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Abstract: In the context of flexural strengthening of conerstructures, fiber reinforced polymers (FRP)
have been used mostly by two main technigiegernally Bonded Reinforceme(EBR) andNear-
Surface MountedNSM). Both strengthening techniques are appliadtte cover concrete, which is
normally the weakest region of the element to bengthened. Consequently, the most common problem
is the premature failure of the strengthening syistieat occurs more frequently in the EBR one. In an
attempt of overcoming this weakness, another teeclnihas been proposed, called MF-EBR —
Mechanically Fastened and Externally Bonded Reg#orent which uses multi-directional carbon fiber
laminates, simultaneously glued and anchored terede To compare the efficiency of NSM, EBR and
MF-EBR techniques, four-point bending tests with B€ams were carried out under monotonic and
cyclic loading. In this work the tests are desalibe detail and the obtained results are discussed.
Additionally, to assess the performance of a FEMedacomputer program for the prediction of the
behaviour of RC beams strengthening according ésdtiechniques, the beams submitted to monotonic

loading were numerically simulated.
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1. Introduction

Over the last two decades, extensive researchdemsdeveloped on the strengthening of reinforced
concrete (RC) structures with fiber reinforced pody (FRP) materials. High stiffness and tensile
strength, low weight, easy installation proceduhégh durability (no corrosion), electromagnetic
permeability and practically unlimited availability terms of geometry and size are the main adgasta
of these composites [1, 2].

The most common techniques for applying FRP’siargeneral, based on the use of
unidirectional FRP’s through the: (i) applicatiohfabrics (in situ cured systems) or laminates {queed
systems) glued externally on the surface of thmefd to strengthen (EBR — Externally Bonded
Reinforcement); (ii) insertion of laminates (or sdd@nto grooves opened on the concrete cover (NSM —
Near-Surface Mounted) [2, 3]. Epoxy adhesives lagentost used to fix the FRP to concrete. The
strengthening performance of these techniques depsgnificantly on the resistance of the concrete
cover, which is normally the most degraded conamegéon in the structure due to its greater exposor
environment conditions. As a result, prematuraufailof FRP reinforcement can occur and, genertiéy,
full mechanical capacity of the FRP’s is not matsti, mainly when adopting the EBR technique. To
avoid this premature failure complements have lagxatied to the aforementioned strengthening
techniques, such as the application of anchor systmmposed of steel plates bolted in the endseof t
FRP, the use of strapping with FRP fabric or theeafsFRP anchor spikes. In addition to the stress
concentration that these localized interventiotr®duce in the elements to strengthen, they require
differentiated and time consuming tasks that cangromise the competitiveness of these techniques.

More recently, some FRP-based alternatives focttral strengthening have been proposed [4].
The mechanically fastened fiber reinforced polyihF-FRP) technique has been introduced to
strengthen concrete structures, and is mainly chatiaed by the use of hybrid (carbon and glas$} FR
strips that are mechanically fixed to concrete gisilosely spaced fastening pins and, if necessary,
anchors at the ends of the strip are applied tegmtedebonding. According to the search perforrhed t
MF-FRP concept was initially explored at the Ungrgr of Wisconsin under supervision of Lawrence
Bank in 1998 [4]. This technique has already besadun some applications, e.g. reinforced concrete,
wood and masonry structures, and several benefits been pointed out, namely, quick installatiothwi
relatively simple hand tools, no need for spe@hblur skills, no surface preparation required, thed

strengthened structure can be immediately usedthftanstallation of the FRP. From these tests an
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increase of up to 50% of the carrying capacity wlaserved in some cases, when compared with the
reference structure. Additionally, the occurrenta more ductile failure mode for the FRP system is
referred [5-12]. Nevertheless, some notable disatdeges of this technique have been reported, imgud
greater initialcracking induced by the impact of fasteners ihstrength concrete, and less-effective
stress transfer between the FRP and concrete dbe thscrete attachment points [13].

Based on the MF-FRP technique, the mechanicaltgriasl and externally bonded reinforcement
technique (MF-EBR) has been proposed [14, 15].NTReEBR combines the fasteners from the MF-FRP
technique and the externally glued properties floenEBR. In addition, all the anchors are pre-seds
When this strategy is applied high levels of efficaan be observed.

To assess the efficiency of EBR, NSM and MF-EBRtégues, four-point bending tests with RC
beams were carried out under monotonic and faligaing. The tests are described and the resudts ar
presented and discussed in detail. To appraisedipabilities of a computer program for the preditidf
the behaviour of RC beams strengthening accorditigese techniques, a code package based on the
finite element method (FEM) which includes severistitutive models for the material nonlinear

analysis of RC structures was applied on the sitiuiaf the beams submitted to monotonic loading.

2. Experimental Program

To appraise the effectiveness of the EBR, MF-EB& MBM techniques, an experimental program
composed of two series of four beams each wasecaonit. The difference between the series is céstti
to the loading configuration: one series was subgeto monotonic loading, while the other to faggu
loading. Each series is composed of a reference fB&F) and a beam for each investigated

strengthening technique.

2.1. Specimens and Test Configuration

The RC beams have a cross section of 200 mm wid@@® mm height, and 2000 mm of support
distance. All the beams have three longitudinaldtars of 10 mm diameter (3@10) at the bottom, and
2010 at the top (see Fig. 1). The transverse mneiafoent is composed of steel stirrups of 6 mm diame
(26) with a constant spacing of 100 mm in ordeatoid shear failure. Fig. 2 includes the crossisect

of the strengthened beams.
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Table 1 presents the main properties of the bebmtkis tablet;, L; andw; are the thickness, the
length and the width of the laminates, respectivahdo; oqis the equivalent longitudinal steel
reinforcement ratio defined by Eq. 1, whéris the width of the beaniy; andAs are the cross sectional
area of the tensile longitudinal steel bars and BRfems, respectivelif; andE; are the modulus of
elasticity of steel and FRP, respectively; atidandd; are the distance from the top concrete compression
fiber to the centroid of the steel bars and FRResys, respectively. For all the strengthened besams

almost similaro; .qwas applied.

_ A +Ef A
=—3S + 33—
Psea bd, E, bd; (1)

In this experimental study, a four-point bendingt onfiguration was adopted for the monotonic
and fatigue tests (see Fig. 3a). A servo-contrdilgraulic system was used to perform the monotonic
tests under displacement control, with a deflectaie of 20um/s, using the linear variable differential
transducer (LVDT) located at the mid-span of tharbg€LVVDT3 in Fig. 3).

The fatigue tests were performed between a minifatigue level 0f5;,;,=25% and maximum
fatigue level 0fS,,=55%, where th&is the ratio between the applied load and the &zad/ing
capacity,F, of the corresponding monotonic beam. AccordinfRi@t 1 million cycles, the fatigue
strength of the CFRP material is generally betw&@and 70% of the initial static ultimate strengtid
is relatively unaffected by the moisture and terapge exposures of concrete structures unleseie r
or fiber/resin interface is substantially degrabgdhe environment. In addition, for the present
specimens the yielding of the tensile longitudir@hforcement start at abo8t,,=60%. Due to these
reasonsS,ax was defined as equal to 55%. Thg, was defined taking into account the maximum
allowed deflection amplitude that can be appliethulie servo-controlled device working at a frequyen
of 2 Hz. The fatigue tests were composed by thrai steps: initially, a monotonic loading was aegli
under force control at a load rate of 100 N/s utheomaximum levelS,,), in order to obtain the initial
response of the beam; then, 1 million cycles wemgoised at 2 Hz of frequency betwe®p, x F,, and
Shax X Fm; finally, a monotonic loading up to the failureitivthe same configuration of the monotonic
tests, was applied to the beams.

In addition to the LVDT3, four other LVDTs were as® record the deflections in the loaded
sections (LVDT2 and LVDT4) and at the sections cumimg with the free end of the FRP systems

(LVDT1 and LVDT5), see Fig. 3a. Strain gauges wglteed on the longitudinal steel reinforcement and
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on the FRPs to measure the strains during the sestd-ig. 3b-e. The LVDTs had an accuracy of in0 u

and a stroke of +12.5 mm.

2.2. Material Characterization

The mechanical characterization of the concreteagsasssed by means of compression tests. For this
purpose, six cylindrical concrete specimens weseetkat the time of the tested beams to evaluate th
compressive strength and the modulus of elastgitprding to the recommendations [16] and [17],
respectively. From the compression tests, an aeerampressive strength value of 53.08 MPa, with a
coefficient of variation (CoV) of 4.0%, and an aage value of 31.17 GPa (CoV=4.4%) for the modulus
of elasticity, were obtained. The age of the colecbeams at the date of experimental program wawstab
two years.

The steel of the longitudinal bars and stirrupsddenomination of A400 NR SD according to
[18]. The main mechanical properties of these diaes are presented in the numerical simulatiotisec
Additional information related with the experimentaaracterization of the steel bars can be found
elsewhere [19].

In this work, two different types of CFRP laminatesre used: unidirectional (UD-CFRP) for the
cases of EBR and NSM techniques, and multi-direeligMDL-CFRP) for the case of the MF-EBR
technique. Both laminates have smooth surface.ileeiests were performed according to [20] for both
laminates (UD-CFRP and MDL-CFRP) to assess thesile properties. Bearing tests with MDL-CFRP
specimens were performed, according to [21], tduasta the bearing resistance of this composite. A
detailed description of these tests can be fouseldiere [15]. Table 2 presents the mechanical piiepe
of both laminates. The S&P Resin 220 epoxy adhékivas used to glue the laminates to the concrete.
From the experimental characterization of this atleethe average values for the following paranseter
were determined [19]: tensile strength of 33.03 NiBaV=8.52%), ultimate strain of 0.48%
(CoVv=11.80%), modulus of elasticity of 7.47 GPa\{{&d.28%) . According to the supplier, this epoxy
resin has a compressive strength and bond conarateate strength of 90 MPa and 3 MPa, respectively

A HiltiO chemical anchors system was adopted to fix mechbyithe MDL-CFRP laminate to
concrete for the case of the MF-EBR beam. Thisesyss composed by the resin HIT-HY 150 max and

the HIT-V M8 8.8 threaded anchors.
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2.3. Preparation of the Specimens

The preparation of the strengthened beams regs@eeral steps. For EBR and NSM beams, the

strengthening procedures are quite well documeintétk literature [22]. In the case of the MF-EBR

beam, its strengthening involved the following mpincedures:

a. Holes of 11 mm of diameter and 100 mm depth werdenma the soffit of the beam. The holes
were cleaned using compressed-air and a steel;brush

b. The holes were filled with the chemical adhesivel the fasteners were then inserted up to a

depth of 200 mm;

c. A rough concrete surface was assured using a rbtanymer with a needle adapter. Compressed-
air was used to clean the final surface;

d. A transparent acrylic strip was used to mark tis¢efaers position and, then, the holes in the
laminates were executed. The laminates were cleaitedicetone;

e. Epoxy adhesive was applied on the treated ard®indncrete surface and on the laminate surface
that will be in contact;

f. The laminate was placed on the concrete surfac@@asded against it to create a uniform

thickness of 1 to 2 mm;

g. The adhesive in excess was removed and the fastereee cleaned from any dirt attached,;
h. The pre-defined pre-stress level was applied inghases after the curing time of the epoxy
adhesive: a torque moment of 48 was applied to the fasteners one day beforeettigin the

day of the test, this torque moment was re-ingtalle

For all the strengthened beams the epoxy adhesdpammtion followed the supplier
recommendations included in the technical datatsh&be beams were kept in the laboratory
environment before being tested. Tests were caoug@t least 7 days after the application of tR€F
reinforcement.

From a practical point of view, the holes in the MBDFRP should be done after it has been glued
to the concrete. However, to minimize the damagbénMDL-CFRP during the concrete drilling
process, this strategy was not followed in the gmesvork.

The number of fasteners, the space between thertharttepth of the holes were chosen taking
into account the information derived from a preg@xperimental program of direct pull-out bondgest

[15].
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3. Results
From the results of the performed tests some m#asbe taken. In the following paragraphs the main

significant aspects are pointed out for the ca$egmerimental tests and numerical simulations.

3.1. Monotonic Loading Results
Table 3 resumes the main results obtained in tHenmeed tests, while Fig. 4 depicts the relatiopshi
between force and displacement at mid-span duhiegests. In this tablg., F,, andF., are the load at
concrete crack initiation, yield initiation of thengitudinal steel bars and maximum load, respebtjv
and @, g, anddn.x are the corresponding vertical displacementseatrtid-spang, is ultimate strain in
the FRP obtained in tensile tests, whetgaand&max area the maximum strain in the FRAFaaiNdFmayx,
respectively.

It can be concluded that the most effective stieggjing technique was the MF-EBR, not only due
to the maximum load reachel,{,,=148.2 kN), but also in terms of deflection atdaél andgmax /&y
ratio. When compared with the EBR, the MF-EBR gystend an increase of the load carrying capacity of
about 37%. This superior behaviour cannot be caielglexplained by the higher axial stiffneEgy, of
the laminate, since the ratio between g of the MDL-CFRP andEA; of the UD-CFRP (used in the
EBR beam) is only 1.1. The pre-stressed anchors bantributed for this higher strengthening
effectiveness of MF-EBR technique. In fact, whiBREFRP systems failed by FRP peeling, and NSM
FRP systems by concrete cover rip-off (detachmétiteoconcrete cover that includes the CFRP strips)
the MF-EBR FRP laminates failed by bearing (Fig.T9)e presence of the anchors avoided the premature
debonding (peeling) of the laminates, as well asdgtachment of the concrete cover (rip-off).

Defining the level of ductility as the ratio betwnetine deflection at the maximum load and the
deflection at the yielding of the longitudinal dtbars @na{d), in the MF-EBR beam thé,./d, was
equal to 4.35, which was much higher than the \satagistered in the other two strengthened bedras, t
EBR (1.80) and NSM (2.98) beams.

Apparently, in the MF-EBR beam the force correspogdo the crack initiationk,, is higher
than theF, of the other beams. This behaviour can be expddiryethe contribution of pre-stress. In fact,
the pre-stress provided by the anchors may haveédla compressive stress state on the concrete, cov

which has delayed the concrete crack initiatioris pfhenomenon could also explain the higher load
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carrying capacity between the concrete crack tiotieand the steel yield initiation of the MF-EBRam.
After the longitudinal steel bars have yieldedlighs higher stiffness can be observed in the NSdrh,
when compared with the MF-EBR beam. This behaviaur be justified by the confinement that
surrounding concrete provides to the NSM CFRP latein [23].

Fig. 6 presents the strains in the FRP laminatethfee distinct load levels: at crack initiatiddR), at
yielding initiation of the steel bars (YL), andthe maximum load (UL). In this graph, the locatafrthe
strain gauge (SG) is referred to the left extreroitthe laminates. As expected, from the extremitthe
laminate up to the point load (left shear spantlenghe strain variation along the laminate insesh
almost linearly up to the load level correspondimghe yield initiation of the steel bars, whiclileets
the variation of the applied bending moment. Theimim strains in the MF-EBR laminates up to the
yield initiation is justified by the high strain moentration around the fasteners, leading to smadleles
in the intermediate zones between consecutiverfastewhere SGf are installed. However, the presenc
of the fasteners has allowed the development offigieest strain field in the shear span length ctvizian
be justified by analysing the failure mechanisnt thicurs between two consecutive mechanical
fasteners, shown in Figure 7. Due to the concratepcessive struts formed between mechanical
fasteners in the shear span region, the laminatgshi@troducing an increment of strain due to its
curvature, which is responsible for the relativieigh strain value registered in the SGf2. Due ® th
highest strain gradient developed near the mostext fasteners, and the decrease of the inclimatio
the concrete struts in the direction of the suppofthe beam, a strain value similar to the opggstered
in the other strengthening techniques was record&@f1. Since concrete struts were not formed
between fasteners in the pure bending zone, thimstgistered in the SGF4 is identical to theistra

recorded in the EBR technique.

3.2 Fatigue loading
Table 4 includes the relevant results obtainethénpost-fatigue monotonic tests, while Fig. 8 disytice
relationship between force and displacement atspat up to rupture, after beams having been séject
to one million of cycles.

Up to crack initiation the behaviour of these beavas similar to the one observed in the
monotonic tests, i.e. the highest cracking load regsstered in the MF-EBR beam. In terms of maximum

load and ultimate deflection capacity, the NSM wasmost effective strengthening technique. When
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compared with the corresponding monotonic testsgimal variation in terms of maximum load was
obtained for the case of the REF, EBR and MF-EB&ix whereas an increment of 9% was attained in
the NSM beam. This might be justified by the smaliember and size of flaws and voids in the adleesiv
layer that bond the NSM laminates to the concréthis beam when compared to the NSM monotonic
beam. The inferior performance of the MF-EBR beatmen compared with the monotonic one, can be
attributed to a possible loss of efficiency of firestressed anchorages during the fatigue cydfes s

only one nut was used per anchor, and due to anlgestrength degradation of the MDL-CFRP during
the cycles.

The EBR and NSM beams exhibited the same failurdesi@ccurred in the monotonic tests.
Despite the performance in the monotonic testsMReEBR beam presented a more fragile failure mode
with bearing and inter-laminar failure of the FRP.

Fig. 9 presents the variation of the minimum anc&imam displacements at mid-span during the
fatigue cycles. Marginal variations can be obseredact, a decrease of 8.3%, 3.0%, 0.3% and 12m1%
terms of stiffness was observed for the REF, EBR;BBBR and NSM beams, respectively.

Fig. 9 and a zoom into Fig. 8 show that above #ftedtion correspondent to the average load between
Shin andS;ax in the MF-EBR and NSM beamBROkN), a higher degradation of stiffness occurrethe
MF-EBR beam. Above this load level the bond effestiess starts being relevant for the beam’s load
carrying capacity, which might justify the smalidtimate load and the corresponding deflectiorhin t
MF-EBR beam submitted to fatigue loading. In faltte to the formation of the concrete struts between
consecutive fasteners, with damage to crack foomatoncentrated near the fasteners (Fig. 5), thd bo
condition of the MDL-CFRP laminates were degradednd) the cyclic loading.

In sections 3.1 and 3.2 several explanations wigendor the observed phenomena, but no well
supported conclusion can be retrieved due to ttedl smmber of tests. Therefore, further investigatis

required to verify if the observed tendency is aondéd.

3.3. Numerical simulation

The monotonic tests were numerically simulated.e&sp such as crack initiation, stiffness degradatio
steel yield initiation and load carrying capacitg éocused. All the simulations were performed wité
FEMIX computer program [24]. The tested beams weoelelled as a plane stress problem. As example,

Fig. 10 shows the geometry, the finite element miestding configuration and support conditions
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adopted in the study of the MF-EBR beam. To sineulaé concrete part of the specimens, 4-node
Serendipity plane stress elements with 2x2 Gaugsihdre integration scheme were used.

An elasto-plastic multi-fixed smeared crack modakwadopted to simulate the nonlinear material
behaviour of concrete [25]. The crack evolutioriracture mode | was simulated using the Cornellisen
[26] tension softening diagram. The following caeter properties were used in the numerical
simulations: densityp=25 N/mn7; Poisson’s ratioy,=0.2; initial Young’s modulus£,=31.17 GPa;
compressive strength= 53.08 MPa; stress at crack initiatidg=2.9 MPa; fracture energy,

G.=0.09 N/mm; crack band width, was assumed equal to square root of the arde dafitegration point
(IP) in order to assure that the results are npeddent of the mesh refinement; threshold angt€9°;
maximum number of cracks per integration pamgt2.

The longitudinal and transverse steel reinforcesjeast well as the FRPs, were simulated with 2-
node linear cable elements with two Gauss-Legeimtiegration points. Perfect bond between the
concrete and steel reinforcements was assumedhdsirlstress-strain relationship up to the ultiniode
was assumed for the simulation of steel reinforaemeA linear stress-strain relationship, up to the
tensile strength, was adopted for the case of attibnal laminates (EBR and NSM beams). A bi-lnea
stress-strain relationship was assumed for thelation of multi-directional CFRP laminate (MF-EBR
beam) to account the bearing behaviour. Table lbdes the properties adopted in the simulatiorthef
steel reinforcements and FRPs.

Perfect bond between concrete and FRP was assom#gkfsimulation of the NSM beam since
experimental failure mode was by rip-off, while foe cases of EBR and MF-EBR beams slip was
allowed. To model slip at the CFRP-concrete intefan the simulations of EBR and MF-EBR beams 4-
node interface finite elements with two Gauss-Ltbattegration points were used. In the present
numerical analysis the following relationship innes of bond stresgersusslip (7—s) was adopted to
simulate the nonlinear behaviour of the CFRP-cdedreerface:

rm[i] if s<'s,
r(s)={ ", )

T (i]a if s> 5,
"\ s

wherer, ands, are the bond strength and the correspondingreigpectively;a anda ' define the shape
of the =slaw in the pre- and post-peak branches, respégtifesuming that the normal stiffness of the

interface elements has a marginal effect on thelingrbehaviour, a constant value of NImnt was

10
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attributed. Literature dealing with the bond pheroon between CFRP’s and concrete in the context of
MF-EBR technique is extremely scarce. Therefore gvaluation of;,, was based on the information
included in the technical data-sheet of the adlegsiereas the other parameters were adjustetthe fi
experimental response, mairdy, @ and¢a’. Thus,7,,=3.0 MPas,=0.17 mm,a=0.9 anda’=2.0 were
assumed for the simulation of the EBR beam, ap8.0 MPas,,=0.05 mm,a=0.9 anda’=10.0 for the
simulation of the MF-EBR beam. To simulate the amstin the MF-EBR beam, 2-D linear elastic frame
elements were used with perfect bond to concrete.

A uniform temperature variation of -146°C was agglio the frame elements, in order to simulate
the pre-stress in anchors (48 torque). With this temperature variation is pbkesto induce in the
anchors the same compressive state that the rgaktgives to them.

Fig. 11 depicts the loacersusdeflection at mid-span obtained experimentally ancherically
for the REF, EBR, MF-EBR and NSM beams. From theyasis of these curves of the first three beams,
the main aspects observed in the experimental ®sth as crack initiation, yield initiation anchtb
carrying capacity are well captured. The numemséalulation of the NSM beam predicts very well the
experimental response up to the yield initiationhaf steel bars. Above this deflection the modedjmts
a stiffer response, indicating that after yieldiation this simulation was not able of capturihg tntense
gradient of damage formed in the concrete surraunttie steel bars and CFRP laminates due to the

higher stress transfer gradient to the laminatasexd by the yielding of the steel bars.

4. Conclusions

In this paper the flexural strengthening effectesmof a new technique (MF-EBR) is investigateds Th
technique combines the fasteners from the MF-FRRhique and the epoxy bond-based performance
from the EBR technique. In addition, all the fagtesnare pre-stressed. This flexural strengthening
technique uses multi-directional laminates excleisivnade with carbon fiber reinforced polymers
(CFRP).

To compare the efficiency of the MF-EBR, EBR andWN&rengthening techniques, an
experimental program with RC beams was carriedThit program is composed by two series of beams,
one submitted to monotonic loading and the other fatigue loading. In the monotonic tests, when
compared to the reference beam, an increase doatlimg carrying capacity of 37%, 87% and 86% was

obtained for the EBR, MF-EBR and NSM strengtheneainis, respectively. When compared to the EBR

11
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beam, an increase of about 37% on the loadingiogroapacity for MF-EBR technique was obtained.
The most favourable aspect of the MF-EBR technigag, however, the deflection level at ultimate load
(Amay, Which is an indicator of ductility performanda.fact the normalized deflection capacity at
maximum load @n.{ &, with g, being the deflection at yield initiation) was 4.8#hich was much higher
than that registered in the other two strengthdrezins, the EBR (1.80) and NSM (2.98) beams. In
addition, more ductile failure mode was observedM&-EBR technique.

In terms of post-fatigue monotonic tests, the NS¥r has provided the highest increase in the
ultimate load (101%), since the MF-EBR and EBR beanesented an increase of load capacity of 84% e
43%, respectively, when compared with the maximoaa lof the control beam. In the fatigue tests the
NSM beam presented the highest normalized deflectigpacity at maximum load (6.7), while a value of
3.5 and 2.4 was registered in the MF-EBR and EBd&rise respectively.

In spite of the present results being credibletrfouting for the knowledge in this area, further
investigation is required to better understandotbeerved phenomena.

Numerical simulations of the monotonic tests derntramsd that current FEM tools can simulate
with high accuracy all the principal aspects obsdrn the tests such as crack initiation, stiffness
degradation, yielding initiation in steel bars, doad carrying capacity. However, the smeared crack
models hardly capture the rip-off failure mode afed in the NSM beams, since higher gradient of

damage formed in the concrete surrounding the bagsland CFRP laminates occurred.
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TABLE CAPTIONS

Table 1— Properties of the beams.

Table 2— Mechanical properties of the CFRP laminatesr@ye values) [15].
Table 3— Main results obtained in the monotonic tests.

Table 4— Main results obtained in the fatigue tests.

Table 5— Properties adopted for the simulation of thelsteinforcements, CRFP and MDL-CFRP.
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Table 1 — Properties of the beams.

Type of N.° of
Beam te [mm] Li[mm]  wi[mm]  05eq[%]
laminate laminates
REF - - - - - 0.439
EBR Unidirectional 2 1.41 1400 30 0.550
MF-EBR  Multidirectional 2 2.07 1400 30 0.553
NSM Unidirectional 4 1.41 1400 15 0.561
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Table 2 — Mechanical properties of the CFRP langisgaverage values) [15].

Property UD-CFRP MDL-CFRP
Tensile strength [MPa] 2435 (CoV=5.8%) 1866 (Co\195)
Modulus of elasticity [GPa] 158 (CoV=3.9%) 118 (GeR2/8%)
Ultimate tensile strain [%] 1.50 (CoV=4.7%) 1.580G-5.1%)
Unclamped bearing strength [MPa] n/a 316.4 (CoVve%).
Clamped bearing strength [MPa] n/a 604.4 (CoV=5.8%)
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Table 3 — Main results obtained in the monotonstse

Crack initiation Yielding Ultimate &yl&  Emadl &u
Beam Omad & FRP Failure mode
Or[mm] Fer [kN] g [mm]  Fy [kN]  Gnax[mm]  Frax [N] [%]  [%]
REF 0.36 29 3.8 70 22.6 79.3 5.95 - - -
EBR 0.27 25 4.1 90 7.4 108.4 (37%) 1.80  24.0 36.6 Peeling
MF-EBR 0.38 32 4.2 96 18.3 148.2 (87%) 4.35  15.8 69.3 Bearing
NSM 0.40 29 4.9 104 14.6 147.3 (86%) 2.98  23.4 63.3 Rip-off

" (Fmax Fmaxren! FmaxrerWhereFnay reriS the maximum load of the reference beam.
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Table 4 — Main results obtained in the post-fatigu@notonic tests.

Crack initiation Yielding Ultimate
&yl&u  Emadl &u
Beam O Fer ok Fy Onax Frna Onad S FRP Failure mode
[%0] [%0]

[mm] [kN] [mm] [kN] [mm] [kN]
REF 0.26 20 2.5 66 23.3 79.9 9.32 - - -
EBR 032 27 30 94 71 1142(43%) 237 146 29.6 Peeling
MF-EBR 035 31 37 101 129 147.2(84%) 349 150 63.4 Bearing
NSM n/a na 33 105 222 160.7(10i%)6.73 154 557 Rip-off

" (Fmax Fmax red! Fmax rerWhereF nax reris the maximum load of the reference beam.

20



Sena-Cruz, J.M.; Barros, J.A.O.; Coelho, M.R.; &ilk. (2011) “Efficiency of different techniquesfiexural strengthening of RC
beams under monotonic and fatigue loading.” Cortioin & Building Materials. (DOI: 10.1016/j.conbudiinat.2011.10.044)

Table 5 — Properties adopted for the simulatiorthefsteel reinforcements, UD-CRFP and MDL-

CFRP.

Material &1 [%0] Op1 [MPa] &pp [%0] Op> [MPa]
76 2.36 452.0 135.75 475.00
@10 2.53 455.0 160.00 475.00

UD-CFRP 15.00 2434.6 - -

MDL-CFRP 3.30 390.0 20.00 850.00

Note: bi-linear law defined by the points{, dpr;) and &>, dpy). &1=strain at the end of the first branch;
Op=stress at the end of the first branghy=strain at the end of the last branch;=stress at the end of

the last branch.
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FIGURE CAPTIONS

Fig. 1 —RC beam: (a) cross section; (b) longitudinal vidlete: all dimensions are in millimetres.

Fig. 2 —Cross section of the strengthened beams: (a) BEBRIF-EBR; (c) NSM. Note: all dimensions
are in millimetres.

Fig. 3 — Test configuration: (a) vertical deflection; (byashs on the steel bars; (c) strains on the
laminate of the EBR beam; (d) strains on the lateid the MF-EBR beam; (e) strains on the laminates
of the NSM beam. Note: all dimensions are in midines.

Fig. 4 —Forcevs displacement relationship of the tested beamgmumanotonic loading.

Fig. 5 —Failure mode of the MDL-CFRP laminates in the MFRE&rengthened beam: (a) lateral view;
(b) bearing failure detail of the laminates.

Fig. 6 — Strain variation in the FRPs.

Fig. 7 —Failure mechanisms in the MF-EBR beam.

Fig. 8 —Forcevs displacement relationship of the beams aftefdtigue cycles.

Fig. 9 —Variation of the displacement at mid-span alongfétigue cycles.

Fig. 10 —Geometry, the finite element mesh, loading and sttpgonditions of the MF-EBR beam.

Note: all units are in millimetres.

Fig. 11 —Loadvs deflection at mid-span obtained experimentallg anmerically for the monotonic

tested beams.
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Fig. 1 —RC beam: (a) cross section; (b) longitudinal vidlete: all dimensions are in millimetres.
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Fig. 2 —Cross section of the strengthened beams: (a) BBRVIF-EBR; (c) NSM. Note: all dimensions
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Fig. 3 —Test configurationfa) vertical deflection; (b) strains on the steld) (c) strains on the
laminate of the EBR beam; (d) strains on the lateiohthe MF-EBR beam; (e) strains on the laminates

of the NSM beam. Note: all dimensions are in midines.
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Fig. 4 —Forcevs displacement relationship of the tested beamemumbnotonic loading.
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(a) (b)

Fig. 5 —Failure mode of the MD-CFRP laminates in the MEBR strengthened beam: lateral view;

(b) bearing failure detail of trlaminates.

27



Sena-Cruz, J.M.; Barros, J.A.O.; Coelho, M.R.; &ilk. (2011) “Efficiency of different techniquesfiexural strengthening of RC
beams under monotonic and fatigue loading.” Cortioin & Building Materials. (DOI: 10.1016/j.conbudiinat.2011.10.044)

12000

1 " "
N N S
- IS
9) : 9) . @ 9]
100004 & EgR(CR) : -
| —e— MF-EBR (CR)
8000] A~ NSM(CR) -

--m--EBR (YL)

S 1 --®-- MF-EBR (YL)

S 6000 A" NSM (VL) i

= —=— EBR (UL) .

< { —e— MF-EBR (UL) :

& 4000 —*— NSM(UL) B L
SR

2000 : =z ; -

[ e .
0+—p—A———t— — -

T T T
0 100 200 300 400 50 600 700 800
Gauge location [mm]

Fig. 6 — Strain variation in the FRPs.

28



Sena-Cruz, J.M.; Barros, J.A.O.; Coelho, M.R.; &ilk. (2011) “Efficiency of different techniquesfiexural strengthening of RC
beams under monotonic and fatigue loading.” Cortioin & Building Materials. (DOI: 10.1016/j.conbudiinat.2011.10.044)

Fig. 7 —Failure mechanisms in the MF-EBR beam.
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Fig. 8 —Forcevs displacement relationship of the beams aftefdtigue cycles.
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Fig. 11 —Loadvs deflection at mid-span obtained experimentallg anmerically for the monotonic

tested beams.
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