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SUMMARY

Bond between Fibre Reinforced Polymer (FRP) NeafaBa Mounted (NSM) reinforcement and
concrete is one of the key factors affecting th@abmur of this strengthening methodology.
Properties of FRP, adhesive and concrete greaflscathe effectiveness of the NSM technique. Due to
the variety of factors involved in the behaviour FiRP NSM strengthening systems, mechanical
models able to incorporate the influencing varigbbequire major importance for the prediction of
the load capacity and the contribution of the défg parameters. By predicting the results obtained
in experimental direct pullout tests, a finite etarh model is adopted to assess the influence of
relevant parameters on bond behaviour, namely:tippe, bar size, bond length, epoxy properties and
concrete strength. The finite element approach idens interface finite elements for modelling the
bond between FRP reinforcement and concrete, asth@ared crack model to simulate the crack
initiation and propagation in the surrounding coete.

1. INTRODUCTION

The near surface mounted (NSM) technique has beeopwpular method for strengthening RC and
masonry members, thereby increasing both flexurdishear strength [1]. The bond behaviour can be
affected by the geometric and mechanical propedidbe FRPs and adhesives, the geometry of the
groove and the quality of the surrounding concf2te3]. Bond failure can occur at the FRP-adhesive
or adhesive-concrete interfaces, through adhesicerwrete, tensile rupture of FRP or a combination
of these failure modes. The bond behaviour is sé¢ssitive to the test setup [4].

The results reported in [5] indicate that for snmogtoove surfaces, concrete-epoxy interface failure
was the critical failure mechanism in NSM FRP reinément. On the other hand, the results reported
in [6] showed that the main failure mode for mdsthe tested specimens was concrete tension failure
the groove size did not have significant effecttia failure load and the environmental conditions
(freeze/thaw cyclingjlecreased the failure load. However, the reseftented in [7] indicated that
the local bond strength of the NSM joint increasith the groove dimensions or the groove width (at
a constant depth). In addition, the failure loadref NSM joints also increases with the modulus of
elasticity and the tensile strength of the adhesive

In a recent paper the modified pullout test setegcdbed in section 2 was used to study the effiect
different combinations of FRP bar types, bar sem@s$ some construction details on the bond of NSM
bars in concrete [8]. The obtained results inditateat construction details (i.e. groove width, and
groove shape) have little effect on load capacithjch increased with the bar diameter. Some
analytical and numerical models have been propdeedimulate the bond behaviour of NSM
reinforcements to concrete [9-12], but in genehalytare applied to CFRP strips and the concrete
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fracture is not considered. In the present papEEM model capable of simulating the FRP-concrete
interface, as well as the crack initiation and piggdion in the surrounding concrete was used ®sass
the influence of the following parameters in theabbond slip law: geometric and mechanical
properties of FRP and adhesives; bond length andrete strength. This assessment was performed
by fitting as much as possible (inverse analydis) force vs. loaded end slip responses obtained in
direct pullout tests. The experimental programrigfly described, the obtained relevant results are
presented (the detailed program can be consulsvBere [8]), and the significant findings from
numerical research are highlighted.

2. SUMMARY OF THE EXPERIMENTAL PROGRAM

2.1. Seriesof tests, materials and test set up

A total of 23 C-shaped specimens, with the dimerssiadicated in Figure 1, were prepared and tested
using the modified pullout test. The specimens wested using the configuration of the modified
pullout test described in [5]. The groove was exeglby making two saw cuts and using manual
hammer to complete the groove formation. The greavere cleaned using compressed air, and the
NSM bars were bonded to the concrete using an epasie in the bond length. The loaded ends of
the bars were encased by steel tubes to assurergopping conditions of the FRP bars to the tegti
machine.

FRP properties, bar diameter, adhesive type, ctnsteength and bond length are the test variables
whose influence in the bond behaviour was investdjaThe results of the tested specimens are
indicated in Tables 1 and 2 for CFRP and GFRP NS4, brespectively. The identification of the
specimens in the first column of these tables i®km@ws: the first letter indicates bond length, (L=
192mm and T= 240mm); the following two digits inalie the size ( in mm) of the groove’s edge (all
the grooves had square configuration); the follgnoharacter represents the adhesive type (A, B, C
and D); the following number indicates the typecofcrete (1= type 1, 2= type 2); the following two
characters represent the type of bar (C= carbongl&ss, 1= type 1, 2= type 2), and the last number
represents the specimen’s number (1,2, or 3).

The specimens were cast in series of six, usindyresixed concrete. The compressive and tensile
strengths were experimentally obtained from test$opmed on standard cylinders (150 x 300 mm).
The compressive strengths were 23 and 41 MPa wtel¢éensile strengths were 2.0 and 3.0 MPa, for
the type 1 and 2, respectively. Two main typespuoixg resins were used to bond the NSM bars to the
concrete substrata, and executing some alteratesdted in four different types of adhesive, as
explained below. The first type (A), MBRACE ADHESEVHT (BASF), consisted of primer and
epoxy paste. The second type of resin (B) was POXER EP (ROBERLO). The properties of resin
(B) were modified by adding a special additive gpobpylene glycol diglycidyl ether, Grilonit® F
704) in two different percentages (1.88%, 3.76%piider to obtain two more resins with different
mechanical properties (C, D). The properties oletiftom the tests are 5761, 8000, 7163 and 6900
MPa for the elasticity modulus, and 18.85, 22.9532 and 21.00 MPa for the tensile strength for
epoxy A, B, C and D, respectively. Two types of GHkars (C1 and C2) with two diameters, 8 and 9
mm, and GFRP bars of 8 and 12 mm diameter, name@r@dl1G2, respectively, were used. The
pullout tests were performed using a servo-hydeagsting machine with a displacement controlled
rate of 0.003 mm/s up to failure. Two displacentesmisducers (LVDTs) were used, one to measure
the loaded end slip, while the other to measurdrtéeeend slip (see Figure 1b).

2.2. Experimental results

The results of the tested specimens are presemtédhbles 1 and 2, wherd, is the ultimate tensile
strength of FRP bak; is the elasticity modulug; A is the axial stiffness of the bak(is the cross
sectional area of the baBFmaxis the maximum load, ardhaxis the loaded end slip Btax The type of
failure mode registered is reported in the lasticwi of this table. In the values indicated in Table
for thedmax the elastic deformability of the bar up to thaded end extremity of the bond length was
removed from the recordings in the two LVDTSs.
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Figure 1: Specimen details and test setup.

The main failure mode of specimens with CFRP baas War-epoxy interface failure as shown in
Figure 2a. Longitudinal splitting cracks formed the top surface of epoxy paste in some specimens,
especially those bonded with epoxy A. The splititngck started near the loaded end, and propagated
towards the free end of the bonded length up toottwirrence of the failure. At failure concrete
surrounding the groove has detached, in specimanforced with C2 bars or concrete cracking has
occurred in the concrete surrounding the groove.

The main failure mode of specimens reinforced V@#RP bars was epoxy splitting failure followed
with detachment of concrete surrounding the groaseshown in Figure 2b. Longitudinal splitting
cracks formed on the top surface of epoxy pastsome specimens, especially those bonded with
epoxy A (the one with lowest mechanical properties)

This splitting crack started near the loaded end,during the loading process propagated towasls th
free end of the bond length up to failure as showhRigure 2b. On the other hand, in the specimens
bonded with epoxy B, C and D some ribs of the s scratchetbllowed by bar epoxy interface
failure (see Figure 2c) this may be due to the évigitoperties of adhesive that prevent the formatio
of longitudinal cracks that allow the bar to slip.

3.NUMERICAL ANALYSIS

3.1. The FEM mode

The finite element program FEMIX v4.0 was usededgrm an inverse analysis in order to derive the
local bond stress-slip law by fitting the pulloutrée versus loaded end slip registered in the
experimental tests [13]. The pullout test configiora shown in Figure 1 was modelled as a plane
stress problem. Half part of specimen was consitiévereduce the computational time by taking
advantages of the structural symmetry conditioae @Egure 3).
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Table 1: Main experimental data and results from the speggmeinforced with CFRP bars.
Specimen i E: ErAs Epoxy feu Fmax  Omax  Failure mode
(MPa) (GPa) (kN) type (MPa) (kN) (mm)
L16A1C1_1 2350 170 8544 23 40.12 0.824 LC, B-E
L16A1C1_2 2350 170 8544 23 39.82 0.792 LC, B-E
L16A2C1_1 2350 170 8544 41 42.02 0.662 B-E
L15A1C2_1 2010 134 8524 23 4491 0.627 LC,CC,B-E
L15A1C2_2 2010 134 8524 23 4465 0.481 LC, B-E

R

L15A2C2_1 2010 134 8524 41 47.00 0.623 LC ,ES
L16B1C1_1 2350 170 8544 23 48.99 0.807 B-E
L16B1C1_2 2350 170 8544 23 47.31 0.936 B-E
T16B1C1_1 2350 170 8544 23 5479 1.123 B-E
T16B1C1_2 2350 170 8544 23 58.09 1.277 B-E

B-E= bar-epoxy interface failure, ES= epoxy spliti LC= longitudinal cracking of the epoxy
and CC= concrete tension failure

Table 2: Main experimental data and results from the spetémeinforced with GFRP bars.
Specimen i E: ErAs Epoxy feu Fmax Omax  Failure mode
(MPa) (GPa) (kN) type (MPa) (kN) (mm)

L16A1G1 1 1350 64 3216 23 36.23 1.604 LC, CC, ES
L16A1G1_1 1350 64 3216 23 38.92 1.300 LC, CC, ES
L16B1G1 1 1350 64 3216 23 56.333.082 CC,BD
L16B1G1 2 1350 64 3216 23 4456 3.061 CC, BF
L16B1G1 3 1350 64 3216 23 48.06 2.678 CC, BF
L16C1G1_1 1350 64 3216 23 56.34 2.364 CC, BF
L16C1G1_2 1350 64 3216 23 45.36 2.466 CC,BF
L16C1G1_3 1350 64 3216 23 52.34 2.863 CC, BF
L16D1G1_1 1350 64 3216 23 52.10 3.593 CC,BF
L16D1G1_2 1350 64 3216 23 57.79 3.650 BF
L18A1G2_1 1350 64 7238 23 59.97 1.256 LC, CS, ES
L18A1G2_2 1350 64 7238 23 57.53 0.994 LC, CC, ES
L18A2G2 1 1350 64 7238 41 58.59 1.1590 LC,ES

B-E= bar epoxy interface failure, ES= epoxy spiifti CS= concrete splitting, BF= bar surface
damage, LC= longitudinal cracking of the epoxy &tk concrete tension failure

>>>000000W®>>

The four-node Lagrangian plane stress elements avitk2 Gauss-Legendre integration scheme was
used to simulate the concrete block, while cableli@®ar elements with two integration points were
used to simulate the FRP bars. The load was apptieshe point of FRP bar (Figure 3), and the arc
length method [14] was used by imposing a displagnncrement of 0.005 mm at loaded end of
FRP bar in direction 3. The FRP bars and the thipkets of concrete specimen (90x350 mm) were
modelled as linear elastic materials. The Youngislntus values for FRP bars (64, 134 and 170 GPa)
and for concrete (23 and 30 GPa) determined irxperimental tests were used. Poisson ratio of 0.05
and 0.2 for FRP and concrete were adopted.



FEM-based modelling of NSM-FRP bond behaviour
I. A. Sharaky, J. A. O. Barros, L. Torres

L 1

L]

= |
i
R 3
S

0
T

() L16A1C1 1 (b) L16A1G1 1 (c)L16B1G1 1
Figure 2: Mode of failure of specimens with NSM CFRP and GHRFPs.

Table 3: Values of the parameters of the concrete conistituodel [14]

Parameters Concrete 1 Concrete 2

Poisson’s ratio ve=0.20 ve=0.20

Initial Young’'s modulus E. = 23000 MPa E. = 38000 MPa

Compressive strength fc=23 MPa fc= 41 MPa

Strain at peak compression &g = 2.2x10° ea1= 2.2x10°

stress

Tri-linear softening diagram  fi=2.0 MPa Gt = 0.113 «=3.0 MPaGs =0.113

parameters N/mm N/mm
(1=0.4;01=0.8;{1=0.6; $1=0.4;01=0.8;51=0.6;
o1= 0.2 o1= 0.2

Parameter defining the mode I1P; = 2 Pi=2

fracture energy available to the
new crack yield surface

Shear retention factor Exponential(P. = 2) Exponential(P, = 2)

Crack band-width Square root of the area of the Square root of the area of
integration point the integration point

Threshold angle o= 37 amn= 3

For modelling the crack initiation and propagatiorthe concrete surrounding the FRP systems, the
material nonlinear behaviour in the central parthef specimen (with a thickness of 180 mm) was
simulated with a multidirectional fixed smearedokranodel described elsewhere [14]. The values
adopted for the parameters of the constitutive made indicated in Table 3. Thes bond law
described in Eq. (1) was used to characterizeliti@g component of the constitutive law adopted to
model the FRP-concrete interface [11], thereforeegrating the sliding between FRP-adhesive,
adhesive-concrete and the elastic and inelastiormhability of the adhesive. For this purpose, four
node line interface finite elements with two-polmbatto integration rule were used to simulate the
bond behaviour between concrete and FRP bar [18].the normal stiffness a constant value of
5.0e+05 N/mrhwas assumed.

Myin S, S = Sin
( s )“ Stin < S < Smax (1)

Smax

(s) =

S —-a
Tmax ( ) y S > Smax
max
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In Eq. (1) zmax is the shear bond strength agdy is its corresponding slipy anda” are parameters
defining the shape of the pre and post-peak branaespectively, andm, represents the initial
stiffness of the bond law, assumed to be lineatougp slip ofsin,.. The influence of the values of these
parameters on the bond behaviour of NSM systemsagsessed in a previous work [14].

3.2. Inverseanalysis

In the experimental program the loaded end anddnekslips were measured directly using LVDTS.
In the numerical analysis thes curve was obtained from the results in the sargpfinint of the
interface element closest to the loaded end. Tiaesly of the inverse analysis was to derive the
values of the parameters defining the bond law that fit with the minimum deviation thellput
force-versus loaded end sliB-¢) up to the failure registered in the experimetdats. The loaded end
slip was obtained a = 0.0 (Figure 3b). Sincgn has relatively little influence on thHe-d response
[15], a value of 0.05 was assumed in all simulaiofhe values of the parameters of the bond law
obtained from inverse analysis for each experimenteve and subsequently averaged for specimen
type are listed in Table 3, wheF&axnumand Fmaxexp@re the maximum pullout forces obtained in the
numerical simulations and recorded in the experialetests, ands: is the slip at failure (when
specimen has failed in the experimental tests).

Figure 4 compares thE-d curves obtained from the inverse analysis to theesponding ones
recorded experimentally. The adopted loea equation seems capable of simulating the global
behaviour of all the tested specimens with varid& bars, epoxy properties, concrete strength and
bond length.
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Figure 3: Finite element mesh of half of specimen (a) Conepheésh and (b) Details of the model.

3.3. Influence of theinvestigated parameterson thelocal bond law
Figure 5a shows thes curves for specimens with NSM CFRP bars. The gwped of CFRP bars, C1
and C2, that have similar axial stiffness, devetbgienilar bond law with slight difference in thelwa
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of max(0.25 MPa) and in the post-peak bond stress dédag.difference may be due to the thicker

epoxy layer surrounding the NSM in the L16A1C1 $pen (bar diameter of 8 mm and groove

dimension of 16 mm edge) than in the L15A1C2 speninbar of 9 mm diameter and groove

dimension of 15 mm edge). As already demonstratadng the pullout process micro compressive
struts are formed in the cracked adhesive [11, Ti6¢. force component of these struts normal to the
failure crack at the adhesive-FRP interface inaeagth the decrease of the adhesive layer thigknes
which, according to the Mohr-Coulomb principlesstjfies the higher post-peak bond strength of the
L16A1C1.

The bond law of specimens with NSM C1 bars bondi&l @poxy B (the one of highest mechanical
properties) presented highetax than thers of specimens bonded with epoxy A. The aforemeation
reason can also justify this behaviour since agelais the elasticity modulus of the adhesive ghéni

is the axial stiffness of the compressive micraorstof the adhesive, which leads to a stiffer dnohg
bond connexion. There is also a contribution of higher tensile strength of epoxy B which in turn
delays the formation of micro-cracks. Figure Saablows that specimen reinforced with C1 bars
bonded with epoxy B developed similar bond law tfee two bond lengths, 192 and 240 mm. The
main difference is attributed to the slight incieea@sthe value 0§nax(0.175 mm) in the specimen with
larger bond length, which can be justified by thigér volume of the adhesive. Figure 6 shows #sat,
the concrete strength increases the valuesaido’ decrease, due to the smaller deformability and
higher confinement provided by the concrete sumumthe bond zone. Due to the same reason, by
increasing the concrete strength classghe has tendency to slightly decrease, while in the EFR
specimensgmaxtends to increase moderately.

Figure 5b shows thes curve for specimens with NSM GFRP bars when coptb&r thers curves

of the homologous specimens reinforced with CFRB, lthez-s of NSM GFRP bars is characterized
by higher values dfnaxand lower values af anda’, while zmaxis similar. The more ductile response
of the specimens reinforced with GFRP bars carttibwable to the smaller axial stiffness of these
bars (the loaded end slip recorded in the LVDTe aisludes the deformability of the bars along the
bond length) and their non-smooth surface, sinegitis composing the surface of GFRPs might have
contributed to initiate and propagate micro-craokthe adhesive.

Table 3: Parameters of the bond law and numerical resiitessted specimens.
Series Smax T max a a Sult F max,num Fmax,exp
ID (mm) MPa) () (-)  (mm) (kN) (kN)

L16A1C1 0.44 8.80 050 030 154 39.43 39.65
L16B1C1 0.48 10.35 048 0.25 5.69 46.67 48.15
L15A1C2 0.43 8.55 055 015 171 44.61 44.72
T16B1C1 0.65 9.90 0.50 0.30 5.69 55.22 56.44
L16A2C1 0.40 9.20 0.30 0.20 0.99 41.42 42.02
L15A2C2 0.35 8.70 0.20 035 1.26 45.17 47.00
L16A1G1 0.75 7.90 0.33 0.20 3.03 38.10 37.82
L16B1G1 1.48 10.33 0.27 0.17 4.39 50.80 49.70
L16C1G1 1.35 10.70 0.30 0.23 4.47 51.65 51.40
L16D1G1 1.48 10.33 0.27 0.17 5.82 54.86 54.94
L18A1G2 0.60 8.10 0.20 0.20 1.30 57.83 58.75
L18A2G2 0.50 8.10 0.10 0.10 3.10 59.13 58.59

Confirming the conclusions already pointed outtfa specimens reinforced with CFRP bars, Figure
5b evidences that the strength and stiffness ofldbal bond law fmax and smay increases with the
properties of the adhesive, whiteanda’ are not significantly affected. By comparing L1681 and
L18A1G2 it seems that the diameter of the bar Imasrg@act only on the pre-peak phase of the local
bond law, by increasing the stiffness of the responith the diameter of the bar.
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Figure4: Experimental and numericitd curves with NSM CFRP and GFRP bars.
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5. CONCLUSIONS

FEM-based modelling of NSM-FRP bond behaviour weeddito perform an inverse analysis to derive
the local bond stress-slip law from experimentalts. The methodology was found to be suitable to
analyse and compare the bond behaviour of varypestof FRP NSM bars, as well as to assess the
influence of relevant parameters. From the analysiformed in this study, the following conclusions
can be drawn:

The obtained locak-s equations were found to be capable of simulatimg dglobal
behaviour of all the tested specimens with vari@\ bars, epoxy properties, concrete
strength and bond length.

The two types of CFRP bars, C1 and C2, that hagesttme axial stiffness, developed
similar bond law with slight difference in the valwf zmax and in the post peak stress
decay. This difference may be due the thicker epaygr surrounding the bar for the case
of NSM C1 than that surrounding the NSM C2 bars.

The larger the elasticity modulus of the adhestiie, higher the axial stiffness of the
compressive micro-struts of the adhesive, whiclddeto a stiffer and strong bond
connexion.

Specimen reinforced with C1 bars bonded with ep@xyeveloped similar bond law for
the two bond lengths, 192 and 240 mm. The maireuiffce is attributed to the slight
increase in the value sfax (0.175 mm) in the specimen with larger bond length

As the concrete strength increases the valueseopdinameters defining the shape of the
pre and post-peak branchesand «’, decrease, due to the smaller deformability and
higher confinement provided by the concrete sumowmthe bond zone. Due to the same
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reason, by increasing the concrete stresgthhas tendency to slightly decrease, while in
the CFRP specimensaxtends to increase moderately.

* The local bonds-lip law of NSM GFRP bars is chaazed by higher values afiaxand
lower values ofx anda’, than those of NSM CFRP bars, whitg.x is similar. The more
ductile response of the specimens reinforced wi#RB bars can be attributable to the
smaller axial stiffness of these bars and to thdibed surface which might have
contributed to initiate and propagate micro-craokthe adhesive.

* The strength and stiffness of the local bond lawN&M GFRP bars increase with the
properties of the adhesive, whileanda’ are not significantly affected.
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