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Abstract: This work presents and analysis the results ofrayjoimg research project on the use of the neaacairf
mounted (NSM) carbon fiber-reinforced polymer (CHREPninates for the increase of the load carryiagacity of
statically indeterminate (two spans) reinforcedarete (RC) slabs. The test program consisted afrgeen slab
strips, grouped in two series that are differenttlom adopted strengthening scheme: H series, wHei® the
notation to identify the slabs strengthened withWNSFRP laminates exclusively applied in the hoggiegion; HS
series, where HS is the notation to identify thebslstrengthened with NSM CFRP laminates applietioith
hogging and sagging regions. The program includesusstrengthened reference RC slab strips, anderle
strengthened with CFRP NSM configurations desigoeidcrease in 25% or 50% the load carrying capafithe
corresponding reference RC slabs. An extensive tmamg system was applied in the constituent malgrin the
critical regions of the tested slabs, in orderdtiect information for the discussion about theeeffveness of NSM
technique in terms of load carrying and momentsteihiution capacity. The strengthening procedudespted in the
laboratory tests followed, as much as possible rélad strengthening practice for this type of imgtions. The
obtained results show that the proposed technigugble to increase significantly the load carryaagacity of
statically indeterminate RC slabs, even for tho#é velatively high steel reinforcement ratios. Tlbad carrying
capacity of the strengthened slabs was limited tbyshear capacity or by the detachment of the gtinened
concrete cover layer. At failure of the strengtheskabs, the longitudinal steel bars at intermedsaipport (hogging
region) and at loaded sections (sagging regiong hiready yielded, and the deflection was quitgdaHowever,
for some strengthening configurations, the CFRHFratas led to a decrease of the moment redistabutapacity

of the slabs.
HIGHLIGHTS

» Eleven slab strips flexurally strengthened withNNSFRP laminates were test®d.Two different arrangements
of CFRP laminates were applied in the slab stsThe increase of the load carrying and moment wdiligion
capacities was analyzedr The target increase of the load carrying capac#y attained for HS configuratiorm.

Some strengthening configurations led to a decrebde moment redistribution capacity.
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1. INTRODUCTION

In general, when a Reinforced Concrete (RC) elensestrengthened with fiber reinforced polymer (FRistems,
its failure mode tends to be more brittle thanuistrengthened homologous element, due to thensntribond
conditions between these systems and the conarbttrata, as well as the linear-elastic brittlesienbehavior of
the FRP. In fact, the premature debonding of thB BRengthening systems can significantly redueedtictility of

a flexurally strengthened RC element [1-4]. Debamdhe present context is regarded as the phenoriea
governs the liaisons FRP-adhesive and adhesivae®enas well as the adhesive rupture and thetisglibf the
concrete surrounding the FRP systems. In case oficmus RC slabs and beams (statically indetermina
structures), the use of FRP systems to increase flexural resistance can even compromise the nmbme
redistribution capacity and ductility performanddtese types of structural elements.

The Externally Bonded Reinforcement, EBR [5-6], @hd Near Surface Mounted, NSM [7-8] are the ma&idu
techniques for the strengthening of RC elementswa¥er, when compared to EBR, the NSM technique is
especially appropriate to increase the negativelihgrmoments (in the intermediate supports, hedesignated by
hogging regions) of continuous RC slabs, sincstiiggthening process is simpler and faster toydpph other FRP-based
techniques [7]. Furthermore, since the laminatesreserted into thin slits open on the concretegahey are protected
against external agents and do not create anptyiestacle to the normal functionality of the slab

The efficiency of the NSM technique for the flexti£al5] and shear [16-19] strengthening of RC mersihas already been
assessed. However, most of the tests were cautedth NSM strengthened simply supported elements.

Although many in situ RC strengthened elements @recontinuous construction nature, there is a latk
experimental and theoretical studies in the bemadiatatically indeterminate RC members strengtkenith FRP
materials. The majority of research studies dedatad the analysis of the behavior of continuoesneints reports
the use of the EBR technique [4, 2, 20-22]. Limitgfdrmation is available in literature dealing wihe behavior of
continuous structures strengthened according tdl8M technique [23, 13, 24].

In this paper the potentialities of the NSM techeicare explored for the increase of the load aagrgapacity of two
spans continuous RC slabs. The NSM strengtheninfigooations applied in eleven slab strips wereghesl to increase,
in 25% and 50%, the load carrying capacity of @sresponding unstrengthened reference RC slabd&eshe load

carrying capacity of the tested slabs, the monegtistribution issues are also discussed in thismpap

2. THE EXPERIMENTAL PROGRAM

2.1 Slab specimens and strengthening technique



The experimental program is composed of sevent&x375x5875 mm RC slab strips. Six of them were
unstrengthened RC slabs forming a control set (SHAES, SL30-H/HS and SL45-H/HS), and the other efev
slabs were strengthened with CFRP strips accordirige NSM technique (SL15s25-H, SL15s50-H/HS, 250
H/HS, SL30s50-H/HS, SL45s25-H/HS and SL45s50-H/H&E notation adopted to identify each slab spegiiae

SLxsy-z, where SL is the slab strip base, x istioenent redistribution percentage ), s means that the slab strip is

strengthened, y is the target increase in the t@a/ing capacity, and z=H or z=HS when the slastrisngthened
in the hogging region or in both hogging and saggiegions (HS), respectively. According to CEB-Riedel

Code [25], the moment redistribution for RC slabsidd be limited to 25%, but the possibility ofating as =15,

30 or 45% was explored in the present work.

The geometry, support and load conditions, andeirdorcement and strengthening arrangements aresented

in Figs. 1 to 5. Additionally, the details of theoss sections of the slab strips are presentedliteTl, wherepﬁeq

and 0, are the equivalent steel reinforcement ray@ g = A/ (bd,) +(A E; /E,)/(bd;)] of the hogging and

sagging regions, respectively, whéres the width of the slab’s cross section agdndd; are the effective depth of
the longitudinal steel bars and CFRP laminateewtvely, andEs and Er are the Young’s Modulus of the
longitudinal tensile steel bars and CFRP laminates.

The steel reinforcement arrangements in the referstabs (with the designations of SL15-H/HS, SH3BIS and
SL45-H/HS) were designed in compliance with ACI 328]. According to this recommendation, the maximu
applied load due to deformability requirements $thawt introduce a deflection higher than L/480.enél is the
span length of the slab (L=2800 mm). In this waakirig into account the concrete compressive stheafjeach
series, the target design load was 50.82 kN foHtlseries and 46.20 kN for the HS series, respagtivnaintaining
the same steel arrangement in both H and HS sé&tiethermore, in the evaluation of the reinforcetrparcentages

a coefficient of moment redistributiom () equal to 15, 30 or 45% was considered.

According to the CEB-FIB Model Code [25], the cag#fnt of moment redistributiond =M., /M is defined

das 1

as the relationship between the moment at thecaritiection after redistributionM,, ) and the elastic moment (
M, ) at the same section calculated according to likery of elasticity, whiley = (1-9)[100 is the moment

redistribution percentage. The percentage of stiaforcement, as well as the percentage of CRRRAInates
applied in the critical sections of the slabs, wevaluated for the bending moments after momenstrézlition has
been implemented, by adopting for the maximum casgve strain in the concrete the value of 3.5%., in

agreement with CEB-FIB Model Code recommendatiams.NISM flexurally strengthened slabs had the saeea s



reinforcement arrangements adopted in the referstades of the corresponding series. The number FRFC
laminates was designed to increase the load carogpacity of the reference slabs (REF) in 25%50%d.

The design of cross sections subject to flexure based on force and moment equilibriums, as welhagrain
compatibility, where the maximum strain at extrecomcrete compression fiber was assumed equal % 3ahd
the maximum tensile strain in the CFRP laminates livaited to the value recommended ACI 440 [5] (768%he

ultimate tensile strain).
2.2 Strengthening Schemes and Test Configuration

The tested slab strips, of 120x375x5875%were grouped in two series depending on the giinening scheme:

H series, where H is the notation to identify thabs strengthened with NSM CFRP laminates excllysivethe
hogging region; HS series, where HS is the notatiddentify the slabs strengthened with NSM CFRiihates in
both hogging and sagging regions. In both H and 9¢8es of RC slabs, the CFRP strengthening ratie wa
determined in order to provide the increase of ldad carrying capacity of the slab strips. The rgithening

arrangements represented in Fig. 2 were adopted.
2.2.1H series

This series was composed of the unstrengthenedld& @ 6SL15-H, SL30-H and SL45-H), and five streegitd
slabs with CFRP strips according to the NSM tecigrwo arrangements of CFRP laminates were appligte
hogging region with the purpose of increasing tlexural capacity of the slab cross section at tiiermediate
support (negative resisting bending moment, H) aodsequently, the load carrying capacity of tHerence slab

in 25% and 50%. These slabs have the designatibr&l ©5s25-H, SL30s25-H, SL45s25-H and SL15s50-H,
SL30s50-H, SL45s50-H, respectively. In this ser@SRP laminates of 1.4x10 niroross section were used. In this
series, the slabs were strengthened before haveeg bested, i.e. no damages exist when these slabs
strengthened.

222HSseries

This series is composed of the reference RC sl8h$5-HS, SL30-HS and SL45-HS) and the strengthestezol
strips (SL15s25-HS, SL30s25-HS, SL30s50-HS, SL4%$2%nd SL45s50-HS). The CFRP laminates were applie
in both hogging and sagging regions. If only larisaof 1.4x10 mshcross section had been selected to increase
the load carrying capacity of the sagging regidins,number of laminates would have been relatitaéd in these
regions, leading to a small distance between lat@#navhich could favor the occurrence of group affevith an
eventual premature detachment of the concrete dharincludes the laminates [27]. Therefore, tus tseries,

CFRP laminates of 1.4x20n%raross section were preferentially selected. Howemahe SL30s25-HS, to avoid the



placement of a laminate coinciding with the positaf an existing longitudinal steel bar that prexaesearch has
indicated to be an unfavorable arrangement [7], laminates of 1.4x10mfrcross section were applied instead of
one 1.4x20 mrhlaminate.

Each test of the slab strips of HS series had taas@s. In the first testing phase the slab wasbbag to attain, in
the loaded sections, a deflection corresponding0% of the deflection measured in the reference glaen the
steel reinforcement in the hogging region has reddts yield strain. When attained this deflectievel (a value
that varied between 5.4 mm and 5.7 mm), a tempaeagtion system was applied (Fig. 6) in order sntain this
deformability during the period necessary to sttheg the slab. To control the maintenance of teitedtion, dial
gages were used to adjust the temporary reactistersywhen necessary. Therefore, the strengthemowegs was
applied to the slab that has a damage level that lwa representative of real slabs requiring strattu
rehabilitation.This criterion seems representatbfea level of damage found in these type of stmaguat
serviceability states, when only quasi-permaneads$oare actuating. For this loading conditions thjze of
structures are in the elastic-cracked phase, leutrthximum tensile strain in the existing steel faitement is in
the range between 40 to 60% of the yield initiatstrain. After the curing time of the adhesive usedond the
NSM CFRP strips (which in general took about tweks), the temporary reaction system was removeie \Wie
load was transferred to the slab. This stress fearmocess was governed by the criteria of maiimgi the
deflection level that corresponds to the initiatadrthe second phase of the test. This second pifdke test ended

when the strengthened slab strip has ruptured.

2.3 Test configuration and monitoring system

The six linear voltage differential transducers paped on a suspension yoke (LVDT 82803, LVDT 60541
LVDT 82804, LVDT 19906, LVDT 18897 and LVDT 3468)eve used to measure the vertical deflection ofih sl
strip (Fig. 1b). The LVDTs 60541 and 18897, plae¢dhe slab midspan, were also used to controtdseat a
displacement rate of 10 um/s up to the deflectibrb@mm. After this deflection, the internal LVDT the
actuators were used to control the test at a dispiant rate of 20 um/s up to the failure of thé skaip.

The force (;,,) applied at the left span (Fig. 1b) was measursidgua load cell of +200 kN and accuracy of

+0.03% (designated as Ctrl_1), placed betweendhaimg steel frame and the actuator of 150 kN tsgehcity and
200 mm stroke. In the right span, the lodg,{) was applied with an actuator of 100 kN and 200 stroke, and
the corresponding force was measured using a lehdfcz250 kN and accuracy of £0.05% (designatedC#|_2).
To monitor the reaction forces, load cells weréaithsd in two supports. One load cell (AEP_200) wasitioned at

the central support (nonadjustable support), pldmdieen the reaction steel frame and the slalgpat device.
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The other load cell (MIC_200) was positioned invietn the reaction steel frame and the apparatuheof
adjustable right support of the slab. These cellseha load capacity of 200 kN and accuracy of %.05
Unfortunately, due to a deficient functioning oéttata acquisition device, the signals in thesetles load cells
were not registered in the test of the SL15-HSrezfee slab.

To monitor the strain variation in the steel basncrete and CFRP laminates, the arrangementsaif gfauges
(SGs) represented in Figs. 3 to 5 were adoptedeEISGs were installed in steel bars, seven of ihesteel bars at
top surface in the hogging region (SG1 to SG7), tedother four in steel bars at bottom surfacéh@sagging
regions (SG8 to SG11). Six SGs were applied attimerete surface in the compression regions (SG1XX17).
Finally, three SGs were installed along one CFRRidate in both sagging regions (SG18 to SG20 angd1SG

SG23), and three SGs (SG24 to SG26) were bonded alee CFRP laminate in the hogging region.

2.4 Materials properties

Tables 2 and 3 include the values obtained fromeikperimental tests for the main properties ofrttaterials used

in the present research program. The compressiemgsh and the Young’'s modulus of the concrete were
determined according to LNEC-E397 [28]. To chamaztethe steel bars, uniaxial tensile tests wenedaoted
according to the standard procedures of ASTM AZA].[Unidirectional pultruded CFRP laminates wesediin
this study and their tensile behavior was asselsgquerforming uniaxial tensile tests carried outading to 1SO
527-1 [30] and I1SO 527-5 [31] recommendations. #ar characterization of the tensile behavior of ¢pexy
adhesive, uniaxial tensile tests were performedptgimg with the procedures outlined in 1ISO 527-2][3~or the
elasticity modulus and tensile strength of the adieevalues of, respectively, 7.91 GPa (5.16%) 88d9 MPa

(15.59%) were obtained, where the values betweamdrbrackets correspond to the coefficient of vema

2.5 Strengthening system

The first step of the NSM strengthening processsisted in opening the slits for the installationtbé CFRP
laminates, by using a conventional diamond sawntathine. The slits had a width that varied betwé&nand
4.6 mm and a depth of 15 mm or 27 mm, dependinthemnlepth of the cross section of the used CFRih&e 10
or 20 mm, respectively. To eliminate the dust rasul from the sawing process, the slits were cléamging
compressed air before bonding the laminates tadnerete into the slits. The CFRP laminates wesarad with
acetone to remove any possible dirt. Finally, tiits svere filled with the epoxy adhesive using atsga, and the

CFRP laminates were introduced into the slits.



3. RESULTSAND ANALYSIS
The average loadK = (F522+ F123)/2) versus deflection curves of the tested slabstie presented in Fig. 7. This

figure reveales that the adopted NSM HS strengifeconfigurations have provided a significant iasee of the load

carrying during the second phase of the test Igaatiocess.

For all the slabs, flexural cracks were first obedrat aF of about 6 kN. Four phases occurred during eadhrtes
the following sequence: (a) the uncracked elassponse; (b) crack propagation in the hogging agdiag regions

with steel bars in elastic stage; (c) yieldinglod steel reinforcement in the hogging region aaglcpropagation in

the sagging regions with steel bars in elasticestagd (d) yielding of the steel reinforcementhia sagging regions.

Fig. 7 also depicts the cracking loaH,() and the load at the formation of the plastic kimg the hogging I(:yH )

and sagging Fys) regions. The phases registered for the refersiatestrips of the SL15 series are indicated in Fig

7a, but similar behavior was obtained for all tdstkab strips.

Reference slabs:

As expected, the unstrengthened control slab dbgsved in a perfectly plastic manner in the pastling phase
(after the formation of plastic hinges in the haogpgiand sagging regions), whereas the strengthdabdstips
exhibited continuous hardening up to failure. Théerence slabs failed in bending, i.e. by yieldofginternal
reinforcements, with extensive concrete crackingb@th hogging and sagging regions, followed by cetec
crushing in compression parts, as shown in Figsd9.

H series:

The slab strips strengthened to increase in 25%#uting carrying capacity (SL15S25-H, SL30S25-id §h45S25-H)
were also governed by flexural failure: yieldingtlaé internal steel reinforcements followed bydbacrete crushing and
CFRP rupture after high deflection values.

In the slab strips strengthened to increase in 30&otloading carrying capacity, all slab strips (S850-H,
SL30S50-H and SL45S50-H) failed in shear, by inettiate shear crack mechanism with extensive crgdkithe
tension flange. In these strengthened slabs, meitleeCFRP laminate cover separation nor the feliashd of the
CFRP laminates failure mode has occurred (Fig. 8).

As previously mentioned, two arrangements of CFitRihates were applied in the hogging region withghrpose
of increasing the resisting bending moment of tlb sross section at the intermediate support thegaending

moment) and, consequently, the load carrying capadithe reference slab in 25% and 50%. It is fiedi that,



though the target increase in the negative regigtending moment has been exceeded in the stremgtietabs, an
average increase of 8% and 16% was obtained fdo#ttecarrying capacity of these strengthened slabs

HS Series

The first phase of the loading process of the SP354S slab strip ended at a deflection of 5.40 mhgn a load of 14 kN
was recorded. This slab strip failed by the detaetirof the top concrete cover that includes thenlaies in the hogging
region.

At the end of the first phase of the test of SL3a43 slab strip a deflection of 5.80 mm and a ba#N were registered.
From the analysis of the results of Table 5 aritdn be noted that, for a concrete compresssa sif 3.5%.and at the
maximum load, the increase of the load carryingaciap provided by the strengthening system wasbofia29% and
52.48%, respectively, which exceeded the targetvalhis slab strip failed by the detachment otdipeconcrete cover that
included the laminates in the hogging region (E@).

The SL30s50-HS failed by the detachment of theobottoncrete cover that includes the laminatesggisa region
(left span, Fig. 11). In the first phase of thet,téise strengthened slab strip was loaded up tefleation of 5.80
mm, which corresponds to a load 13f kN. From the analysis of the results presemtehble 5 and 6, it can be noted
that, for a concrete compressive strain of 3&%s at the maximum load, the increase of thedaaging capacity provided
by the strengthening system was about 49% and%3Wiich attained the target value.

The SL45s25-HS failed by shear, followed by théungpof the CFRP laminates, in the intermediatpatiFigs. 9 and 10).
In the first phase of the test this slab strip lwaded up to a deflection of 5.70 mm, which comesis to a load of 16.7 kN.
From the analysis of the results shown in Tabledan be noted that, for a compressive strains%a the increase of the

load carrying capacity provided by the strengthgsiystem was about the target value (24.42%) AL , an increase of

the load carrying capacity of 28.55% was obtained.

The SL45s50-HS also failed by shear, followed leyrtipture of the CFRP laminates in the intermediapport, followed
by the detachment of the top concrete cover tehtdas the laminates in the hogging region (Fiy. [t0the first phase of
the test this slab strip was loaded up to a défleaif 5.70 mm, which corresponds to a load of QkM. From the
analysis of the results, it can be noted thataf@mompressive strain of 3.5%o., the increase ofdhd tarrying capacity

provided by the strengthening system was abou3a.2t F an increase of the load carrying capacity of ¥ 1vas

obtained. Table 4 summarizes the results obtairpdranentally for two scenarios: when a plasticgeirfiormed at
the hogging region (superscript H); when a pldsiige formed at the sagging regions (superscripPBtic hinge

was assumed formed when the steel tensile reinferneattained its yield straireg, ). In this table,FyH and FyS

are the average Ioad§(:(F522+F123)/2) at the formation of the plastic hinge at hoggargl sagging regions,



respectively,u;‘ and uf are the average deflections fE(j* and Fys, respectively,e!' and & are the maximum
concrete strains registered at H and S regiefisand £ are the maximum strains in steel bars at H aneg®ns,
respectively,af and 8? are the maximum strains in the CFRP laminateheahbgging and sagging regions, and,

finally, AFyH and AFyS are the increase of the loading carrying capaeitgn a plastic hinge was formed at the H

and S regions. Unfortunately, for the SL15-HS, tlua deficient functioning of the data acquisitigeystem, the
forces in the AEP_200 and MIC_200 load cells weo¢ mecorded, thus impeding the moment redistriloutio
calculation. Table 5 presents the relevant resuten the maximum concrete compressive strain aag5 %o
(assumed to be the concrete crushing strain) irhtlgging and sagging regions (symbols with substog’). In

this table, 7 is the moment redistribution percentage dil represents the increase of load carrying capacity
provided by the strengthening technique, calculatmbrding to the following equation:

CFRP _ = REF
IR=Te___Fa 199 1)

CFRP
cu

where FS™ and F are the loads of, respectively, the strengthemetiraference slabs when the maximum
compressive strain in the sagging regions attath®déo . Finally, Table 6 summarizes the resultainied when the

maximum load §__ ) was attained. In this tableF

max max

and u.  are the average maximum loads (

and &° are the maximum

C,MaX Fay

F :(F522+ Flzg)/ 2) and the average deflections féf,, , respectively, &’

sMaX Finay

concrete strains registered at H and S regieﬁ'ﬁwy% and &2 are the maximum strains in steel bars at H

S, max,Fax

and S regions, respectively:"mawa and &7

f,maxFax

are the maximum strains in the CFRP laminatebeahbgging

and sagging regiondR represents the increase of load carrying capacdyided by the strengthening technique

and, finally, 77 is the moment redistribution percentage.

From the analysis of the results included in Tallés 6 and represented in Fig. 7 the followingestsations can be
outlined for the H Series:

(i) After concrete crack initiation, the slab stiéfss decreased significantly, but the elasto-cthckiéfness was
almost maintained up to the formation of the ptakinge in the hogging region;

(i) Up to the formation of the plastic hinge inethogging region the tensile strains in the lanaisatre far below
their ultimate tensile strain. At concrete crushihg maximum tensile strain in the laminates a¢aif7% of their

ultimate tensile strain for the SL45s50-H slabpsthiut the increase in the load carrying capacéy limited to 9%;



(iii) The force-deflection relationship evidencést, up to the formation of the plastic hinge ia titogging region,
the laminates had a marginal contribute for thé'sléoad carrying capacity. It is also observed the moment
redistribution capability is negatively affectedevhthe percentage of CFRP laminates increases imoilging region.
The justifications for this behavior are detaildéskegvhere [34].

For the HS series the results indicated in TablesGlcan be point out the following conclusions:

(i) Up to the formation of the plastic hinge in thegging region the strains in the laminates hareged from
0.88%0 to 1.94%o., which justifies the relative lowntdbution of the laminates to the load carryingaeity up to
this load level. At the formation of the plastinge in the sagging regions the strain in the latesmhave increased,
having been in the range 2.69%. to 9.66%.. Howevegoacrete crushing in the sagging regions, theimam
strain in the CFRP laminates has varied betweeBl#.Gnd 11.95%., which is 23% to 67% of the CFRP teatd

ultimate strain.
(ii) The deflection atFyS, uys, was not significantly affected by the presenc¢hef CFRP laminates, which means

that ductility is preserved.

(iii) The contribution of the CFRP laminates foretklab’s maximum load carrying capacity was limitgdthe

occurrence of concrete crushing, the detachmetiteo€oncrete cover layer that includes the lamsatethe shear
capacity of the slabs.

(iv) At the maximum applied load, high values ofment redistribution percentages were obtained.

Fig. 12 depicts the relationship between the aveeggplied load and the moment redistribution pesgenfor the
tested slabs. In the beginning of the tests sostalility were observed due to the adjustment ppsts until the

crack propagation in the hogging and sagging regwith steel bars in elastic stage. So, the obtatmeves before

the cracking load were removed from the graphswBen cracking loadK, ) and the formation of the plastic hinge

in the hogging region I{yH ) no clear tendency is observed for the momenstedution, but afterFyH then has a

tendency to increase up to the formation of thetjahinge in the sagging regionﬁf).When the plastic hinge

formed in the hogging region, the consequent Idssifiness forced a migration of moments from tiegging to
the sagging regions, resulting an increasenofThe graphs of Fig. 12 also show that, for thedres, n has
decreased with the increase of the percentage BPG&minates. For a compressive strain of 3.5 %aénconcrete

surface at loaded sections, the following values) ofvere obtained for the H Series: 0.92%, -10.74%,32% for

SL15-H, SL15s25-H, SL15s50-H; 26.37%, 15.40%, 5.0&#4L30-H, SL30s25-H, SL30s50-H; 43.25%, 35.68%,

22.45% for SL45-H, SL45s25-H, SL45s50fHwere obtained at the maximum load: 7.85%, -20.4%%0.64% for
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SL15-H, SL15s25-H, SL15s50-H; 27.71%, 6.36%, -2.48%SL30-H, SL30s25-H, SL30s50-H; 43.62%, 32.58%,
16.73% for SL45-H, SL45s25-H, SL45s50-H.

Adopting a flexural strengthening strategy composédCFRP laminates applied in both hogging and sagg
regions, the moment redistribution capacity wassighificantly affected by the presence of the l@ates and, in
some cases, higher values were obtained in coropatasthe reference slab strips. For the HS sethiesfollowing

values of n were obtained: 6.20% for SL15s25-HS; 19.94%, Z6A4%29.89% for SL30-HS, SL30s25-HS,

SL30s50-HS; 39.21%, 41.69%, 44.10% for SL45-HS, BR5-HS, SL45s50-HS. Finally, the following valusds

n were obtained at the maximum load: 8.85% for SRBE4HS; 19.69%, 26.58%, 31.67% for SL30-HS, SL30s25-

HS, SL30s50-HS; 38.93%, 37.66%, 47.04% for SL4A5-8IS15525-HS, SL45s50-HS.

Figs. 13 and 14 present the relationship betweerménding moments at the critical sections (saggimhogging

regions) and the applied load-). The bending moments were calculated from theeforecorded in the load cell
located in the lateral support (MIC_200) and in ofi¢he actuatorsk,,;), see Fig. 1. These figures also include the
relationship between bending moments and appliad 6 linear-elastic behavior is assumed for thab Hlines

without markers). Additionally, Table 7 presente thorce values af,; and MIC_200 and the corresponding

bending moments at the hogging and sagging redibfs and M™) for the three relevant loading stages: yield

initiation at the hogging and sagging regioﬂ'@”( and Fys, respectively and at the maximum load; From

max *

Figures 13 and 14 it is verified that the deviatfoom the linear-elastic approach for theM response is only
relevant after yield initiation in the hogging regj with a migration of the negative bending mommenom the
hogging region to the positive bending momentshie $agging regions. As expected, this migratiorelldas
increased from SL15 to SL45 series in both H andyktBips. However, in each series of the H grouprhigration
level was negatively affected with the increas¢hefpercentage of CFRP in the hogging region, whikhe series

of HS group this effect was not significant.

4. CONCLUSIONS

In this work an experimental program with statigatideterminate (two equal spans) reinforced carcfRC) slab
strips was carried out to assess the effectiveoei®e Near Surface Mounted (NSM) technique forittwease of
the load carrying capacity and moment redistributiapability. Carbon fiber reinforced polymer (CHR&minates
of rectangular cross section were used. The expetmhprogram was composed of seventeen 120x375<5&7

RC slab strips. Six of them were unstrengthenedsR®s forming a control set (SL15-H/HS, SL30-H/H&l a
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SL45-H/HS), and the other eleven slabs were sthemgid with CFRP strips according to the NSM tealmiq
(SL15s25-H, SL15s50-H/HS, SL30s25-H/HS, SL30s50-${/8L45s25-H/HS and SL45s50-H/HS), divided in two
different strengthening arrangements: CFRP laminafgplied only in the hogging region (H Series)iroboth
sagging and hogging regions (HS Series). The amauchtdisposition of the steel bars were designeaksure a
moment redistribution percentages of 15%, 30% abh.4The NSM CFRP systems applied in the flexurally
strengthened RC slabs were designed to increa®g%nand 50% the load carrying capacity of the sxfee slab.
From the obtained results the following conclusioas be pointed out:

1) For the H Series, when the concrete compressig@ attained 3.5%o in the hogging region, thegase of slab’s
load carrying capacity\f) varied between 2.87% and 19.79%, while an irreedAF between 4.03% and 19.29%
was registered when a concrete compressive stfa@rb%o. was recorded in the sagging regions. Accaydo the
obtained results, the strengthening configuratemmaposed by laminates only applied in the hoggéggon did not
attain the target increase of the load carryingacap.

2) For the HS series, when the concrete compressia attained 3.5%o in the hogging region, theréase ofAF
has varied between 28.54% and 49.77%, while araser ofAF between 29.84 and 49.44% was registered when a
concrete compressive strain of 3.5%. was recordetdrsagging regions. When applying CFRP laminatdsth
sagging and hogging regions (HS series), the tangstase of the load carrying capacity was atthine

3) Moment redistribution percentagg) (ower than the predicted one was determinedensthbs strengthened with
CFRP laminates in the hogging region (H). For tsiengthening configuration the has decreased with the
increase of the CFRP percentage. However, adoatftexural strengthening strategy composed of CER#nates
applied in both hogging and sagging regions, thenamd redistribution capacity was not significardifected. For
this configuration of NSM laminates, the flexurélesigthening performance was limited by the detaaitnof the

concrete cover that includes the laminates or byfidhmation of a shear crack in the hogging region.
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Table 1. Geometry, reinforcement and strengthedetgils of the cross sections of the slab strips

Increase of the

D . loading carrying Cross-Section Number of CFRP Pieq Cross-Section Number of CFRP Pleq
capacity S-S laminates at S (%) S-S Laminates at H (%)
0% , 0 171 0 1.60
15% 25% As =2¢L2mm 0 171, As=5elomm 3x 1.4 x 10 mrh 1.68
As = 4pl2mm + 3p8mm As' = 2¢@12mm + Ip8mm
50% 0 1.71 7x1.4x10 mrh 1.80
8 0% A¢ = 2@12mm 0 1.85 As = 4p12mm 0 1.28
B 30% 25% As = 3p12mm + 410mm 0 1.85 AJ =2¢10mm + pl2mm 2x1.4x10 mrh 1.34
T 50% 0 1.85 5x1.4x10 mrh 1.42
0% As = 2¢10mm 0 2.07 A= 3plOmm + 28mm 0 0.95
45% 25% As=6p12mm + Ip8mm 0 2.07 AJ =2@l2mm + Ip8mm 1x1.4x10 mrh 0.98
50% 0 2.07 3x1.4x10 mrh 1.03
0,
15% 0% A = 2q12mm 0 1.71 Ao= 512mm 0 1.60
0 = | -
25% As=4pl2mm + FB8mm 5 % 1.4 % 20 mrh 185 As = 2@12mm + p8mm 4x1.4x20mrh 183
g 0% 0 1.85 0 1.28
= As = 2@l2mm 2x1.4x10 mra+ As = 4pl2mm
0
g 30% 25% As = 312mm + 410mm 2 X 1.4 X 20 mrh 202 AJ=2¢10mm + p12mm 2x1.4x20 mrf 1.39
n 1x1.4x10 mra+
0
T 50% 6 x 1.4 x 20 m 2.22 3x1.4x20 mrh 1.45
0% A< = 2¢10mm 0 2.07  As=3plOmm + 28mm 0 0.95
45% 25% As = 6pl2mm + 1p8mm 2 x 1.4 x 20 mrh 220 A =2¢l2mm + 1p8mm 2 x 1.4 x 10 mrh 1.00
50% 6 x 1.4 x 20 mrh 2.43 2x1.4x20mrh 1.06

Preq = Asi/(bds) + (ArEf/Es)/(bdy)
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Table 2. Properties of concrete

Slab strip Property
Series _ f., (MPa) _ E. (GPa)_
H series HS series HS series
SL15 40.07 (0.59) 26.37 (1.06) 24.29 (1.18)
SL30 35.99 (0.51) 28.40 (1.61) 29.83 (0.29)
SL45 41.41 (0.22) 42.38 (0.03) 28.32 (1.54)

(value) = Standard deviation in MFg, = mean cylinder compressive
strength Ec = modulus of elasticity
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Table 3. Summary of the properties of steel reacdarent and CFRP laminates

Steel reinforcement

CFRP Laminate

Steel bar | Modulus of| Yield stress  Strain Tensile Height of the U'“m'?“e UItlm{;\te Modulus
; . ; . tensile tensile of
diameter | elasticity (0.2 %} at yield strength | cross section . -
(mm) (GPa) (MPa) Stresh (MPa) (mm) stress strain elasticity
(MPa) (%o) (GPa)
8 200.80 421.35 0.0023 578.75 10 2867.63 17.67 159.30
(2.33%) (0.53%) (2.65%) (0.36%) (3.07%) (3.04%) (3.15%)
10 178.24 446.95 0.0027 575.95 20 2782.86 17.76 156.69
(2.48%) (3.25%) (0.45%) (0.34%) (2.73%) (3.13%) (0.73%)
12 198.36 442 .47 0.0024 539.88
(2.77%) (2.87%) (0.19%) (1.84%)

aYield stress determined by the “Offset Method”,@cing to ASTM 370 [29]

bStrain at yield point, for the 0.2 % offset stress

(value) Coefficient of Variation (COV) = (Standagdviation/Average) x 100
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Table 4. Main results obtained in the experimeptagram at the formation of the plastic hinges

Hinge at hogging region (H) Hinge at sagging region (S)
Slab strip ID Py uy & & e | & | & €7 AFyH Fys uyS &' & £ & £y £; AFyS
(kN) | (mm) (%o) (%0) (%0) | (%0) | (%o) (%0) (kN) (kN) (m m) (%o) (%o) (%o) (%o) (%o) (%o) (KN)

SL15-H 42.67| 15.86 -1.3§ -1.18 2.04 240 --1-- - ------ 46.99| 19.80| -1.71 -1.38 24p 291

SL15s25-H 49.13 1852 -1.74 -1.29 2.82 2j40 3.19------ 6.46 | 51.36] 20.09] -198 -1.60 240 273 347--—- 4.37

SL15s50-H 5433 217y -19Yy -148 2.y0 2{41 4.06------ 11.66| 54.55| 19.67, -1.70 -1.31 240 221 3/36---- 7.56
SL30-H 34.97| 13.50 -1.28§ -1.05 155 243 --q-- oo --ee- 48.48 | 24.07| -3.3§ -1.82 270 4.38

SL30s25-H 4197 1650 -1.45 -1.18 1.68 2|20 261------ 7.00 | 49.90] 2498 -2.80 -1.77r 250 260 5/90---—- 1.42

SL30s50-H 42.39 16.26 -1.88 -1.31 2.17 240 413------ 742 | 52.82| 22.50] -298 -1.83 249 278 6,87 --— 4.34
SL45-H 3250 12.14 -1.01 0.9y 115 mid. -4--- | - 50.20| 27.88| -4.0§ -211 md. m.d

SL45s25-H 33.59 122y -108 -0.86 1.11 m.d. 297----- 1.09 | 5342 2557/ -51% -354 240 238 11195----| 3.22

SL45s50-H 38.00 1445 -1.22-1.06| 1.62| m.d.| 2.93] ------ 550| 54.37| 24.08] -248 -1.71 250 181 682 -----4.17
SL15-HS 39.24 15.66 -2.07 -1.58 210 2830 -4 ---p - 44.24| 20.22| -368 -201 230 337 - - i

SL15s25-HS 46.32 18.06 -2.1( -1.63 md md 218 5147.08 | 57.67] 2493 -362 -2.38 md mid 4.5 2|69 .433
SL30-HS 35.58| 14.53] -1.70| -1.48| 1.85| 2.61] - | -eeem | -oee- 4570 23.92 | -4.80] -2.29| 2.65| 2.90( | | e

SL30s25-HS 39.94 1404 -1.63| -1.66| 1.81| 2.51] 1.92| 1.00 4.36] 56.38 24.26 | -4.15| -2.69 | 2.77| 2.25| 7.33 2.98 10.68

SL30s50-HS 42.13 149 -1.83| -1.51| 1.45| 2.66 1.25 0.88 6.55] 64.20 27.09 | -4.20| -2.88 | 2.68| 2.40| 3.6 3.41 18.50
SL45-HS 31.99| 11.35| -1.38] -1.10| 1.52| 2.37] | | - 50.07| 25.00 | -5.26| -2.25| 2.67| 2.76] | | -

SL45s25-HS 32.02 11.5p -0.88| -0.57| 1.85| 2.51 1.94| 0.88 0.03| 56.44 25.76 | -4.06| -1.95| 2.77| 4.06| 9.6 3.12 6.37

SL45s50-HS 33.33 11.18 -0.91-2.10| m.d.| 2.73 1.42| 0.96 1.34 @ @ @ @ @ @ @ @ @

(a) — is not presented since the reactions aravaitable due to a deficient functioning of theadatquisition system during the test of this stald. — SG mechanically
damaged
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Table 5. Main results obtained in the experimeptagram at the concrete crushing initiation

Concrete crushing initiation at hogging regiafj £3.5%,) Concrete crushing initiation at sagging regiosfs=(3.5%, )
Slab strip ID FCE u; Ecsvmax g:max gsmax E:‘,max Efs,max n IR FctSJ ucsu gsmax gss,max g:max 8:1 ,max gfs,max n IR
(KN) | (Mm) | (%) | (%o) | (%) | (%) | (%) | (%) | (%) | (kN) | (mm)| (%0) | (%) | (%) | (%) | (%) | (%O | (%)

SL15-H 49.21] 25.58 -1.79 3.66 2.46 -—-1- -—-1- 8.95 ----- 50.60| 32.17] -5.13 3.86 2.49 - - 0.9 -----
SL15s25-H 53.11 27.3F -2.32 0.2 287 7.82 -+-- .639| 8.05| 54.43 33.9Y -49¢ 0.70 2.93 9.81 --t-- F4Q 7.57
SL15s50-H 58.95 3192 -3.0/ 312 275 764 -+-- 1.53 | 19.79 60.36| 37.80] -4.3§ 3.85 2.93 8.8J7 -—-1-  -2532 19.29

SL30-H 4851 24.5% -1.86 2.76 4.45 -—-p- -t Do ---- 48.89| 3148 -5.14 0.37 5.80 ---1- -1+ @B| -
SL30s25-H 51.39 2859 -247 261 264 7.85 -+-- 285 5.94| 52.63 3215 -4.06 2.5/ 2.66 8.58 --t--  4Q5] 7.65
SL30s50-H 5293 25.0b -2.29 423 2.88 8.13 -+-- 246, 9.11| 54.31] 2894 -4.12 2.2p 2.98 9.27 -—f-- 5.0111.09

SL45-H 50.89] 2542 -191 170 mad. - —- 451 - 51.31] 33.03 -4.97 0.9¢ m.d. -1 23| -
SL45s25-H 52.35 2428 -1.78 115 md. 964 -|-- 596/ 2.87| 5338 3336 -513 2338 mgd. 1192 --- .685 4.03
SL45s50-H 55.21 31.70 -3.031.96] m.d.| 9.33 ---- 23.21  8.4955.77| 33.76| -3.70| 2.06] m.d, 9.8( 22.45 8.69

SL15-HS 43.81| 19.70 -1.95 243 34D ~~-1- )(ng ----- 4555 | 24.69| -6.53] 14.63 9.5] ajn | ---
SL15s25-HS 56.72 24.04 -225 md. md. 447 2B8 766.29.47| 62.000 30.3 -459 m.d m.d. 6.10 5.07 6.2(86.11

SL30-HS 41.28| 19.74 -1.88| 2.37| 284 | - 14.00 -} 46.14 30.51| -6.25| 2.84 | 2.87| ----| ----- 19.94 -
SL30s25-HS 53.06 21.88 -2.38| 2.75| 2.42| 6.5 252 18.21 28|549.91 28.54| -5.09| 4.42 | 251 8.46 559 2145 29.84
SL30s50-HS 57.77 22.85-2.35| 2.40| 224 239 258 2498 39]9%8.95 30.94| -4.98| 0.82 | 2.06 4.69 461 29.89 4944

SL45-HS 4352| 19.42 -1.82| 2.35| 2.66] - - 34.17 - 50.24 29.87| -561| 229 | 2.85| - | - 39.21] -
SL45s25-HS 52.48 23.06 -1.48| 3.77| 6.52| 8.74 2.04 38.18 20|5%2.51 34.56| -6.04| 1.47 520| 11.78§ 6.83 41.69 24.42
SL45s50-HS 65.18§ 25.92 -328 m.d. 6.65 864 297 .8H2 49.77| 68.9528.33| -3.95| m.d. 6.10 9.25 4.08 44.10 37.24

(na) — is not presented since the reactions arevaitable due to a deficient functioning of the¢adacquisition system during the test of this skabd. — SG mechanically
damaged
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Table 6. Main results obtained in the experimeptagram at the average maximum load.

Slab stri p ID Fmax u Finax 5: max Fnax ‘E‘CF" maX Fax ‘EsS, Max Fax 5: Max Fax 2 ? ,MaX Frax 2 fS max,Fax n IR
(kN) | (mm) | (%) (%o) (%o) (%) (%o) (%) (%) | (%)

SL15-H | 51.36] 55.04 -6.44 m.d. 1.39 241 ] ] 785 | -
SL15s25-H | 57.60 81.01 -3.55  -10.8b 0.93 2.41 16.61 - -20.40| 12.15
SL15s50-H | 62.36 46.25 -5.27 -5.17 0.84 2.2 10.27 - - | -27.64| 21.42
SL30-H | 49.84] 38.63 -5.59 -7.05 0.46 295 ] 2771 -
SL30s25-H | 54.87 70.2f -9.04] -12.58 1.3( 3.60 1519 - 6.36 | 10.09
SL30s50-H | 58.09 57.6p -8.35 -7.70 2.3¢ 2.35 13.30 - - | -2.42 | 16,55
SL45-H | 5255 4129 -5.44 -6.69 0.96 md| = ] 43.62 | -
SL45s25-H | 54.49 71127 md. -4.34 0.27 m.d. 13.31 - - 32.58 | 3.69
SL45s50-H | 57.79 51.556  -6.44 -5.6D 1.25 m.d. 1259 - -| 16.73] 9.97
SL15-HS | 47.61 54.45 -11.26 -14.48 11894  9.64 ] - (ha) | -
SL15s25-HS| 69.24 47.73  -5.34 7.07 m.d. m.d 764 248 | 8.85 | 4543
SL30-HS | 47.85| 53.000 -7.06 -7.46 453 419 | -] 19.69 --—--
SL30s25-HS| 72.96 65.18 -8.85 | -10.83 4.26 4.62 12.75 1148 26/582.48
SL30s50-HS| 80.42 49.19 -5.47 -6.91 0.57 2.22 9.85 760  31/6588.07
SL45-HS | 53.27| 51.52] -8.05 -9.89 1.79 269 | 38.93 -
SL45s25-HS| 68.48 5233 -5.26 | -10.08 1.51 11.07 14.73 10.44  37.688.55
SL45s50-HS| 8157 43.64  -6.58 5.33 m.d. 9.6B 11.62 7.49 | 47.04| 53.13

(na) — is not presented since the reactions aravailable due to a deficient functioning of théadacquisition system
during the test of this slab; m.d. — SG mechanjaddimaged
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Table 7. Relevant experimental results at threel¢eof loading:F," FyS andF,_,, .

Slab strip | Fzs | MIC_200| g+ M- | Slabstrip| Fas |MIC_200| - M-
ID Ny | (KN) | (kN.m) | (kN.m) ID &Ny | N) [ (kN.m) | (KN.m)

T F' | 4204 133 | 1862 20.88 % F/' | 46.64 | 1473 | 2062| 24.05
< | R |a718| 1543 | 2160 22.89 % F/ | 5802 | 1884 | 2638 2848
? 1 Fo 5174 1693 | 2370 2503 @ | Fee | 69.34 | 2282 | 31.95| 3318
= | F' |4006| 1466 | 2052  27.64 0 F' | 351 | 1119 15.67| 1781
% Fy | 5147| 1556 | 21788  28.4¢ § F> | 4495 | 1575 22.05| 18.83
P | Fo | 5743 1575 | 2005 36300 | Frec | 4702 | 1643 | 2300 1082
& | B |s367| 1505 | 2107 320 L% F/' | 3928 | 1290 | 18.06| 1880
8| F |sar2| 1587 | 2229 3217 % F° | 5555 | 19.49 | 27.29| 23.120
D | Fon | 6011| 1610 | 2061 4164 @ | Fow | 7228 | 2619 | 3667| 27.86
T F/' | 35a5| 1174 | 1644 16.34 % F' | ar1e | 1421 19.89 |  17.84
& | R’ |4017| 1803 | 2524 183 g F/ | 6267 | 2297 | 3216| 2342
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FIGURE CAPTIONS

Fig. 1. Slab strips: (a) test configuration andd{bjplacement transducers (LVDTs). Dimensions in mm

Fig. 2. Slab strips: specimen’s cross-sectionaédsions of sagging {&:') and hogging regions £5,"). Dimensions in mm
Fig. 3. Arrangement of strain gages in: (a) stae$ lat hogging region and (b) steel bars at sagggign; (c) concrete slab
surfaces, (d) CFRP laminates for SL15s25-H, (epShQ-H and (f) SL15s25-HS. Dimensions in mm

Fig. 4. Arrangement of strain gages in: (a) stard bt hogging region and (b) steel bars at sagegion;

(c) concrete slab surfaces; CFRP laminates foiS[B0s25-H, (e) SL30s50-H, (f) SL30s25-HS and (gB®&50-HS.
Dimensions in mm

Fig. 5. Arrangement of strain gages in: (a) staes lat hogging region and (b) steel bars at sagegign; (c) concrete slab
surfaces; CFRP laminates for (d) SL45s25-H, (€pSh@-H, (f) SL45s25-HS and (g) SL45s50-HS. Dimetssio mm

Fig. 6. Apparatus to sustain and to control the-smédn deflection applied in the slab strips totbengithened

Fig. 7. Average load-midspan deflection of théestbslab strips series: (a) SL15, (b) SL30 an&i(€b

Fig. 8. Crack patterns of H series: top view ofdjiag region

Fig. 9. Crack patterns of HS series: view of saggind hogging regions

Fig. 10. Crack patterns of HS series: side viewagfging region

Fig. 11. Side view of the left span of SL30s50-HS

Fig. 12. Degree of moment redistributiop,for the slab strips series strengthened onhhénhogging (H) and in
both hogging and sagging regions (HS): (a) SL1pS{80, (c) SL45 Series

Fig. 13.Relationship between applied load and moment instigging and hogging regions for the series of stdlthe H
group: (a) SL15, (b) SL30, (c) SL45.

Fig. 14. Relationship between applied load and nmirrethe sagging and hogging regions for ¢hges of slabs of
the HS group(a) SL15, (b) SL30, (c) SL45.
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Fig. 2. Slab strips: specimen’s cross-sectionaédsions of sagging {&:") and hogging regions £%,). Dimensions in mm




(@)

[%2]
O]
7))
N)
Q
7))
(b)
[72]
O
D
Q
()
5 ©
(7] c
Qo o
5 O
N
L
o "
? 10
2 @
—
—
7))
%) I
0] '
o 2
% 3 ©
-
© o
%)
T
Q
2 ®
—
-
)
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Fig. 11. Side view of the left span of SL30s50-HS
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37



NOTATION

The following symbols are used in this paper:

L

elas

w I

7|

AF [

Span length of the slab
Coefficient of moment redistribution

Moment in the critical section after redistribution
Elastic moment of a section calculated accordinipéatheory of elasticity

Moment redistribution percentage
Hogging Region
Sagging Region

Average load

Steel reinforcement ratio

Cross sectional area of the steel bars in tension
Width of the cross section

Internal arm of the steel bars in tension

Average loads at the formation of the plastic hiagbogging region

Average loads at the formation of the plastic hiagsagging region

Average deflection fof,’

Average deflection foF,’

Maximum concrete strains registered at H region

Maximum concrete strains registered at S region

Maximum strains in steel bars at H region

Maximum strains in steel bars at S region

Maximum strains in the CFRP laminates at H region

Maximum strains in the CFRP laminates at S regions

Increase of the loading carrying capacity whenaatit hinge was formed at the H region
Increase of the loading carrying capacity whenastit hinge was formed at the S region
Maximum concrete compressive strain

Cracking load

Load registered at the formation of the plastigkim the hogging region

Load registered at the formation of the plastigkiim the sagging region
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Increase in terms of load carrying capacity prodidg the strengthening technique
Fu of the strengthened slab

Eu of the reference slabs

Equivalent steel reinforcement ratio

Equivalent steel reinforcement ratio of the hoggiegion
Equivalent steel reinforcement ratio of the saggegjon

Effective depth of the CFRP laminates
Young's Modulus of the longitudinal tensile stear®

Young’s Modulus of the CFRP laminates
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