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SUMMARY

The effectiveness of the near surface mounted (N&Winique with carbon fibre reinforced polymer
(CFRP) laminates for the shear strengthening ofnfeced concrete (RC) beams has been
demonstrated during the last decade. Analytical amugnerical research indicate that the NSM
technique for the shear strengthening of RC beamsbe more effective if the CFRP laminates are
deeper installed into the slits. However, the depththe slits is conditioned by the thickness of
concrete cover of the lateral faces of the beanrtHeumore, relatively deep slits can only be
executed, by maintaining an effective bond tranisfiegth for the CFRP laminates crossing the shear
crack, if the beam’s cross section is relativelghhiTherefore, an experimental program composed of
a series of RC beams of relatively high T crosi@eeveb, shear strengthened according to the NSM
technique with CFRP laminates, was carried out. €kperimental program is described and the
main results are presented and discussed.

1. INTRODUCTION

Near surface mounted (NSM) technique by using caftime reinforced polymer (CFRP) laminates
introduced into thin slits open on the lateral aoes of reinforced concrete (RC) beams has been
proved to be very effective for the shear strengjtiee of this type of structural elements [1-3]. The
laminates are bonded to the surrounding concretesing epoxy adhesive, and the depth of the slits i
limited to the concrete cover of the beam’s latéaags, which, in general, does not exceed 30 mm.

A recent analytical model has demonstrated thatifegper the laminate is installed into the corthef
beam’s web, the more effective is the NSM techniquiéh CFRP laminates for the shear
strengthening [4]. The model assumes that the lples&ilure modes governing the strengthening
effectiveness of a NSM laminate comprise loss afdb@debonding), concrete semi-conical tensile
fracture, mixed shallow-semi-cone-plus-debonding] saminate tensile fracture. The semi-conical
geometry for the concrete tensile fracture failamede is assumed formed when the axis of the
laminate is assumed positioned at the surfaceeob&@am’s lateral face. According to the theoretical
fundaments of this model, if the laminate is posiid deeper into the core of the beam’s web, the
concrete fracture failure surface has higher frecauea than the one corresponding to the semi-cone
resulting higher resisting concrete fracture fowaed, consequently, higher shear strengthening
effectiveness for the NSM technique. Pullout tefth NSM systems have also demonstrated that the
deeper is the laminate installed into the slit lHrger is the maximum pullout force [5]. Takingadnt
account these experimental, analytical and numeeci@ences about the benefits of installing the
CFRP laminates as deeper as possible, an expeahpeogram with T cross section RC beams was
carried out, where the depth of the beam’s webigh enough to allow the installation of CFRP
laminates into relatively deep slits executed alibedongitudinal tensile bars, and with enoughdon
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length for the laminates. The present paper destribe experimental program and presents and
discusses the relevant results.

2. EXPERIMENTAL PROGRAM

The experimental program is composed of a referbraen (Fig. 1) and four NSM shear strengthened
beams (Fig. 2). Fidl represents the T cross section geometry anddbersinforcement detailing for
the series of beams, as well as the loading cordigpn and support conditions. The adopted
reinforcement systems were designed to assure fike@e mode for all the tested beams. To localize
the shear failure in only one of the beam sheanspa three point loading configuration with a
distinct length for the beam shear spans was seleas shown in Fig. 1. The monitored beam saan (
is 2.5 times the effective depth of the beatK2.5), since, according to the available reseaé¢h [
this is the minimum value that assures a negligiotdn effect. To avoid shear failure in thdoeam
span, steel stirrups of 6 mm diameter at a spafiid.2 mm @E@@112mm) were applied in this span.
To prevent brittle spalling of the concrete covethe supports, the beam ends were strengthened by
confining the concrete with a two-directional cafeps@65mm horizontal stirrups amgd0@50mm
vertical stirrups (Fig. 1). To overcome the diffibes of bending th@32 mm longitudinal tensile bars,
their ends were welded to a steel plate.

The differences between the tested beams arectedtto the shear reinforcement systems applied in
thea beam span. The reference beam is designated RgtBee steel stirrups in tleshear span, 3S,
leading a steel shear reinforcing ragig, of 0.09%), while the following different NSM shrgthening
configurations were adopted for the other four bednat also include 3 steel stirrups in thehear
span (Fig. 2 and Table 1):

3S-4LI-S2 - four CFRP laminates of type 2 (withrass section of 1.4x20 nfjnper face, inclined at

52 degrees with respect to the longitudinal axithefbeam & = 52°), and installed from the bottom
surface of the flange to the bottom tensile surfaicéhe beam’s web, i.e., bridging the total latera
surfaces of the beam’s web; each CFRP laminatenstaled in the out part of a slit of a depth af 2
mm executed on the beam’s web lateral surfacesléfgth of each laminate was 634 mm;

3S-4LI-P2 - four CFRP laminates of type 2 (withrass section of 1.4x20 nfinper face, inclined at

52 degrees with respect to the longitudinal axithefbeam & = 52°), and installed from the bottom
surface of the flange up to 10 mm above the tofaserof the longitudinal tensile steel reinforcemen
Each CFRP laminate was installed in the deepergbartslit of a depth of 35 mm from the surface of
the beam’s web lateral surfaces. The length of &anmate was 527 mm;

3S-4LI4LI-SP1 - eight CFRP laminates of type 1 kwit cross section of 1.4x10 rfnper face,
inclined at 52 degrees with respect to the longiidaxis of the beamd = 52°). The configuration of
the slits executed on the 3S-4LI4LI-SP1 beam coswiie configurations of the beams 3S-4LI-P2
and 3S-4LI-S2. In each slit, with a depth of 35mwas installed one laminate as deeper as possible
and one laminate as superficial as possible.

3S-4L14LV-SP1 - eight CFRP laminates of type 1 kvatcross section of 1.4x10 rf)nper face, four

of them inclined at 52 degrees with respect tddhgitudinal axis of the bean#(= 52°) and bridging
the total lateral surfaces of the beam’s web (gmgth of each inclined laminate was 634 mm), while
the other four laminates were installed in vertilds executed from the bottom surface of the web

to 10 mm above the top surface of the longitudieakile steel reinforcement (the length of each
vertical laminate was 432 mm). The vertical lamasaivere installed as deeper as possible into a slit
of a depth of 35 mm from the surface of the beangb lateral surfaces. The inclined laminates were
installed as external as possible into a slit aflepth of 15 mm executed on the beam’s web lateral
surfaces.

Laminates of 1.4x10 mincross section were used in the strengthening garaiions of the 3S-
4L14L1-SP1 and 3S-4L14LV-SP1 beams in order to assushear strengthening ratio for these beams
(pr =0.101%) similar to the ones applied in the 3S-8Rland 3S-4LI-P2 beamgs: £0.113%), where
laminates of 1.4x20 mincross section were applied. The configuration sstbdor the CFRP
laminates avoided any type of injury in the steghfiorcements during the execution of the slitse Th
details of the shear strengthening configuratiamsiadicated in Table 1. A general analysis of the
data of Tablel shows that the tested beams had a percentagagifudinal tensile steel bargsf of
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2%, a percentage of steel stirrus, of 0.09%, and a percentage of NSM CFRP laminaeging

from 0.101% to 0.113%.
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Figure 1. Geometry of the reference beam (3S-R), steelomiafments common to all beams, support
and load conditions (dimensions in mm).
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Figure 2: NSM shear strengthening configurations (CFRP lateim at dashed lines; dimensions in

mm).

All the NSM shear strengthened beams were exeeuiteda concrete that at the age of the tests of the
beams (371 days) presented an average compressingts {cm) of 40.1 MPa, measured in cylinders
of 150 mm diameter and 300 mm height. At the agihefest of the beam 3S-R (120 days) the value
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of fon was 36.4 MPa. The average value of the yield stofshe steel bars of 6, 12, 16 and 32 mm
diameter was 556.1, 566.6, 560.8 and 654.5 MPagctisely, while average value of the ultimate
stress for these corresponding bars was: 682.666675.0 and 781.9 MPa.

CFK 150/2000 S&P laminates were used in the presgnerimental research. The tensile properties
of both types of laminates (with cross section @10 mnd, type 1, and 1.4x20 nfntype 2) were
evaluated following the recommendations of ISO 522-997) [7]. The average value of the tensile
strength fw), elasticity modulusHy), and ultimate straing,) of type 1 CFRP laminate was 3009.3
MPa, 169.2 GPa and 17.8%o, while type 2 CFRP laraipa¢sented the following average values for
the corresponding parameters: 2577.2 MPa, 166 G®4%55%o.

S&P Resin 220 epoxy adhesive was used to bond ERPGaminates to the concrete substrate. The
instantaneous and long term tensile behaviour isfatihesive was investigated by Costa and Barros
[8]. At 3 days, at which the elasticity modulus, §-25%) has attained a stabilized value, the tensile
strength and th&os-25%, determined according to the ISO 527-2 recommeénusai9], was about

20 MPa and 7 GPa, respectively.

Table 1: General information about the series of testecbB&ns.

Psl y4i 6 Psw fom
peam PO | @ g P © | pap | ¥
3S-4L1-S2 0.113 52
3S-4LI-P2 0.113 52
2.0 0.09 40.1 25
3S-4L14LI-SP1 0.113 52
3S-4L14LV-SP1 0.101 52/90

(1) The percentage of the longitudinal tensile freizement was obtained fronpg = (/—\5|/(bvv X d))X1OO whereAy is the cross sectional area of the

longitudinal tensile steel reinforcement (see BEigb,, = 180 mm is the width of the beam’s web, ahid the distance from extreme compression
fibre to the centroid of tensile reinforcement. {2)e CFRP percentage was obtained frgm = ((Zx as xbg )/(bw x s¢ X siné »xloo whereay

andby are the dimensions of the laminate cross secéinds is the CFRP spacing. (3) The percentage of thicaesteel stirrups was obtained
from pSW:(ASW/(bW X sw))X100 whereAsy is the cross sectional area of the arms of a stieelp, ands, is the spacing of the stirrups.

The three point beam bending tests (Fig. 1) wemgieth out using a servo closed-loop control
equipment, taking the signal read in the displac#rransducer (LVDT), placed at the loaded section,
to control the test at a deflection rate of 0.01/s@wond. With the purpose of obtaining the strain
variation along two laminates that have the higpesbability of providing the largest contributifor

the shear strengthening of the RC beam, four sgaimges (SG_L) were bonded in each inclined
laminate, and three SG_L were bonded in each weertaminate according to the arrangement
represented in Fig. 3. Adopting the same principtes steel stirrup was monitored with three strain
gauges (SG_S) installed according to the configamatepresented in Fig. 4. The location of the
monitored laminates and stirrups in the NSM she#angthened beams is represented in Fig. 5.

L/4
+ bsc L1
L/4
+  sc_Lf
L/4
+ bsc_Ls
L/4

Inclined laminate at the surface (L = 634 r
Figure 3: Position of the strain gauges in the CFRP lams@denensions in mm).
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Figure4: Position of the strain gauges in the steel starigomensions in mm).
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(dimensions in mm).
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3. EXPERIMENTAL RESULTSAND ANALYSIS
The relationship between the applied force andi#fkection at the loaded section {) for the tested

beams is represented in Fig. 6a. This figure shbatsAF represents the increase of the load provided
by a shear strengthening system, whH& " is the load capacity of the 3S-R reference beppa
AF/F*® ratio was evaluated for deflections greater th@ndorresponding to the formation of the

first shear crack in the 3S-R reference beam, had\E/F* " Vs u; relationship is depicted in Fig.
6b.
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Figure 6: Force versus deflection at loaded section ofestetl beams.

Assuming thatFre = Fra— F o, being Faa © @nd F,, the load carrying capacity (maximum force)
of the reference beam (3S-R) and of the sheargttrened beam, respectively, the,  /F3 R ratio
was also evaluated. The values fér,, AF, . /FE R, and the deflection at loaded section
corresponding td- , (u. ) are included in Table 2.

Table 2: Experimental results of the tested beams.

Beam Frnax AFmax/FfE; i Fmax/Fr?‘fa; R U .

[kN] [%] [mm]
3S-R 331.4 0.0 1.00 10.68
3S-4LI1-S2 555.5 67.6 1.68 16.66
3S-4L1-P2 598.6 80.6 1.81 17.45
3S-4LI4LI-SP1 550.1 66.0 1.66 20.26
3S-4LI4LV-SP1 566.4 70.9 1.71 15.97

It is verified thatAF,/F3 " has varied between 66% and 81%, which is highan tine load

max

carrying increase levels registered in previousedgrpental programs with NSM CFRP shear
strengthening configurations applied in T crosgisecRC beams [3]. The deflection at maximum
load, U, was also larger in all the strengthened beams ithahe reference beam. The maximum

value of the ratioAF,  /F3 " was recorded in 3S-4LI-P2 beam, which evidenceshinefits of

applying the laminates as deepest as possiblethistibeam’s web. However, this configuration was
not the most suitable for seismic retrofitting,c&rthe laminates have not a proper inclinatiortter
shear forces that can occur in inverse orientgupavard loading). The shear configuration applied i
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the 3S-4L14LV-SP1 beam is more suitable for thipetyof loading conditions, and a significant
increase of load carrying capacity was also obthfoethis strengthening arrangement (71%).

Table 3 includes the strains measured in the m@utétaminates aF,_,, 5% (i=1 to 4 for the

max !

inclined laminates and=1 to 3 for vertical laminates, see Fig. 3), angl thaximum strain in these
laminates up toF, ., €& It is verified that thes %, varies between 12.2 %o and 16.3 %o, which is

max !

higher than 69% of the ultimate strain of the addpiCFRP laminates, justifying the high
strengthening effectiveness provided by the adoptadigurations. Comparing the strains in the
laminates at different depth it seems do not haslea tendency of an increase of the strains thigh
deeper position of the laminate, since the straiesmore dependent of the relative distance between
the SG and the shear failure crack crossing thenkten However, the maximum average value of the
> was recorded in the laminate B (positioned at deqmsition) of 3S-4LI4LI-SP1 beam

Ecrrp

(11.3 %0). According to the maximum strain valuesoréed in the strain gauges applied in the
monitored steel stirrup, when the maximum loadhef strengthened beams was attained the stirrup
crossed by the shear failure crack was alreadystkl

Table 3: Strain values in the CFRP laminates.

SG_u SG_ 12 SG_ 13 SG_ L4 max

Beam CFRP(I) gCFRP gCFRP gCFRP SCFRP SCFRP
[%o] [%o] [%o] [%o] [%o]
A 10.15 16.33 9.91 0.13
I B B e T S SERRST R 16.33
B 0.30(0.30) | 7.21(7.37)| 8.19(8.62)  4.80 (6.65)
A 12.35 13.70 12.49 0.24
3S-ALI-P2  freeeseeees]mmeenieeessee e 13.70
B 0.17 0.27 3.84 455
A 5.33(6.29) 7.63 11.46 8.60
B 13.31 14.28 10.11 3.69 (5.67
3S-4LI14LI-SP1 14.28
A® 6.55 7.37 12.28 9.37
B@ 11.32 12.99 12.46 8.78
A 11.27 11.59 10.71 9.23
B 0.21 7.21 8.85 6.75 (9.30)
3S-4L14LV-SP1 : 12.24
A® 2.81 12.24 8.47 Not exist.
B® 0.57 6.89 10.81 Not exist.

(1) The CFRP A was the closest to the loaded sec®)éeper laminate. (3) Vertical laminate.
Note: The strain values in brackets are referretiedoad, at which occurred the maximum straithenlaminates before the maximum load.

Figure 7 represents the crack patterns at failitheotested beams. As expected, all the testechdbea
failed in shear. In the beam strengthened withhaneis of a cross section depth of 20 mm (3S-4LI-S2
and 3S-4LI-P2), the failure was quite violent, sinthe laminates have ruptured. The beams
strengthened with laminates of a cross sectionhdeppt0 mm (3S-4LI4LI-SP1 and 3S-4LI14LV-SP1)
the laminates have not ruptured, which has congibior a pseudo-ductility in the post-peak phése o
the response of these beams, due to the prograssivmd of these laminates. In fact, at a deflactio
of about 27 mm, the 3S-4LI4LI-SP1 beam presentedd carrying capacity of 468 kN, which is 85%
of the maximum load K., ). This deflection level was 33% higher than thdledtion at F_,,

(20.3 mm). For a deflection of about 22.2 mm the488ILV-SP1 beam presented a load carrying
capacity of 486 kN (85% of,_, ). This deflection level was 39% higher than théed¢ion at F,,

(16 mm) of this beam. In the following paragraphdeeper analysis is executed on the crack
propagation and crack pattern at failure of theetbbeams.

In the 3S-4LI-S2 beam, at a load level of about EROthe third laminate from the loaded section
failed at its bottom part (Fig. 7a), with a fornaatiof a concrete volume surrounding the laminate.
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a) Beam 3S-4LI-S2

b) Beam 3S-4LI-P2

d) Beam 3S-4LI14LV-SP1
Figure 7: Crack patterns of the tested beams at failure.

This was followed by a decay of the load carryirgacity of this beam (Fig. 6a). The load was
transferred, mainly, to the second laminate fromltaded section, and the load was again increased
up to the moment when this laminate has ruptu@thvied by sudden and abrupt load decay. In case
of 3S-4LI-P2, after the formation of inclined sheaacks crossing the laminates, cracks started
progressing along a plane located between the tloigal tensile steel bars and the bottom
extremities of the two laminates closest to thepsup(Fig. 7b), and then getting an inclination in
direction to the top extremity of the first lamiesatrom the load section, by crossing the second
laminate at its intermediate length. The maximumdla@oincided with the rupture of this second
laminate from the loaded section. Like the previounsg, this rupture was also quite violent. In the
3S-4LI4LI-SP1 beam, the failure cracks progressathiy just below the extremities of the laminates,
and no laminate has ruptured, which justifies timalkest load carrying capacity of this strengthened
beam. However, the high level of strains recordaethé monitored laminates indicates that before the
localization of the failure cracks the laminategaveery effective in limiting the propagation ofeth
shear cracks. Finally, in the 3S-4LI14LV-SP1 beamaminate has ruptured up to peak load, and two
failure cracks were formed, one progressing atrttegface web/flange along the first two inclinedla
vertical laminates from the loaded section, and thidlecting up to the bottom extremity of the
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inclined laminate closest to the support, by cragshe third inclined and vertical laminates frdme t
loaded section. The other failure crack progresgedg a plane between the longitudinal tensilel stee
bars and the bottom extremities of the three iediand vertical laminates from the support of the
beam. The option for having two independent lanaisat each slit, such is the case of 3S-4LI14LI-SP1
beam, has conducted to a more ductile behavioar péiak load, indicating that, after the failure of
the laminates positioned closest to the surfaaeJdminates deeper positioned into the groves have
provided a reserve of load carrying capacity (Bjg.
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Figure8: Influence of the depth installation of the CFRmilaate on the load-deflection behaviour.

5. CONCLUSIONS

Available reliable theoretical models for the potidin of the contribution of NSM CFRP laminates
for the shear strengthening of RC beams, and dataned from pullout tests, have indicated that the
application of the laminates as deeper as possilbethe web of the beam may be more effective
since during the pullout process of a laminatesd<y a shear failure crack a larger fracture srea
mobilized associated to the tensile fracture failunode occurred in this process. This was the
fundamental motivation of the experimental progreanried out, composed of T cross section RC
beams of relatively high cross section height, wHaminates were positioned at different depth into
slits opened at the lateral faces of the beam’s. Wwelim the obtained experimental results it can be
concluded that NSM shear strengthening techniqub @FRP laminates is very effective in RC
beams of relatively high cross section height mdy @ terms of increasing the load carrying capaci
of the beams, but also in assuring higher mobibpabf the tensile properties of the CFRP. The
obtained results also indicated that as deepdathimates are installed into the beam’s web asemigh
is the shear strengthening effectiveness they cawide. The option for having two independent
laminates in each slit, or the use of CFRP conéigons with two kinds of inclinations for the
laminates installed at different depth inside thieheis provided a more ductile behaviour afterkpea
load for the NSM shear strengthened beams.
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