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Abstract: In this studya comparative experimental analyisiperformedetween stealeinforced concrete beamshich
aredimensionedased orNBR 6118(2014) andbeams reinforced witlglass fibeireinforced polyme(GFRB rebar,
which aredimensionecdased omMACl 440.1R(2015) after being subjded to a fowpoint bending testThe beamsre
dimensioned to resist the safoeceand to satisfy theesvice limit state (SLSResults showhat the two groupof beams
exhibitsimilar vertical displacement behaviamtil the SLSDEF, whereagshe GFRP beanexhibitlarger deflectioa At
the ultimate load, the beams with fiberglass liadgcate a higheresisaince byapproximately 64%ompared withthose
with metal bars.

Keywords: concrete beams; fiber reinforcedlymer, flexural strength; deflection.

1. Introduction

In conventional concrete structures, steed b are used to complement tferce exerted orthe structuralcomponent
primarily viatraction The junction between concrete and steel results in durable and useful constibetianse the steel is
protected against corrosion by the alkalinity of the concrete. However, structures subjected to aggressive environments, such
as marine structures, bridges, and parking lots exposed to defrostingrgaiiafavorablehumidity, tempeature, and
chlorides, mayexhibit a reductionin concrete alkalinity and, consequently, steel corrogtmrosion ultimatelyresults in
concrete deterioration and structural weakeif&xgl 2015)

Several methodfor preventing steel corrosidrave been investigated, including tieplacement of steel with fiberglass
reinforced polymer bar@Umair-Saleem, Khurram, Nasikmin, & Khan, 2018) Owing tothe advantages dflass fiber
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reinforced polyme(GFRP composites, their application in specific structures such as bridges, viaducts, tunnels, deck slabs,
reservoirs, among othefsasexpandedvorldwide, and their characteristi¢gve beeifurther investigated(ACI, 2015)

According toAmerican Concrete Instituf@Cl) 440.1R(2015) GFRP bargan beregarded aa composite material with
a highradiusto-lengthratio that issuitable for the internal reinforcement of concrét&sFRP bar comprisesvo elements:
unidirectional glass fibers arranged longitudinally for the absorption of traction farwdspolymeric matrixfor protecing
and transmting tension between the fibers and the structure around them.

Concrete/steel adhesioan beémproved byimplementinghelical ribs,andsimilar mechanisms can be employed in GFRP
bars(Fava, Carvelli, & Pisani, 2016)\ccording to Jabbar and Faf@018)and Favaet al.(2016) the bond strength between
concrete and GFRP basscomparable to that of ribbed steel bars.

Compared with steelGFRPis moreadvantageus, except forits propertiesin particular,its lower moduus of elasticity
results in larger deflections and cracks comparéh conventional steel reinforced concrete structis, Banthia, &
Yoon, 2016b) The lower modulus of elasticitpf GFRPcan adversely affect the shear strength of beamstructed using it
(Sheikh & Kharal, 2018; Yoo, Banthia, & Yoon, 2016Axcording to ACI 440.1RACI, 2015) (Ascione, Mancusi, &
Spadea, 2010; BNlemr, Ahmed, ElSafty, & Benmokrane, 20185 FRP bars do not flow and behave linearly elastic until
failure. Consequently, the dimensioiof these structures are governed by the service limit states of vertical movement and
crack widthsOwing tothe low modulus oélasticity, concrete members reinforced viitier-reinforced polymerKRP) bars
undergo large deflections and wider crackghich affect their serviceability. Recentlyesearcherdiave reportedhe
combinationof steel barwith FRP bars (hybrid systenr reinfordng concrete structures, which overcartae ductility
and sericeability issuesof purely FRPreinforced structures (Ramachandra Murthy, Pukazhendhi, Vishnuvardhan,
Sararanan, & Gandhi, 2020)

Severalstudieshaveresultedin the development of standards fayncrete structures reinforced wiRP barqSaleh,
Goldston, Remennikov, & Sheikh, 201Mcludingt h &uidé for the Design and Construction of Concrete Structures
Reinforced with FibeReinforced Polymer Bafs F R PACI; 2015)and tke Désign andConstruction oBuilding Structures
with PolymerReinforcedFibers' (CSA S806, 2012However, esearch addressing code recommendations for the bending
design of GFRReinforced concrete bearisinadequateompared with experimental resuttsrformed basethe Brazilian
standard.

Therefore, this studis performedo experimentally analyze and compare the behavior of concrete beams reinforced with
steel rebars sizdohsed orABNT NBR 6118(2014) with that ofconcrete beams reinforced with GFRP bars sivaesed on
ACI 440.1R(2015) via four-point bending test8eams exhilting equivalent dimensionthat canresist the same bending
momentare usegdwhile considering the limit state of excessive deformation.

2. Materials and experimental program

To achieve the objeete of this study, two beam groups werstablished both were fabricated usingconventional
concrete, with differences in the longitudinal reinforcements in terms of the maypeadiameter in the coverings, and
stirrup spacing. The first groypbbreviatedREF, refers to beams fully reinforced with stesdars, and the secomptoup,
abbreviated a&FRP, refers to beams longitudinally reinforced with GFRP bars and transversally reinforced wifthsteel.
two grouys exhibitedthe same dimensionise., 210 cmlong, 15cm wide and 25 cm highThree beams werused for each

group.

In the REF group, as longitudinainforced concretemeasuring ¢ 8 mm which svasegsivaldnt to a steel area
of 1 cm2. The transverse reinforcement was dimensioned by adopting the | model of calculation, withrefitespsnted
intheerticald i r e c t i 9. MThe REF group v8s dimensioniealsedon a structure exposed to tidal splashes, classified
based oiNBR ABNT 6118(2014)with classIV environmental aggressiveneSsibsequentlya nominal reinforcement cover
measuringb0 mmas well asxconcrete with a characteristic resistance to compression greater than or equal tower&Pa
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used However considering the environmentednditions,30 MPa was adopted because of the greater ease of technological

controloverconcrete.
For laboratory analysis, all the load weighting coefficients (increase) or material resistance (decreassuwere to be

1, which impliesthat all the resisted atesiredoadsexhibitedcharacteristic valued.o calculatethe resistance efforts of the
REF beam group, the valubased orthe specificationsf steel listedn Table 1 were adopted.

Table 1. Characteristics of steel rebassuyrce:supplier, 2018).

Feature Units Reinforced concrete Stirrup holders and

stirrups
Nominal diameter mm 8 5
Section Area cm2 0,50 0,20
Category - CA-50 CA-60
Characteristic resistance (Fyk) MPa 500 600
Modulus of elasticity (Es) MPa 210000 210000
Surface - Nervured Nervured

Based on the characteristics of the cresstion of the beam antie materials usedpngitudinal reinforced concrete
me a s ur i ngstikupsineaSurinm ¢ 5 mm, measwings t 5 r mm pesvwene ysedlinlithe ®REF group
The section was framed deformationdomain 2, with a x/d ratio 0f0,0860.Therefore the REF bearoan by dimensioning,
withstand a characteristic bending moment Mk = 9,1732rkN'he loads applied in the bending test at fmints to obtain
the bending moment are shown in Figure 1. The loads from the weights of the beams were disregarded.

l1 5290 N
l1 5290 N

15 cm__L 60 cm 60 cm 60 cm _1_15 cm|

Figure 1. Loads considered in the beams.

The GFRP rebar used sva composite composed of two materiads, fiberglasswhosecharacteristicare listedn Table
2, and an epoxy estginyl resin of bisphenol, whose mechanical properties are listed in Table 3.

Table 2.Mechanical properties of glass fibep(rce:supplier, 2019)

Properties Units - Test method
Type of glass - Glass E (corrosion resistant -
Tex (linear mass) g/km 8800 -
Average diameter of the filament Mom 33,00 -
Tensile strength with the use of epoxy resin  MPa 2700,00 ASTM D 2343
Tensile strength using polyester resin MPa 2570,00 ASTM D 2343
Table 3. Mechanical properties of resisource:supplier, 2019)
Properties at 25°C Unit 1/8’ transparent casting  Test method
Resistance to bending MPa 158,60 ASTM D 790
Tensile strength MPa 80,00 ASTM D 638
Elastic elongation (at break) % 5,20 ASTM D 638
Thermal deflection temperature °C 104,40 ASTM D 648

Finally, rebars with properties expressed in Table 4 @dintensionsas shown irFigure 2were achievedFigure 2 (a)
presents a top view of the bar and (b) a microgcapw of the crosssection.
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Table 4. GFRP rebar characteristic(rce:supplier, 2018)

Feature Units Reinforced concrete  Stirrup holders

Nominal diameter mm 12,50 6,20
Sectionarea mm?2 125,00 29,80

Density kg/m3 2200,00 2200,00

Medium tensile strength MPa 989,00 + 93,90 1015,00 * 96,40

Modulus of elasticity MPa 48000,00 48000,00
Poissorcoefficient - 0,26 0,25
Stretching % 2,05 2,12
Longitudinal thermal expansion coiefént x 10%/°C 5,90 5,90
Transverseoefficientof thermal expansion x 10°%/°C 28,70 27,30
Moisture absorption % 0,43 0,65

s

Figure 2. GFRP rebarga) exteriordimensionsp) crosssection microscopimage

After thedesiredresistances of the materials and ¢fiectsfrom theloads resisted by the REF growere achievedthe
beams of th&sFRP groupwveresized based othe criteria of ACI 440.1R2015) In thisregard the beam dimensions were
preserved, and the rebar repositioning, as established by ACI(280%) resulted in a heightl) of 193 mm. This standard
establishes the nominal cover of the minimum GFRP reinforcement for Hemm8and 50 mnfor stirrups and longitudinal
reinforcementrespectivelyThe calculation sequence for this step is presentédlite 5

Table 5. Bending strength dimensioning GFRP groughased orACI 440.1R

Calculated item Remarks Equation used [2] Res_ult
obtained
Guaranteed rebar| Obtainedby calculatinghe average resistance minus th ) fr’ =
tensile strength {f times the standard deviation of the rebars. 707,00 MPa
Rebar calculation Minimized value used for atflmen5|on|ng. Value obtaing fru = 70700
tensile strength ¢ from the product between’f and a r edu Eq. (6.2a) MPa
(CE =Q70*).
. The relationship between the reinforcement @@teand the| _ . . . _
Rebar reinforcemen . o pr is obtainedusing pr=
rates balanced reinforcement rdteg) reveals thenaterial,i.e., Eq. (7.2.12)pn is 0.00864
eitherconcrete or GFRRhat isthe mostsusceptibldo Q. {f.2.2a)pr !
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br eakage< mnglh ctiongs controlled by the obtainedusingEq.
rebar breakagetherwiseit is controlled by therushing (7.2.1b) P =
of the concrete. 0,00488
. . Nominal bending moment that the beaamwithstand. _
Nominal bending The calculation variedepending orthe relatioship Eq. (7.2.2e) Mn = 2270
strength (Mn) betweerpra n . kN-m

** Minority factors were assumed to Hefor this survey

The use of & 12,5 mmwhich was equivalent tabendingreinforcement area of 250 mm?, proved to be sufficient for the
absorption of the requested efforts.

Despite the oversizing of the GFRP beams to the ultimate limitisaatd on aomparson betweerhe desiredbending
momentandthe resistor, the limiting factors thaiust be prioritizedn this type of structure are directly related to the service
limit states $LS) because the low modulus of elasticity of the rebars results in greater vertical displacements in the beams.
Thisis the most criticaiispectn dimensioning, as specified by ACI 440.(/&Cl (2015) The calculation ofheimmediate
deflection is presented iFable 6

Table 6. Sizing for immediate deflection control

Equation usetbased on

Calculated item Remarks ACI 440.1R

Result obtained

Bending moment of service at which th

Critical crack moment (Mr section tends to crack.

Eq. (7.3.2.2d) Mr = 5,31 kNm

WhenMsk > Mr, the sectiofis in
deformation stage lIthis is considered i Eq. (7.3.2.2¢) le = 2228 crh
the effective moment of inertia.

Effective moment of inertig
of the section (le)

Concretedrying modulus of Calculatedbased orsection 8.2.8 of _
elasticity (Ecs) ABNT NBR 6118 [1]. - Ecs = 26838 MPa

Section characteristics an Effective beam spah. = 1800 mm

loads required for sizing point load P = 15290 N i i
P P 5 ”n
Immediatedeflection ATii—l;—A "0 i”iu_ f=5,29 mm
333 @ T Yo wqd '0Q
Boundarydeflection "Qy CLU - - fmax= 7,20 mm

By adopting a vertical displacement linaf L/250, as stipulatedh NBR ABNT 6118(2014) the deformation limit of the
structure owing to sensorial and visual isssassfiedthe requirements of the standahdthe experimental tests, only the
immediatedeflectionwas evaluatedWhendurable structureare usedthe deferredieflectionmust be verifiedimely.

As the bending resistanoéthe samples wawimarily analyzedsteel stirrups were usedtile GFRRgroupto accelerate
the production of rebars, as the process of bending fiberglasis barse timeconsuming
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Neverthelessgonsidering the use of the GFRP stirrupg spacing of the stirrups was calculateged oACI 440.1R

(2015) In thisregard

t he

properties of

dimensionof the transverse reinforcement used

t he

Table 7. Sizing of transverse reinforcement

r @rbhuatbesusedidble&surBarizesthe a s

Equation usetbased orACI

Calculated item Remarks 440 1R Result obtained
Obtainedby calculatinghe average
teﬁ:ﬁéasr;:gﬁdt;]ezar) resistance minus three times the standj - fr’ = 725,
9 deviation of the rebars.
Minimized value used for all
Rebar calculation dimensioning. Value obtained from the Eq. (6.2a) fru = 725,00
tensile strength () | product betweerf and a r e g MPa
CE (CE = Q70*).
Shear strength providg Concretés contribution to shear strengtt _
byconcret ¢ reduced by, 78 f ad Eq (8.22) ¢ve = 10
Verifying thenecessit If the maximum characteristic cutting
for?ransverse Y effort exceed® V c, thénhtransverse Vsk = 15,209 The use of stirrups i
. reinforcements required otherwise it is 5,11 kN necessary
reinforcement not
GFRP reinforcement . . AfV nec=0,1371
area (Afvned Area required to supply the cutting effor Eq. (8.2e) mmz/mm
Resulting from Afyhes Considering two 6'Q0 uvipm S = 434 mm
branches of stirrups, Afv = 5 mm? ol Qdmp o X p
Maximum spacing Resultobtainedfrom verifications based 0
betweerstirrups onACI 318 [13]andthe useful height (d) Y < @ Taa S =96 mm
of the beam.
Maximum spacing based dime minimum Eq. (8.2.2) S =218 mm
shear armor
Spacing adopted Thelowestcalculatedvalueis adopted, . Smax= 90 mm

between stirrups

roundedio whole numbers.

** Minority factors were assumed to defor this survey

Therefore, the sizing of the transsal reinforcement othe GFRP beamsyhich wasexecutedusing metal rebars
measuringh 5 mm resulted in stirrups every 9 cm

The final details of the REF and GFRP groups are shown in Figure 3, which illustratesseection of the beams and
reinforcement covering®Meanwhile Figures 4 and Showthe details of the modeised
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Figure 3. Crosssection of the analyzed models.
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Figure 4. Details ofthe REFbeam
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—A Section A-A
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-
1
L 210cm A | | 150m |
6.2
23 NG ¢ Smm C/ 9 cm =
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2MN44 125 mmC =208 cm .
23IN6 ¢ 5 mm

Figure 5. Details ofthe GFRPoeam

Straingauges were insertedtinthe center of the span in one of the bars ¢batprisedhe longitudinakeinforcementn
all the beams foboth group. The @tails of the strain gauge installation are shown in Figur€hé. final result ofthe

reinforcement ishown in Figure 7.
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ot 1 B

Figure 7.

Details étééi einforcemenis an GFRBed

IR e epiee—

The concrete used wéabricatedn the Laboratory of Building Materials t¢fie UNESC(University of theSouthern Santa
Cataring, and the trace used was based on Hoffman and An(a6&g) Thecharacteristicef the concrete useate listed
in Table 8.

Table 8 Traceand properties of concrete used

Mass unitary trace 1:2,87:2,13
Water/cement ratio 0,48
Cone trunkclosure 50 mm

Table 9 presents the characteristics of the aggregatetousddicatethe concrete, whose characterization was performed

based oABNT NBR NM 248(2003)

Table 9. Propertieof aggregates used in concreteufce: laboratory of building aterials of UNESC, 2017)

Aggregate Medlusn;rmashed Gravel 3/4
Finenessnodulus 2,37 6,65
Maximum characteristic dimension 2,40 mm 19,00 mm
Mineralogical composition Quartz Basalt
Specific dry mass (kg/m3) 2364,91 2999,06
Unit mass (kg/m3) 1580,70 1542,98

Revida de la Construccion 2022, 21(3) 5882 https://doi.org/10.7764/RDLC.21.3.506

www.revistadelaconstruccion.uc.cl
Pontificia Universidad Catdlica de Chile



https://doi.org/10.7764/RDLC.21.3.506
http://www.revistadelaconstruccion.uc.cl/

Revista de la Construccién 2022 21(3) 506522
5140f 522

The formwork used for the beams wamstructed usin®inus elliottiiwooden boardsA wire and metallic rebaraere
tied to the formwork taccommodate¢he cover of the concrete reinforcement. Figure 8 shows the group of REF concrete

beams and the GFRP group reéatyconcreing.

——

Figure 8. REF beams and GFRP beams assembled before concreting

Four cylindrical specimens (X®nx 20 cm) of concreterere usedor each beam groufbased orthe guidelines of ABNT
NBR 5738(2015), cured in water with calcium hydroxide solution, and ruptweithga hydraulic press mod€éEmic
SSH300 at 28 d based orthe procedurestipulaed inABNT NBR 5739(2018)

After concreting and curing for 28 d, al | beams were
Laboratory of Structures using an HBM U10M load cell with a @apacity.Four-point baending tess were performed in
these experiments based thie scheme shown in Figure Bhe tests werperformedbased on the orientation specified in
ASTM C78(2018) with adaptations to the height of the beam dredgeometry of the support mechanisms. To obtain the
vertical displacement values, two LVDTSs positioned at the centbeddpani.e.,one on each side of the beawere used

METAL EEAM LOAD CELL

CONCRETE BEAM

NEOPREMNE METALLIC ROLLER

LvoT STRAIN GAUGE

g

B = | h
METAL BEAM

60 om ; 60 am 1 60 cm

Figure 9. lllustration of setup fordur-point bending test.
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The overall response of the specimens analyzed during and after tioiotipending test was evaluated in terms of the
load capacity, maximum vertical displacement at the center of the span, deformationedrifditeed concreteand failure
mode of tle beams.

3. Experimental results and analysis

The concrete used in the REF graghieveda mean axial compressive strengft83,57 = 1,03 MPa wdreaghat inthe
GFRP groupmchieved30,55 * 0,59 MParhe resultshowthat the concrete used in this stydgidedthe desiredresistance.

The images ofupturedbeams of the two groups are shown in Figure=b®abetter visualization, the cracks that appeared
duringload applicationare mapped and the positiomof the loads and supporase shownThe yellav arrows indicate the
center of the aperturand the red arrows ifchte the locations of the load

IV1-REF.

V2-REF

[

V3-REF
L% .

V1-GFRP.

- = =2 —
|va-crre| | ; /,— [ i s 4|
5 ; .

P = = an = = =3
V3-GFRP veN s \\ e -

N

Figure 10.Condition of samples after test.

Based orthe mapping of crackshownin Figure 10, the number of openings in the GFRP gmeap significantly higher
than that inthe REF group. Tavares and Gion{@009)observedsimilar behaviors in their study, imhich they attributed the
more ductile characteristic of the beams to the low modulus of elasticity of fiberglassSinaitarly, differences were
observedn terms ofthe development of cracks in the central regions of the baabwhgroups In the GFRP grouphe
beams propagated vertically with fearacks whereas in the REF grougracks appeareith the compressed section of the
beamswhich is likelycaused by the high crushing tension in the concrete.

In addition, as shown in Figure 10, a more accentuated residual cungstiextfor) wasobservedn the REF beams,
which indicateghat the metatoncrete reinforcemembay have entereithe plastic deformatiostatebecause the crackkie
to bendingremained openedfter the loadvas removedBecause the GFRP rebar exhibited an elastic linear behavior until
failure, when the load was interrupted, the beam returned almost completely tdighatitie of linearity, and the bending
openings were closed.
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Based orthe visualized cracks and crevices, the GFRP beams presented sloping cracks in the cettietlorigeated
from shearing forces, whiclhvasnot observedn the REF groupNotably,these shear cracks began to appear in the GFRP

reinforced beam&/hen a load ofpproximately 60 kNvas exerted.e.,amagnitudehat couldnotbe supportedy the steel
reinforced beams.

In the REF group, the rupture of the samples was caused by giblpdsw of steel followed bthecrushing of concrete
Meanwhile in the GFRP group, the three bedfaited viashearingandresulted in a fracture in the armature of the stirrups
holder in the direction of cradk specimend/1-GFRP and VZGFRP, adllustrated in Figure 11.

Figure 11.Fractured glit holderof V1-GFRP.

The concrete/rebar connection, evaluatesially in the bending armature at the center of the span,sivasn to be
complete. The surrounding concrete adhédiredy to the metand GFRP bars at the evaluated poinprasentedn Figure
12, wherethe (a) concrete/GFRP bond and (b) concrete/steel homdhown

Figure 12.Details of the concrete/rebar connection: (a) concrete/GFRP, iIgrmbncrete/steel bond.

Favaet al. (2016)performedpulling testsandconcludel that the adherence of metallic and polymeric reinforcements to
concreteexhibitedsimilar strengths, although the failure modeGHRP reinforcements was caused by the peeling of the
rebar, wiereaghat ofmetallic reinforcementwas therupture of the surrounding concrete. As expected, the adhesion between
the concrete and reinforcement materials didrestilts inany type of failue.

Figure 13 shows the maximum resisted moments in each group and their respective characteristic peltiesrionyg
calculatiors, based orthe guidelinestipulated irtherelevantstandards.
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Figure 13.Maximum bending moments resisted.

Although dimensioned to resist the safoece, the fiberglass rebarsvhosemodulus of elasticitys low), demanded a
greater area of reinforcementaocommodatéendingin the structure taatisfythe SLS. Thus, the different reinforcement
areas between the two grougsulted differenmaximum resistance momaenirhe beams of the GFRP group withed a
load of 24,13 + 1,337 kNn, which wasapproximately 64%igherthanthat withstood bythe beamseinforced with metal
rebarsas expected

The results show thahe dimensioningf the GFRP beams based the maximum bending moment charactersstic
stipulated inACI 440.1R(2015)resulted in valuethat were similato those obtained in the tests. Only one of the samples,
V2-GFRP, disintegratedearlier than expected, bdid not alter the result significantlyThis was similarly reportecy
Abdelkarimet al. (2019) who achieved similar results with a difference of £ 2% between the maximum bending moment
calculatedand that verifiediia tests Meanwhile,Confrereet al. (2016)dividedthe calculatednaximum bending moment by
the average maximum resistance and obtainealee of0,83. However, in the currergtudy,a ratio of 0,94 was obtained
i.e., theforecast byACI 440.1R(2015)wassimilarto the experimentaksult

Meanwhile,Figure 13showsthat the maximum bendingoments resisted by the REBléamsj.e., 14,68 + 0,653 kN.m,
resulted in valuethat were50% higheion averageompared witlthosecalculatedbased oMNBR 6118(2014) indicatingan
underestimation of resistance calculation in favor of safety.

The analysis of the specific deformations of the two grdags®ed ormeasurenents obtained usinipe strain gauges is
shown in Figure 14.
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Figure 14.Force vsdeformation

As shown inFigure 14the ultimate stress was achievedstigngtheningisingsteel bar¢REF), which impliesthe failure
of beams VIREF and V3REFviareinforcement plasticizatiotlowever, inbeam V2REF, this behavior did not occur, and
no cracks appeared in the tensioned region; therefebetimshowed damagi@ the compressed region of the concrete.

An analysis ofhe strain levelsf the GFRPstrengthened bearsbowedhatther maximum longitudinal straiwaslower
than theirtotal capacityln fact, this propertys necessary to avoid excessive vertical deformatiothe beantaused byhe
low modulus of elasticity of the GFRP. Thus, the failure of the beams strengthen&@FRiBevolvedfrom concrete rupture
to compressionwhich did not place high demand for tensile reinforcements.

Figure 15 presents the forcse. vertical displacemergraphdor all tested beams. The point of excessive deformation limit
state (SLSDEF), which was L/250or this study resuledin a 7,20 mndeflection it is indicatedon the graph foe better
visualization of the behavior of the beams.

Thebehavior of the beams of the two growas be compared based on FigurelbSially, in deformationstage |, both
units tested showed similar behaviors since in this stage, the concrete had not yet cracked and the reinforcemennhad not bee
requested. Thdemarcatiometweerdeformationstages | and llatapproximately 15 kN) is clelrindicatedin the graph. In
stage llwherecracks occurredthe concrete no longer contribdimpletelyto the tensile strength tiiereinforced concrete
structureqFilho, 2014) therefore the bending reinforcements kaatto function as intendedrhe behavior of the analyzed
beamshanged oncerackingoccurred In theSLS the REF beamshowed highesistanceTheysupporedhigher load and
demonstratedmallerdeflectiors compared withite GFRP armed beams.
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Figure 15.Force vs. vertical displacement

The L/250 limitdeflectionwasattainedby the GFRP groupt an average load of 31,08 + 1,221 kN,emasthe REF
groupattainedit at 38,37 £ 1,170 kN, whickwasapproximately 23%igherthanthat supported bthe GFRP beams. After
the maximundeflection the GFRP group resisted an increase of approximately 160% of the load until rupture, whereas the
steel beams exhibited an increase of approximately 30%.

The experimentadieflectiors thatyieldedthe desiredbending moment, Mk = 9,1732 kiN, in thebeams of the REF and
GFRP group were 4,55 + 0,32@nd 6,95 + 0,550 mm, respectively. ¥basthe steekeinforced beams functioneas
intendedinside the SLDEF, the two beamsf the GFRP group exceeded the maximum vertical movement.

When a force of approximately 38 kivas appliedthe bending force vs. displacementt@ steetreinforced beams began
to bend horizontallywhichresulted ingreater deflections with lower loagsssiblydue to the flow ofhe rebarsBeginning
from approximately 42 kN, owing to the linear deformatiothefFRP reinforced beaman oppositscenario wasbserved.
The GFRP beamsvas able towithstand an increase in lodxy approximately 90%, wdreasthe steetreinforced beams
withstood only a load of17% until rupture Notably, the average maximumheflectiors yielded bygroupsREF and GFRP
were 33,67 = 2,270 and 32,24 = 1,413 mm, respectivagitionally, based on theesults of theanalysis ofvariance with
95% reliability, the maximum displacement between the beams of the two goidpet show any statistical difference

By analyzing the immediate theoretical vertical displacements of the lim®d orthe calculation criteria suggested by
each norm anthencomparing these results with the experimereaults the graphshownin Figure 16 were obtained.
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Figure 16. Force vs. experimental and theoretical vertical displacement.

Figure 16 showshe different behaviors between the tweedicteddeflectiors and their respective experimental values.
By adhering ta\BR 6118(2014) resultssimilar to actual values were obtainghrticularlyat the moment when the beams
cracked andghowedbehaviorchangesHowever the analytical shifts of the tweets osimulatedvalues were consistenith
the experimental values.

Although the calculatedeflectiors underestimated the experimental valuesattealbehavior of the structure depestt
on afew variables, such athe properties of the materials, which directly akedthe analytical resultsTherefore the
calculated deflections wetless accuratayhich rendered difficult to arrive atconclusiongFilho, 2014)

4. Conclusions and comments

The low modulus of elasticity of GFRP bars direcffectedthe rigidity of structurs, which rendered the lattenore
susceptible to vertical displacements and crack openings. Tdrizotéristicaspredicted by ACB40.1R15 (2015) resuled
in larger areas of bending reinforcemdntthis study, 2,5 times the area of ste@hs requiredo maintaina similar behavior.
In highly aggressive environments, similar reinforcement covasaggeommended by the regulations of both groups

The sizhg ofthe GFRRreinforced beamshould onlybe performedafterverifying the SLSfor excessive deformation, as
their final resistance to bendirognexceed this limit by approximately 160%. This remaining streaffénsstructural safety
and signaling.

A distinctionwas observethbetween the specific deformations of the bate GFRP barshowedless deformation than
the steel bars and exhilei lineaiity until failure because theyidinot flow. After loadng was terminatedthe GFRP bar
returredto itsundeformed stateyhich confirmedits elastic behavior.

Two of the three GFRP beams did not satisfy the -BEF at thedesiredbending momentwhich indicaes an
underestimabn of the forecast byACI 440.1R15 (ACI, 2015) Based on a comparison tfe analytical forecasts and
experimental results, AC140.1R15 (2015) predictedthe maximum bending strength of the beam wiidfher precision,
whereasNBR 6118(2014) providedmore conservative forecaswlthough the GFRP beams supported lower loads and
exhibitedgreater deformations within the SILEF when compared the steelreinforced beams, they were able to perform
structural functions safely.
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