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EXPERIMENTAL STUDY ON BOND PERFORMANCE OF GFRP BARSIN SELF-COMPACTING

STEEL FIBER REINFORCED CONCRETE

H. Mazaheripour J. A. O. Barros J.M. Sena-Cruiz M. Pepé E. Martinell?

Abstract: Reinforcing bars made of Glass-Fiber-Reinforcedyiels (GFRP) are more and more common as
internal reinforcement of concrete structures arfchstructures. Since the design of GFRP reinfoxattrete
members is often controlled by serviceability lirstate criteria (i.e., deflection or crack widthntol), an
accurate knowledge of the GFRP-concrete bond behasi needed to formulate sound design equations.
Furthermore, bond laws currently available and lideccepted for conventional steel rebars cannot be
straightforwardly applied for GFRP ones. Henceegperimental program consisting of 36 pullout bagdests
was carried out to evaluate the bond performantedsn GFRP bars and steel fiber reinforced selfgaarting
concrete (SFRSCC) by analyzing the influence of filowing parameters: GFRP bar diameter, surface
characteristics of the GFRP bars, bond length, SFFESCC cover thickness. Based on the results @otam
this study, pullout failure was occurred for almabtthe specimens. SFRSCC cover thickness and lemyth
plaid important role on the ultimate value of bastess of GFRP bars. Moreover, the GFRP bars \titied

and sand-coated surface treatment showed diffarenfacial bond behaviors.
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1. INTRODUCTION

Steel bars in aggressive environmental conditisagyanerally affected by corrosion, which is oftegponsible
for deterioration and damage processes developimginforced concrete (RC) members. The reductiotihe

cross sectional area of these bars and the ldssnaf to the surrounding damaged concrete can canigeahe

functionality of RC structures, or even their stural stability. Since the rehabilitation of corestRC structures
is generally an expensive solution, demolition wdts structures is a relatively frequent option,utiio resulting

in several unfavorable impacts in terms of econgsicial and environmental aspects. In the lastdemades,
fiber reinforced polymer (FRP) bars have been thioed as a corrosion-free elements for reinforcimgcrete

structures and to get rid of the degradation phemangenerally induced by oxidation and corrosiorsteél

rebars.

However, as a result of the lower axial stiffne&RP bars with respect to conventional steel oard,diverse
surface treatments they can present, the accompdishof the serviceability limit state requiremeh&comes
the governing design aspect for composite reinfbemncrete members, especially in case of GFRRqpknd
AFRP (aramid) bars [1-5]. Thus, the available desigles, originally formulated and currently adapter
conventional steel reinforcement, cannot be diyestiplied for FRP bars. Since the evaluation otlkcnaidth
and spacing is fully based upon the knowledge oidboetween FRP bar and concrete, the assessmbohof

behavior of FRP bars is a key aspect.

Despite some research has been done in the eaalwadtihe bond behavior of FRP bar in concreterduthe
last decades [6-12], there is not yet a formulatitet has a large acceptation of the technical smgintific
communities for the prediction of the bond behavetween FRP bars and surrounding concrete medium.
contrast to steel, FRP bar has also no standaiatiZiatr surface treatments. Furthermore, many astheported
that the surface characteristics (sand-coatedntederibbed, helical or wrapping) of FRP bar sglgraffect the
bond stress between FRP and concrete [6, 8, 12Fh6tefore, the bond behavior of FRP bar also dépen its
surface treatment. Several experimental investigathave been carried out on the interfacial batthbior of
FRP bars, and a large number of parameters haveamadyzed in this context to unveil their possiblituence
on the FRP-concrete bond behavior. According tolp], the average bond stress tends to decreasethwith

increase of the FRP bar diameter. It is also \etifihat the maximum bond stress increases witltaherete



compressive stress [6, 8, 11, 12, 14]. The positbthe FRP bar during the casting process seematoa

relevant role in the bond performance [6].

The direct pullout test (with centric or eccenfrsition of bar), the beam test, the splice tedtthn ring pullout
test are the most widely used to evaluate the Ibahdvior, being the direct pullout test the mosgfrent [6, 9-
16]. Figure 1 shows a schematic representatiohexet test setups. Despite the direct pullout @sthleen used
to compare the effectiveness of relevant bond patens, such is the case of bar diameter, bar sutfaatment,
and concrete strength, the obtained results aeeteff by the confinement applied to the surroundigcrete
during the pullout process [10]. Due to a similampression action on the surrounding concreteetdhded
end applied by the specimen’s supporting systeis, dbnfinement type effect can also affect the iolet
results in the ring pullout test (Figure 1b). Thestups, therefore, do not replicate the bond ¢iomdi of a
reinforcing system in a real concrete element. ldetw avoid the influence of concrete confinembegm test
(or splice test) has also been used. Tighiouaat. 7] carried out an experimental program coigjsof direct
pullout and beam tests by using two types of GFBIR,and these bars presented bond stress valuesstitan
steel bars [7]. Pecce et al. [8] also conducte@xqerimental study based on a modified beam téspsand
they verified that the loaded end slip increaseith the embedment length. Both studies [7, 8] usednsercial

available GFRP bars, but the influence of conateter on the bond behavior was not investigated.

The present study is part of a research projedt tha the purpose of developing high performanberfi
reinforced concrete (HPFRC) beams flexurally reaioéal with a hybrid system composed of pre-streSdeRP
bars placed as close as possible to the tensifacsuof the beam, and pre-stressed steel barscfrdtby a
thicker HPFRC cover to achieve enough protectioootwosion phenomena. The HPFRC should be designed
order to provide enough shear resistance for avgithie use of steel stirrups. The HPFRC has als@tinpose

of enhancing the bond properties between bars andrete. In the present phase of the project, & §iteer
reinforced self-compacting concrete (SFRSCC) waptadl, since available research indicates thatcenisent
composite is a favorable medium in terms of bondopmance for flexural reinforcements [17]. Hene,
experimental program was conducted to evaluate lbehdvior between GFRP bars and SFRSCC by carrying
out pullout bending tests (similar to that recomthéy RILEM [18]). The effect of GFRP bar diametsuyface

characteristics of the GFRP bars, bond length,candrete cover thickness on the bond behavior wsssaed.



2. EXPERIMENTAL PROGRAM

In the present experimental program, a total op8Bout bending tests were carried out to evaliuagebond
behavior of two types of GFRP bars supplied by Baem companies. The tests were conducted at the

laboratory of the Structural Division of the Cihgineering Department of University of Minho, Rayal.

2.1 Material properties

2.1.1 GFRP bars

Two types of GFRP bar in terms of surface treatmmare used in this study, and the designation pé % and
type B was assumed for deformed and smooth baygectvely. The ribs of the deformed surface oktypbar
have a constant height of 6% of bar diameter asdaging of about 8.5 mm. Spherical natural quanystal
sand with triangular structure was used for saratiag in type B bar. The mechanical propertiesathhased
on the information provided by the manufactureses iacluded in Table 1. A tensile strength highemtti000
MPawas indicated for both types of bar, while valué60 and 40 GPa were suggested for the modulus of
elasticity of type A and type B bar, respectivddjrect tensile tests were carried out to obtainriedulus of
elasticity, and the values also indicated in Tableere obtained following the recommendations off MSD
7205/D 7205M [19]. Two diameters, 8 and 12 mm, wadepted for type A bar, while only one diamete? (1
mm) was considered for type B bar (see Figure Be ®btained values for the modulus of elasticitypoth
types of bars were higher than those provided byctimpany; exceptionally, when the diameter medsaréhe
bar was considered fgrl2 type A (13.08 mm instead of 12 mm), the valuthefmodulus of elasticity (56 GPa)

was lower than 60 GPa reported by the supplier.

2.1.2 Concrete

For the present phase of the research projectf eosepacting concrete reinforced with 60 k§/ai hooked end
steel fibers was used to build the pullout bendipgcimens. The mix of this concrete is included able 2.
Ordinary Portland cement produced according tosthedard EN 197-1:2000 and labeled as CEM | 42fnR,

and coarse river sand and crushed granite graggkgate with maximum size of 12 mm were used, aed t



water/cement ratio was 0.39. Optimized amount 8f4l superplasticizer was adopted to contribute fier t
attainment of self-compacting requisites for thex.ntlooked end steel fibers of 33 mm lengt, 0.55 mm

diameter ¢), aspect ratio of 60{d=60), and a tensile strength of about 1100 MPa weesl. The concrete
mixture showed good homogeneity and cohesion, haddtal spread measured in the slump-flow tesd§ [2

ranged between 680 and 720 mm, with no visual gigregregation.

The SFRSCC compressive strength was determineddicgdo ASTM C39 with cylinder samples taken from
all batches (three cylinders with 150 mm diametat 200 mm height for each batch). Prior to thoséstehree
cylinders were used to determine the Young’s ma&lofuSFRSCC according to ASTM C469. A total number
of five beams with dimensions of 68060<150 mn? were also cast to determine the flexural tensikength and
the flexural residual strength parameters of SFR&C¢&rding to the recommendations of RILEM [21]eTh
average value of the Young’'s modulus and flexuessile strength of SFRSCC were 30.36 GPa with a
coefficient of variation (CoV) of 15.48%, and 6.R®a (CoV=17.48%), respectively (see Table 3). Tdwlts
from the full characterization of the SFRSCC arailable elsewhere [22]. The average compressieagth for

the five SFRSCC batches has varied from 58.58 188WIPa (Table 3).

Since to produce all the specimens for the pulbmtding program it was necessary to execute fitehba, the
mechanical properties of SFRSCC from those bateles slightly different. Assuming that bond stréard

concrete tensile strength) can be related to tharsgroot of compressive strength, the differeneee taken

into account by correcting the bond values by apglyhe following bond modified factét:

Vi = feny , (=12,..,5 1)

fcm’
wheref., is the average compressive strength ofitheoncrete batch, arfg,, is the reference value. Assuming
for thef., the average compressive strength of SFRSCC dfdteh used to produce the first series of pullout

specimens (M1), the values of the bond modifiedofaare those included in Table 3.

2.2 Test procedure

2.2.1 Specimens



A beam test similar to the one recommended by RILEB] was adopted in this study for determiningaloc
pullout force-slip relationships. A schematic reyametation of the specimen is shown in Figure 3&. §recimen

is composed of two prismatic SFRSCC blocks, A andvBich are connected by a GFRP bar as a flexural
reinforcement at bottom part, and a steel hingefatzone. Type of bars, SFRSCC cover thicknessgdmbnt
length (¢) and bar diameter varied in those specimens irral assess their influence in the GFRP-SFRSCC
bond behavior. In the front part of each blockaifength of 50 mm (75 mm from the symmetry axig) ltlar is
unbonded to avoid premature fracture of SFRSCChésd zones. Thie, was only changed in the block A
(where debonding failure is supposed to develop)lewn the block B a constant embedment lengtB3% mm
was considered for all specimens. Plastic tubegeof low elasticity modulus and without bond redfeis to
cement-based materials were used to involve the FGBRrs for providing un-embedded lengths between

concrete and GFRP bars.

The specimens are identified by assuming the fafigvabels: the first letter, A or B, indicates ttype of bar
surface; the second set of symbols refers the inaveder @3 or ¢12); the third one, denoted as gXsymbolizes
the embedment length, being X the multiple of the diameter (X=5, 10 and 20); the fourth label espnts the
concrete cover thickness, 15 mm (C15) or 30 mm JC&@d the last set is a regular counting of thecepens.
For example, the label &8-L10¢p-C30-07 corresponds to the specimen number 7 meiedowith a ribbed
surface type A bar of 8 mm diamete), with an embedment length of 80 mm ¢Q@0x8 mm), and with a

concrete cover of 30 mm (C30).

2.2.2 Test setup and measuring devices

Figure 3b shows the test setup configuration usetthis study. To measure the slip at loaded anel éreds of
GFRP bar, two linear variable differential transehs; LVDT_1 and LVDT_2, were used. LVDT_1 is supgpdr
on the bar at its free end, and measures the veldisplacement between this section and the ctanérent
surface of the block A (see Figure 3b), while LV2Tis fixed to the free extremity of the bar and meas the
relative displacement between the free end patteobar and the concrete rear surface. As showigimre 3b, a
strain gauge was installed in the cross sectioth@tar coinciding with specimen symmetry axisdoord the
strains in the bar during the test. Three loadsagith capacity of 200 kN were utilized to determihe applied

load in each contact point of the specimen withdkirior. Two of these load cells are disposedmting to
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the scheme represented in Figure 3b, while thel thias coupled to the actuator. The pullout forigg Was
calculated by multiplying the evaluated averagetalsy modulus E,) of the bar by the strain recorded in the
strain gauge&,) and considering the measured cross sectionalofitbe bar &), F=A, E, &, (see also Table 1).
The force installed in the bar was also calculabgd equilibrium between the applied loads and the
corresponding reactions to the specimen. The chahtfgee arm (distance between hinge connectiont poid

the center of the bar) at mid-span was measuread/dyertical LVDT's installed in the first 12 speagéns (for

all 5¢ bond length specimens). The force values derivech fboth methods showed negligible differences, so

the one based on measuring the strains in the GlaRPwas adopted for all the tested specimens.

Due to the elastic elongation of GFRP bar betwierldaded end section (coinciding with the Poimdicated
in Figure 3b) and the measuring section of LVDTfrart face of the concrete block A), the slip aaded end
(Sp, in mm) was obtained by deducing from the disptaeet measured by the LVDT_%{pr1, in mm) the
elastic deformation in this segment of the barg{5t mm):

Sp= Svom - 505 (2
where &, is the strain in the FRP bar measured by thensgraiige.
The tests were carried out by using a closed-logfraulic system with a servo actuator of 200 kNazsty.
Two loading phases of different slip rate were addgby using LVDT_1 for test control: | @m/s up to 5 mm

slip; 5um/s up to the end of the test.

3. TEST RESULTSAND DISCUSSION

Tables 4 and 5 show the results of GFRP bar typed\B, respectively, obtained from the pullout begdests.

These tables include the maximum pullout fof€g.,, the corresponding slip at loadesj)(and free ;) ends,
maximum average bond stress assuming that bonslsefgeare constant along the embedment lengg, (

modified bond stress normalized by usingoefficient, and failure mode. The relationshipsween the pullout
force and the slip at loaded erfd-g) and free endH-5) are plotted in Figures 4 to 6. In general, théopt

force versus slip responses are characterizedsbyp linear branch, in which damage in the debungrocess
is not sufficiently intense to produce irreversiblg, followed by a nonlinear response up to pleaki due to

the increase of the damage. The post peak phabaiiacterized by a soft decrease of the pullowefovith the



increase of slip. The tests end with a relativaghtresidual pullout force due to the friction staince between
the GFRP and SFRSCC. As expected, these figurag ttat the peak pullout force and its correspondiliyg
increase with the embedment length. Furthermor@eak load the free end slip is non null in allgp®ns,
confirming that the embedment length is not enoeylen forL.=20g, in order to mobilize the tensile capacity

of the utilized GFRP bars.

3.1 Failure modes

Due to the relative high pullout force supported dpecimens reinforced with the larger bar diameisd
embedment length, the specimens number 17, 24,nd934 failed due to insufficient shear resistanée o
SFRSCC. To avoid this type of failure mode, carfibre reinforced polymer (CFRP) laminates were &ubin
the lateral faces of the specimens, accordinggm#ar surface mounted technique [23], in locattbasdo not
affect the GFRP-SFRSCC bond behaviour. Thus, exspptimen number 12 (#8-L20¢p-C30-12), the
remaining ones failed by debonding. In case ofaibbars (type A) with concrete cover of 15 mm (&peas
number 18, 21 and 22) a single crack appeared allbegembedment length. This crack had naturally a
detrimental effect on the bond performance of thegsecimens, since the concrete confinement deeuitie
the increase of the opening of this crack. Howesplitting failure mode never occurred due to tbatdbution

of fibers bridging this crack that had maintainke track width at very small value.

According to [12], for concrete of compressive sy higher than 30 MPa, bond failure partly ocaumsthe
surface of the bar and partly in the concrete bglipg the cortical layer of the bar. Since a rekli high
concrete compressive strength was used in thig/gtefld MPa), the bond failure mode significantlypdads
upon the surface treatment of FRP bars. The blodk #dach specimen was cut after testing in orddraie a
deeper inspection of the failure mode. Figure tanshthe damages on surface of GFRP bars aftengeSthe
resin over the surface of GFRP bar was choppedaiarsthed in case of type B, and the ribs were duedtin the
type A bars. However, in the type A bar of specim@&here a single splitting crack was formed, sighs
concrete damage was observed at the bottom ofatie $urface due to the lower confinement providgdhe
cracked concrete cover. This means that the bohddaor these specimens was controlled by bofle tpf

failure modes at the top and bottom of the GFRP-SER interface (see Figure 7b).



This mixed damage configuration was more prondaéntiars of higher flexural stiffness surroundedimaller
SFRSCC cover thickness, since the curvature ofsfRBP bar along the embedment length increasestkéath
reduction of the SFRSCC cover thickness (more dedbte medium). This favors the increase of theatadi
stresses applied by the concrete to the top sudadee bar, and due to the Mohr-Coulomb effect shear
stresses increase, leading to the scratch of biseofi the bar in these zones. Furthermore, dubdadntrinsic
nature of concrete casting conditions, at the nojpart of the bar a higher percentage of porouslame exist.
Therefore, the combination of the smaller strengtthtthis material with the local radial stresses doethe
curvature of the bar justifies the presence of tkisment paste material in between the GFRP ritiseabottom

part of the bar.

3.2 Bar diameter

Figure 8 compares the bond performance of 8 mml#whm GFRP type A bars in terms f,. For the
specimens with 15 mm of SFRSCC cover, the maximandlstress achieved in the case of 12 mm bar démet

was almost equal or even smaller than the correlipgrT,,, obtained for 8 mm bar. However, in the specimens

with 30 mm of SFRSCC cover, the maximum bond stf&sg) for a bar diameter of 12 mm was higher than for

the 8 mm with exception of g0embedment length. It is worth noting that, thentt decreased with the increase
of Le. By increasing the bar diameter and the bond Fetigg maximum pullout force was conditioned by the

splitting strength capacity of SFRSCC cover, whiatreased with the SFRSCC cover thickness.

3.3 Concrete cover

Figure 9 represents the increase in Thg for the specimens with 30 mm SFRSCC cover thicknéth respect
to the corresponding values obtained for 15 mm SFR8over. This analysis was executed for the thypes
of bars and for the differett, values considered. The results show higher maxirauenage bond stress when
30 mm SFRSCC cover thickness was used, with theptxn of the 8 mm bar diameter witkp ®mbedment
length, since in this case the relatively low putldorce is not influenced by the splitting streémgif the

SFRSCC cover.



The values of7,,were also higher in case of ribbed bars (type Antin sand-coated bars (type B), which

reveals the influence of the surface treatmentladstiffness (the type A bar has higher elastisigdulus and
measured diameter, see Table 1). Since the typar Bids a lower elasticity modulus and, consequelatyer
stiffness, apart the effects pointed out in thé gasagraph of Section 3.1, the higher contraabibtine bar in the
plane of its cross section due to the Poissonecefs expected to have contributed for the smakkeformance
of the type B bar. The better performance of trecspens with 30 mm SFRSCC cover can be explaingtidy
higher volume of concrete surrounding the bar flramotes the superior confinement, and smaller danma

the concrete cover.

The average residual bond stregg, is another important parameter characterizingpteudo-ductility of the

bond behaviorZ, was calculated for a pullout force correspondimg@ trelatively high value of loaded end slip
(8 mm), when the debonding process is in the peakpullout force for all the specimens. Figuredgorts the

ratio betweent, and 7, for the type of bars, bar diameter, and SFRSC@owhere it is visible that the

T,/ Trex Tatio increases with concrete cover.

3.4 Embedment length

Figure 1la shows the evolution of the maximum ayerbond stress with the embedment lendt). (As
expected, 7, decreased with the increaselqf which is a consequence of the nonlinear distigoubf the

bond stress alonig. [7]. As shown in Figure 11b, the loaded end stipeak pullout forces) increased witfh.e
and bar diameter. The increasesgfwith L. is a natural consequence of the increase of thénmuian pullout
force with the increase df,, and the similar stiffness of thes pre-peak phase for the differdnt test series
(Figures 4 to 6). The increasegfwith L, was more pronounced in bars of ribbed surfacee(§pthan in bars
of sand coated surface (type B). In fact, shavas higher in type B bar for the smallestalmost equal in both
types of bars for the intermedialg, and smaller in type B bar for the largést On the other hand, no
significant variation was observed in terms of fegel slip at peak pullout force by increasind.. (see Figure
11b). However, the free end slip in type B bar wassiderably smaller than in type A (0.09 mm agaihg4
mm), which is a consequence of the larger damatgedinced by the stiffer type bar A along the emberim

length, as already reported in previous sections.
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3.5 Surface treatment

Figure 12a shows thaf,, Was larger in ribbed GFRP bars (type A) than indseoated GFRP bars (type B),

regardless the bar embedment length and concrefer.cBigure 12b represents a comparison between the
pullout forceversus loaded end slip up t&=2 mm, for type A and type B bar, in case of 15 a@dnm concrete
cover thickness. Figure 12b clearly shows that #mar had a higher bond stiffness and peak puflonee than
type B bar, which is not only a consequence ofdhdace characteristics of these bars, but alsdattger
stiffness of the type A bar (larger determined tgddg modulus and measured diameter, Table 1llesady
indicated. The higher pullout force in the postipphase evidenced by the type A bar (Figure 12b)atso be a
consequence of the higher frictional resistanceigenl by the ribbed surface characteristics of tyjie of bar.

In Figure 13 is compared the relationship betwéenalverage strain in the bar at the load end andlifh at this
loaded end sectiorgfs) up to peak pullout force for type bar A and Br Hus purpose it was selected bars of
12 mm diameter with.e=5¢@, but the obtained trends are representative obéhaviour registered in the other
analyzed cases. This figure shows that for anyaeestrain in the loaded end section, the typeBbalways
presented a higher loaded end slip, regardlessatherete cover thickness. This discrepancy betweedm types

of bars increased during the loading process, aslhigher in the specimens of smaller concretercove

4. CONCLUSION

The bond performance between two types of GFRP &adssteel fiber reinforced self-compacting coreret
(SFRSCC) was investigated by performing thirtyqsidlout bending tests. The influence of bar diaméemm

and 12 mm) and surface configuration (ribbed versaisd-coated), concrete cover thickness (15 mm and
30 mm), and bar embedment lengtih,(30p and 2@, whered is the bar diameter) on the bond performance

was investigated. From the obtained results tHevi@hg main remarks can be pointed out.

In general the specimens failed by debonding, atiig that the bond length to attain the ultimatastle

strength of the bars is higher thanp2f@r the two types of GFRP bars when embeddederattopted SFRSCC.
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For the specimens with a concrete cover of 15mninlgnan those of higher bar diameter, a single kra@s
formed in the alignment of the bars, which had @imhental effect on the bond performance of thgmxsnens.
However, splitting failure never occurred becauberfreinforcement mechanisms avoided the degeapraf
micro into macro-cracks. Therefore, it is expeaathlat using higher content of fibers, or also agdibers of
high aspect ratio, the cover thickness of 15 mmimaanough for this type of bars, but more reseaeg to be

carried out in this respect.

By observing the surface of the bars after the expntal tests it was concluded that the bond failvas, in
general controlled by the shear resistance of GE&RFRice layers. However, in the type A bar of specis
where a single splitting crack was formed, a midacthage configuration in the bar was observed, sathtched
ribs on the top surface of the bar and inclusidnsement paste in between the GFRP ribs at theimopart of
the bar. This type of failure mode was more pranthe bars of higher flexural stiffness surroundgdsmaller

concrete cover thickness.

By increasing the bar diameter and the bond lerigthmaximum pullout force become limited by theRSIEC

splitting strength, which increased with the cotereover thickness. The concrete cover had, in, fact
important role on the bond behaviour of GFRP-SFRSDe the maximum average bond shear stggs for

both types of GFRP bars (smooth and ribbed suriacegased with the SFRSCC cover.

By increasing the concrete cover the post-pealopuliorce increased, and consequently the aversjdual
bond stress as well, which contributes for a bédterd behavior by reducing crack width and cradcam. The
higher pullout force in the post-peak phase eviddruy the type A bar can also be a consequendedfigher

frictional resistance provided by the ribbed susfabaracteristics of this type of bar.

The loaded end slip at peak pullout forsg) (ncreased with both, and bar diameter. The increasesgivith L
was more pronounced in the ribbed bars (type A) ihasand coated bars (type B). Type A bar hadgheri
bond stiffness and peak pullout force than type @, lwhich is not only a consequence of the surface

characteristics of these bars, but also the latiffness of the type A bar.
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Table 1 - The mechanical properties of GFRP bars

Type of Surface Nominal  Measured Density Content of Tensile Modulus
Bar treatment bar diameter ¥ (gr/cnt) glass strength
of elasticity
i (mm)
diameter (%) (MPa)
(GPa)
(mm)
8.64 2.23 ~75 1500 60 (71%) [65°
A Ribbed 8 1)1 3]
12 13.08 2.23 ~75 1350 60 (6[56
B Sand-coated 12 12.36 1.9 ~70 ~ 1000 40 (53%) [499

! The values are measured by immersing a presciégth of the bar in water to determine its buoyaeight;

2 Results obtained from the performed experimeessistby adopting the nominal bar diameter indichtethe
supplier (average of 5 specimens);

® Results obtained from the performed experimemisiistby adopting the measured bar diameter (avefage

specimens).
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Table 2 - Composition of the SFRSCC

Quantity
Components

(kg/m?)
Cement 412
Limestonefiller 353
Fineriver sand (0-2.38 mm) 179
Coarseriver sand (0-4.76 mm) 655
Crushed granite (4.76-12.70 mm) 588
Water 160
Superplastizier 7.83
Hooked end steel fibers 60
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Table 3 - Properties of the SFRSCC batches

Flexural M odulus of Bond
Compressive strength tensile elasticity modified
Batch designation WP srength (GPa) factor”.
(MPa) Y
M1 58.58 (3.15%) 1.00
M2 61.45 (4.71%) 0.98
e awime  wew w03
M5 66.38 (4.28%) 0.94

Note: the values between parentheses are the pordisg coefficients of variation;obtained from Eq. (1)
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Table 4 - Bond test results of GFRP bar (type A)

Concrete
E s s z M odified Fail

. . . _ max b D mex ailure

Specimen designation ix f, V. KN)  (mm) (mm) (vipa) bond Mode!
design (MPa) stress
(MPa)

A-$8-L5¢-C15-01 M1 20.02 0.27 023 19.92 19.92 P
A-¢8-L5¢-C15-02 M1 5858 1.00 20.73 0.39 0.24 20.63 20.63 P
A-¢8-L5¢-C30-03 M1 ’ ' 20.77 0.31 0.27 20.67 20.67 P
A-¢8-L5¢-C30-04 M1 19.14 037 0.27 19.05 19.05 P
A-$8-L10¢-C15-05 M5 66.38 094 3218 088 0.23 16.01 15.05 P
A-¢8-L 10¢-C15-06 M5 ) ' 29.58 0.89 0.07 1472 13.84 P
A-¢$8-L 10¢-C30-07 M4 6458 095 3534 085 034 17.59 16.71 P
A-¢8-L 10¢-C30-08 M4 ) ' 3530 065 031 1757 16.69 P
A-$8-L20¢-C15-09 M4 56.11 1.67 0.12 13.96 13.26 P
A-$8-L20¢-C15-10 M4 6458 095 58.18 146 0.11 1447 13.74 P
A-$8-L20¢-C30-11 M4 | ’ 64.66 222 029 16.10 15.28 P
A-¢8-L20¢-C30-12 M4 68.88 - - 17.13 16.28 R
A-$12-L5¢-C15-13 M2 4830 036 031 2136 20.93 P
A-$12-L 5¢-C15-14 M2 6145 098 4122 030 019 18.23 17.87 P
A-$12-L5¢-C30-15 M2 | ’ 5786 0.26 0.17 25.59 25.08 P
A-$12-L5¢-C30-16 M2 57.13 0.32 0.29 25.27 24.76 P
A-¢12-L10¢-C15-17 M3 - - - - - S
A-$12-L10¢-C15-18 M3 6785 093 70.62 0.84 016 15.62 14.53 PS
A-$12-L10¢-C30-19 M3 ’ ' 8250 130 031 18.24 16.97 P
A-$12-L 10¢-C30-20 M3 96.57 138 024 21.35 19.86 P
A-$12-L20¢-C15-21 M3 12757 2.67 0.10 14.10 13.11 PS
A-$12-L.20¢-C15-22 M3 6785 093 116.05 245 0.12 12383 11.93 PS
A-$12-L.20¢-C30-23 M3 ’ ' 146.23 3.00 0.16 16.17 15.04 P
A-¢12-L 20¢-C30-24 M3 - - - - - S

! Faiulre modes: P - Pullout; PS - Pullout and 8ptitcrack; R - bar rupture; S - SFRSCC shearrailu
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Table 5 - Bond results of GFRP bar (type B)

Concrete M odified
Specimen Fmax Sip Sip Trex bond Failure
designation Mix fe stress Mode!
’ desgn (pay M (N mm)mm) pg
B-¢12-L5¢-C15-25 M1 58.58 1.00 40.79 0.46 0.09 18.04 18.04 P
B-¢12-L5¢-C15-26 M2 43.33 0.49 0.10 19.17 18.71 P
B-¢12-L5¢-C30-27 M2 61.45 0.98 53.63 0.48 0.10 23.72 23.15 P
B-¢12-L 5¢-C30-28 M2 48.00 0.50 0.07 21.23 20.72 P
B-¢12-L 10¢-C15-29 M3 - - - - -
B-¢12-L 10¢-C15-30 M3 67.85 0.93 62.92 0.81 0.09 13.91 12.94 P
B-¢12-L 10¢-C30-31 M3 - - - - -
B-¢12-L 10¢-C30-32 M3 76.64 1.50 0.08 16.95 15.76 P
B-¢12-L 20¢-C15-33 M5 97.70 1.77 0.08 10.80 10.15 P
B-¢12-L 20¢-C15-34 M5 66.38  0.95 99.78 2.31 0.08 11.03 10.36 P
B-¢12-L 20¢-C30-35 M5 107.53 2.01 0.10 11.89 11.17 P
B-¢12-L 20¢-C30-36 M5 104.94 2.71 0.09 11.60 10.90 P

! Failure modes: P - Pullout; PS - Pullout and Sptitcrack

; R - bar rupture; S - SFRSCC shearfailu
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Figure 2 - GFRP bars: (a) Sand-coated 12 mm diar(tgpee B), (b) Ribbed 12 mm diameter (type A), (c)
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NOTATION
A,: Cross-section of GFRP bars;
E,: Modulus of elasticity of GFRP bars;
fori: Compressive strength of each concrete mix batcprigparing pullout bending specimens;
for: Compressive strength of reference batch for maaifynaximum average bond stress;
F: Pullout force;
Frax. Maximum pullout force;
Le: Embedment length of GFRP bars in specimens;
ls: Length of discrete steel fibers;
di: diameter of discrete steel fibers;
Sp: Slip at free loaded end slip corresponding to maxmpullout force;
Sp: Slip at loaded end slip corresponding to maximutioptiforce;
s Slip at free loaded end;
s: Slip at loaded end slip;
Ss.wor1: The values of slip recorded by LVDT_1;
. The strain in GFRP bar measured by strain gauge;

Vv; : Ratio between compressive strength of each mighes and the compressive strength of reference
batch;

Tox. Maximum average bond stress of GFRP bar;

I: Residual average bond stress bond stress of ®GBRP
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