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Abstract

This paperinvestigates thbondbehaviour of lapped steel barsingfifteen RC beamgested in
flexure. Twelve of thebeams were designed to fail by bond splitting at midspan, where the mai
flexural reinforcement waspped10 bar diameterd he parameters studied include the amount
and type of confinement at midspan ganfinementinternal steel stirrups @xternally bonded
carbon FRP), concrete cover and bar stie results showhatthe CFRP confinement enhanced
the bond strength of the lapped bars by up to 49% with reference to unconfinesjdehm
improved significantly theverallbehaviour of the specimens. The experimental reatdt
compared with x@sting modelsto predictthe bond strength enhancement provided by CFRP
confinementlt is shown that existing modetserestimate considerably the CFRP strains and
show a large scatterhen predicting experimental resulBased on théestresults, anew
approactto predictthe bond strength enhancemduoeto CFRP confinemeris proposedThis

can be used during the assessment and strengthening of substandard RGionsstruc

Keywords. substandard lap splices, seismic strengthening, RC beams, CFRP
confinement, bond-splitting strength, bar slip

1. Introduction

Extensive damage in recent major earthquakes in Mediterranean and developing
countries has highlighted the seismic vulnerability of exissimgstandar&C

buildings built with little or no seismic detailing and low quahtaterials

(Kashmir, 2005; China, 2008; Indonesia and Italy, 2009; Haiti, 2010; Turkey,
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2011) Many catastrophic failures in these structures can be attributed to failure of
inadequately splicerkinforcement at locations of large demand, such as the
column-footing interface and above beam-column joints. The local strengthening
of these deficient members is a feasihterventionfor reducing the seismic
vulnerability of substandard buildingsyv€r the lastwo decades, externally

bonded FRP haveeenextensively used bgngineergor many seismic
strengthening application€ompared to other traditional strengthening
techniques, FRP materials offer advantages such as high strength to wigght ra
high resistance to corrosion, excellent durability, ease and speeditf in-
application and flexibility to strengthen selectively only those members
seismically deficient (Gdoutaat al.2000).

Extensiveexperimentatesearch has confirmed the effectiveness of FRP
confinement at improving the behaviour of columns with inadequate short lapped
reinforcement€.g.Saadatmanesh et 4996, 1997; Seiblet al.1997; Maand

Xiao 1999;Harajli and Rteil 2004Harries et al2006; Bousias et al. 200Brefia
andSchlick2007; Youmet al.2007;Harajliand DagheR008;Harajli andKhalil
2008; Elgawadt al.2010; ElsourandHarajli 2011; BournaandTriantafillou
2011). Despite the extensive reseagdfort, only a fewdesignmodelsexistfor

the strengthening aolumnsplices usingFRPmaterials. Priestley et al. (Priestley
andSeible1995; Seibleet al.1997) proposed the first model for FRP
strengthening of short lapped barsolumnswherefailure wadlikely dominated
by splitting. Whilst his model is included in current FRP desgridelinessuch
asCNR-DT 200/2004 CNR 2004) and Eurocode 8 (BSI 20083, use in actual
strengthening applications may leadray conservativamountof FRP

confinement arrieset al.2006;Harajli and Khalil 2008.

More recently theconfinement of lapped bars with FRP materials was
investigaed by adoping an approackimilar to that used for steel confinement
(Hamadet al.2004;Harajli et al.2004 Tastani and Pantazopoulou 20Bdurnas
and Triantafillou 2011). The results of these studies indicate that the full bond
strength of the lapped bars could be developed using less FRP confitiganent
that recommendebly current FRPstrengtheningyuidelines. The investigations

also showthat in splittingprone RC member€FRPconfinementis effective at
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enhancingond strength up to the point where pullout of the bars dominates
failure. This isalsoacknowledgedh existing bond equation®©¢angun et al.
1977; Lettow and Eligehausen 20@i® Model Code 2010), where tieaximum
bond strength enhancement duehteavy steel confinement is limited to
maximum30-40%. Based on the resultsadimited number of experiments, some
analytical models wengroposedo compute the additional contributioneRP
confinement to théond strengtlof splices(Hamad et al2004;Harajli et al.
2004 Tastani and Pantazopoulou 20B@urnas and Triantafillou 2011). Tée
models arenainly based omodifications of existing equatiomsiginally
developedor steel confinemenand assume thetal bond strength of a lags the
sum of the individual contributions of concrete cover and FRP confinement.
Therefore the concrete contribution to bond strengtbomputed using bond
strength equatioravailable in the literaturevhereaghe contributiorof the FRP
confinement is computdaly adoptingi) an equivalent area 6lRPconfinement
accounting for the differentiffness of steestirrupsand FRPs (for instance
Harajli et al.2004),or ii) aneffective strain that can be developedheFRP
confinement flamadet al.2004 Tastani and Pantazopoulou 20Bournas and
Triantafillou 2011) Whilst the use othesemodelsmaylead to more economical
FRP strengthening solutiorisjs necessary to evaludtgeir accuracyusingmore
tests thatonsider othegeometriesand test parametensloreover, although some
of the previousnodels utilise an effectiERPstrainin the calculationdew
reseachershave studedin detail thedevelopment of FRP strains during bond-
splitting failures (e.g. Harajli and Dagher 20G@8)d its interaction with bar

slippage during tests.

This paper investigates the effectivenesexternally bonded carbon FRPRRP
EBR) confinementat enhancinghebehaviour of RC beam$0 achieve this,
fifteen RC beamwveretested in flexureTwelve of hesebeams were designed to
fail by bondsplitting at the midspanvhere the main bottom reinforcement was
lapped.As a resultthe confinement of this zone is expected to improve
considerablyhe“local’ bond behaviour of the bars and therefore the overall
behaviour of the beam$he results of the experiments are used to examine the
accuracy of currergredictive modelsavailable inthe literatureBased on the test

results anew approactio predictmore accuratelyhe bondstrengthenhancement

3


https://doi.org/10.1617/s11527-013-0183-5

of short lapped bars in RC members confined @WilERPis proposedThis study
is part of a multistage research projedusedon the seismic strengtheninf
substandard RC buildings in developing countri&aria et al. 203,2012).

2. Experimental programme

2.1 Geometry of beam specimens

A total offifteen RC beamsvere tested ifiexural four-point bending. The
geometry otwelve ofthesebeams simulates a member in fiexx with a known
splicedlength similar to tre specimengestedoy Harajli (2006) The beams had a
rectangular cross section of 150x200 mm, a total length of 1200 mm and a clear
span of 1100 mm as shownkigure B-b. Two 50%x100 mm notches at the
bottom of the beams defined the lap length and exposed the main flesxsfar
measurements. The bottom flexural reinforcement consisted of two steel bars
lapped at the midspan zoneasizef 12 and 16 mm were used as main bottom
reinforcement. The topeamreinforcement consisted of two continuous 10 mm
bars. To prevent lrittle shear failure, the beam outside of the lapped zone had
transversal reinforcement consisting of 6 ity closedplain stirrups spaced at
100 mm centres. Due therelatively short lap length selected for $kéests (ap
lengthl,=10d,, whered, is the bar diameter), the reinforcement is expected to
remain elasti@t failure The short lap length was designed to leaoktosligpage,
but also to allow a significant number of b#as (ugs) to participate during bar

movement.
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Fig. 1 Geometry and reinforcement details of tested beams

To investigate the concrete to diameter ré&tid,), concrete covers of 10 and 20

mm were selected for the beams reinforced witmb2bars, whereas 27 mm was
used for the beams reinforced with 16 mm baes.each beam, tredeand

bottom covers were chosen to be approximately equal. Two types of confinement
were investigated: internal steel stirrups and externally boG&#&P compsites.
Hence, three beams were reinforced internally usingstwion smoottstirrups at

the lapped zone. To replicate old construction practices, the stirrups were closed
with 90 degree hooks instead of 135 degree hooks typically required by current
seismiccodes.The midspan region of three beams was fully wrapped with 1 layer
and three beams with 2 layersexternally bonded CFRP sheets. For comparison,
threeunconfined beams with lapped bars and three benchmark beams with

continuous bottonbarswere alsaast.

The main characteristics of the tested beamstaoen inTable 1 The beams are
classified inthreegroups according to the intendeahcrete covec (SC10 for
c=10mm, SC20 forc=20 mm, and SC27 foc=27 mm). Individual beams were
identified using anD as follows B=benchmark beam€§trl=unconfined control
S=steelconfined,andF=CFRP-confined beamsThe last digit of th&€FRP
confined beams indicates the number of layers usstl@ngtherthe midspan

region(1 or 2 layers)Table lalsoreporsthe effective sidec), bottom ¢,) and
5
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internal €5) concrete covers measured after castilinitions shownin Figure
1d). The measured covers picedc,/d, ratiosranging from 0.78 to 1.58, where
Cmin IS the smaller oy, ¢, or c4/2. These relativelgmall cyin/d, ratiosreplicate

typical covers omanysubstandard RC structunesdeveloping countries.

Table 1 Characteristics of tested beams

Group | Beam fem Measured cover (mm)| Main | Confinement
(MPa) | ¢, Cy Cs bars | at midspan
SC10 | SC10B | 225 |- - - 2012 | @6/100 mm
SC10Ctrl| 225 |16 |14 |69 2012 | None
SC10S |225 |21 |16 |60 2012 | 26/60 mm
SC10F1 (37.6 |17 |17 |67 2012 | 1 CFRP layer
SC10F2 | 225 |18 |13 |67 2012 | 2 CFRP layers
SC20 | SC20B |37.6 |- - - 2012 | @6/100 mm
SC20Ctrl| 37.6 |19 |22 |63 2012 | None
SC20S |37.6 |20 |24 |61 2012 | 26/60 mm
SC20F1 [37.6 |20 |22 |62 2012 | 1 CFRP layer
SC2@2 (376 |20 |21 |60 2012| 2 CFRP layers
SC27 | SC27B | 37.6 |- - - 2016| @6/100 mm
SC27Ctrl| 37.6 |28 |27 |25 2016| None
SC27S 376 |28 (26 |31 2016 206/70 mm
SC27F1 (376 |30 |27 |27 2016 1 CFRP layer
SC27F2 (376 |27 (31 |33 2016| 2 CFRP layers

2.2 Material properties

The beams were cast using two batabfegady mixed concretgith a mean
target28-days strengtifi,=16/20 MPa. The following mix proportiongere

reportedby the supplierPortland cement CllIIA125kg/m®, GGBS=125 kg/m,

coarse aggregated mm=100%g/m>, sand 04 mnm=884kg/m®, and

watercement ratio of 0.8The concrete was casom the top of the beams Huat

the lappedeinforcement is classified &®ttomcast barsAfter casting, he beams
were covered with wet hessian and polythene sheets, cured for seven days in the

moulds and subsequently stored under standard laboratory conditions.
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The concrete properties for each batch are summandeble 2 For each batch,
themeanconcrete compressive strength,(was obtained from tests ahleast
three 150300 mm concrete cylinders according to BS EN 12390-3 (BSI 2009a).
The indirect tensile splitting strengbh concretdf.m) was determined from tests
on six 100x200 mm cylindeess forBS EN 12390-6 (BSI 2009c¢). The modulus
of rupture {sm) was obtained from four-point bending testssoaprismsof
100x100x500 mm according to BS EN 12390-5 (BSI 20094)nders and
prismswere cashat the same timandcuredunder thesame conditionasthe
beamsThe averageesultsand corresponding standard deviationsl®v) from
thetestson cylinders angrismsarereported inTable 2 Theelastic modul(Ecm)
of concrete calculated according to EurocodE@2) (BSI 2004) were 28.1 and
32.7 GPa for batchs 1 and Zrespectively

Table 2 Propertief concretebatches used to cast the beams

Test Batch 1| Batch 2

Slump (mm) 145 185

Mean 22.5 37.6
StdDev | 1.93 1.64

Compressive strengtiviPa)

‘Mean 2.63 2.81
‘StdDev | 0.18 0.22

Indirect tensile strength (MP¢

Mean 4.53 4.88
StdDev | 0.26 0.22

Modulus of rupture (MPa)

The main bottom reinforcement of the beams consisted of high ductility ribbed
bars Grade 500 comphg with BS 4449:2005 (20Q5equirementsThe
mechanical properties of the bars were evaluyedirect tension tests on three
barsamplesYield andultimate strengthvere f,=559andf,=692 MPa for the 12
mm bar, and,=551andf,=683 MPa for the 16 mm barhe elastianodulus of
both bars wag=209 GPaYield andultimate strengtlof the 6 mm smooth
stirrups used as internal confinememtref,=360andf,=420MPa Table 3
summariseshe bar and rib geometry data provided byithemanufacetrerbased

on actual measuremerds 58 (12 mm) and 245 (16 midbar samples
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Table 3 Rib geometry ofmainlapped bars

Nominal kar size(mm) 12 16
Rib angle a (deg) 35& 75| 35& 75
Rib face angle B (deg) 50 50

Relative ribarea (mrf) | Mean |0.084 |0.087
StdDev | 0.006 0.009

Rib height (mm) Mean 1.02 1.32
StdDev | 0.07 0.08

Averagerib spacing (mm) Mean 7.40 9.42
StdDev | 0.13 0.17

Crosssection area (mfh | Mean 111 196
StdDev | 1.10 2.00

A commercial composite systeronsisting of unidirectional CFRP sheets and
bonding adhesiveras usedor external strengthenin@he mechanical properties
of the dry fibes provided by the manufactu(&&P) were:tensilestrength

f=4000 MPa, modulus of elasticiB=240 GPaultimate elongatiom;=1.60%,
andfibre thicknes4;=0.117 mm. The properties of theo-component epoxy
bonding adhesive wergensilestrengthf,g»=17 MPa, bond to concretb,gn>4

MPa and modulus of elasticiBsn=5 GPa. Before applying the CFRP
confinement concretesurfaces at the application zones wi@oughly brushed
andcleaned with pressurised &rimprove the adherence between the existing
concrete and thigbre sheetsThe sharp corners at the application zaeee also
rounded off to a radius of approximately 10 mm. An epoxy resin primer was then
applied to seal the concrete surface at the application Zomesheetsvere

oriented perpendicular to the beam axis and were applied across the entire lap
lengthusng a wet layup technique.

2.2 Instrumentation and test set -up

Thebeams were tested under displacentemitrolled four-point bending a
four-column uiversaltestingmachine of 1008N capacity.The loadwas applied
symmetrically using a hydraulic actuator and a spreader loading besdrovers in

Figure A. This loading configuration produced a constant moment over the
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lapped bars at thmidspan. The beams were simply supported on steel plates and
rollers.As the support platen of the universagtingmachine waslightly shorter

than thebeamsa stiff H steelprofile was used to support tkencretebeamgsee
Figure &).

¢
} == Linear potentiometer
400 = Strain gauges on bars
Loading beam
\ Load = e
NI + 4
wor ol { IO — .
Lth

(b) Bottom view of notches
& exposed bars

Aluminium frame to
mount potentiometers

Potentiometer

1
]

Stiff steel beam Tf 5 5

. X § = Strain gauges
Platten of un;\versal machine on CERPs

\ Lo L

_ Rounded corners to fix
Clear span=1100 L J CFRP confinement
1300 150

(a) General view (c) Cross-section at midspan

Fig. 2 Typical instrumentation and sep oftestedbeans

Two LinearVariable Displacement Transducers (LVDTsdnitored the ertical
midspan deflections of the beariertical dsplacemert at the supportseave
also measuredsingLVDT s to compute netedlections Strains along thenain
lapped barsvere measuredsing fourfoil -typeelectrical resistance strain gauges
fixed on the reinforcing bars exposed at the notches as shdvigure 2. To
obtain detailed information of tterainsin the CFRRconfinement, fourtsain
gaugeswvere fixed on the CFRP at the locatiavisere splitting cracks were
expected, ashown inFigure Z. The slip at théreeend ofthelapped baswas
alsomonitored usingihearpotentiometes mounted o an aluminium framesge
Figure 2&-b). The frame waslamped at the centreline of the beamettord the
barslip relative tointactconcrete All beams were tested aft28 days of casting,
and 7 days or more aftéxing the CFRPconfinement.

To check the instrumentation and release any residual stresses in the beams, an
initial load of 5.0 kNwas applied and then totally released. The initial load was
then restored and subsequently increased up to the nraxtaqacity of the

beams. Aftethis point, the confinedeams were subjected to three full load

reloadcycles (exceptéams SC10S and S(AZ). Crackdevelopment as
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monitored at each load increment\wgual inspectionThe tests were halteghen
splitting failure occurred (unconfined beams), or when the load-midspan
deflection curve was practically horizontal due to a low residual resistance

(confined beams).

3. Test results

Table 4reportsthe splitting load Pg,) of the tested beamsoprresponding
midspan deflectiond,) at Ps, enhancement in load (APg,) and deflections
(Adg) of the steel an€@FRRconfined beamsver the control beams, and the
postsplit load and deflection at 85% of the splitting IR ss0 anddsp gsoe,
respectively) The tablealso presentthe ratio of maximum loadf the tested
beamdo that of the benchmark beamBg/Pum) and the average bar stress at
splitting failure {ss1). The following sections summarise the most significant
observation®f the testing programmend discuss theesultslisted inTable 4

Table 4 Load, deflectionand bar stress resultstektedoeams

Beam |Pgy | ds APgy | Adgi | Pepigsos | Ospl.esos | Pepi/Pomk | fsp
(kN) | (mm) | (%) | (%) |(kN) | (mm) | (%) (MPa)
SC10B |98.3 [6.89 |- - - - 100 464
SC10Ctrl| 33.0 [0.94 |- - - - 33 168
SC10S [36.8 [1.52 [+11 [+62 [31.2 [221 |37 190
SCI10F1 | 42.1®]1.84 |+27 |+96 |35.8% |2.10 |43 2239
SC10F2 [49.1 [2.00 |+51 |[+110|41.6 [4.05 |50 249
SC20B [120 [9.22 |- - - - 100 561
SC20Ctrl| 34.6 [1.36 |- - - - 29 185
SC20S |39.0 [1.82 [+13 [+34 [NA |NA |32 230
SC20F1 [47.3 [1.91 [+37 [+40 [40.2 [2.30 |39 239
SC20F2 [48.9 [1.96 |+41 |+44 [415 [218 |40 265
SC27B |156 |6.14 |- - - - 100 544
Sc27Ctrl[ 52.1 [1.37 |- - - - 33 171
SC27S [50.0 [1.72 [-4 [+25 [425 [4.13 |32 162
SC27F1 [ 68.7 |1.89 |+31 [+38 |58.3 [7.74 |44 214
SC27F2 [69.6 |[1.95 |+33 [+42 [59.1 [10.6 |45 230

@ Value normalised by (22.5/37°6)
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3.2 Modes of failure

In all unconfined beamdirst flexural crack werelocatedat the upper corners of
the notches outside the splice zoflee beams experiencexidden brittle failure
dueto splitting of the concreteover aroundhe lapped bars. This was
accompanied bg loud explosive noise aride complete detachment of tbaver,

which exposed the lapped reinforcement as shovagure 3.

(a) SC10Ctr|

-

T
A —

%

i B *l
. 2

Fig. 3 Typical failures at the midspaf beamsia) unconfined contrp (b) steelconfined, (c)
CFRRconfined, and (d) benchmark

Theuse of internal stirrups in the lapped zone diddedaythe onset of flexural
cracking of the steatonfined beams. However, unlike the unconfibedms
additional flexural cracks appeared acrttgsconstant moment region. e
maximum loag splitting crackdormedalong the lapped barBigure 3 shows a
typical failure ofa steetconfined beam. Although the concrete cover did not spall

completely large flexural and splitting cracksrmed acrosshe lapped zone.

The initial flexural crack pattern of steel and CF&dnfined beams wasmilar.
However, ashe CFRP sheetsere bonded directly oo the concrete surfag¢see

Figure %), splitting cracks at failure were almost unnoticeable. The CFRP
11


https://doi.org/10.1617/s11527-013-0183-5

confinement also reduced significantly the widening of splitting cracks and
preventecconcrete cover spallg. No evident damage occurred at the CFRP
sheets during the tests. However, towards the end of thestasis,local fibre
debondingoccurredat the location of wide flexural and splitting crackshould

be mentioned that for beams SC10 and SC20, splataxcksformed first at the

side andbottom concrete covers. Conversely, for beams SC27, concrete splitting
occurred first between the lapped hausd then at the side and bottom covers.
Thiswas due to the small internal concrete cover between the ldgpsafthe

latterbeans (approximately 30 mm), which was the smallestezo

A typical failure mode of the benchmark beafwgh continuoudlexural
reinforcement)s shown inFigure 2l. Althoughsignificant flexural cracking
occurrel within the constant moment zone, the formation of shear ccuses to
the supportprevented the beams from reachimgherflexural capacityexcept
for beam SQO0B, which yielded). Tis typeof failure wasanticipatedasthe load
arrangemenaised for the tesfsroduced amallshear spaio-depth ratidbetween
the load points and tHeeamsupports #d=2.0). Nonetheless, the beams were
close to reaching their full flexural capacity and bex@20B developed some

yielding (seebar stresses ihable 4.

3.2 Load -deflection response

The loaddeflection responses obtained from the tests are shokigunes 4-c.

In Figure 4, the load of beam SC10F1 (which had a higher concrete strength) is
normalised by(22.5/37.6}*, asproposedy Zuo and Darwin (2000) andamad

et al.(2004).



Garcia, R., Helal, Y., Pilakoutas, K. and Guadagnini, M. ( 2015) “Bond strength of short lap splices in RC beams confined with
steel stirrups or external CFRP”,  Materials and Structures, 48(1-2), pp. 277-293. https://doi.org/ 10.1617/s11527-013-0183-5

100

80

60

40

Load (kN)

20

120

100

80

60

Load (kN)

40

20

160
140
120
100

Load (kN)

i - - - - SC10Ctrl
FOARPRTE AN ... ———5C10S
(@ . —— SC10F1
i 2 N SC10F2
, = ===SC10B
_ ,"' ¥ Failure of beam
SC10Ctrl
0 2 4 6 8 10 12 14
Midspan deflection (mm)
- - -~ 5C20Ctrl
] ——sc20s et .-
———— SC20F1
- SC20F2 e *e
= ===SC20B . S
T (b) '." ¥ Failure of beam
SC20Ctr]
] ," + Malfunction of
i test equipment
0 2 4 6 8 10 12 14
Midspan deflection (mm)
i - - - - SC27Ctrl
Lt T .o ———5C275
1 (0 et . - SC27F1
L ~ . SC27F2
. - - ===5C27B

5'¢ Failure of beam
SC27Ctrl

2 4 6 8 10 12 14
Midspan deflection (mm)

Fig. 4 Load-midspan deflection response of tested beams (a) SC10, (b) SC20, 8687c)
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In the figures, the brittle failure of the unconfineems is indicated by a star
symbol. The use ofnternalconfinementin the lapped zonked toa ductile
responsegharacterised bg gentle dropof the load capacitgiter the maximum
load The eflections asplitting of the steetonfined beamsicreased by up to
62% (beam SC10S) when compared to their unconfinadterpart¢see Table
4). However, the steatonfined beamsesisedsimilar oronly slightly higher
loads than the unconfindgtamgby up to 13%). It should be notétht Figure 4
showsthe experimentalesponse dbeamSC20S only up tsplitting failuredue

to a malfunction of the test equipment.

CFRPconfinement vasvery effective at improving the loadeflection behaviour
of the beams bgelayingthesplitting failure. For all CFRPconfined beams,
maximum splitting loasl and deflectiong/ere consistently highe@ompared to
theirunconfined andteetconfined counterparts. As shownTiable 4 splitting
loadsincreased byip to 51%with reference to thanconfinedspecimengbeam
SCF10). Beams confined withCFRPlayers sustainedigher load than those
confined with 1 layerNote thatFigure £ shows that, after the splittingf the
cover between the batbe load resisted by tl@FRPconfined beamSC27
increased slightly. The slight increase in load capacity was also observed on
similar beam tests performed by Harajli (BDOThe use of CFRP confinement
alsoincreased the deflectiat splittingfailure by up to 110% (beam SC10F2).
After splitting, at 85% of the splitting loadheloads andieflectiors wereup to
39% and 160% higher than thosestdelconfined specimensespectively
(exceptfor beans SC10S and SC10R&hich had similar deflectics).

Figure 5showsthat CFRP confinement was more effective at increasing the
splitting load and deformation capacities asrthieimumsidebottomconcrete
cover decrease@nin(xy)). This suggests that the confining effect of the CFRP
sheetss more effective as the cover reducasimilar trendwasreported in

experiment®n RC columngHarajli and Daghe2008).
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Fig. 5 Effect of minimumconcrete cover on load capacity enhancement
3.3 Bond-slip behaviour

The bondstressbarslip (bondslip) relationshipof the lapped bars providas
insightinto the effect of confinemenThe average bond stressf a barin tension
can bedeterminedassuminghatbond is uniformly distributed over thap length
Iy, accordirg to:

(1)

wherefsis the bar stresandd, is the bar dimeter In the tested beamf was
computed usingeadingdrom strain gauges fixed on the bars and the
correspading elastic modulus dhe barsBar slip wasobtained from the average
readings of théinear potentiometer®cated at theinloaded ends of the baes

shown inFigure .

The bond-slip relationships for the tested beams are shokgures @-c. To
compare the resulia Figure &, bond stregsof beam SC10Fare normalised
by (22.5/37.6)"*. For clarity, only the envelope responses are preselhisd.
shownthatthe bond-slip curves are consistent with the corresponding load-
deflection responsdseeFigure 4-c). Somaninor differences exisbetween
load-deflection and bond-slip curves duestmht variations oeffective beam
deptls and strain gauge reading&eresultsconfirm that thdbeam failure
depends on the bond behaviour of the lapped bars.
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Figures @-c show that, athe initial loadingthe bondslip relationship of all
beamsweresimilar and negligible bar slipgccurred In theCFRRconfined
beamssignificantconcrete cover spting occuredat bond stresses of
approximately70-90% thebondsplitting strengthAfter splitting and ér the same
slip value, the bond stress sustained by the CFRP-confined leams
consistently higher due to the delay in splitting crack propagdtiayeneral
terms, beams confined with 2 CFRRersshowed a better response than those

confined with 1 layer.
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Table Ssummarises theesultsof the tested beane peak loada) bond strength
Tsl, D) bond strength enhancement due to confineggt ¢) normalised bond
strengthenhancemerx‘nr*sp|:Arsp| Afe, d) bar slipssi, €) bar slip enhancement due
to confinemenisy,, and ) strain in theCFRPconfinement; o. Azgy was
computed as the difference between the bond strength of the confined beams and
that ofthecorresponding unconfined control bealo.evaluate the effect of
confinement at the approximataset of plitting failure, the CFRP strains at bar
slipss=0.01mm and 0.02 mm are also includedTiable 5(¢f <001 ander =002,
respectivelyandFigure7. ThereportedCFRP strains are the average readings
from the strain gauges shownhkigure 2. The values of the strain gauges did not
differ by much for bottom splittingas can be seen froRig. 7), althoughthey
differedfor sidesplitting. Note that the valuesg, reported iriTable 5are only 4
7% of the ultimate strain reported by the CFRP shegtufacturers,=1.60%).

As shown inTable 5 the premature failure of thenconfinedbeams islearly
reflected on the very lowarslip valuesrecordedduring the tests (0.01 to 0.026
mm only). Althoughthe bondstrengthof the steelconfined beams was similar or
slightly higher tharthat ofthe unconfinedoeams, the use ofestl stirrups
enhancedhe bar slipat failureby up to 590% (beam SC273he results also
emphasis¢he effectiveness o€EFRPconfinementat improving the bondlip
behaviour of the beams. Compared to unconfsptimensthe normalised bond
strengthwas enhancelly up to 33%and4% for 1and2 CFRPconfinement
layers respectivelyMoreoverthe CFRP confinement increasszhsiderably the
slip at splitting failure by aminimum of 100% (beam SC10F1) and up to 1200%
(beam SC27F2).
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Table 5 Bond-slip and CFRP strain resultsteStedbeams

Beam | zg Atgr |ATp® [At g |sp [ Asp | ersoot | ers002 | &g
(MPa) | (MPa)| (\MPa)| (%) | (mm) | (%) |(ue) |(ue) | (ne)
SC10Ctrl| 4.19 | - - - 0.026 | - - - -

SC10S |4.74 056 |+012 |+13 |0.189 | NA - - -

SC10F1 | 559¥ | 1.40 |[+0.23 [+33 |0.05 |+100 [199 [363 |1170

SC10F2 | 6.23 |2.04 |+043 |+49 |0.10 |+280 | 120 193 1030

SC20Ctrl| 4.62 | - - - 0.02 |- - - -

SC20S | 547 |0.85 |+014 |+18 |[0.14 |+520 |- - -

SC20F1 | 597 |134 |+0.22 |+29 |0.13 | +490 |60 77 775

SC20F2 |6.62 |2.00 |+0.33 |+43 |0.15 |+570 |44 73 570

SC27Ctrl| 4.21 | - - - 0.01 |- - - -

SC27S |4.05 |-0.16 |-0.03 |-4 0.07 | +590 |- - -

SC27F1 | 534 |1.14 |+019 |+27 |0.07 |+560 | 147 211 615

SC27F2 | 5.75 |1.54 |+025 |+37 |0.14 | +1200| 86 119 695

@ valuenormalied by(22.5/37.6*
®) Bond strength enhancement normalisgd/f,

© Unreliable valuedue to movement of the measuring equipment
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Fig. 7 Typical development of CFRP strains (beam €20
4. Discussion and comparison of results

4.1 Bond strength of unconfined and steel  -confined beams

Table 6compares thexperimentabond strength results of the unconfined and
steetconfinedbeamswith predictionsby Orangun et al. (1977), Esfahani and
Rangan (1998)Zuo and Darwin (2000), Harajli (2006), Lettow and Eligehausen
(2006) and EC2 (2004) equatioi$e (unfactored)predictions byEC2 are
computed usinghe characteristic tensigtrengthof concretg(fci 0.0s=0. fcim). In
general, the analytical predictions compaa@sonablyvell with the test resultsf
the unconfined control beams, with Orangun et al., Harajli and EC2 equations
giving the best predictionslowever,most of theexaminednodels ovegstimate
the contribution of thenternalstirrups This is particularly evident for Zuo and
Darwin andLettow andEligehausemodels which overestimate tHsondresults

by up to 90%(beamSC27S). It should be mentioned tttds may be a
characteristic osubstandard RC structures, in whicternal stirrups may
contribute little to bond strength. This is also recognised by current codes (e.qg.
ACI 318-11 201}, where the internal confinement can be conservatively
neglectedn bond calculations. Nonetheless, even substandard stirrups can
enhance the dudtiy of lapsby providingsomebond stress resenadter splitting
failure. Thisis important during earthquakeserestructures should be able to
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sustainsignificantdeformationsOverall,the results iMTable 6show that the bond
splitting strength of substandard splices can be computed with sufficiena@ccur
using existing bond equations. The good predictions given by equatod 2ys
well as by other researchgepfers 1973, Esfahani and Rangan 1%®8;

Bulletin 10 2000) confirm thagplitting failuresare essentially controlled by the
tensilestrength ottoncrete. Therefore, the use of the tensile concrete
characteristics appears to provide a suitable starting jooitite analysis of bond-

splitting failures.

4.2 Bond strength enhancement in CFRP-confined beams

To assess the accuracy of existing models at predicting the bond strength
enhancemendue to CFRP confinemeritable 7compaestheexperimental
normalised bond strength{ 1) With analytical predictionsA(r*qm,pred) by Hamad

et al. (2004), Harajli et al. (2004hd Bournas and Triantafillou (2011) bond
equationsThe table alssummariseshepredicted effectiviEFRPstrains(es prea)
usedfor the calculation oAz ¢ pres in Hamad et al. and Bournas and Triantafillou
equations. The test/prediction ratios (T/P) and corresponding standard deviation
(StdDev) for each equation are alspored Table 7includes esultsof normat
strength concretbeans (ries NG testedoy Hamad et al. (2004).Heshort
spliced beamBIC weretested under similar conditioas thecurrent beamsut
theyhaddifferent test parameter®.g.free coverd,=20 mm andhree lap

splices) andlessCFRPconfinementat midspan consisting of discontinuoois
continuous Ushapedstrips It should be noted thétarajli et al. and Hamad et al.

equationsvere calibrated using the test results of beams NC
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Table 6 Summary otestresults andnalytical predictions according tdifferent bond equationsncanfined and steetonfined beams

Beam Tspl Orangun et al. | Esfahani and Rangan| Zuo and Darwin | Harajli (2006) | Lettow and Eligehauserl EC2(2004)
(MPa) | (1977) (1998§? (2000) (MPa) (20086) (MPa)
(MPa) (MPa) (MPa) (MPa)
SC10Ctrl| 4.19 |3.83 4.47 4.78 4.10 4.82 4.14
SC10S |4.74 |5.21 - 7.10 5.08 6.83 5.08
SC20Ctrl| 4.62 |5.59 6.64 5.92 6.50 6.13 4.43
SC20S |5.47 |7.25 - 9.08 7.44 8.61 6.11
SC27Ctrl| 4.21 | 4.36 4.83 5.97 4.06 5.00 4.43
SC27S |4.05 |5.99 - 7.70 5.24 6.58 4.16

@ Model applicable to unconfined specimens only
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Table 7 Test results and analytical predictiamfdond strength enhancemg@FRRconfined beams

Beam |Argq | Hamad et al(2004) Harajli et al. (2004) Bournas andriantafillou (2011} | Proposed model
(VMPa) | repred® | AT spipred | TIP | AT sipred | TIP | etepred | AT spipred TIP  |éo | AT sipred | T/P
(1g) (\MPa) (V\MPa) (1g) (V\MPa) (ne) | (V\MPa)
NC1Sl | 0.08 4000 0.06 1.34] 0.03 258 |- - - 74 |0.08 1.03
NC1S2 | 0.09 4000 0.12 0.76| 0.06 146 |- - - 77 |0.11 0.81
NC1S3 | 0.18 4000 0.24 0.75] 0.12 1.44 | 3460 0.10 1.80 79 |0.16 1.11
NC2S1 | 0.10 2930 0.09 1.12] 0.06 158 |- - - 85 |0.12 0.83
NC2S2 | 0.14 2930 0.18 0.77]0.12 1.09 |- - - 74 |0.16 0.87
NC2S3 | 0.24 2930 0.25 0.97| 0.25 0.97 | 3460 0.19 1.24 76 | 0.22 1.08
SC10F1] 0.23 4000 0.25 0.91]0.29 0.78 | 5950 0.40 0.57 86 |0.23 0.97
SC10F2| 0.43 4000 0.25 1.72] 0.40 1.07 | 5950 0.36 1.19 94 | 0.37 1.15
SC20F1| 0.22 4000 0.25 0.88] 0.29 0.75 | 5950 0.41 0.53 86 |0.22 0.98
SC20F2| 0.33 4000 0.25 1.31] 0.40 0.82 | 5950 0.47 0.69 86 |0.32 1.03
SC27F1] 0.19 4000 |0.25 0.7410.22 0.84 | 5950 0.26 0.72 86 |0.19 0.96
SC27F2| 0.25 4000 0.25 1.01| 0.40 0.63 | 5950 0.41 0.61 86 | 0.27 0.92
Mean 1.03 1.17 0.92 0.99
StdDev 0.30 0.54 0.45 0.11

@ Computed usindCl 440.2R (2008) guidelines for shear strengthening
®) Usingthe modified Lettow and Eligehausen (2006) approaaidé¥iapplicable téull FRPconfinementlong theap only
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As expectedHamad et alequationpredicts the test data uskedl its calibration
with reasonably accuragchutit underestimatethe results obeans SCconfined
with 2 CFRP layerdy up to 72%This can beattributedto the conservative upper
limit of normalised bond strength enhancement adaptéus model

(Ar*sp|:o.25). Ths limit was originally proposed by Orangun et al. (197ar
spliced rams confined with internal steel stirrups askinowledgethat, after a
certainpoint, adding stirrups is no longeffective at enhancinipe lapbond
strengthasbar pullout tends to dominataefailure. The relatively high

variability of the test/prediction ratid$tdDev=030) reflectsthe conservativeness
of the equation at high confinement levels.

In comparisonHarajli et al.andBournas and Triantafillou equations predict the
experimentaftesults ofsome beas SC with reasonablyccuracybut they
generally underestimate thesultsof beans NCby up to 1580 and80%,
respectively Moreover, thearge scatteof test/predictiorratios (StdDev=0.54

and 0.45respectivelyindicates that thesemodels do not captureeuratey the
influence of CFRPconfinement on bond. Theper limit ofnormalised bond
strength enhancemeiar EBR suggestedby Harajli et aI.(Ar*sp| <0.40)appears to
be moreappropriatehan the more conservative linpitoposed by Hamad et al.
This is consistent witthe experimental observations which show t6&RP
confinement controlsplitting cracks more effectively than internal steel
confinement. Based ddarajli et al. observatiorsnd on the current test results, it
is apparent thahe use of additional CFRP layers is not expected to enhance
considerably the bond strendift more thamfsm =0.4Q Thereforejt is
uneconomial to providemoreconfinement than #t necessary to develop the full
bondstrength of the lagunless it is required for other strengthenitgectives.
This mears thatthe use osuitablebond equations in the designFRP

strengthenin@f lapped RC members céaad to more economical solutions.

Thetestresultsalsoshow that the bond strength of beams confined with 2 CFRP
layers was32-85% higher than that of beams confined with 1 layer (@&g also
Table 5. Hence,ncreasing theéhicknessof CFRP confinement does not result in
proportional enhancement of bond strength, as showigure 8 This is in

agreement witlpreviousexperimentatesultsby Hamad et al. (2004Pespite the
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significant bond improvement, CFRP-confined beams sustained 40 to 50% of the
load resisted by the corresponding benchmark beams with continuous main
bottom bars (se€able 4). This indicates that CFRP confinement can enhance the
capacity of substandard splices, but that enhancement could be still insufficient to

develop yielding in very gt splices.
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Fig. 8 Normalised bond strength vs amount of CFRP confinement

4.3 Strain s developed in CFRP confinement

To compute the bond strength enhancement due to CFRP confinemétantad
et al. and Bournaand Triantafiloumodelsrequire calculatinghe effective CFRP
strainat splitting failure For the beams tested in this researiel,mhodelgpredict
CFRP strains valuesf 4000 and 595(¢, respectivelysee Table ) However,
thecurrenttest results show that splitting failures occumaich lover CFRP
strairs (seeTable 5. As strains inthe CFRRconfinement depend on bar slip and
consequent concrete dilatantiye bondslip relationshipof the barand the

development of CFRP strains during the testeaaeninedn more detail

Figures 9a-b show the development of CFRP strain and bar slip as a function of
bond stress for beam SC20FheEe are typical resulésdthe following
observations apply to the otheeamsas well Figure @& indicates that CFRP
strainsare very small during the initial loading and up to approximately 50-60%

of the bond splitting sémgth. This was expected laar slipis practically
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negligibleat low load levelg¢seeFigure ®), and therefore the CFRP confinement
IS not activated. At an approximate bar slip of 0.01 mongcrete dilatancy around
the bar has activaiehe confinementthus nobilising strains in the CFRP sheets.
CFRP strains increasapidly as the splitting cracks widen at 70-90% of the bond
splitting strength@.01 mnxs<0.1 mm, se&igure &).Bond stress remasn
practically constant before and afsglitting failure(marked byx in Figures 9a-

b). Following splitting,CFRP strains increase rapidly up to approximately 1000
ue, due to additional bar slippage and consequent widening of ctacke

CFRP straingn excess 02500-300Que are recordeanly towards the end of the
tests when the bars pulloctmpletely from the concret8uch strains are only
15-19% of the ultimate strain reported by the CFRP sheet manufacturer
(ru=1.60%). It should be noted that the gauges bonded to the CFRP sheets only
provide locéstrain data. Therefore, the increase in strain values shown in Figures
7 and 9(a) is mainly attributed to widening of splitting cracks along the lapped

bars.
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Fig. 9 Typical test results of (a) strains in CFRP confinement, Bnidandslip (beam SC20F2)

Based on the above discussion, it is evidentgpliting failures occur at small
bar slips andow strain valuesn the CFRP confinement. For the CFRP-confined
beams tested in this researclERP strais never exceeded 1506 at peak load.
Thisis lessthan10% of theultimate elongation capacitf the CFRP sheets
Harajli and Daghe(2008 measureaimilar values of 100.300ue in tests on lap
spliced columns confined with 1 or 2 layers of CFRBinga kinematic
relationship between bar slip and concrete cover dilafiastani and
Pantazopoulou (2007; 2008lso compute@FRP straingn the order of 1000-
1600pe. The results of #sethreestudiesndicate thaHamad et al. and Bournas
and Triantafillou models ovpredictconsiderably the strain values of GERP

confinement. It should be mentioned that ntests are necessaiydetermine
27
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the appropriateCFRP strainslevelopedat splitting failurefor longersplices The
authors will be presenting such results separatg@aper.

5. Model proposal

The large scatter and inconsisten@ésxistingpredictiveequationsndicate the
needfor moreaccurateanalytical model$or the CFRP strengthening of
substandarthps. This is particularlyimportant for the strengthening of structures
in developing countries dswer strengthening costsould make rehabilitation of
structures more likelyHence anewapproacHor predictng the bond strength
enhancemendf substandarthpped barslue to CFRP confinement is proposed in

the following.

In the proposed approach, the concrete around the lapped begardedstwo
thick-walled cylinders of thickneSsiny) (€.9. Tastani and Pantazopoulou 2007;
2008) as shown in Figure 10a, where side splitting is considsrad example of
cover splitting It is also considered that thetial behaviour of the splice is

mainly controlled by the tensile concrete characteristitee coverDue to the

high variability inconcrete strength characteristics in tension, splitting failures of
unconfined laps occur when the characteristic tensile stress in the concrete cover
(perpendicular to the splitting cradk)exceededseeFigure 1@). The

strengthening of a lap with CFRI®Bnfinement is expectad the first instancéo

reduce the concrete variability in tension and, as a result, splitting in the-CFR
confined lap is expected to be governed by the mean tensile strength of concrete

fom (Se€Figure 1), rather than the chacteristic strength
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The additionaleffect of the CFRP confinemecan then be considered through an
additional confining stres§, whichis assumed to act over a split cross sectional
area equal tochinixy)+db)ln (SeeFigure 1@). A strain controbpproachs adopted

to computd,, whichleads toEquation (2)The effective CFRP strain, is

calculated using the concrete tensile strain at the onset of cover splgng (s
Figure 1®), when concrete tensile straiag:) and CFRP strains are assumed to
be equal. Hence; o=¢cni=fci/ Ecmy Where all the variables were defined before.
With exception of beam SC10FIable 7shows thathe predicted values,

compare reasonably well with the experimental CFRP strains at the appeximat
onset ofsplitting (see values; <001 ande;s=002 In Table 9. f, is defined by:

Netees oEq
)+db)

f,=
n,(c

)

'min(x, y

wheren; andt; are the number dFRP sheets and thickness of one sheet,
respectivelyk; is the elastic modulus of tlgFRP, n, is the total number of pair

of lapped bars in tension (included in Equation (2) to account for the number of
splitting cracks)and the rest of the variablesasdefined beforeFor
discontinuous CFRP applications (strips), Equatiorcé®pe multiplied bywi/s,
wherew; ands are the width andpacingat centres of the ERP strips

respectively
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It should be mentioned that Equation (2) assumes that the bond strength
enhancement provided by the CFRP confinemeriaed to the elastic strain in

the concreteand cover splitting leads very rapidlydgitting failure. Although

the development of a splitting crack along the lapped bars is not instantaneously
leadingto splitting failure, this assumption is sufficiently accurate to predict the
bond strength enhancement provided by the CFRP confineméhefoeams

tested in this study, where cover splitting occurred at 70-90% of the lap bond
strength. Also, note that the CFRP sheets provide passive confinement and
therefore their contribution depends on concrete dilation around the lapped bars.
Such confining stress is mobilised even at very low slip values (<0.01 mm). This
is confirmed by the strain readings from tfaiges bonded to the CFRP sheets
(Figure Q). The proposed equation predicts an increase of the contribution of
CFRP confinement to bond strength with a reduction of the minimum concrete

COVEerCninixy), as also observed in the experimefigifre 5.

Basel onacalibration with the testiataof beams NC and SC, the relationship
betweerthe bond strength enhancement due to CFRP confinement and the
confining pressurean bedefined by the following equation:

A
B _115/f, <040 (3)

N

In Equation (3), the maximum bond enhancenlhimited to 0.4/f. as shown by

Az’Spl =

the current tests and as proposed by Harajli ¢2604).

Figure 11compares thexperimentatesults of beams SC and Nth Equation

(3). The concretéensilestrengthof beams SQvas taken from theestdata

reported inTable 2 whilstthe strengttiim of beams NQvas calculated using

EC2. It can be seethat the proposed equation matches well the experimental
results.Thebond predictions given by Equation ¥ reported in Table 7

Compared to other models, it is evident that the proposed eqpeatidicts the

test resultsnore accurately (mean T/P89)andwith significantlyless scatter
(StdDev=0.11). Therefore the proposed approach can be used for assessment and
strengthening of short splices in existing substandard RC constructions of
developing countries, where members are typically reinforced with no more than

two or three bars on each face.
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Fig. 11 Proposed equation and fitting of experimental results, GEdFined beams

It should be mentioned thBtuation (3) needs to be adti® the concrete
contribution to compute the total bond strength of the lappedAsdiscussed in
section 4.1, the concrete contribution can be calculated with sufficient accuracy
using existing bond equations available in the literature (e.g. EC2). Due to the
limited data used for the calibrati@mdto the short lap lengtbxamined, diture
researclshould verify the applicability of the proposed model to tR&E
strengthening of RC members with longerslafnere yielding can occur.

Moreover, as for internal steel stirrups, CFRP confinement is expected to be more
effective at engaging bars located at the corners of rectangular cross sections in
comparison to intermediate bars. Consequently, further research alsauld

verify the accuracy of the proposed model at predicting the bond strength
enhancement in members with more than thpiiees or with several bars
distributed across the sectigklso, due to the relatively smalumber of concrete
covers examined in the tested beathe applicability of the model should be
limited to approximately 0.8Cnin(x,)/ds<2.0 until future data bcome available

The use obther FRP materials such as glass, aramid or tetsalid be also

studied.
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6. Conclusions

This paper presented results from substandard spli¢e€ ileamsonfinedwith
internal steel stirrups or exterhhabonded CFRP. The beams were subjected to
four-point bending and were designed to fail by beplitting at midspajwhere
the main flexural reinforcement was lappBdsed ortheresultspresented in this

paper the following conclusions are drawn:

1) Unconfined contradbeamswith short splicegailedin abrittle mannerdueto
splitting of the concrete cover aroutige splice For the tested beamsartslip at

splittingrangel from 0.01 to 0.026 mm.

2) Compared to unconfined specimgsteekconfined beam#failed by splitting at
similar or slightly highetoads (by up td3%)and bond strengths (by up to 18%).
However, bar slipsicreasd by up to 590%After splitting, steelconfinedbeams
showeda ratheductile behaviouandsustaimd significantadditional

deformations, but #th a graduatropin capacity.

3) Existing equations predict the bond strengftsubstandard unconfinesplices
with sufficientaccuracy but theg tend tooverestimate thadditional contribution
of internalstirrups Compared to other bond equations, EC2 predicie
accuratelythe beam tesesultsassplitting is essentiallycontrolled by theensile

concretestrength

4) The use oéxternally bonde€FRP confinement delaythesplitting failureof

the laps Compared to unconfined specimens, CFRP confineaieo¢nhancd

the bond strength and bar slip by up to 49% and 1200%, respeciiitalgt
strengthening applicationgith 1 or 2CFRPlayers provedery effective at

enhancing the splideond strengthfurther enhancemengsenot expectedeyond
0.40Nf.. Therefore, it seems uneconomical to provide more confinement than that

necessary to develop thél bond strength of the lap.

5) The test results show that splitting failures of laps in GE#inedmembers
occur atsmall bar slipsg€<0.15 mm) and relatively low strains in the CFRP
confinement (570-117(€). These values are much lower than the effective CFRP
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strains predicted by Hamad et @004) and Bournas and Triantafillou (2011)
bond equations (4000-595@).

6) Existing equations for predicting the bond strength enhancement due to CFRP
confinemenshow large scattevhen compared to experimental resul{siew

“strain” approach that yieldsiore consistent predictiomsproposedThis can be
usedfor assessment and strengthening of short splices in substandard RC

constructions.
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