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Abstract

Embedded Through-Section (ETS) technique is aivelatrecent shear strengthening strategy for oebeid
concrete (RC) beams, and consists on opening actess the depth of the beam’s cross section,tetldesired
inclinations, where bars are introduced and areldmbiio the concrete substrate with adhesive niatefmassess
the effectiveness of this technique, a compreheresiperimental program composed of 14 RC beamgaveasd
out, and the obtained results confirm the feawyibdif the ETS method and revealed that: (i) indirf€TS
strengthening bars were more effective than veiié& bars, and the shear capacity of the beammti@ased
with the decrease of the spacing between barrifile shear failure was converted in ductilediel failure, and
(i) the contribution of the ETS strengthening ddor the beam shear resistance was limited bycaherete

crushing or due to the yielding of the longitudirgihforcement. The applicability of the ACI 3180(8) and

Eurocode 2 (2004) standard specifications for shesistance was examined and a good agreementdretwe

the experimental and analytical results was obthine

1. Introduction

This paper reports the relevant results obtainedh fan experimental program carried out to assess th

effectiveness of the Embedded Through-Section (Ed@)nique for the shear strengthening of RC beates.
ETS shear strengthening concept is schematicadhgsented in Figure 1. According to the this tegij holes
are opened across the thickness of the beam'ssgoisn, with the desired inclinations, and ste@&RP bars are

introduced into these holes and bonded to the etmsubstrate with adhesive materials. Since teagthening

! Author to whom the correspondence should be semtqs@civil.uminho.pt).
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bars are inserted into holes open through the eexton, they are much better protected from dingl from the
influence of environmental aggressive agents andalesm acts than externally bonded reinforceneBR) and
near surface mounted (NSM) techniques based onsthef fibre reinforced polymer (FRP) systems (&=et
al., 2007; Dias and Barros, 2012). This research prodras started in 2007, where the use of FRP aelustrs,
applied according to a technique that was originddisignated by Core Drilled Mounted (CDM), waslersgu
for the shear strengthening of concrete elemeamtkid context, direct shear tests were executtédtie purpose
of capturing the main features of FRP/Steel CDM lbar the shear resistance, and to provide data fational
decision about the most effective bars and adres$orethis type of application (Barros et al., 20@om the
results, a significant increase in shear strength ebtained with a relatively low reinforcemeniasaénd it was
verified that steel bars were very effective. Bingsghe obtained results it was verified that afbf@m solution
developed by Biancet al. (2009) is capable of simulating with reasonabtiscy the bond behaviour recorded
in that tests (Trombini, 2008). In a second phdsis project, a program of pullout tests withestbars was
carried out, where the influences on the bond pinena of the following parameters were assessetté@akl,
2011): type of adhesive; thickness of the adhdaier (2, 4, 5 and 6 mm); diameter of the steel ixamd length
(50 and 75 mm) . It was found that the type of &hbmadhesives has a significant influence on thedbo
behaviour. The results also evidenced that fowvétees adopted for the anchorage length and foadhesive
layer thickness, the bond strength is marginalctdte but this last property has increased withYiieng's
modulus of the adhesive.

In this context, the present paper resumes thanaksef the third part of this project, where tffectiveness of
the ETS shear strengthening techniqgue is assdszethis purpose, an experimental program composéao
series of RC beams of different cross section vessed out. The variables examined in this expantaie
program were: (i) spacing of existing steel stigr(@25 and 300 mm), (i) inclination of the strdragting steel
bars with respect to the longitudinal axis of tlearn (vertical and 45-degrees), and (iii) interactib existing
steel stirrups and the strengthening bars.

Limited research has been conducted on the usmloé@éded bars for the shear strengthening. Vadgrad.
(2005, 2009) performed some tests on unstrengthanddETS strengthened beams. They also executed
pull-out tests on carbon, glass, aramid and steed bmbedded into concrete with different embedment
lengths (15, 30, 45, 60 and 75 mm) and adhesiverratt in order to assess the bond properties eledts

the most suitable strengthening bars for the ET8nigue. These pull-out tests have shown that the E
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strengthening effectiveness relies on the bond déetvihe embedded bar and the surrounding conarrede,
also evidenced that the bond—slip response ofyisters is ductile when appropriate adhesives ans g
proper surface are used. Concerning the beamgyttered with ETS FRP bars, a strengthening ratio of
0.24%, 0.36% and 0.48% has conducted to an incoéssed carrying capacity of, respectively, 33%8%tand
84% with respect to the reference beam.

Chaalalet al. (2011) carried out some tests to assess the igffaetss of the ETS FRP technique, and to
compare the performance of ETS, EBR and NSM methbas results shown that the techniques based on
the use of EBR U-jacket sheet, NSM FRP rods, an8 ERP rods have provided an average increase in
shear capacity of, respectively, 23%, 31% and 68@6litionally, the ETS technique was more efficiamt
terms of mobilizing the tensile capacity of FRPteyss, since they have failed due to the attainroktiieir
tensile strength when applied according to the EECBnique, while the EBR systems failed by debampdin
and the NSM rods by the separation of the conoteteer. At the failure of the FRP systems applied
according to the EBR and NSM techniques, the maxirtensile strain was much lower than their ultimate
tensile strain.

In the present paper the experimental researchedarut is described and the obtained results esepted
and analyzed. Additionally, the ACI and Eurocodanalytical formulations, proposed for the predictif

the shear resistance of FRP-based shear strendtR&hdeams, are applied to the ETS shear streraglhen

beams, and their predictive performance is assessed

2. Experimental program

2.1 Specimens

The experimental program is formed by two seriegn8l B, composed of beams with a cross section of
150x300 mrhiand 300x300mM respectively, with a total length of 2450 mm anshear span length of 900
mm (Figures 2 to 4, and Table 1). The longitudieakile steel reinforcement of A and B series ciasf

two and three steel bars of 25 mm diametér26 mm), respectively. The longitudinal compressteel
reinforcement was composed of two and three staed bf 12 mm diameteiJ( 12 mm) in the A and B

series, respectively. Steel stirrups of two veltmans and 6 mm diameter were used. The concretw cl
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cover for the top, bottom and lateral faces ofitbams was 20 mm.

Each series is made up of a beam without any skedorcement (reference beam) and a beam for each
the following shear reinforcing systems: (i) stegtrups of J6 mm at a spacing of 300 mm, (ii) ETS
strengthening bars at 45° or at 90° in relatiotihnéobeam axis, with a spacing of 300 mm, (iii)lstegups of
J6 mm at a spacing of 300 mm and ETS strengtherairggah 45° or at 90° with a spacing of 300 mm. thatilly,

for the A Series, two other shear reinforcing systevere also tested: (iv) steel stirrupsl& mm at a spacing of
225 mm and (v) steel stirrupsidb mm at a spacing of 225 mm and ETS strengthemirggdt 90° with a spacing
of 225 mm. For the series A and B, ETS barslaD mm and18 mm were used, respectively. It should be

noted that an ETS bar was designed as a stirrgmefarm, following the design recommendations of AC

Code (2008) for the steel stirrups in the contéxdhear reinforcement or RC beams.

Table 1 includes general information of the beaomsposing the two series, wheg, is the longitudinal steel
reinforcement ratio p,, = (A, /b, ) x100, where A, is the cross sectional area of the longitudires!dtars,
b, is the web width andl is the distance from the extreme compression fibtiee cross section to the centroid of
the longitudinal reinforcement]. In Table 1, theeah reinforcement ratio A4 ,) is obtained from
Po, = (A,,/b,5,)x100, where A, is the cross sectional area of the two arms téel stirrup, ands,, is the
spacing between stirrups. Finally, the, indicated in Table 1 is the ETS strengtheningorakefined by
P = A /(l, B Osird; ) 100, where A, is the cross sectional area of a ETS shear dteamigy bar,s, is
the spacing between these bars @ndis the inclination of the strengthening bars wetbpect to the longitudinal

axis of the beam. The number of days between tbrgshening intervention and the test is indicate@iable 1.

Since the beams were not cast in the same batotopitlesponding batch is also indicated in thi¢eTab

2.2 Test setup and monitoring system

Figure 5 depicts the positioning of the sensorgifda acquisition. To measure the deflection ofani, four
linear voltage differential transducers (LVDTSs) wesupported in a suspension yoke (see Figure Be&). T
LVDT 3558 was also used to control the test atspldcement rate of 20 um/s up to the failure ofbsems.

The beams were loaded under three-point bendinfigtwation with a shear spara§ of 900 mm, which
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corresponds to a/d ratio of 3.44, wherdl is the depth of the longitudinal reinforcementg(i¥e 2). The

applied load £) was measured using a load cell of +500 kN andracy of +0.05%. Two or three electrical
resistance strain gauges (S1 to S3), dependingenshiear reinforcement arrangement, were instadléoe
steel stirrups to measure the strains. Additionadix or eight SGs (1 to 8) were bonded on the ETS

strengthening bars according to the strengtheniragngement represented in Figure 5b.

2.3 Material properties

Table 2 includes the values obtained from the empmmtal tests for the characterization of the main

properties of the materials used in the presenkwifdre average compressive strength),j was determined

according to NP-E397 (1993). To characterize tisile behaviour of the steel bars, uniaxial tentgks
were conducted according to the standard proceddrdaSTM 370 (2002). Sikadur 32N structural epoxy
bonding agent was used to bond the ETS steel bafsetconcrete. For the characterization of thsilken
behaviour of this adhesive, uniaxial tensile testse performed according to the procedures outliné8O

527-2 (1993).

2.4 Strengthening technique steps

The ETS shear strengthening technique is representéigure 6. Before drilling the holes, a rebatedtor was
used to verify the position of the existing londihal bars and stirrups. Afterward, the positiohthe strengthening
bars were marked on the RC beams, and holes welewith the desired inclination through the coréhefcross-
section of the RC beams. These holes had 16 mi&® wmi of diameter, where bars of 8 mm or 10 mm diame
were introduced, respectively, resulting in an ailledayer of about 4 mm thickness. The holes wiegmned with
compressed air, and one extremity of the holesbieaked before bonding the strengthening barsea@tmcrete.
The bars were cleaned with acetone to remove assil® dirt. The adhesive was prepared accordinbeo
supplier recommendations, and the bars were irg¢emtlinto the holes that were filled with the adieg¢care was
taken to prevent air bubble formation in the adieesayer during the application of the strengthgrsgstem).
Finally, the adhesive in excess was removed. Aogai 15 days was dedicated to cure the adhesivabratory

environmental conditions) prior to testing the beam
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2.5 Main results

Figures 7a and 7b show the relationship betweetothleapplied load and the deflection of the |ohsiectionF-u,

of the beams of A and B Series, respectively. Tlasps occurred during each test in the followirguence:
1%) the reference and the strengthened beams shdlarsigsponse up to the formation of the sheaufail
crack in the reference beant®)2after the shear crack initiation, the stirrupsl/an the strengthening bars
were effectively activated, as can be shown froenltlad-strain diagrams represented in Figures12 tand
14 to 16, which has provided an increase of loadyirey and deflection capacity, whose level depeowls
the shear reinforcement arrangements. In factEh® bars have started to strain at an applied tdad
approximately 90 kN and 200 kN for the A and B 8grrespectively.

For similar o, and p;, the RC beams reinforced with steel stirrups engjthened with ETS bars have identical

behaviour (S300.90 and E300.90 beams). For thededinETS bars of equal spacing but differentination

(which means different shear strengthening ratig), ETS bars applied at 45-degrees have providedreeth

increase in terms of load carrying capacity andediébn at peak load (E300.90 versus E300.45 bedirnsth
series). In series B, similar stiffness was obgkimeall beams up to their peak load, which indicatprevalent
influence of the concrete aggregate interlock ler $tiffness due to the larger width of the cresdi@n of the
beams of this series. Due to the significant ireeaa the shear capacity provided by the ETS Iia@sbeams
reinforced with steel stirrups and strengthenett Wit S bars collapsed by the yielding of the lordiital steel
bars, followed by concrete crushing. In the degigase of the ETS strengthening systems it wasxpeicted a

so high shear strengthening effectiveness for tlsgseems.If a higher p, was adopted, from the
theoretical point of view the increase level of thinate load would have been even higher than the
ones registered in the present experimental progaarong as the concrete crushing could be avoided

However, for the geometry and concrete compressieagth of the beams adopted in this experimental

program thep_, was designed in order to occur concrete crushisg gfter yield initiation of the

longitudinal reinforcement, as recommended by giesign practice of RC elements.

Table 3 presents the main results obtained indperienental tests. In this Table, . is the maximum value of the

load registered in the load cell during the téb‘t'—,max/ F ™ is the ratio between the increase in terms of load
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carrying capacity provided by the shear reinforcaygtem, AF

max’

and the maximum load supported by the

reference beamF FEF, &,

max ! F max F max

is the deflection of the loaded sectionFat, , and Ady .,/ I, is the ratio

between the increase in terms of deflection capacivided by the shear reinforcing systefty; ..., and the

deflection atF ", OFEF . Additionally, V, =0.6F, is the shear resistance of the beam,\dndV, andV,

max ' “Fmax"*
are the shear resistance attributable to the denateel stirrups and ETS strengthening barsectgply (

V.=V +V,+V,). Finally, & and & ¢ ., are the maximum strains in the steel stirrupsiarttie ETS

, Fmax

strengthening bars &__ , while ¢ and &; .. are the maximum strains in the stirrups and ETS igato the

failure of the corresponding beams. Note that thkies indicated in Table 3 were obtained basedhen t
following assumptions: a) the shear resistancetdwencrete is the same regardless the beam ®ned
with steel stirrups or/and strengthened with ET&;band b) the contribution of steel stirrups foe shear
resistance is the same in strengthened and untdissregl beams.

From the obtained results, included in Table 8ait be pointed out the following main observations:

() The use of steel ETS bars for the shear stnenitg provided significant increase of the loadyiiag capacity of
RC beams for the both bar orientations consid@ieel effectiveness was also significant in termhefdeflection
performance.

(i) Based on the results of the unstrengthenethbégReference), it was found that the beams rewdowith steel
stirrups (S300.90) and the beam strengthened @wgdadthe ETS technique (E300.90) presented aease in the
load carrying capacity of 51 % and 48 % (A Seriany] of 14 % and 17% (B Series), respectivelyetms of

deflection capacity 4 ,,,), an increase of 110 % and 74 % (A Series) and5of0 and 36 % (B Series),

respectively, was obtained.
(i) The shear reinforcing system composed byiried ETS strengthening bars was more effective teaical
ETS bars, having assured a better performancens tef load and deflection capacities. This isifjast by the

orientation of the shear failure cracks that hashdency to be almost orthogonal to inclined ETiS. lfaurthermore,

for vertical ETS bars, the total resisting bondjythris lower than that of inclined ETS bars, amdof vertical ETS

bars is lower thamp;, of inclined ETS bars for the same spacing. Basdh@results of the E300.90 beams, it was

found that the E300.45 beams presented an indredise load carrying capacity of 27 % and 41% faal B

Series, respectively. The deflection capacity tssiacreased in 72 % and 55 % for A and B Sawspectively.
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(iv) Since the strains recorded by strain gaug&s)are quite dependent of the relative positidwédsen the SGs
and the shear failure crack, remarks based on tlahges should not be regarded as conclusions. Vmnsnce
ETS shear strengthening systems have increaseificaigity the load carrying capacity of the RC beartine
increase of the maximum strains in both stirrughEERS bars was expected, and, in general, theydxaeeded the

yield strain of the stirrups and ETS bars. The marn strain in the ETS bars; .., was particularly high when

positioned at 45-degrees.

2.6 Analysis of the beams of A series (150x300 mm? cr 0ss section)

2.6.1 Reference beam

Figure 8 represents the total load versus the at&fle F —u, registered in the LVDTs of the A.1 beam, as
well as the schematic representation of the crattem at failure. During loading of A.1 referermeam,
visible diagonal shear cracks formed at a load2okM. With the increase of the load the shear failtrack
has widen and an abrupt failure has occurred aaa@ 6f 108.86 kN. The maximum deflection recorded i
the loaded section was equal to 4.01 mm. Aftedthelopment of a reduced number of flexural cratks,

beam has failed by the occurrence of a unique siteek at the smaller shear span (a).

2.6.2 Beamswith sted stirrups
Figure 9a represents thB—u registered in the LVDTs of the A.2 beam, as wall the schematic
representation of the crack pattern at failurehBA.2 and A.7 beams, a brittle shear failure dwaurred at

a maximum load K, ) of 164.67 kN and 180.31 kN, respectively, whiadrrespond to an increase of

51.27% and 65.63% with respect to the carrying cipaf the A.1 reference beam. At first, flexucaihcks
were formed near the loaded section, and withribeease of the load other flexural cracks have agafed
along the shear span. Some of these flexural ctaaks degenerated in shear cracks during the suseq
loading stages. Finally, the beams have abrupillgdfavith the formation of a shear crack at theashepan
(Figure 17). In the beam with stirrups at a spach800 mm (A.2), the first visible crack was forinat a
load of 77 kN. In Figure 9c is represented the leagsus the strains recorded in the strain gau§€s (

installed in the stirrupsk - &5, (see also Table 3).The maximum strain in theugis, & .., was recorded

in the S2 strain gauge (SG), in the second stirmuBO0 mm from the applied load (Figure 4), clas¢he
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zone crossed by the diagonal crack, and was appabely equal to 2953glindicating that this stirrup has
yielded (Table 3).

Figure 9b represents th&é —u registered in the LVDTs of the A.7 beam, as wall the schematic
representation of the crack pattern at failurethis beam, the first visible crack was formed &tad of 37
KN. The F —¢, of the stirrups of A7 beam is represented in Fegdl. The maximum strain was recorded in
the S2 SG of stirrup number 2 (450 mm from the iagdbad) and was equal to 455& |t must be pointed
out that these strain values and all those repdrée€in are not necessarily the maximum valuesliastin
the stirrups and ETS bars. They only represenstitaéns in the regions where the strain gaugebamded.
The A.2 and A.7 beams presented a deflection d &h and 9.92 mm ak, ., (J.,rma), respectively,
which corresponds to an increase of 109.47% anB&% with respect to the reference beam.

Figure 17 shows that the first stirrup from the gup has ruptured in A.2 beam, while in the A.7rbdhe

first two stirrups from the support have ruptured.

2.6.3 Beamswithout stedl stirrupsand strengthened according to the ET S technique

Two different inclinations of the ETS bars with pest to the longitudinal axis of the beams wereduse
vertical (A.3 beam) and at 45-degrees (A.4), mainig the same spacing between bars (300 mm). &igur
10a represents thle —u registered in the LVDTSs of the A.3 beam, as wsltl&e schematic representation of
the crack pattern at failure. In the A.3 beam, fitat visible crack was registered at a load ofkB6é The
maximum load of 160.78 kN was attained at a dafiacvf 6.97 mm. In Figure 10c is represented tlae lo

versus the strains recorded in the strain gaug8 iBtalled in the ETS bars of A.3 beaf;¢; (see also

Table 3). The maximum strain was recorded in the39@stalled in the ETS bar number 3 (450 mm from
the applied load) and was equal to 8329 pu

Figure 10b represents the —u registered in the LVDTs of the A.4 beam, as wallthe schematic
representation of the crack pattern at failure. Allkbeam has presented a maximum load of 203.98kN

a deflection of 12.04 mm. The first visible cracksmegistered at a load of 38 kN. The-¢; of the ETS

bars of A4 beam is represented in Figure 10d. Taeimum strain was recorded in the SG 4 placeden th
ETS bar 4 (600 mm from the applied load) and waskip 4124 @.
Figure 17 shows that in the A.3 beam the stirruggemot ruptured and two shear cracks were fortmed.

A.4 beam two shear failure cracks were also forratinvolved with a much diffuse crack pattern.
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The analysis of the obtained results prompts thewiing conclusions:
i) The maximum carrying capacity of the beam sttkeged with vertical ETS bars (A.3) was almost the

same of the beam with steel stirrups (A.2). Morepaeeduction on the,. ., of about 17% was observed

in the strengthened beams.
i) The beams strengthened with ETS bars at 45eseg(A.4) presented an increase of 23.87% and %3.33

in terms of F,,, and Jd,¢..«,» respectively, when the beam reinforced with sstiefups (A.2) is taken for

comparison purposes. When compared to the A.3 béeh\.4 beam presented an increase of 26.87% and

72.74% in terms of,, and J,¢ .., respectively. The more ductile response of Adnbewhen compared

to A.2 and A.3, is evident in Figure 7.

2.6.4 Beamswith sted stirrupsand strengthened according to the ET S technique

Three beams were strengthened according to ditfer@angements of stirrups and ETS bars in order to
assess the ETS shear strengthening effectivenedssfimct percentages of existing stirrups, andwvaluate
the influence of the percentage and inclinatioe®6 bars on this effectiveness. Two of these beaens
strengthened with steel stirrups and ETS barssaaaing of 300 mm, one with vertical ETS bars (Azs)d
the other at 45-degrees (A.6). The third beam (W&3 strengthened with stirrups and vertical ETIS baa
spacing of 225 mm.

Figures 11a and 11b represent fheu registered in the LVDTs of the A.5 and A.6 beaaswell as the
schematic representation of the crack patternilatéa \When using vertical stirrups at a spacin@@® mm,
failure occurred at a load of 231.83 kN and 244Hl for the A.5 and A.6 beams, respectively, which
correspond to an increase of 40.78% and 48.42%redbect to the load carrying capacity of the bebhear
strengthened only with steel stirrups at a spaoing00 mm (A.2). In terms of deflection capacitiye tA.5

and A.6 beams presented a deflection of 13.12 non1dr0D0 mm atF__ , corresponding to an increase of

56.19% and 66.67% with respect to the beam witl steérups at a spacing of 300 mm (A.2).
In the beam strengthened with vertical ETS bar§)(#he first visible crack was registered at a |10&&8

kN. In Figure 11c is represented tRe- &, recorded in the SG installed in the stirrups & Beam, while the
F —&; registered in the SG applied in the ETS barsisflibam is shown in Figure 11e.The maximum strain

was recorded in the stirrup number 2 (600 mm froenapplied load) and was equal to 3080Ip this beam
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the maximum strain in ETS bars was recorded irB@el (150 mm from the applied load) and was equal t
2683 k.
In the beam strengthened with 45-degree ETS bafy,(#e first visible crack was registered atadlof 30

KN. In Figures 11d and 11f are represented kfhes, and F —¢; for beam A.6. The maximum strain was

recorded in the stirrup number 1 (300 mm from tppliad load) and was equal to 2696 [The maximum

strain in the ETS bars was recorded in the SG 4narsdequal to 17297cp

Figure 12a represents tHe—U registered in the LVDTs of the beam reinforcedhwiertical stirrups and
strengthened with vertical ETS bars at a spacir@éfmm (A.8). The schematic representation ottiaek
pattern at failure is also illustrated. In this imgdhe first visible crack was formed at a load28fkN. This
beam reached a maximum load of 244.17 kN, whichesponds to an increase of 35.42% with respect to
the load carrying capacity of the beam with steietups at a spacing of 225 mm (A.7). In Figure i2b

represented th& — &, recorded in the SG installed in the stirrups @& Beam, while theé= —¢&; registered in

the SG applied in the ETS bars of this beam is shiomFigure 12c. The maximum strain was recorded in
the SG 2 on the stirrup number 3 (675 mm from tpplied load), which was equal to 2309. |The
maximum strain in the vertical ETS bars was readridethe SG 5 (562.50 mm from the applied load) and

was equal to 4695¢uThe A.8 beam presented a deflection of 14.44 mrA, g, which corresponds to an

increase of 45.56% with respect to the deflectimpacity of the beam with steel stirrups at a sgpoii225
mm (A.7).
Figure 17 shows that in the A.5 and A.6 beams tedliffuse crack pattern was formed. In A.5 beam th

intermediate stirrup, which was crossed by the nedeshear crack, has ruptured.

2.7 Analysis of the beams of B series (300x300 mm? cr 0ss section)

2.7.1 Reference Beam

Figure 13 represents the total load versus thedeash, F —u, registered in the LVDTS of the B.1 beam.
The schematic representation of the crack pattefailare is also illustrated. The crack pattermidg the
loading process of this beam (B.1) was similarht® A.1 beam, but due to the larger width of thessro

section the maximum shear failure load, () was higher, equal to 203.36 kN. A, the deflection
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recorded under the applied load was equal to 4456 anlittle bit greater than the value measured.ib
beam. As Figure 17 shows, the crack pattern ofBdm was quite similar to the one registered in A.1

beam.

2.7.2 Beamswith sted stirrups

Figure 14a represents the—U registered in the LVDTs of the B.2 beam. The sdt@nrepresentation of
the crack pattern at failure is also included is flgure. In the B.2 beam with vertical stirrugsasspacing of
300 mm a brittle shear failure has also occurred gf,, of 232.31 kN, corresponding to an increase of
14.24 % with respect to the,,, of the B.1 reference beam. The crack propagatimegss during the
loading process was similar to the one of the hogmls beam of A series (A.2).

In the B.2 beam with stirrups at a spacing of 300, rthe first visible crack was formed at a loadd@fkN.

In Figure 14b is represented the load versus tfanstrecorded in the strain gauges (SG) instatieithe

stirrups, F - &, (see also Table 3). Such in the homologous Aa2rbef series A, the maximum strain in the

stirrups was recorded in the S2 strain gage, wisighositioned close to the zone crossed by theodilg

crack, and a strain of 18696 was measured. This B.2 beam presented a deflectibrb6 mm atF,_,,

which corresponds to an increase of 24.94 % wisipeet to the deflection capacity of the B.1 refeeen
beam, but it is smaller than the deflection regesteén A.2 beam.

Figure 17 shows that, like in the A.2 beam, in Bh2 beam the first stirrup from the support hasturgd,
however, the in-plane shear crack formed just altbedongitudinal bars in the A.2 beam (parallethe

longitudinal reinforcement) has not occurred inBh2 beam.

2.7.3 Beamswithout sted stirrupsand strengthened according to the ETS technique

Figure 15a represents tHe—u registered in the LVDTs of the B.3 beam strenggladewith vertical ETS
bars. The schematic representation of the cradermpaat failure is also illustrated. In this beahe first
visible crack was registered at a load of 54 kNe Titaximum load of 238.88 kN was attained at a defie

of 6.06 mm. In Figure 15c is represented the loaus the strains recorded in the strain gauge3 (SG

installed in the ETS bars of B.3 beam;-&; (see also Table 3). The maximum strain was recomi¢he

SG 4 installed in the ETS bar 4 at 450 mm fromapplied load, which was equal to 1133 p
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Figure 15b represents tle—u registered in the LVDTSs of the B.4 beam strenggldewith ETS bars at 45-
degrees. The schematic representation of the pattérn at failure is also included.The first visibrack in
the B.4 beam was registered at a load of 69 kNs BPeam presented a maximum load of 336.19 kN at a

deflection of 9.42 mm. Th& —¢&; of the ETS bars of A4 beam is represented in Eig&dd. The maximum

strain was recorded in the SG 4 installed in th& Bars from 300 mm of the applied load, and wasilegu
3200 .

As Figure 17 shows, the failure crack patterns & &d B.4 beams were similar to those registeratia

A.3 and A.4 beams.

The analysis of the obtained results prompts theviing conclusions:

i) The B.3 beam strengthened with vertical ETS hmesented a load carrying capacity and a defiectio
performance that was 2.83 % and 9.00 % higher tharcorresponding values registered in the B.2 beam
reinforced with stirrups.

i) When also compared to the B.2 beam, the B.4rbs@mengthened with ETS bars at 45-degrees prasente
an increase of 44.72% and 69.42% for the load iceygnd deflection capacity, respectively.

iii) A comparison between B.4 and B.3 beams revidat applying ETS bars at 45 degrees conducted to

increase of 40.74 % on the load carrying capacityan increase of 55.44 % on the deflection perdmice.

2.7.4 Beamswith conventional sted stirrupsand strengthened according to the ET Stechnique

Figures 16a and 16b represent theu registered in the LVDTS of the B.5 and B.6 bealfite schematic
representation of the crack pattern at failurelss dlustrated in these figures. The failure of theam with
vertical (B.5) and 45-degrees ETS bars (B.6) oeclat a load of 390.11 kN and 396.51 kN, respdgtive

which correspond to an increase of 67.93% and %0\&h respect to the carrying capacity of the Beam

with steel stirrups at a spacing of 300 mm. Théed&bn atF,_,, of B.5 and B.6 beams was 15.01 mm and

20.18 mm, which corresponds to an increase of B6%9and 262.95 % with respect to the deflection
capacity of B.2 beam. In the B.5 beam, the firstble crack was registered at a load of 58 kN.ifjufe 16c

IS represented theé — &, recorded in the SG installed in the stirrups & Beam, while thes —&; registered

in the SG applied in the ETS bars of this beanhes in Figure 16e. The maximum strain was recorded
the SG 2 of the stirrup at 600 mm from the appletl and was equal to 326%,jwhile in the ETS bars a

maximum strain of 4530gmas registered in the SG 1.
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In the B.6 beam the first visible crack was regedeat a load of 69 kN. In Figures 16d and 16f are
represented th& - &, and F —&; for beam B.6. The maximum strain in the stirruswecorded in the SG
1, which was equal to 29098while in the ETS bars at 45-degrees, the maxirstiain was recorded in the
SG 1 and was equal to 4992 u

Figure 17 shows that while A.5 beam has failed anding with the vyielding of the longitudinal
reinforcement followed by the concrete crushingthe B.5 beam, just after the yield initiation diet
longitudinal reinforcement, the beam has failedthy formation of a shear failure crack. Like in &
beam, in the B.5 beam the second stirrup from tippart of the beam has ruptured. The crack patteB16

was quite similar to the one of A.6, and both beams failed in bending.

3. Prediction of experimental results

31 Shear resistance of RC beams according to ACI 440 and 318

To evaluate the nominal shear resistance of theddseams\(,), the recommendations of the ACI 440

(2008) were adopted by assuming that ETS bars eardarded, from the strengthening point-of-viele |

a fibre reinforced polymer (FRP) system. Therefore,

N = AN +Vs+ 1 Vy) (1)
whereV,, V, andV; are the contributions from the concrete, steelugis and ETS bars, respectivey;
is a reduction factor applied to the contributidntiee shear strengthening system, amds the strength-
reduction factor required by ACI 318 (2008) that, $hear strengthening of concrete elements, assame

value of 0.85. Since ETS bars have, in generakedked its yield strain and did not debon@ a value of

0.95, typical of FRP systems applied in order targatee full wrapped conditions for the section, is

assumed in the present work (ACI 440, 2008). Inaéiqu (1),V, has been computed using the upper limit

indicated in Section 11.2.2.1 of the ACI 318 (20@giyen byv, =3.5/ f_ b, 1, Where f. is the concrete

compressive strengtlh,, is the web width, and is the distance from the extreme compression fibrt&e
cross section to the centroid of the longitudimdthforcement.
The contribution of the vertical steel stirrups wasnputed according to Section 11.4.7.2 of the AC3

Code, by applying the equation
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AERA R L

S
where A, is the cross sectional area of steel stirrupspatiag s, and f,, is the yield stress of the steel

stirrup. When inclined bars are used as shearare@ment,

_A Of ,, sina + cosz Ydl 3
s

VS

where a is the angle between inclined stirrups and lomtjital axis of the member, and is measured in
direction parallel to longitudinal reinforcementhd contribution of ETS bars is evaluated by intcidg
convenient adjustments in equations (2) and (3):

_ A @)
f Sf

and

_ A Oy Osina + cosr Yd (5)

\Y
f
St

where A; is the cross sectional area of the ETS bars afisga; and f,, is the yield stress of the ETS bar.

32 Shear resistance of RC beams accor ding to the Eurocode 2 (2004)

In the case of the reference beams, the desigre Valuthe shear resistancégy ., for members do not
requiring shear reinforcement is determined from:

Via,c = [Crq K1000  fot ko o)* 10,02 (Vinin + ko o) byc (6)
where f, is the characteristic value of concrete comprms’lvength,kzlh/ms 2.C (width d in
mm), p = A, /h, d<0.02, being A, the cross sectional area of the tensile reinfoese#nThe recommended

value for Cgy ¢ is 0.18/),, wherey, is the partial safety factor for concrete. Additdly, o, is the stress

due to the axial loads, =0.15 (recommended value) an,, =0.0352 £, 2.
The shear resistance of a member with shear reerizent is obtained from:

Vrd =Vra st Veadt Vi (7)
where Vg, s is the design value of the shear force that isagusd by the steel stirrups,,q andV,, are the

design values of the shear components of the fartiee compression area and in the tensile reisfoemnt,

respectively, in the case of an inclined compressioord. In the present work, rectangular crossices
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with no inclined chords were considered, sincedepth of the cross section of the beams is congtant

reinforced concrete members with vertical steefgts, theVg, s is the smaller value between

(8)
Via s = % Z0f q(Coto

and

Vi max = A aPu/1 fegl (COLO+ tard) 9)
For members with inclined shear reinforcement,\hg ; is the smaller value between

10
VRd,f%QnywdEﬂCOtHJf cotar ) siny (10)

and
Vidmax = @ olPud/1 fefcotd+ tana ) / (1 cot 6 (11)

where Vry max iS the design value of the maximum shear force ¢ha be sustained by the member, limited
by crushing of the compression strut;, is the cross-sectional area of the shear reinfoecg; s is the

spacing of the stirrupsz is the lever arm (that may be consideredza®.9td), f,,q is the design value of

the yield stress of the shear reinforcemehiis the angle of the inclined struté{cotfd< 2.5), o is the angle

between the inclined bars and the axis of the beans, a strength reduction factor to take into actabat

concrete is cracked in the shear region (considese@l6 for fy <60MP3); a, is a coefficient to take into
account the stress state in the compression checdrimended values of 1 for non-prestressed stag)tu
and fy is the design value of concrete compressive stineng

To take into account the contribution of the ETSsb@g, () for the shear strengthening of a shear

reinforced element, in Equation (7) the teviy ; was also added:

12
Vg, :%&nywdmcot9+ cotr ) siny (12)
f

where Vg, ¢ is the design value of the maximum shear forcedha be sustained by the ETS bakg, and
fowa 1S the cross-sectional area and the design vdltiegield stress of a ETS bar, ard is the spacing of

ETS bars.
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The shear resistance of the beams tested in therimgntal program\(®*) is compared to the nominal

shear resistance/() given by ACI 318 (2008) and Eurocode 2 (2004)folations, and the results are
compared in Table 5. Since the contribution ofsheups and ETS bars depends on the inclinatiothef
shear failure crack, the two extreme limits aresidered:cotd = 2.5=> 6 = 21.8 andcotd =1.0=>6 = 45.

According to the formulations of the ACI 318 (20G8)d ACI 440 (2008), most of the values\oef‘p/vn

were higher than one (safety condition) and anamgewvalue of about 1.22 fMeXp/Vn was obtained. The

unique unsafe valué/ex"/vn :0.97) was obtained in B.3 beam.

Following the recommendations of Eurocode 2 (208&3ign values should be adopted for the strength
properties of the intervening materials, and f& $afety factorg, and y, the values of 1.5 and 1.15 are
proposed. Taking into account these suggestiores,application of the Eurocode 2 formulation has
conducted to 1.63 and 3.34 fM‘exP/VRd, respectively, for6=21.8 and =45 . Therefore, it can be
concluded that, in general, ACI and Eurocode haedipted a shear resistance lower than the onsteegd

experimentally, but ACI has conducted to more unifovalues ofV‘*Xp/Vn than Eurocode 2 in terms of

VP ey .

4. Comparison between ETS, NSM and EBR techniquesfor the shear strengthening of RC beams
Recently Dias and Barros (2012) assessed the ig#aess of EBR and NSM techniques for the shear

strengthening of RC beams. For this purpose, 9oBscsection beams reinforced according to the NSM

technique, with go,, that varied from 0.07 to 0.16%, and 3 T crossieedieams reinforced according to
the EBR technique, with g, that changed from 0.07 to 0.21% were tested. E&).represents the
relationship between the strengthening efficaa¥, . /F2SR (where 4F,, /F2SR is the load carrying

capacity of the reference beam) provided by the ERRangements, and thg, for the analyzed NSM and

EBR shear strengthening configurations. This figshews that, regardless the,,, the arrangement of

laminates at 45° was the most effective amongdioptad CFRP shear strengthening configurationsitand
EBR was not so effective as NSM technique. It 8 albserved that inclined laminates were more tffec

than vertical laminates. This is justified by th@eatation of the shear failure cracks that hadraléncy to
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be almost orthogonal to the inclined laminatestharmore, for vertical laminates the total resiptbond
length of the CFRP is lower than for inclined laaiegs. The NSM beams with the lowest percentage of
inclined laminates had better performance tharEBR beam with the highest percentage of CFRP.1Hg.

also shows that, independently of the orientatioth® laminates, and for the range @f, values considered

in the present experimental prograwn‘;mx/FZS'R has increased, almost linearly, with the increafse g, .

max
This tendency was verified in both NSM and EBR sis¢é@ngthening techniques.

Taking into account that the average value of thengthening efficacy of the ETS technique was 54%,
these results indicate that ETS technique was & mibective than the EBR and NSM. For a more ridiab
comparison of the strengthening efficacy of the ENNSM and EBR techniques, series of T cross section
beams shear strengthened according to the ETSidgeehare being prepared, and the results will be
compared with those collected in a data base (fitfxasum.civil.uminho.pt/).

When comparing the strengthening efficacy of th&sear strengthening techniques it is also impotiant
verify that ETS bars are more protected againstatigressiveness of external agents, like fire, atism
acts and environmental conditions, than the sthemghg elements of NSM and EBR. The direct and long

term (maintenance) costs should be also considetdis comparison.

5. Conclusions

This study presents the relevant results of anrexpeatal program for the assessment of the effentgs of

the Embedded Through-Section (ETS) technique ferstiear strengthening of reinforced concrete beams.
The influence of the following parameters was itiggded: spacing of the existing steel stirrupss(2ad

300 mm); spacing (225 and 300 mm) and inclinatibrihe strengthening bars (vertical and 45-degree);
width of the cross section of the beam. When abhilaxperimental data on the use of EBR and NSM
technique for the shear resistance of RC beamsrisidered, the obtained results show that, forstdree
shear strengthening ratio, ETS technique provideease levels of load carrying and deflection ciiea
higher than those FRP-based shear strengthenimgi¢e®s. This technique can be used to avoid the
occurrence of shear failure in RC beams, by comgethis brittle failure mode in a ductile bendifaglure

mode. Furthermore, in the ETS technique it canda®l low cost steel bars bonded to concrete witrenem
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based matrix that incorporates a small percentdgesin based-component. Since ETS steel bars have
relatively thick concrete cover, corrosion and figs due to vandalism acts are not a concern, &iteh
protection to fire is assured.

The capability of the ACI and Eurocode 2 designdglines to evaluate the shear resistance of thedtes
beams was appraised by using the experimentaltsegulgood agreement between the experimental and

analytical values was obtained, mainly when udiegACI 318 approach.
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NOTATION

Roman upper case letters

A,
by,

d

reinforcement

A

REF
Fmax

cross sectional area of the longitudinal steel bars
web width

distance from the extreme compression fibre ofthss section to the centroid of the longitudinal

cross sectional area of the two arms of a steel(sti
spacing between stirrups

cross sectional area of a ETS shear strengtheaing b
spacing between ETS bars

shear span
applied load

average compressive strength

maximum value of the load registered in the lmeltduring the experimental program
maximum load supported by the reference beam

nominal shear resistance of the tested beams

shear resistance attributable to the concrete

shear resistance attributable to the steel stirrups

shear resistance attributable to the ETS bars

cross sectional area of steel stirrups by ACI 318

spacing between stirrups by ACI 318

yield stress of the steel stirrup by ACI 318
cross sectional area of the ETS bars by ACI 440

spacing between stirrups by ACI 440
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VRd, ¢ shear resistance for members not requiring shedoreement by EC2

fox characterist value of concrete compressive strength

Vrd s design value of the shear force that is sustaipetidsteel stirrups

Vegd design values of the shear components of the forttee compression area

Vg design values of the shear components of the forthee tensile reinforcement
VRd,max design value of the maximum shear force that casub&ined by the member
z lever arm

fowa design value of the yield stress of the shear oeteiment

fu the design value of concrete compressive strength

VRd, t design value of the maximum shear force thatosasustained by the ETS bars
Ay cross-sectional area of a ETS bar

fowa design value of the yield stress of a ETS bar

Ve shear resistance of the beams tested in the exgr@ahprogram

VaudivA

ratio between the shear resistance of the beatesitan the experimental program and

analytical shear resistance obtained by the ACIEumdcode 2 recommendations.

Greek lower case letters

Py longitudinal steel reinforcement ratio

Psw shear reinforcement ratio

B ETS strengthening ratio

o, inclination of the strengthening bars with respedhe longitudinal axis of the beam
OF max deflection of the loaded sectionfaf,,,

oner deflection of the loaded section of the refeedmeam af.

Es Fmax maximum strains in the steel stirrupsHat,,
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Ef Fmax maximum strains in the ETS barskgf,,

Es max maximum strains in the stirrups up to the failurthe beams

£ max maximum strains in the ETS bars up to the failfitbt@beams

Y reduction applied to the contribution of the sh&te@ngthening system
@ strength-reduction factor required by ACI 318

a angle between inclined stirrups and longitudinas &t the beam

Ve partial safety factor for concrete

Ve partial safety factor for steel

0 angle of the inclined struts

a angle between the inclined bars and the axis olb¢iaen

Tew coefficient to take into account the stress statbeé compression chord
v strength reduction factor to take into account tuaicrete is cracked in the shear region
Tep stress due to the axial load

Greek upper case letters
AF_ . / FanaEXF ratio between the increase in terms of load caygapacity provided by the shear reinforcing
system

AF maximum load supported by the strengthened beam

max

JAY R / OFer . ratio between the increase in terms of deflectipacity provided by the shear reinforcing system

AQ,

F max

deflection of the the loaded section of the stiegnytd beam &t
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Table 1 - General information of the beams

150 x 300 mrh 300 x 300 mrh
Age of the Age of the s
Beams ID | strengthening | £, | Ou | P trengthening | 2y | Ly | Pu
Batch Batch

when the beam (%) | (%) | (%) when the bean (%) | (%) | (%)

was tested (day: was tested (day
Reference| — ------ 2.50/0.00{0.00f 1 | = ----- 1.88/0.00/0.00f 1
S300.90 | - 2.50{0.13{0.00f 1 | = - 1.88/0.06/0.00f 1
E300.90 34 2.50/0.00|0.17| 1 65 1.88/0.00{0.11] 1
E300.45 34 2.50/0.00|0.25| 2 64 1.88/0.00/0.16] 2
S300.90/
£300.90 33 2.50{0.13|0.17| 1 69 1.88/0.06/0.11] 1
S300.90/
£300 45 29 2.50/0.13|0.25 68 1.88/0.06/0.16| 2
S22590 | - 2.50{0.17|0.00| 2
$225.90/ 35 2.50{0.17|0.23] 2

E225.90




Table 2 — Materials properties

Steel Reinforcement Concrete
Steel bar Modulus . Strain |Tensile
. . . 3 . an‘I
diameter of elasticity| lel/ldps;;esc at yield |strength Bars ID BIaDtch MP
(ds) (GPa) stress (%q) (MPa) (MPa)
12 mm 206.62 484.68 2.35 | 655.53 Longitudinal 1 30.78
(1.84) (1.26) (3.21) | (0.91) reinforcement (4.90)
25 mm 216.19 507.68 2.27 |743.41 Longitudinal 5 28.81
(9.83) (0.96) (4.76) | (1.31) reinforcement (4.55)
206.07 559.14 2.75 |708.93 . .
6 mm (6.72) (1.00) 6.54) | (1.44) Stirrups Adhesive
8 mm 212.36 566.50 2.66 |675.73 ETS strenathening bar Modulus of 3.94
(4.29) 4.17) | (6.97) | (2.03) g 90" glasticity (GPa) | (9.82)
205.16 541.60 2.66 |643.23 : Tensile 26.29
1ommi 5 o5 (0.91) | (3.98) | (0.39) |° 1> Strenatheningbar o ootk (MPa) (10.62)

(value) Coefficient of Variation (COV) = (Standaddviation/Average) x 100;, = mean cylinder concre

compressive strength

te




w N

Table 3 — Experimental results

AF hG
Specimen Fmax FQ:E?;( J'Fmax 5;En;ax V” VC VS Vf ‘Es,Fmax gf,Fmax gs,max ‘Ef,max
(kN) | “max | (mm) | TEma (kN) | (KN) | (KN) | (KN) | (%) | (%o) (%o) (%o)
(%) (%)
A.1| Reference| 108.86------ 401 | ------ 65.32
273 2.05 | -
A2l S300.90 | 164.6751.27| 8.40| 109.5%8.80 3348w o | 2
A3| E300.90 | 160.7847.69| 6.97| 73.9696.47| |- 3115 eneeee 2(11)5 """" 8('3)8
<|A4| E30045 | 203.9887.38| 12.04| 200452239 |-ceeee 57.07] onemeer 2("?)7 """" 4(;3)2
wn
(O]
2 $300.90/ ] 65.32 244 | 257 | 3.08 | 268
BIA5| Ea00.90 [23189112.96 13.12| 227.1839.1C 33.4840.30 (&2 | D) | @& | O
$300.90/ i 241 | 1564 | 2.70 | 17.29
as| 20007 1244.41124.52 14.00| 249.2]146.65 33484785 (1) | oy | @y |
427 456 | s
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