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Abstract

Recent experimental research has shown that Netac8uMounted (NSM) technique has high potentiahtvease the
load carrying capacity of continuous reinforced @ete (RC) slabs. This flexural strengthening témqpia is based on
the installation of rectangular cross sectionabearfibre reinforced polymer (CFRP) laminates itiim slits opened
onto the top concrete cover at the intermediatpaiip and in the bottom concrete cover in the tezsines.

However, the linear-elastic behaviour of the CFRiRihates, and the possibility of occurring prematetachment of
the concrete cover that includes these laminatescompromise, not only the flexural strengtheniffgativeness of
the NSM technique, but also the moment redistrdvuéind the ductility performance of this type obistures.

To evaluate the influence of the concrete stremtbs, the percentage of existing longitudinal itenginforcement
and the percentage of CFRP on the strengtheningcteféness, moment redistribution capacity and ilityct
performance, a parametric study was carried owxggcuting material nonlinear analysis with a FENdzhcomputer

program, which predictive performance was calilifatsing the results of a previous experimental rznog

Keyword: A. Laminates; C. Finite Element Analysis (FEA); @echanical testing

1.INTRODUCTION
Extensive research has been conducted on the dtesriigg of reinforced concrete (RC) structures gigin externally

bonded fiber reinforced polymer reinforcement tégha (EBR-FRP), based on the use of FRP sheetanunates
1



applied on thdfaces of the elements to strengthen. The availeddearch in this topic has revealed that EBR-FRP
strengthened systems tend to debond at relatiwsly strain of the FRP, mainly when high percentafd-RP is
necessary to increase the load carrying capacitieo$tructure to strengthen (Bareisal. 2007, Oehlerst al. 2007).
When applied to statically indeterminate RC beants slabs, the premature debond of the EBR-FRP ragstas well
as the linear-elastic brittle failure behavior lnése composite materials, can be a serious réstriciot only in terms of
attaining the aimed load carrying capacity for strengthened structure, but also in terms of asguhie required level
of ductility and moment redistribution (Spadetaal. 1998, Oehelerst al. 2007, Casadeit al. 2003, Arduiniet al.
1997).

The first research projects carried out with RCticmous elements were conducted using the EBR tgeanand these
strengthened elements have showed the tendenail by fpremature plate debonding (Vassetal. 2007, El-Rafaiest

al. 2004, Soweet al. 2005, Oehlerst al. 2004, Aielloet al. 2007). In some of these works a significant moment
redistribution capacity was claimed for FRP-stréeged elements (Oehlestsal. 2004, Aielloet al. 2007), but a recent
research indicates that the moment redistributiccontinuous beams can decrease up to 50% (Reiaddi2008).

The recent achievements in terms flexural stremgtigeeffectiveness of the near surface mountednigale (NSM)
enlarge the potentialities of FRP systems for ngves of applications (Barros and Kotynia 2008).sTieichnique is
based on the use of circular or rectangular cresiohal bars of carbon or glass fiber reinforcetymer materials
(CFRP or GFRP), installed into pre-cut grooves egeonto the concrete cover of the elements toreagthened. The
effectiveness of NSM technique derives from thatrekly high bond performance between FRP barscmdrete
substrate, mainly those with a rectangular crossae due to its relatively high perimeter/aretargDe Lorenzis and
Nanni 2002, Taljstemt al. 2003, Blaschko 2003, Sena and Barros 2004, Biahah 2009). Furthermore, the NSM
technique does not require surface preparation,paadides higher protection to the environmentahditons and
vandalism acts.

Tests on simply supported RC members strengtherigd NEM CFRP laminates have shown that NSM lamiate
debond at much higher strains than EBR CFRP stnengig systems (Blaschko 2003, Barros and Fortes,2®arros

et al. 2007). Therefore NSM strengthened members arectegh¢o have a behavior that is more ductile th8RE
strengthened members.

Since the majority of the tests carried out withiN&rengthened members have simply supported dondjtthere is a
lack of experimental and theoretical studies on ri@ment redistribution of statically indetermind®€ members
strengthened according to the NSM technique. Ratewasts on continuous RC beams strengthened w8M N
technique were conducted by Liu (2005) and dtial. (2006). Nine two-span continuous beams were sthengd in

the hogging region (intermediate support) with N&iMh yield steel strips or with NSM CFRP strips andted to
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determine the moment redistribution and ductiligrfprmance of the retrofitted elements. The reshtswved that the
beams strengthened with NSM high yield steel anMNF-RP laminates achieved a moment redistributencgntage
of 39% and 32%, respectively. Additionally, it wiasind that the debonding strains when using NSMriggie were
considerably larger than those associated with BB, which justifies the relatively high momesdlistribution levels
observed in the NSM strengthened beams.

Bonaldo (2008) carried out an experimental progra@ssess the moment redistribution capacity ofgpan RC slabs
flexural strengthened with NSM CFRP laminates i@ ttogging region. The experimental program was cseg of

three series of three slab strips of two equal dpagths, in order to verify the possibility of m&ining moment
redistribution levels of 15%, 30% and 45% whenltdal carrying capacity is increased in 25% and 5@%as found

that the NSM strengthening system applied to th#icoous RC slab strips provided a relatively lowrement of the
load carrying capacity (did not exceed 21%) andntloenent redistribution has decreased with the aszef the CFRP
percentage. Additionally, this experimental prograas analyzed using a FEM-based computer prograonder to

justify the relatively low performance of theseesigthening systems, and an effective NSM flexuti@ngthening
strategy was proposed (Dalfré and Barros, 2011ajNak verified that, to increase significantly tload carrying

capacity of this type of slabs, the sagging regiweeds also to be strengthened, using, for instai&d) CFRP

laminates in the bottom tensile surface of the spans of the slab. Additionally, the results sugtjest, if the NSM

strengthening system is designed properly and ptieces are taken to prevent shear or debondingr&ilrelevant
moment redistribution levels can occur up to thelffailure these strengthened elements.

Recently, an experimental program composed by eferance RC slab (SL15) and two slab strips (SLA&sind

SL15s25b) strengthened in both hogging (intermedsapport) and sagging regions (loaded sections)cagied out
(Dalfré and Barros, 2009a). The amount and disjposibf the steel reinforcement were the same asethused by
Bonaldo (2008), designed to assure a moment rimiitn of 15%. The NSM CFRP systems applied infterural

strengthened RC slabs were designed to increags% to 30% the load carrying capacity of the refeeeslab,

therefore these two slabs had a small differendbampercentage of CFRP applied in the sagging)nesgﬂ,ofS =0.14%

in SL15s25a andofS =0.17% in SL15s25b). As a result, an average inergnm the load carrying capacity of 29% was

obtained. Additionally, it was found that the pmese of the NSM CFRP flexural strengthening systdedsto a
decrease of the rotational ductility, but the disgiment ductility was not detrimentally affected.

To contribute for a better understanding of théuenfice of the strengthening arrangement (hoggiaggiag or both
regions) and percentage of FRP in terms of loadyicey capacity, moment redistribution capacity adhattility

performance, a parametric study is carried ouh@ gresent work. This parametric study is perforiagdexecuting
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nonlinear analysis with a computer program basetherkinite Element Method (FEM), whose predictpeformance

is appraised by using the results obtained in xpe@mental program carried out by Bonaldo (2008).

2. THE EXPERIMENTAL PROGRAM

2.1 Slab specimens and strengthening technique

To assess the influence of the NSM CFRP flexurangthening technique on the moment redistributiapacity of
statically indeterminate RC slabs, an experimeptabram composed of nine 120x375x5875*RC slabs of two
equal spans was carried out by Bonaldo (2008). llofethe RC slabs were unstrengthened, forming rdraloset
(SL15, SL30 and SL45), and six slabs were stremgithewith CFRP laminates according to the NSM tempimi
(SL15s25, SL15s50, SL30s25, SL30s50, SL45s25 addb<H0). The notation adopted to identify each sladcimen

is SLxsy, where x is the target moment redistrimutpercentages) (15%, 30% or 45%), s indicates that the slab is
strengthened, and y represents the target incofdsad carrying capacity for the slab strip (259660%), provided by
the adopted CFRP-strengthening configurations. Atiog to the CEB-FIB Model Code (1993), the moment

redistribution coefficient,d =M, /M is defined as the ratio between the moment inctitical section after

elas !

redistribution(M,,,) and the elastic mome|(|M e|as) in the same section calculated according to theryhef elasticity,

and 77 =(1-9)100 is the moment redistribution percentage. Figurantl Table 1 show the geometry, the steel
reinforcement and strengthening details of thesgextions of the slabs of the experimental progtarthis table, the

equivalent reinforcement rati@, ., = A, /bd, +(A E; / E,)/(bd,) , is also indicated, wher is the slab strip widthd,
and d; are the effective depth of the longitudinal stesls and CFRP systems, respectivély,and E; are the cross

sectional area and the Young’s Modulus of the CEfRfRems, respectively, an®, and E are the cross sectional area

and the Young's Modulus of the longitudinal tensileel bars, respectively.

These reinforcement arrangements were designedléad (F ) of 50.82 kN, which is 10% higher than the loadtfee
verification of deflection service limit state acdimg to ACI 318 (2004). The steel reinforcementswaesigned
according to the Eurocode 2 (2004) recommendatiaisle the NSM CFRP strips were designed followithg
suggestions of ACI 440 (2008). The design detdithese slabs can be found elsewhere (Bonaldo 26@@)re 1 also
represents the loading and the support condit®nsLVDTs were equally distributed along the twasp of the slab

(the LVDTSs at the left and right loaded sectionsehthe reference numbers 60541and 18897, resplggtifectrical



resistance strain gauges, SGs, were installedtemad steel bars, concrete surfaces and on CHRiRdées, according
to the arrangement indicated elsewhere (Bonald@200

The properties of the intervening materials werpeginentally determined. The concrete compresdirength was
assessed with compression tests at 28 days, avesibbtained 40.07, 35.99 and 41.41 MPa for thesSEL30 and
SL45 series, respectively. The steel bars had amage yield stress of 439.60 MPa and a tensilegitneof 565.30
MPa. Finally, the CFRP laminates, of 149 mnf cross section, had an average ultimate tensiéssiof 2867 MPa,

and an ultimate tensile strain of 17.70 %eo.

2.2 Relevant results
The relationship between the applied loaB )(in each loaded section of the two spans of tlab sind the

corresponding deflection, for the SL15 seriesgejgresented in Figure 2. The main obtained restiltkeoperformed

tests for the three series are included in Tabld@re: AF, is the target increase of the load carrying c&pagmax is

the maximum value of the average of the forcesiegph the two spans, anﬁL,Emax and ReFmexare the reactions at

the lateral and at central supports, respecti\mﬁmax. Table 2 also includes the negative mMomeAt and the

moment redistribution percentage at the steel yield initiation in the loaded sewsioln round brackets in the columns

of Fmax and Mg, is indicated the corresponding increase percentagistered experimentally. It is verified that an

average increase of 8% and 16% was obtained fdo#uecarrying capacity of the slabs strengtheoed increase of
the negative bending moment of 25% and 50%, reisedet If laminates are only applied in the hoggiregion a
plastic failure mechanism is almost coinciding witle formation of the plastic hinge in the hoggregion, which is
responsible for the small increase in terms of’sléad carrying capacity. A detailed justificatiéor the relatively
small increase of load carrying capacity providgdthis strengthening strategy is justified elsewh@palfré and
Barros, 2011a).

Furthermore, for the sake of example, Figure 3 shihw relationship betweep (%) and the average applied load for
the SL15 series, where it is visible thathas decreased with the increase of the percenfaG&ERP laminates. For
SL15 series the moment redistribution is almostematent. In this FigureF_, IfyH and |fy5 are the load at crack

initiation, and at yield initiation of the hoggirmmnd sagging regions, respectively.
To increase significantly the load carrying capaoi this type of slabs, the positive resisting dieg moments need
also to be increased, using, for instance, NSM CRRihates in the bottom tensile surface of the $pans of the slab.

In fact, adopting a flexural strengthening strategyposed by CFRP laminates applied in both hoggird) sagging
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regions, Dalfré and Barros (2011b) obtained anease in terms of load carrying capacity that hagseded the target

value (25%), and the moment redistribution capaei#g not significantly affected.

3. PREDICTING THE BEHAVIOUR OF CONTINUOUSNSM FLEXURAL STRENGTHENED RC SLABS

3.1 Introduction

One of the main objectives of the present resemr¢he execution of a parametric study to assesdnftuence of
relevant parameters on the load carrying capaagityment redistribution level and ductility perfornganof statically
indeterminate RC slabs strengthened accordingetd®M technique. However, the reliability of thiady requires the
use of a computational tool capable of simulating televant aspects of this structural system.tRisr purpose, a
FEM-based computer program that includes severadtitative models for the nonlinear analysis of &€@ictures was
selected (Barrost al., 2008), and its predictive performance is apprasedhe simulation of the tests carried out by
Bonaldo (2008), already briefly presented in thevius chapter.

For these simulations a constitutive model ablesitoulate the concrete crack initiation and cracppgation, the
nonlinear concrete compression behavior, the elasitic behavior of steel reinforcements and thestie-brittle
failure behavior of FRP elements was selected. Aling to the selected model, a concrete slab isidered as a plane
shell formulated under the Reissner-Mindlin the@@grros and Figueiras, 2001). In this numericalrapph the shell
element is discretized in layers and each layeoisidered in a plane stress state. A detailedrigéisn of this model

can be found elsewhere (Baretsl., 2008).

3.2 Predictive performance of the model

Due to the structural symmetry, only half of thabsis considered in the numerical simulations. gt shows the
eight node finite element mesh adopted, and thpatigonditions. The slab thickness is discretized0 layers. The
values of the parameters of the constitutive medelindicated in Tables 3 and 4 (see also Figurasdb6 for the
comprehension of the physical meaning of some petens). To take into account that at the cracketsethe stress

in the steel reinforcement is higher than betweaeanclks, and considering that the model evaluateatkeage strains in

the steel, the stress reduction factors fordlye, 0y, , andg,, (Figure 6) proposed by Stevens (1987) were adopted

0, =0"-300,, . 0,=04°-00,, . 0, ,=03"-0A0, Ao, =T5¢/f, (1)



where 5P og® and ge* are the values registered experimentally, is the concrete tensile strength in MPa apds

the bar diameter (or equivalent bar diameter) in.rfitee values in Table 4 are already affected bgeaheduction
factors. The CFRP laminates were assumed as awp&oimaterial of an elasticity modulus of 160 G&al null
Poisson’s coefficient, since the consideratiorhefrtreal orthotropic properties has marginal ieflae in terms of their
contribution for the behavior of NSM strengthened &abs. Figure 7 compares the numerical and expetal load-
deflection curves for the slabs of SL15 series, ralieis visible the quite good predictive performa of the adopted
model. The effectiveness of the model is also lg@sdn the evaluation of the strains in the steebbeoncrete and
CFRP strips, as shown in Figure 8. Due to lackpaice only SL15s50 slab is analyzed in this work,dmilar good

predictive performance was obtained for all thée@slabs (Dalfré and Barros, 2009b).

4. PARAMETRIC STUDY

4.1 Introduction

The computer program, which good predictive perfomoe on the simulation of the behavior of the tgpstructures

in analysis was confirmed in the previous chaptexs adopted to execute a parametric study forvhkuation of the

influence on the load carrying and moment redistidn capacities of the following parameters: ceterstrength

class, the percentage of existing longitudinalitemginforcement, strengthening configuration gedcentage of CFRP

laminates.

4.2 Strengthening arrangements and numerical smulations

The arrangements of the steel reinforcement, dimeaof the cross section, support and load cantitare the same
adopted in the experimental/numerical program tierreference slab strip of SL15 series (Figurddbwever, distinct
strengthening arrangements were applied in theihgdél) and sagging regions (S), as shown in Figuamd Table 5.

In the parametric study, the mechanical propedipted for the concrete strength classes (C12/25/30 or C35/45)
were determined following the recommendations afoeade 2 and CEB-FIP Model Code 90 (Table 6). Tadlees of

the parameters adopted for the constitutive modetiuo simulate the behavior of the steel bargharse included in
Table 4. For the numerical simulations, the CFRRitates of 1.4x20mfncross sectional area were assumed as an
isotropic material with an elasticity modulus of51&Pa and null value for the Poisson’s coefficiesihce the
consideration of their real anisotropic propertias marginal influence in terms of their contribatfor the behavior of

NSM strengthened RC slabs.



4.3 Relevant results

The slab strips can be classified in three diffegroups, due to the distinct adopted strengtheaimgngements: (a)
applied in the hogging region, (b) applied in thggng regions and (c) applied in both hogging sagging regions.
The notation adopted to identify a slab strip ixSL w_z, where x is the moment redistribution petage,” (15%),
y is the concrete strength class (C12/15, C25/303%7/45), and w and z indicate the number of NSMREHFaminates

applied in the sagging or hogging regions, respelsti Therefore, SL15_30_4_2 represents a slab witargets

=15%, made by a concrete fg£30 MPa (in cubic specimens), and strengthened 4vihd 2 laminates in the sagging
and hogging regions, respectively.

In the present parametric study, the formationhef$econd hinge (at the loaded sections, in thgirsggegions) was
assumed as the ultimate failure condition, theeetbe numerical simulations were interrupted when tield strain
was attained in the tensile steel bars positiondgtié sagging region.

Tables 7 to 9 resume the results obtained numbrit@l two scenarios: when a plastic hinge formédha hogging

region (at intermediate support zone, H); whenastid hinge formed at the sagging region (at loagksdion, S). In

these TablesFyH and FyS are the loads at the formation of the plastic diagH and S, respectivel%;' and Ai are
the deflections forF," and F;’, respectively,s;' and & are the concrete compressive strains at H argf'Sand €
are the maximum strains in steel bars at H aneéspectively,&f' and & are the strains in the CFRP laminates at H

and S and7 is the moment redistribution percentagdzg;?t.

In the cases where the NSM CFRP laminates are apjied in the hogging region (H), the failure maaism is
governed by vyielding of internal reinforcement hethogging region, followed by the premature foioratof the
second hinge at the loaded section. In this casejeflection at the formation of the plastic himg¢he hogging region
and the deflection amplitude between the formatbrboth plastic hinges have decreased with theeas® of the
equivalent reinforcement ratio (due to the incre@SEFRP percentage), (Breveglieri 2009). Accordinghe results,
no significant increase of load carrying capacditphbtained, which is in agreement to the experiaigasults registered
by Bonaldo (2008).

In the cases where the NSM CFRP laminates areappiied in the sagging region (S), the formationhef first hinge

occurs for similar deflections, regardless the petage of laminates in the sagging regjoh, However, the deflection

amplitude between the formation of a plastic himgsagging and hogging regions has increased Wéliricrease of

p; . The increase of load carrying capacity is now enpronounced with the percentage of laminates thahe

previous cases.



Finally, in the cases where the NSM-CFRP laminatesapplied in both regions (H and S), the ampditatideflection

between the formation of the plastic hinges in blogging and sagging regions is almost the sam¢hfranalyzed

cases. The increase of load carrying capacity thiéhpercentage of laminates,, is the highest amongst the three

analyzed configurations, mainly up to the initiatiaf the plastic hinge in the hogging region.
Concerning to the concrete strength classes adaptélis study, it can be noted that the overahasgor of the

strengthened slab strips was not significantlyaée by this parameter.

4.4 Theload carrying capacity index

The load carrying capacity index | is defined as the ratio between the load carrgiagacity of the strengthened

(ang) and the corresponding reference sélé,Q),A =Fymg / Fs » where F is the force at the initiation of the

second plastic hinge. The relationships betwdemand Ps In the hogging (o:eq) and sagging ,O_feq) regions are
represented in Figure 10 and Table 10. In thisréghe relationships betweeh—,ofS and A —,OfH are also indicated,
where ,OfS and ,OfS are the percentage of CFRP in the sagging andimggegions, respectively. As expected, the load
carrying capacity of the strengthened slabs ine®agth ,Ojeq andp:eq, but the increase ol is more pronounced

with pseq. For the slabs only strengthened in the hoggigre(Figure 10a), the increase 4fis less than 10%, which

is in agreement to the experimental results obthiog Bonaldo (2008). In the slab strips only sttéeged in the
sagging region (Figure 10b), a maximum increask7&b was obtained. As expected, to increase sigmifig the load
carrying capacity of this type of slabs, a flexwsaengthening strategy composed by CFRP lamirggipbed in both
hogging and sagging regions should be adopted. rdoapto the results, a maximum increase of 28% alzained,
which is in agreement to the experimental resuitsioed by Dalfré and Barros (2009a). Additionathe analysis of

the results shows that the increase of the loadjiogr capacity is not so significant due to theatiekly high steel

reinforcement ratio p_;f' =1.60 and,osS =1.71) adopted in the analysed the slab stripsmkiller values of,osH and ,05S

are used, higher increase 4fis expected with the increase pf and ,OfH (Barros and Kotynia 2008).

4.5 Displacement Ductility Index

The displacement ductilityA] is defined as the ratio between the displacemaftise loaded section at the formation
of the second and the first hingea £ A, , /A, ). The displacement ductility indext ) is expressed as the ratio

between the displacement ductility of the strengglie(Ay,,, ) and the referencel 4 ) slab strips (4, =y o /D )-

9
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The relationshipsy, - o5, and u, - 0!

.« are represented in Figure 11, while the corresipgndbtained values are

included Table 10. In this figure it is also indiea the relationshipgs, — o7 and y, — p}' . From the results it can be
noted that the displacement ductility index deagsasith the increase of the percentage of the ClaRi#hates in the

hogging region. In fact, values @f, smaller than 1 were obtained for some strengtlgecdmfigurations, which means

that these configurations have a detrimental imibeein terms of deflection ductility performanceowever, the

displacement ductility augments with the increas@g and values of#, higher than 1 are obtained for the

configurations with o' =0. Therefore, a flexural strengthening strategyposed of CFRP laminates applied in both
hogging and sagging regions does not significaaffigct the original deflection ductility of the blatrips, providing a

H, ranging from 0.89 to 1.07, which is in agreemeithvthe experimental results obtained by Dalfré &adros

(2009a).

4.6 Rotational Ductility Index

The rotational ductility ¢ ) is defined as the ratio between the curvaturegbeioaded section at the formation of the
second and the first hinges € x,., / X,s )- The rotational ductility index4y) is expressed as the ratio between the

rotational ductility of the strengthene(d’grmg) and the referenc ré) slab strips {4, =Vq V.4 ). The relationships

reng
K, —p:eq and 4, —p:eq are represented in Figure 12, while the corresipgndbtained values are included in Table
10. In this figure it is also indicated the relatibips 1, - o7 andy, - p}' .

In the hogging region, the rotational ductility degses with the increase of the percentage of BirPGaminates in the

hogging region. In fact, values giX smaller than 1 were obtained for some strengtlgecamfigurations, which means
that these configurations have a detrimental imibgein terms of rotational ductility performance waver, the
rotational ductility augments with the increase pf, and values Of/j)( higher than 1 are obtained for the
configurations withp!' =0. In the slab strips strengthened in both saggiyhogging regionq,()( <1. Therefore, in the

slab strips strengthened in the sagging and hogggpns, the strengthened sections show an averdggonal
ductility index of 0.49, which means that the sg#mened sections of a strengthened slab have adeoaisle lower

rotational capacity than the corresponding sectadnts reference slab.

10



4.7 Moment redistribution analysis

The moment redistribution indeXMRl) is defined as the ratio between theof a strengthened slalj,,, , and thes of

its reference slabyj,y , (MRl =744, /11,4 ), Where /] is the moment redistribution percentage at thené&gion of the
second hinge (in the sagging region).

. . s H — . _
The relationshipsMRI - o_,, and MRI - p,, are shown in Figure 13, while the correspondintpioled values are

included in Table 10. In this figure it is also icated the relationship®RI - o andMRI - pf' .

It is observed that th®IRI depends strongly on the strengthening arrangerhetie slab strips only strengthened in

the hogging region],,.,, is less thany.4 . Increasing the percentage of laminates in thgieggegion MRI increases,
regardless thQ,SHeq. For slabs only strengthened in the sagging regidiRl>1.0, which means that a strengthened slab

has higher moment redistribution capacity thanréference slab. However, with the increase of taecgntage of
laminates in the hogging region, iRl decreases.

To avoid a decrease in the moment redistributigracty, CFRP laminates strips should be applidabith sagging and
hogging regions, in appropriate percentages. Figdreshows that the moment redistribution index eases with

PPl Forp:eq/p:eq >1.10 theMRI is positive.

5. CONCLUSIONS

This work explores the potentialities of the naarface mounted (NSM) CFRP laminates for the fleksti@ngthening

of continuous reinforced concrete (RC) slabs, naly an terms of load carrying capacity, but alse tmoment

redistribution and the ductility performance ofsthype of structures.

To evaluate the influence of the concrete stremtibs, the percentage of existing longitudinal itenginforcement

and the percentage of CFRP on the strengtheningcteféness, moment redistribution capacity and ilityct

performance, a parametric study was carried owxggcuting material nonlinear analysis with a FENdzhcomputer
program, which predictive performance was calilitaising the results of a previous experimental @nog From the

obtained results it can be pointed out the follaywimain observations:

(i) The overall behavior of the strengthened slaips is not significantly affected by the concreteength class, as
long as structural concrete strength classes, ditgpthe Model Code classification, are used;

(i) The load carrying and the moment redistribnticapacities strongly depend on the flexural stitesgng

arrangement;

11



. . . ... S H . .
(i) The load carrying capacity of the strengtt@raabs increases witl,,, ando,,, but the increase is much more
pronounced Witlpseq, specially up to the formation of the plastc Mingin the hogging region (
Pse = A 10d +(AE, / E)/(bd;) is the equivalent reinforcement ratio);

(vi) The moment redistribution decreases with tieréase op;'eq, and increases Wil}hseq;
(v) The moment redistribution increases witf),, / Piy, and positive values (which means that the monegtitribution of the

strengthened slab is higher than its correspomelfiagence slab) are only obtained fa,, / Ph >1.10;

(vi) A flexural strengthening strategy composedC#fRP laminates applied in both hogging and saggg@ns does

not significantly affect the deflection ductilityeformance of the unstrengthened RC slab;
(vii) The rotational capacity of the strengthentabsstrips decreases with the increaspg;{, and increases wiw;q.

In the slab strips strengthened in both sagging lgbing regions, a considerable lower rotatiormgdacity than its
reference slabs was obtained.
The results evidence that the use of efficientngfifeening strategies can provide adequate leveduotility and

moment redistribution in statically indeterminateustures, with a considerable increase in the dying capacity.
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Table 1 — Geometry, reinforcement and strengthedéigils of the cross sections of the slab strips.

. . Number of
. M" increasing Crogls_-sslyectmn Crogzs_-;’ecnon CERP /Zs,eq
laminates (%)
Reference A = 2012 A.= 5012 0 1.60
15% 25% s = @lemm s = plemm 3 1.68
As=4pl2mm + 8mm A = 2@012mm + IpP8mm
50% == 40 ¥ s ¥ 7 1.78
Reference "= — 0 1.28
30% . As =2@12mm , As = 4@l2mm
25% Ag=3p12mm + 410mm  A¢ = 2¢10mm + Ipl2mm 2 1.33
50% 5 1.41
45% Reference A¢ = 2¢10mm As = 3p10mm + 28mm 0 0.95
25% A= 6pl2mm + p8mm A =2¢12mm + 1p8mm 1 0.98
50% 3 1.03

Note: As- compressive reinforcement, As — tensile reinforeet, CFRP laminates applied only in the hoggingpreg
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Table 2 — Main results of the experimental progf@onaldo, 2008).

reéltjaekr)'lce AR, Emax ﬁL,Emax ﬁcfmay M I;xp (,)7
@)  (kN) kN)  kN)  (kN.m) (%)
SL15 - 51.36 17.66 67.39 22.46 18.8
57.60 33.88
SL15S25 25 (12.15%) 16.70  81.80 (50.84%) 4.6
62.36 38.42
SL15S50 50 (21.42%) 17.46 89.79 (71.06%) 1.8
SL30 - 49.84 19.12 61.44 16.24 384
54.87 23.84
SL30S25 25 (10.09%) 1892 71.91 (46.80%) 26.0
58.09 28.85
SL30S50 50 (16.55%) 18.74  78.70 (77.64%) 18.7
SL45 - 52.55 21.63 61.85 13.01 52.9
54.49 17.65
SL45S25 25 (3.69%) 2094 67.10 (35.66%) 42.9
57.79 22.61
SL45S50 50 (9.97%) 20.82 73.94 (73.79%) 35.7
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Table 3 - Values of the parameters of the conaetstitutive model.

Poisson’s ratio V. =0.15

Initial Young’s modulus E. = 28000 N/mm
Compressive strength f. = 40 N/mnf
Strain at peak compression stress &1 = 2.2x10°
Parameter defining the initial yield surface (S€haz 2004) a=04

fy= 1.5 N/mnf; G¢= 0.05 N/mm

Trilinear tension softening/stiffening diagrath £=0015:0= 0.6:6= 0.2: a= 0.25

Parameter defining the mode | fracture energy aghalto the new

crack (Sena-Cruz 2004) n=2

Parameter for defining the shear retention facd@n@-Cruz 2004) p=2

Crack band-widthl, Square root of_ the area of Gauss
integration point

Threshold angle (Sena-Cruz 2004) g = 30°

Maximum number of cracks per integration point 2

Dt =on G=en/an; a=05,/00 &=/, a,=05,]07, (see Figure 5)
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Table 4 — Values of the parameters of the steddtiative model (see Figure 6).

Steel bar

diameter Pi(gs[-]; 05[MPal) Pa(esi-]; as{MPal]) Pi(es-]; os{MPa]) Es [GPa]
0 8mm (1.90x10°% 379.16) (4.42x16; 512.19) (8.85x16; 541.66) 200.80
0 10mm (2.32x10% 413.20) (3.07x186; 434.75) (1.31x1%; 546.25) 178.24
0 12mm (2.09x10% 414.35) (3.05x186; 435.63) (1.02x1%; 537.98) 198.36
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Table 5— Resume of the strengthening arrangemsegsKigure 9).

Concre‘;]e Number of laminates o, pl'.  F.E.M.

strengt a o o (o D
class S H (%) (%)

C12/15 0 1.711.60 SL15 159

1.71 1.71 SL15_15 0 2
1.71 1.82 SL15_15 0 _4
0

0
0 2
0 4
2 0 1.82 1.60 SL15 15 2
4 0 1.92 1.60 SL15 15 4 0
2 2 1.82 1.71 SL15 15 2 2
2 4 1.82 1.82 SL15 15 2 4
4 2 1.92 1.71 SL15 15 4 2
4 4 1.92 1.82 SL15 15 4 4

C25/30 0 0 1.711.60 SL15 30©
0 2 1.71 1.71 SL15 30 0 2
0 4 1.71 1.82 SL15 30 0 4
2 0 1.82 1.60 SL15 30 2 0
4 0 1.92 1.60 SL15 30 4 0
2 2 1.82 1.71 SL15 30 2 4
2 4 1.82 1.82 SL15 30 2 4
4 2 1.92 1.71 SL15 30 4 2
4 4 1.92 1.82 SL15 30 4 4
C35/45 0 0 1.711.60 SL15 4%

0 2 1.71 1.71 SL15 45 0 2
0 4 1.71 1.82 SL15 45 0 4
2 0 1.82 1.60 SL15 45 2 0
4 0 1.92 1.60 SL15 45 4 0
2 2 1.82 1.71 SL15 45 2 2
2 4 1.82 1.82 SL15 45 2 4
4 2 1.92 1.71 SL15 45 4 2
4 4

1.92 1.82 SL15_45_4_4

@ sagging region; ® Hogging region; © Reference slab strip
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Table 6 - Concrete properties used for the FEM Kitians.

C12/15 C25/30 C35/45
Compressive strength of= 20 N/mnf fom = 33 N/mnt fom = 43 N/mnt
Initial Young's modulus E=2295N/mmfi  E.,=26.4N/mmM E.=28.9 N/mnM
Poisson's ratio v.=0.15
Strain at peak compression stress g, = 1.8 x 10° g1 = 2.1 x 10 g1 =2.25 x 10
Tri-linear tension fmz 1.05 N/ml'ﬁ fmz 1.71 N/ml'ﬁ fctz 2.14 N/mrﬁ
softening/stiffening diagrari? Gi=0.041 N/mm  G;=0.058 N/mm Gt = 0.07 N/mm
§1= 0.015;(11= 06,§2= 02,0.2=025
Parameter defining the initial yield surface ap=0.4
Parameter defining the mode | fracture energy ¢onw crack n=2
Parameter to define the evolution of the sheantiete factor p=2
Square root of the area of Gauss
Crack band-width integration point
Threshold angle (Sena-Cruz 2004) o= 30°
Maximum numbers of cracks per integration point 2
Dty =on G=en/an; a=07,/0; &=/, ay=05,]07, (see Figure 5)
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Table 7 — Main results of the numerical simulatiernsoncrete strength class C12/15.

Concrete
strenght class Hinge in the Hogging region (H) Hinge in tBagging region (S)

C12/15 - - T T A S S o

(kN) (mm) (%)  (%0) (%0) (%0) (%) (%o) | (kN) (mm) (%) (%) (%o)  (%0) (%0) (%o)| (%)

Reference 36.69 14.011.45 2.09 - -120 166 -- 4197 18.27 -3.64 10.10 - -1.54 2.16 |10.65
SL15 15 0 2| 39.44 14.761.54 2.08 2.68 -1.29 1.76 -- 4432 1733 -2.13 3.64 459 -153 2.09 | 0.96
SL15 15 0 4| 42.70 15.721.65 2.09 2.69 -1.39 1.89 -- 4550 17.03 -190 259 333 -1.53 2.09 |-2.99
SL15 15 2 0| 37.61 13.711.45 2.09 - -1.18 155 1.99 4520 19.57 -459 13.25 - -1.64 2.A70(16.15
SL15_15 2 2| 40.83 14.611.56 2.09 2.70-1.29 1.66 2.14/ 48.08 18.45 -2.42 447 561 -1.64 2.@970| 5.09
SL15_15 2 4| 43.94 1547166 2.09 2.71-1.38 1.78 2.29 4949 18.05 -2.15 314 4.01 -1.64 2.@970| 0.45
SL15 15 4 0| 37.61 13.171.42 2.09 - -1.14 142 2.28 4827 21.02 -579 17.62 - -1.76 2.1097|22.09
SL15_ 15 4 2| 41.72 14.341.55 2.09 2.69 -1.27 156 2.02] 51.72 19.60 -2.70 524 6.54 -1.75 2.@972| 8.81
SL15 15 4 4] 44.86 15.171.65 2.09 2.70-1.37 1.67 2.17| 53.39 19.07 -2.38 368 4.68 -1.75 2.@973| 3.65
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Table 8 — Main results of the numerical simulatiernsoncrete strength class C25/30.

Concrete
strenght class Hinge in the Hogging region (H) Hinge in tBagging region (S)

C25/30 - - T T A S S o

(kN) (mm) (%)  (%0) (%0) (%0) (%) (%o) | (kN) (mm) (%) (%)  (%0)  (%0) (%0) (%o)| (%)

Reference 37.63 13.04.23 2.09 - -1.02 161 - | 4395 1723 -2.87 9.32 - -1.31 2.09 | 9.87
SL15 30 0 2| 41.53 14.17.34 2.09 265-1.12 1.76 -- | 4650 1656 -1.82 3.70 461 -1.31 209 |1.11
SL15 30 0 4| 44.78 15.011.43 2.09 2.67 -1.20 1.88 -- | 4767 16.24 -1.63 265 3.36 -1.32 209 |-2.85
SL15 30 2 0| 38.86 12.911.23 2.08 - -1.02 159 1.94 47.70 18.66 -3.69 12.62 - -1.41 2.1067|14.46
SL15 30 2 2| 4258 13.881.34 2.09 2.65-1.11 1.65 2.11] 50.37 17.59 -2.06 444 551 -140 2.@%6| 5.19
SL15 30 2 4| 4590 14.711.43 2.09 2.67 -1.19 1.77 2.25 51.87 1723 -1.84 325 4.09 -141 2.@%66| 0.61
SL15 30 _4 0| 40.18 12.761.24 2.09 - -1.02 145 1.86 5093 1982 -450 15.79 0.00 -1.49 2.2068|20.54
SL15 30 _4 2| 42.87 13.421.32 2.09 2.65-1.08 153 1.96 53.91 18.48 -2.26 512 6.33 -1.49 2.@%68| 8.71
SL15 30 4 4] 46.91 1445143 2.09 2.67 -1.18 1.67 2.13 5587 18.16 -2.02 376 471 -149 2.29%68| 3.83
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Table 9 — Main results of the numerical simulatiensoncrete strength class C35/45.

Concrete
strenght class Hinge in the Hogging region (H) Hinge in the Sagpgiagion (S)

C35/45 A I S - S

(kN) (mm) (%) (%) (%) (%) (%0) (%o) | (KN)  (mm) (%) (%) (%)  (%0) (%0) (%) | (%)

Reference 39.0512.90 -1.15 2.09 -9.70 1.65 -- | 4453 16.60 -2.42 871 -1.19 2.09 | 9.30
SL15 45 0 2| 42.2313.73 -1.23 2.09 2.64-1.04 176 -- | 4730 16.06 -1.66 3.69 457 -1.20 210 | 1.13
SL15 45 0 4| 45461452 -1.31 2.09 2.65-1.10 1.88 -- | 4829 1567 -1.47 261 329 -1.20 2.09 |-2.89
SL15_45 2 0| 40.0412.70 -1.15 2.09 - -0.97 153 1.94 48.61 18.02 -3.07 12.10 - -1.29 2.M64|15.02
SL15 45 2 2| 42.6913.26 -1.22 2.10 2.65-1.02 1.62 2.05 51.38 17.11 -186 446 551 -1.29 2.@%62| 5.35
SL15 45 2 4| 46.3914.16 -1.31 2.09 2.65-1.10 1.74 221 52.88 16.74 -1.68 3.28 4.10 -1.29 2.@%5| 0.72
SL15 45 4 0| 41.0612.51 -1.15 2.09 - -0.96 145 1.85 52.09 19.19 -356 14.38 - -1.37 2.0B65|20.15
SL15 45 4 2| 43.9813.13 -1.22 2.10 2.65-1.02 154 1.96 55.41 18.16 -2.05 526 6.47 -1.38 2.@%66| 9.05
SL15 45 4 4] 47.7314.01 -1.31 2.08 2.64-1.10 1.66 211 57.14 1771 -185 3.81 475 -1.38 2.@%5| 3.94
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Table 10 - Load carrying capacity, displacementitityc rotational ductility and moment redistribab indexes.

C12/15 C25/30 C35/45

Slab Strip ID

A Uy M, MRI| A U H, MRI| A 4, Hy MRI
Reference | 1.00 1.00 1.00 1.00 | 1.00 1.00 1.00 1.00| 1.00 1.00 1.00 1.00
SL1502 |1.06 0.90 041 0.09|1.06 089 044 0.11|1.06 091 0.47 0.12
SL1504 |1.08 0.83 0.31 -0.28|1.08 0.82 0.33 -0.29| 1.08 0.84 0.35 -0.31
SL1520 |1.08 1.09 1.30 152 |1.09 1.10 1.34 146|109 1.10 136 1.62
SL152 2 |1.15 0.97 049 048|115 096 052 053|115 1.00 0.56 0.58
SL152 4 |1.18 0.89 0.36 0.04|1.18 0.89 0.39 0.06|1.19 0.92 0.42 0.08
SLi1540 |1.15 121 172 207|116 1.18 165 2.08|1.17 119 161 2.17
SL1542 |1.23 1.05 056 083|123 1.05 059 0.88|1.24 1.07 0.64 0.97
SL154 4 |1.27 096 042 0.34|1.27 095 045 0.39|1.28 0.98 0.49 0.42
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Figure 8 — SL15s50: (a) load — steel strain at Klaled sections, (b) load — concrete strain atddasections and (c¢)
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