine whether or not conventional methods for 

predicting cracking moments and deflections used for steel reinforced concrete can be used 

for FRP reinforced concrete, The conventional methods used herein are discussed in 

Chapter 3. These methods are applied in this chapter to calculate theoretical values which 

are compand with published experimental data. Analyses by researchers and their 

conclusions are also summarised. Thus, this chapter is a combination of literature review 

and theoretical analysis. 

4.2 CRACKING MOMENT AND SHORT-TERM DEFLECTION 

From the references obtained, the ones presented in the following sections contain 

d t s  or concIusions relevant to the present study andlor contain information necessary to 

justiQ a separate theoretical analysis. 

The majority of the published references obtained give results of experimental testing 

programs on simply supported concrete members reinforced with glass FRP (GFRP) 

reinforcing bars. The remaining references contain results of tests using aramid FRP 
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(AFRP) and carbon FRP (CFRP) as reinforcing bars. Also, many of these references used 

steel reinforced concrete members as control specimens. 

Only a small amount of data is available from the 1970's and 1980's on the flexural 

behaviow of concrete reinforced with WS. Intensive testing did not begin in North 

America until the late 1980's and early 1990's. Thus, most of the analysed information 

below is fiom references in the 1990's. 

In most of the references the experimental deflections are given in the form of load or 

moment versus deflection or curvature plots. In order to compare the theoretical deflections 

in the present study to the experimental values fiom the references, the experimental plots 

are converted into xy-coordinates. This is accomplished using the computer software Scion 

Image (Scion Corporation 1997). Scion Image fmds the xy-coordinates from a scanned 

plot. 

The references analysed or discussed in the following sections are listed in 

chronological order. A short description of each experimental program is given including 

only the information relevant to the objective of this thesis. A comparison of theoretical to 

experimental cracking moments is shown fm followed by a comparison of theoretical to 

experimental post-cracking deflections. 

The accuracy of the theoretical post-cracking deflections is directly Linked to the 

accuracy of the theoretical cracking moment Therefore, in the calcdation of the theoretical 

post-mcking deflections the experimental cracking moment is used in place of the 

theoretical value. 

For reasons of consistency in the comparison of the accuracy of the MC-90 deflection 

predictions, the bond coefficient and the loading type coefficient a are kept constant in 

aU the following analyses. The bond coefficient is kept constant at /Il = 1.0 for high bond 
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bars. In some cases the use of a lower value of gives more accurate predictions and in 

these cases examples of this i n m e  in accuracy are shown. The loading type coefficient is 

kept coastant at a = 1.0 for first loading since in the following analyses the simply 

supported concrete members are loaded monotonically to failure. The value of a = 1.0 is 

fiom Eurocode2 (1991) and in these cases gives more accurate predictions than the use of 

a = 0.8 from MC-90. 

42.1 Nawy, Neuwerth & Pbillips (1971) 

In this paper, fibre reinforced polymers (FRPs) are not used. At this early stage the 

authors used fibreglass rods. The fibreglass rods have a diameter of 3.0 mrn and consist of 

microfilaments of fibre bundled together into long tendons to fonn smooth rods whose 

exteriors are coated with resin. The ultimate tensile strength and elastic modulus of the rods 

are 1068 MPa and 50.4 GPa, respectively. For comparison purposes smooth steel bars of 

diameter 3.175 rnm are also used The yield strength and elastic modulus of the bars are 

470 MPa and 194 GPa, respectively. 

AU beams have a height of 178 mm, a width of 89 rnrn and a span of 1829 mm, giving a 

span to depth ratio of Uh = 10.3. The beams are simply supported and loaded by two point 

loads located at the third points 6 10 mm fiom each support. 

Five groups of beams were cast Each group consists of two identical beams reinforced 

with fibreglass bars and one reinforced with steel bars. The five groups have a different 

number of reinforcing bars and thus different reinforcement ratios. 

In Table 4.1, the beam designations indicate the number of reinforcing bars (4 to 8 bars) 

and the type of reinforcement (-1 = S or fibreglass =F). This table also shows the 

concrete compressive strength, f,', of each beam at the time of testing. The age of the 

beams at the time of testing ranged fkom 15 to 37 days. Beams with five or more bars have 

two layers of bars. The depth of the h t  layer is given as dl with corresponding 
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reinfo~ement area AAl; and, the depth of the second layer h dz with corresponding 

reinforcement area of At. The last column shows the percent reinforcement ratio, Cp. 

The authors of the paper found no signif~cant difference between the experimental 

cracking moments of the steel and fibreglass reinforced beams and thus concluded that the 

cracking moment is not seriously affected by the type of reinforcement. However, the 

authors did not compare the experimental cracking moments to theoretical values. 

Table 4.1 - Section properties (Nawy et at. 1971) 

In the present analysis, the theoretical cracking moments are determined in three ways: 

the first is the method from the CSA A23.3-94 as descri'bed in Chapter 3; the second is to 

mace the modulus of m p ~ ,  f, in the first method by the experimental vdue of the 



45 
splitting tensile strength, fIPk8, given in the paper; and the third method is that of the 

MC-90 from Chapter 3. 

Table 4.2 compares the experimental cracking moments to the theoretical values 

calculated using CSA A23.3-94. The theoretical cracking moments overestimate the 

experimental cracking moments by 23 to 105 96. The minus sign in the error column 

indicates that the theoretical values are greater than the experimental values. The average 

absolute error for the steel reinforced beams is 71 % and that of the fibreglass reinforced 

beams is 78 %. In determining the average absolute enor, the absolute value of the errors 

are added and then divided by the number of FRP or steel reinforced concrete members. 

Table 4.2 - Theoretical M*: CSA A233-94 (Nawy et aI. 1971) 
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Table 4.3 compares the experimental cracking moments to the theoretical values 

calculated using CSA A23.3-94, but replacing the modulus of rupture, f, with the 

experimental splitting tensile strength, fsplining. The theoretical cracking moments, 

( M A n i n g ,  overestimate the experimental values by 8 to 95 %, which is less error that that 

found using CSA A23.3-94. The average absolute error for the steel reinforced beams is 

64 % and that of the fibreglass reinforced beams is 36 %. 

Table 43 - Theoretical M,: usingfspmg (Nawy et aI. 1971) 

Table 4.4 compares the experimental cracking moments to the theoretical vaIues 

calcdated using MC-90. The maximum, minimum and mean cracking moments are 

calculated using the corresponding tensile strengths. 
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The error between the maximum theoretical cracking moment, M,,, and the 

experimental value, (Mm)-, range between -32 and -107 %. The average absolute error for 

the steel reinforced beams is 77 % and that of the fibreglass reinforced beams is 75 %. 

The difference between Mc- and ( M A  range between -6 and +32 96. The average 

absolute error for the steel reixlforced beams is 13 % and that of the fibreglass reinforced 

beams is 11 96. Thus, using the minimum tensile strength of the concrete gives the most 

accurate predictions. However, MC-90 recommends that in practice when calculating the 

cracking moment the mean tensile strength, f,, be used in the calculation of M, 

Table 4.4 - Theoretical M,: MC-90 (Nawy et al. 1971) 

B- 

4F-1 

MC-90 

M )  

0cN.m) 
0.95 

f- 
(ma) 

3.42 

M~ 

(EtN-m) 

1.61 

e m  

(%I 
-695 

error' f, M ~ ~ -  

M - m )  

1.22 

(9) ' 

fm 

(ma) 

1.76 

error 

(%I 
028 

W a )  

M ~ &  

(ItN-m) 

0.83 12.6 259 
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The error between M,, and ( M A  is bemeen -57 and 0 45. The average absolute 

error for the steel reinforced beams is 34 % and that of the fibregkiss reinforced beams is 

31 %. 

The above comparison shows that, for this series of tests, the theoretical cracking 

moments overestimate the experimental values. This is true for both the fibreglass and the 

steel reinforced beams. There are several ways to explain this overestimation. The most 

obvious is that the tensile strength of the concrete of the beams is less than expected. 

In the paper, experimental deflection values are given for beams 4F-2,6S, 6F-1,8S and 

8F-2 in the form of loaddeflection curves. No attempt is made by the authors to compare 

the experimental resuits to theoretical ones. In the present analysis, data provided from the 

paper allow calculation of theoretical post-cracking deflections for comparison with 

experimental values. As stated previously, the analysis of the theoretical post-cracking 

deflections is done using the experimental cracking moments. 

Table 4.5 compares the experimental deflections, D,, to the theoretical deflections, 

Dk0, at an applied moment of two times the experimental cracking moment, 

Ma = 2.0 ( M A  Three thecmtical methods are used: (1) CSA A23.3-94; (2) MC-90 (25 

sections); (3) MC-90 (1 section). Also shown is the percent emor between the theoretical 

and experimental values. The minus sign indicates that DLhro > Drrp. As stated previously 

for the MC-90 post-cracking deflection calcuIations = 1.0 and a = 1.0 are used in the 

interpolation equation. 

The theoretical deflections for the steel reinforced beams give similar d t s  with all 

three methods. For the fibreglass reinforced beams MC-90 gives much closer predictions 

than CSA AZ3.3-94. This is shown graphically in Figure 4.1. Negative error indicates that 

the theoretical predictions overedmate the actuaI deflections. 



Table 4.5 - Deflections at Ma = 2.0 (M,), ( N a y  et al. 197 1) 

I CSA A23.3-94 

M MC-90 (Several sections) 

MC-90 (Om section) 

Figure 4.1 - Percent error of DIhCO VS. Dw (Nawy et aI. 197 1) 

These results indicate that CSAA23.3-94 has the largest errors in prediction of post- 

cracking deflections of fibredass reinforced concrete beams. The reinforcement ratios of 

these beams are between 020 and 0.45 %. The use of low reinforcement ratios is not 

practicaI when using FRP bars with low eiastic modulus since the deflections at service load 

levels may be too large. The authors of the paper stated that they used low reinforcement 
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ratios due to the extremely high tensile strength of the fibreglass rods (1068 MPa) and the 

desire to have reinforcement failure. Even though such low reinforcement ratios were used, 

most of the fibreglass ~ i a f o ~ e d  beams failed due to concrete crushing. In these early tests 

the authors were more interested in the ultimate behaviour of the fibreglass reinforced 

beams than the khaviour at lower service Ioad levels. 

4.2.2 Nawy and Neuwerth (W77) 

Based on the their previous experimental work (Nawy, Neuwerth, and Phillips 1971) 

the authors examined how accurately the behaviour of simply supported concrete beams 

reinforced with GFRP bars can be predicted and whether or not the GFRP reinforced beams 

have acceptable &flections at service load levels. The authors found that Branson's 

equation (Equation (3.5)) could not be used to predict deflections at 35 9% of the ultimate 

load, 0.35 Pur, They found that Branson's equation underestimates deflections in GFEV 

reinforced beams with low reinforcement ratios but as the reinforcement ratio increases the 

theoretical deflection becomes closer to the experimental values. Also, the authors 

compared the load required to give a deflection of span/l80 to the Ioad of 0.35 Purr. In 

general it was found that 035 Pub was smaller than the load required to give a deflection of 

spanll80 and thus from the viewpoint of serviceability the deflection of the GFEP 

reinforced beams are within accepted values. This conclusion is based on tests conducted 

on beams with span-todepth ratio of L4z = 10. 

A total of fourteen beams were cast. AU beams have a width of 127 mm, height of 

305 mm and span of 3048 mm giving a span to depth ratio of Mi= 10. The simply 

supported beams are loaded by two point loads located at I067 mm from each supports 

which is approximately at the third points of the beam. 

The GFRP bars have a diameter of 12.7 mrn and are made of fibreglass filament 

tendons impregnated with resin. The d a c e  of the bars is deformed by twisting the glass 

fibres during the resin impregnation process. The ultimate tensile strength and elastic 
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moduIus of the rods are 724 MPa and 26.2 GPa, respectiveiy. For comparison purposes 

steel reinforcement is used in two of the fourteen beams. The deformed steei bars have 

diameter 12.7 mm and yield strength of 414 MPa The elastic modulus is not given and is 

assumed to be 200 GPa for the purpose of the present analysis. 

Table 4.6 - Section properties (Nawy & Neuweah 1977) 

In Table 4.6, the beam designations indicate type of reinforcement (steel =S or 

GFRP = F). Also listed are the concrete compressive stmgth9f,' at the time of testing of 

each beam and the number of reinforcing bars. The age of the concrete at the time of wting 

ranged from 21 to 186 days. &ams with five or more bars have two layers of bars. The 

depth of the first Iayer is given as dl with corresponding reinforcement area At and the 

depth of the second Iayer is d2 with comsponding reinforcement area of Az. The last 

column shows the percent reinforcement ratio, %p. 

Beam 
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2 

f,' 
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253 
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dz 
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286 
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379 
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A2 
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- 
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38.6 

372 

352 

32.4 

29.7 

29.7 

35.2 

393 

30.4 

25.5 

24.8 
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286 

286 

286 

286 

286 

286 

286 

286 

286 

286 

286 

- 
- 
- 
- 
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253 
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379 

379 
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- 
... 

3 

3 

4 

4 

5 

5 

6 

6 

7 

7 

4 

3 

d2 

(mm) 
- 
- 

%P 

0.70 

0.70 

- 
- 
- 
- 
260 

260 

260 

260 

260 

260 

- 
- 

1.05 

1.05 

1-39 

139 

1.81 

1.8 1 
1 

2-19 

2.19 

2.54 

254 

1.42 

1.07 



The experimental cracking moments are given by the authors. However, they make no 

attempt to compare them to theoretical values. Therefore, as in Section 42.1, three ways 

are used in the present analysis to calculate the theoretical cracking moments. 

-- 

Table 4.7 - Theoretical Ma: CSA A23.3-94 (Nawy & Neuwerth 1977) 

I CSA A23.3-94 

TabIe4.7 compares the experimental cracking moments, ( M A ,  to the theoretical 

values, ( M A ,  calculated with CSA A23.3-94. For the GFRP reinforced beams, (M,)rn 

overestimates ( M A  by 53 to 127 46 with an average absolute enor of 99 Z. The minus 

sign indicates that the theoretical cracking moments ovenstimate the experimental values. 

For the steel reinforced beams, (M,)rn undemthate (M,), by 3.6 %. 

Beam 
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I 

BF2 

BF3 

fE ' 
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38.6 

40.7 

40.0 

(Melap 
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BFl l 
I 

38.6 
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352 
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29-7 

29,7 

35.2 

393 

332 3-73 

-104.8 

fr I ( M A  

335 3.83 

3.63 1 3.80 

7.33 

7.20 

7.00 

6.72 
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6.43 

7.00 

7-40 

BF12 
1 

332 

3.08 

356 

4.09 
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3.08 
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-1 16.9 
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-88.8 

-57.2 
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-127.3 

-733 
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3-66 

356 
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3.27 

3.27 

356 
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3.6 

3.6 
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BS 13 

BS 14 

331 30.4 
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4.25 
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6.18 3.03 

6.10 1 2.99 

5.96 
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Table 4.8 compares ( M A  to the theoreti& values calculated with CSA A23.3-94, but 

replacing the modulus of rupture, f, by the experimental splitting tensile strength, fsplirring. 

For the GFRP reinforced beams, ( M C t ) J P ~ i ,  overestimates ( M A  by 17 to 131 8, with an 

average absolute error of 77 46. This is less error than that between (M,), and (M,)cu. 

The see1 reinforced beams have theoretical values close to experimental with an average 

absolute error of 21 96- 

Table 4.8 - TheoreticaI M,- using fvfi&g mawy & Neuwerth 1977) 

TabIe4.9 compares (M,), to the theoretical values calculated with MC-90. The 

maximum, minimum and mean values of the cracking moment (Mr-, M,,, and MrJntcm) 

are calculated using the corresponding values of t e d e  strength (#&-,fa and fa. 
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4.88 

4.80 

(%I 
-86.6 

1 

-1305 

-85.1 

-68. f 

-107.2 

-87.0 
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For the GFRP reinforced beams the average absolute enors of M,,, MrM an d K,~w‘I~ 

to ( M A  are 102, 4 and 53 95, respectively. Thus, using&& gives the most accurate 

predictions of cracking moments for the GFRP reinforced concrete beams. 

MC-90 

Beam (M,), f- M error fd~.l* M r d  e m r  f- Ki- 
W*m) ( m a )  (ItN-m) (MPa) m - m )  m a )  W m )  (%I 

L 

BFI 3.58 3.90 7-66 -114.0 2.00 3.93 -9.8 

Table 4.9 - Theoretical Mr: MC-90 (Nawy & Neuwerth 1977) 

For the steel reinforced beams, the average absolute errors of Mr-, ME,. and Mrmm 

to ( M A  are 7,45 and 19 96, respectively. ThereforeT for the steel reinforced beams using 

fm- gives the most accurate predictions of the cracking moments. 

The experimental results from the paper show that the steel reinforced beams have 

higher cracking moments than the GFRP reinforced beams. Beam BS14 has a 

reinforcement ratio of 1.07 9% similar to that of beams BF3 and BF4 of 1.05 %. The 



conmte compressive strength at time of testing of beam BS 14 is 25.5 MPa while those of 

beams BF3 and BF4 are 40 and 38.6 MPa, respectively. From these concrete strengths it 

could be assumed that beams BF3 and BF4 would crack at a larger moment than beam 

BS 14. However, this is not the case. In fact, the cracking moment of beam BS 14 is almost 

twice that of beams BE3 or BF4. The age of the concrete at the time of testing does not 

seem to effect the value of the experimental cracking moment 

Since the moment of inertia of the transformed section, 11, of the steel reinforced beams 

is larger than that for the beams reinforced with GFW, with similar reinforcement ratio, it 

couid be argued that this is the reason for the difference in cracking moments. However, 

( M A  for the steel reinforced beams are much higher than those of the GFEW reinforced 

beams. The difference is too high to be justified by the difference in 4.  

In these experiments both the steel and GFRP bars are deformed. The deformed steel 

ban have a strong bond with the concrete. This strong bond is confirmed by the closely 

spaced and well distributed cracks of the steel reinforced beams as reported by the authors. 

The crack spacing is 170 and 145 mm for beams BS 13 and BS 14, respectively. The large 

crack spacing, of between 265 and 508 mm, given by the authors for the GFRP reinforced 

beams is most likely caused by a combination of: poor bond between the GFRP bars and 

the concrete, Iow elastic modulus of the GFRP bars (26.2 GPa) and low reinforcement ratio. 

In the paper, the authors compare experimental deflections, D,, to theoretical 

deflections, Drhrm at a load of 35 % of the ultimate load, 0.35 Pd. The theoreti& method 

used by the authors is Branson's equation which is the quation adopted in CSA A23.3-94 

and is shown in Equation (3 5 )  of Chapter 3. This equation gives an effective moment of 

inertia, I,, which represents the moment of inertia over the entire length of the kam. This 

vdue is then used in Equation (3.8) to caIcuIate the deflections. The cracking moment is 

required in Branson's equation and the authors use ( M A .  TabIe4.10 shows the 
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theoretical results from the paper and, for comparison, deflections are calculated using 

MC-90 (21 sections) aud MC-90 (1 section) for the present analysis. 

Table 4.10 - Deflections at 0.35 Pub (Nawy & Neuwerth 1977) 

The authors state that using Branson's equation underestimates the experimental 

deflections of the GFEW reinforced beams with low reinforcement ratios. The difference 

between the theoretical and experimental deflections decreases as the reinforcement ratio 

increases. This is not true when the theonticd deflections are calculated using MC-90, 

either with one or twenty-one sections. This is seen graphically in Figure 4.2 which shows 

the percent error of D&* versus D- The negative percent emr indicates that Dh0 > D,. 
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In the paper, experimental Mections are also given in the form of load versus 

deflection plots for beams BFl, BF4, BF6, BF7, BF9, BF11 and BS 14. Using these plots it 

is possible to compare theoretical postclacking deflections with the experimental values. 

Branson's eqption (Nawy & Neuwerth 1977) 

W MC-90 (Several sections) 

MC-90 (One section) 

Figure 4.2 - Percent error of D&o vs. D, at 0.35 Pdr (Nawy & Neuwerth 1977) 

Table 4.1 1 - Deflections at Ma = 2.0 (Ma, Wawy & Neuwerth 1977) 

CSA A23.3-94 (21 sections) MC-90 (1 section) 

%error 

633 

53- 1 

58 .O 

(mm) 

BFI 5.23 1.92 

BF4 3.05 1.43 

I 

%error 

-15 5 

-15.1 

17.8 

(mm) 

5.05 

2.92 

2.6 1 
I 

BF6 

153 
I 

18-9 

145 

6.8 

% error (mrn) 

3.4 6.04 

43 3.51 

30.6 1 3.09 3.76 1 1.58 
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I 
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27.1 3.66 

30.1 2-96 
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21.7 432 

13.7 1 150 

432 

3.65 

4.85 

1.61 

50.0 3-15 2-17 

1.93 

3.00 

1.61 

47.1 

38.1 

0.0 

255 

3.80 

139 



Table 4.1 1 shows D,, and D*o at an applied moment of G o  times the experimental 

cracking moment, Ma = 2.0 ( M A  Also shown is the percent emr between the theoretical 

and experimental values. The three theoretical deflection prediction methods as discussed 

above are used. 

The d t s  in Table 4.1 1 are similar to those shown in Table 4-10. That is, for the 

GFRP reinforced beams, using MC-90 (1 or21 sections) gives Dko  closer to D, than 

using CSA A23.3-94. The table also shows that as the %p for the GFRP reinforced beams 

increases, so does the accuracy of the deflection predictions using CSA A23.3-94. This is 

also represented graphically in Figure 4.3, which shows the percent emor ofDtk0 to D,. 

CSA A23.3-94 

MC-90 (Several sections) 

MC-90 (One section) 

B 
5: 
w 4 0  ""I - 
D j  

2 0 ~  
I 

i 

BFll BF14 

Figure 4.3 - Percent error of D ~ o  to Dq at 2-0 (MW)- (Nawy & Neuwerth 1977) 

From these results it is concluded that the accuracy of the theoretical deflections 

calculated using CSAA23.3-94, for the GFRP reinforced beams, depends upon the 

reb&oxcement ratio. And that using MC-90 (1 or 21 sections) can accurately predict the 

deflections of concrete beams reinforced with GFRP bars. 
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It has been observed by many researchers that Branson's equation cannot be used in 

regards to FRP nonprestressed reinforced concrete members. These authors include Faza 

and Gang- whose papers regarding this subject are discussed in the folIowing section. 

4.23 Faza and GangaRao (1991 & 1992) 

Similar to Nawy and Neuwenh (1977), Faza and GangaRao (199 1 & 1992) conclude 

that current design equations for post-cracking deflection calculation used for steel 

reinforced concrete members cannot be used for FRP reinforced members. It is assumed 

that the authors are refemng to the ACX code equations (i.e. Branson's equation). In the two 

papers the authors propose an alternate method for calculation of the effective moment of 

inertia, I,, in a cracked member. This method is discussed in more detail later in this 

section. 

In the papers, the resuits from test conducted on twenty-five nonptestressed simply 

supported concrete beams are discussed. All beams have a rectangular cross-section with 

height 305 mm, width 152 rnm and span 2743 mm giving a span to depth ratio of Uh = 9. 

Loading was applied by two point loads at the third points of the beam 914 mm from each 

support. 

Both GFRP and steel reinforced beams were t e s a  The GFRP bars have an ultimate 

tensile strength of 90 MPa and a tensile modulus of elasticity of 48 GPa The s w l  is 

assumed here to have yield strength of 400 MPa and modulus of elasticity of 200 GPa 

Although the authors tested twenty-five beams, load versus deflection curves are given 

for only eight of these beams. Table 4.12 gives the designations of those eight beams, their 

concrete compressive strength,&', the type of reinforcement (steel or GFEW), the namber of 

reinforcing bars, the depth of the tensile reinforcement, d, the total area of steel or FRP 

reinfoament, A, or Afi respectively, and the t e d e  percentage reinforcement ratio, %p. 

The age of the concrete at the time of testing is not given. 
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The variables of the beams reinforced with GFRP are: the reinforcement ratio, the 

concrete strength and the type of surface deformations on the bars. Beams #HI and #10 

have the same reinforcement ratio and both are reiaforced with smooth GFRP bars, but they 

have different concrete strengths: 45 MPa and 35 MPa, respectively. Beams #D and #F are 

identical except #F is reinforced with smooth bars and #D with sand coated ban. The same 

is true for beams #VHl (sand coated) and #VHZ (smooth). The authors conclude that the 

sand coated bars have greater bond to concrete than the smooth bars thus improving the 

deflection behaviour due to reduction in crack widths and crack spacing. 

Table 4.12 - Section properties (Faza and GangaRao 199 1 & 1992) 

Experimental cracking moments are not given in the papers and the deflection values 

are given as load versus deflection plots. The theoretical deflections calculated using 

CSA A23.3-94 and MC-90 (1 or 25 sections) are compared to the experimental values from 

the plots, where the cracking moments are taken equal to the value from the experimental 

curve. 

Beam 

L 

#l 1 

#VH3 

#HI 

#lo 

#D 
I 

#F 
L 

#VH1 

#VH2 

TabIe4.13 shows the experimental and theoretical deflections, D, and at an 

applied moment of two times the experimentd cracking moment, Ma = 2.0 ( M A  Also 

shown is the percent error between Dol, and D,. 

/C' 
@Pa) 

34.5 

69.0 

44.8 

34.5 

5 1.7 

51.7 

69.0 

69.0 

'Qpeof 
Reinf. 

Steel 

Steel 

GFRP 

GFRP 

GFRP 

GFRP 

GFRP 

GFRP 

As orAl 

(d) 
142 

387 

142 

142 

387 

387 

. 387 

387 

number 

ofbars 

2 

3 

2 

2 

3 

3 

3 

3 

d 

(mm) 

274 

273 

274 

274 

273 

273 

273 

273 

%P 

0.34 

0.93 

0.34 

Q.34 

0.93 

0.93 

0.93 

0.93 
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Figure 4.4 is a graphid representation of the percent error values of Table 4.13. The 

first two beams on the left of the figure, #11 and #VH3 are steel reinforced and the percent 

errors for these beams are relatively small for all three deflection prediction methods. 

Table 4.13 - Deflmtions at Ma = 2.0 (M& (Faza Br GangaRao 199 1 & 1 992) 

CSA A23.3-94 

MC-90 (Several sections) 

MC-90 (One section) 

Figure 4.4 - Percent error of Dho to D, (Fm & GangaRao 199 1 & 1992) 
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Beams #HI and #10 are GFRP reidorced beams and have low reinforcement ratios of 

0.34 %. The CSA A23.3-94 theoretical deflections underestimate the experimental values 

of these beams by more than 60 96. Using MC-90 (25 sections) gives predictions within 

20 9% of experimental values. The last four GFRP reinforced beams, #D, #F, #VH1 and 

#VH2 have the same reinforcement ratio of 0.93 %. CSA A23.3-94 underestimates their 

deflections by 50 to 60 8 and MC-90 (1 or 25 sections) gives percent errors of 30 8 or less. 

In these cases, using MC-90 (1 section) gives the closest predictions. 

The above confirms the authors' conclusion that Branson's equation (CSA A23.3-94) 

cannot be used to predict deflections for GFRP reinforced concrete members. The 

following is a description of the method which the authors' developed to be used in place of 

Branson's equation for the calculation of deflections of FRP reinforced concrete members. 

Figure 4.5 - Assumed cracked sections for I, (Faza and GangaRao 1992) 

The authors developed a %moded" effective moment of inertia, I ,  to be used in place 

of the effective moment of inertia, Ie- In deriving the equation for &, the authors made the 

foIIowing assumptions: the concrete member is simply supposed; the member is loaded by 

two concentrated Ioads at the third points; the member is fully cracked in the constant 
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moment zone (I,) and partially cracked from the support to the concentrated load (I,), as 

shown in Rgure 4.5. 

The defleztion calculation was done taking into account the above assumptions. Using 

the moment area approach, the researchers derived the following equation for maximum 

deflection at midspan, where all results for deflection are in inches: 

Rewriting the above equation gives, 

A- = 
23 P L~ 

648 E, I,,, 

where, 

where in is the moment of inertia of the fully cracked trandonned section; I, is the effective 

moment of inertia as found in Equation (3.5); P is a concentrated Ioad; L is the span of the 

beam; and Ec is the modulus of eIasticity of the concrete. 

Using Equations (4.1) to (4.3), the authors calculated theoretical deflections and found 

that the d t s  correspond well with the experimental values. From these d t s  the 

authors decided that the same approach could be used for different Ioading cases on a 

simply supported beam and they derived the foIIowing equations. However, the authors did 

not check the vaIidity of these ecpatiom since no experimental data was availabIe. 



One Concentrated Lwd at Midrpan 

where, 

LIngormly Distrt'buted Load (w per unit length) 

where, 

Although the method of using a "modified" effective moment of inertia gives accurate 

deflection resuIts as shown by the authors this has only been shown to be true for simply 

supported beams loaded at the third points. Also, these equations can only be used for FRP 

reinforced concrete membe~ not steel reinforced ones. 

4.2.4 Saadatmanesh and Ehspni (1991) and Saadatmanesh (1994) 

The authors' study is conducted in order to &tennine the feast'bility of using GFRP bars 

to repIace steel in concrete construction. Test beams are constructed using GFRP bars as 

Iongitudind and shear reinforcement. Three rectangular beams were constructed with 

longitudinal steeI reinforcement and GFRP stirmps in order to determine the effect of 
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varying GFRP stirrup spacing and diameter on the shear behavio*~ of the beams. Also two 

rectangular beams and one T-beam were coostructed with GFRP longitudinal bars and steel 

stirmps. For these three beams, the diameter of the GFRP bars is varied to determine the 

deflection behaviour at different reinforcement ratios. 

The GFRP bars and s m p s  are composed of E-glass and thermosetting vinylester resin. 

To improve the bond of the bars to concrete additional strands of glass fibres are spirally 

wound on the bars to create a ribbed surface. The ultimate tensile strength and tensile 

elastic modulus provided by the manufacturer are 1 180 + 38.6 MPa and 53.6 k 8.8 GPa, 

respectively. These values are the average based on a large number of tests on various bar 

diameters. The steel used in the tests is Grade 60 steel with a measured yield stress of 

480 MPa, but the elastic modulus is not given in the paper and is herein assumed to be 

200 GPa 

The rectangular beams have a height of 457 mm, width of 203 mrn and a span of 

3048 mm giving a span to depth ratio of Vh= 6.7. The T-beam has a web width of 

203 mm, flange width of 610 mm, flange thickness of 76 rnm and total height of 457 mm, 

giving a span to depth ratio of fi = 6.7. These simply supported beams were loaded by two 

point loads at 1295 rnm from each support. This gives a constant moment zone of 457 mm 

which is about one sixth of the length of the span. 

TabIe 4.14 gives the beam designations, the concrete compressive strength, f,', the 

number and diameter, #, of the bars, the total steel or FRP reinforcement area, As or A .  

respectively, the depth of the reinforcement, d and the percent reinforcement ratio, 46p. 

The age of the concrete at the time of testing is not given. The letters F or S in the beam 

name indicate the type of longitudinal reinforcement GFRP or steel, respectively. Beam F2 

is the T-beam. 



Table 4.14 - Section properties (Saachtmanesh & Ehsani 199 1 & 1994) 

Beam 

F1 
r 

F2 (T-beam) 

F3 

S1 
I 

S2 

S3 

Although the authors give the experimental cracking loads, they do not compare them to 

theoretical values. Therefore, in the present analysis the experimental cracking moments, 

( M r r ) ,  are compared to the theoretical cracking moments using the two methods: 

CSA A23.3-94 and MC-90, 

Table 4.15 compares ( M A  to the theorrticd cracking moments calculated with 

CSA A23.3-94, (Mn)rn. 

fey 

m a )  

31 

33 

31 

33 

33 

30 

Table 4.15 - Theoretical M,: CSA A23.3-94 ( S m e s h  & Ehsani 1991 & 1994) 

%P 

1.61 
I 

1.61 

031 
I 

0.48 

0.48 

0.48 

Bars 

(mm) 

4 -020 

4 -$20 
,----- 

2-412.7 

2-@22 

2-@= 

2-$22 

mJm) 

Beam 

CSA A23.3-94 

As orAf 

(-3 
1297 

1297 

253 

384 

384 

384 

fc ' 
W a )  

fi 
(Mk) 

d 

(mm) 

397 

397 

401 

396 

396 

396 

F1 

F2(T'beam) 

F3 

Sl 

S2 

S3 

31 

33 

31 

33 

33 

30 

( M w ) ~  

(IrNm) 

error 

24.0 3.34 

20. 1 3 -45 

15.6 3.34 
u 

23.3 1 3.45 

23.7 

30.9 

23.3 

333 

13 

-53.7 

3.45 

3.29 

23 -7 -51 -9 

. 

I 

24.4 

24.4 

23.2 

4.7 

4.7 

0.4 
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The steel reinforced beams have values of (Mm)rn dose to ( M A  with an average 

absolute error of 3.3 96. The GFRP reinforced beam Fi, with a high reinforcement ratio of 

1.61 96, also has (M,)rn close to ( M A  with an error of 1.3 %. The T-beam, F2, which 

also has a reinforcement ratio of 1.61%, has an error of -54 %. Beam F3, with 

reinforcement ratio of 0.3 1 % has an error of -52 %. 

Table 4.16 compares ( M A  to the theoretical cracking moments calculated using 

MC-90 (M,,, M,& and MKmm), which are dewmined using the maximum, minimum 

and mean tensile strengths (f&-, f&- and fd, respectively. 

Table 4.16 - Theoretical M,: MC-90 (Saadamanesh & Ehsani 199 I & 1994) 

For design, MC-90 recommends the use of the mean tensile strength, fa, for the 

calculation of cracking moments. From the last column in the above table we see that using 

f,, gives closest ~ c t i o n s  for all beams. The average absolute error for the steel 

reinforced beams is 14.3 % and that of the GFRP reinforced beams is 18.4 9%. 

The papers give experimental &£Iections m the form of load versus deflection curves. 

However, no attempt is made by the authors to compare the experimental deflections to 
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theoretical values. h the present analysis the experimental deflections are compared to 

theoretical values. 

Table 4.17 shows the experimental and theoretical deflections, D, and Dh0, of the six 

beams at a moment two times that of the cracking moment, Ma = 2.0 (Mm)-. The 

theoretical values are calculated with CSA A23.3-94, MC-90 (21 sections) and MC-90 ( 1  

section). 

Table 4.17 - Deflections at Ma = 2.0 ( M A  (Saadatmanesh & Ehsani 199 1 & 1994) 

As discussed in previous sections, the accuracy of CSA A23.3-94 deflection predictions 

depends on the GFRP reinforcement ratio. Beam F1 ip = 1.61 %) has a percent error of 

Dh0 to D, of 14 4b and beam F3 ( p  = 0.3 1 9%) has a percent error of Dko to Dcq, of 47 1. 

Figure 4.6 is a graphical representation of the percent errors of Table 4.17. The percent 

errors of the steel reinforced beams, S1, S2 and S3, whether using CSA A23.3-94, 

MC-90(One section) or MC-90 (Several sections), are similar and beIow 30 %. However, 

this is not true for the GFRP reinforced concrete beams. MC-90, whether with one or 

several sections, does not depend on the reinforcement ratio for accuracy as does 

CS A A23 -3-94. 



CSA A23.3-94 

MC-90 (Several sections) 

MC-90 (One section) 

Figure 4.6 - Percent error of Dho to D, (Saadatmanesh & Ehsani 1991 & 1994) 

4 3  J Nakano et al. (1993) 

The authors state that the purpose of their research is to evaluate the flexural 

performance of concrete beams reinforced with FRP longitudinal reinforcement They 

conclude that the values they calculated for curvature are in good agreement with the values 

of measured curvature. Also, they concluded that it is possible to evaluate the flexural 

pnformance of concrete beams ninforced with FEW bars by means of using conventional 

methods that are used for steel reinforced concrete beams. However, the authors give no 

direct comparisons of theoretical to experimental curvatures and give no specifics regarding 

what conventiond methods they used. 

The experiments in the paper include nonprestressed simply supponed concrete beams 

reinforced with AFRP, CFRP and steel reinforcement. All members have a depth of 

300 mm, width of 200 mm and span of 2400 mm, giving a span-to-depth ratio of Vh = 8. 

Loading was applied by two point loads 900 imn from each support. This loading gives a 

constant moment zone of 600 mm which is one quarter the length of the span. 
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Table 4.18 gives the beam designations, the concrete compressive strength at the time of 

testing, f,', the number of bars and their diameter, @, the total area of steel or FRP 

reinforcement, As or Afi respectively, the tensile percent reinforcement ratio, %p, the 

ultimate (FRP] or yield strength (steel) of the reinforcement, fd or& and the modulus of 

elasticity of the steel or FRP reinforcement, Es or Efi respectively. The age of the concrete 

at the time of testing is not given. The letters A. C and S indicate AFRP, CFRP and steel 

reinforcement, respectively. The AFRP and CFRP are composed of continuous fibres 

impregnated with epoxy resin and formed into a braided string, with sand particles adhered 

to the surface to increase bond to concrete. 

The tensile reinforcement is in one layer for beams RC-A1 and RC-A2 at a depth of 

265 mm. The remaining beams have two layers of tensile reinforcement with equal 

amounts of reinforcement at depths of 265 rnm and 225 mxn AU beams have compression 

reinforcement equal to that of the tension reinforcement and it is placed syrnmeaicdly in 

the compression zone. 

Table 4.18 - Section and material properties (Nakano et al. 1993) 

Beam 

RC-AI 

RC-A2 

RC-A3 

RC-A4 

RC-AS 
, 

RC-A6 
I 

RC-Cl 

As orAf 

(mm2) 

150 

150 

400 

800 

1600 

400 

400 

400 

568 

fL' 
(MPa) 

29.4 

765 

29.4 

29.4 

29.4 

76.5 

29.4 

# 
(mm) 

3 - 84 

3 -84  

8-8@ 

8 - 12$ 

8 -  16$ 

8 -80  

8 -84 

Es or Ef 

(GPa) 

62.1 

62. I 
.I 

62,l 

56.0 

57.2 

62.1 

107.9 

107.9 

170.7 
I 

8 -89 

8 - 
8 - 1 4  

46p 

0.28 

76.5 

177.6 

furor& 

(MPa) 

1413 

RCSl 
I 

RCS2 353 

29.4 

29.4 1592 

028  

0.82 

1.64 

3.29 

0.82 

0.82 

0.82 

1.17 

3.27 

1413 

1413 

1266 

1266 

1413 

I462 

1462 

339 
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The exprimend cracking moments are given in the paper. However, no attempt is 

made by the authors to compare them to theoretical values. Therefore, in the present 

analysis the experimental cracking moments, ( M A ,  are compand to theoretical values 

calculated with CSA A23.3-94 and MC-90 and are shown in Table 4.19. The cracking 

moment for MC-90, M,-, is calculated using fd-. 

In general, the theoretical cracking moments for both the steel and FRP reinforced 

beams are close to experimental values with an average absolute error of 17 % and 18 % for 

the (Mm)rn and M-, respectively. 

Table 4.19 - Cracking moments (Nakano et aI. 1993) 

In the paper, deflections are given in the form of load versus deflection c w e s  for only a 

select number of the beams. The authors do not compare the experimentai deflections to 

theoretical values. Table 4.20 shows the experimental and theoretical deflections of the 

beams at a .  applied moment two times that of the cracking moment Ma = 2.0 (Mm)-, 

calculated for the present analysis. The theoretica1 vaIues are dculated with 
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The AFRP reinforced beams RC-Al, RC&, RC-A4 and RC-AS have reinforcement 

ratios, %p, of 0.28, 0.82, 1.64 and 3.29 29, respectively. As the reinforcement ratio 

increases the percent error found with CSA A23.3-94 decreases and becomes closer to that 

of MC-90 (49 sections). 

Beam RCCI has a reinforcement ratio of 0.82 95, the same as  RC-A3. Whereas using 

CSA A23.3-94 underestimates deflections for RC-A3 by 40 %, for RCC 1 the deflection is 

underestimated by only 19 %. This difference is due to the difference in elastic modulus of 

the AFRP and CFRP which are 62 and 108 GPa, respectively. Therefore. as the elastic 

modulus of the reinforcement increases the accuracy of deflection predictions using 

CSA A23.3-94 also increases. However, with MC-90 (One or Several sections) the 

accuracy remains similar irrespective of the reinforcement ratio or elastic modulus. 

4.2.6 NaMi (1993) 

This paper is concerned with the behaviour of AFRP bars as  reinforcement for concrete. 

The elastic modulus of the AFRP bars is approximately the same a s  that in the previous 

section at about 60 GPa Two groups of beams are tested. The age of the concrete at the 

time of testing is not given. 

There are thne beams in Group A having concrete compressive strength, 

f, ' = 43.6 MPa The beams have a depth of 150 mm, width of 100 mm and span of 

800 mm, giving a span-to-depth ratio of Uh = 5.3. Beam A1 , the control beam, has two 

steel bars as longitudinal reinforcement in the tension and compression zones at 

d = 125 mm and d' = 25 mm, respectively, where A, =Asr = 102 md. Beams A2 and A3 

have the same amount of steel compression reinforcement as Beam Al, but have braided 

AFRP as tensile reinforcement. Both beams A2 and A3 have the same amount of tensile 

reinforcement, Af= 88 mm2, but the braided AFRP bars in Beam A2 have sand coating and 

those in Beam A3 are plain. These thne simply supported beams are loaded by two point 
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loads located 350 mm from each support, giving a constant moment zone of 100 mrn which 

is one eighth the length of the span. 

There are two beams in Group B. Both beams have concrete compressive strength 

equal to&' = 36.3 MPa. The beams have a depth of 210 mm, width of 120 mm, and span of 

3700 mm, giving a span-to-depth ratio of Uh = 17.6. Both beams are reinforced with AFRP 

tensile reinforcement but differ in the amount used. Beam B 1 has As= 84 mm? and 

Beam B2 has A,= 182 m d  both at a depth of d = 140 mm. These two simply supported 

beams are loaded by two point loads located 1500 rnm from each support, giving a constant 

moment region of 700 mm which is approximately one fifth of the span length. Table 4.21 

gives the beam designations, the concrete compressive strength, f,', the tensile 

reinforcement ratio, %p, the ultimate strength of the reinf~rcernent,J,~, and the modulus of 

elasticity of the steel or FRP reinforcement, Es or EF The experimental cracking moments 

are not given in the paper. 

Table 4 2  1 - Section and materid properties (Nanni 1993) 

h the paper, deflections are given as loaddeflection plots. For the theoretical 

caIculations of post-king deflections, the cracking moment is taken as equal to that 

found on the experimental plot Tabk4.22 shows the experimental and theoreticd 

deflectioas, D, and D*, of the beams at an applied moment two times that of the 

Es or E, 

(GPa) 

200 

63.8 

63.8 

63.8 

63.8 

Beam 

Beam-A1 

Beam42 
I 

Beam43 . 
Beam-B 1 

Beam-B2 

A ' 
W a )  

43.6 

43.6 

43.6 

363 

363 

%P 

0.82 

0.70 

0.70 

050 

1 -08 

fd 
W a )  

373 (yield) 

1400 

1400 

1400 

1400 
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cracking moment, Ma =2.0 (M,),. The theoretical values are calculated using 

CS A A23.3-94, MC-90 (1 section), and MC-90 (33 sections). 

Table 4.22 - Deflections at Ma = 2.0 ( M A  (Nanni 1993) 

Beam 

Al 
r 

A2 
r 

A3 

B1 

B2 

N CSA A23.3-94 
MC-90 (Several sections) 
I MC-90 (One section) 

Wgure 4.8 - Percent error of Dho to Dq (Nanni 1993) 

D~ CSA A23.3-94 MC-90 (33 e o n s )  MC-90 (1 section) 

The percent errors in Table 4.22 are shown graphically in Figure 4.8. Beam AI is the 

steel reinforced beam with p = 0.82 46. The CSA A23.3-94 and MC-90 (33 sections) give 

(mm) (mm) 

05  0.6 

2.7 1.1 

1.6 1 1.1 

315 14.8 

205 7.2 

%error I (mm) 
-5.8 0 5  

59 .O 1.6 

36.0 I 1.6 

53.0 51.8 

642 175 

% e m r  I (mm) 

1.9 0.7 

39.5 23 

2.2 

70.4 

24.3 

%error 

-30.8 

14.7 

-34.2 

-123.5 

-185 
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similar small errors, while using MC-90 (1 section) overestimates the deflections by close to 

30 %. 

Beams A2 and A3 are identical, both with p = 0.70 %, except that the AFRP bars in A3 

are sand coated and those in A2 are not, The authors conclude that the sand coated rods 

have better mechanical bond to the concrete which results in higher rigidity and ultimate 

strength than for the beam with the uncoated bars. This difference in rigidity may be the 

reason that the prediction using MC-90 (33 sections) for beam A3 are more accurate than 

for beam A2. 

Beams B1 and B2 are identical except for the reinforcement ratios. which are 0.50 96 

and 1.08 % for B 1 and B2, respectively. Beam B 1 does not behave ideally due to slippage, 

reported by the authors, between the AFRP bars and the concrete. Beam B2 has a 

reinforcement ratio of 1.08 % and span-to-depth ratio of 17.6. This combination as well as 

the low elastic modulus of the AFRP bars contribute to the high percent error when 

calculating deflection using CSA A23.3-94. The accuracy of the MC-90 (One or Several 

sections) deflection predictions do not depend on these variables. 

From other references and his own experimental program the author concludes that, 

tentatively, for static type flexural analysis the bond between FRP bars and concrete can be 

treated the same as for steel reinforcement. 

4.2.7 Kakizawa et PI. (1993) 

The authors of this paper explain that even though the basic behaviour of concrete 

members reinforced with FFtP bars has become well understood such things as design 

concepts and recommended failure modes are still debatable points. Thus in this paper the 

authors are interested in the serviceabiIity as wen as the ultimate limit states of concrete 

members reinforced with FRP bars. 
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The experiments in this paper include two nonprestressed simply supported concrete 

beams, one reinforced with CFRP bars and the other with steel bars. Both kams have a 

height of 150 mm, width of 100 mm and span of 1700 mn, giving a span-to-depth ratio of 

Uh = 1 1.3. The reinforcement is placed at a depth, d, of 1 13 mm. The loading is applied by 

two point loads, each at 700 mm h m  the supports. This loading gives a constant moment 

zone of 300 mrn which is about a sixth of the span length. 

Table 4.23 gives the beam designations, the concrete compressive strength,f,', the total 

area of tension steel or FRP reinforcement, A, or Afi respectively, the tensile percent 

reinforcement ratio, %p, the ultimate strength of the reinforcement,&, and the modulus of 

elasticity of the steel or FRP reinforcement, Es or EF The age of the concrete at the time of 

testing is not given. Beam RC-SD is reinforced with deformed steel bars and beam CRC is 

reinforced with deformed CFRP bars. 

Table 4.23 - Section and material properties (Kakizawa et d. 1993) 

Beam 

RC-SD 

CRC 

The authors found that the theoretical cracking loads correspond well to the 

experimental values, although the method used to calculate the theoretical cracking load is 

not given. The author states that the crack spacing of CRC is less than that of the steel 

reinforced beam RC-SD. 

In the present analysis, the experimental cracking moments, (Me)-, are compared to 

the theoretical values caIculated using CSA A23.3-94, (MAm, and MC-90, M,, and the 

resuits are shown in Table 4.24. The emr  of the theoretical cracking moments to (M,), 

fc' 
W a )  

353 

353 

A,  or^, 

(-'I 

126.7 

78.6 

%P 

1.13 

0.69 

fd 

400 (yield) 

1579 

I 

E, or EI 

(GPa) 

2 0  

130 
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are greatest in the steel reinforced beam, RC-SD, and least in the CFRP reiaforced beam, 

CRC* 

Table 4.24 - Cracking moments (Kakizawa et al. 1993) 

Deflections are given in the paper in the form of load versus deflection plots. 

Table 4.25 gives the experimental and theoretical deflections, D, and Dho, at a moment 

two times that of the cracking moment, Ma =2.O (M,),. The theoretical values are 

calculated using CSA A23.3-94, MC-90 (1 section) and MC-90 (35 sections). 

RC-SD 

CRC 

Table 4.25 - Deflections at Ma = 2.0 ( M A  (Kakizawa et al. 1993) 

fc' 
W a )  

353 

35.3 

.. 
CSA A23.3-94 

Rgure 4.9 shows graphically the percent errors of Dho to Dq f h r n  Table4.25. All 

deflation prediction methods give close predictions for both the steel reinforced beam 

RC-SD and the CFRP reinforced beam CRC. Although for kam CRC, MC-90 

(35 sections) gives the best predictions and CSA A23.3-94 the worst 
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I CSA A23.3-94 . MC-90 (Several sections) 

MC-90 (One section) 

Figure 4.9 - Percent exror of Dtb to D, (Kakizawa et al. 1993) 

4.2.8 AIsayed et al. (1995) & Al-Sslloum et a1 (1996) 

The authors' objective is to analyse the flexural behaviour of concrete beams reinforced 

with GFRP bars and compare that behaviour to similar steel reinforced control beams. 

Also, the suitability of using the ACI 318-95 for beams reinforced with GFRP bars is 

investigated. The authors also compare the experhenti4 deflection d t s  of GFRP 

reinforced beams to prediction models found in the literature. AU beams have a width of 

200 mm and a span of 2700 mm. The loading is applied by two point loads, each 1250 mm 

from the supports, thus giving a constant moment zone of 200 mm, which is about one 

thirteenth of the span length. Thus the two Ioads are so close as to act as one point load. 

Table 426 gives the beam designations, the concrete compressive strmgth,f,', the toral 

area of tension steeI or FRP reinforcement, As or Afi respectively, the tensile percent 

reinforcement ratio, %p, the ultimate strength of the reinforcement, hh, the modulus of 

elasticity of the steel or FRP reinforcement, Es or Efi and the height of the concrete, h, the 
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depth to the centroid of the tension reinforcement, d, and the span-to-depth ratio, Uh. The 

beams were tested at a concrete age of 28 days. 

Table 4.26 - Section & material properties (Alsayed et al. 1995 & Al-Salloum et al. 1996) 

Group I is reinforced with steel ban and Groups II through V are reinforced with GFRP 

bars. Each group is made up of three test beams and the results given are the average of the 

three beams. All beams have equal amounts of steel compression reinforcement at a depth 

of 47 mm with an area of 3 1 mm'. 

Beam 

Group I 

Group1I 

GroupIlI 

Group IV 

Group V 

The experimental cracking moments are not given. However, the authors conclude that 

there is no significant difference in the cracking moments between the GFRP reinforced 

beams of Group II and the steel reinforced beams of Group I, and that the cracking moment 

is not affected by the type of reinforcement. 

fd 

m a )  
553 ~ d d )  

700 

886 

700 

700 

Deflections are given in the papers in two forms. F i  a table is used to compare the 

experimental deflections at senrice loads (approximately 35 to 45% of the ultimate load) to 

theoretical deflections calculated using three different models. And secondly experimental 

load-deflection cmves are compared to theoretical curves found using the same three 

models- 

f.' 
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3 1 3  
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@Pa) 
200 

35.63 
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260 
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%p 

3.60 

1.20 

1.15 

2.87 

313 1134 

d 

(mm) 

160 

157.5 

210.7 
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31.3 

40.7 

40.7 

Uh 

12.9 

12.9 

10.4 

1.44 

507 

567 

1134 

2475 

197.5 
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The three theoretical models used in the papers to calculate deflections are: 

(1) ACI 3 18-95 Code (Equation (3.5)); (2) Model- 1 which is the equation given by Faza and 

GangaRao (1992) (Equation (4.3)); and (3) Mode192 which is a "m-ed" equation of the 

effective moment of inertia given by ACI Committee 440 and is as follows, 

where a and @ are reduction factors equal to 0.84 and 7.0, respectively, and account for the 

reduced area of the compression section which is due to the low elastic modulus of the 

GFRP bars. 

The method (ModeCl), suggested by Faza and GangaRao (1992) was developed for use 

with members where the loading is applied at the third points. However, Faza and 

GangaRao (Faza & GangaRao 1992) derived equations for midspan point loading and 

uniform loading but the accuracy of these were not verified. In the papers discussed in this 

section, the point loads are not applied at the third points, but at a distance of 1250 mm 

from each support giving a constant moment zone of 200 mrn. The authors state that an 

equation for a mean moment of inertia, derived on the assumption that the member is fully 

cracked only in the constant moment zone as suggested by Faza and GangaRao, is not valid 

in this w e  and underestimates deflections. Therefore, the authors used the equation for the 

mean moment of inertia given by Faza and GangaRao for two point loads when it is 

a s h  that the middle third of the member is fully cracked, even though in this w e  the 

point loads are not applied at the third points. 

The authors found that, for tbe steel reinforced beams of Group1 at senrice load levels, 

the percent error between the ACI 3 18-95 deflection prediction and the experimental value 

is 5 46. However, the authors also found that the percent error between the ACI 3 18-95 

deflection prexiictions and the experimental values for the GFRP reinforced beams are 23, 
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50, 61 and 35 9% for Groups II, IIL IV and V, respectively. The greatest error occumd in 

Groups III and W since these were the beams with the smallest reinforcement ratios at 1.20 

and I. 15 %, respectively. The authors also show that Model-1 and Model-;! predict 

deflections reasonably well, with percent errors for Model-1 ranging from 0 to 12 4b and for 

Model-:! ranging from 0 to 24 46. 

The authors' analysis conchdes that ACI 3 18-95 cannot be used in the prediction of 

deflections of GFRP reinforced beams. The authors also show that Model-l and Model-:! 

give reasonable deflection predictions of the GFRP reinforced beams, at least in the case of 

the beams of their experiments. 

Table 4.27 compares the experimental and theoretical deflections, D, and Dh0. at the 

load PHnice. D*o is calculated in the paper using ACI 3 18-95 and those calculated for the 

present analysis were done with MC-90 (I section) and MC-90 (23 sections). 

Table 427 - Deflections at P,- (AISalIoum et aI. 1996) 

Beam 

Group1 

Group II 

Group III 

GroupIV 

GroupV 

For the steel reinforced beams of Group I, ACI318-95, MC-90 (23 sections) and 

MC-90 (1 section) give predictions close to experimental values, with percent errors of 5.0, 

4.9 and 0.2 9, nspectively. ACI 318-95 uncle- the deflections for the GFEW 

reinfo~ed beams with an average absolute error of 42 46. MC-90 (23 sections) and MC-90 

P,- 

OrN) 

20 

20 

26 

40 

33 

Dip MC-90 (1 section) 

(mm) (mm) %error 

5.4 

10.6 10.7 23.0 

113 

14.2 

11-8 
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(I section) also mdemhate the deflections of the GFRP reinforced beams but with 

average absolute errors of only 13.9 and 6.8 46, respectively. 

CSA A23.3-94 MC-90 (23 sections) MC-90 (1 -on) 

(mm) %error (mm) %error (mm) 

3 5  -7 .O 3.0 10.1 3.4 -2.7 

4.7 28.7 4.8 27.1 5.8 119 

GroupJlI 7.7 1 4.9 35.6 I 6 5  15.7 8.0 -4.8 

Table 4.28 - Deflections 2.0 ( M A  (Alsayed et aI. 1995 & AlSalloum et al. 1996) 

lao T CSA A23.3-94 

I 
I . CEB MC-90 (Several sections) 

" t . CEB MC-90 (One section) 

Figure 4.10 - 46 error of Dho to D, (Alsayed et al. 1995 & AlSalloum et al. 1996) 

The experimental load-deflection curves are compared to the theoretical deflection 

values found using CSA A23.3-94, MC-90 (23 sections) and MC-90 (I section). 

Table 4.28 shows the experimenta1 and theoretical deaeztions of the beams at a moment 
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two times that of the cracking moment, Ma = 2.0 (M,),. The results are similar to those 

from Table 4.27. That is, the deflections of the steel reinforced beams of Group I calculated 

using CSAA23.3-94, MC-90 (23 sections) and MC-90 (I section) are close to the 

experimental values. And, as the reinforcement ratio of the GFRP reinforced beams 

increases so does the accuracy of the deflection predictions using CSAAU.3-94. The 

percent errors of Table 4.28 are shown graphicdy in Figure 4.10. 

42.9 Masmoudi (1995) 

The experimental results shown here are part of a doctoral thesis by Masmoudi. The 

beams are simply supported, nonprestressed and reinforced with Isorod GFRP longitudinal 

bars. The reinforcement ratio, as well as the beam dimensions, remain constant while the 

concrete strength is varied. 

All beams have a width of 130 m, height of 180 mm and span of 1500 mm, giving a 

span-to-depth ratio of Uh = 8.3. The loading is applied by two point loads at the third points 

of the beams. AU beams have two steel bars as compression reinforcement with a total 

cross sectional area of 56.5 mm' and depth of 23 mm. The tension reinforcement consists 

of two Isorod GFRP bars of 12.7 mm diameter with total cross sectional area equal to 

253 mm2. The depth to the reinforcement is 154 mm giving a reinforcement ratio of 

1.27 %. 

Three concrete strengths were used: normal, high, and very high. The concrete 

compressive strength,&', was determined at the same age at which the beams were tested. 

The mechanicd properties of Isorod bars were found experimentally (ChaaDaI & 

Benmolcrane 1993) and are: ultimate tensile strength, fa = 690 MPa, tensile modulus of 

elasticity, Ef= 42 GPa, and ultimate tensile strain, = 1.8 45. 
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The experimental cracking moments are given by the author and are compared in to 

theoretical values in Table 429. The values of are given in the thesis and repeated 

here. The values of M,,, are calcdated for the present analysis. The minus sign in the 

emr column indicates that the theoretical values overestimate the experimental values. 

Table 4.29 - Cracking moments (Masmoudi 1995) 

The accuracy of theoretical cracking moments is only as good as the accuracy of the 

theoretical concrete tensile strength. This fact is taken into account in MC-90 where 

equations are given for the calculation of tensile strength at three levels: minimum (fctk,), 

maximum (fa,,&) and mean Van) (Equations (325) to (3.27)). Although the tensile 

strength may be anywhere between f- and f*-, MC-90 suggests the use off,, for 

design purposes. CSA A23.3-94 does not give a range of values for the modulus of rupture, 

f, It is difficult to determine whether inaccuracy of the theoreticai cracking moments is due 

to an inaccurate theoretical tensile strength or due to some other cause. 
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the experimental deflections. The percent e r m  of Table 4.30 'are shown graphically in 

Figure 4.1 1 

Table 4.30 - Deflections at Ma = 2.0 (M,), (Masmoudi 1995) 

. MC-90 (Several sections) . MC-90 (One section) 

Figure 4.1 1 - Percent error of Dho to Dpp (Masmoudi 1995) 

TabIe4.30 and Egure4.ll show that CSAA23.3-94 does not accmteIy predict 

deflections of GFRD reinforced concrete kams and the average absolute error for alI beams 
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is 44 %. On the other hand deflections calculated using MC-90 (1 section) and MC-90 

(25 sections) give predictions with average absolute errors of7 and 1 1 %, respectively. 

4.2.10 Masmoudi (Ws) & Masmoudi et aL (1996) 

The experiments results shown here are from a doctoral thesis and a paper. Flexural 

tests were completed on simply supported concrete beams reinforced with GFRP bars. Two 

types of GFRP bars were used from two different manufacturers. One is called Isorod and 

is produced in Canada by PultraIl Inc. in Quebec, and the other is called Kodiak and is 

produced by International Grating Inc. in Texas in the United States. 

All GFRP longitudinal bars in these beams have a diameter of 12.7 mrn. The 

mechanical properties of Isorod bars were found experimentally (Chaalld & Benmokrane 

1993) and are: ultimate tensile strength, Lb = 690 MPa and tensile modulus of elasticity, 

Ef= 42 GPa. The mechanical properties for the Kodiak bars are given by the manufacturer 

as: ultimate tensile strength, fa = 690 MPa and tensile modulus of elasticity, Ef= 42 GPa 

All members have a height of 300 rnm, width of 200 mm and span of 3000 mm, giving 

a span-to-depth ratio of Uh= 10. The loading is applied by two point loads, each at 

1Z0 mrn from the supports. Thus the constant moment zone is 500 mm, which is one sixth 

of the span length. All the beams have steel compression reinforcement with a cross 

sectional area of I57 mm2 and depth of 35 mm. 

Table 4.3 1 gives the beam designations, the concrete compressive strength at the time of 

the flexural test,&', the number of bars, the total area of tensile steel or FRP reinforcement, 

As or Afi and the tensile percent reinforcement ratio, %p. The beams with two and three 

reinforcing bars have only one layer of reinforcement at the depth of dl = 264 mm. These 

beams m IS2B, KDB, IS3B and KD3B. The beams with four and six reinforcing bars 

have two layers, one at a depth of dl = 264 mm and the other at dt = 219 mm. These beams 

are WB, KD4B and Ism. 



Table 4.3 1 - Section properties (Masmoudi 1995 & Masmoudi et aI. 1996) 

The experimental cracking moments are given in the doctoral thesis. The thesis also 

gives theoretical cracking moments calculated with CSA A23.3-94 which are repeated here 

in TabIe 4.32. Also in this table are theoretical cracking moments calculated with MC-90 

using the maximum axial tensile strength, fnknW. The minus sign in the error columns 

indicates that the theoretical cracking moments overestimate the experimenta1 values. 

The average absolute e m  including all 14 beams are 11 % for ( M ,  and 18 % for 

M,, If the mean tensile strength, f,, instead of fd, the average absolute error is 15 %. 

Deflections in the doctoral thesis and the paper are given as moment-defection cums. 

Table 4.33 shows a comparison of the experimental and theoretical deflections at an applied 

moment of two times the cracking moments, Ma = 2.0 ( M A .  



Table 4.32 - Cracking moments (Masmoudi 1995 & Masmoudi et al. 1996) 

Figures 4.12 and 4.13 show graphically the percent errors from Table 4.33. Figure 4.12 

shows the Isorod reinforced beams and Figure 4.13 shows the Kodiak reinforced beams. 

Theoretical deflections with CSAA23.3-94, including both Isorod and Kodiak 

reinforced beams, underestimate deflections fIom 32 to 64 % with an average absolute 

value of 51 %. With MC-90 (25 sections), the enon between theoretical and experimental 

deflections range between 1 and 18 96 with an average absolute error of 9 %. The 

theoreticai deflections caIcu1ated using MC-90 (1 section) have an average absolute error of 

4.4 %, 



Table 4.33 - Deflections at Ma = 2.0 ( M A  (Masmoudi 1995 & Masmoudi et d. 1996) 

CSA A23.3-94 

MC-90 (Several sections) . MC-90 (One section) 

Figure 4.12 - Ermr of Dko to Dq: hood (Masmoudi 1995 & Masmoudi et aI. 19%) 



100 T D CSA A23.3-94 

D MC-90 (Several sections) 

! D MC-90 (One section) 

Figure 4.13 - Error of Dho to D-: Kodiak (Masmoudi 1995 & Marmoudi et al. 1996) 

42.11 Masmoudi (1995) & Benmokrane et al. (1996) 

The experiments described in this doctoral thesis and paper are of simply supported 

concrete beams reinforced with steel and GFRP longitudinal reinforcement. Two types of 

GFRP bars are used from two different manufacturers: Isorod by Pultrall Inc., Quebec, 

Canada and Kodiak by International Grating Inc., Texas, U.S.A. 

The mechanicd properties of Isorod bars are found experimentally (ChaaIlaI & 

Benmokrane 1993) and are: ultimate tensile strength. f& = 690 MPa and tensile modulus of 

elasticity, E/=42 GPa The mechanical properties for the Kodiak bars are given by the 

manufacturer as: ultimate tensile strength, f& = 690 MPa and tensile modulus of ehsticity, 

E'= 42 GPa The mechanical properties for the steel are: yield strength, f ,  = 480 MPa and 

modulus of elasticity, Es = 200 GPa 

AII members have a width of 200 mm and span of 3000 mm. The loading was applied 

by two point loads. Some beams were Ioaded at the third points and some at a distance of 

1250 mm from each support. The kams loaded at the third points are: AC30-1, IS30-1, 
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IS30-3, IS45-1, IS45-2, AC55-1, ACSS-2, IS55-1 and B55-2. The beams toaded at a 

distance of 1250 mm from the supports are: AC30-2, IS30-2, KD30-1, KD30-2, AC45-1, 

AC45-2, KD4S-1, KD45-2, IS55-3, KD55-1 and KD55-2. 

Table 4.34 - Cracking moments (Masmoudi 1995 & Benmokrane et al. 1996) 

I CSA A233-94 I MC-90 

AU beams have two steel bars as compression reinforcement with a total cross-sectional 

area of 565 mm2 at a depth of 33 mm. The tension reinfixcement for aU beams consists of 

Beam 

AC30-1 

AC30-2 

IS30-1 

IS30-2 

IS30-3 
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13.04 

13.12 

13.04 

14.62 

10.0 

6.4 

error 

(8) 

-10.6 

-17.2 

3.94 

4.07 

3.89 

4.07 

4.33 

4.27 

4.51 
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-5.1 

-3.2 

11.1 

6.4 

11.2 

4.18 

4.51 

4.97 

12.74 

13.71 

15.09 
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two bars of 19.1 mm diameter with total cross sectional area e q d  to 573 mm2. The tension 

reinforcement is either steel (AC), Isorod GFRP (IS) or Kodiak GFRP (ICD). 

The height of the concrete members are 300, 450 and 550 mm, with comsponding 

depths to the reinforcement of 260.5.410.5 and 5 10.5 mm, respectively. The reinforcement 

ratios are 1.10,0.70, and 0.56 96, respectively. The span-to-depth ratios are 10,6.7 and 5.5, 

respectively for the beams of height 300,450 and 500 mm. 

The experimental cracking moments as well as the theoretical cracking moments found 

using CSA A23.3-94 are given in the doctoral thesis and are repeated here in Table 4.34. 

The table also shows the theoretical cracking moments, M,-, calculated from MC-90. 

Comparing the experimental cracking moments to the theoretical values using 

CSA A23.3-94 the percent errors range from -23 to +14 8 with an average absolute error of 

7.5 %. For MC-90 using f- the range in percent enor is -40 to 4 9b with an average 

absolute error of 18 %. Iff,, is used the range becomes -7 to +27 %with an average 

absolute error of 13 %. 

Experimental deflections are given in the doctoral thesis and the paper as moment- 

deflection curves. These values are compared to theoretical values at an applied moment of 

two times the cracking moments, Ma = 2.0 (M,),, and are shown in Table 4.35. 

The percent emrs from Table 4.35 are shown graphically in Figures 4.14 to 4.16. 

Figure 4.14 shows that the percent errors of the steel reinforced beams are similar for boih 

CSA A23.3-94 and MC-90. The average absolute errors for CSA AZ3.3-94, MC-90 (25 

sectious) and MC-90 (1 section) are 25.9,25.6 and 24.1 45, respectively. 

Figtues 4.15 and 4.16 show that MC-90 gives closer deflection predictions than 

CSAA23.3-94 for GFRP reinforced beams. The korod reinforced beams have average 
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loo T CSA A23.3-94 

80 4 MC-90 (Several sections) 

I MC-90 (One section) 

Figure 4.14 - Error of Dho to Dap: steel (Masmoudi 1995 & Benmokrane et al. 1996) 

CSA A23.3-94 

MC-90 (Several sections) 

U MC-90 (One section) 

Figure 4.15 - Error of Dho to Dq: Isorod (Masmoudi 1995 & Benmokrane et d. 1996) 



CSA A23.3-94 

MC-90 (Several sectio11~) 

MC-90 (One section) 

Figure 4.16 - Error of Drhm to D-: KOdiak (Masmoudi 1995 & Benmokrane et al. 1996) 

43.12 Benmokrane and Masmoudi (1996) 

The paper discusses the flexural behaviour of nonprestressed simply supported concrete 

beams reinforced with GFRP longitudinal reinforcement. The type of GFRP bars used are 

C-Bar, which are produced in the United States by Marshall Industries Composites Inc. The 

mechanical properties of the C-Bar used in this paper were found by the authors and are: 

uItimate tensile strength, fd = 773 MPa and tensile modulus of elasticity, Ef = 38 GPa The 

diameter of the C-Bars used in these experiments is 14.9 mm. 

The beams have width of 200 mm, height of 300 mm and span of 3000 mm, giving a 

span-to-depth ratio of Uh = 10. The loading was applied by two point loads, each at 

I250 mm from the supports giving a constant moment zone of 500 mm. 

Table 436 gives the kam designations, the concrete compressive strength at the time of 

testin&&', the number of bars, the totaI area of steel or FRP reinforcement, As or Afi and the 

tensile percent reinforcement ratio7 %p. The beams with two and three reinforcing bars 

have one layer of reinforcement at a depth of dl = 264 mm. These beams CB2B and 
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CB3B. The beams with four and six reinforcing bars have two layers, one at a depth of 

dl = 264 mm and the other at d2 = 219 rnm. These beams are CB4B and CB6B. All beams 

have steel compression reinforcement with a cross sectional area of 157 mm' at a depth of 

35 mm. 

Table 4.36 - Section properties (Benmokrane and Masmoudi 1996) 

Experimental values for the cracking moments are not given in this paper. The 

deflections are given as loaddeflection curves. Table 4.37 shows the results of 

experimenral and theoretical deflections at an applied moment of two times the cracking 

moment, Ma = 2.0 (M,),. 

Tabfe 4.37 - Deflections at Ma = 2.0 ( M A  (Benmokrane and Masmoudi 1996) 

The percent errors of TabIe 437 are shown graphically in Figure 4.17. The average 

absolute errors are 44.2, 11.9 and 13.6 9b using CSA A23.3-94, MC-90 (25 sections) and 

MC-90 (1 section), respectiveIy. 



CSA A23.3-94 

MC-90 (Several sections) 

4 MC-90 (One section) 

Figure 4.17 - Percent error of D&o to D, (Benmokme and Masmoudi 1996) 

43.13 Thdriault and Benmokrane (1997) 

The report by Thiriault and Benmokrane contains the results of flexural experiments 

conducted on nonprestressed simply supported concrete beams reinforced with GFRP 

longitudinal reinforcement. The type of GFRP bars used are C-Bar produced in the United 

States by Marshall Industries Composites Inc. The mechanical properties are: ultimate 

tensile strength, f& = 773 MPa and tensile modulus of elasticity, &= 38 GPa The diameter 

of the C-Bars used is 12.3 mm. 

The beams have a width of 130 mm, height of 180 mm and span of 1500 mm, giving a 

span-to-depth ratio of Vh = 8.3. The loading was applied by two point loads at the third 

points ofthe beams. 

The concrete beams are divided into three groups according to their concrete strength: 

normal (N), high (H) and very high (V). Each of these three groups has four beams: two 

with two tensile reinforcing bars and two with four tensile reinforcing bars. The beams with 

two wiIe  niaforcing bars have only one layer of reinforcement at the depth of 
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dl = 154 mm. The total cross sectional area of the GFRP is 238 d and reinforcement 

ratio 1. I9 %. The beams with four tensile reinforcing bars have two layers, one at a depth 

of dl = 154 mm and the other at d2 = 117 mm. The total cross sectional area is 476 mm' 
and reinforcement ratio 2.70 46. AU beams have steel compression reinforcement with a 

cross sectional area of 56.6 mm' and depth of 23 ma 

Table 4.38 shows the concrete compressive strengths at the time of testing the beams, 

f,', the experimental cracking moments, (MW)-, and the theoretical cracking moments. 

The theoretical cracking moments calculated using CSA A23.3-94 are given in the =port 

and are rewritten in this table. Also in this table are the percent emr of the theoretical 

cracking moments to the experimental values. 

Table 4.38 - Cracking moments (Th&ault and Benmokrane 1997) 
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The average absolute errors of the theoretical to the exper&ntal cracking moments are 

14.3 and 26.3 46 for CSA A23.3-94 and MC-90, respectively. Using the mean tensile 

strength, fa, in place of famar gives an average absolute error of 21.4 46. 

The report gives deflections as moment-deflection curves. Table 4.39 shows the 

experimental and theoretical dencctions at an applied moment of two times the cracking 

moment, Ma = 2.0 (Mm)-. 

The percent errors of Table 439 are shown graphically in Figuns 4.18 and 4.19. 

Figure 4.18 shows the beams reinforced with two bars and Figure 4.19 those reinforced with 

four bars. 

Table 439 - Mections at Ma = 2.0 ( M A  ("IMiault and Bemokrane 1997) 



CSA A23.3-94 

MC-90 (Several sections) 

MC-90 (One section) 

Ma = 2.0 (M,),, 

Figure 4.18 - Percent error of Drho to D-: 2 bars (Theriault and Benrnokrane 1997) 

CSA A23.3-94 

MC-90 (Several sections) 

MC-90 (One section) 

Figure 4.19 - Percent error of Dho to D,: 4 bars (Theriault and Benmokrane 1997) 
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hcluding al l  beams, the average absolute errors are 37.3, 6.6 and 10.4, respeztively, 

using CSA A23.3-94, MC-90 (25 sections) and MC-90 (1 section). For CSA AU.3-94, the 

average absolute enor including only the beams with two bars is 44.8 %. For only the 

beams reinforced with four bars the average absolute error is 29.7 45. Thus, as the 

reinforcement ratio increases the accuracy of CSA A23.3-94 also increases. 

4.2.14 Michaluk (1996) 

The experiments of this master of science thesis are of nonprestressed simply supported 

one-way concrete slabs reinforced with GFRP, CFRP and steel reinforcement. 

Deformed steel bars of two diameters are used. The author conducted tension tests on 

the 10M steel bars. The elastic modulus and yield strength were measured as 177 GPa and 

435 MPa, respectively. Steel of diameter 15M is also used however not enough material 

was available for testing so the manufacturers values oE yield strength of 400 MPa and 

elastic modulus of 200 GPa are used. 

The Isom? bars used for these tests have diameters of 9.5, 12.7 and 15.9 mm. The bars 

are formed by pultrusion. Glass fibres are then wound about the core to form deformations 

and a coating of sand particles is applied to improve bond to concrete. The average 

mechanical tensile properties of these bars are reported from tests conducted for this testing 

program at the University of Manitoba as well as published data by Grieef (1996) at the 

University of Mauitoba and ChaaIlaI and Benmolcrane (1993) at the University of 

Sherbrooke. Taking the average values of these tests the ultimate tensile strength is 

662 MPa, the uItimate strain is 1.6% and the elastic modulus is 43 GPa, 

The CFRP rods used are Leadline. These rods are essentially smooth. The mechanical 

tensile properties are taken from A b d e m  (1995) of the University of Manitoba. Using 

Werent testing methods gives different d t s .  The manuf&urer reports the guaranteed 

tensiIe strength as 1970MPa and the ultimate tensile strength as 2250 MPa At the 



103 
University of Manitoba the ultimate tensile strength was found to be 2280 or 2950 MPa 

depending on the type of grip anchors. The manufacturer gives the elastic modulus as 

147 GPa and at the University of Manitoba it was found to be 177 GPa 

Table 4.40 gives the slab designations, the concrete compressive strength on the day of 

testing* f,', the number of bars and their diameter, #* the total area of tensile steel or FRP . 

reinforcement, As or Afi the depth to the reinforcement, d, and the percent tensile 

reinforcement ratio, %p. The letters S, I and LL indicate steel. Isorod GEW and Leadline 

(3FRP reinforcement, respectively. AU members have a span of 3000 mm. In the slab 

designation, 150 and 200 indicate the slab heights of 150 and 200 mm, respectively. This 

gives span-to-depth ratios of Uh = 20 and 15, respectively. The loading was applied by third 

point loading. The letters A, B, C and T at the end of the name indicate different 

reinforcement ratios. 

Table 4.40 - Section properties (Michaluk 1996) 

The author gives the experimental cracking loads but makes no attempt to compare the 

experimental values to theoretical ones. Therefore, in the present analysis Tabie 4.41 

compares theoretical cracking moments, calculated using CSA A23.3-94 and MC-90, to 
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experimental values. The table gives the percent emr between the experimental and 

theoretical values. 

Table 4.41 - Cracking moments (Michaluk 19%) 

The cracking moments of the two steel reinforced siabs, S-150-T and S-200-T, are 

predicted equally well using CSA A23.3-94 and MC-90. The average absolute enon are 

17.9 and 4.8 %, respectively, using CS A A23.3-94 and MC-90. 

Unlike the cracking moment predictions for the steel reinforced slabs, those for the 

GFRP reinforced slabs are not dose to the experimental vdues. The average absolute 

emrs are 37.7 and 67.6 96, nspectively, for and Mr-. The percent erron of the 

theoretical to experimental cracking moments for the CFRP reinforced slab are -28 and 

-58 %, respectively, for (M,)cu and Mr-* 

The experimental cracking moments, ( M A ,  of the steel reinforced slabs are greater 

those of the GFRP and CFRP reinforced slabs. SIabs S-150-T and 1-1 5 K  have the 

same cross-sections, reinforcement ratio @ = 0.96 46) and similar concrete strengths. 

Therefore, it codd be assumed that they would have the similar values of (Mm)),. 
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However, this is not the case. Slab S-150-T has (M,), = 20.3 kN rn and I-150-C has 

( M A  = 13.5 kN m. 

The author of the thesis gives some clues as to the cause of the possible premature 

cracking in the FRP reinforced slabs. The number and spacing of cracks gives an indication 

of the strength of the bond between reinforcement and concrete. The author d e s c n i  that 

the steel reinforced slabs have many closely spaced cracks with an average spacing in the 

constant moment zone of 97 mm and 128 mm for S-150-T and S-200-T, respectively. Slab 

LL-200-C has five aacks in the constant moment zone with an average crack spacing of 

190 mm. The GFRP reinforced slabs have even larger crack spacing than the CFRP 

reinforced slab. The average crack spacing for the slabs are 242,299,237.275 and 230 mm 

for slabs I- 150-A. I- 1 SGB, I- 1 SOX,  I-200-A and I-200-C, respectively. 

To explain the difference in cracking behaviour between the steel and FRP reinforced 

slabs the author states that the small number of cracks and large crack spacing of the GFRP 

reinforced slabs is due to the Iow elastic modulus of GFRP as well as  a Ioss of bond 

between the reinforcement and the concrete between cracks, although no slip had occurred. 

He also states that for the GFRP reinforced slabs, this loss of bond may be due to the 

debonding of the outer spiral layer which is the glass fibres wrapped around the inner core 

of the Isorod bars. The CFRP bars an relativeIy smooth and a slip of 100 mrn had occurred 

by the time the load reached ultimate. 

Thus, the possible premahue cracking of the FRP reinforced slabs may be due to a 

combination of poor bond between the concrete and the reinforcement, low elastic modulus 

of the reinforcement, low reinforcement ratio and large span-to-depth ratios. 

The master of science thesis gives deflections as loaddefieztion curves. TabIe4.42 

shows the experimental and theoretical deflections at an applied moment of two times the 

cracking moments, Ma = 2.0 (MA), Slab I-200-A is omitted since it faded prematurely. 
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Slab S-200-T is also omitted since a value of two times the cracking moment exceeds the 

ultimate moment of this slab. The percent errors from Table 4.42 are shown graphically in 

Figure 420. 

Table 4.42 - Deflections at M, = 2.0 (Me)- (Michaluk 1996) 

I CSA A23.3-94 

MC-90 (Several sections) 

I MC-90 (One section) 

Figure 4.20 - Percent error of D&o to D, (Michaluk 1996) 
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For all the FRP reinforced slabs, CSAA23.3-94 gives pdor deflection predictions. 

However, MC-90 (25 sections) and MC-90 (1 section) give good predictions for dl the FEW 

reinforced slabs with average absolute errors of 15.4 and 9.2 %, respectively. Even closer 

predictions can be achieved if the bond coefficient in the calculations is changed from 

PI = 1.0, for high bond bars, to a lower value. For example, using a valw of 8, = 050 in 

the calculation of MC-90 (25 sections) of sIab I- 150-B gives a percent error of - 1.5 %I . 

42.15 S m  

The following sections summarise the data from the above to give an o v e d  picture of 

the accuracy of the different theoretical methods used for calculating cracking moments and 

deflections. 

4.2. I5.I Cmcking moment 

In most of the cases, the theoretical cracking moments are similar to experimental 

values. Only in a few cases is this not true. 

In Seztion 4.2.1, Nawy, Neuwerth & Phillips (1971), the theoretical cracking moments 

for both the steel and fibreglass reinforced beams overestimate the experimental values. 

In Section 4.22, Nawy & Neuwerth (1977), the theoretical cracking moments of the 

steeI reinforced beams are close to the experimental values while those calculated for the 

GFRP reinforced beams are not. 

In Section 42-14, Michaluk (1996), the theoretical cracking moments of the -1 

reiaforced slabs are close to experimental values, but the theoretical cracking moments for 

the FRP reinforced slabs m not. Poor bond due to debonding of the spiral layer combined 

with the low elastic modulus (42 GPa) of the GFRP bars as well as low remforcement ratios 

(0.48 to 0.96 46) and high span-todepth ratios (I/h = 20 and 15) are the most likeIy cause of 

the premature cracking in these slabs. The CFRP reinforced slab also had poor bond and a 
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low reinforcement ratio of 0.19 96, although the elastic modulus is relatively high at 

147 G f a  

43. 15=2 Deflecrion pre&tbn 

This section summarises the deflection results fiom the analyses of the previous 

sections. The average absolute emrs are discussed. Fit ly ,  the differences in 

reinforcement ratios, elastic moduli and span-to-depth ratios are ignored. Then the e f f m  

of these factors on the deflection predictions are discussed 

In the previous sections the theoretical deflections are compared to the experimental 

values at an applied moment equal to two times the experimental cracking moment, 

Ma = 2.0 ( M A .  Comparison of deflections were also calculated at four other applied 

moments: 1.5 2-5 (MCf)upr 3.0 (Mcr), and 3.5 (M,),. 

CSA A23.3-94 

MC-90 (Several sections) 

MC-90 (One section) 

1.5 Mcr 20 Mcr 2.5 Mcr 3.0 Mcr 3 5  Mcr 

Figure 4.21 - Average abso1ute e m  of Dao to D,: Steel reinforced concrete members 
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A total of twenty steeI reinforced concrete members were analysed The data for these 

membm is combined and an average absolute error between the theoretical and 

experimental deflections is calculated. The average absolute error is the average of the 

absolute values of the percent errors. Figure 4.21 shows the average absolute errors at the 

five applied moments for the steel reinforced concrete members. The three methods of 

deflection prediction give similar resuIts no matter the intensity of the applied moment. For 

all five applied moment levels, and for all three prediction methods, the average absolute 

error is about 18 %. 

CSA A23.3-94 

MC-90 (Several sections) 

MC-90 (One section) 

1.5 Mcr 2.0 Mcr 25 Mcr 3.0 Mcr 3.5 Mcr 

figure 4.22 - Average absolute error of D&o to DW: CFRP reinforced concrete members 

Three CFRP reinforced concrete members were andysed Each of the three were found 

in different references: RC-Cl. CRC and LL-200-C are from Nakano et al. (1993), 

Kakizawa et al. (1993) and Michduk (1995), respectively. Figure 4.22 shows the average 

absolute errors of the three members at the five applied moment levels. As the applied 

moment increases, the accuracy of CSA A23.3-94 to predict deflections also increases. The 
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accuracy with MC-90 (One or Several sections) is not effkcted by the magnitude of the 

applied moment. 

loo T 
80 t C S A  A23.3-94 

pa- 
w 

II CEB MC-90 (Several sections) 

I C E B  MC-90 (One section) 

Figure 4.23 - Percent emor of D&o to D,, versus %p and Uh 

The accuracy of CSA A23.3-94 in predicting deflections depends not only on the 

magnitude of the applied moment as shown in Figure 4.22, but also on the values of the 

reinforcement ratio, elastic maduIus of the reinforcement and the span-to-depth ratio of the 

concrete member. Egure 4.23 compares the percent errors of the three CFRP reiaforced 

members at an applied moment of Ma = 2.0 ( M A .  Slab LL-200-C which has the lowest 

reinforcement ratio (%p = 0.19) and the highest span-to-depth ratio (Mi = 15.0) also has the 

highest percent error at 70 46. Beam CRC with %p = 0.69 and Uh = 1 1.3 has a percent error 

of 27.1 % and beam RCCl with %p = 0.82 and i/h = 8.0 has a percentage error of 19.2 45. 

Thus, the theoretid deflections catculated with CSA A23.3-94 become more accurate as 

the reinforcement ratio increases and as the span-to-depth ratio decreases. 
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The foilowing results for the AFRP and GFRP reinforced concrete members are similar 

to those found for the CFRP reinforced members. 

l CSA A233-94 

MC-90 (Several sections) 

I MC-90 (One section) 

1.5 Mcr 2.0 Mcr 2.5 Mcr 3.0 Mcr 3 5  Mcr 

Figure 4.24 - Average absolute emr of Dho to D,: AFRP reinforced concrete members 

Seven AFRP reinforced concrete members were andysed in the preceding sections. 

The absolute average of the percent errors of the seven members we= determined and the 

results are shown in Figure 4.24 at five magnitudes of applied moment 

Figure 4.24 shows an increase in accuracy of  CSA A23.3-94 theoretical deflections with 

an increase in the magnitude of the applied moment. The accuracy of MC-90 deflection 

predictions does not change with a change in the applied moment 

Four of the seven members are found in Section 4.2.5, Nakano et al. (1993). They have 

the same reinforcement eelastic moduIus of Ef = 62 GPa and the same span-to-depth ratio of 

fi  = 8. Figure 4.25 shows the influence of the reinforcement ratio on the accuracy of the 
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CSA A23.3-94 theoretical deflections, as well as the independence of MC-90 theoretical 

deflections to any changes in reinforcement ratio. 

CSA A23.3-94 

CEB MC-90 (Several sections) 

CEB MC-90 (One section) 

I -40- Rehbrcement Ratio 

Figure 4.25 = Percent error ofDlho to Dap versus %p 

Seventy-five GFRP specimens were analysed in the preceding sections. The average 

absolute error between the theoretical and experimental deflections of all specimens are 

shown in Figure 4.26 at five applied moments. The absolute averages include ail seventy- 

five concrete nlembers. 

The above shows that CSA A23.3-94 does not accurately predict the deflections of FRP 

reinforced concrete memben. The above also shows that MC-90 gives reasonable 

deflection predictions for both steel and FRP reinforced concrete members. The deflection 

pmiictions using severaI seztions are the most accurate, but using one section at midspan 

also gives reasonable predictions. Also, the d t s  indicate that the use of =LO and 
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& = 1.0, for high bond and first loading, respectively, give the best overall deflection 

predictions. 

. CSA A23.3-94 

I MC-90 (Several sections) 

MC-90 (One section) 

1.5 Mcr 20 Mcr 2.5 Mcr 3.0 Mcr 3 5  Mcr 

Figure 426 - Average absolute error of Dho to D,: GFRP reinforced concrete members 

4.3 LONG TERM DEI?LECTION 

The deflection of a steel reinforced concrete member subjected to a sustained load 

increases over time due to several faftors, including: c m p  of the concrete in compression 

and tension, shrinkage of the concrete, formation and widening of cracks, bond creep 

between the reinforcement and the concrete, relaxation of tensile stresses, movement of the 

neutral axis, compression steel and load cycles (Brown & Bartholomew 1996). However, 

most methods for determining the long-term deflections of steel reinforced concrete 

members incIude only the effects of the shrinkage of concrete, the creep of concrete in 

compression and the effects of compression -1. This is so, since they are the major 

conmiutors to long-term deflection. Are these three e f f i a  also the major contn'butors to 

Iong-term deflection of FEW reinforced concrete members? 
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The following papers are discussed in chronological order and describe testing programs 

of the long-term flexural behaviour of nonprestressed simply supported concrete members 

reinforced with F W  bars. A description of the papers is given along with a summary of the 

resuits and conclusions. 

4.3.1 Kage et aL (1995) 

The authors' study was done to obtain basic data concerning the long-term deflections 

of concrete beams reinforced with fibre reinforced polymer (FRP) bars. Experimental tests 

and analytical predictions of the long-term deflections were done for both FRP and steel 

reinforced beams. 

The beam specimens were square with height and width of 200 mm and a length of 

1500 mm, giving a span-to-depth ratio, Uh = 7.5. The FRP and steel bars were located at a 

depth of 161 mm. Ten specimens were constructed, five for short-term strength tests and 

five, identical to the first, for the long-term tests. The same cross-sectional area of 

reinforcement was placed in the tension and compression zones. Two of the beams were 

reinforced with steel bars with a tensile reinforcement ratio of 0.92 %. The other eight 

beams were reinforced with FRP bars with tensile reinforcement ratio of 0.94 %. Two of 

these eight beams were reinforced with AFRP bars, four with CFRP bars and two with 

GFEW bars. The specified design strength of the concrete for all beams was 35.3 MPa. 

AU the bars had a diameter of 8 mm and cross-sectional area of 50 d. The steel bars, 

Sd, had a yield strength of 294 MPa and an elastic modulus of 205.9 GPa The AFRP ban, 

Ab, were braided and had a tensile strength of 1373 MPa and an elastic modulus of 

63.7 GPa The GFRP bars, Gs, were spkaUy wound and had a tensile strength of I353 MPa 

and an elastic modulus of 46.3 GPa Two types of CFRP ban were used The fim was Cb 

which is a braided bar and has a tensile strength of 1285 MPa and an elastic modulus of 

114.7 GPa The second was Cs and was a spirally wound bar and had a tensile strength of 

1795 MPa and an elastic modidus of 122.3 GPa 
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The long-term loading tests were conducted in a room with a temperature of 20 + 2 O C  

and a relative humidity of 60 + 5 46. The simply supported beams were loaded by two point 

loads located at the third points of the span. The total sustained load was equal to 32.8 kN. 

This load produced a stress, in both the FRP and steel reinforcement, of 196.1 MPa This 

value is approximately two thirds of the steel yield strength. 

The authors used Branson's equation (Equation (3.5)) to calculate the immediate post- 

cracking curvature, yl, due to the initial application of the sustained load, 

where M is the maximum bending moment, Ec is the Young's modulus of concrete and I, is 

the effective moment of inertia (Equation (3.5)). 

The long-term midspan curvature, Av,  due to creep and shrinkage was calculated using 

the modified Young's modulus method from the "Standard for Structural Calculations for 

Reinforced Concrete" from the Architectural Institute of Japan. 

The curvature due to creep, w-,,. was calculated using, 

where M is the sustained moment applied to the beam, and G and E, are the effective 

moment of inertia and moddus of elasticity accounting for creep. The modulus of elasticity 

accounting for creep is, 



where Ec is the modulus of elasticity of concrete and 9 is the creep coefficient, 

where t is the concrete age in weeks. a1 is equal to 1 and bl is equal to 0.75. 

The cwature due to shrinkage, ysh, was calculated using, 

where n, = n (I+@), Xm is the position of the neutral axis accounting for creep and ~~h is the 

drying shrinkage strain, 

where cpl is the creep coefficient, (R, is the ultimate creep coefficient and is equal to 3.0 and 

E, is the ultimate drying shrinkage strain and is equal to 375 x lo4. 

The authors compared the experimental midspan cwatures to the theoretical values of 

the short-term strength beams. The results showed that for the steel reinforced beams using 

Branson's equation for effective moment of inertia gave theoretical curvatures close to the 

experimental values. However, the theoretical curvahlre~ underestimated the experimental 

values for the FRP reinforced concrete beams. The theoretid curvatures of the beams 
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became closer to the experimental values as the elastic modulus of the FRP bars increased. 

The authors concluded that the equations conventionally used for the evaluation of the 

flexural cracking rigidity of steel reinforced concrete beams cannot be applied unaltered to 

concrete beams reinforced with FRP bars with lower elastic modulus than steel bars. This 

concIusion is the same as that found in the above sections of the present analysis regarding 

Branson' s equation. 

The authors found that both the overall experimental curvatures (immediate plus the 

change in curvature, AM, W, and the change in cuwature over time, Ay, are larger for the 

FRP reinforced beams than for the steel reinforced beams. The authors believe this is due 

to the lower elastic modulus of the FRP bars. They also found that the closer the elastic 

modulus of the FRP bars to that of the steel bars, the closer yand Ayof the FRP reinforced 

beams are to those of the steel reinforced beams. 

The experimental values of Aly, for the FRP reinforced beams, were found to be 10 to 

40 % less than the corresponding theoretical values. This percentage decreased with an 

increase in the elastic modulus of the FRP ban. The experimental values of ywere found 

to be 20 to 30 46 greater than the corresponding calculated values and this percentage also 

decreased with increasing elastic modulus of the FRP bars. The authors state that as the 

initial modular ratio EJEC increases, the theoretical values of yand Ay become closer to the 

experimental values. Also the authors state that the calculated Young's modulus accounting 

for creep, E (Equation (4.12)) needs to be larger in order to give smaller values of ly and 

Aly. Thus the creep coefficient, q, must be lower. 

Although the authors believe that increasing E, may be the answer decreasing the 

theoretical long-term curvatures so they are closer to experimental values, there is another 

answer to why the theoretical values of wand AW are greater than the experimental values. 

The difference may be due to the fact that the creep curvature (Equation (4.1 1)) is calculated 

with the effective moment of inertia accounting for creep, Iet. This value is calculated using 
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Branson's equation and dcdating I, and I, with E, in place of Ec. Since using Bmon's 

equation does not give thwreticaI values close to experimental values for the shofl-term 

wts, then it would seem that using this equation for long-term calculations would also give 

similar results. 

The authors conclude that much more research is necessary especially concerning the 

possible creep of the FRP reinforcements and their long-term bonding properties to 

concrete. 

4.3.2 Brown & Bartholomew (1996) and Brown (1997) 

The two p a w  describe the results of an experimental study on the long-term behaviour 

of GFEW reinforced concrete beams. The first paper shows the results of Phase I of the 

study and the second paper shows the results of both Phase I and Phase IL The goal of this 

study was to compare the behaviow of GFRP reinforced beams to that of steel reinforced 

beams under sustained long-term loading. Another goal was to determine if the available 

methods of predicting creep and shrinkage in steel reinforced concrete might be adaptable 

for use with FRP reinforced concrete. 

In Phase I a total of six beams with longitudinal tension reinforcement and no 

compression reinforcement were tested. Two of the beams were reinforced with GFRP bars 

and tested under short-term loading. The other four beams were subjected to long-term 

sustained loading with two beams reinforced with GFRP deformed bars and two beams 

reinforced with steel deformed bars. In Phase II a total of six beams were tested, all of 

which were reinforced with GFRP tension reinforcement, Two beams were tested under 

short-term destructive loading, one with no compression reinforcement and one with GFRP 

compression reinforcement. The remaining four beams were tested under long-term 

sustained ioading. Two with no compression reinforcement and two with GFRP 

compression reinforcement Two beams with identical cross-sections were cast and the 

average d t s  of the two is prrsented in the papers. 
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In both Phase I and Phase II, the beams have a width of 102 mm, a height of 152 mm 

and a span of 1676.4 mm, giving a span-to-depth ratio of Uh = 11.2. Loading was applied 

by two point loads 305 mm apart and 686 mm from each support. Each sustained point 

load had a magnitude of 3.87 kN, which gives a maximum moment at midspan of about two 

times the cracking moment. 

The reinforcing bars in Phase I, whether steel or GFRP, had a diameter of 9.5 mm. 

Each beam was reinforced with two reinforcing bars at a depth to the reinforcement of 

115 mm. The reinforcement ratio was 1.22 96. The deformed steel bars had a specified 

yield strength of 400 MPa and an elastic modulus of 200 GPa The GFRP bars consist of 

E-glass in a vinylester resin matrix and an produced by Polystnrctwes hc. They are 

linearly elastic to failure and have a guaranteed tensile strength of 550 MPa and a tensile 

modulus of elasticity of 41 -4 GPa 

The GFEW reinforcing bars of Phase II had a diameter of 15 rnm. Each beam was 

reinforced with two reinforcing bars at a depth to the reinforcement of 130 mm. The 

reinforcement ratio was 3.0 %. The GFEW bars were manufactured by Marshdl Industries 

Composites and ate Grade B Type 1 c - ~ a r ~ .  The guaranteed tensile strength is 650 MPa 

and the elastic modulus is 41 A GPa The surface of these bars is similar in appearance to 

deformed steeI bars and have deformations of an average height of 12  rnm and spacing of 9 

to 10 mm- 

The 28 day average compressive strength of the concrete? for aU beams, was 35 MPa 

The long-term specimens were loaded at concrete age of between 37 and 40 days and 

remained loaded for an eight month period and deflection measurements were taken 

weekly. 

In PhaseI, the authors found that the cracking behaviour of the GFRP and stcel 

reinforced concrete beams were different They found that for the GFW reinforced beams 
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many cracks formed just after application of the sustained load and that as the duration of 

loading increased the existing cracks widened and spread and new cracks formed The steel 

reinforced beams, however, had no visible detectable cracks just after the load was applied 

but as the duration of the sustained load increased cracks widened and became visible, The 

GFRP reinforced beams of Phase II had cracking behaviour similar to the steel reinforced 

beams of Phase L This was due, in part, to the fact that the reinforcement ratio of the GFRP 

reinforced beams (3.0 %) is about 2.5 times that of the GFRP reinforced beams from 

Phase I(1.22 %). 

The average initial deflection, 4 ~ w ,  of the GFRP reinforced beams ( p  = 1.22 96) was 

9.2 mm and that of the steel reinforced beams, 4 ( p  = 1.22 %) was 2.4 mm. Therefore, 

the GFRP reinforced beams have an average initial deflection of 3.76 times that of the steel 

reinforced beams. The average initial deflections of the GFRP reinforced beams (p = 3.0 9% 

& no compression reinforcement) was 2.8 rnm and that of the GFRP reinforced beams 

@ = 3.0 % & compression reinforcement) was 3.5 mm. 

The authors state that the shrinkage deflections could not be separated experimentally 

from the creep deflections. But, since the loading did not begin untii a concrete age of 

between 37 and 40 days, the authors conclude that the deflection due to shrinkage should be 

quite small compared to that due to creep. The authors applied a correction for shrinkage 

based on Branson's equivalent tensile force method. This is a first principle technique and 

is thus equally valid for both types of reinforcement. The correction means that the 

calculated deflection due to shrinkage is subtracted from the experimental change in 

deflection. Therefore, leaving only the change in deflection due to cnep to be analysed. 

The authors note that in their calculation of the analytical values of specified creep, C, 

they used the comction f-om for non-standard conditions. They assumed that these same 

correction factors couIcl be used for FRP reidorced beams as well as the steel reinforced 

beams- 
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The authors calculate the theoretical deflection due to &eP, 4, using a method 

developed by Branson and adopted in a simplified form in ACI318-95 (i.e. 

CSA A23.3-94). This method was also adopted by ACI Committee 209 and is described in 

Section 3.1.5 of this thesis. It involves the multiplication of the initial deflection, 4, by the 

creep coefficient, C ,  and a reduction factor k, to account for the presence of compression 

steel. If no compression steel is present then k,= 1.0. For steel reinforced beams the 

presence of compression steel decreases the long-term deflections, however this has not yet 

been proven to be true for FRP compression reinforcement. 

The accuracy of the above method to predict the long-term deflections of concrete 

membea reinforced with GFRP bars is evaluated by the authon. The results of Phase I are 

first discussed followed by the results of Phase IL 

The ratio of the change in deflection due to creep of the GFRP reinforced concrete 

beams to that of the steel reinforced beams, both with p = 1.22 8, is 4 F R p I b N e 1  = 1.80. 

This value is less than 4 FRpI& s~ = 3 -76. The specific creep of the GFRP reinforced 

beams is less than that of the steel reinforced beams and the ratio of the specific creep of the 

GFRP reinforced beams to the steel reinforced beams is Cr&Ctneel = 0.479. The authon 

note that this ratio has little sensitivity to the duration of the loading. Sin= this ratio hardly 

changes with duration of loading, then it is possible that the methods used to determine the 

long-term deflections for steeI reinforced beams could be modified for use with GFRP 

reinforced beams. The authors suggest that keeping the time dependent part of the r n t c  

creep equation muation (3.14)) the same and adjusting the ultimate creep coefficient for 

GFRP reinforced beams, Cum, may result in reasonable deflection predictions. Since the 

ratio CtFRP/CIM[ = 0.479, they anticipate that the ultimate creep coefficient of the GFRP 

reinforced test beams wilI be Cu = (CtFRpICtme~ )Cu = (0.479)(2.35) = 1.13, where 

Cu = 2.35. The value Cu lRP is caldated from experimental resuits. 
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The above adjustment to Cunrcr to determine C v m  can be developed analytically as 

follows, 

("d), 
("A) steel 

where the ratio &rwd&nzP can be determined analytically and in this case was determined 

to by equal to 0.221 and if it is assumed that the creep deformations are proportional to the 

maximum concrete compression strain, then & FRJ~& = & & ~ ~ ~ ~ l .  For these beams 

this ratio is calculated analytical1y assuming a fully cracked transformed section and is equal 

to 2.24. 

The analytical value for the ratio C, FRpICU = (224)(0.22 1) = 0.495 and C. F R ~  = 1.16 

is close to the experimental vaiue of 1.13. Using the analytical value of Cu FW in the 

calculation of C, over the duration of the tests gave theoretical deflections close to 

experimental values. The authors say that it would be appropriate to use this value of 

ultimate creep coefficient in GFRP beams that have similar deflection characteristics and 

strain levels as the beams used for their project But they concIude that more studies need 

to k done More it is known how applicable is the C. value, developed in their paper, to 

beams with dissimilar deflection andor concrete strain characteristics. 

In conciuion, the authors state that the creep behaviour of GFRP and steel reinforced 

beams is similar. The shapes of the deflection verms time c w e s  for the GFRP and steeI 

reinforced beams were similar which suggested that the time dependent character of creep is 

u n a f f d  by the presence of the FRP reinforcement Their study demonstrated that 

methods deveIoped by Bntnson for predicting crwp and shrinkage deflections for steel 

reinfimed beams can be used to predict long-term deflections of GFRP reinforced concrete 
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beams as long as the differences in initial deflections and concrete compressive strains are 

taken into account. 

The authors determined that the cpep deflections will vary more on the basis of the 

stress level in the compression zone than on the size of the initial deflection. Also, they 

emphasise that the ultimate creep coefficient needs to be adjusted for both the difference in 

initial deflection and the difference in the strains of concrete in the compression zone. 

4.33 Arockiasamy et PI. (1996) 

The paper is a summary of on-going experimental studies of the long-term rnoment- 

curvature behaviour of concrete beams reinforced with CFRP bars. Four rectangular beams 

were tested. All the beams had two 7.5 mm diameter CFRP bars as longitudinal 

reinforcement and steel stirrups as shear reinforcement AU beams had a width of 152 mm 

and span of 2286 mm. Beams B 1 and B2 had heights of 203 mm, giving Uh = 1 1.3, and 28 

day concrete compressive strength of 32.1 MPa. Beams B3 and B4 had heights of 152 mm, 

giving Uh = 15.0, and concrete compression strength of 42.8 ma. 

Testing began at an age of 28 days for all beams. The simply supported beams were 

subjected to uniform sustained load The type and magnitude of uniform loading was 

different for each beam. Beam Bl  was subjected to a uniformly distributed load of 

4.178 Wrn for the entire span. Beam B2 had the same uniform load as beam Bl and in 

addition was subjected to a uniform load of 4.26 26jm in the central portion of the beam 

over a length of 939.8 mm. Beams B3 and B4 had the same loading as beam B I except for 

an additional Ioad of 4.38 W m  at the central portion of the beam over a length of 152 mm. 

At the time the paper was written beams B 1 and B2 were under the sustained Ioad for 

7 months and beams B3 and B4 for 3 months. The loading on beam B 1 did not produce any 

cracking and the beam remained uncraciced for the duration of the test Beams B2, B3 and 

B4 developed new cracks dudng the first couple of weeks of loading. 
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The ratios of the maximum applied moment at midspan to the experimental cracking 

moment were 1 -23, 1.10 and 1 1 3  for beams B2, B3 and B4, respectively. 

Since beam Bl did not crack the immediate deflection of 0.30 mm only increased 

slightly over rime. For beamB2 the immediate deflection and the total deflection after 

2 months and after 6 months were 4.88,9.93 and 1 1.10 rnm, respectively. For beam B3, the . 

immediate deflection and the total deflection after 2 months were 8.04 and 14.61 rnrn. For 

beam B4, the immediate deflection and total deflection after 2 months were 9.86 and 

14.91 mm. 

The authors compared the immediate and long-term deflections of the CFRP reinforced 

beams to values calculated based on a method developed for steel reinforced concrete 

beams (Ghali & Favn 1994). The methods described in Ghaii and Favre (1994) are similar 

to the MC-90 methods shown in Chapter 3. However, the authors use the creep and 

shrinkage coefficients recommended by ACI Committee 209 instead of the values from 

MC-90. 

The immediate deflections at time to are calculated using GhaIi and Favre (1994). In 

this case the authors use parabolic variation of the mean ctmature over three sections; one 

at midspan and the other two at the supports. The authors chose PI = 1.0 and & = 1.0, for 

high bond bars and immediate loading, respectively, to calculate the interpolation 

coefficient, m a t i o n  (3.3 1)). 

The time dependent strains and curvatures were calculated using equations from page 

193 to 195 of Ghali and Fawe (1994). The equations on these pages are simplified methods 

and are based on the same princip1es as used in the development of the computer program 

CRACK (Ghali & EIbadry 1991). The authors used PI = 1.0 and a = 0.5, for high bond 

bars and sustained loading, nspectively, to dculate the interpolation coefficient, 

mation (33 1)) to caIcuIate the long-term deflections. 
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The analytical results were calculated based on the temperature and relative humidity 

variations with time since the beams were subjected to the ambient conditions of the 

laboratory. The authors caIcdated the theoretical deflections at the minimum and 

maximum humidity of each day, thus rnhimum and maximum deflections were calculated. 

In general, the authors found a fair agreement between the experimental and theoretical 

deflections particularly after a period of 6 to 7 months. Therefore, the authors conclude that 

it seems from these few tests that existing methods developed for the calculation of long- 

term deflections of steel reinforced concrete members can be used, without modification, 

for CFRP reinforced concrete beams. 



Chapter 5 

EXPERMENTAL PROGRAM 

5.1 INTRODUCTION 

A review of the available literature found that information regarding the long-term 

behaviour of FRP reinforced concrete members is Limited. Thus, it was decided that an 

experimental program to determine whether or not the present code equations used to 

calculate the long-term deflections for steel reinforced concrete members can be used with 

or without modification for FRP reinforced concrete members, 

This experimental program was designed to evaluate the long-term semice load 

deflections of concrete slab strips reinforced with GFEW bars and compare the results to 

those found for similar concrete slab strips reinforced with steel bars. 

The eight concrete slab strips have the same dimensions with a width of 280 mrn, a 

height of 180 mm and a length of 3.5 m. The span length is 3.2 m giving a span-todepth 

ratio Vh = 17.8. 

The specimens are divided into two groups. The specimens in the first group are loaded 

under short-term loading and the specimens in the second group are first pre-cracked under 

a short-term loading then loaded under a long-term sustained load for approximately eight 

months. The first group is referred to as short-term specimens and the second group as 

long-term specimens. 
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The four short-term specimens are reinforced with GFRP bars. Two specimens are 

reinforced with two GFRP bars and the other two specimens are reinforced with thne 

GFRP bars, thus varying the reinforcement ratio. Another variable is the type of loading, 

either direct static loading or cyclical loading. The cross-sections and the dimensions of the 

short-term specimens are shown in Figure 5.1. 

(Dimensions in mm) 

Figure 5.1 - Cross-sections of short-term specimens 

The four Iong-term specimens are first loaded under short-term cyclical loading, then 

loaded under a long-term sustained load. Two of the specimens are reinforced with GFRP 

bars and two with steel bars. AU specimens are reinforced with three reinforcing bars of 

similar diameter. The number of cycles and the magnitude of the loads of the short-term 

cyclical precracking and the magnitude of the Iong-term sustained load vary for each 

specimen. The cross-section and dimensions of the long-term specimens are shown in 

Figure 5.2. 



(Dimensions in mm) 

Figure 5.2 - Cross-section of long-term specimens 

Table 5.1 gives the specimen designations, the depth of the reinforcement from the 

compression fibre, d, the number and diameter of the reinforcing bars and the tensile 

reinforcement ratio, %p. The reinforcement tensile ratio is calculated as, 

where As and Af are the total area of the tensile steel or GFRP reinforcement, respectively; b 

is the width of the slab strip; and d is the depth of the tensile reinforcement from the 

compression fibre. 

The first three terms in the specimen designations describe whether they are short-term 

(Sh) or long-term (Lg) specimens, whether they are ninforced with GFRP (G) or steel (S) 

bars and whether they are reinforced with two (2) or thne (3) reinforcing bars. For the 

short-term (Sh) specimens the last letter in the designation describes whether the loading is 

static (S) or cyclical (C). For the long-term (Lg) specimens the last term describes the 
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approximate magnitude of the maximum applied moment due to the sustained load: 1.5 M, 

(1.5) and 3.0 M, (3.0). 

Table 5.1 - Specimen cross-sectional properties 

The above two applied moments were chosen in order to determine the accuracy of the 

various post-cracking deflection prediction methods at different load levels. The applied 

moment of approximately 1.5 M, is close to the cracking moment and thus tension 

stif5ening has a significant effect on the deflection. The applied moment of approximately 

3.0 M, is three times greater than the cracking moment and thus the effects of tension 

stiffening are reduced 

The specimens contain no compression or shear reinforcement It was determined that 

the maximurn applied load during the tests would produce a maximum shear less than the 

shear resistance of the concrete. An estimation of the shear strength of the concrete is 

calculated with the simplified method as described in Section 1 1.3.5 of CSA A23.3-94. 



53.1 Concrete 

The concrete is designed to give a 28 day strength of 25 MPa The concrete mix has the 

following proportions and a water-cement ratio w/c = 0.68. 

Coarse aggregate (max. 14 mrn diameter) 1029 kglm) 
Fine aggregate (fmeness modulus of 2.9) 862 kglm3 

Portland Cement (Type 10) 300 kg/m3 

Water 204 kdm3 

Total 2395 kg/m3 

Because the concrete mixer has a maximum volume limit of 0.25 m3, one batch of 

concrete from the mixer was enough to cast one slab strip and also the necessary test 

cylinders and small rectangular beams used in the determination of the mechanical 

properties of the concrete. 

The cylinders and small rectangular beam specimens were kept in the same curing 

environment as the slab strips. The concrete compressive strength and elastic modulus were 

determined at three different ages: (1) 28 days, (2) the age at the time of testing for the 

short-texm tests or the age at the beginning of the test for the long-term tests and (3) the age 

at the end of the tests for the long-term tests. The modulus of rupture is determined at the 

age of 28 days and the age at the time of testing for the short-term tests or the age at the 

beginning of the test for the long-term tests. The shrinkage of the concrete over the period 

of the long-term tests was also measured 

The concrete compressive strength is determined according to the American Society for 

Testing and Standards (ASTM) C 39-86 Standard Test Method for Compressive Strength of 



13 1 

Cylindrical Concrete Specimens. The cyhders used in these tests have a diameter of 

100 mm and a height of 200 mm. 

The elastic modulus of the concrete is determined according to ASTM C 469-87a 

Standard Test Method for Static Modulus of Elasticity and Poisson's Ratio of Concrete in 

Compression. The cylinders have diameter 100 mm and height 200 mm. 

The modulus of rupture of the concrete is determined according to ASTM C 78-84 

Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Third- 

Point Loading). The small beams used in these tests have height and width of 100 mm, 

length of 350 mm and span of 300 mm. 

Cylinders with a diameter of 150 mm and height of 300 mm were cast as shrinkage 

specimens. The strain perpendicular to the circular cross-section was measured at three 

locations 120 degrees apart. The strain was measured using a demec gauge of gauge length 

200 mm. The three measurements were combined to calculate the average strain due to 

shrinkage for that cylinder. Two cylinders were cast with each of the four long-term 

specimens. From the average strains due to shrinkage for each of the two specimens the 

overall average shrinkage strain was calculated 

53.2 GFRPbars 

The GFRP bars used in these experiments are called C-BAR@ and were donated by the 

City of Calgary, Alberta, Canada. They are produced by Marsha Industries Composites, 

Iuc. Structural Reinforcements located in Jacksonville, Florida, U.S.A. These bars are 

manufactured using a continuous pultrusion compression moulding process. The 

compression moulding process makes deformations on the exterior of the bars which are 

similar to the deformations found on deformed steel bars. The diameter of the bars used in 

these experiments is 15 mm. 



Table 5 2  - Mechanical properties of c-BAR@ 
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Tabie 5.2 compares mechanical properties provided by the manufacturer to those from 

tests conducted at the University of Alberta (U of A). The manufacturer gives the cross- 

sectional area of a 15 rnm bar as 176 d. 

b ~ e m  
Ultimate tensile strength, fd 

Tensile eIastic modulus, Ef 

5.33 Steel bars 

Deformed steel bars with nominal diameter of 16 mm and nominal cross-sectional area 

200 mm' are used as tensile reinforcement. The nominal yield strength and eIastic modulus 

are 400 MPa and 200 GPa, respectively. 

5.4 SPECIMEN FABRICATION 

Manufacturer 

680 MPa 

42 GPa 

The specimens were cast in wooden forms. The longitudinal reinforcement was held in 

place by plastic chairs during casting. Wooden braces were placed dong the top of the 

forms to prevent buIging of the sides of the wood forms. 

UofA 

516 MPa 

40 GPa 

Slump tests were done for each batch of concrete. The small specimens used in the 

determination of the mechanicid properties of concrete were cast fmt, then the slab was 

cast During the casting of the slab, the concrete was vibrated by a band held vibrator when 

the forms were med half full and again when the forms were completely filled. The top 

d a c e  was smoothed using trowels and two hooks were placed in the concrete for the 

purpose of transporting the slabs after curing. 
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Plastic sheets were placed over the specimens for curing. After one day of curing the 

small specimens and the slab specimens were &moulded. The small specimens were 

placed beside the slab specimen and covered with a plastic tarp for approximately three 

days. Thus the small specimens, used to determine the mechanical properties of the 

concrete, were kept in the same environment as the slab strips. Just after demoulding, 

dernec points were attached to the shrinkage cylinders and zero readings for shrinkage were 

taken. 

5.5 TESTSETUP 

The following sections explain the test setups of the short-term and long-term tests. The 

long-tenn specimens are also subjected to short-term cyclical loading for precracking. This 

precracking is done in the same test set-up in which the short-term specimens are tested. 

5.1 Short-term tests 

The slabs were tested in the structural steel loading frame shown in the photograph in 

Figure 5.3. A steel spreader beam was used to transmit the load to two rollers located at the 

third points of the slab. Figure 5.4 shows the location of the loads and dimensions of the 

slab in the testing frame. The loading is provided by a 40 kN MTS linear actuator driven by 

an MTS 458 controlIer. 



Figure 5.3 - Photograph of the short-term testing frame 

1=32m 
Figure 5.4 - Schematic of the short-term testing frame 
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5.5.2 Long-term tests 

The setup for the long-term sustained load tests is shown in the photographs in 

Figures 5.5 and 5.6. Figure 5.5 shows the setup for the slabs with the sustained load which 

gives a maximum applied bending moment, Ma = 1.5 M, and Figure 5.6 shows the setup 

for the slabs with the sustained load which gives Ma = 3.0 M,. 

As shown in the photographs of Figures 5.5 and 5.6, the sustained load is applied by 

suspending concrete blocks from the slab strips using square steel hollow sections and 

dywidag threaded rods. Rubber (neoprene) pads were placed between the surfaces of the 

hollow sections and the top of the slabs to aid in evenly distn'buting the load across the top 

face of the slabs. 

The slabs are simply supported on rollers. At one end the roller is fixed and at the other 

free. Figure 5.7 is a diagram which shows a typical loaded slab. As in the short-term tests, 

the loading is applied at the third points of the slabs. The magnitudes of the sustained load 

applied to each slab are listed in Tabie 5.3. 

Table 5.3 - Magnitudes of sustained loads applied to the long-term specimens 

Slab 

Name 

Lg-S-34 5 

Lg-G-3-15 

Lg-S-3-3 .O 

Lg-G-3-3 -0 

Sustained Load 

OdY) 

105 

11.8 

23.0 

23.0 



Figure 5.5 - Photograph of long-term test setup with Ma = 1.5 M, 

Figure 5.6 - Photograph of long-term test setup with Ma = 3.0 M, 



Figure 5.7 - Schematic of the long-term test sehp 

5.6 INSTRUMENTATION 

5.6.1 Short-term tests 

S.6.l.I Demction measurements 

Two APEX linear displacement transducers were used to measure the midspan 

deflection of the slab specimens. The transducers had a gauge length of 50 mm. 

The transducers were placed on either side of the slab at midspan and were attached to 

stee1 arms which were supported by stcel pedestals. The tips of the transducers were placed 

against a thick aluminum plate which was firmly attached to the top surface of the slab. The 

locations of the transducers is shown in both the photograph in Agure 5.3 and the diagram 

in Figure 5.4. 
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The measurements from the transducers were electronically relayed to the data 

acquisition system. 

5.6.1.2 Concrete strain 

Concrete strains were measwed using a demec gauge with a gauge length of 200 mm. 

The least count of the gauge was 0.001 mm. The stainless steel demec points were attached . 

to the slabs with an epoxy resin. There were Meen demec point stations on one side of the 

slab. The locations of the demec point stations are shown in Figure 5.8. The strain 

measurements were taken at three levels. The bottom level corresponds approximately to 

the level of the GFRP reinforcement at 20 mm from the tension fibre, the top level is 

lofated at 20 mm h m  the compression fibre and the middle layer midway between the 

other two layers. 

Figure 5.8 - Demec locations for the short-term deflection tests 

5.6-1.3 Dota AcquMbn System 

The hear displacement transducers' deflection readings and the actuator load and 

stroke readings were monitored continuousiy throughout the tests using a data acquisition 
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system. Both the displacement transducers and the MTS 458 controller were connected to a 

data acquisition device called DataScan, which in tun was connected to a 486 IBM 

compatible computer. The computer software used to read the data from the DataScan was 

Labtech Notebook. The sohare allows the data to be stored in a file for later transfer to a 

spreadsheet program for analysis. During testing load-deflection curves were displayed 

graphically. 

5.6.2 Long-term tests 

These specimens were precracked by short-term cyclical loading. The loading and the 

data acquisition for the short-term loading was done in the same manner as described in 

Section 5.6.1 except no strain readings were taken. The following describes the 

measurements that were taken during the long-term tests. 

5.6.2.1 Deflecrion measutements 

The rnidspan deflection of the slabs was measwed by taking manual readings using a 

device designed for the purpose of these tests. A drawing of the device is shown in 

Figure 5.9. It consisted of a sturdy thin walled steel rectangular holIow section supported at 

both ends of the 3.2 m span by sheet metal supports. A did gauge was placed at rnidspan of 

the hollow section. The device was placed on top of the slabs, as shown in Figure 5.10 

(Side View), and the midspan deflection was measured by reading the dial gauge. The did 

gauge had an accuracy of 0.001 rnrn. 

Steel plates were glued to the surface of the slabs at the supports and at midspan to give 

the deflection measwing &vice a smooth even surface to be placed upon. Measurements 

were taken at three locations along the top of the slab and the average of these three values 

was taken as the midspan deflection. The locations of the measurements are shown in 

Figure 5.10 (Top View). Figure 5.1 1 is a photograph of the device as it appears on the top 

of a slab. 



Section A - A 

Figure 5.9 - Deflection measuring device for long-term tests 



I Top View I 
Figure 5.10 - Placement of deflection measuring device on the slabs 

5.6.2*2 Concrete strains 

The concrete strains were measured by the same method described in Section 5.6.1.2, 

except the demec points were placed in different locations. Demec stations were located on 

the top and one side of each slab as shown in Figure 5.12. 

56.2.3 Curvature measurement 

Although the concrete strain measurements can be used to determine the curvature at a 

mss-section, it was thought that a &vice to measwe mature  directly would be useful. 

The curvature device was designed for the purpose of these tests and a drawing of it is 

shown in Figure 5.13. 
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The device is based on the geometric Equation (5.2). This k t e  difference equation is 

used to calculate the curvature at point B in Figures 5.13 and 5.14: 

where 1 is a constant distance between points A and B or B and C; Ay is the change in the 

distance in the ydkction due to a change in curvature of the slab over time as measured by 

the did gauge. The dial gauge has a least count of 111000 of a millimetre. 

Figure 5.1 I - Photograph of the displacement measuring device on a slab 
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Figure 5.12 - Demec station locations for the long-term specimens 
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Figun 5.13 - Curvature measuring device for long-term tests 

The device is used to measue the curvature of the slabs at several locations. 

Figure 5.15 shows the locations of the measurements in relation to the location of the demec 

points on the top surface of the slabs and figure 5.16 is a photograph showing how the 

curvature device is placed on a slab. 



Figure 5.14 - Curvature of the c w e  at point B 

I /dexncc points I 

(Dimensions in mm) 

Figure 5.15 - Lodons of cwature device readings 



Figure 5.16 - Photograph of location of curvature device on slabs 

5.7 TEST PROCEDURE 

5.7J Short-term tests 

Slabs ShG-34 and Sh-G-2S were monotonically loaded under load control. The load 

was applied at a constant rate of 6 kNfrninute until either the slab failed or the maximum 

load of the load cell was reached at 40 kN. At approximately 5 kN intervals loading was 

suspended so that strain measurements could be taken at the demec point stations. 

The test of slab Sh-G-3-S ended when the maximum capacity of the load cell was 

reached at 40 kN. However, slab Sh-G-24 failed catastrophicalIy at a load of 34 kN. The 

fdure was bond failure between the GFRP bars and the concrete. The cause of the faiIure 

was most IikeIy due to the low concrete cover combined with the absence of confinement 

stirrups. 
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Since slabs ShG-3C and Sh-G-2-C were identical to the previous slabs it was thought 

best, that if they were to be tested, that precautions should be taken. The~fore, it was 

decided that no manual strain measurements would be taken and that the maximum load 

would be kept at a value lower than the failure load of slab Sh-G-24. 

Essentially, slabs Sh-G-3-C and Sh-G-2-C were used as preparation slabs for the long- 

term tests. That is, the slabs were used to determine the type of loading (load or stroke 

control) which would be most practical for cyclical testing and the number of cycles which 

would be required to ple-crack the slabs. 

Slab Sh-G-2-C was loaded in stroke control at a constant rate of 0.35 m d s .  The Ioad 

was applied monotonically until an applied load equivalent to about one and a half times the 

cracking moment was reached, The slab was then subjected to ten cycles of loading. The 

maximum stroke of the cycles was 23 mm and the minimum stroke was 10 rnrn. The 

minimum stroke was intended to be 5 mrn but the load reached zero at a stroke of I0 mm. 

Slab Sh-G-3-C was Ioaded under load control at a constant rate of 18 kN/minute. The 

slab was loaded monotonically until the applied load reached a value of about 16 W- The 

slab was then unloaded to 0 kN and re-loaded to 20 kN. An applied load of 20 kN is 

equivalent to approximately two times the cracking moment the slab. The load was then 

cycled between a maximum of 20 kN and a minimum of 4 kN for I2 cycles for a total of 

13 cycles. 

It was decided, h m  the above, that the preaacking cyclical loading for the long-term 

specimens should be done under Ioad control and ten or more cycles would adequately 

crack the slabs. 
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5.7.2 Long-term tests 

Short-term cyclical tests were performed on the long-term slabs before they were 

subjected to their long-term sustained load This was done to preaack the specimens. 

Slabs Lg-G-3- 1.5 and Lg-S-3-1.5 underwent identical short-term cyclical loading and 

identical long-term sustained loading, as did slabs Lg-(3-3-3.0 and Lg-S-3-3.0. 

Slabs Lg-G-3-1.5 and Lg4-3-1.5 were loaded under load control at a loading rate of 

9 W//minute. The slabs were loaded rnonotonicaIIy from 0 to 12 kN, then the slabs 

underwent eleven cycles of loading. The maximum applied load was 12 kN and the 

minimum applied load was 4 kN. The maximum load of 12 kN corresponds to 

approximately the value of the sustained long-term load. 

Slabs Lg-G-3-3.0 and LgS-3-3.0 were loaded under load control. The load was applied 

monotonicalIy up to 12 kN at a rate of 9 kN/minute. The applied load was then cycled four 

times between a maximum of 12 kN and a minimum of 4 kN at a rate of 9 kN/minute, 

Then the load was raised to 15 kN in one cycle with a rate of 12 W/minute and raised to 

16 kN in one cycle at a rate of 18 W/minute. Finally, thirteen applied loading cycles were 

complete with a maximum applied load of 20 kN and a minimum applied load of 4 kN at a 

rate of 18 W/minute. The maximum load of 20 kN corresponds to approximately the value 

of the sustained long-term load. The total number of cycles was nineteen. 



Chapter 6 

EXPERMEDITAL RESULTS 

6.1 GENERAL 

This chapter presents the measured concrete properties and the experimental results of 

the eight tested slab strips. The measured concrete properties are compressive strength, 

modulus of elasticity, modulus of rupture and shrinkage. The experimental results include 

crack patterns, concrete strains, curvature measurements and moment-deflection behaviour. 

6.2 CONCRETE PROPERTIES 

Three mechanical properties of concrete were measured: compressive strength, f,'; 

modulus of elasticity, Ec; and modulus of rupture, f, These mechanical properties were 

measured for alI batches of concrete at the age of 28 days and at later ages depending on 

whether the slabs were tested under short-term or long-term loading. Shrinkage was 

measured over the period of the long-term tests. 

6.1 Short-term tests 

The 28 day mechanical properties of the concrete for the short-term slabs are shown in 

Table 6.1. 

The mechanical properties were measured on the day the slabs strips were tested and are 

shown in Table 6 2  dong with the age of the concrete on the day of testing. 



Table 6.1 - Short-tern tests: Mechanical properties of concrete at age 28 days 

Slab 

Name 

Sh-G-34 

Sh-G-24 
I 

S h-G-3-C 

Sh-G-2-C 
i 

Table 6.2 - Short-term tests: Mechanical properties of concrete at age of testing 

fc' 
-1 
29.4 

30.8 

27.5 

28 .O 

6.22 Long-term tests 

The concrete mechanical properties at the age of 28 days are shown in Table 6.3. 

Slab 

Name 
I 

Sh-G-3-S 

Sh-G-24 

Sh-G-3-C 

Sh-G-2-C 

Ec 

23.2 

232 

22.4 

23.6 

Ec 

(Gpa) 

24.0 

24.7 

24.1 

24.7 

Table 6.3 - Long-term tests: Mechanical properties of concrete at age 28 days 

fi 
m'a) 

I 

3.94 

3.66 

3.88 

4.00 

Age 

(days) 

73 

. 
fr 

4.87 
1 

5.06 
1 

533 

5.71 

Slab 

Name 

LgS-3-15 

Lg-(3-3-15 

Lg-S-3-3.0 

Lg-G-3-3.0 

The modulus of rupture at the age of 28 days, for slab Lg-S-3-3.0, was not determined 

since the University of Calgary was closed due to a snow stonn, 

fe ' 
(MPa) 

30.0 

fc' 
m a )  
27.7 

28.9 

27.4 

30.4 
L 

73 

202 

202 

31.8 

295 

29.8 

Ee 

(Gpa) 

215 

22.2 

21.6 

202 

fi 
(M1Pa) 
4.06 

3 

359 
*** 

I 

3.82 
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The mechanical properties of the concrete were determined on the date the sustained 

load was applied to the slab strips. Table 6.4 shows the age at loading and the mechanical 

properties. 

Table 6.4 - Long-term tests: Mechanical properties of concrete at mrt of tests 

Table 6.5 shows the concrete mechanical properties and the age of the concrete on the 

day that the sustained load was removed from the long-term specimens. It is interesting to 

note that the concrete strength remained relatively constant from the start to the end of the 

long-term tests. 

Slab 

Name 

Lg-S-3- 15 

Lg-G-3- 1 5 

LgS-3-3 .O 

Lg-G-3-3 .O 

fc ' 
m a )  

Age 

Idays) 
31 

31 

31 

31 

Table 6.5 - Long-term tests: Mechanical properties of concrete at emf of tests 

Figure 6.1 shows the test cylinder shrinkage measurements versus the time since loading 

of the slab strips. The figure shows the average shrinkage of two cylinders for each batch of 

concrete. The figure also shows the ambient relative humidity in the laboratory over the 

Ec 

slab 

Name 

LgS-3-15 

Lg-G-3-15 

LgS-3-3 .O 

LgG-3-3.0 

fi 
(MPa) 

Age 

(-1 
287 

283 

290 

280 

fc' 

28.5 

28.7 

292 

28.8 

3 -74 

3.47 

3.6 1 

3.90 
A 

273 

30.4 

28.1 

30.7 

Ec 

(Gpa) 

22.8 

21.9 

22.2 

21 -7 

21.1 

21.9 

20.7 

20.6 
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time of the tests. The testing began at the start of April and ended at the beginning of 

December. 

T 100 
! 

--- Rthtive Humidity (96 

0 50 L o o  150 200 250 300 
April 

~ i i  since loading (d~ys) 

Figure 6.1 - Long-term: Shrinkage strain and Relative humidity vs. time since loading 

63 SHORT-TERM TEST RESULTS 

The slabs behave linearIy elastically until cracking. After cracking, the slabs behave 

linearly elastically but at a substantially reduced slope. This linearly elastic behaviour after 

cracking is expected due to the linear elastic properties of the GFRP bars. 

The following sections descnk the experimental results for each of the slabs. These 

results include crack patterns, cracking moments, concrete strains and Ioaci-cmvature and 

moment-deflection behaviour- 



Figure 6.2 shows the first crack width versus the applied load. The first crack width 

became visible to the naked eye at an applied Ioad of 6.5 icN and measured 0.08 rnm. 

The load was kept constant at 10, 15, 20, 25, 30, 35 and 40 kN in order to measure 

concrete strains and the width of the first crack- At a Ioad of 35 kN the crack widths of dl 

eight cracks in the constant moment zone were measured giving an average crack width of 

0.92 m .  

Applied bad 

Figure 6.2 - ShG-33: Fim crack width vs. applied Ioad 

Figure 6.3 (a) shows the crack pattern of the slab at the end of the test. There are a total 

of twenty cracks, eight of which are within the constant moment zone. The cracks are well 

distributed and evenly spaced with an average crack spacing, in the constant moment zone. 

of 132 mm. The figure shows a significant amount of Iongitudind cracking. Although, the 

fist Iongitudiad crack occurred at a load of 20 kN the majority of these cracks did not 

appear until the Ioad reached 35 to 40 icN. 
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The strain in the concrete was measured at thee depths: 20 mm, 90 mm and 160 mm 

fkom the extreme compression fire. The reinforcing bars were approximately at the level 

of 160 mm from the extreme compression fibre. At each depth the strain was measured at 

five locations as shown, by the numbers 1 to 15 shown in Figure 5.8. 

The applied load versus the five strains, measured at a depth of 20mm from the 

compression fibre, are shown in Figure 6.4. The five measured saains are numbered 1,1,7, 

10 and 13 after the locations shown in Figure 5.8. At an applied load of 40 kN the average 

of the five strains is -532 x lo4. 

Figure 6.4 - ShG-3s: Applied load vs. strain @ 20 mm from extxeme compression fibre 

The applied load versus the five measured concrete mains, at the level of the 

reinforcement, are shown in Figure 6.5. At an appIied load of 40 W the average of the five 

strains is 578 x lod. 



+6 
-9 (midspan) 
-m- 12 

T + 15 

Figure 6.5 - Sh-(3-34: Applied load vs. strain at the level of the reinforcement 

- MC-90 (Several sections) 

* 1 t I 
1 1 

r I i 

0 loo00 XI000 30000 4 0  50000 60000 70000 

Figure 6.6 - Sh-G-34: Applied load vs. curvature 
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The strain measurements are used to calcdate the curvature in the constant moment 

zone. The applied load versus curvature plot is shown in Figure 6.6. The figure shows the 

curvatures calculated at midspan, the two locations to the right of midspan (A and B), and 

the two locations to the left of midspan (C and D). These locarions are shown in Figure 5.8. 

Table 6.6 - Short-term: Experimental & theoretical cracking moments 

Name 

Sh-(3-34 

Sh-G-24 

S h-G-34 

S h-G-2-C 

0 10 20 30 40 50 60 70 80 

Micbprto Dtflection (mm) 

Figure 6.7 - ShG-34: ExperhentaI and predicted momentdeflection 

(Mm)cqP 

(kNm) 

5.7 

5.7 

6.6 

6.8 

Table6.6 compares the experimental cracking moments to the theoretical values 

calculated with MC-90 (f&-: Equation (3.23)) and CSA A23.3-94 6: Equation (33)). 

~~b~~ Az3.3-PI 

@Nm) 

5.0 

5.1 

4.9 

5.0 

Mr- (MC-90) 

error(%) 

12.3 

105 

25.8 

265 

W m )  
4.8 

5.0 

4.7 

4.7 

error(%) 

15.8 

12.3 

28.8 

30.9 
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The maximum applied moment v e m  deflection is shown in Figure 6.7. The 

maximum applied moment includes the bending moment due to the spreader beam and 

rollers which is 0.7 ldrl rn and produces a deflection of approximately 0.1 1 mm. 

63.2 Sh-G-2-S 

The load was kept constant at 7.5 kN just after the first crack was detected by the naked 

eye. The concrete strains and the width of the first crack were measured. The f i t  crack 

width at this Ioad was 0.14 rnm. 

The load was kept constant at 10, 15,20,25 and 30 kN in order for the concrete strains 

and the width of the first crack to be measured. Figure 6.8 shows the first crack width 

versus the applied load 

Applied h d  (kN) 

Figure 6.8 - ShG-24: First crack width vs. applied Ioad 

Figure 6.3 (b) shows the crack pattern after the failure of the slab. Rior to failure, there 

were many evenly distributed cracks and there was some Iongitudind cracking. At an 
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applied load just above 30 kN the beam failed violently due to failure of the bond between 

the concrete and the GFRP bars. The shaded areas in Figure 6.3 (b) indicate where concrete 

and GFRP bars separated from the slab. The photograph in Figure 6.9 shows this more 

clearly. 

The crack widths of all cracks in the constant moment zone were to be measured at a - 
load of 35 kN. However, the slab failed before that load could be reached. The crack 

spacing was not rneasuzed prior to failure. 

Figure 6.9 - Sh-G-2-S: Slab after bond failure 

The GFRP bars remained embedded in the concrete at one end and separated from the 

concrete at the other. The ban remained embedded over less than one third of the span 

length. The bars did not break in the rransverse direction, however then was some failure 

in the bars along their IongitudinaI axes as shown in the photograph m Figure 6-10. Also, at 

the locations of the cracks the GFRP ban were slightly damaged. 
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Longitudinal bar failure was found at only a couple of locations. Overall, the bars 

looked almost brand new like they had never been in the concrete. The photograph in 

Figure 6.11 shows the imprint the GFRP bars left in the concrete at the bottom of the slab. 

figure 6.10 - Sh-(3-24: Longitudinal failure in the GFRP ban 

The strain in the concrete was measured at three depths: 20 rnm, 90 mm, and 160 mm 

from the extreme compression fibre. The reinforcing bars were approximately at the 

160 mm level. At each depth the suain was measured at five locations as shorn by the 

numbers 1 to I5 5.8). The applied load versus the five strains measured at a depth 

of 20 mm are shown in Figure 6.12. The five locations are numbered 1,4,7, 10 and 13 as 

shown in Figure 5.8. 



Figure 6.1 1 - Sh-G-2-S: Imprint of the GFRP bars in the concrete 

Figure 6.1 2 - Sh-G-24: Applied load vs. strain @ 20 rnrn from extreme compression fibre 
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The applied load versus the five rneasund concrete strains at the level of the 

reinforcement are shown in Figure 6.13. Just prior to f d w e  the average of the five strains, 

in the constant moment zone, is 8425 pS. 

*9 (midspan) 

I + 12 

Strain (lo4) 

Figure 6.13 - Sh-G-2-S: Applied load vs. strain at the Ievel of the reinforcement 

The curvature of the slab, in the constant moment zone, is determined h m  the strain 

measurements. The applied load versus curvature diagram is shown in Figure 6.14. The 

f i p  shows the curvanue~ calculated at midspan, two locations to the right of midspan (A 

and B), and two locations to the left of midspan (C and D) as shown in Figure 5.8. 

The experimental cracking moments are compared to the theontical cracking moments 

aboveinTable6.6. The maximum applied moment versus deflection is shown in 

Figure 6.15. The maximum applied moment includes the moment due to the spreader beam 

and rollers which is 0.7 W m and produces a deflection of approximately 0.1 1 mm. 



- MC-90 (Several sections ) 

Wgure 6.14 - Sh-G-2-S: Applied load vs. curvature 

failure 

Figure 6.15 - Slab Sh-G-2-S : Experimental and predicted moment-defl ections 
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63.3 Sh-G-3-C 

Since slabs Sh-G-3-C and Sh-G-2-C were identical to the previous slabs there were 

concerns about the possible violent failure of the specimens. Therefore, only the deflection 

and the load were recorded and the slabs applied load was kept at a value tower than the 

failure load of slab Sh-G-24. 

Essentially, slabs Sh-G-3-C and Sh-G-2-C were used as preparation slabs for the long- 

term tests. That is, the slabs were used to determine the type of loading (load or stroke 

control) which would be most practical for cyclical testing and the number of cycles which 

would be required to pre-crack the slabs. 

Figure 6.16 shows the maximum applied moment versus deflection for Sh-G-3°C. The 

maximum applied moment includes the moment due to the spreader beam and rollers which 

is 0.7 kN m and produces a deflection of approximately 0.1 1 rnm. 

Eqcrimntai 

+ MC-90 (Several sections) 

**...-- MC-90 (One section) 

+ CSA A233-94 

I 
, I I , 

0 I 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0  

Mi- Deflection (mm) 

Figure 6.16 - ShG-3-C: Experimental and predicted moment-defl ections 



Figure 6.17 shows the maximum applied moment versus deflection for slab Sh-G-2-C. 

The xrmimum applied moment includes the moment due to the spreader beam and rollers 

which is 0.7 IcN m and produces a deflection of approximately 0.1 1 mm. 

Expcriraental 

+ MC-90 (SeveraI sections) 

- - - -* I -  MC-90 (One section) 

+ CSA A23.3--94 

0 1 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0  

Midqmn Deflection (mm) 

Figure 6.17 - Sh-G-2s: Experimental and predicted moment-defl ections 

6.4 LONGTERM TEST RESULTS 

The foliowing sections show both the results of the short-term pre-cracking of the slabs 

and the resuits of the long-term sustained loading of the slabs. 

First, the results of the moment-deflection khaviour of the slabs due to the pre-mcking 

is given, followed by a short description of crack widths and spacing due to both the pre- 

cracking and the sustained loading. Then the change in the concrete strains, curvatures and 

deflections of the dabs due to the sustained loads are given. 
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6.4.1 Pre-cracking results (short-term cyclical loading) 

The slabs were precracked using short-term cyclical loading prior to the application of 

the long-term sustained loads. 

The maximum applied moment versus the midspan deflections are shown in 

Figures6.l8, 6.19, 6.20 and 6.21 for slabs LgS-3-1.5, Lg-G-3-1.5, Lg-S-3-3.0 and 

Lg-G-3-3.0, respectively. The maximum applied moment includes the moment due to the 

spreader beam and rollers which is 0.7 kN m and produces a deflection of approximately 

0.1 l mm. 

Table 6.7 compares the experimental cracking moments to the theoretical cracking 

moments calculated with CSAA23.3-94 V;: Equation(3.3)) and MC-90 (&,: 

Equation (3.23)). 

Mi* Deflection (mm) 

Figure 6.18 - LgS-3- 1.5 Experimental and predicted moment-deflections 



Experhntal 

+ MC-90 (Several sections) 
. - . *  - MC-90 (One section) 

CSAA23.3-94 

i 
1 7 

3 I i 

0 4 8 12 16 20 24 28 

Midspan Deflection (mm) 

Figure 6.19 - Lg-G-3- 1 -5: Experimental and predicted momentdeflections 

hperimntai 

MC-90 (Severai sections 
-------  MC-90 (One sechn) 

+CSA A23.3-94 

Midspun Deflection (mm) 

Hgure 6.20 - Lg-S-3-3 -0: Experimental and predicted moment-deflections 
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Figure 6.2 1 - Lg-G-3-3 .O: Experimental and predicted moment-deflection diagram 

Table 6.7 - Long-term: Experimental & theoretical cracking moments 

Slab 

Name 

Lg-S-3-15 

Lg-G-3-15 
I 

LgS-3-3 .O 

Lg-G-3-3.0 

6.4.2 Cmck patterns 

After pre-aacking the slabs, the sustained loads were applied. With the application of 

the sustained loads, no new cracks formed although a few of the existing cracks extended. 

Slab Lg-S-3-13 had a total of fourteen cracks over its length with nine evenly 

distributed within the constant moment zone. The average crack spacing within the 

constant moment zone was 116 mm with a maximum crack spacing of 145 mm. Slab 

( M w ) ~  

(Wm) 

4.8 

5 5  

5.6 

4.9 

(Mcr)cm ~ 2 3 4 ~  

(kNrn) 

4.7 

5.0 

4.8 

5.0 I 

Mr- (Mc-90) 

error(%) 

2.1 

9.1 

143 

-2.0 

w m )  

5.0 

4.8 

5.1 

4.9 

error(%) 

4.2 

12.7 
I 

8.9 

0.0 
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LgG-3-15 also had a total of fourteen cmcks over its length with nine evenly distributed 

within the constant moment zone. The average crack spacing within the constant moment 

zone was 1 18 mm with a maximum crack spacing of 194 mm. A comparison of the crack 

pattern in the constant moment zone of the steel reinforced (Lg-S-3-1.5) and GFRP 

reinforced (Lg-G-3-1.5) slabs is shown in the photograph in Figure 622. 

Figure 6.22 - Crack patterns of slabs Lg-S-3-1.5 and Lg-(3-3-1.5 

Slab LgS-3-3.0 had a total of fifteen cracks over the length of the slab with eight evenly 

distributed within the consrant moment zone. The average crack spacing within the 

constant moment zone was 134 rnm with a maximum crack spacing of 208 mm. Slab 

Lg-G-3-3.0 had a total of twenty cracks over its lengrh with eight evenly distributed within 

the constant moment zone. The average crack spacing within the constant moment zone 

was 124 mm with a maximum crack spacing of 182 mm. A comparison of the crack 

patterns in the constant moment zone of the steel reinforced (Lg-S-3-3.0) and the GFRP 

reinforced (zg-(3-3-3.0) slabs is shown in the photograph in 6.23. 



Figure 6.23 - Crack patterns of slabs Lg-S-3-3.0 and Lg-G-3-3.0 

The widths of cracks in the constant moment zone were measured at the beginning and 

at the end of the long-term tests. Figure 6.24 shows the average width of the nine cracks in 

the constant moment zone against the time since loading of slabs LgS-3-1.5 and 

Lg-G-3-1.5. The crack widths increase at a very small rate over time. After unloading, the 

crack widths decrease by about 25 and 50 % from the crack widths just prior to unloading in 

slabs Lg-S-3-1.5 and Lg-G-3- 1.5, respectively. 

Time (days) 

Figure 6.24 - Average crack widths of slabs Lg-S-3- 1.5 and Lg-G-3- I .5 
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Figure 6.25 shows the average width of the eight cracks in the constant moment zone 

v e m s  the time since loading for slabs LgS-3-3.0 and Lg-G-3-3.0. The crack widths 

increase at a very small rate over time. After unloading, the crack widths decrease by about 

54 and 66 % from the crack widths just prior to unloading for slabs LgS-3-3.0 and 

Lg-(3-3-3 .O, respectively. 

Time (days) 

Figure 6.25 - Average crack widths of slabs LgS-3-3.0 and Lg-G-3-3.0 

6.43 Concrete strains 

The total concrete strain in the compression fibre (immediate plus long-term) is shown 

in Figures 6.26, 6.27, 6.28 and 6.29, respectively for slabs LgS-3-1.5, Lg-G-3-3.0, 

LgS-3-3.0 and Lg-(3-3-3.0. The strains at m ~ m  are the average of those at demec 

locations 17, 18, 19 and 20 (locations shown in Figure 5.12 (Top View)). Similarly, the 

strains to the left of midspan are the average of the strains measurrd at demec Locations 13, 

14.15 and 16, and the strains to the right of midspan are the average of the strains measured 

at dernec locations 2 1,22,23*and 24. 



- kft 
m a - -  - Midspan 

+ Average 

I 

Time (days) 

Figure 6.26 - Lg-S-3- 1.5: Concrete strains in the compression fibre 

- - - -  . Midspan 
-ImT -1800 7 - Right 

-2000 
1 - t A v e z a g e  

"rime (days) 

Figure 6.27 - LgG-3-15: Concrete strains in the compression fibre 



. Midspan 

Right 

Time (days) 

Figure 6.28 - LgS-3-3.0 Concrete strains in the compression fibre 

Figure 6.29 - LgG-3-3.0: Concrete strains in the compression f%re 
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Since these demec locations are in a constant moment region, the readings should be 

similar at all locations. This is shown to be true for all slabs in Figures 6.26 to 6.29. The 

average strain is the average of the strains measured at &mec locations 13 to 24. 

The concrete strains were also measured at four depths: 30,70,110 and 150 mm down 

from the extreme compression fibre. The average in the following figures is that of the 

three strain measurements taken at the demec locations at the same depths as shown in 

Hgure 5.12 (Side View). 

Figures 6.30 to 6.33 show the total concrete strain versus the time since loading at the 

depth of 30 rnm for specimens LgS-3-1.5, Lg-G-3-1.5, LgS-3-3.0 and Lg-G-3-3.0, 

respectively. At this depth the concrete is in compression for all slabs and the strain 

measurements are similar at the Left, Midspan and Right demec locations. 

. - - -  - Midspan 

Right 

+ Average 

Time (Qys) 

Figure 6.30 - LgS-3-1.5: Concrete strains at 30 mm from the extreme compression fibre 



-1400 t Right 

-1600 f + Average 

Time (days) 

Figure 6.3 1 - Lg-G-3-1.5: Concrete strains at 30 mm from the extreme compression fibre 

t . - - -  
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Figure 6.32 - LgS-3-3.0: Concrete strains at 30 mm from the extreme compression fibre 
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Figure 6.33 - Lg-G-3-3.0: Concrete strains at 30 mrn from the extreme compression fibre 

Figures 6.34 to 6.37 show the total concrete strain versus the time since loading at the 

depth of 70 mm from the extreme compression fibre for specimens Lg-S-3- 1.5, Lg-C-3- L J, 

Lg-S-3-3.0 and Lg-(3-3-3.0, respectively. At this depth the concrete in the steel reinforced 

sIabs is in compression. However, for the GFRP reinforced slabs the concrete at this depth 

is in tension. Thus demec measurements include the widths of cracks as well as the change 

of strain in the concrete. Because of this fact the strains measured at the Left, Midspan and 

Right locations, in slabs Lg-G-3-1.5 and Lg-(3-3-3.0, are not similar (Figs. 635 and 6 37). 
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Figure 6.34 - Lg-S-3-15 Concrete saains at 70 mm from the extreme compression fibre 
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Figure 6.35 - Lg-G-3-1.5: Concrete strains at 70 mm from the extreme compression fibre 
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Figure 6.36 - LgS-3-3.0: Concrete strains at 70 mrn from the extreme compression fibre 
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Figure 6.37 - LgG-3-3.0: Concrete strains at 70 mm from the extreme compression fibre 
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Figures 6.38 to 6.41 show the total concrete strain versus the time since loading at a 

depth of 110 mm from the extreme compression fibre for specimens LgS-3-1.5, 

Lg-G-3-1.5, LgS-3-3.0 and LgG-3-3.0, respectively. At this depth the concrete in alI four 

slabs is in tension. Thus the &ma: gauge measures both the strain in the concrete and the 

crack width. Since thc number of cracks and the size of cracks between the demec points 

vary, so do the measured strains at the Left, Midspan and Right measurement locations. 

Figures 6.42 to 6.45 show the total concrete strain versus the time since loading at a 

depth of 150 mm from the extreme compression fibre for specimens Lg-S-3-1.5, 

Lg-G-3-1.5, Lg-S-3-3.0 and Lg-G-3-3.0, respectively. The difference in strains measured at 

the Right, Midspan and Lefi locations are due to the same reasons stated above. 
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Figure 6.38 - LgS-3- 1 5: Concrete strains at 1 10 mm from the extreme compression fibre 
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Figure 6.39 - Lg-G-3- 1.5: Concrete strains at 1 10 mm from the extreme compression fibre 

-Mi 
- - - -  - Midspan 

IOOO Right 

Figure 6.40 - Lg-S-3-3.0: Concrete strains at L 10 mm from the extreme compression fibre 
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Figure 6.41 - Lg-(3-3-3.0: Concrete strains at 110 mm from the extreme compression fibre 

+ Average 
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Figure 6.42 - LgS-3-1.5: Concrete strains at 150 mm from the extnme compression fibre 
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Figure 6.43 - Lg-(3-3-1.5: Concrete strains at 150 mm from the extreme compression fibre 
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Figure 6.44 - Lg-S-3-3.0: Concrete strains at 150 mm from the extreme compression fibre 
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Figure 6.45 - Lg-G-3-3.0: Concrete strains at 150 rnm from the extreme compression fibre 
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Figure 6.46 - LgS-3-15: Average concrete stmk at several depths of the section 
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Wgure 6.47 - Lg-G-3-1.5: Average concrete strains at several depths of the section 
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Figure 6.48 - LgS-3-31): Average concrete strains at several depths of the section 



I + Compmsion Fibre (CE) 

-T - 6 - 7 O m m ~ m ~ .  

Time (days) 

Figure 6.49 - Lg-G-3-3.0: Average concrete strains at several depths of the section 

Figures 6.46 to 6.49 show the average strains versus time since loading at the four 

measured depths and at the compression fibre for specimens LgS-3-1.5, Lg-(3-3-15, 

LgS-3-3.0 and Lg-(3-3-3.0, respectively. 

6.4.4 Curvature 

The variation of strain over the cross-section is hear. The curvanue is the angie per 

metre fiom vertical to the line of strain variation. The curvature was determined from the 

strains at three locations in the constant moment zone: to the left of midspan, at mriLpm 

and to the right of midspan. The curvature at any location in the constant moment zone 

should be similar. Thus, from the three measured curvarun~ an average curvature in the 

constant moment zone is determined. Hgures 6.50 to 53 show the total curvatures 

determined at the thne locations in the constant moment zone and the average of the three 

for specimens LgS-3-15, LgG-3-15, LgS-3-3.0 and Lg-G-3-3 .O, respectively. 
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Figure 6.50 - Lg-S-3-1.5: Curvatures calculated from concrete strain readings 
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Figure 6.5 1 - Lg-G-3-15 Curvatures calculated from concrete strain nadings 
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Figure 6.52 - LgS-3-3.0: Curvatures calculated from concrete strai-n readings 
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Figure 6.53 - Lg-(3-3-3.0: Curvatures calculated from concrete strain readings 
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The c w m s  were also determined by use of a curvature device which was designed 

and constructed for these tests. As discussed in Chapter 5 the curvature using this device 

was measured at four locations in the constant moment zone as shown in Figure 5.15. 

Figure 6.54 shows the total curvatures over time and their average for slab LgS-3- 15. 

Due to some problems, ody the curvatures at two locations were measured for this slab. 

Figure 6.55 shows the total curvatures over time and their average for slab Lg-G-3- I. 5. 

Due to some problems, only the curvatures at three locations were measured for this slab. 

Figures 6.56 and 6.57 shows the total cunratures over time and their average for slabs 

Lg-S-3-3 .O and Lg-G-3-3 .O, respectively. 

0.010 
A - 
E O.m e a - = 0.006 2 
i )  

I -1 
0.00Q + 

I -4 

i + Average 
~ - a B  f 

Time (days) 

Figure 6.54 - LgS-3-15: Curvature device measurements 
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Figure 6.55 - Lg-G-3- 1.5: Curvature device measurements 
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Figure 656 - Lg-S-3-3.0: Curvature device measurements 
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Figure 6.57 - Lg-(3-3-3.0: Curvature device measurements 

6.4.5 Deflection 

Figure 6.58 shows the change in the total midspan deflection with time of slabs 

Lg-S-3- 1.5 and Lg-G-3- 1.5. 

Figure 6.59 shows the total midspan deflection with time of slabs LgS-3-3.0 and 

L g G 3  -3 -0. 
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Figure 6.58 - Midspan deflections vs. time for slabs LgS-3-1.5 and LgG-3- 1.5 
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Figure 6.59 - Midspan deflections vs. time for slabs LgS-23.0 and Lg-G-3-3.0 



Chapter 7 

INTERPRIETATION OF EXPERIMENTAL RESULTS 

7.1 GENERAL 

This chapter discusses the experimental d t s  described in Chapter 6. The 

experimental short-term moment-deflection behaviour is compared to the theoretical values 

as calculated from Chapter 3. This comparison is then related to the results from Chapter 4 

and the most accurate method of predicting momentdeflection behaviour is determined. 

Next the experimental long-term deflections are compared to the theoretical values as 

calculated from Chapter 3. These d t s  are compared to those from Chapter 4 and the 

most accurate theoretical method is determined. 

7.2 DISCUSSION OF EXPEXMENTAL RESULTS 

In the following sub-section, the shrinkage measurements of the test cylinders are 

compared to theoretical vaIues. This comparison is followed by a discussion of the crack 

patterns, concrete strains, reinforcement stresses, curvatures and momentdeflection 

behaviour of the experimental slab strips. 

7.2.1 Shrinkage of Concrete 

A comparison of the free shrinkage strain of the cyIindrica1 specimens since the time 

after loading of the slabs is shown in Figure 6-1. Also shown is the ambient relative 

humidity in the laboratory. As the reIative humidity decrrases, the fke shrinkage increases. 

The ambient relative humidity in the laboratory is @te low with an average over the 

dudon of testing of 21 Q. Both CSA A233-94 and MC-90 equations require the relative 
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humidity to be greater or equal to 40 96. Ignoring this requirement, theontical shrinkage 

values are calculated and are shown in Egures 7.1 to 7.4 for the concrete batches of slabs 

LgS-3-1.5, Lg-G-3-1.5, LgS-3-3.0 and Lg-G-33.0, respectively. The relative humidity 

used in Equation (3.49) for MC-90 shrinkage caiculations is the actual relative humidity in 

the laboratory. For the determination of the CSA A23.3-94 theoretical shrinkage a value of 

Ph = 1.0 was used in Equation (3.19). This is the value used if the relative humidity remains 

constant at 40 %. 

in general, the free shrinkage values calculated with CSAA23.3-94 and MC-90 

adequately predict the experimentaI fire shrinkage results. Figure 7.2 shows CS A A23 -3-94 

predictions close to experimental values for the concrete batch for slab Lg-G-3-1.5. 

However, this is not the case for the other three batches of concrete. The CS A A23.3-94 

predictions are close to experimental values up to a time of approximately 130 days as 

shown in Figures 7.1,73 and 7.4. As the relative humidity of the laboratory decreases, the 

experimental shrinkage increases. 

MOT - Experirncntal - I00 

+ CSA A23.3-94 
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Figure 7.1 - LgS-3-15: Experimental & Theoretical S b h g e  & Relative Humidity 
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Figure 73  - Lg-S33.0: ExperimentaI & TheoreticaI Shrinkage & ReIative Humidity 
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Figure 7.4 - Lg-G-3-3.0: Experimental & Theoretical Shrinkage & Relative Humidity 

7.2.2 Crack Patterns 

The crack widths of the first cracks of the short-term specimens Sh-G-3-23 and Sh-G-2-S 

are compand versus the applied Ioad in Figure 7.5. Specimen Sh-G-3-S @ = 1.20 8) has 

smaller first crack widths than specimen ShG-24 @ = 0.80 46). At a load of 10 W, slab 

Sh-G-24 has a width of fim crack about 2 times greater than specimen ShG-34. 

However, as the load increases the widths of the first cracks become closet and at a Ioad of 

30 kN slab Sh-G-24 has width of first crack of only about 11 times greater than slab 

S h-G-3-S . 

The crack pattern of slab ShG-34 (Fgure 6.3(a)) has many evenly distriiuted cracks 

with an average spacing of 132 mm in the constant moment zone. This shows that there is a 

good mechanical bond between the concrete and the GFRP bars. However, the longitudinal 

cracks near the level of the reinforcement indicate that the bond may be in jeopardy. This is 

proven by the catastqhic bond failure of slab Sh-G-23 @gure 6.9). The Iongitudinal 

cracks were the only warning of the imminent failure- Thus, the mechanical boad between 
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the concrete and the GFRP bars is good at the s*rrt of loading but deteriorates with 

increased loading of these particular slabs. There was no adhesion between the GFRP bars 

and the concrete (Figure 6.1 1). After failure the ban look almost like new (Figure 6.10). A 

thin layer of the resin coating was removed from the bars and remained adhered to the 

concrete. This layer is so thin it would not have been noticed except that the type and batch 

number of the bars, which was printed on the bars, was visible in the concrete after failure. 

Applied bad 0 

Figure 7.5 - Short-term: Width of first crack versus applied load 

The bond failure may have been caused by Wic ient  concrete cover. The concrete 

cover for slabs Sh-G-24, ShG-2-C. Sh-G-34 and Sh-G-3-C was only 15 mrn both at the 

bottom of the section and the sides (Figure5.1). Also, there was no transverse 

reinforcement which would have helped to hold the longitudinal bars in place. The test 

d t s  show that this s m d  cover is insufEcient to produce good mechanical bond between 

the GFRP bars used in these tests and the concrete. 
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Due to the bond failure of slab Sh-G-23, the remaining two slabs, which had the same 

low concrete cover, were loaded to a Ioad less than the failure load of slab Sh-G-2-S and 

only load and deflection measurements were taken. Also, the cover for the specimens in the 

long-term tests was increased as shown in Figure 5.2. The clear cover on the sides was 

42 mm and the clear cover on the bottom 25 mrn. 

Figures 6.24 and 6.25 compare the long-term average crack widths in the constant 

moment zone of the similarly loaded steel and GFRP reinforced slabs. These figures show 

the average crack widths immediately after the application of the long-term sustained loads, 

the average crack widths just prior to the removal of the sustained loads and afier the 

removal of the sustained Ioads. 

Immediately after the application of the long-term sustained load, the average crack 

widths were 0.06, 0.10,0.26 and 054 mm, respectively, for slabs Lg-S-3-15, LgS-3-3.0, 

Lg-G-3-1.5 and LgG-3-3.0. Thus, when the load is approximately doubled the crack 

widths are also approximately doubled for both the steel and GFRP reinforced slabs. 

Just prior to the removal of the sustained loads, the average cnrk widths were 0.08, 

0.13; 0.32 and 0.62 mm, respectively, for slabs LgS-3-15, Lg-S-3-3.0, Lg-G-3-1.5 and 

Lg-(3-3-3.0. Thus, the GFRP reinforced slabs have greater change in crack width with time 

than the steel reinforced beams. Over the time of the application of the sustai*ned loads the 

average crack widths in the steel reinforced slabs remain below the maximum allowable 

crack width of 033 mm as ciescri'bed in CSAA23.3-94 for steel reinforced concrete 

members, The average crack widths of the GFRP reinforced slabs are almost always greater 

than this limit. 

On average, the average crack widths of the GFEW reinforced slabs are five times 

greater than those of the steel reinforced slabs under similar sustained loads. The larger 

crack widths in the GFRP reinforced sIabs are due to the difference in elastic rnodulus 
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between the steel and the and GFRP bars. The steel bars have & elastic modulus five times 

as great as that of the GFRP bars. After removal of the sustained loads the average crack 

widths of the GFRP reinforced concrete slabs were only about 3 times greater than those of 

the steel reinforced concrete slabs. 

After the removal of the sustained loads the average crack widths in the two steel 

reinforced concrete slabs are the same at 0.06 mm and those of the GFRP reinforced slabs 

are 0.15 and 0.19 mm, respectively, for slabs Lg-G-3-1.5 and Lg-G-3-3 .O. 

Table 7.1 - Long-term: Average crack spacing in constant moment zone 

SIa b 

Name 

LgS-3- 1 3 

Lg-G-3-15 

LgS-3-3 .O 

Lg-G-3-3 .O 

All slabs exhibit close and evenly ciistrr'buted cracks as shown in the photographs of 

Figuns 6.22 and 623.  The average crack spacing in the constant moment zone for the 

Iong-term specimens are shown in Table 7.1. The photographs show that the steel 

reinforced slabs have no longitudinal cracks. The same is true for the GFRP reinforced slab 

Lg-G-3-15 However, as shown in Figure 6.23 slab Lg-G-3-3.0 exhibits some longitudinal 

cracking near the level of the reinforcement. 

Average Crack Spacing 

(mm) 

116 
I 

118 

134 

125 

7.23 Concrete strains 

The concrete strains at several depths from the compression fibre were m e a d  under 

short-term Ioading for specimens Sh-G-24 and ShG-3-S and under long-term loading for 

specimens LgS-3- 1 5, LgS-3-3 .O, Lg-G-3-15 and LgG-3-3 -0. 
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For slabs Sh-G-3-S and Sh-G-2-S the concrete strains were measured at five locations 

(I, 4, 7, 10, and 13 as shown in Figure5.8) in the constant moment zone at a depth of 

20mm fiom the compression fibre. Since the strain measurements were taken in the 

constant moment zone the concrete strains at all locations should be similar. This is 

demonstrated in Figure 6.4 for slab Sh-G-34. The five measured strains are close and 

increase at a constant rate until unloading of the slab at 40 kN. Theoretically, slab Sh-G-2-S 

should behave in a similar manner. However, this is not the case as is shown in 

Figure 6.12. Demec location number 10, which is just to the right of midspan, shows a 

compression strain which increases fiom -150 p& to approximately 0 p& and at demec 

locations 13 and 7 the concrete strains remain relatively constant at between -150 and 

-200 p~ as the load is increased. Only the strains measured at the demec locations to the left 

of midspan (1 and 4) increase in compression with an increase in load. This behaviour is 

most likely an indication of imminent bond failure since it was to the right of midspan that 

the specimen failed in bond ( Figure 6.3(b)). 

The swins in the concrete changed over time in the four concrete slab strips that were 

subjected to long-term sustained loads. The average strains in the extreme compression 

fibres immediately after the application of the sustained loads were -295 p ~ ,  -596 p ~ ,  

-537 p~ and -1 149 p& for slabs LgS-3-15, Lg-G-3-1.5, LgS-3-3.0 and LgG-3-3 .O, 

respectively. Thus, the immediate strains in the extreme compression fibres of the GFRP 

reinforced slabs are approximately twice as great as those of the similarly Ioaded steel 

reinforced slabs. However, Figures 7.6 and 7.7 show that the change in strain with time in 

the extreme compression fibres is approximately the same for the simiIar1y loaded neel and 

GFRP reinforced slabs. 



Time (days) 

f i p  7.6 - Long-term (1.5 M,): Change in strain in the compression fibre with time 

Time (days) 

Figure 7.7 - Long-term (3.0 M,): Change m strain in the compression fibre with time 
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The strain measurements at the level of the reinforcement immediately after the 

application of the long-term sustained load were 428 CI+ 1915 p, 809 p and 3918 p~ for 

slabs LgS-3- 1 .5, LgG-3- 1 5, Lg-S-3-3 .O and LgG-3-3 -0, respectively. The immediak 

concrete strain at the level of the reinforcement is approximately 4.5 tims greater in the 

GFRP than in the steel reinforced slab at a maximum applied moment of approximately 

1.5 M, and 4.8 times greater in the GFRP than in the steel reinforced slab at a maximum 

applied moment of approximately 3.0 M, These values are close to the ratio of the elastic 

modulus of the steel reinforcement to that of the GFRP reinforcement, Es/ECCBW = 5, Over 

time, the strain in the concrete at the level of the reinforcement in the GFRP reinforced slabs 

c o n ~ u e d  to increase but that in the steel reinforced slabs did not, In the steel reinforced 

slabs, the concrete strain at the level of the reinforcement increased until at approximately 

50 days the strain became relatively constant The change in concrete strain- over time at the 

level of the reinforcement is shown in Figures 7.8 and 7.9. 

Figrrre 7.8 - Long-term (15 M,): Change in strain at reinforcement level with time 
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Figure 7.9 - Long-term (3.0 Ma): Change in strain at reinforcement level with time 

Looking closely at Figures 7.8 and 7.9 reveals the fact that, in general, while the average 

change in strain over time of slab Lg-G-3-15 is 5 times greater than that of slab LgS-3-1.5, 

the average change in strain over time of slab LgG-3-3.0 is only 3 times greater than that of 

slab Lg-S-3-3.0. It was assumed that these differences would be similar. 

Figure 7.10 compares the average changes in strain in the extreme compression fires of 

the two steel reinforced slabs. The figure shows that, in general, the average change in 

strain over time of slab LgS-3-3.0 is 1.3 times greater than that of slab LgS-3-15 Thus, 

by approximately doubling the sustained load, the average change in strain in the 

compression fibre is increased 1.3 times. Figure 7.1 1 shows similar results when 

comparing the two GFRP reinforced slabs. The differences revealed in Fgwes 7.8 and 7.9 

are not due to any differences in the strains in the compression fibre. 



Time (Qys) 

Figure 7.10 - Long-term: Change in strain in compression fibn (steel reinforced slabs) 

Figure 7.1 1 - Long-term: Change in strain in compression fibre (GFRP reinforced slabs) 
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Figure 7.12 compares the average changes in strain in the concrete at the level of the 

reinforcement of the two steel reinforced slabs. The figure shows that in general the 

average change in strain over time of slab LgS-3-3.0 is 1.8 times greater than that of slab 

Lg-S-3-1.5. Thus, by approximateIy doubling the sustained load the average change in 

strain in the concrete at the leveI of the reinforcement is increased 1.8 times, It was 

assumed that the differences in the average change in strain in the concrete at the leveI of 

the reinforcement of the GFRP reinforced slabs would have similar resuits. In fact this is 

not the case. Figure 7.13 shows that the average change in strain is only approximately 1.1 

times greater in slab Lg-G-3-3.0 than in slab Lg-G-3-1.5. 

Time (dm-) 

Figure 7.12 - Long-term: Change in strain at reinforcement level (steel reinforced slabs) 

A probable reason for the above is the fact that slabs LgG-3-15 and LgG-3-3.0 both 

have Iatge immediate cracking deformations and thus the influence of the concrete in 

tension to the stitfi~ess of the member may be approximateIy the same in LgG-3-15 and 

Lg-G-3-3.0. However, since the immediate cracking deformations are greater in slab 

Lg-S-3-3.0 than in slab Lg-S-3-15 the c o n e  in tension in sIab LgS-3-15 adds more 
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stifhess to the member than stab LgS-3-3.0. Therefore, slab L~S-3-3.0 which has less 

sti£hess has a larger average change in strain at the level of the reinforcement. 

Time (days) 

F i p  7.13 - Long-term: Change in strain at reinforcement level (GFRP reinforced slabs) 

7.2.4 Reinforcement stress 

The reinforcemmt stress can be determined by multiplying the concrete seain at the 

level of the reinforcement with the modulus of elasticity of the reinforcement. However, 

this can only be done if the strain in the reinforcement is the same as the strain in the 

concrete at the level of the reinforcement (Le. perfect bond and no cracking). The concrete 

strains at the level of the reinforcement, discussed in the previous section, are used to 

determine mean stress values in the reinforcements over the length of the demec gauge of 

the short-term and long-term test slabs. 

The applied load versus the stress in the GFRP bars of the short-term slabs Sh-G4-S 

and Sh-(3-24 are shown m Figure 7.14. The stress in the GFRP bars in slab Sh-(3-24 is 

greater than the stress in the bars in slab ShG-34 due to the lower reinforcement ratio. 



Figure 7.14 - Short-term: Applied load vs. mean stress (GFRP bars) 

Figure 7.15 compares the total stress of the steel bars in slab Lg-S-3-1.5 to the total 

stress of the GFRP bars in slab Lg-G-3-1.5. The total stress includes both the stress 

immediately after loading and the long-term stress. The immediate stresses in the 

reI'mforcernent due to the initial application of the sustained loads are 86 MPa and 77 MPa 

for slabs Lg-S-3-1.5 and Lg-G-3-1.5, respectively. These d u e s  would be equal if the 

reinforcement ratios of the steel and GFEW were equal, if the properties of the concrete for 

each slab were identical and if the sustained loads wen identical. Although the immediate 

stresses are different by 11 8, Figure 7.16 shows that the change in stress in the 

reinforcements over time of slabs LgS-3-1.5 and LgG-3-1.5 are similar. The mean stress 

in the steeI of slab Lg-S-3-15 decreases gradually after an age of about 50 days, whereas the 

stress in the GFRP bars of slab LgG-3-3.0 continues to gradually increase. 

Figure 7.17 compares the total mean stress of the neel bars in slab LgS-3-3.0 to the 

total mean stress of the GFRP bars in stab LgG-3-3.0. The immediate stresses in the 

reinforcement due to the initial application of the sustained loads are 162 MPa and 157 MPa 
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for slabs LgS-3-3.0 and Lg-G-3-3.0, respectively. Figure 7.18 shows that the change in 

stress with time of slab LgS-3-3.0 is greater than that of slab Lg-G-3-3.0. And similar to 

Figure 7.16, the stress in the steel bars of slab LgS-3-1.5 decreases gradually after an age of 

about 50 days and the stress in the GFRP bars of slab Lg-G-3-3.0 continues to gradually 

increase. 

0. 
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1 1 1 

0 50 LOO 150 200 250 300 
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Rgure 7.15 - Long-term (1.5 Mcr): Total mean reinforcement stress 

The difference in the change of stress between slabs LgS-3-3.0 and Lg-G-3-3.0 is 

dated to the circumstances desm'bed in the previous section for the difference in change of 

saain in the concrete at the level of the reinforcement between slabs LgS-3-3.0 and 

LgG-3-3 .o. 
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Figure 7.16 - Long-term (1.5 M,): Change in mean reinforcement stress 

Figure 7.17 - Long-rerm (31) M,): Total mean reinforcement smss 
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Hgure 7.18 - Lung-term (3.0 M,): Change in mean reinforcement stress 

7.2.5 Curvatures 

In the short-term tests the curvatures were determined fiom the conmte strains 

measured at the demec stations. Figures 6.6 and 6.14 compare the measured curvatures to 

the curvatures predicted with MC-90 (several sections). This method gives good 

predictions when the bond coefficient is equal to f i  = 1.0. Figure 7.19 shows the applied 

Ioad verms the experimental average curvatures of slabs ShG-34 and Sh-G-2s. The 

average curvatures are the average of the five curves shown in Figures 6.6 and 6.14, 

respectively for slabs Sh-G-34 and Sh-G-2-S. As expected, the curvatures of slab 

Sh-G-23 are greater than those of slab ShG3-S at the same applied load. 

The total average cumatutes versus time since loading of the slabs loaded under the 

long-term sustained loads are shown in figures 7.20 to 723. The figures compare the 

cmames from the strains measured at the demec stations to those measured with the 

cwat tue  device designed for these experiments. Both methods give similar cu~vatures. 

These figures compare the total average curvature incIuding both the immediate and the 



210 

change of curvature with time, whereas Figures 7.24 to 7.27 compare the change of 

curvature with time. 

Since the curvatures determined by the curvature device and by the concrete strains 

measured with the demec stations are almost the same, the following analysis of the results 

is done using the c u r v m s  determined from the concrete strains. 

Figures 7.28 and 7.29 compare the average change in curvature with time of the GFRP 

and the steel reinforced slabs. The difference in the change in ctmature between 

LgS-3-1.5 and Lg-G-3-1.5 is similar to the difference in the change in curvature between 

Lg-S-3 -3.0 and Lg-G-3-3 .O. 

Figure 7.30 compares the ratio of the change in curvature to the immediate curvature 

over time for the four slabs. The average change in curvature combines chat due to creep 

and shrinkage. 

Figure 7. I9 - Short-term: Applied load vs. average curvature 
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Figure 7.20 - LgS-3-1.5: Curvature comparison - Total curvature vs. time 
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Figure 7.21 - LgS-3-3.0: Curvature comparison - Total curvature vs. time 
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Figure 722 - Lg-G-3-15: Curvature comparison - Total curvature vs. time 
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Wgure 7.23 - LgG-3-3.0: Curvature comparison - Total curvature vs. time 
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Figure 7.24 - LgS-3- L .5: curvahue comparison - Change in curvature vs. time 

Fim 725 - LgS-3-3.0: Curvafure comparison - Change in curvature vs. time 
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Figure 7.26 - Lg-(3-3-1.5: Curvature comparison - Change in curvature vs. time 
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Figure 7.27 - Lg-G-3-3.0: Curvature comparison - Change in curvature vs. time 
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Figure 7.28 - Long-term (1.5 M,): Change in average curvature of slabs 
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Figure 7.29 - Long-term (3.0 M,): Change in average cum- of slabs 
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Figure 7.30 - Long-term: Change in curv-ediate cwahm vs. time 

Figures 7.28 and 7.29 show that the change in curvature with time is greatest for the 

GFRP reinforced slabs compared to the steel reinforced slabs under similar sustained loads. 

However, the ratio of change in nwanue to the immediate mature with time is greatest 

for the steel reinforced slabs. This is due to the fact that the GFRP reinforced slabs have 

greater immediate curvatures than the comsponding steel reinforced slabs. 

7.2.6 Moment-deflection behaviour 

The predicted cracking moments are compared to the experimental values in TabIes 6.6 

and 6.7. The accuracy of the predictions seems to depend on the age of the concrete at 

testing. The most accurate predictions occur for the long-term concrete slabs which were 

tested at an age of 31 days and the feast accurate predictions occur for the short-term slabs 

which were tested at an age of 202 days. 

The theoretical cracking moments of the short-term slabs Sh-G-34 and Sh-G-24, 

which were tested at an age of 73 days, under p d c t  the experiment-1 cracking moment by 



14. I and 1 1.4 % using MC-90 and CS A A23 3-94, respectively (Table 6.6). The theoreticaI 

cracking moments of the short-term slabs, which were tested at an age of 202 days, under 

predict the experimental cracking moments by 29.9 and 26.2 46 using MC-90 and 

CSA A23.3-94, respectively. All four of the long-term specimens were tested under short- 

term loading at an age of 3 1 days (Table 6.7). The error in the predictions range fiom an 

under prediction of 4.2 46 to an over prediction of 12.7 9b using MC-90 and fiom an under 

prediction of 2.0 % to an over prediction of 14.3 95 using CSA A23.3-94. 

The moment-deflection behaviour of slabs Sh-G-3-S and ShG-24 is compared in 

Figure 7.31. The reinforcement ratio of slab Sh-(3-24 is 0.80 9% and that of slab Sh-GJS 

is 1.20 %. 

0 10 20 30 40 50 60 70 80 90 f00 110 120 
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Figure 7.3 1 - Short-term: Comparison of deflections at different 46p 

Rgure7.32 compares the moment-deflection behaviour of slabs Lg-G-3-3.0 and 

Lg-S-3-3.0. These slabs have similar reinforcement ratios of 1.29 and 1.46 % for slabs 

Lg-G-3-3.0 and LgS-3-3.0, respectively. The GFRP reinforced slab deflected about four 
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times more than the steeI reinforced siab. The loading cycles have no noticeable effect on 

the defi ections of the steel and GFRP reinforced slabs, 

Figure 732 - Long-term: Comparison of deflections with different reinforcements 

The total long-term midspan deflections are shown in Figures 658 and 6.59. These 

figures show that the total long-term midspan deflections of the GFRP reinforced slabs are 

much greater than those of the steel reinforced slabs. After the removal of the sustained 

Ioad the deflection of the GFRP reinforced slabs became close to that of the steel reinforced 

slabs- 

The change m midspan deflection with time of the four slabs is shown in Figures 7.33 

and 7.34. The change in midspan deflection of the GFRP reinforced slabs is approximately 

1.5 times greater than for the steel reinforced slabs under similar sustained loads. 



Time (days) 

fig- 7.33 - Long-term (1.5 M,): Change in deflection of slabs 

Figure 7.34 - Lung-term (3.0 M,): Change in deflection of slabs 
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As discussed above with regards to cmature, the change in deflection combines the 

change due to creep and due to shrinkage. Figure 7.35 shows the ratio of change in 

deflection to the immediate deflection verms time. As with the cu~vatures, even though the 

change in deflection with time is greatest in the GFRP reinforced slabs, the ratio of the 

change in deflection to the immediate deflection is greatest in the steel reinforced slabs. 

Time (days) 

Elgun 735 - Long-term: Change in deflectiodhmediate deflection vs. time 

The ratios of the change in deflection to the immediate deflection should be equal to the 

ratios of the change in curvatm to the immediate curvature figures 7.36 to 7.39) 
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Figure 7.36 - Lg-S-3-1.5: Change in deformation/Trnmediate deformaton vs. time 
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Figure 7.37 - Lg-S-3-3.0: Change in deformationhunediate d e f o o n  vs. time 
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Figure 7.38 - Lg-G-3-1.5: Change in deformation/Immediate deformation vs. time 
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Figure 7.39 - LgG-3-3.0: Change m defomatio~ediate deformation vs. time 
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73 SHORT-TERM DEFLECTION PREDICTIONS 

In the following, the experimental post-cracking short-term deflections are compared to 

the predicted values determined using the three theoretical methods discussed in Chapter 3. 

The CSA A23.>94 deflections are calculated with Equations (3.4) to (3.8). The MC-90 

(Several sections) deflections are calculated with Equations (326) to (3.31). And MC-90 

(One section) deflections are calculated with Equations (3.33) and (3.34). The accuracy of 

these methods, in regards to the current experimental program, are compared to the 

accuracy of these methods as discussed in the theoretical analysis of the published 

experimental nsults of Chapter 4. 

The experimental and theoretical short-term moment-deflection curves of the two steel 

reinforced concrete slabs Lg-S-3- 1.5 and LgS-3-3.0 are shown in Figures 6.18 and 6.20, 

respectively. The figures show that all three theoretical methods give deflection predictions 

close to the experimental values. In these figures the MC-90 predictions arc calculated with 

a bond coefficient of a = 1.0. 

The experimental and theoretical short-term moment-deflection curves of the six GFRP 

reinforced slabs S h-G-34, S h-C-24, S h-G-3C, S hG-3C, Lg-G-3- 1 5 and Lg-G-3- 1.5 are 

shown in Figures 6.7, 6.15, 6.16, 6.17, 6.19, and 6.21, respectively. In these f i p s  the 

MC-90 predictions are calculated with a bond coefficient of & = 1.0. 

Of the three theoretical methods. CSA A23.3-94 gives the least accurate deflection 

predictions for the GFRP reinforced concrete slabs. From Figures 6.15, 6.16 and 6.17 we 

see that the deflections CalcuIated using CSA A23.3-94 can dangerously underestirme 

actual deflectious. In the case of slab Sh-G-2S, the actual deflections are as high as 5 times 

the CSA A23 3-94 calculated deflections. 
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The theoretical methods MC-90 (Several sections) and MC-90 (One section) both give 

similarly accurate deflection predictions when using a bond coefficient of /& = 1.0. 

Although using & = 1.0 gives good deflection predictions for all six GFRP reinforced slabs, 

for three of the slabs even more accurate predictions result when a bond coefficient of less 

than 1.0 is used. According to MC-90, a bond coefficient of PI = 1.0 should be used for 

high bond bars and a bond coefficient of & =05  should be used for smooth bars. 

Therefore, a bond coefficient between 0.5 and 1.0 indicates low bond between the 

reinforcing bars and the concrete. 

The most accurate deflection predictions determined using MC-90 (Several sections) 

and MC-90 (One section) occur when the bond coefficient is equal to & = 1.0 for slabs 

Sh-G-33, Lg-G-3-1.5 and Lg-G-3-3.0. Therefore, there is a high bond between the GFRP 

bars and the concrete of these three slabs. However, for sIabs Sh-G-24, Sh-G-3-C and 

Sh-G-2-C, using a value of a less than 1.0 gives more accurate deflection predictions. 

0 1 0 2 0  3 0 4 0  50 60 7 0 8 0  9 0 1 0 0  

Mi- Deflection (mm) 

Figure 7.40 - Sh-G-23: Experimental and theoretical momentdeflections 
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figure 7.40 compares the experimental momentaeflection curve of slab Sh-G-2-S to 

two curves calculated using MC-90 (Several sections) one using a = 1.0 and the other 

a =0.5. This figure shows that, in this case, using a =0.5 gives the most accurate 

deflection predictions. As was discussed in section 6.3.2, this slab faiIed in bond. Thus 

MC-90 can accurately predict the deflections of concrete members reinforced with GFEP 

bars even when poor bond exists between the bars and the concrete. 

Figures 7.41 and 7.42 show similar results for slabs Sh-G-3-C and Sh-G-2-C, 

respectively. For slab S h-G-3-C using & = 0.8 gives the best deflection predictions and for 

slab ShG-2-C using a = 0.5 gives the best deflection predictions. 

0 I0 20 30 40 50 60 70 80 90 100 

MidspeP DeQtdion (mm) 

Figure 7.41 - Sh-G-3s: Experimental and theoretical moment-deflections 

The accuracy of the three deflection prediction methods with regards to the current 

experimental program are to be compared to their accuracy as discussed in Chapter 4. For 

comparison purposes, aI.I deflection pndicti011~~ calculated using MC-90 (Several sections) 

and MC-90 (One section) were done with the bond coefficient & = 1.0. 
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Figure 7.42 - ShG-2-C: Experimental and theoretical moment-deflections 

As in Chapter 4, comparisons of experimenral to predicted post-cracking short-term 

deflections were done at five values of maximum applied moment, Ma: 1.5 (MCr)-, 

2.0 (M,),, 2.5 (Mm)-, 3.0 ( M A  and 3.5 (M,&. However, since many of the 

experimental slabs were loaded to Ma less than the upper values deflections at some of the 

hi& load levels are not available. 

The two steel reinforced slabs which underwent cyclical loading for preaacking could 

only be compared to predicted short-term deflections at Ma = 1.5 (M,), for slab 

LgS-3- 1.5 and at Ma = 15 (M,), and Ma = 2.0 ( M A  for slab LgS-3-3.0. The percent 

errors in the predictions using the three methods discussed in Chapter 3 are shown in 

Figure 7.43. 

Figure 7.43 shows that using MC-90 ( S e v d  d o n s )  gives more accurate deflection 

predictions than using either CSA A23.3-94 or MC-90 (One section). However, alI three 

prediction methods give percent errors of less than 15 46. Figure 4.21 shows the average 
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absolute errors at the five maximum applied moment (Ma) levels of the steel reinforced 

concrete members analysed in Chapter 4. The average absolute error is approximately 20 Q 

at all five levels of Ma and for all three methods of deflection prediction. Thus, all three 

methods can reasonably predict the deflections of stet1 reinforced concrete members. 

CSA A23394 

CEB MC-90 (Several sections) 

C E B  bfC-90 (One section) 

Figure 7.43 - Percent error of Dho to Dw: Steel reinforced slabs 

Figures 7.44 to 7.48 show the percent errors of the theoretical to experimental 

deflections for the GFRP reinforced concrete slab at Ma levels of 15, 2.0, 25, 3.0 and 

3.5 (MJ-, respectively. 

Figwe 7.44 demoastrates the large percent error in theoretiad to experimental 

deflections when using CSA A23.3-94 to calculate deflections for GFRP reinforced 

concrete members. This figure also shows the difference in accuracy between using 

(Several sections) with a = 1.0 for the slabs with the high bond between the GFW ban and 

the concrete (ShG-34, Lg-(3-3-1.5 and Lg-G-3-3.0) and those with lower bond between 

the GFRP bars the concrete (Sh-(3-24 and Sh-G-3-C). The percent enor in theoretical to 
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experimental deflection for slab ShG-34 is 12 % and that for slab Sh-G-23 is 24.4 % 

when using a = 1.0. However, if the predicted deflection in slab Sh-G-2-S is calculated 

using f i  = 0.5 the error is reduced fkom 24.4 to -10.4 96. Figure 7.44 also shows that using 

MC-90 (One section) with a = 1.0 gives reasonable deflection predictions with percentage 

errors less than 20 % for all five slabs and in most cases this error is an over prediction of 

deflections and not an under prediction as in the case of the predictions calculated with 

CSA A23.3-94. 

CSA A23.3-94 

CEB MC-90 (Several sections) 

C E B  MC-90 (One section) 

Hgure 7.44 - Percent emr of Dm, to D,: G W  reinforced slabs ( 1.5 ( M A )  

Hgures 7.45, 7.46, 7.47 and 7.48 give results similar to those of Figure 7.44. Also, 

while there is a pattern of increased deflection prediction accuracy with an increase in Ma 

when using CSA A23.3-94, there is no such pattern in the accuracy of the predictions 

determined using MC-90 (Several sections) or MC-90 (One section). 
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Figure 7.45 - Percent error of DPLo to Dup: GFRP reinforced slabs (2.0 (Mc-)-) 
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CEB MC-90 (Sevcd sections) 
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Figure 7.46 - Percent emr of D ~ o  to D,: GFRP reinforced slabs (2.5 (MCr),) 
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Figure 7.47 - Percent enor of Dko to Dup: GFRP reinforced slabs (3.0 (M&) 

CSA A23.3-94 

CEB MC-90 (Seved sections) 

CEB MC-90 (One section) 

Figure 7.48 - Percent e m u  of D- to D,: GFRP reiaf6rced slabs (3.5 (MJ-) 
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Figure 7.49 is the average absolute percent error of the theoretical to the experimental 

deflections of the GFRP reinforced slab strips versus the maximum applied moments, Ma. 

The average absolute percent errors were determined ignoring the different reinforcement 

ratios of the slabs. This figure is similar to Figure 4.27 which was found from the average 

absolute percent errors of seventy-five concrete members reinforced with GFRP bars. Both 

figures show the increase in accuracy of the CSA A23.3-94 deflection predictions with an 

innease in the maximum applied moment, Ma, and that using MC-90 (Several sections) and 

MC-90 (One section) give deflection predictions with average absolute percent error of less 

than 20 %. 

. CSA A23394 

CEB MC-90 (Several sections) 

WEB MC-90 (One section) 

IS Mcr 20 Mcr 2.5 Mcr 3.0 Mcr 35 Mcr 

Figure 7.49 - Average absolute error of Dho to D,: GFRP reinforced slabs 

7.4 LONG-TERM DEFLECTION PREDICTIONS 

The experimental long-term deflections are compared to predicted vaiues calculated 

with the following three methods, which are M b e d  m detail in Chapter3: 

(1) CSA A23.3-94; (2) ACI Committee 209; and (3) MC-90. 
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CSA A23.3-94 calculates the change in deflection over time, & due to the sustained 

load and is a hction of the immediate deflection, 4 In this instance the experimental 

immediate deflection is used in Equation (3.9) to calculate 4. This equation calculates the 

long-term deflection due to both creep and shrinkage. 

Figures 7.50, 7.5 1, 752 and 7.53 compare the long-term experimental to predicted 

midspan deflections for slabs LgS-3- 1.5, Lg-S-3-3 .O, Lg-G-3- 1.5 and Lg-G-3-3.0, 

respectively. CSA A23.3-94 long-term deflections are close to experimental values for slab 

LgS-3-1.5.; the predictions for the other three slabs are not. 

+ CSA A233-94 

-t-- Eqtcrhntal 
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Figure 750 - Lg-S-3-1.5 (CSA A23.3-94): Change in midspan deflection vs. time 
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Figure 7.5 1 - LgS-3-3.0 (CSA A23.3-94): Change in midspan deflection vs. time 

figure 752 - LgG-3-15 (CSA A23.3-94): Change in midspan deflesion vs. time 
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Figure 7.53 - Lg-G-3-3.0 (CSA A23.3-94): Change in midspan deflection vs. time 

Figure 7.54 - AII slabs: Change m midspan deflection vs. time 
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Figure 7.54 demonstrates the fact that the magnitude of the long-term deflection 

increases with an increase in the magnitude of the sustained load. Slab LgS-3-3.0 has time- 

dependent &fIections approximately 12 times greater than slab LgS-3-1.5 and the 

sustained load was approximately 2 times greater. Similarly, the sustained load of slab 

Lg-G-3-3.0 is approximately 2 times greater than that of slab LgG-3- 1.5 and the time- 

dependent deflections are approximately 1.4 times greater. Thus, doubling the sustained 

load does not double the long-term deflections in either the steel or GFRP reinforced slabs. 

Since Equation (3.9) shows a linear relationship between the immediate and the long-term 

deflections, it assumes that doubling the immediate deflection also doubles the long-term 

deflection. Thus, CSA A23.3-94 overestimates the timedependent deflections. 

The CSAA23.3-94 method does not take into account several factors which greatly 

effect both the creep and shrinkage of concrete, such as the ambient relative humidity. 

Also, it does not distinguish between the long-term deflection due to shrinkage and that due 

to creep. The ACI Committee 209 suggest a more rigorous approach which is described by 

Equations (3.1 1) to (3.19). 

The creep deflection, &, (Equation (3.12)) is calculated fim Since there is no 

compression reinforcement, k,= 1.0. The experimental immediate deflection due to the 

sustained load, 4, is used in the equation. In the cdculation of the creep coefficient, C, 

(Equation (3.15)), the ultimate rreep coefficient, C., is taken as the average value 2.35 as 

suggested if specific creep data is not available. The correction factor for use in non- 

standard conditions, Q, is used. The Q values shown m Equation (3.16), used here are: 

= 0.83 (assuming moist curing for seven days at an age at first loading of 31 days); 

Qh = 1.0 (for relative humidity q a l  to 40 96); Qf= 0.99 (accounting for the type of 

aggregate); Qr = 0.92 (accounting for the volume to surface ratio); a = 1.15 (accounting for 

slump); and QK = 1.0 (for less thau 6 % air voids). The Q values of 0, and Qh, for type of 

curing and relative humidity, respectively, do not represent the actual &amstances of these 
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tests. The length of curing time is actually only 3 days in the present tests and the average 

relative humidity over the length of these tests is only 21 %. 

The shrinkage deflection. Ah is caiculated using Equation (3.17). Since the slabs an 

simply supported Ksh = 0.125. The span length is equal to 3.2 m. The curvature due to the 

shrinkage, $sh, is calculated using Equation (3.181, where h = 0.18 m is the height of the 

member and Ash = 0.79 (Table 6.10 of CPCA Handbook). In the calculation of the shrinkage 

strain, EA, (Equation (320)), the ultimate shrinkage strain, G ~ ,  is taken as the average value 

780 x lod as suggested if specific shrinkage data is nor available. The factor dependent on 

the type and duration of curing, C, is taken as equal to 35 for concrete moist cured for 

7 days. The correction factor for use in non-standard conditions, Psh7 is used. The P values 

shown in Equation (3.21) are: PC= 0.93 (for cement content); Ph = l;O (for relative 

humidity equal to 40 %); Pf= 0.93 (accounting for the type of aggregate); P, = 0.93 

(accounting for the volume to d a c e  ratio); P, = 1.09 (accounting for slump); and P, = 1.0 

(for less than 6 % air voids). The C, and Ph values, for the type and duration of curing and 

amount of ambient dative humidity, respectively, do not represent the actual circumstances 

of these tests, since the length of curing time is actually only 3 days and the average relative 

humidity over the length of these tests is only 2 1 %. 

Figures 7.55, 756, 7.57 and 7.58 compare the time-dependent experimental and 

ACI Committee 209 predicted midspan deflections for slabs LgS-3- 1.5, Lg-S-3-3 .O? 

Lg-C-3- 1.5 and Lg-G-3-3 -0, respectively. 
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Figure 755 - LgS-3-1.5 (ACI Committee 209): Change in midspan deflection vs. time 
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Figure 756 - LgS-3-3.0 (ACI Committee 209): Change m midspan deflection vs. time 
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Figure 7.57 - Lg-G-3-1.5 (ACI Committee 209): Change in midspan deflection vs. time 

Figure 7.58 - Lg-G-3-3.0 (ACI Committee 209): Change in midspan deflection vs. time 
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The ACIComrnittee 209 predictions for the steel reinforced slabs are not accurate 

predictions although the curves have similar shapes. On average, the theoretical deflections 

calculated using ACI Committee 209 are 1.7 and 2.4 times greater than the experimental 

values of slabs LgS-3-15 and Lg-S-3-3.0, respectively. 

The following maiysis is done to determine the ultimate creep coefficient, C,, of each of 

the four slabs using the method -bed by ACI Cownittee 209. This analysis is similar 

to than from Brown and BarthoIomew (1996) discussed in Section 4.3.2 of this thesis. 

Since the variables of curing and relative humidity used in these tests cannot be 

accounted for in the correction factor for non-standard conditions, Q, for the uitimate creep 

coefficient, C., given by ACI Committee 209 and described in Equation (3.15) of this 

thesis, a value of C. cannot be determined independently. Therefore, the following 

calculation of the creep coefficient, C, from the experimental data must be done by finding 

a value for CUP,  The comxtion factors for non-standard conditions for the calculation of 

deflections due to shrinkage are not relevant here because the value for the free shrinkage, 

G., used are those measured from the cylindrical shrinkage specimens and modified for the 

difference in size between the cylinders and the slabs. This value of free shrinkage is used 

in Equation (3.17) to find the curvature due to shrinkage, &, which is used in 

Equation (3.16) to find the shrinkage deflection, Ash. 

The creep coefficient, Cr, is calculated by Equation (7.2) at each time interval 

experimental measunments were taken. This equation is a reanangement of 

Equation (3.1 2). 
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where k,= 1.0 since there is no compression reinforcemeni & is the experiment. 

immediate deflection just after the application of the sustained load and & is the deflection 

due to creep, 

where &o&bge is the measured total change in deflection over time due to both creep and 

shrinkage and Ash is the change in deflection due to shrinkage calculated using 

Equation (3.16). 

Once the creep coefficient, C, is determined at each time interval, the value of Cuem is 

calculated at each time interval, as follows. This equation is a m g e r n e n t  of 

Equation (3.14). 

where t is the time in days since the start of loading. 

From the values of C,& calculated at each time internal, an average of these was taken. 

This average value is used to determine the change in deflection over time by the same 

method described in Chapter 3 in Equations (3.1 1) to (3.17). Figures 7.59 and 7.60 show 

the d t s  of this analysis (ACI Co-ttee 209 (modified)) for slabs Lg-S-3-15 and 

LgS-3-3.0, respectiveIy. 
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Figure 7.59 - LgS-3- 1 5 (ACI 209-modified): Change in midspan deflection vs. time 
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Egun 7.60 - LgS-3-3.0 (ACI 209-modified): Change m midspan deflection vs. time 
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Reviously, for the curves calculated using the values suggested by ACI Committee 209 

and shown in Figures 7.55 and 7.56, Cuem was equal to 1.93 for both steel reinforced slabs. 

The CuQm values calculated, as above from experimental deflections, are 0.74 and 1.06, 

respectively, for slabs Lg-S -3-1 5 and LgS-3-3.0. Since, most variables such as concrete 

strength and relative humidity are the same for the two slabs, the difference in the Cuefl 

values is most likely due to the difference in compressive stress in the concrete. 

The above procedure is applied to the GFRP reinforced slabs Lg-G-3-1.5 and 

Lg-G-3-3.0. The Cue, values are found to be 0.77 and 0.45, respectively, for Lg-G-3-1.5 

and Lg-G-3-3.0 and the theoretical versus experimental curves are shown in Figures 7.61 

and 7.62. 

The CuQ, values calcuiated for the four slabs are shown in Table 7.2 along with the 

immediate extreme compression fibre strains, &i, due to the long-term sustained Load and 

the change in strain in the extreme compression fibre at the end of testing, &. The 

immediate extreme compression fibre strains of the slabs, a, differ depending on the 

magnitude of the sustained load and the type of reinforcement. However, the change of 

strain in the extreme compression fibre at the end of testing, &, secrns to depend only on 

the magnitude of the sustained load Assuming Hwke's Law to be valid, the stress in the 

concrete at the extreme compression fibre& is calculated using E, and the elastic modulus 

of the concrete, Ec. The bolded numbers in Table 72 indicate that using Hooke's Law may 

not be valid in these cases since the stress in the concrete may be greater than 0.4f,'. 

TabIe 7.2 - Immediate compression @re strain and Cupm 
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Figure 7.6 1 - Lg-G-3-1.5 (ACI 209-modified): Change in midspan deflection vs. time 
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Figure 7.62 - Lg-G-3-3.0 (ACI 209-modified): Change in midspan kflection vs. time 
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The stress in the extreme compression fibre, f, is calculated using Hooke's Law. 

However, when a stress exceeds 0.40f,' the accuracy of Hooke's Law decreases with an 

i n m e  in stnss. Both slabs LgS-3-3.0 and Lg-G-3-1.5 have an extreme compression 

fibre stress of approxhakly 0.40f,'. They also have similar values of Cue, This seems 

to show that the creep of the slabs depends only on the magnitude of the stress in the 

concrete. 

Brown & Bartholomew (1996) and Brown (1997) conducted a similar analysis. As 

discussed in Section 4.3.2. They found the ultimate creep coefficient of the FRP reinforced 

beams to be, C u m  = 1.13. The authors give no data concerning the ambient relative 

humidity in their laboratory or the strains in the concrete. Although the relative humidity 

will effect the value of C u m  to some extent the stress levels in the concrete are the most 

important in determining the amount of creep. 

The third and final method used to calculate the long-term deflections of the slab strips 

is that discussed in Section 3 2 5  which is from the CEB-FIP Model Code 1990 (MC-90). 

The coefficients used in the interpolation equation (Equation (33 1)) are B, = 1.0 for high 

bond bars and & = 0.5 for sustained loading. The values for creep coefficient and free 

shrinkage strain, calculated at each time interval using Equations (3.35) to (3.49), are input 

into the computer program CRACK (El-Badry & GhaLi 1991) which is used to calculate the 

deflections. 

It should be noted that Equations (3.35) to (3.49) are recommended for use only if the 

stress in the concrete is 40 % or less of the concrete compressive strength and the relative 

humidity is between 40 and LOO 46. 

The MC-90 deflections are caldated two ways: (1) using the actual relative humidity 

at each time intend in the equations (the relative humidity over the time of these tests is 

generally much lower than 40 46) and (2) using the minimum relative humidity of 40 % at 
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all times. Figures 7.63, 7.64, 7.65 and 7.66 compare these results with the experimental 

results for slabs LgS-3- 1.5, LgS-3-3 -0, Lg-G-3- 1 5 and Lg-G-33 .O, respectively. 

The long-term deflections calculated using MC-90 give reasonable deflection 

predictions for both the steel and GFRP reinforced concrete slab strips. The average 

absolute error between the theoretical values (calculated with variable ambient relative 

humidity) and the experimental values are 3 1,62,15 and 13 96, respectively, for LgS-3- 1 -5, 

LgS-3-3 .O, Lg-G-3- 1 -5, and Lg-G-3-3 .O. For the theoretical values calculated using an 

ambient relative humidity of 40 % the average absolute errors are 16, 41, 26 and 5 56, 

respectively. For this analysis, MC-90 gives reasonable long-term deflection predictions for 

the GFRP reinforced concrete slab strips. Arockiasamy et aI. (1996) found similar results 

from their experiments, as discussed in section 4.3.3. 

Time (days) 

Figun 7.63 - Lg-S-3-15 (MC-90): Change in midspan deflection vs. time 
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Figure 7.66 - Lg-G-3-3.0 (MC-90): Change in midspan deflection vs. time 



Chapter 8 

SPANITO-DEPTH RATIOS 

8.1 GENERAL 

Some researchers have noted that the maximum span-to-depth ratios of rectangular 

concrete members reinforced with FRP bars must be smaller than those for rectangular 

concrete members reinforced with steeI ban in order to keep the service load deflections 

within required limits. 

Chaallal and Benmoknne (1993) note that, due to the low elastic modulus of GFRP 

bars compared to steei bars, the deflections of GFRP reinforced rectangular concrete 

members will generally be greater than the deflections of steel reinforced rectangular 

concrete membm. Therefore, the use of a span-tdepth ratio of Uh = 16 (as ciesm'bed in 

Table 9-1 of CSA A23.3-94 for steel reinforced simple beams), for GFRP =inforced beams, 

will result in deflections gnater than the maximum limiting value unless an impractical 

amount of GFRP reinforcement is used (i.e. five to six bmes greater than that required with 

steel). The authors suggest that decreasing the span-tdepth ratio for GFRF reinforced 

simple beams to (Mz) = 11  (from (Uh) = 16 for steel reinforced simple beams) will satisfy 

the deflection limits with the use of more practical GFRP reinforcement, 

GangaRao and Vijay (1997) suggest the use of span-to-depth ratios of between Uh = 12 

and 13 in order to satisfy deflection criteria of spadl80 or less for GFRP reinforced beams. 

The above statements consider only recmguIar concrete members reinforced with 

GFRP bars. However, the span-to-depth ratios given by these authors may only be relevant 

to the particular type of GFRP bars used in their testing programs. This is true since 

different manufhctured GFRP bars can have a wide range of elastic moduli (approximately 
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30 to 60 GPa). And if we also consider AFRP and CFRP bars, the elastic modulus of FRP 

bars can range from anywhere between 30 and 180 GPa 

In this thesis the span-todepth ratios of concrete members reinforced with FRP bars are 

calculated in two ways. The first is based on Ultimate Strength Design and the second is 

based on Working Stress Design. It will be noted from the derivation that the first basis 

applies only to members having rectangular cross-sections while the second basis applies to 

members of any cross-section. 

8.2 SPAN-TO-DEPTH RATIO - ULTIMATE STRENGTH METHOD 

When subjected to flexural loading, a concrete member which is under-reinforced with 

FRP bars will fail due to sudden rupture of the FRP bars. However, a conate member 

which is over-reinforced with FRP bars will fail due to concrete crushing. Balanced failure 

will occur when the conate and FRP bars fail simultaneously. Many researchers have 

found that a more gradual and thus safer mode of failure is that due to crushing of the 

concrete (Nanni 1993) (Burgoyne 1993) (Benmokrane et al. 1996). 

The allowable failure modes in design for steel and FRP reinforced concrete members 

are different, as are the variables which affect the determination of their maximum span-to- 

&pth ratios. The modulus of elasticity and yield strength an relatively constant for steel re- 

bars and the variables of concrete strength and reinforcement ratio have Iittle influence on 

the allowable span-tcdepth ratio. Thus a value can be determined which is valid for almost 

any concrete strength or reinforcement ratio. 

Since rrctangular FRP reinforced concrete members, in this case, wil l  be designed to 

fail in concrete compression the allowable span-tbdepth ratios wil l  vary with the concrete 

strength,&'. Other factors which will affect the allowable span-to-depth ratio are the FRP 
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reinforcement ratio, p, the concrete elastic modulus, E ,  and the modulus of elasticity of the 

FRP bars, Ej. 

In the following, an equation is derived which gives the span-to-depth ratios that will 

limit the &flections to specified values for FRP-reinforced simply supported concrete 

rectangular members. The equation accounts for the variability of the concrete compressive 

strength,&', the reinforcement and concrete elastic moduli in the form of the modular ratio, 

a = E/Ic, and the reinforcement ratio pf = Use of the span-to-depth ratio in 

accordance with the equation developed below will enwe the se~ceabflity requirement 

that the deflection will not e x a d  the specified limit. However, for FRP reinforcement 

there are limits on the sustained stress allowed in the bars. This limit is required due to 

possible creep ruptrne of the bars especially for GFRP bars. 

The Canadian and the American Concrete Codes (CSA A23.3-94 & ACI 318-95) 

require that the immediate deflection due to live load be limited to U180 or U360, depending 

upon the damage that the deflection can cause to non-structural elements. Also, the codes 

require that the sum of the time-dependent &flation and the immediate deflection due to 

additionai load occurring after the attachment of non-structural elements do not exceed 

V240 or U480, depending upon the damage that the deflection can cause to non-structuraI 

elements. In the analysis presented below it is assumed that the middle section of a 

reinforced concrete member is designed to have an ultimate flexural strength, Mu. It is also 

assumed that the requirement of the codes will be satisfied when the midspan immediate 

deflection does not exceed Un, with the midspan moment equal to 50 % of Mu. The value of 

n is considered to be variable. The 50 percent ratio is based on the assumptions that the 

Ioad for which the deflection is caIcuIated is a &tion of the ultimate Ioad and the time- 

dependent deflection bares a ratio to the immediate deflection. Values other than 50 % can 

be obtained by changing these parameters. 
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8.2.1 Ultimate strength 

Fint the factored ultimate moment resistance, Mu, is calculated. The following equation 

can be used to give Mu due to concrete compression failure of FRP reinforced concrete 

members, ignoring the presence of compression reinforcement. 

where d is the depth from the compression fibre of the concrete to the level of the tension 

reinforcement, Af is the cross-sectional area of the tension reinforcement, @= 0.7 is the 

flexural strength reduction factor for FRP reinforcement suggested by Nanni (1993),fr is the 

stress in the reinforcement at concrete compression failure and a is the depth of the 

equivalent rectangular compressive stress block. 

The depth of the equivalent rectangular compressive stress block, a, at failure of the 

concrete and the stress in the reinforcement at compression failure of the concnte,fi, must 

be calcuiated in order to determine Mu. 

Figure 8.1 - Strain and stress diagrams at concrete compression failure 
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The force in the concrete compression block, C, is equal to that in the tension 

reinforcement, T (see Figure 8.1). 

where, 

and 

where & = 0.6 and (y = 0.7 are the material resistance factors for concrete and FRP bars, 

respective1y;fc' is the concrete compression strength, b is the width of  the concrete member, 

c is the depth of the neutral axis, and a1 = the ratio of the average s a s s  in the rectangular 

compression block to the specified concrete strength and fll =the ratio of the depth of the 

rectangular compression block to the depth to the neutral axis, are determined by 

(CSA A23.3-94): 

where the concrete strength,&', is in ma. 

Equating C and T fiom Eqyations (8.3) and (8.4), 



and knowing that, 

where E, = 0.0035 is the strain in the concrete at failure as given in CSA A23.3-94, then, 

A~ #f E~ E, (d -c )  = a, 4 flCf; bc2 (8.9) 

and 

The above quadratic equation can be solved for c at failure of the concrete in 

compression. The depth of the concrete compression block at failure, a, is 

and the reinforcement stress, 6, is calculated from Equation (8.8). Once these values are 

known the ultimate rnommt resistance, Mu, can be calculated from Equation (8.1). The 

maximum bending moment due to service loads is assumed to be at midspan and its vaIue 

M,, = 0.5 Mu. 

The next step is to predict the short-term deflections of FRP-reinforced concrete 

members. Chapters 4 and 7 of this thesis show that using MC-90 with several sections 

gives good deflection pndictiom. For the derivation of the present equation five q d y  



254 

spaced sections and parabolic variation is used to calculate the mibspan deflections. One of 

the five sections is located at midspan (section 3), two are located at the supports 

(sections 1 & 5), and two are located midway between the supports and midspan 

(sections 2 & 4). For simply supported members the bending moments at the supports are 

zero since the cwatwe is zero and the bending moments at sections 2 & 4 are equal to 

75 46 of M,,, for uniformly loaded simply supported members. 

8.2.2 Deflection 

To find the deflections using MC-90, the mean curvature, y,, at each section must be 

determined and are equal to, 

where yl is the curvature of an uncracked transformed section and is the CLW- of a 

cracked transformed section, 

where Ms is the service load moment at a particular section, Ec is the modulus of elasticity 

of the concrete, 1, is the moment of inertia about the centroid of the uncracked transformed 

section, I2 is the moment of Inertia about the neutraI axis of the fully cracked transformed 

section and the interpolation coefficient, 5; between the uncracked and fully cracked section 

is, 



where PI is the bond coefficient and is assumed in this analysis to equal 1.0 for high bond 

bars and & is the load type coefficient and is assumed equal to 0.5 for sustained or cyclical 

loading. The cracking moment M, is, 

where y, is the distance from the centroid of the uncracked transformed section to the fibre 

in tension and fa is the mean axial tensile strength of the concrete as shown in 

Equation (3.27) and repeated here, 

Once the mean cwatuns at the five sections are calculated, the deflection at midspan, 

Dncdrpon, is equal to the following, assuming parabolic variation between the five sections, 

which is equal to, 

where ~ ; s ,  yd and y~ are the mean curvatures at sections 2,3 and 4, respectively. 



The specified limit of deflection is: 

where t is the span of the concrete member and n is the limiting factor and in this case 

n = 240 as descri'bed in Table 9.2 of CSA A23.3-94 (''Roof or floor construction supporting 

or attached to non-structural elements not likely to be damaged by large deflections"). 

and dividing both sides by h, 

8.23 Variation of 1 '  with Efi f,' and p 

Figure 8.2 shows a cross-section of a beam with height h, width b and depth to the 

reinforcement d, and it is assumed that d =  0.85 h. With any values of h and b, and with d 

as a -on of h, the span-to-depth ratio that can give a specified value of DrnLirpcn can be 

calculated if the concrete strength,&', the modulus of elasticity of the FRP bars, Er, and the 

FRP reinforcement ratio, p, are known. The modulus of elasticity of the concrete, E, is 

determined from the concrete strength and in this case Equations (3.21) and (3.22) are used. 

The span-to-depth ratios, Mi, which give D - = W  for a simple beam, are 

calculated using Equations (8.1) to (8.22) and varying the values of Efif,' and p. By taking 
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a value off,' = 30 MPa and varying Ef at 50, 100,150 and 200 GPa and varying p between 

0.001 and 0.05 the plot of Figure 8.3 is determined. Figures similar to Figure 8.3 are also 

determined for concrete mengths f,' = 20,40 and 60 MPa As f,' is increased the lines of 

Mi versus p at &= 50,100,150 and 200 GPa become closer together. 

Figure 8.2 - Span-to-depth: beam cross-section 

In order to remove the parameter Ef as an independent variable the reinforcement ratio p 

is multiplied by the modular ratio a= EiEc. The elastic modulus of the concrete, E ,  is 

calculated with Equations (3.2 1) and (3 22) which are from MC-90. 

Figure 8.4 shows the plot of Mz versus pa when f,' remains constant at 30 MPa and 

values of Efare taken as 50,100,150 and 200 GPa and p is varied between 0.001 and 0.05. 

In plotting the graphs in Figures 8.4 to 8.10 a value of p > 0.05 is considered impractical. 

Thus, the gnph is stopped when this value is reached. For example, for Ej= 50 GPa and 

Ec = 26 GPa a = 2.1, and p = 0.05, pa = 0.10; thus. the graph (thick part of curve in 

Figure 8.4) is tefminated at this value. Similar &ts an found when plots are drawn for 

other concrete strengths. 



Values of EL 

Figure 8.3 - Uh versus p, withf, ' = 30 MPa and Ef variable 
D- for simple beam = 1240 

Figure 8.4 - Uh verms pa. withf,' = 30 MPa and Ejvariable 
0- for simple beam = [n40 
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Figure 8.5 shows the effect of varying Ef on the ratio Uh. This figure shows the 

variation in MI versus p a  when Ef is kept constant at 50 GPa andf,' is varied at 20,30,40 

and 60 MPa. 

In order to remove the concrete strength, f,', as an independent variable the span-to- 

depth ratio, Uh, is multiplied by, 

where f,' is given in MPa and fd = 10 MPa Figure 8.6 shows a plot of ( ~ h ) ( f , ' ~ ~ ) ' ~  

versus p a  where Ef is kept constant at 50 GPa andf,' is taken at 20, 30,40 and 60 MPa. 

The lines at the different concrete strengths are close. Figure 8.7 shows a similar plot with 

Ef kept constant at 200 GPa Comparison of F i p s  8.6 and 8.7 shows that for any value 

of (ap) almost the same value of Uh can be read from the graphs. Thus. Ef can be 

eliminated as an independent variable in an equation for Uh. 

The equation that best fits the graphs in Hgure 8.7, or any similar graph with a different 

value of Efi is, 

Figure 8.8 compares the graph plotted by the above equation with the curves from 

Figure 8.7. 



@=SO GPa 

Values off,': 
20 MPa 

- 30 MPa 

-40 MPa - 60 MPa 
0 :  i 

0.00 0.05 0.10 0.15 020 025 
Pa 

Figure 8.5 - Vh versus pa, with Ef = 50 GPa andh'variable 
DnudrpM for simple beam = 0240 

values off,': 
- 20 MPa 

- 30 MPa 

-40 MPa 

-6oMPa 

F i p  8.6 - ( f i ) ~ ; ' / f ~ ) ' ~  versus pn, with Ef = 50 GPa and&' variable 
0- for simple beam = L240 



values off,': 
- 20MPa 
- 30 MPa - 40 MPa 

Figure 8.7 - (Mz)(f, '/fano) )'" versus pa, with Ef = 200 GPa and& ' variable 
DnvdrpM for simple beam = U240 

Figure 8.8 - (Mi)(f,'~&)'~ versus p a  with Equation (8-23 
Dm for simple beam = U240 
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The same procedure was repeated for a deflection limit of n = 480. The results show 

that the span-to-depth ratio can be increased by a factor of 2. Thus, for required deflection 

limits other than n = 240 the following equation can be used, 

Figure 8.9 is the same as Figure 8.8 except a graph is also calculated for the concrete 

strength&' = 80 MPa This figure shows that as the concrete strength increases the results 

of Equation (8.24) become less accurate. This equation can still be used for higher concrete 

strengths but will give a more conservative Vh value. 

Figme 8.9 - (uh)(fc'lf~rd)])" versus p a  (with&' = 80 ma). 
D- for simple beam = 0240 
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Effat of varyine: the ratio & 

The above derivation is based on a rectangular cross-section for which dlh =0.85 

(Figure 8.2). Variation of d/h will influence the value of y, in Equation (8.16) and will 

slightly change 6 (Equation 8.15). But the main effect of varying d/h is in the value of Mu. 

This can be seen by examining Equation (8.1) which depends upon d rather than h. Thus, 

the effect of varying & can be incIuded in the empirical equation for & as follows: 

(a = (T) (110) (3 j'T 
fmo 

(;In = [?I ($1 
fmo 

8.2.4 Example 

The following example for a simple beam is done to demonstrate the use of 

Equation (828) to select Uh in design. 

Data: - = 0.80 
span = I = to be determined 

b = 0.25 m f,' = 30 MPa; Ec = 26 GPa 

h =050 m &= 40 GPa (GFW bars) 

p = 0.02 n=240 

The concrete elastic modulus is calculated by the MC-90 equations descrii  in 

Equations (3.21) and (3-22) and is qud to Ec = 26 GPa Thus the modular ratio is equal to 

or= 1.52. 



The Uh ratio (Equation (8.28)) is equal to: 

(;Ifl = (?I (L) h / = =  f c  

fmo 

Substituting the above values into the equation, 

This result is here verified. The ultimate moment resistance (Equation (8.1)) is 

Mu = 142.4k.m. The moment at midspan, Mr.-, is assumed equal to 

0.5 Mu = 71.2 kN m. The moments of inertia of the uncracked and cracked sections are, 
-3 4 4 4  respectively, (Il)- = 2.63 x 10 m and (Iz)- = 3.52 x 10 m . 

The cwatures of the uncracked and fuIly cracked sections at midspan an, respectively, 

(Equation 8.13 8t 8.14): 



The concrete tensile strength (Equation (8.17)) is fm = 2.37 MPa and the cracking 

moment (Equation (8.16)) is Mr = 25.0 kN m. 

Application of Equation (8.15) with = 0.5 gives (Equation (8.15) & (8.12)): 

and 

At the quarter points Ms,mr=0.375 Mu=53AkNm.  The curvatures of the 

uncrafked and fully cracked sections at the quarter points are y~,,,= 7.71 x lo4 and 

wPuurcr = 5.75 x 1u3, respectively. 

Application of Equation (8.15) with p& = 0.5 gives br = 0.89 and 

ymmf = 521 x 

The midspan deflection from Equation (8.19) is calculated with the span 

1 = (10.4) h = (10.4) (0.5 m) = 5.2 m, as follows. 



Comparing the above vdue to U240 = (5.2 m)/240 = 21.67 mm, it is shown that DeM 

is less than U240 by approximately 9 45. 

8 3  SPAN-TO-DEPTH RATIO - WORKING STRESS METEOD 

The allowable strain in the FRP reinforcement may be higher than that of steel 

reiaforcement. The allowable strain is dependent upon the maximum allowable crack 

widths, 

where q i s  the allowable strain in FRP reinforcement at service loading; E, is the allowable 

strain in steel reinforcement at to service loading; and wrmd w, are the maximum allowable 

crack widths for FRP and steel reinforced concrete members, respectively. Equation (8.29) 

implies the assumption that the crack width is proportional to the strain in the 

reinforcement. Since FRP reinforcements do not corrode, its maximum allowable crack 

width may be greater than that of steel reinforced members. The Canadian Highway Bridge 

Design Code (CHBDC) Committee (1996) recommends wf= 0.7 and 0.5 mm, respectively, 

for interior and exterior exposure. These values are approximately 1.6 times greater than 

the maximum allowable m c k  widths found in ACI 318-95, which are w,=0.441 and 

033 mm, respectively, for interior and exterior exposufe. 

The folIowing analysis is done to determine the relationship bewen q4gS and the span- 

to-depth ratio of FRP reinforced concrete members. 
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83.1 Working stress 

The equation calculated herein for the span-todepth ratio, (Vh)fi is derived from the 

linear strain distriiution of a reinforced concrete section. Figure 8.10 shows a typical cross- 

section and the strain distribution of a cracked section. The curvature of the cracked 

section, yz, is equal to the strain in the FRP or steel reinforcement, q or & divided by the 

distance from the neutral axis to the reinforcement (d - c). The relationship of the stress and 

strain is linear, thus q= WEf (or E, = bfi) and the curvature, 1y2, is equal to: 

where, 

,iF h = ( d - c )  (8.3 1) 

with d being the distance from the concrete extreme compression fibre to the centroid of the 

tension reinforcement; c is the depth of the neuaal axis; &for gS are the snain in the FRP or 

steel tension reinforcement, respectively; Ef or E, are the moduli of elasticity of the FRP or 

steel tension nmfoorcement, respectively; q or 4 is the stress of the FRP or steel tension 

reinfomment: h is the seaion depth and Fis  the ratio of the distance from the neutral axis 

to the reinforcement to the section depth and is equal to the following for both concrete 

reinforced with steel or FRP reinforcement, 

where y is the ratio of the depth of the tensile reinforcement to the overall depth of the 

section; a is the ratio of the moduIus of elasticity of the reinforcement to the modulus of 

elasticity of the concrete and p is the reinforcement ratio and is equal to the arm of the 



reinforcement divided by the width of the flange of the T-section. This equation is derived 

for a rectangular section or for T-sections when c l hmgC. The equation is approximate 

when c > hmge. This equation indicates that for a T- or rectangular section with a specified 

y value the coefficient Bdepends only on ap. Thus if ap is selected the same for two 

different FRP materials Twill be the same. 

I C 

h d =yh 
(ds) = g h 

* 
I I 

Elgun 8.10 - Cross-section and strain distribution of a cracked section 

The deflection at the centre of a member, D, is equal to, 

where K ~ S  a coefficient depending on the shape of variation of curvature over the depth (e.g. 

K= 5/48 for parabolic variation), n is a constant which limits the deflection (e.g. n = 240), 1 

is the span of the member. The mean curvature, ym is equal to, 

Y m  = q w ,  

where is a reduction factor to account for tension stBening. 





where, 

where X is a multiplier and E, and ~f are the alIowable strain in the steel and FRP 

reinforcement, respectively, under service loads. 

The reduction factor accounting for tension stiffening, q, derived below: 

where p-1 is the mature of an uncracked section; M is the bending moment at the section; 

Ec is the elastic modulus of the concrete; I' is the moment of inertia of the cracked 

transformed section; I, is the moment of inertia of the unctacked transformed section; and 

the interpolation coefficient accounting for tension stiffening, is equal to, 

where a/& = 05; f, is the tensile strength of the concrete and q, is the vaIue of the 

tensile stress at the extreme fibre which would occur due to the applied moment, M, 

assuming the section remains uncfacked and it is equal to, 



where yt is the distance from the centroid of the uncracked transformed section to the 

extreme tension fibre. 

Substituting Equations (8A1), (8.42) and (8.43) into Equation (8.34) gives the following 

relationship for the reduction factor for tension stiffening, q, 

Consider that hf= h, and that the variation of (Uh) is caused only by the change in span 

length 1. Also assume that the moment at service is proportional to 1'. Thus, 

The value of the tensile stress in the concrete at the extreme fibre, which occurs due to 

the applied moment, M, assuming the section remains uncracked and the member is 

reinforced with FRP, is equal to, 

Substituting Equation (8.47) into Equation (8.48) gives, 



and assuming9 

and howing, 

The interpolation coefficients for steel and FRP reinforced members, & and 

respectively, are equal to, 

Substituting Equation (852) into Equation (854) resuIts in the foIIowing, 



The ratio (I&) is unknown and must be determined by trial and error. This is 

accomplished by substituting a trial value of (LJZf)M into Equation (8.55) and calculating 

the interpolation coefficient, G. This value is in tum used to caIculate g using 

Equation (8.46). 

Assuming h, = hf and rearranging Equation (8.39) gives, 

- - 
The ratio /3/ & and the value 7, are calculated independent of using given input 

data. However, 4~~ is dependent on (IJk)- and is determined as follows. 

Consider a cross-section of a specified height, h, reinforced with steel or with FRP. Let 

I, and [f be the spans that this section can cover without excessive deflection and assume that 

the load intensity at service is the same for the two spans. Thus, as with Equation (8.47), 

The distance between the resuitant compression and the resultant tension is 

approximateIy the same ~ g a d e s s  of the reinforcement material. Thus, 
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where A is the cross-sectional area of the reinforcement; E is the eIastic modulus of the 

reinforcement and E is the alIowable seain in the reinforcement at service. Substituting 

Equation (8.57) into Equation (8.58) and rearranging gives, 

Trial values of ( IJk)) ,d are used to calculate (IJi)-)dkuu! until = (laaLd. 

For the trial and error method discussed above, the values of pr, pr, EE/. E,, 

(ol&Jfa, E, qs, and remain constant. The value q and the ratio 49 are determined 

using (1Jb)d = ( 1 J l j ) ~ a l d ~ d  in Equations (855) and (8.59). These values are used in turn in 

Equations (8.40) and (8.38) to calculate the values zand (Uh)f, respectively. 

The study in the following section will show that an approximate expression can be 

used to give Tin terms of ~Je~folIowing example illustrates the above procedure. 

83.2 Parametric study to express Tin terms of ~ / q  

The properties of the cross-section in this example are based on the variables shown in 

Figure 8.10. The ratio (U& is determined in terms of (Uh), so that the member reinforced 

with FRP has the same deflection to span ratio as for the member reinforced with steel. 

h u t  Data: 

hlp+=3 



Calculate the values inde~endent of the trial and error procedure: 

The section properties of both the steel and FRP reinforced members are independent of 

the trial and error process and are calculated. as follows, for an uncracked section, 

GFRP: 

Alf = 0 . 0 7 5  m' 

Cv3/=0.417 m 
-2 4 Irr=2.39x 10 m 

Steel: 

AI, = 0.00325 m2 

(yJs = 0,409 m 
-2 4 11, = 2.55 x 10 rn 

For the fully cracked section, the depth to the neutral axis is calculated with 

Equations (8.31) and (8.32). These equations give Efor both the steel and FRP reinforced 

sections and the corresponding depth to the neutral axis, c. Once c has been determined the 

moment of inertia of a fully cracked section, 12, is calculated. These calculated values are as 

follows: 

GFRP: Steel: 

&= 0.701 a = 0.659 

= (0.70 1)(0.75 m) = 0.526 m (d-c), = (0.659)(0.75 m) = 0.494 m 

cf = 0.124 m c, = 0.155 m 
3 4 1'= 4.695 x 10- m = 7.229 x 10 -3 m 4 

- - 
From the above, the ratio &' a =I -06 is determined. 

The interpolation coefficient for the steel reinforced section, &, and the comspouding 

value of rl, are independent of the trial and error pmcedtue. These values are CalcuIated 

using Equations (8.46) and (8.48). respectively, and the valws arr equal to: 



Calculate the values de~endent on the trial and e m r  procedure: 

After several iterations, the result is = = 1.14. Thus the 

corresponding values, which are dependent upon the (I&) ratio, can be determined 

Equations (8.46) and (8.55) give, respectively, = 0.823 and q= 0.858. From these values 

the ratio ~ J Q =  1.062 is calculated This value is used in turn to give the multiplier, 

x= 1.129 calculated from Equation (8 -40). 

The ratio of the allowable strain in the steei reinforcement to that in the FRP 

reinforcement is equal to 0.778 as calculated from the inverse of Equation (8.59). 

From the above results (Uhk = 0.878 (Uh),. 

The above procedure was repeated several times by varying the ratio p{ps, but keeping 

(cml)J'fa = 2.0 and Ef= 40 GPa The steel and concrete properties also remain the same. 

Figure 8.1 1 shows the results of this variation by plotting the multiplier, versus the ratio 

E&'F 

The same analysis was done varying the ratio pip,, but keeping (kl)dfa = 2.0 and 

using Ef= 140 GPa figure 8.12 compares the remit of using Q=40 GPa to using 

E+ 140 GPa 

Hgure 8.13 shows d t s  similar to Figure 8.12 except (hI)J'f, is kept constant at 3.0 

instead of 2.0. 





-4OC;Ba (am?) 
4 140 @a (CFRP) 

Figure 8.13 - ~ v e m s  &Jq (result of varying pips), with (~~mpx)Jf~ = 3.0 

Figure 8-14 - X~~fsus  d q ( d t  of varying pfp,) and varying (a-)#fd and Ef 



Figure 8.1 5 - Xversus Comparison of Equations (8.60) and (8.6 1) 

0.4 

0.2 

0.0 

Figure 8.14 shows the combination of the above results and the equation of the best fit 

curve, which is: 

-- - Equation (8.60) 

-- 
I t 

z 6 I I I 1 
1 1 

Simpmng Equation (8.60) gives, 

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8 20 

E JE J 

Figure 8.15 compares the plots of Xverms &Jef cdcdated with Equations (8.60) and 

the simplified E%pti~n (8.61). The simpIified equation gives very similar results to the best 

fit curve of Equation (8 -60). 
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The multiplier xof ~ ~ u a t i o n  (8.61) is substituted into Equation (8.38) giving, 

Multiplying the E& ratios in Equation (8.62) gives. 

Equation (8.63) shows that the span-to-depth ratio of the FRP reinforced concrete 

member varies with the square root of E J E ~  When EJE~ is smaller than 1.0, the allowable 

crack width in the FRP reinforced member is greater than that in the steel-reinforced 

member. Equation (8.63) also shows that the span-todepth ratio of the FRP reinforced 

concrete member is equal to that of the steel reinforced concrete member when 4+ = 1. 

83.3 Concluding statement 

In design of f l e d  members reinforced with FEW ban, the span-to-depth ratio is to be 

selected by: 

(Oh), is the span-to-dcpth ratio when steel is employed as reinforcement. The values of 

(Ilh), given in codes for different edge conditions should be employed. The ratio (aq) is 

dependent upon the allowable crack width for the project at hand The well known working 

stress design method and the bending moment at service should be used to determine the 

amount of reinforcement required- 



Chapter 9 

CONCLUSIONS 

9.1 DEFLECTIONS 

One objective of the work of this thesis is to determine the most accurate method of 

predicting deflections of concrete members reinforced with FRP bars. This is 

accomplished by comparing experimental results to theoretical values. The theoretical 

values are calculated using current design codes for steel reinforced concrete members. 

Experimental results from published sources and from tests conducted for this thesis are 

compared to theoretical results. From these analyses the following conclusions are 

drawn: 

CSA A23.3-4 (ACI 3 18-95) equations under estimate the short-term deflections 

of FRP reinforced concrete members. 

• MC-90 equations accurately predict short-term deflections for both steel and FRP 

reinforced concrete members. 

CSA A23.3-94 (ACI 3 18-95) and ACI Committee 209 equations highly over 
* estimate the time-dependent deflections of FRP reinforced concrete members. 

• MC-90 equations can accurately predict the time-dependent deflections of FRP 

reinforced concrete members. However, it must be remembered that these are the 

results of only two experimental programs and further testing is required to 

confirm these conclusions. 

Another objective of this thesis is to provide recommendations for design equations 

for the calculation of deflections. The recommendation for the caIculation of the short- 

term deflection is to replace the cunent effective moment of inertia, I,, from 

CSA A23.3-94 (ACI 3 18-95), by the following equation which is derived by substituting 

Equation (3.3 1) into Equation (3.34), replacing I, by I, and setting Bl& = 0.5. 
28 1 



where II is the moment of inertia of the uncracked transformed section. I2 is the moment 

of inertia of the fully cracked transformed section, M, is the cracking moment and Ma is 

the moment at the section. This equation is based on MC-90 equations as described in 

section 3 -2.4. 

CSA A23.3-94 treats a cracked member as if it has constant moment of inertia equal to 

&. However, I, from Equation (9.1) is to be used to give the mean curvature, 

The curvature, w-,, calculated at a number of sections can be used to calculate the 

deflection with an accuracy depending upon the number of sections. I€ only the curvature 

at the section at midspan is to be used, I, can be used in the same manner as adopted by 

CSA A23 -3-94. 

9.2 SPANTO-DEPTH RATIOS 

Two recommendations for the calculation of the span-to-depth ratio are presented. 

The b t  is based on ultimate strength design for a rectangular section. Since this 

equation is determined for rectangular sections only, it cannot be adopted for general use. 

The second equation is based on working stress design and applies for any cross-section. 

The equations are: 



Ultimate strenetb desim 

where 1 is the span of the concrete member, h is the depth of the concrete member, n is a 

value which limits the deflection, d is the depth from the extreme compression fibre to 

the level of the tension reinforcement, p is the tensile reinforcement ratio, a is the ratio of 

the reinforcement elastic modulus to the concrete elastic modulus, f,' is the concrete 

compressive strength and fono = 10 MPa 

Working stress desim 

where i is the span of the concrete member, h is the depth of the concrete member, E, is 

the allowable stress at service load for steel reinforcements and q is the allowable stress 

at service load for FRP reinforcements. 

93 RECOMMENDATIONS FOR FUTURE STUDY 

Many papers have been published on the short-term deflection behaviour of FRP 

reinforced concrete members and few have been published concerning the long-term 

behaviour. Therefore, fittufe study should be focused on long-term behaviour. 

SpecificalIy, long-term testing should be done considering the folIowing variables: 

IeveIs of stress (magnitude of loading) 



FRP type (glass, carbon, aramid, etc ...) 

reinforcement ratio 

concrete strength 

environmental conditions for durability 

temperature variations 

humidity variations 

wet/dry cycling 

long-term cyclical loading 
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