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Abstract:
Over the last decades, researchers have been rgjufipre reinforced polymer (FRP) materials andirthe
advantages in retrofitting of existing structurélse externally bonded reinforcement (EBR) technigut@e most
common practice in improving existing reinforcedhciete (RC) structures with carbon FRP (CFRP) rizdser
In this regard, several additional advantages h&es reported to the use of prestressed CFRP alateniainly
strips. However, the experience with RC strengthgnising prestressed EBR-CFRP materials is stilitdid.
Some concerns regarding the efficiency of the teghenstill exist, especially the durability and tleag-term
behaviour.

This work aims at contributing to the knowledgedamability of RC slabs strengthened with prestrdsse
CFRP laminate strips according the EBR techniquee durability was studied by exposing strengthelR€d
specimens to the following environments for appmately 8 months: (i) reference environment — speosrkept
in a climatic chamber at 20 °C; (ii) water immersio tank at 20 °C of temperature; (iii) water intgien in tank
with 3.5% of dissolved chlorides at 20 °C of tengpare; and (iv) wet/dry cycles in a tank with aevdemperature
of 20 °C. Additionally, half of the specimens wengbjected to sustained loading at a load level/8faf the
ultimate load, with the occurrence of cracking.eifthe exposure period the slabs were monotonitediygd up
to failure by using a four-point bending test cgnfiation.

The results showed that the environmental conditeomd the sustained loading, separately or compined
led in general to slight losses of performanceaumdtility. Although these losses were subtle, cdeisng that the

tests were carried out for 8 months, clear indicetiare given towards the importance of condudinmjar tests
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for longer periods. The results obtained showetl tthea procedures implemented to assess the duyadilthe
strengthening systems were sensitive to the mdstamt deterioration mechanisms and their impacthen
mechanical properties of the specimens. Thereftrese procedures may well contribute for the future
establishment of standardized test programmes Her assessment of the durability of prestressed CFRP

strengthening systems.

Keywords:

EBR; durability; long-term behaviour; RC structures

1. Introduction

Fibre-reinforced polymers (FRP) have been usettéogthen reinforced concrete (RC) structures bsatitheir
numerous advantages over conventional materiat$, asi higher strength and fatigue life, less suszibty to
corrosion and greater resistance against aggressisnments, as reported in the literature [1Ggnerally, the
Carbon FRP (CFRP) reinforcement materials are eghalccording to the externally bonded reinforcenEBR)
technique. If the FRP material is prestressedeatgr portion of its tensile capacity is utilizednsequently the
use of its properties is more effective. Severabaathges of using prestressed FRPs for RC striictura
strengthening have been reported in the literadues the last decades, such as the reduction ok evalth and
deflection, as well as the increase of the ultintatgacity and of the resistance to shear/fatigitdebfailure [3,
6-9]. The FRP strip can be directly prestressedd@inst the structure itself, (ii) against an petedent system or
it can be (iii) indirectly prestressed by cambeting structure upward. Prestressing against thetate itself does
not require the use of heavy equipment, which m#kesnethod more versatile and viableifositu applications.
For the case of (i) and (ii) special anchorageesystfor fixing the ends of the prestressed FRRaeiament are
required. These end-anchorages are responsibief®ferring the shear stresses from the reinfoecginto the
concrete substrate, allowing greater levels oftpesing, increasing the element’s ductility andidwg the
premature failure by FRP pealing-off [3, 7, 10]terature already covers several studies on thet-sdvon
behaviour of RC elements strengthened with prestce&ERP where the focus was on (i) the developofethie
anchorage systems [1, 7, 11, 12] and on (ii) theice and ultimate behaviour [7, 11, 13, 14]. Hoeg\the
technology is still regarded as novel and somectogiill deserve attention, such as the durakslityf long-term

behaviour.
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The understanding of the long-term performance durdbility of retrofitted structures is essentiaf f
structural safety. Other industry sectors (e.gowruattive, marine, industrial and aerospace) have lsbewing
successful use of FRPs and epoxy adhesives for prassiction of mechanical and structural components
However these results do not find direct transtaiido civil infrastructures applications, mainlgdause there are
critical differences in loading, environmental expres and the specific types of material/processed in these
applications [6]. External reinforcement may bejeated to a wide variety of environmental condifcuch as
for instance moisture cycling. The presence of watematerials like steel, concrete, epoxy resind &RP
materials can cause their degradation. In genertidin a CFRP/epoxy/concrete system, concretedsatbakest
link. Usually its tensile strength governs the stusal failure by strip debonding. However, witke thenetration
of various environmental agents (e.g. water), failmechanisms may change. Especially the behawiotire
epoxy resin, which can considerably influence therall performance of the strengthening system.alisarption
of water by the epoxy resin may vary dependingt®égree of curing, structure and temperature.rmisture
uptake by the epoxy adhesives can lead to physichthemical alterations, leading to the reduabictheir glass
transition temperature and to their plasticizatibrough hydrolysis (and consequently, to a reductb their
stiffness and of their ultimate strength) [15]. d\he absorption of water by FRPs at the fibre-iwatiterface
leads to the degradation of strength and conselguerthe potential loss of structural integrityurehermore, the
presence of salt water can accelerate the detgoionarocess due to the osmotic pressure effect [6]

An experimental study [16] on the effect of moistand salt water (NaCl) on the durability of FRRdzh
strengthening systems has shown that the maximuistune uptake by carbon pultruded strips is sigaifily
lower than in the wet layup systems. The authars siudied the bond performance of FRP systemisZftears
of exposure to five environments including the imsimen in salt water and the immersion in deionizeter.
Results showed that the immersion in salt-waterpraduce higher reduction on bond strength (65%#&sbon
pultruded strips) than other environmental condgibke immersion in deionized water (38% for carlpoltrude
strips).

Omran and El-Hacha [17] conducted an investigationthe assessment of the effects of sustained load
and freeze-thaw cyclic exposure (500 cycles) onfldsaural behaviour of eight RC beams strengthewdt
prestressed CFRP strips according to the NSM tgakeniThe results showed that the specimens expogsbe
combined effect of freeze-thaw cycles and sustaioading (47% of the theoretical ultimate capadaitya non-
prestressed NSM beam) had an average decrease)jrelding load, ultimate load and ductility of 132¢% and

19%, respectively. The authors also observed #itdr being subjected to the combined effect oéfesthaw
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cycling and sustained loading, prestressed spesifadad by strip end debonding at the concretexgpgerface.
Strip end debonding did not occur on non-prestebsams.

The effect of room (22C) and low temperatures (-2&) combined with sustained load (50% of the
strengthened beam capacity) on prestressed EBR-G&RBPeams was also studied by El-Haehal. [18]. A
total of eight beams were used in this experimgmadram (four per studied temperature: (i) ondénengthened
control beam, (ii) one strengthened beam, (iii) stnengthened beam subjected to its own weighirferyear and
(iv) one strengthened beam subjected to sustaimed for one year). The following main conclusionsrev
obtained: (i) the strengthening produced a conalilerenhancement in stiffness and strength; (@)isolated
effect of sustained load had no impact on the badtimsate strength; (iii) the combined effect oftained load
and low temperatures reduced the ultimate streoigte beams by 8%.

Despite the recent research developments on thebiity and long-term behaviour of prestressed RC
elements with FRPs, the effects of environmentpbexre (immersion in water, immersion in water wittorides
or wet/dry cycles with water) on RC elements sttkaged with prestressed EBR CFRP laminates wagetot
addressed by the scientific community.

The main objective of this research is to studyedffect of different environmental conditions ore th
durability of RC slabs strengthened with prestrdSSERP laminates according to EBR technique. Tferdint
types of anchorage systems were studied: (i) méchlaanchorage (MA), a system that fixes the lat@rends
with metallic plates; and, (ii) gradient anchor&G&\), which uses the ability of the epoxy to cuastér at higher
temperatures, allowing to gradually reduce thetpgssing force over several consecutive sectdfreattrip end.
The experimental program is composed of twenty sslaixteen of which were exposed to four different
environmental conditions, along with gravity loaglifor a period of eight months. Then, specimensewer
monotonically tested under displacement controtafrilure by using a four-point bending test cguofiation.
The observed performance of the tested RC slatwedl several conclusions regarding the durabitity averall

performance of both anchorage systems.

2. Experimental I nvestigation

2.1. Experimental program, specimens and test gordtion

The experimental program included twenty reinforcedcrete (RC) slabs as presented in Table loyi) dontrol
specimens (series TO); (ii) eight slabs subjeatedidtinct environmental conditions (labelled witle suffix _U);

and, (iii) eight slabs subjected to the combinddatfof environmental and loading conditions (l&etiwith the
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suffix _C). Loading and the exposure to differemtisonmental conditions lasted for approximatelyrgimonths.
Four distinct environmental conditions were conwde (i) specimens subjected to laboratory premigi¢is a
controlled temperature of 20 and relative humidity of 55% (series REF and Tid) specimens immersed in tap
water at 20°C (series TW); (iii) specimens immensedater at 20°C with 3.5%f chlorides (series CW); and,
(iv) specimens subjected to wet/dry cycles in tapewat 20°C and without chlorides (series WD)itAs shown
in Table 1, all specimens are labelled with a gendenomination: X_Y_Z, where X indicates the type
anchorage (MA or GA), Y stands for the environméation (REF, TW, CW and WD) and Z indicates the
cracking state when the specimen is first exposethé environmental condition (U for uncracked &hdor
cracked) or TO.

The geometry of the specimens and test configuratie presented in Fig. 1. The RC slabs were 2680 m
long, with a cross-section of 600 mm (width) by X2t (height). All slabs were reinforced with 5 $tiears of
8 mm of diameter (5@8) in the tension zone and Bdbe compression zone. The transverse reinfornemas
composed of closed steel stirrups of @6 with 300 ofifongitudinal spacing. Strengthening was perfednby
using 2200 mm long CFRP laminate strips with aanegtilar cross-section of 1.2 mm by 50 mm.

In order to assess the behaviour of all specimerseiivice and ultimate design conditions, monotonic
tests up to failure were performed using a fourpbending scheme with the two forces imposed alintat a
distance of 300 mm from the mid-span section ($gelff. This configuration resulted in a shear sp&800 mm,
since the total span is equal to 2400 mm. All tegtse carried out with a servo-controlled equipmemnder
displacement control at the rate of 1.2 mm/minhe &ictuator cross-head displacement. The instratiemnt
included: (i) 5 linear variable differential tranggkrs (LVDTS) to record the deflection along thedidudinal axis
of the slab; (ii) a minimum of 6 strain gauges §lab to measure the strain variation in the CFR#riate, concrete
and steel reinforcement; (iii) one load cell to ;@@ the applied load (F). As shown in Fig. 1, LMDTVDT3
and LVDT4 (range of £75 mm and a linearity error+0t10%) were placed in the pure bending zone, edwer
LVDT1 and LVDT?2 (range of 25 mm and a linearityarof +0.10%) were installed between the suppants

the applied load points. The load cell (maximum soei;mg capacity of 200 kN and a linearity error=6t05%)

" In the present context, the percentage of chlerislas defined as the ratio mass of the added Ne&lcubic

meter of water.
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was placed between the actuator and the steeladthatdistributed the load into two equal partdLTBFLA-5-3
strain gauges were placed along the CFRP lamirtaife and on the tensile steel reinforcement, wherea
TML PFL-30-11-3L strain gauges were used to morstaains on the concrete. SG1 and SG4 were glugbeon
laminate near the end anchorage (30 mm away frenpléte anchor — MA; 630 mm away from the extrermsiti
of CFRP laminate — GA), SG2 was placed on the lateimt mid-span and SG3 under the applied load.poin
Specimens strengthened with the GA system werernatsttored with two extra strain gauges at the heidif
the anchorage zones (SG1' and SG4' near SG1 and8§gkctively). The concrete strain was asses#bdaw
strain gauge (SG5) placed at mid-span on the tdaa) and the steel reinforcement strain by mefasother
strain gauge (SGB6) fixed in the tensile rebar pmsétd in the middle of the cross-section, at midrspn addition,
crack width evolution during testing was measutedugh a handheld USB microscope (VEHO VMS-004D).
To document the evolution of the processes that teathe degradation of the strengthening effect
provided by the CFRP laminate, the bottom surfdcthe specimens at which the laminates were indesies
analysed using a Digital Image Correlation procedd®]. The lens used had an aperture of f11 aeddbal
length was 36 mm. Led lights were used to illunenthie surface of the specimen. The camera sensoa Vil
frame size, with 36 Mpix. Considering that the pitiowas to trace the initiation and propagatiorthaf cracks at
the tensioned face of the specimens during testiegprincipal tensile strain fields were mappedgia fine facet

mesh.

2.2. Material characterization

Material characterization included the evaluatiérthe mechanical properties of the materials ingdhn this
experimental program, namely: concrete, steel, CRi®Rinate strip and epoxy adhesive. The ready-mixed
concrete (grade of C30/37) was produced basedeoprthportions of mixing components by weight o2195:
2.93:0.02: 0.56 (cement: fine aggregate: coargeeggte: superplasticizer: water). Aggregates weneposed of
crushed granite with a maximum size of 12.5 mmRadland cement type CEM II/A-L 42,5R was usedirfgke
batch was mixed to cast all slabs and testing sssnpbr characterizing the mechanical propertiéiseofoncrete,
six cylindrical specimens with 300 mm of height dtd mm of diameter were used for each seriesnidaulus

of elasticity and the compressive strength were luaded 28 days after casting following the
LNEC E397-1993:1993 [20] and NP EN 12390-3:2011] [@tommendations, respectively. Additionally, the
modulus of elasticity and the compressive stremgife also characterized at the time when the stis of the
slabs up to failure occurred (see Table 2). Restitav the evolution of the modulus of elasticiBg)(and the

compressive strengtlf) for specimens in contact with water (series TWY @nd WD), which is related to the
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process of hydration of the cement [22]. When caingahe specimens fully immersed in water (sefié$) with
the reference series (T0), an additional increa®9% and 35% of thE; andf., respectively, were observed.

Steel rebars of type A400 NR SD with a diamete8 aim (18) and 6 mm[{16) were used as internal
reinforcement. In order to determine the tensilgpprties of steel reinforcement, four samples chdzar type
were used. Tensile tests were carried out accotdinfgP EN 1SO 6892-1:2012 [23] recommendations ted
results in terms of mean values for the moduluslasticity Es), as well as yieldff) and ultimate f() tensile
strengths are presented in Table 2.

The pultruded CFRP laminate strips (Type: S&P Latdgs CFK) were used in the experimental work.
These composite laminate strips possess a smaetimaksurface and consist of unidirectional carfifones (fibre
volume content is higher than 68%) held togetheabyepoxy vinyl ester resin matrix [24]. Tensil@perties
were assessed using six samples and the experlnpeotadure followed was the one described by I12@-5
5:1997 [25]. A Young's modulus (Eof 168 GPa and an ultimate strength ¢f 2944 MPa were obtained (see
Table 2).

The two-component epoxy adhesive (Type: S&P Re&b) Zsed to bond the CFRP laminate to the
concrete surface is solvent free, thixotropic arelygPrevious studies have shown that, after 7 dagsiring at
21 °C, a modulus elasticity of 8.7 GPa (CoV=6.0% a tensile strength of 20.7 MPa (CoV=11.0%) &taioed

[26].

2.3. Strengthening procedures

The experimental program included eighteen slalesgthened with a prestressed CFRP laminate Birgstress
was achieved through the direct prestressing methaghich the laminate strip may be jacked agaamsanchor
system that is mounted on the slab itself. Two arede systems were studied in this work: (i) thetmaaical
anchorage (MA), which uses the metallic plateb@a&ind of the CFRP strip; and, (ii) the gradiechanage (GA),
in which a non-metallic anchorage is created duthdéoadhesive’s ability to cure faster at highengeratures.
Both systems are commercially available and haea lapplied on site to strengthen several RC strestieing
available by the same manufacturer company of tieRCreinforcement and epoxy adhesive. As showriginZ~
and Fig. 3, the MA and GA methods involve the useammon components (clamp units, guides, aluminium
frame, hydraulic jack and hoses, and a manual ldidraump) and specific components. For instarteentetallic
anchor plate is a hard-aluminium rectangular pl@@0 mmx 270 mmx 10 mm) with six holes of 18 mm

diameter and is used only on the MA system. Théitngaevice is an electronic equipment with sevaesting
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elements (100 mm 100 mm, type ‘Termofoil’) and is used exclusivadp the GA method [27, 28]. The

strengthening procedures using the MA and GA systesimare some common application steps, mainly:

0] Preparing the surface of the concrete substrateei§irst step for both methodologies. The zonerethe
the laminate strip is applied was sand-blasted thed cleaned with a compressed air blower. The
expected average roughness) (& the sand-blasted surface was 0.01 mm [9] Fsge2a and Fig. 3a);

(ii) Several holes were drilled to accommodate tempaatypermanent bolt anchors. The average drill hole
had a depth of 85 mm and was cleaned with an ainbadter drilling. GA system involves temporary
bolts only, while for the case of the MA systermy, Ii16 8.8 permanent bolt anchors (stainless stesig
used to fix each metallic anchorage plate. A chahtiond agent (HIT-HY 200-3 was used to fix these
bolts to concrete (see Fig. 2b and Fig. 3b);

(iii) Two metallic guides were placed in their predefitmzhtion to guide and fix the clamp units. Thédmg t
clamp unit was placed in-between the guides at eatrtbmity of the slab;

(iv) The CFRP laminate strip was cut with the precisgytle (2200 mm) and cleaned with a solvent. The
epoxy adhesive was prepared according to the mmeints included in the producer specifications.
Subsequently, the adhesive was applied on thecgudfthe laminate and on the concrete surfacemegi
in contact with the laminate. The special gluingused to apply the epoxy on the laminate guarardgee
minimum thickness of 2 mm of such bonding ageng (Sig. 2c and Fig. 3c). Subsequently the CFRP
laminate was placed in its final position and dligipressed against the concrete substrate (se&ig
and Fig. 3c¢);

(V) The clamping units were closed to fix the CFRP taate strip. A torque of 170 N-m was applied to each
screw using a dynamometric wrench (see Fig. 2draond3d);

(vi) The metallic anchor plates and the heating devieewlaced in their predefined locations for theeca
of the MA (see Fig. 2e) and GA (see Fig. 3e) systemaspectively. It should be pointed out that the
metallic anchor plates were always slightly grineééth sandpaper and cleaned with a solvent;

(vii) Aluminium frames were placed at their predefineditions and fixed against the concrete substraie wi
anchors to accommodate the hydraulic jack (seeZFignd Fig. 3f);

(viii) Eventually, the hydraulic jack was installed oa #uminium frame and, using a manual hydraulicpum

the prestress was applied to the CFRP laminafe (se Fig. 2g and Fig. 39).
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After the prestress application on the CFRP sif§ee Fig. 2h and Fig. 3h), different proceduresewer
followed for MA and GA systems. In the MA systerach bolt anchor of the metallic anchor plates vggéned
with a torque of 150 Mhn in order to increase the confinement providethleymetallic plates at the anchor’s region
and reduce the probability of the CFRP laminatslitle at the ends. Additional fixing screws wereumted
between the frame and the clamp units in ordeldckithe prestressing system and, consequentlyd avestress
losses during the curing of the adhesive. The gtheming application was concluded after approxéiyag4
hours. Finally, the equipment was removed (fixirmges/s, clamp units, guides and aluminium frameg) an
temporary anchors and the CFRP laminate outsitleecdinchor plates were cut off.

Within the scope of the present work, gradient anapes of 600 mm in length, composed of three secto
(50 mm wide and 200 mm long each) were used. Duhi@gpplication of the gradient, the specimenswbérays
monitored in terms of applied force by the hydraijdicks and temperature at the distinct sectorgosing the
heating devices. The evolution of the temperatiagk force and strain over time are representegidgn4: the
first sector was heated to 160°C for a period 1fuieis, followed by an exponential temperature dessreluring
20 minutes (down to 120°C), and finally by a coglphase. In the following sectors the same heatiogess was
carried out 10 minutes after the beginning of tbeliag phase of the previous one. Approximatelynii after
the initiation of the cooling phase of each sect3,of the total applied force was released. Waiging time was
chosen in order to ensure that the epoxy adhesisedoled down to temperatures below 50°C.

The prestress level was controlled by strain gaygesiously placed at the mid-span of the CFRP
laminate strip. The average prestrain imposed wpsoaimately 0.4%. Table 1 shows the values ofé#ggstered
prestrain and prestress force at the middle o RBP laminate for all specimens at the end of ttengthening
procedure.

A schematic schedule representing the main task®rpeed during this work is shown in Fig. 5.
Approximately six months after the strengthenimg, slabs were exposed to the different studiedremwiental
conditions. Initially, the prototypes were placadhie empty water tanks, or inside a climatic chaniib the case
of the slabs REF. In each tank, or climatic chamfmen slabs were placed: two slabs (one MA and @A¢ to
be subjected to the corresponding environmentadlition and two others (one MA and one GA) to bejscied
to the combined effect of the environmental conditand the sustained loading. Several granite bl¢ekight
from 0.8 kN to 4.6 kN) were used to achieve thalpfimed load (20 kN). While the weights were belaid, a
continuous observation of the slab’s bottom surfaes carried out. Crack initiation was observealin'_C”

specimens for an average mid-span deformation7ofmin and a load of approximately 17 kN. As showfim
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5, the environmental condition were imposed appnaxely one month after loading and lasted for 8tmarDue
to a technical problem that occurred on the aird@oning system of the climatic chamber where RieF
specimens were placed, the specimen GA_REF_C wasgdirded. Finally, the specimens were removed from
the exposure environments and the sustained loads removed. One month later the slabs were tegted

failure.

3. Resultsand discussion
3.1 stiffness
During the static tests the deflections along tmitudinal axis of the slabs were monitored. Bigresents the
evolution of the mid-span deflection with the apgliforce for all tested slabs. As expected, trengthening of
the slabs with CFRP laminate significantly increhsieeir stiffness and reduced the correspondingspah
deflection for a specific load level. All prestredsspecimens presented a delay in the crack ioitigdc, F) and
steel yielding &y, ) when compared to the un-prestressed specimenTgele 3). However, no significant
changes due to the use of strengthening and/otr@ssegg were observed regarding the stiffneshi®fetlastic
phase (K. This behaviour was expected considering the dovount of strengthening reinforcement used. The
longitudinal steel reinforcement ratio of REF_T@ aquivalent longitudinal steel reinforcement raifaall the
strengthened slabs were equal to 0.46% and 0.53%bectively. In average, slightly higherwas observed for
specimens immersed in water (series TW, CW and WiBreas the lower values were registered for thE RE
series. The previously mentioned results obtairedcbncrete’s elastic modulus (see Table 2) supihase
observations. Results show that the uncracked etisrcontribution to the overall slabs stiffnesshy far, the
largest. Also, specimens subjected to sustainatinga(series “ C”) appear to have a similar behavito the
uncracked series (“_U”) during the initial stagésesting: Fig. 6d and Fig. 6e show that the cragldtabilization
only occurred for a load level of around 27 kN;dyefthat, the contribution of the concrete for ithigal slab’s
stiffness seems to be more relevant, since allrenwiental conditions that include water exposuegiés TW,
CW and WD) led to higher stiffnesses. In contriebd, REF _C presents the lowest initial stiffness, ethcan be
explained by the lower stiffness and most likelg tbwer tensile strength of concrete that was mohérsed in
water.

The overall stiffness at cracked stage)(f the strengthened slabs is substantially lefisénced by the

mechanical properties of the concrete. For thedaeahigher i values were obtained for all strengthened slabs,
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in contrast to the observed for the REF_TO (ungtifeaned slab). For the same reason values, @& relatively
similar for all strengthened specimens.

In general, all prestressed slabs presented sitmdhaviour, which clearly means that the anchorage
system type and the environmental exposure didhawe a noticeable influence in the developmenthef t
deformations with the applied force. As expectbd,dustained loading altered the initial defornratitate of the
slabs prior to static testing. As shown in Figc&cked specimens (series “_C”) exhibited yielding failure at

lower deformation values, when the residual defeionaobtained prior to static testing is disregakde

3.2 Crack evolution and failure modes

As previously referred, the crack width was asskésmugh the use of a handheld USB microscopendutie
execution of the static tests. For that purposefitht three cracks visible by naked eye locateithé pure bending
zone were selected based on the following critenige at the mid-span and other two near the loaticapion
points. The average crack width evolution was oletifrom the microscope images and measured ie ths&nct
places of each single microscope photo, as depintét). 7a. The evolution of the average cracktiicersus
the applied force is plotted in Fig. 7b-f. It shdbide noted that in the case of series “ C”, thelcmidth was
measured since the onset of the static tests besausral cracks were already visible.

Results show that the strengthening influencedcthek width increase with the applied force: for a
specific load level, strengthened slabs exhibiteglel crack widths when compared to the REF_TO spai
Prestress changed the onset of cracking by incrgdise first-cracking load, at an average growtB@# when
compared with the EBR_REF_TO0. Crack measuremepisostithe previous statement. In fact, Fig. 7 shthas
for the same load level, the prestressed specimdnibit lower average crack widths. Both anchoraggtems
presented similar performance. The trend of crackhvmeasurements observed for the control spe@men
(MA_REF_TO0 and GA_REF_TO0) was similar to the onseyled for the uncracked specimens.

The different exposure environment conditions sektméave no significant influence on the crackttvid
evolution. In spite of that, specimens subjecteghtgironments TW, CW and WD appeared to have an loveer
crack width growth with the load increments. Coety, specimens subjected to sustained loading esthaw
different crack width evolution: the linear regressshows a higher slope when compared to the @iatve to
the remaining strengthened slabs.

A study on the crack pattern and crack spacing aaased out for all specimens. Fig. 8 illustrates

final crack pattern on the lateral surface andatferage crack spacing and Fig. 9 shows the firakgpattern on
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the bottom surface. The average crack spacing veasuned on the bottom surface of the slabs alondihes
parallel to the longitudinal axis, each of thes@ b3m away from the lateral face of the slab. Aseexged, the

results clearly showed a crack spacing reductiom tdustrengthening and an even greater reductican e

strengthening was prestressed. For both prestiessjpstems the average crack spacing decreased and,

consequently, the number of cracks increased. Hemvalve MA and GA systems produced different effen
the final crack pattern. The gradient anchoragewstl the formation of cracks along the gradiente®on
(occupying approximately 2/3 of these zones) anuvéen these regions. The cracks over the gradieme z
indicate that the CFRP laminate is mobilized thioug its entire length. The MA slabs presentedaglcpattern
that developed between the anchorage plates. Tdened of cracks over the anchorage zones is refattdn:
confinement produced in this region by the anclgpdevices. As mentioned before, a torque of 15&Nvas
applied in each of the six bolts that fix the CHRRinate to the concrete with the metallic ancHategy confining
the laminate and the surrounding concrete substragaldition to the complementary reinforcememvmted by

the bolts themselves.

As previously stated, REF_TO is an unstrengthesmecimen that was tested at the onset of the

environmental condition exposure. The test wasp&dponce the mid-span deflection reached 100 men, th
maximum deflection that can be registered by th®TVConcrete crushing at the top fibre would mdsdly be
the expected failure mode (according to a secti@lyais, concrete crushing was expected for a leeal close
to 28 kN, when the strain of the steel in tensieaches 3.3%. The analysis was based on the assangpbta
rectangular stress distribution in the compressedrete region, as suggested by Fib [29]). Thagthened slabs
exhibited two distinct failure modes: (i) strip aeigling and (i) CFRP tensile rupture in unidirenbtension.
The MA_REF_TO failed by CFRP rupture in unidireabtension when the strain in the laminate stiig W.48%
(see Table 3 and Fig. 11a). As in most slabs sthemgd using mechanical anchorage, failure in the REF_TO
did not occur immediately after the strip debongsigce the CFRP strip was held at both ends bynénghanical
anchorages. As shown in Fig. 10e, the observedmihg of the CFRP strips in MA slabs occurred io phases:
in a first stage deboning occurred near one ofttle anchorages, and after a while the same happethe
anchorage placed at the opposite side of the Blab.to this behaviour, the strains at the CFRP steiar the
anchorages suddenly increased and almost reackethithspan strain. From this point onwards the CFRP
laminate strip behaved as an unbounded reinforcemith minor strain variations along the strip ¢¢im caused
by the friction and interlock developed at the deted region. Eventually, the strip was pulled gonf the

mechanical anchorage as shown in Fig. 11c. Digitabe correlation (see
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Fig. 12/Video 1) clarifies that the debonding prssef the MA slabs is caused due to flexural crathe observed
intermediate debonding was cohesive at the conaretestarted with the formation of flexural craeksnid-span
of the slab that propagated towards the ends. In

Fig. 12/Video 1, it's possible to see primary flexlucracks and, when higher load levels are ackiesecondary
shear cracks due to the CFRP reinforcement. Alispens with gradient anchorages exhibited a biftilere, as
in this case no mechanical end-fixing existed tovjgte additional anchorage. Because the strip tetaat
developed rapidly and very sudden, it is diffidoltclearly identify the exact failure mode: althbugseems that
intermediate debonding caused by flexural crackspted the detachment of the CFRP in the GA spetsi(aee
Fig. 13/Video 2), failure could also have startednf the anchorage at the CFRP/epoxy interface hed t
propagate towards the middle of the concrete satestFig. 9 shows flexural cracks across the gra@diechorage
and they might have been the trigger that causedbilure. Nevertheless, considering the GA sl#ies strip end
where the detachment started failed at the CFRRyejmerface, whereas cohesive failure in the cetemwas
observed for the remaining CFRP strip (see FigD@}ails regarding the influence of the anchoraggesns on

the structural behaviour will be discussed furtihghe subsequent section.

3.3 Influence of prestressing

As previously stated, literature points out sevarhlantages deriving from the prestressing of FREerials. In
this research the average level of prestress leached was about 40 kN, resulting in a tensilesstoé about
680 MPa in the CFRP laminate strip. When prestiestabs are compared with the un-prestressed spacim
(EBR_REF_TO0), a relatively small increase on thffngtiss K and K, (about 19% and 11%, respectively) is
observed. Nevertheless, the first-cracking, yigjdind failure loads increased substantially (apprately 90%,
30% and 31%, respectively) and, as a result, fsime load level, these specimens exhibited snogflections
(see Table 3).

One of the main advantages of using prestressesinety bonded FRP materials for strengthening
existing structures is the reduction of the exgfileflections and crack widths. In the experimeptagramme,
when the sustained loading was removed, the mgjofrthe cracks have closed and became invisiktleeamaked
eye. Strengthening using prestressed FRP matenaysbe regarded as a way to partially or totallyced the
effect of sustained loads, and consequently asyaavianprove both crack width and deflection reduorct

Prestressed slabs exhibit a more efficient uséeitechanical properties of both the concrete had t

CFRP: the average concrete strain in the top seidatailure of the slab was approximately 0.2064, the CFRP
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strain, emax, Was approximately 1.18%. In contrast, immediatedyore failure, the concrete and CFRP strains

registered in the EBR_REF_TO specimen were 0.1330ar6%, respectively (see Table 3).

3.4 MechanicaVersusgradient anchorage

The anchorage system plays an important role oaffhetiveness of the prestressing technique, atigwa proper
transfer of high shear stresses from the strip émdise concrete [30]. In the case of the mech&icehorage
(MA) system, hard aluminium plates avoid the pram@apeeling-off of the CFRP strip by holding thenlnates
extremities and, in the particular case of thiseekpental program, by increasing the concrete’suish¥ength at
the substrate surface due to the confinement peaviy the torque applied on each anchor bolt fixirgplates.
Alternatively, the gradient anchorage (GA) gradgediduces the prestressing force over severalgnagégments
towards the ends of the strip, eliminating the akremature debonding failure. However, during tfonotonic
tests the major difference between the behaviosgtati’s with the two different anchorage systemsataerved
after steel yielding, when the CFRP strip debondiegms to initiate. After yielding, the steel reitement
contribution to the increase of the slabs loady@agr capacity is limited, thus making the CFRP matethe
greatest responsible for carrying the additionadilmcrements. Promoted by the flexural crackseairttermediate
zone of the slab, strip debonding initiated whemldad level was close to 55 kN and 56 kN for thé &hd GA
slabs, respectively. It should be highlighted thdth the GA system the initial debonding processckiy
progressed into the complete strip detachmenttiéomajority of the MA specimens, strip debondimgduced
two sudden load drops in thedFresponses (see Fig. 6a, Fig. 6b and Fig. 6d), demh relative to the strip
detachment at each of the two extremities. Oncepbetaly detached, the CFRP strip continues to cadtditional
loading as an unbounded external reinforcementlfixethe metallic plates. In average the MA sysédiowed
reaching an ultimate load of 59 kN (6.2% highentttze one observed with the GA system) and an atémmid-
span deflection of 86 mm (GA slabs presented anageeultimate mid-span deflection of 73 mm). Inees®,
both anchorage systems presented similar behawiatitshe yielding of the steel reinforcement. fhfor similar
load/deflection levels the initiation of strip dedsting led to the failure of the GA system and te @FRP strip
detachment in the MA system. Although the majooityhe MA slabs presented a ductile behaviour byvmahg
larger deflections and greater load levels, in scases (specimens MA_W_U, MA_ CW_C and MA_WD_C)

failure was observed shortly after the strip delogdhitiation.
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3.5 Influence of environmental condition
As referred, four environmental conditions weresidared to evaluate the durability of the studirergythening
systems: (i) reference environment (REF); (ii) watemersion in tank at 20 °C of temperature (TVill) ater
immersion in tank with 3.5% of dissolved chlorid&s20 °C of temperature (CW); and (iv) wet/dry egcin a
tank with water at 20 °C (WD). As mentioned befadhe, concrete mechanical properties changed diffigravith
each environmental condition. Likewise, resultsidgate that the properties of the epoxy adhesivehtriigve
changed thought the 8 months’ exposition to thes&d@ ments. In fact, a recent study [15] with #aane epoxy
adhesive under the same environment conditions (RBFand CW) has shown a decrease on the elasticione
(about 14%, 43% and 34% for the REF, TW and CWaetsgely) and a decrease on the strength (abouB8%,
and 30% for the REF, TW and CW respectively) agight months of exposure. In contrast, Fernaedes [31]
have shown that the CFRP tensile properties suffgligible losses when subjected to full immerdionvater
(about 3% and 2% for the tensile strength and Eutusd respectively) or to full immersion in wateitiw3.5%
of chlorides (about 7% and 1% for the tensile gitelmnd E-modulus, respectively) for a period wktithat lasted
up to 720 days. Because all materials propertiaagdd differently with each environmental conditite overall
behaviour of each composite system (RC slab/epdkesive/ CFRP laminate strip) also changed. Fofoall
environmental conditions a decrease on the fimtidng, yielding and ultimate loads for both MA aGd\
specimens was observed. When compared to the me&especimens (MA_REF_TO0 and GA_REF_TO0), all aged
specimens presented a reduction on the ultimatnpeters (in average the ultimate load, deflectioth @FRP
strains decreased 8.4%, 28.4% and 11.9%, resplggtilre both anchorage systems the epoxy adhesinebe
one of the crucial factors for its success. Theri@tation of the adhesive’s adherence and tepsilperties seems
to be the major reason for the earlier debondiitgation on the aged specimens. Regarding the Ga&isgens,
the strip detachment always occurred at lower leadls, even in the less aggressive environmewtadiitions
for the adhesive (CW). The lowest ultimate loads deflections (53.52 kKN and,=38.21 mm) were observed
for the environment REF (GA_REF_U). The MA_REF_T dhe remaining MA slabs presented similar load
levels at the onset of the strip’s detachment. Mi#eslab subjected to the full immersion in wateegented the
most significant degradation. These results aegierement with the evolution of the mechanical progs of the
epoxy adhesive in time: the environmental actionsand CW resulted in the most signifficant decraagerms
of the mechanical properties of the adhesive.

For each strengthened slab, three ductility patarsaevere calculated to evaluate the influenceashe

environmental condition on the ductility of the Islésee Table 3). In general, the increase of f@Fag/Fy),
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deflection §ma’dy) and curvaturedma’y) ratios between the yielding and the failure stagas higher for MA
specimens. The MA_REF_TO presented the highestilithugtarameters (Fa/Fy =1.33, dmadl6,=3.15 and
emady=2.13) and similar results were observed for MAslaxposed to REF, CW and WD environments. Again,
the immersion in water (series TW) resulted intilghest ductility reduction for MA specimens, bethg ratio
dmad6y Of specimen MA_TW_U 49% lower than the one obtdifer MA_REF_TO. This observation may be
justified by the degradation experienced by thexgpmdhesive when exposed to certain environmeri [1

Specimens prestressed with the GA system presdredadghest ductility parameter on series TW and. CW

3.6 Influence of sustained loading
In real-life situations, a RC structure can be sotgd to combined effects of physical and enviramaleactors,
which in some cases may be synergetic. In ordev#duate their influence, as previously referredustained
load of 20 kN was applied simultaneously to ther fstudied environments. The sustained load ledh¢opire-
cracking of all specimens allowing a greater expaosaf the reinforcement and strengthening elementhe
environmental conditions and, as a consequencegréager degradation of the composite system. Quitie
sustained loading, the maximum deformation of tab almost reached 10 mm and cracks were visibleslgd
eye. When loading was removed, more than 50% gbiteeiously reached deformation was recovered.
During the static tests, a sudden stiffness loss etemerved when the applied load was close to 25 kN
indicating that the cracking process was not stadulduring the application of the sustained Ia#uito this point,
the stiffness of the slab assumed an intermedadtes\between the stiffness &nd K, of the “_U” specimens. As
shown in Table 3, the sustained load and conseaquacking did not have a significant influence ba tiltimate
behaviour. In the static tests, the failure ocalifee the same load level as for the “_U” slabs bstexpected, for
lower deflection values (23.6% and 6.4% lower ligrMA and GA systems, respectively). For the spengsubjected
to the sustained loading the separation betweedehending initiation stage and the anchorage ajjpistage has
decreased, reducing the ductility. Ductility paréeme presented in Table 3 can quantify the reduaifathe slabs
ductility due to the effect of the synergies betwseastained loading environmental conditions exposlihe GA
specimens (GA_TW_C; GA_ CW_C and GA_WD_C) presestelar ductility parameters to those obtainedht® t
GA_REF_TO0. However, all “_C” specimens strengthenith the mechanical anchorage showed significaotility
reductions. The lowest/Fy, dmaxdy andomady ratios for the MA slabs were observed for seriés (Fmad/Fy =

1.14), WD fmaddy = 1.64) and TW ¢matoy = 1.67), respectively. In this matter, the lessdging synergy
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comprehended the sustained loading and the REFoamvent. Yet, the MA_REF_C showed a decrease higher
than 20% in each of its ductility parameters whempared to the MA_REF_TO.

In summary, the ductility of each slab was evaldidteough three parametersf#Fy, dmaddy and@madoy)
and three major factors have been observed: @rapes strengthened with the GA system showed mizdations
in their ductility parameters after being exposedhe different environmental conditions solelyrige “ U") or
combined with the sustained loading (series “_@M)the ductility of MA specimens on series “_Uh&"“_C” was
considerably lower than the ductility observed lab $1/A_REF_TO; and (iii) the combined effects (sirstd loading
+ environmental action) produced a more severetaffe the ductility reduction of MA specimens thiha exposure

to each environment separately.

4. Conclusions

This work presented an experimental program in ivtiie main objective was to assess the durabiliBslabs
strengthened with prestressed CFRP laminate stigpsy two different anchorage systems: the mechénic
anchorage (MA) and gradient anchorage (GA). Dueigiit months, sixteen slabs were subjected toffeetef
four environmental conditions (reference environmeREF; immersion in tap water at 20 °C - TW; inmgien

in water with 3.5% of chlorides - CW; and wet/dgcles in tap water at 20 °C - WD). Additionally Jthaf these
specimens were subjected to a sustained load kN2@ut of the presented results, several conahssaan be
drawn:

* In general, prestress allowed higher CFRP strainfailure, thus a better use of the involved
materials;

e Asimilar response was observed for both anchotagfiques, but the mechanical anchors of the
MA system prevented a premature failure and allothedslabs to support greater ultimate loads and
deflections;

» For the GA specimens, the initial debonding proeess rapidly transformed into the complete strip
detachment, resulting in a brittle failure, simitarconventional externally bonded reinforcement
without any end-anchorages;

e The MA_REF _TO slab was the only that failed by CRRpture at its maximum tensile capacity,
whereas the remaining strengthened slabs seemeaveofailed by strip intermediate debonding

from the concrete;
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The exposure to water (series TW, CW and WD) impdothe concrete strength and the
corresponding modulus of elasticity, which increbge initial slabs’ stiffness and delayed the krac
initiation;

All tested environmental conditions led to a redacbf the yielding and the failure loads for both
anchorage systems, but the influence of each emwmieat was different on each anchorage system:
TW and REF environment conditions seemed to hawéitfhest degradation influence over the MA
and GA slabs, respectively;

Debonding initiation on both systems was obsertexhdier test stages for specimens exposed to all
environments. The main reason resides in the iatthe epoxy adhesive’s properties are susceptible
to degradation when exposed to humidity or water;

The ductility of all strengthened specimens waduatad through three ductility parameters. In
general, all tested exposure environments ledréalaction of the MA slabs ductility, especially in
the case of cracked specimens. The MA specimessipied the lowest ductility after the immersion
in water (series TW);

The sustained loading amplified the effect of eadlironmental action. This effect was more
pronounced on MA specimens, which presented lowrictsiral ductility when comparing the
deflection between failure and yielding;

The performance and ductility losses of the stiegging systems when subjected to environmental
conditions and sustained loading, separately orbaoed, were subtle. However, considering that
the tests were carried out in only 8 months, tiselts give clear indications towards the importance
of conducting similar tests over longer periods;

During the static tests, the control specimensigser0) exhibit a far superior performance and
ductility compared to the remaining specimens. sltciear that the study of the effects of
environmental actions and sustained loading issaerdial topic to truly understand the long-term
properties of prestressed CFRP strengthening sgstem

Based on the obtained results it is importantriduture works, evaluate the influence of the same
environmental actions for a longer period, under itifluence of temperature cycles and higher
concentration of salts. However, the processes usts work has revealed great potential for the
establishment of standardized procedures for diitsabassessment of prestressed CFRP

strengthening systems.

18



10

11

12

13

14

15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

Correia, L.; Sena-Cruz, J.; Michels, J.; Franca; Pereira, E.; Escusa, G. (2017) “Durability of R€labs strengthened with prestressed
CFRP laminate strips under different environmentahd loading conditions.” Composites Part B, 125: —-88. DOI:
10.1016/j.compositesb.2017.05.047

Acknowledgements

This work was supported by the following prografEDER (European Funds for Regional Developmentigun
through the Operational Program for Competitivenésstors — COMPETE, Operational Program for
Competitiveness and Internationalization (POCI) Aradional Funds through FCT - Portuguese Founddtion
Science and Technology under the projects FRPradBD®OMP-01-0124-FEDER-028865 (FCT reference
PTDC/ECM-EST/2424/2012), FRPLongDur POCI-01-0149ER-016900 (FCT reference PTDC/ECM-
EST/1282/2014) and POCI-01-0145-FEDER-007633. Thkaais also like to thank all the companies thaieha
been involved supporting and contributing for teeelopment of this study, mainly: S&P Clever Reiotament
Ibérica Lda, S&P Clever Reinforcement Company (3eviand), Tecnipor - Gomes & Taveira Lda., Vialam —
Inddstrias Metallrgicas e Metalomecanicas, Ldatj Ribrtugal-Produtos e Servicos, Lda. The firshautwish
also to acknowledge the grant SFRH/BD/98309/2088ided by FCTThis paper is dedicated to Tiago Teixeira

(1988-2015), former doctoral student at the ISISIDRResearch Centre at the University of Minho.

Refer ences

[1] Kim YJ, Wight RG, Green MF. Flexural Strengtlivagmnof RC Beams with Prestressed CFRP
Sheets: Development of Nonmetallic Anchor Systeloarnal of Composites for Construction.
2008;12(1):35-43.

[2] Banthia N, Bishy L, Cheng R, El-Hacha R, FafisHutchinson R, et al. ISIS Educational Module
8. Durability of FRP Composites for Constructi@epartment of Civil Engineering, Queen’s
University: ISIS Canada; 2006.

[3] El-Hacha R, Wight RG, Green MF. Prestresserkfiteinforced polymer laminates for
strengthening structures. Progress in Structurglrieering and Materials. 2001;3(2):111-21.

[4] Bakis C, Bank L, Brown V, Cosenza E, Davalokekko J, et al. Fiber-Reinforced Polymer
Composites for Construction—State-of-the-Art Revidaurnal of Composites for Construction.
2002;6(2):73-87.

[5] Zoghi M. The International Handbook of FRP Carsjpes in Civil Engineering: Taylor & Francis;
2013.

[6] Fib - Task Group 9.3 FRP reinforcement for aete structures. Externally bonded FRP
reinforcement for RC structures. In: (fib) fidb,ited. tecnical report. Switzerland: fédération
internationale du béton (fib); 2001. p. 138.

[7] Pellegrino C, Sena-Cruz J. Design proceduresti® use of composites in strengthening of
reinforced concrete structures : state-of-theeport of the RILEM Technical Committee 234-DUC.
2016.

[8] Michels J, St&kiewicz M, Czaderski C, Kotynia R, Harmanci YE, Mealli M. Prestressed CFRP
Strips for Concrete Bridge Girder Retrofitting: Ajgation and Static Loading Test. Journal of Bridge
Engineering. 2016;21(5):04016003.

[9] Correia L, Teixeira T, Michels J, Almeida JAPSena-Cruz J. Flexural behaviour of RC slabs
strengthened with prestressed CFRP strips usifgyelift anchorage systems. Composites Part B:
Engineering. 2015;81:158-70.

[10] You Y-C, Choi K-S, Kim J. An experimental irstggation on flexural behavior of RC beams
strengthened with prestressed CFRP strips usingabokk anchorage system. Composites Part B:
Engineering. 2012;43(8):3026-36.

19



00O~NO UL WNPE

Correia, L.; Sena-Cruz, J.; Michels, J.; Franca; Pereira, E.; Escusa, G. (2017) “Durability of R€labs strengthened with prestressed
CFRP laminate strips under different environmentahd loading conditions.” Composites Part B, 125: —-88. DOI:
10.1016/j.compositesb.2017.05.047

[11] ElI-Hacha R, Aly MYE. Anchorage System to Press FRP Laminates for Flexural
Strengthening of Steel-Concrete Composite Girdiengrnal of Composites for Construction.
2013;17(3):324-35.

[12] Michels J, Sena-Cruz J, Czaderski C, MotawlliStructural Strengthening with Prestressed
CFRP Strips with Gradient Anchorage. Journal of @osites for Construction. 2013;17(5):651-61.
[13] Aram MR, Czaderski C, Motavalli M. Effects @fradually Anchored Prestressed CFRP Strips
Bonded on Prestressed Concrete Beams. Journahgb&ites for Construction. 2008;12(1):25-34.
[14] Nordin H, Taljsten B. Concrete Beams Streng#tewith Prestressed Near Surface Mounted
CFRP. Journal of Composites for Construction. 200@;):60-8.

[15] Silva P, Fernandes P, Sena-Cruz J, Xavieadtr@ F, Soares D, et al. Effects of different
environmental conditions on the mechanical charstites of a structural epoxy. Composites Part B:
Engineering. 2016;88:55-63.

[16] Karbhari VM, Ghosh K. Comparative durabilityaduation of ambient temperature cured
externally bonded CFRP and GFRP composite systenmgpair of bridges. Composites Part A:
Applied Science and Manufacturing. 2009;40(9):1833-

[17] Omran H, El-Hacha R. Effects of Sustained Laad Freeze-Thaw Exposure on RC Beams
Strengthened with Prestressed NSM-CFRP Strips. wabsin Structural Engineering.
2014;17(12):1801-16.

[18] El-Hacha R, Green MF, Wight RG. Flexural beibay of concrete beams strengthened with
prestressed carbon fibre reinforced polymer shadifected to sustained loading and low temperature.
Canadian Journal of Civil Engineering. 2004;31(29-52.

[19] Blaber J, Adair B, Antoniou A. Ncorr: Open-Soa 2D Digital Image Correlation Matlab
Software. Experimental Mechanics. 2015;55(6):11R5-2

[20] E397-1993 L. Concrete - Determination of thesgcity Young modulus under compression.
Portuguese specification from LNEC: LNEC; 1993.

[21] 12390-3 NE. Testing hardened concrete. PattaBnpressive strength of test specimens.
Caparica: IPQ - Instituto Portugués da Qualidagé;12

[22] Termkhajornkit P, Nawa T, Kurumisawa K. Effaftwater curing conditions on the hydration
degree and compressive strengths of fly ash—cepaete. Cement and Concrete Composites.
2006;28(9):781-9.

[23] 6892-1 NEI. Metallic Materials. Tensile TegirPart 1: Method of test at room temperature.
Caparica: IPQ - Instituto Portugués da Qualida@é22

[24] S&P. CFRP Laminates, Technical datasheet. 8aefwitzerland2014. p. 6.

[25] 527-5 I. Plastics — Determination of tensitegerties — Part 5: Test conditions for
unidirectional fibre-reinforced plastic composit€enéve: ISO - International Organization for
Standardization; 1997. p. 11.

[26] Michels J, Sena Cruz J, Christen R, Czaddzsk¥lotavalli M. Mechanical performance of cold-
curing epoxy adhesives after different mixing andrg procedures. Composites Part B: Engineering.
2016;98:434-43.

[27] Michels J, Zile E, Czaderski C, Motavalli MebPonding failure mechanisms in prestressed
CFRP/epoxy/concrete connections. Engineering Fraddiechanics. 2014;132:16-37.

[28] S&P. Pre-stressed S&P Laminates CFK. Manuaafiplicators. 2010. p. 20.

[29] FIB. The fib Model Code for Concrete StructsireModel Code 2010. Lausane, Switzerland: The
nternation federation for strucural concrete (FIE)10. p. 653.

[30] Kotynia R, Walendziak R, Stoecklin I, Meier RC Slabs Strengthened with Prestressed and
Gradually Anchored CFRP Strips under Monotonic @gdlic Loading. Journal of Composites for
Construction. 2011;15(2):168-80.

[31] Fernandes PMG, Silva PM, Correia LLG, SenazCruDurability of an epoxy adhesive and a
CFRP laminate under different exposure condititmsProceedings of SMAR2015 — Third
Conference on Smart Monitoring, Assessment and Rigation of Civil Structures. Antalya, Turkey,
Conference 07 - 09 Sept. 2015, Conference 201¥%. p.

20



Correia, L.; Sena-Cruz, J.; Michels, J.; Franca; Pereira, E.; Escusa, G. (2017) “Durability of R€labs strengthened with prestressed
CFRP laminate strips under different environmentahd loading conditions.” Composites Part B, 125: —-88. DOI:
10.1016/j.compositesb.2017.05.047

Nomenclature

Ea Average tensile modulus of epoxy adhesive
Ec Average modulus of elasticity of concrete at skgiing day
= Average elastic modulus of CFRP laminate
Es Average Modulus of Elasticity of steel bars
fe Average compressive strength on cylinder 150mmi88®f concrete at slab testing day
Fer Force at crack initiation

fa Average tensile strength of epoxy adhesive
fs Average tensile strength of CFRP laminate
Frax Maximum force

fi Average ultimate strength of steel bars

fy Average yield strength of steel bars

Fy Force at yielding initiation

Ki Stiffness of the slab at uncracked state

K Stiffness of the slab at fully cracked state
Scr Mid-span displacement at cracking load F
Smax Mid-span displacement at ultimate loaghF
dy Mid-span displacement at yielding loag F
Efmax CFRP strain at frx

€6 CFRP initial strain

Oy Mid-span curvature at yielding load Fy

Pmax Mid-span curvature at ultimate loadak
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Table 1: Experimental program

Initial Presiress
Series  Specimen Environmental Anchorage strain, force Sustained
condition/Observations system Efp load
[%] [kN]
T0 REF_TO Specimens tested at the- - - -
EBR_REF_To P89inning of the : 0.00  0.00 i
- — ~ experimental program
MA_REF_TO MA 0.42 41.6 -
GA_REF_TO GA 0.40 39.6 -
REF MA_REF_U Specimens subjected toMA 0.41 40.6 No
laboratory premises:
GA_REF_U 20 °C and 55% of RH GA 0.41 40.6 No
MA_REF_C MA 0.37 36.6 Yes
GA_REF_C GA 0.41 40.6 Yes
T™W MA TW_ U Specimens immersed in MA 0.40 39.6 No
GA Tw U lapwaterat20°C GA 0.41 40.6 No
MA_TW_C MA 0.41 40.6 Yes
GA_TW_C GA 0.41 40.6 Yes
Cw MA_CwW_U Specimens immersed in MA 0.40 39.6 No
tap water at 20 °C with
GA_Cw_U 3.506 of chlorides GA 0.41 40.6 No
MA _CW_C MA 0.41 40.6 Yes
GA Cw_C GA 0.40 39.6 Yes
WD MA WD U Specimens subjected to MA 0.40 39.6 No
wet/dry cycles in tap
GA_WD_U water at 20 °C GA 0.40 39.6 No
MA_WD_C MA 0.42 41.6 Yes
GA WD_C GA 0.42 41.6 Yes
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Table 2: Materials characterization (average values)

Composites Part B, 125: -88. DOI:

Concrete
Series Ec[GPa] AEc [%] fc [MPa] Afc [%0]
T0 (28 daysy 27.78 (2.9%) - 37.32 (1.9%) -

(209 days¥) 30.03 () 8.09 40.24 (0.7%) 7.82
REF (570 daysy  26.98 (2.4%) -2.88 39.49 (5.3%) 5.81
TW (570 days¥ 33.44 (1.3%) 20.37 50.22 (1.3%) 34.57
CW (570 days¥ 33.87 (1.1%) 21.92 45.85 (8.0%) 22.86
WD (570 daysy 32.20 (5.1%) 15.91 48.58 (2.1%) 30.17
Steel
Bar Type Es[GPa] fy [MPa] fu[MPa]
6 206.9 (0.4%) 519.4 (6.1%) 670.2 (5.1%)
8 235.1 (4.6%) 595.9 (4.1%) 699.0 (2.1%)
CFRP

Geometry [mm?]

E+ [GPa]

fr [MPa]

50x1.2

167.7 (2.9%)

2943.5 (1.6%)

Notes:@ Tests at 28 day®) Tests at the age of the monotonic tests of thesslEle values between
parentheses are the corresponding coefficientaridition (CoV).
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Table 3: Main results

Stiffness inCiE[E:tcil(()n Yielding Ultimate Efficiency and ductility
Specimen K, K b¢ Fa 8 Fy oy drax  Foax  Qmax  Smad® parameters FM
[KN/mm] [kN/mm] [mm] [kN] [mm] [kN] [10°m?] [mm] [KN] [10°mY  [%] Fmax/Fy Omaddy @max/@y

REF_TO 8.8 0.9 0.71 79 1890 245 - 10690028.1") - - - - - -
EBR_REF_TO 8.1 1.2 0.68 8.5 2587 37.1 49.24 40.6944.0 72.04 0.76 1.2 1.57 1.46 D
MA_REF_TO 10.2 1.3 1.82 179 26.88 50.6 48.21 84.7867.5 102.67 1.48 1.3 3.15 2.13 F
GA REF_TO 9.7 1.2 1.55 16.2 29.04 50.2 52.65 43.3157.4 76.49 1.16 1.1 1.49 1.45 D
MA REF_U 8.3 1.3 2.04 16.1 26.26 46.1 50.36 67.34 9.95 97.87 1.40 1.3 2.56 1.94 D
GA_REF_U 8.0 1.2 1.85 159 28.45 486 51.14 38.21 355 68.33 1.10 1.1 1.34 1.34 D
MA REF_C -- 1.3 -- -- 26.22 48.1 71.75 65.85 61.6 108.63 1.26 1.3 2,51 51 1. D
MA TW_U 8.6 1.3 1.68 15.6 2454 47.1 46.06 39.56 .454 68.17 1.13 1.2 1.61 1.48 D
GA_TW_U 10.9 1.3 1.05 128 25.60 47.1 47.98 41.65 585 78.32 1.19 1.2 1.63 1.63 D
MA TW_C -- 15 -- -- 22.02 505 55.74 41.33 57.7 83.76 1.15 1.1 188 015 D
GA_TW_C - 1.2 - - 2358 49.30 42.2 37.05 56.2 63.23 1.06 11 1.57 1.50 D
MA_CW_U 11.5 1.3 1.92 185 2457 47.3543.7 65.45 60.9 81.68 1.23 1.3 2.66 1.87 D
GA Cw_U 8.4 1.3 2.11 17.0 2471 46.9445.8 41.70 56.4 77.44  1.19 1.2 1.69 1.69 D
MA _CW_C -- 14 -- -- 19.65 47.42 47.0 38.38 58.7 79.43 1.12 1.2 1.95 1.69 D
GA_CW_C - 1.3 - - 21.92 47.04 49.4 39.01 57.0 80.83 1.05 1.2 1.78 1.64 D
MA WD _U 10.7 1.3 1.30 142 2553 47.64 46.3 61.33 58.8 86.20 1.27 1.2 2.40 1.86 D
GA_WD_U 10.3 1.2 1.49 16.5 26.98 48.6247.7 40.21 55.3 69.09 1.08 11 1.49 1.45 D
MA WD _C -- 1.3 -- -- 20.10 48.61 38.0 32.89 55.6 63.57 1.04 1.1 1.64 1.67 D
GA WD_C -- 1.2 -- -- 23.67 49.15 49.0 37.55 56.3 73.24 1.17 1.2 1.59 1.50 D

Notes:® These slabs reached the maximum pre-defined deflewithout failing;® Values for the mid-span deflection of 100 nfhThe maximum CFRP strain
did not necessarily occur at the mid-span; Faitnoeles: D = Debonding (cohesive failure at the cetedr F = CFRP tensile failure.
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Mechanical Anchorage
Strengthening procedures

Legend:

1 — Concrete substrate;
2 — Clamp unit;

3 — Anchor bolts;

4 — Guides;

5 — Epoxy adhesive;

6 — CFRP laminate;

7 — Clamp unit closed;
8 — Metallic anchor;

9 — Aluminium frame;
10 — Hydraulic cylinder;
11 — Manual hydraulic pump.

Fig. 2: Strengthening procedures for the mechanical angeoffdA) system.
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Gradient Anchorage
Strengthening procedures

Legend:

1 — Concrete substrate;
2 — Clamp unit;

3 — Anchor bolts;

4 — Guides;

5 — Epoxy adhesive;

6 — CFRP laminate;

7 — Clamp unit closed;
8 — Heating device;

9 — Aluminium frame;
10 — Hydraulic cylinder;
11 — Manometer and valves.

Fig. 3: Strengthening procedures for the gradient anchqi@gg system.
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Fig. 8: Crack pattern at the end of the test of each sidaaerage crack spacing.
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Fig. 9: Crack pattern observed on the bottom surface ahodanodes.
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Fig. 10: Materials strain variation: (a) CFRP strain vaoatin MA_REF_U; (b) CFRP strain variation in
GA_REF_U; (c) concrete and steel strain variatoMA_REF_U and MA_REF_C; (d) concrete and steel
strain variation in GA_REF_U; and (e) CFRP slidaiganchorages for MA_REF_C.
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Fig. 11: Failure modes{a) CFRP rupture in unidirectional tension (MA_RHB); (b) observed longitudinal
cracks at the epoxy region (GA_TW_C); (c) CFRPpgtull-out from the mechanical end/anchorage
(MA_WD_C); and (d) detail of a cohesive at the aate debonding (GA_WD_U).
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Fig. 12: Digital image correlation on MA_W_C slab (maximumingipal strain field).
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Fig. 13: Digital image correlation on GA_W_C slab (maximurmpipal strains).
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