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Abstract

Glass Fibre Reinforced Polymers (GFRR)\e been commonly used as external or internal
reinforcement of repaired or sound structures for some tinmdomh America GFRP
reinforced concrete (RC) technology has been implemented in bridge components like decks
and barriers whose exposure to harsh environmental conditions is constantiyivem
corrosive natureDespite their frequent usepme transportation ministries and contractors
still seethis technologyas experimentand related to gaps in codeopisions for repairs.

For bridge barriers repairs, little tiw provisions are offer in current codes; moreovew f
studies conductedn bridge barriers using GFRAsve limited scopes, leaving oiome
critical aspects tassesdridge barrierdeck overhang This study wasdivided irto an
experimental and analytical phadexperimentalwork includedthe fabrication of four
concrete barriedeck overhang Two served as controls by mimickiagbuilt structures

using steel and GFRfeinforcementwhile remaining ones simulatedepairedarrierdeck
connection through bars doweled into deck. One of these specimens was fully reinforced
with GFRPs and the other one was a hybrid stru¢tteel and GFRP bars3tructures were
composed of a 150@500 250 mm deck and a singioped Alberta Transportation 74

bridge barrier connected at the tip of a 1500-tongy overhangMonostatic lateral load was
applieduntil failure. Data gathered was used to anabrz& compareesponse of specimens
RILEM beambond ests were also conducted to calibrate bsig models of GFRP bars
embedded into concrete and bars with a surrounding epoxy resin embedded into concrete.
For barrierdeck overhangeneway action weakened the barréeck joint which was able

to be simulated using straindtie models. By using this methodology, téstpredicted

ratios attained ranged between 1.15 to 0.99, showing good agreement to predict peak load.



All specimens, regardless of reinforcement material or if dowsthedved the same failure
mechanisms.Furthermore, structures'esponse was governed by the stiffness of
reinforcement materials used in each specimen with -s¢@gflorced one showing the
strongest and stiffest response of all and those reinforced with GFRPs showing the weakest;
interestingly, hybrid structure did naichieve an intermediate response as expected but
reported an early failure which was attributed by large tensile strains jaitth@nd poor
confinement of this regiorhis latter aspect seemed to have contributed to low peak loads
attained in all structures, except in st&C 0l a second phase, an analytical model was
developed to analyze same structures as tested ones under same monotonic setup. Program
was able to predict with good accuracy peak load and failure mode as real strwittures
testto-predicted ratios lingering unitgeflection calculations, however, underestimated real
speci mensd r es p daltenodel hssumptions ars linatations thab lumited

its precision.Regarding RILEM beanrtond tests, &nd-slip curves showed that the bond
strength of a bar surrounded by epoxy resin wilf #846 less to that of a bar directcontact

with concrete. Furthermore, both curves exhibit same trends with no other relevant aspects

to highlight.
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1. INTRODUCTION

1.1. Background
Bridges are an important element adad infrastructurein any country. Thg enable
connection oplacesyeducetravel timeand are vital fogoodsand servicegansportation
Bridges are exposed to several environmental conditions and chemitah induces
deterioratiorovertime. Their deterioration becomes a concern assthectue may no longer
function as designednd so maintenanceés performedto keep bridges operabl@he
Canadian InfrastructurBeport Card(CIRC, 2019)showedthat approximately 12% of
Canadiarbridgeswerecataloguedaisi p o or 0 o r . Thivierelaged to the facdthat
manyassessed structures were constructed pridd®®(CIRC, 2019) enduringprologued
exposure ofstructural elements tharsh seasonal conditiongrincipally during winter.
Thus, many Canadian bridges ka developedcorrosion and crackingelated problems
theseresult instrength and stiffnedsss, particularly irsteelreinforced concretésteetRC)
membersEven though the federal government inve§2414.7 billion to replace bridges and
tunnels across the couniry2020(Statistics Canada, 2023}anadéaolds aninfrastructure
deficit in transportatiorrelated structureshat is below averagewith respectto other
countries with populationgreaterthanfive million people belonging toOECD (Boston
Consulting Group, 2018)This phenomenotis alsovisiblein other countries likéhe US,
where their deficit in surface transportation infrastrucisiexpected toepresent a financial
gap of $1,125 billiorby 2029 ASCE Commi tt ee on Americads I nf

Though maintenance is needed and expected in all structures, the use of chemicals (e.g.,
de-icing salts) in presence of certain weather conditions (e.g., fitharecycles) reduce the
life span of a bridgdeading tdarger maintenance cos&Cl 440, 2015) To diminishthese
effects FibreReinforced Polymers (FRPsyere introduced as a cosffective solution
compared teteel reinforcement fdiridgesexposedo yearround aggressive environments
due to their norcorrosive respons@ACI 440, 2015) In particular the most frequent
elements to be reinforced wiFRFs are deck slabs and bridge barriexs,they arenore
prone b interacwith weatherconditions (e.g., rain, snow, hail), and chemicals (e.g., carbon
monoxide, ddcing salty compared to othenemberof a bridge

Fibre-Reinforced PolymeReinforced Concrete (FRRC) technologyhas shown its
structural capabilitthroughdecades of study and useregards of deck slab&l-Salakawy
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et al., 2005)eda live load tesbn abridgethat had itsleck slab reinforced witGlass Fibre
Reinforced Polymers (GFRPand steel bars in each spafest outcomes showed
comparableesponse betweeapansMufti et al., (2007demonstrated that GFRPs embedded
within concrete in field applications did not degrade at samen@tatensity aghose in
indoor tests Findings showed a favarable image of FRPs withimanufacturing and
construction sectorf terms obridgebarriers(El-Salakawy et al., 2003)ssessestatically
loaded specimeng GFRRRC and steeRC), showingsimilar load capacity Also, (El-
Salakawy et al., 2004inhvestigated thalynamic response of GFRRC members using
pendulum impact test Though GFRRRC members absoebd less energy than steBIC
counterpartsheir behaviour was comparab&imilartests completed bil-Gamal et al.,
(2008) gave comparableconclusions Evidence collectechlong the years of FRRC
applicationsand researchas enabled theinclusionin manydesignspecificationssuch as
CSA S6 (2019)whereastandardsiodedike CSA S806 (2012yr ACI 440.11 (2022)vere
exclusively created for GFRRC design applicationbleverthelesassurvey datgublished

by Kim (2019)suggestd moreresearchs requiredas well asfield applications studietb
standardize this technologgnd increase&knowledgeamong contractors and designers.
Moreover, me aspect yet to billy characterizéare repair techniques used for FRE
elements.

Studiesfocused on repair techniques for GFRE decks andoarriers are limitedEl-
Salakawy et al., (200%tuded methodso establish the best demolition technique to remove
damaged portions dRC deck slabs to then install doweled bdEs.Salakawy and Islam,
(2014)thenevaluatedhese epair protoca onto doubleslopedbarriers Resultsshowthat
bar dowelingis an effective method to restoeéementtrengh. However, discoverieare
limited to a single barriegeometryandTest Levels (TLsyvhichdo notnecessarilyepresent
barriers used in highway bridgélsat Alberta Transportation/AT) manageswithin the
province TL is a parameter that establishes a minimum strength threshold that barriers must
have to sustain large vehicle crashing atedined speedNCHRP 350, (1997 MASH,
2009) CSA S6(2019). TL-4 embodies most of barriers in current field applications,
especially in bridge railingéAASHTO, 2017) AT singleslope walls are fabricated to

accomplish these strength requirements and thus evaluating doweling repair technique for



this geometry and TL becomes imperative to assess its structural adequacy over other repair
protocols.

1.2.Research Objective

The objectiveof this researcks to evaluatehe effectiveness of repairing GFR bridge

barriersusing reinforcement badoweled into deck slabt connect both elements.

To achieve tIs objective, the followingasks,and subtaskeerecompleted:

Task 1: Conduct a literature review to understandrniechanicabehaviour of FRARC
elementgelevant to GFRHRC bridge barriers, whether repaired or not.

Task 2: Propose an analytical model that analyzasierdeck systems undeneway,

monostatic loadingpredicts failuremode,and deflectiorfrom curvaturesand

slip.
Subtask 2. Validate model with results from other authors to establish its
functionality.
Subtask 2: Conduct a parametric study to compare how different parameters

affect the response of barrideck structures.
Task3:  Fabricatefour barrierdeck slab overhang specimedos testing
SubtasiB.1: Fabricaetwo controlspecimens$o represent atasbuiltécondition
Subtasi3.2: Fabricae specimenso mimic ad d o w e tepairtecgniue
Task4:  Perform monestatic test®n each specimefiollowing CSA S6:19standards
Task5:  Analyze and procedsstdataon forces, deformations, and crack propagation
Subtasib.1: Establish baselinspecimerresponss using steet and GFRPRC
specimens (SB1 and SF2, respectively)
Subtaslb.2: Establishrepairedspecimen responséSFRP repaired, SB3, and
hybrid repaired, S®4) andcompae with baselinecounterparts.

Subtask 3R: Understand failurenodesobservedand explain the mechanics that
led tofailure.
Subtaslb.4: Comparetheoreticalresultsfrom Task 2to test results

Subtaslb.5: Assess bondlip responses of GFRP bars in concrete both with and

without dowel type repairs



1.3.Research Scope

Four1500mmwide specimens composed of a destéb(2500 mmlongand 50 mm thick
anda915mm talledge singlesloped Tl-4 bridge barriewasconstructed and tested using a
mona-static approactEachstructurenada 1500 mmlong overhang by mounting specimens
in a setup that enables vertical flexibility of structurbe dimensionf specimensvere
chosen so aneway response is induced. Thismakeh e syst embés strength
the deck slatbarrierjoint, enabling the assessment of repair dowechspecimerused
differentreinforcemenarrangementsControlmembergSR01 and SR02) were steel and
GFRRreinforced respectivelySP03 wasalso GFRPreinforcedwhile SR04 hada hybrid
configuration (i.e.,steetRC deck slab andGFRRRC barrier). SR03 and SF04 usel
dowelled barso anchor barrier bars intteck slab usig anepoxy adhesivelhese serve to
assess the feasibility of doweling repair technique to restore the strengti ebdicier
according to CSA S@9 provisions. In all casegegmetry and reinforcement configuration
were determinetbllowing Alberta Transportatiodrawings (Alberta Transportation, 2017)
and commentaries(Alberta Transportation, 2018)Analyses conducted foced on
comparing experimental and theoretical resalttminedfrom two different approaches
Namely, thesarea parametric studyreviouslyperformedusing a FEManalysigAl-Jaaidi,

2021) andananalytical modebased on first principles

1.4. Thesis Organization

This thesis is composed of the following chapters:

Chapter 1:Introduction to research program, providing a brief background of problem.
Definition of objectives and scope of study.

Chapter 2:Literature review of FRARC response/behaviour relevant to this thesis, such as
barrier testing and mechanical behaviour, repair protocols previously proposed
and their outcomes, and topics found useful as experimentation evChagater
two addresses task

Chapter 3:Analytical model to predict failure mechanisms and deflections for different
types of structures is proposed dadctionalityexplaired Model validation and
parametric study is included heref@dhapter hreeaddresses tasks 2, 2.1, and
2.2



Chapterd: Chapter four is divided in two sections: @xperimental program proposed to
perform monestatic tests over constructed specimens. Explains the fabrication
process eacprototype underwerdnd showsletails of material properties, test
setup and instrumentatiofihis part of the chapter addresses tasks 3, 3.1, 3.2,
and part of task 4And (2) analysis of experimental results obtaingdough
description of specimensdé responses,
are compared with FEM and analytical modeResults will bealsoused to
validate some valudsom parametric studylhis part of tbapter four fulfills task
4 and addresses tasks5.1,5.2,5.3, 5.4,and5.5.

Chapter5: Summary, onclusions ard recommendationgrom this investigation are

presented.
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2. LITERATURE REVIEW

2.1. Introduction

Roadway safety is a critical aspect that any highway must comply to be traversable. Safety
entails several items that provide a sense of security to users while mitigating consequences.
Relevant examplescludesight distances, curve radspeed limits, and safety hardware.
While the first three are beyond the scope of this thesis, the last one results from research
seeking to reduce theonsequencesf serious accidents on highway$he National
Cooperative Highway Research Program (NCHRP) with the AraerAssociation of State
Highway and Transportation Officials (AASHTO) published their first standard on this
subject in 1962Since then, these entitiesmong othershave published documentation
highway safetyThe latest edition dlanual for Assessing Safety Hardware (MASk)s
releasedn 2016which establislesrequiremers forcrash testingh\lASH, 2009), promoting
standardizetksting and reporting his facilitates definitios for safety hardware minimum
requirements for operational use. Many safety features are available such as: longitudinal
barriers, endreatments, crash cushions, breakaway devices, and atteniA&(2009).
Longitudinal barriers, specifically those used in bridges, are the main subject of this thesis.

2.2.Bridge Batrriers

Bridge barriers are elements located on a bridge superstructure to daloaehvayedges

or lanes in oppasg directiong(i.e.,edge or mediabarrierg (CSA S6 2019).Theycontain
and redirect errant vehicles into a safe stop position without posing hazard & btASH,
2009).Barriersaredesigned to resist vehicle impact forces, prevent vehicle overtyandg
dissipate impact enerdfadaee and Sennah, 201Fig 2.1 presents some common barrier

types that includsteel rails, concrete walls, and concrete posts with beams

Figure 2.1 Types of bridge barriers. (a) Steel barriers (Caltrans), ®)ntinuous concrete barrier
(Sheikh et al. 2011)and (c)Concrete barrier with openings (Caltrans)



Two main aspects affect a barr i eteebebarmas as hwor

been used as traditional reinforcementfor reinforced conR&gstructuresthoughfibre-
reinforced polymer (FRP) technology has besad inRC barriers as an alternative to steel
bars.Their durability and economic appeahableFRFS sise in structural applications
harsh environmental conditions (e.qg., fre¢lzaw cycles, large temperature fluctuations, and
presence of deing salts) Past studiepresentedtess on deck slabbarrier systems
reinforced with FRP¢(Ahmed and Benmokrane, (201ennah et al., (2011Ahmed et

al., (2013) Benmokrane et al., (2008howingsuperior mechanical and durability qualities
relative to steeRCcounterpartdn regards ofjeometry severalbarrier shapelaveshown
proficiency during crasds Fig. 2.2(a)shows some shapes usEitst ones tested verethe
General Motosshape-discontinued due to crash instabiliti¢gsHWA, 2000} and the New
Jersey (NJshape, still usethy many transportatioministries F-shape was latgresented
showingsuperior behaviowver othes (NCHRP350,1997;FHWA, 2000).Main difference
between Fshape andNJ profilearethe height where thérst slopebeginswhich intends to
reducevehicleprobabilities of lifting(FHWA, 2000) Single-slope barriers (Fig. 2.2(b)) were
initially conceived as median parapets but tested as edge barrigviaket al., 1994vith
positive resultKey features this profile have are: (1) lower probability of vehicle rollover,
without increasing damagdueto impact (Mak et aJ.1994), and (2) accommodate future
wearing surface withoutffiectingb a r r i e r §Atberta dranapbrtatoon, 2018¢lative

to surface level of deck slaBlberta Transportation (201&pnsidersingle-slope barriers
(Fig. 2.3) as the preferred standard parapet for bridges on urban roadways due to their
aesthetis and acceptable response during collisions with heavy vehithes shape is
comprised of a trapezoidal section with a longitudinal overhang beam on top. The overhang
beam has two functions: shielding lower zones against weatfteiactingas a stiffener
element (Alberta Transportatig2018). Given theicomnonusewithin Alberta, this profile

was selected as focus of this thesis.
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Barriers are required tondergo tests to verify strength and geomstandardaremetto
perform at a determined safety lebvaked omanticipatedrafficduringa h i g hfespap.0 s

A performance level, also known as a Testel (TL), isdefined by CSAS6(2019) adithe
specified level to which a traffic barrier is to perform in reducing the consequences of a
vehicle leaving the roadway as required by the applicable crash test require@ientss

were introduced byNCHRP 350, 1993)where L-1 wasassignedo service roads, and TL

6 to high service highway®ecently this scale has been adjusted&SH (2009) by
mergingTL-3 and Tl-4 into one performance levelybbed a3L-4. In CanadalL selection

Is based on the Barrier Exposure Index (CS&\ 2019),that correlates transportation and

road engineering parameters tstablishthe most costeffective TL that satisfes
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requirementsAs per AASHTO (2017)TLs equal or above T4 are often used for bridge
railings, where Tk4 embodies most barriens use

Barriers undergo design and development stagesahatdeanalytical and experimental
tools toanalyzethe structural response of a barrier and address negative aspects affecting
performanc€ MASH, 2009) Barrier designusesyield line theoryasa main approachto
predictbarrier strengttand minimunbarrierlength. Computed esistance is compared to
factored loads which depend on barrier lammentariegrom (CSA S6, 2006)provide
standardesistancsfor certainPL-2 and PL3 (i.e.,TL-4 and TL5) barrieis(Fig. 2.4. This
commentaryshows capacitieand explains howforces and moments are spread into deck
slabbarrier systemm by dispersal angles depdand on barrier and deckstiffness and
geometry(Azimi et al., 2014)and(Ahmed et al., 2010)sed this methodology to compare
capacitesof specimens under thigestprograns and concluded that specimens were well

above the capacity barriers should meet by their TLs.

Horizontal load or moment Performance Level 2
dispersion at inner portion of deck Performance Level 3 barrier barrier with rail
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Figure 2.4 Dispersal angles and barrier geometry analyzed for standard capacities
suggested (CSA $&006).

Experimensare of great importane@th mongcstatic testbeingthe mossimple and helpful

in early phase®f development oadjustmenassessmeffNCHRP 350, 1993). Monostatic
testsare usd to assess strength and flexibilag well asanalyze criticaregions such as
connectionsjIASH, 2009). Static tests have limitations as they do ronsiderdynamic
natures of crastes(NCHRP 350, 1993). Dynamic tests obtain data on energy absorption,
dynamicconnectiorstrength, and subsystems that constitutes the structure (e.ghaleiek
systens) (MASH, 2009). NCHRP350 (1998) proposed four dynamic testath MASH
(2009) endorimg their applicationgravitational pendulum, drop mass, scale model, and

boogie test. Computer simulations are also a handy tool spixjalized softwarsuchas



LS-DYNA which was conceived for safety device modellifASH, 2009). Simulations
uses data from static and/or dynamic $@smiing to study interrelations betwestnucture
vehicle, and occupasi{MASH, 2009); they arelao used tocaddressertaindetails offull-
scale tests to reduce casts

Crash testhave thesamegeneraparameterghatvary according t@L. Namely,impact
conditions (e.qg., speedollisionanglg and test vehicle type (e.g., passenger car, sroak,
tractortrailer) (MASH, 2009) areassessed during crash té&sultsare assesséddllowing
same evaluation criteria: structural adequacy, occupant risk, aneingustt vehicle
trajectory (NCHRP350, 1993; MASH, 2009). A barrier satisfyingevaluation criterias

certifiedfor field applications.

2.3.Fibre-Reinforced Polymers (FRPS)
FRPs are composite materials comprised of fibres, resins (or polymers) and, to a small extent,
additional chemical compounds (e.g., adhesives and fill&igyes aresensitive to
environmental factors that lead to chemical degraddt@musin et al., 2019While resins
lack sufficient strength to be solely considered for structural purpékmsever, vien
bondedfibres and resingomplement each otheand producea productwith superior
features.

Fibres provide most of the strength and stiffne$fkPs. Two fibres are widely accepted
for civil engineering because of their high resistance and economic appeal: carbon and glass.
Aramidwasused in the past, but their low casfficiency ratiasasetback focontemporary
use(Barker, 2016)Basalt ha started to be used in structsdue toits strength, chemical
resistance, and stabili{Cousin et al., 2019)Fibres are produced imany arrangements
ranging from strands to roving and varying from mats to falfA€d 440, 2008)

Polymers surround fibret® protect them from damagPolymersalsoallow fibresto
transmit forces vighear stresses. Resins are classastdermoplastiorthermosetting with
the main difference being thehysicochemical process endured ewhmolded.
Thermoplastis(e.g., polyvinyl chloridepnly require heat to be formed, while thermsset
(e.g., polyester, vinyester, epoxyjequire a catalyst and/or heat to c(#€I 440, 2008)
Thermosetareoftenused in construction, where epoxy resins frequently used for structural
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strengthening/repes (Frigione and Lettieri, 2018 Benmokrane et al., (2018)ghlighted
thatvinyl-ester polymerare commonly used fdfRP barsAn advantage thermoset FRP
have is their molecular structuteatallows them to be formed to an initial shape without the
possibility of being reformed if heated afterwards, maintaining its original figure and
propertiedMasuelli, 2013)

FRPs may be produced in several procesbas generatenany forms and shapes:
pultrusion, filament winding, compression molding, resin transfer molding, va@assisted
resin transfer molding, hand layp, and centrifugal castif@CIl 440, 2008) Such processes
produce pultruded shapgsiltruded barsor fabrics.Manufacturing processfor polymer
matrices depend on itgpe. For instance, thermoplastitse injection and extrusion, whereas
thermosetare shaped by pultrusigBrézda et al., 2017FRP bar surfaces are frequently
modified to increase bonthroughdeformatiors (e.g., ribbed, or grooved bars) &rd
rougheing (e.g., sanecoated)(ACI 440, 2008) (Cosenza et al., 199Tgsted FRPs to
establish bond behaviour and found that surface coatings are a primary factor for ensuring
acceptable bond strength. Sacwhting was found to be the beseans teenhance FRP
concrete bond. Bond is discussed in more detaikotion2.7.

FRP6s mechani cal behayviAadingtdad 40, 2088)tben many
mostrelevantare: (1) Fibre type, (2) Fibre content, (3) Fibre orientatiorlRésin typeand
(5) Service conditiongOther parametersclude cost andoroductionvolumewith further
details on these aspects found in the reference mentioned &iRive arsensitiveo fibre
orientation; thisgives them an argotropicresponseHow composites & manufactured
contributes totheir uni- or multi-directionalbehaviour For barsmostfibres are parallel and
kept together by either light cross weave or thermoplastic crosAgrc€ommittee 440.
(2008) This leads to undirectional behaviour (i.estrongestand stiffest response fibre
direction)which enable$RP bardo have a lineaelastic behaviour up to failufellowed
by brittle rupture. Multidirectional compositegsually consisof laminatesthatcouldhave
unlimited combinations of responses depending on the arrangemadtvadual lamina.

Given theiranisotropic nature=RPs react differently depending on tiape of loading
Tensbn is the focus of researcand is the mostunderstoodand widely accepted use.
Standardized procedures to obti@nsilestrength and stiffness had been established for FRP
(ACI 440, 2015) such aASTM D7205 (2021)Uni-directional compositegre weakein
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shearsince the direction of shear isansverse tdhe fibres.To provide minimum shear
strength fabrics or strands angrappedaround longitudinal fibre¢ACI 440, 2015) FRP
under compressioms a mdter of extended discussiorLarge \ariations in tests led
researchers to conclude that compositesmpression fail prematurelfy;Vu, 1990showed
that compressinleadsto early failures, including microuckling, diagonal tension, or shear
failure. Such findingsand lack ofstandardized test method to determine compressive
characteristics of FRP barsspecifically Glass Fibr&Reinforced Polymers (GFRP)
(Khorramian and Sadeghian, 201®s led design provisions to conservatively negbect
restrictFRPs incompresmon. (Khorramian and Sadeghian, 20KBjowedthatstudiesn the
pastfollowed different test methods not conceived to test composite materials resulting in
deviated outcomegKhorramian and Sadeghian, 20XBenfocusedeffortson designing a
test to obtain compressive properties of FRP (i.e., elastic modulus, strength, and failure
strain)so methodology was easystandardizeTheyshowed thaGFRPbars-under proper
test conditions fail by fibre crushing; no early failures were reported. GFRPGbar
compressive elastic modulwgas like the tensbn modulus,but the largest compressive
strength was-80% that oftenson. This implies that ultimate compressive stratuld be
larger than what previous authoeported andranslates in a larger compression resistance
from GFRPbarsthat enables them to strain even witencretecrustes

The first known use of FRPs was a boat hull manufactured in the (8G0€ommittee
440. 2008) From there, her high strengthito-weight ratio and noiftorrosive behaviour
enabled theiusein industries likemaritime aeronauticalACI Committee 440. 2008)
aerospacé¢Bakis et al., 2002)and structues(ACI 440, 2015) The latter took place when
FRPRRC wasfirst used in facilities with Magnetic Resonance Imaging (MRI) equipment,
where norconductive materials were required. FlRPalso often usedan alternative to
traditional structural strengthening systgaljsten, 2004)The mixture between theligh
strength, light weight, and necorrosive behaviougives FRPs an important roléor
structuresubjectedo constant contact with highly corrosive chlorides (e.gicteg salts).
This is the case of elements like bridge barriers or gjemkich have beem focusof
discussion oFRRRC (ElSalakawy et aJ(2003; El Salakawy et a) (2009; El-Salakawy
et al., (2005b)Benmokrane et al., (20p7Ahmed et al2013 Benmokrane et al. 2018)he
past year$ias seen therge to increase lifespanf those members and reduce maintenance
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costs while maintaining safety standaadsithas become a great concern in transportation

agencies around the world.

2.4. Fibre-Reinforced Polymer Reinforced Concrete (FRFRC)

2.4.1. Strength Requirements

FRRRC refes to a composite element consisting of concrete and FRP BRRBRC
elements are characterized by the kiggtirength and loer modulus FRPs have compared
to steel, along with increased resistance to aggressive envira@AehtCommittee 440.,
2015)

Under tensioni-RP barshaveprimarily linearelastic responsandbrittle failure. When
used as reinforcement filexuralmembersfailuremodesare dictated by reinforcement ratio
(" relativetot h e s ebaldncedrati@;s . The latter indicates the bar aieavhich
concrete and FRP simultaneously faiko failuremodesareconsidered foFRR-RCflexural

elements: concrete crushing and FRP rup(@&€l Committee 440., 2015)The former

occurs wheri (i.e.,compression controll§dwhereas the latter happens if

(i.e., tension controlled (Vijay and GangaRao, 200Kuggest that compressive failure
where concrete crushes prior to FRP ruptiggreferredTensile failure is permitted by
designprovisionge.g., ACI and CSA) provided special measures are td@kasheed et al.,
2004)

Given the bittle nature of FRP bars, members reinforced WiRP lack ductilityseen in
steelRC. Still, FRRRC may exhibit large deflections befda#lure whichis quantifed asa
Deformability Factor (DF)yelating energy absorbed afailure to thatat a defined curvature
(Vijay and GangaRaa2001) whichtypically relates to service conditiansassem et al.,
(2011)found that elements with DF larger than 4.0 exhibit a high degree of deformability
(i.e., good energy absorption).

As in steelRC, FRRRC uses solid mechanics concepts (e.g., strain compatibility,
equilibrium), constitutive laws (e.g., strastress curves), and assumptions (epdane
sectiorsremain plane, perfect bontr flexural desigrandanalysis These concepts can be
used to create amentcurvaturg(D - ) relationshigwhich areimportantaids for flexural

design Almusallam (1997ysed iterative methadio calculate poirgalong thed - plot for
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FRRRC beamsFor design, researchers have proposed idealizeahbli trilineard [
relationships for FRIRC (Razaqpur et al., 200Rasheed et al., 200%ao etal., 201§ with

each havingyood agreement wittestsfrom each study.

2.4.2. Serviceability Requirements

0 1 alsoprovides handy information for serviceabiliServiceabilityin RCis based in two
aspects: deflections and crack con{ACl 440, 2015)Since FRPhRave lower elastic moduli
than steelFRRRC elements haveeducedflexural stiffnesgelative to steeRC with the
same reinforcement ratimakingFRRRCsusceptibl¢o large deflectionsandcrack widths.
For FRP beamserviceability often govesdesigninstead ofultimate (El-Salakawy and
Benmokrane, 2003)

Deflection calculations has been a topic of discussion forRBRs traditional methods
proposed for steeRC led to inaccurate resuliBischoff, 2005) Thisis associatedavith large
ratios between gros¥), and crackedO, momens of inertia unexpected steetRC but
common in FRARC. Deflection calculations typicallyise common elastic deflection
expressions substituting the moment of inertia for an effective’@néOisa smeared value
betweenO and“O, accounting foregions remaiimg uncracked as stress vesalong the
member. There are two main approaches to calcitate Br ans o n 6(Bransor,pr e s s i ¢
1965) and Bi s c h(BidcHoff, 8005 Both havebeenused forRC deflections
regardless of reinforcement tyged depend mainly on code provisions usgkelRC
memberc oul d use Bi s dACDOILE, 20%9)sdoiqwwedavheceaBn d nsonds
equation is the equation th@SA A23.3:19usesas defaultFor FRPRC, ACI 440.11-22
useB i s ¢ hexpfessidrs while CSA80612useghe procedurby Razaqgpur et a2000).
(EI-Nemr and Ahmed, 2013y ompar ed t hese approaches and cc
expression gave conservative results relativestswhile modifiedBr ansonds expr es
hadunconservative value®is derived for specific boundary and loading conditiahgch
may not resemble all applications. Fother situationscurvature integratiorusing
approaches likthemomentarea theoremmay beusedto calculatedeflectiors as shown in
Equation(2.1):

1 * W WAW (2.1)
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Wheree ® is curvature at any point along a member arisl the distance between pant
of interest (i.e.,evaluation and referengeThe form of Eq (2.1) varies depending on
boundary conditions, which al&the evaluation limits of the integral or split it into smaller
portions, acknowledging special conditianseach region
Serviceabilityalsocomprisesrackcontrol Crack widthsare notas limiting for FRPRC
as for steeRC, givenF R P ohkorideresistancg Kassem et al 2011). Nevertheless
restrictionsarestill imposed due to aesthetics, creep rupture, and sbeaerngACI 440,
2015. To estimate crack widtlcodeslike ACI 440.11 and CSA S619 use a modified
version of Gergely and Lutz (1968)This dependson a bond coefficientQ, where
FRPconcretebond qualityis critical.’Q is heavily dependardn the bar surface finishing
(EI-Nemr et al.2013). Studies conducted by these authors and Kassem et al. {@id)
that sanecoating provides better bond compared to helically grotmaedaselements with
embeddedand coated baled more cracks with smaller widtiwhich reflectsbetterstress
transfer betweebar andconcrete. EINemr et al(2013) suggested that cragpacing,and
width oould bereduced bydesigningan overreinforcedsection orusing High-Strength
Concrete (HSC}ince brge” leads taeducedar strain, which translates in smaller tensile

stresses geneiag narrowercracks

2.4.3. FRRRC Applications

FRRRC is more oftempreferred ovesteetRCfor applications where structures atject

to chloridesor electromagnetic field¥CI 440, 2015. Their noncorrosivenessmeans$-RPs
do notrustin harsh environmental conditions (e.g., fre¢lzaw cycles, marine ecosystems)
(ACI 440, 2015. TheirnonmagnetideatureallowsFRRRC to be used in structures induced
to magnetic pulsesuch asMlagnetidResonancémaging (MRI) scannat These advantages
grantFRRRC favourableuse inmembers like bridge desktraffic barriers, retaining walls,
or docks

Bridge deck reinforced with FRFRC arebecoming agrowing optionaround the world.
Kim (2019) showed that 63.2% of FHEC applicationgn North America were bridge degk
Thisuse is owed tERPR C dosv repair and maintenance cos#s] 440, 2013. Still, Kim
(2019) showed thahostFRPR-RC structuresreconsidered aéxperimentad(63% in case
of decls), and 13% were labeled astandard practi@Thisis linked tolack of knowledge
and expertisevhenusing FRP reinforcement. Effortsiebeen made to ease contractor and
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designer concerngKhanna et al., 2000)ested deck using steel, CFRP, and GFRP
reinforcement. Results showed that elements with similar axial stiffreaess comparable
strengthsdeflections and crack widths despitthe material usedMore recentresearch
emphaszedthe structual performance and durability of elemebtslt in field conditiors.
El-Salakawy et aJ (2005) directed a live load test on a bridge in Cookshire, Québec. The
two-spanbridge had one p a aedéksonstructed with GFRP bars, while the otherusesl
galvanized steel rebar. Tegthowed that strains in both spamsre similar; furthermore,
visual inspection conducted after 7 months of service showed that bridge did not have large
amounts of cracksalong the GFRRRC deck slab Similar field investigations were
performed by otherlater Benmokrane et al., (200a8enmokrane et g1(2007); Mufti et
al., (2007) with similar outcomes

Traffic barriers are exposed barshenvironmental conditionsnd FRP barshave been
usedthereas well (EI-Gamal et al., 2008)According to Kim(2019), 26.9% of research
investmengiven by transportation entitigs bridge barrierss destined to examine their
response upostatictess. This highlights theinterestfrom ministries to understangharrier
behaviour and transforexperimentainto standaravork. As noted inSection 22, a barrier
mustpassseveral tests and stages befestablising itscrashworthinesandacceptancéor
constructionTestsaredivided irto dynamic andstatic, where the formeis used to define
energy absorption qualities and dynamic behaviour of components and the latter is mainly
used to test the strength of reinforcement and geometry configuritAfH, 2009).Fig.
25 illustrates typical static and dynamic test sesup

Figure 2.5 Typical (a) static (Sennah et gl12018) and (b)ynamic (EFGamal et al, 2008)tests
setup.

FRRRC barriers hae been tested to establish their crashworthiness and duralility.
Salakawy et a) (2003)testedPL-2 and PL3 GFRRRC specimens undestatic loading.
These were connected to a deck by GHRIPs Results were compared with stéC
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counterparts, reporting similar ultimate fosdetween FRARC and steeRC (392 and 414
KN, respectively for P12 specimens. 315 and 3k® for PL-3 barriers). All prototypes failed
by shear(Fig. 26(a)). El-Salakawy et aJ (2004) investigated the same barrier typeder
dynamic loads. Pendulum impaatere used in eight 10netrelong specimensResults
exposeda tendency of GFRRC to absorb less energy thateelRC counterparts. This
relatesto GFRRR C 6smaller flexural stiffness, whichndicatesboth largercrack density
and widercracks(Fig. 2.6(b)). Still, specimensurpassed AASHTO nominal resistance

corresponding to their performance levels regardbéssinforcementype

Figure 2.6 barriers after (a) static (ElSalakawy et al 2003) and (b) dynamic (EGalakawy et al
2004) tests performed.

Dynamic tests wereompletedater by E¥Gamal et al (2008) for similar barriers, reinforced
with a newgeneratiorof GFRP barsSimilar resultsto thoseby El-Salakawy et a) (2004)
were seen iterms ofstrength However, cack density and width reducégcause ofhe
increased elastimodulusin newer bars. More recent studie§&Sgnnah et gl2011 Ahmed
et al, 2013 Khederzadeh and Sennah, 203dnnah et al., 201&ennah and Hedjazi, 2019)
among othensconfirmed the ability of FRIRC to replace stedRC barriersin consequencge
more transportation ministriesV@adopted=RP-RC in new structuresStill, datareported
by Kim (2019)showed that more applications are requiredttmdardize this technology.

One aspect yet to be properly charactetiaee repair techniques for FRFC elements.

2.5. Repair Techniquesfor Concrete Structures
RC structuresare exposed tohemical agents, shifts in udargerloads,poor construction
detailing, and furtive eventghat leads to excessive deflectionsyider cracks, material

overstressing, oelementdamage to name a few outcom&smuctural streagtheningand
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rehabilitatioraredoneto extendservicelife. Interest in maintenance haxreasedn recent
yearsdue to the high cost of replacing aging infrastruct(Raupach and Buttner, 2014)
reported maintenance expenses R&@ bridgeslargerthan1a billion, and more than 20

billion in other types of structureser Europeln Canada, the federal government invested
$244.7 billion inbridge and tunneteplacement in 2020 (Statistics Canad@23). This
investment pertains to an infrastructure deficit that places the country in transpertation
related structures below average with respect other countries with populations larger than
five million people belonging to OECDBfston Consulting Grou018). Thusthelarge
resources invested iresearch focusedn this topic indicate how relevan structural
retrofitting is in the industry.

In the paststrengthenindor RC structuregommonly usedsteel elements externally
bondedto membersn need of repairHowever, due to corrosiotheir applications were
limited, and alternatives were explore@ACI 440, 2008)mentionedstudies aroun#RF s
usein structural retrofittingdaing as early as 199 R P pBoscorrosivebehaviour low
weight, simplicity of handling,and economi@appealposed theseomposite materialas a
competitive solution to traditional methods (Taljst€2004); ACI 440, (2008).

Typical FRPrepair techniques used RC areclassified in two groups: externaliynded
reinforcement (EBR)nd internallypbondedreinforcement (IBR) EBR systems use FRP
fabricsto strengthemlementsinderflexure, shearpr axialload or to enhancguctility (ACI
440, 2008 and applicable wheeitherpartial or completeepairof damaged elemeid
neededIBR techniquesre usually usetbr full replacement of an elemeitere,FRP bars
are usedo fabricate theao-be-replace elementreinforcemenassembly and connected to
adjacent existingnembergo maintaincontinuity. Connections arenadeusingadhesive
agents (e.g., epoxy resjrggouting cement)hattransfer stresses between new and existing
concreteFig. 2.7 illustratesEBR and IBRsystemsDue tothe scope of thithesisand the
large knowledgéaseon structural retrofittingjiscussion wilfocus orretrofit systems used
in bridge barriersdeclks, and structures comhbing these element$ew sourcefocused on
retrofitting deckbarrier structuresvere foundtot he wr i t er 6 stwhremit kno wl

techniguedtiavebeen used: NegBurface Mounte@ars(NSMBs) andDoweledBars(DBs).
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Figure 2.7 Applications of FRP in structural retrofitting(a) sheets used to enhance
confinement in columns (Wu and Pantelides 2017), (b) Shear and flexural strengthening
of bridge girders using sheets (ACI 440R 2007), (<3MBs used forbridge barrier repair

(El-Salakawy and Islam 2009), (d)Bs used for deck slab repaiusing grout(El-Salakawy
et al. 2009), ande) DBs with epoxyfor repair of bridge barriersin current study.

2.5.1 NearSurface Mounte®ars(NSMBs)

NSMBs are a type of retrofithatconsists ofreinforcement barcated in the periphery of

an RC elemenBars areembedded into sawut groovedilled with adhesive agenNSMBs
are an efficient solution for structures wittveak, rough surface, ahosein need of
significant preparationXCl 440, 2008§; moreover, it does not present durability issse=n

in EBR systers(e.g., early debonding of laminatékge and Cheng, 2011Jhis technique
is commonly used for flexural and shear strengthenk@ 440, 2008. Still, NSMBs face
challenges in terms of bomd) with existing concrete substrattudies found that multiple
factorsaffectNSMBs performance. Amongst these, groove dimens{depth and width)
their surfacecondition (rougleredor smootl), filling material, bar diameter, and bar coating
aremostrelevantwith deails providedelsewherg ACI 440, 2008.

Past tudies used NSHs for deck and barrier repairEl-Salakawy et al. (2009)
constructed 16 GFRRC decls and comparedesponssof specimens retrofitted witiwo
techniqguesNISMBs andDBs) to control(undamagepelementsDeckswith NSMBs had a
portion at midspan demolisheghere this technique was appliedResults showed that
specimens using epoxy resin ha8Po larger capacity than thoseing grout. It was also

noted that while performing a full demolition of the element deflections incd&gse0%at
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failurerelative topartially demolishedounterpasd, with theircapacityremaining almost the
same. Authors mentioned that thechoragdength used for this case (@ 1 Qi)
was notsufficientas it led to arearly failuredue tobar debondingLee aad Cheng (2011)
tested 11 deckwith a 1500 mmong overhangs and varying thickness/ertical load was
applied at the tip of the overhang to asgesfit effectivenessTests showed the effacy

of NSMBs at restoing and exceedinthe capacityof control specimenby up to 3%.
Finally, El-Salakawy and Islam (2014pmparedNSMBs and DBsto repair deckbarrier
structuresThree fullkscale specimens with 6000 nwidth were fabricated. Each one had a
PL-2 RC barrier connected to a 200 ratimick slab placedat a 700 mm overhandgip.
Specimens were firsestedunder lateramondonic loadinguntil failurein two locations
middle and edg@ortions.Segmentswere then retrofittedsing NSMBs and re-testedto
compare to control specimeasd other portionsepairedwvith DBs. Specimendehaved in
two-way fashion due ttheirwidth (6000 mm) Initially undamaged specimefaledby two
way shear and a combination tfis with joint failure for middle and edge segments,
respectively. Repaired specimens exceetlerl undamaged specimépads tests with
NSMBs hadlarger capaciesthan DBscounterpartsAuthors attributed thisicrease to the
larger NSMB effective depthwhich enhance both flexural and shear capacitynally,
NSMB-repaired elements exceededrrent CSA S6 strength threshold for £ bridge

barriers.

2.5.2 DoweledBars(DBs)
DBs are another IBRretrofit systenused when damagedementsequire full substitution

given their state alamage odeteriorationElement demolition is followed by fabrication
of reinforcementages that areanchored/connected to existing elementslbyellingbars

in holes partially filled with @onding agentThisanchoring allowstress transfer between
connectedlemens. Four parameters are relevant to assure proper perforroab@s. (1)
demol ition, (2) surface r oauhoagengty,and (48 )
bonding agentEl-Salakawy et al. (2009 assessed demolitiomethods(jackhammer,
expansive agents) and concluded that jackharemeremore efficient even though minor
damage to reinforcement barsexistingconcretemay be epected (Ahmed et al., 2012)
had similafindings. Surface roughening is done by using a hgleight jackhammer over
the existing concrete matrix to increase bond between new and exsstuajureqEl-
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Salakawy et al. 2009) through interfatearriction. DB developmenis critical when thin
members aresed as anchoring elements due to short drilling deptiish directly affed
pullout resistanceDevelopment length depesdn variousfactorswith themain one being
reinforcemenmaterialandits surface finishingTighiouart et al., (1998) Achillides and
Pilakoutas, (2004)Newman et al., (2010)ACI Committee 440., (201%) A detailed
discussion on FRieoncrete bond is given fBubsectior?.7.

Bonding agert link the new with old structureand enabks stress transfer between
elementsMultiple products are available as adhesives (e.g., grout, epoxy resins, latex resins).
These products must have higtiength, fast curing time, high chemical resistance, and
strong adhesion. Thepeoperties allow theggroducts to perform under several conditions.
Their use isguidedby manuf act urte guarante@ropertperformanceoti s
Salakawy et al. (2009) used grout and epoxy adhesives fortélsgirogram, finding that
epoxy ahesive performedobetter than groubasedagentsregardless of retrofit technique
Lee and Cheng (2011) and-Ealakawy and Islam (2014) used epoxy without noting negati
effectsrelated tosaidadhesive.

El-Salakawy and Islam (2014) usB#@s with epoxy bonding agésin theirdeckbarrier
testing (Sibsection 2.5)J1 They found that middle portions achieved 94% of control
counterpartsvhile end segment@chieved2% ofthe controlwhen using DBsIn all cases,
the PL-2 strength thresholequiredby CSA S6was exceededloreover,thisrepairtype
helpedrestorethe | e me n t 6ismiddedtidndsrsraaties deflections were recorded in
both barriesand slabs after retrofittg with DBs. Thismay be related to continuitin the

new segment andifferences in material stiffnesssbetweenGFRP bars and epoxy resin.

2.6. Strut-and-Tie Model (STM)

Typical design methodologies folloernoulli theory to analyze sections of elements
obtain internal forceandenable proper design. Those regions are dubbedragi8ns. In
contrast, regions whereightheorydoesnot applyare known aglistortion or discontinuity
regions (i.e., Eregions).These areaare characterizeloly nonlinear strain profilesaused
by factors likelarge load concentratiomsdor sudden geometry discontinuiti€Schlaich
and Schiifer, 1991)El-Metwally and Chen, 2037Given these features, other methods like
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STM are required to determine internal forces withimelgions for analysis and design.
These regions are usualigntained in a length approximated equal to the thickness of the
member under analysis with-i2gions being located close to load concentrations or
geometric discontinuitie8-regions will be those areas of a member outside or in between
D-regions.

Figure 2.8(a) shows the basic form and components &TaM while 2.8(b) show STMs
usedto model multiple structuregig. 2.8(c) show some examples of&gions for different
element geometrieSTM is a form ofatruss analogyhere internal stress flom RC is
approximatedising concrete struts as compression and reinforcement ties for tehsion

maintain equilibrium, struts and ties me¢nhodal zones.
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Figure 2.8 (a) Typical STM and basic components (ACI 318019) (b) STMs used for post
tensioning anchoring zones (AASHT017), and (cHdefinition of D-regions for different
element configurationgSchlaich and Schafer1991).

Typically, concreteds compressive swhileengt h ¢
ties are reinforce@nd controlled by reinforcement strengt@iven the brittle nature of

concrete and the fact that STiMalower-bound theorem of plasticity (Schlaich and Schafer

1991), strut and nodal zone capacities @sgally underestimated to provide conservative

results by providingtsingentsafety factors thatary according to several aspects and code

provisions. Foinstance, ACI 318.9(2019) proposereduction factors to strut capadibat
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account for tensile stresses in concrete and differences between stress fields complexity that
occursin the concrete member versus the one approxinfatesifM analysigMatamoros
and Wong, 2003)Schlaich and Schéfer (1991) propobedting stresgsaccordingo some
typical strut stress fields. BMetwally and Chen (2017) used reduction factors for STM
components per ACB18-14 provisionsHowever,CSA S6(2019) estimateseductiors in
strut capacity bgalculating a concrete efficiency factbrthat accounts faracked concrete
due to transverse tensile strains (Matamoros and W(2@§3; Andermatt and Lubell,
(2013) obtainedfrom Modified Compression Field TheoffMCFT; Vecchio and Collins,
1985) Nodal zone capacity is usually dictated by the type of stressegjon each face of
the node and whetheondesare hydrostatic or nehydrostatic. A node is hydrostatic when
all faces of node are subjected to same stress level (i.e., no shear strdasad; non
hydrostatic node does not comply with tiesndition andis exposed tmormal andshea
stresseg¢Birrcher et al., 2008)

The wideapplicationof STMs highlight theversatility of this tool to design complex
systemsncludingbeamcolumn jointsSTM is commonly used and found to be a reliable
properly analying theseconnections. By analogy, a knee beaohlumn joint STM has
applicability for barrierdeck interfaces in this thesssnceoneway action due to limited
specimen widthnducebarrierdeck junctios to large nonplanarstresses.

Acceptance and applicability of STMs in FRRE structures had increased in recent years
as more studies including these tools and technologies are done around the world (e.g.,
Andermatt and Lubell, 2013). This methodology, however, remains under revisiaoles
like ACI 440.11 (2022) as concerns around the brittle response of GFRPs and how this code
dimensions STM components pose an unsafe condition of desigm.dotes like CSA S6
(2019) show similar provisions for either GFRE or steelRC structurs. This is due to
how this code reduces compressive strength of nodal zones and struts in function to the tensile

principal strain acting in those regions.

2.6.1. BeamColumn Joints (BCJs)

A beamcolumnjoint (BCJ) refes to the space where twRC elements with orthogonal

longitudinal axesonnect and forna joint. Combined actioabetweerelementgeometies
and large stresses produce a distorted ardan BCJs In earthquakeesistant structures,
BCJsare of great importance sintdey are commonly used faroment redistributioafter
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elements exceed their elastic capacity, creating plastic hatges BCJ Fig. 2.9 presents
commonBCJs;classificatiorvariesaccording to geometry (e.g., interior, exterior or knee

joint) and confinement level (i.e., if joint has transverse reinforcement or not).
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Figure 2.9 Types ofBCJs (Abdelwahed, 2020)

A knee joint(KJ) is the closest connection type to the bardeck joint presented later in

this thesisKJs canincludetransverse reinforcement to confine the compressive strut in this

spacecaused byopening or closing momentshis reinforementdictates the form of the
STM at the joint. Transverse reinforcemerdy be placed in various forms with stirrups
arrangedn orthogonal directionfrequentlyused (Mogili and Kuang, 2019found that
reinforced KJs have a relatively better capacity under clasimigpentgather than opening
momentsand attributedhis to weakened strut capacity related to tensile forces within the
joint. An Unreinforced Knee Joint (UKJ) does not have transverse reinforceafiexing

its ability to strain andotate without early failurdJ KJ s 6 under opening
fail by diagonal tensiorH]-Metwally and Chen, 2037 when t he di agonal
strength is exceeded by acting forcesvelling in the rear corner. Other effects such as
reinforcement type and tensile internal forces in the plgsdweaken th&TM. (El-Metwally

and Chen, 201 f)roposed STMto assessheirapplicabilityto analyze these joingd(Fig.
2.10). This modelcomprisesa strut connecting both compression zones of connecting

elements in theutsidejoint cornerwith triangular nodal zones
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Figure 2.10 Proposed STM to analyzgKJs (EFMetwally and Chen 2017).

This model has been implemented to some extent in other experimental prqitasidadi

et al., 2023)adjustedoarts of this STM to determinaaxpression for shear strendth
exteriorknee joins, finding positive outcomes when comparing wiglstresults. Finally, a

study carried out byPark and Mosalam, 201pyoposed anore compleXSTM, composed

of two struts: one (STXeveloped by presence of"d@oks fronthe connecting beam, and
another (ST2) created by bond strength of concrete ath@®nbedded bar. Tests showed

that even though the analysis was closer to test results used as reference, the main diagonal
compressive elemeigtthe one connecting the nodal zones at the joint and dittageak

load of exterior knee joints

2.7.FRP bar 1 concreteBond

Bond betweernreinforcemenand concretallows an elemento achievea definedstrength
that satisfiegddesign conditions and projespecificationsDesign assumptiongre often
based ora6é p e r Homd¢hat @ssurespredictable respong@hmed et al., 2008A lot of
research hmbeendoneon bondbetween concrete and ribbed mild steel reinforcement
(Oranguret al., 1977]Jirsaet al., 1979Ciampi et al., 1982Eligehausen et al., 1988mong
otherg. Thiswork led toan understanding atinforcemeniconcretdondreflectedn design
codes However, tlis knowledgedoes not necessarilyapply to other reinforcementypes
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(Achillides and Pilakoutg2004). The introduction of FRRC has encouraged researchers
to characterize FRBoncretdondfor design Challengesnclude theargevariance of FRP
products(related tolack of wellestablished standard€osenza et g1.1997) to limited
understanding of FRBoncrete bond behaviour (Newman et 2010). Nevertheless, the
introduction ofFRP designprovisionsand qualitytestingprocedures (e.gGCSA S806, ACI
440.11, ASTM) has helped diminish these challenges.

Bondis critical for elements witHimited availableembedment lengthike barrierdeck
joints. This sectionaddressethree topicselevanto this study bond strengthdevelopment
length andbondslip relationships

2.7.1. Bond Strength
Bond strength 1, is the maximumaverageperimeterstresscarried byreinforcemenin

concretemmediatelybeforebondrelatedrailure occursThis average bond strength may be

visualized andelatedto pullout forcesusingFig. 2.11 andequation2.2.

u

[ S R S N S R —
[ o L O

Figure 2.11 equilibrium condition for a bar embedded intconcrete ACI 440, 2015 Note:
€ expresses resisting forces in the image.

¥
2 Tqa

Where0 is the ultimate forceQ bar diameter, and is theembeddedengthof bar into

(22)

concreteThis expressiomstimatesn averagbond stressinceforce isassumed to linearly
vary from zero ta) alongd . From a mechanics standpaigtis the stress at whicforce
equilibriumis brokenbetweenbar tensile forcegi.e., pullout actionandresisting forces
alonga . Empirically derived expressionsingtestdatamay be usetbr same purpose using
numerical method§Wambeke and Shield, 2006¢rformed a twevariable linear regression
based on the results of 71 beam tests with splitting failuresfimakeequation (Eq. 23)

relatesdevelopment length arméinforcemenachievable stress.

0 Q -
z T 1'[8)'6 pT[—I&{— Qe (23
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Here,0 is the smallest between concrete cover (front or side) andhalhef bar spacing
(centreto-centre) and@isc oncr et eb6s ¢ onip and® werevdéinedforr engt h.
equation2.2.

Regardless ofreinforcementtype, three resistive forcezome into play chemical
adhesion, friction, and mechanical interl¢gblewman et a]2010) The first two create shear
|l oad transfer paths, and depend on materi al s
viscosity, presence of rust, bar surface roughn&hg)astone adds a radial stress diffusion
systemattributed tobar surface deformationgighiouart et al. (1998) found that bond
strength from teste@FRRRC specimens wergovernedby adhesion and frictiofhey
concludedhat surface deformatiorfer testedoarswere not strong enougds thesefailed
beforeconcretecrusted.A more recent studipy Achillides and Pilakoutas (2004howed
that surface deformations improve bond response of FRP bars.

Although FRPRC and steeRC membersiave same resistive systerbend responses
seem to be controlled Wiifferent factorsAchillides and Pilakoutas (2004ptedthat FRP
concrete bond depesdonsiderablp n bar di ameter rather than coc
seen insteetRC membersThis may be attributed to shear lagrough the FRP baross
section Their work also exposed the impaet six variableson bond bar surfacetype
embedmentength concretecompressivestrength bar diametercrosssection shapeand
surface finishing Similar results to Achillides and Pilakoutas (2004) were obtained by
(Ahmed et al., 2008)herethe impacf ‘Q overbond strengtimagnitudevas highlighted
In addition theynoted thaimperfectionsn concrete mitures(e.g., voids, shrinkage effects)
contribute tdJreduction and haviargerimpacsasQ increass. Finally, (Baena et al., 2009)
explainedhow bar elasticmodulusinfluencedelement responsgith specimenseinforced
with deformed steel batsadlarger bond stresses at smaller bar elongations, whereas FRP

RC members attainddrger elongations at sams&ess levels

2.7.2. Development Length

Force transmission is crucial fatructual continuity and stiffnesd-or steel bardhe
development lengthi , is the minimum distance a bar mustdmabeddednto concreteso
reinforcemenyields(Jirsa et al.1979)prior to a bond/development failurehisensures that
structual systemsrequiing ductile response (e.g., earthquakeesistant gstem3 can

performwithin theplastic range without collapsinig contrast, FRPgrely need to develop
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the full bar strengttsince many FRIRC members are compresstoontrolled (ACI 440
2015). In thiscase G is based on the bar embedment lengtiuiredto cause failure by

concrete crushingithout causing bond failure

Orangun et a)(1977) proposednempirically derived expressidar & of deformed steel
barsthats er ved as f oun dd éxpression (AGIr440015). AdjBsinteidtss
were proposed later hjirsaet al.(1979)to limit unconservative estimate&aidadjustments
wereassociatedith concrete cover, rebar spaciagdpresence of transverse reinforcement
thatwere excludedhitially . These expressiorare still usedin currentsteetRC provisions
and adjustetb producex expression$or FRRRC. CSA S619uses similarexpressioifor
O as the onealevelopedby Jirsa et al. (1979n Section 16on fibre-reinforced structures.
This equationincludes a modular ratio between steel and FRP to acdoumhaterial
stiffnessdifferencesWa mb e ke and S hxpresdiodiriclsdedin2ATI0480.11 e
(2022) was derived followingn empirical approachke Orangun et aJ(1977). Equations
24 and 25 depict CSA S6 (2019) and ACI 44Q011(2022) a expressionsor FRRRC

elementsrespectively.

~ ~

. \ Q0 Q .
a ™ u—5 o ° (24)
Q@ Qg
a Q | © OT TT
5 I (2.5)
p @ o) T8t Y I Qe

For expressia 24, Q andQ accountfor bar location and surfadactors respectivelyQ
Is the smallestdistancebetween concrete cover (either front or sides) avathirds of
centreto-centre bar spacin® isaconfinementindexwhileO andO are FRP and steel

elasticmoduli.”Q is the ultimate strength for FRP bdeingdevelopedQ isc oncr et eb s

tensilestrength ando is thebar crosssectional areaAs noted by(Ehsani et al., 1996)
reinforcementocationaffects bond strengtland bottom renforcementayers resist larger
stresses than top laye¥§ambeke and Shiel@006) relate this effecto voids, liquids, and
fine particlegproneto moveupane | e me n t-secsionduningpswing andcuring.CSA

S6:19hasa’Q of 1.3 for horizontal baraith more than 30énm of concreteastbelow. 'Q
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establishes the direction at which splittfagureoccurs(i.e., the cracking path that requires
lessenergy tainitiate) (Jirsa et al.1979) 'Q directlyinteracswith failure plane direction
(i.e.,Q )."Q expressions shown in Eq B, basedn (CSA S6 2019)
. 0 Q
p B ¢
Here,0 is the reinforcementrosssectionareathat resists splitting force@lirsa et al.

(2.6)

1979).Fig. 2.12 shows some examples of i splitting cracksnteractionfor illustration;

remaining parametsddefinition are availablen CSA S6 (2019).

- N a) Aty is effective only for two
outer bars

| — Splitting

b} Ay is effective for all bars

/ Splitting

- N ¢) For wide sections,
multiple stirrups
are effective

| .— Splitting

Figure 2.12 examples transverse reinforcememiteraction with splitting cracks(Jirsa et al.
1979.

A ¢®Q limit wasimposedo the denominator in equationrd2wvhenfailure shifts between

pullout and splittingJirsa et al.1979) Bar pullout occurs when bahaveshort embedment

length and is pulled from concrete matrix (Fig.3d)); concrete splittingccurs whemcting
stresses along the bar Eig.e8Bbds concretebds sh

o

tas2004) and (b) Splitting cracks

Figure 2.13 (a) Pullout failure (Achillides and Pilakou
(Vint, 2012).
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In equatior2.5, 6 is the smallesdimensiorbetween concrete cover (front or side) and-one
half of centreto-centrebarspacingUis the bar location factoiQ) is the required stress to
be developed bseinforcementBoth2.4and 25 expressionsontainalmost same parameters
thoughonly 2.4accounsfor confinementeffects. Wambeke and Shield (20pébservedhat
confinemenhad little effect orGFRPbond strengtllue to lowrib areaof GFRP barsThis
was deduced a®sts showed that confined concrete enhattiadsteel bars withargerib
area relative to those witlsmaller onegDarwin et al., 1996)ACI 440 (2015)stateghat
their equationonly applies for embedmemrtgual toat least¢ ¥, wherea linearstress
distributionfom 0t0'Q is assumedond stress response widss embedment remains not

well characterized

2.7.3. BondSlip Relationships

2.7.3.1. Constitutive Law and Models

Bond-slip (Us) relationship is a constitutive law that relates bond stresses with bar elongation

underexternabxial force.This relationshigllows extraction obar stiffness, bond strength,

and resisting forcdata ¢-s is basednthreemechanicsonceptsforce equilibrium, material

constitutive laws (e.g., stressrain plots), and strain compatibility. Ciampi et, §1.982)

based their work on equatiorv2o relatetheseconceptsand obtain bonglip relationship.
Qiw

Qw
Wherel @ 0, @ (0 isthecrosssectionahreaof the bar ang @ thebaraxial stress

T (2.7

at location) andrf @  “Q 1 w. This expression represents force equilibrium of an
infinitesimalbarelementunderaxial stress illustrated iRig. 2.11. Further treatment tthis
equation including material mechanigabpertiesand compatibilityeads toequation2.8.

Qi .
= [ 2.8
oo Xk 2020 m (28)

Equation 28 showsequilibrium betweenexternaland bond forcesas the bar elongats
Equation slutions depend on boundary conditio@sampi et al, (1982) mentioned three
solution techniquedinite differences, finite elements,ardd s hoot i ng t echni que
were used teolvethis expressioand moddedUs relationshipalongsideotherapproaches
(Pecce et al., 2001)raphical expression ohis expressioras been donby different
models BPE model Ciampi et al, 1982 Eligehausen et gl1983, which is thedefault
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approach foRC design inCEB-FIP, (1990) modified BPE (mBPE)model(Cosenza et al.,
1995) More recent studies resulted in approaches for-RRPby othes (Malvar, 1995;
Cosenza et gl1997;Rolland et al., 2020 All models relyon parameters that requiréeist
datafor calibration Fig. 2.14 shows typical curves of some beslip models.

T 14

Y LR 1118

T3

Sy Sy S3

T

T3 T

1 S3 So 51

(€) (d)

Figure 2.14 (a) BPE model (Ciampi et al.1982), (b) modified BPE model (Cosenza et 40995),
(c) CMR model (Cosenza et all997), and (d) Bonglip analytical model proposed by Rolland et
al., (2020).

Curve applicabilityvariesdepending on material arfmhr surface finishingSteel rebar Us
modek arethreephasedvith anascendingplateauand descendingegions First branch
grows from zerotoi ht ) witht being the ultimate bond strengthdi is the slip whert

is achievedThisregionis controlled by joithaction of adhesion and mechanical interlock
(Yan et al., 2016)Next zone corresponds toconstant bond stress betweén it ) and

i ht) (Fig. 2.14(a)), whereconcrete cracks spread along bars and lugs start to crush
concretePostpeak responss two-phased: the first part sees bond stressuosi$ i ht )
followed by aresidual, constant, bond stredst . This response is attributed to the loss of
bearing capacitgue toconcrete smootmengvia lug interacton with concretgYan et al,
2016). In contrast, RP-RC modelsconsist ofa twophased responseith rising and
descendingprancles Depending on bar surface type, each region is governed by different
bond mechanisms. Cosenza et @997) explainetdheseregiors for smooth(i.e., bar with
surface treatments and without surface deformatiangd)deformed (i.e., bar with lugs/ribs

and possible surface treatments) bfimsn a mechanical perspectivieor smooth bars,
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ascending branch is controlled by chemical adhesion. @dbesiorbreaks down, bar slip
greatly increasesndt decrease®eformed bar response is dictated by mechanical interlock.
Their rising branclstiffness is governeldy joint action of lugs, adhesion, and friction; this
increases bond strength while reducing gMint, 2012) Oncelugs are damagedhond
degradation begins. For either type of bdrgtion is the main resistant forcen the
descending branch

Past sudiesshowed effectiveness and drawbacks of these mod&adsenza et al. (1997)
determined parameters for modifi&PE (mBPE) and CMRJs relationships for multiple
FRP bar typesThis study provided a graptacapproach to calibratenBPE model
parameters. Vint (2012) us#dsapproach to obtain borslip curves from pullout tests and
found reasonaklparametergor different FRP bar with various surface finishings and
anchoring conditions (straight, headsud hooked bars)Focacci et al., 2000)roposed
methoddo calibrate CMR or mBPE modalsing MSE criteriohroughiteration (Pecce et
al., 2001) proposea similar proceduréor mBPE moded. Both studiesremarkedon the
impactof embedmentength ¢) hasrelative tod : whend & slipis negligible athefree
end simplifyingmodelcalibration relative tavhen this conditionwas notmeét( & ). The
inclusion ofendslip increase computational effort to obtain borglip parameter@~ocacci
et al, 2000) resulting in a cumbersome process.

Finally, otherapproaches do not requiesstdataandare derived from mechani¢§ezen
and Setzler, 200§)roposech modefor steetRCwhere bar stressé®m external forces are
related to corresponding strains. This approach assumes a linear strain profiléhalong
embedded bar that varies from 0 (free end) t@oaded enyl Strainis integratedlong the
embedment lengthio get slip elongationThis model accountdor yielding and strain
hardeningvhere additional anchorage lengbh, is needed to develop larger stresgég.
2.15) than "Q This model was compared witbther Us models results showed good
agreement. A drawbadk that thenodel is based om & to ensurdinear strain variation
from O to- is feasible and free end slip is negligibde. & produces instakily in this
modelas bar free end slips, failing to satisfy equilibrium condgiandmaking this approach

inadequate.
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Figure 2.15 Slip model proposetly Sezen and Setzler (2008)
Bar elongatiorcauses rigid body rotation of the anchored memié@h rotation and element
length, slipbasedeflectionscan be estimated aratlded to other deflection typssch as
curvatureby superposition. Equations®2and 2.D show slip rotation and deformation

expressions, respective{$ezen and Setzlg2008).

|
- 5 (29)
y —b (2.10)

1 is bar elongatiofslip), Qis the effective depth of tensioginforcementcis crosssection

neutral axis depthta determinedoadlevel, andD is the rigid bodyength.

2.7.3.2. Testing Methods t€@haracterize BatConcrete Bond

Models dependn parameters that require calibration basetbstdata. Bond tests are used
to characterize bond response. Thiests are divided to pullouttestsand bearrbondtests.
Pullout tests are mostommondue to their simple setup and economical accessibility to
collecttestdata (Achillides and Pilakouta2004). The test setugonsistsof a concrete
cylinder or prism with basembeddedb a defined lengtfFig. 2.16(a)). Thebar isthenpulled

out of the concretd.oadslip datais collected to determine bond strength and buildsa
curve. Given the loading condition, support conditicars] concrete coveused in this
approachresults attained provide an upgasund boneslip responséLin and Zhang, 2014)
More realistic values may Heund frombondbeantests, where specimens are not subjected
to lateralcompressiothatincreases confinemewhile also havingmallerconcrete covers
representative of beams in practitbe combination of thesespectsreatesflexural cracks,
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which significantly reduce bond strength (Tighiouart et #998).Bondbeans are tested
underfour-pointbendingwith differencesn setus varying dependingpn methodfollowed.

There are three webstablished guidelines to characterize bond response thvoudteam

tests:/ACI 208, (1958)(BSI 122691 (2000) andRILEM TC-RC5 (1994)illustrated inFigs

2.16(b-d). Since thesavere conceived ér steelRC, researchermodified setupgor FRR

concrete bond behaviour. Tighiouart et €1998) tested 64 RILEM beawsing different

bar materials (GFRP and steel), diameters, and embedment Iehgdyspropose an

alternate expression applicalite the ascending branchf the CMR boneslip model by

(Cosenza et gl1997). This studyalso suggestd & modification factorsused in North

American design provisions Subsecti on 2. 7. 2})esswereusedé et al
demonstratehe effectiveness of arocedure to calibrate parametéos mBPE moded

(Cosenza et gl1995) (Makhmalbaf and Razaqpur, 20Fapricated beams following ACI

208 and RILEM TGERC5. Their investigation compatehesedifferent methodsand

analyzel the validity of assuming a uniform stress distribution albagembedledlength.

They concluded thatboth specificatiors give similar resultsandr e c o mmended ACI 6
notched beasm o v er RI1 L E Mdaasthe liormenyezestasierdoafabricatéresults
alsoshowed that the stress distribution within the embeddedasifar from uniform.

(a) 160 mm Rebar

(b) P
i 1 | " ( @ &
6d, | conerete spread beam
200 mm |~ Plastic tube |
: < oS
Support 300 L 300 1 300 — test beam
900
|- steel beam
* Loading

(C) b =300 mm | (d)

Pl —

i LYDT
Steel beam Hinge i
| i

T
‘ =
H \ \ L

Rebar

dy : diameter of rebor

— umit:mm

i) &, o]

L

.|

Concrete specimen

Figure 2.16 Test setups for (a)ylout test(Rolland et al, 2019) (b) modified beam test (Lin and
Zhang, 2013), (c)hinged beam test (Pecce et,&001), and (dhinged beam test (Tighiouart et
al., 1998).
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2.8. Digital Image Correlation
Digital Image Correlation (DIC) is a nezontact optical technique u$éo capture surface
deformationsn an area of intere$tom strains and displacemer{tdccormick and Lord,
2010) Basic DIC hardware is composedf a high-resolution cameraof two for 3
dimensional measuremeitsights, textures, and image processing software. Liggtis
optional but typically used to prevent light changes like shadows from affecting
measurement®IC works by tracking movementsdéfined unique texture patchegofels
(or voxels in 3D systems)The uniqueness of patches is created by imposing textures (or
speckles) randomly on a surface so that the image processing software can track movements
of patches relative to a reference imabextures (or specklesaryin dot sizéspacing and
are determined according to the size of theaaof interesta good dot paérn will capture
very small shifts within subpixel (or subvoxel) precisioim images Finally, image
processing software extratimagesand processthemthrougha predefined algorithrio
establishdifferences between a reference image subset with a target $Bhset2011)
These differenceare reported astrainsor displacementghat can be used fatetermining
curvaturesandothermeasures

According to(Sutton et al., 2009DIC roots are datéo the1950s when first efforts in
image correlation were registered when analog photographs were compdnigtilight
features from different views by Gilbert Hobrough. In the following decades the growing of
artificial intelligencemarked the developing of visidmsed algorithms which contributed to
photogrammetryield. Advances on this field aftehe 1980s focused on improving the
guality of images taken and reducing difficulties to process images through algorithms,
optimization methodologies, and redwuctiof errorsA milestone was attained wh&utton
etal., (1983proposed an algorithm which will be known asBIC. This algorithm matctd
optical images i testsetting. This analysis mainly focuses on processing images without
in-plane change@.e.,2-D); if in-plane changes are a concern; BT tools should be used.
Regardless of what type of DIC is us#ds analternative to other sensdike strain gauges
that may be more complex to instalhd depend on several external factors (e.g., noise,
vibrations, light) to drawprecisedata.Dl C6s pr i mary advantage i s

an entire collection region rather than at a single point like many conventional sensors.
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DIC hasbeen used in structural engineering in experimental and practical applications.
For field applicationsMcCormick and Lord (2010) proposed its use for structural health
monitoring as a costffective alternative to visual inspections by field engineers which could
be biased and subjective dueanepectofatigue.(Oats et al., 2022eviewedrecent studies
following this premise and found positive feedb&dm DIC. Tests usindIC are common
and widely used in margetups andtructuresTheir main applications are to track material
strength, crack patternand failure mechanismg-or instance(Fayyad and Lees, 2014)
tested beamis under thregpointbendind o e st abl i s mguantifSigactare c ur acy
properties in reinforced concrete, obtaining good agreement with results obtained with other

Sensors.

2.9.Gaps inResearch
Though there is a wealth of work on besith, FRRRC, and other facets presented in this
chaptergaps in researafelated to the thesis objectiveereidentified It was noticed that
limited testoon AT single-slope barrierbave beemperformed with only one technical report
presenting work on thishape (Ahmed et al2010). Moreover, most sourcesesenting
barrier tessdid notincluderealstic overhang lengths whids a key factofor flexibility and
strength (Ahmed et al2011).All sources reviewd providedestresults or theoretical ones
derivedfrom finite element analysisHowever, a source wheranalytical moded were
proposed to analyze this type of systewes not found Even though finite element
modelling is a fareaching tool,it may become cumbersome tese orinterpret while
analytical modelsresimpler to build and understand.

Few studies have considered ttmveling repair techniquen bridgedecks or barrier
deckf oi nt s. To t he a uhemastrecawabperorenedink20ld bylEke d g e,
Salakawy and Islam (2014). There areavailablestandards ocodesto regulatehis repair
techniqueparticularlywith FRP bars. fiis raissquestion®nhow thesetructures are being
repairedand how industry is attempting tmild expertise to increase FB® vi abi | ity
designers and project managers

Finally, given the total width of structures tested, theseexpected to bsubjected to
oneway action ladingto squat behaviowrhich could be analyzedI§TMs. To t he wr i t e
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best knowledge, limited to no literature was found where STMs were used to dmadigee

barrier/deck joints
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3. EVALUATION OF REPAIR TECHNIQUE EFFECTIVENESS FOR
BRIDGE BARRIER/DECK SYSTEMS WITH GLASS -FIBRE
REINFORCED POLYMER BARS USING MECHANICS BASED
MODELLING

3.1.Introduction

Fibre-Reinforced Polymer Reinforced Concrete (FRE) has emerged as an appealing
option for bridgeslementonstructionF R Pdhlsride resistace and high strenggirovides

a costeffective substituteo steetRC underharshenvironmental conditionsStill, many
FRRRC applications are considered experimefiKah, 2019) Thisis attributed tdack of
knowledge and expertise using FRP reinforcemehitch raisedquestions regardinigng-
term performancin the pas{Uomoto, 2000)Despite these, many authdi@ve showir-RR
RCG6 potentialin constructior{Benmokrane et al., 200Benmokrane et 312007 Mufti et

al., 2007)which had favoure#RP-RC elements use ibridgeswith deck slabs and barriers
themost common applications.

FRRRC barriers hae been tested to establish their crashworthiness and durability.
Studies show that FRRC barriersaachievesimilarstrength and energy absorption relative
to steelRC counterparts (Ebalakawy et a)2003; E}tSalakawy et a]2004; EtGamal et aJ.
2008). To attest thisstaticand dynamic tests are us@g., monostatic, pendulum impact,
and crash test$)p assess performanggor to consideationfor real applicationddowever,
moststudiesaredonewith a sound continuousoncretematrix. Moreovermost ofsupport
conditions specimens were subjected to do not refésdtlife boundary conditionge.g.,
overhang deck slabs with limited anchoring spirereinforcement bajsnot to mention
thatrepair techniques were not included in their experimental program.

Limitedwork has beendone inbridge barriersnimicking real life support conditions.
(Matta et al., 2009puilt specimens with a 914 mm long deck slab overhang. Test results
highlightthe importance of deck capaciy the overallstructuralperformance(Ahmed et
al.,, 2011)found similar conclusionsOthertests(Rostami and Dehnadi, 201§RRostami et
al., 2018) and(Rostami et al., 201®valuatelthe anchorage capacity of GFRE barriers
with differentbartypes (e.g., bent bars, heaedwmuds) Findings suggest thaélhesebars could

sustain loads withowxhibitingsignificantdamagesStill, tests were performed on overhangs
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smaller thari000 mm. Other studies ran dynamic tests in overimnger systems (Sennah
et al, 2018) using crash tests to establish the crashworthiness GFRP bars with headed ends
in a 30 m-long specimen. Even though there are many studies conducted on barrier
performance, to the wr iwerefouddgponuecksiabdvertaagl e d g e ,
larger than 1000 mm, whiak commonin realbridges. Moreovermost research found was
experimentalvith some computational modelling in recent studi¥s analytical moded
using any programming softwaweas found

This chapter proposes an analytical approach to antdigdgehaviour of a barriérdeck
overhang sucturesubjected to an incremental static loadiigis model waswvritten in
MATLAB usingcrosssectionaklnalysishased on) | relationshipsCurvature and bond
dlip deformationswvere determined-ailure analysisvasperformed to definpeakloadand
failure modesThe nodelwas be compared taesults fromtests in literaturéo establish
limitations and accurac¥inally,a parametric studyasbe conducted to analyze the impact
of some variables ithe response of the structures under study.

3.2. Analytical Model
3.2.1. Model Idealization

3.2.1.1. Original Structure Description

The program was developed to analyze a deakhangbarrier system that simulates the
tess described in Chapter 4ig. 3.1(a)). The modelassumeshe structureés supported on
one end (simulating girders) withbarrier wallattachewn the other end. The structuse
subject to monostatic loading 775 mm from the top of the ddekoverhang permitsertical

movement of the deck.

39



(a) 2500

180 200 150
|
.
o T
g .
M
> 1500 609,6 390,4
[Te] v
= BARRIER | R PROJECTION TOP OF #31mm
FABRICATED FINISHED ROADWAY ANCHOR BARS
WITH CONCRETE |,
ON SECOND 0
STAGE ™~
— L —
350 | s Joby e s T e e Sl s 2 T ] DECk SLAB CONSTRUCTED
o 4 e P : S T« | WITH CONCRETE ON FIRST
PR B 4 STAGE

I N W HSS STEEL PROFILES

RIGID FLOOR LEVEL

152,4

(b) Concrete structure

/:on‘our

Force applied
to structure

i

Bridge barrier
section

Ideglized structural
model proposed

(Analysis stations for
[deck slab
f

/
1 !

— 1

—

Rigid — i
element )

\ /\ /

Deck Slab owerhang Deck Slab supports
section section

Figure 3.1 DeckBarrier structure (a) test specimen dimensions (units of mm) and (b)
idealizedmodel.

3.2.1.2. Structure Modelled by Program
Idealization was done to reduce analys@snplexity (Fig. 3.1(b)). The structure was
modelled as a beam with an overhang section. Though it increases compteattgn of
the deck slab between front and reeck slab supportsad an important contribution to
deflections A rigid elementat the barrier/deck interface was used as this region is not
expected to experienaeirrvaturebaseddeformations

The program discretizes the barrier along its height until the load point. Sections above
the loadpoint are neglected since theye not expected tacontribute to strengthl'he
structuras divided into analysis stations where cr@gxtional andhaterial specifications is

stored.

3.2.2. Model Development

The analytical model is composed of four steps: eceestional analysis, failure analysis,

curvature deflections, and slip deflections.
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3.2.2.1. Crosssectional Analysis
1. An arbitrary top fibre compressive strain and neudépdbk depth aresedto begin
iterative analysis. Forces are calculateddach barand concretéayer where

stressearerecordedMaterialstressearecomputed followingSubsection 2.4.

Top rebar
. stress profile
_O E:C' Compressed
O£‘= scl‘(d.—c/c) concrete )
J 1 stress profile
- Tensile
g concre_te Bottom rebar
stress profile stress profile
Strain Profile Stress Profile

Crebor
Ifc= Crebar + Cconcrete

C . IF= Trebor + Tconcr’ete
concrete
Tconcrete

Lh‘ IFe / IFp = 10

equilibrium is met

rebar

Resultant forces

Figure 3.2 Crosssectional analysis performed for a given compressive concrete strain.

2. Force guilibrium is achieved by changinthe neutralaxis depthNeutral axis
depth is changedntil tensionandcompressioriorces areapproximatelyequal
(iteration stopped once difference was less tha#o).

3. Moment is calculated about the top fibre using forces and moment arms derived
from Stepsl and?2.

4. Concrete compressive strashiftsto the next incremenincrementsiepend on
the condition of the crossection(e.g., cracking, first yielding}-or all types of
structuresthe initial strain increments p  p 1 . GFRRRC elementsise an
increment from cracking until failureaf p 1 . SteelRC will use increments
of p p 1 from cracking to first yielding angg p 1t from yielding to
concrete crushingStepsl through3 are repeated until concrete compressive
strain reaches crushing (i.e., T8t T §.V

5. The process from Steps4lis repeated for other cressctions where properties
(depth, reinforcement ratio) changéhe model also performs crossectional
analysisfor elements undecombined flexurakension(such as the deckyr

flexural-compressionCombinedlexure/axial load is accounted for inep 2 by
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adding an axial force acting at the cr@gxtion centroidlhe pocessis repeated

for a family of axial forces declared biyeuser. Fig. 3 describes this procedure.

Me

___ N=-3p
——N=0
— Ne3P
Crebar
Y

ZFe= Cre-l:)c:r + Cconcrete

c ~ Steel—RC
concrete ZF!: [rebor + ]concrete My
= Teoncrete ? /,’;? N=0
-rebur L If ZFe + ZFt ~ Niﬂ: > -
equilibrium is met
Resultant forces Nipt= —N (U]
FRP—RC

Figure 3.3 Iterative procedure for compressive straito calculated , accounting
for the effect ofaxial forces

3.2.2.2. Loading and FailureAnalysis
1. Loadcontrol test features are inputted by user, such asnmn load and
number ofloadstages. Thigives loading rate increments
2. Program calculates momemti®ach station at each loading stage up to maximum

forcedefined inStep1.

Moments recorded for section 'V’

Mmax

Aload

LTTTTTTHHTTT/N?;“"’*”@

Mmox

Figure 3.4 Bending moment diagram for each load increment along barrizck slab
structure.

3. Flexural failure: Programdeterminesvhichstationwould fail first according to
their flexuralstrengthfrom0 4 and the applied load that is needed to create this
moment. The@rogram indicates which is the critical element (i.e., deck or barrier).

4. Bond failure: Bond-critical capacitybased on bar stresses found from cross
sectional analyseaccouning for monolithic (i.e., sundconcrete) and repaired
(i.e., doweled bars of bridge barrier) conditiofar FRP-RC members, an
achievable bar stress is determined udtigg3.1 and 3.2 SteetRC members
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undergo similar analysis for boratitical strength based on expressions from
CSA S619 for straight and hooked bars.

T8t Y oQ Io 0O o
” — - 3.1
Q | o dp,Q a0 OT TU (3.1)
Q —d Q Q Ko) '—O 3.2
™ 0QQ 0 (3-2)

Terms forEq. 3.11 and 3.12 are the same as those in Subsection 2.’ Eg.125
and 2.4

5. One-way Shear failure: CSA S6190 general methods used tocompute
concreteds su)ateaach laadkssepnsiltha stepvehen(faiureby
shearis expected tmccur in thebarrier (i.e., when acting shear force surpasses
capacity).These structures have negligible shear inddek,so deck shear was
not checked.

6. Barrier -Deck Interface Failure:EI-Met wal | 'y and Céapproabhs ( 2017
for knee joints under openirig used This method relates acting forde to
compressive force in the strat  and determines the load when the acting
force exceedstrut capacity at its interface with nodal zongs., when the
interface fails) Capacity of nodal zones and struts follow ACI 3I®8reduction
factors for nodes and strut strenfgke ACI 31819 Chapter 23and Section 2.6
for details). Given the load and support conditions structures are idealized,
concrete components of STM are prone to nseneere action with respect to ties
and thus it is assumed that these are not excessively stressed.

3.2.2.3. Curvaturebased Deflections

1. Programadjusts) -/ diagramwhere uncrackedracked transition occurue
to stiffness losdrom cracking curvaturesin that zonehave more than one
possiblemomentwhich causse problemswith linear interpolation. Thus, this
region is approximateasa positive slope line which connects points immediately
before and after crackindrig. 35).
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M, Mr,

’,/ Uncracked — cracked transition
J..-,-’/sectim approximated to ascending
A line.

Uncracked — cracked transition
section approximated to ascending
line

Steel-RC FRP—RC

Figure 3.54  + 3plotsadjustment at uncrackedracked region.

2. Linear interpolation on adjustadl{ plotsfrom the previousstepis doneto

obtain curvatures relatedactingmomentsn eachstationand at each load stage.

Program accounts an initial bending stresses due to overhangesght from

deck slab and barrier to acting moments from each load step so interpolated

curvatures account for these at each analysis station. Fig. 3.6 depicts this analysis.

M Steel—RC M FRP—-RC

—

W st Wirp

Input: M

j—th Load stage BMD

LLLLLL]
W Steel RC . FRP—RC
Input: M, K\ /
Wi st ’ v ’

1frp

Figure 3.6 Interpolation of curvatures related toacting bending manents.

3. Curvatures areised to calculate deflections using momarga theona. For an

overhang beam, the contribution of the portion of the element between supports

adds up to the total overhang deflect{big. 37). Deflectionwy is determined

and then by similar triangl€s; iscomputed athe slope at both sides 8fipport

B are the same& isadded tavy to havefind deflections athe overhangjip.
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=

o ‘Ya/b
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Figure 3.7 Curvature deflectionscomputed by momerdrea theorem
3.2.2.4. Slip-based Deflections

1. Reinforcement stress, known frobn-[ , is recordedat the base of the barrier
where boneklip deformations are expected.

2. Bondslip models arglottedfor steelRC and FRPRC. Multiple models were
generatedor each materialSubsectior8.3.2.)).

3. Program calculates bond stresses based on reinforcemetd fens¢ and bar
geometry (diameter and embedment depth) at each loadustiengg=q. 2.1

4. Bond stress is used to interpolate slip elongation using BPE, mBPE, and CMR
models. In the case of Sezen and Seat@008) approach, elongation is obtained
by calculating the strain of a particular bar stress level using mechiaigc33

shows the procedure to determine slip deflections.

Neutrol—aoxis

Steel-RC FRP—-RC
T T location

| i Febar
Input:7; i ~_

Slip

Output: s,

Output: 5,

) Neutral—axis
Neutral—axis location

location

Figure 3.8 Determiningslip relatedto bond stress antar elongationand then finding
bond-slip deformations

5. Slip elongations are used to calculate rotations and bond slip deformations along

the barrier wal(Fig. 38).
45



6. With slip and curvaturdased deflections calculated, prognases superposition
to report total deformation
3.2.3. Assumptions
The following assumptions were considered
Plane sections remain plane.
Shear deformationsrenegligible.
Systemslominated by onevay action (tweway action ignored).

w0 D PE

Freeend slip of baswasnegligible to reduce the complexity of analysis and allowed

the use of selected borstip models.

5. For bondcritical sectionsClause 25.4.2.4rom ACI 440.11 (2022) and CSA S6
(2019) clause 16.8.4.1 were used to predict the maximum developable bar stress as a
function of embedment length (Eq. 3.1 and 3.2). The smallest stress computed with
these terms was chosen to determine banitical capady. The proposed systems

have minimumembedmentaround p ¢Q which are less than ACI and CSA

minimums. Applicability of these expressions will be compared to tests in Chapter 4

3.2.4. Materials

3.2.4.1. Concrete

C o n ¢ r epeedssorstressstrain relationship was modelled usiidognestad, 1952)
parabolic modelEquations3.3-3.5). This model was selected agénerally depicts concrete
compressiveesponse welfor mostanaly®s, although the model is intended for normal
strength concrete$his implies that its us®r higher strength concrete woulelad tosmall

strength differencewhich arenot expected taffect the overall response of the analyzed

structure.
0 o 2 L (33)
¢Q
- o (34)
O pcoymo®@ (39
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Expressior8.3 determines concrete strgS9 at a defined strain, . Equations8.4 and 35
for - andO are the compressive peak strain and the tangential initial Elastic Modulus,
respectively. In all equation$geis theconcretecylindercompressive strength.

The cracking strength of concret®, follows CSA S619 unless papersised for
comparison reportedQ from material tests.Tensile stressstrain developmentvas
consideredinearwith a slope ofO until "Q was exceeded (sdguation3.6). After this

point, no tension stiffening was accounted by the program.

N ™ Qe (3.6)

3.24.2. Steel Reinforcement
A bilinear elastieplastic constitutive model was used for steel stgssin curve(Eq. 3.7

and 38). Response for tension and compression was assumed to be the same.

Q- -0 - - (3.7)
Q- Q - - (3.8)
WhereO is the Elastic Modulus of steel (assumed to be 200 GPaj(dadhe steel yield

stressassumed a400 MPaunless reported otherwise

3.24.3. GFRP Reinforcement
GFRP isassumedto be linear elasticto fai{flbgg3.9).GF RP&6s cont ri buti on
was considered but effects of GFRP in compression were negligible for the members

considered.

Q- -0 - - (3.9
HereO is theGFRP d¢asticmodulus and the ultimateGFRP strain.Specific values

considered are discussedSaobsectiorB.3.

3.2.5. Constitutive Models

3.2.5.1. BondS | i-g mdgdéls

Two bondslip models were considered for st&dl elements (BPE (Ciampi et al., 1982) and
Sezen and Setzler (2008)) and three for GIRRPmembers (ARBPE(Cosenza et al. 1995),

CMR (Cosenza et al., 1997), and Sezen and Setzler (2008)). More details are found in
Subsection 2.7.3.1.
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FRRR C -s thodels are highly dependant on bar surface finishing (Cosenza et al., 1997).
SteelRC is more sensitive to confinement effects (GHB 1990). There is a wide variety
of surface finishing folFRPs,and each requirgsarametergalibrated with test data. In
absence of this information, parameters from different sources-@IEBL990; Cosenza et
al., 1997; Focacci et al., 2000; Pecce et al., 2001; Vint, 2012) were considered. Parameters
are presented in Subsection 3.4.3 for estaldy selected fatomparison.

To generatéls curves, EquationsBthrough 3.2 were used for BPE, mBPE, and CMR

model, respectively.

] o ]
to T — O i (3.10)
, @) L
to T — O i (3.11)
td0 t p A O i (3.12)

The analytical program only plots the ascending branch of each m®tet response up to

peak load was the primary focus.

3.3.Model Validation
3.3.1. Introduction
The program was validateat first against testperformedby other authors that studied
similar materiatand structures to those within the scopéhid thesisModel validationis
threestage procesgl) beam(2) barrier validatiopand (3) current experimental program
Beam tests establish the programds accuracy
Selected papers tested specimens under-fhoee and fourpoint bendinglLau and Pam,
(2010) Al-Sunna et al., (2012)Beams were reinforced with different FRPs and steel bars
soboth responsesere analyzed.

Barrier validationis based on three papersSalakawy et a) 2003 Ahmed et al.2011;
and Azimi et al.2014. These tests were performed monostaticalbaoners withdifferent
geometres,support conditionsand widths

Finally, analytical model was exposed to tested structures from proposed experimental
program from this study to establish its agreement thigir actual response. Details on the
tests are given in Chapter 4.
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3.3.2. Beam Test Validation
Table 31 reportsvalidationinput information. Testa/ereorganized using the nomenclature

reported in each paper. Fig.9 shows element crossectionsdetails on test setups are

available in corresponding studies.

Table 3.1 Input information for beam tests validation.

Specimen Reinforcement B(_eam dlme_nS|ons f cq fr Es/
Study D type (width  height fe® MP’a Fy/ f, MPa Ef, ),
length), mm MPa GPa
Lauand MD2.1-A90 Mild steel 45.9 4.07 400 200 21
Pam G2.1-A90 GFRP 280 380 4600 413 3.86" 582 38 21
(2010) G0.8A90 GFRP 36.6 3.63 593 40 0.8
Al- BG-2 GFRP 47.7 3.9 620 416 0.77
Sur;lﬂa et BC-3 . CFRP 150 250 2550 51.?’ 3.8% 1475 119 1.16
BS High strength steel 52 4.7 590 200 0.69

(2012)
*: Values reported for cube compressive strength.
A Authors did not specify modulus of rupture. Reported values calculated using expressions fr@@ CSA
Y: Valuesreported for split cylinder tests.

(@ ?;I/!{}\primlj (b) I-ﬁ-l
— — 1
4G16 206mm
4MD25 4025 :

S = steel sirups,

& B@8mm/75mm

Unit MD2.1-A90 Unit G2.1-A90 Unil GULE-AY) _ 1 25mm clear

main rebars / main rebars

Figure 3.9 Typical crosssections for beam tested in (a) Lau and Pam (2010), andA(b)
Sunna et al, (2012).

Al-Sunna et al .é6s (2012) properties were foundc
(cube compressive or split cylinder tesi&lues used as input for the model were calculated
usingEg. 3.13and 3.4. Elwel and Fu (1985¢stablishethat the cylinder/cube compressive
strength ratie range between 0.65 and 0.9 0.80 factor waselectedas it was close to
the average value between low ampper boundaries.
Re TR 0 (3.13)
0 @ e (3.14)
Figure3.10(a - c) shows loaedeflection curves fotestsby Lau and Pam (2010) and those
obtainedoy the modelGraphs fromLau and Pam (201@fFig. 310(d - f)) started at 20 kN

data below 20 kN was unavailable.
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Figure 3.10 Load deflection curvesbtained by model (subscript mtb) and those reproduced from
original data (subscript exp)Lau and Pam(2010): (a) MD2.1-A90, (b)G2.2A90, and (c) G0.8
A90 beam testsAl-Sunna et al. (2012)(d) BG2, €) BC3, and {) BS beam tests.

For Lau and Pam (2010)nalytical curveshave similar stiffnesses to tesbunterparts.
MD2.1 test curves (Fig. BO(a)) did not reporsimilar yieldingand could be attributed to
different material strengththan used for the validation given the lack of information
available in said paper. Moreover, the model curve was unable to track the yielding plateau
which is related to the loacbntrol nature of the program which terminates program before
yielding occurs, driving in plotting irregularities-or G21 (Fig. 310(b)), program reached
peak load at a higher load of what test repo@&/ versus 192 kN), butirmostsame
deflection than experimental counterpart (55.9 mm and 56 mm, accordiG@j (Fig.
3.10(c)) show that peak loalkad a good agreement between test and analytical results with
a 1.05 ratio (experimental/analytical); deflections reported a 1.16 ratamy of the plots,
postpeak responses observed in experimental curves were not modelled by the @®gram
the model used a loazbntrol philosophy

Al-Sunna et al. (2012) tests are compared to the model B1Ei@ - ). In general terms,
analytical results show good resemblandestdata. Uncracked regishad almosthesame
slopeand cracking loadCracked regions have slight variations for B&&y(3.10(d)) and
BS (Fig. 310(f)), but more notable in BC3 curs@-ig. 310(¢e)), where the model had larger
deformations, but similar stiffness (slope) compared to .tbkidel peak loads weréke
tests BG20s ul ti mat e responseat wd97 rateac hed

(experimental/analytical), while BC3 and BS at 0.87 and 1.03 ratios, respectively. Peak loads
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were in all cases in agreement between experimental and analytical results with slight
percentagelifferences in BC3 curves. Peak deflections on the other hand were close in
specimens assessed with some differences recorded in BG2 and BC3 analytical plots. For the
case of BS beams, the curves from eitkstor program were in good agreement depicting
almost the same response along the tests.

3.3.3. Barrier Tests Validation

Table 32 showsvalidationinput informationTestIDs are thesameaslisted by the original
authors of each papéfig. 3.11 illustrate crosssection geomeies,reinforcement layost

and test setup®r each paperSlip deflectionswere accounted as well throughultiple
parameters and modeResultsvere compared to assess which showed better resemblance
with test curves since that information on these relationships is absent from considered
papers. Models used were mentioned in Subsection 3.2.5 with further details given in
Subsection 2.7.3able 3.3 shows some of the parameters used to generatslgpowrves

for each study used for validation.

Table 3.2 Input information for barrier test validatiors.

o Es/
Study Specimen ID Reinforcement type  Specimen width (mm) I\/];ch fr (MPa) T\Zégu Ef,
(MPa) MPa) oy
El-Salakawy PL-3 Steel Mild steel A 400 200
et al. (2003) PL-3 GFRP GFRP 2000 45 408 640 41
Ahmed et al. 311-Steel2 Mild steel A 400 200
(2011) 311.GFRR2 GFRP 2600 39.4 251 656 476
Azimi et al. PL-3TS Mild steel 1200 32 2.26" 400 200
(2014) PL-3 TG1 GFRP 30 219 1188 64

~ Authors did not specify modulus of rupture. Reported values calculated@Sig6:19.

Table 3.3 Particular bond-slip parameters used for barrier tests validation, according to
bond-slip models.

Barrier test Bond-slip Model S mBPe Model ] S CMR Model .
Source Source
(mm) (MPa) (mm) (MPa)
Cosenza et al. (1997) 2.83* 7.07A 2.83* 7.07A
El-Salak (2

Salakawy etal 2003) £ o et al. (2000) . 4.70y - -
Cosenza et al. (1997) 2.66* 8. 08A 2.66% 8. 08A

Ahmedetal (2011) £ 0 coiet al. (2000) - 5.07y - }
o Cosenza et a{1997) 7.63* 6. 58A 7.63* 6. 58A

Azimi et al. (2014) Focacci et al. (2000) B 11.80% :

A Values obtained by using Wambeke and Shield (2006) expression using recorded stresses in materials. .
*: Slip elongation determined by using mechadtiesived expression relating bstress, stiffness,andbowsdt r ess (see A) .
y : F oetad @@00) provided a fixed value for slip elongation used to calculate-$toess using mecharimsed expressions.
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Figure 3.11 Specimen geometry and rebar layout details ElrSalakawy et al(2003)(a
and b), Ahmed et al., (2011) (c and d), and Azimi et al. (2014) (e andllifmeasurements
in mm.

Figure3.12(ai b) show load deflection curves from-Bhlakawy et al(2003); Fig. 3.12(¢

d) from Ahmed et al. (2011); and Fig. 3.12(® from Azimi et al. (2014). Each curve plotted
used different bondlip relationshipghat best suited experimental graphs, thotgin
slippagedid nothave a significant impact with test outcombkreover, applied loads or
moment at base were used aaxys from graphs. This is consistent with how authors reported

their curves in corresponding papers.
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Figure 3.12 (ai b) El-Salakawy (2003) mment deflection curves for PR3 Steel barrierand PL-
3 GFRP barrier tests(c d) Ahmed at al. (2011) moment deflection curves for 33tkel2, and
311-GFRP-2 barrier tests(ei f) Azimi et al. (2014) load deflection curves for (e)FA.TS, and (f)
PL-3 TG1 barrier tests.

In all casespeak loads and failure modes were generally predicted well (with 10% of tests),
except for311-GFRP curve which was 26% off. Stiffnesses had a great variation with El
Salakawy et al. (2003) and Azimi et al. (2014) reporting an overestimation of deflections by
model curvesplots from Ahmed et al. (2011) showed that GFRP curve underestimated
deflections, whereas steel omked the oppositePlot discrepanciecould be related to
different aspectslike test setups selected papers useth respet to the modeb s
assumptions and idealizatidror exampleEl-Salakawy et al. (2003) and Azimi et ¢2014)

had similar test arrangements where the deck was anchored to the strong floor (i.e., no
overhang). This subjected the barrier to larger stresses that result-imeglogible shear

deformations and a squat section in the case-8tlikawy et al003). Ahmed et al. (2011)
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accounted deck slab contribution to the structure by mounting specimens on rigid elements
in such a way that an overhang condition was forri@d induced deck to tensile forces

that could have increased curvatures in its egexgion. This is the same load and support
condition model was idealized. Howevetustures @widthscontrolresponse inducintyo-

way actionMoreover, program presented some limitatiaiated to its conceptide.g., no
tension stiffening accounted, adjustments at crackiig inf curves)as well as the scope
under it was created (i.e., analysis of structures undemayeresponse) affected plotted
curves presented with respect to experimeaualogues.

El-Salakawy et al(2003) models were stiffer than teq#sig. 3.12(a b)) and attributed
to aspectpreviously discusseddespite theedifferences, PL3 Steelcurveshadsamepeak
load while PL-3 GFRPcurves recordeil.11 peak load ratio. Cracking momeitrtswever,
were differentMoreover, program predia@dsame failure mechanism as tests (shear failure).
Finally, modes did not detect the drop in load aroun@ fm displacement seen in the tests
which was attributed to shear crack formation.

Ahmed et al. (2011) structures are compared to the program in Fig. B.AR(Both test
and model curvesaw theimpact ofaxial tenslie forces in the decky softenng structual
responseCracking momenté~60 kKNm)were similar for both modelled and tested barriers
postcracking seesignificantstiffnessvariations as previously notdebr 311 Steel, yielding
is observedgrior to yieldingat a moment around 200 kNm between a deflection e4B0
mm; the modefound same failure path with a 2.6% error @ak load but asmaller
deflection For 312GFRP, the model haal dissimilapeak load from the teandataround
half of deflection at failure. It is feasible that unaccountksblacementge.g., relative
slippage between specimen and strong floor, additional rotations due to support cohpditions
contributed tdestdeflections leading tthese difference®espite this, program was able to
record failure by concrete splitting due to failure of compressive strut generated at barrier
deck joint.

Regarding Azimi et al. (2014) (Fig. 3.12(d)), similarresponsetoEbal ak awy et
(2003) steeRC barrier test validation is observed here. For this case, peak load recorded
agreed with the experimental reswliish an 8.9% errorPL-3 TG1 mtbcurveshowed stiffer
response up to cracking reaching this state at a similar load than experimental ag@ogue

and 55 kNm for mtbandexpdatasets, correspondinglyut atsmaller deflection (0.30 mm
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versus 3.21 mmPostcrackingregionfor both curves tend to have similar response up to
failure. In terms of peak load, values were similaf94 ratio was attaingdwhereas
corresponding deflecticattainedby modelwaslargerthan tesbbservationsrepresenting a
22.8% increment in deformability. This curve has a better agreemetitéocurves shown

in this sectionand might be related to the width that specimens handled (1200 mm),

red rai ning speci meagaction.r esponse to one

3.3.4. Experimental Program Validation

Table3.4reportdest/predictedatios obtainedith analyticaimodelsvhen compared to test
results fromthe experimental progranpresentedn Chapter 4 See Chapter 4 for more
background on the test setup and reskitpure3.13shows load deflection curves from st

(see Fig. 4.13andprogram A solved example of how the model analyze jaitnengthby

STM is shown in Appendix FRegarding strength, program was able to prettiesame

failure mode as testsdat similar peak loads when using 1@, with SR01, SR02,and

SP03 having best agreemdmtween measured and predigpe@k loads. Using 1@
prevented analytical model from drawiragios close to unitfor any specimeng\| It

is reasonable in this case as joints were subject to tension given the specimen loading and
support conditions. Discrepancieaind in SR04 related to the early failure thepecimen

reported during tests compared with theponse mrded by the program.

Table 3.4 Testto-predicted ratios using @ak load from analytical model and tests using

various Jfy.
Specimen ID Demand ratio, Demand ratio,
Jy 8 Jy 8
SRO1 (peak load: 145 kN) 0.71 1.02
SRO02 (peak load: 93.5 kN) 0.73 0.97
SPRO03 (peak load: 105 kN) 0.76 1.09
SR04 (peak load: 103 kN) 0.77 0.84

In terms of loaedeflection curves, analytical model curves were able to record first cracking
of tested specimens. Pastackingstiffnessregionswere underestimatetbr GFRRRC in

the model. However, a changeslope in curves after cracking shows how progidenved
plotscross experimentaines)eading to astiffer response up to peak load in all cases. Main
reasorfor thisslope changes related tanomentcurvatureadjustmergat cracking and how
curvatures in said area where obtaifieel, linearinterpolation) which could have drawn

the imperfections observed in the graphkre refined numerical methods, for instance

including tension stiffening, may increase the accuracy of pastking curvature®espite
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this, analytical curves were able to provide accurate predictions in terms of loading stages,

such as first cracking and peak loads.
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Figure 3.13 Load-deflection curves up to peak load from analytical model and sensors from tests
at 775 mmabove deck slab.

3.4. Parametric Study

A parametric study is presentedth three parameters: overhang length, top/front bar
spacing, and bondlip modelsResults are comparé@tween each other as well ratated

to two control specimens. In totdB models were rurilable 35 presentsalues considered

for each parameter; Table63defines reinforcement properties. Concrete cover details are
given in Fig. 3.%4; lateral concrete cover was 65 mm in all cases. Concrete used a
compressive strength of 45 MPa, and a crack strength of 2.68 MRad (@asCSA S6:19
expression for normal density concrete). The same properties were used for both decks and
barriers. An aggregate size of 20 mm was assumed. Bpes#icationgollowed Alberta
Transportation (2018) for cast-place decks and barriers in highway bridges. Concrete
elastic modulus was computed using CSA S6:19 Clause 8.4.Whid) gave 23.5 GPa.
Finally, specimen width used for all models was 1500 mm, consistetfietevidth of
specimengabricated inChapter 4.

Variables selectediere shownin previous studies to have an important contribution to
response during teshhmed et al. (2011heported in their findings how the overhang of the
deckcontribuedto the strength of tested barrideckstructuresOtherwork conducted by
El-Nemr et al. (2013) showed the importance atinforcementaxial stiffness’OQ to
elements strengththis parameter is better visualized mcreasingreduéng main reoar

layoutspacingFig. 3.4 illustrates these layouts, labelled with rebar IDs 1 and 3 for top and

56



front assemblies, respectively. Referring to compression reinforcement, reRardb the

same spacing as D, while ID-4 has double the spacingID-1 or 3. That means if front

and top bars are placed at 150 mm2ill have a 150 mm spacing, and-4Dwill have 300

mm spacing. This applies to all rebar assemblies used in this parametric Baly.
approaches to determine slip deflections were used: mBPE model (Cosenza et al., 1995) and
Sezen and Setzlerds (2008) arpSpbsectioezh7.3withh e s e
their implementation to model phainedin Subsection 3.2.2ZConstants provided by Vint
(2012) were used for mBPE moddheir selection was done to compassults from a
constitutivemodeland a mechanicdlased approackinally, different failure modes were
assessed to determine which one recorded first failure. Namely, mechanisms entertained
were failureby flexure, oneway shear, pullout, or diagonal tension. Curves plotted were

captured until peak load (i.e., first failunes attained.

Table 3.5 Parameter variations investigated.

Parameter Variation 1 Variation 2 Variation 3
Overhang lengtlfmm) 1000 1500 2000
Top/front rebar spacing (mm) 100 150 200
Bond-slip models mBPE Sezen and Setzler (2008) (S&S) -

Table 3.6 Reinforcement bar properties used for parametric stu@ee figure 313).

Rebar ID Area Elastic Modulus Ultimate / Yielding Stress
(mm?) (GPa) (MPa)
G-1 285
G-2, G3, G4 200 62.7 1150
S1 300
S2,53,54 200 200 400
— 1 front
} face
‘-‘.‘ cover
G—4 i
S—4
- E
Back o9 I
face 5o
cover: <
60 mm
It T
I A
€. E Ly il I =l
22E
802

Figure 3.14 Reinforcement layout detail for parametric study.
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3.4.1. Results

Table 37 presents results from all analyzed modeith corresponding loads to reach each
failure mode assessed in elements mentioned thelammenclatureused follows the
following example reinforcement materialoverhang lengthrebar spacingbond slip
model. So, GFRR000150-mBPE is a GFRHRC specimen with a 2000 mm overhang, 150
mm spacing for front/top rebar assemblies, and accounting for slip deformations using the
MBPE modelPeak loads wereomparedvith factored design load specified by CSA B%

which is 170 kN.Deflections reportedleremeasuredhorizontallyat the same height where

load is applied (i.e., 775 mm from topaeck).As seenpnomodel reachdS6 force threshold

as governing failure mode (i.e., diagonal tension) happened Thig.type of failure is
related to large stress concentrations at a geometric discontinuity induced by a squat section
given a restrained element width that derives inwag action which was exacerbated by

the presence of tensile forces in the joint, which greatly reduces the capacity of STM
components (ACI 318R9; CSA S6:19).

Moreover, it was noted that no other failure tyssessedasclosetod i agonal t ensi c
low peak loadFailure by flexuretension action is not expected in any structure as it recorded
the largespeakload, transition between shear to bond failure was recorded as bar spacing
increases from 100 mm to 150 and 200 ntimough this did not collaborate to first failure
recorded in any case.

Table 3.7 Key results obtained by baseline models.

Load needed to reach each considered failure mode, kN
Flexure- One-way Diagonal Deflection at

Model ID Tension (E:Irlrci):rt) Shear tension Governing peak ;:tr'ﬁ::“
(Deck) (Barrier) (Deck, joint) (kN) (mm)
STEEL-1500150-S&S 140 140 11.8
GFRPR1000100-mBPE 431 239 212 108 108 23.3
GFRPR1500100-mBPE 431 239 212 108 108 38.2
GFRR2000100-mBPE 431 239 212 108 108 13.5
GFRPR1000150-mBPE 376 182 169 96 96 27.4
GFRPR1500150-mBPE 376 182 169 96 96 45.1
GFRR2000150-mBPE 376 182 169 96 96 16.5
GFRR1000200-mBPE 320 114 162 82 82 33.2
GFRPR1500200-mBPE 320 114 162 82 82 53.8 Deck slab
GFRR2000200-mBPE 320 114 162 82 82 12.8 Joint '
GFRR1000-100-S&S 431 239 212 108 108 24.3 '
GFRR1500-100-S&S 431 239 212 108 108 39.2
GFRR2000-100-S&S 431 239 212 108 108 135
GFRR1000-150-S&S 376 182 169 96 96 275
GFRR1500-150-S&S 376 182 169 96 96 45.2
GFRR2000-150-S&S 376 182 169 96 96 16.5
GFRR1000-200-S&S 320 114 162 82 82 33.2
GFRR1500200-S&S 320 114 162 82 82 53.8
GFRR2000-200-S&S 320 114 162 82 82 11.8
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3.4.1.1. Baseline Response

Figure 3.5 shows the loadieflection curve of control specimeG&RR1500-150-S&S and
STEEL-1500150-S&S. These were chosen as baseline since they possess the same overhang
length andebar spacingsspecimengn Chapter 4Curves agree with expected behavsur

of GFRRRC andsteelRC members. Cracking occurretband 14 kN for both. Reason

behind this low cracking load is the low concrete tensile strength used for thig2t68y
MPa)and initial stress state of t hweighgthis uctur e
was comprehended as explained in Subsection 3.2.268cdrbinedeffect with acting

tensile loads in the deck derives to the response exhibited in the curve and shows the
relevance of this tetructuraktiffness SteelRC has a stiffer response relative to its GFRP

RC counterparafter crackingBoth modelgepated failure by diagonal tension at barrier

deck joint which prevented them to exceg@lloadthresholdfor TL-4 barrierd GFRRRC
modelwas 43.5% weaker than S6 force threshold, whereasR@&6.5%)

160
140
< 120
g 100
3 80
;o /

g 40

< 20 —STEEL—lSOO-lSO-SgiS

0 —— GFRP-1500-150-S&$

0 10 20 30 40

Horizontal Deflection, mm

Figure 3.15 Load-deflection curve for baseline specimens.
3.4.1.2. Overhang Length Effect
Figure3.16 presentsoad-deflection curves obtained using different overhang lengiash
graph bundles sammar spacing$or comparison purposeSezen and Setzler (2008) was
used to determine borglip deflectionsAs reported irTable 3.6parrierdeck jointgoverned
peak load attaine®verhang length mainly affeetistiffness thelargerit gets;the smaller
stiffness will get. Thisis linkedtbo he deck sl ab (s, swalerrigiditesy t o r o
allowed larger deflections and visersg. Moreover, the selfveight load increment with
overhang length also contribuatéo loss of stiffness, which is why the initial stiffness of
curves vared among overhangengthsassesse®amerebar spacingpecimens attainete

samepeak loads, but corresponding deflection incrdagéh overhang length.
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Figure 3.16 Load-deflection curve for (a) GFRPxxxx- 100, (b) GFRPxxxx- 150, and (c) GFRP

50

Figure 3.17 shows the loadleflection plots fronstructures wittsame overhang lengths but

different bar spacingstable 3.8 reports the axial bar stiffness considering tension

reinforcement for barrier and deck slab per each bar spacing assessed.and Setzler

(2008) wereconsideredo compare effects dbar spacings.The figure shows thads bar

spacing decreadgthe structure develeg larger strength dower deflectionsContrary to

what was observed with overhang lengths variations, larger deflections were observed at

lower capacities (i.e., when bar spacings were larger). Larger bar spacingdiesalimore

flexible but less resistant structure (i.gtiffnessrises and ultimate load decreases). Under

the same logic the system becomes stiffer and stronger as spacing decreases.

By considering theensionedar axial stiffnessQ g thelargestvalues obtainedf this

parametecorresponded to structures modelled with the smallest bar spatieigresponse

showed largest peak load with smatieespective deflection of all. This establishes a direct

relationship betwee® owith strengthand stiffnes®f a system, amentionedy EI-Nemr
et al. (2013)
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Figure 3.17 Load-deflection curve for (a) GFRPLOOG xxx, (b) GFRR1500 xxx, and (c) GFRP
2000 xxx. Rebar assembly spacing assessment.

Table 3.8 Axial Bar stiffness determined for each rebar spacing assessed for deck and batrrier,
considering tension reinforcement.

Model As total, deck As total, barrier F = deck [ = barrier
(G-1) (mm?) (G-1) (mm?) (MN) (MN)
GFRRxxxX-100:XXXX 3705 2600 232 163
GFRPXXXX-150-XXXX 2565 1800 161 113
GFRPXXXX-200-XXXX 1710 1200 107 75
3.4.1.4. Bondslip Models

Figure 3.18 is a representativgraphfor GFRR1500150 series using both borstip
methods previously mentioned and a cumvdhout bondslip deflections(NS) for
comparison purposegable 39 showsdeflection differences at peak load recorded by Sezen
and Setzler (S&SpndmBPE modeWwith NS. Given the low peak load all elements attained,

bar slippage was not a big contributor to deflection curVbss talks about the low stresses

at which barrier at base was subjected when failure occurred and that deflections were

governed by deck slab ovenhng action Thus, percent differencegere small { to 5%
difference)in all cases
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Table 3.9 Deflections comparison at peak load accounting faip curvesand without themfor
each assessed model.

Model mBPE model S&S approach No slip (NS) Diff, % Diff, %
Qi (Mm) i, (MM) @, (Mm) (MBPE /NS) (S&S /NS)
GFRPR1000100-mBPe 118 - 117 1.01 -
GFRR1000-100-Sez - 128 ' - 1.09
GFRR1000150-mBPe 135 - 13.4 1.00 -
GFRR1000150-Sez - 135 ) - 1.01
GFRP1000200-mBPe 165 - 16.4 1.00 -
GFRR1000-200-Sez - 165 ' - 1.00
GFRR1500100-mBPe 233 - 232 1.01 -
GFRR1500100-Sez - 243 - 1.05
GFRPR1500150-mBPe 274 - 274 1.00 -
GFRR1500150-Sez - 275 ’ - 1.00
GFRR1500200-mBPe 332 - 33.1 1.00 -
GFRR1500200-Sez - 33.2 ' - 1.00
GFRR2000:100-mBPe 38.2 - 38.1 1.00 -
GFRR2000-100-Sez - 39.2 ' - 1.03
GFRR2000150-mBPe 45.1 - 442 1.02 -
GFRR2000-150-Sez - 452 : - 1.02
GFRR2000200-mBPe 538 - 537 1.00 -
GFRPR2000-200-Sez - 53.8 ) - 1.00
120
—— GFRP-1500-150-mBPE
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Figure 3.18 Representativedad deflection curves reporteldr GFRP-1500-150 serieusing.
Using mBPEand Sezen and Setzler approaches

3.5. Chapter Conclusions

This chapter presented the devetognt and validation cdin analytical modehiatpredics
deflections, failure mechanism, and peak lo&deinforcedconcrete elements witharious
reinforcement materialsAssumptions, constitutive models, and validation results are
presentedA parametric study was performedaoalyze thempact of parameters assessed
within the response of barrieleck overhang Based on the resultbtainedthe following

was determined:

1. The developed model was able to aspessibldailure mechanisms due to load and
support conditions. Deflections were computed by using first prinoytaseffects
adced via superposition when applicabléSome assumptions during model
development to reduce programming complexity wdoaethat may contribute to
performance limitationgzor instance, &glecting concrete tension stiffeningpy

62



impact posicracking stiffnessThe use of more refinedonstitutive model for
concretemay increasemodel accuracyFinally, it is also acknowledged that some
additional effects were not studied giviéeircomplexity and not being aligned with

t hi s tebearshiolgedtives nor scope. For instance, the impactre§ibns in
deflections, the softening of concrete in deck due to acting tensile forces, accounting
for two-way responsalongthes p e ¢ i wid¢horanéglecting shear deflections are
amongst these additional effects not considered for this model.

. The model was able to predict respons&BRRRC and SteeRC members subject

to simple load tests and similar support conditions and measures to those that the
program was initially conceived to analyz€or beans used in validationthe
program prediad loading stages (e.ggracking, yielding, andgeak loagl with
correponding loads and deflectiorsd peakwith good agreement ttest data.
However, pstpeak response was ngtredicteddue to themodel beingload
controled. Barriertests validation shwed that program was able to capture same
failure mechanisms gsevious researateported with good agreement of peak loads

in most cases. Moreoveprogram predicted within decent agreemergmmon
loading stage®f tested struiresfrom selected papers. Deflections, however,
showedhow model assumptions or unaccounted aspects limited its performance. This
and lack of test specifications found in references exacerbated discrepancies found
between test and model results.

. From parametric study, it was visible that parameters affectesiyftenresponse.

In terms of overhang length, rigidity of the structure wesnly affected. Structures

with same bar layout but different overhdeggthsdeflect more as overhamgngth
increases.Regarding bBr spacing, element strength increased as spacing was
decreasedrhis parameter also impacts the rigidity of the system adesgierloads

will be attained at lower deflection$his is related to théarger axial stiffness
reportedwith small bar spacingsSlip-related deflections contribution to total
deformations increassbar spacing redad where larger ratios were recorded in
relation to no slip models. Meaning that stiffer structures are prone to larger stresses
which derives into larger bar elongations at jsivgtween barrier and decRue to

the low load levels that all structures failed thfeenomenorwas not completely
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captured and differences between selected approaches to capture bar slippage
reported very close results. Finally, in any analyzed case structures exceeded CSA
S6:19 force threshold as all models reported failure by diagonal tension. This type of
failure is consistent to a squat response induced bywayeaction due to limited

s p e c i widths which resulted in large stress concentrations at the bdedkr

joint.
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4. EXPERIMENTAL PROGRAM

4.1.Introduction

Given the exposure to hazardous agents (e .gcide salts, corrosive chemicals, freghaw
cycles) in some region§FRP-RC isan option fobridgedeckbarrier structureghen these
agents maycompromise steeRC counterpartsPast sudies hae shown comparable
behaviour betweerGFRRRC and steeRC barriersin terms of strength and energy
absorption (ElSalakawy et aJ2003; EtSalakawy et aJ2004; and ElGamal et al.2008)
G F R Pdanchorage capacity has been analyzed using different bar figpetami and
Dehnadi, 2016Rostami et al., 2038&Rostami et a)2019),with adequateesultsunderstatic
and dynamic loasl Previous studiefocusedon specimens builin ideal conditionsvithout
degradation owith nonrealistic overhang deck lengths, whiatfiects capacity (Ahmed et
al,, 2011) andigidity (Torres Acosta and Tomlinson, 2023)

DespiteFRPbeingusedn constructiorsince the 198®,El-Salakawy et al. (2009) argued
that FRPbarsneedmore researcto beconsidereds aconventional structural materias
limited retrofitting guidelinesnd knowledge ompostrepairresponsavas availableMore
recentwork by Kim (2019) found thatmany FRRRC applications are stilleemed
experimental given the lack of expertise and knowletigécontractors and transportation
ministries havewith this technologylnvestigation of FRRepair conditions irtestsusing
realisticdimensionsaareneededo reduce uncertaintfor owners andlesigners

Little consideration witlrepair has been doneith FRRRC. EFSalakawy et al. (2009)
studedrepairand demolition procedureis 16 GFRPRC slabsRepais usedNearSurface
Mounted(NSM) and doweling bar(DB) techniquesBothtechniquesestored capacityvith
NSM elementavinga stiffer response ov@B. Theyreported thaDB specimensising
epoxy adhesivehad an 80% larger capacitythan those usingyrout. Demolition by
jackhammewasrecommenddover otlermethodsassesseddhmed et al. (20123upported
this premiseEl-Sal&awy and Islam (2014fesedthree6-metrelongPL-2 barriersBarriers
wereloadeduntil damage was observétenrepaied tsing NSM andDB methodsn both
barrier and deckin affectedregions (i.e., edge and middtenes. In all cases, ultimate
capacitiesof retrofitted sructuresexceeded strengshof unrepairedspecimens NSM
memberdad larger strength) attributed toN S M dasger effective depths. Totleut hor 6 s
best knowledgekl-Salakawy and Islam (201&themost recenbn repairof FRRRC deck
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barrier systemsAlthough this study showethe feasibility ofthese techniquethe retrdit

included partial demolition afhe overhang tanstallnew bas in the deck. Though good

results were reported, this solutioraynot be the most time and cost efficidndamage is

limited to the barrier wallFeatures of these specimens rdigaestions and need further

analysis, such as tl®ntribution of overhangsith lengths closer to those used in common

practice, or the evaluatidhe barrier/deck oi nt 6s abi |l ity to transfe
aspects were not considered by this study duéndot ®verhang (700 mm) artdvo-way
actioninducedby the 6 mlong width thatenablel different stress distributigmestraining

the structures fronthe mostsevereforces at the barriedeck interface, especiallp

retrofitted specimens.

This chapterpresentsa test program conductedn four barrierdeckspecimensTwo
specimenserved as contrgl mimicking monolithic structuresyhile the remainingwo
evaluaté barrier repairusing DB methods Ancillary test are discusseavith special
attentionto a modified RILEM beanrbondtestfor developingbondslip parameters for
GFRP barswvhich will be useful to predict slipleformationausing the analytical model

described irChapter3. Test results will be discussed and then comparediatytcal results

4.2. Specimen Description and Fabrication

4.2.1. Specimen Description

Four specimens were built. Specimens comprised a sghgped barrier constructed over a
deckwith geometries shown iRig. 4.1.Regardless of bar materiall apecimens hathe
same reinforcememiominalareaandlayouts(Fig. 4.2) This 1:1 substitutiorof steel with
GFRP was suggested blgar supplies based on previousxperiencan other regions of
CanadaTable 4.1 showeinforcementnformation with Fig. 4.3 showing bar dimensions
Two specimens acted as congs@P-01 (SteetRC)and SP02 (GFRRRC). Bothstructures
mimic monolithicstructuresThe remaining twospecimengSP03 and SF4) simulae
barrier repairsusing doweled barsSR03 is fully reinforced with GFRP barsSP04
comprisesa steelRC deck and &FRRRC barria. This latter case constitutesseenario
when a newGFRRRC barrier is fabricated over an old de€ontrol specimens establish a
baselindor determiningvhether repas wuld restore/exceambntrol specimestrengtisand
CSA S619 thresholdlemands for Tt4 barriers.
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915

Figure 4.1 Typical deck slab overhang Barrier structure geometry. All dimensions in mm.

Figure 4.2 reinforcement layout for (a) SF1, (b) SR02, (c) SR03, and (d) SPO4. Bar
covers given in Tables #.and 42. Reinforcement details given in Fig. 4.3
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Table 4.1 Deck slaband barrier general reinforcement featuresf asdesigred and asbuilt

specimens

Specimen ID}

SP01

SP-02

SP-03

SP-04

Top bas, longitudinal
Bottom bas, longitudinal
Top covel, mm
Bottom cover, mm
Front face bag
Back face bars

20M @ 150 mm (&)
15M @ 150 mm(c-c)
52
40
15M @ 150 mm (&)
15M @ 300 mm (&)

#6 @ 150 mm ()
#5 @ 150 mm ()
52
40
#5 @ 150 mm ()
#5 @300 mm (ec)

#6 @ 150 mm ()
#5 @ 150 mm ()
52
40
#5 @ 150 mm ()
#5 @ 300 mm ()

20M @ 150 mm (&)
15M @ 150 mm (&)
52
40
#5 @ 150 mm ()
#5 @ 300 mm ()

Front face covérmm 100 100 100 100
Back face covérmm 60 60 60 60
Barrier front covel, mm 90 90 100 100
Barrier back covérmm 60 60 60 60
Deck top covet mm 52 52 52 52
Deck bottom covérmm 40 40 40 40

AAll elements had transverse reinforcement in the top/bottom mats with same diameter as bottom reinforcement assembly evayspac
200 mm (ec); horizontal bars from barrier had same reinforcement configuration.
" Measured to the face of longitudinal/vertical reinforcement.
¥: As-built concrete covers measured to the face of longitudinal/vertical reinforcement.
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Figure 4.3 reinforcement dimensions for (a) deck, and (b) barrier. All dimensions in mm.

All specimensvere 1500 mm wide and 2500 mm long. The widdlexpected to lead t®

oneway responseavhich placesbarrierdeck joins under large stresses that allow for

conservative analysis ¢bint response and bamnchorageBarriers have 4500 mmlong

overhangfollowedtwo rows of support anchoas610 mm spacingon centrepetweereach

row, and390 mm from the last anchor row to the back face of the @k overhang length
and thickness (250 mmnjere selectetb representealapplicationsThe 1500 mm overhang
Is justified by Ahmed et al. (2011), where they showed that the deck with overhang action

may govern capacity asdiled beforeghebarriers. Additionally, overhang length contributes

to flexibility andenergy absorptioability (Torres and Tomlinsqr2023).

TL-4 barriergequirea 800 mmheight from top of roadwaty top ofbarrier(CSA 2019);

tesedbarriers usedlberta Transportation (201@geometrie$or single sloped barrier@-ig.

2.3) which exceed tislimit by 40 mm. Barriers had a heightiécktop tobarriertop) of 915
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mm which accounts for 75 mm of road surface, and 840 mm above this line. The barrier base
is 350 mm wide and tapers at a 0.165:1.00 (horizontal:vertical) alopg the heightThe
barriertopincludesa spandrel beam wittrosssectioral dimensiongf 180 300 mm.This
spandrel stiffens the barrienderntwo-way actionthough this action is not expected for these
testsgiven the limited specimen widtRor constructabilitymeasurements wereundedo

the nearesd mm increment and 10 mm tolerance wa®nsideredluring fabrication.

Given the speci mens O s ispe@menforeacbhthesfourdtestc i ded t
conditions taeduce fabrication and testitighe. Practical considerations with lab space and
budget limitations also dictated the number of specimens that could be feasibly tested in this
program.This affectedrepetitionwhich preventedus from capturing astatisticalmean
structural responsencluding variability in strength and stiffne$gt each specimen typ€&o
balance this effectgpetitionof ancillary tess to determine material properties usadhe
fabrication of the barriedeck structures/as doneResults are given in Subsection 4.3 and
Appendices B and D. This practice has been used in other studies with similar structures
whose dimensions makesting multiple specimens of the same tgpmbersome tperform
(Ahmed et al., 2010; Ahmed and Benmokrane, 2014Sd&hkawy and Islam, 2014; Azimi
et al., 2014).

4.2.2. Fabrication Process

Specimensvere fabricated in the Morrison Structures Lab at the University of Alberta.
Fabrication compsedtwo stages: (1yleckfabrication and (2parrierfabrication Additional
information on fabrication ofachspecimen can b®und inAppendix A.

4.2.2.1. Deck Slab Fabrication

Formwork was built usind9 mm plywood and38 89 mm sawn lumber(Fig. 4.4(a)).

Reinforcementmats wereplaced on chairgo maintaincover (Fig. 4.4(b)). After placing
reinforcementverticalbarsfor SR01 and SF02 barriersvasplacedand connected/ertical

barswereplaced usingvoodenguidesgo maintain deisedinclination and coveffig. 4.4(c)).

PVC tubes were installeo facilitate anchoring specimens to the fl@ord bracedwith

plywood to avoid shifting during casting (F#4(d)). Somebarswereshifted25 to 37 mm

from the design position to prevent conflict WRNVC tubes Appendix A)
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Figure 4.4 Deck fabrication.(a) deckformwork, (b) SR02 bar assemblies in form, (c) vertical

barsfor barrier SP-02, (d) lateral bracing for PVC tubes in decke) deckpouring, (f) SRO1 6 s
surface rouglenedwhere barrier will be fabricated, and (g) SE1 deck after 7 days curing.

Thenext step wato castleckconcretdFig. 4.4(e)) whichtook placeonJanuary5®h, 2023
A total of 0.94 ni of concretevere poured into each forr@oncrete was vibrateduring
pouring, screeded, and finished with a trowel

In accordance with Alberta Transportation (20d8&¢kconcrete under the future barrier
locationwasroughened 6 mmwith a1:0.03 (horizontal/verticaflopetowards the back of
the barrier.This detail intends toincrease sheairiction resistanceof the barrier/deck
interface Rougheiing wasachievedising sharp edge of trowels (Fig4(f)). For SR01 and
SR02, verticalreinforcemenimade it difficultto achieve thisletail butit wasapproximated
as much as possible. FBR-03 and SF04 the process was easiue to the lack ofertical
bars.Roughening of SB3 and SF04 simulatsthe concrete surface after saw cutting and
locally roughening concrete with a jackhammer or similar.tool

After pouring specimens were covered wigthasticsheetsand curedfor seven days.
Specimensvere watered dailyo assist with curingAfter seven daysplasticsheets were
removed(Fig. 4.4(g)), and thesecondabricationstage began
42.2.2. Barrier Fabrication(SR01 and SP02)
For specimens SP1 and SFO2, barrier reinforcement assemblies follEiayoutsshown
in Figs. 4.2(a) and b), and 4.3 Barrier fabrication waselatively easy sinceertical bars

were already anchored into the deck. Horizontal bars pkeed, leveled, antied at the
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designeaspacingFig. 4.5@)). For thefront bar assembly, tHeorizontalbar at the base was

tied as close to the dedk topfibre. Barrier wallformwork was constructedFig. 4.5b)),
concrete casin April 20", 2023(Fig. 4.5(c)), and formwork stripped after 7 days of curing
underplasticwith daily watering(Fig. 4.5d)).

assembly connected, (b) typical barrier formwork installed, (c) concrete pouring for barriers, and
(d) formwork stripping after curing process finished.
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4.2.2.3. Second Stage: Barrier Fabrication (SB and SP04)

Bar configuration for S®3 and SF04 was the same as ®R and SFO2 but without bars
embedded intthedeck. Insteadthe dowellingtechnique described Subsectior2.5.2 was
used.Dowelling is summarizedn Fig. 46 andTable 4.2 Details including estimates for
how long it takes to complete each taagkegivenin Appendix A Stepsl and 2 were not

donesincespecimens werkabricated to achieve a similar result assth activities.

Figure 4.6 Activity sequence for bar dowelling technique. @illing guides positioned, (b) holes
drilled on SR03 (shown) and S®4 deck slabs, (c) hole preparation, (d) bdowelling after
epoxy adhesive injected into higk) final state of epoxy and bars after beirdpwelled and (f)
final dowelledrebar vertical assembly.

Table 4.2 Activity sequence for bar dowleng repair technique.

Activity ID Activity Name Activity Detail s
1 Damaged concretdgemolition. Concrete demaolition by jackhammer or other proven techniques.
2 Debris removal. Remove @molish& concrete so newoncretds poured over a clean area
3 Surface roughening Surface roughening by partially demolishing concrete smoothtarea

increasdriction (Fig. 4.4(f)).
Locateholes according to bar layout, considering interferences with
existingbars(Fig. 4.6(a)).
Hole drilling. Use a rotary hammer drill to desired deffiy. 4.6(b)).
Use a metallic brush and compressed air valve to remove dust particle

Hole allocation.

©Olo(Nf o (o &~

Hole preparation. remain inside hole@ig 4.6(c)).
Epoxy / Grout applicationinholes. Adhesive applied inside of holes
Bardowelling into holes. Bars inserted into holesith adhesivegFig. 4.6(d)).
Rebar cage assembly Once adhesive has harder(Edy4.6(e)) assemble bar cages
4.2.2.4. Final Appearance

During formwork removakach specimen wasispeced (Appendix A containsrelevant

inspectiorimages. SpecimerconditiorswereacceptableSR01andSR02 did nothaveany
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notablerregularities. $-03 hadminorconcrete spalling~ 10-15 mm depth)n the bottom
surface of the decKRhe effect of thispallingpnSR03 6 s r ewipgaestsvas found to
be negligible.For SR04, a deckcornerchippedduringdemoldingbut was in asuperficial
location not observeda affectresponse 0SP-04.

As-built measurement®r comparng with designedgspecimengSee Fig. in Appendix
A). Table4.1 showsthe finalmeasure@oversMeasurenentgeported are the average from
five locationsalong specimensSpecimensvere constructed withithe 10 mmtolerance
desiredn Subsectiod.2.1 no largevariations were recorded, except 8*01 and SF02 6 s
barrier front assembly covarhichwas 10 mm below specifiethis mayaffect response as
t he barsdé effect i v-83addeSpod. Effestscos thisaradisguesed in h a n
Subsections 4.5.4 and 4.5.5.

4.3. Material Properties

4.3.1. ConcreteProperties

A High-Performance Concrete (HP@)ix with a minimumdesigncompressive strength of
45 MPawas usedThis follows Alberta Transportation (2018pr castin-place decks and
barriers in highway bridgeBer Alberta Transportatiq2018), HPC mix mushaveawater
to-cement ratimf 0.38 with minimum cement content of 335 kd{milica fume and fly ash
mass content ranged betweef% and 1115% of cementiousmaterials used:heconcrete

mix temperature at discharge should be between 10 to 20°C. This was accompligieed by
supplieradding ice chips to the mixer trudBoncrete wasnixed and batched by LaFarge

andcast in the Morrison Structural Labable4.3 reports mxture properties

Table 4.3 Concrete mix properties

. . . Testday
Mix properties 28-day properties properties
P ID P i
our our date Slump, Alr Temperature, . GPa Ik vPa B mPa
content o i
mm % C (+sD) +SD) (+SD)
1 25/01/23 140 7.5 10 23.2¢0.1 45.9+3.5 5.320.3
2 20/04/23 120 7.2 16 208+2.7 41.8-0.6 4.91+0.2

For each pour, 15 cylindef400 200 mm)and three beams were sampled to determine
mechanical propertiesicluding elastic modulus(O) (ASTM C469, 2014)compressive
strength("@e) (ASTM C39, 2018) and modulus of ruptug® (ASTM C78, 2018) Elastic

modulusand compressive strengilere determine@8 days after poumg by testing three
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cylinders remaining cylinders wertestedfor test day strengthMore detailsarefound in

AppendixD.

4.3.2. Steel rebaproperties

Steel rebar coupons were testedstablish their yield strengtft}) andelastic nodulus,0 h

per ASTM E8 (2022) Five coupons were testedrfeach diameteirhe yield strain, yield
strength, and elastic modulus of 15M bars (nominal area 206) mwere TSI T p W Y
T8t 1T T1,¢4d6 2.1 MPa, and 2118.2 GPa respectively. For 20M bars (nominal area 300
mmn?), the yield strain, yield strength, and elastic modulus weseTt ¢ p 8t T T1,¢ T
450 2.1 MPa, and 21312.6 GPa respectiveliore detailsarefound inAppendixD.

4.3.3. GFRP rebar properties

GFRPmechanical propertsprovidedfrom barmanufacturer TUFBARand tests conducted

by (Al-Jaaidi, 2021pn same bar seind specified imMable4.5. Tests were performeaer
ASTM D7205.All bars were assembled with vinyl ester resin an@REglasdibres.

Table 4.4 GFRP mechanical properties.

Bar type =greal, mm? W, real, mm g GPa . VPa
#5, straight 240° A 536 1339

#5, bent 2400 17.4 50 1000
#6 , straight 325" 20.3 62.7 1150

" Average values from Alaaidi (2021)Bar diametewused tdfind ﬂandlowaslTl mm.

f‘VaIues determined for present study.
YValues extracted from manufacturero6s catalogues.

4.3.4. Epoxy Properties

Propertieswere found from producer(HILTI, 2022a) Bond strength after 14 days curing
should be 11.7 MPASTM C882, 2013) CompressivéASTM D695, 2010) and tensile
(ASTM D638, 2014trength are 82.7 and 49.3 MPespectivelyTensile strengtreported
Is after 7 daysuring.

4.3.5. BondSlip Response

4.3.5.1. Beambond Specimen Description
Generaldescriptionsof beambond tests andbondslip curves are given in this section.
Further details on construction, detailjmgddiscussioraregivenin AppendixB. Beam
bond tests were done following general specifications ffl@thEM TC-RC5, 1994)

Fig. 4.7(a) showsa general scheme ¢éstedRILEM beams. Specimerm®mpriseéwo RC
segmentsvith dimensionsselectedand stirrups providetb ensure faureby pullout. Each
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segment had 200 300 mm crossection and length of 475 mmegmentsvereconnected
by a GFRP bar at theottom A 110 mmgap separatesegmentswheretwo 51 51 6.3
steel anglesvereanchored into concreteear tops of each segmeAngles support ateel
rod placed which carriesompresn between segmenguring tesing. Gap width was
dictatedbyavailableangle sizesgaps werdilled with Styrofoanto maintairdistance during
pouring Barswereembeddednto 225 mmof concreteandconsistentwith deckembedment
depth(Subsectiort.2.2). Acrylic tubes (25 mmlong) controled embedment depth
Concreteand GFRPwverethesameasthose usedh thebarrier. A differentrebarsupplier

was used follOM stirrups anchangetbarswith thosebars havingQ of 466 MPa and® of

200 GPa reported by the sumpl Fig. 4.7 showsconstructiongdetailsin AppendixB.
(@) 1060

1526

—] 4-10M @405mm
. 2 per each beam
STEEL ROD segment

#70mm

300

50
/8"
GFRP Bar

Compression ro¢ -

i M il J“:‘T

| BY Outside LP

Figure 4.7 (a) typical RILEM beam geometry and reinforcement layout used in this study. All
dimensions in mm, unless specifie(b) and (c) Fabrication of RILEM beams;d) final product
after formwork remova]l and (e) Test setup for RILEM beam tests.

Two beam series were built: CB and CE. &3essdbondslip between concrete aligFRP.
CE assessebondslip betweenGFRP surrounded by epoxy resiRrevious studiesf how
to construct CE specimemgere not found s@ novel procedure waslevelopedo insert

epoxy after concrete was hardemnath detailsgiven inAppendixB.

4.35.2. Bond BeanTest SetuandInstrumentation.
Per RILEM TGRC5 (1994), bearbond tests are subject fimur-point-bending. Fig4.7(a)

showssetupdimensionsvith a photo provided in Figt.7(e). Load was transmitted through
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a spreader beam from an MTS universal machine with 6000 kN capaditysplacement
controlledat 1 mm/min.Linear potentiometer@.P)smeasurd barslip. ForCB, LPswere
locatedat external/unloadedide of segmenidor CE, LPs were placed in loaded and
unloaded ends of barhis enabled the capturing of data on both extremes of each segment

to determindf significant differences wengresent

4.3.5.3. Results
Results from bearbond tests are shovin Fig. 4.8. Subscript®N and S correspond to North
and South LPs. Plots correspond to LPs ¢hpturedoullout, which are most representative
remaining plots argivenin AppendixB. Table4.6 depicts relevarpoints fromtess usel
for modelcalibration inSubsection 48.5.3.Bond stress}, wasfoundusing Eq4.1
0®
¢“QaQ

Whered is thetotalload appliediis the shear spaf) is the GFRRneasurethar diameter,

(4.1)

& is embedment length in each beam segmentGsthe moment arrf-170 mm)between

tensionandcompression forces.

14 14
a b CE_1S CE_2.1
@ ©)12
% 10 } % 10
s 8 L ~- - TT°*<T g 8
8 6| 8 6
n I )
° 4 CBIN cB2S 2 4
2 2 F CB3S = === Model 2 2
O 1 1 1 1 1 o 1 1 1 1 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Free-end Slip, mm Free-end Slip, mm

Figure 4.8 Bond-dlip curves br (a) CB, and (b) CE seriebeambond testsmBPE model curve
for each series also shown.

Table 4.5 Key points from boneslip curves.

Point CB Beam series CE Beam series
CB1 CB2 CB3 Avug SD CE 1 CE 2 CE 3 Avg SD
1, MPa 1223 1247 1162 121 0438 | 12.04 1019 1132 112 0.929
i ,mm 0.21 0.16 0.15 0.17 0.031| 0.36 0.18 0.11 0.2 0.127
T, Mpa 8.99 8.47 7.31 83 086 | 1098 7.17 744 85 2131
i ,mm 6.96 6.11 7.92 7.0 0.90 2.75 7.83 7.33 6.0 2.7%

CB_1 had a imperfection related to moveme@t50 mm)of Styrofoam during concrete
pouring. This resulted ionesegmenbeing largethan the other ondhough CB_1 behaved
similarly to counterpartsCE_1 failedn shearshortly afterpullout occurred characterized
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by diagonal cracing in a segmenfollowed by GFRP barupture (Fig. 4.8(b)). CE_1was
not used formodel calibration as it waisiconsistentwith other specimenfr postpeak
responseCE_3experiencedbar pullout from both segmenas$ around the same timéhe
northslips were used for model calibration as they reportethtigestslips after reaching
T . Other testglid nothaveany construction issger unexpecteeventsduring test
Partial demolition was completed after testing to confailuremodeqFig. 4.9. Overall,
CB b e a muface coating peeled off tl&FRP bar coatingleading to slip, whereaGE
beamdailed due to slip between concrete and ep@dyspecimens failed by pulloyeven
CE_1,with large rotatiorabout theninge(Fig. 49(a)). Some beams, particularly Geams
exhibited pullout cracke the middle gagFig. 49(b)); CE beamshoweverdid notshow

cracks only large bar slippage was observed (Bi§(c)).

Bar coating debri .

Figure 4.9 final state of beams from (a) CE serigéb) pullout cracksin CB, (c) typical bar
slippagein CE, (d) typical state of bar embedded in CB after demolitiond#e) typical state of
bar embedded in CE aftedemolition.

4.3.5.4. Bond Slip Model Calibration

Subsection 2.7.3.introducedthreebondslip modelsfor concrete and GFRP bammBPE
(Cosenza et gl1995), CMR (Cosenza et a1997), and Sezen and Setzler (20@®)senza
et al . 6s ( 19v@assklectmadamtiparametatsecalibrated following a graphical
approactfrom Cosenza et al. (1997nBPEwassuccessfullysed by Vint (2012) for bars
with similar features to those usadthis study.
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The gaphialmethod is composed of three stépsalibratecoefficients , p, andf . For

| , thearea under curyed , between (0,0) andi ( ,T) is calculatedusing trapezoidil

integrationand computed witkq. 4.2:

Ti

= P

5 (4.2)

Wheret is the maximum bond stresmdi is the slip corresponding tb . Linear

regression of the descending bramas done then Eg4.3 used to gei.
n a— (4.3)

WhereO is the slope of the lines isthe ratio betweelV andW (Eq. 4.4) whereW is the

weightedaverage of bond stresses recoraethe bondslip stabilization zone.

o= (4.4)

Calibratedparameters arshown inTable4.7. Different parameters ere obtained for CB

and CE expected givethat CE usedepoxy resinTable4.8 contains expressions for each

region of the plot per CB series test®thdel curvesfor each series were shownkiyg. 48.
Table 4.6 Model parameters calibrated for CB and CE beam seffiesmBPE bondslip model.

Item CB Beam series CE Beam series
Specimen
D CB_.1N CB 2S CB.3S Avg SD CE_1S CE_2N CE_3N Avg SD
| 0.044 0.056 0.041 0.048 0.008 0.057 0.059 0.049 0.055 0.005
M 0.00885 0.00886 0.00826 0.0 0.0003 0.0073 0.0085 0.0052 0.007 0.002
f 0.734 0.687 0.648 0.69 0.043 N/A 0.707 0.66 0.68 0.033
1T, MPa 12.23 12.47 11.62 121 0.438 12.04 10.19 11.32 11.18 0.929
i ,mm 0.21 0.16 0.15 0.17 0.031 0.36 0.18 0.11 0.22 0.127
1, MPa 8.99 8.47 7.31 8.26 0.86 10.98 7.17 7.44 8.53 2.131
i ,mm 6.96 6.11 7.92 6.99 0.90 2.75 7.83 7.33 5.97 2.796

Table4.7 Expressions for mBPEmodel according to beam series.

W'y, CB Beam series

W'y, CE Beam series

Plot region (value ranges)

O 8 O 8 .
P& p —— | P@UY Kﬁ Ascending branchd i )
PHpp T @y P tp "X&e P Descending branch (O i )
T#p T Yr Stabilization { i)

Resultsare compared with tber studiedin Table 49. Majority of comparisonswere

performedwith similar surface coatingas those used irhis study except ribbed bars.
Overall, ascending branch parameters (e.g.;f , i ) from this studywere like others
Values for grain covered ba(€osenza et gl1997)werelike this studythought for CE
beamswvasslightly smaller Braided sandeecoatedbarswere similathought wasmuch

large than that in this studyromVint (2012), ascending branciiom sand coatetielical
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wrapped barsverelike this study buti wasmuchlarger.Cosenza et al. (199%gnd very

largedescending slopen, and smakrt andf than this studyr) from Vint (2012) was

closer tahose in this study but stiliffered morehan30%. Vint (2012)only reporedt or

I valuesfor ribbed bars, wherdd ot h val ues wer e smé&urtheer t han
investigation on these parameters, and the applicability of the proposed method fslipond

curves for doweled GFRP bars, should be completed in future.

Table 4.8 Comparative chart omBPE model parametersf current and previous studies.

Present study Vint (2012) Cosenza etal. (1997)
Specimen ID / Sand coated, Sand . Grain Braided +
Coating type cB CE helical wrap coated Ribbed covered sand coated
| 0.048 0.055 0.0622 0.21 0.11 0.067 0.069
T, MPa 1211 11.18 11.26 14.36 11.50 12.05 17.78
i ,mm 0.17 0.22 0.556 0.504 0.423 0.13 0.15
N 0.009 0.007 0.0131 - 0.0296 3.11 0.95
T, MPa 8.26 8.53 - - 5.07 3.17 7.13
1 0.69 0.68 - - 0.434 0.263 0.401

4.4.Test Setup andnstrumentation
Figure4.10 showsthetest setupMorebackground informatioan setup and instrumentation
Is given in Appendix CSpecimens weranchored to the lab strong floor througVo steel
152 152 12.7mmHSS members. The centre of the first HSS was 1500 mm lheonner
back face; the centre of the second HSS was 610 mm from the fir§pmeeémenshushad
a 1500 mmlong overhang. Holes were drilled in the HSS members and polyvinylchloride
(PVC) tubescastinto the deck to allow anchoring of the specimen to the lab strong floor
using four 1800 mm-long and 38.1 mm diameter threaded anchor rodehis clamping
prevents horizontal displacement or rotations and mimics connedteiween deckand
girdersin practice The specimens werplaced beside aeactionwall with an actuator
installedto apply load horizontally75 mm fromthetop ofthedeck The actuator anchd
cell wereconnectedy a hinged plate bolted ©01050 mmwide spreader beamonnected
to the tapered face of the barrier b.7 mm diameteroncreteanchos to prevent sliding
during testing with grout used to fill the gapeated fronthe barried slope Grout ensurs
an even force distributioalongthe spreadebeam during testg.

Specimens were tested monostalic until failure. Precise servaontrolled loading
systems were unavailable at the timetedting,but the mechanical release system used
allowed for relatively stable displacemerantrolled loading at ~1 mm/min. Specimens were

loaded such that peak load woulctararoundafter 3540 minutesTestswerestoppednce
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load dropped more than 50% from tieeak load tassess if any interestimgdistributions

of stresses took place after failure
@)

- STRONG WALL ACTUATOR. SPREADER BEAM, CONCRETE ANCHORS
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Figure 4.10 Test setuga) drawing and (b) photo. All dimensions in mm.

4.4.1. Instrumentation

Specimers were instrumented with twelv® mm 120m) electrical resistance strain gauges
placed on reinforcemenBaugesvere installed whertarge stresses were expected during
test Locationselectiorandinstallationwascompletedy Al-Jaaidi (2021). Fig 4.11(a) and
(b) shows t r a i n loggteons ghe ssrde layout wagsed oreachspecimen

Figure4.11(c) shows the position of sensors recording deflectiBathcable transducers
and Linear Potentiometers (LPs) were used. Barriers had two setblef transducers
installed: one at thelevationwhere load was applied, and the other 300 mm atheaeck
top surfaceSets were located near specimen edgestredapproximatey25mm from side
faces)to track possiblgwisting and referenced to thab strong floor. Vertical deflection
was measured by two LPs located at the tip of the overhang. Relative horizontal slip between

specimens and the strong floor was measured by twopldR®edbehind each specimen.
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Finally, an LP was placed halfway along the specimen width to measure gap (i.e., crack)

formation at the barriedeck interface.
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Figure 4.11 Instrumentation locations(a) lateral, (b) Top viewof deck slab Circles marked
positions (c) typical displacement sensors locatiorideasures in mm.

Figure 4.12 shows the zone captutdy a 3D Digital Image Correlation (DIC) caneer
systemDIC data was capturezh atherside ofeach specimen with focus drarrierdeck
junctiorswherelarge stress concentrations wesgectedFig. 4.12(3). DIC cameras Ia

5 MP resolutior{2448pixelwidth) which takes photos at a deslifeequency (1 Haere to
produce timdapseimagesthat are then processed tneasure distributed strains and
displacementslracking wasenabledthrougha dotted texture drawn usingspecialroller
and paint Fig. 4.12(b)). Dot size wasl.27 mm and selectedconsidering thecamera
resolution and field of view (i.esjze of region beingapturel) sizeto ensure good resolution
of results(i.e., 5+ pixels per ddiCorrelated Solutions, 202)aYhe area included the joint
itself and one element depth away from the joint in both the deckamier(Fig. 4.12(c)).
This areawaschosen as a {begion was probable to form given the geometry discontinuity
and large stress of the knee joint connecting both elementdaihitre. DIC images were
processedvith VIC DIC 3D-9 softwareusing default options of the prograim obtain
concrete surface strains, displacements, and crack widths as discusséttdgram was
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calibrated using speckle images with a calibration board provided by manufacturer which
allowed DIC camera system to map the area of interest prior further analyses were performed.
Calibrationscoredor each specimen was: 0.031 (8P), 0.029 (SF02), 0.034 (SF3), and

0.028 (SP04). These values represent the mean distance between extracted and predicted
location of calibration points from calibration board expressed in hundredths of pixels
(Correlated Solutions, 20218core values below 0.1 are acceptable calibration scores with

those closeto zero more precise.

()

300,7

250

550,7

PR

Figure 4.12 (a) DIC setup, (b) dotted area under analysis, and @ area dimensions

4.5.Test Results and Discussion

Key results from each test are shown in Tdl®eLoaddisplacement curves (horizontal and
vertical) are shown in Figd.13. Deflections showed correspond to average values that
sensorat load point CB_775) and tip of overhang reportgdP OVG during the tests (see
Appendix C1 for sensor locatior)s Horizontal deflections reported were calculated by
subtracting averaged deflections at loading point with horizontal slip measured between
specimen and strong flooBarrier otations were calculateatlative toa vertical axis
referenced fronthe rearverticalface of the barrier and horizontal deflecsoaported by
CB_300 sensoiThese two points were selected since curvabased deformations in this
region very negligible based on strain and limited barrier damage observed during testing
Energy abs@tionwas computed by calculating the area undehtirezontalload-deflection
curvegFig. 4.13(a). In all cases, specimen twisting about a vertical axis was neg|gjiide

transducers gave similar readings on the east and west sides of all spe&ppendix C2
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shows relevant expressions used to process deflection and rotason®ll as rotation

curves.
Table 4.9 Key test results.

Item Key stages, location SP01 SP-02 SP-03 SP-04
Cracking, deck 27.3 28.9 28.4 28.4
Load, kN Cracking, barrier 57.6 53.8 59.6 57.6
Peak 145 93.5 105 103

Horizontal Sensos used CB_775 CB_775 CB_775 CB_775
deflection Cracklng, dec_k 0.91 1.95 2.48 2.03
mm ’ Cracking, barrier 546 109 9.96 8.12
Peak 27.7 417 43 212

Vertical Sens_os used LP_OVG LP_OVG LP_OVG LP_OVG
Deflection Cracklng, dec_k 1.42 2.20 1.39 1.94
mm ! Cracking, barrier 7.02 13.4 11.8 8.75
Peak 27.4 385 390 194

Sensor used CB_300 CB_300 CB_300 CB_300

. Cracking, deck 0.0016 0.011 0.0054 0.0022
Rotation, rad Crackingg,] barrier 0.0098 0.031 0.021 0.010
Peak 0.050 0.092 0.094 0.033

Sensors used DECK_1/BAR _1 DECK 1/BAR_1 DECK 4/BAR_1 DECK 1/BAR_1
Strain Cracking, dec_k 78.3 29.3 335 34.6
Cracking, barrier 104.6 130.5 73.4 144.7
Peak(deck, barrier) 2769/118 2069 /319 2795/2268 521/1397
Energy absorbed, J 2500 2717 3122 1393
Failure mode Diagonal Tension Diagonal Tension Diagonal Tension Diagonal Tension
Failure location DecleBarrier DecleBaurrier Deck-Barrier Junction DecleBarrier
Junction Junction Junction

"Yielding not observed in any test.

45.1. GeneralResponse

Figure 4.13 presentoad-deflection curves for various types of displacemeritgresponse
of all specimens wasimilar until first crackingoccurredn the deck near the supporhis
was expected as response prior to cracking is dominated by concrete and not reinforcement.
After this point structuresvith steetreinforceddecks GR01and SP04) had largerstiffness
thanthose withGFRRreinforceddecks(SR02and SP03). Similar responsewere seen with
rotationgsee appendix C.3The mstcracking region was generalipear with load drops
corresponahg to crack formation and propagation across the dec&d drops were more
noticedin SR02 and SFO3 and attributed tihestiffness of reinforcement used in each deck.
At aload around0 kN, theLP measuringap atarrierdeckinterfacg(Fig. 4.13(c)) began
reading nomegligible deformations, corresponding with cracking at the badeek
interface Following barrier cracking specimensshowed largely linear responses until
failure. Rotations were similarly consistent with reinforcement stiffness differences with
stiffer reinforcement having less rotation.

During testing of SF1, sudden slip between specimen and strong floor occurred at

around 120 kN. There were three sudden load drops until the anchor bars thaelges
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of holes in the strong flooDataindicatesthat this slip did not affect theverallresponse of

SROL In SR02, there was a mechanical problem with the hydraulic system soon after deck

cracking (~30 kN). This created an unintended{aatbad cycle but not expected to affect

peak loadNo unexpected events were observed durin@3$Bnd SF4 tests.

All specimes faileddue to diagonal tension inside the barnueck joint For control
specimensSR02had 36% lesstrength than its ste®@Ccounterpar(SP-01).However SR

02 had 50%argerhorizontal deflectionhan SPO1 at failure with similar observations for

vertical deflectionFor repaired specimens, $B was 12% strongerthan SP02, but 27%
weakerthan SP01. SR04was9.9% stongerthan SP02 but 29%weakerthan SPO1. More

insight onthe effect of reinforcement typen response and repair effectiveness are given in

Subsections 4.5.5 and 4.5.6,

respectively.

SR04 recordectonsiderablysmaller deflections thraother specimens dailure, while

SPR03 reported similar deflections to SR at failure Similar observations were noted with

rotationsat failure SR046 s

smal l er rotati.
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After reaching peak load, SPL and SFO1 saw agradual loss of load with increasing
displacement until tests were stopped when load decreased to 5#¥akoER03 and SP

04 were terminatealt 65 and 60% of peak load, respectivéty safety reasons as excessive
cracking noises and damage was noteght before tests were stoppeshortly after
specimens reached their peak loads, deckizontal deformation decreased as energy
released and further deformations in the barrier/deck interface reducedsthanieck and
correspondingurvaturebaseddeformation Specimers had different features at and after
failure.For instanceSR01 and SFO4 hadsimilar responsesp to failure of SF04, which
happenedt lower load than failure R 01. Even though both decks were reinforced with
steel, two factors are believed to cause this difference: (1)stbaf hooks in both vertical
and horizontal bars crossing the junction irn(8R and (2) the reinforcement material used
for vertical barsHooks creat addedconfinement in the concrete at the junction, which
contributesto joint strength in knee joints (see Subsection 2.6.1) (Mogili and K241ig;
El-Metwally and Chen2017).Hooksencass the diagonal compressive strut that flows in
the rear corner and i mproves the speci menos
failureload.The lower stiffnesef GFRP bars used in SR with respect to steel bars in-SP
01 may induce larger tensile strainsnto the concrete, reducing the capacity of the
compressive strut and nodal zones. The combined effect of these aspects is observed in peak
loads recorded by S@1 and SF04 (145 and 103 kN, respectively). This is consistent to the
responsettat SP02 and SFO3 reported at failure, where neither of the structures had 180
degree hooks within the joint and were fully GFR¥hforced.More details on this in
Subsection 4.5.4.

In SRO 3, a vertical crack on the bar peaer 6s we
load(Fig.4.14(a)). This crack was related to combined action of excessive tensile stresses in
concrete andeinforcement being closer to that face than plandedng fabrication
(Appendix A, leading to a concrete splitting crack. Another relevant-peak crack was
observed in SB4, which reported a concave down cratthedecktop (Fig. 414(b)). This
crackwasobservech f t er t he s peci mieend@&andB&kiNpandmaplea k | o0 a
related tan anchorage failure related to combined acti@xoéssive rotatioaround 0.047
rad) and weakenegoint that had already begun to faAfter SR04 initially failed, it
sustairedload between 78 and®&N for considerably more deformation. Strain gauges in
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the top longitudinal rebar in the deck reported strains below,yedding room to decklab

to strain more after first peak load was attairf&@04 found a new resistive force system
within the structureevident bythe plateatlike regionseenin the load-deflection curves.

This plateau ended when a second diagonal crack formed followed by the concave down

crack mentioned earlier.

| crack generated pegeal (b)

— > : lllustrates direction of crack propagati
Figure 4.14 Special cracks generated pegseak of (a) SPO3 and (b) SF04.

4.5.2. LoadStrain Response

Load strain curves are presented in Fig. 4.85ains displayed similar tresdo load
deflection curves. Straingere very small prior torackingbut increased rapidly, particularly
for bars on the flexural tension side of the element, after cra¢Katge 49). Strain gauges
locatedon the flexuracompressiosidesof barriers and deck(i.e.,BAR_3 and BAR_6;
DECK 3 and DECK_6, respectivellgada sign conventiorshift as testapproachegeak
load. Thisisattributed to cracks propagating close to ttesesoras the neutral axis changed
with loading, putting these bars under tensioowilver,in thedeckthis shift is particularly
linked tothe presence @ial tensonin the deckvhich led to neutral axegere smaller than
thereinforcement deptiNotethatSFO 2 6 s barri er sensors in compr
BAR_3 and BAR_6) seemed to have been damaged as BAR_3 did not record strains, and
BAR_6 reported large positive strains readings during the entire test. This imfzlied
analysis proposed in Subsection 4.5.4.
By comparing strainsinS® 1 6 s (Fay.et.¢5a)) from DECK_1 strain gaugeh those
from tensile tests (Subsection 4.3.2)naybe i nf erred t hat deck sl at
bars yielded prior to the element attained its peak.|bldvever, responsein the other

gauge, DECK_4, at the same location (Fig. 4.15%bdwno evidence of material yielding.
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