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Abstract

Externally bondedFibre Reinforced PolymeFRP confinement is extensively useditoprove the bond
strength of substandalap splicedsteelbarsembedded in reinforced concrete (RC) components
However, the test results from bond tests on such Hefidientcomponentsre not fully conclusive
which is reflectedn thefew design guidelineavailable for FRP strengthenirfgor the first time, his
articlepresents aomprehensive survegn FRPstrengthening ofubstandard lapplicedRC members
with emphasis on the adopterperimental methodologiemdanalytical approacheteveloped t@ssess
the effectiveness of FRa& controlling bondsplitting failures The nainfindings andshortcomings of
previous investigationarecritically discussedrad furtherresearch needseidentified Thisreview
contributes towards the harmonisation of testing procedures so as tatiatile development of more

accuratepredictive models, thus leading to more aaf§éctivestrengthening interventions.
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1 Introduction

Since the 1994 Northridge and 1995 Hyogoken-Nanbu (Kobe) earthquakes, externadly biored
Reinforced Blymers FRP have beenwidely usedfor the localstrengthening of substanddagh-spliced
regiors of reinforced concrete (R@plumns of bridges and buildingBypical applications involve
bonding FRP fabric sheets or precured shells around a column to provide addurdimement (see
Figure 1(a)), thusenhancing théap bond strengtlandpreventing a premature splitting failure. In the last
decades, extensive experimental research has confirmed the effectiveness aififiementat

improving the behaviour of RC members with inadequate short ld@ysfAboutaha et al. 1996
Saadatmanesh et al. 1996, Saadatmanesh et al. B¥Fle, et al. 1997Tastani and Pantazopoulou
2001,Bousias et al. 20Q®1arries et al. 200685hosh and Sheikh 2007, Harajli and Dagher 2008
ElGawady et al. 201@ournas and Triantafillou 20).1Due to the large number of parameters affecting
the bond behaviour of lapped bars, different experimental and analyticahelpgsovere adopted to
evaluate the effectiveness of FR&hfinementin generahowevertwo experimentabpproacheare

mainly implemented

(a) Capacity-ductility approach. Thetests in thespioneeringstudies ainatassedsg theenhancement

in capacity antbr ductility of columngrovided by thé&=RPconfinementBased on these experiments,
some analytical models were proposed to compute the thickhERP required to prevelap splice
failure (e.g.Seible ¢ al. 1997, Hawkins et al. 2000, Elnabelsy and Saatcioglu 2004, Elsanadedy and

Haroun 2005).

(b) Bond strength approach. The bond strength enhancemenbvided by FRReinforcements
examinedusing test specimens recommended in siktbe-art reports on bond (efg Bulletin 10
(2000) orACI 408 (2012)) including pullout, beam-end and beam specimens. The contribution of the

FRP reinforcemeris evaluated from the increase in thieserve bond strength.

Despite the extensive researclg thajority of the previous studies focused ondpliced circular
columns. Converselyess research h&gen carried out timvestigate the effectiveness of FRP as a
strengthening solution for substandeedtangulamembers of RC buildings, and onlyenfexisting

guidelines (AlJ 2002, BSI 2005, TEC 20@NR 2012 EPPO 201paddress these issues



This article presentsa comprehensivigerature reviewon substandard legpliced RC members
strengthenewvith externallybonded=RP. Special emphasis placedon the experimental methodology
and analytical approaches adopted to study the effectiveness ofghigistning method. Conflicting
research findingandaspectsequiringfurther research are discussewti commented upofihis article
contributes towards the harmonisation of testing assessmeptocedures in imely manneras current
European guidelines (e fip Bulletin 14 (2001) and Eurocode 8 Part 3 (20@%5¢) curretly under
revision andoth of themare envisaged tadoptbond strength approachdsr the FRP strengthening of

laps.

2 Assessment of FRP reinforcement effectiveness through testing

The experimental methodologies used to assess the effectivereassroalFRPreinforcementn lap

spliced RC members can be classified according tagheoacks(a) and (bdescribedefore.

2.1 Capacity-ductility approach: tests on cantilever columns

Cantilever colume have been extensivelgstedn the pas(Priestley et al. 198 Priestley and Seible
1995,Saadatmanesh et al. 19%&adatmanesh et al. 199Baadatmanesh et al. 199%eible et al.
1997, Xiao and Ma 1997, Haroun et al. 1999, Ma and Xiao 198&ng et al. 20QMa et al. 2000
Chang et al. 2001, Saatcioglu and Elnabelsy 28atoun et al. 200FEInabelsy and Saatcioglu 2004,
Sause et al. 2004, Schlick and Brefia 2004, Yalcin and Kaya 2004, Haroun and ElsanadéBiyu20i5,
et al. 2006Bousias et al. 20QBrefia and Schlick 200%oum et al. 2007, Chung et al. 208&hghi and
Zanjanizadeh 20Q&arajli 2008 ElGawady et al. 201@Bournas and Triantafillou®.1,Kim et al.
2011).Columnspecimensire usuallycast oma stiff concrete block simulating the struoct’sfoundation,
as shown irFigure 1. The longitudinal column reinforcement is lapped at the basgfcal short
lengthsl,=20-30d,, (whered,=bardiameter) ¢ replicate old construction practices and to promote bond
splitting failure. Columnsare commonlytested in vertical positiony applying increasing quastatic
cyclic lateralloads or displacements, although horizostscimensave beemlso testeqHarajli and
Rteil 2004, llki et al. 2004, Ghosh and Sheikh 200¥%mou and Pantazopoulou 2009). A constaila
loadis usually appliedo the columnbut columnswvith no axial loachave been also test@darajli and

Dagher 2008, Harajli and Khalil 2008, ElSouri and Harajli 2011, Kim et al. 20h#)effectiveness of
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the FRP strengthening is assessed by comparing the results of the cagfnglt” and FRP-
strengthenedolumns in terms of drancements in capacity, ductility and energy dissipgtigateresis

loops).

As expectedunstrengthenets built’ columnsfailed prematurely due to splitting of the concrete cover
around the lappelars leading taa rapid strength and stiffness degradatidmmparatively the FRP
confined columngenerallyfailedin aductile manner byielding of the lapped baraccompanied by
partial splitting(i.e. less severe crackindjar pullout or bar bucklingVhilst all studies reported
significant enhancements in the capacity and ductility of the strengtbeluns the magnitude of the
enfacement varies considerably from one study to angiben the different geometries and test

conditions adopted.

2.2 Bond strength approach

Specimengesedusng this approach providasight intothe basicbehaviour of anchorages and lap
splices in FRPstrengthenethembersin generalthe unstrengtheed specimens are designed to fail
prematurely by cover splitting. Short bondeddths areommorty selected tgroducea uniform
distribution of bond force along the bars and to prevent bar yieldimgeTfectiveness of the
strengthenings evaluated byamparing thédond strengttof unstrengthenedand FRPstrengthened

specimens, awell asload-deflection and/dvond stresdar sliprelationships.

2.2.1 “Pullout” tests

Kono and coworkers(1997, 1999, 200Gested'SchmidtThrd” pulloutspecimensvith a singleor four
anchoredarasshown inFigure da)(b) and(d)-(e). A vertical slot defined the bonded length at the end
of the specimend=4-12d, or 100-300 mm) and prevented the application of compression forces in the
concrete arounthe bar. The use @f singlelayer ofCarbon FRPQFRB fabric across the anchorage
length led to a more ductile pullout failure and enhanced the bar bond strengthvieyeaaye of 80%.

Kono et al. concluded that the bond strength enhancement was independent of thécbgtided the

bar.

More recently,Tastani and Pantazopoul2010) performediirectpullout tess usingtwo bars anchored
concentrically in a comete prism(Figure 2(c)) Specially machined steel bavgh two different nominal
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rib heightswere anchored for short lengtfh,=5d, or 12,) at thetesting end of the specimens,axbas
a commercial bar with sufficient bonded length was anchored at the supp(shewad as, in Figure
2(c)). Two layers of CFRP fabric were bonded on each face of the specimens (patakdbbgitudinal
axis) to transfer forces between the testing emmdsto preverfailure of the concretprismin tension A
confinement sheet was added around the support bar to improve its develograeity.daor the
specimens designed to evaluate to effect of confinement on the bond strengfRPasiteEt was also
wrapped around the test b&esplit specimenwith a radial crack D mmwide werealso testedsee
testing end irFigure 2(c)). Average bond strengths increased by 0p6eE$d44% in non-split and
presplit specimensespectivelyput the bond stretig results showed a largeatter Thiswas attributed

to the highly variable properties of concrete in ten§i@stani and Pantazopoulou 2010).

2.2.2 Beamend specimens

Kono et al (1999 2000) conductetess onsmallbeamendspecimens witltwo or fourbarsanchored for
a lengthl,=300 mm as shown iRigure 2(d)-(e) One two or threelayersof AramidFRP(AFRP)or
CFRPstripswerewrapped along thanchoragédengthof the barswhereasnternalsteel stirrupsvere
also provided t@onfine he bars and the specimenste.The confinemenenhancedhe bond strength
of the bars byaminimumof 18% and up to 44%.d3pite the heavy internedinforcementthediagonal
crackng observedcrosssomeof thespecimes at failuresuggestshatshear(rather than splitting
dominated the behaviouFhis can be possibly attributed to the small shear sparussibin the tests

(close to 1)and the resulting high shear forces.

In an attempt to eliminate shear and ‘active’ confinement effects duadodat the supports, Ozden
and Akpinar (2007)ested Hshaped bearand specimens with anchored bar confined witither
GlassFRP(GFRP)or CFRPsheetgseeFigure 2(f). Very short anchorage lengths lgE=3.5d, and @,
were selected to study local bond conditions. No internal steel stirrups noeidepd. The mncrete cover
wassetconstant and equal tadin all specimensThe bond strength ¢ie anchored bamsasenhanced

by 16% and up to 42% when compared to unconfined specimens.



2.2.3 Beamspecimens

Kono et al.(1997 1999)alsotestedargescale beami double curvaturéen an attempt to produa®ver
splitting within themidspanzone §eeFigure 3).Different confining configurationsvere investigated
including: a) one layer ofCFRPstripsor continuougonfinemeniKono et al. 1997), and loheor two
layers ofAFRP or CFRP stripéKono et al. 1999 The beams failedt midspardue to acombination of
shear and cover splittingh€ shear strength of the beams was enhanced by approximately 80% with
reference to uranfined counterparts. Althouglobd strength of the bavgas enhanced by up to 115%,

the different force mechanisms involved in the final failure make the ietatjpn of results difficult

Hamad and Najjar (2002palwan(2003)andHamad and cevorkers(2004a, 2004b, 2004t3sted beam
splice specimens in foyroint bending to examine the effectkRPwrapson the bond strength of lap
splices (se&igure 4. Thespecimensvere designed to fail by splitting at midspan, wherenttaén
flexural reinforcementvas lapped for ahort length,=16d}, to preventbar yielding One or twdayers of
GFRP o CFRP were bonded along the midspan zone using partial (1 or 2 strips) or contirumpsU
Whilst theunconfined beams experienced sudden brittle failure dsevieresplitting and spallingf the
concrete cover around the lapped bdreFRPstrengthenetdeamdailed gradually. Th&ERP
reinforcementilsoenhanced the bond strength of the splica mmimumof 6% and up to 34% when
compared to unconfined beams (Hamad and Rteil 2Q0ike Kono et al's specimens, beam splice

specimensre subjected to simple bendiaigthe midsparthus simplifying the comparison of results.

Harajli (2006)tested beam splice specimaasnvestigate the local borzhr slip relationship of very
short lap splicewvith 1,=5d, (seeFigure 5).The beams were subjected to f@aint bending usingtatic
andcyclic loading. Two notches at the bottom of the beams defireelap length and expaséhe main
flexural bars for slip measurements. As expeditiire of the unconfined specimens was controlled by
splitting. Theuse ofone orntwo layers ofCFRPat the lap zonevaseffectiveat delaying failure and
enhancing théond strengtlof the lappedarsby up to 70% with reference tbe unconfined

counerparts.

Rteil et al.(2007) performed four-point bending tests §hown irFigure 6) onbeamanchorage

specimenginder static and fatigue loadirybondsplitting failure was promotedt the beam endsy



anchoring the bottom bafsr ashortlengthof approximagly 1,=13d,. The rest of the bdength was
unbonded from the concrete using polyethylene pipes. Two notches at the botterbhesrtis defined
the lap lengttat the beam endmd expose the main flexural bafer measurement3 he anchored bar
zonewasstrengthenedith onelayer ofU-shaped ERPfabric. The bond strength of tl@&FRRconfined
beamssubjected to static loaglas enhancelly 38%with reference to the unconfined counterparts
Likewise, the bond strength @FRPconfinedbeams subjected fatigue loadncreased by 41% at 1000
cycles and by 22% at 100,000 cyclesmpared to wronfined specimendVhilst barslip increasedvith
the number of appliedycles, theslip in theunconfinedoeamsncreasd exponentially duringhe last

10% of thebeams'life, whereas the slip increased constantly up to failu@RRPconfined beams.
Similar beam anchorage specimens were tested by Ha¢@0AB), buin this caseéhe bond strength was
enhanced b$% and up to 9% onlDue to the test seip, bond strengthesultsobtained from these
beams may bmfluenced by additionalonfining stressegeneratedby the reaction forces at the supports

It is uncleaiif this effect was considerdd the reported results.

More recent}, Garcia et al(2014, 2015) investigated the bond strength enhancement resulting from the
confinement provided by CFR¥heetsn 24 beam splice specimetested in flexuresimilar to those

tested byHarajli & al. (2006) andHamad et al(Hamad et al. 2004a, Hamad et al. 2004é&mad et al.
2004c). lap lengths of.0dy, and 2%, were used to examirtee mobilised “local” and average bond
strengthsrespectivelyl or 2 layers of continuous CFRP fabric confifidtlap length The
experimentatesults showdthat the CFRRtrengtheningnhanced the bond strength of the lapped bars
by up to 686 with reference to unconfined beams, thus improving significantly the owetadlviour of
thebeam splice specimerniBhe results also corroborated research findings by Kono et al. (499i¢)

bond strength enhancement wekativelyindependent of thiap length

3 Discussion of parameters influencing the effectiveness of FRP

confinement

The literature survey indicates that extensive research on the subjecehgetiermed until now. The

different approaches adopted to investigate the bond behaviour of lap sldivedts strengthened with



FRP also reflect theumerougparameters influelireg bond behaviour anthe effectiveness of FRP

confinementas discussed in the following

3.1 Type of specimen and lap splice length

Thelaplengthused to investigate the effect of FRP confinenterap-spliced memberis generally
selected onthebasis of theadopted experimentapproachandon thelevel of stressexpected to be
developedn the bas. Whentest specimens are designed accordiraycapacity-ductility approach-RP
confinement has a minor influence if laps are relatively short and baupdbminates failure.
Conversely, the influence of confinement is important when concretingptiominates failure. For
instance, ircolumns with relatively long splic€k,>35-40d,), the confinement provided by the concrete
cover and internal stirrups may be sufficient to develop yielding ibahgresulting inratherstableand
ductile hysteresis loop€onsequently, the behaviour of these columns is only slightly improved by
additional FRP confinemeiat the lapped zone (Bousias et al. 2007, EIGawady et al. Bdtifhas and
Triantafillou 2011). Tie improvement iparticulaty evident at higher ductility levels of response when
the FRP confinement prevents premature spalling of the concrete cowdslayybssible bucklingf the

spliced bargPantazopoulou et al. 2015).

Although FRP confinement has proven very effective at improving the behavilayrspliced columns,
the majority of the tested specimens to date differ considerablyarasd geometry, bar and coneret
characteristics, type and layout of the FRP confinement, and lap length. Diselack of uniformity, the
results and conclusions drawn from an experimental programme may not g doegiarable to
others. Additionally, the effect of FRP strengthening on the local bond behasyidifficult to assess due
to the practical difficulties in monitoring the strains along the lappexibaless closely spaced strain

gauges are fixed on the bars)

In general, when bond strength approadls adoptedn the investigationghe selected bonded length
depends on whethécal or average bond strength is of interesinBed lengthsf anchorages and lap
splices are usuallishort’ enoughto prevent bar yielding so that the bond mechanism is not affected (i.e.
[o<lpmin,» Whrel, min= minimum bonedlength, butalsosufficiently “long” to allow the contribution of

considerable number of bar ribsitond resistancé&’hetest specimens describprkeviously in Section



2.2 follow this rationaleandadopedlap lengths in the randsel,< |,<15dy. The results of these
specimens can lmsouseful, for instance, to adjust existing batig-relationships so as to account for

the FRP strengthening.

Given the different factors affecting bgrahexperimentamethalology that combines the usktests on
standard specimerfe.g.beamend orbeam splice specimenslongwith tests orlap splicelengths

typical of substandar&C columns [,=20-30d}), canprovide a valuable insight into the bond behaviour
of FRRconfined members. It should hésonoted that current bond provisions of modern design codes
such as ACI 318 (201 Bndfib Model Code 2010 (201@yere developed using large databases of test
results from beam splice specimens. As a consequence, these beams can provide salitallevedop

bond strength models that can be included in future revisions of FRP guidelines

3.2 Layout and thickness of FRP reinforcement

The use oflifferentFRPreinforcementayouts andhicknesgnumber of layersnt;) wasinvestigated by
several researcherBhe effectiveness ofistontinuous FRIPeinforcemen{strips)has beemstudied in
columns Harajli and Rteil 2004 beamend and beam specimeii&no et al. 1997, Kono et al. 1999,
Kono et al. 200f) and beam splice specimgiiisamad et al. 2004a, 20042)049. Compared to
continuous strengthening applications, discontinueirforeement is less effective atldereforerarely
used in practial wet lay-up applications. The strengthening of lap-spliced members usually invieéres t
full wrapping of the cross section with FRP sheets. Nonethelesisaped FRP sheets have been
successfully used in beam specimens as showigime 4b) andFigure 6(b). Whilst Uwraps are less
effective than full wraps, they are generally more practical for strengthbeams where the presence of
a slab could prevent full wrapping. Such a confinement layout howeveelig required in columns,
which are more vulnerable than beaws a result, it is recommended that future testsfacu

investigatingcontinuousandeitherfull or U-wrap strengthening applications.

Practical strengthening applicatiagsnerally use aninimum ofonecontinuous layer diully wrapped
FRPreinforcementThis minimum amount of FRBonfinemenimay besufficient to develop the full
capacity of RC columns with typical lap splia#dengthl ,=20-3@, (e.g. Brefia and Schlick 2007,

Ghosh and Sheikh 2007, Harajli and Dagher 26G8ajli and Khalil 2008EISouri and Harajli 2011,



Garcia et al. 2014). dditional FRP layersan providanoreconfining pressure to the lap splice,
enhancing its bond strength and improving furtheispecimerbehaviour. Howevesimilarly to
confinement bynternal steel reinforcemerfERP confinement only enhasgbond strength up to the
point where bar pullout dominates failuFeew researchers hairevestigated experimentally the
maximumachievabléond strength enhancemeast a functiorof the amount oFRPconfinement
(Hamad et al. 2004a, Harajli et al. 2004)addition, he effectiveness of FRP confinementimited by
yielding of the lapped bars as bond strength increases only margitetthef point (Harajli and Dagher
2008). As no significant bond enhancement is expected in thgiplbstage, it seems uneconomical to
provide more confinement than that necessary to deyading ofthebars(unless it is required for
other strengthening objectives). Indeed, previous research (Hamad et al. 2004a, 2004Ga20@4et

al. 2014)suggests that the use of two layers of EBP besufficient to mobilse the maximum achievable

bond strength dfypical lap splices

3.3 Strains developed in the FRP

Due to thé intrinsic mechanical characteristidSRP remain essentially elastic until failufe a result,
the confinng stresgf|) appliedby the FRReinforcemehon alap-splicedmemberdepends on the
effective strainer) developed in the maitirectionof the fibres. Despite of this, not aixperimental
studies providesufficientinformationon theevolutionof FRP straingo allow evaluating theffective
confining stress at bond failure. the case of lappliced columnsstudiesoftenreport“maximum” FRP
strainsrecorded at the lagtst stages, when significant concrete cover spalling, concrete crushiog and/
bar buckling can affect the strai@adings. Additionallyi-RP strainsare also affected biye location of
the strain gaugealong the member and across the cross sedmminstanceargeFRP strainare
usuallyrecordectlose to the base of colusmiMa and Xiao 1999, Schlick and Brefia 20@4hile such
large strains have beemainly attributed to thevariation of flexural moment over the column hejghey
could also ba result of the development of other degradation mechanisms (e.g. bar hutlksioglery
high strain values can iecordechear the corner of rectangular sectiarmre rupture of theFRP

confinemenis more likely tooccur (Walkup 1998, Sause et al. 2004).

In lap spliced membergheeffectivenes®f the passive confining action from the FRP relies heavily on

concrete dilatioraround the lapped bamshich in turndepends on balip (e.g.Tastani and
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Pantazopoulou 2008, 2010)4t resultérom lap-splicedcircularcolumnsindicatethatthe ‘onset’ ofbar
slip occursat dilation strains between 1000 and 2Q@QSeible et al. 1995 Based on this observatiam,
limiting (effective) FRPstrainof 1000 ue wassuggestedor the design of FRP strengthenisgutionsto
‘prevent slippage of the lapped barEhisvalueis in agreement witmore recentest data indicating that
FRP straingneasuredt peakcapacity of rectangular and circutaslumns never exceed 8% and 15% of
the ultimateelongationstrainof carborfibres (e,,=15000 n¢), respectivelyTastani ad Pantazopoulou
2006,Harajli 2009 Tastani and Pantazopoulou 2010)e3& resultindicatethat debondingf lapped
barstypically occurs at loviateralstrainvalues which could bestill sufficient to develophe full

capacityof the lappedarsas evidenced bthetess summarised irSection 2.1.

FRP strains were found to increase with decreasing valuasmwhumclearconcrete cover to bar
diameter(cmin/dy) (Harajli 2008 Harajli and Dagher 2008This can be attributed to the fact thatftzes
ratio cin/dy reducesthe formation opremature splitting cracks tendnwbilisethe FRP confiimg
actionearlier. Tests resultfrom lap-spliced columns indicate that the additional contribution of FRP
confinement to the coluntapacity with reference to the capacity of an unconfined specirmétigher

as the rati@y,/d, reducegHarajli and Dagher 2008). Although thedkness of theoncrete cover is
crucial in bond splitting failures, its importance is frequently overlookelhatual measured covers from

testal specimens are rarely reported, thus preventing accurate computationd sfrbagth.

3.4 Properties of FRP

The use of a constant effective strain in the design of strengthenitigrs®lior lap spliced members (see
previous section) implies that stiff CFRP wraps could be expected toreeefifiective than AFRP/GFRP
wraps because the former can mobilise higbefining pressures. Howevereny few studies have
comparedhe effectiveness different types of FRP confinement at improving the behaviolapef
splicedcolumns (e.g. Haroun et al. 1999, Brefia and Schlick Z8&tmou and Pargapoulou 2009)In
these studiesap-splicedcolumns confined with the same numbeG6fRP, AFRP or CFRRwyers were
capable oflevelopingthdr full capacity For similar values of axial stiffnesst(E;, thevariation of the

type of the FRP sheet does not affect the observed resfdresenpu and Pantazopoulou 2009).
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The influence of the type of fibrendond strengthas beemlsostudied usingbond strength approach
butto averylimited extentKono et al (1999, 2000found that the use @FRP stripgseeFigure Zd))
only increased marginalthe bond strengtbf the bars when compared to AFRP strifamad et al.
(2004c)tested bearsplice specimens confinedth eitherGFRP or CFRP sheefSigure 4),and
concluded that the type of fibre had no significant effect on the bond strengélapped bars. It should
be noted, however, thaimilar confinement layouts arfdRPaxial stiffnessvere usedOzden and
Akpinar (2007)seeFigure 2(f)) indicated that the bond strength enhancement due to FRP confinement
depended on the type of fibre, but a detailed analystseofresults leads to conflicting conclusiors
comparison between specimens with simHRIPaxial stiffness shows that bar bond strengimiy 2-

6% higher irspecimensvrappedwith five GFRP layershan in thosevrappedwith two CFRPlayers
Themarginalbond enhancement difference between wrapping with five and two laggitse due to a
lower effectiveness dhe outef=RPlayersin applying confinementompared to thenner layers, and
alsoto possibleslippage betweesuchlayers.In view of these incondisncies the effect of the type of

FRP onanchorages and lap splices failing in bond splitshguld be further investigated.

3.5 Concrete and bar properties

Both the material properties of concrete and the geometry of the raigfbars play a major role in
defining the bondslip behaviour at the steebncrete interface. Whilst the compressiie énd tensile
(f) strength of concrete affect pullout asplitting bond strengthrespectivelyrib geometry and relative
rib area otthe bars are critical in ensuring the adequate transfer of bond formegtta rib bearing

mechanism and are known to influence the extent of bar sligpag®©00).

In order to assess the effect of concrete compressive strength on tlmaddond strength providda

FRP wraps, the experimental programme conducted by Hamad28G#ta) comprised normal and high-
strength RC beam splice specimens (see SezthB and-igure 4. Nominal concrete compressive
strengths of .=27.6 and 69.0 MPa were examined. As expected, the lapped bars used in high-strength
beams mobilised a higher bond strength than that of natmrelgth beams. Nonetheless, for equivalent
test parameters and FRP layout, both groups of beams exhibited similar faddes and bond strength

enhancement valugthus suggesting thathas a relatively minor influence such enhancement
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Ozden and Akpinar (2008}udied the influence of different concrete strengths and bar diametees on th
bond strength of anchorages using the specimens shdviguie 2(f). Nominal concrete compressive
strengths of.=20 and 40 MPa were examined. The average bond strength enhancements after FRP
wrapping were similar and ranged from 16% to 42% for concrete of 20 MPapamd &6 to 40% for
concrete of 40 MP& he bond strength enhancement increased slightlyanithcrease in the bar

diameter For concrete of 20 MPa, average bond strength enhancements were 28%, 31% famd 35%
dp=12, 16 and 26 mm, respectively. For the same bars anchored in concrete of 40rili&ta, si
enhancements of 26%, 32% and 37% were obtained. The higher bond strengtiemeina observed for
the 16 and 26 mm bars (over the 12 mm bars) can be partially attributed to énedatgibution of FRP
confinement on larger size bars, an effect which is also observed in Essminfined with transverse
steel stirrupgACI Committee 48 2012).However, the large scatter observed in the bond strength results
and the use of a constam,/d, ratio of 1.0 in the experimental study suggest that additional test data

would be beneficial to assess the effect of bar diameter.

Tastani and Raazopoulou (201(lsoexamined the influence of concrete properties on the bond
strength of specially machined bars. Two different types of concreeeexamined: a) concrete with
tensile strengtifi,,=2.05 MPa and apparent porosity of 4.33%, and b) concretd with30 MPa and
apparent porosity of 8.16%. The test results did not confirm any effdes# variables on the bond
strength of the barg\s the machineddrshadnominal rib heights of 0.5 and 1.1 mm and a rib faogle
of 90°, the authors alsimvestigate the effect of rib height on bond behaviolastani and
Pantazopoulou (201@¢ported that, aexpected, bars with higher ribs mobilised higher bondgtine
due to enhanced rib bearing action, but led to smaller bar slip thus resulésg ductile failures.
Though insightful, these results relate to rib bar geometries thabtangital of commercial
reinforcement, generally characterised by rib face angles rangin@@dbto 50°. Moreover, it is more
convenient to compare the relative improvement that the FRP providedittedospecimens over
unconfined specimens in terms of bond strength and ductility for different &b, ae¢her than
comparing the absolute bond improvemédtrhas been also argued that F&Rengthened lap-spliced
elements havhighly variable properties of concrete in tension, but tests performed byttias Garcia

et al. 2014, 2015nd by other researchdidamad et al. 2004a, 2004b, 200dn)beam splice specimens
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indicate that thé&RP strengtheningeducel the concrete variability in tensipthus providing more
consistent bondtrengthsin summary, the influence of concrete strength and bar characteristics on

require further investigation

3.6 Cross-section geometry and aspect ratio

The concrete coref aFRPconfined circular column subjected to paseal compressiors effectively
confinedasthe confiningaction is uniform over the cross secti@onverselyit is generally accepted
thatsomeregions of aectangulacrosssection remairiunconfined” due to parabolic arching acti@ee
Figure 7). Hence ginforcingbars located in thehaded regions diigure 7areconservativelyconsidered
asunconfined, whereas thokeatedat the cornersire assumed as fully engag8everal experimental
studies have confirmed the lower effectiveness of FRP confinement avingptioe response tdp-
spliced columns withectargular sectiongHaroun et al. 1999%aatcioglu and Elnabelsy 2001, Haroun et
al. 2003, Haroun and Elsanadedy 2005, Ghosh and Sheikh 2007). In an atieyppstothis drawback
the shap®f thecross sectionéheforeapplying the FRPhas been modifiedsingoval concrete bolsters
(Priestley et al1992, Priestley and Seible 199%stcuring cement (Saadatmanesh et al. 1997b) or
epoxy grout (ElIGawady et al. 2010) to form elliptical cross sectiogrsagtmortar blockgHaroun et al.
2003, Haroun and Elsanadedy 2006¥%teel plate§Chang et al. 200@yerealsoused taform semi
roundedcross setions. With the exception of the tests Gitang et al(2000),studiesshowed thathe
overall behaviour of the ovahaped columnaasonly slightly better than that eéctangulacolumns,

and thus such shape modifications seem of little benefit

Although the arching action shownhigure 7candevelop in rectangular sections ungare axial
compressiorfMirmiran et al. 1998Rochette and Labossiére 2000)nay notdevelop in the same way
duringbond splittingfailures whenpart of the concretand the lapped baese subjeted to tension.
Under this conditionFRPwraps areanainly expected t@ontrol thewiderning of splitting cracls forming
on the tensioneside of the sectianndeed, it is the ability of the FRP reinforcement to control the
development of splitting crackbatdetermineghe effectiveness of the FRErengthening at increasing
the bond strength of “unconfined” baesconfirmed experimentally by Ozden and Akpinar (208&g

Figure Zf).
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In an attempto assess the efféatnessof CFRP reinforcemertn the seismic performance of members
with different cross section shapetarajli (2009)comparedest results from rectangul@tarajli and

Rteil 2004, Harajli and Dagher 2008) and circular (Harajli and Khalil 2R@&pliced columnsaraijli
concludedhat thesectionshape had nsignificant effecbn column performancehen CFRP was used

for lap splice strengtheninglowever a direct comparisoof performancéetweerthe rectangular and
circular columngliscussed itdarajli (2009)is difficult due to theconfinement effectiveness is different

in such element®nly corner bars in square sections are effectively confiasdyell ago the different

test conditions and geometry in elevatibtore refined standardised methodologies should be developed

to enable comparisons of tests performed on specimens with different geesmetri

In a column subjected to axial compressibe, eéffectiveness of FRP confinement reducegbeaspect
ratio of the cross sectioncreases (aspect ratio=long colusiddshort columrside).As a consequence
currentFRPguidelinessuggestgnoring theeffect ofconfinement irrectangulacolumnswith aspect

ratios larger tha or face dimensions exceeding 900 rterg.ACI 440.2R (2008) an@NR-DT 200
(2012)). It has been showimat CFRP-confined columnsvith lap splicesn the range of,=30-35d;, and
cross sectiomspect ratio of 2an perform satisfactorilfHarajli and Rteil 2004, Harajli and Dagher 2008,
ElGawady et al. 2010, ElSouri and Harajli 20IMIpreover the use obneCFRPwrapwas very

effective at improving the behaviour afpspliced (,=30d,) sheamalls with crosssectionof 1501200,
i.e. an aspect ratio of 84yssi et al. 2012 Theseresultssuggest thatheaspect ratidimitation imposed

by current FRP guidelindthat essentially assumes that FRP only confine the section canasrée

conservéve for lap splice strengtheningnd thus such limitation should be revised

3.7 Damage level before FRP strengthening

Only a fewstudieshaveinvestigated the use of FRP as a strengthening solution-splejed damaged
specimensSaadatmanesh et #1997a)kxamined the effectiveness of concreteabilitation and-RP
strengthening on circular and square oulgthat weredamaged in a previous experimental study
(Saadatmanesh et al. 1996he rehabilitationncluded the removalndreplacemendf damaged
concretewith newquick-settingconcrete After therehabilitation anoversizedgrecuredsFRPshellwas
wrapped around theolumnleaving a smalgap between the shahd the concrete surface. The gap was

filled with pressuréanjected epoxy to provide active confinementd réhabilitationand strengthening
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enhanced the capacity of the colurbyaip to 38%with reference tehe original ‘asbuilt’ specimensin
general, lherehabilitaedand strengthenezblumns had loweltexural stiffnessdue to bond deterioration

and damage accumulated during the initial tests

llki et al.(2004)testeda damagedap-splicedrectangular columwith plain (smooth)oarsrehabilitated
and strengthened wistix layers of CFRPIn this case, thiow-strengthdamaged concre(g.=13.4 MPa)
was replaced usingdh-strength epoxy mortawith a compressive strength of 50 MRae rénabilitation
and subsequent strengthening enhanced the capacity of the t3i34% in compaisonto itsoriginal
capacity Moreover,bothcapacity and ductility ereimproved considerabhyith reference tohose of an
identicalundamaged specimeltki et al. (2004)alsoconcluded thathe level ofpre-damage had no
significant adverse effect on the performance of¢habilitatedand strengthened speciméut they
also suggegterforming more tests to draw more general conclusidaogever the individual

contribution of the rehabilitation solution and that of the CFRP strerigthisrunclear

Thermou and Pantazopoulou (2005tedpreviously damagesiquarecolumns (Syntzirma and
Pantazopoulou 2006) after strengthening. In this testing programnuartizgedoncrete at theplice
zonewas not rehabilitatecandGFRP and CFRP wraps with similar axial stiffness were.udes
adopted strengthening solutiogishancedhe capacityof the columns by a minimum of 2% and up to
55% in comparisoto the original specimen$helimited enhaicement in capacity was attributedbar
yielding promotedby the use of closely spacédernal steel stirrupspacingZ0 mm)and theelatively

long laplengthused in somef thecolumns [,=36d,).

The results from the aforementioned studies inditetehe effectiveness of @RPstrengthening
solutiondepends heavily othe extent and quality of rehabilitatiofthe concretaround the lap splice
zone.Overall the influence of the initial level of damage is difficult to assess dthetonited number
of test resultavailable in the literature, but also duette different strengthening objectiviestween
experimental programmeas a consequence, the conclusionthetestudies may not beasily

generalised
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3.8

Other parameters

Other parametensotthoroughly investigate(thus conclusions are difficult to drabit available in the

literature are

(@)

(b)

(€)

4

Type of load and load path.These include the influence of dynamic load on lap splices using shake
table testspartially spliced columns(50%) subjected tpseudodynamic test®sD(Chung et al.

2008), giastistatic cyclic tests on repaired and F&RNngthened lagpliced square columns using a
nearfield earthquake(Thermou and Pantazopoulou 2009), and cyeliigtie loadAlyousef et al.

2015, Alyousef et al. 2016).

Use of lap splices with plain (smooth) barsThe activation ofhe passiveonfining action from

FRP wraps relies on concrete dilation produced by the bar ribs reactingtafaisurrounding

concrete. Consequently, FRP are less effective at enhancing the performancephirRE with
lap-spliced plain barsBousias et al. 20Q4lki et al. 2004 Yal¢in and Kaya 2004Bousias et al.

2007).

Corrosion of reinforcing bars. Significant corrosion can deteriorate the bond strength between bars
and concrete. However, provided the failure is dominated by cover splittinopridebehaviour of
corroded anchorages and lap splices can still be effectimbbneed through externally bonded FRP
reinforcemenaround columngAquino and Hawkins 2007as well as eccentric pullout specimens
with L-shaped CFRP wraps (Soudki and Sherwood 2003), concentric pullout specimens confined
with CFRP sheet@Papakonstantinou et al. 2011) (similar to those showdigure 2(c)-(d)),

damaged bearand specimens with or without lostrength mortar rehabilitation and strengthened
with U-shaped CFRP wrafg$astani and Pantazopoulou 2008alm anchorage specimgi@aig

and Soudki 2005 rapped with Ushaped CRP sheets, and beam splice specimens wrapped with

U-shaped CFRP shed&hihata and Soudki 2012).

Predictive models and design guidelines

Table1l summariseshe predictivemodelsavailable in the literaturor FRPstrengthening oRC

members with substandard splices. The maoaieslassified ag) designmodels, and bbondstrength

enhancement models, andithmain featuregnd limitationsare discussed.
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4.1 Design-oriented models

In these mode|ghe FRPthicknesgequired to strengthen the lapped z@neomputed directlysing

equations derived from test resultsaircularand rectangulacolumn specimens.

Priestleyand coworkers(Priestley et al. 199ZPriestley and Seible 1995, Seible et al. 199@posedhe
first model for FRP strengthening of columns watibstandaréapped barsseemodel 1 inTablel). The
confining stressf() required to develop the tensile strength of the bar is computed Usictipaal
resistam approactthat assumes a constant shear saksg) potentiasplitting planes forming around a
lapped bar. bp splicefailure is preventedoy limiting the FRP straisto an effective straine=1000 peg, a
valueassociated to the onset aignificant” slip oflapped barsChai et al. 1991Priestley et al. 1994
Althoughstudies indicate thahis modelmay lead tdhe use ofrery conservative amounts BRP
confinement (Harries et al. 2008arajli 2008 Harajli and Khalil 2008 it is still included in current
guidelines for FRP strengthenifgg. EN 1998-3 (2005CNR DT-200 (2012))Usingexperimental
strain readigs from test®n GFRRstrengthenethp-splicedcircular columns, Youm et al. (2007)
suggestededucingthe conservativeness ofiodel 1 by adopting higher value of effective FRP strain,

€e=2000 pe (seemodel 5in Tablel), but this has not been adopted in existing guidelines.

On the bas ofa driftbased design approach for confinement of columns with steel stirrupsi¢§aat
and Razvi 2002), Elnabelsy and Saatcioglu (2004) proposed mumebtputethe thicknessof FRP
required to develop predeterminedrift demand &) in lap-spliced columns. In this model, tefective
FRP strain idimited toe,=2000 pe. Theapplicability of the models limited to columns under

significant levels of axial loa(see nodel 2 inTablel).

Using Xiao and M41997) bond-slip model fdap splicesElsanadedy and HaraouBQ05)proposed
model 3to calculate the thickness of the FRP requirediteelop yieldingdf substandarthpped barsn
circular columns. Anain feature of this model is tha&etminimumlateralconfining stres$, provided by
the FRPtakes into accounhe bond strength contribution providegithecolumnconcrete cover
However,the equation used to computésttontribution(taken from ACI 408.2R-92 (2005))ay

overestimate the bond strengthsafalldiameterars, resulting in low or even negatiy@aluesfor
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typical lap splice lengthsf substandard structurds addition, he model also implies thtte applied

strengthening will lead tgielding of the barswhich may not happen if the bars pullout.

Hawkinsand coworkers(Hawkins et al. 2000, Aquino and Hawkins 2007) suggested using maalel 4
computethe thicknes®f FRPrequiredto strengthemrolumns with noreontact lagsplices The model
assumeshatashearing planwith given crack width develogsetween the starter bars and the
longitudinalcolumn bars. Accordiryg, sufficientshear stres@/;) shouldactover the failure surfac®
develop the full tensile strength thie starter bag before aond failure occursThe confining stress
provided by the FRP should kqual tathe normalcompressive stregk;) that enables the development
of thestressy;, computed according to the model by Vecchio and Collins (1986). Hawkins and co-
workers indicated that the use of their model would result in more econataiigh solutions than those

given by the FHWA(2006)retrofitting guidelines

As all predictivemodels previously discussed were develdpedircularand rectangular columns with
speific geometriestheymay not be easily generalised to accounbtbercross section geometries
Models adopting a general bond approach independent ofdbe section geomgtrhowever, are

available in the literature and atescussed below.

4.2 Bond strength models
The models described in the followingmpute the total bond strength of #echorages andpped bars

as the sum of the contributions from concrete cavaalthe bond strengtenhancemenrovided bythe

FRPreinforcemen(Az in Figure 8.

Based ortest results from the beaemd specimens shown kigure Zc)-(d), Kono et al(1999, 2000)
modified abond equation originally developed for internal steel confinement @ngiiMorita 1983) and
proposed computingzs, using model 6 iTablel. In this model, e effect ofthe strengthening on bond
strengthis independent of the FRP straifibe nonlinear equation proposed by the authors follows the
trend of the experimental ressiltnd suggests that the effectiveness of the external confinement reduces
for FRP reinforcement ratiogs higher than 0.15% I he applicability of themodelis limitedto the

maximum FRP reinforcement ratio examined in the experiment3,35%.
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Hamad anato-workers(2004a, 2004b, 2004c, 2006) proposed model 7 based on calibration with limited
test results from RC beam splice specim@igure 4).The model is equivalent thatsuggested by

Orangun et al(1975 1977)to compute the additional bond strength providedtegl stirrupon lapped

bars inRC beams The influence of the FRP wrapathe bond strength ¢&pped barss accounted for
through an effective stre¢is) calculate according to the ACI 440.2R (2008)idelines for shear
strengtheningAccording tomodel 7, tle bond strengtenhancement due tbe FRP reinforcement
increases linedy with increasingamouns of FRP Az, is limitedto 0.25Vf, to reflect the fact that the

use of additional FRP wraps cannot lead to furémrancment ofthebond strengtlas failure is

dominated by pulloutsgedashed linen Figure 8).The samdimiting valuewasproposed byOrangun et

al. for internal steel stirrups

Using the experimentaésultsof the beams tested llamad and cowvorkers(2004a, 2004b, 2004c,
2006),Harajli et al.(2004) proposed computintizs, using an equivalent area of FRP reinforcement to
account for the differerglastic modulusf steel stirrups and FRifhodel 8 inTablel). As FRP
confinementontrolled thewidening of splitting crackeore effectively than internateel stirrups,

Harajli et al.limited Azgp, to 0.40Vf, (Harajli et al. 2004Harajli 2007).

Ozden and Akpinar (2007) developed model 9 on the basis tifithewalled cylinder analogproposed
by Tepfers (1973). Accordingly, the FRP wraps assumed texerta lateral confining stregsover a
thick-walled cylinder of diameterd3. To computd,, the model adoptan effectiveFRPstrainthat
depends on theoncrete surface strain at bond failurg)( bardiameterand FRPaxial stiffness.Model 9
was calibrated usinggst results fronbeamend specimens (s&ggure 4f)) and was only validated for

bars with very short anchorage lengthsdawith a clearconcrée coverequal tothe bardiameter(c=d,).

Model 10 waglevelopedy Tastani and Pantazopoul(®008 2010) adopting the ACI 318 (2011)
frictional model for bond and a thiakalled cylinder analogyThe modehssumeshe use oaneffective
FRP strainwhich is determineds a function ofheclearconcrete cover, bar diametendradial
displacemenproduced byoncrete dilatiorue torib bearingaction The adial displacemerns
considereds halfthe bar sligbased on tests on splittimgene pullout specimens withshortbonded

lengthl,=8.331, (Lura et al. 2002)An important improvement in thimodelis therecognition of the
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stronginteractionbetween bar slippgeandFRP strainsHowever to datesuch interactiomasnot been

examinedextensively orlargescale lagspliced member@Harajli and Dagher 2008).

Based on modifications of the bond strength equationstiemalsteel confinemenuo and Darwin
2000, Lettow and Eligehausen 2006), Bournas and Triantafillou (P0&ppsed twanodelsto calculate
Atgy. In these models, the effective straieveloped in the FRP confinemetiitus the associatefty)
reduce with the increase tfe lap length to bar diameter rafig/dy), andis takenas zerdor “long” lap
lengthsl,>55d,. As no studies appear to have examined in detail the development of FR®fstrai
different ratiod,/d,, further experimental data are deemed necessary to validate this assuvhpdieh.
11 inTablel was found tgredictmore accurately FRP strain readitfiggm other tests on columns

(Harajli and Dagher 2008, ElGawady et al. 2010).

More recentlyGarcia et al(2014, 2015) proposeapracticaktrain control approagmodel 12 in Table
1) to calculate thé@ond strength enhancement due to FRP confinenibateffect of the CFRP
confinements considered through an additional doirig pressurd, assumed to act over a split cross
sectional area equal toy{nx,,tds)-1s, as shown irFigure 9.The model wasalibraed using experimental
data from normastrength FRRstrengthened beams with different lap splice lenggbted by the authors
(as described in Sectidh2.3), and byHamal et al.(2006).Figure 10compareshe predictions of model
12 with the experimental results from the above beam tBstpite the different test parameters and lap
length examined in theskfferentexperimental programmes, it is evident that the proposed equation
matches consistently the trend of resiMsreover, previous researdBdrcia et al. 20145arcia et al.
2015) has shown that, comparedtiistingstrain controinodels (Hamad and carorkers(2004a,

2004b, 2004c, 2006Harajli et al(2004),Bournas and Triantafillo(2011)), model 1predictsmore
consisterly the bond strength enhancement due to FRP confinement, as welhasitiid-RP strains

mobilised at bond failure.

The accuracy of model 12 at predicting the bond strength enhancement of lapped or ateblnad is
furtherassessed using &xtended test data set collected from the existing literature. Towifdl

criteria wereused to select thaéata:
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- The test were carried out on beaspliceor pullout specimes with lap/anchoragkengths in the range
of [,=5-25d,

- The lapped/anchored bamained elastiduring the tests

- The experimental maximum bar stress (or bond strength) mobilised in the tappextéd bars was

explicitly reported, and this valumuld be assumed as uniform over the lap/anchorage.

- The FRP properties were either reported, or these could be fotinelmmanufacturers’ technical data
sheets
- Minimum clear concrete cover was reported and complies with the appticébilts of the proposed

model 121i.e. approximately 0.8<Cpin/dp<2.0.

The above criteria led to a dataset of 35 beam splice specime8?2 potfout specimens, which are
summarised iTable2 andTable3, respectivelyIn this tablesssp; is thebond strength mobilised in the
test, Az, is thebond strength enhancement du¢h®FRPconfinemenbnly, and the rest of the
variables are as defined in Table 1. The valtg,; was calculateds the difference between the bond
strength ofFRP-confinedspecimensand that of corresponding unconfined conspcimensThe tables
alsocompae the experimental normsgid bond strengtbnhancemer(’rArspm/fcml’z) with theanalytical
predictions calculated witmodel 12 Az, fem). For the bearsplice specimenérable2), model 12
predicts the results with a me@astPrediction ratio(T/P) of 1.13and a standard deviatigBtdDev)of
0.43. for the pulloutspecimensncluded inTable3, such values afE/P=1.36 andStdDev-9.80Whilst
the model predictsonservatively the experimental results, it al@dds a relatively larger scatter, which
was somehow expected given thege variability of concrete in tension, as well as the different tes

programmes considered in the assessment.

It should be mentioned that the majority of the models described above weratedlissing results from

a limited number ofests.However, provided the bond strength contributions from concrete cover and
steel stirrups are known, these models seesmccuratly determinethe types of bond failure observed
experimentally(either splitting or pulloytseeFigure § and that typicall\dominatethe behaviour of
substandarthp-spliced members strengthened with FRP. This implies that the amount of FRP required
develop the full capacity of tHapped bars can be readdgmputedthus resulting in a more efficient use

of FRP reinforcemennaterialandmore economicatrengtheningolutions The variety oftest
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specimens’ geometries and-sipis that have bearsedby researchen® date, howeveprevens
compiling acomprehensiveatabase of experimental reswtsl does nadllow for more accurate

calibrationof existingpredictive models and the development of new improved models.

4.3 Guidelines for FRP strengthening

Few guidelines provide specifiecommendations for the strengthening of substandarsplaged
columnswith externally bonde@&RPconfinementFor circular columnghe Eurocod@ Part3 (2005),
Italian CNR-DT 200 (2012) andurkish Earthquake Design Code TEC 20087 suggestomputng
thethickness of th&RPconfinemenusing model 1 ifTablel. Both guidelinesalso extend the use tife

same model forectanglar columns implementing the following modifications:

a)In EN 1998-3the section widtlw,, of the rectangular colunrmeplaces the diamet&. Theconfining

stresd, is ‘reducedby a shape factdts defined byEq. (1) (Mirmiran et al. 1998
k=2 (1)

wherer. is the corner radiudefined inFigure 7.

b) In CNR-DT 200andTEC 2007 the larger column side replaces the diamBtdn this casef, is
‘reduced’using a factoky (Eq. (2) to account for the arching effect showrFigure 7 Restrepo and De

Vino 1996):

B b?+d* 2)

whereb’ andd’ are defined irFigure 7, andAy is the gross sectional area of the column.

Whilst the above mentioned codes followapacityductility approach the Japanes@lJd guidelines
(2002) adopt dond strength approadie compute the contribution of FRP reinforcement to bond
strength using model 13 fablel, which is a modied verson of the equation originally developb&y

Fujii and Morita(1983) for internal steel confinement.

Finally, the GreelCode of Structural Interventions (EPPO 2012) for RC buildusgs drictional

approachrhodel 14in Tablel) to designthe thickness of the FRP strengtheninige E€ffective FRP
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strainseg, arecalculated usinghe development of cracks due tm“acceptable amplitutief slip sq in
thelapped bars. The code proposes vag4e®).3 mm for structures withePformancd_evel A
(Immediate Occupancyndsy =0.4 mm for levels B and Q.ife Protection andCollapsePrevention,
respectively) The model considsia designlimit stateasimplied by the inclusion opartial safety
factors. Whilst the Greek code is adequately progressing towayeisesabond strength approacithe
adopted model suggests ignoring the contribution of the concreteazoued the lajits=0), which may
actually account for most of tlexistingbond strength afe lapas demonstrated experimentglyg.

Hamad et al. 2004a, 20042004¢c, Hamad and Rteil 2008arcia et al. 201,42015.

The comprehensive literature survaythis study indicates thadespite the large number of studies
available in the literature, existing codes of pradtiaee yet to include more general bond strength
approach models. Howevet s envisaged that future revisions fheBulletin 14and Eurocode 8 Part 3

(bothcurrently under region) will include suchtype ofmodels (e.g. Pantazopoulou et al. 2015).

5 Summary and conclusions

Thisarticle presented a literature sunaysubstandard lagpliced memberstrengthenedvith external
FRPreinforcementTo date the majority of thestudieshave adopted @apacity-ductility approacho
assess the effectiveness of this strengthening mefibmgsing on the general performance and
enhancements in the capacity and/or ductility of FRP-strengthened coluenr@iginal substandard
specimensHowever the lack of uniformity of the tested sfreensdoes not enabléirectcomparisonsf
resultsbetween differenexperimental programmseBased on tis experimentamethodologysome
design models were proposed floe FRP strengthening of circular and rectangular columns, but such

models may notdeasily generalised to account for other cross section geometries.

In contrastsomestudiesadopt abond strength approado examindhe basic behaviour of anchorages
and lap splicessing standard specimens recommended in-sfétee art reports on bondh&
effectiveness of thERPstrengthenings usuallyevaluatedby comparing thebservedond strength of
unstrengthened and FRBengthened specimeredictive models adopting a general bond approach

areindependent of the cross section geometry and compute the total bond stréingtbuas of the
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contributions from concrete cover and internal steel stirrups (Jf ang the bond strength enhancement
provided by the FRP reinfeementWhilst these models were calibrated using results from a limited
number of tests, theallow determininghe amount of FRP required to develop the full capacity of the
lapped bars, thus resulting in a more efficient use of FRP reinforcemeantainahd more economical
strengthening solutiond.is envisaged that future revisions fiteBulletin 14 and Eurocode 8 Part 3

(bothcurrently under regionwill include bond strength approaelsmodels for design and assessment.

Additional researchs considered necessarypoovide furtheunderstanding ahe followingaspects

- More results from testen standard specimens (e.g. beamd-or beam splice specimems)h
differentlap splice lengths would provide instrumental insight into the bond lmhranf FRP
confined members. In particulagsults frombeam splicespecimens can provide suitabiglk
data to developnd calibrate more accurdiend strength models.

- As the effectiveness of FRRinforcemenat enhancinghe bond strengthf a lap splicés
limited by bar pulloutsuggestedalues for the maximum achievable bond strength enhancement
needto be corroborated.

- Theinteraction between bar slippage and FRP sti@irfgll-scale lapspliced memberandthe
influence of differentatiosl,/d, on the development of FRP strains need to be investigated.

- To date, it is unclear hothedifferent concretand bar propertiess well as théype of FRP
materialwith different axial stiffnessesffect the bond strength of anchorages and lap splices
FRPRstrengthened members

- Theeffectivenes®f FRP strengtheningt improving thebehaviournof lap-spliced members with
rectangular cross sectioasddifferent aspect ratios needs to be studied using standardised
tests to enabldirectcomparisons.

- Theeffect oftype and rate of loading on the behaviour of lapped bars has not been thoroughly

investigated.
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TABLES

Table 1. Predictive models for FRP strengthening of RC membérssubstandardnchorageand lap splicegUnits: MPa, mm and N)

ID | Author Model Comments Additional nomenclature
a) Design models
1 | Priestley and co D(f, - f,) - Ayt Deyeloped _for lap fh=co_nfining pressure frorr_1 internal stirrugis
worker$? Nty =— = g splices of circular a strain of 0.00br prestresingstress
(Priestley et al1992, et (2+ 2(d, +C)Jlb sections Applicable to | Agp,=area of one lapped bar
Priestley and Seible Mo rectangular sections if | D’= column diameter at the centreline of the
1995, Seible et al. 1997),é%=0.001 cross section is modified lapped bars
alsoEurocode 8art 3 to circular/oval.
(2005),CNR-DT 200
(2012)& TEC (2007)
2 | Elnabelsy and Saatciogl| 2Df, P Developed for lap P, andP =nominal compressive strength and
(2004) nt, = E —0 splices of circular maximum axial compressive force on the
£Er IR sections column, respectively
P o=lateral drift ratio
—2 020  £.=0.002 ¢= capacity reduction factor.
0
3 | Elsanadedy and Haraou _ Df, Developed for lap -
(2005) ity = 2 .E, splices of circular
sections
1 f,d, o/f.

< £=0.0015

f,== -
'l 40, -0022f,d,)  d,




4 | Hawkins and cavorkers
(Hawkins et al. 2000,
Aquino and Hawkins
2007)

Df; |
nt, =—-239-2>2
E, I

2

Vg = 018v,, + 164f; — 082 "y
\

cim

f,>024 MPa

Vci _ . Aabs fu
(”D —dy, -d,, +c"j|b
n

Jn

V. =

cim T o
031+ -2
a+16
D" ‘C"fe
w= <0.75mm

sfe=min(8fu/3, 0003)

Developed for non-
contact lap splices of
circular sections

f= compressive stress necessary to develo
I.=length of FRP covering the splice

V= shear stress on shearing plane

Veim= Maximum shear strength on shearing
plane

Aqps= area of one starter bar

fu= tensile strength of lapped bars

D"= column diameter ahe centreline of the
starter bars (nenontact splices)

dy= diameter of starter bar

dy>= diameter of column bar

w= assumed crack width

a= maximum aggregate size

c'= cover to starter bars

5 | Youm et al. (2007)

_D(f,~ )

nt
o 2¢ . E;

£1=0.002

fe

Same asnodel 1 but
considering:,=0.002

a) Bond strength enhancement models

6 | Kono et al(1999 2000)

A E ?
SETIE S BRSSO R
[f. 60| E, d, 0.0035

Calibrated using results
from beam-end

b= section width

specimens
p, =2l :—‘s 035%  E,=230,000 MPa
w f
7 | Hamadand coworkers | Az, A fre Calibrated using results| -
(20044, 2004/2004c) \/f_c = 1665, n.d, <025 from-bearzf splice .
A <20 t.b specimensf;, compute

according to ACI 440.2R
(2008)for shear
strengtheningvith FRP




8 | Harajli et al.(2009 Aty  25r,A < 040 (for strips) Calibrated using results f.= Splice stress
Haraijli (2008) T snd, from beam splice . .
r\/?E e b specimens testey o, = ratio of the width of the FRP sheststhe
e~ =flts Hamad and cavorkers | total splice lengthd, =1 for application of the
Af = antf bf (2004a, 20042004c) FRP sheets along the full splice length).
Atg, S0r.n; o, t, _ _
= < 040(for continuous strips)
Jfe n.d,
1 f I
nt, = 2000 | o gee 1o C g
Ef(lb/db) \/fT db db
f [ E.n.t
s = b (LIt +i+0.4)+16.6
\/f_c d, 1000n,d, d,
9 | Ozden and Akpinar Aty 047f 5 if f < f Calibrated using results| f, ;= confining stress defining the transition
(2007) N =0 T i from beam-end between splitting and pullout failuresashed
¢ specimensvith c=d, linein Figure §
Atgy 1+ 0-1\/f—c B ; k,= aspect coefficient to consider the bar
—= = 047f,  +| ——— (f, f, ,im)—> if f,>f . . i .
\/f_c ’ 100 : ’ perimetefarea relationship (given in charts)
e E Ent E £co= concrete tensile strain at bond failure
Ete n
f =#;f 1= Eop+ O'OOO{WJ £60=0.0012
i im :l+(7.07—\/f_c )dﬁ
b
10 | Tastani and 2u ((2nit s E; Based on a frictional u,= radial displacement aoncretedue to rib
Pantazopouldbl Azgy R approach bearing action
(2008, 2010) U
€= - 0r5d u,=0.05to 0.10 mm
~“b




11 | Bournas and d | % e\ e\ 50\ Based on Lettow and fo= characteristic concrete compressive
Triantafillou Aty = j{z“-z(d—bJ (fck)ozs(%J [C"“—“J (d—J K ] Eligehausen’$2006) strength
(2011) b b b min b bond equation f.n= mean concrete compressive strength
E. ¢ 10 Cmax= Maximum concrete cover
K¢ = 2”&('&? :J ks = an Cmin= Minimum concrete cover according to
s et o Model Code 2010 (2010)
£, = 0.0049_9,105('_17) K= confinement coefficient
dy ks= calibration factor
fo=fem-8 MPa e= effective strain of the internal stirrups
£5=0.00134
12 | Garcia et al(2014, At :1_15\/,:_ <0.40 Based on a ‘strain fo= confining pressure due to FRP
2015) i control’ frictional Cminxy=MiN(Cx, Cy), i.e. smallest of bottom or
fo Nt e E approach and calibrated side free cover
° n, (Cmm(x o+ d,) using beam splice resultsew= concrete tensile strain
o ’ E.,= mean elastienodulus of concrete
ere=€ctm= Tetm/Ecm
13 | AlJ guidelineg2002) Aty 951bwpf KE Based orfujii and -
W‘ nd, E. Morita (1983)model for
£ steel confinement
K=3- 5ooE—f 2

E
if E—f p¢ 20003 k=15

S
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GreekCode of Structural
Interventions EPPO
2012)

A, @)1 Ay
s B wo |,
A =t

A

=1; (for continuous external jackéts

(7]

t, =yn,t;, (for multiple layers with thickneds)

o; =Ee,<0.75E; ¢,

gfe: 2Vjv
b
w=06s° p=BRth
‘ 2
ﬂ_bfc<1
=<

Based on a frictional
approachModel
includes partial safety
factors

1,,= Partial safety factor =1.5

s= distance between confineméaobllars”
As= coefficient expressing the contribution of
the already existing lap length to

(recommended valug =0)

y= reduction factor due multiple layers=(no.
FRP layers§*

ey = Ultimate tensile strain of FRP

sq¢= acceptable relative sl{®.3 mm for
performance level A0.4 mm for levels B and
C)

b,, b,=two crosssectional dimensionsf
splitting crack

b«.= width of the friction zone on the crack
along the spliced bars

@ ¥, includes an overstrength factor of 1.4 on the yield strength of steel
® The original model includes the bond strength contributiimma concrete covesteel stirrupsindnormal pressure on the baf$hesum ofthesecontribubrs and
that from theFRPwrapsis limited toa maximum 00.3-0.4,




Nomenclature:

As= area of FRP reinforcement

b;= width of one FRP strip

c= clear concrete cover

D= column diameter

d,= bar diameter

E;= elastic modulus of FRP

f.= concrete compressive strength

fi= lateral confining stress due to FRP
f,= yield strength of lapped bars
I,=lap splicelength

n,= number of pairs of lapped bars
ns= number of FRP layers

si= spacing between FRP strips

t;= thickness of one FRP layer

Argp= bond strength enhancement due to FRP confinement
g= effective FRP strain

1=1.40= coefficient of friction




Table 2 Test results and analytical predictions of bond strength and bond strength enhancemt for beamspecimens

fctm

fom Eon | (MPa | com | 7o | Atspu | Argyy ne |t E nEr |y | d Iy we | s Cringxy) | To /fA’S h | TIP
Beam (MPa) | (GPa) ) (ue) | (MPa) | (MPa) ffem (mm) | (GPa) | (kKN/mm) (mm) | (mm) | (mm) | (mm) | (mm) (MPa) cm
Garcia et al. (2015)
SC10D12F1 37.6 32.7 2.81 86 5.59 1.40 0.23 1| 0.117 240 28 2 12 120 120 120 17 0.04 0.23] 0.97
SC10D12F2 22.5 28.1 2.63 94 6.23 2.04 0.43 2| 0.117 240 56| 2 12 120 120 120 13 0.11 0.37| 1.15
SC20D12F1 37.6 32.7 2.81 86 5.97 1.34 0.22 1| 0.117 240 28 2 12 120 120 120 20 0.04 0.22] 0.98
SC20D12F2 37.6 32.7 2.81 86 6.62 2.00 0.33 2| 0.117 240 56| 2 12 120 120 120 20 0.08 0.32| 1.03
SC27D16F1 37.6 32.7 2.81 86 5.34 1.14 0.19 1| 0.117 240 28 2 16 160 160 160 27 0.03 0.19| 0.96
SC27D16F2 37.6 32.7 2.81 86 5.75 1.54 0.25 2| 0.117 240 56| 2 16 160 160 160 27 0.06 0.27| 0.92
Garcia et al. (2014)
LC10D12F1 27.9 29.9 2.45 82 5.20 1.89 0.36 1| 0.185 241 45 2 12 300 300 300 10 0.08 0.33] 1.08
LC10D12F2 27.9 29.9 2.45 82 5.47 2.16 0.41 2| 0.185 241 89| 2 12 300 300 300 11 0.16 0.40| 1.02
LC20D12F1 24.7 28.9 2.20 76 4.86 1.51 0.30 1| 0.185 241 45 2 12 300 300 300 17 0.06 0.28 ] 1.09
LC20D12F2 24.7 28.9 2.20 76 5.18 1.83 0.37 2| 0.185 241 89| 2 12 300 300 300 19 0.11 0.38| 0.97
LC27D16F1 25.7 29.2 2.48 85 4.80 1.50 0.30 1| 0.185 241 45 2 16 400 400 400 22 0.05 0.26| 1.15
LC27D16F2 25.7 29.2 2.48 85 5.16 1.86 0.37 2| 0.185 241 89 2 16 400 400 400 23 0.10 0.36| 1.03
Hamad et al. (2004c)
NC1S1 284 30.1 2.24 74 4.24 0.43 0.08 1 0.13 230 30 3 20 305 76 305 20| 0.005 0.08] 1.03
NC1S2 29.8 30.5 2.34 77 4.31 0.50 0.09 1 0.13 230 30| 3 20 305 76 152 20| 0.010 0.11| 0.81
NC1S3 31.1 30.9 2.43 79 4.81 1.00 0.18 1 0.13 230 30 3 20 305 381 381 20| 0.020 0.16| 1.11
NC2S1 35.8 32.3 2.75 85 4.40 0.59 0.10 2 0.13 230 60| 3 20 305 76 305 20| 0.011 0.12| 0.83
NC2S2 28.4 30.1 2.24 74 4.54 0.72 0.14 2 0.13 230 60| 3 20 305 76 152 20| 0.019 0.16 | 0.87
NC2S3 29.2 30.3 2.30 76 5.12 131 0.24 2 0.13 230 60 3 20 305 381 381 20| 0.038 0.22] 1.08
Harajli (2006)
B20FP1 35.6 32.2 2.74 85 8.35 3.28 0.55 1 0.13 230 30 2 20 100 100 100 30 0.03 0.18| 3.00
B20FP2 35.6 32.2 2.74 85 7.46 2.39 0.40 2 0.13 230 60| 2 20 100 100 100 30 0.05 0.26 | 1.54
B25FP1 28.8 30.2 2.27 75 5.10 1.23 0.23 1 0.13 230 30 2 25 125 125 125 25 0.02 0.17| 1.33
B25FP2 28.8 30.2 2.27 75 6.06 2.20 0.41 2 0.13 230 60 2 25 125 125 125 25 0.04 0.24] 1.68




B2W-CF1 41.9 33.8 3.14 93 8.29 1.55 0.24 1 0.13 230 30| 2 20 100 100 100 30 0.03 0.19] 1.25
B2W-CF2 40.6 335| 3.06 91 7.65 1.02 016 2 0.13 230 60| 2 20 100 100| 100 30 0.05 0.27 | 0.60
B3W-CF1 374 32.7 2.86 87 5.44 1.10 0.18 1 0.13 230 30| 2 25 125 125 125 25 0.03 0.19] 0.97
B3W-CF2 415 33.7| 312 92 5.86 1.29 02| 2 0.13 230 60| 2 25 125 125| 125 25 0.06 0.27] 0.74
Hamad et al. (2004a,2004b)

BC1S1 63.2 383| 4.35 114 6.84 0.40 005 1 0.13 230 30| 3 20 305 76| 305 20 | 0.007 0.097| 0.52
BC1S2 57.7 372 4.06 109 7.41 0.97 013 1 0.13 230 30| 3 20 305 76| 152 20| 0.014 0.134| 0.96
BC1S3 55.2 36.7 3.92 107 8.19 1.75 0.24 1 0.13 230 30| 3 20 305 381 381 20| 0.027 0.188| 1.26
BG1S1 58.9 375| 412 110 6.95 0.51 007 1 0.36| 7241 26| 3 20 305 76 | 305 20 | 0.006 0.089| 0.75
BG1S2 51.1 35.9 3.69 103 7.99 1.55 0.22 1 0.36| 7241 26 3 20 305 76 152 20| 0.011 0.121| 1.79
BG1S3 52.3 36.1| 3.76 104 8.13 1.69 023 1 0.36| 7241 26| 3 20 305 381 | 381 20| 0.023 0.173| 1.35
BG2S1 51.5 36.0 3.71 103 7.15 0.71 0.10 2 0.36| 72.41 52 3 20 305 76 305 20| 0.011 0.121| 0.82
BG2S2 49.7 35.6 3.61 101 8.29 1.85 0.26 2 0.36| 7241 52 3 20 305 76 152 20| 0.022 0.170| 1.54
BG2S3 50.7 358 3.67 102 8.57 2.13 030 2 0.36| 7241 52| 3 20 305 381 | 381 20| 0.044 0.242| 1.24
Mean 1.13
StdDev 0.43




Table 3 Test results and analytical predictions obond strength and bond strength enhancementor pullout specimens

. fem Ecm ferm Ectm | Tsplt ATgpip ATSpl"/tz ny t (= nstEf Mo dp Iy Crin(x.y) fo Aty 0

Specimen (MPa) | (GPa) | (MPa) | (ug) | (MPa) | (MPa) | /fem (mm) | (GPa) (KN/mm) (mm) | (mm) | (mm) (MPa) ffem T/P
Ozden and Akpinar (2007)

EC20D12FC2A 21.3 27.6 1.68 61| 11.64 2.18 047 2| 0.117 240 56 1 12 84 12 0.14 0.40 1.18
EC20D12FC2B 21.6 27.7 1.71 62| 11.28 1.02 022| 2| 0.117 240 56 1 12 84 12 0.14 0.40 0.55
EC20D12FC4A 21.3 27.6 1.68 61| 13.46 4.00 0.87| 4| 0.117 240 112 1 12 84 12 0.29 0.40 2.17
EC20D12FC4B 21.6 27.7 1.71 62| 14.55 4.29 092| 4] 0.117 240 112 1 12 84 12 0.29 0.40 2.31
EC20D16FC2A 21.4 27.6 1.69 61| 11.75 4.14 0.89| 2| 0.117 240 56 1 16 112 16 0.11 0.38 2.37
EC20D16FC2B 21.6 27.7 1.71 62 9.99 2.09 045| 2| 0.117 240 56 1 16 112 16 0.11 0.38 1.19
EC20D16FC2r 19.3 26.8 1.51 56 9.78 2.43 055| 2| 0.117 240 56 1 16 112 16 0.10 0.36 1.53
EC20D16FC4A 214 27.6 1.69 61| 10.23 2.62 0.57| 4| 0.117 240 112 1 16 112 16 0.21 0.40 1.42
EC20D16FC4B 21.6 27.7 1.71 62| 1097 3.07 0.66| 4| 0.117 240 112 1 16 112 16 0.22 0.40 1.65
EC20D16FCA4r 19.3 26.8 1.51 56| 10.23 2.89 0.66| 4| 0.117 240 112 1 16 112 16 0.20 0.40 1.64
EC20D26FC2A 24.6 28.8 1.95 68 9.36 2.57 0.52| 2| 0.117 240 56 1 26 91 26 0.07 0.31 1.67
EC20D26FC2B 21.2 27.6 1.68 61 8.49 1.67 0.36| 2| 0.117 240 56 1 26 91 26 0.07 0.29 1.23
EC20D26FC4A 24.6 28.8 1.95 68| 10.85 4.06 0.82] 4| 0.117 240 112 1 26 91 26 0.15 0.40 2.05
EC20D26FC4B 21.2 27.6 1.68 61 9.27 2.45 0.53| 4| 0.117 240 112 1 26 91 26 0.13 0.40 1.33
EC20D26FCA4r 19.3 26.8 1.51 56 8.8 2.19 0.50| 4| 0.117 240 112 1 26 91 26 0.12 0.40 1.25
EC40D12FC2A 42.1 33.9 3.15 93| 13.83| 2.53 039| 2| 0.117 240 56 1 12 42 12 0.22 0.40 0.97
EC40D12FC2Ar 44.8 34.5 3.32 96| 14.99 2.76 041| 2| 0.117 240 56 1 12 42 12 0.23 0.40 1.03
EC40D12FC2B 45.5 34.7 3.36 97| 1354 1.26 0.19| 2| 0.117 240 56 1 12 42 12 0.23 0.40 0.47
EC40D12FC2Br 41 33.6 3.09 92| 15.14| 3.93 061 2| 0.117 240 56 1 12 42 12 0.21 0.40 1.53
EC40D12FC4A 42.1 33.9 3.15 93| 1441 3.10 0.48| 4| 0.117 240 112 1 12 42 12 0.44 0.40 1.20
EC40D12FC4Ar 44.8 34.5 3.32 96| 15.43 3.20 048| 4] 0.117 240 112 1 12 42 12 0.45 0.40 1.20
EC40D12FC4B 45.5 34.7 3.36 97| 17.17 4.87 0.72] 4| 0.117 240 112 1 12 42 12 0.45 0.40 1.81
EC40D12FC4Br 41 33.6 3.09 92| 15.72 4.51 0.70| 4] 0.117 240 112 1 12 42 12 0.43 0.40 1.76




EC40D16FC2A 40.6 33.5 3.06 91| 1433 5.24 082| 2| 0.117 240 56 1 16 56 16 0.16 0.40 2.06
EC40D16FC2B 42.9 34.1 3.20 94| 12.28 1.39 021| 2| 0.117 240 56 1 16 56 16 0.17 0.40 0.53
EC40D16FC4A 40.6 33.5 3.06 91| 15.55 6.46 1.01| 4| 0.117 240 112 1 16 56 16 0.32 0.40 2.53
EC40D16FC4B 42.9 34.1 3.20 94| 13.02 2.13 0.33| 4| 0.117 240 112 1 16 56 16 0.33 0.40 0.81
EC40D26FC2A 43.5 34.2 3.24 95| 11.59 3.99 060| 2| 0.117 240 56 1 26 91 26 0.10 0.37 1.64
EC40D26FC2B 45.2 34.6 3.34 97| 11.22 2.48 037 2| 0.117 240 56 1 26 91 26 0.10 0.37 0.99
EC40D26FC4A 43.5 34.2 3.24 95| 11.38 3.78 057| 4| 0.117 240 112 1 26 91 26 0.20 0.40 1.43
EC40D26FC4B 45.2 34.6 3.34 97| 11.44 2.70 040| 4] 0.117 240 112 1 26 91 26 0.21 0.40 1.00
EC20D12FG3A 213 27.6 1.68 61 13.1 3.64 0.79| 3| 0.157 73 34 1 12 84 12 0.09 0.34 2.32
EC20D12FG3B 21.6 27.7 1.71 62| 13.17 2.91 063| 3| 0.157 73 34 1 12 84 12 0.09 0.34 1.83
EC20D12FG5A 213 27.6 1.68 61| 12.08 2.62 0.57| 5| 0.157 73 57 1 12 84 12 0.15 0.40 1.42
EC20D12FG5B 21.6 27.7 1.71 62| 11.86 1.6 0.34| 5] 0.157 73 57 1 12 84 12 0.15 0.40 0.86
EC20D16FG3A 21.4 27.6 1.69 61 9.5 1.89 041 3] 0.157 73 34 1 16 112 16 0.07 0.29 1.39
EC20D16FG3B 21.6 27.7 1.71 62 8.96 1.06 0.23| 3| 0.157 73 34 1 16 112 16 0.07 0.30 0.77
EC20D16FG5A 21.4 27.6 1.69 61| 1191 4.3 093| 5] 0.157 73 57 1 16 112 16 0.11 0.38 2.44
EC20D16FG5B 21.6 27.7 1.71 62 9.46 1.56 0.34| 5| 0.157 73 57 1 16 112 16 0.11 0.38 0.88
EC20D16FG5R 19.3 26.8 1.51 56 | 10.56 2.95 067 5| 0.157 73 57 1 16 112 16 0.10 0.37 1.84
EC20D26FG3A 24.6 28.8 1.95 68 8.96 2.17 0.44| 3| 0.157 73 34 1 26 91 26 0.04 0.24 1.80
EC20D26FG3B 21.2 27.6 1.68 61 8.8 1.98 043| 3| 0.157 73 34 1 26 91 26 0.04 0.23 1.87
EC20D26FG5A 24.6 28.8 1.95 68 9.55 2.76 056| 5| 0.157 73 57 1 26 91 26 0.07 0.31 1.77
EC20D26FG5R 19.3 26.8 1.51 56 9.08 2.29 052| 5| 0.157 73 57 1 26 91 26 0.06 0.29 1.82
EC40D12FG3AR| 44.8 34.5 3.32 96| 15.14 2.91 043| 3| 0.157 73 34 1 12 42 12 0.14 0.40 1.09
EC40D12FG3BR 41 33.6 3.09 92| 13.68 2.47 0.39| 3| 0.157 73 34 1 12 42 12 0.13 0.40 0.96
EC40D12FG5A 42.1 33.9 3.15 93| 15.43 3.2 049| 5] 0.157 73 57 1 12 42 12 0.22 0.40 1.23
EC40D12FG5AR| 44.8 34.5 3.32 96| 13.24 1.01 0.15| 5] 0.157 73 57 1 12 42 12 0.23 0.40 0.38
EC40D12FG5B 45.5 34.7 3.36 97| 15.28 4.07 0.60| 5| 0.157 73 57 1 12 42 12 0.23 0.40 1.51
EC40D12FG5BR 41 33.6 3.09 92| 14.99 3.78 059| 5] 0.157 73 57 1 12 42 12 0.22 0.40 1.48
EC40D16FG3A 40.6 33.5 3.06 91| 1171 2.62 041| 3| 0.157 73 34 1 16 56 16 0.10 0.36 1.14
EC40D16FG3B 42.9 34.1 3.20 94| 11.87 0.98 0.15| 3] 0.157 73 34 1 16 56 16 0.10 0.37 0.41
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EC40D16FG5A 40.6 335 3.06 91| 12.77 3.68 0.58| 5| 0.157 73 57 1 16 56 16 0.16 0.40 1.44
EC40D16FG5B 42.9 34.1 3.20 94 | 14.24 3.35 051 5] 0.157 73 57 1 16 56 16 0.17 0.40 1.28
EC40D26FG3A 43.5 34.2 3.24 95| 10.73 3.13 047 3| 0.157 73 34 1 26 91 26 0.06 0.29 1.65
EC40D26FG3B 452 34.6 3.34| 97| 10.57 1.83 0.27| 3| 0.157 73 34 1 26 91 26 0.06 0.29 0.94
EC40D26FG5A 43.5 34.2 3.24 95| 11.44 3.84 0.58| 5| 0.157 73 57 1 26 91 26 0.10 0.37 1.57
EC40D26FG5B 452 34.6 3.34| 97| 11.38| 264 0.39| 5| 0.157 73 57 1 26 91 26 0.11 0.38 1.05
Kono et al. (1999, 2000)

C3-CFRP 294 304 2.31 76 6.43 1.35 0.25| 2| 0.167 230 77 2 19 300 40 0.05 0.26 0.97
C4-CFRP 29.4| 304| 231| 76 7.11 1.09 0.20| 2| 0.167 230 77 2 19 300 57 0.04 0.23 0.89
C7CFRP 294 304 2.31 76 3.9 1.36 0.25| 2| 0.167 230 77 4 19 300 40 0.02 0.18 1.39
C8-CFRP 29.4| 304| 231| 76 4.31 1.31 0.24| 2| 0.167 230 77 4 19 300 57 0.02 0.16 1.52
C9-CFRP 29.4 30.4 2.31 76 3.39 0.85 0.16| 3| 0.167 230 115 4 19 300 40 0.04 0.22 0.71
C10CFRP 294 304 2.31 76 3.78 0.78 0.14] 3| 0.167 230 115 4 19 300 57 0.03 0.20 0.74
C13CFRP 245| 288 1.94| 68 6.71 1.04 0.21| 2| 0.167 230 77 2 19 300 72 0.03 0.19 1.08
C14CFRP 245 28.8 1.94 68 5.33 1.02 0.21] 2| 0.167 230 77 2 25 300 57 0.03 0.20 1.01
C17CFRP 245| 288 1.94| 68 5.28 2.17 044| 2| 0.167 230 77 2 25 300 40 0.04 0.23 1.91
C18-CFRP 245 28.8 1.94 68 4.9 0.88 0.18| 2| 0.167 230 77 2 25 300 40 0.04 0.23 0.77
C19AFRP 245| 288 1.94| 68 5.38| 0.30 0.06| 2| 0.286 118 67 2 19 300 40 0.04 0.23 0.27
C27CFRP 27 29.6 214| 72 5.22 0.44 0.08| 1| 0.167 230 38 2 19 300 40 0.02 0.18 0.48
C28-CFRP 27 29.6 2.14 72 3.03 0.45 0.09] 1| 0.167 230 38 4 19 300 40 0.01 0.12 0.70
C29CFRP 27 29.6 214| 72 5.32 0.81 0.16| 1| 0.167 230 38 2 19 300 40 0.02 0.18 0.88
C30CFRP 27 29.6 2.14 72 3.24 0.57 0.11] 1| 0.167 230 38 4 19 300 40 0.01 0.12 0.88
C31CFRP 27 29.6 214| 72 5.42 0.64 0.12| 2| 0.167 230 77 2 19 300 40 0.05 0.25 0.49
C32CFRP 27 29.6 2.14 72 3.22 0.64 0.12| 2| 0.167 230 77 4 19 300 40 0.02 0.18 0.70
C33CFRP 27 29.6 2.14 72 5.42 0.64 0.12] 3| 0.167 230 115 2 19 300 40 0.07 0.31 0.40
C34CFRP 27 29.6 214| 72 3.75 1.17 0.23| 3| 0.167 230 115 4 19 300 40 0.04 0.22 1.04
C35CFRP 27 29.6 2.14 72 6.2 1.42 0.27]| 4| 0.167 230 154 2 19 300 40 0.09 0.35 0.78
C37AFRP 27 29.6 214| 72 5.52 0.74 0.14| 1| 0.286 118 34 2 19 300 40 0.02 0.17 0.86
C38-AFRP 27 29.6 2.14 72 2.89 0.31 0.06| 1| 0.286 118 34 4 19 300 40 0.01 0.12 0.51
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C39-AFRP 27 29.6 2.14 72 5.05 0.27 0.05 0.286 118 67 19 300 40 0.04 0.23 0.22
C40AFRP 27 29.6 2.14 72 3 0.42 0.08] 4| 0.286 118 135 4 19 300 40 0.04 0.23 0.35
Tastani and Pantazopoulou (2010)

h0.5SpB-1 28.1 30.0 2.22 74 7.4 0.70 013] 1 0.17 230 39 1 12 60 24 0.08 0.33 0.41
h0.5SpB-2 28.1 30.0 2.22 74 6.1 0.75 014] 1 0.17 230 39 1 12 60 24 0.08 0.33 0.43
h0.5SpB-3 28.1 30.0 2.22 74 114 6.05 1.14| 1 0.17 230 39 1 12 60 24 0.08 0.33 3.50
h1.1-SpB-1 28.1 30.0 2.22 74 15 8.30 157 1 0.17 230 39 1 12 60 24 0.08 0.33 4.80
h1.1-SpB-2 28.1 30.0 2.22 74 14 7.00 132 1 0.17 230 39 1 12 60 24 0.08 0.33 4.05
h0.5LpB-2 28.1 30.0 2.22 74 10.7 3.90 074 1 0.17 230 39 1 12 144 44.4 0.05 0.26 2.83
hl.1-LpB-1 28.1 30.0 2.22 74 9.6 3.10 058] 1 0.17 230 39 1 12 144 44.4 0.05 0.26 2.25
h1.3-LpB-2 28.1 30.0 2.22 74 12.3 3.70 070 1 0.17 230 39 1 12 144 44.4 0.05 0.26 2.68
h0.5LpB-1 28.1 30.0 2.22 74 53| -1.20 - 1 0.17 230 39 1 12 144 44.4 - -
h0.5LpB-3 28.1 30.0 2.22 74 6 | -0.50° - 1 0.17 230 39 1 12 144 44.4 - -
Mean 1.36
StdDev 0.80

2Negative values and thus considered as outliers
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