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ABSTRACT

In the last years, significant research in the exinbf bond of near-surface mounted (NSM) fibrenfaiced
polymer (FRP) systems in concrete has been cordiatthhe Department of Civil Engineering of the nbity

of Minho. This paper presents a brief summary efrttajor results obtained in that research, nanmeigrims of
durability, quality control and design topics. Almrated ageing tests on NSM FRP bond specimens were
conducted to simulate different environmental ctods. A new method was developed and applied to
investigate the evolution of the adhesive stiffnasd the bond behaviour of NSM systems for diffeming
conditions used for quality control of FRP instatias. Regarding the bond design, two existing ejines’
formulas were adapted to the partial safety fadtarmework.
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INTRODUCTION

The near-surface mounted technique (NSM) is on¢hefmost effective techniques to strengthen coecret
structures in flexure, which presents several athges when compared to the externally bonded mei@foent
(EBR) that preceded it. The use of fibre reinforpatymer (FRP) as reinforcing material in the cabiaf the
NSM technique has significantly evolved in the ldstades, both in terms of scientific investigatiand
practical applications (Coelha al. 2015; Sena-Cruet al. 2015).

One of the most critical aspects regarding the NSbhnique is related to the bond behaviour of the
composite system, i.e. the stresses transfer betamecrete and the FRP reinforcement. To betteenstaind
that behaviour, bond tests have been carried ottwinle. Despite the existence of a manifold ot &=tups,
those can be grouped in two main types: (i) di(B&T) and (ii) beam (BPT) pullout tests (Coeklial. 2015).
The effectiveness and reliability of FRP-based ngjtieening systems depends fundamentally on the bond
between the composite material and the concretstrati. In recent years, the application of theetiog
resins in civil engineering applications has laygelcreased, mainly for their use in structuraksgthening
systems such as FRP reinforcements. The most comesims employed as structural adhesive for bonding
FRP to structural elements to be strengthenedvare&cdmponent epoxy resins (ACI 2008; Coethal. 2015;
Sena-Cruzt al. 2015).

The lack of a comprehensive, validated, and easitgssible database about the durability and lerg-t
performance of FRP systems (such as NSM FRP andEEBRsystems) used in civil infrastructure appiarat
has been identified as a critical barrier to widead acceptance of these systems/materials bytistalic
designers and civil engineers (Al-Mahmaogtdil. 2014). Furthermore, the importance of developiragedures
for quality control of FRP reinforcements, instéida procedures and strengthening systems is rénedjiy
several design guidelines (e.g. FIB 2001; ACI 2003)e development of methodologies could be essetati
the definition of monitoring protocols for FRP iakation and it could allow to quantitatively evate of its
installation. Despite the significant research thas been conducted in the structural behaviolM3¥ as a
strengthening technique, there is not enough krabyeeabout the durability and quality control of NFRP
systems, a critical aspect that must be takenantmunt when designing a structural strengthenivigh the
aim of improving the knowledge on these relevasiiés, experimental research was developed.

Finally, in the absence of design formulations stineate the bond strength of NSM FRP systems basdtie
Eurocodes philosophy, a design proposal was degdltyased on existing guidelines that were adajoteket
partial safety factors framework.
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BOND DURABILITY OF NSM CFRP SYSTEM S
Experimental Programs, Test configuration and M aterials

In order to contribute for bridging the gap on tkeowledge on durability of bond behaviour of NSM
CFRP-concrete systems, an extensive experimerigrgam composed of 23 series (each one composed of 4
specimens) of DPT tests was carried out to studyeffects of different environmental conditions.aldition,
the mechanical characterization of the involvedemals was also assessed over the time. The speziwere
firstly exposed to different environmental condigofor different periods of time ranging betweeantl 24
months, and then they were monotonically testetbupilure. The code name given to each seriesvidlthe
format “Xn” where “X” defines the environmental atition (LE — laboratory environment; TW — tap water
immersion; CW — immersion in water with chlorid®¥D — wet/dry cycles in water with chlorides; TCA —
thermal cycles with temperatures ranged between°€1® +60 °C; TCB — thermal cycles with temperatur
ranged between +20°C to +80°C; FT - freeze/thawles; real environments: REA - airborne
salt/Mediterranean environment; REB — temperatérenment), and “n” indicates the time of exposure, the
number of days/cycles that the series was subntittéae environmental condition (120, 180, 240,,48@ 720
days). For the case of the series TCA, TCB, FT, R4 REB in addition to the aged series, correspgnd
reference (R) series were also tested at the sameThe DPT specimens (see Figure 1a) consisteiocrete
cubic blocks with 200 mm of edge, where a CFRP riahei with a cross-sectional area ofx10.4 mn? was
installed in a pre-cut groove opened in the coecaver. The depth and the width of the groove were
respectively, 15 and 5 mm. A constant bond lendt®0omm, filled with the epoxy adhesive was adopiHuke
monotonic DPT tests were undertaken under forcéraloat a load rate of 0.013 kN/s up to 10 kN ahent
under displacement control by a LVDT in loaded sadtion, at a rate of @2n/s. Mechanical properties of the
CFRP laminate and epoxy resin are determined bfonpeing the tensile tests (TT), while the mechahica
characterization of the concrete was assessed bysnaf compression tests. Detailed information ablog
configuration of the DPT test, tensile tests on €Rihd epoxy adhesive and compressive tests onatencr
specimen preparation and ageing test procedurelsecound elsewhere (Fernandes 2016).

Results and Discussion

The results obtained in the compressive tests oorete specimens indicated an average compredsaregth

in cylinders fom of 36.0 MPa, with a coefficient of variation (Cowf 3.9%, and an average Young’s modulus of
28.4 GPa (CoV = 5.8%), at 28-days of concrete Bigavever, due to the inclusion of fly ash (40% of tbtal
binder content) in the concrete composition, fthecontinues to evolve up to one year of age; amdasimum
compressive strength of about 52 MPa (CoV = 2.5%3 wchieved. Table 1 summarises the main results
obtained in durability tests on the used CFRP guky adhesive and the NSM CFRP-concrete systelttign
table the meaning of each entity is the followifige is the tensile strength of the CFRP lamindig;is the
tensile strength of the epoxy adhesiVgsuy is the maximum pullout force of the bond systems is the slip at
the loaded end dtmax. Table 1 also provides information about the falunode (FM) of the bond tested
specimens. Based on the obtained results, thenfimigpmajor observations can be drawn: (i) in gehedathe
environmental conditions investigated did not cagsearkable changes on the concrete compressisegsit;
except for the thermal cycles TCB which lead to aimum reduction of 15%; (ii) CFRP samples presinte
negligible losses on their tensile properties wh&posed to different environmental conditions;) (@h the
epoxy adhesive an increase up to 58% and 33% om#whanical properties (tensile strength and elasti
modulus, respectively) was observed, when the spaw were exposed to thermal cycles, due to acuoistg
phase which occurs when temperatures higher thanottes experienced at the first curing are achieved
Contrarily, a significant reduction on its mechaiproperties (up to 38% and 47% for the tensilensith and
elastic modulus, respectively) was verified whea ¢éfpoxy samples were submitted to wet environnauntsto
water absorption (water uptake — plasticizationnaimeenon); (iv) the maximum reduction of about 1286 o
bond strength of the system was verified for thel nvironmental conditions (REA and REB); (v) thaf
cycles between —15 °C and +60 °C improved the Hmefthviour, with a maximum increase of 8% on bond
strength; (vi) the effect of the exposure time afdayed an important factor on the degradation arfich
properties, being greater on the specimens that #ayelonger periods. It is important to note thia strong
reduction on mechanical properties of the epoxinresrified due to effect of some environmentali@ts did

not have the correspondence on the global bon@mnespof the NSM CFRP-concrete system, as can Ibeirsee
Figure 1b. One of the reasons that can be justifiexssociated to the obtained FM on bond specinfenshe
maximum pullout force is limited by the type of F&hd since the failure occurs mainly by debonding at
adhesive/laminate interface, it means that the astakomponent is the bond at adhesive/laminatefact
(adhesion strength). Thus, the tensile strengtth@fepoxy adhesive is not directly comparable &ihesion
strength at the interface between adhesive and&mi



Table 1 Main results obtained in environmentalstest

Series CFRP Adhesive NSM CFRP-concrete system
frre [MPa] fadh [MPa] Fimex [KN] Simax [MM] Failure mode

LEO 22.0 (4.5%) 24.25 (L.6%) 055 (11.1%) I-FAQ)*

TCA120R i 28.24 (6.8%) 0.69 (21.4%) I-FA(2)*; I-F&S(1)*

TCA240R : 27.48 (3.4%) 0.70 (2.7%)  I-FA(4)*

LE240 - 26.71 (3.2%) 0.70 (3.9%)  I-FA(4)*
FT120R 564826 (1.76%)

FT240R 26 (1. : 28.77 (3.3%) 0.79 (55%)  I-FA(3)* I-FA+CO*

LE480 20.8 (2.2%) 26.72 (45%) 0.58 (12.0%) I-FA(ZFA+CC(1)*

TCB180R i 28.59 (3.3%) 0.69 (6.2%)  I-FA(3)*; C-C(1)

25@;282 - 28.63 (1.9%) 0.59(9.4%) I-FA(4)*

TW240 262958 (1.48%) 13.6 (4.9%) 26.93 (0.5%) @Ha%) :Eﬁigggg E‘FCA((ll));

TWAB0 257358 (2.46%) 13.0 (2.1%) 26.94 (1.2%) QBB1%) I-FA(3)*; I-FA+CC(1)*

CW240 250452 (2.13%) 15.3 (2.9%) 28.01(3.9%) QI02%) I-FA+CC(3)*; I-FA(L)*

CW480 245938 (1.31%) 15.0 (L7%) 27.58 (3.7%) QI&5%) I-FA(2)* I-FA+CC(2)*

WD240  2601.36 (1.12%) 16.6 (4.2%) 27.93 (3.6%) Q48%) :Eﬁigggg* c-Cc@ys

WDA4B0 245577 (2.34%) 16.5 (2.5%) 26.34 (3.0%) @@6%)  I-FA(3)* I-FA+CC(1)*

TCA120  2809.86 (1.89%) 25.0 (4.0%) 29.88 (1.6%) 5076%)  I-FA+CS(2)*; I-FA(2)*

TCA240  2642.79 (3.04%) 27.3 (2.3%) 29.75(1.9%) 6Q73%) I-FA+CC(2)*: I-FA(2)*

TCB180  2636.06 (2.74%) 32.9 (2.3%) 28.64 (4.0%) 1QI0.7%) I-FA(4)*

FT120  2609.14 (1.37%) 18.6 (0.6%) 28.63 (1.7%) @5/9%) C-C(4)*

FT240  2666.74 (1.82%) 17.2 (2.5%) 27.40 (5.2%) QIA25%) I-AC+CS(3)*: I-FA+CS(1)*

REA720 - : 25.34 (4.6%) 056 (10.9%) I-FAQ3)* I-FEC(1)*

REB720 - : 2531 (1.0%) 056 (9.2%)  I-FA(4)*

Notes: the values between parentheses are thesporaing coefficients of variation; *the value beam parentheses is the
number of specimens with this type of failure modEA = debonding at the interface FRP/adhesiveCl-Adebonding at
the interface adhesive/concrete; C-C = cohesive rsbdebonding in concreteCS = concrete splitting; CC = concrete

cracking; AC = adhesive cracking.

The failure modes were classified with the gendaaomination “X-Y”, where X defines the type of
failure mode (interfacial - | or cohesive - C) awdidentifies the location where it occurred (conere C,
adhesive - A, interface FRP/adhesive - FA or iaeef adhesive/concrete - AC). Besides to the thraim m
failure modes above described (I-FA, I-AC and Ci@)ome specimens the final appearance also iedlode
(or more) of the following damages (see Table 1§; CC and AC. The predominant failure mode occubmged
I-FA (see Figure 1c). In fact, the pure interfadailure is critical for FRP bars with a smoothfage since the
smooth surface of CFRP strips used in this worikssifficient to provide mechanical interlocking Wween the
laminate and the adhesive, and the rougher sudfite concrete leads to better bonding with tHeeatve, the
bond resistance relies primarily on chemical adivebetween the strip and the epoxy.
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Figure 1 Durability tests: (a) DPT configuratiob) Comparison between the variations offtheandFmx due
the distinct environmental conditions; (c) Maindia& mode occurred in bond tests (I-FA).



QUALITY CONTROL OF NSM CFRP SYSTEM S

A new methodology for continuous monitoring of glution of elastic modulus of an epoxy adhesiseduin
FRP applications, based on adaptations of an egistichnique originally devised for continuous ntoring of
concrete elastic modulus since casting, called EMRM (Elasticity Modulus Monitoring through Ambient
Response Method) was proposed and validated (Geaaija2015). Afterwards, the influence of temperatune o
the curing process of the structural epoxy andnitzact on the bond behaviour of NSM CFRP strengtiten
applications was investigated. For this purposeexperimental program composed of three groupestst
considering three different curing and testing terapures (20 °C, 30 °C, and 40 °C) were developed:

() EMM-ARM tests (see Figure 2a) on adhesive samplezssess the evolution of the adhesive elastic

modulus of the epoxy at different curing temperasur

(i) DPT tests on concrete cubic specimens strengtheitedCFRP laminate strips, aimed at describing

the development of the interface behaviour undeakbe curing conditions;

(i) Tensile tests (TT) performed according to EN IS-22012, to evaluate the elastic modulus

value of the hardened epoxy.

The development of the epoxy elastic modulus obthilirough EMM-ARM and the evolution &fmax
obtained in bond NSM CFRP-concrete specimens alomguring time, at the three curing temperatureteu
test are presented in Figure 2b. The results ohff T-days of epoxy curing are also added to Fi@lxeThe
elastic modulus was calculated from TT results,oetiog to the American Standard ASTM D638M-93.
EMM-ARM applications on epoxy have demonstrated dyaepeatability of the experimental setup and
procedures (Benedett al. 2016). The elastic modulus values estimated tiirvahe TT were lower than the
values provided by EMM-ARM tests, with stiffnesdfeiiences under 12.6% (~1.22 GPa for the 20 °Q. test
addition, the results show that the reaction ratésnsify with the increase of the curing tempematu-or
instance, the elastic modulus of 4 GPa is achiextedpproximately 10.7 hours at 20 °C as opposettheo
approximately 6.2 and 5.5 hours at 30 °C and 40€€pectively. These variations also occur in theation of
the dormant period, where adhesive stiffness islyeaill. With the increase in the curing temperatithe
duration of the dormant period becomes shortecaasbe observed in Figure 2b. At the reference éeatpre
(20 °C) the setting time (herein defined as theetimhen the elastic modulus reached 0.25 GPa) i 4.2
hours, as opposed to the shorter 2.6 hours obsenikd test at 40 °C.

Figure 2b highlights that the peak pullout forcel &ine epoxy elastic modulus obtained by EMM-ARM
exhibit very similar evolution kinetics, thus indiing that the bond performance of NSM CFRP-corcret
system strongly depends on the stiffness of thesidb regardless of the curing temperature. Thease on
bond stiffness is consistent with the stage at witie rate of thermosetting reactions is highehoalgh its
development was slightly delayed compared to elastidulus development. In generahax has a significant
increase from 6 to 24 hours for the three analysetperatures. For 20 °C, between 6 and 9 hourpedhk
pullout force increases by 3 kN and even by 1086rkthe subsequent 4 hours.

The slight difference on the kinetics of the twomerties seems to be similar for all temperatures a
may be attributed to a delay in the developmerthefmolecular bond quality, which usually has liedlsience
on the stiffness of the epoxy resin than on iterggth (Moussat al. 2012). Based on this kind of relationship,
EMM-ARM can be employed for estimating tRgwx and the minimum curing time to reach a threshealiie
of pullout force. In this manner it is possible know the time required to put the strengthenedctira in
service, taking into account the influence of dif® environmental curing conditions.
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DESIGN OF BOND OF NSM CFRP SYSTEMS

In Coelhoet al. (2015), the existing guidelines for the desigd ase of NSM FRP systems in concrete were
analysed. At least four guidelines were identififtacktly, the CAN/CSA S6—-06:2006 does not propostoaed-
form formulation for evaluating the bond strengthNSM FRP systems. Alternatively, it refers thag thond
strength should be obtained either by testing tB&NFRP system to be used, or it should be provimethe
manufacturer; secondly the new annex of EN 199220113 is only applicable to FRP bars with rectaagul
cross-section (strips). In addition, its formulatioequires some adhesive properties, such as densid
compressive strengths, which are not often providgdthe adhesives’ manufacturers. Furthermore, the
formulation proposed by this guideline to estimiie bond strength depends on some coefficientshaghiall

be provided by the manufacturer for each NSM FRResy, or adjusted by testing; the last two guiddliare
the ACI 440.2R-08 (ACI 2008) and HB 305-2008 (SA02D These do not present the aforementioned
drawbacks. In fact, they provide a set of closathfexpressions which are straightforward to appigesthey
depend on geometrical and mechanical parametepestmobtain.

Hence, the ACI 440.2R-08 and HB 305-2008 guideliwese further analysed. Firstly, their accuracy
was assessed based on a database with 363 ande68atid beam pullout tests, respectively (Coethal.
2015). The obtained results showed average erfaabaut 30% and 40% when ACI 440.2R-08 is appled t
DPT and BPT, respectively; and 30% when HB 305-2808sed for both DPT and BPT. These errors were
computed by applying Eq. 1 to the total tedsi( each database wheFaxexp andFimaxnum are the maximum
pullout force values obtained in the experimereats and by applying the corresponding guidelinmidation,
respectively.

J ‘Ff maxBxp Ff maxNum (1)
; Ff max,Exp /N

Then, a reliability analysis was conducted in oreallow using these guidelines under the framévairthe
Eurocodes design philosophy (Coeblial. 2016). Since the amount of tests using CFRP sivgsslarger than
the other types of FRP fibres/cross-sections, & decided to conduct this task only for these typletests.
Table 2 presents the final formulas of each gume{including the corresponding partial safetydes} that can
be applied to estimate the bond strength of NSM EBRips. As can be seen, both formulations arechas
the assumption that a certain length is requirediégelop the entire strength of the NSM FRP system
(development length,q). If the bonded lengtH,s, is lower tharly, the maximum pullout forcehmmax, will be
linearly reduced according ta/Lq. In Table 2 the following parameters are involvad:py, Er, fx and y= 1.4
(FRP area, perimeter, elasticity modulus, charittertensile strength and partial safety factdny,and dq
(groove width and depthfik and )¢ = 1.5 (concrete characteristic compressive stheagtl partial safety factor),
7y and & (design bond strength and slih)e and gpe (failure perimeter length and ratioy. and 7, (safety
factors). Detailed description and values of atbpaeters can be obtained in (Coe¢hal. 2016).

Table 2 ACI 440.2R-08 and HB 305-2008 formulas dirig partial safety factors.

Parameter ACI 440.2R-08 HB 305-2008
A ffk T
Develorflr_n]ent length % r,L,
d —_— e .
P 7y o, (EA),

f . = f .
Maximum pullout force A Vi Thah oL, (B, <A % Thak
[Fmexd] ffk Lb ; / L, ffk ;
A ny_If L <L T, TdeLper(EAfL_SAr Y, if L <L,
d d

0.6
7,=(0.8+ 0.079,, EEJ
%

c

0.67
f
Other relevant information 7, =177 MPa 2 =[0-B¢§§ (;j ]/Td

# =(d; +3)/(b,+2)
L, =2(d, +1)+b,+2




CONCLUSIONS

This paper has presented a summary of the researdtucted at the Department of Civil Engineeringhef
University of Minho in the context of bond of FRPSM systems in concrete. Important contributionsewer
made namely in the topics of durability, qualityntml and design. The environmental conditions stigated,
which were considered to be quite severe, dideed ko significant changes on global bond perfooaaf the
NSM CFRP-concrete strengthening system, with a mami reduction of about 12% on bond strength ocdurre
under real environmental actions. EMM-ARM has ptitdnto be employed for in-situ monitoring of the
hardening of an epoxy adhesive curing in un-colgdolconditions used in FRP applications. The bond
behaviour of NSM CFRP-concrete systems is totatlyegned by the state of hardening of the adhedile.
peak pullout force and the epoxy elastic modulutiobd by EMM-ARM exhibit very similar evolution
kinetics, thus indicating that the bond performaot®&SM CFRP system strongly depends on the stffraf
the adhesive regardless of the curing temperaReggarding the bond design, the major contributionsisted

of adapting two existing guidelines’ formulas (Anean and Australian) to the partial safety factoasnework
(European philosophy). However, these formulasnateyet sufficiently accurate, thus further worlostd be
carried out in this aspect and a newer and moneratxformulas should be developed.
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