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Abstract

During the last two decades, fibreinforced polymer (FRP) compositeaveemerged as pio-

ising materials that can be used in lieu of steel for resirigrconcrete structures due to their
corrosionresistantproperties, their high tensile strengéimdtheir high stiffness to weight ratio.

FRPs have lower moduli of elasticity cpared to steel whichmay lead tdncreasedieflections

and deformations of FRP reinforced structuneess section sizes are increasto overcome

this serviceability concern, FRP baran beprestressed. Previous reseahasfocused on the

use of carbo and aramid fibre reinforced polymers (CFRPs and AFRPS) in prestressed concrete
while less attention was given to glass fibre reinforced polymers (GFRPSs) because they have
high relaxation and are susceptible to creep rupAsavell, onlyvery limited dda on the long

term behaviour of GFRP prestressed concrete members under sustained and fatigue loads is
available. Also, no design guidelines are provided by CAN/S88612 or ACI 440.4R04 for

using prestressed GFRP bars in concrete members.

This reseath studyconsisted of experimental and analytical phaseswasddesigned to assess

the longterm properties of a concrete beams prestressed with a new generation of GFRP bars
that are reported to haemhanced mechanical properties stidt the barsresuitable for pe-
stressed applications by overcoming the creep rupture and the relaxation problems (Weber and
Baquero(2010), & Zawam and Soudki (2012)Fhis studyinvestigatd the transfer length of the
prestressed GFRP bars of diameterami and 16 mnin concrete Most of the availableer

search studied the transfer length of CFRP and AFRP tendons, and both CASBOSAand

ACI 440.1R06 give equations for predicting the transfer length for these bar typesTbely.
GFRP bars were prestressed to 40%hefr ultimate capacity, which is more than the 25% pr
stressing limit at transfer that is set by CAN/GSB:06 to avoid creep rupture. The effects of

the prestressing level, the GFRP bar diameter and the concrete strength on-teeridogha-

iour of GRRP prestressed concrete were investigated.

Twenty beams with dimensions of 150 x 255 x 3600 mm were cast and tested under different

sugained load levels for 300 dayEhe longterm deflections, the concrete strains and the GFRP



strains were monitored thughout the testing period. The main parameters considered were the
diameter of the GFRP prestressing barsr(ii? and 16mm), the prestressing level (0%, 25%
and 40% of the ultimate strength), and the sustained load level (35%, 60%, and 80% of the ult
matecapacity of the beamlrollowing the sustained loading phase, all bearaetested to fdi

ure infour- point bending. The transfer length measurements were taken for the prestressed

beams, and data on the early relaxation of the GFRP bars was recoréiéd fours.

The experimental results showed that prestressing of GFRP bars signifidaotgased the
beams deflectiuos, and the total and tl®ncretecreepstrainsunder service loading conditions

The results also showed thsatbjectingthe beamso different levels of sustained loading for 300

days did not affect their ultimate capacity. It was concluded from the results that the increase in
the GFRP strains in beams under sustained loading was mainly caused by the increase in the
beam curvature due tcreep and shrinkage of the concrete rather than the creep of the GFRP
bars. The experimental measurements showed that the transfer length of 16 mm diameter GFRP
bars in concrete with compressistength of 30 MPa was aboutdi{bar diameter), and ti}

for prestressing levels of 40% and 25%, respectively.

The analytical phase in this study involvdeveloping an analytical modbhsed on layeby-

layer strain compatibility analysis that was used to predict the-sdrartloaddeflection beha

iour and tle longterm deformations of GFRP prestressed concrete beam®del based on
layer-by-layer strain compatibility analysis was also proposed to predict the unloading behaviour
of the GFRP reinforced/prestressed beams after being subjectadtained loadg. The pe-

dicted loaddeflections curves from the model were in good agreement with the experimental
curves except for a discrepancy appears between the experimental and the predicted curves
where the predicted loagkflection curve tends to flatten dwetlow load levels, which is more
obvious in the prestressed beam. The transfer length results were used to improve the transfer
length estimates provided by the ACI 440-04#&Requation by calibrating the material coefficient
factor (Ut) watiedA value oft26 e NnQuhits is groposed for that caeff

cient to predict transfer length values fioe GFRP bars used in this study.
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Chapter 1

|l ntroducti on

1.1 General

Corrosion of steel reinforcement is tpamary cause of prematucdketerioration of reinforced
concrete structurda Canada and the USAnd affects thefunctionality and safety. Reinforced
concrete bridges are the masidely affected type of concrete structubecause of the use of

road salts and chenals for deicing. More than 30,000 deteriorated bridges in Canada and
200,000 bridges in the USA need to be repaired (Mufti 2008.e habi | i t ati ®n of
teriorated infrastructursvill cost about 49 billion dollars (Mufti 2003). This shows the signif

cance of tk corrosion problem and the importance of studying ways to overcome it.

During the last two decades, fibreinforced polymer (FRP) compositeaveemerged as pro-

ising materials that can be used for reinforcing concrete structuresoiteerroding properties

of FRPs, their high tensile strength, and their high stiffness to weight ratio made them very a
tractive substitute to conventional reinforcing steel. Nowadays, FRPs have become common in
many civil engineering applications including new domdgtion, repair and rehabilitation, and
architectural works. Three main types of fibres (Aramid, Carbon and Glass foeegsedo
produceFRPbars and strands for civil engineering applications.

Ongoing researcks beingconducted on the behaviour obncrete members reinforced oepr
stressed with FRP bars. The main difference between FRP and steel is that the FRI-reinforc
ment has linear elastic behaviour up to failure and itdulus of elasticity is much loweahan

that of steel. An FRP reinforcdmbam will deform elastically until cracking, then continuede d

form in an approximate linear manner under increasing load until the FRP bars rupture or the
concrete crushes. The low modulus sécity of FRP results in largeteflections and defe
mations of FRP reinforced structur@s comparison to steel structurddsing prestressed FRP

bars is a suitable solution for the problem of excessive deflections at service loads.



1.2 Research Significance

Extensive research studieave beeronducted since 1990 investigate the short and lotgm
behaviour of FIR prestressed concrete elemefitse main focus of the previous work was on
CFRP and AFRP reinforcement, while less attention was given to GFRP reinforcement because
prestressed glass tendons are usey wery rarely(ISIS 2008) The use of GFRP bars inepr
stressed applications was limited due to their susceptibility to creep rupture and their high relax
tion propertiesn comparison to CFRP and AFRPery limited data on the lorgerm behaviour

of GFRP prestressed concrete members under sustained and fatigue loads is available. Also, no
design guidelines are provided by CAN/GS80612 or ACI 440.4R04 for using prestressed

GFRP bars in concrete members.

A new generation of GFRP bars have been recemtliyufactured and are reported to have m
chanical properties that make the bars suitable for prestressed applications (VW dke|uerg
2010). Theresearclpresented in this thesisvestigatedhe longterm flexural behaviour of ¢o
crete beamprestressed with these GFRP bars under sustained &abgrovide data about the

transfer length of these bars.
1.3 Research Objectives

The general objective of this research was to investigate thedamgflexural behaviour of ¢
crete beams prestresseith a new generation of GFRP bars that are reported to haveslow r
laxation properties and are not affected by creep rupture at tensile stresses less than about 50% of

their ultimate strength. The specific objectives were:

1. To add to the currently limitedooly of work on the structural behaviour of GFRI@-pr

stressed concrete beams.

2. Investigate the effect of bar diameter, prestressing level, concrete strength and sustained
load level on the longerm flexural behaviour of GFRP prestressed concrete beams under

sustained loads.



3. To investigate the effect of increasing the prestressing level of the GFRP bars beyond the
25% prestressing limiset by CAN/CSAS6-06 to avoid creep ruptwen the longterm

behaviour of GFRP prestressed concrete.

4. To investigate the effect afeep of the GFRP bars on the overall lbeign behaviour of

GFRP prestressed concrete beams.

5. To investigate the transfer length of the prestressed GFRP bars of diametars drd

16 mm in concrete.

6. To improve the transfer letiyg estimates provided by the ACI 440.40R equation by
calibrating the ma)tusedinthd AClcequatiorf. i ci ent f acto

7. To develop an analytical model to predict the ldagn flexural behaviour of concrete

beams prestressed with GFRP bars.

The parameters that were considered in this study are the prestressed GFRP bar diameter (12M
and 16M), prestressing level (0%, 25% and 40% of the ultimate strength of the GFRP bars), su
tained load level (35%, 60%, and 80% of the beam ultimate capacityypancete compressive
strength (40 MPa and 80 MPa).

1.4 Thesis organization

This thesis consists of six chapters including this chapter. Chapter 2 provides a comprehensive
background and a literature review. The experimental program is described in Chapigr 3, a
Chapter 4 includes the experimental results and discussion. The analytical work is given in
Chapter 5, while Chapter 6 includes the conclusions and the recommendations for future work.



Chapter 2

Background and Literature Revi

2.1 Fibre reinforced Polymers (FRP s)
2.1.1 Definition of FRP

FRP composites consist of continuous longitudinal high strength fibres impregnated in a polymer
matrix with fibre content of about 40% to 70%. They were developé#teih940s to be used in
aerospace and naval industries, and lateevimroduced to the civil industry to benefit from
their properties (Minosaku, 1992). FRP composites are known for thegarording properties,

their high tensile strength, and their high stiffness to weight ratio which enabled them to provide
sustainatle solutions to civil engineers in both new construction and rehabilitation applications
(ACI 440R- 07).

Three main types of fibore composites are being used in civil engineering applications, namely
CFRP (Carbon Fibre Reinforced Polymer), GFRP (Glass Rbmeforced Polymer), and AFRP
(Aramid Fibre Reinforced Polymer). These FRP types differ from each other and from steel in
terms of their mechanical properties such as tensile strength and modulus of elasticity. CFRP has
the highest tensile strength andduotus of elasticity while GFRP has the lowest strength and
modulus of elasticity in FRPs. The tensile strength of FRPs is in general higher than that of rei
forcing steel and is comparable to that of prestressing steel, but the modulus of elasticity of FRP
is less than that of steel. The modulus of elasticity of steel is about 1.4 to 1.7 times the modulus
of elasticity of CFRP, about 2.5 times the modulus of elasticity of AFRP and about 4 times the
modulus of elasticity of GFRP. Typical strestgain relabns for FRPs, reinforcing steel, and

prestressing steel are showrFigure2.1 (ISIS Canada 2008).

The main drawback of FRP is the high mateciadt (ACI 440R 07). CFRP is the most expe

sive, and it is used widely in prestressing because of its high strength and modulus of elasticity
and because it is not susceptible to creep rupture or high relaxation. On the other hand, GFRP
has lower cost buts susceptibility to creep rupture and its high relaxation has limited its use in

prestressing applications.
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Figure 2.1: Stressstrain relation for FRP and reinforcing steel (ISIS Canada 2008)

With recentmaterials development, a new generation of GFRP bars was produced where the bars

are reported to have high strength and stiffness and they can be loaded with sustained loads up to
50% of their ultimate strength without having creep rupture probl&cisoek, 2009) The bars
tensile strength range between 1100 MPa and 1500 MPa, and the modulus of elasticity is more

than 60 GPa. The stresgain behaviour of these bars is showFRigure2.2.
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Figure 2.2 : Stressstrain relation for new generation of GFRP (Schoeck, 2009)



2.1.2 Long -term behaviour of GFRP bars
2.1.2.1 General

The most important lorterm properties of FRPs are relaxation and creep rupture. Relaxation is
defined as the reduction of stress in a material under constant strain (ACI -040.3Reep is

the time dependent deformation undestained loadwhile creep rupture is a material failure
due to accumulated strain caused by creep (ACI 4404RISIS Canada (2008) defines creep
rupture as the failure of a material subjected to a sustained load level less than-terrshiant

sile capacity.

The glassibers have excellent resistancecteep(fib 2006) Polymeric resins on the other hand

are viscoelastic materials that are more susceptible to creep and relaxation (fibT2DG63.

why the main factors that affect the creep of GERPs are therientationof the fibres and the
volume offibres in the matrix. The straighter the fibres are within the matrix, the less creep the
bar would have. Also, increasing the fiber percentage would result in decreasing the bar creep

given that dlthe fibres are properly bonded within the matrix.
2.1.2.2 Previous work

Yamaguchi et al. (1997) conducted research on the creep rupture of CFRP, GFRP and AFRP
rods. The results showed that the creep rupture capacity to theéeshortapacity of the used
FRProds after 57 years were 0.93 for CFRP, 0.47 for AFRP and 0.29 for GFRP. These results
were extrapolated from the linear relationship between creep rupture capacity and logarithmic
time for test data collected within a period of Q®@urs. Similar valuesere found by Sheard et

al. (1997) where the authors performed lbegn durability tests on FRP bars under different
stress levels and in various environments. They proposed service stress limits of about 25% for
GFRP, 50% for AFRP, and 75% for CFRP fdlGy e ar s struct u+08.0s | i f e

Almusallam et al. (2006) conducted residual tensile strength tests on GFRP bars embedded in
concrete beams in different environmental conditions. A total of 36 beams of dimension 100 x
100 x 2000 mm with -LOM GFRP bar in each beam were cast and placed in sustained loading

frames under foupoint bending. The sustained loads were designed to induce stresses to the
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GFRP bars of about 286% of their ultimate strength. The GFRP bars had ultimate strength of
743 MPaultimate strain of 0.0187, and modulus of elasticity of 39 GPa. The surrounding env
ronment was either tap water with continuous exposure % 4€eawater with continuous exp

sure at 40C, or wet/dry cycles every two weeks in seawater exposure 42.40velve beams

were placed in each environment, where six of them were loaded with sustained loads and six of
them were not loaded. The GFRP bars were extracted from the beams after pdaog®ight,
andsixteenmonths and tested in axial tension. Tasults showed that sustained loading in the
previously described conditions caused a reduction of 47% to 55% in the ultimate strength of the
GFRP bars after 16 month (520 hours). Alspthe ultimate sength of the GFRP barsed

creasedy about 16 to 2% in the same environments without any sustained loads.

Nkurunziza et al. (2005) conducted a research program to investigate the creep behaviour of
GFRP bars under sustained loads in various environmental conditions. Twentyn9&FRP
barshavinga guarateed tensile strength of 628 MPa and a modulus of elasticity of 40 GPa were
subjected to sustained loads of either 25% or 38% of the guaranteed tensile strength. The bars
were loaded for 10,000 hours in either alkaline croézed water mediums. The clggnin ax-

al strainover timein the GFRP bars under different stress levels in both media is shdwgr in

ure 2.3. The results showed that creep stiaithe GFRP bars was about 5% and 3% of the in

tial strain value for the 38% and 25% stressing levels, respectively. The change of axial strain in
alkaline solutions was less than 1.7%. As for the residual strength, the values were 97.1% and
100.8% of theguaranteed tensile strength for the specimens-ordeed water for stress level

25% and 38% respectively. The residual strength of specimens in the alkaline solution dropped
to 88.5% and 68.6% of the guaranteed strength for the 25% and 38% stresdmgéspectie-

ly.
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Figure 2.3: Change inaxial strain in glass fiberreinforced polymer bars with time under
different stress levels in; a) alkaline solution and b) denized water (Nkurunziza et al.
2005)

Debaiky et al. (2006) carried out tests to evaluate the residual tensile properties Rb@&isR

under sustained load in various environmental conditions at elevated temperature. Three bar d
ameters were used in this study (9.5 mm, 12.7 mm, and 16 mm) and the test parameters were the
sustained load, the surrounding environment and the temperdtue sustained stress ranged
between 19% and 29% of the guaranteed tensile stress of the bar, the surrounding media was e
ther alkaline solution or d®nized water, and the temperature was either ambient temperature
(20 °C) or elevated temperature whiranged between 43 and %3. The test durations varied

from one to four months. The results showed that the maximum reduction of strength was for the
9.5 mm bar stressed to 29% of its guaranteed strength in alkaline solutioRGyt&®@ it was
about11%.

F or n gt=le(R009) conducted an experimental program including relaxation tests to examine
the longterm behaviour of GFRP prestressing tendons. The used GFRP baas hisichate
strength of 650 MPa armimodulus ofelasticity of40 GPa. Fothe relaxation test, aém long

GFRP tendon was stressed to 37% of its tensile strength, and the strain was fixed for 132 days.
The stress degradation over time is showirigure 2.4. The relaxation results indicated that
there was loss of tension of 3.3% after 24 hours, 7.3% after 28 days and 10.5% after 132 days.
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Figure 2.4 Decrease of stress over time for GFF

Oskouei and Taleie (2018judied the relaxation of FRP sheets. Four different tests were carried

out in a controlled room with a constant temperature of 23€1énd a humidity of 50% and

each test lasted for 100@udrsaiming to simulate the FRP prestressing conditions. The miechan

cal properties of GFRP fabrics were 1750 MPa
modulus. The results showed that relaxatass for GFRP after 48 h was 13.5% and after 1000

h was 15%. They concluded that unlike CFRP, GFRPAHFRIP show significant decreases in

tensile strength when they are subjected to constant load, and that the relaxa&dPas$ in-

dependent to the apedl stress level.

Youssef and Benmokrane (2011) conducted a study to investigate the creep behaviowr and te
sile properties of GFRP bars under sustained service loads. 52 specimens of six commercial
GFRP bars were tested. The tested parameters weradstaénsd load level, bar diameter and

bar type. The sustained load levels used were 15% aB0%%f the ultimate tensile strength of

the bar, while the used bar diameters werenthg 12.7mm, 12.0mm and 15.9nm, and the bar

types were obtained from #e different manufacturer$able2.1 shows the mechanical prape

ties of the tested bars. Tests were carried out at a temperature of’23an®@50 + 10% relative

humidity. After loading for about 1000 hours, all samples were tested in static tensile test to

9



measure their residual strength. It should be mentioned that the-GBRPis the same GFRP

bar that will be used in the current studye creep test results are showrFigure 2.5. The
maximum creep strain values for the for the3284 sustained load level specimens (GFRP 1 to

6) after 20000 hours were 3.8, 11.8, 12.0, 5.6, 8.6 and 11 B&oresults of the residual tensile
strength test showed that the strength was not affected by the sustained loading in aie-as the r
duction in strength ranged between 0% and 5.4% for all test&P®ars. They concluded from

the results that there is no clear relationship between the applied load level and resulting creep
strain after 100 hours and that the creep strain increases with increasing the bar diameter.

Table 2.1: Mechanical properties of tested GFRP bars (Youssef and Benmokrane, 2011)

Nomenclature (ACI GFRP-1 GFRP-2 GFRP-3 GFRP-4 GFRP-5 GFRP-6
440.1R-06) 9.5 mm 9.5 mm 12.7 mm 12mm 15.9 mm 15.9 mm
(0374i) | (0374n) (0.5in) (0472 in) (0625n) (0625 in)
Average ultimate tensile stress fuae 85434 82838 774£38 1410£23 748 £35 783£205
MPa (ksi) (145 | (120£6) (11246) (206+3) (108+5) (114+3)
Guaranteed tensile stress (/» f:ﬁ’f 752 714 660 1341 643 m
MPa (ksi) %G")-'"' (109) (104) (%) (194) ) (105)
Design tensile stress MPa (ksi) fa=Cex f P 602 5T1 528 1073 514 578
(ACI440.1R-06) =08 @87 () M) (156) (75) (84)
Modulus of elasticity E 469+12 M48+14 499+24 665162 25+£27 41103
GPa (ksi) f (6800£174) | (6500£203) | (7200£248) | (9600£899) | (6200£392) | (5900+44)
Average 13:‘;’“‘6 Stain fume 180324767 | 184644868 | 15608956 | 21368+1601 | 1771221082 | 19270+ 541
G”Maf:f st £ 4= Eune- 30 15931 15880 1272 16565 14467 17647
Design tensile strain (yte) ot , , M 1reh ;
(ACT 440 1R06) &=CiXe g 12745 12704 10202 13252 11574 14118
Allowable strain for sustained
load (uie) fi=02x¢; 2549 2541 2040 2650 215 284
(ACT 440.1R-06)

10
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Figure 2.5: Creep strain evolution for samples at 25830% sustained loading level (Youssef

and Benmokrane,2011)

The GFRP bars used in the current study were produc8dhdck Bauteile GmbH. Highly adk

line watersaturated concrete prisms with the GFRP bars inside them were loaded by tensile su
tained loads at 23, 40, and 60°C (Weber Baduerg 2010). The test setup followed the ACI
440.3R04 test method B.8. The relationship between sustained stress and time to failure is
shown inFigure 2.6. Using regression following the ACI 440.2R guidelines the creep
rupturecurves showd that the bars can be stressed with a sustained stress of about 600 MPa
(50% of the ultimate strength) at 40 and can have a service life of 100 years.
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Figure 2.6: Time to failure lines of GFRP bars at different temperatures (Weber andBa-
quero, 2010)

2.1.2.3 Design codes and guidelines stress limits for FRP tendons

Design codes and guidelines impose sustained stressdmiRPs in general to avoid failure of

an FRP reinforced member due to creep rupture of the FRP. Limits on the initial prestressing
level for GFRP are provided by CAN/CS26-06. CAN/CSAS80612 and ACI 440.1F06 only
provide limits for tensile stress in ®P reinforcement urat sustained loads as they do et

low the use of GFRP in prestressed applications. These stress limits are shown below.
1 CAN/CSA-S6-06:

For nonprestressed FRP reartement, the stresses in FRP urslriceloadsmust not exceed

the ultimate strength of the FRP bar or grigkdf) multiplied by dimensionless factor ()
which equals 0.65 for CFRP, 0.35 for AFRP and 0.25 for GFRP. For prestressed FRPereinforc
ment, the maximum stresses at jacking and at traasfeshown imable2.2.
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Table 2.2: Maximum permissible stresses in FRP tendons at jacking anansfer for con-
crete beams and slabs (CAN/CS/&6-06)

Tendon At jacking At transfer
CFRP 0.70f|:Rpu 0.65fFRpu
AFRP 0.40ferpy 0.35fkrpPu
GFRP 0.30ferpu 0.25fkrpu

1 CAN/CSA-S80612:

The maximum allowable tensile stress in GFRP reinforcement bars at serviceability limit state is
25% of the tensile strength of the bars.

1 ACI 440.1R06:

The creep rupture stress limits for CFRP, AFRP, and GFRP are respectivefly, @5®f;, and

0.2fx, wherefy, is the guaranteed tensile strength.
2.2 Shrinkage and creep of concrete
2.2.1 General

Shrinkage and creep are very important tolependent phenomena that occur in almosteall ¢
mentitous products. Concrete has both instantaneous andelomgespornss when loaded by
sustained loads where an instantaneous strain takes place and increases with time. This increase

is greatly influenced by creep and shrinkage properties of concrete.
2.2.2 Concrete s hrinkage

Shrinkage is a volumetric contraction that is causathly by the loss of water due to evagor

tion and the cement hydration proceSkrinkage includes different forms as follows:

1 Plastic Shrinkagdt takes place in the plastic stage of concrete due to the evaporationdf blee
ing water (Rao 2001).

13



1 Autogenous Shrinkage: It is the change in volume produced by the continued hydraten of ¢
ment, exclusive of the effects of applied loads and change in either thermal conditiors-or moi
ture condition (Zhang et al 2003).

9 Carbonation shrinkage : It takes place doedestroying thecalcium hydroxideCa(OH),
which is a source of alkalinity, byarbon dioxideCO2 (Rao 2001). The carbonation reaction

is;
Ca(OH} + CO, ——> CaCQ+ H,O

1 Drying Shrinkage: It is the simkage of hardened concrete due to the evaporation of internal
water (Zhang et al 2003).

Plastic shrinkageloes nottake place in the hardened stage of concrete. Autogenous shrinkage
takes place in all types of concrete with any water/cement ratio budlite is negligible am-

pared to drying shrinkage especially when concrete is cured in its early age. Autogendus shrin
age becomes critical (about 50% of the drying shrinkage) in high strength concreteawith w
ter/cement ratios around 0.3 (Aitcin 1999). Tlebonation shrinkage takes place at the outer
layers of concrete and the depth of carbonation depends on the concrete member size, the relative
humidity and the moiste content in concrete (Nevill&995). Drying shrinkage is the main
shrinkage mechanisrhdt takes place in concrete. Because of its large value comparedgo auto
enous shrinkage, it is not critical to distinguish them from each other and therefore, the shrinkage
of a specimen under drying conditions without being subjected to applied loddnapelrature

change includes both drying and autogenous shrinkage (Zhang et al 2003).
2.2.3 Creep of concrete

Creep is defined as the increase in strain under a sustained stress. When a specimen is loaded, the
strain induced by the application of load is caliestantaneous strailCreep is the increase in

strain above itCreep of oncretecan be divided intdhree phases. In the first phase, instagtan

ous strain takes place once the load is applied then the strain grows rapidly in a short time period,
this phase is called the primary creep phase. After that, the slope of the time straineeurve b

comes constant ev a long period of timawvhich is called the secondary creep phase. The third
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phase occurs only when the sustained loads are at high levels and it is charactanzesthy

ing strains at high ratesrains until the material fails

Tertiary

Total Strain

Secondary

=

Irlmﬁal Elastic Stramn

racture

N

Time
Figure 2.7: Typical strain history curve during creep deformation (Youssef 201D

If concrete is subjected to drying conditions, shrinkage will take place simultaneously with creep
and the strain measured in this caseoigsidered as the summation of bdtherefore creep in

this case is considered as the deformation in excess of shrinkage (Neville 1995). Shrinkage and
creep are not independent phenomena and there is an effect of shrinkagemnwhichis

known to incease it. Therefore, scientists differentiate between two types of creep that take

place in this case (Neville 1995):

91 Basic creep: Creep of concrete under conditions of no moisture movement to or from the
ambient medium.

91 Drying creep: Additional creep caats by drying.

The total creep strain is the sum of the basic creep and drying creep. The chhag&amn of a
loaded and drying specimen is showrfigure2.8. The ratio of creep strain at age (t) to the
stantaneoustrain due to applied unit stress at ageistknown as the creep coefficient Gojt,t
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Figure 2.8: Change in strain of aloaded and drying specimen (Neville 1995).

Creep of concrete is the main factor affecting the {tm¥gn deflection of reinforced concrete
structuresThat is why many researchers have investigated the paranmgheesicing he creep

of reinforced concretelThe main factors that affect the concrete creeptlaeelevel of sustained
load, concrete compressive strength, the age of concrete at the time of loading, meméed size,

magnitude of reinforcement

Except for concrete specimens loaded at a very ege, there is a direct proportionalitg-b

tween creep and applied stress (Neville et al. 1983k proportionality has an upper limieb
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yond which the creep increases with stress at an increasing rate. That increase in thetereep is a
tributed to the seare internal micrecracking that takes place in concrete at very high
stress/concrete strength rates. This upper limit for proportionslitgt constant and can vary
between 0.3 and 0.75, with the latter value applying for high strength concrete N&@B).

At higher sustainedstresseso strength ratios, creegan produces time failure as shownFig-

ure2.9.

'
c

fe = 5000 psi
at 56 days

Ratio of concrete stress to cylinder strength, f

0004 0006 5008 0010
Concrete strain, €

Figure 2.9: Stressstrain-time relationship for concrete (Rusch, 1960)

The degree of cement hydration or the age of loading has airfteahce on the creep of oo

crete. If the concrete member was loaded at an early age, concrete would exhibit much greater
creep than concrete loadatl older ageThis is due to the higherapillary porosity and lower
degree of hydration at the early agfeconcrete, which results in higher cré&eville 1995).

Concrete creep is also affected by the concrete membelttszgenerally expressed by thelvo
ume/surface ratio of the concrete memi@&eep for a larger specimen is known to be less than
that for smaller specimen (Neville et al. 1988his was attributed to thacrease in thereep on
the surface of the membeompared tahat within the core of the specimen (Bruegger 1974) due

to the higher moisture contentithin the specimen cor& he irfluence of the membesize is
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greatest during the initial period after the load application. After several weeks, the rate of creep

becomes the same for all sizes under the same conditergle et al. 1983)

Another main factor affecting concrete quas the relative humidityAt lower relativehumidity

levels creep increasdsr a given type of concrete as showrFigure2.10 (Neville 1995)

I
Rootivo Hurrlir.:lit].r-l &

3

=&

Creep=10
&£
&

D 1
16 28 =l i 2 5 o 20 3
Daye Yedre

Tirme since Looding kg scalkel

Figure 2.10: Creep of concrete cured in fog for 28 days, then loaded and stored at different

relative-humidity levels (Neville (1995)

Other concrete properties that are known to affect the magnitude and rate of creep of concrete are
the type of cement, mix proportions, and aggregate tgpeeasing theement contentesults in
increasing creep the watercement ratios kept constant (ACI 209B2). Increasing the agef

gate cotent decreases creep (Nevill@9b).

2.3 Long -term behaviour of GFRP reinforced / prestressed concrete beams

2.3.1 Previous experimental work

Investigating the longerm behaviour of concrete structune®stressed with FRP bars ma-i

portant since the reliability of any type of reinforcement in concrete will depend mainly on its

performance under sustained loads (Braimah 2000). Most of the previous research reported in the
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literature focused on the behaur of CFRP prestressed members and GFRP reinforced me
bers, while only limited research investigated the behaviour of GFRP prestressed members. The
main studies available on the behaviour of GFRP reinforced or prestressed members are summ
rized inthis susection

Singh and Svecova (2014) compared the 4itependent behaviour of GFRP prestressed, steel
prestressed and GFRP reinforced concrete slabs with dimensions %6280 6600 mm sh-

jected to sustained loads under natural environmental conditibesprestressing levels used

were 24% and 35% of the ultimate strength of the bars. The GFRP bars were 16 mm diameter
with a tensile strength of 863 MPa and modulus of elasticity of 55 GPa, while the steel strands
were lowrelaxation 12.7 mm diameter witm ailtimate strength of 1860 MP@he results did

not showany excessive loss in the prestregsforce during the sustained load period of 10
months. The GFRP and steel prestressed concrete slabs both satisfied the maximum permissible
deflection of 25.8 mnfspan length/2403pecfied by CSA S806L2 (2012) However, the GFRP

reinforced slabs exceeded the permissible deflection by 19.8% to 33.3%.

Youssef (2010) carried out a comprehensive experimental program to study tterforigeha-

iour of GFRP reinfored beams under sustained loads. The experimental program included 20
beams with dimensions 100 x 150 x 1800 mm reinforced with either GFRP, CFRP or steel bars.
Each beam had two bars with 25 mm cover and no shear reinforcement. The beam$-were su
jected toa sustainedour- point loading representing 25% of the beam ultimate strength for a
year. Six GFRP and two CFRP bar types were used in this study. It should be mentioned that the
GFRP typed is the same type of GFRP bars thvas used in the present studyhe results
showed that the ratio of the time dependent deflection after one year to the immediate deflection
for the GFRP reinforced beams ranged between 30% and 59% and the ratio fod GERP
about 30%. The results were compared with ACI 44@&RndCAN/CSA S80602 longterm
predicted deflections, and it was concluded that ACI 44@8Rnd CAN/CSA S8062 over

predict the longerm deflection values for FRP reinforced beams.

Sovjak et al. (2009) studied the flexural behaviour of concrete slabsegsest with GRP bars.
Three concrete slahgith dimensions of 600 x 200 x 4500 mm were used. Each slab had four
GFRP bars of diameter 14 mm prestressed to 33% of their ultimate strength. The GFRP bars had
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anultimate strength of 650 MPa andredulus of elasticity of40 GR. The slabs were loaded to

30% of their calculated capacity for ten cycles and then loaded to failtmarirpoint bending.

The 30% represented the service limit state. The load deflection curve is sheigare®.11. It

was concluded that prestressing enhanced behaviour of concrete members with GFRP, and
helped overcoméhe issueof bigger deflections and earlier crack due to the lower modulus of
elastigty of GFRP compared to steel. It was recommended that future research should focus on

the longterm behaviour of GFRP prestressed members under sustained loads and fatigue loads.
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Figure 2.11: Load deflection behaviour of GFRP prestressed slabs (Sovjak et al, 2009)

Al-Salloum and Almusallam (2007) studied the effect of different environmental conditions on

the creep behaviour of concrete beams reinforced with GFRP bars under sustained loads. A total

of eight beams were used with dimensions of 100 x 100 x 2000 mm, reinforced-u0i 1

GFRP bar and had no stirrups. The GFRP bars had tensile strength of 730 MPa and modulus of

elasticity of 39 GPa. The beams were divided into groups and subjected to sustaiisad di-

ferent environments for 300 days. The sustained loads on the beams were the same for all beams

and were designed to produce a strain of 23% of the ultimate strain of the GFRP. The- enviro

mental conditions were; controlled environment with terapure of 24 + 3C (control group),

tap water at a temperature of 40 ¥2 sea water at a temperature of 40%2and wet/dry g-

cles of sea water at a temperature of 40°€ 2The results showed that the increase in the mid

span deflection for the control beams was 8% for the first 120 days, 11% for the second 120 days

and 13% after 300 days. They concluded that the allowable strain in GFRP bars at service load
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should not exeed 48% of the ultimate strain for elements at room temperature conditions, 32%
for structures continuously exposed to satine water, 22% for structures exposed to sea water,

and 13% for structures in splash zone near the coastal areas.

Hall and Ghali 2000) conducted an experimental investigation of the-teng deflection b-
haviour of concrete beams reinforced with either GFRP bars or steel bars. The beam$were su
jected to cyclic loading to produce cracking, and then they were subjected to sulstatheg

for 8 month undefour- point bendingThe sustained loads ranged between 1.5 tdil3€sthe
crackingloadsfor the beams. The test parameters were the sustained load levek amah-th
forcement materials. Thest results showed that under samiloading conditions and the same
reinforcement ratio, the lorAgrm deflections of GFRReinforced beams were 1.7 times those of
the steekeinforced beams. The losigrm deflections were compared to the predicted ressits u

ing CEB-FIP Model Code 1990,na the ACI 31895. It was concluded that the ACI 398 code

overestimates the deflections for the GFRP reinforced beams.

Joh et al. (1999) investigated the effect of different FRP materials on théelomgleflection of
concrete beams. Seventeen (17)nfeaeinforced by nine types of FRP bars were tested and
compared to a beam reinforced with a steel bar. All the beams were designed to have the same
ultimate load capacity, and the sustained loads were designed to produce a stress on the reinfor
ing bars hat was about one third of the bars tensile strength. The results showed that-the long

term deflections of GFRP reinforced beams were the smallest among all of the tested beams.
2.3.2 Previous analytical work
2.3.2.1 Modeling creep in concrete

ACI 209R92 gives formulador predicting the creep coefficient and shrinkage strains of co

crete.Equation2.1 shows the creep coefficient formula.

- o o 8

noaon ———5 2 Equation2.1
pmt 0 O

where z is the ultimate creep coefficient, and is giverHguation2.2.
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z S R oXoXoXoXeXo) Equation2.2
wherek, ko, ks, ks, ks, and lgare modification factors to account for curing conditions, relative
humidity, member size, concrete composition, fine/coarse aggregate ratio, and air content ratio,

respectively. Théormulas for calculating these factors are given in Appendix B.

The shrinkage straimsn,10) for moist cured concrete members at time (t) is calculated using
Equation2.3.
0 0

- h —— R i .
R 50 o o Equation2.3

where R is the ultimate shrinkage, and is givenlyuation2.4.

R XYt pm QQQQQNQ0 Equation2.4
wherek § 2,k 8k &,k §k 6& 1® d;ark modification factors taccount for curing conditions,
relative humidity, member size, concrete composition, fine / coarse aggregate ratio, ceament co
tent and air content ratio, respectively. The formulas for calculating these factors are given in

Appendix B.

The two common methis for assessing creep effect in concrete structures are the effective

modulus method and the agdjusted effective modulus method.

In the effective modulus method, the total strain which is the summation of the elastic strain and
the creep strain undeustained loads is calculated using an effective modulus of concrete. The
effective concrete modulus is showrEguation2.5.

. O 0o

O oo —_— Equation2.5
p 7 oD q

whereO 0 is the modulus of elasticity of concrete at timeand? o is the creep coeff

cient at time t for concrete loaded at tipeTthis method gives accuratesults for cases where

the applied stress is constant (Sritharan and Fenwick 1995).
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The creep strain of concrete is known to decrease as the age at the time of loading is increased.
Therefore, in cases of variable applied stress, a modification is maaleetinto account thega

ing effect of concrete. The aging effect of concrete and the previous stress history are taken into
account in the agadjusted effective modulus method where the reduced creep coefficient

c oD 1 oD s used in calculatindie effective concrete modulus. The teemdfd  is called

theaging coefficient and its magnitude ranges between 0.6 and 0.9 (Ghali et al. 2002).
2.3.2.2 Modeling deflection behaviour in FRP reinforced/prestressed beams

Modeling the longierm deflection of FRPeinforced/prestressed beams is commonly carried out
using the numerical approach by sectional analyBiaihah (200], Zou (2003)), or layered

sectional analysis (Zamblauskaite et al. 2005)set of equations modeling the change in strains
and stressef concrete and FRP with time are used to predict the behaviour of FRP rei

forced/prestressed concrete beams.

Zou (2003) proposed a model to calculate the immediate anddamngdeflections of CFRP @r
stressed concrete beams. A similar model was us@&tamnah (2000) but the creep of the FRP
was ignoredFigure2.12 shows a schematic of a beam section with the stress and strain profiles

across theection. The stresstrain relationship for the concrete was assumed to be linear.

(b) (c)

d m 2 (f) o (t)
1

dp,i}N Tt 8 j_
A

Figure 2.12: Cross-sectionand stress and strain distributions after applying loadBraimah
2000)

i
|

]
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In this approach, thehange in strain due to creep and shrinkage of concrete and creep of pr
stressed reinforcement is assumed to be restrained by a fictitious axial force and bending moment

to keep the strain state unchanged. Afterwards, these restraining forces are reyngraatiial
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application of equal and opposite forces on the section, resultingchrangan the top fibre

strain and the section curvature. The-adpisted effective modulus method is used to model the
effects of creep on concrete. The fictitious
given byEquation2.6 andEquation2.7, respectively. The change in the top fibre strain #ed t
curvature is calculated usirfgquation2.8 and Equation2.9, respectively. The change in the

stress at any fibre is given Bguation2.10.

& O M OO 06- Y O F- /5 O
Equation2.6
O o - 0 Q
3 O D0 oD Y- 0 O - Y
Equation2.7
O o Q- o Q
. 630 @30 Equation?.8
0 ;1 e bam quation2.
3 Sk b Equation2.9
0 . e bam quation2.
3 O 5 3 3 @ Equation2.10

whereA. is the area of the concrete sectiog,&hd | are its first moment of area and moment of
inertia of concrete about the reference axis, A' is the area eddjgsted transformed section,
and S' and I' are the first moment of area and the moment of inertia of thdjagted tras-
formed area of therosssectionabout the reference axisgo)is the ageadjusted elastic med

lus of concrete? @O s the concrete creep coefficient, &¥d is the FRP effective modulus

of elasticity.

Zamblauskaite et al. (2005) proposed a numerical techniqud badayerby-layer strain cm-
patibility to predict the timalependent behaviour of partially prestressed membegsrg2.13).

The stressstrain relationship for concrete in compression used in this approach is shown in
Equation2.11.
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1
= xj

1
p=xj

Qg Qr ¢ Equation2.11

¢
p=xj

where/E ; is the concrete compressive stress at skaip , 'Q ;; is the concrete compse
sive strengtir ¢Qny % j ,and% j s the effective modulus of concrete foissu

tained loading between timgand t.
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Figure 2.13: Modeling concrete section under sustained loads ( Zamblauskaite et &005)

The total sustained external force (N) and bending moment (M) are calculated Ecping
tion 2.12 and Equation2.13, respectively.The top fibre strain and the curvature are calculated
using Equation2.14 and Equation2.15, respectively.The fictitious external force and bending

moment due to shrinkage are calculated as shovguation2.16 and Equation2.17, respe-

tively.
6 0 0 Equation2.12
O O 0Q 0 Equation2.13
Y 0 00
- T Equation2.14
0 060 Y g
0 0 "Y 0
~ Equation2.15
O 60 'Y g
0 00 § - & Equation2.16
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0 5 YO v - & Equation2.17

whereP is the prestressing forcg, id the depth of the prestressing bag,i¢\the transformed
section area, Ss the first moment of area of the transformed area about the top fibre,iand |

the moment of inertia of the transformed area about the top fibre. These section properties are
calculated usindgquation2.18 to Equation2.20. The terms A &, and) are the same section

properties for the concrete part anly

=, O
0 Wo ; Equation2.18
O »
=~ . O :
Y WO W; Equation2.19
O n
DO .. 0 ,
O — WoWw Equation2.20

whereby;, t, yi and E are the width, the thickness, the depth measured from the top fibre of the
section, and the secant deformation modulus of the layer (i), respectively.

2.3.3 Guidelines for long -term deflection prediction

Design codes provide sorgeidelines for predicting the lortgrm defletion of FRP prestressed
beams.In both ISIS Canada (2008) and ACI 440.9& the empirical multiplier approach is

used in which camber and deflection are separated into individual components, and adjusted by
modifiers in order to compute the final deflection by superposition. The modifier valuesoare pr
vided only for AFRP and CFRP and no multiplier values are provided for GFRP prestressed
members (se€able2.3).
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Table 2.3: Multipliers for FRP tendons (ISIS Canada and ACI 440.4 R04)

Without composite topping

Carbon Aramid

At erection | Deflection dudo selfweight 1.85 1.85
Camber due to prestressing 1.80 2.00

Deflection due to selveight 2.70 2.70

Final Camber due to prestressing 1.00 1.00
Deflection due to applied 4.10 4.00

2.4 Transfer length of prestressed FRP bars

In prestressegrestensioned members, the length from the end of the member where the tendon
stress is zero to the point along the tendon where the prestress is fully effective is called the
transfer length (ISIS Canada 2008). ACI 440R defines the transfer length &= tlength e-

quired to transfer the full prestressing force to the concrete. Accurate estimation of the transfer
length is necessary for the stress calculations to check the limits at service limit state and for the
shear design of prestressed members. téistienation of the transfer length leads to uncorsserv

tive shear calculations while overestimation leads to unconservative stress calculations at the

service limit state (Barnes et al. 2003).

The transfer length of a prestressed FRP tendon is dependiet surface condition of the FRP

bar, the prestressing level, and the method used to transfer the FRP force to the concrete (ACI
440R07). It was found that the transfer length increases with increasing bar diametee-and pr
stressing forcel-urthermorethe transfer lengths slightly affected by the concrete strength, and
changes slightly with time (Lu et al. 1999). The main factor that affects the transfer letigth is
AHoyer effectd which is the increaseepen the
stressed tendon upon release due to the radial expansion of the tendon beRaiss®dfs r at i o
(Mahmoud et al. 1999). Since the modulus of elasticity of FRPs in general is less than that of
steel, the transfer length of most of the FRPs is lesstlfa of steel (ACI 440R7).
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Most of the available research studied the transfer length of CFRP and AFRP tendons.
CAN/CSA-S6-:06 and ACI 440.1F06 give equations for predicting the transfer length for these
bar types onlyPrevious studieandcode equabns are discussed below.

2.4.1 Previous research

lyer et al. (1991) studied the transfer length of prestressed fiberglass and graphite rods. The ult
mate strength and the modulus of elasticity of the fiberglass rods and the graphite rods were 1860
MPa and 5%GPa, and 2240 MPa and 132 GPa, respectively. The bar diameter used mas 9.5

and the concrete compressive strength at time of transfer was about 27.6 MPa. For the fiberglass
rods, the effective prestressing stress was 882 MPa (47.4% of the ultimatéhsofetiig rod),

and for the graphite rods it was 992 MPa (44.3% of the ultimate strength of the rod). Bie mea
ured transfer length values were 355 mm or 37 times the bar diamgtenddb59 mm or 59,

for the fiberglass and the graphite rods, respelstiv

Issa et al. (1993) carried out an experimental study to determine the transfer length of prestressed
fiberglass bars in concrete. 9vBn Sglass sevemwire strands with ultimate ingth that ranged
between 1736 an2l12 MPa, and modulus of elagty that ranged between @émd78 GPa were

used. The concrete compressive strength ranged between 38 MPa and 50 MPa at the time of
transfer. The prestressing level of the strands was about 45% of their ultimate strength. The

measured transfer length uabk ranged between 254 mm (about,2@dd 279 mm (about 28d

Mahmoud et al. (1999) studied the transfer length of CFRP strands in concrete. The experimental
program consisted of 52 prestressed specimens that were either prisms or beams to investigate
the effect ofthe strand type (Leadline, CFCC and steel strands), strand diameter, contrete co
pressive strength, shear reinforcement, prestressing level, and shrinkage and creep of concrete on
the transfer length measurements. The top reinforcement use2-10A8 steel bars while the

shear reinforcement was 6M steel stirrups spaced at 80 mm. Strain gauges and DEMEC points
were used to take readings for the transfer length at transfer, and after four weeks. The results
showed that the transfer length of theadline increased by 22% after one year and no change
was observed for the CFCC. From the results, they proposed an equation for the transfer length
that was later adopted by ISIS Canada (2008) and ACI 44m44Rnd will be given in Section

2.4.2.
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Lu et al (2000) investigated the transfer length of three types of FRP tendons (Carbon Leadline,
Aramid Technora an€arbon Strawman) in prestressed concrete beams. DEMEC gadge rea
ings from 30 specimens prestressed with single FRP tendon and 12 spquiestressed with

steel tendons were used for the transfer length measurements. The test parameters veere the pr
stressing force and the tendon type. It was concluded that both parameters had a negligible effect
on the transfer length of the FRP tendonsl #at the transfer length of steel tendons was longer
than that for FRP.

Zou (2003) studied the shadrm and longerm transfer length of FRP tendons. A total of 17
beams withcrosssectionof 150 x 300 and different lengths were used. The parameteliedt

were tendon type (CFRP, AFRP), concrete strength and prestressindieMEC points were

used to take readings for the transfer length at tranBferse readings were taken for 238 days

for the AFRP tendon beams and for 390 days for the CFRPridyeons in order to investigate

the time effect on the transfer length. The results showed that the transfer length of CFRP was in
the rangeof 300 mmto 800 mm depending on the concrete strength and prestressing level where
the transfer length was founad decrease with the increase of the concrete strength. The effect of
time on the transfer length of CFRP was negligiBlguation2.21 was proposed focomputing

the transfer length of Leadline CFRP tendons:

: Ty A Equation2.21

where¢ is the tendon diameter. For the AFRP, th.
between 20 to 34 times the bar diameter {270 mm). The values were not significantly affec

ed by the concrete strength, and they remained constant with time.

2.4.2 Code equations

Design codes and other guidelines provide equations and typical values for the transfer length of
AFRP and CFRP tendons used in prestressed application, and no guidance is provided for the

transfer length of GFRP tendons.

1 1SIS Canad42008) and ACI 440.4 R4
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The equation proposed by Mahmoud et al (1999) is adopted by both of these documents where

the transfer length can be computed as givdtguation2.22.

Equation2.22

whereL, is the transfer length in mmy; fs the initial prestressing level in MPg, id the tendon
di amet e ris materiahsependent coefficient which equals 1.9 for Leadline bars and 4.8

for CFCC strands in dnm units., § is the concrete compressive strength at time of transfer.
1 CAN/CSA-S80612:

Typical values for predicting the transfer length of FRP prestressed tendons are ghaen in
ble2.4.

Table 2.4: Typical values for transfer length for certain types of FRP (CAN/CSAS80612)

FRP type Diameter (mm) Transfer length
CFRP strand N/A 26 d;
CFRP rebar N/A 60 d
AFRP 8 dx12 50
AFRP 12 d©16 40 dy
AFRP 160d0 354,

2.5 Summary and Conclusions
The main information presented in this chapter can be summarized in the following points:

1. The use of GFRP in prestressed applications was limited due to their susceptibility to
creep rupture and their high relaxationgedies.

2. The use of GFRP in prestressed applications is not allowed by CAN888812 and
ACI 440.1R06, while CAN/CSASG6-06 allows prestressing of GFRP bars but it allows
low initial prestressing levels (25% of the ultimate strength of the bar).

3. Very limited research has been done on the-kengn behaviour of GFRP prestressed
beams.

4. Very limited research has been done on the transfer length of GFRP prestressed bars.

30



5. No design guidelines are available to predict the Hmngn deflection of GFRP pr
stressd beams.

6. No equations or guidelines are available to compute the transfer length of prestressed
GFRP bars.

This literature has revealed a lack of information regarding the use of GFRP in prestressed appl
cations, primarily due to concerns for relaxatiod areep rupture pf the GFRP bars. Recent d
velopments in the manufacturing of GFRP bars have led to improved mechanical properties i
cluding resistance teelaxation and creep ruptur&€herefore, it is important to study the leng

term flexural behaviour c6FRP prestressed beams and the transfer length of GFRP prestressed

bars if these bars are to be used in practice.

31



Chapter 3

Experi ment al Program
3.1 General

This chapter provides a description of the experimental program undertaken to determine the
transfer length of a new generation of GFRP prestressed bars and to investigate-teemong
flexural behaviour of GFRP prestressed beams. Several ancillary tests were conducted to eval
ate the material properties of the GFRP bars. The following sedivagletails of the exper

mental program.
3.2 GFRP bar specimens
3.2.1 GFRP bar/anchor assembly test

Eight GFRP bars (four 12M and four 16M diameter) with bar length of 1200 mm were tested in
axial tension in order to verify the ability of the UW anchdeveloped at the University of &/
terloo for CFRP bars (AMayah et al. 2006} to grip the GFRP bars under the prestressing

loads.

The ribs on the GFRP bar ends were machined to leave a smooth bar end for ease of gripping

using the UW anchor. The machineat fend is shown ifigure3.1.

Figure 3.1: Ribs machined off at bar ends
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Strain gauges (5 mm long) were mounted on the GFRP bars to measure the strains during the
tensile loading. A National Instrumentation Data Acquisition System was used to record both the
load and strain. First, the anchors on both bar ends were seatdwe dvat tvas inserted in the
testing setup shown iRigure 3.2. Tensile load was applied at a rate of 40 kN/mihich pio-

duced failure within about Binutes. The recommended tensile loading rate for testing FRP bars
by the ASTM D7205/D7205M (2006) is the rate that produces failure within 1 to 10 minutes.

Anchor

GFRP bar

Strain

gauge

Anchor

Figure 3.2: Anchors test setup

3.2.2 GFRP bar sustained load test

Two GFRP bars with 16M diameter were subjected to sustained loading for 110 days to monitor
the creep behaviour of the barsair. One bar was subjected to a sustained load of 145 kN
which produced a stress of 722 MPa, or about 60% of the bar ultimate tensile strengtlc- The se
ond bar was subjected to a load of 109 kN which produced a stress of 542 MPa, or about 45% of

the bar ultinate tensile strength.

Strain gauges (5 mm long) were mounted on the GFRP bars to measure the strains during the
sustained loading. A National Instrumentation Data Acquisition System was used to record both

the load and strain.

The goal of this test was tinvestigate the creep behaviour of the GFRP bar at higher sustained

load levels than the ones reported in the literature by Youssef and Benmokrane (2011).
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3.3 Beam Specimens
3.3.1 Specimens details

A total of 20 specimens were fabricat@@ple 3.1), and divided into 5 groups of 4 specimens;

one specimen was tested to failure under static loading, and the three other specimens were su
jected to different levels afustained loading for 300 dayellowed by testing to failure under

static loading to determine the residual strength. The test parameters in this study wege; the su
tained load level (35%, 60%, and 80% of the ultimate capacithe bean), the prestressing

levels of the GFRP bars (40% of the ultimate strength (500 MPa) and 25% of the ultimate
strength (300 MPa)), the GFRP bar diameter (12M and 16M), and concrete strength (40 MPa and
80 MPa). The 25% prestressing level is th@ximum prestressing level allowed by CAN/GSA
S6-:06 at transfer for prestressed GFRP bars, and the 40% prestressing level is a pr@posed pr
stressing level that the GFRP bars in this study can be prestressed to without failure due to creep
rupture (Schoeck2009).The stresses on all of the prestressed beams at transfer were less than
the limits set by A23-®4. Also, the stresses due to the 35% sustained loading on the beams that
had 40% prestressing level were less than the stress limits due to sulsiadseset by A23-3

04, while the 25% prestressed beam exceeded the tensile stres®ébtaited calculations are

shown in Appendix D.

All specimens are largecale beams with dimensions of 150 mm wide x 255 mm depth x 3600
mm long, reinforced with on@restressed or one ngnestressed GFRP bar (12M or 16M)
placed in the tension zone with a concrete cover of at least three times the bar diameter to avoid
splitting failure. Each beam was reinforced witi2M GFRP bars as top reinforcemefhM

closed teel stirrups spaced at 100 mm spacing along the leidtie beamwere used ashear
reinforcementThe beam reinforcement ratios were selected so that the beams will be either te
sion-controlled or compressiecontrolled, and the compressioantrolled beams had rat
forcement ratios that were slightly above the balanced reinforcement ratio. The length of the
beam was chosen to provide a sufficient development length for the prestressed bars, and the sti
rups were provided to ensure fleal failure ofthe beams. Therosssectiondetails of the beams

are shown irFigure3.3.
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Table 3.1: Beam test specimen parameters

Prestressed Concrete _
_ _ Sustained
Beam Prestressing level | bar compressive
. load level
diameter strength
N40-16-0 Static
N40-16-35 0.35 M,
40%
N40-16-60 0.60 M,
N40-16-80 0.80 M,
N25-16-0 Static
N25-16-35 0.35 M,
25% 40 MPa
N25-16-60 0.60 M,
N25-16-80 0.80 M,
16M .
NO-16-0 Static
NO-16-35 0.35 M,
0%
NO-16-60 0.60 M,
NO-16-80 0.80 M,
H40-16-0 Static
H40-16-35 0.35 M,
40% 80 MPa
H40-16-60 0.60 M,
H40-16-80 0.80 M,
N40-12-0 Static
N40-12-35 0.35 M,
40% 12M 40MPa
N40-12-60 0.60 M,
N40-12-80 0.80 M,
Concrete typs§ Sustained load leve
normal strength concrete (4 N2512—6(}/>
MPa) and 0 HA \1 \ )
) Bar diameter
strength concrete (80 MPa)| | Prestressing Level
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Figure 3.3: Beam specimerdetails
3.3.2 Prestress losses

The shortterm prestress losses due to the elastic shortening were calculated according to CPCI
(2007) guidelines, and were taken into account in order to achieve prestressing levels of 25% or
40% of the bar ultimate strengthteansfer. The calculations are shown in Appendix C.

The longterm losses due to creep and shrinkage of concrete for the period prior to the initiation
of the sustained loads were also calculated according to CPCI (2007) guidelirege shown

in Appendx C. These losses were used when calculatingltnekage strains, creep coefficient,

and the effective prestressing level, to be input inlahg-term flexural behaviour model given

in Section 5.3.
3.4 Prestressing setup

Three wedge type anchors thegre developed at the University of Waterloo for CFRP bars (Al
Mayah et al. 2006) were used to grip the GFRP bars during the prestressing process. This a
charing system consists of an exterior barrel, thpesee wedges and a copper sleeve as shown in

Figure3.4.
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Three-piece
wedge grip

Exterior barrel

Figure 3.4: Anchoring system

The prestressing force for the pretensioned beams was applied usingeacteify frame that

was develope@nd fabricated at the University of Waterloo to be used as a prestressing bed
(Krem and Soudki, 2012). It consisted of tweclkannels (C12 x 20.7) at each end and two (W10

x 39) side beams. The frame can accommodate prestressing four beams at a tinlERFhe G
bars used were 4500 mm long. The GFRP bar was passed through a 37.5 mm gap in the 2 C12 x
20.7 and the two ends of the bar were seated. One end of the bar was a dead end and the other
end was the live end that was attached to a steel coupler arrangemeEnwas set on a wood

plate that allowed its movemerA. 25 mm threaded bar was bolted onto the steel coupler a
rangement, while the other end of the threaded bar was attached to a 30 ton hollow jack that was
used to apply the prestressing force to@kRP bar. The prestressing force was locked nmecha

ically by a nut on the threaded rod which allowed for fine adjustment and gradual release of the
prestressing forceP?hotos of the prestressing systerre shown inFigure 3.5, anda sketchis

shown inFigure3.6. The prestressing procedure can be summainziée: following steps:

The ribs on the GFRP bars were machined off at both ends for a length of 200 mm long.
The GFRP bars were passed through the 37.5 mm gap in the 2 C12 x 20.7, and placed in
the center of the formwork for each beam.

The dead and livends of the bars were pseated using the UW anchors.

The live end anchor for each GFRP bar was attached to the steel coupler arrangement.

The hollow jack was installed on the 25mm threaded bar and bolted using a nut.
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Load was applied gradually at a rafeabout 1 kN/second.

The load was locked using a nut on the 25 mm threaded rod.

Concrete was placed in the formwork.

When concrete strength reaches the desired strength, the inner sides of thantwo for
works of the middle beams were removed to allow glimgDEMEC points on the oe

crete surface for transfer length measurements (the process is described in details in se
tion 3.6.2).

The prestressing force was released for these two beams, and then they were removed
from the frame to give access to the ottveo beams to remove the sides of theinfer

works and do the transfer length measurements using the DEMEC points.

Frame dead end Frame live end

Figure 3.5: Prestressing bed photos
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Figure 3.6: A sketch of the prestressing bed (plan view)

39



3.5 Material properties
3.5.1 Concrete

The concrete used for the beams was provided by Hogg Ready Mix. The concrete was designed
to have a 28 day compressive strength of either 40 MP for the normal strength concrete or 80
MPa for the High strength concrete. The concrete mix designs are pdeseiible 3.2, and
Table3.3. The concete had a slump of 200 mm. Thleoiceof using concrete wlit high slump

was made because of safety concerns about vibrating the concrete near the prestressed GFRP

bar.

Table 3.2 : Normal strength concrete mix design

Material Quantity
Coarse aggregate 1110 kg
Sand 247 kg
Cement 347kg
Water reducing agent 200 mm/ 100 kg
Plasticizer 350 ml/kg
Water 150 L/n?

Table 3.3 : High strength concrete mix design

Material Quantity
Coarse aggregate 1120 kg
Sand 680 kg
Cement 510kg
Water reducing agent 150 mm/ 100 kg
Plasticizer 400 ml/kg
Water 155 L/n?




3.5.2 GFRP bars

The GFRP bars are produced®ghtck Bauteile GmbHIhe bars consist of continuous longit

dinal fibres of about 2VYinylebster rebiru Rilgh lare cut abnmgdhe i mp r
length of the bars to provide better bond with congf®thoeck, 2009)The mechanical prope

ties of the 12M and 16M bars are showT able3.4.

Table 3.4: Mechanical properties of GFRP bars (Schoeck, 2009 )

Bar diameter 12 mm 16 mm
Ultimate tensile strength 1350 MPa 1200 MPa
Modulus of elasticity 60 GPa 60 GPa
Cross sectional area 113 mnf 201 mnf

3.5.3 Steel stirrups

Deformed 10M steel stirrups are used as shear reinforcement for all beams. The stirrups have a

nominal yield stress of 400 MPa and a modulus of elasticity of 200 GPa.
3.6 Transfer length

The transfer length of the GFRP bars in concvets measured using two different methods;
strain gauges mounted on the GFRP bars to measure strains directly and DEMEC points glued
on the concrete surface at the level of the prestressed GFRP bar to rtteasorerete surface

strains using a DEMEC gauge. The two methods are described below.
3.6.1 Strain gauge measurements

Five strain gauges (5 mm long) were mounted on the GFRP bars at different locations to capture
the change in strains along the bar durirsgdfer as showhkigure 3.7. The strain gauge lae

tions were different in each beam type because the transfer length is dependent on concrete
strength, bar diameter and prestressing level. The gauge locations foreaghage given in
Table3.5.
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Table 3.5: strain gauge locationon the prestressed GFRP bars

Strain gauge location measured from be
Group ends (mm)

1 2 3 4 5
N40-16 150 300 250 350 1800
H40-16 80 180 130 230 1800
N25-16 60 160 110 210 1800
N40-12 150 250 200 300 1800

(3) @) (5) @ ()

Figure 3.7: Strain gauges locations on th&FRP bars
3.6.2 Concrete surface strain measurements

DEMEC points were glued to the surface of the concrete at the level of the prestressed GFRP bar
as shown irFigure 3.8. The DEMEC points are stainless steel circular discs with 1mm pin hole

in the centre to provide precise measurements. A DEMEC gauge with accuracy of 0.0¢dsmm
used to measure the distance between the points before and after Fetpas8.9), from which

the concrete surface strain at the bar locatiaralsulated. The transféength wasmeasured as

the distance from the beam end to the distance where concrete strain reaches 95% 6f its max
mum strain due to prestressing (Rulsaetl Burns, 1993).
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Figure 3.9: Concrete surface strains readings using the DEMEC gauge
3.7 Static loading test

The beams were tested to failure in a fpamt bending test setup with a total span of 3400 mm

and shear span of 1400 mm. The test setup is shofigune3.10. The beam was supported on

a roller at one end and a hinge on the other end and load was applied with a ramp generator at a
rate of 1.5 mm/min. The actuator capacity was 280 kN. Strains in the GFRP bar and the concrete
at midspan were measuwtaising 5 mm long strain gauges on the GFRP bars and 60 mm long
gauges on the concrete compression face. One LVDT of £25mm range and accuracy of 0.01 mm
was used to measure the rsiolan deflection of each beam up to failure. Data was recosded u

ing a Natonal InstrumentatioDataAcquisitionSystem.
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Figure 3.10: Test setup for static loading beams test

3.8 Sustained loading Test

The sustained loading tests were initiated betwdaeand sixmonth after castg. Four steel
mechanical loading frames designed and constructed at the University of Waterloo were used to
apply the sustained loads on the beamstown in the photograph kigure3.11 and schemat

cally in Figure3.12.

Two beams were placed horizontally baokback in each frame: the top beam oriented with the
tension side down while the bottom beam oriented with the tension side up. The base of the
frame is a 3500 mm long steel beam (HSS 178 x 127 x 8), on which the supports that load the
bottom beam are placed. This steel beam sits on two hollow steel sections (HSS 100 x 100 x 10
mm with a length of 500 mm each) that rest on the rigid floor of the d&dryr The load was
applied using two lever arms made of hollow steel sections of HSS 102 x 51 x 6.4 mm with a
total length of 1080 mm for the lower arm, and HSS 178 x 127 x 8 mm with a total length of
2430 mm for the upper arm. One end of the lower lanarwas clamped to the steel beam at the
base using a turnbuckle. The dimensions of turnbuckle are 10 mm diameter and 500 mm length.

The turnbuckle has two steel plates of 630 x 60 x 6 mm. The upper lever arm has one end
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clamped to the base steel beam gigimo steel plates, 1650 x 152 x 12 mm, while the other end

is clamped to the lower lever arm using two steel plates, 300 x 100 x 19 mm. A pin is placed u
der the upper lever arm at 2200 mm from the clamped end to the lower lever arm and is used to
apply te load onto the specimen through a spreader beam. Weights are hung to the lower lever
arm at 800mm away from the clamped end. The mechanical composition of the frames allows
the magnification of the hung weight to be 48 times plus 7 kN (the own weidin steel se

tions) at the miespan of the spreader beam (EIMaaddawy 2004).

Five (5) mm long strain gauge mounted on the GFRP bar and 60 mm long gauges mounted on
the concrete compression face at mid span were used to measure the strains in GFRP bar and

concrete under sustained loads, respectively.

Figure 3.11: Mechanical frames used for the beam sustained loading test.

45



. 2750 |
L N
o g - 4
2C (76x38x6.4) 2C (76x38x6.4)
HSS (178x127x8)
TOp
beam o
- o)
> s .- o
4 . : R " R N
= RS o S l "~ ‘IBottom
| . S eS| e 0 beam
‘ —|
. HSS (178x127x8) .
‘ I I
Rigid floor of the concrete laboratory 1400 1300 , 300 | 1400 HSS (100x100x10)
. E— .
HSS (100x100x10) L 3400 »
r 1
Elevation

(All dimensions are in mms)

Figure 3.12 Sketch of the sustained loading frame (EIMaaddawy 2004)
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Three LVDTs of £25mm range were used with each fremmeeasure the midpan deflection of

the two beams under sustained loads. All of the LVDTs were fixed on thadyrtwo of them

(LVDT1 and LVDT 2) were used to measure the deflection of thesp&h points of the top and
bottom beams, respectively, and the third one was used to measure the deflection at one of the

supports at end of the beams (LVDT 3). The-spandeflections were calculated as follows:
Top beam miegspan deflection = LDVT 1 LVDT 3
Bottom beam migspan deflection = LVDT 2 + LVDT 3

Following the longterm exposure, all beams were tested to failure infourt bending using
the same setup desaibin Section 3.7.
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Chapter 4

Experi ment al Resul ts
4.1 General

This chapter presents the results of the experimental program conducted on GFRP bars and the
GFRP prestressed/reinforced concrete beams. Eight GFRP bar/anchor assembly specimens were
tested to failure in an axial tension test, and two specimens weretedijedifferent levels of
sustained loading for 110 days. Five beams were tested to failure undpoifoubendingFif-
teenbeams were subjected to sustained loading, where thsparddeflection, the GFRPnte

sion strains and the concrete compressixans were recorded for 300 days. At the end of the

300 days, the beams were unloaded and then tested to failure undeoifdurending. Transfer

length measurements were taken and the early relaxation of the prestressed GFRP bafs was re

orded for all he prestressed beams.
4.2 GFRP bar/anchor assembly test results

Table4.1 shows the results of the tension tests that were carried out on four 12Muaridb ko

GFRP bars gripped with the UW anchors. The failure mode was brittle with fibers shattering
everywhere at onset of failure. In some cases failure was initiated inside the anchor. The failure
mode is shown ifrigure4.1. The stresstrain curves for the 16M and 12M bars were lineas-ela

tic to failure as shown ifrigure 4.2 and Figure 4.3, respectively The strain gauges stopped
working at a strain value around 10000 us and the curve was extrapolated up to the measured
failure stress. In this manner, the estimated strainlatd&or all the specimens ranged between
17000 ps to 21300 ps. The modulus of elasticity ranged from 57 GPa to 60.5 GPa, while the

manufacturerés reported modulus is 60 GPa.
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Table 4.1: Results of GFRPbar/ anchor assembly test

12M GFRP bars 16M GFRP bars

Rupture % measured/ Rupture stress % measured/
stress (MPa) guaranteed (MPa) guaranteed
Specimen (1) 1055* 78.1% 942* 78.5%
Specimen (2) 1150 * 85.2% 1064* 88.7%
Specimen (3) 1230 91.1% 1088 90.7%
Specimen (4) 1309 97.0% 1122 93.5%
Average rupture stress | 1186 * 87.9% 1054* 87.8%
Standard deviation 94 7.0% 68 5.7%

*Failure initiated inside the anchor

The maximum prestressing stress in this study is taken as 500 MPa (40% gofathateed
strength of the GFRP bars). The results of the axial tension test on the GFRP bar/anohor asse
bly showed that the average rupture stress was 1186 MPa (87.9% of the bar guaranteed strength)
with a standard deviation of 94 MPa (7.0% of the barajuaed strength) for the 12M diameter
GFRP bars, and 1054 (87.8% of the bar guaranteed strength) with a standard deviation of 68
MPa (5.7% of the bar guaranteed strength) for the 16M diameter GFRP bars. These test results

confirmed that the anchor systamginally developed for CFRP bars can be used safelyeto pr

stress the GFRP bars.

Figure 4.1: Failure mode of gripped GFRP bars in axial tension test
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Figure 4.2: Stressi Strain curve for 16M bar under axial tension using the UW anchor
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Figure 4.3: Stressi Strain curve for 12M bar under axial tension using the UW anchor
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4.3 GFRP bar sustained load test

The creep properties of the GFRP bars were assessed by monitoring the change in the axial strain
with time under constant applied stress. Two stress levels were used; 45% (545 M&@foand
(725 MPa). Only one bar was tested for each level. The change in the bar strains with time for
the 45% bar (16M15) and the 60% bar (16#80) are shown irrigure 4.4 and Figure 4.5, re-
spectively. It was observed that for both sustained load levelifewimder standard laboratory
conditions, there was no sign of creep failure. The initial strains for the4Bdhd the 16M50
specimens were 9190 us and 11911 ps, respectively. After 110 days of sustained loading, the
total strains were 9794 ps and 12885 This means that the creep strain was about 6.5% of the
initial strain for the 16M45 specimen and 8.3% of the initial strain for the 1&D/specimens.

The creep strain/initial strain for the same type of bars was reported by Youssef and Benmokrane
(2011) to be 4.1% and 5.6%r loading levels of 15% and 3§ respectively. The equation for

the total strain of the material can be written as (fib 2006):
o 11 7T6C i

where O is the total strain in the material after a time period t (in hours), is the initial

(elastic) strain value and b is the creep rat
mental results for the bars 1645 and 16M6 O , t he b und tolbell&6.5vaads287(60
respectivel y. Youssef and Benmokrane (2011) u

for 15% and 30% sustained loading levels, and they were found to be 38.5 and 98.9, eespectiv

ly.
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Figure 4.4. Strain vs time for GFRP bar specimen 16M45
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Figure 4.5: Strain vs time for GFRP bar specimen 16M60
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4.4 Early relaxation of prestressed GFRP bars

The earlyage variation of therestressing force in the GFRP bar prior to transfer for theet6 pr
stressed beams was monitored using load cells. The 4500 mm long 12M bars were prestressed to
a stress level of 500 MPa, and the 16M GFRP bars were prestressed to either 300 MPa or 500
MPa. The 500 MPa stress corresponds to a prestressing foed®of100 kN for the 16M bars

and 56 kN for the 12M bars, while the 300 MPa corresponds to a prestressing falpoeitéO

kN. Relaxation readings were taken after two hours of prestressing. This was done to ensure that
each bar maintained the prestress force after anchorage seating losses took place. Readings were
continuously recorded until transfer of the prestressincefto the beams. The load versus time
curves for 12M and 16M bars for 277 hours are showwgare4.6.

It can be concluded from the figure thae GFRP bars had no measurable relaxation over time
up to 277 hours. These results are better than those reporked byn €talg2009) where the
relaxation for other GFRP bars was 3.3% after 24 hours, and 7.3% after 28 days.
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Figure 4.6: Variation of GFRP bar force over time prior to transfer
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4.5 Transfer length

The transfer of the prestressing force in the GFRP prestressed beams took place when the co
crete strength reached an average of 30 MPa for tmeah@oncrete specimens and 70 MPa for

the high strength specimens. Four beams were cast at a time. The strains in the GFRP bars were
measured using strain gauges mounted on the bars. The concrete surface strains were measured
as follows: First, the inneside forms of the two middle beams were removed, DEMEC points
were glued on the concrete surface at the prestressed bar level along the length of the-beam, in
tial DEMEC gauge readings were taken, then the prestressing force was released, and another set
of DEMEC gauge readings was taken. The same procedure was followed for the other two
beams after removing the first two beams from the prestressing fioreplitting cracks were

observed in the beams after the transfer of the prestressing force.

To redue noise in the concrete strain data measurement, the data was smoothed by averaging the
strain at a point over three points along the length of the beam as follows (Kose and Burkett
2005):

R Equation4.1

Whergond s the smoothed or aivertalye dorsitgianal ast p
and;alhdsalre the original strains at the point
Figure4.7 andFigure 4.8 show the GFRP bar strains for beams N&@B5 and N2516-60, re-
spectively.Figure4.9 and Figure4.10 show the concrete surface strain profile after transfer for

these two beams. The GFRP bar strains and surface strains profile curves for the other beams are

shown in Appendix A.

The strain is zerat the beam end, and it gradually increases with distance towards the middle
portion of the beam length to reach the maximum effective prestressing strain over a certain di
tance beyond which the strain becomes almost uniform. The shape of the cumitaisfei the

two bar diameters investigated in this study.

The transfer length was measured as the distance from the beam end to the distancenwhere co
crete strain reaches 95% of its effective prestressing strain (Russel and Burns 1993). In this
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method, he average maximum strain (AMS) is determined by computing the numerical average
of all of the compressive strains contained within the plateau region of the strain profile of the

fully effective prestress force.
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Figure 4.7: GFRP bar strains after transfer for beams N40616-35

6000
S R
5000
L;=210 mm
4000 L O
@ /
=
c 3000
o
o /‘ ¢ Strain before releasg
2000
/ B Strain after release
1000
= == [ull strain after
release
0
0 100 200 300 400 500

Distance

Figure 4.8: GFRP bar strains after transfer for N25-16-60
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Table 4.2: Transfer length results

Concrete Transfer length mm
Prestres- | Compres- | Concrete su- _ Standard
. . . Strain Average o
Beam ing level sive face strain deviation
i gauges on| (mm)
(MPa) strength | Live | Dead b (mm)
ar
(MPa) end | end
N40-16-0 490 31 275 | 300 -
N40-16-35 490 31 295 | 275 -
276 14
N40-16-60 490 31 275 | 265 265
N40-16-80 490 31 280 | 260 270
N40-12-0 490 31 230 | 220 -
N40-12-35 490 31 240 | 200 -
224 13
N40-12-60 490 31 210 | 210 245
N40-12-80 490 31 230 | 225 225
H40-16-0 500 71 170 | 185 185
H40-16-35 500 71 190 | 210 180
188 13
H40-16-60 500 71 190 | 185 190
H40-16-80 500 71 200 | 175 190
N25-16-0 313 29 220 | 210 230
N25-16-35 313 29 225 | 190 210
214 10
N25-16-60 313 29 215 | 210 210
N25-16-80 313 29 210 | 210 230
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Transfer length results from this research program showed no clear difference or corredations b
tween liveend and deadnd transfer lengths for any of the beams tested. This is attributed to the
gradual release of thprestressing force (Staton et al. 2009). Therefore, the average transfer
length for a beam series is calculated using all of the measurements from both ends of the beam.

For the beams series NG and N46€12, both series had the same concrete compressive
strength and prestressing stress with different bar diameters. The average transfer length for the
N40-16 series was 276 mm (about 1&,)Bwith a standard deviation of 14 mm, while the average
transfer length for the N4D2 series was 224 mm (about 1@)6with a standard deviation of 13

mm. This shows that the value of the transfer length decreased by about 19% when the-bar dia
eter decreased from 16mm to 12mm. This agrees reasonably with the literature whege it is r

ported that the transfer length isetitly proportional to the diameter of the prestressed bar.

Comparing the results of the beams series-Ngland H4016 shows the effect of concretento
pressive strength on the transfer length of prestressed GFRP bars. The concrete compressive
strength inthe N4G16 series at the time of release was about 31 MPa while the.&l#4@d a
concrete compressive strength of about 71 MPa at the time of release. The average transfer
length was foundio be about 188 mm (about 1d,Bwith a standard deviation of 18m for the

H40-16 series compared to the 276 mm transfer length for thelB4@ries. This indicates that

the transfer length of prestressed GFRP bars decreased by about 32% when the comcrete co
pressive strength at the time of release increased by S@8wodncrete strength is reported in the
literature to decrease the transfer length of CFRP bars when it increases. For AFRPgit was r
ported by several researchers (Nanni et al. (1992), Zou (2003)) that concrete strengthrirad a mi
imal effect on the transféength of AFRP bars. This can be attributed to the short transfer length
values measured for the AFRP bars. Although, the modulus of elasticity of AFRP is similar to
that of GFRP, the diameter of the AFRP bars used in the literature (normally <=8mm) was
smaller than the diameters of GFRP bars used in this study. The larger diameter of GFRP bars
resulted in longer measured transfer lengths whildwed the effect of concrete strength on the

transfer length to be more obviously observed.

The effect of presessing level on the transfer length of prestressed GFRP bars is evident when

comparing the results of the N4A® series and the N2 series. The only difference between
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the two series was the prestressing level of the GFRP bar where in the firsit seagsbout

500 MPa and in the second series, it was about 300 MPa. The average transfer length for the

N25-16 seres was about 214 mm (about I$)with a standard deviation &0 mm. Decres-
ing the prestressing level from 500 MPa to 300 MPa decrelsdchnsfer length by about 21%.

In general, the transfer length values in terms of bar diameter for the GFRP bars used in this
study were found to be less than the values for CFRP and AFRP given in the CANBD8A2

and the values found in the liteuee. This can be attributed to two reasons: the lower modulus of
elasticity of GFRP compared to CFRP, and the ribbed surface of the GFRP bars used in this
study. The lower modulus of elasticity results in an increase in the normal stresses acting on the
surface of the prestressed bar upon release, due to the radial expansion of the bar because of
al . 1999) . nThe
ical interlock with concrete, which decreases slip of the bar inretngesulting in shorter tran

Poi ssonbds

fer length when compared to AFRP tendons with almost a similar modulus of elasticity.

rati o

4.6 Beam static loading test

Five beams (one of each group) were tested to failure in statipdmir bending. The applied
load, midspan deflection, concrete compression strains and the GFRP bar tension strains were
monitored during the tesfTable4.3 gives a summary of the test results for all the beamsdnclu

ing the cracking load, the ultimate load, and the deflection at ultimate. Theldfladtion le-

( Mahmoud et

haviour of all the bams is shown ifrigure4.11.

Table 4.3: Static loading test results

Beam Cracking Deflection at | Ultimate | Deflection at
Load (kN) | cracking (mm) | Load (kN) | failure (mm)
N 40-16-0 21 3.7 59 125
N 40-12-0 16 3.2 41 91
H 40-16-0 27 4.5 68 89
N 2516-0 17 3.5 55 142
N 0-16-0 6 2.3 54 198
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Figure 4.11:Load- Deflection curves for all beam types

In general, the behaviour of the GFRP reinforced/prestressed concrete beams was bilinear. It
consisted of two phases; the first phase was before concrete cracking and was characterized by a
stiff response wittsmall deflections. The second phase was after concrete cracking where most
of the tensile stresses were carried by the GFRP bars, and since the bars have linear behaviour,

this phase was also linear but with a lower stiffness.

It can be observed that tiséffness of all the beams before cracking was almost similardegar

less the concrete strength, the bar diameter or the prestressing level. The prestressing level does
not affect the stiffness of the beam. The decrease in the bar diameter would havgldenegl

fect on the stiffness of the beam since it slightly decreases the gross moment of inertiacmf the se
tion. The effect of increasing the concrete strength appears only in increasing the conanete mod
lus of elasticity, and that increase is also rggigle compared to the effect of the moment of-ine

tia of the section on flexural stiffness.

60



The cracking load depends on the prestressing level and the concrete strength. For the non
prestressed beam N®-0, the cracking load was about 6 ,kMhereas the cracking load was 21

kN and 17 kN for N4€1L6-0 and N2516-0, respectively. This difference in the cracking load was
because of the prestressing force which wabkdrifpr the N4€16-0 beam. For bead40-16-0,

the higher concrete strength rited in a higher cracking load (27 kN) compared to the normal
strength concrete specimen with the same prestressing level. Typically the first crack occurred in
the constant moment region. At this stage, the tensile stresses transferred from the odiherete t
GFRP bar on the tension side. The influence of the cracks appeared as an increase in the rate of

deflection per unitoadafter cracking, which is an indication of reduction in the beam stiffness.

The beam stiffness after cracking depends on tindoreement ratio and the modular ratio. That
is why the stiffness of the beams N26-0, N2516-0, and NG16-0 after cracking is almost the
same. The beam H415-0 has a slightly higher stiffness because of the higher modulussef ela
ticity of concrete. Thdoeam N4612-0 had a lower stiffness after cracking due to its lower-rei

forcement ratio compared to the other specimens.

Beam N4612-0 and beam H4Q6-0 failed by rupture of the GFRP bar followed by concrete
crushing in the compression zone. This is ttras tensiocwcontrolled failure.

Beams N4a16-0, N2516-0, and NO16-0 failed by concrete crushing in the compression zone
followed by rupture of the GFRP bar in the tension zone. This is termed a compression co
trolled failure. The transition from the aracked state to the cracked state for the three beams
was smooth. The beams continued to carry loads after cracking until the concrete at the top fibre
within the constant moment region reached its ultimate strain value initiating crushing.nfhe co
crete cushing load was 57 kN, 51 kN and 45 kN for NU®0, N2516-0, and NO16-0, respe-

tively. It can be seen that the concrete crushing load increased with the increase of the-prestres
ing force. The prestressing force results in lowering of the neutrabie section, leading to
decreased concrete strains compared to thepresiressed section at the same load levels: Co
crete crushing resulted in a sudden drop in the load as shown on thddBiaction curve. Co-
sequently, the section depth was resmtito about 210 mm with the GFRP bars in the tension
zone remaining in the elastic range. The new reduced section started to carry additional loads

with a reduced stiffness until the rupture of the GFRP bar.
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The effect of prestressing on serviceability t@nseen when comparing the ledeflection le-

haviour of the beams N406-0 and NG16-0. At a load of 30% of the ultimate strength of each
beam, which can be considered as a service load level, it is found that prestressing reduced the
deflection from 21 m to 3 mm (85.7% deflection reduction).

Figure 4.13: Failure mode for H40-16-0 beam
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4.7 Sustained loading test
4.7.1 General behaviour

15 beams were subjected to different levels of sustained loading for 300 days. The beams were
divided into five groups as shown beforeTiable 3.1. Within each group, one beam wa$-su
jected to a sustained load level that was 35%, 60% or 80% of the ultimate load capacity of the
beam.Figure4.15to Figure4.18 present the timeependent migpan deflection of the 15 tested
beams It should be ated that the jumps that appear on some of the curves are due to modifying
the loads on the mechanical loading franteable 4.4 shows the detailed ressilfor all of the

tested beamdhe total deflection includes the immediate deflection after loading and the long
term deflection due to creep and shrinkage. The suiimeall of the beams have similar shapes.
The general trend is a high rate of increase of deflection for the early period after lo&ding fo
lowed by a more gradual rate of increase of deflection. This behaviour was exhibited by all
beams, irrespective dhe level of prestressing, the bar diameter or the concrete strength. The
total deflection after 20 days was 70% of the total deflection after 300 days for all of the beams,
and the total deflection after 100 days was more than 90% of the total defkftti0800 days.

The behaviour foeach group is described below:

N40-16:

The prestressed beam N46-35 was subjected to a load of 22.5 kN which produced a moment
of 15.8 kNm at the migpan. This was less than the cracking moment of the beam. Theiimmed
atedeflection, top concrete strains and the GFRP tension strains were 4:520ms, and 7775

us, respectively. The GFRP strain is the summation of the effective prestressing strain which was
about 7400 ps, and the load dependent strain which was abouis378ter being loaded for

300 days, the deflection increased to 9.1 mm, and the concrete and the GFRP strain33ntere

ps and 8036 us, respectively. The final deflection increased by 4.6 mm to be about 2.02 times
the initial deflection or 1/373 of tHeeam span.

Prestressed beam N46-60 was subjected to a load of 38 kN which produced a 26.6 kNm
berding moment at the midpan, exceeding the cracking moment of the beam. This load led to a

28.5 mm immediate midpan deflection;1744 us concrete comps#sn strain and 13267 ps
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GFRP tension strain (7400 us from prestressing and 5867 ps due to loading). After the 300 days
of loading, the final miespan deflection, concrete strain and GFRP strains were 36.72315,

ps and 12758 ps, respectively. The fidaflection increased by 8.2 mm to be 1.29 times the in

tial deflection or 1/92.6 of the beam span.

The last prestressed beam in this set,-N&80, was subjected to a load of 48 kN which-pr
duced a 33.6 kNrbending moment at the mgpan (exceeds cracking moment). The initid d
flection, concrete strain and GFRP strain at the-sp@ah were 51.8 mm2220 ps and 16600 ps
(7400ps from prestressing and 9200 ps due to loading), respectively. The final readiegs w
72.1 mm and3800 ps for the deflection and the concrete strain. The GFRP strain gauge stopped
reading shortly after the initial loading, so the final GFRP reading was unavailable. Thesfinal d
flection increased by 20.3 mm to be about 1.39 times thalideflection or 1/47.2 of the beam

span.
NO-16:

The sustained loads for the group of the-pogstressed beams all exceeded the crackimg m
ment of the beams. The beam-N®35 was subjected to a load of 18.5 kN that produced @ ben
ing moment of 13.XNm at the midspan. The initial deflection, concrete strain and GFRP strain
at the midspan were 29 mmy760 ps and 4860 us, respectively. The final readings were 45.8
mm for the deflection;1790 us for the concrete and 5924 us for the GFRP. The defienti

creased by 16.8 mm to be 1.58 times the initial deflection or 1/74 of the beam span.

Beam NG16-60 was subjected to a load of 29.5 kN that produced a bending moment of 20.4
kKNm at the migspan. The initial deflection, concrete strain and GFRP s#fathe midspan

were 54.4 mm;2380 us and 10100 us, respectively. The final readings for deflection, concrete
strain and GFRP strain were 69.5 m8213 ps and 11373 ps, respectively. The increase in the
deflection was 15.1, and the total deflection w8 Iimes the initial deflection or about 1/48.9

of the beam span.

The last beam in the ngarestressed group was N6-80. It was subjected to a sustained load of
39 kN that produced a bending moment of 27.3 kNm. The initial deflection, concrete sttain a
GFRP strain at the mispan were 73.5 mm2980 ps and 10922 s, respectively. The finatlrea
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ings for deflection, concrete strain and GFRP strain were 91.7-4386 us and 12657 pse+
spectively. The deflection increase under the sustained load wasnh. and the total defte

tion was 1.25 times the initial deflection or 1/37 of the beam span.

N25-16:

The beam N286-35 was subjected to a sustained load of 19 kN which produced a bending
moment of 13.5 kNm, which was less than the cracking momenedfgam. The initial defte

tion, concrete strain and GFRP strain at the-spian were 5.6 mm390 us and 4810 ps (4600us

from prestressing and 210 ps due to loading), respectively. The final readings for deflection,
concrete strain and GFRP strain wererif, -788 us and 5260 s, respectively. The deflection
increase under the sustained load was 3.7 mm, and the total deflection was 1.67 times the initial

deflection or 1/365 of the beam span.

Beam N2516-60 was subjected to a load of 34.5 kN which prod@ed kNm bending moment

at the midspan. This load caused a 38.7 mm immediategpah deflection;2100 us concrete
compression strain and 10770 us GFRP tension strain (4600 ps from prestressing and 6170 us
due to loading). After the 300 days of loadittgg final midspan deflection, and concrete strains
were 53.5 mm, aneB387 ps, respectively. The final deflection increased by 14.8 mm to be 1.38

times the initial deflection or 1/63.6 of the beam span.

The last beam in this group, NAB-80, was subjecteto a load of 44 kN which produced 30.8

kNm bending moment at the mgiban. The initial deflection, concrete strain and GFRP strain at
the midspan were 48.8 mm2140 ps and 13000 ps (4600us from prestressing and 8400 us due
to loading), respectively. Ehfinal readings were 66.2 mm for the deflection &6#0 us for the
concrete strain. The GFRP strain gauge stopped reading shortly after the initial loading, so the
final GFRP reading is unavailable. The final deflection increased by 17.4 mm to bela&®ut
times the initial deflection or 1/51.4 of the beam span.

H40-16:

The first beam in this group is H4®B-35. The value of the sustained load was 24.5 kN (17.2

kNm) which was less than the cracking moment. This caused an immediaspanidieflection
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of 3.5 mm, concrete strain é812 ps and GFRP strain of 7595 us (7400us from prestressing and
195 us due to loading). The load was sustained on the beam for only 190 days due to laboratory
technical problems. The mgpan deflection increased by 2.25 mng, tloncrete strain increased

by 377 ps and the GFRP strain increased by 455 ps. The total final deflection was 1/590 of the

beam span.

Beam H4016-60 was subjected to a load of 39.5 kN that produced a bending moment of 27.7
kNm at the midspan. The initiadeflection, concrete strain and GFRP strain at the-gpah

were 24.0 mm;1280 ps and 12553 ps (7400us from prestressing and 5153 ps due to loading),
respectively. The final readings for deflection, and concrete strain were 38.5 mr22a0dus,
respectrely. The GFRP strain gauge stopped working few days after the initial loading of the
beam. The increase in the deflection was 14.5, and the total deflection was 1.6 times the initial
deflection or 1/88 of the beam span.

Beam H4016-80 was subjected to add of 52 kN which produced 36.4 kNm bending moment

at the midspan. This load led to 47.5 mm immediate +spen deflection;2550 ps concrete
compression strain and 13500 us GFRP tension strain (7400 ps from prestressing and 5867 us
due to loading). Thieam was only loaded for only 200 days due to time constraints. The final
mid-span deflection, and the concrete strains were 58.0 mm38id us, respectively. The f

nal deflection increased by 10.5 mm to be 1.22 times the initial deflection or 1/38 lmfam

span.
N40-12:

In the N4G12 group, the beam N4IP-35 was subjected to a load of 14 kN which produced a
moment of 9.8 kNm at the migpan. That applied moment was less than the predicted cracking
moment of the beam which was 13 kNm. The immediaféection, top concrete strain and the
GFRP tension strain were 4.7 m#02 ps, and 8000 ps (7850 us from prestressing and 150 pus
due to loading), respectively. At the end of the sustained loading period (300 days), the-total d
flection became 8.8 mmnd the concrete and the GFRP strains w88 us and 8210 pser
spectively. The final deflection increased by 4.1 mm to be about 1.87 times the initial deflection
or 1/386 of the beam span.
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Beam N4612-60 was subjected to a load of 24 kN that produceeraling moment of 27.7

kNm at the migspan. This applied bending moment exceeded the cracking moment of the beam.
The initial deflection, concrete strain and GFRP strain at thespad caused by the applied load
were 22.5 mm;1240 ps and 15950 us (7898 from prestressing and 8100 us due to loading),
respectivel. The final readings after 30@ays for the deflection, the concrete strain and the
GFRP strain were 31.2 mr,945 us, and 16890 ps, respectively. The total final deflection was

1.39 times thenitial deflection or about 1/109 of the beam span.

The last beam in this group is N4@-80 which was subjected to a load of 32 kN whicb-pr
duced 22.4 kKNm bending moment at the 1spén. The initial deflection, concrete strain and
GFRP strain at the misjpan were 60.0 mm2096 us and 17912 ps (7850 us from prestressing
and 10062 ps due to loading), respectively. After 300 days, the final readings were 80.8 mm for
the deflection and2906 ps for the concrete strain. The GFRP strain gauge stopped reading
shatly after the initial loading, so the final GFRP reading is unavailable. The final deflection

increased by 20.8 mm to be about 1.35 times the initial deflection or 1/42 of the beam span.
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Figure 4.14: Time-dependentmid-span deflection for N4016 beams
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Figure 4.16: Time-dependentmid-span deflection for N2516 beams
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Figure 4.18 Time-dependentmid-span deflection for N4012 beams
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Table 4.4: Initial and final readings for deflection, concrete strains and GFRP strains for

all sustained load beams

Initial reading Final reading
Beam Days Deflection Conlcrete GFF.{P Deflection Con.crete GFI‘.«’P
(mm) strain strain (mim) strain strain
(us) (us) (us) (us)
NO-16-35 300 29.0 -760 4860 45.8 -1792| 5924
NO-16-60 300 54.5 -2380 10100 69.8 -3213| 11373
NO-16-80 300 73.5 -2980 10922 91.7 -4356| 12657
N25-16-35 300 5.6 -390 4810 9.3 -788| 5260
N25-16-60 300 37.0 -2100 10770 53.6 -3387| N/A
N25-16-80 300 48.0 -2140 13000 66.2 -4640| N/A
H40-16-35 183 3.5 -312 7595 5.8 -690| 8050
H40-16-60 300 24.0 -1280 12553 38.5 -2210| N/A
H40-16-80 230 47.5 -2550 13500 58.6 -3288| N/A
N40-12-35 300 4.7 -202 8000 8.8 -395| 8210
N40-12-60 300 22.5 -1242 15950 31.2 -1945| 16890
N40-12-80 300 60.0 -2096 17912 80.8 -2906 | N/A
N40-16-35 300 4.5 -528 7775 9.1 -800| 8036
N40-16-60 300 28.5 -1744 14161 36.7 -2315| 14521
N40-16-80 300 51.8 -2221 16600 72.1 -3800| N/A
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4.7.2 Effect of prestressing

Comparisons between the prestressed beams (25% and 40%) and-pinestr@ssed beams are
made to examine the effect of prestressing on thetlermg behaviour of the beams. The results
showed that the prestressing had a noticeable effect on th¢elomgeflections, the concrete

strains, and the GFRP strains, particularly at the lower sustained loading levels.

The total deflection for the prestressed beams was always less than that of-fitestr@ssed
beams, and it decreased as the prestressingiterehsed. The ratio of the total deflection for

the nonprestressed beam MN®-35 to the total deflection of the prestressed beams164b

and N2516-35 was 5.0 and 4.9, respectively. The ratios decreased to 1.9 and 1.3 at the 60%

loading levels, and 3.and 1.4 at the 80% loading levels.

On the other hand, the ratio of tlemg-term deflection (the difference between the inigiad the
final deflections)for the nonprestressed to that of the 25% and 40% prestressed beams was 4.5
and 3.7 at the 35% daling level, and 0.9 and 1.9 at the 60% loading levels, respectively. The

long-term deflectios were almost the same at the 80% load level for all of the beams.

The decrease in the total deflectifum the prestressed beams compared to thepnestressed
beamss mainly due to the increase in the crackingmeat of the prestressed beams, wihie
decrease in théongterm deflectionis attributed to the decrease in the concrete compressive

stresses due to the prestressing forces.

At the 80% loading, therestressing had no significant effect on liveg-term deflectionof the
beams. This was attributed to the fact that severe internal-grac&ing takes place in therco
crete at sustained stress levels that are morestdanof the concrete stress (Niwiet al. 1983).
Once the cracking has accelerated, the creep of the concrete increases leading to increasing the

deflection of the beam.

The concrete total strains of the 40% prestressed beams were always less than those -of the non
prestressed beantsor the 25% prestressed beams, the total concrete strain values were less than

half those of the noprestressed beams at the 35% loading level, and they were almost the same
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at the higher load level§igure 4.19 and Figure 4.20 show the change of concrete strain with
time for the beams of group$t0-16 and NO16, and N25L6 and NE16, respectively.

The total GFRP bar strains of the prestressed beams were higher than or equal to those of the
nonprestressed beams. However, the creep GFRP strains (increase in GFRP strains with time)
were always lesthan those of the neprestressed beams, and they decreased as the prestressing
level increased. The increase in the GFRP strains is mainly derived by the increase in the beam
curvature rather than the creep of the GFRP bars (Youssef, 2010), andhsiimeadase in the
curvature under sustained loading for the prestressed beams is less than that for- the non
prestressed beams, the increase in the GFRP strains was less for the prestressed beams. The
creep effect of the GFRP bar on the ldagn behaviouof the beams will be discussed in more
detaikin Chapter 5.
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Figure 4.19: Concrete strain with time for the NO-16 and N4016 beams
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4.7.3 Effect of concrete strength

The effect of the concrete strength on the #@rgn behaviour of GFRP prestressed concrete

beams can be seen by comparing the results of the beams in tH N#Gup and H4Q6
group.

At the 35% and the 60% sustained load levels, there was no cleaenitd® or correlationeb
tween the results of the beams from both groups. Therefore, there was no significant effect of the

concrete strength on the lotgrm results.

Figure4.21 shows the change of the concrete strain with time for the beams 61d0d N46

16 groups. The effect of the concrete strength is evident at the 80% load level, where the normal

strength beam had higher values for the total deflection, the total costra@n, thdong-term

deflectionand the creep concrete strain when compared to the high strength beam. This can be

explained as follows; the ratio between the applied stress and the concrete strength fer the no
73

































































































































































































































