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EXPERIMENTAL INVESTIGATION OF RC SLABS STRENGTHENED WITH NSM
CFRP SYSTEM SUBJECTED TO ELEVATED TEMPERATURES UP TO 80 °C

P. Silval, G. Escusd, J. Sena-Cruz M. Azenha
1ISISE, School of the Civil Engineering, The Univigr®f Minho, PT. Email: jsena@civil.uminho.pt

ABSTRACT

The application of carbon fibre-reinforced polymdé@&FRP) according to the near-surface mounted (NSM)
technique has proved to be one of the most effedixstems to strengthen existing reinforced coedfeC)
members in flexure. In spite of that, there are ynamen issues that deserve investigation sucheasfthcts of
exposure to elevated temperatures on the flexetshiour of RC slabs strengthened with NSM-CFRPesys.
The present work aims to experimentally evaluagerttechanical performance of RC slabs strengtherigd w
NSM-CFRP systems under elevated temperatures hyg usieady-state and transient heating situations
combined with applied loads. The temperatures studiere: 20, 40, 50, 70 and 80 °C for the steaal sests,
and 20 and 80 °C for the case of transient testfietions, strains, temperatures and loads weyistezed in all
phases of the tests, in order to thoroughly anatlgseresponse of the system in terms of the lodléatmon
curves, evolution of the strains of concrete, CRRE bond stresses between epoxy adhesive and AFRP.
experimental results have shown that the RC slalesgthened with NSM CFRP systems presented atsligh
decrease in the ultimate strength and a changailomef mode at the temperature of 80 °C only.
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INTRODUCTION

In the last few decades, the application of nediase mounted (NSM) technique by using carbon fibre
reinforced polymers (CFRP) has been increasingbduim the strengthening of reinforced concrete (RC)
structures. One of the key aspects in the strucstir@ngthening performance of a system is itsaese to the
environmental conditions. In the case of structuseengthened with epoxy adhesives, the environmhent
temperature plays an important role, limiting thplacation rang of such adhesives due to the dlasssition
temperatureTy). The Ty indicates the transition of an epoxy from solidatwiscous state taking place over a
certain temperature range (of about 10-20 °C) &Sitval., 2016; Michelset al., 2015). Since the bridges can
easily reach high temperatures (close to 80 °Cltdsealing layer and asphalt application for exanipilveira,
1996), the performance of structures strengthenigd FRP materials bonded with epoxy adhesives shbal
evaluated.

Several authors have been studying the behavioNSM technique under elevated temperatures, such as
the work developed by Burket al. (2013). The beams, strengthened with NSM CFRResst were initially
loaded up to sustained load (40% of CFRP ultimasite strain) at ambient temperature and theretegp to
100 °C and 200 °C, concluding the strengtheningesyswas capable of withstanding over 40 and 30 resmat
100 °C and 200 °C, respectively. The failure motiseoved was debonding at the epoxy adhesive-cencret
interface whilst the beams tested at ambient teatpes failed by splitting bond of the NSM CFRP systin the
concrete adjacent to the epoxy-concrete interfaqgparently, NSM CFRP strengthening systems at the
conditions previously specified, are able to maimtheir structural capacity for short term periafsexposure
to temperatures higher than theof the epoxy adhesives us@@<69 °C).

Firmo et al. (2014a) performed an experimental program comyisiouble-lap shear tests with CFRP
strips installed according to the NSM techniquetémperatures in interface varying between 20 °€ 50 °C.
The Ty of the epoxy adhesive used was about 55 °C. Ietperimental procedure adopted, the specimens were
firstly heated up to a predefined temperature @M0),55, 90, 120, and 150 °C), and then loaded upikare.
From the bond-slip curves obtained, a reductionthenstiffness and maximum bond strength of abo& b6
55 °C was observed. Also, when compared with ttrobspecimen (at 20 °C), a significant bond gjtbrioss
was achieved for the test with temperatures mughdrithan th&y of the epoxy adhesive, (84%, 40% and 33%,
respectively, at 55, 90, and 120 °C) (First@l., 2014a; Firmeet al., 2014b).
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The present study aims to evaluate the behaviotleoRC slabs strengthened with NSM CFRP system
when submitted to elevated temperatures in ordédretter understand the behaviour of the reinforsgstem
during the glass transition process of the epoxyeaiye. An experimental program was developed dictua
total of 9 slabs, in which two different types e$ts were performed: (i) steady-state tests, antiginsient tests.

In the steady-state tests, the slabs were heaténl aupredefined temperature, and then they wertoaically
tested up to failure. In the case of the trandiesits, firstly the slabs were preloaded up to 2/@ltomate load,
and then submitted to an increase of temperatuterithe slabs reached the target temperaturelahs were
unloaded and then, monotonically tested up to difare. The temperatures tested were above anaviibTg

of the epoxy adhesive used the present study.

EXPERIMENTAL PROGRAM

Protocols adopted for the tests at elevated temperaes

The experimental program is divided in two mainug: (i) the steady state tests (SS) and, (ii}rdmgsient tests
(TR). In the first group six slabs (SL) strengtheityy the NSM CFRP technique were tested at diffetanget
temperatures, namely, 20, 40, 50, 70 and 80 °Cthén second group, one slab was tested at the target
temperature 20 °C and the other two at target temtpes of 80 °C. As shown in Figure 1, in the dyestate
tests, the slabs were firstly heated up to theetargmperature without any load application, anehthafter
reaching this pre-set temperature, they were maiably tested up to failure. In the case of thensient tests,
the two slabs were initially submitted to a constaad of 2/3 of ultimate load (applied in a quatitic manner)
and, then, keeping the load constant, they werenétddl to an increasing the temperature up to tieegfined
value (see Figure 1). One of the slabs was exptus#te temperature at about 80 °C over a periotldsa 4h,
another one a period of 12h, approximately. Aftes phase the slabs were unloaded and subsequesdgd
until failure. Moreover, one control specimen (refece slab) was monotonically tested up to thefailnder at
temperature of 20 °C.
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Figure 1 Protocol of the test steady-state andsiean tests

Specimen’s geometry and test set up

The tested slabs used in the present program @@ 206n long, 300 mm wide and 80 mm thick. Figure 2a
depicts the geometry of the cross-section, inclgidire longitudinal reinforcement (4 bars of 6 mndimeter -
4016), corresponding to a longitudinal reinforcemeatia of 0.47%. The slabs were strengthened witkethr
CFRP laminate strips, which corresponds an equivdtngitudinal reinforcement ratio of 0.68%. Figu2b
details the geometry of the groove and correspa@naimforcement.
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Figure 2 Slab’s geometry: (a) cross-section (bitkedf the strengthening. [Note: all units areriilimetres]

A four-point bending test configuration was usedhw00 mm of shear spans. The deflections were
measured through 5 LVDTs (see Figure 3a). A tofal strain gauges (TML BFLA-5-3-3L) were used to



measure the strains developed on the CFRP laminatksteel bars, 5 strain gauges in sections S254355
and S6 (see Figure 3a) and 2 placed in S6, respBctiOne strain gauge (TML PFL-30-11-3L) was used
measure the strain at the top layer of concretaidispan section. Finally, the applied lo&) (as registered by
a load cell placed between the grip and the aatuatith a static load carrying capacity of 200 kifhdarity
error <x0.05% F.S.).

The monotonic tests up to failure were performedlisplacement control of 0.02 mm/s. For the case of
the TR tests, the load of 2/3 of slab’s ultimatpamty carrying capacity, was applied under forgetml with a
speed of 14 N/s. The unloading phase of unloadadratocity of 0.1 mm/s.

Figure 3b shows the general view of the prefabeitathamber and heating system where the SS and TR
tests were performed, under controlled environnidetaperature. The chamber was developed with d&tiu
polystyrene foam and it was prepared to work upl@® °C. Two industrial hot-air blowers heated the
environment inside the chamber, controlled by aduiro UNO (Arduino) using an MAX31855 thermocouple
amplifier ADC, with cold-junction compensation. Alsa total of 25 thermocouples type-K were insthiile
order to register the temperature inside the chambé, at different points of interest inside thebsas shown
in Figure 2a. Some holes were made to place tharapbdes in the centre of the slab and at the deptheo
strengthening (see Figure 2a). The number of theomwes positioned in the mid-span cross-sectiorewe
replicated in another cross-section at about 5rom fthe support and before the extremity of CFRRinate
strip (S1 in Figure 3a). Note the heating velodfythe materials, mainly concrete, was only depahtlg the
heating power of 6 kW of the hot-air blowers andlwy target temperature fixed in the thermostat.
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Figure 3 Test configuration: (a) test set up tofthikeire (b) overview of the chamber.

Material Characterization

The tested specimens had approximately 3 yeargefad the compressive strength of cylinders (160>m
300 mm) was assessed by means of compressionftakiaing NP EN 12390-3:2011. The Young's modulus
was determined according to LNEC E397-1993:199& dVerage concrete compressive strength was 5120 MP
(CoVv=3.9%) and Young's modulus was 28.8 GPa (Co¥%). The tensile properties of the CFRP laminate
strips were assessed according to 1ISO 527-5:198%epting a tensile strength of 2648.3 MPa (Co\&4).8nd

a Young's modulus of 169.5 GPa (CoV=2.5%). The xinidensile properties of hardened epoxy adhesame
evaluated according to ISO 527-2:1993, and theollg average values were obtained: 22 MPa (Co\&}#.5
for tensile strength, 7.2 GPa (CoV=3.7%) for Youngiodulus and 0.36% (CoV=15.2%) for the strainhat t
peak stress. The glass transition temperaffeof the epoxy adhesive used is 55 °C (S#val., 2016). The
steel longitudinal reinforcement was evaluated etiog to NP EN 10002-1:1990, and the obtained aeera
values of E-modulus, hardening modulus and ultinsitength were, respectively, 212.2 GPa (CoV=6.3%),
0.7 GPa (CoV=6.6%) and 733.0 MPa (CoV=1.0%).

RESULTS AND DISCUSSION
Steady-state tests

Figure 4a illustrates the evolution of the air temgiure inside the chamber and the average teroperat
measured at top of slab (concrete surface) — T@€1he epoxy (inside of groove) — TC4/TC8 — andhe t



concrete core — TC3 — for the slab SL2_SS 80 (eFigure 2a). The average temperature was cééclila
considering the temperature measured by two thevoples positioned at the two different cross-sestio
Although the temperature target was distinct focheaxperimental test, all slabs tested presenteilasi
temperature development: in which the temperatuodugon in first phase was linear during approxietga one
hour, attaining of about 60% the target temperafRegarding to the CFRP and concrete strain megsluneng
the heating phase in the slab SL1_SS 80, Figureshfavs the strain evolution caused by the effect of
temperature increase in the slab: (i) in the #r$tours, up to of about 60 °C of temperature, Istthins at the
CFRP and concrete increase to the expansion afabe (ii) then, the CFRP strain continues to inseand the
concrete strain starts to decrease. This behavioay be explained by the fact of during this phidmeslab is
submitted to the self-weight in addition to theestdevices used for the application of the loadclitauses
deflection and the balance between the loss dhetf of the epoxy and the axial stiffness of theccete and
CFRP reinforcement. However, this statement regusoéentific support based on further works to eeetbped,
mainly numerical modeling.
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Figure 4 (a) Timeversus strain and temperature of slab SL2_SS-80; (b) to#al versus mid-span deflection.

Figure 4b plots all the load-deflection curv€sd) obtained in the monotonic tests up to the failisee
also Figure 1). Table 2 includes the values of lnletgoints of total load-deflection curves, such ragispan
deflection and applied load for crack initiatiod( Fcr), yield initiation of the longitudinal reinforcemes (3,

Fy), maximum load ¢nax Fp), and CFRP and concrete ultimate strairgs#p andecond. The values ofcr, Fy
and Fp, and the variation of slabs submitted to the temfpee and the reference one (SL1_SS-20) are also
represented in Figure 5b. The slab SL1_SS_40 pexbéme highest ultimate carrying capacity, evemgaring
with the reference slab (SL1_SS 20). The third @inaof theF-J curve of this slab had a higher slope than the
remaining slabs. Although, the air temperaturelieen constant during the heating phase and in tmtonic
test up to the failure, the better performance lab sSL1_SS 40 may be related with a post-curingspha
occurred during heating phase since the epoxy aghésd been submitted to a temperature higher than
ones during the first its cure (Moussgaal., 2012). The post-curing can increase the mechigmioperties of the
material due to an increase in chain branchingrantbcular strength. Additionally, the adhesion nagems
between concrete and the epoxy as well as the epodythe CFRP may be also improved. Also, slab
SL1 SS 50 was found to have a higher stiffneskethird branch, even though the ultimate capdwty been
lower than the reference slab. In this case the wks submitted to temperatures close to this eriggint {Tg)
justifying this weaker behavior. The slabs subrditte a temperature of 70 °C or higher, presentstffmess
reduction in the first and third branches when carimg with the remaining ones. This behavior isied to the
temperature effect on the epoxy adhesive sinceethperatures studied in the present work margirzdfct the
response of concrete itself (Neville, 1995; Andegbe Thelandersson, 1976). Moreover, the ultimate |
started to be affected comparing to the referemee dhe decrease was approximately 9.0%, 11.5% 218%
forslab SL1_SS 70, SL1_SS 80 and SL2_SS 80, risglgc

Regarding to the strains, the slabs SL1_SS 20 aftdSS 50 attained the maximum concrete strains of
about 0.4%, while the maximum CFRP strains weréstegd in slabs SL1_SS 20 and SL1_SS 40 (at about
1.4%). The slabs tested between 20 °C and 70 €dfay concrete crushing, while the slabs teste80atC
failed by cohesive failure at the epoxy. Consedyetite maximum CFRP strain of the slabs submi&e80 °C
presented a considerable decrease value (of abétit 2



Transient tests

Figure 5a plots the evolution of deformations fue predefined temperatures. The deformation ofdference
slab (SL1_TR_20) was at about 4.3 mm after 9 houhdle for the case of slabs SL1 TR 80 and SL2_ TR 8
the deflection reached 11 mm and 14 mm after 41&n8 hours, respectively. The high deformatiorhim $labs
submitted to the 80 °C can be related with the Kanaous effects of creep of concrete and the deeref the
stiffness of epoxy adhesive. It is difficult to outifly the contribution of each effect individual§jnce the creep
deformation is greatly influenced by the tempemtand the stiffness of the epoxy decrease significavith
the increase of temperature (Sileaal., 2016). According to literature, the creep in tencrete at mean
temperature of 40 °C is 25% higher than that at@(1992-1-1, 2004).

Table 1 Main results obtained in experimental tests

Slab ID dcr [mm] Feor [KN] &y [mm] Fy [KN] Omax[MmM]  Fmax[KN] gcrrr [%0] £conc[%0]

SL1_SS20  1.35 3.47 30.99 21.36 89.21 34.85 1429 .97 3
SL1 _SS-40  1.67 3.64 30.47 20.97 83.92 35.74 13.71 .27 3
SL1_SS-50  1.60 2.77 33.80 20.81 83.49 33.97 13.11 .05 4
SL1_SS-70  2.08 2.78 31.61 19.84 81.16 31.73 1211 .69 3
SL1_SS-80  1.85 2.37 31.61 20.59 73.63 30.84 11)32(b 2.97

SL2_SS-80  1.52 2.07 30.88 20.28 67.89 30.40 1011(b 2.99

SL1_TR-20 1.52(a) 3.72(a) 30.65(c) 23.93(c) 70.04 3.18  13.98(b) 4.12
SL1_TR-80 1.47(a) 4.43(a) 31.22(c) 24.84(c) 63.88 2.63 12.34 2.64
SL2_ TR-80 1.62(a) 4.43(a) 33.47(c) 25.21(c) 61.97 2.03 12.71 2.36

Notes:(a) values reached at the pre-loading phase; (b) stragasured at point-load section; (c) yieldinghef t
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Figure 5 Experimental tests (a) loading and hegiimase of TR tests; (b) variation of the notabletso

Thereafter, the slabs were unloaded before beibgted to the monotonic tests up to the failunguFe 4b
depicts the total load — mid-span deflection cuiwmeshich, as expected, a linear response up ta¢fiermation
reached in the heating phase was observed. TaileW®les the values of notable points of these eurihe
stiffness in the first linear branch of the sladstéd at higher temperatures was not affected whempared with
the reference slab. The behavior in the branch #fie yielding of the longitudinal reinforcementasvalso
similar between the slabs submitted at the samdaittons, but marginally stiffer than the referencee
(SL1_TR_20). Regarding to the ultimate load, tladsISL1_TR_80 and SL2_TR_80 only present a decudase
-1.3% and -3.2% when compared with the referentd (BR_20). The slight difference between the ultiena
load of the slabs SL1_TR_80 and SL2_TR_80 can lageckwith the period of time that slabs were sutadito
the load conditions, that was of 4 and 12 houspeetively. Regarding to the strains, the maximusRE strain
attained by the slab SL1 _TR_20 was 1.4% and thereten one was at about 0.4% and, therefore, thardai
mode occurred by concrete crushing. Since the m@nmitwo slabs (SL1_TR_80 and SL2_TR_80) failed by
cohesive failure at the epoxy, the CFRP strain osfiched about 1.27% and 1.23% in the slab SL1_URn8
SL2_TR_80, respectively, approximately 12% less titwe reference.

Figure 5b presents the evolution of cracking, yrejdand ultimate load of all slabs tested. As carpbserved,
the slabs submitted at 80 °C under steady-stat® pessented a higher decreased of ultimate |oaal the slabs
submitted to the same temperature in the transésté. Regarding to the yielding load, the TR tpstsented
higher values due to the cracking caused in thdingeand heating phase. Moreover, the behavidnestabs of
TR tests presented a higher stiffness up to thdiggload than the remaining slabs, as can be iseEigure 4b.

In these tests, after the yielding of reinforcemémé laminate does not reach strains as highesetimaining



slabs, perhaps associated to the residual defleafter the unloading and the damaged caused byeated of
time that slabs were submitted to the loading asatihg.

CONCLUSIONS

The main goal of the present work was to studyhthleaviour of reinforced concrete slabs strengthemiu
CFRP laminate according NSM technique when suljetdethe elevated temperatures. For this purpese, t
different types of experimental tests were perfameamely: (i) steady-state (SS) tests, and @hdient (TR)
tests. In the case of SS tests, the slab submitdd °C presented the highest ultimate load coimgawith the
reference slab tested at 20 °C, that could beemlatith a post-curing occurred in the epoxy adhesihe
ultimate load of slabs submitted to 80 °C were rtiwst affected by the temperature, and when compaitid
the reference one, a decrease of approximatelywa@8wobserved. Regarding to the TR tests, the slatmitted
at high temperatures suffer 3 times more deformatian slab tested at 20 °C during the heatingegtihat may
be related with the decrease of the stiffness okgmnd the increase of creep effect of concrethigtter
temperatures. However, in the monotonic test ughéofailure a maximum decrease of about 3% wasreéde
in comparison to the reference. In both types efstethe slabs submitted at 80 °C of temperatutedfdy
cohesive failure at the epoxy, while in remainit@ps the failure mode was concrete crushing. Froentést
results, it can be seen that the elevated tempegsatyp to 80 °C only have marginal effect of the blehaviour
of RC slabs strengthened with NSM CFRP systems. évew further works (e.g. numerical modelling o th
tests carried out) are necessary for a better ammd m-depth understanding of the test results.
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