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Abstract

Alkali-silica reaction (ASR) is a chemical reaction between the alkali hydroxides from the concrete
pore solution and some siliceous mineral phases present in the aggregates used to make concrete.
ASR generates a secondary product, theatled ASRgel, that swells upon moisture uptake,
leading to induced expansion, microcracking, and reduction in the mechanical properties of the
affected material. ASR is likely the most harmful damage mechanism affecting the serviceability
and longterm performance of canete infrastructure worldwide, yet its structural implications in
concrete structures remain uncldaven though shear resistance of reinforced concrete has been
studied extensively by the research community due to the brittleness and danger assikiated w
concrete shear failures, knowledge on the impact of ASR on reinforced concrete shear resistance
is very limited. To fill this lack of knowledge, the effect of ASR on the aggregate interlock shear
transfer mechanism in reinforced concrete was investigdtightly reinforced shear puslff
specimens with low to moderate expansion levels were tested while recording crack kinematics.
The experimental testing program allowed to decouple the deleterious effect of ASR microcracks
within the reactivecoarse aggregaggarticlesand the beneficial effect of the-salledchemical
prestressingThe aggregate interlock shear strength sigaificantly impactedevenin the case

of a low expansiofevelfor which the microcrackisavetheoreti@lly not reached the cement paste

yet, and surprisingly, it was not affected by prestressing. The experimental results were compared
to predictions from three existing simplified aggregate interlock models which tended to

overestimate the measured shegergjths.

Digital image correlation (DIC) is an innovative optical measurement technique that could provide
several advantages for lotgrm structural inspections such as remoteffeld measurements. A
method was proposed to correct-BPIIC measurementrrs associated with the inevitable camera
movement between photographs taken during different inspections. Using the aforementioned
pushoff specimens, it was applied to the monitoring of shear crack kinematics and ASR expansion.
The method significantlymproved measurements produced from images acquired with-a non
expensive hangositioned camera equipped with a lens of normal focal length and a free to use
DIC software For ASR expansion monitoring, the measurement errors could not be reduced below
a elected tolerance limit @&f0.02 mm £0.01%strain), although increasing the measurement gauge

length could potentially provide satisfactory results. On the other hand, over 99 and 96% of the



measurements were within the selected tolerance limit of +0.X¥anthe corrected crack width
and slip measurements, respectiva@lgese promising results validate the potential of the proposed
method to overcomerrors associated with camera movement between photograghes such,

it represents a step towards tlse wf the DIC technique for periodic structural inspections.

Keywords: reinforced concrete shear behaviour; aggregate interlock;-alkedi reaction;

digital image correlatiorstructural health monitoring



Résumé

La réaction alcalsilice (RAS) esune réaction chimique interne dans le béton qui, a long terme,
conduit a son gonflement et a sa microfissuration, et ainsi, a une diminution des propriétés
meécaniques du matériau. Il s'agit d'un mécanisme de dégradation bien connu affectant la durabilité
des infrastructures en béton dans le monde entier, mais son impact sur la résistance des structures
en béton demeure difficile a quantifier. Méme si la résistance en cisaillement du béton armé a été
largement étudiée par le passé en raison de la soudatn#tiédanger associés aux ruptures de
cisaillement du béton, I'impact de la RAS sur la résistance au cisaillement du béton armé demeure
trés peu connu. Pour combler ce manque de connaissances, l'effet de la RAS sur un important
mécanisme de transfert dsaillement dans le béton armé, dénomagéregate interlocka été

étudié. Des essais de cisaillement simples\@e puskoff test) ont été conduits avec des
spécimens de béton Iégérement armeés, pour des niveaux de gonflement faibles a modérés, alors
gue des mesures du glissement et de la largeur de la fissure de cisaillement ont été prises. Le
programme d'essais experimentaux a permis de découpler deux effets simultanés de la RAS: la
diminution de la rugosité de la craque due aux microfissures dansaleslags grossiers et

| 6augmentation de | a compression normale au pl
Le transfert des contraintes de cisaillement gggregate interlocka diminué beaucoup plus
gudantici p®, e n p & expansian ffaible, congidérans qud les micrafissures' u n
dans les granulats sont théoriquement encore trés petites. Il a aussi été surprenant de constater que

|l a pr®contrainte nbéba pas eu doéi mpact sus | a r G
de cisaillement obtenues étaient plus petites que les valeurs prédites par trois modeles simplifiés

provenant de la littérature.

La corrélation d'images numériques est une technique de mesure optique innovante qui pourrait
offrir plusieurs avantages pour6i nspection ~ |l ong terme des st
di stance et | a possibilit® déacc®der ~ des cheéa
Une méthode a été proposée pour corriger les erreurs de mesure bidimensionnelle associées a
mouvement inévitable de la caméra entre des photos prises lors de différentes inspections. A l'aide
des spécimens de béton armés mentionnés précédemment, la méthode il a été appliguée pour
corriger des mesures de fissures de cisaillement et celles filengemt due a la RAS. La méthode

a considérablement amélioré les mesures produites a partir d'images acquises avec une caméra

positionn®e © |l a main, peu co%teuse et ®qui p®e

\



|l ogici el d 6 aur éalmesuire duggonflemeanit due a I® BAS, les erreurs de mesure
doexpansion nbéont pas ®t ® r®duites en dessous
augmentation de la longueur de jauge aurait potentiellement pu fournir des résultats satisfaisant
D'un autre coté, pour les mesures de largeur et de glissement de fissure de cisaillement, plus de 99
et 96% des mesures corrigées ont respecté la limite de tolérance sélectionnée de = 0.1 mm,
respectivement. Ces résultats prometteurs valident le petetdila méthode proposée pour
corriger | es erreurs associ ®es au mouvement d
repr ®sentent un pas vers | '"incorporation de |

les inspections structuralegnmodiques.

Mots-clés:comportement du béton armé en cisaillemaggregate interlockréaction alcati
silice; corrélation d'images numérigues; inspections structurales

Vi
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1. INTRODUCTION

1.1Background

Reinforced concretestructuressuch as bridgestunnels, industrial facilities buildings and
foundationgepresenmuc h of t he wo.Mbstd thesa structur@se desigmettt u r e
last severatlecades, depending on their nattineirenvironmentand the needsf the population.
However,concrete degradatioover timereduca their durability shorters their service life or

canevenlead to pematurestructuralfailures.

1.1.1 Alkali-silica reactiofASR) degradationrmechanism

ASR is a physicochemical process that takes place between the alkali hydroxides from the concrete
pore solutionNa", K*, and OH) and some siliceous mineral phases present in the coarse and fine
aggregates used to make coneredaeac-gef),hBtswelhsn AS Rt ¢
upon moisture uptake, leading to important microcracking and overall deterioration (i.e.
mechanical properties reductions) of the affected mat&&R has been reported to significantly

reduce the service life oéinforced concretstructures worldwidéFHWA, 2013; Sanchez et al.,

2016; Thomas et al., 2011)

Severalparametersnay increas¢he rate of ASR expansion in concretach ashe reactivity of
aggregatesisedin the mix (i.e.amount and type diliceousphase), the alkali loading of the
concretethe presence of internal moistuend temperaturdBy reducing those, it is possible to
mitigate thechemical reactiomate This can be achieved mainly during the fdesign of concrete
Nowadays, CA codes A23.114A and A23.225A requirethatthe potentiaklkali reactivity of
aggregateand concrete mixturdse tested prior to using themthre field However, thetsuctures
that were designed befotlee appearance of this requiremarg potentiail at risk.For example,
RobertBourassa Charegiverpass, located in Quebec City, Canada, was a highway viaduct
structure built in 1966 with the use of an alksilica reactive limestoneoarseaggregate. This
bridge had to be demolished in 2010/2011 tduedvanced deterioratigaiimarily caused by ASR
(Figure 1.1 Sanche=zt al.,2015.



Figurel.1: ASR map cracking on tireinforced concret®-shaped piers and massive concrete
foundations of the RobeBourassa/Charest viaduct, Quebec, Carf&dachezt al.,2015)

The chemical reaction and thghysical process associated with ASR have been studied
extensively,but the implications on the serviceability and/or ultimate limit states of affected
structures remain unclear. This may be attributed to the complexity and variability of influencing
paraneters in existing structures such as confinement and loading conditions. Also, most of the
experiments on ASR were performed at e madcater Heracé, iheve is a need for experiments

on larger damagexkinforced concretepecimens in combination withicroscopic analyses and
tests of affected concrete cores to enable proper assessments of aging infragioétateal,

2017)

The shear resistance of A@iRected concretmembersin particular, is not well understootihe
formation of cracks within coarse aggregates can potentially reduce the shear stresses resisted by
aggregate interlock acroasracked concrete surfa€@n the other handhe compressive stresses
induced by the sealledchemical prestressingffect have a tendency to increase shear strength.
Thus the net effect of ASR damage on the total shear resistance of concrete meitibers w
different geometries, reinforcement, and boundary conditions is notaearequires further

study:.

1.1.2 Shear resistance of reinforced concrete

In the last century, shear behaviour of reinforced and prestressed concrete has been of high interest

for theresearch communityt is a complex topic sinceegeraldifferentshear transfer mechanisms



contribue to the overall shear response akinforced concretestructures Recently, some
researchers hawtemptedo quantify the contributions @achshear transfer mechanism to shear
strength ofreinforced concret@Campanaet al, 2013; Cavagnist al, 2018b; Hubeet al, 2016;

Zarate Garnica, 2018While there remains a lack of consensus regarding the interaction and
relative importance of each individual mechanism, it is generally agreed that aggregate interlock

plays an important role ithe shear resistance of cracked concrete

Significantdifferencesamongthe shear equationsed in various desigtodes around the world

have motivatedesearcherto conduct experimental testingth the aim ofelucidaing the true
shearresponse of reinforced conaeeThe importance of developing a deeper understanding of
shear is due to the potential sudden and brittle shear failures that concrete members experience
once the applied loads exceed their shear capacity. A famous exaraptd déiluras the tragic

collapse ofDe la Concorde Overpass located in Laval, Quebec, in 2006, whichredwithout

any clear warning such as a large deflecf{ligure 1.2) Important siear cracks had been noticed

on the concrete slalsupportingthe central portion of the bridgbut their initiation and growth

had not been measured over time, which combined with an estimation of internal stresses, could

have saved peoplebds | ives.
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Figurel.2: Collapsed De la Concorde Overpass in 2@@girnal de Montréal, 2016)

Design code shear equatiahat were used for structures biitfore the 2% centuryhavesince

changed asour understanding of the shear strength of reinforced concrete has improved. For



example, a decrease in the shear capacitjeeperreinforced concretstructuralelementshas
been experienced iaboratorytests(Ghannoum, 1998; Sherwood, 2008&8hd thusthe so-called

size effecis now considered irshear design prasions of ACI 31819 (Kuchmaet al.,2019)and
Canadian standard€SA A23.3-19). Structures that were designed before recent discoveries on
the shearbehaviar of reinforced concretare potentially at riskHowever,mechanisticshear
resistancenodelsthat consider crack kinematics (eQGalvi, 2014)could be combinedith in situ
measurements afrack width, slip and orientationto estimate he reserve shear capacity of
overloadedeinforced concretelementsaind determine if they aralsfit for purpose.

1.1.3 Longterm dgructural health monitoring of concrete infrastructure

In North America, the concretgtructures constructed during thea s t centuryéos
booms are deteriorating with agad approaching the end of their serviaeedi hencemany
important assets require field monitorind.he nspectios of aging concretestructureshave
commonly been performadsually on a routine basiseftenwithout incorporatingion-destructive
evalwation technique$o produce guantitative measuremeoitghe evolution ofdefects Visual
inspections of highway bridges were found toiteccurateand unreliableshowing too much
variability, especially when deterioration is assessed by different tospéeharet al, 2004)

Of coursethere areaddedcosts associated with the usenaéasuring instruents but alsothere

are severalpractical challengeslimitations and risks associated. For example, in Canada,
permanently attachingensos (e.g.,strain gaugg extensometst displacement transducesetc)

to a structure exposdisemto harsh environmentnd weather conditionseading to longerm
stability issues Nevertheless,hie tragic event oDe la Concorde Overpass Laval (QC)
highlights the need to avoid the sole use of qualitatina subjectiveassessmentsr reinforced
concretestructuresAs mentioned earlier, witquantitativemeasurementsf the critical diagonal
shear craclon thethick cantilever slaft would have been possible testmat the residual shear
resistance with more accuracy and deem the structure ur@Bafently, in Canada,bridge
inspections ardone byinspectoreveryone ortwo yearg Transport Canada, 2013)hey mainly
inspect the defectssually or rely on basic measuring instrumefts. exampleto monitor crack
width changesthey may use auler, a plastidell-tale or a displacement transducéut those

instruments do not allothe measurement afcradk over its entire lengtfFigure 1.3)



Figurel.3 Crack width measurement with a steel rildamakareem, 2019)

After an initial condition survey, an instrument such asithi2 E ME @ pstain gaugenay be

used to measure the length change betwedredded reference pi(fagurel.44). Unfortunately,

such methosican only provide measurements in limited locations and directions, depending on
where pins have been installednd require a priori knowledge of critical crack locations

Moreover, some locations such as the underside of a bridge deck may be hardssobgcce
inspectors.

Figurel.4: Expansiormeasurements usirrggDEMEC strain gaugéThomas et al., 2013)

Digital image correlationDIC), an opticalmethod to measure displacements and srain
materials is an emerging technology in the fieldstfuctural health monitorinGHM) that ould
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improve thequality andreliability of inspectionsvhile lowering their costs with time savinghe

DIC technique consists of takiuigital photos (or a video) of an area of interest on a given element
before and after (or throughout) its deformation, smlsequentlypostprocess the photos using
compuer software tdrackchanges between the imag@ééth the simple use of a digital camera,
2D measurements can be obtained, butwvd digital cameras are used, 3D movement can be
measuredPanet al.2009) The distributed fulfield deformationmeaurement&nabledetailed
investigations oftrains and displacements in desired locations and directions on the inspected
surface. Thigepresergthe mainadvantage of the DIC techniqoger measuremerdevicesthat

can only produceinidirectional ad discrete measuremenisndeed, here is no need for priori
knowledge of the exact location wherdefectsuch as a concrete crack will appeeiong asit
takes place within the zone covered byghetos For examplethe onset of aacrete cracking can

be detectedandthe crack growth casubsequentlye followed over timeAlso, largestructure
surfacescan be inspected a lot more convenienlign withtechnologiegproducing alimited
number of discrete measuremenihe DIC techmjue is also very practicaland easily
implementedas itallows for measurements to be takapidly andremotely from the inspected
element, withoutany contact wiring, or road traffic interruptions(Atkins, 2017; Gamache &
SantiniBell, 2009) For longterm structural monitoring, traditional sensors (e.g., strain gauges,
linear displacement transducers, etc.) need to stay connedtedstructure, so they are exposed
to outdoor harsh environments. The DIC technique, on the other hand, presents no stilsio risk.
challenges related &ensor system installation (e.gn theunderside of a bridge over water) are
not a concern eithefhe digital images can be taken hva lowcost camergeasilycarried to the
field by inspectors, and &ree or lowcost DIC software applicatiomay beused forpost
processing the imageslence, thedata treatment iselatively eay. The technologyis also
versatile For example tihas been proveto provide accurate measuremewtgen dronesre used

to photograph hardlgiccessible locations on a struct(iReagaret al, 2018)

One challenge associated with the use of DIC to supplement visual inspectionshs ttzanera
should be stationary to track deformations between subsequent photographs. It would be difficult
and highly impractical for an inspector to reproduce the exact positioning of the ctneaich

visit. Ideally, a haneéheld camera could be uség the inspector without excessive care in the
camera positioningA simple solution is needed that can reduce the time required by the inspector

while simultaneouslyeducing errors and providing reliable quantitative measurements.



1.2Researcmotivation

1.2.1 Theunclearimpact of ASR on aggregate interlock

In Canadagconcrete structures are exposed to aggressive environments and thus, many of them
suffer from durability problems and fail to fulfill their design service life requirem@hisson &

Isgor, 2004) The shear failure of thBe la Concorde Overpa86 years after its construction was

not only due to unsatisfactory design, but also to a decrease in load capacity over time caused by
degradation mechanisms, mainly freezing and thaytichell et al, 2011) ASR is another
long-term damage mechanism affecting the durability of aging concrete infrastructure, and its
effect onthe shear behavior of reinforced concrete is amportant yet unclarified topic
(Gowripalan & Cao, 2018; Noél et al., 201¥¥hile the ASR microcracks in the aggregates may
reduce the aggregate interloskesstransfer across shearcrack by reducing its roughness, on

the other handf the concrete expansias restrained perpendicular tcshear cracKe.g. due to

internal reinforcement}he resultingcompressivestressnducedon the shear plane enhances the
friction. The simultaneous occurrencetbbse two influencing phenomenaakes it challenging

to evduate how aggregataterlock isaffeded by different ASRexpansion level (Noél et al.,

2017) Therefore, this research aims to decoupletmributions of the chemical prestressing (i.e.

the increase in normal stresses across the cracked surface) from that of the internal damage caused
by ASR.

1.2.2 DIC measurement errors caused by camera movdmémeen structural inspections

The benefit®f incorporatinghe DIC technique iourrentinspectiorpractices are very appealing
The DIC technology has been relied upon extensively in laboratoryolled environments,
where the accuracy and precision of the measuremertigar@cciaioli et al, 2018) However,

for SHM, DIC measuremengrrorsareincreasedand the sources of error may vagpecially in

the case otertainlong-term monitoring applications Nevertheless, pon ensuringacceptable
measuremerdccuracyits transfer from laboratory environments towards the industry wmeild
advantageoug$-or example, it would be possible to follow tbag-termevolution of degradation
and overloading signs ové&arge structuresurface, combiring photosto form a grid of images
representingi m a @f the structureThus researchers have begevelopingnethoddor limiting
thepossiblemeasuremerdrrors(Abolhasannejad et al., 2018; Hoult et al., 2016; Pan et al., 2016)
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For certain applicationghe DIC techniqudnas yet to be tried or improvelor examplewhen
following the evolution of a defect, theemoval and repositioning of the camdratween
inspectionsleads tounavoidablemeasurement errar&ven if precautions wergaken by an
inspection team to posin acamera in the same location and with the same orientation before
each photographwhich would be timeconsuming,it would not be reasonable toeglect
measurement errors related to camera positiodirgecond aim of this research is to reduce the
errors that result from camera movements as a potential first step towards developing an improved

quantitative visual inspection protocol.

1.3Studyscopeand objectives

This thesis project has two componefiisst, the impact of ASR othe aggregate interloclkan
important shear transfer mechanism in reinforced conaxetgnvestigated. Shear puslff tests
wereconducted with ASRlamaged and undamaged-pracked specimens. The effect of ASR
on the aggregate interlockwas evaluatedor different expansion lels. The influenceof ASR-
inducedcracks within coarse aggregatasd reinforcement confinemerdn the shear transfer
mechanism are normally simultaneous, the test programattempéed to decouple thdwo
phenomendor low and moderate levels @&xpansioni.e., 0.00, 0.04, 0.07 and 0.12%he
obtained shear stresfip relationships were compared tothose predicted byhree existing
aggregate interlock models with the aim of proposing modifications to accolmwftir moderate

ASR expansiotevels

In the second part of the thesmn innovative approackvas proposedto correct2D-DIC
measurement errors due to camera movement between calpinresvesthe usef the apparent
displacementa four reference points in the plane of the inspestethce and the field of view of

the cameraandsimplegeometricequations to correct trpparenteasurement3.hecorrection
methodcan be used formeasuringabsoluteor relative displacementsin the case of relative
displacements (e.gstrains and crack widthsin-plane translations of the template between
photographs are not critical, and it is anticipated that the same method could be used with any
reference points within the image frame and in the plane of the inspected surfatg as tloeir
relative distances are large enoughd dmown. Usingthe aforementioned shear persif

specimens and a haiheld digital camera of standard quality equipped with a regular teas,



methodwas applied forcorrectingASR expansion and shear dkameasurements.e., relative
displacementsThe resultsvere compared with the measurements fraraonventional method
(i.e. DEMEC points) and a second DIC camera with a fixed location and long focal, kwhgth
allowedfor the achievable accuracy ugithe proposed approach to be determined.

1.4Thesis outline

The thesis consists of 5 chapters. Chapter 1 introduced the research needs, objectives and scope of
the work. Chapter 2 presents background information on the key components of the project,
namely: he aggregate interlock shear mechanism in reinforced concrete, the impact of ASR on the
shear behaviour of reinforced concrete, and the use of tH2i@Dneasurement technique for the
long-term monitoring of concrete structures. Chapter 3 presents thedo&igy, results, and

analysis associated with the shear poffltests which were conducted to evaluate the impact of

ASR on aggregate interlock. Chapter 4 presents the proposed method to correct DIC measurement
errors due to camera movement between ttgpe captureshe experiments conducted to

validate it for the correction of ASR expansion and shear crack measurements, and the achieved
accuracy. Chapter 5 presents t he concl usi on

recommendations associatedhwit.



2. LITERATURE REVIEW

2.1Aggregate interlockhear transfer mechanism

2.1.1 Mechanisms of shear transferaneinforcedconcretemember

When areinforced concretenember is subjected to shear forcesyeraldifferent load carrying
mechanismsct together toesist those forcqASCE-ACI Committee 445 on Shear and Torsion,
1998; Feédération Internationale du Béton (fib), 20y example, m a slenderreinforced
concretebeamwith a diagonal shear craclas illustratedin Figure 2.1: the transverse shear
reinforcement issubjected to tenlg stressegVsw); the longitudinalbars can transfer forces
perpendiculato their lengthoy dowel action(V¢s); some tensile stresses are transferred across the
critical crack close to its tigVer), in the fracture process zone (FPZe uncrackedaoncrete
compression zonearries shedlV¢;); andtheaggregates protrudingoim the two faces of the crack
are interlockingwith the cement matrix of the opposite surfgeeeventing crack slippad® ag).

The termaggregate interlocks often used to describe thetéatshear transfer mechaniswhich

is the focus of this section.
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Figure2.1: Vertical force component of the acting shear transfer mechanisnmsinf@ced
concretebeam(Huber et al., 2016)

Even though extensive experimental and thémakwork has been done to understand the shear
behaviar of reinforced concretenembers, there is no consensus on the relative imporéaice
interactionof the acting shear transfer mechangmmoron the main influencing parametetls.

should be notedhowever, thathenumber ofinfluencing parameters is large.g.member depth,
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crosssectiontype, concrete type, quantity of reinforcemetrack shapegtc.) Thus,researchers
such agCampana et a[2013, Huber et al(2016, andZarate Garnic§2018)have investigated
the critical diagonalcrackkinematicsin beamgested in shedrom its initiation up to failureof
the sgcimen.They measured crack opening, slidiagdorientationangle, anccombinedthose
measurements witbonstitutive lawdrom the literatureto estimate the relative contributions of
the different shear transfer mechanismsaaibus stages afack propagatiort was demonstrated
that ggregate interlockthe shear transfer mechanism of interest in the present research work
normally has an imptant contribution toreinforced concretshear resistance&everal other
experimental researcstudies such as those presented Walraven & Reinhard{(1981) and
Sherwoocet al.(2007)have led to the same conclusiMoreover, i the critical shear crack theory
(Muttoni & Fernandez Ruiz, 2008he modified compression field theofyecchio & Collins,
1986) andits simplified analysis metho@Bentz et al.,2006) the shear failure of eeinforced
concretemember is defined by a critical crack widgyggesting thathe aggregate interlock

contributes significantlyo shearcapacity

2.1.2 Shear pustoff tests

Aggregate interlock behaviour is typically tested usshgar pusioff specimengFenwick &

Paulay, 1968; Taylp 1970; Wight, 2016)The size andgeometryof thosespecimens can vary
Figure2.2illustratesthe configurations adopted Walraven & Reinhardtl981)and many others,
i.e., Z-typepushoff specimensTheseare characterised by eertical shear planeat their center,

crossing their entire deptand usually reinforcetlansversely

400 mm

-

1.150

Liso )

crossection AA

L150 | 300

Figure2.2: Shear pusioff specimen geometri€gValraven, 1980)
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The geometry of #apushoff specimens and loading arrangementiarended to avoidbending
stresseandobtaina pure shear failurér'hus, theyareuseful for analyzing the aggregate interlock
phenomenon, develop mddeor validate existing one§o ensurg¢hatthec r ack doesnot
too far out of thentendedshear plandjnear verticalnotches areisuallymade on the front and
back sides of the shear plathaing cashg. Theverticalload is usually appliedontinuously at

a certainshear displacement rafelofbecket al, 1969; Soetens & Matthys, 2017; Walraven &

Reinhardt, 1981 puttheaggregate interlock has also been studietker repeated loa@é/alraven
& Reinhardt, 1981)

WalravenandReinhardt (1981)eportedexperimental values shearstress 1), normal stres§, )
andcrack width(w) for differentcrack slip §) incrementgFigure2.3), and modeled equations
relating those variables (subsectibt.5.]). They assumed that the shead aormal stresses were

constant over the shear plane area.
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Figure2.3: Stresses and displacements in a cf&¢&lraven, 1980)
In order tomeasuréghe tensilestrainin the bars crossing the shear plane and obtain the normal
stresy, ), the authoréncluded a series of specimens with external reinforcen(feigure2.4). For

embedded barghe authorsestimate the force in thereinforcing steelbars based onbond

characteristis

r

estraint plates

measuring of

displacements
over crack

Figure2.4: Arrangement of external reinforceméWalraven & Reinhardt, 1981)
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2.1.2.1Precrackedpushoff specimens

Before testingopushoff specimensit is common to initiate a vertical crack alotige shear plane
since aggregate interlock is only engaged after a crack has fdmmeder todo sq the specimen
is typically positioned horizontally on one $ largerfaces anda line load is applied alorthe
two notches to split theoncrete along thshear planéEchegarayOviedo & Navarro-Gregori,
2012) The opening of the craakay be controlledhrough application diransverse compression
forces For instanceWalraven and Reinhardt (198tBstel pushoffs with initial crack widths of
0.1, 0.2 and 0.3 mnTheydiscovered thadn increase in the initial crack width enhances the shear
displacement for a given shear stress tracrack opening form givennormal $ress. Some
researchers maintained a constant crack wiaftttughout the loading te?aulay & Loeber, 1974;
Reinhardt & Walraven, 1982)ut mostprevioustests wereconductedwithout doingso (e.g.
Hofbeck efal., 1969; Mattock & Hawkins, 1972; Walraven & Reinhardt, 1981)

Interesting comparisons between the behaviour otmeked and uncracked specimevere
madeby Hofbeck et al. (1969Mattock & Hawkins(1972)andHsu et al. (1987)In the case of
uncracked pusbff specimens, parallehclined tension cracksform aross the shear plane
delimiting compression strutéFigure 2.5) As the load increasethe endsof the compression
strutsinitially rotate, putting the stirrups under tensiaimilar toa trusslike action(Hsuet al,
1987) Then,crushing of the compression struts cratke shear planandarelative slippagef

the interfaceoccurs putting the bars under combinetiearingand stretchingln precracked
specimens, crack slippage occurs without formation of compression struts and diagonal tension
cracks. Thus, the initiatohesionlike shear motion resistance is highly lower, reducing the
required load to initiate crack slippage, and #wpuired shear to cause a certain crack($ght,
2016)
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Figure2.5: Cracks for initiallycracked and uncracked pusfis (Hsu et al., 1987)

This behaviar increass the shearstrengthof uncracked pusbffs compared topre-cracked
specimens Interestingly, according to the results lebfbeck et al.,(1969) this difference is
constant for varying reinforcemedénsitiesup to a certain value, after which the ultimate shear
strengthis merely affected by preracking suggesting the peak lo@sl reached after crking
(Figure 2.6). In both precracked and uncracked specimehs, interface is rough and thus, the
crack needs to dilate in order to slip, getiatgtensile stress in the reinforcement and compressive
stress on the two cracked concrete faces.
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Figure2.6: Variation of ultimate shear strength with pfy forymracked and uncracked
specimengHofbeck et al., 1969)
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2.1.3 Concrete mixparameters affectingggregate interlock

Pastpushoff experimentsuch as thosef &Valraven & Reinhard{1981)compare the aggregate
interlock behaviar of different concrete mixeslt was demonstrated that ancreasein
compressive strength influences dggregate interlocik two ways it increasesheinterlock by
reducingthe deformability of the cement pasbeit on the other handk, redu@stheroughness of
shear crackswhich has an opposite effec@rack roughness contributes to aggregate interlock
because ienhances the amount of contact areapgndicular to shear displacement and it forces
crack dilation during slippagéVith the presence of restraint such as transverse reinforcement,
crack openingnduces compression on the interfaCeack roughness reduced by an increase in
strength sine the cement pastsonds betterto the aggregateand thusthe shearcrack goes
through a greater number of aggregate part{@les White, 1999; Walraven & Rmhardt, 1981)
Indeed, cracks in concrefgopagate following the lowest fracture energy paite & Lopez,
2014) leading them towards weaker zones, which is why tleemallyremain in the cement paste
and go around the aggregate particles, in the interfacial transition zone(@di&)eneret al,
2004) However,if thetensile strengthatio between the aggregates and ITZ is not high enough,
the cracks split mor@aggregate partickeand are thersmoother(Figure 2.7). This has been
observed in high strength concretexturesor when lightweight or recycled aggregates were used
(Walraven & Reinhardt, 1981; Xiaat al, 2012)

Figure2.7: Generally observed crack path in normal strength concrete (a) and lightweight or
high-strength concretes (l\Valraven, 1980)

It can be added th# aggregates are not split by a crack, tpeportion in the mixand properties
such ashape, texturestiffness and PSD will affect therack roughnes#t hasbeendemonstrated
that the minor roughness of a crack (i.e., that from the sand psrtiele no significant impact on
shear friction(Walraven & Reinhardt, 1981Dn the other hand, larger aggregatesderately
improve aggregate interlodky imposing a larger crack dilation to permit relative slippddeng
et al, 2017; Gambarova & Karakoc, 1983; Li et al., 1989; Sherwood, 2008)
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Finally, it is worth mentioning that even thoughck propagation in concrete is inherently random
because of the heterogeneity of the matelMéhlraven & Reinhardt (1981pbtained a low
variability in the results ol series of duplicate pusif specimens demonstratinghat the
accidental overall structure of the crack plérael no significant impact on the shear behaviour
compared to concreteixvariables Moreover, in their theoretical aggregate interlock model, the
authors considered a flat crack plane, assurtiiegoverall crack undulations to be negligible

compared to those from aggregate protrus(éigure2.7a).

2.1.4 The contribution of theeinforcemento pushoff shear strength

Bars crossinghe shear plane offushoff specimerplay a dual role sinceneir elongation across

the crack provides compmaen forces on the interface and the crack slippage induces bending and
shear forces in the reinforceméWalraven & Reinhardt, 1981$ince the present research project
focuses on aggregate interloey understanding of the influencerefnforcemenon the shear
behaviour opushoff specimenss necessary.

2.1.4.1Aggregate interlocknhancemerdue to normal stresses

As mentioned in the previous subsectiaggregate interlockequires concrete cracksddatefor

the two faces to slip relative to each other. If there is rasafaent crossing the shear crack, it will
resist the opening of the craakd generate a normal foraecording tdts stiffness.The tensile
forcesin the barsareequilibrated by th@eressureyenerate@dcross the crackimilar tothe friction
experienceetween any solid material surfaces, with an increase in the normal compressive
stress, theaggregate interloclshear friction increase Thus, an increase in thehear plane
reinforcementatio increags the ultimate shear resistariEegure 2.6) and the shear stress for a
given crack sliplt can be noted that treze of the bars and the spacing between theawvea
negligibleeffect onthe shear behaviour of pusif specimengHofbeck et al., 1969; Walraven &
Reinhardt, 1981)

2.1.4.2Dowel action

Additionally, embeddedtirrups also prevent slippage of the crack by dowel acf{igure2.8),
one of thereinforced concretshear transfer mechanisimmentioned insulsection2.1.1 (Ali &
White, 1999; Huber et al., 2016; Walraven & Reinhardt, 198ayvel actionfrom the stirrups can
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have a significant contribution to sheariseance of cracked pusiff specimes. With uncracked

A

pushoff specimensHofbeck et al.(1969)d i d n 6t experience an i mpact

ultimate shear strgth, and they attributed that to an absence of slippage prior to the peak load.

Figure2.8: Dowel action from a bar crossing a shear cia¢klraven, 1980)

In order toeliminate dowel actionand study the aggregate interlock behawion its own,

Hofbeck et al(1969)andWalraven & Reinhard(1981)secued soft sleevesround the legs of

the stirrups where they cross the shear plémenterrupt theircontactwith the concreteThe
presence of those sleeves kept the stirrups from undergoing the usual shearing action at the crack
when there is slippag&he rubber sleeves used Bpfbeck et al(1969)reportedlyeliminated

any dowel action between the stirrup legs and the surrounding concrete Y@l sipof less than

about 3 mmThe sleeves oWalraven & Reinhard{1981)consisted of layers of tap€.3 mm

thick, at the crack locatioandover a length of 4 cm (i.e., 2 cm on each side of the cratie

authors obtained a similar behawido that of the specimens with external reinforcement, which
were designed such thaketdowel action in the bars was negligithlewever, theynotedthat the

removal of bond over the wrapped part of the internal bars slightly r@dueeestraint stiffness

normal to the crack plapeshichhadto be considered n t he r e sSimilarhsloeta.nal y s
(1989)passed theeinforcingbars crossing the shear plaheoughsheaths of larger diameter.

2.1.4.3Additional local effects from embedd deformed bars

During their puskoff tests,Walraven & Reinhard{1981)measured therack opening path.e.,
crack opening vs. slgage. They noticed that this relationship was more sensitive to changes in
restraint stiffness, conceestrengthand aggregate properties in the case of externally reinforced

pushoffs compared to internally reinforced specimérige authors attributed this difference to a
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local reduction of the crack width around embedded deformed bars caused byrttieiitbahe
concrete. This local effect causes a high shear stiffness leading to stress concentrations and
microcracking around the bafSigure2.99a). According to theauthors this effect is much less
pronounced in the case of undeformed daesto reduced bond stresdéghe stress concentration
resulting from the reduction of the crack opening in the direct vicinity of the embedded bars is
high enough, similar to the behaviour of uncracked mmiskpecimens discussed in subsection
2.1.2.1 compression struts delimited by diagonal csatlay form. This behaviourshouldbe

avoided to study the aggregate interlock mechanism on its deuse of sleeves around
deformal bars successfully preventetbcal reductios of crack width and the associated

microcracking.

compression strut
s T

L

Figure2.9: Cracks for smooth and deformed bars (a) and possible additional cracking from high
stress concentration around deformed bar§\Wt@lraven & Reinhardt, 1981)

2.1.5 Aggregate interlock models

Historically, attention was only given to relatigbear displacementslip), ignoring theeffect d

crack openingAggregate interlock modelgeremainly empirical based on experimental testing

and influenced byest setup specifiqe.g.Mattock & Hawkins(1972). Duringthe198 0 &Glsear

crack dilatancyfirst started to be considered #gmnalytical models. Researchers have been
producing theoreticglLi et al., 1989; Walraven & Reinhardt, 198dnd semiempirical models
(Gambarova & Karakoc, 1983providing a more physicatepresentatiorof the shear transfer
mechanismMore recentlyCalvi et al. (2015)ecently developed a rational crack behaviour model

called the Pure Mechanics Crack Model (PMCM) to estimate the stress transfer across cracks.
From the PMCM, the authors developed théds s e s s me n't of Cracked Re
(ACRC), an analytical modeallowing its user to predict the residual capacity of a cracked

reinforced concretelement by simply imputing crack width, slip and orientation measurements.
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Researchersé efforts to improve <cracked <conc

important for the analysis of the residual shear strength of overloagietbrced concrete

members.

2.1.5.1Walraven and Reinhardt (1981)

As mentioned earlieYwalraven & Reinhard(1981) analyzed the phenomenon of aggregate
interlock by means gire-crackedmonotonically loadegushoff tests With information from the
literature and their resultghey derived a theoretical modebescribing the shear transfer
mechanism. The model consideoncrete as a material with 2 phases: the aggregate particles and
the cement matrpwhich includesaggregate smaller than 0.25 mnThe aggregates aassumed

to beperfectlyspherical anthave anuchhigher strength and stiffnesbanthesurroundingsement
matrix. Thus, the crack ggsthrough the cement matrix and around all aggregat&ssecting the
aggregate at all depths possible with the same probabilitg resulting micreroughnesss
believedto contributesignificantly more toaggregate interlock than the undulations of the crack
plane (i.e., the macrmughness)sothe overall interface is assumed to be fldte cement paste

is a visceelastic material, buts plastic deformations caused by pesdume reduction arsore
important thanits elastic responserhus, the model assumasrigid-plastic behavior for the
cement matrixWith applied shear load#e cemenpastedeforms anadontact areas form between
thesphericabggregat@articlesprotruding from one facand thecement matrix from the opposite
face (Figure 2.10) The shear and normal stresses transfetineslighthose local contact areas
depend orthe projected contact areas in ttamgential (A) and normal directiongAy), the

deformability of the cement paste and the friction coefficient, as follows:
A K t! (2-1)
z K ! t! (2-2)

Based on a statistical analysis of the crack structheecantact parametersyfand A are
calculatedwith the crack width w, the shear displacem¥rthe maximum particle siZ@max(used

in aFuller curve distributionand the volumetric proportion of the aggregates in the concrete.
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Figure2.10: Contact areas during shear displacenf@fdlraven & Reinhardt, 1981)

The other parameter§, andt, were adjusted so that the model would fit the experimental

results. It was found that a coefficient of frictioh{ = 0.4 and a maitx yield stress related to

compressive strength as per the following equation would yield the best fitting:
A oD & (MPQ (2-3)

As mentioned irsulsection2.1.2 with externally reinforced pustif specimensthe authorsvere
able to measurthe strain in the reinforcement and deduce the nostreds aoss the crackrom
their results they plottedthe following three relationships: the crack width w vs. the ¥ithe
average shear stregwys. the slip¥; and the average normal strésss. the crack width wThe
relations were notinear, but the authordeduced the followindinear relationsbetween shear

stress, normal stress, crack slip and crack width:
z mE p#x 8 mMwg & TUOEY z T (2-4)
A moIE pdw 8 ® T ¢ T wdEY £ T (2-5)
Wherez andA arein MPa, x andY are in mm, andEis the glindercompressie strength in MPa.

In the fib Model Code 201@Fédération Internationale du Béton (fib), 2Q18)e possible
aggregate splitting discussed in subsecdn3is accounted for bgnultiplying areductionfactor
Ct to equation®-4 and 25. For concrete types in which crackidgo e splitdhe aggregatesuch
aslow strength concrete G is taken asl.0. The minimum value for {ds 0.35, corresponding to

a very high proportion adiggregate particles split by cracking

2.1.5.2Gambarova and Karakoc¢ (1983)

In this researcithe theoretical resulfsr a crack with constant widfinom Bazant & Gambarova
(1980) which are based on a simplified micromechanics madete compared with past test

resultsobtained with constant normal stre$he authorsfound intersection points betweemesr
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stressdisplacementcurves at constant crack opening and those at constant confinEoreséch
intersection pointthey plotted théour parametersf interestzh £h Yhand w in the pland, hY),
and developed the followingelatiorship between normal stress and crack displacements for

constant crack opening

&

(2-6)

e

WhereA A =0.62 and q = 0.25.

The new formulationms ingoodagreement with the test results frovialraven & Reinhardt (1981)

A new equationvas also proposddr the shear stressdetter accoustfor the effects of aggregate

size and uses an improved formulation of the tangent shear modubns cogcking The
micromechanicsnodel shares two of the assumptions from the theoretical model developed by
Walraven & Reinhardt (1981)he aggregate particles are assumed as perfect spheres and their
sizedistribution matches a Fuller grading curVee authorsiotethat accordingo pasttest results

at constant crack opening, the shear stressoisely dependant othe ratio r =Y¥x . Their

micromechanics mode&lasderived accordingly:

z zp —— (2-7)
With

. P
A /E
A cc1p p@®dc

WhereDmaxis the maximum aggregate size in randz represents the shear strength of the crack

in the limit case of zero crack openimgMPa

After producing the new equations for shear and confinement stresses, the authors subsequently
checked them witltestresults Upon using 0.28).304&for z , the values obtained with equation

2-7 showed good agreement with thexperimentalresults fromPaulay & Loeber (1974and
Walraven & Reinhard{1981) On a side noteSoetens & Matthy$2017) comparedthe three

aggregate interlockheartransfermodels presented ihis subsectionith their test resultsand
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they tookz ast® wiztbecauseéhe compressive strengfaof the concrete they tested wagh,

varying from 57.8 to 72.MPa.

2.1.5.3Li et al.(1989)

Li et al. (1989)conducteda series of experiments with parackedreinforced concretpushoff

specimes. In most of the testthe crack width was kept constant, bubrder to develop ahear

trander model applicable to any kind of loading path, somestesdre also conducted with

different stress pathscluding cyclic loadingSimilar to the two models presented beforehm

formulation of theirphysicalmodel, the authors first proposed ampach to idealize the crack

surface asperityHowever,instead of simply representirgggregate interlock as the contact

between perfectly spherical aggregapeotruding from a faceand the opposite surfacehey

further measuredhe crack surfacgof cracked concrete blocks using a digitiaghich allowed

them tomodel the geometry of crackehey proposed thaéhe crack surface is dividedtor'contact

units' of different inclinationsand assumed th#tedirectional distributiorof the contact ungtis

represented bgstochastic contact density functiatich is independent of the size of aggregates

and the concrete compressive strengtiis contact densityunction iscentral to the development

of thephysicalmodel sincehie transferred shearé@normal stresses are directly influenced by the

inclination of the contact uni{&igure 2.11)

—i T

Positive Surface

Negatve Surface

_=*"Conlact
unit

\
1

dAg =

-

-

Figure2.11: Stress transfer througbdal contactsvith different orientations at therack

interface(Li et

al., 1989)
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As seenin Figure 2.11the sliding crack surfaces first touch each other at locations where the
contact areas have steep anglében, with further shear displacemeidcalized plastic
deformation occurs in those contact areas and the flatter contact units come into contact as well
This is suppordby theobtainedz-A curvesshownin Figure2.12 because theghow a reduction

in the rate of shear stress compared toréie ofnormal stresss the load is increaséde. the

slope of thez-A curves reduces)ndeed, the steepéne orientation othe contact units, the more
shear they transfer relative to the normal stiegsn though there is localized plastic deformation,

the authors proposed thtte initial orientation of the contact units remains coristaming

loading.

Shear Stress T (MPa)

Compressive Stress ¢’ (MPa)

Figure2.12: Relation between shear and normal compressive stigsstsl., 1989)

The physicalmodel developed by Li & Maekawa (1989) agreetth the experimentakesults
obtained by the authqrmcludingfor cyclic loadingcasesFor the case of monotonic loadiribe
authorsalsoproposed a simplifid pathindependenstress transfer modeSimilar toWalraven &
Reinhard{(1981) arigid-plastic deformation behawioas shownn Figure2.13was assumed for
the contact plane since the crack kinematics are usually lemgehr tharthe elastic deformational
componentluring monotonic loading.
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Figure2.13: Simplified rigid-plastic mode(Li et al., 1989)

The simplifiedequations foshear andiormalstreseswere calculated by analytical integration of
the contact compressive force with respect to the angle of inclination of the contact units
(Equations 28 and 29):

z of)dE’ — (2-8)
A oeE” - Al @ — (2-9)

Similarly to theGambarova & Karako€1983)model| the above equationslate tle stresssto

the crack slipro-width ratio, r. In this case, however, the stressesiraiependent of theatio of

the crack width to maximum aggregate sizeshould be noted thaince the effect of maximum
aggregate size is ignorefie simplified modeloses its accuracy if the crack opens too much (i.e.,

more thart 1 mm)

2.1.6 Summary

The aggregate interlock shear transfer mechanisman importantcontributor to the shear
resistance ofeinforced concretenembers Pushoff specimens are well suited for testing the
aggregate interlock behaviolifowever to target the aggregate interlodtear transfer, theowel
action contribution from the reinforcemesttouldbe removedCrack roughnessontributes to
aggregate interlocky forcing crack dilation (i.e., normal stress) andreasingthe amount of
contact aremperpendicular to shedisplacementA redudion in thedeformability of the cement
pastancreases aggregate interlock, but then again, an increase in compressive aelogtiers
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crack roughness since the crack propagates through more aggregate partelss, m high
strengthconcretewherethe link between aggregates and the cement paste is stronger than the
tensile strength of the aggregate partictae shear crack intersechoreaggregatesand thusjs

smoother Large aggregates contribute to aggregate interlockinbreasing crack dilation.
Transverse reinforcement prevents the opening of shear cracks and induces compressive stress on
the interface, increasing aggregate interlock fricti®esearcherdiave produced aggregate
interlock modeldo quantify sheaandnormalstresgsacross crackisased ormrack slip and width

measurements
2.2The impact of ASR otheaggregate interlock in reinforced concrete

2.2.1 Overview

As illustrated inFigure 2.14, ASR distinguishes itself from other deterioration mechanisms in
concrete since microcracksitiate within the aggregatesn the early stages of ASR (i.e., low
expansion levels), the formation of microcracks occurs mainly within the reactive aggregates, and
the cement paste is barely affected. Eventually, the microcracks reach the cement paste and later

form a network of cracks that link together.

0.05% 0,12% 0,20%

Figure2.14: Qualitative ASR damage model for expansion varying from 0.05 to 0(S@¥chez
et al.,2015)

Someyears agoGiaccioet al. 008)believed thathe decreasén mechanical propertiedue to
ASR could notbe directly associated with a level of expansiarguing thathe behaviour of
affected concrete depended on¢benponent materials and mechanisms involved in the reaction
However,Sanchez (2014aterobtained conclusive results am extensive experimental research

study with ASR-affectedspecimensncluding many concrete typesi.e., usingcoarse and fine
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reactive aggregates séverahaturesdifferent strengthsetc.) A correlation between tHevel of
expansion and the reduction in compressive strength, tensile strength and elastic cavdbtis
seerin Figure2.15. The development of ASR will norriainduce arapid andsignificant cecrease
in tensile strength and modulus of elasticity of an affectmtcrete buwvill have a significant
effect on its compressive strength only at high expansion léndésed, in the early stagef ASR
development,since the cracks are still mainly within the aggregates and ¢bment paste
(especially the ITZ)s still relatively soungthe compressive strength is msagnificantly reduced
In fact,the compressive failure mode islactile failure mechaniswhich rather esults from the
progressive formation of a netwook cracksin the cement pastdhus, when ASR cracks reach

the ITZ, they becom#ast track$to initiatea compressivé&acture.(Sanchez et al., 2017)
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C - Compressive strength
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Figure2.15: Mechanical properties losses (i.e. compared to a sound concrete presenting the same
maturity) asa function of concrete expansion: A) Modulus of elasticity; B) Tensile strength and;
C) Compressive streng{Banchez et al., 2017)

To provide an order of magnitude and a comparison between the losses associated with each
mechanical properties, at very high expansion levels (0.30 %), reductions up to 80%, 67% and
35% were obtained for the tensile strength, elastic modulus, and compressive strength,

respectively. A more detailed presentation of the reductions in those three mechanical properties

as a function of ASR development can be foun(Ganchez et al., 2017)

The more pronounced deleterious effect from ARiced cracks on the tensile strength than the
compressive strength of affected concrete can be attributed to the fracture mechanics associated
with each ype of failure. Indeed, cracks which are perpendicular to an applied tensile stress result
in planes of weakne#s the material since they directly reduce the effective area of material under
tension, thereby causing stress concentrations and provokingary and brittle fracture
mechanism once a critical crack length is reached. On the other hand, althoughda&

cracks in the cement paste (especially those in the ITZ) offer a starting point for compression
failure planes as mentioned earlier, tideynot reduce the effective area under compression. The
cracks that are perpendicular to the compressive stress simply get closed and then the stress is
transferred across them. Parameters which can influence the loss of mechanical properties include
thecompressive strength and the reactive aggreg
texture, toughness, hardness, porosity, amount of closed cracks originating from aggregate
processing operations, and capacity to generate sufficient anod i8R gel to induce extensive

internal cracking) which impact the cracking patte(Bsinchez et al., 2017)
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2.2.2 Structuralimplicationsand longterm considerations

Although the consequences of ASR on the mechanical properties of concrete have been
extensively investigated with mechanical testing of affected concrete specimens and cores
retrieved from affected strtures,the structural implications of ASBn real structures remain
unclea (Gowripdan & Cao, 2018; Noél et al., 201 Nevertheless, mulscale testing, including
experiments with large damagedinforced concretespecimens, could help understand the
influence ofimportant parameteraffecting the response of real structures (enternal and
external confinement, boundary and loading conditions, reinforcement ratio, element geometry,
size effects, etc(Noél et al., 2017)

Even though ASR reduces the mechanical properties of plain cqmuateportedtestresuls

from ASR-damagedeinforced concretepecimens have not shown significant reductions in load
capacitydue to expansion confinemeinom internal reinforcemeniGowripalan & Cao, 2018;
Noél et al., 2017)For examplewhile the ASR-damaged cylinders dhoue et al(1989)showed
reductions as high &%% in compression, 59% in tension and 48% in elastic moddiligsto
chemical prestressingheflexural capacity of their affected singly reinforced concrete beams was
only reduced by less than 10% compared to s@petimens. Moreovethe reactivebeams
showed higher flexural cracking strengths than the nospetimensConversely reductions in
flexural capacityof up to % were obtained b$wamy & Al-Asali (1989)with affected singly
reinforced smalkcale beams.

There are two important things to consider about reactive specimens testddhoratoy, which
distinguish them from redife structures. FirstASR-inducedexpansion beingccelerated with
favorable temperature and humidity conditions, it only takesths or dew years at most before
the specimens are testeout it takesaround 15 to 25 years for concretucturesto be
significantly distressed by ASEowripalan & Cao, 2018; Noél et al., 201Thus,thereis less
time forthe laboratoryeinforced specimelds ma t (ieersieel dand concrett®) creep and relgx
andtheoretically thechemical prestressirghouldremainhigher than fofield structuresSecond
laboratory specimens are usually loaded only afterdergoing expansionvhereas realife
structuresare rather loaded and likely already cracked in some locations prior to being significantly
deteriorated by ASRNoél et al., 2017)Nevethelessalthoughloading tests on rapidly expanded
specimens aneotentirelyrepresentative of the realityjs generallybelieved that thegan provide
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useful informationfor the assessment of real structundereover the in-situ load testswvhich

have conventionally been used to assess the residual load capacity-affé&e&d structures (e.g.,
bridgeg requiremore time, labour and money, are insecure, and may affect the integrity of the
inspected structusg Gowripalan & Cao, 2018)

Considering the limitations of past experimental research described above, thierihong
behaviour of ASRlamagedtructures is not well understadtis known thatonfinement stresses
in affectedconcrete influencereep deformationd<obayasiet al, 1988) that creep affects ASR
deformationgKawabateet al, 2017), and thathe fatigue life ofdeterioratedeinforced concrete
memberssubjected toepeated loadingray be increasehhmedet al, 1998; Fujiiet al.,1986)
or reduce (Ahmedet al.,1999; Boenig et al., 200ut the number of studies is limited.

2.2.3 The effect of ASR on the sheapacity ofslendereinforced concretmembers

The current knowledge of thpact of ASR on sheaesistancef reinforced concrete is limited.
Again, his is acomplex topicin partbecause ofhe presence ahany parameteryvarying in
different structures. Alsothe simultaneous contribution wérioustransfermechanisms to shear
resistancen reinforced concretmembergsection2.1.1) andmultiple phenomena affecting those
mechanisms before and after shear cracking add to the complitityugh the reduction of
concrete mechanical properti@sd cracking due tASR maysuggest thathe shearesistancef
affectedreinforcedconcreteelementsshould be reducedboth increases and decreases have been
obtained forreported test results froneinforced concretslabs and bean{§&owripalan & Cao,
2018; IStructE, 1992; Noél et al., 2017)

Slabs

A wide number otheartestswere conducted on ASBamagedeinforced concretslabswithout
sheareinforcement, but the resuliseconflicting: Bilodeau et al(2016)observedanincreasen
capacityof the order of 10%Clark & Ng(1989)observed no significant effect onnmhing shear
resistancebut obtained reductions of up to 30 specimensvith high expansiomevel (0.6%)
dueto concretedelaminationparallel to thelongitudinal reinforcement planeHansen(2019)
experienced no significant decreagedDen Uijl & Kaptijn (2002)obtainedstrengthreductions
of up to 25%.
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The tests oHansa (2019)andDen Uijl & Kaptijn (2002)both consistedf beans cut from ASR
affected bridge slabsithout stirrups. The 2Bestrained slabshowedhorizontal cracking due to

the expansion confinememirovided by the longitudinal reinforcement. In bos8tudies the
concrete tensile strength was measuusthg cores extracted from the slab vertically and
longitudinally. The strength reduction due to ASR was much more significant in the vertical
unrestrained direction due to the horizontal microcracking. As a result of this and the ASR
chemical prestressingffect, the critical shear cracks in the loading tests were flatter andrjonge
anda shear tension failure was obtained instead of a flexural shear lorlekasymmetric four

point bendingbeam testgonducted byHansen (2019) for examplemaller and shorter vertical
flexural crackswvere observeth damaged specimemsie to expansion confinement effecibie
undamaged beams fadlfrom an existing flexural or flexurashear crack, givinthe critical shear
cracka more vertical inclinationwhereas in deteriorated specimens, a flat and inclined wask

formed as seen in Figure B.1

o

Figure2.16: Crack pattern at failure for a continuowesalm without ASR damage (a) or with
ASR damage (bjHansen, 2019)

Hanseb §019) test resultsuggesthat the ASRnduced prestresyy effect cancompensatéo

some extent for the significant loss in material proper@esthe other hand)en Uijl & Kaptijn
(2002)obtaineda mearshear capacittha was 75% of the theoretical value that would have been
expectedor sound member3he specimens from the two similar research studies varied in terms
of level of expansion, longitudinal reinforcement ratio, geometry, etc., and the influence of such

paraneters on the shear resistance of Agfected members is not well understood.
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Beams and bridge girders

According tolStructE(1992) beamsaffected by ASRwith a transverse reinforcement ratio of at
least 0.2% dmot showa significant decreasie shearcapacity, and may even gain strength due to
the prestressing effeataused by restrained expansi@ubsection2.2.3.). Increases in shear
strengthandreducedieflectiors were obtainedy some researcheis.g.Abe et al.,1989; Ahmed

et al., 1998; Smaoui, 2003houe et al(1989)tested damaged dnndamagedeinforced concrete
beams and, although tltempanionASR-damaged cylinders showed a reductiormechanical
properties,the flexural cracking resistance of théamagedbeams was greater. The authors
obseved that all the beams with a 1.748ngitudinalreinforcementatioresulted ima shear failure
for the healthyundamagedoncrete andlexural failurefor the damagedtoncrete, while beams
with reinforcement ratiosf 0.77 and 1.20% exhibited a bendiagure mode for both types of
concrete. This demonstrates the beneficial effette@presence of longitudinal reinforcement on
the shear capacitf reinforced concretexural memberaffected by ASREven in cases of large
ASR degradation, neduction in shear strength was experienceBdmh et al(1993)with beams

and byDeschenest al.(2009)with large scalebent cafbeamspecimens

On the othehand,for beams without stirrupdothincreass and decreasgup to 20%)in shear
resistancehave been obtaineflStructe, 1992) Also, in order to evaluate the influence of
restrained expansion on both the laaadrying capacity and the deflection of beaisél et al.
(2017) modeledASR-damagedeamswith the Vector2 software, and theptainedvery little

contributiors from chemical prestressing

It should be noted that the number of taeigestigatingthe longterm structuralbehaviourof
beamsdamagedy ASR is limited Boenig et al.(2009)obtained ashear capacityeduction of
approximatelyl4% for 15 years oldaffectad bridge girdersit can be added that those girders
showedhe highest reduction in shear strength at their.@xdisonly are those locations subjected
to high shear stressedeck jonts are often located aboveem, so water infiltration is more
important(Boenig etal., 2009)

2.2.3.1The effecs of expansion confinement ak&R microcracls ontheaggegateinterlock

As discussedh section2.1, the aggregate interlock shear transfer across a crack with a certain slip
andwidth is governed by the normal stress across the crack, the roughness of the crack, and the

deformability of the cement past&his subsection will demonstrathat: 1) the pesence of
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reinforcement in concrete can confine ASR expanaraithus,increag the normal stress across
shear cracksand 2) the current knowledge abthgeffect of ASR micrecracks on the roughness

of shear crackand aggregate interlock is limited.

ASR expansion confinement

Understanding the effects of confinement on ASR expansion and dama&gafanced concrete
structures represents an initial step towards linking material to structural behaviour. The induced
expansive pressure within the reactiaggregate particles and adjacent cement paste may be
counteracted byarious restraints, eithenternal (i.e., reinforcement) or external (e.g. applied
loading and boundary conditiong)nisotropic confinement reduces ASR expansioncartain
directiors and increases it in other directioiStructE, 1992 Multon & Toutlemonde, 2006)

which is why maximum expansions take place where the restraint stresses are the lowest, and why
the cracking occurs preferentially at these locatig8svamy, 199Q) Due to conflicting
observations by some research@autamet al.2017; Giorlaet al.2012; Multon & Toutlemonde,

2006) it remains unclear whethexpansiorthat is restrained in one directibecomesransferred

in other unrestrained directionsr if the overallvolumetricexpansions reduced An expansion

transfer has several repassionsuch ageduéng the induced compressive stress in the concrete

in the restrained directiomn d 1 ncr easi ng t hiherefoeettie togicanddhe ani s
effect of restrainin generaldeserves more researdh.can also be noted thathe same way
compressive stress redg@xpansion, tensile stress increasgpansior(IStructg, 1992)

Reinforcedand prestressed structu@ncreteelements, such as columns and bea®spond
differently than ureinforcedand stres$ree elementso ASR In reinforced concretelements,
expansion puts the internal bars under tensile str@&tasctE, 1992and causes bond stresses at
the interface between the reinforcement and the con¢haél et al.,, 2017) The former
phenomenon is callechemical prestressingsince compressive stresses parallel to the
reinforcement/confinement direction are induced in the condesg@ansion confinement by the
reinforcement can play a critical role in keeping the intg@f the core concreteThe effect of
chemical prestressingn aggregate interlock is beneficahcethe internal pressure in concrete
closes theexisting cracks(Gowripalan & Cao, 2018; Noél et al., 201 However, over time,

relaxation of the steel may reduce the induced compression, or the concrete may deform with creep
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(Inoue et al., 1989)0n the other handswamy & AFAsali (1989)reported largely irreversible

concrete and steel strains in affected sisadlle beams.

ASR expansion is not uniform overrainforced concretene mb e r O6-sectianrsince § is
significantly reduced in the vicinity of the bars and inside the reinfonceoagie. An example can
be seen orFigure 2.17, where the expansion perpendicular to the shear plane of aoffush
specimen was modeled KBorga(2018) The expansion is lower near the bars crossing the shear
plane and in the core compared to the exterior of the Tagsg.asignificantexpansion differential
wasmeasured imffectedsingly reinforced beam@noue et al., 1989; Swamy & Asali, 1989)
andlarge slabs wh high reinforcement concentration the bottomtensilezone(Allard et al,
2018) Allard et al. (2018)lso noted thathe expasion gradienbver the depth otheir slabs
increased with further expansioviarying expansion due to higher confinement in the bottom
tensile zonehas resulted in upward deflectioms unloadedbeams equivalent to chemical
prestressingChana & Thompson, 1992; Swamy &-Akali, 1989)
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Figure2.17: Variable expansion in the-tirection over the shear plane surf§Gerga, 218)

Preferential orientation ofxpansion cracks anobservable sign of confinement, @sickstend
to orient themselves perpendicular to unconfidedctions For examplelongitudinal cracking
has beerpobservedin several experiments with affectedinforced concretdeams and slabs
(Chana & Thompson, 1992; Den Uijl & Kaptijn)@2; Hansen, 2019)

IStructE (1992) collateddata from previous experiments with ASiRectedreinforced concrete
members tatudythe effect osteel reinforcement rateind expansion rate on the induced concrete

compressive stresand level of expansionAn increase in reinforcement ratio reduces ASR
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expansion and induces a higher compressive stiedbe concretéFigure2.18a), and a higher
expansion rate increases timeluced compressivestress(Figure 2.18b). Therefore, since the
expansion is slwer in real structures compared to specimens accelerated in a laboratory, the
compressive stress induced blyemical prestressing is likely reduced. AccordingStructE
(1992) neglectingrapid laboratory testthemaximumconcretecompressive streskie tointernal
confinementends to remain below 4 MPahe authors note thatartically, this implies thaf ia
concrete is sufficiently reactive, internal steel bars can possiblywiedd thereinforcement ratios

are less thah.6%or 0.9% for mild(fy = 250 MPa)and high yield ste€f, = 450MPa)respectively

Berra et al. (2010bund thatconcrete stresses dueexternallyrestrained AARexpansion could

reach up to approximately 5 MPa (Berra et al., 2010).
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Figure2.18: Restrained expansion (a) and induced chemical prestressing ¢liffdoent
reinforcement ratiofStructg, 1992)

Researchers have also measured the tensile strains induced in the steel reinforcement by chemical
prestressing and derived the tensile stressestfresieel properties (i.e., elastic modulus or yield
stress)Hayeset al (2018) and Wald et al (2ZDlhave respectively measured A8fduced tensile
stresses of 200 and 420 MPa (i.e., yield stress) in the reinforcing steel of largstiihed
concrete elements, whildansen(2019)obtained meastressesarying from198.7to 273.8 MPa
for affected bridge slabOn the other handillard et al.(2018) measuredn averagestrain of
only 0.035%near the miespan of the botto longitudinal steel reinforcemeata highly expanded
oneway slab, which corresponded to a strasslow as72 MPa.However,this longitudinal
reinforcementonsisted of dense layer of telosely space@5 M bars resulting insignificantly
reduced cocrete expansion at the height of the stéelcontrast,Swamy & AFAsali (1989)
measured strains up to 0.234%tlre bottom tensile8 M steelbars ofaffectedbeams,which
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corresponded to 80% of the 560 MPa proof stiegsthese spgmens weresignificantly more
expandedt the height of the steghterestinglythese two studies showed tktae concrete surface
expansion at the height of the reinforcement is only slightly above the measured strain in the steel.
If a reinforced concretelement isvery lightly reinforced and highly reactive, the internal steel
reinforcement may even ruptudiyagawa, 2013)The transverse reinforcement (i.e., stirrups) is
typically more prone to yielding or rupture because itsstg and size are likely inferior to those

of the longitudinal bars, resulting in less confinen(@&#schenes et al., 2009)

Anisotropic expansion due to confinememsults in anisotropy of theoncretemechanical
properties.Den Uijl & Kaptijn (2002) and Hansen(2019) both extracted cores vertically and
horizontally from 2Drestrained slabs without vertical reinforcemenhey obtained amore
significantreduction irmechanical prpertiesin the vertical direction due to the vertical expansion
and horizontal crackingFFigure2.19). Thus, the direction of coring for inspection in ASRected
strudures should be carefully selected since the orientation of cracking directly influences

microscopic/macroscopic analyg@arboseet al., 2018; Martin et al., 2012; Noél et al., 2017)
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Figure2.19: ASR cracking in a 2Bestained slakvithout stirrupgHansen, 2019)

ASR microcracks

As explained irsulsection2.1.3 the weakest link in concrete is generally the contact area between
the cementpasteand the aggregates, thEZ, which is why cracks usually go through theste

outlining the aggregatgarticles Such crack propagatiarsults in roughshearcracks thereby
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increasing theaggregate interlocktresstransfer If a crack intersectseveral of the aggregate
particles as previously observed wilbw-strengthaggregates or higstrength concreteshe
roughness of the crack is reduced, the crack openinggsiepefi.e., large shear displacement
compared to crack openinghd theaggregate interlockhearresistancas reducedA similar
effect may be observed in the case of conatfexted by ASRhecausef the presence afpened
crackswithin the aggregates, which may offer the easpth for the shear cracK.o the
knowledge of the author, the literature presentsomelusivaresultson the effect of ASRprecisely
on aggregatenterlock However,in orderto fill this knowledgegap a group ofresearchers from
Laval University and McGill Universityrecently conducted pusbff tests with specimens
presentingdifferent ASR-inducedexpansionevels (Sanchez et g12016) Specimens with and
without stirrups crossing their shear plane were teJtee.reinforcedspecimens hadithertwo
or four stirrups, corresponding to reinforcement ratios of 1.12% and 2.24% respedihely.
following three ASR damage/expansion levels were selected

1) low expansion levél.e. 0.05%), wheréhecracks are mainlgtill locatal within the aggregates;
2) moderate expansion legk. 0.12%), wherénhecracks start reaching the cement paste;

3) high expansion levéi.e. 0.20%), where the cracks amesent in the cement paste

The results of th@ushoff tests have yet to bgublished but the resultsof direct shear tests
conductedon concrete cylindergith different expansiothevels can be found in Sanchez et al.
(2016) andDe Souza et a(2019) In these papers, setup developed Barr & Hassq1986)was
used to test the specimens under pure shear without moAeseen fromFigure 2.20, the
specimens are notched the centerof their height positioned horizontly between two plates,
andthenloaded perpendicularly ttneir main axis with reversed supports such tnlatittle shear
failureoccurs at the notcihes peci men 6 s g sheamead bendinganomenttdiagegams
can be seen drigure2.21. Sanchez et ahoted thathe vertical crack went through reactive coarse
aggregatesbut around them wheanly the sand particlesvere reactive (Figure 2.22). This is
consistent with the cragkatterns observed dyanche2014)for reactive sand and for reactive
coarse aggregatéBigure2.23). According toSanchez et al. (2016) amzk Souza et a(2019) it

is possibldo follow the progressf ASR damagaevith thecylindrical test setupince thedecrease

in shearstrengthcan be correlatedith expansionevel (Figure2.24). It should be noted than
this compact shear testifer the crack forms, there is no aggregate interlogkiaghe two halves

are completely separated.
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Figure2.21: Compact shear test specimen. Test specimen geometry (a) and shear force and
bending moment diagrams ((Barr & Hasso, 1986)
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Figure2.22: Failure planes for ASR coming from a reactive coarse aggregate (a) and a reactive
sand (b)(Sanchez et al., 2016)
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Figure2.23: Typical ASR crackpattern in concrete caused by (a) reactive sand vs. (b) Reactive
coarse aggrega{®&anchez, 2014)
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Figure2.24: Directshear strengtfa) and direct shear strength reductionwiih increasing ASR
expansior(De Souza et al., 2019)

A few researbers have demonstrated that ASR expansion is highezdotive sand compared to

reactive coarseggregategJurcut, 2015)However, it was also shown that coarse aggregate
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fractions contribute more to aggregate interlock, enhancing the crack roughness and the crack
opening during shear displacement. Thus, one cargdethat with sufficient cracking within
reactive coarse aggregates, the reduction of aggregate interlodkennagre significant than for
reactive sandln their parametric analysis using the software VecTor2, upon simulating coarse
aggregates splitting by reducing the size of aggregatesniforced concretbeams from 10 mm

to 6.7 and 5 mm, Noél et al. (201@ptained reductions in shear capacity of 40% and 50%
respectively. Furthermore, change in failurenodefrom flexure to shear was experienced for

some of the modeled beams with stirrups.

2.2.4 Summary

The effecs of ASR on concretare fairly weltknown at thematerial scalethere is ageneral
consensusbout the impact of the distress mechanisnthemmechanical propertiesf concrete

but its structural implications are still unclear due to their complexity and a lack of multiscale tests
in past researclprograms Although it would be reasonable to think that the reduction in
mechanical properties of the concrated the microscopic distress features (i.e., opened cracks
within the aggregates) associated with AB&uld lead to acorrespondingeduction in theshear
capacity of affected structurehije to the chemical prestressing effect, affestedorced concrete
members havén many caseshown no significant reductiom shear strengthHowever,the

number of past loading experimentsABR-damagedeinforced concretenembers is limiteand

the effects of expansion level and confinement on the aggregate interlock mechanism have not

been explicitly investigated

2.3The use of DIC to monitor concrete structures

The DICphotogrammetry measureméethniquenas been successfully usedrieasurdull -field
surface deformations of loaded concrete members in labom@totyolled environmentgnd itis
graduallybeingincorporated in field structural monitoring applicatiahe to itsseverabenefits

In this sectionthe fundamentals &D DIC will first be introduced. Second, past experiments in
which the accuracy of the technique has been investigated will demonstreapabditiesof the
technique.Third and finally, thechallenges,limitations and possible sources of 2D DIC

measurement errors will lkscussed
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2.3.1 The fundamentals dIC in loading experiments

DIC was developed bySutton et al. (1983) and has been used in loading experiments by
researchers frondifferent fields for measuringhe surfacedisplacemers, velocities and
accelerationsf materialyPanet al, 2009) Two-dimensional DIC measurememejuire the use

of a digital camea and a computer DISoftware for posprocessing the photas videq while

3D measurements require the use of multiple can{etalrick et al, 2011) Although 2D DIC
techniquedavebeen used with curveadrgetse.g.Duttonet al, 2011) theyare more appropriate
for inspeting a flat surface which is perpendicularthe optical axis of the camefligure2.25)
(Pan et al., 2009)

Loading system

LI
Planar

Specimen /;F//;; @

o0 o

I a0l MR | -

=

—  Computer

= Whits Light Source

Figure2.25: Typical testsetupfor 2D DIC measurementdan et al., 2009)

For a loading experimeraninitial photo is taken prior to loading. Thenyrthg the testthe load

can be applied continuously, whilee photos(or the video) are taken, or the load may be paused

at load or displacement increments for talsegerapictures.The DIC technique requirésatthe
camera position remasrthe same for all captures since the displacements are directly extracted
from the imagegYoneyama & Ueda, 2011Yhus,to avoidmovement, the cameiia usually
comected to a tripod or a stable frame d@nts good practice to use amote contrbfor the
capture§Gamache & SantirBell, 2009; Shah & Kishen, 2011putton et al.(2011)even used

a rubber pad underneath their camera to reduce vibrations.

DIC measurements are in pixels. By knowing the relationship between the number of pixels and a
physical dimensiornn the plane of the inspected surface., the scale factor (pixels/mm), the
displacements and strains can be determifvexbntrast on theurface of théenspected elemers

necessary to enable the D#Bftware to track deformations between subsequent images
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(Barrangeret al, 2010; Lecompte et al., 2006)herefore, aandom speckle patters typically
added ontdhe surface of the speciméar image pixels to present different gregale intensities
and for the DIGsoftwae to calculate their movemefitigure 2.26) The surface texturdefornms
together with the specimemd improvethe quality of correlation between imag®éth concrete
specimensthe speckle patteris often done byainting a white primer ansprayng blackpaint
dotsonit in a random patterr-or good gray level variatiort, is recommendetb illuminatethe
inspectedsurfaceevenlyduring the image acquisitio’ white light source or natural lighin be
used(Pan et al., 2009)

Figure2.26. Preprocessing of a specimen for DIC: a) before random mapping, and b) after
random mappingTeramotoet al, 2018)

After image acquisitionthe DIC programtracks the displacement of subsg@isfacets) squares
made upf a defined number gfixels which maye created manually by the useautomatically
generatedFigure 2.27). Ideally, to be distinguishable from its surroundingsuasetshould
present a wideariation in gray levelsThis is critical for accurate measuremefiaitton et al.,
2011) The user defines the size of subsetgixelsand can position them where preferred on the

reference undeformed image.
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Figure2.27: Undeformed and deformed subset tracked by a$oifivare(Pan et al., 2009)
2.3.2 Recordingshearcrack kinematics

Sincethe DIC techniquesnables measurementsdsformationson a surface of desired sjzeis

not necessary to know exactly where a crack foiin, as long as it appeansthin thefield of

view covered by the photo$hus, the DIC technique has been widahd successfullysedin
loading testgo detect the onset of cracking aexamine fracture mechanics in concretaking

it an adequate tdofor understanthg the shear failure proceg§igure 2.28). For example,
researchers such @avagniset al. (20180, Huber et al(2016, andZarate Garnic2018)have
testedreinforced concretbeams in shear while measuriting width, slip and orientation ofhe
critical diagonalcrack from its initiation up to failureof the specimensihey combned ttose
measurementwith constitutive laws in order to evaluate the contributions of the different shear

transfer mechanisms at numerous times during crack propagation

Figure2.28. Beam shear test using DICrteasurerack width and sligZarate Garnica, 2018)
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According toHoult et al.(2016) it would be beneficial to use the DIC techniquetfa longterm
monitoringof shear cracks in real structusgscefull-field quantitative measurements would lead
to an improvedestimation of theesidual shear capacity of overloaded membeosvever,they
emphasize the importance of ensuring good accuracy in the DIC measurantcasducting
validation testing for each SHM dpmation. The authorsconducted beam testgith DIC to
investigate the effect of curvature on measured cshgkAs seen fronthe pairs of subsets-A 6
and BB 6 Fagare2.29, an apparent additional crack skgsults from thdoeamcurvature.To
eliminateit, theauthorspropose an approach involving theseof four measurement planes in the
DIC analysigFigure2.29%). Normally, to measure the distributed opening and sliding of the crack
along its length, onlaline of subsetss needen each side of the cragke., 29 and 3 lines of
subset orfFigure2.2%). By addingameasuremerglaneon each side of the cragke., F'and 4"
lines of subset offrigure 2.29), an apparent sligntirely due to curvature can be measured
between thesland 29 planes, and between th® &nd 4" planes. Then, the two apparent slips are
averaged and subtracted from the measured slip betweeff' thed23' measurement planes to

find the true crack slip.

(a)
(b)

Figure2.29: Apparent slip due to exaggerated beam curvaturd@) four measurement planes
technique (h)(Hoult et al., 2016)

2.3.3 Other structural health monitoring applications

The measurement of bridge deflections certainly representSHiz applicdion of the DIC
technique with the most past case stu¢iezreckiet al, 2018) These structuresften require a
load rating whichcan bedetermined from atandard load test which the reatime deflection at
mid-span is monitored during a live load crossiAfpolhasannejad et al(2018) presented a
review of many noftontact imagéased measurement methods for monitoring bridgetireal

deformations and concluded that these methods are usually better than otherbematéheand
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noncontactbased method€ompared with other conventidrequipment such as surveying and

global positioningsystem, he DIC technique allowsasier production aéntirebridgedeflection
curveswithout traffic disruptionand with very rare access limitatiolue tosurrounding bridge
environment{Gamache & SantirBell, 2009; SantirBell et al., n.d.) Even the deflection of a

very stiff bridge, requiringhigh displacement measurement accuracy, has been successfully
recorded by 2EDIC during static and dynamic loading te@turray et al., 2014)To track bridge
deflections, a artificial displacementarget wth a speckle pattern on it is often mountedhe

bridge orthespecklep at t er n may be painted ftisaldopossibler i dge
to rely onfeatures extracted from the naturahcretaexture of the bridgéAbolhasannejad et al.,

2018; Gamache & Santhuidell, 2009; Wang et al., 2017)

Other SHM applications of the DIC techniquehich have successfully been tried include the
measurement oturvature in flexural membergDutton et al, 2014; Mahalkt al.,2015) smalt
magnitude(<0.1%) homogeneoustrain fields(Acciaioli et al, 2018) nonuniform concrete
drying shrinkage(Dzayeet al, 2019) plastic shrinkage ofresh concrete(Zhao et al, 2018)
micro-cracking around coarse aggregates during drying shrinkage of cofii@teyama &
Sasano, 2014; Mauroux et al., 2012B5R-induced expnsionand micrecracking(Teramotoet

al., 2018) surface concretdisplacemersand strais caused by reinforcement corrosi@hn et
al., 2018) concrete spallingNonis et al., 2013)and thevibrations or dpamic responsef bride
hanger cableAtkins, 2017; Niezrecki et al., 2018)

2.3.4 Challenges antimitationsassociated wit2D DIC techniques

The DIC technologyshowsa wide applicability(Niezrecki et al., 2018)but there area few
requirements which may limit its use:

Visibility

DIC techniques are visiebased, and thus, they are not suited for measuring internal strains or
evaluating surfacethat are novisually accessibléi.e. no direct line of sightfFor example, as
explained in subsectioh.2.3.1 a concrete element affected by ASR may undergo an expansion

which is not uniform over its crossection, but the DIC expansion measurements will only be

representative of theurface expansiorNevertheless, for the monitoring of existing structures,
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this accessibility limitation oftenalso apples to conventionalnondestructive measurement

techniques.

Flat and smooth inspected surface

As mentioned previous|ywhen using a Bgle camera, the displacements must occur within a
plane, otherwise errors will be generatédr improvedaccuracy, the surface should also be
smooth.This limitation may be overcome with 2.5D and 3D DIC systasisg algorithns based

on stereovisionbutthose are more costly and less accessible, requisiagr morecalibrated

cameras to measure 3D displacement fightidfrick et al, 2011)

Addition of artificial targets

CertainSHM applications of th&D DIC technique may require the addition of artificial targets in
theplane of the inspected surface, within fieéd of view of the camera. However, sorsieucture
surfaces may be hard or impossible to acdesghermore, the preparation of a measurement
surface orthe fabrication, installation and detachment of artificial targets add costs, complexity
and time to inspection®everthelessas mentioned byHoult et al.,(2016) instead of adding a
contrast, bolt patterns, rust, or color variations may be Uisiscalso possible to project a pattern
onto themeasured surface insteadpaiinting it or mounting i{Nonis et al., 2013; Saba& al,

2017) In all casesjongterm DIC monitoring applications involve challenges associated to
changes in moisture content, surface stains, discoloration, efflorescemapalling and

delamination Thosemay prevent the proper tracking of targets due to loss of data points.

Environmentstability

In laboratory experiments, the lighting, temperatand camera positioning are easily controlled.
In the field, wind, temperature changéght fluctuations (e.g., due to a passing cloud shadow),
rain/snow,and ground motionsnay prevent the use of DIC techniques lmve asignificant
influence orthemeasurementdn a case study addressing the practical issues associatéoingith
distance outdoobridge deflection DIC measuremen@amache & SantiABell (2009)found a
significant influence from environmental factors, measuring a maximug¥spandeflection of

12 mm compared to a tralueof 3.8 mm.The inspection of underwater structures may present
several additional challengasad limitationdor the DIC tetnique, but for brevity, those have not

been explored.
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2.3.5 Measurement errors and correction techniques

Two-dimensionalDIC measurement erroe inevitableand mayarisefrom different sources
related to the inspected element, loadiagd imaging, or to thdIC-software correlation
algorithm For example, variousources ohoise(e.g. shot, thermal, cutgfand readout noisgs
are unavoidable duringhage acquisitiorfPan et al., 2009)

Regardless of the total displacement being meastmed given spatial resolution (i.e., pixels/mm
of measured surfacdle absolute measurement eisousually the samieeeet al, 2012; Murray
et al., 2014)Thus, for smalscaleDIC measurementsr long-distance measurementke relative
measurement error will be increasédboth case, the accracy of DIC measurements is closely
related to the scale factfire., the number opixels permm of inspected surfagewhichneeds to
be large enougfor small pixel displacements betrackable When measuring strains with DIC,
a largergauge length (in pixels) increases the accuracy since the subpixel error is divided by a
larger denominatorThe scale factoand gaige lengthcan be enhancebly selecting ahigh-
resolution cametaa lens witha long focal length andby positioning the cameras close as
possiblefrom the inspected surface while keepihg required elementsithin the field of view
(Hoult et al, 2013)

It is worth noting that the acceptablevel of error also depends on the magnitude of the
deformations being measurdéor example, Mirzazadeh et al. (2016) found that temperature
induced err or ECressltedhn cratk widts errér®dddmly about 0.2%. On the other
hand,according toHoult et al., (2013)concrete structurasder service loathay defom by less
than 100 rnd thus, the authoidentified themaximumacceptabletrain measurement erras

51 RWhen mitigatedunder the right experimental conditiori3IC displacement measurement

errorsare usually kepbelow fractions of a pixeksothe above accuracy may be achieved.

This subsection discussesror sources whilanentioning possible mitigatiomeasuresFor
brevity, the errors related to theimage processing correlation algorithfine., an unreliable
correlation criterion, a bad typ#f subpixel interpolation schemer a loworder subset shape
function(Pan et al., 2009)are not included.
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Off-axis camea positioning

For certain DIC technique applications, such as the measurement of deformation of a large
structure, he chargecoupled device (CCD)sensorf a camera canodot be posi
inspected surface. Such @ikis camera positioningesults in 2D DIC measurement errors and

thus, a calibration process should be y§&h et al., 2009)

Errors due to an ofxis optical setup can be reduced by using a telecentric lens and/or positioning
the camera far from the inspected surface to produce a similar @faciet al., 2009)Also, to
improve inspectins of bridge deflectionPan et al.(2016) recently developed an advanced
deflectometer which uses edikis DIC for measuring redgime vertical deflection in multiple
locations over a bridge length.

Out-of-plane movement from inspected element

When usinga conventionallens, distance change between the camera and inspected element
results in a different image magnification, leading to additional appargtame displacements
According toHoult et al.,(2013) even a very small owdf-plane movement may lead to a
significant relative DIC measurement etrdr'hile a largemovement induces greatererror, a
longereffective distance betwedhe camera and the inspected surface reduces theni®is
described by the following relationship derived®wttonet al.(2009)

R — (2-10)

Wheredy is thedistance reduction between ihepected surfacendthe camerand y is the initial
distance Figure2.30).
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Figure2.30: Effect of an oubf-plane movement on the image captured by the caffiendt et
al., 2013)

Of course,ncreasing the distance y can be achieved by simalying the cameréatheraway

from the inspected surfaclkut this reduces the strain measurement accuracy. Another possibility
would be to use a lens with a lomdecal lengthf (Hoult et al., 2016)From the above figurand
using similar trianglest can be visualized hothis woud reduce the viewing angle of the camera
andallow to positionit further away from the inspected surface while keeping the same field of
view (Xo). The effective distance y can also be increased avittiecentric lenasthe paths of
light entering tloselensesare nearly parallelwhich means that the magnificationnsintaired
independentlyf the distance yHoult et al., 2013)However, elephoto lenses are expensarel

offer a limited field of view Other ®lutions to correct the effect of eaf-plane movemertiave

been discussedy Hoult et al.,(2013) including the placement of a fixed reference object of
known dimensions in the plamé the measured surfaddpon correction of induced errors, the

authors achievesimilar strain resolutions to conventional strain gauges.

Poor sirface texture

The accuracy of the DIC results depends closely on the quality of the speckle pastern.
mentioned earlier, speckle pattern should be random and present a high cdotesssture subset
identification Figure 2.31 distinguishes good from poor patterns.pfoper surface pattern is
isotropic and doestthave a preferred orientatibmavoidrepeated texturef\lso, thesize of black
dots should be chosen according togbale factor (pixels/mm). For example, at closeige the
mean specklesize should be smaller This will result in the highest variations of gregale
intensity within only a few pixel_ecompte et al., 2006; Pan et al., 2009)
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Repetitive Low contrast

Figure2.31: Bad patterns (top row) and good patterns (bottom (@erelated Solutions, n.d.)

Concrete usually has a uniform grey caod thusa poorsurfacetexture. Not adding an artificial
pattern to a concrete structure prior to monitoring its deformations can drastically increase the
probability of a wild vectodue to a falsesubsetidentificationin the DIC analysisThis was
demonstrated byputton et al, (2011) with compression tests of cylinders with and withaut
speckle pattern painted on their surface, as they noted a significant contribution from the added
texture to the accuracyin fact, the size vaations of the untextured cylindemsere not
appropriately trackedt should be noted, however, thatyreonducted 2D measurememigh a

curved surfaceNevertheless, high spatialresolution may help avoitrors caused by the absence

of an artificialtextureand, as mentioned in subsect®8.3 researchers have been able to track

absolutedisplacemers (i.e.,bridge deflectionswith natural concrete texture

Poor @amera quality

As discussed previously, a higher camera resolution ing#asaccuracy of DIC measurements
When measuring absolute displacements such as a bridge deflection, théaittetaristics of

the camera should also be considered as the random line shifting in video imagery also leads to
measurement errofkuo et al, 2001) To correct those smalnagemovements, several images

may be averaged together into a singbenpositeimage using MATLAB(Hoult et al., 2013;

Murray et al.2014) Also, a fixed reference object may be usesubtract its apparent movement

from themeasurments. It can be noted that this method will also correagparent movement
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due tocamera drift (i.e., rigid body translation$ the entire imaggsvhich may be caused for

example byCCD self-heating during long recordirgessions

Lens distortion

Radial and tangential distortion from lewost optical imaging lees produce additional
displacementsbutif theinfluence is significantvariousdistortion correction techniquesay be
used,such as those ofoneyamaet al. (2006, Zhanget al.(2006) or Pan et al(2013. Errors
caused by image distortion aredatively small, especiallgt the center atheimages (Panet al,

2013) and they are considered negligible for crack measurefidentt et al., 2016)

Light and temperatuructuations

Outdoor lighting fluctuations may cause noise in the measurenitastalso recommended to use
acorrelation criterion insensitive to the offset and linear changuofination lightingsuch as
thezero normalized cross correlaticdNCC) criterion(Kohutet al 2017; Pan et al., 2009Also,
temperature variation®sult inthermal deformation of the structure and camera systdmnch
may be a problemwhenimage acquisitio occurs over long periods of tim&ccording toGamache
& SantiniBell (2009) turbulent air heating causes small localized distortion withimage.The
authors recommenitchage acquisition at night with artificial lighd ensure thermal equilibrium
of the structure and eliminate imaggriability due to sun motion, clouds, and moving shadows

Camera movement

Wind and ground vibrations can causevement of the optical assembhhedeflection vs. time

curve from Gamache & SantirBell (2009)suggestghatthe dominant source of error their

study waghewind gusts, since the rate and direction of the observed drift changed several times.
Ther largemeasuremenrdiscrepancy{mid-span deflection of 12 mm compared to a true value of

3.8 m) could be attributed to the high distance and magnification usexttje# focal length of

665 mm), as even a small rotation of the camera would result in a high error. For the optical system
to be less sensitive to wind effects, they recommended the use of a tripod with rugged short legs
and an additional support near #ygerture end of long camera lenses. Installation of a windshield

equipment on the camera has also been suggestszbl® Shinozuka (2006)

In order to account for measurement errors occurring when the camera moves or vibrates during
the image data acquisitioApolhasannejad et al., (2018¢veloped an image motion correction

algorithm to combine with DIC measurements. In order to detect and distinguish global motion
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from local motionin the imagesaptured after the first ona square submage, which includes
fixed natural or artificial distinctive features, is used. This region of interest being affected by
translation and/or rotation of the image due to camesaement it can be used fadetermining

and subtracting thglobal motion leaving only local and true deformations

Very similarly, Yoneyama & Ueda (2011game up with a methodology for correcting DIC
measurement errorsid to camera movement caused by environmental factors such as wind or
ground oscillations during infrastructure inspections. They used an equation of perspective
transformation in which the coefficients are determined through the method efdeasés,rbom

the DIGmeasured movement of fixed reference points in the vicinity of the inspected element.
The equationvassubsequently used for determining the true coordinates of other points of interest.

The longterm managemendf concrete structuregeneraly involvesperiodic visuainspections
often conducted several years apéhe use of DIC techniqués follow thegradualevolution of
deteriorationand overloading signs cannot Ipractically achieved without camera movement
between image captures, less expensive surveying equipment and {omesuming camera
placement procedures are us€tianges in camera position and orientation resylempective
distortionsin the images, which translate into errors in the subsequent DIC measurements.
Neverthéess, images captured from differentsfiimns in space may be aligned with image
registration methodbefore the computation of the displacemesr exampleto correct for
perspective errors in deflection measurements, Uhl, Kohut and their assd@aatesused
homography mapping teectify images captured duringeveralstatic loading experiments
(Dworakowski et al 2016; Kohut et al., 2017; Kohet al, 2014; Uhlet al.,2011) They computed
ahomography matxifor each distorteimageusingfixed rectangular markers, coplanar with the
| oaded st r,addédurrthediedd opviewrigwee 2.32). Note thatfor a given offaxis
camera positioning between subsequent imagescamera perspective change willlbeer if

thedistance between the camera and inspected elesiaigher.
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Figure2.32: Image rectification with homography mappi(iworakowski et al., 2016)

The creation of subsets

The size of subsets esitical for the accuracy of measured displacemestsl for a given speckle
pattern, an optimal subset size can be seldtitbmpte et al., 2006; P&t al, 2008) The size

of a subset should be large enough thatan be differentiated from other subsets from its
distinctive intensity pattern, but on the other hand, enlarging the subset size normally leads to
larger errors in the measured deformations. TRasg, et al(2008)proposed an algorithm capable

of detecting the proper subset size for a given speckle pattern.

Lee et al.(2012)demonstrated that for measuring strains, creating several pairs of subsets and
averaging their strain readings cacrease measuremeatcuracy. Furthermore, amging the
Ssubset pairs in a circle and averaging the
enabledaccurate measurements gfear strains aneliminatederrors induced by the principal

strain directions not being perfectly aligned with theai g e 6 s Alsa,xnereasing the gauge

length (i.e., the distance between subsets) can reduce the relative strain measurement error, but
when variations across the strain field need to be considered (e.g., when surfaceaasent

the subset mesls should be sized and positioned accordingly.
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2.3.6 Summary

DIC techniques are versatile, enabling-field displacemenieasuremestof theloadresponse

of structuresindividual structural members (e.g. bridge or beam deflectiams)local areas of
concern (e.g.shearcrack. They havebeen widely used in laboratory environments due to their
numerous advantagefn recent years, the technology has b&ansferred to outdoor SHM
applicationsbutimage acquisition irexteriorenvironments @hjects the measurements to more
error sourcesResearchers haweeenproposng solutionsto mitigatevarioustypes of errorsOne
areawhich has not been investigated in depth is the application oté&xlithiques to follow the
gradualevolution of overloding and degradation signs such as crapesmanent deflection,
settlement, expansionsreep, etcThe environmental conditions and the camera position and
orientation relative to the inspected surface inevitably change bepggedicinspections, whie
leads to measurement inaccuraty.remove perspective distortions due to camera movement,

image registration methods have been used.

2.4Research significance

2.4.1 Impact of ASR on aggregate interlock

It has been demonstrated tlagjgregaténterlockis oneof the most important contributors to shear
resistance osound concretebut its contribution to shear resistance in AdRnaged members
remairs unclear.This is due to the simultaneous influences of chemical prestregkiol closes

the existing crackand ASR microcrackaithin reactiveaggregatewhich lowercrackroughness

To the knowledge of the authding literature presents no results precisely on the effé&x$R on
aggregate interlockn theirreinforced concretpushoff specimensSanchez et al(2016)varied
the level of expansion and the reinforcement ratio,dinot decouple théereficial effect of
chemical prestressing arnbe deleterious effect oASR microcracksThe experiments of the
present projecadimto study the twghenomenandependenthand quantify their distinct impact

on aggregate interlodkr low to moderatéevels ofASR expansion
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2.4.2 DIC for longtermstructural healttmonitoring

Evaluationsof aging concrete infrastructugenerally relyon the judgment of inspectors, ag
highlighted by the tragic event of De La Concorde overppssitative assessmentadteriorating
structures can be dangerous. There is a need to incorgbeatese of reliableguantitative
measurementechniquesin inspections tobetter follow the evolution ofoverloading and
degradation signs and defed#¢ith the coninuousimprovemats in thequality ofdigital cameras
and DIC softwargthe DIC techniquaepresergone viable solutionvith several advantages over
more traditional techniques, including fikld non-contact stain and displacement
measurementslowever, some source$ DIC measurement errors exist, especially in the case of
exterior long-term monitoring, wherehe environmentalconditionsrepresent dig factor, and
camera positioning inevitably changlestween inspectiongnless sophisticated and expensive
equipment are used, which is tirnensumingThus, & part of this projecean attempt is made to
correctthe 2D-DIC measurement errothat occurdue to camera movement betweerage
captures, which represents one ad thain challenges associated with the usBI&f for long-

term SHM. A simple andeasyto-useapproachfor correctingthose errorss proposed, and it is
applied tothe monitoringof shear crack kinematics and ASR expansidme proposed method
would enablean inspector with a handheld digital camera to supplement their visual observations

with quantitative measurements of crack widths and other deformatittineelative ease.
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3. EFFECT OF ASR ON AGGREGATE INTERLOCK

3.10verview

As discussed in section 2.2, R®auses the formation of a silica gel which expands with moisture
uptake,causng internal pressure and microcracking in concrete. The expansion and damage are
reduced by confinement. For example, internal reinforcing steel restrains expansion, rgsulting
self-equilibrating stresses in the concrete and steel. Thus, the impact of ASR on aggregate interlock
is two-fold: while the microcracks in aggregates may offer an easy path for shear cracks to
propagate and reduce their roughness, the chemical psgsfreahances the normal stress across

the interface. In this project, a test program with sound and expandedapkedreinforced
concretepushoff specimens was developed with the aim of decoupling those two simultaneous
phenomena and clarifying their respective influenctheaggregate interlock for low to moderate

expansion levels and low levels of confinement.

3.2Methodology

3.2.1 Shear pushoff specimens

The test program was comprised of eightgnacked shear pustff specimens with dimensions

of 670 mm x 400 mm x 120 mm (Figure 3.1). Four different expansion levels were considered:
0.00%, 0.04% (low), 0.07% and 0.12% (moderate). For egumeion level, two specimens were
fabricated: one with internal reinforcement a&he otherwith external reinforcement. The four
internally reinforced specimens were used to evaluate the simultaneous effect of the two coupled
ASR-induced phenomena on aggate interlock, while the four externally reinforced specimens
were designed to isolate the effect of chemical prestressing (i.e. without internal damage in the
aggregatesxcept for the case of zero expansion, the internally reinforced speciveesithe

ones that developed ASRiring several month3he other five specimens were testé¢@8 days
without prior ASR developmenthus, two types of concrete mixture were used in this project:
one to develop ASR and the other to control it (subse8tf). To simulate the effect of chemical

prestressing, the specimens with external reinforcement were subjected to mechanical prestressing
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just before precracking andesting them. The details all the specimens are summarized able
3.1 andFigure3.1.

Table3.1: Precracked shegrushoff specimens test program

i Reinforcement acros Concrete mix Mechamc_al
ID R prestressing
the shear plane type .
strain
00l Non-reactive | 0.00%
04l Reactive 0.04% 0
07l Internal Reactive | 0.070%]| 0-00%
0121 0 Reactive 0.12%
O0OE 0.487% 0.005%*
04E . . 0.04%
07E External Non-reactive | 0.00% 0.07%
012E 0.12%

*00E is thecontrol specimen for the zerexpansion case but was slightly prestressed with a tensile strain
of 0.005% to ensure that the prestressipgaratus st&gin place andlid notfall during the test.

Internally reinforced Externally reinforced
0| 7 4 P
:_7 _’J A
o .
R biseg T o R
R ] B . ---1 635mm
Crack plane ___ | : Crack T < 1h 4 T f 254/ stirrup
T - e |
£ plane | ‘
- . A E%ss| ™ Crack
: Y S : « plane
5 =
a iy,
. 4 7 A
<1
4 7
C i ( i
A ] A B B B

ﬂPrestressing apparatus

= B i

Cross section AA Cross section BB

Figure3.1: Layout of nternally and externally reinforced pusff specimengall dimensions in
mm).
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As seen fromTable 3.1, the specimens are labeled with an identifying cddhe first two digits
correspond to the level of mechanical or chlehprestressing induced across the shear plane (e.g.
04 = 0.04% tensile strain in the stirrups), and the following letter indicates whether the stirrups
were internal or external (I = Internal, E = ExternalhpeTreinforcement ratio of 0.487%
correspondso two steel stirrups for a total of four 6.35 mm legs crossing the 260 x 100 mm shear
plane perpendicularly=gure3.1). This relatively smallamount of reinforcementas selectetb

ensure that thASR expansion rate would be high enough for time constraint®atite highest
expansion targdt.e. 0.12%) to be reachabl@ he rest of the reinforcing cage is meant to prevent

any flexural cracking in the two-shaped grts and limit movement to the shear plane.

In order to reduce dowel action from the steel reinforcement in the internally reinforced test
specimens, the 6.35 mm steel bars were passed through circular PVC tubes with a length of 120
mm (Figure3.2), disrupting their bond with the concrete. The tubes were positioned at the middle

of the specimenwhere thelegs of the stirrups crossed the shear plares bond disruption
distributed thebending and shearing of the bars over an increased length. In order to limit the
influence of the tubes on the results, a small tube diameter was selected (12.7 mm). Yet, the hole
diameter, 9.5 mm, was large enough to fit a 6.35 mm bar with an attachiedgstuge and
connected wires. To prevent movement of the tubes and prevent cement paste from entering during
fabrication, their ends were taped to the steel bars, sealing the end holes. Thus, the total unbonded

length of the internal stirrups was approgitely 130 mm.
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Figure3.2: Reinforcement cage with PVC tubes installed on the legs of the stirrups

Although dowel action mitigation was the primary reagmmadding the PVC tubes, they were

also usedo:

1. prevent a local reduction of ASR expansion in the close vicinity of the stiranbs
therefore pbtain a more uniforrtensile strain distributioacross the shear plane grea

2. reduce the curvature of the bars at the strain gauge locations, allowstgaihegaugéo
primarily measure the tensile strain of the stirrups induced by crack dilatioedunck the
normalstrains due to bending

3. protectthe strain gauges from the dowel for¢es., pressureduring the load test

4. and increase the unbonded length of the stirrups, making it more similar to that of the

externally reinforced pusbff specimens.

3.2.2 Concrete mix details

Thetwo concretamixturesused in this programwere basically the same, except for tise oftwo
ingredients, sodium hydroxide (NaOH) and a lithtbased admixture, which were used to
develop anatontrol ASR development, respectivefyable3.2). NaOH pellets were dissolved in
the mix water of the reactive mixture to raise the total alkali content aktihentin mass) and

58



concrete t01.25% NaOeq and 5.25 kg/mi, respectively This acceleratedASR-induced
developmenand generatethe desired expansions in a reasonable amount of time. In the case of
the controhonreactive mix, NaOH was replaced by a 3686lid lithium nitrate (LINQ) solution,

at a dosage corregpaing to 125% of théstandard dosage" recommended by the manufacturer.
Forall specimens, a cement content of 420 Kuylass selected in accordance with the requirements
of ASTM C 129305. A general use Portland cemg@yuivalent with ASTM Type Rvith analkali
content of 0.94% N&eq was used. Springhill greywacke, a highly reactive coarse aggregate
(ASTM C 1260 accelerated mortar bar expansion of 0.463% daylsin a 1M NaOH solution,
according toGrattanBellew et al.(2003), was selectedBeforeits use,it was sievedn order to
obtain particles of size varying between 4.75 and 19 mm, egtlal proportions of particles
sizebetween 4.75 to 9.5 mm, 9.5 to 12.5 mm, and 12.5 to 1§ mm 38% eadh)As seen from
Figure3.3, the Springhill aggregate displays angular, flaky and elongated shape with a rough
texture. A natural noneactive sand with a fineness modulus of 2.8 was uselde concrete
mixtures. An effective wateito-cement ratio of 0.44 was selected, which corresponds to a

theoretical compressive strengthatout35.0MPa accor ding. to Abrams?®d

Table3.2: Concrete mix designs for the reactivel amorreactive specimens

Fine Coarse Hydration Water LINOs | NaOH Alkali
Type of | Cement| aggregatg aggregate to- content
: water added| added 3
mixture | (kg/n?°) | (SSD) (SSD) (kg/n?) cement (Umd) | (Kg/n?) (Kg/m?)
(kg/m®) (kg/m?) ratio
Reactive| 420 746 1007 185 0.44 - 1.659 5.25
Nom | o9 746 1007 185 | 044 | 1236| - 3.965
reactive
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Figure3.3: Coarse and fine aggregates used in the concrete mixtures

Companion concrete cylindgfB00 by 200 mmyvere cast witleach pustoff specimenCylinders

were used to obtain either the compressive strength or the direct shear strength of the concrete
using the same test setup@ De Souza et ak2019) The norreactive companion concrete
cylinders were tested on the same day as the-pifispecimes, but the reactive cylinders were

tested when they reached their target expansion.

3.2.3 Steel prperties

Tensile tests were conducted with the steel stinapstermine their stressrain relationship and

later calculate the induced tensile stress from the measured strain. In this project, tensile stresses
were caused by chemical/mechanical presirgy and by crack dilation during the tests. An
idealized bilinear curve was drawn to average the ststssin curves produced from the tensile

tests on the bard-igure 3.4). It is defined by the binear equation 4. The first part of the
equation represents the elastic phase and the second represgraklihg phasdt can be noted
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that the elastic portioof the curve was defined by an elastic modulus of@MPa and that

the yield strain was 0.280%orrespondingo a stress of 555 MPa

¢ TUTE TIRT R ™ yb
A (MPa 3-1
( ) PPURTZTE YP LULU R ™ yb 1)
700
- /
500
E 400 Measured
?_- —_—|dealized
w» 300
(%]
y
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100
0
0.00 0.01 0.02 0.03 0.04 0.05

Strain

Figure3.4: Idealized tensile stresstrain curve of the stirrups

From the idealized Hinear curve, the induced tensgresses the stirrups were calculated using
measured strain values, and frorag&values and the reinforcement ratiqg the resulting average
concrete compressive stress over the shear planealcatated Table3.3). The stresses presented

in Table 3.3 are all below the maximum chemical prestressing values found in the literature for
steel(Hansen 2019; Hayes et al., 2018; Miyagawa, 2013; Swamy &\sdli, 1989; Wald eal.,
2017)and concretéIStructE, 1992) as perdetailedunder subsectiof.2.3.1 It was therefore

assumedhat even the highektvel of expansion, i.€.12%,couldbe reached.
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Table3.3: Chemical/mebanical prestressing stresses

Chemical/mechanica| Prestressing stre¢siPa)
prestressingtrain (%) | Steel (tension) Concrete (compression
0.005* 10 0.049
0.04 80 0.3
0.07 140 0.68
0.12 240 12

*Mechanical prestressirggrain induced in the stirrups of specimen OOE.

3.2.4 Fabrication, curing and conditioning of test specimens

The concretdatches were mixed usirggpan mixer. fie pushoff specimens wermanufactured
one by onen horizontal wooden molds oméir sides so thahe shear plane was vertical. A

vibrating table was used for the concrete consolidation of the specimens and their companion
cylinders Figure3.5).

Figure3.5: Concrete placement

After concrete placement, the pusth specimens and their companion cylinders were kept in their
molds, covered, anahoistcured forovertwo days Then, the specimens wermoved from their
molds.Thenonreactive concrete wasoistcurel at room temperatuneith awet burlap under a

plastic sheefor five more daysfor a total curing period of 7 days. On the other h&mdgccelerate
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the development of ASRhe reactive specimens wearkacedinside closed containers with high
humidity (> 95%), inside an environmental chamber at 38 ACcustommade extruded
polystyrene foam box was fabricatied the puskoff specimens and used as the contaiReyure

3.6). Spacers werplaced at the baim of the box to introduce a gap under the specingsaded

19.05 L buckets with a grit guard insert at the bottom were used for the cyljRapne3.7). To

create the requireldH environmentn the buckets and the box, water was added at the bottom of
the containers, below the specimens. With the high temperature inside the conditioning chamber,
the water evaporated easily. Pieces of carpet were addkd totérior faces of the buckets to
absorb part of the excess condensing water and prevent excessive formation of water droplets

inside the buckets and on the cylinders that could have led to significant leaching of the concrete

and loss of alkalisRigure3.7).

ey o

Figure3.6: Conditioning ofreactivepushoff specimensnside a box with high humidity>(95%)
and temperature (3€)
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Figure3.7: Conditioning of reactive cylinders inside 19L buckets with high humicig§5s06)
and temperature (3€)

3.2.5 Monitoring of ASR expansion

3.2.5.1Pushoff specimens

The ASR-induced expansion of the three pusiff specimens that were placed inside the
conditioning chamber was monitored with partially embedded stainless steel studs and a DEMEC
digital strain gaugevith an accuracy of abow0.001 mm(Figure3.8). Right after casting each
specimen, while the concrete was still fresh, four 50.8lomg threaded bolts were inserted on

the top surface, forming two pairs of studs. Each bolt had a srdatitation at the center of their

head to insert one of the two conical points of the DEMEC strain gauge. The studs were positioned
such thathe measured expansion corresponded to the central core of theffosigacimens in

the direction perpendicular the shear pland=-{gure3.9). Indeed, the studs were pladestween

the two stirrupsand inserted deep enough to reach the interior of the steel cage formed with the
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stirrups They were also placed close to the stirr(igs, 10 mm away from their center) and thus,

the measured concrete expansion was restrained by the reinforcement. Therefore, the expansion
was assumed to be equal to the tensile strain in the reinforcérherdistance between the studs

in each pair, e., the gauge length, was 200 mm.

The measurementsith the DEMEC strain gaugeere taken on vertical concrete surfaces, and
therefore, while holding thmstrument a certain pressutgad to be applietb it in order for the
conical pointsto remain in he indentation®f the studsVariation of this pressure led tmme
variability in the measurement&nother source of measurement error came from the instrument
calibration phase using a metal bar of fixed lengihcethe application of a pressure ohnettare
button of the digital device would slightly change the readiflgss, to increase the measurement

accuracy, every measurement was taken ten times and the average expansion was used.

Strain gauges glued to the steel stirrups in their longitudireditbn were also used as a secondary
measuring technique for comparison. The strain gauges were located at the middle of the bars,
where they cross the shear plane, and connected to a portable strain indicator witRigures (

3.10). Expansion measurements with the studs and strain gauges were taken regularly over several
months until the pusbff specimens reached the desired expansion levels, as obtained from the

averge of the two stud pairs measurements.

-

—

Figure3.8: DEMEC digital strain gauge (left) and partially embedded studs for ASR expansion
measurement (right)
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3.2.5.2Companion cylinders

The ASRinducedexpansion of the reactive companion cylinders was measured in their axial
direction, with adigital micrometer Figure3.11) and a pair of studs inserted at the center of the
bottom and top circular surfaces. These studs consisted of small d6nmscrews. For the first

three weeks of the conditioning period, arpion measurements were taken every four days, and
later, the measurements were taken every two to four weeks. When the specimens reached the
desired expansion percentage after a few months, they were removed from the conditioning

chamber.

Figure3.11: Cylinder axial expansion measurement with a concrete micrometer

3.2.5.3Prestressing apparatus

The external prestressing apparatus consisted of twoédes with a thickness of 19.05 mm

placed on each side of the test specimens and connected by four 6.35 mm steel bars passing through
them Figure3.12). The external bars crossed the shear plane perpendicularly, at the same height
as those in the internally reinforced specimens. They were threaded at their ends so that nuts could
be inserted at each end and tightened using a wrench, putting the barsnsider pgessing the

plates against the specimen, and creating a normal compressive stress on the shear plane. The
unrestrained length of the external stirrups was 438 mm.
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Figure3.12: External prestressing apparatus

3.2.6 Test setup, instrumentation and procedure

After reaching their target expansion, the reactive joitspecimens and the companion cylinders
were removed from the conditioning chamber aodled for one day before being tested. As
mentioned before, the napactive pustoff specimens and their companion cylinders were tested
after 28 days.

3.2.6.1Companion cylinders

Standard compressive test

Prior to testing the cylinders under coregsion the loadingfacesof the specimens were ground

flat to ensure better contact between the concrete surface and the loading platens of the testing
frame In the case of the reactive cylinders, the screws used for the expansion measurements were
remowed and a rapid set mortar mix was added in the remaining small hole. A day after, the end
surfaces were ground, and the test was conducted. From the compressive test was retrieved the
ultimate compressive strength of the concrete.
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Direct shear test

Prior o testing the cylinders under pure shear, a notch with a depth of 25.4 mm and a width of 5
mm was made all around their circumference at the center of their height using a table saw. For
the test, as seen froAlgure3.13, the specimens were positioned horizontally between two plates,
and then loaded perpendicularly to their main axis with reversed supports such that a brittle shear
failure occurred at the notch, splitting the specimen in two halves. From the dirediesheas

retrieved the ultimate shear strength of the concrete.

Figure3.13: Direct shear test with concrete cylinders

3.2.6.2Shear pusloff specimens

All push-off specimens were preracked and tested in a universal hydraulic testing machine, and

all measurements were collected by a data acquisition system and processed by a computer. Just
before being preracked, the externally reinforced pusffi specimenswere mechanically
prestressed with the apparatus and the procedure described under subsébtwas achieved

while monitoring the strain ithe external stirrups with the strain gauges glued onto them. For
example, for specimen 12E, the nuts were tightened against the plates until all four strain gauge
readings showed a strain of 0.12%0#005%.

Precracking phase

In order to precrack the pustoff specimens, they were initially positioned horizontally in the
testing machine as seenhkigure3.14. Then, line loads werapplied to opposite faces (i.e., front
and rear) of the specimen at the location of the shear plane, along the two notches, to generate a
splitting tensile force. Two triangular steel prisrRgy(ire3.15) were used to transfer the loads to
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6.35 mm diameter steel bars placed inside the notches on either side of the shéae planat

and rear). The two holes in the steel prisms enabled external stirrups to pass through.

The loads were gradually increased until a crack formed in the shear plane. With the test setup
used, it was not possible to directly control the crackhviThe crack width was measured using

four cable transducers installed on the front and rear faces of thefbgplecimensKigure3.14),

and the stirrupstrain wasmonitoredusingstrain gaugesThe location of all the strain gauges and

linear cable transducers on the pa$hspecimens can be visualized lBigure3.16.

Figure3.14: Precracking phase before testing: internally reinforced specimen (left) and
externally reinforced (right)
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Figure3.15: Triangular steel prisms used as knives to apply a linear load

Shear pusioff test

After precracking the specimens, the shear test was performed sathe testing machine. The

test specimens were carefully rotated to an upward position as s€eguir 3.17. The strain

gauges and linear cable transducers remained connected to the data acquisition system to record
any changes in the initial test readings (i.e., normal stress and crack widtlpand sl

During the shear pustif tests, the specimens were loaded concentrically. To ensure that the
resultant force at the top of the specimen remained verticaépted, it was transferred through

three steel rollers. The cross head of the testing maetas lowered under displacement control

at a constant speed of 1 mm/min, but the test was manually paused several times for capturing a
series of photos as part of the second component of the research project (Chapter 4). The tests were
paused at shearsplacement (i.e., crack slip) increments of 0.1 mm for the first 2 mm, and then
every 0.2 mm until a total crack slip of 4 mm was reached, marking the end of the loading test.

The applied load during the test was recorded with a load cell above the. fidlie measurement

was divided by the area of the shear plane to obtain the shearBtezssgs the crack. The normal
compressive stress was found by summing together the tensile force in each stirrup based on
the strain gauge readings (Equat®1), and dividing the total force by the shear plane area. For
specimens 04l and 071, a tensile strain of 0.04% and 0.07% was added to all strain gauge

measurements to account for chemical prestressing. The crack width (w) was measured using four
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horizantal linear cable transducers, and skp\as measured using two vertical cable transducers
(Figure3.16).
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Figure3.16: Location of linear cable transducers and strain gauges
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Figure3.17: Internally reinforced (top) and externally reinforced (bottom) gfélspecimens in
the hydraulic testing machine: front view (left) and rear view (right)

73





































































































































































