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SHEAR STRENGTHENING OF RC T-SECTION BEAMSWITH LOW STRENGTH CONCRETE USING

NSM CFRP LAMINATES

S. J. E. Diasand J. A. O. Barros

ISISE, University of Minho, Department of Civil Eimgering, Azurém, 4810-058 Guimaraes, Portugal

Abstract

The effectiveness of NSM technique with CFRP langisdor the shear strengthening of T-section RGriseaf
low strength concrete was assessed. Five NSM shesigthening configurations (three CFRP orientatiand two
levels of CFRP percentage) were applied in RC beaithsa steel stirrups percentage of 0.10% and. bf%. The
results showed that: NSM technique is still effeztin beams of low strength concrete; inclinedracee effective
than vertical laminates; the beam’s shear resistamereases with the CFRP percentage; the NSMgitrening
effectiveness decreases with the increase of el stirrups percentage. Using available experiaterg@sults
obtained with the same test set-up but using bedrmigher strength concrete it can be concludetiahaninimum
is the concrete strength as less effective is tB&Nechnique. In general, the formulation proposgdNanniet al.
provided safe and acceptable estimates for theibation of the NSM shear strengthening systems firedicted

values of the CFRP contribution for the shear tasie were 75% of the results registered experiight

KEYWORDS: NSM, CFRP laminates, shear strengtheringross section RC beams, low strength concrete

1. Introduction

The use of Carbon Fiber Reinforced Polymer (CFRRjenmls for structural repair and strengthening ha
continuously increased in the last years, due versé advantages resulting from opting for thesmpasites in
detriment of traditional construction materials Isw&s steel, wood and concrete. These benefitsdaedteir high
strength-to-weight ratio, high durability (non amsive), electromagnetic neutrality, ease of hamgllirapid
execution with lower labor, and practically unliedtavailability in size, geometry and dimensior8]1-

The shear failure mode of a Reinforced Concrete) (B€ment should be avoided since it is brittle and

unpredictable. For the shear strengthening, CFRfrials can be applied according to the followitgs main

"Author to whom the correspondence should be sdiag@civil.uminho.pt).
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techniques: bonding wet lay-up sheets or laminateshe external faces of the elements to be sthemgd
(Externally Bonded Reinforcement - EBR - techniq4ey]; installing CFRP bars (circular, square ectangular
cross section) into pre-cut slits opened on thei@a cover of the elements to strengthen (NedaSaMounted -
NSM - technique) [8-11]. Due to the largest bondaaand higher confinement provided by the surroyndi
concrete, narrow strips of CFRP laminates of repitar cross section, installed into thin slits émahded to
concrete by an epoxy adhesive, are the most efee@FRP strengthening elements for the NSM teclen[d@].
Dias and Barros demonstrated by experimental relsediat NSM technique provides higher effectiveniss
EBR technique for the shear strengthening of regtkan cross sectional RC beams without steel gsrfa3] and T
cross sectional RC beams having a certain perceotagxisting steel stirrups [14].

There are several reasons that justify the relevarica study on the use of the NSM technique wiHRE
laminates for the shear strengthening of RC bednmaostrength concrete: old RC structures werdt lwith low
strength concrete; decrease of concrete strengthtawseveral time dependent phenomena and envirdame
conditions; experimental results of shear strengtigeof RC beams using NSM technique with CFRP tetgs
indicate that concrete has an important role ingfiectiveness of this technique [14-15]. This lasperimental
evidence was also obtained with a recent analyticaderical model that involves the kinematic coiodis of the
shear crack propagation in a NSM shear strength®@deam, as well as the concrete fracture andnkte
adhesive-concrete bond main characteristics [16].

To appraise the possibility of the application M CFRP laminates for the shear strengthening ofdBs
sectional reinforced low strength concrete beamginigaa certain percentage of existing steel stsrupn
experimental program was carried out. The averafgevof the concrete compressive strength at agieedbeams
tests was 18.6 MPa. The experimental program ifinedt and the specimens, materials and test sedrap
described. The results of the tests are presem@dliacussed and a number of conclusions are draaking the
results obtained in a previous experimental progib4nl5], characterized by the same test set-upubiay beams
of higher concrete strength (39.7 MPa instead o8 MPa), the influence of the concrete mechanicaperties in
the performance of the NSM technique with CFRP fet@s for the shear strengthening of RC beams s&essed.

Additionally, the predictive performance of the ffarlation proposed by Nanei al. [11] for the NSM shear

strengthening technique was appraised taking thdteeobtained in the present experimental program.
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2. Experimental program
2.1 Beam prototypes

Fig. 1 presents the T cross section of the thirtbeams comprising the experimental program. The
reinforcement systems were designed to assure &ikee for all the tested beams. To localize shear failure in
one only of the beam shear spans, a three poidtdoafiguration of distinct length of the beam gshgjgans was
selected, as shown in Fig. 1. The monitored bean €p) is 2.5 times the effective depth of the beam £gection
(Ly/d=2.5), since, according to the available reseftch this is the minimum value with negligiblechreffect. To
avoid shear failure in the;lspan, steel stirrupgs@75mm were applied in this span. The differenadaiéen the
tested beams are restricted to the shear reinfencesystems applied in the lheam span.

The experimental program is made up of three reterebeams and two groups of NSM shear-strengthened
beams. The reference beams comprehend (see Figl Eig 2): one beam without any shear reinforcani@€rR

beam); one beam with steel stirrupd@300mm (2S-R beam, with a percentage of stirrygs, of 0.10%); one
beam with steel stirrupg6@180mm (4S-R beam, with a percentage of stirrypg, of 0.17%). For the NSM

shear-strengthened beams, the first group is comoplbyg five beams (2S-7LV, 2S-4LI145, 2S-7L145, 2960_and

2S-6L160) presenting the percentage of stirrupadopted in the 2S-R reference beam, (= 0.10%), and having

the CFRP shear strengthening arrangements indigat€eble 1 and Fig. 2. The second group also cehgrds
five beams (4S-7LV, 4S-4L145, 4S-7L145, 4S-4L160da#S-6L160), having the percentage of stirrups usetthe

4S-R reference beanp(, = 0.17%), and the adopted strengthening configpratwere the same applied in the

first group of beams (see Table 1 and Fig. 2). eEhCFRP orientations (45°, 60° and 90°) were tesiedl for
inclined laminates two CFRP percentages were adogter the both two groups the beams with the lower
percentage of laminates were designed in ordergsept similar maximum load, regardless of thentaition of the
laminates [14]. The same strategy was adopted edékign of the beams strengthened with the higberentage
of laminates. Moreover, the two groups of beamsewadso conceived to study the influence of the arhad
existing steel stirrups on the effectiveness ofNl$# shear strengthening technique.

According Fig. 1, the laminates were distributeahgl the AB line, where A represents beam suppats dtest
side” and B is obtained assuming a load degradatid®°.

The three point beam bending tests (Fig. 1) wengethout using a servo closed-loop control equiptniaking
the signal read in the displacement transducer (C)/[placed at the loaded section, to control thet t& a

deflection rate of 0.01 mm/second. To preventlbrigpalling of the concrete cover at the suppdins,beam ends
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were strengthened by confining the concrete wittwa-directional cage ofps@65mm horizontal stirrups and
@l2@50mm vertical stirrupgé mm (Fig. 1). To overcome the difficulties to beg82 mm longitudinal tensile bars,
their ends were welded to steel plates.

With the purpose of obtaining the strain variatadong the two laminates that have the highest fitibaof
providing the largest contribution for the sheaesgthening of the RC beam, four strain gauges [($Gvere
bonded in each CFRP according to the arrangemenesented in Fig. 3. Adopting the same principles steel
stirrup was monitored with three strain gauges (§Qnstalled according to the configuration repnéseé in Fig. 3.

The location of the monitored laminates and stsrimpthe tested beams is represented in Fig. 2.

2.2 Material properties

The concrete compressive strength was evaluat28 days and at the age of the beam tests, caroyindirect
compression tests with cylinders of 150 mm diamatetr 300 mm height, according to EN 206-1 [18]thie tested
beams, high bond steel bars of 6, 12, 16 and 32diameter were used. The values of their main teqsibperties
were obtained from uniaxial tensile tests performedording to the recommendations of EN 10002-1. [TBe
tensile properties of the CFK 150/2000 S&P lamisateith a cross section area of 1.4x9.5 qnmere
characterized by uniaxial tensile tests carriedamabrding to ISO 527-5 [20]. Table 2 includes &lverage values
obtained from these experimental programs. The MBraesin 220 [21] epoxy adhesive was used to bbed t

laminates to the concrete.

2.3 Strengthening technique

To apply the precured CFRP laminates using NSMriigcie, the following procedures were executed:slpgl
a diamond cutter, slits of about 4-5 mm width a@d1% mm depth were opened on the concrete coveabofit
22 mm thickness) of the lateral faces of the beagh,wccording to the pre-defined arrangement ferdminates
(the laminates were not anchored to the beam flahgg were restricted to the beam web); 2) the slere cleaned
by compressed air; 3) the laminates were cut with desirable length and cleaned with acetone; &)eftoxy
adhesive was produced according to the suppli@mmegendations; 5) the slits were filled with the asike; 6) a
layer of adhesive was applied on the faces of dngrlates; and 7) the laminates were inserted htostits and

adhesive in excess was removed.

To guarantee a proper curing of the adhesive, a&dtlene week passed between the beam strengthening

operations and the beam test.
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3. Results

3.1 Load carrying capacity of the tested beams

The relationship between the applied force anditfection at the loaded section, ) for the tested beams is
represented in left part of Fig. 4 and Fig. 5, eesppely, for the lower and higher percentage etkstirrups. As

Fig. 4b shows,AF represents the increase of the load provided &iyear strengthening system, whié®' is the

corresponding load capacity of the reference béamdeflections greater than the correspondindn¢oférmation

, . f . f
of the first shearcrack in the reference beam, tHF/F™ ratio was evaluated, and thdF /F'™" vs Ug

relationship is depicted in the right part of Hg(the reference beam is 2S-R) and Fig. 5 (theerfe beam is 4S-

R). For the tested beams, ti{éF/Fref )maxvalue and the corresponding deflection at the Idadection,

u(AF/FZS’R) . are indicated in Table &ssuming thatF . and Fnrq‘;fx are the load carrying capacities (maximum

force) of strengthened and reference beams (2S-RADR) the values of4F,,/Fre were evaluated

(4F

ax = Frax- Fror ). These values and the deflection at loaded seeisociated té,,, (uFmax) are included in
Table 3.
Fig. 4 and Fig. 5 and the results included in T&#how that, for deflections higher than the omesponding

to the formation of the first shear crack in thierence beamsu( = 1.29 mm for 2S-R (Fig. 4) and, ;= 1.26 mm

for 4S-R (Fig. 5)), the adopted CFRP configuratiprevided an increase in the beam’s load carryaggcity. This
reveals that the CFRP laminates bridging the sasfax the shear crack offer resistance, mainlgrack opening,
resulting a smaller degradation of the shear strassfer between the faces of the crack due toeggte interlock
effect. Therefore, for deflections above the dditer corresponding to the formation of the sheaxckrin the
reference beams, an increase of the beam’s stfisesbserved in the shear strengthened beamsrable opening
resisting mechanisms provided by the crack brid¢amginates also contribute to increase the loaghath stirrups
enter in their plastic phase.

The strengthening arrangements with the lower p¢age of CFRP (only beams with inclined laminatees)

the following increments in terms of beam load ygiag capacity @FmaX/Fr[ﬁafx): 24.9% and 24.3% for the beams

strengthened with laminates at 45° (2S-4L145 beand) laminates at 60° (2S-4L160 beam), respectivielythe

beams with two steel stirrups in the smaller beaeas span; 14.3% and 13.8% for the beams strerefdheith
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laminates at 45° (4S-4L145 beam) and laminate®a(45-4L160 beam), respectively, for the beamé four steel

stirrups in the smaller beam shear span. In terfrr(sllé/F ’ef) only the beams with laminates at 60° presented

max’
higher value than the one obtained fﬂFmax/F,;‘ix (27.4% for 25-4L160 beam and 19.6% for 4S-4LI60).

Laminates at 45° and 60° had similar performanderims of maximum load. The beams with laminate®&0athad
better performance than the beams with laminatd5%in terms of stiffness.
For the beams shear strengthened with the high€&PCpercentage, the strengthening configurationd wit

inclined laminates were more effective than CFRRursgement at 90°. Vertical laminates, laminate454tand

laminates at 60° assured an increaselE,fW/Fref : 20.8%, 35.3% and 31.4%, respectively, for thenmeavith

max *

two steel stirrups in the smaller beam shear spah;3.8%, 17.3% and 19.3%, respectively, for trentsewith four

steel stirrups in the smaller beam shear spantheohigher percentage of the CFRP the vaIue(sAEt/F 2S'R)

max

of the beams 2S-7LV (26.1%), 2S-7LI45 (38.5%), 4S8-76.7%), 4S-7L145 (19.3%) and 4S-6LI60 (20.9%)ree

higher than the values oﬂFmax/Fn’gX. For the arrangements with laminates at 45° arfl t6@ values of

(4F/F™) _ and4F,/F increased with the percentage of CFRP.

max
The comparison between Fig. 4 and 5 and the reisghsded in Table 3 show that the amount of engssteel

stirrups plays a very important role on the effemtiess of the NSM shear strengthening techniquéadt) the

effectiveness of the CFRP was higher in the beaitisthe lower percentage of steel stirrups analy2edtording

to the experimental results, for an increase froh®®0to 0.17% in the percentage of steel stirrupthal, beam

span, the NSM strengthening effectiveness decreaseabout 55% (see Fig. 6 - the value regarding the

configuration with vertical laminates was excluddedr the solutions with inclined laminates, themage value of

AF,W/F“Ef varies from 29.0% to 16.2% when the amount ofgts changes fromp6 @300 mm s, = 0.10%) to

max

@180 mm g, = 0.17%), meaning that the interaction with spigyplays a detrimental effect on the effectiveness
of the NSM strengthening system. This fact was albserved by Dias and Barros [15] when the five NSM
arrangements adopted in the present experimerdgigm were applied in identical beams with a caecoé higher
compressive strength (in this case for an incréase 0.1% to 0.17% in the percentage of steelwgiBrin the L
beam span, the NSM strengthening effectivenessedsed in about 70% - see section 4). This is aroritapt
aspect due to the fact that existing RC beams niegushear strengthening intervention often haveegain
percentage of steel stirrups. It emerges that endtation for the prediction of the NSM shear stiteging

contribution cannot neglect the percentage of exjsiteel stirrups.
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3.2 Failure modes

As was expected, all the tested beams failed iarsffég. 7). In this figure, the steel stirrupstioé smaller beam
shear span are indicated by vertical lines, anditicées indicate the zone where stirrups haveunggt.

When the maximum load of the C-R beam was attathedshear failure crack widen abruptly. The maximum
load of the 2S-R and 4S-R beams was attained whestirrup crossing the shear failure crack hatureq.

In the NSM beams strengthened with the lowest meage of CFRP the laminates failed by “debonding”.
However, in the present context “debonding” shomtd be assumed as a pure debonding failure modbeof
laminate, since along its bond length, parts oftccete were adhered to the laminate, indicating fdihtre includes
debond and concrete fracture, which is in agreemdhtthe principles of the model of Bianed al. [16]. In the
beams with the highest percentage of CFRP a grdigeteakes place and the concrete cover delanoinati
(premature detachment of a concrete layer thatidied the laminates) is found to be the criticdufaimode. This
indicates that the efficacy of NSM shear strengtigemmight be limited by laminate spacing. Fig. &rifles the
influence of CFRP percentage in the failure moddhebeams.

The global analysis of failure modes of the tedbedims with CFRP indicates that the efficacy of NSM
technique for the shear strengthening of RC beasimgCFRP laminates is dependent of the concretagth and
increases with the quality of this material. Intg@t 4 of the present paper is possible to veltifig £vidence by

experimental results.

3.3 Strains in the CFRP and steel stirrups

The maximum strain recorded in the laminates ughéomaximum load of the beamss, - see Table 3)

ranged from 0.54% (beam 4S-6LI60) and 0.94% (be&r1A45). In terms of the average strain of the immamm

strain values registered in the monitored lamingtes per beam) ({ fxp)meds - See Table 3), the variation was

between 0.41% in the 4S-7LV and 0.88% in the 4#8LIFor all the tested NSM beams the average vafue

ecrmp and (e Epp)meawas 0.72% and 0.62%, respectively. In terms of EBRentation, the average value of the

maximum strain { ze) was 0.81%, 0.67% and 0.64% for the beams withinates at 45°, 60° and 90°,

respectively. These values ranged from 39% to 508e0CFRP ultimate rupture straig,(= 1.63% - see Table 2).
To illustrate a representative strain variatiomionitored laminates and stirrup during the beardifaaprocess,

the strain values for distinct load levels of th®-41145 beam are indicated in Table 4, from whitltan be
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observed that the maximum strain value was 0.84%o. (2 and SG_L3) in the CFRP A and 0.93%. (SG_LZhin
CFRP B. The strain values of the monitored stiwfithe 4S-4L145 and 4S-R beams for four loads Evelcluded
in Table 4 (the values of the 4S-R beam are irdb@d brackets), show that the steel stirrup wasenstrained in
the reference beam than in the strengthened belanCIFRP laminates bridging the faces of the stalré crack
offer some resistance to the crack opening. Thishaigism also decreases the loss of the concretegaig
interlock contribution for the shear resistance tacurs with the crack opening of the shear failarack. Due to
these effects, the strains on the steel stirruph@®fCFRP strengthened beams were lower than riestecorded
in the reference beam, at equal load levels appdig¢hde beams.

Fig. 9 represents the variation of the strainshenrmonitored laminates (see Table 4) during thdifmpprocess
up to the maximum load of the 4S-4L145 beam. thserved that the curves feature two phases. Imitied stage
of loading, the CFRP did not contribute to the leadrying capacity of the beam. In the second stdgelaminate
began to strain due the formation of a crack tmassed the laminate. The strain in the laminatdicoad to
increase with the increase of the load up to thgirmam force of the beam (the exception was the SiGinLthe
CFRP A). Fig. 9 evidences that both laminates veeossed by more than one crack. In the CFRP A, 2Grld
SG_L3 were closer to the shear crack zone thaotther strain gauges, while in the CFRP B this hapgdeo the
SG_L2. Therefore the strain variation depends Saaritly on the relative position between SGs amel formed

cracks. Fig. 10 represents the variation of thairstron the monitored stirrup during the loadinggasss up to the

maximum load of the 4S-4L145 beam, being possiblelserve the presence of the same two phasesiylrea

identified in laminates. In the last phase of ttrais variation in the steel stirrup of the 4S-4hldeam the strain
registered in SG_S decreased with the increasbeofoad. This was caused by the formation of treaskailure

crack that did not cross this steel stirrup (Fig. 7

4. Influence of the concrete strength on the effectiveness of the NSM technique

In the present section the influence of concretength on the efficacy of the NSM technique is assd
comparing the results of the experimental progra@scdbed in previous sections with the results tfeo
experimental program [14, 15] dealing with beamsigher concrete strength. In this experimentagpam the five
arrangements of NSM CFRP laminates presented inZFigere also used but the beams were manufactitbca
concrete of a compressive strength at the agearhliests of 39.7 MPd. = 39.7 MPa instead df,, = 18.6 MPa -

see Table 2). The remaining characteristics wexeséime in both experimental programs.
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ref 4 ref . ref . . .
The values of thedF,,,/F ratio, Uk o / Ur, . Tatio (uFmax'S the the deflection at loaded section

ref

corresponding toF -~

) and the maximum strain recorded in the lamingtggs,) for the beams of the above

mentioned experimental programs are included iriél'ﬁbTheAFmaX/Fn’jj;X ratio is also represented in Fig. 11, being

visible the increase of the NSM effectiveness wlith increase of the concrete strength. Accordinifpeéovalues into

Table 5, the average value of th&, . /F' ratio for NSM arrangements adopted in beams wighér and lower

concrete compressive strength was 26.5% and 22ré%pectively (the values regarding the 4S-4LV shear
strengthening configuration was excluded for tmalgsis). The better performance of the CFRP wipgiied in the

. : f .
beams withf,,, = 39.7 MPa was also observed in terms of tl}gmax / u,rzfnax ratio. The average value of the

i . . , .
uFmax / u,r:(:nax ratio for NSM arrangements adopted in beams wighdr and lower concrete compressive strength

was 22.7% and 6.9%, respectively (the values réggitthe 4S-4LV shear strengthening configuratiors wacluded
for this analysis). Furthermore, in the group ofitme of higher concrete strength larger maximumrstralues were

registered, which indicates that the laminatesnawee effectively mobilized as higher is the stréngt the concrete.
The average value of the maximum strain recordettiéniaminates up to the maximum load of the be@srfEr)

was 0.9% for beams witly,, = 39.7 MPa and 0.72% for beams wigh= 18.6 MPa.

Thetypicalfailure modes obtained in theries ol SM beams oflistinct conerete strength-class-are characterized

strength-class-asproved-by-Bianco-etaktfibboth experimental programs were similar (seé@e3.2). However,

due the higher concrete strength, the decreadeeoéffective bond length, in consequence of thetdra failure of

concrete surrounding a laminate crossing the afiticagonal crack, was not so pronounced as oatumréhe beams

of lower concrete strength clasd

. consequence, the
higher is the tensile strength of the concretecsumding the laminates, the larger is the contributdf the NSM

CFRP laminates for the shear resistance of RC heams
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5. Comparison of experimental and analytical results

Taking the results obtained in the tested bearmsagthened with NSM technique, the predictive pentmce of
the analytical formulation proposed by Naenial.[11] was appraised. According this formulation, them within
the square brackets of the equation (1) is theefoesulting from the tensile stress in the NSM Fété&ments
crossing the shear failure crack. The vertical gotipn of this force is the contribution of the FiRiPthe shear

resistance of the beand),
v, =[ada; +b, )@, M) 56, )
being 7, the average bond stress of the FRP elements éptext by the shear failure crack, alyg, i, is obtained

from (see Fig. 12),
I-totmin = ZLi (2)
[
where L, represents the length of each single NSM lamiirsttrcepted by a 45-degree shear crack, determined

from,

. St . . N
minf —————— ;| i=1..—
cosf; +sind; 2
L = \ )

S¢

i |
"t cos@; +sind;

Liot min COrresponds to an arrangement of the FRP reinfugnés crossing the shear failure crack that leadbe

net IS defined as,

minimum of thez L In (3) I

2c
sing;

Inet=|b -

(4)

which represents the net length of a FRP lamirsteshown in Fig. 12, to account for cracking ofd¢bacrete cover

and installation tolerances. In (4)), is the actual length of a FRP laminate amds the concrete clear cover

thickness.
The first limitation of (3) takes into account boasl the controlling failure mechanism, and represst® minimum
effective length of a FRP laminate intercepted Isjp@ar crack as a function of the tdxin

N2 l et [L+cot8y ) )

St

10



10
11

12

13
14
15

16

17

18
19
20
21
22

23

whereN is rounded off to the lowest integer (ely=5.7 = N = 5), andl represents the length of the vertical

projection ofl ., as shown in Fig. 12,

net

lesr =1, SING; —2¢ (6)

The second limitation in (3)L =I results from the force equilibrium condition, itadk an upper bound value for

max?

the effective strain€,, (see Fig. 13),

Ero _ay by Ey

(AR - ik Mt A L 7
max 2 af +bf Tb ( )

The design contribution of the NSM laminates toghear resistance of the beams is defined as,
Vig =@y 'V (8)
being gthe strength-reduction factor indicated by ACI][#2at, for shear strengthening of concrete elembas a
value of 0.85. For the additional reduction faaigy, the value of 0.85 recommended by ACI {d} EBR technique
(bonded face schemes) was adopted.
Adopting for £;, and 7,, the values recommended by Barros and Dias [18heetively, 0.59% and 16.1 MPa,

assuming for the elastic modulus of the laminate dkierage value recorded in the experimental pnogrfithe

present work (174.3 GPa), the values of the camiob of the NSM laminates for the shear strengtigeof the
tested beams{"®), included in Table 6, are compared to those tegis experimentally\(fe’(p'). These values were

obtained by subtracting the shear resistance ofréference beam (2S-R beam or 4S-R beam) from liears
resistance of the NSM strengthened beam. Apartoiv@bnormal low contribution of the laminates stgjied in the

tested 4S-7LV beam, the values \wfo- /v%”f- are very closer or higher than one (safety comaljtiand decrease
with the increase of the CFRP percentage. An aegevatue of about 1.47 fovfeXF-/v%“f- was obtained. Regarding
the influence of the percentage of steel stirrtips,average value qf'feXF-/v%“E- was 1.59 and 1.32 for beams with

Psw equal to 0.10% and 0.17%, respectively. This difiee can be justified by the fact the analyticaihrulation
proposed by Nanret al.[11] does not consider the detrimental effect &f itifluence of the percentage of transverse

steel stirrups in the contribution of the NSM laaties.

6. Conclusions

The effectiveness of the NSM technique for the sbrangthening of T cross section RC beams ofdomcrete

11
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strength was analysed by carrying out an experiahgmbgram. This effectiveness was appraised bysaszg the
contribution provided by the distinct CFRP sheaerggjthening arrangements in terms of load carrgiagacity,
stiffness of the response of the beams after thadtion of the shear failure crack in the referemeam, maximum
strains measured in the CFRP laminates, and faihgades. The influence of the percentage and intabnaof the
laminates and the percentage of existing steelpirwas also evaluated.

From the obtained results it can be concluded timatshear strengthening technique is still effeciiv RC
beams of an average concrete compressive streligiB.6 MPa at the age of the beams tests, whichbean
considered as the lowest concrete strength classstimctural purposes. The CFRP shear strengthening
configurations provided an increase not only imigiof maximum load, but also in terms of load cagycapacity
after shear crack formation. The concrete strehg) however, an important role on the effectiveridthe NSM
shear strengthening technique, since this effewtise decreases with the decrease of the concretgtst In fact,
when the same NSM CFRP laminates arrangements apgieed in a group of beams of concrete compressive
strength {;;) equal to 39.7 MPa and in another group of beafrfs,818.6 MPa, the CFRP laminates were more
effective in the former beams. In the beams of loe@ncrete strength class a predominant fractureootrete
surrounding the bond length of the laminates hasiwed, while in the series of beams of larger cetecstrength
class a mix mode composed by concrete fracturevieltl by debond was the typical failure mode. The mbde is
generally associated to a higher effectiveneskefNSM CFRP laminates for the shear resistanceCab@&ams than
the concrete fracture.

Inclined laminates were more effective than vettigminates and an increase of the percentagenuhites led
to an increase of the shear capacity of the be@ntetrimental effect of the increase of the peragatof the
existing steel stirrups exists in terms of the eff@ness of the NSM technique for the shear @stst of RC
beams.

The formulation proposed by Nanet al. for the NSM shear strengthening technique was egpb the tested
beams of low concrete strength. In general, thisnédation provided safe and acceptable estimatestte
contribution of the NSM shear strengthening systéims predicted values of the CFRP contributiontfa shear

resistance were 75% of the results registered arpatally).

12



N~ o o0~ W N

(o]

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Acknowledgements

The authors wish to acknowledge the support pravimethe “Empreiteiros Casais”, Degussa, &&&nd Secil

(Unibetdo, Braga). The study reported in this pajoems a part of the research program supported-@Yy,

PTDC/ECM/73099/2006.

References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

9]

ACl Committee 440, “Guide for the design andnstuction of externally bonded FRP systems for
strengthening concrete structures”, American Cdedrestitute, 118 p. (2002).

fib - Bulletin 14, “Externally bonded FRP reinforcerhéor RC structures”, Technical report by Task Grou
9.3 FRP (Fiber Reinforced Polymer) reinforcememtciancrete structures, Féderation International®étion

- fib, July, 130 pp. (2001).

Bakis, C.E., Bank, L.C., Brown, V.L., Cosen#a, Davalos, J.F., Lesko, J.J., Machida, A., Rigké.H. and
Triantafillou, T.C., “Fiber-reinforced polymer comgites for construction — state-of-the-art revieddurnal
of Composites for Construction, 6(2), 73-87 (2002).

Bousselham A. and Chaallal O., “Shear strengtige reinforced concrete beams with fiber-reinfarce
polymer: assessment of influencing parameters aqdired research”, ACI Structural Journal1(2), 219-
227 (2004).

Bousselham, A. and Chaallal, O., “Behavior @ifhforced concrete T-beams strengthened in shehroarbon
fiber-reinforced polymer - an experimental stud&Cl Structural Journal, 103(3), 339-347 (2006).
Jayaprakash, J., Samad, A., Abbasovich, A. AlndA., “Shear capacity of precracked and non-paeked
reinforced concrete shear beams with externallydbdnbi-directional CFRP strips"Construction and
Building Materials (2007).

Mosallam, A. and Banerjee, S., “Shear enhancenoé reinforced concrete beams strengthened WRP F
composites laminatesGomposites: Part B, 38, 781-793 (2007).

De Lorenzis, L. and Nanni, A., “Shear Strengting of Reinforced Concrete Beams with Near-Surface
Mounted Fiber-Reinforced Polymer Rods”, ACI StruatWournal, 98(1), 60-68 (2001).

Carolin, A., “Carbon fibre reinforced polymefsr strengthening of structural elements”, PhD ifekulea

University of Technology (2003).

[10] Barros, J.A.O. and Dias, S.J.EShear strengthening of reinforced concrete beaiitls laminate strips of

13



© 00 N o o b~ wWw NP

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

CFRP”, Proceedings of the International ConfereDomposites in Constructions - CCC2003, Cosenzly, Ita
16-19 September, 289-294 (2003).

[11] Nanni, A., Di Ludovico, M. and Parretti, R.Shear strengthening of a PC bridge girder with NSWRP
rectangular bars”, Advances in Structural Engimegrv(4), 97-109 (2004).

[12] El-Hacha, R. and Riskalla, S.H., “Near-surfaceunted fiber-reinforced polymer reinforcements ffexural
strengthening of concrete structures”, ACI Struaitdournal, 101(5), 717-726 (2004).

[13] Barros, J.A.O. and Dias, S.J.E., “Near surfagaunted CFRP laminates for shear strengtheningpoérete
beams”, Journal Cement and Concrete Composite3),ZB{6-292 (2006).

[14] Dias, S.J.E. and Barros, J.A.OBehaviour of RC beams shear strengthening with NSRRP laminates”,
Proceedings of the International Conference CCC20@hallenges for Civil Construction, 16-18 April,
Portugal (2008).

[15] Dias, S.J.E. and Barros, J.A.O., “Influencetiod percentage of steel stirrups in the effeceégsrof the NSM
laminates shear strengthening technique”, Procgedifi FRPRCS-9, 9th International Symposium on iFibe
Reinforced Polymer Reinforcement for Concrete Stmas, 13-15 July, Australia (2009).

[16] Bianco, V., Barros, J.A.O. and Monti, G., “Berdimensional mechanical model for simulatingNis FRP
strips  shear  strength  contributon to RC  beams”, gifgering  Structures  Journal,
doi:10.1016/j.engstruct.2008.12.017 (2009).

[17] Collins, M. P., and Mitchell, D., “Prestress€dncrete Structures”, Prentice-Hall, Inc., Engledi€liffs, New
Jersey (1997).

[18] EN 206-1, “Concrete - Part 1: Specificatiomrjormance, production and conformity.” Europeaandard,
CEN, 69 pp. (2000).

[19] EN 10002-1, “Metallic materials - Tensile fegt Part 1: Method of test (at ambient temperdtuieuropean
Standard, CEN, Brussels, Belgium, 35 pp. (1990).

[20] I1SO 527-5, “Plastics - Determination of temsproperties - Part 5: Test conditions for unidimewal fibre-
reinforced plastic composites”, International Origation for Standardization (ISO), Geneva, Switaed, 9
pp. (1997).

[21] Degussa Construction Chemicals Portugal, TieethiReport MBrace Resin 220, May (2003).

[22] ACI Committee 318, “Building code requiremenfizr structural concrete and commentary”, American

Concrete Institute, Reported by ACI Committee 11890).

14



© 00 N O O

10
11
12
13
14
15
16
17
18
19
20
21

22

23

24

25

26
27
28

FIGURESAND TABLES
List of Figures:

Fig. 1 - Tested beams: geometry, steel reinforcementiéegpp all beams (dimensions in mm)

Fig. 2 - Localization of the steel stirrups (continuouse}) and CFRP laminates (dashed line) in the telsézums
(dimensions in mm)

Fig. 3 - Positions of the strain gauges in the monitda@tinates and stirrups

2S-R
F

Fig. 4 - Forcevsdeflection at the loaded-section afi/ vs deflection at the loaded-section for the beamb wit

Psw= 0.10% strengthened with the lower (a) and highgpercentage of CFRP shear strengthening

Fig. 5 - Forcevsdeflection at the loaded-section af/F*S"vs deflection at the loaded-section for the beamk wit
Psw= 0.17% strengthened with the lower (a) and highgpercentage of CFRP shear strengthening

Fig. 6 - Influence of the percentage of existing steiefugis in the effectiveness of the NSM shear stiteggng
technique using CFRP laminates

Fig. 7 - Details of the failure zones of the tested beams

Fig. 8 - Influence of CFRP percentage on failure modes

Fig. 9 - Strains in the monitored laminates of the 4S4&. heam

Fig. 10 - Strains in the monitored steel stirrup of the/A$5 beam

Fig. 11 - Influence of the concrete strength in the effextess of the NSM shear strengthening technigirgus
CFRP laminates (left columfy,, = 39.7 MPa, right columrf;,,,= 18.7 MPa)

Fig. 12 - Graphical representation of variables used i@ thrmulation by Nanniet al. (for this example

ZLi =L+l +L,)
i

Fig. 13 - Graphical representation bf

List of Tables:

Table 1 - CFRP shear strengthening configurations of élséet! beams
Table 2 - Values of the properties of intervening matevrial

Table 3 - Relevant results in terms of the load capaqgityaubeam’s failure

15



o 01 B~ W DN

Table4 - Strain variation in monitored laminates and lss&ierup of 4S-4L145 beam (strain values in %)
Table 5 - Influence of the concrete strength in the effestess of the NSM shear strengthening techniqule wi
CFRP laminates

Table 6 - Analyticalvs experimental results for the tested beams with NGSARP laminates

C-R

F 450
[012//50 (vertical stirrups) [012//50 (vertical stirrups) i
l 6011 06//150 in | and6//75 in Ly
6//65 06//65
(horizontal stirrups) 459 (horizontal stirrups) 100
~NHEH B H= d = 360
T % 300
Steel plate A 8 AN Steel plate 2032+1016
— et
N . . 180
L;= 900 L= 1350 % 2
' ' A S T S G S S T S G W y (local concrete cover = 22 mm)
20C 90C 18x7¢ 20C
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. 6 - Influence of the percentage of existirgestirrups in the effectiveness of the NSM stst@ngthening

technique using CFRP laminates
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Table 1 - CFRP shear strengthening configuratidrisetested beams

Number of | Angle [8] CFRP spacingsg] | CFRP percentages| Percentage of steel stirrupsJl

laminates ©)? (mm) (%) ® 0.10%° 0.17%
2x7 90 114 0.13 2S-7LV 4S-7LV
2x4 45 275 0.08 2S-41145 4S-41145
2x7 45 157 0.13 2S-7L145 4S-7L145
2x4 60 243 0.07 2S-4L160 4S-4L160
2x6 60 162 0.11 2S-6L160 4S-6L160

2 Angle between the CFRP fiber direction and thenbaais;” The CFRP percentage was obtained from = lzaf b; )/(bwsf sind; ) beinga; = 1.4 mm and

b; = 9.5 mm the dimensions of the laminate cross@ecandb, = 180 mm is the beam web width2S-R is the reference beam without CFRP (Fig‘.j 2B-Ris
the reference beam without CFRP (Fig. 2).

Table 2 - Values of the properties of interveningtenials

12
13

14

15

16

17

Compressive strengtifif] (MPa)
Concrete 15.9 MPa 18.6 MPa
(at 28 days) (at 51 days - age of beam tests)
Diameter (mm) 6 ¢12 ¢16 ¢32
Steel Yield stressfy,] (MPa) 539 453 429 734
Tensile strengthf{,,] (MPa) 595 581 563 885
CFRP Tensile strengthf{,,] (MPa) | Young’s ModulusH;,] (GPa) Maximum strain §,] (%)
Laminates 2847.9 174.3 1.63
Table 3 - Relevant results in terms of the loadacip up to beam’s failure
Beam (AF/F ref ) U(AF/Fref ) F AF /F ref . g max P
” . max max max max/ ' max max CFRP ( )med
designation (%) (mm) (kN) (%) (mm) (%) (%)
C-R - - 147.0 - 3.44 - -
2S5-R - - 226.5 - 5.29 - -
2S-7LV 26.1 4.48 273.7 20.8 4.55 0.57| 0.44
2S-4L145 24.9 5.79 283.0 24.9 5.79 0.94 0.72
2S-7L145 38.5 4.50 306.5 35.3 4.79 0.65 0.53
2S-4L160 27.4 4.45 281.6 24.3 5.57 0.70 0.69
2S-6L160 314 5.84 297.7 314 5.84 0.65 0.59
4S-R - - 303.8 - 7.20 - -
4S-7LV 6.7 5.88 315.2 3.8 5.98 0.71 0.41
4S-4L145 14.3 9.28 347.2 14.3 9.28 0.93 0.88
4S-7L145 19.3 6.38 356.4 17.3 7.83 0.71 0.60
4S-4L160 19.6 6.38 345.6 13.8 7.67 0.78 0.7%
4S-6L160 20.9 6.38 362.3 19.3 8.36 0.54 0.52
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Table 4 - Strain variation in monitored laminates ateel stirrup of 4S-4L145 beam (strain value%oin

Description

Fmax= 347.2 kN.

The beam failed by debonding of the CFRP A &

| F =150 kN F =200 kN F =250 kN F =300 kN F =340 kNF =347.2 kI
0.11 0.21 0.33 0.61 0.53 0.58
C'ZRP 0.02 0.11 0.39 0.68 0.78| 0.84
0.09 0.20 0.33 0.58 0.78| 084
0.03 0.05 0.07 0.11 0.22 0.36
G_L| F =150 kN F =200 kN F =250 kN F =300 kN F =340 kNF =347.2 k]
1 0.00 0.00 0.01 0.02 0.62 0.82
C';RP 2 0.10 0.02 0.05 0.18 0.79| 093
3 0.17 0.32 0.42 0.58 0.74 0.81
4 0.08 0.12 0.33 0.43 0.52 0.58
SG_SF =150 kN F =200 kN F =250 kN F =300 kN F =340 kNF =347.2 k]
Steel r (8.'(1)3) (8.';53) (8;;) (gfgg) 0.08 0.0
stirrup z (8.'(1);) (gfig) (8%3) (8.'52) 0.43 0.37
| 008 0.18 0.26 0.09 0.06 0.03

Note: To localize the SGs applied in the two arrinthe steel stirrup, the arrow which points to k¢ indicates the SG applied in the arm at the

opposite side of the one represented in the FigMalues in brackets are those recorded in the 48dRnbatF,,=303.8 kN’ This SG did not
work in the reference beam 4S-R.
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Table 5 - Influence of the concrete strength indfiectiveness of the NSM shear strengthening tigcienwith

CFRP laminates

CFRP
fem=39.7 MPa fem = 18.6 MPa
Percentagé\ngle

(%) ©) Beams AFmax/ Fnﬁlfx uFmax/ u'r:e'f“ax £CrRP Beams AFmax/ I:max uFmax/ 'r:eff“ax £CrRP

(%) (%) (%) * (%) (%)" (%)
0.13 90 | 2S-7LV 23.1 21.9 0.77 2s-74v  20.8 -14.0 0.57
0.08 45 | 2S-4L145  29.3 9.7 1.08] 2S-4L145 24.9 9.5 0.94
0.07 60 | 25-4LI60  27.2 17.3 0.99 2S-4LI60 24.3 5.3 0.7(
0.13 45 | 2S-7L145  38.8 34.9 0.85 2S-7LI45 35.3 -9.5 0.65
0.11 60 | 2S5-6LI60  29.8 33.8 0.99 2S-6LIGO0 314 10.4 0.64
0.13 90 | 4S-7LV 15.1 56.0 0.91 4S-74v 3.8 -16.9 0.71
0.08 45 | 4S-4L145 19.1 26.9 0.79 4S-4L145 143 28.9 0.93
0.07 60 | 4S-4L160 19.5 10.6 0.94 4S-4L160  13.8 6.5 0.79
0.13 45 | 4S-7L145  28.7 32.2 0.82] 4S-7L145 17.3 8.8 0.71
0.11 60 | 4S-6LI60  23.2 17.0 0.87] 4S-6LIG0  19.3 16.1 0.54

loaded section for the maximum load was lower tifian of observed in the reference beam.

Table 6 - Analytical/s experimental results for the tested beams with NGFRRP laminates

® For the beams 4S-7LV, 4S-4L145, 4S-4L160, 4S-7L#4fl 4S-6L160 only one laminate has been monitdr&édthe beams with negative value the deflectiothat

Experimental Formulation by Nanet al [11]
Beam exp. ana
designatior Vi Vig Vs / vae
(kN) (kN)
2S-7LV 28.3 29.9 0.95
2S-4L145 33.9 14.0 2.42
2S-7L145 48.0 34.3 1.40
2S-4L160 33.1 17.1 1.94
2S-6L160 42.7 34.2 1.25
4S-7LV 6.8 29.9 0.23
4S-4L145 26.0 14.0 1.86
4S-7L145 31.6 34.3 0.92
4S-4L160 25.1 17.1 1.47
4S-6L160 35.1 34.2 1.03
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