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Experimental and numerical sudy of diginct techniquesto
grengthen beamsfailing in bending under monctonic loading

J. Sena-Cruz J.A.O. Barro§ M.R.F. Coelhd, and L.F.F.T. Silva
1 ISISE, University of Minho, Civil Engineering Depaent, Guimaraes, Portugal

The use of fiber reinforced polymers (FRP’s) in t@ntext of strengthening Civil

Engineering structures has grown in the last dexaleoperties such as light weight,
high stiffness/weight ratio, corrosion immunity amdde variety of sizes and shapes
available are some of the reasons that justifygitoeving use of this type of materials.
They have been applied mostly by two strengtheneahniques: Externally Bonded
Reinforcement (EBR) and Near-Surface Mounted (NSM).

The efficiency of these techniques depends, maamythe performance of the bond. This
type of reinforcement is applied on the cover ceterwhich is normally the weakest
region of the element to be strengthened. Consdlguéme most common problem is the
premature failure of FRP reinforcement, which hayspenore frequently in the EBR

technique.

In an attempt of overcoming this problem, othehiegues have been proposed. The
present one uses multi-directional carbon fiber ihates, simultaneously glued and
anchored to concrete. In addition the anchors @pre-stressed. This technique was
called MF-EBR — Mechanically Fastened and Exteyrainded Reinforcement.

This paper presents the results of the experimdaetbk carried out with reinforced
concrete beams strengthened with the three tecbsmigueviously referred in order to
assess the efficiency of each one. An additionahb&as casted and was used as the
reference beam. For this purpose four reinforcettime beams of 200x300x2200 fhm
were used submitted to four-point bending tests.

The present work describes the carried-out tests paesents and analyzes the most
significant obtained results, as well as the nucaésimulations performed.

Corresponding author’'s emagena@civil.uminho.pt
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Experimental and numerical study of distinct tecjueis to
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ABSTRACT: With the purpose of study three distitexthniques to strengthen beams failing in
bending under monotonic loading, an experimentagyam was carried out. Three techniques
are analyzed: Externally Bonded Reinforcement (EB®gar-Surface Mounted (NSM) and
Mechanically Fastened and Externally Bonded Redgfmrent (MF-EBR). Unidirectional CFRP
laminates were used for the case of the EBR and NKeiMniques, whereas multi-directional
CFRP laminates were used with the MF-EBR systenthig work the tests are described in
detail, and the obtained results are presenteddeedssed. Numerical simulations of the tests
are presented to evaluate the ability of currenMFBols in the simulation of these
strengthening techniques.

1 INTRODUCTION

The strengthening technigue named Mechanically efast and Externally Bonded
Reinforcement (MF-EBR) has been recently proposedhis strengthening technique multi-
directional laminates of carbon fiber reinforcedyprer (MDL-CFRP) are simultaneously glued
and mechanically fixed with anchors. In additioe #mchors are pre-stressed. To analyze the
performance of this system when compared with Balér Bonded Reinforcement (EBR) and
Near-Surface Mounted (NSM) techniques, an expetiaieprogram was carried out with
reinforced concrete beams. In this paper are ptedd¢he main results from the tests performed
in beams flexural strengthened with the EBR, NSMI @&WF-EBR techniques. Numerical
simulations of the monotonic tests are presentez&tuate the ability of current FEM tools in
the simulation of these strengthened structures.

2 EXPERIMENTAL PROGRAM

To appraise the effectiveness of the MF-EBR teami@n experimental program was carried
out involving a reference beam (REF) and three nimams strengthened according to the
following techniques: Externally Bonded ReinforceméEBR), Near-Surface Mounted (NSM)
and Mechanically Fastened and Externally BondechfBmiement (MF-EBR). These four
reinforced concrete (RC) beams have been produddd same geometry, reinforcement
arrangement of longitudinal and transversal stegs,band concrete strength class. The RC
beams have a cross section of 200 mm wide, 300 enghthand 2200 mm long being 2000 mm
the distance between supports. All the beams hlaree tlongitudinal steel bars of 10 mm
diameter (310) at the bottom, and 210 at thédep Fig. 1). The transverse reinforcement is
composed by stirrups @6 with a constant spaciridofmm. Fig. 2 includes the cross section of
the strengthened beams.



Table 1 presents the main properties of the bebmtkis tablet;, L; andw; are the thickness, the
length and the width of the laminates, respectivahdo; «qis the equivalent longitudinal steel
reinforcement ratio defined by the following Eq. 1,
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where b is the width of the beamd; and A; are the cross sectional area of the tensile
longitudinal steel bars and FRP systems, respégtigeandE; are the modulus of elasticity of
steel and FRP, respectively, andandd; are the distance from the top concrete compression
fiber to the centroid of the steel bars and FRResys, respectively.

A four-point bending test configuration was adoptethe present experimental study (Fig. 3a).
The tests were performed under displacement comtith a deflection rate of 20m/s using,
for this purpose, the linear variable differentrainsducer (LVDT) located at the midspan of the
beam (LVDT3 in Fig. 3). The load was applied throw servo-controlled hydraulic actuator
equipped with a load cell of 500 kN.

As seen in Fig. 3 four additional LVDTs were usednteasure the deflections in the loaded
sections (LVDT2 and LVDT4) and at the sections cmliimg with the free ends of the FRP
systems (LVDT1 and LVDT5). In addition, strain gasdSG) were used to measure the strains
in the tensile longitudinal steel bars (SGs1 andZ@nd in the FRP systems (SGfl to SGf8).
The location of this instrumentation is also in@ddn Fig. 3.

Preparation of the strengthened beams requiredradepeocedures. Those are described in
Sena-Cruz et al. (2010).
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Figure 1. RC beams: (a) Cross section; (b) Longialdsiew. Note: all units in [mm].
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Figure 2. Strengthened beams cross section: (a) BEBRIF-EBR; (c) NSM. Note: all units in [mm].
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Table 1. Properties of the beams.

. N.° of
0
Beam Type of laminate laminates ty (mm) Lt (mm) w; (Mmm) Os.eq(%0)
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
F/2 ! F/2
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Figure 3. Instrumentation adopted: (a) verticalat®ion; (b) strains in the reinforcement; (c) Btsaon
the laminate of the EBR beam; (d) strains on theirate of the MF-EBR beam; (e) strains on the
laminates of the NSM beam. Note: all units in [mm].

3 MATERIAL CHARACTERIZATION

The mechanical characterization of concrete wassassl by means of compression tests. For
this purpose six cylindrical concrete specimensewested to evaluate the compressive strength
and the modulus of elasticity according to the N¥ B390-3:2009 and LNEC E397-1993,

respectively. From the compression tests, an agerampressive strength value of 53.08 MPa,



with a coefficient of variation (CoV) 4.0%, and average value of 31.17 GPa (CoV=4.4%) for
the modulus of elasticity, were obtained.

The multi-directional laminate of CFRP (MDL-CFRPad in the MF-EBR beam was designed
and produced for a research project that intendexpore the possibilities of their use in
structural strengthening. The MDL-CFRP core is cosgal by a unidirectional pre-cured CFRP
laminate with the trademark CFK® 150/2000 (CFK)eTain direction of the fibers of the
CFK laminate was 0° with the applied load directiboneach face of the CFK laminate, two
layers of a unidirectional carbon pre-preg withefb orientated at +45° were glued. This pre-
preg material has the trademark TEXIPREG® HS 160ARHBS). Autoclave equipment was
used for the production of the MDL-CFRP, namely ttoe cure of the HS. The procedures for
the production of the laminate are described inll@ng2010). After production, the multi-
directional laminate had a thickness of 2.07 mm andngth of 1400 mm. For the other two
beams (EBR and NSM) a unidirectional CFK® 150/20@6 used.

Tensile tests were performed according to the 12041997 for both laminates (CFK and
MDL-CFRP) to assess their tensile properties. Fitoase tests was obtained a tensile strength,
a modulus of elasticity and an ultimate strain 868 MPa, 118 GPa and 1.58% for MDL-
CFRP, and 2435 MPa, 158 GPa and 1.50% for CFKeotisely (Coelho, 2010).

The evaluation of the bearing strength of the MDERP was performed according to ASTM
D5961/D5961M-05. These tests were made in twossesige without pre-stress in the fastener
and the other with a pre-stress applied by a to@fu20 Nxm. From the performed bearing
tests, a bearing strength of 316.4 MPa (CoV=11.8%%) 604.4 MPa (CoV=5.8%) were
obtained for the cases of series without and wighgress, respectively (Coelho, 2010).

To bond the laminates to concrete an epoxy adhegagused. For this purpose, the S&P®
Resin 220 epoxy adhesive® was selected. Accordinthe supplier, this epoxy resin has a
flexural tensile strength, a compressive strengthabond concrete/laminate strength equal to
30 MPa, 90 MPa e 3 MPa, respectively.

The Hilti® chemical anchors system was adoptedixonfechanically the laminate to the
concrete in the MF-EBR beam. This system is congbbgehe resin HIT-HY 150 max, the M8
8.8 threaded anchors and the DIN 9021 washers. rBicgp to the technical sheet of the
product, with this fastener system a maximum torgu20 Nxm (characteristic value) can be
applied. This value is too conservative becautakés into account large safety coefficients. In
this context, tests were made in additional speasme order to assess the highest torque that
can be applied to this anchoring system. From thests an average value of 48\ was
adopted for the MF-EBR beam.

4 RESULTS

Table 2 resumes the main results obtained fronpéréormed tests, while Fig. 4a depicts the
relationship between force and displacement at gpatt during the tests. In this table the
meaning of the symbols is the following one:

* o, = deflection at concrete crack load initiation;

« F.=load at concrete crack initiation;

* g = deflection at the yield initiation of the stéwlrs;

* Fy=load at the yield initiation of the steel bars;

*  Onax = deflection at the maximum load;

¢ Fnax= maximum load;

* & = ultimate strain in the FRP according to the itesabtained in tensile tests;

* & = maximum strain in the FRP &j;

*  &Smax = Maximum strain in the FRP Bt



From this table and figure it can be concluded thatmost effective strengthening technique
was the MF-EBR, not only due to the maximum loadched F.,=148.2 kN), but also in
terms of deflection at failure and maximum/failsteain ratio.

When compared with the EBR, the MF-EBR system hadnarease of the load carrying
capacity of about 37%. This superior behaviour carlpe explained by the higher axial
stiffness,EiA;, of the laminate since the ratio between By of the MDL-CFRP andEA; of
the CFK (used in the EBR beam) is only equal to8.1.0he pre-stressed anchors have
contributed for this higher strengthening effeatiess of MF-EBR technique. In fact, while the
EBR system failed by peeling (Fig. 5a), and NSM FyBtems by rip-off (detachment of the
concrete cover that includes the CFRP strips, By, the MF-EBR FRP laminates failed by
bearing (Fig. 5¢). The presence of the anchorsdadoihe “premature” debonding (peeling) of
the laminates, as well as the detachment of theretacover (rip-off).

Table 2. Main results obtained.
Crack

Seam initiation Yielding Ultimate Gald,  &le P E;lli;re
d:r Fcr d/ F I:max 5ma>< (') (%) (%) mode

(mm)_ (kN) (mm) (KN) (kN)  (mm)
REF 0.36 29 3.8 70 22.6 79.3 5.95 - - -

108.4 :
EBR 0.27 25 4.1 90 7.4 (37%) 1.80 24.0 36.6 Peeling
MF- 148.2 .
EBR 0.38 32 4.2 96 18.3 (87%) 4.35 15.8 69.3 Bearing

147.3 .
NSM 0.40 29 4.9 104 146 (86%) 2.98 23.4 63.3 Rip-off

*

(Fmax— Fmax,re / Fmax rerWhereF na. reris the maximum load of the reference beam.

Apparently, in the MF-EBR beam, the force corregfiog to the crack initiatiork,, is higher
than theF,, of the other beams. This behaviour can be expldnyethe existence of pre-stress.
In fact the pre-stress provided by the anchors mdyce a compressive stress state on the
concrete cover which delays crack initiation. Thieenomenon could also explain the higher
stiffness between the concrete crack initiation &#mel steel yield initiation of the MF-EBR
beam. After the yielding of the longitudinal reinfement, a slightly higher stiffness can be
observed in the NSM beam, when compared with theBBR beam. This behaviour can be
justified by the efficiency of the NSM techniquénce the laminates are fully embedded into
the concrete.
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Figure 5. Failure modes: (a) EBR beam; (b) NSM hgaynVIF-EBR beam.

In Fig. 4b is represented the strains in the CRiR#rlates for three distinct load levels: at crack
initiation (CR), at yielding initiation of the stiebars (YL), and at the maximum load (UL). In
this graph, the location of the SG is referredhm left extremity of the laminates. As expected,
from the extremity of the laminate up to the pdio&d (left shear span length), the strain
variation along the laminate increased almost liga#p to the load level corresponding to the
yield initiation of the steel bars, which refletite variation of the applied bending moment. The
minimum strains observed in the MF-EBR laminatesaithe yield initiation is justified by the
high strain concentration around the fastenergingato minimum values in the intermediate
zones between consecutive fasteners, where SGhstadled. However, the presence of the
fasteners has allowed the development of the higitesn field in the shear span length, which
justifies the largest load carrying capacity, andtiity of MF-EBR beam.

5 NUMERICAL SIMULATION

The tests were numerically simulated with the psepof evaluating the accuracy of the

available FEM tools in the simulation of RC beaniserggthened with the considered

techniques. All the simulations were performedhi@ FEEMIX computer code (Sena-Cruz et al.,
2007). These tested beams were modeled as a pgtage problem. To simulate the concrete
part of the specimens, 4-node Serendipity planesstelements with 2x2 Gauss-Legendre
integration scheme are used.

An elasto-plastic multi-fixed smeared crack modeladopted for simulating the nonlinear
material behavior of concrete (Sena-Cruz, 2004)o Tiiferent yield surfaces were used: the
Rankine criterion for concrete under traction amel ©wen and Figueiras (1983) yield surface
for the concrete under compression. An isotropicdéiaing rule was adopted in the elasto-
plastic model, with a strain hardening flow ruldieTassumed hardening/softening diagram can
be found elsewhere (Sena-Cruz, 2004). The crackugwo in fracture mode | is simulated
using the Cornellisen et al. (1986) tension softgrliagram. The following concrete properties
are used in the numerical simulations: density25 N/mn¥; Poisson’s ratio,.=0.2; initial
Young's modulus,E;=31.17 GPa; compressive strengtls 53.08 MPa; tensile strength,
f.=2.9 MPa; fracture energ®.=0.09 N/mm; crack band width,=square root of the area of the
integration point (IP); threshold angles89°; maximum number of cracks per integration fpoin
Ne=2.

The longitudinal and transverse steel reinforcemens well as the FRP’s, are simulated with 2-
node linear cable elements with two Gauss-Legeimdegration points. Perfect bond between
the concrete and steel reinforcements was assuBnédear stress-strain relationships up to the
ultimate load are assumed for the simulation o€lsteinforcements. A linear stress-strain
relationship, up to the tensile strength, is adbfte the case of unidirectional laminate (EBR
and NSM beams). A bi-linear stress-strain relatigmss assumed for the simulation of multi-
directional CFRP laminate (MF-EBR beam). The propsradopted in the simulations of the
steel reinforcements and FRP’s can be found in -8gna et al. (2010). Remark that all the
adopted values for the properties of the distinatamals used in the simulations were estimated



taking into account the mechanical material charazition performed on the concrete, steel
and FRP’s.

Perfect bond between concrete and FRP was asswondhef simulation of the NSM beam,
while for the cases of EBR and MF-EBR beams slig a#fowed. To model slip at the CFRP-
concrete interface, in the simulations of EBR an&-EBR beams 4-node interface finite
elements with two Gauss-Lobatto integration poarts used. In the present numerical analysis
the following relationship in terms of bond stresssusslip (—s) is adopted to simulate the
nonlinear behavior of the CFRP-concrete interface:

(s)= o(¥s) s
(%) i s

wherer, ands, are the bond strength and the correspondingrsigpectively,c anda ' define

the shape of the-slaw in the pre and post-peak phases, respectifsiuming that the normal
stiffness of the interface elements has a margffakct on the bonding behavior, a constant
value of 168 N/mn? is attributed. The evaluation of thg, was based on the information
included in the technical sheet of the adhesivesredis the other parameters where adjusted to
fit the experimental response. Thug,=3.0 MPa, $,=0.17 mm, a=0.9 and a’=-2.0 were
assumed for the simulation of the EBR beam, a3.0 MPas,=0.05 mm,a=0.9 anda’=10.0

for the simulation of the MF-EBR beam. To simuléte anchors in the MF-EBR beam, 2-D
linear elastic frame elements were used with peldend to concrete.

(2)

A uniform temperature variation of -146°C was agglito the frame elements, in order to
simulate the pre-stress in anchors (40r\torque).

Fig. 6 depicts the loadersusdeflection at mid-span obtained experimentally aocherically
for the REF, EBR and MF-EBR beams. From the amalg$ithese curves, the main aspects
observed in the experimental tests, such as crattion, yield initiation and load carrying
capacity are well simulated.

Two distinct simulations were performed for theecag NSM beam, since it failed by concrete
cover rip-off that includes the CFRP strips. In finst simulation (Num. 1) concrete properties
were assumed equal for all the finite elements,redein the second simulation (Num. 2) the
mechanical properties for the concrete region betwthe longitudinal reinforcement and the
CFRP strips were reduced to numerically simulagedbncrete cover rip-off behavior (Fig. 6).
This figure shows the relationships between load aeflection at mid-span obtained
experimentally and numerically for the NSM beam.spite the numerical simulation 2 has
almost predicted the ultimate load, simulation & imiially predicted better the initial behavior.
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Figure 6. Loadrersusdeflection at mid-span obtained experimentally andherically: (a) REF, EBR and
MF-EBR beams and (b) NSM beam.



6 CONCLUSIONS

In this paper the flexural strengthening technigamed Mechanically Fastened and Externally
Bonded Reinforcement (MF-EBR) is analyzed. Thisitegue combines the fasteners from the
MF technique and the epoxy bond-based performance the EBR technique. In addition, all
the fasteners are pre-stressed. This new system rushi-directional laminates exclusively
made with carbon fibers reinforced polymers, dgvetbin the scope of the present research
project.

To assess to the efficiency of the MF-EBR when camg with other existent techniques (EBR
and NSM), an experimental program was carried oomposed by four beams: a reference
beam (REF) and the other three were strengthenedmith each of the three strengthening
techniques analyzed: EBR, MF-EBR and NSM. The beame submitted to a four-point
bending tests. When compared to the reference baanincrease on the loading carrying
capacity of 37%, 87% and 86%, was obtained for EB&R, MF-EBR and NSM systems,
respectively. When compared to the EBR beam, aease on the loading carrying capacity of
37% for MF-EBR technique was obtained. The mosbifable aspect of the MF-EBR technique
was, however, the level of ductility (4.35) whiclasvmuch higher than the one registered in the
other two strengthened beams, the EBR (1.80) arid (298) beams.

Numerical simulations of the monotonic tests dertraisd that current FEM tools can simulate
with high accuracy all the principal aspects obsdrin the tests such as crack initiation,
stiffness degradation, yielding initiation in stéeks, load carrying capacity and crack patterns.
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