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Abstract

FiberReinforcedPolymer (FRP) and Fib&einforcedCementitious Matrix (FRCM)
have been increasingddoptedo repair and strengthestructural memberns the last
years However there islimited information availablen theirdurability. The current
research consists of two main parts aiming to investigate the performance of these two

composites unddrygrothermal and wedry conditions.

The first part was dedicated studyingthe effect of the hygrothermahd wetdry
conditiors on theCFRP-concrete joint andonstituenmaterials (i.e., epoxy resin and
CFRP strip) Thehygrothermatonditionwascomposed ofontinuous immersion in
water at 38 2 °C; howeverthe wetdry conditioncomprised 060 cycles with6 hours
of immersionin waterfollowed by18 hours of drying at 58C for each cycleln total,
eighty-two specimens were tested in this part of the reseBigital image correlation
techniquewasalso utilizedto determinestrain profile cohesive material lavand
subsequentlyfracture energy ahe CFRPconcretanterface A two-dimensional finite
element modelvas alsautilized tocalibratethe obtainedohesive material lansothey
could beimplemented irany numericaimodel aimed to evaluate the duralildf the
reinforced concretstructures externallgonded with CFRPTheresuls of this part of
the researcindicated some visible and mechanical changes in the performance of the
epoxy resinFurthermorethefailure mode of th&€€ FRRconcretgoints exposed to wet
dry cycles was changdmbm a cohesive debonding in the concrete substrate to an
adhesive debonding in the interface. However, the-t@ad/ing capacityf the jointwas

not significantly influenced.

Thesecondpart of theresearcHocusedon investigatingthe effectof thewet-dry
conditionon the FRCMmasonry jointsForty specimens were testeuthis part of the
dissertationThe specimens were preparedloke types of FRCM compositeshich are
made ofcarbon, PBQand ARglasstextiles,and one type dbteel ReinforcedGrout
(SRG)composite Both FRCM and SRG composites wesagernallybonded to masonry
blocks Thespecimens were exposed toVBét-dry cycles Subsequently, the
performance of the jointwasevaluated using singlap shear test The result othis

partof the researchmplied some changes in tliailure modewhere it was changed for
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somespecimengrom a debonding failure within the matitber interface to a

debonding withirthe matrix-substrate interfac&urthermore, the average bond capacity
of all composites waaffectedin differentrangesThe lastsection of this part of the
research was dedicated to analyticallypulate thébehavior of the FRCMnasonry joints
usinga trilinear cohesive material lawhe modehas accurately simulated thehavior

of the carbon and PBBRCM-masonryjoints that developed debonding failure in the

matrix-fiber interface



Sommario

Negli ultimi anni i materiali compositi a matrice organica (FRP) ed inorganica (FRCM)
sono statadottati sempre piu spesgeril consolidamento di strutture esistenfuttavia,

le informazionidisponibili sulla loro durabilita sono attualmente limita#tko stato attuale,

la ricercainerente questo tema é articolata in due filoni principali, mirati allo studie del

prestazioni di questnaterialiin ambiente umided in condizionicicliche umido-secco.

La prima parteli questa tesi si & concentrat#io studio dell'effetto dei condizionamenti

in ambiente umido e di cicli umidsecco sulle prestazioni di polimdibrorinforzati in
carboni o ( CFRP)CFePesuppolt incaldestnuzad takfinetsona stati
sottoposti a condizionamento in ambiente umido campmoalcestruzzo rinforzati con
materiale composito, immergendah acqua a 38 + 2C. Il trattamento in condizioni
ciclicheumido-seccanvececomprendeva 50 cictla 24 ore ciascuno, suddivisi6rore di
immersione in acqua seguite da 18 ore di essiccazione °&€.58uccessivamente al
condizionamento i campioni sono stati testationdo lanodalita di provainglelap shear

test In totale, i campioni testati iguesta parte della ricerca sono f&tiLa tecnicaigital
image corréation e stata utilizzatper determinare ldeformazionelel campiongla legge

del materiale coesivo e, swssivamente, l'energia di frattura dell'interfaccia CFRP
calcestruzzo. E stato inoltre utilizzato un modello bidimensionale agli elementi finiti per
calibrare le leggi coesive dei materiali ottenutenodo che p@ssero essere implementate
in modeli numerid volti a valutare la durabilitdi applicazioni di tipo CFRP su elementi
strutturaliin cemento armato. | risultati di questa parte della ricerca hanno inditetid

dei condizionamenti sullprestazioni della resina epossidit@oltre, & stata riscontrata
undal terazi one dediuntaCFRiFoattestruzzo éspostiia cidi umidoi
secco passatala ura crisi per distaccdistacco coesivo nel substrato di calcestruzzo a un
distaccadl'interfacciacompositesubstrato Tuttava, la capacitaderentalel giunto non é

stata influenzata in modo significativo.

La seconda parte della ricerca si & concentrata sullo studio dell'dffeittt umido-secco
sull 6aderenza di composi ti a muatirac Quarantai nor g
campioni sono stati testati in questa parte della @mmpioniin muratura di mattoni

laterizisono statrinforzati esternamenteon trediversi compositi FRCM ed uromposito
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di tipo Steel Reinforced Grout (SRA)compositi FRCM includeano rispettivamente un
tessuto in fibra dcarbonio,uno in fiboraPBO &l unoin fibra di vetro resistente agli alcali
(AR). I campioni sono stati esposti a 50 cicli umskrco. Successivamente, le prestazioni
dei giunticompositemuraturasono state valate mediante prove diistaccosinglelap
sheartestt 6 e vi d e n z a hamosratou mdenazianddetla modalita dicrisi del
rinforzo a seguito del condizionamento. In particolgey, alcuni campionsi € passati da
una c¢cri si d i faceiamatricetasguto, eaibitd da campianirnon condizionati,
a undistacco Hinterfacciatra matricee substrato. Inoltre, la capacitdedia di aderenza
di tutti i compositianalizzatié stata influenzatsignificativamente dal condizionamento
Infine, il comportamento dei giunti FRCivhuraturatestati sperimentalmente stato
simulato analiticamentayjtilizzando una legge materiale coesiva trilineare. 1l modello
sviluppato ha dimostrato di approssimaceuratamente realecomportamento dei giunti

in fibra di carbonio e PBO FRCMaratterizzati da una crisi di aderenziéinderfaccia

matricetessuto.
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Chapter 1: Introduction

1.1 Problem statement

Repairing and strengthenistyuctures heae beenincreasd because of the need to

maintainand improvanheritedbuildings and infrastructur&indingan efficientand

economial technology is onef the challengegacingresearchers these dayrsthe last

few decadeskiber Reinforced Polymer (FRBhd FibeReinforced Cementitiouslatrix

(FRCM) havebeen widelyusedfor retrofitting concretesteel, andmasonry structures

(Abid & Al-lami, 2018; Cabrat onseca et al ., 2018; T. D6 Ant
Pellegino, 2014) One of the most common retrofitting techniques is extermalhded

FRP and FRCMNonethelesssach one of thesaethods has its advantages and

disadvantages.

FRPhas beemdopted in the applicatiarf aerospacand aircrafimanufacturingor a
longtime. NeverthelessFRPhas gainedreaterattentionin civil engineering
applicatiorsin the lasfour decadegBakis et al., 2003; Elarbi, 201FHRPis known for

its high strengtkto-weight ratiq high stiffnessto-weight ratiq andhigh corrosive
resistae Nowadays,FRPis usedto enhane theflexural strength of beams, slatand
girders(Abid & Al -lami, 2018) It is alsoutilized to improvethe shearand torsion
strengthof the beamsColumns aralsostrengthened byrapping FRP arounthemto
increase the confinement of the conciaiee (Al-Khafaji, 2016) Despite its numerous
advantages, FRP has sodrawbackssuch as lack of ductilitandserviceability(Kouris
& Triantafillou, 2018; Micelli, Mazzotta, Leone, & Aiello, 2015; Pekmezci, Arabaci, &
Ustundag, 2019Moreover,organic resinsised tgprepare=RP composites cgroduce
toxic fumes when exposed to fireheymayalso loseheir mechanical properties at
temperature close to their glass transition temperature, \hioh epoxyresins
commonly adopted in FRRs therangeof 45 °C to 82 °C(ACI Committee 440.2F8,
2008; Ferrier, Rabinovitch, & Michel, 2016; J. P. Firmo, Correia, Pitta, Tiago, & Arruda,
2015)



FRCM was proposeds amalternativeto FRPto overcome some drawbacks of the
organicresin.Despite its lower mechanical propertigss commonly used for
retrofitting historical building made ofmasonryand concretéue to its canpatibility

with constructiormaterials(Franzoni, Gentilini, Santandrea, Zanotto, & Carloni, 2017)
It consists of fabric textile embeddedaninorganic matrixThe textile can be made of
carbon, polyparaphenylene benzobisoxazole (PBO), Alkadistant (AR) glass, or
basalt(Al-L a mi D6ANti no0,; & .Colo6éoAmbtii,no02,02Pi sani
Koutas, Tetta, Bournas, & Triantafillou, 201%he inorganic matrices can be cement
based, limebased, or geopolyme(Bencardino, Condello, & Ashour, 2017; Donnini,
2019; Franzoni, Geitini, Santandrea, & Carloni, 2018\Vhen steel fiberareorganized
in cords and bonded wiininorganic matrix, the composite is refertecas Steel
Reinforced Grout (SRG). In comparison with FRP, FRCM and SR@letter fire

resistance and vapor permeability.

One of the reasons thainder the wideadoptionof FRP and FRCMomposites ishe
incompleteinformationon the longterm performancef thesecompositesTherefore,
more studies are needexight the shdow about the durability and efficienoy these

composites

1.2 Advantages and Disadvatages of the FRP and FRCM composites
1.2.1 Advantages

Foralong time civil engineers have been searching for alternatives to steel to teduce
high cost of maitaining danaged structures due to corrosion. FRP and FRCM
composites heae proven their eftiency in repaing and strengthening detorated
structuresThe use of these compositesshelpedthe contractors and companies to
facilitate the installation proceasd reduce thapplicationperiod Moreover, they have
high strengthhigh stiffness, low specific wei¢jnoncorrosive nature, fatigue resistan

and excellent durability in differemnvironmentgKong & Frangopol, 2003)

{



1.2.2 Disadvantages

Despite theinumerous advdages over coventional steel, FRP and FRCM composites
have several disadveages thahave tobe considered cautiously, such as high initial cost
of materias, uncommon design method, lack of letegm performanceecord. In

addition, they are chacterizedby an elastic behaviothelack of yielding can lead to

less ductile structures unless this behavior is considered in the desig(Etisigie

2011) These materials are also vulnerable to be damfagedmpact or vandalism. FRP
is also susceptible to fire unless it was covered sotheprotective materialsAlthough
FRP and FRCM are not corrosive materials, they are not immune to environmental
effects and could suffer degradation after a long peri@kposure to moisture and
temperature. Thidisadvantage is relatively crucial because there is limited information
available on the effect of the hygrothermal and-@rgtconditions on these composites

and especially FRCM. Therefore, this researchtisnded to fill this gap.

1.3 Researchobjectives

Despite the numerous studies dedicated to investigating the mechanical properties of FRP
and FRCM composites, there is limitedormationavailable on the durability of these
compositesOut of thenumerous environments whichastructures expected tde
exposegdmoisture and temperature are thestcommon Studies(Sen, 2015; Tuakta &
Blyukozturk, 2011havealsoreported thahygrothermalcombined effect of moiate
and temperatureggnd wetdry conditionscanhavea crucialinfluenceon the performance
of theinfrastructuresexternallyreinforcedwith FRP. Furthermoreafter anextensive
reviewof the literatureon FRCM compositesalack of knowledgeabout he behavior of
FRCM-masonry joints undehe effect ofwet-dry conditionwas noticedAl-Lami et al.,
2020) These reasons wetlee motivatiornto investigatehe durability of theCFRP
concrete joints anBRCM-masonry jointainder the effeadbf hygrothermal and wedry

conditions Thecurrent dissertatiowasdedicatedo:

1 Evaluattheeffect of the hygrothermal conditiamn the mechanical properties of
the epoxy resin an@arbon FRP(CFRPB composite.

1 Investigaethe effect of the hygrothermal condition 6FRP-concrete joird



Investigae the effect of wedry cycles on CFRoncrete joird

Evaluae the effect of wetlry ¢ycles onFRCM-masonry joins

Numerically and analytically investigateet performance of CFR€bncrete and
FRCM-masonry joints, respectively.

1.4 Scope of the thesis

This dissertations aimingto investigate theffect of hygrothermal and welry condition
on FRP and FRCM compositds.consists of two parts.

The first pariis dedicated tstudying the durability ofCFRP consistent materiaisnd
bond durabilityof CFRP-concrete joird. Specimens are exposedtieo environmental
conditions namelyhygrotrermaland wetdry. The former conditiomvolves complete
immersbn ofspecimens in water 88° 2°C for 500h, 1000 hand 150Ch. The later
condition includs exposing CFRRoncrete joints t®&0 wetdry cycles. Four types of
testsareperformed namelyuniaxial teson epoxy resirspecimenspniaxialteston
CFRPcouponspull-off test,and direcshear singldap test.In totd, 84 testsare
performed in tis part of the researckurthermoredigital image correlation techniqise
utilized to determinghe strainprofile alongwith the CFRPR-concretenterface andhe
effect of the conditioning environment on thend characteristic&ubsequentlythe

performance of the CFR&bncrete joints simulated numerically.

The second pais dedicated tanvestigatingthe durability of FRCMand SRG
compositeslt includes 40 specimens of three types of FRCM compogitagoon, PBO
and glassand oneéSRGcomposite typ. Theyarebonded to masonry blocks. The
specimengreexposed to 50 cyckof wetdry. After that,directshear singldap tess are
performed to evaluate thmwnddegradatiorbetween the composite and masonry
substrateFinally, thebehavior of the FRCMnasonry joinis analytically modeled using
atrilinear bondslip model



1.5 Thesisoutline

The current thesisonsistof five chaptersMost of theresults and information presented

wereeither published in scientific jourrsabr unde review.

Thesecond chapter presents an extensvesw of the durability othe FRP, FRCM and
SRGcomposites. It is divided into two sections. The first section s the
durability of theepoxyresin, FRP compositand the bontbetweerFRPcomposite and
concrete substrate. Since the current resaarokended to investigatine effect of the
hygrothermaland wetdry conditiors on thebonddurability of theCFRPcomposits,
most of the reviewed literatufecuseson the effect of moisturand temperaturen the
FRP.The second section of tishapterfocuseson thedurability ofinorganicmatrices
compositesandbond betweerFRCM compositeand different substrateBecausehe
available information on the effect of the moisture and teatpee orthe durability of
FRCMand SRGcompositsis quite limited, thepresentediteratureis expanded to
includethe effect of other conditions suchalkaline,saline,andfreezethaw conditions.
Furthermore,heliterature resultarecomparedo have a deepnderstandingf the

durability of FRCM composites.

The third chapteis dedicated tevaluatingthe effect of the hyrothermalcondition on
the durability of the epoxy resi@FRP compositeand bond betwee@FRP composite
and cancrete substrat&urthermorethe effect of wetlry conditionon the CFRP
concretgoint is evaluatedn this chapterA full descriptionof theutilized materialsis
provided Conditioning environmestand mechanical characterization of tdomstituent
materialsarealso discussed.he effect of the hygrothermabndition on theonstituent
materialss discussed and presentdiethods utilized tonvestigatehebond durability
of the CFRPconcretgoint arealsodiscussedA detailed discussion abobigital Image
Correlation(DIC) techniquds presentedin addition,the effect of the hygrothermal
condition and wetry cycles on the fracture energy of the CF&Rcrete joinis
evaluated.The last p# of this chapters dedicatedo numerically simulate thbehavior
of theCFRRconcrete joint under the effect of hygrothermal andavgiconditionsusing
thecommercial softwareAbaqus A full description of the model geometry, material

properties, load conditiomnd boundary conditiorerepresented. The method utilized to



model the contact interface between the CFRP strip and concretagpaspiainedn
detail After that, the result of the numerical mogetompared witlthe expermental
result in terns of loadslip response, loadarrying capacity, debonding straand strain
distribution on the CFRP strip

The fourthchapterconcentrateon the effect of the watry cycles on thé@onddurability

of theFRCM and SRG composite&.full description of theutilized materialss

provided.Since there is no standard methogé¢oformwet-dry cycles, his chapter

preserd the criteriautilized toproposethat condition. The effect of the welry cycleson
specimershape (i.e.deformation of the specimensilure mode, anbond capacitys

presented and discussedetail In the last part of the chapteéhe behavior of the

FRCM-concrete joints modeled using #ilinear bondslipmodé( Tommas o DOANt i«
Colombi, Carloni, & Sneed, 2018) wholediscussionof the models provided.The

method utilized to evaluatbe effectivebond lengthis also presente@ubsequentiythe

analytically estimated loaslip responsé compared to thexperimentally measured

response.

The last chaptgiconclusion presents the achies®@bjectives otheresearchBesides
the man findings ofthethesisarehighlighted. Finally, suggestions for futuesearctare

proposed



Chapter 2: State of Art

2.1 Introduction

Externally bonded fibereinforced polymer (FRP) compositeavebecome aalid
solution for strengthening and retrofitting existing reinforcedcrete (RCktructures
dueto theiradvanced mechanical propert{@bid & Al -lami, 2018; Pendhari, Kant, &
Desai, 2008) Although FRP carsufficiently enrance the strength of thumreinforced
masonrystructuressome drawbackisinderedts comprehensiimplementatiorfor
retrofitting historic masonry structuresuch asow vapor permeability anureversiblity
(difficulty to detachFRPfrom masonry substrat¢Kouris & Triantafillou, 2018)Since
FRPhas been extensively usedstrengthen RC structusghe current research hiasen

dedicated to studgg the durability of CFRRconcrete joint@and constituent materials

Durability is defined as the capacity to resist cracking, oxidation, chemical degradation,
and delamination during a specific duration under a specific load and environmental
conditions(Karbhari et al., 2003)ike any bonded assembiye durability performance

of externally bonded FRP is highly depenten the resistace of the constituent

materials andhe bond established betweERP andsubstrateSeveral factors can affect
FRP-concretgoints, such as concrewurfacepreparationyvorkmanship relating tas
installation the severity ofenvironmentatonditions and othergAbid & Al -lami, 2018;

Sen, 2015; Yalim, Kalayci, & Mirmiran, 2008)he mncretesurfaceto which FRHAs

bonded should be in good condition aethtivdy rough to provide good bonding
strength(Serbescu, Guadagnini, & Pilakoutas, 201Bdth sandblastandmechanical
abradingcan beused to improve surface roughndg®ereover,the system should be
installed byworkerswho hare enough knowledgadequatly trained Combined effects

of variousenvironmenal conditionscanalsoseriously affect the bond

performancdeading to premature failur&lultiple studies have reported the effect of
various environmeit conditionson the durability of the bond between FRP and concrete
focusing mainlyon freezethaw cyclegChoi, Gartner, Etten, Hamilton, & Douglas,

2012; Lopez de Murphy & Krishnawamy, 2006é)kaline e@vironmentgCromwell,

Harries, & Shahrooz, 2011; Uomoto, Mutsuyoshi, Katsuki, & Misra, 20G2) and



moisture(M. A. G. Silva & Biscaia, 2008)dry heaiFerrier et al., 2016; J. P. Firmo et
al., 2015; Robert, Wang, Cousin, & Benmokrane, 2040) moisturéFrigione, Aiello,
& Naddeo, 2006; A. Zhou, Buyukozturk, & Lau, 201MApwever, some studi€Sen,
2015; Tuakta & Buyukoztk, 2011)have reported the significant effect biygrothermal
and wetdry conditions on the borerformancenf the CFRPconcrete joint;

consequently, they were intensively studies in this research.

2.2 Durability of FRP composite

2.2.1 Effect of temperature and moisture on epoxy resin

The effect of the hygrothermabnditionon the epoxy resin can be attributed to series of
interrelated actions of ttemperature andhoisture Elevated temperatuanaccelerate
the degradation processes that occur in the polymersuch aoxidation, mechanical
creepsand fatigueHowever,moisture absorption can alter the physichemical,and
mechanical properties of epoxy resin. Some of these changes arets=dfter drying
such plasticizatioiTuakta & Buyukoztirk, 2011 whichcouldincrease the free volume
in the crosdink chain and subsequentigducethe glass transition temperaturgg.
Otherareirreversible changes such as hydrolysis, cracking and crédaigaee, Ghiassi,
& Lourenco, 2017)

Numerous studies have been performed to investigate the aftbermal exposuren
the mechanical properties of different types of adhesiegever, most othese studies
werefocusedon the hot-curingepoxy resini(e., cured aelevatedemperature with
artificial heating) Theinformationavailableon the eféa of the temperature arold-
curingepoxy resin, which isainly used in civil engineering applicatis,is limited
(Sawvilotidou, Vassilopoulos, Frigione, & Keller, 201 Results indicated thahangean
the mechanical properties depst thetype of the polymeric resin, exposure
temperaturetypes of the applied stresnd exposure perid@€Cabratfonseca et al., 2018;
Savvilotidou et al., 2017)Ferrier et al.(Ferrier, Rabinovitch, & Michel, 2015)
investigatedhe effect olow temperaturédown to-30°C) and high temperature (up to
10C°C) on themechanical properties of the epoxy reJiensile test was performed based
on the ISO527 standa(thternational Standard OrganaziatioI& 527-1, 2012) T4 of

theinvestigated resins agsrangingbetween 78C and 90C. Test results showed that the

8



tensile strength of theesinwassignificantly decreased at a temperature ofG0
Moreover,at temperatureof 80 °C and 10(°C, theresirslost their stiffness. The results
alsoindicateda significant reduction in the tensile strength of the s=dialow
temperature of20°C and-30 °C, respectivelySilva et al(P. Silva et al., 2016)
investigated the effect of the thermal cycles ( ranging betwldetC and 6(°C) onthe
commerciakepoxyadhesivaused for the FRP strengthagiof the concrete members.
Rustles indicated that thermal cyctemild stimulate posturingof the epoxyleading to
an increase in theensile strength by 31%, elastiwodulusby 15%. In additionTg was
increased from4 °C to 59°C.

Moisture diffusion into the organic polymean cause reversible changes (plasticization
and swelling)vanishingafter drying and irreversiblehanges (hydrolysis and cracking)
(Cabralfonseca eal., 2018; Sen, 2015; Shrestha, Ueda, & Zhang, 20h®se changes

can affect thehermoplastic, chemical, and mechanimadperties of the resiihe

changes in the properties of the epoxy resin are often linked to the moisture content ratio
(Maljaee, Ghiassi, Lourenco, & Oliveira, 2018p\eral studiehaveinvestigate

moisture diffusion in epoxy. Moreover, some modetseproposedo simulate water
absorption by the molecul¢&rave, Mcewan, & Pethrick, 1998; Soles & Yee, 2000)

Watercan be classified into free wateithin the free volumévoids)of the epoxy and
combinedwater withanepoxy network by hydrogen bonfldaxwell & Pethrick, 1983)
According to some studig@damson, 1980; VanLandingham, Eduljee, & Gillespie,
1999) free water moleculedo not cause dimensional changes in the polymer.
Nevertheless, the combined waieound waterfan disrupthe interchain hydrogen

bonding causing polymer swelling and plasticization.

Zhou and Lucaél). Zhou & Lucas, 1999avestigated water interaction with three types
of epoxy resis. It was concluded that there are two types of the combined waterd(boun
water) based on bond complexity and strength. Type | bound water wakdéaasicizer.
This type has lower activation energy and can be removed.daslalso responsiblier

the reversible degradation mechanism. Nonetheless, type Il bound wsategher
activation energy; thus, it is more difficult to be removed. This type of water is

responsibldor the irreversible degradation mechanidrhe effect of the hyrothermal



environment on theglof the epoxy resin was also investigated by the aufdo&hou &
Lucas, 1999b)It was concluded that Type | and Type Il bdwmater can affectgl
differently. Type | bound water can interrupt initial Van der Waals totexin force and
hydrogen bondeading toanincrease in chain segment mobilibgnsequently,
decreasing J- However, Type Il bound water can foasecondaryrosslink network
leading toanincreasan Tg4in the watersaturated epoxy resi@onsequently, the change
in the Tq of aspecificepoxy resin can be attributed to genflicting effect ofthese two
types ofwaters

The reduction in the glandthe deterioration the mechanical properties of the epoxy
resindue to the moisture have been investigateddwerareseachers as summarized in
Table2-1. It can bereportedthatexposure to moisture can increase the duchlitgt
reduce the elastic modulus and tensile strength of the epsixyHowever, using
different types of epoxies and adoptufifferent aging conditionwith various
temperaures asamears of accelerating diffusion mechanigmake itchallengingto run

a comprehensiveomparison
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Table2-1: Summary of the studies on the durability of epoxy resin

et al., 2015) epoxies resin

Blackburn et al

(Blackburn, Tatar, 6 types of
Doudas, & Hamilton, epoxies resin
2015)
Goglio and Rezaei Epoxvresin
(Goglio & Rezaei, 2014) —PO%Y
Yang et al(Yang, Xian, Epoxy resin

& Karbhari, 2008)

WD for 3-18 months7 days
WI at 20°C and4 daysdry at
20°C & (50-55%) RH

(W WI at 30 °C and 60 °C; 12
weeks

() CC:100% RH at 30 °C and
60 °C; 8 weeks

() CC:100% RH ab0 °C; 5
weeks

W WI at 23 °C, 38 °Cand 60
°C; 24 manths

11

Authors Materials Exposure conditions Conclusions
Maljaee et al(Maljaee (W Wi at 20 °C; 9 months () IW: Ty decreases with time until 7 months, followed by a
) et al 2017)J Epoxyresin () Hygrothermal gcles:90% slight increase
h RH;2hat 10°C and 2 h at () Cycles: T shows an initial increment, followed by a platea
50°C 6 h/cycle; 960 cycles ycles: ' yap
_ _ () Hygrothermal cycles: 2 h at () Maximum degradation occurred within the fil0cycle
Maljaee et al(Maljaee g, regin 10°C60% RHand 2hat50° () Tensile strength and elastic modulus were reducezbhty
etal,, 2016) 90% RH; 6 hicycle; 960 and 18% after 960 cycle
cycles
() Specimens were dried for more than a month before
_ measuring the gf thus, the reduction in the;Was less than
W Wl at20°C; 2-24 months 5% after 24 monthsf conditioning.
Shrestha et dShrestha 3 types of W

(W W & WD: no cleartrendin the €nsile strength and elastic

e

eeEeg € EEE

modulus Theywere fluctuatingalong the exposure periads
WD: no reduction in the tensile stiggh while elastic
modulus reduced b¥, 6, 11% depending on the epoxy typq
Higher rate of water absorption at 60 °C than at 30 °C
Insignificant variation in Tg for 30 °C;

Increase of Tg for 60 °(postcure effect)

Decrease in tensile properties, with 75% reduction in the
strength and 20% in the elastic modulus

A slight decrease in Tg at 23 °C (plasticization)
More expressive decrease in Tg at 38 °C and 60 °C

Significant reduction in tensile properties, mprenounced
at the higher temperature; after @énths: reduction in
tensile strength of 43%, 44%, 69% and reduciipelastic
modulus of 36%40%, 68%, at 23 °C, 38 °C and 60 °C




Silva et al (P. Silva et
al., 2016)

Lettieri and Frigione
(Lettieri & Frigione,
2012)

Frigione et alFrigione
et al., 2006)

CabralFonseca et al.
(Cabralfonseca et al.,
2018)

Lin and Cher(Lin &
Chen, 2005)

Epoxy resin

Epoxy resin

3types of
epoxy resin

3 types of
epoxy resin

Epoxy resin

() WI at 20 °C; 480 days

(W CC: 55%, 75% and 100% R}
at 23 °C; 28 days

W WI at 23 °C; 28 days

(W WI at 23 °C; 28 days and unt
saturation

G WI at 23 °C, 40 °Cand 60
°C; 18 months

() CC:100% RH at 40 °C; 18
months

() CC: 85% RH at 85 °C; until
saturation
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Decrease of Tg

Significant reduction of tensile properties: 38% in tensile
strength and 53% in elastic modulus

Exposure time was insufficient to achieve saturation
Decrease of Tg (plasticization)

Reduction in flexural modulus: 8% (CC55), 5% (CC75), 1
(CC100) and 15% (IW)

Short immersion time: decrease in Tg (plagttibn)
followed by anincrease at longer immersion time (addition
crosslinking)

Flexural modulus decreases at the initial stages of immer
followed by a slight increase at longer immersion times,
reaching a constant value after one month

Reduction athesaturated stage iflexural strength (betweer
9% and 18%) and in flexural modulus (between 17% and
36%)

Different behaviorof each adhesive
General reduction of Tg

Decrease in tensile properties for one of the adhesives:
reduction in tensile strength (44%, 3986d 60%) and in
elastic modulus (48%, 15%nd 58%) at 23 °C, 40 °C and |
°C

Decrease in flexural properties for one of the adhesives:
reduction in flexurhstrength (41%, 36%&and 60%) and in
flexural modulus (10%, 11%nd 45%) at 23 °C, 40 °C and
60 °C

After moisture absorption: reduction thie tensile strength
(30%) and elastic modulus (29%)

After drying:recover the strength and the elastic modulus
90%




Sciolti L .
et al.(Stefania, 3 types of () WI at 23C for 27,29, and 31 W Reductfon fn the TgiePendlng on the epox3./ type |
Mariaenrica, & epoxy resin weeks (W Reduction in the tensile strength and elastaduleswith
Antonietta, 2010) variousvalues depending on the epoxy type
Benzarti
et al.(Benzarti, 2 types of - _ () Tg for one of the epoxies wagcreasedHowever,it is
Chataigner, Quieaint, epoyxyresin W CC:95% ';'366‘;453 265 and increased for the other one.
Marty, gco,ﬁ;)agnac, Y () Reduction in the tensile strength and elastic modulus.
Au etal.,(Au, () Reduction in thevalue of theTqranging (37°C) depending
Blguyulfoz}urk, Asce, 2 types of (W Wl in 23 and 50C for 4 and on the exposureonditionsand epay type.
tyukoztark, & Asce, epoxies 8 weeks
2006) () Reduction in the tensile strength and elastic modulus.

WI: water immersion, CC: continuous condensation, WD:dvgtcycles
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2.2.2 Effect of temperature and moisture on FRP

Theeffect of the temperature on the FRP composite may vary depending on the
constituent materialgf the compositesuchasthetype of fiber and matrixGenerally,
exposure to low temperatufgubzero temperature) can cause matrix hardemmagrix
micro-cracking, andiber-matrix bond degradatiofiKarbhari et al., 2003Nonetheless,
exposireto a temperatureidher than the curing temperature can stimutlaggost
curing effect firstand after thathermal degradatioKarbhari et al., 2003Kabhari et &
(Karbhari, Rivera, & Zhang, 200&)vestigated the effect of the low temperatuf® C)
and freezeghaw cyclegbetween10°C and 23C) in the presence of the moistune the
mechanical properties of tlidass FRPGFRBP. Results showed th#toughthe low
temperatureancause matristiffening andaslightincrease in thetrength and stiffness,
exposure to freezéhaw cyclesanaccumulate the damadgading toa reduction in the
performanceFirmo et al.(Jodo P. Firmo, Correia, & Bisby, 201®ported thaéxposing
FRP canposites tanelevated temperatumdose to their § canreducethar elastic
modulusandtensilestrength In addition, it cartause a&hemicaldecomposition of the
polymericmatrix, which in its turncan &celerataheother degradations mechanism such
as water and chemicdiffusion. Table2-2 reports the finding of some other studies on
the effect of the temperature on fHieRP compsites.

During their lifetime, FRPcomposites aralsoexposed to moisture frothe surrounding
environmentTheoretically, noisture can diruptthefiber, matrix, and fibermatrix

interface Moisturecanfirstly affect the polymer matrix itself by inducing reversibdad
irreversible changes which caffectproperties of the polymer structuees discussed in
section2.2.1 Moisture can alsaffect thefibers especially the osenade of glass by
etchng the fiber surface causitfigws that can reduce the strength of the filj€abrat
fonseca et al., 2018)Nonethelessstudies have shown that moisture doeshave a
significant effecion carbon fiber(Saadatmanesh, Tavakkolizadeh, & Mostofinejad, 2010;
Stefania et al., 2010Dn the fibermatrix leve| the moistue-wicking phenomenan

which is themovement of the liquid through tiny spaaeihin the fabricdue to the

mol ecul ar forces between t he,allowsanoistude toa n d

move through themall voids tcsettlealong the fibermatrix interface causindgdeterious

14
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effects on thdiber-matrix bond(Cabratfonseca et al., 2018Watrix cracking can
exacerbatéhe situatiorby providing more space for moistuebsorption angnovement.
Moreover, epoxy swelling induced byoisture absorptionancausanternalstresses
leading tofiber debonding from the matrix

Expaimental sudieshave reported contradicted resutsthe effect ofmoisture on the

FRP. Some studies hagbservedi decreasin the mechanical properties of tARP

(Abanilla, Karbhari, & Li, 2006; Abanilla, Li, & Karbhari, 2003} lowever, others
detectedanincreag in the stiffnesgStefania et al., 201@r evenaninsignificanteffed

(Kafodya, Xian, & Li, 2015)Some researchers assumed that since moisture uptake can
usually affect madominatedmsopartiescsycke as interiaa sheamat r i X
strength are more sensitive to moistur@éuced degradation than other properties

(Ramirez, Cdsson, & Acha, 2008; Sethi & Ray, 2015; Woo & Piggott, 198hough

there are reasonable numbers of researchers who have investigated the effect of moisture
on the FRP, they failed to identify a direct correlation between moisture content

(Helbling, Abanilla, Lee, & Karbhari, 200@nddegradatiorlevel. Table2-2 preents

some of the studiededicatedo investigatingthe effect of moisture on the FRP.

In conclusionmoisture absorption biyRPis influencedby numeous factors such as
type of fiber, type of matrix;RP condtion (cracked, uncracked@ndenvironmental

conditions (thermal effect).
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Table2-2: Effect oftemperature andnoisture on the FRP

Authors Materials

Exposure conditions

Conclusions

Prefabricated CFRF
stripsand insitu
prepared CFRP anc

Cromwell et al
(Cromwell et al.,
2011)

() Dry heating at 60°C for
1000 and 3000 h

(W CC: 100% RH at 38 °C
10000 h

Regarding the first condition, salts indicatedinincrease in
the tensile strength and elastic modulu€BRP strips (5%
and 6% respectively)Similarly, for CFRP fabri¢tensile
strength and elastic modulugreincreased by9% and 18%,
respectively. However, for the GRFP fabits,strength was
redwed by 6%since the exposed temperature was greater {
its Tq (45°C). it is worth noting thaf 4 for the CFRPfabric
was52°C.

Regarding the second conditiagansile strength and elastic
modulus of theCFRPstrips wereincreasd by 15 % andb%,
respectively. Similarly, for the CFRbric, its tensile strength
and elastic modulus wegdightly increasd by 8%and 5%
respectivelyHowever, regarding the FRPfabric, its strength
was reducetby 3%; yetits elastic modulus wasot affected

GFRPsheets
Hawileh et al.
(Hawileh, Abu In-situ prepared
Obeidah, Abdalla,  ~rpn. 04 GERP
& Al-Tamimi,
2015)

() Elevated temperatureof
25, 100,150, 200250, and
300°C for 45 minuteghen
left to cool down for 24 h
beforetesting

Elastic modulus and tensile strength of the CFRP and GFR
coupons were continuously decreased asetimperature
increased.

At thetemperature 0100°C, the elastic nodulus andensile
strength of the CFRP sheets were reduce@¥wnd14%,
respectively. However, the elastic modulus and tensile stre
of the GFRP sheets were reduced#9g and10%,
respectively.

Benzarti et al.

(W CC: 95% RH at 40 °C; ¢

960 cycles
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(Benzarti, (0 Aging conditions did have a significant effect on the CFRP
Chataigner, etal,, Frecured CFRP months stiffness
2011)
Maljaee et al. . (W Hygrothermal cycles: 2 h & () Most of the degradation occurs within the first 240 cycle
(Maljace etal,  M-Situ prepared 10°C 60% RH and 2 h & _ . _
2016) GFRP 50°C 90% RH: 6 hicycle (W Tensile strength was reduced by 21%. However, the elasti

was not affected by the aging conditions.



Abanilla and o
Karbhari(Abanilla l‘;':;z)fabﬂc (six
et al., 2005) y
Abanilla et al.

(Abanilla et al. CFRP fabric (six

2006) layers)
Sciolti et al. .
(Stefania et al. In-situ prepared

2010) CFRP and GFRP

Kafodya et al.
(Kafodya et al.,
2015)

Prefabricatd CFRP

WI at 23 °C, 38 °Cand 60
°C; 100 weeks

WI at 23 °C, 38 °Cand 60
°C; 100 weeks

WI at 23 °C; 29 wekes

WI at 25 °C; 20 weeks

Strained (30% and 50%) ar
unstrained  samples i
bending

€€

e

€ €€ &€ €& €& €& ¢

Coefficient of diffusion increases witemperature

Deterioration in tensile properties with time and temperatur
tensile strength reduction (32%, 39%
and 42%) and elastic modulus reduction (12%, 22% and 2]
at 23 °C, 38 °C and 60 °C

Degradationn theflexural properties with time and
temperature: flexural strengttecrement(31%,40% and 54%)
and flexural modulus (9%, 16%nd 28%) at 23 °C, 38 °C an
60 °C

Tg decreased as a function of time and temperatigbést
degradation at the highdsimper#ure)

Reductionin short beam shear strength with time and
temperature (26%, 46% and 50% at 23 °C,38at@ 60 °C)

Decreased in #plane shear strength with time and tempera
(18%, 31% and 48% at 23 °C, 38@hd 60 °C)

Increase in the interlaminar fracture toughngghk time

CFRP:decrease in theensile strength (30%) and incredse
theelastic modulus (32%)

GFRP: reduction dthetensile strength (31%) and increase
elastic modulus (8%)

Moisture increase linearly with time.
No effects on tensile strength and modulus

Obviousdeteriorationin short beam strength (22%, 28% and
29% at 0%, 30% and 50% strain)
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2.2.3 Effect of temperature and moisture on FRP-concretejoint

The bond betweethe epoxy resirandthe concrete substrate éstablishedby first
mechanicalnterlocking and seconchemicalinteraction(Blackburn et al., 2015; Cabral
fonseca et al., 2018; J Tatar, Weston, Blackburn, & Hamilton, 20b&) mechanical
interlocking isformed by flowingthe resin into the holes and pores of the concrete.
Althoughthenature of the chemical bond is not fully understabis believed thait is
formed byhydrogenbonds between epoxy ahgidrated cemer({Blackburn et al., 2015;
Cabralfonseca et al2018; Djouani, Connan, Delamar, Chehimi, & Benzarti, 2011)
Bond degradation ia complicated process tHatally leads toFRP debonding from the
concrete substrate.

Temperature influences the mechanical properties of the epoxy resin motiectfilaers
themselves. Consequently, since the resin plays a crucial role in stress transfer within the
fiber and between the fiber and concrete substrategxpisctedhat tre bond between

the FRPcompositeand concrete substratetige first parameter influenced by temperature
increaseStudieg(Blontrock, 2003; Cromwell et al., 2011; Ferredral., 2015; J. P. Firmo
et al., 2015showed that temperatures lower tigmmight have dimited effect on the
bond strengthivhereit may stimulate théeneficialpostcuring effectin some cases
Temperatures approaaly or exceethg the Tg canbe harmfulto the bond strength.

Ferrier et al(Ferrier et al., 2015eported thaincreasing théemperature from 2C to

60°C and 80C can reduce the bond strength38% and 70%respectivelylt is worth
noting that Ferrier et al. used a resin witfof 76°C. Researchers have also reported that

exposingCFRRconcrete jointo a high temperature mayso increase the effective bofdP
Firmo, Correia, Pitta, Tiago, & Arruda, 2015; Leone, Matthys, & Aiello, 2009)

Studies showed that not only high temperatoeld havea harmfulinfluenceon the bond
strengthput alsdow temperaturélower than water freezing temperatuf@gsultsrevealed that
decreasing the temperature from 2040 can reduce the bond strength by @2érrier et al.,
2015) Table2-3 reports the result cfomestudiesregardingthe effect of temperature on the
bondbehavior of the CFRieoncretgoint.

Moistureis another factothatcouldinfluence the bond of the FRf®ncrete joint.

Moisturepenetration to the interface can acceletiagglebonding procesby three
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means (i) moisture carsoften theepoxy viaplasticizationas discussed isection2.2.];

(i) epoxy swellingstimulatedby moistureabsorption can create internal stresthe
interface leadingo cracking and debondingji) moisture can reduce the mechanical
interlocking(Sen, 2015)Table2-3 presend some of the studsthatinvestigated the

effect of moisture on the FR&bncrete interfacdt can be noticed that degradation of the
bond strengtlilepends on the exposure periods)gerature materialstest methogdand

S p e c i co®igurtions.

Finally, it is worth mentioning that most of the studdesilablein theliterature have
beenconductedn laboratories and involveaiccelerate@ging conditionsConsiderably
few studieshave investigated the effect of thetdoor exposure environmei. 1.

Kabir, Shrestha, et al., 2016; Nishizaki & Kato, 20Kgbir et al.(M. I. Kabir, Shrestha,
et al., 2016ptudied the effect afutdoor exposurenvironment of Sydey, Australia on
the bond strength of tHeFRP bonded ta concrete prismExposure conditions included
5-35°C temperaturg4-100% RH and-33 MJm?solarand for2-18 monthsResults
indicateda 15.2% reduction in the bond strengdfter 6 months of exposure. However,
thereduction in the bond strength wdecreased t8.6%after 18 monthamplying that

it canretrieve part of & strength. Trs fluctuatingbehaviorin the bond strengtivas
attributed to theonflicting effect of the outdoor environments on the con@eength
andepoxy resin strengtiNishizaki and Kato(Nishizaki & Kato 2011)nvestigate the
effect of the outdoor environments on BERRconcretgoint made offour types of
CFRPsheetaisinga pull-off test Exposure periods were up to 14 ye&ssults
indicated a reduction in the pwdff strengthrangingbetweer65% and76%; nonetheless,

thefailure mode was alays a cohesive failure within the concrete substrate
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Table2-3: effect oftemperature andnoisture on the FRIoncretgoints

epoxy adhesive

Authors Materials Exposure conditions Conclusions
Thebond strengthof the first systemvas reduced by
38% and70% when the temperature was increase
() The first system was exposedda 60°C and 80C, respectivelyBesidesthebond
() CERP seets high tempeature between 4C strength vas also decreased by 5% when the
i and 80°C. In addition, it was temperature was decreased46°C. The failure
. bondedwith ' . .

Ferrier et al. eDOXY resin exposed toa low temperature modeof the first systemwas shifted from a cohesivg

(Ferrier et al., Poxy _ down to-4C°C. failure in the concretsubstraténto anadhesive

2015) (W CFRP strips The second system was expos failure within thesubstrate
bonded with

to high temperatureip to 120°C
and low temperature down to
20°C

The ond strength ofhesecond system was
decreased by 16% and 30% when the temperatur
was increasetb 50°C and 100C, respectivelyBond
strength was alsdecreased b$#0% when the
temperature was decreased26°C.

Firmo et al.(J. P.
Firmo et al., 2015)

() CFRP strips
bonded with
epoxyadhesive

Steadystate: specimens wet
heated to a predefined
temperature (20C, 55°C, 90°C,

120 °C), then they were loade
until failure

Transient state: specimens we
loaded to a percent of tserength
at theambienttemperature (25%
50%, 75%) after that, they
heated until failure

Changing the exposure condition from the steady
state tahetransent state did not have a significant
effect on the results.

Increasing the exposure temperatcaesed a
consideral® reduction in thévond strength and
stiffness

The effective bond length of the conditioned
specim@s was increased comparison with ta
reference specimens.

Mik ami et al.
(Mikami, Wu, &
Elarbi, 2015)

() CFRP sheet
bondedwith
epoxy resin

Thermal cycles(50, 10Q and
250} 2 hours cycld5 minutesof
ramp-up (from 25 °C to 100 or
180 °C) followed by 75 minutes
constanttemperatureand finally
30 minutes ramplown to 25°C.

119% reduction in theull-off strength after 250
cyclesat temperature 10Q. The reduction in the
pull-off strength wasncreased to 50% when the
temperature was increased to 280for the same
number of cycles.

Au and
Buyukozturk (Au

) Prefabricated
CFRPlaminate

WI at 23 and 5%C for 2-8 weeks

Reduction in thélexural toughness
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& Buyukozturk,
2006)

Reduction in the bond strenditacture toughness

Dai et al.(Jian
guo Dai, Yokota,
Iwanami, & Kato,

2010)

Benzarti et al.
(Benzarti,
Chataigner, et al.,
2011)

Lai et al.(Lai,
Kou, Poon, Tsang
& Lai, 2009)

Kabir et al.(M. I.
Kabir, Shrestha, e
al., 2016)

Shrestha et al.
(Shrestha et al.,
2015)

Tuakta et al.
(Tuakta &
Buyukozturk,
2011)

() Wet layupCFRP

sheets witl2
types of epoxies

) Prefabricated

CFRPlaminate
andwet layup
sheet

() Prefabricated
CFRP

() Wet layup CFRP

shee

() Wet layup CFRP

sheet and 3 type
of epoxies

() Prefabricated
CFRP laminates

€€

WD for 8, 14 and 24 months4
days immersiorn seawater fod
days at 68C and3 days dryingat
lab temperature

CC at 95% RH at 4C

WI for 50 weeks at 25, 40 an

60°C

WD cyclesfor 18 months1 week
at 95% RH and -veekdrying

WI at 20°C

WD cycles for 318 months:7
daysimmersedin waterat 20°C
and4 days dryingat 20°C

WI at 23C and 50C for 1-8
weeks
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Resultsof thethreepointbending testvere
dependent on the type epoxy. For one type,
flexural strength and ductilitglightly increasedor 8
and 14 months. Howevehey were decreased aften
24 months.

For the second type of eppXlexural strength
decreased for all the exposure period, the
ductility was not affected.

Increase in the bond strengtfithin 10-15% based of]
the singlelap shear test

60% reduction in the pubff strengthof the laminate
25% increase in the putiff strength of thesheet

Bond strength wadecreasetty 8% at 40C and 21%
at 60C based on the singlap shear test

Adhesive failure for the case of @Dand 60C
No clear trend in thbehavior of the bond strength

Failure mode washiftedfrom acohesiveailure
within the concrete substrate into adhesive within
interface.

Both condtioning environments has a similar effecf
of a smdl reduction in the bond strength-12%)for
both aging conditions

Failure mode was shiftéfdom a cohesive within the
concrete substrate intm adhesive within the
interface or a mixe@node

Testing the specimens &wet condition after
exposure to Wenvironmentshows a significant
reduction in the peel and shear toughreesithe




Ceroniet al.
(Ceroni, Bonati,
Galimberti, &
Occhiuzzi, 2018)

(W Wet layup CFRP
sheet

() WD at 23C and 50C: 2-8 cycles
a week, 28 cycles in2 weeks
and 24 cycles in3 weeks

W WI at 23C, 30°C and 40C for
4-74 days

All the tests were conducted in
anenvironmenicontrolledroom
to perform the test in an
environment similar to the one
that the specimens were exposi
to

degradatiorwas higher fothemore exteded
exposure periods and higher temperature

Drying the specimens after conditioning allowed
them toregaina part of their bond strength

For WD cyclesdegradation of the peel and shear
toughness was increasiagth increasing the numbe
of cycles andhe conditioning temperature.

Continuous reduction in the bond strength wfith
proceedingf the agingperiod.

The higher the aging temperature is, the hidjoerd
deterioration is obtainedturthermore, utilizing
higher aging temperatusean produce the same
degradation level but with a shorter period.

Drying the specimens afteonditioning allowed
them to reverse part of the deleterious effect.
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2.3 Durability of FRCM composite

The durability of FRCM composites deperaisthe longterm behavior of their

components (matrix and fiber textile) and of the interfaces between them. The durability
of each component and the maitfiker and compositesubstrate interfaces is discussed

in the followingsulsections based on the dieis available in the literature. Results are
presented in term of retained (or residual) strength ratio, which is defined as the ratio
O/ ib et we e n t hoéthesconditmmed spdtiméns (i.e., exposed to the

conditioning environment) and the strg t wof thie unconditioned specimens.
2.3.1 Durability of FRCM matrices

The inorganic matrix employed in FRCM composites is generally cebasetd or lime
based, although other types can be found in the literateee.g.(Pekmezci et al., 2019;
Yin, Jing, Yin, & Wang, 2019)This section focuses on the durability of cerrizaded

and limebasedmatrices In the figures presented in this section, the blue color indicates

cementbasednatrix, whereas the orange color indicates lb@sednatrix.

Exposing FRCM matrices tioeezethaw cycles may influence its durability. For
example, the water presesithin the matriXd 8oids may freeze when exposed to low
temperatures, increasing its volume by @6lombo, Colombo, & Di Prisco, 2015)
Consequently, it magrack the matrixf the internal stresses exceggitensile strength.
However researclavailable regarding freezbaw of FRCM composites did not
generally report the specimemnoisture contenfigure 21 illustrates the effect of the
freezethaw cycles on the retained cracking (tensile) strengitaiwdusFRCM matrices
evaluated usintheuniaxial tensile test on FRCkArboleda, 2014; Pekmezci et al.,
2019 andTextile Reinforced Concretd RC) couponsAll specimensgexposedo less
than 100 cycleshowed arenhancemendf the matrix cracking strength. However, a
large scatter of the result was obser{@dlombo et al., 2015Moreover, Colombo et al.
(Colombo et al., 2015eported a continuous increase in the matrix tensile strength from
50 to 100 cycles, whereas De Munck e(2e Munck et al., 2018)bserved a reduction
for 100 cycles. Tadifference in the obtaine@suts isascribedo the different
performancsof the adopted matrices. Colombo et(&lolombo et al., 2015)tilizeda
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high-strength cementitioumatrix (average cubic compressive strength and flexural
strength equal to 97.5 MPa and 13.6 MPa, respectively), whereas De MundbBet al.
Munck et al., 2018)sed a cemesriiased matrix with average cubic compressive strength
and flexural strength of 29.6 MPa and 5.0 MPa, respectiRelgearchers indicatéidat
concrete with high strength is legsinerableto freezethaw cycles due to its low
permeability(Lomboy, International, & 2009, n.d.; Sun, Zhang, Yan, & Mu, 1999)
which can explain the better performance of the matrix with the highest compressive and
tensile strength. In addition, the range of temperature ardrigthof the feezethaw
cyclesutilized by Colombo et al{Colombo et al., 2015)ere shorter and smaller,
respectively, than those adopted by De Munck €Da.Munck et al., 2018 However,

after 100 cycls, Figure 21 shows hat the retained matrix cracking strength decreased
due to the developmeant microcrackgColombo et al., 2015; De Munck et al., 2018)

Yin et al.(Yin et al., 2019 useda four-point bending test tetudy the combinedeffects

of freezet haw cycles (118 AC to 5 AC with 3 h
wt. % NaCl) on the cracking strength of TRC composResults of this study are not
reported inFigure 21 because itonsiderghe effectof thesaline environmeniThe

retained crackingtrengthwas0.98, 0.91, and 0.8&ter expoareto 50, 70, and 90 cycles,
respectively. Simildy, it can be noticed that the conditioning environnuidtnot have a
significant effecon thesmall number of cycles. However, the degradation gradually
increased with increasing the number of cycles. The degradation developed with 90
cycles was slighthhigher than the one reported by De Munck ef2¢ Munck et al.,
2018)with a similar number of cycles (100 cys)eThisdifferencebetweerthetwo
studiescan be attributed to (the presence of the sodium chloride that may increase the
degradation process rate and ¢ test method employed (fogoint bending tests

uniaxial tensile test).
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Figure 2-1: Effect of freez¢haw cycles on the matrix tensile strength (blue marker =
cementbased matrix, orange marker = lini@sed matrix).

Chlorides and sulfates camteract with some components of the matsixch as calcium
hydroxide (Ca(OH) and aluminum oxide (ADzs), leading to a reduction of the matrix
durability (Arboleda, 2014)Figure2-2a showsthe effectof continuous immersion in a
saline solution (seawater or 3.5 wt. % of NaCl) on the retained strength of the FRCM
matricesNobili et al.(Nobili, 2016)and Donnini et al(Donnini, 2019)usedathree

point bending test dime-based ratrix specimens according to EN 10N 101511,
2019) Arboleda(Arboleda, 2014)nvestigatedhe cracking strength of cememdsed
FRCM coupons using uniaxial tensigsts. The results showed that though Nobili et al.
(Nobili, 2016)useda lower aging temperature than Donninak{Donnini, 2019) the
degradation of thenatrix was higher (up to 60%, s&ggure2-2). This controversial
finding might beascribedo the difference in the porosity and mechanical properties of
thematricesinvestigated by the two researcheranAtrix with high porosity such as
natural limebasednatrix, could be moraffectedby saline avironments than hydraulic
lime or cementitiousnatrices(Donnini, 2019) Further studies armeededo relate the
physical nature of the FRCM matrices with their durability in various environmental
conditions. Arboled#Arboleda, 2014)eported a remarkable increase in the cracking
strength of the cemeilased matrix. This result was not significantly affected even when
the exposure period wastended to 3000 h.
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Figure2-2b shows the effect of walry cycles in saline solutions on the retained strength
of the matrices. Regarding the cementiianatrix, Yin et al(Yin et al., 2019)

performed 12 h of wetting in a saline solution (5 wt. % of NaCl) followed by 12 h of
drying at room temperature on TRC coupons with cerhaséd matrix, which as
subsequently tested using a fguaoint bendingest. The results showed that the matrix
flexural strength progressively decreased with increasing the number of cycles.
Regarding the limenatrix, Donnini(Donnini, 2019)eported similar residualexural
strengths for specimens subjected to continuous immersiowetrtiy cycles, showing

a percentage reduction of approximately 10%.
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Figure 2-2: Effect of saline environments on the matrix tensile strerfgjttontinuous
immersion andb) wetdry cycles (blue bin = cemebtised matrix and orange bin =

lime-based matrix).

Alkali-aggregate cheital reaction, which is the reaction between the potassium and
sodium oxide (KO and NaO) of the cement and the reactive silica (§i@resent in
some types of aggregate, may affect glass nfibeys (if present) dispersed within the
matrix (Arboleda, 2014)The effect of matrix immersion alkaline solution on the

flexural (Nobili, 2016)and uniaxial tensile streng{Arboleda, 2014)s presented in

Figure2-3. It can be noticed that the retained flexural strength of the iasedmatrix

decreased to approximately 55%, whereas the retained tensile strength of the cement
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based matrix was not sigraintly affected (a slight increase, lower than 10%, was

0.0 I l I I

Nobili lime Nobili lime Arboleda: 1000h Arboleda: 3000h
mortar B: 1000h mortar M: 1000h at 22°C at 22°C
at 23°C at 23°C

observed).

Retained strength ratio
S O o O = =
N B & ®» o v

Figure 2-3: Effect of the alkaline environment on the matrices (blue bin = cebaeysd

matrix and orange bin = liméasedmatrix).

Finally, exposingmatrix to aconditioningenvironment containindeionized water
which is acommon condition used to stuthe performance o6GFRP reinforcing bars
(T. D6 Ant i naanimprovathe.perfor@ahde &f)the cereamedmnatrix if it
is followed by an appropriate drying period due to the resumption of the hydration
procesgCeroni et al., 2018; Donnini, 2019)able2-4 presents some studies on the

performance of the FRCM matrix under various environments
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Table2-4: effect ofvarious conditions on thERCM matrix

28

Tests Results in term of
Authors Materials Exposure conditions the average Comments
retained strength
Resultsreported
() CC:100% RH at () CC: at 1000h representshefirst
37.7C for 1000 W Visual and 3000h was cracking stength
3000 hour inspection of 1.56 and 1.34 measured bthe
W ET: 20 cyclawith the coupon respectively. uniaxialtensile test on
4 hours at18C and surfaces with W FT:1.59 the FRCM coupon
Arboleda 1 Cement 12 hours at 37°C 5x ' N ; q dati
(Arboleda, based d100% RH magnification () Saline: at 1000 O surface degradation
2014) matrix an ’ lenses and 3000h was for all conditioning
(W Saline: (seawater) o 1.37 and 1.4 environments except in
o G Uniaxial respectively. the case of the FT cycle
G Immersion in tensile test on o where small scaling wa
alkaline solution FRCM W Alkaline: it was detected
[Ca(OH), KOH, coupon 1.1 for both1000
NaOH] with pH>12 h and 3000 h
No clear detrimental
effects butthe
() FT: The retained improvement was
Colomboet (W FT(ASTM C666, strength at (25, noticed sometimes in th
al., 1 Cement 2015)(25-500 W Uniaxial 50, 75, 100, first crackng strength
(Colombo based cycle): 30 min at tensile test on 150, and 500) for small number cycles
etal. matrix +4, 30 min at18 the TRC cycle was (1.37, (up to 100 cyclg)
2015) and cooling/heating coupon 1.09, 1.26, 1.59, Reduction in the first
rate was19C/h 0.66 and 072) Cracking Strength was
respectively. noticed forthehigher
number of cycles (150
500 cycle)
Yin et al. 1 Cement ) . . , .
(Yin et al., based (W Combined effect of (W Fourpoint (W Retained first Similar to the results
2019 matrix FT (50, 7Qand 90 bending test cracking reported by Colombo et




Ceroniet
al., (Ceroni
etal.,
2018)

De Munck
etal., (De
Munck et
al., 2018)

1 Fiber
reinforced
cement
based
matrix with
apolymeric
portion of
4%

T Cement
based
matrix

cycles with 3 hours
cycle length and a
temperature range
between18°C to
5°C) and saline
environment (5
wt% NacCl)

() bending test

(CEN, 2011)
() Compressive
WI at the 23C for test
5-28 days W Three
specimens
for each
condition
FT: 100 cycls
with atemperature
range of(-20 to 20 () Uniaxial
) (BS EN 12467, tensile test on
2004) FRCM
Heatrain (HR) of coupon
50 cycles: heating () Crack width
to 6(°C within 15 and crack
min and maintained spacing via

for 45 min then DIC
cooled with water
immersion in 18C.
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strength after
exposireto 50,
70, and 90
cycleswere
equal to 0.98,
0.91 and 0.86,
respectively

Retained
flexural and
compressive

strength after 28

days of WI was
0.67 and 0.74
respectively.

TheAverage
retained first
cracking
strength for the
specimens
exposed to FT
was 0.81

TheAverage
retained fist
cracking
strength for the
specimens
exposed to HR
was 0.7

al. (Colombo et al.,
2015) thereareno
significant effects for
the small number of
cycles. Nonetheless, th
degradation increase
with increasing the
number of cycles.

Obvious reduction in the
compressive and tensilg
strength ofmatrix tested
in a wet condition after
5 and 28 days of being
immersel in water.
However, this reduction
can be reversed or eve
changed into an increag
in the compressive and
tensile strength by
drying the specimens
after been exposed to
WI condition

Pronounced reduction i
the first cracking

strength for all the aging
conditions.

Increasing in the numbé
of cracks and reduction
in the spaces between
them at the early stageq
of loading due to
environmental
conditioning

A noticeableeduction
in the uncracked




() Lime based

() Combined effect of

thetwo previous
environments with
100 cycle FT
followed 50 cycle
heatrain

WI: tap water at
60°C for 1000h

Immersion in saline
solution (3.5%
NacCl) at 60C for
1000h

WD 10 cycles
(960h): 2 days
immersion in saline
solution (3.5%
NaCl) at 60C and 2
days dying at 60C

() Flexural test

() Compressive

test
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(W Average
retained first
cracking
strength for the
specimens
exposed tdhe
combined effect
of FT and HR
was 0.6

W WI: Small
Increment (1.03
and 1.06) in the
retained flexural
and compressive
strength
respectively.

() The retained
flexural and
compressive
strength after
continuous
immersion in
saline solution
became 0.91
and 1.08
respectively.

() WD cycles in
saline solution:
slight decrement
in the flexural
and compressive
strength of 0.9
and 0.95

stiffness is attributed to

microcracks initiated
during the agingperiod.

W Itis believed that the

first two conditions

stimulatethe resumption

of the curing process.
However, the wetlry
cycle interrupted the
curing processhesides
it is promoted salt
penetration and

accumulation within the

ma t rvoidsd s




W Alkaline:
retained strengtt
was decreased

0 Matrix B: for matrix B and
rich in (W Immersion in M to become
hydrated alkaline solution 0.67 and 0.45
lime and (Sodium re.spectiveli/
Nobil pozzolan bicarbonate, o (W Obvious reduction irtie
(Nobili, W Matrix M: pH=10) for 1000 () Threepoint W Saline: like the load capacityespecially
2016) air- hour bending test previous for matrix M in both
hardening Immersion in saline condmon aging environments
lime, solution (3.5% retalntlad strengtt
pozzolan sodium chloride) \évas also dt
and marble for 1000 hour ecreased o
sand become 0.68
and 0.43 for
matrix B and M
respectively.
() Reduction in the
retained tensile
strength of the
matrix to
Pekmezci () Uniaxial become 0.63
etal., FT: 14 cycles of 2 tensile test on () Retained first () Pronounced reduction i
(Pekmezci (W Lime based hours in water at matrix and cracking the def fi it
et al. matrix 20°C and 6 hours at FRCM strength of the fef[h N or:n_a lon capac
2019’) -25°C in the freezer coupon FRCM coupon ot thematrix
was 0.99 after
exposure
showing no
signs of
degradation
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2.3.2 Durability of fibers

Textiles used in FRCM can be made of carbon;gh&s, PBO, aramid fibers, and steel
(in the case of SRG). Although carbon fiber showed good durafiBiégzarti,

Chataigner, et al., 2011; Williams Portal, Flanshjehannesson, Malaga, & Lundgren,
2016) it has a high cost in comparison with other fibers such aglass or basalt.

Basalt fiber is often compared tegiass and ARylass due to the similarities in the
chemical structuréScheffler et al., 2009; Williams Portal et al., 2Q16jmited results on
the durability of PBO fibers employed in the civil engineering field can be found in the
literature. ARglass fiber is commonly used in civil engineering applications due to its
availability and low cost. For these reasons, more teaut available regarding the
durability of AR-glass fiber than other types of fiber. In the figures presented in this
section, the blue color indicates tests at room temperature, whereas the orange color

indicates tests atemperature equal to 60 °C.

To the authds best knowledgethereis no information available on the effect of the
freezethaw cycleonthelongterm behavior of fiber textiles employed in FRCM

composites. Similarly, no results were found regarding the effect of sulfate exposures.

The retained tensile strength of AfRass textiles subjected hygrothermal environments
reportedoy different researcroupsis shown n Figure 24. Portal et al(Williams

Portal et al., 201&eported no difference in the tensile capacity after 10 days of
conditioning at 20 °C. However, Hristozov et (@ristozov, Wroblewski, & Sadeghian,
2016)reported a 15% reduction after 21 days of aging. When the aging temperature was
raised to 60 °C, both Porta &. (Williams Portal et al., 2016nd Hristozov et al.

(Hristozov et al., 2016)oticed & apparenteduction in the strengthjgherthan 60%.
Nonetheless, DonnirfDonnini, 2019)did notreporta significant changm the textile

tensile capacity at the same temperature (i.e., 60 °C). This conflict in the obtained results
may be attributed to the difference in the coating meltedf the fibers used by each

researh group The fiber used by Portal et@\Villiams Portal et al., 201&nd Hristozov

et al.(Hristozov et al., 2016)as coatedavith 20% of styrenéutadiene resin (SBR) and

vinyl ester respectively, whereas the fiberedsby Donnin{Donnini, 2019)
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was coated by polyvinyl alcohol (PVA). In addition to the effect of coating, the
difference in the textile layout ailde number of fiber filaments in each yarn mayoals

have influenced the results
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Figure 2-4: Retained tensile capacity of Agtass exposed to hygrothermal environments

(blue bin = room temperature and orange bin = temperature equal to 60 °C).

Figure2-5 presents the retained tensile capacity ofgi&ss fibers immersed in seawater
(3.5 wt. % of NaCl) for 1000 h (~42 days). At room tempega{tainging between 20 °C

and 23 °C), Nobili et a[Nobili, 2016)and Hristozov et a({Hristozov et al., 2016)

reported aninor degradation of the tensile capacity. However, the degradation increased

up to 40% when the conditioning temperature was raised to 60 °C.
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Figure 2-5: Retained tensile capacity of Aftass immersed in seawater (blue bin = room

temperature and orange bin = temperature equal to 60 °C).
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The effect of the alkaline solution on the tensile capacity ofgfeRs textiless presented

in Figure 26. At room temperature, different levels of degradation were reported
depending on the alkalinity of the solution, exposure period, and fiber coating materials
(Nobili, 2016; Scheffler et al., 2009; Williams Portal et al., 20T6g degradation level
increased with increasing the alkalinity and thecsxpe periodFurthermore, \wen the
conditioning temperature was raised to 60 °C, the degradation level was increased
especially in the case of Portal et(&@\lilliams Portal et al., 2016where the material
completely failed (dissolved) before performing the tensile test (these results are not shown
in Figure 26 for this reason). Butler et gButler, Mechtcherine, & Hempel, 2009, 2010)
studied the durability of the ABlass embedded in three different types of cementitious
matriceswith different leve$ of alkalinity. Since theextileswere notmmersedn an

alkaline solution asn previous studiegesults are not included Figure 26. It was

implied thatincreasing the conditioning period can increase the reductiemsile

strength othetextiles Furthermore, FRCM coupons made wathigh alkalinity marix

developed a brittle failure, @ing to bediscussedn Section2.3.3.

It should be noted that the accelerated aging environments considered to study the
durability of glass fibers represenghly harsh conditions that are never present in real
applications. Therefore, detailed investigations on the effect of these harsh conditions on
the fiber coatings, which protect the fiber from external attacks, should be carried out to

correctly understand the results obtained.
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Portal: pH=14,  Hristozov. Hristozov:  Nobili: pH=10, Hristozov:  Hristozov:pH

10 days pH=125,21  pH=125,42 42 days pH=125,21 125,42 days
days days days

Room temperature 60°C

Figure 2-6: Retained tensile capacity of Afkass exposed to alkaline environments (blue

bin = room temperature and orange bin = temperature equal to 60 °C).
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Regarding the durability of steel cords employed in SRG composites, urdike t
numerous studies on the corrosion of galvanized steel rebar in cqf@gtda, Dhouibi,
NoOvoa, & Ben Ouezdou, 2013; Roventi, Bellezze, Giuliani, &tC@014; Yadav,
Nishikata, & Tsuru, 2004}here is limited research addressing the corrosion of steel
cords embeddeid aninorganiematrix (Franzoni et al., 2018 he performance of steel
fibers can be highly dependent on the environment and duration of the exposure. For
instancea prolongedexposure period to an environment containing chloride ions can
cause stnog steel corrosion. Franzoni et @ranzoni et al., 2017hvestigated the
performance of the steel SR@asonry joints undexetdry cycles exposed to a saline
solution containingin8% weight ratio of Ng&5Qy-: 10H.0. In this study, steel fiber did

not show significant changes. However, in another study by the same dEtaomoni

et al., 2018) steel fibers were corroded when 2 wt. % of NaCl was added to the same

solution and the number of cycles was increased from 4 to 6.

The limited number of results available in the literature indgtii@t further studies are
neededo gaina deeper understanding of the léagn behavior of the steel cords under
various environmentg&inally, more information about the studies discussed in this section

can be found iTable2-5.
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Table2-5: effect of thevarious environments on different types of fibers

Results in term of the
Authors Materials Exposure conditions Tests average retained Comments
strength
() Saline: average
o retained tensile
W Immersion in strength of the
?a“ne Solut||)0n Specimens
3.5% NaCl) at
60°C for 1000h () Uniaxial ﬁgﬁgﬁﬁgt}g Reduction in the
AR-alass tensile test immersion and ultimate strain for both
Donnini coatged with W wo 10- cycles on single WD cycles in cases of the saline
- : (960h): 2 days fiber yarn ) ¢y . environments
(Donnini, PVA (polyvinyl immersion in . saline solutions o
2019) alcohol) saline solution (W Scanning deaeased to Modulus of elasticity
(3.5% NaCl) at electron become 0.6 and was not significantly
60°C and 2 days microscopy 0.36 affected by all the
drying at 66C (SEM) respectively. environments.
(W WI tap water at (W WI: retained
60°C for 1000h tensile strength
was not affected
(0.98)
0 WI in distilled at (W WI: retained The ensile strength of
20, 50 and 60C tensile strength the glass fiber is
for 500, 1000, wasdecreased sensitive to botlhe
2000, and () Uniaxial from (0.85) at temperature and
Hristozov Unidirectional 3000h. tensile test 500h and 1000h exposure period of the
etal glass fabric 0 Saline (3.5 wt.% based on the to 0.64 and 0.56, water, where it
(Hristozov ; ted i ASTM D638 respectively, deaeass continuously
et al Impregnated in of NaCl) at 20, when the when the temperature
| vinyl ester resin 50 and 60C for (ASTM :
2016) D63803, temperature and the exposure perig
500, 1000, 2000 2004) increased from increase.
and 3000h 20°C to 60C Lo .
. : Similar to the pevious
W AIkah_ne (pH= () Saline: retained condition, increasing
12.5): at the tensile strength the aging temperature
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same

temperature and

was decreased
from 0.86 to 0.57

and the exposure perig
can have aapparent

exposure when the harmful effect on the
periods of the exposure tensile strength of the
previous temperature fiber aged in saliner
conditions increased from alkaline solutions.
20°C to 60C
Alkaline:
retained tensile
strength from
0.84 and 0.8 at
500h and 1000h
to 0.42 and 0.33
when the
temperature
increased from
20°C to 60C.
() Immersion in
alkaline solution
(Sodium
bicarbonate, o Alkaline: Although the high
Nobili T AR-glass pH=10) for G Uniaxial retained strength scatter in the results, a
i impregnated tensile test ! N
(NOblll, (Coated) witha 1000 hour on the fiber was 0.89 m|nordegradat|on in
2016) polymeric resin W Immersion in fabric Saline: retained the tensile strength wa
saline solution strength was 0.91 observed.
(3.5% sodium
chloride) for
1000 hour
W Qlkalidresifrt]ant () Uniaxial V\tll: rett:;\]ined Based on the visual
Portal et al. i i ased on the tensile test strength was ased on the visua
(Williams W AR glas.s fiber ISO 104061 . on single decreased from inspection, carbon
Portal et (W Basalt fiber (ISO 104061): yarn 0.38 tctJhO.39 fl_ber_?_ dldtnor: show any
al., 2016 : immersion in ) when the significant changes.
) ) Carbon finer alkaline solution W Visual temperature Besidesit showed an
(0.8% of NaOH Inspection increased from
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and 2.24% of
KOH) pH=14
for 5-30 days at
60°C.

WI in deionized
water at 66C
for 30 days was
inspected

Immersion in
the alkaline
solution for 10
days at 26C

WI in deionized
water for 10
days at 20C.

10°C to 60C and
the exposure
period increased
from 10 to 60
days.

The retained
strength of the
AR-glass #&er
exposing tan
alkaline
environment
forl0 days in the
lab temperature
was 0.66

increment in tensile
strength and stiffness.

Both AR-glass and
basalt fibers aged in th
first condition
environment showed a
significant degradatign
especially after 10 day
of aging. Degradation
included changes in th
color, coatingand los
of physical strength.
Besidesall the
specimens failed durin
theaging process
before performing the
uniaxial tensile test.

Regarding the second
aging condition (WI),
both ARglass and
basalt fibers
experienced changes i
color and coating
separation. Moreover,
they had physical
strength reduction; yet,
they did not fail during
the conditioning.

Basalt fiber exposed tqg
the 3% aging condition
experienced minor
color change, slight
cover separatigrand
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physical strength
reduction.

AR-glass exposed to
the 39 condition
developedh wavy
deformed shape; yet, it
preserved enough
physical strength.

The 4" aging condition
had the lest effects on
the ARglass

Butler et
al. (Butler
etal.,
2010)

W
W
1 AR-glass fiber
W Three types of
matrices (M,
M2, M3) with
different level w
of alkalinity

Aging period:
28-360 days

Miconcrete:
low alkalinity
reduced from
pH =12.4 at
mixing to pH=
11.8 after 1
year.

M3 concrete:
high alkalinity
of pH=12.7
M2 concrete:
with amedium
level of
alkalinity

ranging between

M1 and M3

() Uniaxial

tensile test
on FRCM
coupons
reinforced
with 5 layers
of textile
Pull-out test

() Retained tensile
strength of the
FRCM coupon
made of matrix
Ml, Mz, and Y.
after 360 days
was 0.97, 0.62
and 0,
respectively.

Continuous decrement
in the ultimate strength
and strain witlthe
proceeding of the agin
periods for all the
concrete types

The deterioration was
evidentin the case of
the M3 matrix, where
all the aged specimeng
developed a completel
brittle failure with no
multiple cracks
referring todramatic
corrosion of the AR
glass fiber within the
concrete matrix
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2.3.3 Durability of the matrixi fiber interface

Theeffectiveness of externally bonded reinforcements depends on thersinséss

between its components and between the reinforcements and the substrate. When a single
layer of fiber is employed, externally bonded FRCM composites havprimary

interfaees, i.e., the matrikiber interface and the matrsubstrate or composigeibstrate
interface( Chr i sti an Carl oni, DOoAnAlthomgbtheld®dgneed, &
term bond behavior of the various interfaces of an inorgauaiitix composite should be

studied with bond tests, some studies avhalabthe literature derived information on the
effect of various environmental factors on the mafiber interface froma uniaxial

tensile test of composite coupasboleda, 2014; Colombo et al., 2015; Nobili, 2016)

In particular, the degradation of the maitfiker interface was assessed by direct

observation using scanning electron microscopy (SEM)Munck et al., 2018)r

evaluated by studying the differences in the load response of control and conditioned
specimens that can be explained by the nidthgr bond behavior.

Bondin the FRCMcompositess mainly established by mechanical intekimg) between
fibers and matrix. However, unlike FR®ncrete interface that losses its stress transfer
mechanism after debondindgbonded~RCM compositesttain aresidual strength due

to friction among the fibers of a single filamemt one sidend between fibers and
matrixon the othersidé T. DO Ant i n lothigdecti@n)the effe@ & fiads)
environments on the matrfiber bond behavior, either directly studied with bond tests or
derived by uniaxial tensile tessts discussed, whereas the durability of the comgosite

substrate interface is discussed in Seckidgm.

Figure2-7 presents the effect of freetigaw cycles on the ultimate strength of FRCM
coupons comprising different typef textiles. Colombo et al{Colombo et al., 2015)
investigated the effect of freetleaw cycles on uncracked specimens and on specimens
cracked by applying a uniaxial tensile load 20% higher than the cracking load. It can be
naticed that the retained ultimate strength of the uncracked specimens progressively
decreases with increasing the number of cycles until it reaches 0.8 at the end of 500
cycles. However, cracked specimens showed fluctuating restts clear trend could

not be identified. Arboled@Arboleda, 2014)eported a slight increment (approximately
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10%) in the ultimate strength of PBIIRCM coupons, whereas the ultimate strength of
carbonFRCM coupons did not change significantly. Pekmezci éPakmezci et al.,
2019)reported a slight reduction (approximately 16%) in the case of a biaxial fabric. De
Munck et al.(De Munck et al., 2018gported algght reduction (approximately 16%) in

the ultimate strength of TRC coupons with fRss fibers after 100 cycles. Anyhow,
freezethaw cycleshad a slight effect on the coupon ultimate strength, being the variation

always lower than 20%.

Yin et al.(Yin et al., 2019 utilized a pullout test to investigate the combined effect of
freezet h aw c y €dte5°C With 3 I8cycle duration) and saline environments (5
wt. % of NaCl) on the matriXiber bond capacity. Thebtained resultare notpresented
in Figure2-7 sincetheauthors considered the effect of saline solution and used a
different test setug-owever,Yin et al (Yin et al., 2019yeportedtheinsignificant

effects of the aging condition.
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Figure 2-7: Effect of freezghaw cycles on the retained ultimate strength of composite

coupons.

The effect of saline environments on the matitder bond behavior was investigated by

immersing FRCM coupons in saline solutions (seawater or 3.5 wt. % of NaCl) and

observing the variation of the ultimate strength, which was attributed to the degradation

of the matrixfiber interface(/Arboleda, 2014; Nobili, 2016)

Figure2-8 shows the retained ultimate strengffFRCM coupons immersed in saline

solutions for different periods. ArboledAarboleda, 2014)eported an increase the

retained ultimate strengtsf carbon and PBEGRCMs. This increment (largeh&in 40%)
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was attributed to the continuous hydration ofriearix, which may improve the matiix
fiber bond behavigieading to high ultimate strengths. Nobili et@obili, 2016)

observed a slight reduction (less than 20%) of the retained ultimate stoéR&REM
including glass fibers and liedbased matrix. It should be noted that a significant scatter
was observed among the results, which indgthie need to perforralarge number of

tests tamakesold conclusions

Yin et al.(Yin et al.,2019)investigated the effects of wetting in a saline solution (5 wt.

% of NaCl) and drying at room temperature on the bond behavior between a cementitious
matrix and a hybrid glasiscarbon textile, using a putlut setup. Since the effect of

drying isconsidered, these test results are not reporteajure2-8. However, no

significant difference in the maximum pwut load was observed after 90 and 120

cycles. Nevertheless, specificdegradation was observed after 150 cycles due to the

crystallization of the salt that affected the mafiber interface

1.8
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1000h ( ~42 days) 3000h (<125)

Figure 2-8: Effect of immersion in saline solutions on te&ined ultimate strength of
fabric-reinforced cementitious matrix (FRCM) coupons.

The effect of moisture and wdty cycles on the bond capacity can be controversial. For
not entirely hydrated matrix, they can be beneficial due to the continuatibe of t
hydration proces@Ceroni efal., 2018; Franzoni et al., 201 However, it should be noted
that the continuation of the hydration process can cause densification of the matrix next
to the multifilament yarn with the penetration of hydration produetthe voids among

the filamens, which may lead teeducethe matrix fiber bond propertie©e Munck etal.,
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2018) More studies are needed to identify the dominant effect among these two competing

factors.

Foracompletely hydrated matrix, moisture and sdey cycles may not directly affect the
bond behavior. Howevethey maydamag the fibers (e.g.,@arosion of steel cords or
swelling of glass fiberéDonnini, 2019; IFanzoni et al., 2018)yand the matriXi.e.,
expansion of water within the podeand subsequentliead to a decrease of the maitrix
fiber bond propertie@Ceroni et &, 2018; Franzoni et al., 2018)

The stressransfer between the fiber and matrix edso beinfluenced by the alkalinity

of the matrix, asnentionedn Section2.3.2. Butler et al(Butler et al., 2009, 2010)

utilized pullout tests and uniaxial tensile tests to investigate the effect of the matrix
alkalinity on the bond between cemdaatsed matrices and A§lass fibers. Specimens
were aged in a humid chamber at 40 °C and 99% RH. One year of this condition was
assumed to be equal to 50 years of exposure to the middle European climate. Three
cementitious matrices with different legself alkalinity and hydratn kinetics were
employed. The low alkalinity matrix (M1) had a pH of 12.4 at the mixing time, which
gradually reduced to 11.8 after 1 year. The pH of the high alkalinity matrix (M3) was
12.7. For the medium alkalinity matrix (M2), the pH value was betvié¢e and M3. The
results of unconditioned specimens showed that the maximuroyduibrce of

specimens made withhigh alkalinity matrix (M3) was higher than the others due to the
fast hydration process and homogeneous structure of calcium silicatéehiyciba)

phase close to the fiber. However, an opposite trend was observed afteFaygiray.

2-9a shows the behavior of the maximum gauk force, which progressilyedecreased
with theproceeding of the aging period. The reduction was higher for specimens with
matrix M2 than with matrix M1. Results of specimens with matrix M3 are not shown in
Figure2-9a becausthey failed at the formation of the first crack without slippage of the

fibers within the matrix.

The retained ultimate strength of corresponding FRCM coupons subjected to uniaxial
tensile test is shown iRigure2-9b. The behavior observed is consistent with that of pull

out tests, with the exception that the ultimate strength of the coupons made with matrix

43



M1 increased after 30 dag$ aging due to the continuation of the matrix hydration

process.

Finally, all the studies discussed in this secaossummarized il able2-6.
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Figure 2-9: Effect of the matrix alkalinity on tha)(maximum putbut force andb)
ultimate tensile strength of the FRCM coupons tested by Butle(Ruthr et al., 2009,
2010)

2.3.4 Durability of the compositd substrate interface

Being employed as externally bonded reinforcements, FRCNdedabonedat the
compositesubstrate interface. Howeverlimited number of studies dedicated to

investigating the durability of the composiseibstrate bondreavailable in the literature.

Sulfate attack can reduce the adhesion between the composite and suestraténg

the compositiesubstrate interfac@onnini, 2019; Franzoni et al., 201 Bat

crystallization within the interface can also reduce the bond capacity and shift the failure
from the matrixfabric interface to theompositesubstrate interfacgonnini, 2019;

Franzoni et al., 2018Figure2-10 shows the effeatf sulfate attack on the loadhrrying
capacity of FRCMmasonry joints subjected to diresttear tests. Donnini et @Donnini,
2019)exposed FRCWmasonry joints with an ARjlass textile and a limbased matrix

to 10 wetdry cycles in saline solution of sodium chloride (3.5 wt. % of NaCl) at 60 °C.
After conditioning, the specimens failed at the compbsiibstrate interfacand the

load-carrying capacity was reduced. Franzoni efFrianzoni et al., 201 &tudiedan
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SRG composite made of a liAlbased matrix and steel cords externally bonded to
masonry blocks. They found that fouet-dry cycles in a saline solution cointeng 8 wt.

% of sodium sulfate decahydrate gS&s-10H0) followed by drying at 60 °C did not
have a significant effect on the leadrrying capacityBesidesall the specimens
developed interlaminar failure characterized by fiber slippage from theanhtayer of
thematrix, which remained bonded to the substrate. However, when 2 wt. % of sodium
chloride (NaCl) was added to the same solytamd the number of cycles increased to 6,

the loadcarrying capacity decreased.

Finally, the reduction in the Ind capacity and shifting of the failure mode to the
compositésubstrate interface require a high salt accumulation and crystallization within
the interface, which may depend on the porosity of the matrix and the radius of the pores.
For instance, a matriwith apores radius bigger than the radius of substrate pores will
allow the solution to pass through it. Consequently, the effect of sulfate and saline attack
on the interface may not be as significant as its effect on the fibers and (fRetnzoni

et al., 2017)However, this hypothesis needs to be confirmed by using matrices with
different porosity and pore sizes.

o 1.6

d capacity ratic

Franzoni: 4 cycles in 8 Franzoni: 6 cyclesin 8 Donnini: 10 cycles in
wt% of sodium sulfate wt% of sodium sulfate 3.5 wt% of sodium
decahydrate solution decahydrate solution + chloride
2% of sodium chloride
Figure 2-10: Effect of sulfate attack on the loadrrying capacity okteetreinforced
grout (SRG)masonry(Franzoni et al., 2018, 201And FRCM masonry(Donnini,

2019)joints.
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Table2-6: Effect of the aging environments on the FRCM coupons and F&(@®ktrate

Results in term of the
Authors Materials Exposure conditions Tests averageultimate Comments
retained strength
() Retained
ultimate tensile
FT (ASTM C666, strength of the
Colombo f AR-glass 2015)(25-500 COoupons expose!
etal., FRCM made cycle): 30 min at () Uniaxial tersile to 25, 50, 75, No significant
(Colombo of N +4, 30 min at18 test on theflRC 100, 150 and reduction within the
etal., cementitious and coupon 500 cycle was few cycles.
2015) matrix cooling/heating 1.03, 0.96, 0.98,
rate was1C/h 0.89, 0.86, and
0.81,
respectively.
FT. 100 cycle () Retained
with atemperature ultimate tensile
range of {20 to
20)(&S EN suengl of e
12467, 2004) exposed to FT
Heatrain (HR) of was 0.84
50 cycles. heating . The reduction in the
bemunck 1 AR-glass 060CWIthin15 (o oo W Retained ultimate tensile
FRCM made . d Uniaxial tensile ultimate tensile ¢ h
etal.,(De : min an test on FRCM strength of th Srengin was
! th a intai gth of the .
wi maintained for 45 ; attributed to the
Munck et " : coupon specimens .
l., 2018) cementitious min then cooled formation of the
al., tri ) exposed to HR ‘o
matrix with water was 0.58 precipitates of the
immersion in ‘ hydration process.
15°C. () Retained
. ultimate tensile
Combined effect
of the two stren_gth of the
revious specimens
prev . exposed tdhe
environments with combined effect
100 cycle FT
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followed 50 cycle of FT and HR
heatrain was 0.73
W FT: retained () Resultsare

ultimate tensile
strength of the
FRCM made of

characterized by an
obvious scatter
value. Consequently

EEiO fiber was aoneway ANOVA
(W CC: 100% RH at ' analysis was
37.7C for 1000 () Saline: retained performed.
3000 hour ultimate tensile W The results of
T PBOFRCM W FT: 20 cyclswith strength of the ANOVA analysis
made vx{lt_h 4 hours at18°C PBO FRCM showel that CC and
cementitious and 12 hours at () Uniaxial tensile after 1000h of Alkaline
Arboleda matrix 37.7C and 100% test on FRCM exposure was environments did no
(Arboleda, f Carbon RH 1.5 however, have a significant
2014) FRCM made . coupon this value effect on the FRCM
with N () Saline: (seawater) became 1.3 composite made of
cementitious () Immersion in whenthe PBO.
matrix alkaline solution exposure period The results of the
[Ca(OH), KOH, increased to ANOVA analysis
NaOH] with 3000h showed that retaineq
pH>12 () The retaird strength of the
ultimate tensile FRCM made of the
strength of the carbon was not
FRCM made of significantly affected
carbon was by the FT and Saling
increased by environments.
13% in CC and
alkaline
environments.
Pekmezci 1 FRCM () FT: 14 cycles of 2 () Uniaxial tensile () Retained () Comparing the
etal., coupons made hours in water at test on FRCM ultimate strength results of the two
(Pekmezci of biaxial 20°C and 6 hours coupon for the coupons systems showed tha
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etal, glass fabric at-25°C in the made of the using biaxial fabric
2019) and lime freezer biaxial glass has Improved the
basedmatrix fabric was 0.84. tensile strength morg
1 FRCM The etained than.the qqad axial
coupons made ultimate strength hybrid fabric. .
with quad of the cou However, expsing
. . pons
axial hybrid made of the both systems to the
fabric and hvbri : FT cycles led the
. . ybrid fabric i
lime matrix first system to los
was 0.99 .
part of its strength.
This differercein
performance was
attributed to the
configuration of the
fabric used in each
system.
Results of the
Retained reference specimen;
. . etaine indicated a
Aging period: 28 : Indicate
330 gag/s maximum pult pronounced
out forces for increment in the
M; concrete: low maitrix M, at bond strength
falkalm::y (ffgliced ggf'igOOf 22’3566(3 between the fiber
i rom pH =12.4 at ; an filaments and M
1 AR-glass fiber - a !

Butler et f  Three types of mlxmgfto pH= are 0.87, 0.72, and M; matrices.
al. (Butler concrete (M 118 after 1 year). 068, 067 and However, exposn’]g
etal., M2, Ms) with M3 concretehigh (W Pull-out test 062, the specimens to
2010) different level alkalinity of respectively. aging environments

of alkalinity pH=12.7 Retained leacsto a

M2 concrete: with
amedium level of
alkalinity ranging
between M1 and
M3

maximum pult
out forces for
matrix M, at the
same periods are
0.87,0.72, 0.68,
0.67 and 0.62

pronounced
reduction in the
maximum load
espedlly in the cas¢g
of M3, where some
specimens
developed a brittle
failure within the
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fiber with the
proceeding of the
aging process.

Nobili
(Nobili,
2016)

Yin et al,
(Yinetal.,
2019

W AR-glass
FRCM
coupon made
with matrix B
(richin
hydrated lime
and pozzolan)

1 AR-glass
FRCM
coupon made
with matrix M
(air-hardening
lime,
pozzolanand
marble sand)

T FRCM
coupons made
of hybrid
fabric (carbon
bundles were
warp and E
glass bundles
as weft)
impregnated
with epoxy
resin.

1 The matrix
used to make
the TRC
coupons was &
cememntbased
matrix

() Immersion in
alkaline solution
(Sodium
bicarbonate,
pH=10) for 1000
hour

W Immersion in
saline solution
(3.5% sodium
chloride) for 1000
hour

() Combined effect
of FT (50, 7Q0and
90 cycles with 3
hours cycldength

and a temperature

range between
18°C to 5°C) and
saline
environment (5
wt% NacCl)

() Uniaxial tensile
test on FRCM
coupon

() Pull-out test
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W Alkaline:
retained ultimate
strength of the
coupons made o
matrix B and M
is 0.89 and 0.90,
respectively.

() Saline: retained
ultimate strength
of the coupons
made of matrix
B and M is 0.85
and 0.89,
respectively.

() Retained
ultimate pultout
strength after
exposing to 50,
70, and 90
cycleswasl.0,
0.98 and 0.99
respectively

Reduction in the
ultimate tensile
strength for the
system made of the
matrix B

Failure mode was
shifted from fiber
rapture in the contro
specimens to fiber
slippage within and
delamination within
the matrixfiber
interface for the
conditioned
specimens.

No appareneffects
on the puHout

strength




small concrete 0 1stcondition: o
W WI at 23C for 5 beams 0.57,0.77,0.96 e th
9, 40 and 74 days strengihened and 1.12 Exposure period way
Ceroniet PBO FRCM ' with FRCM. respectively. exp F;] g
al., (Ceroni made of G Wi at 30C for 9 Tessweredone W 2 condition: increaseithe
etal cementitious and 74 days in an 0.6 and 1.014 erEdlsztI?n Intt::e
N . ; ' . ond streng
2018) matrix W WI at 40C for 4 ggxlt;glr;gzjerrgom 0 3¢ condition: decreased.
days : Moreover, formore
W with the same 0.7 extendedagin
CcC at30C for 9 temperature and 0 4" condition: - ging
days - periods (74 days),
Y humidity 0.72
specimens ' thebond was
exposed to improved.
For WI: failure was
WI: tap water at developed in the
60°C for 1000h matrix-fiber
Immersion in interface.
AR glass saline solution W WI: average Saline: failure occlsr
Donnini et FRCM and %fg/; Nfi%goar: W tSin'?lel?:??S(’:hl\jar ultimate retained within the glass fiber
al., masonry or eston strength was out of the bonded
(Donnini, substrate ) WD 10 cycles ?nondenc: toa 0.89 part.
2019) Lime based (960h): 2 days asonry W Saline: 0.71 WD: Eailure was
matrix immersion in substrate developed in th
; : W wbD: 0.8 eveloped in the
?glér;;a I\sloI(l:JIt)mnt matrix-substrate
.5%NaCl) a interface.
60°C and 2 days
drying at 60C
Franzoniet SGR .
al., composite (W WD: 4 cycles of 2 W 1%aging All the specimens
(Franzoni made of lime days of partial W Singlelap shear condition: 1.03 exposed to thesl
etal, based matrix immersion in a test on masonry o and 29 aging
2018, and steel cord:s saline solutn substrate W 2 aging conditions
2017) bonded taa (8% wt of condition: 0.98 developed a failure

W Threepoint
bending test on

() Reduction in the

bondstrength for the
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masonry
substrate

NaSQu.10H,0)
and 2 days drying
in aventilated
oven at 66C.

WD: 4 cycles of 2
days immersion in
deionized water
and 2 days drying
in aventilated
oven at 68C

WD: 6 cycles of
days partially
immersed in
saline solution
(2% wt of NaC
and 8% wt of
NaS0O..10H:0 )
at 20°C and 3 days
drying with
ventilated oven at
60°C

WD: 6 cycles
similar to the
previous
condition; yet,
denoised water
was used for
drying instead of
the saline solution

) 3daging
condition: 0.73

() 4" aging
condition: 0.78

within the matrix-
fiber interface
(between the interng
layer of the matrix
and fiber).

Most of the
specimens exposed
to the Fand 4"
aging condition
developed a mixed
failure mode in the
matrix-fabric
interface and matrix
substrate interface.
However, one
specimen exposed t
the 4" aging
condition developed
a brittle failure in the
matrix-substrate
interface only.
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Chapter 3: Durability of CFRP-concrete jointsunder
the effect of water and temperature

The literature reviewed in theecondchapter revealed thatore studies are needed to
have a deeper understandofghe durability of the CFRPThis chapter contagtwo

main parts. The first one focused on the effect of the hygrothermal environment on the
bond durability of the CFREoncretgoints andconstituent material$However, the

second onés dedicated t@valuatingthe effect of the wedlry cycles on the durability of
the CFRPconcrete joints.

3.1 Conditioning environments

Two conditionng environments were utilized in this chapt€he firstconditionwasa
hygrothermalenvironmentand utilized to evaluatine durability of the CFR{oncrete
joints andconstituent materials (CFRP coupons and epoxy resin specinieesecond
condition was wetlry cyclesand utilized to investigate the durability of the CFRP

concrete joints
3.1.1 Hygrothermal condition

In this condition, the specimewasimmersed in water a ) ¢ °C. The exposure
temperaturavas chosen based on the recommendsabbBlackburn et al(Blackburn et
al., 2015) CNR _DT_2® (CNR, 2013, andACI 440.2R08 (ACI Committee 440.2F8,
2008) Blackburn et al(Blackburn et al., 2015ecommended performing accelerated
aging by water immersion at the maximum temperatxpected in the field, whereas
ACI 440.2R08 specifies a maximuservice temperature equal to-I§°C. Since the
glass transition temperatunéthe resin used in this study was T§&C (Sika, 2017a)

an exposure temperature®mf ¢°C was selected. Waténmersion was adopted instead
of ahumid environment toncrease the aging ra¢€eroni et al.2018; Jovan Tatar &
Hamilton, 2016) It should be noted that water immersioay provide aging conditions
different from those of humidnvironmeng, but it is generally assumed to induce more
degradatiorthan exposuréo humid environment§ T . D6 ANt i nBlackourn ea |

al. (Blackburn et al., 2015ecommended eight weekse., 1344 h) ofagingto balance
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the competing effect between pasire and plasticizatiomNevertheless, three exposure
periodsof 500, 1000, and 1500 hours are inspected in the current study to have a clear
understanding of the aging effethese exposure periods were selected byedsarg and
increasing of 500 hours of the minimum exposure period (i.e., 1000 hours) recommended
by the American acceptance critefilaternational Code Council (ICC), 201dnd Italian

initial type testing procedur@€SLLPP,2015)for FRP composite.

3.1.2 Wet-dry cycles

Generally there isno standard methodio performwet-dry cyclesMost of the studies in

the literaturgM. |. Kabir, Ph, et al., 2016; Shrestha et al., 2015; M. A. G. Silva & Biscaia,
2008; Tuakta & Buyukoztirk, 201bpave adopted lab tests to determine theoger

required tamoisturizeand drythe specimens. For instande€abir et al (M. Kabir, Samali,

& Shrestha, 201§)erformed wedry cycles composed of 1 week of wetting at 95% RH
followed by 1 week drying at the room environment {28°C) on CFRP strips externally
bonded to concrete prisms. Shrestha.gSrestha et al., 2018)d 7 days of immersion

in water followed by 4 dag/of dryingatroom temperature (XTC).

In the currentesearch, a specific system was manufactured to perforrdrweycles as

shown inFigure3-1a. The systenis composed of two water containers. One of them was
placed inside a drying chamber while the other one was left outside the chamber in the lab
environment at 28C. The two contaers were connected by two pumps to transfer the
water between themvhich was tap watefhe pumps were controlled using timers to

open them and close them at a specific time of the day. The specimens were placed in the

container inside the chamb@figure3-1a).

In the current research, the specimens were exposed to &byaicles that were chosen
to simulate the bond performance of CFRP strip externally bodibeé intrados of a
bridge thagetswet twice a yeaby floodsduring the lifespan of the CFRP strigvhichis
estimated to be 25 yealisis worth mentioning thawther standards like EN 12468S

EN 12467, 2004have alsoecommended performing 50 cycles to investigate the
durability of the fibercement sheet&ach cycle consisted of 6 hours of immersion in

water followed by 18 hours of dryingihe length of the wetting and drying periadas
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selected after performingpmetests to determine the period required to moisturize and dry

them (see sectiod.2for more details)

The relative humidity inside the chamber was fixed to 50% during the weptiege to
speed the moisturizing procemsd 20% duringhedrying phaseo speed the drying
process Thetemperature of thehamber wasanging betwee@5 °C during the wetting
phase and 5C during thedrying phasgas showrin the redcurveof Figure3-1b. The
temperaturen thecontainemwherethe specimengereplacedwas also monitoredsing a
thermocouple and shown wittblue curveline of Figure3-1b. It can be noticed thalhe
temperature inside the container visigherthanthe temperature in the chamlukerring
the wetting phassincethe specimens westill warm from the drying phase; however,

the reverseés valid during thedrying phase because they were still wet.

The drying temperature (i,a0°C) was selected to satisyreecriteria: (1) it is relatively
high that it can accelerate the drying process and allow to perform moes wyth a
shorter period(2) it is lower than T of the epoxy resinTg= 58 °C); (3) it can simulate the
temperature found in the facade of #utwal building due to the solar radiation, the
temperature of the surfaces can reach t6@¥C in the Europan climate during summer
and in some extreme cases t8@(Franzoni et al., 2017; Luque, ReAgudo, Cultrone,
Sebastian, & Siegesmund, 2011)
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Figure 3-1: wetdry condition (a)system used to perform the condition, (b)-drgtcycles

3.2 Mechanical characterization of constituent materials

This partof the experimeninvestigates the effect of hygrothermal aging on the
mechanical characteristics of the epoxy resin and CFRP coltgonsists of twaroups
The first group hattwenty dumibell-shapé specimensf epoxy resinwhile the second
groupconsisted of twentyectangular CFRP coup@pecimensOut of these twenty
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specimengsfive wereused as control specimens whihe renaining wereexposed to the

hygrothermal conditiorfive spe@mens for each exposure period.
3.2.1 Epoxy resin

Two components epoxy regi8ika, 2017ayvas used in this studyg was 58C, as

reportedoy the manufactureDumbbell shape specimens were made by pouring the resin
inside a plastic mold that was made usings&rcutting machineThe mold surface was
covered with oil to ensure eagkremovalof the specimens and not damaging the mold.
Since the thickness of tldumbbel specimens ashigher than théhickness of theesin

used in thestandard bondingint, special attention was given through the process of
preparing to prevent forming of the air bubble. However, stinetiny bubbles could be
noticed after testing.fiie mold was removed after two dagpecimens werleft to cure

for at least two weekis the laboratory conditions before exposing to the hygrothermal

environmentFigure3-2 shows specimen configuration.

A uniaxial tensile test was performed according to ASTM D@3BTM D638-03, 2004)

Five specimens were tested for each exposure period. Testpeviengned using a

displacement control Instron machine. ASTM38recommended that the test should last

from 1/2 to Sminutesbefore developing rupture. Therefore, numerous speeds were

inspected to satisfthis criterion Finally, a displacement rate ofim/min was adopted.

A clip gauge of 25mm was attached to the middle of the specimens to record the strain.

The elastic modulus was determined from the sts&ssn curves as the slope of the chord

between 25% and 50% of the maximum tensile stress.
[ 194 "= 40

f =130 ~ ~——90—

20 [ |

13-

R76

Figure 3-2: Geometry configuration of the Dumbbell resin specimen
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3.2.2 CFRP coupon

A unidirectional carbon textile ¢Sika, 2017byas used in this study. The thickness of
the textile was 0.166 mnthe CFRP coupon specimens were prepared flat mold The
preparation procedure inmed (1) applying one layer adpoxy resin(2) placingcarbon
fiber textileof 300x20 mm(3) applyinganother layer of the resin. The curing period
lasted at leagtvo weeks At the end of the curing peripthe CFRP coupon was cut based
on thedimension specified by ghEuropeastandard¢BS EN 2561, 1995Finally, tabs
made of glass fiber platare attached to the ends of the CFRP coug®shown in
Figure3-3.

Five specimens were tested for each exposure period. The tests were performad using
Instron machine with a displacement rate of 2 mm/min. pgdiuge of 100 mm was used
to monitor the strairSince it ischallengingio estimate fiber volume fraction in the wet
layup technique hie tensile strengffand modulus of elasticity were reported as equivalent
to the bare fiber crossectional area based the hypothesis that tensile load is resisted by
fibers as explained in thBS EN 2561, 1995) Similar to dumbbell tests, modulus of
elasticity was determinefdom the stressstrain curve as the slop of the chord between

10% and 50% of the maximum tensile stress.

le—50 —!

Figure 3-3: Geometry and configuration of the CFRP coupon

3.3 CFRP-concretejoints

External strengthening of the deteriorated concrete members with CFREdmasgdely
used in the ladew decades. S#iss transfexfrom the concrete substrate to the CFRP
mainly throughthebond. During its lifetime, CFREoncretgoint is exposed to various
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environmenral conditions; however, hygrothermahd wetdry environmentsre
considered critical environmeras eported in thditerature(Maljaee et b, 2017; Sen,
2015) Consequently, the bond behavior of the CHRRRcretgoint underthesetwo
environmendl conditiorsis an essentiatjuality for the service life design.

In this part of the experimenhe effect of thénygrothermaland wetdry conditionson the
bonddurability of the CFRPconcretanterfaceis investigatedy performing26 singlelap
directshear test§l6 forhygrothermabnd 10 foiwet-dry cycles) and 6 pull-off tests
(only for hygrotherma).

3.3.1 Specima geometryand assembly

Thirteenconcrete prisms of dimensions 100 mm x 100 m25&mm werecastin two
batcheausingawooden moldasshown inFigure 34a. The prisms were left in the

wooden mold for 28 days and inside the lab environmemG25

Eight prismswere made of the first batciwhich wasutilized toinvestigate the effect of

the hygrothermal condition on tigFRRconcrete jointsThe compressive strength of the
first bath was measuredn 150x150x150 mm cubes cé&sim thesamebatch(EN, 2009,
2012) It wasmeasured at the same week ttrad directshea test wagperformedandit
was26.32 MPaFive prismswere made of the second batch asdd to study the effect of
the wetdry conditionon the CFRRconcrete joird. The compressive strength of the

second batt wasevaluated on 100 x 100 x 100 mmnrbes cut from tl prismsutilized for
thesinglelap directshear tesfThe is method was utilized to accurately evaluate the effect
of the wetdry conditions on the compressive strength of the prissgoing to beoticed

in section3.4.4.2 The compressive strength of the second batcl3@adPa.

CFRP strips were applied on the concrete prigsnasspecific wayo allow the
performancef two singlelap directshear tests for eacwncrete prismThe twoside
faces(i.e., the faceadjacent to the casting fgaef eachprism wereexternally bonded
with CFRP stripsas shown irFigure3-4b. The bonded length and width of the CFRP
strip were200 mm and 50 mm, respectiveRhe strip wadeft unbondedfor 30 mmfrom

the edge of the specimém prevent edge failure of the concrptesmas shown irFigure
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3-4c. The CFRP strips wergonded on the concrete surfdiesed on th&llowing
procedurdAl-Tamimi et al., 2015; American Concrete Institute, 2017; Sika, 2017b)

1. Roughening of the surface with steel brush and sandpaper.
2. Removal of dust anddse particles witlanair jet.
3. Application of one layer of resin onto thesm surface using a spatula.

4. Application of the carbon fiber shadtdimension 300 mm length and 50 mm width

over the resin, promoting the fiber impregnation using a roller.
5. Application of a covering layer of resin over the carbon fiber sheeg agioller.

The specimens were cured for at least two weeks in laboratory condgians®C)

before starting the hygrothermal aging

(@) ()

Figure3-4: s p e c i preparasian (a) wooden mold, (b) concrete specimens bonded with
CFRP, (c) unbonded length of the sinrtglp directshear test

The bottonmfaces (i.e., the face opposite to the casting fasE)heprismsmade of the first

batchwerealsoexternally bondeavith CFRP strig of the dimensiong0 mm x 200 mm
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as shown irFigure3-4b. These CFRRoNcrete jointsvereutilized to evaluate the effect

of the hygrothermatonditionon the puHloff strength(bond strength)
3.3.2 Testing procedure andtestsetup

Pull-off tests were performed according to the ASTM D443 TM D4541i1 09, 2009)
Two circulargrooves with 50 mm external diameter weridled through theCFRP strip
andalong theconcrete substratesing a coringool. After that, duminum testing disks
were glued to the CFRWRIthin the groove®orderusing the same twoomponent epoxy
resin employed to apply tl@&FRP sheets. The resin was cured for two days before
performinga pull-off test.Figure3-5 shows the geometry of the specimens and the
execution of a pulbff test.

]

o | IS |
AL e ' . ) 5j W
i ST e 100

Section A - A

Figure 3-5: Pull-off test (demission in mm)

Figure3-6 showsthe singlelap directshear test setuppheadoptedbond lengtHi.e., 200
mm)was higher thathe effective bond length determined according to the ©NR200
R1/13(CNR, 2013) Theload was applied at the end of the CFRP strip using a universal
testing machinender displacement contrdlwo speeds were adopted: 0.2 mm/min and
0.05 mmmmin. Although changing speed test did not have a significant effect on the bond
characteristics of the CFRfdncrete joint, thaelower speed allowed to precisely monitor
the debonding process witlhe DIC techniqugAli -ahmad, Subramaniam, & Ghosn,

2006) Twolinear variable differential transducers (LVDTSs) were attached todherete

surface at the CFRP loaded end to measure the relative displa¢eeeht slip)
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between tk concrete and the CFRP sheet aldhded end. The LVDTs reacted off a thin
Y -shaped aluminum platgued to the CFRP sheattheloaded end. The average
displacement measurég the two LVDTSs is named global slig, in thisresearchA two-
dimensionalligital image correlation method was employed to olitaendisplacement
field on the CFRP sheet bonded surface.

| 11 !t

l

S
' .

CFRP sheet

Concrete prism 200250

R AN VT RN S AN B

=50~
—100—

Figure 3-6: singlellap directshear test setu@emission in mm)

3.4 Resultsand discussion

3.4.1 Epoxy resin

Twenty specimens were tested in this part of the experimental program. Five specimens

were tested without being exposed to the hygrothermal environment and consider as

control specimens. The other fifteen specimens were taefitsdbeing immersed in water

at 38 2°C for 500, 1000, and 1500 hours. Five specimens werel festeach exposure

period. The specimens were named following a specific system. Each nhame consists of
four parts. The first (pP:dDunbbel spdcimensofthe t he s
resin). The second part refers to the type of conditioning environment (H: Hygrothermal).

The third part refers to the conditionipgriod(0: no conditioning, 500 hours, 1000 hours,

and 1500 hours). The last part refershte number of specimens within the group.
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The effect of the hygrothermal aging on the epoxy resin was evaluated based on the
changes in the external appearance, weight, and mechanical propdigieseing
conditioned, a thimndsticky layer was formad on the external surfaces of the specimens.
The formation of this layer, which vanished after drying, can be attributed to the
plasticization(Cabratfonseca et al., 2018; Tuakta & Buyukoztirk, 2011) The speci me
color was also changed frasiark gey into light grayas shown irFigure3-7a. Changing

the epoxy color aftaihe condition was also reported K&u, 2005) Local deformation

was noticed in some specimenseafirying as shown irFigure3-7b. This deformation

can be ascribed to the contraction and exipans the specimens stimulated the
conditioning ervironment. Regarding weight changes, the weight of the specimens was
recorded before and immediately after the exposure. Some of the specimens showed a
slight increment, around 3%, which can be attributed to water absorption.

f Local deformation
Gonaitioned e

(a) (b)

Figure 3-7: changes in the epoxy resin due to the aging; (a) color change; (b) local
deformation formation

Figure3-8 shows the effect of the hygrothermal environmenth&stressstrain

relationship. It can be noticed that the general behavior has been slightly changed from
brittle to ductile behavior. Moreover, the valudghe strain and stress were increased for
most conditioned specimens in comparison whthcontrol specimens. However, the
stiffness ofmostconditioned specimens was slight decreasexmparisorwith control
specimensA similar finding was also obtained by Shrestha e{@ihrestha et al., 2015)
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Figure 3-8: Stress vsstrain curves for the dumbbell specimens of the epoxy resin (a)
control specimens, (b) specimens conditioned for 500 hours, (c) specimens conditioned for

1000 hours, (d) specimens conditioned for 1500 hours.

Figure3-9a presents the effect of the hygrothermal environment on the average ultimate

tensile strength and strain. The scatter of the data was presented as an &rher bar.

coefficient of variation (CoVjor the average ultimate strength was around 12% which

within the acceptable range. The average ultimate tensile strength has increased from
25.76 MPa to 27.62 MPa after 500 hours of conditioning. The increase in the ultimate
strength has continuetil it reacledthe peakvalue of 30.66 MPafter 1000 hours of
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conditioning. After that, it slightly decreased to 29.61 MPa at 1500 hours. Regarding the
average ultimate strain, it is significantly incredt® 1.33% after 500 hours of

conditioning; then, it slightly decreased to 1.27% and 1.12% after 1000 and 1500 hours,
respectively. CoV was between 16% and 22%.

The effect of the hygrothermal environment on the average elastic modulus is presented in
Figure3-9b. CoV was in the range of 3¥80. Elastic modulus has decreased from 4.22
GPato 3.15 GPa after 500 fours of conditioning; subsequently, it is increased &P2.69

and 3.74 GPa after 1000 hours and 1500 hours of conditioning, respedthelgontrary

effect of moisture on tensile strength and elastic modulus was also reported by Shrestha et
al. (Shresthaet al., 2015)It is believed that exposing resin specimens to hygrothermal

aging conditions triggseiboth the harmful effect of plasticization and swelling #rel

beneficial effect of posturing(Blackburn et al., 2015)

Finally, the effect of the hygrothermabnditionon the mechanical properties of the gpox
resin is summarizeth Table3-1. Theresultsof the specimens D_H 0 _1 and

D_H_1000_5 areot reported because the failure was developed close to the tabs (out of
the gauge region).
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Figure 3-9: Effect of the hygrothermal environment on the average ultimat
mechanical propertiesf the epoxy resin, (a) tensile strength and strain, (b)
elastic modulus
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Table3-1: Mechanical characterization of the epoxy resin

Specimen Agi.ng Ultimate UIti.mate Modu[ug of
Name period strength  strain (%) elasticity Notes
(hours) (MPa) (GPa)
Failure
D_H_0_1 NA NA NA e gauge
area
DHO?2 0 21.71 0.55 3.92
D HO3 24.47 0.58 4.47
DHO4 28.58 0.71 4.22
DHOS5 28.28 0.71 4.25
D H 500 1 24.05 1.56 2.35
D H 500 2 23.33 0.69 3.33
D H 500 3 500 29.76 0.97 3.89
D H 500 4 29.61 1.70 3.05
D H 500 5 31.36 1.72 3.12
D H 1000 1 26.24 0.82 4.03
D H 10002 29.03 1.34 3.34
D H 1000 3 34.13 1.12 4.16
D H 1000 4 1000 33.24 1.81 3.21
Failure
D_H_1000_5 NA NA developed out
of the gauge
D H 1500 1 34.73 1.96 3.33
D H 1500 2 24.00 0.84 3.45
D H 1500 3 1500 33.55 1.29 3.45
D H 1500 4 26.45 0.89 3.42
D H 1500 5 29.11 0.87 4.34

65




3.4.2 CFRP coupon

CFRP coupospecimens were named following the same system used for the dumbbell
specimens of the epoxy resin with one difference that the first letter of the dumbbell
specimens (D) was replaced with (C) referring to the coupon spegciasestsown in

Table3-2. The effect of the hygrothermal environment on the s&am relationship is
illustrated inFigure3-10. CFRP coupon showed a linear behavior up to a sifir©%.

After this value, the strain was not recorded because the extensometer had to be removed
to protect it from the destructive failure of the coup@ssshown irFigure3-11.

Nonetheless, the value of the ultimate strain was estimated as the ratio of the ultimate
strength to the corresponding elastic modulus of each specialele3-2 reports the

values of the ultimate strength, straand elastic modulus for each specimen.

Figure3-12a shows the effect of the hygrothermal environment on thageeailtimate

tensile strength. The standard deviation was shown as an error bar. CoV was in the range
of 3-8%. The result shows a slight increment {2%) withthe proceeding of the

conditioning period. Howevesjnceit is within the scatterangeof thedata, it can be

considerednsignificant

The effect of the hygrothermal environment on the average ultimate strain is also shown in
Figure3-12a. CoV was in the raye of 38%. It can be noticed that the strain was not
significantly affectedFigure3-12b showsthe behavior of the elastic modulus. CoV was

in the range of 6%. Simlarly, theresults of the elastic modulus indicated no significant

change where the maximum change was almost 5%.
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Figure 3-10: Effect of the hygrothermal condition on mechanmalperties of
the CFRP coupon, (a) control specimens, (b) specimens conditioned for
(c) specimens conditioned for 1000h, (d) specimens conditioned for 15
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Figure 3-11: Failure mode of the CFRP coupon, (a) before testing, (b) after testing

Table3-2: Mechanical characterization of the CFRP coupon

, Aging Ultimate Elastic .
S[:,)\Ie;:rlnn;en period strength modulus Sﬁg‘{:?&}: ) Notes
(hours) (MPa) (GPa)

CHO1 2945 205 1.44

CHO2 3271 206 1.58

CHO3 0 3009 210 1.37

CHOA4 289 202 1.44

CHOS 3311 208 1.60

Extensometedid
C H 5001 NA NA not measure the
strain

C_H 500 2 500 3050 204 1.50

C_H 500 3 3065 190 1.61

C H 500 4 3251 197 1.65

C_H 500 . 3239 202 1.61
C H1000 1 3606 216 1.67
C_H 1000 2 3218 203 1.59
C _H 1000 3 1000 3075 209 1.47
C H 1000 4 3649 210 1.74
C H 1000 5 2935 217 1.35
C H 1500 1 3330 211 1.58
C_H 1500 2 3353 220 1.52
C H 1500 3 1500 3552 212 1.68
C H 1500 4 3036 193 1.57
C H 1500 5 3006 202 1.49
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Figure 3-12: Effect of the hygrothermal aging on the mechanical properties of the
CFRP coupon; (a) tensile stress and strain; (b) modulus of elasticity

3.4.3 Pull-off strength

The effect of the hygrothermal environment on the bond strength was studied psihg

off test on control specimens (4 specimens) and conditioned specimens (12 specimens).
The specimens were also named following the same system used for the dumbbell
specimens of the epoxy resinddiscussed in sectid®4.1, with one difference is tt the

first letterof the dumbbell specimens (Bas changed t(P), referring to the pulbff ted
asillustratedin Table3-3.

The hygrothermalconditionhas changdthe color of the CFRP stripom dark gray to
light gray, asnoticed previouslyvith theepoxy resin specimenBigure3-13 compares
the failure mode of the conditioned specimens with control specimens. It can be noticed
that both specimens have developed a failure within the concrete substrate. This failure

modehasbeendevelopedn all other specimens.
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Figure 3-13: Pull-off test, (a) control specimen, (b) conditioned specimen

Table3-3: Effect d the hygrothermal environment on the poff strength

Specimen Name Aging period (hours)

Pull-off (MPa)
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Figure3-14 presents the variation in the puolif strength at different aging periods. The

pull-off strength was not significantly affected after 500 hours of aging. However, it was
increased by 17.7% dr6.9% after 1000 hours and 1500 hours of conditioning. Since all

the specimens had a debonding failure in the concrete substrate, the increment in the bond
strength could be attributed to the increase in the substrate strength due to the continuation
of the hydration process in a wet and warm environniatile 3-3 summarizes the result

of the pultoff strength measured for each specimen.
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Figure 3-14: Effect of the hygrothermal environment on the-pffllstrength
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3.4.4 Bond capacity

Singlelap directshear test was utilized &valuatebond durabilityof CFRRconcrete

joints inhygrothermabnd wetdry conditions Sixteen specimens were testeavaluate

the effect othe hygrothermal conditiorwhereaghe effect of the wetlry condition was
evaluatedy testingtenspecimensDIC technique was utilized to determitie strain
distribution on theCFRPstrip and subsequentlythefracture energyThe specimens were
named following he notation DSX_m_n, where DS indicated the type of the test (direct
shea), X referred to the type of the conditioning environment (H= hygrothermal, WD=
wet-dry), mindicated the period of the conditioning (0: no conditioning, 500 hours, 1000
hours, and 1500 hoursQ=number of the wetlry cyclesof the secondonditior), andn

referredto the number of the specimens within the group.

3.4.4.1Hygrothermal condition

Figure3-15 showsthefailure modes of the specimens. It can be noticed that most of the
referencespecimens have developed a debonding failure in the concrete substrate.
Nonetheless, an adhesive failure within the interface was also detettiedorm of

smallspotslocated closéo the free end a§pecimen DS _H 0 2.

Regarding the conditioned specimens, most of the specimens have developed a debonding
failurein the concete substrate like theferencespecimens. However, some specimens

such as DS_H_500 Have developed a mixed adhesive failure within the interface and
cohesive failurén the concrete substraté.can be noticed théihe area of the adhesive

failure in some of the conditioned specimens whghtly increased in comparison with

cortrol specimens which could be attributed to the effect of the hygrothermal condition
However,the bond strength wamot significantly affectedasit is going to bediscused in
thefollowing paragraphgndicating nodirectcorrelationbetween the areaf the adhesive

failure and bond strength.
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() (d)

Figure 3-15. CFRP-concrete interface failure mode, (a) control specimens, (b)
specimens conditioned for 500h, (c) specimens conditioned for 1000h, (d) spe
conditioned for 1500h

The loadglobal slip P-g) response of representatisggecimens is shown Figure3-16.
The specimens had a lineescending portiarit can be noticed that the stiffness of the
ascending portion has slightly incredsdter conditiomng. However,since this increment
falls within the scatter of the datajstconsiderednsignificant.At the end of this stage,
macro cracks were detectedthe CFRPconcrete interfageand the slop of the loadslip
curvestarted decresing, taking a horizontal patlandthe P-g response became non
linear.Figure3-16illustrates two pointen thehorizontalpartof the cuve. The first point
is P*, referringto the peakload recorded foa specimen. The load after this point usually

73



stareddecreasing anthke a nominal constant behavior. The aveadgbenominal

horizongl part is referredo asPcpty Which represents the loadrrying capacity of the
specimenPcpry was determined as the mean load within the global slip raage)(based

on theinstruction of Carloni et a{Carloni, Santandrea, & Imohamed, 20IMe slip

range ¢:-g2) of the loadP-g response refers to the part where the strassfer

mechanism was fully established and evaluated based on the strain analysis obtained from
the DIC technique which is going to be explainedantion3.4.5 For the specimens

tested withouthe DIC techniqugTable3-4), g1 was considesd as the point directly after

theP" while g2 is the point at the start ttielast ascending part of tiieg graph.Table

3-4 summarizethe values of th®”, averagepeak load ), Pcpy, average load capacity

(Pépn), 01, andgz for each specimen.

The effect of the hygrothermal environment on the average load capacity was presented in
3-17. CoV was in the range of 6.7%4.9%. TheP:pywas increased by6.3% after 500

hours of conditioning. After that, it started decreasing; yet it still higher than the value of
the control specimens by 8.8% and 4.8% at 1000 h and 1500 h, respectively. This small
increment in the average load capacity can be ascrilibd fmstcuring effect of the

resin(see sectiol.4.1) and improvement in theechanical properties of the concrete

going to be discussed section3.4.4.2 Finally, similar behavior was also reported in the
literature(Benzarti, Chataigner, et al., 2011; Teng, @peDai, & Chen, 2013)
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Table3-4: Effect of the hygrothermalondition on théond capacitypf CFRRconcrete
joints

Specimen ggﬁ?dg P P Pcpcy Pf:pcy O1 02 DIC
Name (hours) (KN)  (kN)  (kN) (kN) (mm) (mm)

DS HO 1 8.12 7.1 0.17 052 O

DS HO 2 0 682 76 6.13 705 038 046 P

DS HO 3 8.12 (6.92) 7.78 (8.39) 0.23 0.73 P

DS HO 4 7.64 7.18 053 074 P
DS H 500 1 10.33 9.87 026 071 P
DS H 500 2 500 709 866 6.66 821 023 048 P
DS H 500 3 9.35 (14.58) 8.78 (149) 057 092 P
DS H 500 4 7.86 7.54 020 058 O
DS H 1000 1 8.73 8.25 035 073 P
DS H 1000 2 1000 857 831 787 767 024 072 P
DS H 1000 3 8.24 (4.69) 7.7 (6.74) 022 062 P
DS H 1000 4 7.71 6.84 016 053 O
DS H 1500 1 7.35 6.87 016 035 P
DS H 1500 2 1500 691 779 662 739 015 050 O
DS H 1500 3 7.84 (10.36) 7.31 (11.2) 068 099 P
DS H 1500 4 9.07 8.76 022 051 P

* CoV reported between parentheses
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3.4.4.2Wet-dry condition

All thereference specimemsvedeveloped a@ebonding failuren the concrete substrate
as shown irFigure3-18a. However, small spotsf adhesivedebondingwithin the
interfacewererecognizedln comparison withreferencespecimen®sf thehygrothermal
condition the thickness of thdebonded concrete substratasthinner This difference
was attributedo thevariation inthe mechanicgbropertiesof thetwo concretebatches

(i.e., concrete compressive strength)

At the end of thevet-dry cyclesthe failure malewas shifted to madhesivelebonding
failurein the interfaceof the CFRPconcrete joinbr a mixed debondinfailure, as shown

in Figure3-18b. The change in the failure modeascribedo thealternatingeffectof

wetting and dryingwhichis going to be further discussed in fblowing paragapts. It

is essential to mention théne specimens were tested in a completely dry condition. They
were removed out of the chamber at the end of thedvyetycles and left in the lab

condition (25°C) for 2 to 3 weeks until they were tested.

DSWDO! DSWDO2 DSWDO3 DS WDO4

(b)

Figure3-18 CFRRconcr et e j oi nt s & -diyaycléesu(a)e
reference specimens, (b) conditioned specimens
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TheP-g response of theeferencespecimenss illustratedin Figure3-19a. Thespecimens
had an initial liner behaviomwhich startedshifting to nonlinear and tking a horizontal
path close to the peak valuEheP-g response of the specimens exposed tedmetycles
is presented ifrigure3-19b. Similarly, the specimens had amtial linearbehavior;
however some of the conddned specimens hadlowerstiffness such as DS_WD_5@
and 5.Moreover, the response started changing telmaar at a loweload value.
Nonetheless, the* andPcpyof theconditioned specimensasenot significantly affected
as shown imable3-5. The P¢pyy was increased b§%. Thisincremenis considered trivial

sinceit falls within thescatter of the datavhich was ranging betwe&éh5% and 6.3%.

The results of the watry conditiors implied that though wetlry cycles had apronounced
effect on the failure mode of the CFRBncretgoint, theydid not significantly influence
thebond capacity of the joinin other words, there isordirect correlation between failure
mode andond capacityThis controversiafinding could be attributed ttwo possible
hypothesesThefirst one is thatheaqueous environment hassumed theydration
processn the concret@risms leading tanincreasan their compressivetrength
Consequently, thiailure mode was shifted frothe concretesubstrat¢o theCFRR
concrete interface. This hypothesis wsapportedby theresults oftcompressive tests
performed orf00x100x100 mm cubes cut from thesmsutilized for singlelap direct
shear tests after being exposeth@wet-dry conditiors. The compressivstrength was
increasedrbm 38 MPa(for reference speciment 52 MPa(for conditionedspecimens
More studies with a higher number of cycles (around 200 to 300 cycles) are advised to
investigate this hypothesi§he secondhypothesiss thatwaterduringthe wettingphase
hassofteredthe epoxy viaplasticizationrand reducethe chemicalbondandthe
mechanical interlockingetween CFRP strip and concrete subs(i@¢m, 2015; Tuakta &
Blyukoztirk, 2011)Concurrently water droplethave replaced the epgy resinin the
voids ofthe substrateAfter exposireto wam air, the platicization process was reversed
andthechemical bondetween CFRP strip and concrete substrate was resttregver,
the mechanical interlocking was not restored which mighttiutedto thepresence of
water droplets in the voids since the drying process starts from outside to inside (i.e., from
the CFRP strip to the concrete substrate). Therettueepoxy resin could not fill again to

voids of the substrate.
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Figure 3-19 P-g responséor (a) referencespecimens, (b) specimens exposdtdovet

dry conditiors

Table3-5: Effect of wetdry condition on théond capacity of CFRIeoncrete joing

Specimen Number of P P Peoey Pépey 1 % pc
Name cycles (KN)  (kN)  (kN) (kN) (mm) (mm)

DS WD 0 1 8.36 7.81 033 092 P
DS WD 0 2 0 9.11 891 846 827 028 061 O
DS WD 0 3 928 (3.91) 857 (3.52) 0.46 1.00 O
DS WD 0 4 8.87 8.24 027 069 P
DS WD 50 1 9.99 9.46 023 084 O
DS WD 50 2 8.53 8.09 023 075 O
DS WD 50 3 50 10.14 9.26 893 851 034 132 P
DS WD 50 4 9.03 (6.44) 835 (6.28) 0.31 079 P
DS WD 50 5 9.03 8.39 039 091 O
DS WD 50 6 8.83 7.86 030 090 P
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3.4.5 Bond characteristics and facture energy

DIC technique was utilized to determine strain profile on CleBicrete jointsafter that,
bond characteristics and fracture energy of the interfacedetermined based on the

strain profile

Figure3-20a illustrateghetypical P-g respons@f the CFRPconcrete joints alongith

three points (i.e., A, B and C) spied onthe horizomal part of the curverigure4-21b
presents the typical experimental strainfile (§y) averagd alonga 10 mm strip width

within the center of the CFRP striphe cartesian system used to graph the strain profile is
shown inFigure3-6 with the origin point located at thieee point of the CFRP
reinforcementwhere thex-axisof Figure3-20b representshe bonded of the CFRP strip

The averagedxperimentabtrainprofile () was fited using the functioianguo Dai,
Ueda, & Sato, 2005)

5 (3-1)

p Q

Where A, B, and C angarameters determined using a Hdshg procedure of the
experimental strain profile. It is worthentioningthat there are some other functions
proposed by other researchéhéi -ahmad et al., 2006; Carloni et al., 201 it the
experimental strain profile; nonetheless, they did not have a significant effect on the

values of the CML anffacture energy.

Generally, he §y curve(Figure3-20b) can be dividednto three main zong€arloni et

al., 2017) The first one is th&tressFreeZone (SFZ) which is located at the free end of
the specimen. The value of tigin this region is around zero. The second one is the
StressTransferZone (STZ). In this zone, the stress is transferred from the CFRP to
concrete. The last one is thally DebondedZone(FDZ) and located aheloaded end of
the specimen. This region is debonded from the concrete supairdtinere is no stress
transfer. Consequently, STZ is the only region transferring stress between CFRP and
concreteFigure3-20c presents the behavior of the STZ nuged at different points

within the P-g responseRigure3-20a). As the value of thg increass, STZ moves from

the loaded end toward the free end. The global sliger@n-g.) was selected by
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specifying the first pointg) and the last poingg), where the STZ was fully developed.
In other words, poing: represergthe beginning of the debonding (the point where the

STZ was fully established) whibp refeisto thepoint where STZ rea@sthe free end.

Assuming a purerécture mechanic with modeéloading condition, the interfacial shear
stresst, and slips, can be determined by equilibrium and compatibility of the CFRP strip
(Ali-ahmad et al., 2@) Carloni et al., 2017)

e (3-2)

(3-3)

whereE: is the average elastic modulus of the CFRP coupoedch exposure period as
discussed in sectidh4.2 t; is the nominal thickness of the carbon fiber textile,(QeL.66

mm).

CML for the CFRRconcrete interface can be obtained by solvingaiiqns(3-2) and
(3-3) for the fitted strain values and combining them after fhigure3-20d presents the
CML determined at poinA of theP-g responseKRigure3-20a). Finally, the interfacial
fracture energy of the interfad@r, is calculated as the area under the CML curves:

O T i Qi &4

The fracture energysr, and load capacitycpty, for each specimen were determined as

the average value for 5 points of the response within the rangg:{g>).
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After determining th&r of the interface, the edttive bond length of the interfades,
(i.e., the length of the STZ) can be determined using the eq@#oloni ¢ al., 2017)

| (3-5)
|

o‘

‘ coo . -p
a — |
60 O Y

WhereB is a parameter determined based on best fitting procealiseggssumed equal to
0.96based orfCarloni et al., 2017)

Pa
1
==+ Lixp.
= litted at point A |
1]
B A | |
| e 1 SFZ I STZ , FDZ
. . | .
I | : .
. B I !
| 1 w | -
. ; !
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Figure 3-20: typical procedure utilized to determine bond characteristics ba:
on DIC technique, (a) typical-B responsgb) typical experimental and fitte,
(c) typical fittedUy at different global slip values, (d) cohesive material law
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3.4.5.1Hygrothermal condition

Figure3-21illustrates strain distribution on the CFRBncrete joint and adjaceconcrete
surface of the specimen DS_H_1500_4 at two specific points withi>-¢fresponse

where the stressansfer mechanism has fully developed. The strain profile has an S shape
(Ali-ahmad et al., 2006; Franzaat al., 2017with the highest value at the loaded end and
lowest value (almost zero) at the free ealexplained in the previous sectiés the

value of the global slipg) increased from 0.22 mnkigure3-21a) to 0.30 mmKigure

3-21b), strain values started increasing and moving toward the free end.

— 100

x[mm]

4 7 T / 7
180 0 T 5 3 ! =y P i
16 140120 100 80 g0 49 20 p 180160 140 120 g0 0 60 40 4 0
20

y [mm] y[mm)]

(a) (b)

Figure 3-21: strain profile on CFRRconcrete interface for the specimen DS_H_1500 4 at
slip of (a) g= 0.22 mm, (b) g=30 mm

The effect of the hygrothermal condition on ©kIL is illustrated inFigure3-22a. It can
be noticed that thimterfacialelastic sheastiffness ks (i.e., stiffness of the ascending
portion of the curveshas slightly increased after conditionifignis finding agrees with
theP-g responseliscussed in sectidh4.4.1and presented iRigure3-16, whichwas
attributed to the increase in the compressive strength of the concrete due to the
conditioning
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Figure3-22b illustrates the effect of the hygrothermal condition onaberageeffective

bond lengthfes (i.e., length of the STZ)f each exposure perioli.can be noticed that the

ferr was not significantly affected after 500 hours of conditioning; however, it was

decreased by 27% after 1500 hours. Since the failure mode was not changed, the decrease
in the effective bond length could be attributed to the increase in the interfdfnalsstiof

the joints due to the continuation of the hydration process for the concrete substrate.

Figure3-22c andd presenthe effect of hygrothermalonditionon the averagelebonding
strain Uha andGk, respectively They both éllow the same trend observed for @y
(Figure3-17). Uhaincreased by 14% aft&00 hours of conditioningvhile Gt was
increasedy 28.6%.After that they startediecreasingyetafter 1500 hoursf

conditioning Ghaxwashigher than the control specimens4$ while Gt washigher by

9%. Despite the scatteroticed in the resultshis minor variation in thebhaxandGr could
beascribedo the effect of the hygrothermal condition on the CFRRcrete joint.
Generally, i can be noticed that the scatter of the data was increaséd, fEspecially at

500 hourswhich is scribed tohe unavoidable margin of error accompanies the procedure
utilized to determiner using the DIC technique.

Theload-carrying of he joint carbeestimatedased orthaxor Gr using Equation$3-6)
and(3-7)(3-5), respectively(Jianguo Dai et al., 2005; TaljsteJournal, Publishers,
Engineering, & Engineering, 1996; Wu et al., 2002)

0 060 - (3-6)

0 ® c06"0 (37

Whereby is the width of the bonded CFRP strip.

Table3-6 summarizethevalues of thdoad-carrying capacitgstimatedvith Equatios
(3-6) and(3-7). The differencdetweerthevalues estimatedith thetwo equationsis
relativelysmall (around 1%)Nonetheless hiese estimated values were higher than the
correspondingexperimental resuli®cpty, by 69623% asshownin Table3-6. Carloni et
al. (Carloni et al., 201 7)eportedthatevaluatingthe elastic modulus of the CFRP strip

based on the thickness of the bare fifoer, tf) can overestinta loadcarrying capacity
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Regardlessf the effectof theelastic modulusthe main reasofor the difference between
the estimated load valsandcorresponding experimental resuighatEquations(3-6)
and(3-7) do not consider strain variation along the width of the interfieesthey
consideryy corstant along the wid)h Nevertheless, studi¢Benvenuti, Orlando, Ferretti,
& Tralli, 2016; Carloniet al., 2017emphasize thdly is constant only within the central
part of the CFRRoncrete interface and it depends on the ratio of the width between
CFRP and concrete substrafgure3-23illustrates the variation ofjy across the width of
the interface and at different locations along the bonded lengik @oint of specimen
DS H_1500_4. It can be noticed that the value ofhat the edge of the interface is

lower than n the center.
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Table3-6: Effect of hygrothermal condition on bond characteristics

Condii | ot G . bt =
. on c eff ° ° F 1 e
SpecimenName oo () mm) P g@wt (umm) N Ky
cycle) (%)
DS H 0 2 6.13 87 0.0044 7.65 0.35 7.72 21
DS H 0 3 NA 7.78 76 0.0048 8.32 0.41 8.41 7
DS H 0 4 7.18 110 0.0054 9.28 0.51 9.34 23
DS H 500 1 9.87 97 0.0064 10.63 0.69 10.64 7
DS H_500_2 500 6.66 90 0.0043 7.13 0.31 7.19 7
DS H_500_3 8.78 100  0.0061 10.03 0.62  10.07 13
DS _H_1000_1 8.25 68 0.0055 9.61 0.53 9.62 14
DS_H_1000_2 1000 7.87 83 0.0050 8.83 0.45 8.86 11
DS _H_1000_3 7.70 90 0.0054 9.50 0.52 9.54 19
DS_H_1500_1 6.87 69 0.0051 8.83 0.46 8.91 23
DS H 15003 1500 7.31 54 0.0048 8.22 0.40 8.33 12
DS H 1500 4 8.76 73 0.0054 9.28 0.51 9.36 6
0.01
= y=1373mm == y=1169mm —# y=90.6 mm
®— y=120.5mm y=100.3 mm == y=80.8 mm
0.008 - A— y=122.7mm
0.006 -
W 0.004 -
0.002 -

_ Strip width

0 20
X |mm)]

Figure 3-23: variation of (Jy across the width of the CFR®ncrete interfacand at

different locations along the bonded length.
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3.4.5.2Wet-dry conditions

Figure3-24 compares the experimental and fitted strain profile averaged along 10 mm
width within the center of the CFRP strip of specimen DS_WD ahdépecimen
DS_WD_50_4Strain profiles have S shagpeith the higheststrainvalues at the loaded
end and lowest valgat the free endf thejoint. It can be noticethatthe shape of the
fitted strain profile was changed after conditrapwherethe stiffnessof the STZ was
decreased; howevats lengthwasincreasedFurthermore, the value of the debonding
strainat the FDZwasslightly increasd. Thesechangediad anoticeablanfluenceonthe

shape of the CML ansubsequently bond characteristics.

0.01

-=~-Exp.DS WD 0 4

= Titled DS_ WD 0 4
0.008 - - = Exp.DS WD 50 4
— Fitted DS WD 50 4

0.006 -
W 0.004

0.002 A

- N 'Y “ v
0 25 50 75 100 125 150 175 200
y [mm]

Figure 3-24: comparison of the strain profile for specimens DS WD _0_4 and
DS WD 50 4.

Figure3-25 compares the average CML of the reference spawmnwithconditioned
specimens. As previously predicted, the shape of the CML was changed after
conditioning where the interfaciadlastic sheastiffness ks, was decreasedrurthermore,
the interface started softening at a lower shear stedgs. These two findirgyeasonably
agree withthe P-g response of the joint discussed in sec8ah4.2and ascribed to the

change in the failure mode.
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Figure 3-25: effect of wedry cycles on the bond characteristics

Table3-7 reports thdes of the reference and conditied specimens &valuated based on
Equation(3-5). As implied from the length increment of the STRgure3-24), thefer was
increased by 51% after exging to the wedry cycles.

Table3-7 alsopresentsghe effect of the wedlry condition on th&r. After exposireto
wet-dry conditiors, Gt was only increased Mf6. Nonetheless, since this increment falls
within the scatter of the data, which was in the rasfge11%, it is considexd

insignificant Although the stiffness of the CML was decreased after conditioning, it can
be noticed fronfFigure3-25that the area undéne CML curve was not significantly
changed due tanincrease in the effective bond lengtiihe value ofanax 0f each

specimen was r@pted inTable3-7. Uhawas increased b§.8 % after conditioning;

however, the CoV was around 5#aplying trivial change.

The loadcarrying capacity of the joints before and after conditioning was estimated using
Equationg3-6)and(3-7) and reported iTable3-7. As noticed in sectio8.4.5.1 the
estimated values were higher than the experimental results by 4% tairicEkquations

(3-6) and (37) do not consider strain variation along the widRlyure3-23).
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Table3-7: Effect of wedry condition on bond characteristics

Conditi 5 | ||_|‘-a+ o ":“ ||-J”|=_<
: on c eff ° ° F 1 e
SpecimenName (oo ()  (mm) % @yt vmm) gt
cycle) (%)
DS WD 0 1 NA 7.81 41 0.0052 8.92 0.52 9.03 14
DS WD 0 4 8.24 45 0.0049 8.42 0.42 8.54 4
DS WD 50 3 8.93 64 0.0055 9.48 0.50 9.59 7
DS WD 50 4 50 8.35 65 0.0055 9.48 0.52 9.59 13
DS WD 50 6 7.86 66 0.0050 8.54 0.46 8.67 9

3.5 Numerical modeling using finite elemers

The numerical study presented in this part of the research includes a simulation of the
singlelap directshear test of the CFRgdncrete joint presented in secti®3.2 Themain
objectiveis to calibratea numericamodelso it could bemplemented irafuture

parametric study aiming the evaluate dfiect of different concrete strength and FRP

materials.

The CMLsevaluated experimentalbreutilized hereto define the inputs afaction
separatiotaws between the master an@ee surfacewhich isused to replicate the
behavior of thavholejoint. Threeparameterareutilized to definetractionseparation
laws (i) interfacialelasticshear stiffnesks; (i) maximum shear stressnax (iii) fracture

energy Gr.

The behavior of the joins simulated using commercial softwakbaqus Subsequently,
the accuracy of the modi validated by comaring thesolution of thenumericalmodel
with experimentatesultsin terns of failure load P-g response, straidistribution and
debonding strainThe results indicated that the modeuld reasonablsimulate the

behavior of theCFRRconcrete joint under hygrothermal andt-dry conditions.
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3.5.1 Geometry and material properties

Since a 2D model can reasonably simulate the CE@Rrete join{Chen,Teng, & Chen,
2010; Tao & Chen, 2014it was adopted in this reseaitcireduce the computational
effort. The geometry of the model mimicked the sidgle shear test of the joint. The

modelis assembledh two parts. The first part simulated the cagterprism withalength

andheight of 250 mm and 50 mprespectively The second part replicated the CFRP strip

with alengthand thicknessf 200 mm and 0.166 mriigure3-26illustrates the parts of

the model.

An elastic isabpic material was utilizetb simulate the behavior of the concrelee
elastic modulus was determined frdine compressive strength of@abatch as reported
in section3.3.1usingthe formula(CEB-FIP, 2010)

a7 (3-8)

O | & 8 8—

p T
WhereEq = 21.5*1F¢ MPaq ae is 1.0 forquartzite aggregateinis concrete compressive
strengthattheage of B days;ai is a reduction factor depends on the concrete
compressive strength and can be determusauythe equation:
(3-9)

@ TR — st
gy P

Although CFRP strip is characterized with an orthotrtyg@bavior (involving
unidirectional fibers), in the current model, it only behaves in the longitudinal direction;
therefore, it was modeled as a linear elastic isotropic materiahwl3 for the purpose
of simplicity (Arruda, Firmo, Correia, & Tiago, 2016Jhe average values of the elastic
modulus presented Figure3-12b are used here for the CFRP strip
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Concrete prism

Figure 3-26: Model parts and boundary conditions

3.5.2 Boundary condition, loading, and type of analysis

A fixedboundary condition was imposed the bottom and side fagef the concrete
prism as shown irfFigure3-26. This boundary condition was intended to prevent the
prism from movement and replicatiee test setupThe pulling load at the end of the
CFRP strip was simulated withe displacement boundary condititihatwas applied at
theloadedend of the CFRP sfr, as illustrated irFigure3-26. Since the loading speed
utilized during the experimental campaign was relatively slow, a general static@an

analysis was utiied to simulate debonding of the CFRP strip from the concrete prism.

3.5.3 Contact interface, element type and mesh characteristics

In the current modethe interaction betwee@FRP strip and concreseibstratavas
modeledusinga surfacebased cohesive behaviwhich is defined based on ttraction
separation lawSurfacebased cohesive behavisrintended tonodel interfaces with
negligible thicknes¢ " Abaqus Do c u masirttetaseohthedCFRP0 1 8 )
concretgoint. Furthermore, itan simulateéhe delaminatiorbetween the CRP strip and

concretesubstrate.

The tractiorseparation modeh Abaqusadoptsan initiallinear elastic behavior followed
by theinitiation and &olution of damageas shownn Figure3-27. The linear elastic
behavioris writtenusingan elastic constitutive matrix thedrrelates the normatressand

shear stress tihe normalseparatiorand shear separatiorespectivelyacross the
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interfacethroughelastic constitutive matrix K A Abaqgqus Documdhet at i

cohesive behavidor atwo-dimensionamodelis expressed using the equation:
o 5 : y 01 (3-10)

Wheret is the tractiorvectorwith its normal componer(t,) and shear compone(tf); dis
the separation vector and its correspondiognalcomponentdh) andshear component
(@). In the current modethelinear elastidoehavior of theéractionseparation lavior the
case of the shear componéiit) wasdefinedusingthelinear elastic branch of the CMLs
(i.e., interfacial elastic shear stiffnekg, which wasdeterminedrom the experimental
campaign Figure3-22a andFigure3-25). However, the value of thi€,, was assumed to
be much higher thakkss(in this reseanh, it is assumed to be two timiés) to ensure a

dominant shear behavior (i.e., meldidoading condition) Finally, Kns andKsn usually are

Zero.

Traction

1 Separation

Figure 3-27: traction-separation model adopted by Abaqus

To simulateébond degradation and eventuallgbonding failuren the CFRPconcrete
interface,adamagemechanisnwasdefined which consists ofwo componentsa damage
initiation criterion and a damagwolutionlaw. Damage initiationrefersto the onsetof the
degradation procesd the cohesive responagéthe contact poinfDamage initiation can
be definedusingseverakriteriasuchasstress, separation, and othersthiacurrentwork,
it was defirredbased orthe maximum stress criteri@ssuming thalamagas initiated

whenthe maximum contact stress ratio becamebased orthe formula
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(3-11)

Whereo isthepeak value of th&actionin a directionnormal to the interfac® is the
peak value of th&actionin apurely shear directiofFigure3-27). Thevalueof 0 is
definedusingthe maximunshearstresstmax obtained from the CMLmeasured
experimentallyFigure3-22a andFigure3-25). Similarly, to ensure a dominant shear
behavior, the value of the is assumed to be much higher thar(it is assumed o in

this research).

The damagevolution law explainshe rate at which cohesive stiffnesslegraded when
thedamage initiation criterion is reachéd.Abaqusthe overall damage at the contact
point is representedith a scalar variabl® whichinitially hasa0 value.The value oD
progressivelyncreaseso 1 as the loaturtherexceed thedamage initiation criterion.
The contact stress componeateinfluencedby the damageaccording to the formulas:

p oo o m

© o £ T 00 DG Q0 (3-12)

0O p O (3-13
Whered| anddl are thenormal and shedractioncomponentsrespectivelypredictecby
the elastic tractioiseparation behavidor the currenseparatiorwithout danage In the
current modelthedamageevolution is definedising thefracture energyGr (energy
dissipateduntil failure), determined from the expenental campaignTable3-8 reports
the values oks, fmax, andGr determined from the experimental campaign and utilized to

define thetractionseparation laws in Algaus.
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Table3-8: Input and output of the numerical analysis

~ . [T
. ks ks Imax lFax Gr Gr "'_OVIE PCPW :ro 0 um

Specimen o fmm) (MPa/mm) (MPa) (MPa/mm) (N/mm) (MPa/mm) (kN) - (kN) ((J(];)-_' Y
DS HO2 97 34 0.35 770 613 23 0.0043
DS HO03 121 93 43 3.7 041 042 841 7.78 7 _ 0.0046
DS HO4 60 3.3 0.51 9.34 7.8 23 0.005
DS H 500 1 72 43 0.69 10.90 9.87 9 0.0064
DS H 500 2 85 76 3.2 3.8 031 054 _7.37 6.66 10 _ 0.004]
DS H 500 3 71 4.0 0.62 10.32 878 15 0.006d
DS H 1000 . _ 150 55 0.53 959 8.25 14  0.0054
DS_H_1000 : _ 87 105 _ 3.8 4.4 045 050 883 7.87 11 0.004¢
DS_H 1000 { 77 4.0 0.52 9.53 7.70 19 0.0054
DS_H 1500 : 145 4.9 0.46 8.94 6.87 23  0.005
DS H 15003 _ 203 151 56 5.0 040 046 836 7.31 13  0.0044
DS H_1500 4 _ 104 4.6 0.51 9.40 8.76 7 _ 0.005
DS WD 0 1 444 8.9 0.52 942 7.87 16 0.0053
DS WD 0 4 438 44l 39 8.4 042 94 51 824 3 0.004d
DS WD 50 ¢ 183 5.7 0.50 9.27 893 4  0.0053
DS WD50 4 183 181 57 5.6 052 049 9.42 835 11  0.0053
DS WD 50 € 176 5.3 0.46 891 7.86 12 0.005]

ks= interfacial elastic shear stiffness of the CF®crete interfaceks = averge interfacial elastic
shear stiffnessima= Maximum interfacial shear stregsa—= averge maximum interfacial shear
stress Ge= interfacial fracture energy3s= average interfacial fracture energy; = load
carrying capacity estimated based on the numerical mBggt loadcarrying capacity of the
CFRRconcrete jointg"™= strain estimatedumerically on the CFR strip

Finally, a quadrilateral element (CPS4) was utilized to mesh both CFRP strip and
concrete. Mesh size of 1mm element length was, @seshown irFigure3-28. The size
of the mesh was chosen after performing a sensitivity check on the effect of the mesh size

on the obtained result.

Figure 3-28: Mesh of the finite element model
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3.5.4 Numerical result and discussion

In this section, the results obtained from the numerical agsaére presented and
validated with the experimental results in teiwhloadcarrying capacityP-g response,
straindistribution and debonding straid\fter that, theP-g responsef the CFRP
concretgoints under the effect of the hygrothermal and-@st conditiors is simulated
based on the determined average vati€3MLSs.

Table3-8 reports the values of the loadrrying capacity estimated by the numerical
model 0 . The relative difference between the estimated values and the experimental
values Pcpyy, is in the range of 3% to 23%. This rangmsiderablyequas to the

difference noticed between tReyyandd , estimated based &vy(3-7) and reported in
Table3-6 andTable3-7. Consequently, the divergence of the numerical résattributed

to the same reasanentionedn 3.4.5.1 where tle model does not congidstrain

variation along the width (i.ewidth effect) since it is a 2D model.

Figure3-29a compareshe P-g response simulatealith the numerical model to the
experimental result obtained for specimen DS_WD_0_4. It can be noticed that the

numerical modeis in good agreememtith the experimental behavior.

Figure3-29% compares strain distributiolf) on the CFRP stript differentg values

estimated from the numerical model with the fittegderimental values measured witie

DIC techniqudor specimen DS_WD_0.4 he numerical values are shown as continuous
lines; nonetheless, the experimental values are presented as dotted lines. The comparison
of the results indicatesraasonabl@agreemenbetween the numerical and experimental
values.Furthermoreit can be noticed that the three zones of the strain distribution (i.e.,

fully debonded zone, stressmnsfer zone, and strese zone) are fully developed aga
0.14mm. Subsequently, the strdinsfer zone selfanslates toward the free end of the

joint with the propagation of the debonding process agtimereases until full debonding
occurred ag= 0.82mm.
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Figure 3-29: Results of the numerical analysis for specimen DS_WD_0_4, (a
comparisorof the Rg response(b) axial strain distribution on CFRP strip

Figure3-30illustrates the absolute strain distribution in the CHRRcrete joint and the
development of the debonding process for specimen DS_WD_0 4 at differanes. At
agvalue of 0.14 mm, thEFRRconcrete joint has already attained the bond capacity (i.e.,
0  =8.51kN) and debonding was already initiated at the loaded end of the CFRP
concrete joint, as shown Fgure3-30a. Concurrently, the strain at the loaded end has
reached the debonding value (i€'"=0.0049) as presented kigure3-30a andFigure

3-2%. Comparing the debonding strain obtained from the numerical model with the value
measured experimentally and reporfedble3-7 shows them equal. As tlygfurther

increased to 0.42mm, the load and strain at the loaded end of the joint did not further
increase because they have alreaitlyined the maximum debonding values. However, the
debonding process continued propagating toward the free end of thedORE®te joint

as illustrated ifFigure3-30b andFigure3-29. Table 3-8 reports the values of the

debonding strain estiated numerically "™ for each specimen. In comparison with
experimental values reportedTiable3-6 andTable3-7, the estimated numerical values
showed a considerable agreement where the relative difference was less than 6% for most

specimens. Based on the presented discussion, it can be noticed pinaptsed
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numerical model can reasonably simulate the experimental behavior of thecGREtBte
joint.

E, Max. Principal (Abs)
(Avg 75%)
0.0049

0.0045
0.0041
0.0037
0.0032
0.0028
0.0024
0.0020
0.0015
0.0011
0.0007
0.0003
-0,0002
E, Max. Principal (Abs)

Loaded end
(AvD: 75%)

b)

0.0043
0.0037
0.0032
0.0028
0.0024
0.0020
0.0015
0.0011
0.0007
0.0003
-0.0002

Figure 3-30: Maximum absolute strain distributidor specimen DS_WD_0 at
various global slip gralues(a) g= 0.14 mm (b) g= 0.42 mm

Figure3-31 andFigure3-32 compare thé-g responsgsimulate numericaly using the
average parameters reported able3-8 with anenvelopeof theexperimentatesponse

under the effect of the hygrothernaadd wetdry conditiors, respectivelylt can be

noticed tkat thenumerical modetan reasonably simulate the ascending part of the curves.
However, the model has overestimated the bond capacity for some conditions because it

does not consider the variation of the load along the width ohtedace.
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Figure 3-31: P-g response of CFRBoncrete joint under hygrothermal condition
reference specimens, (b) 500 h of conditioning, (c) 100Gbrafitioning, (d) 1500
h of conditioning
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Figure 3-32: P-g response of theFRP-concrete joint under wedry condition, (a)
reference specimens, (b) conditioned specimens
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Chapter 4: Durability of FRCM-masonry joints under

the effect of wetdry cycles

4.1 Durability of the FRCM composite

FRCM has been proposed as an alternative to the FRP composite for repairing and
strengthening structures and especially masonry strgatueeto its compatibility,
sustainability and reversibility. Nonetheless, there is limited information available in the
literature on the durability of this strengthening technique. Glégptempresentan
experimentastudyutilized to investigate theffect of the wetdry cycles on the durability
of the FRCM compositeexternally bonded to masonry blocksirthermorethebehavior

of the FRCMmasonry joing analytically modeled using a trilinear CMLhe wet-dry
condition was investigatin this partof the researchkinceit was notconsidered by the
(Consglio Superiore dei Lavori Pubblici, 201Blke other environmentsuchas
hypothermakondition

4.1.1 Materials and specimers assembly

Three FRCM composites and one SRG composite were studied in this pantesetieh

The first FRCM composite was made of carbon texRleregdd, 2019a) as shown in

Figure4-la The thickness and the width of a single fiber bundle (also refar@slyarns)

t* andb*, respectively, are reportéd Table4-1. The bundles were spaced from each

other by 5 mm in both longitudinal and transversal directibhs.mechanical properties

of the textile veremeasured by Cal abr es e, D6OANntinoand Col ombi |
reportedn Table4-1. The second FRCM composite was composed of PBO textile

(Ruregold, 2019h)s presented iRigure4-1b. The bundlesverespaced at 5 mm from

each other in the longitudinal direction and 20 mm in the transversal diréidtien.

mechanical properties of the textilergevaluated by T . D6ANntinaod et al .,
presented iTable4-1. Bothe carbon and RBtextiles wereembedded inside a cement

based matriXRuregold, 2019b)Mechanical properties of the matriseaeported inTable

4-1. The third FRCM composite was recently developed by Sika and comprised of AR

glass prampregnated with resin shown kigure4-1c and bonded to the masonry
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substrate using a cemdvdised matriXSika, 2019) The bundles were spaced from each
other by 17 mmboth in the longitudinal and transversal direcsiofhe diameter of each
bundle,d*, is1.11 mm as reported iTable4-1. The tensile strength and elastic modulus
of the ARqglass textile were obtained by 9 tensile tests on specimens comprising 3
longitudinal (se Figure4-1c) yarnsaccording tqConsiglio Superiore dei Lavori

Pubblici, 2018)as reported iTable4-1. Finally, thefinal composite was SR@&hich is
composed of unidirectional stainlesteel cord¢TCS, 2020bembedded imatural
hydraulic lime NHL XTCS, 2020a)Figure4-1d illustrates theonfigurationof the

textile. The cordsverespacedrom each other by 5 mmand the diameter of each steel
cordwas 1 mm as presentedTiable4-1. Mechanical characterizations of the texdite

preseted inTable4-1as reported by the manufacturer.

mw [ R

s 5 | i Sy
a4 ¥ MMEM’M‘ |
- :“)fﬂ'i*ﬁmm {

“IMHW‘I

a8 8 W m'mllwﬂl

(@) (b) () (d)

Figure4-1: FRCM fabrics and meshes; (earbon fabrig (b) PBO fabric (c) AR-glass
impregnated with resin(d) stainless steel mesh
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Table4-1: Mechanical properties of thextiles and matrices

Composite Textile properties Matrix properties
d b* t* f Er Q fe fr Ed
[mm] [mm] [mm] [MPa] [GPa] [MPa] [MPa] [GPa]
Carbon FRCM - 5 0.094 1944 203 0.0095 25.0 6.1 >7.9
PBO FRCM - 5 0.092 3014 206 0.0145 25.0 6.2 >7.5
Glass FRCM 1.11 - - 874 65 0.0134 220 6.0 ~ 7.6°
SR@ 1.01 - - >2000 210 - 10.0

b = providedby the manufactured*= diameter of a single fiber bundlg®= width of a single
fiber bundle t* = thickness of a single fiber bundfes tensile strengtbf textile, E: = elastic
modulus of the textilely= ultimatestrain;f. = compressive strength of the matfix flexural

strength of the matrixg; = elastic modulus of the matrix

The FRCM composites and SRG composites were externally bonded to masonry blocks.
Fourteermasonry blocks of the dimensid20 mm x 125 mm x 380 mmere constructed

in this research. Eachdek was assembled of 6 hddficks(Terreal Italia San Marco,

2018)bonded to each otharith a10 mm joint ofcemerntbasednortar(FASSA

BORTOLO, 2019)as shownn Figure4-2. The compressivstrength, splitting strength,

and modulus oélasticity forthe bricks were determinedinD6é ant i no, Sant and
Carloni, 2020y testing cylinders cored from the bricks and were 20.3 MPa, 3.12 MPa,

and 7300 MPa, respectivelgowever, the compressive strength ofrii@tarwas 2.5

MPa as reporteldy the manufacturer.

After assembly, thewere placed inside a chamber at®€5and 90% RH for 28 days to
assureeompletemortarcuring. At the end of the curing period, each nmagdlock was
externally bonded with three FRCM or SRG composites, one composite on each face
except the face with cFigure4-2). The composites were applied at8 from the

edge of the masonry block to avoid edge failure due to the stress concentration. The
bonded length of the composite was 300 mm and selected to be longer than the effective
bond length reported in previous studie® 6 Ambr i si ,ciF,e 020 1& ;FoTc.acDOo .
et al., 2014pand recommended by tht@lian initial type testing proceduf€onsiglio

Superiore dei Lavori Pubblici, 2018)he width of the compags was 50 mm and

selected to include multiple bundles for each textile where the nuwhtiex bundlesn)

was 5 for carbon, 5 for PBO, 3 for Adfass, and 7 for stainlesseel. Before applying
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each composite, the surface of the masonry block was pyrapeisturized to prevent it

from absorbing the water of the matrix. A thin layer of 5 mm thickness, as recommended
by the manufacturgRuregold, 2019b; Sika, 2019; TCS, 202@@3s first applied on the
masomy surface. This layer was referrexas the internal layer of the composite. After

that, the textile was applied over the internal layer and gently pressed on it. The textile
was also extendday 20mm from the free end (i,éhe end opposite to the lcadiend of

the textile). This extension was used to monitor the slippage of the matrix at the free end
(sr). Finally, another thin layer of 5 mm thickness was applied over the textile. This layer
was referredo as the external layer of the matrix. Aftepapng the composites, the
specimens were cured inside an environmental chamber@t@td 90% RH for 28 days.
Ten specimens were prepared for each type of composite. Four of them were tested at the
end of the curing period and considered as refereremnspnswhereas the remaining six

specimens were exposed to 50 successivalvyetycles.

Figure 4-2: assemblyf the FRCM specimens
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4.2 Conditioning environment

As mentioned in chapténree there isno specific standard to perform wety cyclesfor
FRP and FEM. Most of the studiems the literatureon FRCM durability (Donnini, 2019;
Franzoni et al., 201 Have adopted labgts to determineghewetting and drying period
similar to the FRPFor instance, Donni et al.(Donnini, 2019)utilized two days of
wetting followed by two days of drying in a ventilated oven &6(in et al.(Yin et al.,
2019)performedl2 hours of wettindollowed by12 hours of drying both at room
temperature. Franzoni et.gdFranzoni et al., 201 fhentioned that 8 hours @ adequate
periodto saturate masonry blocks externally strengthened with FRCM via capillary
absorption. In the drying phase, specimens are placed in a ventilatedtd®9C for two
days.

The system discusdén section3.1.2wasalsoutilized hereto perform wetdry cycles.
Similarly, the specimens were also exposed to 50 cycles efliyeEachcycle consisted
of 6 hoursof completemmersion in water followed by 18 hoursdrying, which is
selected basenh preliminarytestsperformed omepresentativepecimengomposed of
two half bricks bonded to each other with one layer of madsxshown ifFigure4-3a.
The purpose of thpreliminarytests was taetermine the period requireddaturatethe
representativepecimerafter being immersed in watéfhe weight of the representative
specimerwas repeatedlyneasuredo determine the period required to reach to the
saturation status'he specimehas become relativebaturated after 4 hours of wetting
where the increase its weightby this periodspecimen wakess tharR grams. Similarly
for the drying phase, the weight of the specimen was continuously monitored after placing
it inside the dying chamberand the specimen lostost ofthe gained weight after 17

hoursof drying at 50C.

Unlike the FRPsituation the temperature of thehambemas fixedat 50 °C during both
the dryingand wetting phasgas shown witlthered curveof Figure4-3b. This procedure
was adoptethecause the specimeregjuireda biggerchambethatwas notable to
alternateaemperatureluring thewetting and drying phaseThe temperatura the
containeywhere the specimens were gagainside the chambgewas also monitored using

athermocoupleas shown witliheblue curve ofigure4-3b. At the start othewetting
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phasethe water wapumpedo the container insidine chamberinitially, the
temperature of the wataras around 28C; however when itbecame in contact with
specimenswhich were alreadwarmfrom the drying phaset startedequalizingand
increasedo 28 °C. Subsequently, the temperature of the water started incréesiagse
of the warm air inside the chamtzerd the warntemperature of thepecimensintil it
became37 °C at the end of the wetting phasé the start of the drying phase, the water
waspumped outof the container in thehambeicausingthe temperaturaside itto drop
rapidy to 35°C. Subsequently, the tgrarature of the ain the containemcreasedo 42
°C. The temperature of the air inside the contagoetinuedncreasing with proceeding

the drying phase until it becard® °C at the end of this phase.

60
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50 F - \ Zons' e V-
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Date
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Figure 4-3: wetdry conditionfor FRCM, (a) representative specimens, (b)ast cycles

4.3 Direct shear sngle-lap test

Singlelap directshear test Figure4-4) wasutilized to investigate bongerformanceThe
specimens were restrained between two steel plates connected by fowedhraesd he
end of theextile mesh was bonded with two steel tabs to facilitate its gripping to the
testing machine. A serviaydraulic universal testing machine was utilized to apply the
load at a rate of 0.2 mm/min at the end oftthaile. The slippag of thetextile meshout

of the matrixwas measured relative to the adjacent substrate usiagr Variable
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Displacement TransduceisMDTs). Two LVDTs (A and B) were utilized to measure the
slippage of the textile out of the matrix close tolteded endqupper side) of the
specimengas shown irFigure4-4. The average slip measured by these two LVDTs is
called the global slipy. In addition, there wereno other LVDTS(C and D)attached

close to the free end of the specimens (bottom side) useddaithe slippage of the
textile to the matrixvhen the debonding reach close to the free enctaltet free end

slip, s-. The LVDTs acted against two anglasunted on the loaded and free ends of the

textile mesh as shavn in Figure4-4.

Steel tabs

Textile

L-shaped
aluminum plate

LVDT A = 7 LVDTB

Lower L-shaped

() (b)

Figure 4-4: Singlelap shear test(a) sketch of the setugn) (photoof specimen
DS_300_50_C_R3with thereference system

4.4 Resultsand discussion

At the end of the wedlry cycles, the dry specimens were removed out of the chamber and
left in the lab temperature (2€) for one weekafter that, they were tested in the dry
condition. The specimens were named followithg notation DS_300 50 X Y i, wie

DS referred to the type of the test (Direct Shear), 300 indicatdzbtivedength of the
compositg(in mm), 50 indicated théondedwidth of the composite:, X referred to the

type of the composite (C= Carbon, P= PBO, G=@Rss, and S= SRG), Y mfed to

107



the conditioning statues (R= Reference specimens, C= Conditioned specimens), and i

referred to the number of the specimen.
4.4.1 Visual inspectionand failure modes

At theend of the conditioning period, specimens were visually inspected to deteanyin
changesSmall spots of salccumulation irtheform of efflorescence were detected on
thematrix, bricks and mortaras shown irFigure4-5. Since the water used to condition
the specimens wdsp water withoutor with a relativelylow salt concentratiarit was
implied thatsalthas already existed in small concentration withia titilized materials.
Small st accumulation was alsabservedn the matrixsubstrate interface after
debonding. It issentiato mention that no signs of see@leterioration irthe form of
flacking or crumbling weréetectedn the composites or tmeasonry bricks. i@&ilar

finding was also reported by Franzen al(Franzoni et al., 2017)

Fourfailure modes weraoticed in the tested specimeifs. differentiate each mode from
another, they were named following the notatigrwhereld referred to the failure mode
(D= Debonding failureR= Rupture failure within fiber, ankl= Mixed failure mode), and
subscriptZ referred to the position of failufen=within the matrix,s=within the substrate,
ms=at the matrixsubstrate interface, amaf=at the matrixfiber interface)Figure4-6
illustrated the four failure modes developed in this study. iFeEfdilure mode was a
debondingn the matrixsubstratenterface Dm¢ (Figure4-6a). The second mode was
debondingn the matrixfiber interface Dnr), which was characterized by slippitige
textile out of the matriXFigure4-6b). The third mode was a mixed failure of debonding in
the matrixfiber interface followed by textile ruptur&DmRR), as shown irFigure4-6c.
Finally, thelast failure mode was a mixed debonding failure in the matrbstrate

interface and matrifiber interface IDmDms), as shown irFigure4-6d.
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(@) (b) (c)

Figure 4-5: Salt accumulation in specimens, (a) DS _300 50 K (M)3)S 300 50 P_C #)
DS_300 50 C_C 4

- . £ ——— =
Matrix ] Textile ] [ Matrix ‘Textile [ Matrix lTextile “Matrix I TextileJ
(a) (b) © (d)

Figure 4-6: Failure modes, (a) debonding within the matsixbstrate interface (Dms), (b)
debonding within the matr#ber interface Pmf), (c) mixed debonding within tmeatrix-
fiber interface and fiber rupture (MDmMfR), (d) mixed debonding failure within the mat
substrate and matrikiber interfaces (MDmfDms).

4.4.2 Bond durability of carbon FRCM -masonry joints.

Two failure modes were observed in the reference specimiadirst and most common
mode wa®Pnms, which was developed inspecimensThe second mode wdDmDmsand
developed in specimen DS_300 50 _C_R_1. It was initiated by slipping the textile out of
the matrix; subsequently, a crack was developed imitidle of the compositas shown

in Figure4-7a. After that, the upper half of the composite was debonded from the substrate
while the lower remained bonded as thditexcontinued slipping out of it. After

conditioning three failure modes were noticed. The first mode Dvaswhich was

developed in DS_300 50 C_R 2. The second mode was a brittle failDikg (6fgure
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4-7b) andobservedn specimens DS_300 50 C R_1 and 4. The last mod&DasR,
which wasnoticedin specimeaDS_300 50 C R ,%and 6

Figure 4-7: Failure modesf carbon FRCMmasonry jointga) mixed debonding failure
(MDiDms) for specimen DS_300_50_C_R_H),debonding with the matrigubstrate (39
for specimen DS_300 50 C C_ 1
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Table4-2 reports the failure mod&M, of each specimen. In addition, tresults of the
peak loadP”, corresponihg average peak lod, ultimatestresss”, andcorresponding

averagalltimatestresss *-were also reportedheultimate stress” was determined using
Eq.(4-1):

5 Z

, V] (4-1)
"R E
wheren is the number of longitudinal yarns within the composite strip widtls the
thickness of textile bundles as reported able4-1; b* is the widthof the bundg.

Applied load global slip P-g) response and shear stragsbal slip (-g) response are
shown inFigure4-8. In addition, the applied load vsee end slipP-s-) and shear stress
vs. free end slopstsr) arealso presentedith a dotted line wheneverliias existedAll
thereference specimens presenteéigure4-8a had approximately an initial lineBrg
responseAs the load increased and apprcatine peak value, the stiffness of g
curves started slightly decreasing due to the slippage of the textile bundles out of the
matrix. However, the load continued increasing until it reached the peak value due to the
friction (interlocking)between the matrix and the textile. At the peak load v&8li& has
already reached the free end of the composite, as confirme®-sitfFigure4-8a). After
that, the load started softening and gradually decreasing untédigeial applied load
attained Figure4-8a). At this pointthetextile has completely debonded from the matrix

and friction was the only load transfer mechanism.

Figure4-8b present®-g, s-g, P-s-, ands-s- responses of the conditioned specimens.
Similarly, all the specimens had an initial lin€ag responseBoth DS _300 50 C C 2
and 6 had a comparable respottsthe reference specimemtowever,for specimen
DS_300 50 _C_C_@hes- wasdeveloped aftelP-g responsdiad alreadydecreasd

which could possibly indicate the developmentiloér ruptureinside the composite
beforeattaining thess. Furthermoreit can be noticed that the value of #és relatively
smaller tharg, whichis be attributed to the rotation of thkmver L-shaped aluminum plate
(Figure4-9) causing the lower LVDTSs to read opposite values. The rotation of the lower

L-shaped aluminum plate could pessibyascribed tdew reasons: (iuneven debonding
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at both sides of the composite, (ii) rupture of some filmsisle the composite on one side,
making debonding propagate on the other,qideuneven load distribution at both sides

of the composite.

In comparison with reference specimens,gh®f these two specimens
(DS_300_50 C C_2 andwps increased by 17%. This increment could be attributed to
the continuation of the hydration procestich enhanced th@echanicainterlocking

between matrix and textile.

Specimens DS_300_50_C_C_1 and 4 shlibavdifferent response in which the load was
suddenly dropped from the peak value to zero after developingragiuee failure of
debonding within the matrigubstratenterface Dmsg). In comparison with reference
specimenstheaveragauiltimate stress fothese two specimengas slightly decreased by
7%. Since this reduction relativelysmall and lies within the scatter of the results, it
could be ignored.

Regarding the last two specimens (DS_300 50 C_C_3 and 5), the stiffnesB-gf the

curve startd decreasing as the load increased and approached the peak value due to the
slippage of the textile from the matrix. At the peak value, the load had a sharp drop which
could be attributed to rupture of fibers inside the matrix since #rere signs ofibers

rupture in the unbonded part of the textile (itlee part of textile utilized to transfer the

load from the machine to the composite) andstheas null. After that, the load continued
decreasing as thgeincreased until it reached zewhere thdest was suspended. It is

worth mentioning thagr was null during the whole teshdicating that STZ has never
reached the free end of the compqstel load decrement could be ascribed to the rupture
of fibers inside the matribxComparingthe averageltimate stressf these two specimens

with theaverage ultimate stress of the reference specimens indicated a significant
increment of 33%. This increant could be mainly ascribed to the increase in the bond
strength after conditioning which favored rupture failure over complete debonding.

Finally, Figure4-10illustrated the effect of the welry cycles ons® before and after
conditioning. The scdéer of the data washownas an error bar. Generally, it can be
noticed thats? was increase by 14%. In addition, CoV was increased from 8.7% to 14.7%

due to the adiration in the failure modes.
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Table4-2: Direct shear test results for the FRCM

, P s* s* . -

Specimen Name (kN) P* (kN) (MPa) MPa) Po Ps FM
DS_300 50 C R 1_2.42 1152 484 MDD
DS 300 50 C R 2 246  2.37 1171 1130  49.2 475 Do
DS 300 50 C R 3 258  (8.7) 1229 87) 516 8.7) Do
DS_300 50 C R 4 2.03 967 40.6 Do
DS 30050 C C 1  2.23 1062 44.6 Dime
DS_300 50 C C 2 2.67 1269 53.3 Do
DS 300 50 C C 3 3.08 271 1468 1200 617 542  MDmR
DS30050 C C 4 217 (14.7) 1034 (14.7) 434 (147 Dime
DS 30050 C C5 321 1531 64.3 MDmR
DS 30050 C C 6  2.89 1376 57.8 MDmR
DS 300 50P R 1 567 . 2465 113.4 Do
DS_300 50 PR 2 4.66 : 2026 2086  93.2 96.0 Do
DS 300 50P R 3 501  (137) 2178 (13.7) 1002  (13.7) Do
DS 300 50P R 4  3.85 1674 77.0 Do
DS30050P C 1 401 1743 80.2 MDmR
DS_300 50 P C 2 4.37 1900 87.4 MDmR
DS 30050 P C 3 507 (47'48? 2205 %75":’;)9 101.4 (87952) MDmR
DS 30050 P C5 435 : 1891 : 87.0 : MDmR
DS 30050 P C 6  4.49 1954 89.9 MDmR
DS 300 50G R 1  1.77 634 s61 35.4 MDmR
DS 300 50G. R 2 169  1.85 606 oay 338 369  MDmR
DS 300 50G R 3 195  (6.4) 699 : 39.0 64)  MDmR
DS_300 50G R 4 1.97 706 39.4 MDmR
DS 30050 G C 1  1.66 596 33.3 MDmR
DS_300 50G_C_2  1.70 610 34.0 MDmR
DS30050 G C3 179 1.71 641 612 358 342  MDmR
DS 30050 G C4 156  (5.6) 557 (G4 311 (5.6)  MDmR
DS 30050 G C5 1.86 666 37.2 MDmR
DS 30050 G C 6  1.69 604 33.7 MDmR
DS_300 50 S R 1 4.36 793 87.2 Dims
DS 300 50 SR 2 528 514 961 934 1056 1027 Dims
DS 300 50 SR3 52  (9.5) 946 95 104 95)  MDmR
DS 300 50 SR 4 57 1037 114 MDmR
DS30050S C 1 491 894 98.3 Dims
DS 30050S C 2 3.38 614 675 Dims
DS30050S C3 402 373 732 679 80.5 74.6 Dims
DS30050S C4 271  (30.4) 493 (30.4) 542  (30.4) Dims
DS30050S C5  2.09 380 41.8 Dims
DS30050S C 6 526 957 105.2 MDmR

P'= peakload valuef = average peak load valugs ultimate stress*= averge ultimate stress;
P, = peak load per unite widtl’; = averge peak load per unite width; FM= failure mode.
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------ DS 300 50 C R 1 (s5)
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— DS 300 50 C R 4

~~~~~~ DS 300 50 C R 4 (s2)

- 2856

2380
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1428
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(@)
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— DS 300 50 C C 1 L 2856
— DS 30050 C_C 2
------ DS_300 50 C_C 2 (s)
— DS 300 50 C_C 3 2380
— DS 300 50 C C 4
— DS 300 50 C C 5
— DS I0S0CC6 - 1904
------ DS 300 50 € C 6 (sr)
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Figure 4-8: P-g responsdor the carbon FRCMnasonry joints, (a) reference
specimens, (b)conditioned specimens

Figure 4-9: Failure developed in specimen DS_300 50 C C 6
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Figure 4-10: effect of the wt-dry cycles on the bond strength.

4.4.3 Bond durability of PBO FRCM - masonry joints

All the reference specimens develof&st failure. Unlike carbon FRCMt was
accompaniethy numerous trangrsalmacro cracksleveloped on the external matrix
layer, as shown irFigure4-11. In addition, a longitudinal crack was also detected in the
internatexternal matriXayer interfac€matrix interlaminar crackwhich sometimes led
to detachment of the external layErgure4-11). After exposing to wetlry cycles, all the
specimens developed a mixed debonding failure within the rfdiexinterface followed
by fiber rupture MDmR). Regarding specimens DS_300_50_P1@nd 5, fiber rupture
was noticed in the unbonded part of the textile, (e part of textile utilized to transfer
the load from the machine to the composite). However, for specimens

DS 300 50 P_C_ 2,3 and 6, fibers rupture was specutatesidevelopdin the bonded
part of the textile (i.einside the matrix). Finally, since specimens DS_300 50 C P 4
developed a prenature failure of fiber rupture in the unbonded part of the textile, the
result of this specimen was neglect€dble4-2 illustratesthefailure modas developed in
each specimen.
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Figure 4-11: D¢ failure accompanieavith macrocracksnoticed onPBO FRCMof
specime®S_300 50 P R 3

P-g responsgs-g responsgs-s-, andP-s- responsef the reference and conditioned
specimens are presentad-igure4-12. The reference specimens had an initial linear
behavior; nonetheless, it was interrupted with some oscillation because of the cracks
developed on the layers of the matrix. As the load incdeasd approached the peak
value, the response became +oearafter slipping theextile from the matrix of the
composite. At this point, STZ has reached to free end of the composite, as determined
with the P-s-. After that, the load started decreasing until the residual agph€édavas
attained, where the textile completely debonded from the matrifriction was thenly

load transfer mechanism.

After conditioning, two responses were identified dependintperocation of the fiber
rupture.The first response was observed in specimens DS_300 50 P_C_2,3vaich6
had acomparableascendindoad response to the reference speomiEigure4-12b).
However, afteattainingthe peak value, the load started decreasgegthes- was null.
Concurrently, previously developed transversal cracks on the external layer of the matrix
started closingindicating rupture of somelfers inside the matrix. Although some of the
fibers were ruptured, the remaining unruptured fiber continued slipping into the atatrix
the free end of the compositesdetermined from the-s-. However, the value of the
wasnoticeablylower thang due to the reasons discussed in sectidi2(i.e., rotation of
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the lower angle)After that, heload continued decreasing as the valug iocreagd, and

finally, the test was suspended when the load almost vanished.

The second response was noticed in DS_300_ 50 P_C 1, and 5, which also had a
comparable ascendirigyg response to the reference specimens. At the peak load value,
the STZ reached the free end of the compoagtepnfirmed withP-s-. Subsequently,

some of the fibers in the unbonded part of the textile started losing their strength and

rupturing causingthe P-g responséo dropping to zero with no further increasegn

Figure4-10illustrates the effect of the welty cycles on the average ultimate stress. It can
notice thats® was decreased by 7%. Furthermore, the CoV was decreased from 13.7% to
7.8%. Since the reduction in tls& was falling within the scatter of the data, it can

consider that wetlry cycles had a trivial effect on the bond between PBO FRCM and

masonry su bstrate.
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Figure 4-12: P-g response for PBO FRClhasonry joints(a) reference specimens, (b)
conditioned specimens

4.4.4 Bond durability of AR -glass FRCM-masonry joints

All the reference and conditioned specimens developdDaR failure. This failure

mode started by slipping the textile out of the FRCM matolowed by rupture of the

fibers as shown irFigure4-13a. Althoug h f i ber sdé rupture for mos
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developed in the textile bundles embedded inside the matrix, for some of the conditioned

specimengit was recognized in the unbonded part of the teEiigure4-13b).

(b)

Figure 4-13: MDmR failure developedn glass FRCM-masonry joints(a) fiber rupture
failure developed in the bondgart of the textile for specimens DS_300 GOR_3, (b)
fiber rupturedeveloped in the unbondesktile yarns of specimen DS_300_&60C 2.

Figure4-14 presents th@-g, s-g, s-s-, andP-s- responsgof the reference and

conditioned specimens. Both reference and conditioned specimens had an initial linear
performance like the previous two composites. As the load increased, the stiffness of the
P-g curve cecreased, and the response changed tdimesr due to the slippage of the

textile from the matrix. Nevertheless, the load continued increasing until it reached the
peak value due to the friction between the textile and the matrix. At the peak value, STZ

has reached the free end of the composite, as confirmedgithAfter that, the load took
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a horizontal path until the fibers started ruptuyimgking the load drop sharply. The load
kept decreasing as the fibers ruptured until it becamewidire theest was suspended. It
is worthmentioningthat for specimeS_300_50_G_C _1 fiber rupture was initiated first

within one of the bundles before STZ reached the free end of the composite.

The effect of the wediry cycles on thes? is presented ifrigure4-10. The average

ultimate stress was decreased by 7%. In comparison with other composites, the results of
the ARglass FRCM had the lowest scatt@hich was ranging between 6.2% for the
reference specimens and 5.4% for the conditioned specimens. This low value could be

attributed to the consistency in the failure mode.
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Figure 4-14: P-g response foglass FREM-masonry joints(a) reference specimens, (b)
conditioned specimens

4.4.5 Bond durability of SRG-masonry joints

Two failure modes were observed in the reference and conditioned specimens. The first
mode wa®Pms whichwassometimegprecededy a nmacro crack noticed on tHayers of

the matrix as shown irFigure4-15a. This failure mode was observed in two reference
specimens (DS_300_50_S_R_1 and 2). However, after conditioning, the number of
specimens developed this failure mode was increased to fi@S_300 50 S (l1-5),as
illustrated inTable4-2. The second failure mode Wi, as shown irFigure4-15b.
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This failure mode was observed in tabthereference specimens (DS_300 50 S R 3
and 4) and one of the conditioned specimens (DS_300 50 S C 6).

3
c - Ilm

(b)

Figure 4-15: Failure modes developed in the masonry blocks externally bonded with SRG, (a)
Dmsfailure mode in specimen DS_300_50RSl, (b)MDmR failure mode in specimen
DS 300 50 R 3.

P-g, s-0, s-s7, andP-s- responsgfor SRGmasonry jointarepresent irFigure4-16.

Both rerence and conditioned specimens had two responses depending on the failure
mode. The first response was observed in the specimenBwéthilure. Regarding the
reference specimentkey had an initial linear response. The stiffness oPtgeurve

slightly decreased as the load increased and approached the peak value due to the slippage

120



of the steel cordgsconfirmed with cracknoticed on the external and internal layers of
thematrix. At the peak load value, the SRG composite detached from the masonry block
and the load dropped to zero. Nonethelgss/as null indicating that matrixXiber

debonding was only occurred close to the loaded end of the composite and did not
propagée to the free end of the composite. After conditioning, a comparable response was
detected in specimens DS_300 50 S C_1 and 3. However, for specimens
DS_300 50 _S_C_2, 4 and 5, the failure was developed prematuttelyo cracks

occurredon the matrix layerdn comparison with the reference specimens, the average
peak load of the conditioned specimémastdeveloped ®Dmsfailure was decreased by

29%, indicating the significant effect of the wety cycles on the bond between SRG
composite and masonry substrate.

The second response was noticed in the specimen$AitiR. Both reference and
conditioned specimens hadianilar behavior which was chasterized by an initial linear
performance. As the load increased and approached the peak value, the steel cords started
slipping out of the matrixcausing algyht decrement in the stiffness of tReg curve. At

the peak load value, the response hasd@dyrehanged to nehnear, and the steel cords of

the textile started rupturingausingrapid dropsn the loadas can be noticed the

descending part of tHe-g response presentedkigure4-16. The load continued
decreasinglue to the rupture afthercordsas the global slip was increasé&thally, the

residual applied load was attained as the remaining unruptured steel cords started sliding
out of the matrixas confirmed witlihe P-s- response. However, since thewas only
developed on one side of the composite, the avexagas smakr thang dueto the

rotation of thdower L-shaped aluminum plat®egarding DS_300_50_S_C_6, it was not
presented ifrigure4-16 because of an errtiat occurred during the test that prevented

the lower LVDTs to recorded i€Comparing the results of the reference specimens with
conditioned specimens for this failure mode indicatetdnor change in the peak load

value.

Figure4-10illustrates the effect of the welty cycles on the average ultimate stress. The

s% was decreased by 27%. In addition, CoV was increased from 9.5 % to 30.4 %. These
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results reveal thagnificant effect of wetdry cycles on the bond durability between SRG

composite and masonry substrate.
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Figure 4-16. P-g response of the SRG, (a) reference specimens, (b) condiipeeichens

4.4.6 Comparison of bond performancefor the various composites

In this section, the bongerformancef the different composites tomparedn term of
peak load per unite width*  0°¥& and correspondingverage peak load per unit
width P~ (seeTable4-2). Peak load per unite width is an engineepngpertyutilized to
compare the behavior of tidRCM systems that have different equivaléitkneses.
However,whenit comes to selectingn FRCM system over anotheother parameters
shouldalso beconsideredsuch aszompositestiffness, strength, cost, compatibility with

the substrate, and textile layout (unidirectional, bidirecticarad multidirectional).

Figure4-17 compares th&; of the four systems. The scatter of the deéspresented as
an error barBefore conditioningSRG-masonry jointdad the highest value @03 kNm,
andAR-glassFRCM-masonry joints hathe lowest valuef 37 kN/m. Comparingthe
average peak load per unite width watterageultimate stresgFigure4-10), it can be
noticed that the behavior of tearbon FRCMand BBO FRCMhave not been
significantly affected. However, theeakload per unite width of thERGcompositevas
increased. Thigicrements ascribed to the higher equivalent thickness of stahstess
mesh (= 0.113 mm). The peak load per unite width of thR-glass FRCMwas also
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increasegyet it remainedower than the other systems. Similar finding was edported

in the literaturgdde FeliceD6 Ant i no, De Santis,. Meriggi, &

After conditioningtheaverage peak load per unite widlterioratedor PBO,AR-glass
and SRGcompositesyet it was mprovedin the case ofarbon FRCMIt can be noticed
thedeterioration in the case oR& was higher than thether compositesvhichwere
decreased bg7% after exposure to welry cycles Thisimplies thecritical role of

durability in choosinga specific compositéor anotherfor intervention applications.
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Figure 4-17: Comparison of the bond performance of various FRCM systems based

averagdoad per unite widttstrength

4.5 Analytical modeling of FRCM-masonry joints

The result of thelirectshear tespresented in chapter 4 indicated tRRCM-masonry
joints could have various failure modes depending ontyipe of FRCM system (carbon,
steel, ARglass and PBO) and on the conditioning environment. One of these failure
modeswas debondingn the matrix-fiber interfaceThis failure mode is more ductile than
thedebonding failure in the matrsubstrate interface becausfehe friction and slippage
phenomen&etween the filaments of the yarind betweethe matix and yarns.
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The are several factotisatplay anessentiatole in theanalysis of thddondbehaviorfor
the FRCMmasonryjoints, suchasmechanical properties of timeatrix, textile, and
impregnatiorof the twocomponentsSince thdast factorcan havea significant role in
characterizing thenterfacial bondoropertiesfactors suclaschemical properties of the
fiber surface andranular size of theatrix are considered very important in thealysis

of the bond properties.

In this part of the reseeh, the result obtainefiom theexperimental campaignas
modeledusingthe analytical approach developed(byf o mmas o DO ANnt.Ano
trilinear CML was adopted to descriliee bond behavior of tHERCM-masonry jointTo
accurately calibrate CML, B-g responsassociated with the debondiagthe matrix

fiber interface omatrix-substrate interfacghould be utilizedConsequently, the

analytical approach was employdmodel carbon and PBO FRCdiéveloped a
debonding failure in the matrifiber interface Regarding the glass FRCM and SRG
composite which showed a rupturaifure or a mixeemode failurethough the

calibration of the CML could be possibiest more testsvith various bond lengthre
needed to understatige effect of fiber rupture and mixedode failureand to obtaira

reliable calibration of the CML.
4.5.1 Bond-slip model

The bondslip model or the trilinear CMI(Figure4-18) utilized in this part of the research

is composed ainascendinglastic brancliollowed by a descending softenibganch
andends with a horizontal friction brancfThe elastic branch hakop ki that ends when

the maximuninterfacestrengtht maxis attained(or equivalently when thg was reached)

The softening branch has a skefhat ends when the shear stress achieves the vatlue of
(or equivalently when the sligchieveghevalue ofs). It is worthmentioningthat trere

are some simpleCML, e.g, bilinear elast-fragile( Cal abr ese, Col ombi
2019)or rigid-softening(Calabrese et al., 2019jtilized to study the bonldehaviorof the

FRCM compositesHowever, the accuracy of these modsless than the trilinear model.
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Figure 4-18: Trilinear CML

The following assumptianare made to obtain the governing equatadrike problem: (i)

pure moddl loading conditionis considere@t thematrix-fiber interface (ii) matrix and

substrate are rigid.€. theyhave no deformationyiii) composite haso width effect; (iv)

textile has a linear elastic behaviottil failure( T . D6Antino et al ., 20
The carbon and PBO textiles used in tieisearclareassumed to hawarns with

rectangular crossectionswith a widthb* much bigger than thinickness* (i.e.,p @2b*,

wherep is the matrix fiber contact perimeter of a single yarRarticularly both textiles

haveb* = 5Smmwhile the value ot* is 0.094 for carbon and 0.092 for PETable4-1).

Based orthese assumptionthe differential equatiothatdescribeghe distribution of the

shear stresyy) andslip s(y) in the matrixfiber interface is

Qi ¢ (4-2)
O 00

WherekE: is the elastic modulud the textiles as reported irable4-1 andy is the

coordinate along the bonded lendtiwith the origin of the referenceystem located at

the free end of the composiies.,y=0 atthe free end ang=/ at the loaded enals

illustrated inFigure4-4b. Solvingequation(4-2) using a specific CMlandapplying

appropriate boundary conditioGsT o mma s o D6 A n t provides thetintedfdce , 201
shear stresy), axial fiberstraine(y) (or equivalent fiber applied streséy)=E:.e(y)),

and slips(y) for each point of the load response.

ConsideringcFRCM-masonry joint withabonded length longer than the minimum length

neededo fully develop stress transfer mechanigfigctive bond lengthes), the load
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response can be divided into five stages as shoWwigure4-19: (i) elastic; (ii) elastie
softening; (iii)elastiecsoftening debonding; (iv) softening debonding;f(uly debonded
stageln the first stage (i), theehavior of the whole interfaggelastic.At the end of this
stagethefiber applied stress(/), and the global slig(/) at the loaded end are named
andga, respectivelyAs theshearstressattheloaded enaxceed thet maxvalue andstarts
decreasingfter entering theofteningbrand of the CML, the load response becomes
nontlinearand stage (ii) (elastic softening stage) begmshis stagethe interfacenastwo
parts The firstpartis associateavith softening branch of the CML and has a lerigth
while the secnd part isassociated witthe elastic branch and has a length-bfas shown
in Figure4-19. Thefiber applied stress at the end of this stagielsonding stressgen In
the third stageglasticsoftening debonded stagghprt of the interface with a lengthhas
debonded; nonetheds the stresaittheloaded endlid not drop to zero and a stress value
of 2t d/t* still transferredTheremaining part of the interface is stilhdertheelastic
softeningstage in which the lengtif the portion associated with softenioiganchof the
CML is | and the length of the portion associated \hignelastic branch of the CML isl-
d, as illustrated ifFigure4-19. In stage (iv)softeningdebonding stagedhe interface has
only two parts The first paris the debonded portion and has a lengtt while the
second pairis associated with softeningamch of the CML and has a lengthlaf. The
fiber applied stress at the end of this stagescribed tdhe friction only and equato
s¢=2ts I/t*. In the last stagév), thewhole interface is debondedhile the axial stress in
the fiber is constardand equals+ as the global slip increaséhe solution of equation

(4-2) for each of these stagespresented iable4-3.
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Figure 4-19: interfacial shear stress distribution asthges of the load response
development.
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Table4-3: solution ofequation(4-2) for each stage dfigure 4-19

Elastic stage i.
i — 6o — Tt =0 oo b
b’ B’ ¢ OEB
Elastic-softening stage ii.
iow i -OA_Eb a OBl ba —A0O0 /b a —
-% 10 -OALEb & A110G b a —O0BT 6 /ba ba o /b
tw t ~-OAT_Eb a OBl /b a Al0Ow /b a
Elastic-softening -debonding stage iii.
fiw — w ¢hb a Q — w0 /b Q i L
Jba w J/b
-0 — 0w b —5te T
Softening -debonding stage iv.

i — 10 — t —
S L o N mT o /b0

© T T TFEag

, .0 , 1o
to 1 = "Raaa

Fully debonded stage v.
i ;0 ¢ —o i
CT ”

- og @ b o n oo /b
tw T
Note:] — _ —E= textil e Ydsuthickessofragainu | us ;

ki, ko, &, andtr are parameters of the CMkeeFigure4-18).
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