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ABSTRACT

Over thdast decades, researchers have proposed a number of tools for the condition assessment of concrete
infrastructure affected by alkadilicareaction (AR). Amongst those, increasing attention has been given
to the Stiffness Damage Test (SDT), DamBgéing Index (DRI)and Residual Expansion (RE) laboratory
test procedures that aim to determine ¢these and extent (i.edjagnosi$ of damage along with the
potential of further deterioration (i.garognosi} of affected concrete. Yet, most of thealgathered so far
while usingthe aforementioned toolsabbeen obtained on laboratory test specimens presenting distinct
conditions fromaffected structural members in the fiebbpeciallyregardingrestrainteffects.This work

aims to understand thpact of restrainton ASR-induced expansion and damage. Thiwyp 450 mm by

450 mm by 675 mm concredockswith various reinforcement configurations (i.e., unreinforced, 1D and
2D reinforcement) and aorporating highly reactive coarse and fine aggredates Springhill coarse and
Texas sand) were manufactured atatedin conditions enabling ASihduced development (i.e38°C

and 100 R.H Two expansion levelsaveselected foanalysis (i.e., 0.08% and 0.15%); once reacbaks
were extracted frorthree different directions (i.e., longitudinal, transversal and vertical) of all blocks and
mechanical (i.e.SDT and compressive strength), microscopic (ilBRI, scanning electron microscope,
etc.) andexpansion (i.e.RE) test procedures were condutten the concrete coreResultssuggest that

the presence afestraintinfluences the induced expansiagesulting inan anisotropic respons# the
specimensFurthermoresimilar to the expansion behaviananisotropicdistribution of inducedlamage

and mechanical properties reduction aleserved for theestrainecdconcrete blocks in which threstraint
configurationseems tsignificantly affectASR-induced damage development and featurks led tothe
observation o& highemumber of damage featur@sSR developmerdnd mechanical properties reduction

in cores obtained fromnrestrainedirectiors. Yet, some anticipated results from the current research will
be studied in detail in the near future whereréhiability of the existingtechniques (i.eresidual expansion

and soluble alkalis) for appraising ASR potenfiad further induced development and distress,(i.e.

prognosis) in affected concrete presenting distiestraintscenarios will be evaluated.

Keywords: alkali- Silica reaction (ASR), damage rating index, stiffness damage test, residual expansion,

restrainteffects.
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FOREWORD

This PhD thesis presesgndevaluatsthe results of a comprehensive investigation performed by the author
on laboratorymade concrete specimens displaying vari@ssraintconfigurations. The main goal of this
study is toperforman indepth assessment of the midtvel assessment, combigimicroscopic (i.e.,
Damage Rating Index) and mechanical (i.e., Stiffness Damage Test) techoigugsrovingthe current
understanding of thenpact of reinforcement (e.gestrainj on ASR physicochemical development and

ultimately on themulti-level assessment outcomes.

This work is divided into a number of sections, with the core of the docuteergdsponding tdive
scientific papers covering specific but complementary themes of the redaaater to make the content

of this papetbased PhD thesis clearer to readers, initially section 1 intesthe global context and the
structure of this document. A brief literature review of the currentsfatg on thediagnosis and prognosis

of ASR affectedunrestrainedand reinforcecconcreée elements is presented in section 2. Next section
(section 3displaysa problem statement and the objectives of the study. The following section (section 4)
gives a summary of the global experimental program proposed to achieve the above objectities, whi
followed by a summary of the scope and technical content divilhacientific papers (section H)ater,

after conducting all required testing procedures and analyzing their rdsetisaft of five scientific papers

are presented in sectisn6 to 10. It is worth noting that the following papers Jeacurrently been
submitted/published: a) first paper (Microscopic Assessment ot AffRted Concrete UnddRestraint
Conditions) has been pemviewed and published (April 2021) in Cement and Con®&egearch Journal
(Volume 145, pp.106456); b) second pageraluation of the induced mechanical deterioration of alkali
silica reactioraffected concrete under distirresstraintconditions throughhe Stiffness Damage Tedtas

been peereviewed and publishetlpvember2021) inCement and Concre@ompositedournalVolume

126, pp.1@1343) c) third paper (Overall Assessment of Alk8ilica Reaction Affected Concrete Under
RestraintConditions: Ractive Sand Versus Reactive Coarse Aggregate) has been submitted to the journal
of Cement and ConcrefResearchand it is currently under evaluatiod) fourth paperIfmproving the
Knowledge of Visual Inspection on ASR Affect€dncrete Under Various Reaint Conditionyhas been
submitted to the journal @@onstruction and Building Material$he fifth and last paper is anticipated to

be submitted over the fall 2021 to the journal Cement and Concrete Research

Finally, based on the resutiatheredn thiswork, a series ofuture works scientific contributios as along
with conclusions andecommendations were prepared and are presented in sedtid2sahd B of this

documentrespectively

XV



1. INTRODUCTION

Alkali-aggregate reaction (AAR& chemical reaction between certain mineral phases from the aggregates
and the alkali hydroxides from the pore solution of concrete, is one of the most important distress
mechanisms affecting concrete infrastructure around the YWrldAR is generallydivided into two main
reaction types: AlkaiSilica Reaction (ASR) and AlkalLarbonate Reaction (ACR). ASR is undoubtedly

the most common reaction type identified worldwide and is the deterioration mechanism selected for this
researchQver the past dedas,a number of test protocols and recommendations have been developed,
including avariety of laboratory test procedutesapprais¢he potential alkali reactivity of aggregates and

the validity of preventive measures such as controlling the concrete alkali content, using supplementary
cementitious materials (SCMs), etc., before their use in concrete. Currently, most researchtratagree
general, building concrete infrastructure with low risk of ASR is possible. However, there is still no general
agreement on the implementation of effective methods to mitigateai®&ted structures in the field.

Several test protocols have bad#veloped/optimized to assess the condition of critical infrastructure to
determine the cause and extent of damage (i.e., diagnosis) and the potential of further distress (i.e.,
prognosis) of ASRaffected concrete. Those are critical steps in optimiziag¢habilitation methods and

efficient application periods for ASRffected concrete infrastructure. Amongst the proposed techniques,

the multilevel assessment conducted through the use of the Stiffness Damage Test (SDT) and the Damage
Rating Index (DRIXrespectively mechanical and microscopic procedures) showed to be quite suitable to
appraise ASRnduced expansion and deterioration in concrete under unrestrained (i.e., free expansion)
conditions[2,3] which does not reflect the real scenario of reicddrconcrete members in the fi¢dl5].

Moreover, the use of Residual Expansion (RE) test methods has been widely used to investigate the
potential of further deterioration of AS&tfected structures with more or less efficiency, depending on the
structue type and conditiof]. Although few recent works have suggested the efficiency of the-multi

level assessment and RE methods to apptfaéssondition of affected aging infrastructyr@ 10], there is
currently a | ack of nthegfieesof corffireeinantvesgq reinforderoentjrom ASRo N o
inducedphysicomechanicallevelopment (i.e., kinetics and induced expansion, damage generation and
propagation, crack pattern and orientation) and ultimately on thelengliand RE outcome$herefoe,

this study aims to focus on a detailed laboratory investigation to assess the current and future condition of
ASR-affected concretédlocks incorporating different reactive aggregate types (i.e., fine and coarse),
displaying distinct reinforcement contigations (i.e.none, 1D and 2D) aneixpansion level§i.e., 0.08%

and 0.15%) through the use of the midirel and RE test protocolft is worth noting that the word
fconfinemento is defined in this work asndumeaeldy r est

development in a given direction.
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2. LITERATURE REVIEW

2.1  ASR distress mechanism in concrete under free expansion

ASR is a complexphysicochemicateaction between thalkali hydroxides (i.e., Na K*, OH) from the
concrete pore solutioand certain unstable mineral phases found in the aggregates used to make concrete;
ASR produces @&econdary reaction product (ASgel) that swells upon moisture uptake, leading to
expansion and cracking of the affected matgfiaB]. ASR-induced expansion generates tensile stresses
within the reactive aggregate particles along with compressiwessg e s at t h ¢4,5pHence,i cl es 6
ASR cracks are initially generated within the aggregate particles and propagate to the cement paste with
the increase in induced expansj6iv]. Moreover, the ITZ often remains intact during ASR development,
except in locations close to tihadial cracks formed within the particleSidure 1 [8,9]. The degree of
deterioration of ASRaffected concrete is normallygressed by its level of expansion; although the
relationship between expansion and deterioration is not necessarily linear, it is anticipated that the higher
the expansion level, the higher the overall deterioration (i.e., loss of mechanical propéssisal p
integrity and stiffness) of affected concrgte,11]

A) B)

Figurel: Signatures of concrete damage due to dlk#ita reaction (ASR): A) a model and B) 2 mm size aggregate
under thin section microscof§] (Reproduced with permission Bfsevier)

Regardless othe aggregate typ&Ganchez et. a[12] developed a gqualitative and descriptive model to
describe ASRnduced damage generation and propagation undestainecconditions Figure?2) [12].

At low expansion levels (e d.05%),sharpandonion skin typecracks(represented by A and B Figure

2, respectivelypre generated within the reactive aggregate partidkeshe reaction progressest only
arenew cracks formed in thaggregate particldsut, moreimportantly, the previously developed cracks
increase in length and width amday even begin to slightly extend into the cement palst@oderate
expansion levels (e.d.12%)[13,14] As ASR continues to further develdpg previously formed cracks

reach the cement paste at bettus of theaggregatée.g., 0.20% of expansionyhich drastically impast



the physical integrityand mechanical propertied the affected materigl10]. Finally, at very high
expansion levels (e, d.30%), cracks developed at distinggregatgarticles start linkingogether which
creates an importargrack network in the affected concretehus further reducing its durability and
mechanical propertiefl2]. Although the aforementioned modehs showrto be quite accurate to describe
ASR-induced damage development under free expansion, its suitability to describedM@&Bd damage

generation and propagation undestrainedconditions is still unknown and should be further investigated.

00

0.05% 0.12% 0.20%

Figure2: Qualitative model of crack propagation in A8Rected concretfl 2] (Reproduced with permission of
Elsevier)

2.1.1 ASR gel production

Recently, several studies have been condutdedimplify the mechanism of ASRnd explain the
fundamentals of this reaction (e.fL5i 18]), where they commonly agreed that the reactive aggregate is
simply represented by their metastable silica compon8its)( According tovarsheneyandMauro[19],

the interior part of the latter are mainly composed of a netwadrahedraSiO, with one silicon atom is
surrounded by four Oxygen atoms which are conneqgtettidoOxygen vertices to forgiloxane( [ 1®i

Si ) (b nda thateaxh Skatom is connectivd3 other oxygen atomsThe exterior part of the
abovementioned network ends with eithet & O ions which cause siliceous material to be unstable
[20,21], in which the hydrolysis takes place on the surface when such unstable material is exposed to water
as per reaction[21]. Later,the siloxane bondsave been progressively attacked by the hydroxyl ions (OH

) in an alkaline environment of pore solution to dissolve silicafamd Si(OH) following reaction 2 and

as perFigure 3[16,20,21]

kK "Y'®k "Y' QU 'O0P ¢k "YQUO Reaction1

K'YQ0O o000 P YOO Reaction2
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Figure3: schematic diagram of silica structuhat has undergone surface hydroly2is].

Hereafter, the alkali ions from the cement paste could replaregenn "Y'Q "O as per reaction 3 which

is typically known as ion exchange, where A stands for alkalis (i.e., Na and K):

“Y'@ 'O 6P UOKS3EUO o O Reaction 3

Subsequently, the products of reaction 3 join together and undergo the condensation process as per reaction
4 and formnanacolloidal silica sol This step is a very timeonsuming process at high pH, since one of
those reactants needs to donate one ®kich is a huge barrietue to the high concentration of hydroxyl

ions inthe aqueous solution

¢ VOKk3EOD o P ¢ 0DOK3EUD o 00 Reaction4

Lastly, thesilica gelwith athreedimensional networkould be formed through tip®lymerizatiorprocess,
however the presence of alkali ions would reduce the kinetics of condensation and polymerization.
Conversely, the presence of calcium could significantly increase the kinetibe ebndensation and
polymerization of the silica specig?]; calciumfrom the pore solution could replaakalis incorporated

in silica gelwhich recycled the alkali ions back into the concrete pore solatidrthus maintain a high pH

in the lattef23], as per reaction 5. According to Rajabipour efl#], the final product of reaction 5 could

be alternatively written adsCaSpOs or CSH3 in cement chemistrgiotation.

¢ 0O k3EU 6OP UVOKS3EO #A/ 3K U0 Reaction5



Unlike the several studies conducted on the effect of calcium on ASR gel, there is still no agreement
amongstesearchrson the exact role of calcium Buppressing or escalatidgR deterioratiorj24]. On

one hand, several authors suggested the essentiality of calcium for the formation of the ASR gel; the
presence of calcium is necessary thoe alkali silicate speciesondensationwhich leads to the gelation
[25,26] On theother hand, a few works observed the mitigation nature of calcium where a calttium

gel could be considered as renelling gel[24,27,28] This clearly suggests that thiere presence of ASR

gel does not always result in concrete deterioration; accordkavwamuraandlwahori[29], the different
chemical compositions of ASR produetn play an important role for the latter to be considered deleterious

or innocuous.

2.1.2 Characteristics of ASR gel

ASR gel hasa general composition of (SEP(N&O),:(K20):(CaO.-(H20)x, known asalkalii calciuni
silicaté hydrate[30i 34] (Figure 4. Although ASR gel consists of varioahemical elementghe most
importantcompositionalparameter®f an ASR gel are the atomic ratios of Ca/Si, K/Si/$l and(Na +

K)/Si, as per several authors (e.§(,31,35). After reviewing several available literatures on the
composition of ASR gel obtained from the laboratory made concrete/mortar specimenf85ie3g)]) as

well as those retrieved from the real structures (86,39 43]), the author concluded thtte chemical
composition of ASR gel in most of the studies comprise as followNa/Si< 0.55, 0< K/Si< 0.45, 0 <
Ca/Si< 1.2, , 0.x (Na + K)/Si < 1.2Such awide range otthemicalcompositionsof ASR gel could
clearly confirm that those ASR products with only cert@impositions cahe considered deleterious while
other compositions might ianocuous A deleterious gel is the one that has a high hydrophilic potential
as well ashigh free and restrained swelling capa¢®®,33,44] The free swelling capacity of ASR gel is
the ability of the latter to swell whethere is no resistanceyainst its expansigrwhile the restrained
swelling capacity i® measure of how mudonfining pressure the gebuld withstand prior télowing

into adjacent capillary pores and microcracks of the surrounding[82s88,44] As per Gholizadeh et al.

[31i 33], thosehydrophileand expansivASR gels and at the same time have a high viscosity could be
considered as the most deleterious ASR pra@1i£33]. Prezzi et al[45] describe the role ofmonovalent

(i.e., N& and K') and divalent (i.e., C& and Mg") cations on the swelling behavior of ASR gel through
the use of electric doublayer theory.The authorg45] suggested thaklatively high swelling pressures

in ASR gelcan beobserved after a diffuse layer containing monovalent cations offsets the negative charges
on silica particlesOtherwise, Kawamuraet al.[29] and Gholizadeh et g32] observed tha diluted ASR
gelcontained a high amount of alkali could expand freely, yet they might not be able to impose deleterious
pressure to its stounding environment because of slightly low viscosity which make them flow easily and

relieve their stress



K+®
Ca2+e
Na+ e
H20®
OH-e@

F—1nm—
Cal/Si=0.25 (Na+K)/Si=1.0

Figure4: Schematic molecular model of a typical alkslica reaction gejl46] (Reproduced with permission of
Elsevier)

Viscosity is the most important rheological propertyA&R gel[32]; viscosity is generally known as the
internal resistance of a fluid to floj#7]. Previously, severalomputer model have been developéaor
simulating the kinetics anthechanisms of ASR expansipt8i 51]. Most of those assumed that ASR gel
is aNewtonian fluidthatcould flow immediately upon formatiomto thebulk cement paste in the close
vicinity of the aggregate particledowever, as per Gholizadeh et[82], ASR gel is deemed to display a
non-Newtonian yield stress behaviahere the latter showed an elastic behawruil the stress exceeds a
certain limit A direct way to measure thyéeld stress and thus the viscosity of ASR g@hined from rda
concrete structures as well as laboratory made specimens has not yet been found, tlesediocbers
intended to usaynthesized ASR productghich have been proved to have an identinalecular and
nanoscale structures the one retrieved from-service concretfb2]. The studies on thgynthesizedjels
with various chemical compositions, once again attestedrtbiadvalent and divalent catioase playing

a crucial role in theariousrheological propertiesf those gel$21,31,33] As such Rajabipour et 4lL6],
suggested that increasing trend of calcium in ASR gels may indfeasgscosity and yield strength of

those gels.

The above information clearly confirrtige effects of chemical composition and their molar rgiimnarily
Ca/Si andNaor K/Si) on therheological (e.g., yield stress) asdelling propertieef ASR gels. As such,
Gholizadeh et al.32] proposed that the gel haviimgermediatecalciumand high sodiuntontentscould
represent an ASR gel with the highest swelling capacity. Likewise, figchical composition and molar

ratios could significantly change the mechanical properties of ASRI4&3] As such, those gels with



lower calcium and higher alkali content (i.e., generally could be found in the center of aggregate particles
with a crystalline structur§20,30,34,35,53]Figure 5, showed to have significantly lower modulus of
elasticity and hardness compared to those have higher calcium and lower alkali content (i.e., gah be fou
either at the edge of the aggregate particles or cement paste with amorphous -skigeixedy [30,53]
Accordingly, Leemann et aJ30] observed that the modulus of elasticity &ickers hardnessf crystalline

ASR gel are range fromB1 GPa and 138, respetively, while those properties increase significantly for
the amorphous produtti maximum values of5 GPa and 270espectivelyMoreover, after reviewing the
available literature investigating the modulus of elasticity of ASR[8@)38,43,5855], the authors
observed a large variation amadigtinct works; while a range of40 GPa was reported byu et al.[38]

and Hu et al[53], Zhang et al[43] found that the modulus of elasticity of ASR gel is around 65 GPa. Such
a hugevariation in themodulus ofelasttity of ASR gel could be attributed to themplex nanostructures

of the latter(e.g., pores, defects, and cractseven the different testing procedures that they have used.

crystalline
reaction

product

12.0kV x1500 20uym ——

Figure5: ASR product morphology: a rosettke (or platelike) micro-texture in the center of reactive aggregate
particles and amorphous structure at the edge of the aggregate fzoli¢Reproduced with permission Blsevier)

2.2  ASR effects on the mechanical properties of affected concrataeder free expansion

Conventional isoundo concrete is known to have
elasticity, yet a low tensile strength. However, the afor¢ioeed mechanical properties may significantly
change over time whether concrete is affected by damage mechdirh%,56 59]. Therefore,

understanding the impact of deterioration mechanisms on the mechanical properties of affected concrete is

crucial while assessirtfe condition of aging infrastructufé0].

Research studies have shown a significant reduction of tensile strength (i.e., down EigeB&6") and
modulus of elasticity (i.e., down to 56Fgure @) at low/moderate expansion levels (i.e., from 0.05% to

8
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0.12%) in ASRaffected concret¢10]. Conversely,compressive strength only bewes significantly
affected at high (i.e., 0.20%) or very high (i.e., 0.30%) expansion ldv&;58,61] For instance, Esposito

et. al.[59] and Ond62] demonstrated that the reductiorcmmpressive strength of AS&tfected concrete

can be as high a40i 60% at expansion levels higher than 0.3@oénversely, other studies reported a
limited impact of ASR on the compressive strength of affected cenfét18]; this is attributed to the

low reactivity of the aggregates used in the concrete mixtures which could likely not generate high levels

of expansion [9].

The reduction of modulus of elasticity in AS®ected concrete is influenced by the stiffneéshe

aggregate particles. ASR cracking is more likely to develop at the microscopiwvighelthe aggregate
particles;thus, stiffness reduction can be already obseatédalv expansion levels (i.e., 0.05%). Likewise,

a significant reduction in tersistrength is verified dheearly stages of ASR.e., from 0.05% to 0.12%)

since porous media such as concrete are dependent on the existence and importance (i.e., size) of cracks as
per fracture mechanics ¢ onc e pre¢ developEchal the tipsfiof ASRe s s € «
induced cracks in affected concrete under tension, leading to crack propagation and eventua]yOfailure

On the other handhe mechanism of failure in compression is much more ductile, being characterized by
the failure of the 0 cintiallg formed@mtare intertacial trarsidon ronec(iTZ) c k s  a
at distinct locations, propagating to the bulk cement pastieconnecting to one another at later stages,

causing instability and ultimately failure of the systi&8]. Thus, since ASfduced cracks are initially

formed within the aggregate particles and only extend to the cement paste at later stages, ASR development

causes @rogressive compressive strength loss of affected corjéfite
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Figure 6: Mechanical properties reduction of ASR affected concrete. A) Tensile Strength reduction B) Modulus of
Elasticity reductiorj10] (Reproduced with permission of Elsevier)

2.3  Effects of confinement on ASRinduced expansion

Although the vast majority of existing research on ASR has been performed using laboratory specimens
under unrestrained (i.e., free expansion) conditidfs56,61] a few works have been conducted to
understand the effect of confinement on AiBRuced @velopment. Some of these stud&$ 65]observed

no to negligible ASRinduced expansionin restrained directions; moreover, no transfer of induced
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expansion and thus deterioration has been noticed to directions with less or no confifnGsit
However,according to Meenon et. al[67] and Multon et. al[68,69] the reduction of ASRnduced
expansion inthe confinementdirection directly yields a transfeto unrestrained directien The same
observationhas beermade by a number ofresearcher$65,70i 74]. These conflicting results can be
attributed tanumerous reasons, such asspecimen siz@.e., scale effegt casting direction, confinement
ratio and orientatiofv5]. Generally, it is agreed that confinement helps to mitigate-tli8Rced expansion
of affected concretf8]; accordinglyjt has been observed that restrainment may decrease from 15 to 70%
ASR-induced expansion in the direction of confinem&n,68,73,74,76]Therefore, such an expansion
reduction in theestrainedlirection results in anisotropic developmehASR-induceddamagethe higher
the ASRinduced advancement, the higher the anisotropic behgviélifThe latter neans that the use of
an average induced expansion (i.e. average value from distinct directions) obsexwectéte member
with nonrsymmetricalreinforcementonfigurationss not appropriate for analysis in most calg& 75].
Moreover, anisotropof ASR-affectedrestrainedconcrete could lead tmajordeformatios[77]. As such,
Allard et. al.[77] reportedthat heavily reinforced thick slabs displaying reymmetrical configurations
with a rectangulacross sectiordeformed intotrapezoidalsections after moderate to highe., 0.20%)
average ASRnduced expansion.

Thed 6 e x p a n s i phanormenawasiitiadlyrrepdrtedon uniaxialspecimens wittwo unrestrained
directiors [78]. They performedihe classical analysison ASR-induced expansiomeasurementshere

the transfer of expansion from restrainedtdh stresdree directions areequal Although ASRinduced
expansion of specimens under 3D confinement is redi@dfithe classical analyséscannot point out
conclusions about reaSR-induced expansion[80]. Therefore, to have a more reliable assessment,
investigating the multiaxial stress state of affdctoncrete is essentiabccordingly, Multon and
Toutlemondd68] carried out the ASR expansion measurements oaxilafly loaded concrete specimens
redrainedby steel ringsn the radial direction@~igure 3. Although verypromising the specimens do not
represent the real scenario of concrete uadaultiaxial stress state, whetiee lateral confinement was
only activated when concretxpanded laterallyThus, the conclusion regardittze volumetric expansion
may notbe accura¢ andcould not apply to concrete structures in which concrete has been subjected to

stresses even before the reaction takes piije
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Figure7. Sc he me [63]teddib?] (Repmodused with permission of Elsevier)
2.3.1 Effects ofconfinement onASR-induced crack orientation and mechanical properties

Althoughseveral studiebave been carried out ¢ime mechanical properties of ASRfectedunrestrained
concrete[10,61], not many have consider¢lde effects of confinement on the ASiRectedreinforced
members[56,75] Despite the fact thateinforcement could restrain the expansion caused by ASR,
understanding of the effeatd ASR on the structural behavio of restrainecconcrete members is limited

or often contradictorylhus, improving the current knowledge on thée of losses in mechanical properties
is essential foamore reliable assessment of A8BRmaged concrete structuf84].

The progression and orientation of the induced cracks are significantly influenced by the boundary
conditions and the reinforcement configuratmimASR-affected concrete structurstructural members
Confinedreinforcedconcrete elastically restrained in the reinforcement direction causes tensile stresses in
the reinforcement bardhus, ASR-inducedexpansion ismostly suppressed in the main reinforcement
direction[82]. Hence most of ASR inducedcracks in reinforced concremeemberdend to be generated
parallel to the main rebafg7,81 83] as observed by Hansen et.[84] in laboratory and field structural

members

Although limited, somavorks have addressed the effect of confinement on-k8&ced @velopment and

the reduction of mechanical properties such as compressive stféigih,83,8588]. Some of these
studies[86] observed title to no difference in the compressive strength of cores extracted perpendicular
and/or parallel to the main confinement direction of ASfected concrete. Conversely, others have
reported significant differencg67,75,83,85]i.e., cores extracted perpendicular to the main confinement
direction demonstrated significantly lower compressive strength than those cored parallel to the main
reinforcing bars, with differences in the range 85846 [67,75,83,85] Moreover, it has been verified by

some authors that the modulus of elasticity is more sensitive to the confinement ratio and configuration,
and crack orientation than the compressive strd8dfh Jone489] observed that the modulus of elaisyic

of cores extracted perpendicular to the main confinement direction was significantly lower than those cored

parallel to it.Such an observatiocan be due to the presence of higher amount of ASR cracks in cores
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extracted perpendicular to the main caefnenf90i 92]. Likewise, Gautam et aJ87], after conducting
research on the effect of distimoulti-axial stress applicatigr{none, uniaxial, biaxial and triaxial) on the
mechanical degradation of ASR affected ceter observed that concrete members under triaxial
conditions display lower mechanical degradation than all the othkiraxial stress applicatien

Few works have been conducted on the impact of confinement alistimet ASR petrographic distress

feaures and crack orientation of reinforced memlj88s85,86,93] Barbosa et.a[83] noticed various

crack patterns and orientations on distinct concrete cores extracted from affected structures; in this work,
cores were retrieved from bridge slabs in distinct directions (i.e., vertically and horizontally), where ASR
induced cracks perpdicular to loadingvere observed in vertically cored specimdrigjre 8\) while a

network of cracks parallel to loading was noticed in the horizontally cored specifFiguse(3B).

Accordingly, cores extracted from distinct directions of affected contrehave quite differently during
compressive strength tests;e v er al Asplittingd cracks andueedgener a
cracks over loadingn vertically coredspecimensKigure &) ,  whnicllei nied shear o crack
cores retriegd horizontally(Figure 8B). Hence, it is expected that cores extracted from A8&cted

structures in distinct directions and displaying different cracks patterns and orientations present distinct

mechanical responses.

A) Before loading After loading

B)

-

Figure8: Distinct cracking orientation on A) vertically extracted core and B) horizontally extracted core having ASR
induced cracks before loading (black arrows) and after loading (dashed red @8}WREproduced with permission
of Elsevier)
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Moreover, ery few studie$81,84]were performed to investigate the effects of different reactive aggregate
types (i.e., fine vs coarsaggregate) on the development of ABRuced @teriorationin restrained
concreteBarbosa et. a[]81] and Hansen et. §B4] observed thatoncrete members incorporating reactive
fine aggregates displayed rmauch more pronounced deterioration degree when compared to those
incorporating reactive coarse aggregates; moreover, the aatboreported significantly wider cracks in
ASR-affected members bearing reactive fine aggreghtesurther explanation has beaddressed in this

regard.

Although the current literature data are very useful and demonstrate the effect of reinforaerient o
physicochemical development of ASR, to the best of the authors' knowledge, there is still a need to
systematically and quantitatively evaluate this effect on the microscopic distress features and mechanical
response of concrete samples having varr@isforcement conditions, exhibiting different expansion
levels and incorporating different reactive aggregate types (i.e., fine versus coarse aggregates).

2.4  Assessment of cause and extent of damage

As previous studief94i 97] havesuggestedestablishing a correlation betwettie ASR damagteatures
andthe reductions ofnechanical properties and durability of iféected concretmembersis one of the
biggestchallenges foengineers.Therefore, a nmber of test protocols have been develdpedetermine
the induced expansion and damage attained to date in the different locations of the struaiagripsis)
Among ttose,a comprehensive mullevel protocol(i.e., coupling of microscopi@and mechanical test
proceduresparticularly the Stiffness Damage TéSDT) and Damage Rating IndébRI) respectively,
are the most common and considei@bereliable.

2.4.1 Stiffness Damage Test (SDT)

The Stiffness Damage Test (SP$ a mechanical and cyclic test procedure used to assxsmdition of
concrete affected binternal swelling reaction (ISR) mechanisifesg., ASR)[10,98] The SDT was
initially developed by Walskvho observed good correlation between the crack denaitg the cycles of
loading/unloading (i.e., stress/strain relationship)rock specimeng99]; Crouch then adapted this
procedure for concrete specimens in 1H80]. The test proedure, which is based upon five compression
cycles of concrete specimens (cylinders or cores), was initially performed using fixed load<GhirED (
et. al.[101,102) or 10 MPa $maoui et. al[103]), at the loading rate of 0.10 MPa/shel modulus of
elasticity, dissipated energy (hysteresis area), plastic deformation (plastic straiv aodlinearity index
(NLLI; the ratio of secant modulus at half of the maximum load and the secant modulus at the peak load) of
the first and/or over the four last cycles were the selected outcomes of {198 t534] Later, Sanchez et
al. [98,104] optimized the test procedure following andepth study using a wide variety of reactive

aggregte types and concrete mixture proportions. Sanchez[68al04]proposed that the SDT should be
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performed using a percentage (40%) of the ultimate capacity (compressive strength) of the concrete under
analysis instead of a fixed load; moreqvére authors suggested using indices as outcomes of the test
procedure, namely the Stiffness Damage Index (SDI) and Plastic Deformation Index (PDI) to increase the
diagnostic character of the test. The SDI and PDI represent, respectively, the ratsipatetisenergy to

total energy, and plastic deformation to total deformation in the system (i.e., SI/ (SI+Sll) and DI / (DI+DlI)
over the five cycles as presented38,104,105]and Figure 2 where Sl is the irreversible deformation
energy, Sll is the eftic deformation energy, and DI and DIl represent the plastic deformation and elastic
deformation, respectively, over the loadimgloading process). Moreover, the modulus of elasticity
(average secant modulus of tiéahd 39 cycles) along with the NL{Sec 1/Sec 2 in the first cycle and the
average Secl/Sec2 value of the last four cyickigure 3 as proposed b@hrisp et al[101,102]were also
considered efficient SDT outcomes for determining the damage extent and orientation (i.e., NLI is
greater/lower than unity for cracks oriented perpendicular/parallel to loading) respectively, in affected
concrete. Althoughthe SDT has been shawo be quite suitable to appraise A8Rluced expansion and
deterioration in concrete under unrestrained (i.e., free expansion) condiiemrgfect of confinement on

mechanical properties reductions and SDT outcomes remains mostly unknown.

1
e Sec2
40% /
3 SDI: SI /(ST + SII)
= Stiffness Damage Index
20% PDIL: DI /(DI + DII)
Plastic deformation index

Strain

Figure9: Calculation of the stiffness damage index (SDI) and Plastic Deformation [(RIB[)(Reproduced with
permission of Elsevier)

2.4.2 Damage Rating Index (DRI)

GrattanBellew et. al.[106,107]proposed the Damage Rating Index method (DRI), a-geantitative
microscopic tool used to appsai damage in concrete. Distress features are counted in 1 by 1 cm squares
drawn on the surface of polished concrete sections using a stereomicroscefiéatridgnification. The
damage features are then multiplied by weighing factors whose purpose asataebtheir relative
importance towards the corresponding distress mechanism (e.g., ASR), as proposed by Villeneuve &
Fournier[108]. The DRI number is therefore calculated and the higher the DRI number, the higher the

damagedegre€10]. Ideally, a surface of at least 200 cm2 should be assessed however, for comparative
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purposes the final DRI value is always normalized to a 100 cm2RiRdaesults are generally illustrated
by thecharts enabling easy visualization of the different esstifeatures in affected speciméfigure 10.

NRS+RC ASTM 1293, 0.30% | m
mCCA
NRS+RC ASTM 1293, 0.20% [ = OCA
OCAG
m CAD
NRS+RC ASTM 1293, 0.12% [me— = DAP
CcCP
NRS+RC ASTM 1293, 0.05% s | | | m CCPG

0 200 400 600 800 1000 1200

Figure10: Example of DRI chart for damaged concretes with different levels of distress incorporating reactive coarse
aggregate.

The petrographideaturesincluded in the DRI assssient are listed irfrigure 1A along with their
corresponding weighing factgrsome of the distress features can be observed and identikagine 1B

andFigure 12

A B
Petrographic features V\]{th’g:gg
Cracks in aggregate (CCA) 0.25
Opened cracks in aggregates 5
(OCA)
Crack with reaction product in 5
aggregate (OCAG)
Coarse aggregate tb®nded 3
(CAD)
Disaggregate/corroded aggrega 5
particle (DAP)
Cracks in cement paste (CCP) 3
Cracks with reaction product in 3
cement pastéCCPG)

Figure11: Damage Rating Index: A) Current weighing factors as[p@8] and B) Micrograph illustrating a 1cm2
section where some of the petrographic featuresdlish A can be observed and identifi@®eproduced with
permission of Elsevier)
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Figure12: Petrographic features of ASR in concrete incorporating reactive coarse aggregates. The distance between
the vertical lines is 1 cm 4808]. A. closed cracks in the coarse aggregate particle; B. openedvwdtadRel in the

coarse aggregate particle; C. open crack in the coarse aggregate particle propagates to cement paste, and D. cracks
with reaction products in the coarse aggregate particles and the cement paste.

The proposedweighting factorsas perVilleneuve & Fournier[108] aim not only to distinguish the
importance of differentypes of featurebut ratheredudng the variability between operatoffsr instance,

the sameweighing factor is given to a crack with or withaeaction product (i.e., ASR gedjnceits
identification and interpretation may vapgtweenoperatord109]. Moreover, analging the distinct DRI
petrographic features, one verifies that ¢hesed crackn the aggregate(CCA) is a feature thahay be
caused byfor instance, ASR independent processes such as weathering or aggregates magufacturi
thereforea low importance is attributed to this featie., weighing factor of 0.25)Conversely, a
increase in open cracks in the aggregetaicles without or with gel (OCA and OCAG, respectivésy)
frequently observed as a function of A8Rluced development; thua,weighing factor of 2 is given to
suchdistress featured.astly,a weighing factor of 3 is attributed toacks in the cement paste vath or

with gel (CCP and CCPG, respectivelyihce those cracks reflectnaore severely damaged concrete.

Besides the use of the conventional DRI method, Sanchez §t2Al10] proposed the utilization of
suppementary petrographic analyses throughthe sol | e d e x t e nwhereltheDnRioscapie r s i 0 n ¢
distresdeaturegresented ifrigure 1lare evaluated in absolute (couranyrelative (%)mannerswithout

the application ony weighing factorst has been found that supplementary observations and evaluations
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made through the extended DRI version may help towards a more comprehensive assessment and
understanding of ASkhduced development of affected concrefbe extended DRI also allows the
calculaton of the crack density (CD), whictepresents the summation of tbpened cracks in the
aggregates and cement paste (with or without gel), in the system, and helps identifying the overall damage
degree of thaffected materialFinally, dthoughthe DRI has proven to be quitffedive to appraise the

extent of damage iASR-affected concrete under unrestrained condititims effect ofrestrainton the

ASR-induced petrographic distress features thid DRI outcomes remains mostly unknown

2.5  Potential for Further expansion of ASR affected concrete

As previously stated, amitoring the current condition and extent of damage, as well as the potential for
future deterioration, are important for optimizing the rehabilitation strategies ofaff8&ed concrete
infrastructure. In order to better understand the potential didudamage in ASRffected concrete, a
combination of laboratory activities/investigations and fiétdsftu) testingis proposed. The selection of

the activities to be carried out wiledepen@don the condition and importance of the structure, theuaitno

of time available to generate the data, and the degree of precision exp&tieBor instance, to develop

a more comprehensive data for affected structures, obtaining data f&it monitoring of expansion is

the most appropriate method. However, considering the seasonal and thermal effects, it will generally take
a minimum of 2o 3 years to obtain reliable data from that approach. Yet, detailed lab investigations on
cores obtained from the structure will generate data in 6 to 12 madts

2.5.1In-situ investigations

Detailed field investigations are carried out through site inspection and expansion, deformation and
displacement measurements on the struc@wacrete members are regularly monitdrgcheasuring their

length change over timirough the use aéxtensometers on installed metallic references/devices at the
affected members' surface. Moreover, invar wires/rods and optical systems can also be used, with
deformation measurements being performed and the data sent automatically to central sduwérerfor
treatmen{111].

2.5.2 Detailed laboratory investigations

Laboratory investigtions permit a relatively fast assessment oictteen ¢ r e t epltentialexpangiom e r
compared to thén-site monitoring of damaged structures. It also acts as an important tool to plan
maintenance and costs involved. However, there are only few sthdiegeal with the subject up to date
(e.g.,[112i 114])). This therefore causeseveral uncertaintiesn both the methodical approach for such
measurements and the data analysis when compared to field structures exposed to complex environmental

conditions[112,113] Amongst the methods proposed wsess ASFrognosis, the residual expansion
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(RE) andHot-Water Extraction (soluble alkalSA) seems to be the simplest and nretiableprocedurs
worldwide.

2.5.2.1 Residual Expansion (RE) Tests

As previously mentioned, the ability of laboratory procedui.e., RE test) to yield results in a relatively

short period of time, e.g., 6 months to 1 year, promote them as fairly popular techniques for assessing the
potential for further expansion of ASitfected concrete (i.e., prognosis). Residual expaneiia derive

from a generic concept that aims to assess the remaining expansion that might occur in affected structures
[115]. Most RE tests are performed either under storage conditions of 38 °C and saturated air (100% RH)
or in water or NaOH solution®6]. Although RE test methods are quite easy and straightforward to be
conducted, the vast majoritf the results gathered fromode tests have been found to be inaccurate when
compared to the swelling behaviour of the respective structure in thoféland severgbotential issues

have been raised with respect to adopted test setups (i.e. alkalis leaching or extremely aggressive solution).
Moreover, concrete structures are often under different stress conditions (due to confinement effects,
presence of reinforcemenloadings, etc.) when compared to laboratory tests, which make the
physicochemical process to be differ¢hi6]. Another problem of the RE tests data analysis is the
anisotropy between longitudinal and diaraéaxpansionsyhich has often been observed and analyzed in
detail [113,117] Therefore, researchers aim to validate different test methoolstaon a more reliable

testing protocol to predict the future of affected concrete elements, such as recovering aggregate particles
from the cores extracted from the affected struct(itd$]. Even though the tger was found very
promising, more reliable datangeded for the results obtaineom that testing procedure to be considered
reliable Overall, whil e requiring furthermoreeeiablar c h,
results both for lalratory research progranmitl3,115]and insitu investigation$118,119] Thus, the RE

test's outpuis generallyused to assess the prognosis of the affected structurés somdetimes used as

input data in numerical tools to predict their mechanical behayif20].

2.5.2.2 HotWater Extraction (soluble alkali -SA)

As previously mentionednithe presence of ASR, reaction products are formed that contain silica, calcium,
and alkalis, which were originally present in the pore solution. As ASR progresses and more reaction
products are formed, the alkali concentrationthe solution progressilg decreasesleading to the
redudion of [OH] and the intensity of ASR. Some experiments suggest that ASR expansion in the presence
of highly reactive natural aggregates can be minimized when the alkali concentration in the pore solution
falls under 0.6NNaOH + KOH] in the long term{2,111,121] On the other handhe higher the alkali
concentration in the pore solution, the higher the @dhcentration (thus the pH), and the higher the risk

for ASR. Therefore, the precise measurementh@fibove concentrations seem to be a promising tool to

evaluate whether or not it is sufficiently high for ASR to maintain the deterioration process. The latter could
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also play an important role in the process of selecting remedial actions. Moreoveit,isineey difficult

to extract pore solution from the concrete specimens, which could then be chemically analyzed for alkali
and OH concentrations, an indirect way consists in measuring the activatersoluble alkali content of
concrete, on a kg/mRa0O¢q basis by subjecting a representative ground sample of concretewateot
extraction proposed by Rogers and Hoof@&2] for the first time. Although very promising, the
experimental variability of this test method is relatively high (i.e., 10 to %) when using a control
concrete, this may seem difficult to draw reliable conclusions fnagressive measurements on the ASR
damage development in a given A&Rected concrete.

2.6  Tools for assessment of future damage caused by ASR

Recently, a number of test protocols have been developed to forecast the potential of ASR affected concrete
for further distress over time (i.e. prognosis). Among the methods proposed to assga®g®Ris, the
residual expansion techniques (RE) and-Waiter Extraction (soluble alkalsA) seem to béhe simplest

andthe mostwidely used procedures around the globe.

2.6.1 Residual Expansion Test (RE)

As previously mentioned, Residual Expansion (RE) tests aim to assess the potential of further induced
expansion that might occur in affected structures. Those tests are carried out on the cores extracted from
ASR-affected structures and then the coresvaaitored in terms of expansion over time. The specimens

are stored in a controlled temperature (usually 38 °C for ASR) and moist environment in the laboratory and
measured over one year. Usually, laboratory test setups and storage conditions ared¢aonitreléas
concrete structures in the field are exposed to different environmental conditions. Therefore, the inner
chemical reaction and swelling behaviour might be different under laboratory conditions, which may not
represent the real scenario. Curngrib assess the residual expansion of Af#Rcted concrete in Canada,

two storage conditions are considered: &C3@mperature and 100 RH and bY@& mperature and 1M

NaOH solution. Although these conditions may quickly trigger further-8®lopmenin the laboratory,

the reliability of this approach is still unknown. It has been suggested that some RE laboratory conditions
such as very aggressive and unrealistic environments (e.g., 1M NaOH), alkali leaching and stress relaxation
(i.e., specimens arunder nosrestrainedor free conditions in the laboratory) may endanger the test
outcomes.

2.6.2 Hot-Water Extraction (soluble alkali -SA)

Hot-Water Extraction (soluble alkalSA) is known as a method for predicting the further expansion of
affected concrete through the chemical composition of specifiis123] The latter may vary
considerably within a given structure and even within a single mefhB&r123] This may be due to
variations in the concrete mixture proportioning, the extent of ASR (which consumes alkalis) and cracking

(alkali concentration through evaporation or alkadiching along cracks), and in the exposure conditions
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which may greatly affect the watsoluble alkali content in the neaunrface concrete (external sources of
alkali, alkali migration in/out of the sampled zones, alkali concentration at the surfasghttevaporation,

or alkali leaching by rain). Thus, it is suggested that the test mathstbe applied to concrete samples,
usually cores, taken in different members exposed to various conditions. Later, the cored specimens should
be wrapped in plastidm/sheets and placed in sealed plastic bags immediately after coring, to prevent any
drying (or wetting).In order to find the soluble alkali content of a concrete specimen, an indirect way of
measuring the chemical composition of concrete pore solutiagde used, where a representative sample

of aminimum 2 kg (4.5 Ibs) of concrete should be crushed with a hammer to < 25 mm (1 in) and allowed
to dry immediately before testing. Later, two 10 gr subsamples of ground concrete (>160 um) are taken as
representative sutsamples. Two 10 gr representative-salmples of a control concrete with a walown
watersoluble alkali content are also prepared and tested in parallel. EachlGsgingole of the concrete

are boiled in water for 10 minutes and the gotuts left at room temperature to stand overnight. The next
morning, the suspensions are filtered, and the solution volume topped to 100 mL by adding distilled water.
Then, the Na and K concentrations of the solution are measured by using flame photoraétric
absorption in accordance with Cl[E4]Fieallyltie ateragei Tot al
results are expressed on a ka0 basis.

2.7  Predicting ASR expansion and damage through modeling

Several analytical, numerical and empirical modelge been proposqateviously[125i 132] to predict
ASR-kinetics and induced expansion in the laboratory, (ntaterias level) and itsimpact on the
mechanical properties and performance of affected structures/structural comjpotenfield. Amongst

t hose, L ar i modedb[$31] & pradablyt onec ch the most accepted apphes by the 8R
community[132]. Larived model was initially proposed aeterminethe induced expansion behamiaf
unrestrained concrete specimens in the laboratory but has also been used to predict the expansion rate of
concrete structures in the field. It consists of a sempirical approach that was established based upon a
extensie experimental campaigin this model, AR-induced expansiors demonstrateds a function of
three main paramet &r,s :| aylandcchya t(alt &)kipes €4.1). bateacy U

t i mecor(edponds to the periofitime that the reaction requires to kick afhereas characteristic time

( dJ correspondso the rate of development of the swellingtimatee x p a n 8)iisdhe val(elbf the

strain at the end of the swelling procdsgure 13illustrates an expansion curve resulting frana r i v e 6 s

analytical model
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Although interesting, the approaches proposed by Larive are only valid under constant conditions (i.e.

temperature, moistar exposure, etd)32]. Later,researcheraimedtodevelopano di f i ed Lar i veos
accounting for the most important (and measurable) parameteifatthe physicochemicakaction
(i.e., aggregate type and nature/reactivity, alkali contembperature, and relative humidity) and thus be

able to fully describe 8R-kinetics andunrestrained expansion in the laboratdtgpwever,it is not yet
appropriatego be usedor real confined structures

o0 bt H3B1h(Reproducedwith peraissionaf 6 s mo d e
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3. OBJECTIVE

As previously stated in the sections above, there is a need to thoroughly and quantitatively understand the

effect of restrainton ASRinduced expansion and damage (i.e., cracks generation and propagation)

development, mechanical properties degradation as well as on the potdtiddarfexpansionf affected

reinforced concrete. The mulgvel assessment proposed by Sanchet. & 2017,was found to be an

effective toolto assess damage development in A#¥iected concrete under free expansion and also to

appraise the overall damage of affected concrete infrastructure. Yet, the impttaohton the damage

generation ad propagation and ultimately on the mildtvel protocol outcomes needs further investigation.

Furthermore, although somewhat criticized, some test procedures such as the residual expansion have been

frequently used in various countries to assess thentmitef further deterioration (i.e., prognosis) of

concrete affected by ASR and should be further investigated. This work aims to answer the following

guestions through the use of the aforementioned tools to properly and reliably appraiséfet&R

corcrete infrastructure:

1 What is the difference between ASRRluced expansion and damage generation and propagation in
infreergstrainsd. sicenari os ?

1 How do distinctrestraintconfigurations impact the reduction of mechanical propertiggsifained
menber s? Whatoés the difference between mechanical
restrained conditions as a function of ABfduced development?

1 How do the distinct type/nature of the reactive aggregate (i.e., fine versus coarse aggregatenmp
the damage development and mechanical properties lossstrained\SR-affected concrete?

1 How do the variousestraintconditions affect the chemical composition and mechanical properties of
ASR gel?

1 How to reliably collect and use data fraestrainecand umestrainedmemberdor a better condition

assessmermf affected infrastructure?

Hence, this work focuses on the improvement of the current knowledge and understanding of the effects of
restrainton ASR physicochemicatlevelopment (i.e., induced expansion and damage generation and
propagation) as a function of thestraintconfiguration. It is also expected that this study develops a more
reliable protocol to predict the potential for future induced development anelsdigh affected concrete,
presenting distinctestraintscenarios. Thereforeoncreteblocksincorporating reactive coarse and fine
aggregates (Springhill coarse and Texas sand) and displaying distinct reinforcement configurations (i.e.,
none, 1D and 2 Pwere fabricated in the laboratory and monitored over time. At digikpainsion levels

(i.e., 0.08% and 0.15%) the blocks were cored in three distinct directions (i.e., longitudinal, transversal, and

vertical) and the mulievel assessment and RE tegése conducted on each of those. Finally, comparisons
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on the damage developmamd mechanical properties lossegedtrainedversus urestrainedconcrete
blocks at distinct deterioration levels are performed. In addition, the reliability of RE tgstdiot the
potential for further damage restrainecconcretewill be appraised and discussedhe future.
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4. RESEARCH PROGRAM

As mentioned before, the objective of this study is to improve the current knowledge and understanding of
restrainteffects on /AR-inducedphysicochemical and microstructural developmeimon completion, this

work should enable infrastructure owners tovelep better management protocols amgtimized
rehabilitation strategies of AS&eteriorated concrete infrastructuf®. achieve the proposed objectivas,

series ofstudies were conductedn concrete cylinders andrrestrainedtestrainedconcreteblocks
manufacturedn the laboratory The work methodology proposed for thissearchis described in the

following sectionsasillustrated inFigure 14

Casting concrete cylinders as well as blocks with 2# aggerates#
confinement configurations

Environment to accelerate the
development of ASR

l

Expansion levels chosen for assessment
(0.08% and 0.15%)

Core extraction from concrete blocks |

Microscopic analysis: Damage Rating Mechanical testing: Stiffness Damage Characterization Correlation of visual inspection
Index (DRI) Test (SDT) and Compressive strength of ASR products and internal damage of concrete
test blocks

l | [ |
[

Results interpretation,
discussion and analysis

Figurel14: Structure of the PhD project
4.1  Experimental procedures

A number ofconcrete blockef 450 by 450 by 675 mmvere manufactured using a concrete mix with a
design strength of 35 MPa. A highly reactive sfid (i.e., TexasPolymictic sand) and coarse aggregate
(i.e., Springhill- Greywacke) in combination with neneactive aggregate particles (i.e., Ottawa natural
sandOT and Ottawa limestone coarse aggredi&e respectively) from local quarries were used for
concrete fabricationlt is worth noting thathe reactivity level of nomeactivity aggregate particles was
evaluated throughrASTM C 1293[1] and found to be less than 0.04% of expansion for 83tland LS
aggregate particle® conventional CSA Type GU (i.e., ASTM type 1) high alkali (0.88% Na20eq)
Portland cement was used for both concrete mixtures. Moreoveotéhalkali content of both mixtures
was raised to 1.25% Na20eq, by cement mass, to acceleratenédigfed development. The concrete
mixtures were divided to the following two series: base series and complementary series. The mixture of
the base serieSpringhilFSP+ Ottawa natural saf@T) waschosen to provide initial/base results/data to

serve as the background for further analysis throughout the testing of the mixtures of the complementary
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series. The base mixtureasthe subject of three scientifarticles (Papers I, 1l, and V) of this PhD thesis
(i.e., section 6.4.1)The results ofhetesting carried out on the test specimens of the complementary series
were discussed in the othero scientific papers of this PhD thesis (PapeatdlV).

A total of 6 blocks from each reinforcement configuration (i.erestnained1D and 2D)ncorporating the
SP coarse aggregate (eighteen concrete blocks) and 6 lbleakag a 2D confinement configuration
incorporating the TX fine aggregate wdabricated in the laboratorfy.e., a total of 24 concrete blocks)
For comparative purposes, 40 concrete cylindrical specimens of 100 X 2@@&neralso fabricated using
the same highly reactive fine and coarse aggregates (i.e., 20 concrete cylindaygreegate type) and
using the same mix proportions as the concrete bldicissworth noting thatdr therestrainedlocks, a
reinforcement ratio of 2% was selected in eadtrainedlirection, which is representative of a moderately
high level of intenal restraint in reinforced concrete memiég.

All concrete samplewere demolded after one day and moist cured for another 24 hours at 20°C. Then,
four holes with 10 mm in diameter by 55 mm in length, were drilled in the three main surfaces of the
corcrete blocks: ajop, b)longitudinal and cjransverseMoreover,tiny holes of 8.5 mm in diameter by

19 mm in length, were also drilledeach end of all cylinders. Later, staintaessel studs were placed using

a fastsetting cement paste slurry fonlgitudinal expansion measurements in all concrete specifFang.

eight hours from manufacturinghe initial readingsvere recordeds follows: a) for concrete blocks,
transverse, top longitudinal and side longitudinal expansion measurefagnissectn 7.4.2) and b)

l ongi tudi nal expansi on mekhldooks weneetoredsat 38 and 1000eRHc y | i n d
to accelerate ASR developmeitthe concretedinderswerestoredin sealedbucketslined with a damp
clothand placed in thenvironmental chambefll specimens were pnitored for length changesgularly

until they reached the expansion lesdtectedor thisstudy, i.e.slight (i.e, 0.08%z+ 0.01%) and moderate

(i.e, 0.15%= 0.01%). As perASTM C 1293[1], all concrete sgcimenswereplaced in23°C conditions

for 16 + 4 loursbeforeperiodic expansion measuremernitss worthmentioningthatthe expansion level

of 0.08%= 0.01% (i.e., slightly deteriorationjvas selectedince ASRinduced cracksre expected to be
transitioning from the aggregate particles to the cement paste Ssuparez et al [144t this expansion

level; an the other hand, the selection of 0.15%01%(i.e., moderate deteriorationjas based on the fact

thatmost of the creks are present in the cement paste at this expansiorjléyel

Upon reaching the targeted expansion levels, concrete speciveemsemoved from the environmental
chamberand tiree blocks from each distinogstraintcorfiguration and aggregate typeere cored to
produce sevenozesof 100 by 450 mm inhe vertical andhetransvers directionsand fourcoresof 100
by 675 mm inthe longitudinal direction for further analysi®.g., section 6.4.2)Later, all concrete

specimensvere saw cut téengths & 200 mm wrapped in plastic filmand stored at 12°Gntil testing to
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stop further ASRlevelopment as pg6]. Note: All characteristics of the aggregates and concrete
mixture used in tis PhD work are presented in the third scientific paper of the THegis, section
8.4.1)

The testing program performed on various concrete specimens of this study at different expansion levels
included visual inspection, mechanical testing (SDT, modufislasticity, compressive strength
determination and micrimdentation) and microscopic testing procedures (sprantitative petrographic
analysis-DRI and SEM/EDS analysisjable landTable 2demonstrate the typical testing program to be
carried out a cores extracted from each set of dististrainedconcrete block and concrete cylinders
respectively, in this part of the projedto compare the results obtained from the deteriorated concrete
blocks under various restraint conditions with undamagpmetcimens, a number of control concrete
cylindersweremanufacturedlisplaying the same migroportioning and ingredien{se., Portland cement
andaggregats), andstored undet2°Cover timefor further analysisThe selection of 12°C has bemade

to stop further ASRinduced developmerats per Sanchez et )]

Tablel: Testing matrix for cores obtained fragach set of distinaestrainecdconcrete block
Number of specimens pdirection for a given

Test carried out dciiggt?gn expansion level
0.08% 0.15%

Vertical 3 3
SDT/CS Transversal 3 3
Longitudinal 3 3
DRISEM/Micro- v &'tical 2 2
indentation Tran_sve_r sal 2 2
Longitudinal 2 2

Total Samples: 30
Table2: Testing matrix for each family of concrete cylinders.
Number of samples per direction for a given expansion lev

Test carried out

Control specimens 0.08% 0.15%
SDT/CS 3 3 3
DR_I/SEM/ I\_/I|cro 1 2 5
indentation

Total Samples: 14

4.1.1 Visual inspection

Visual inspection is a nedestructive method fadentifying potentially damaged membeASR is
typically identifiedon the concrete surfatieroughits visual integrity (i.e., surface damage) such as map
cracking, exudation of products on the surfapealling, and discoloratiof2]. Fournier et al. proposed the
cracking index (CI) as an alternative to traditional qualitative visual inspd@iéh The cracking index

(CI), a quantitative visual inspection technique, is a crack mapping process tlzeaveut the crack

34



widths and frequencies along the vertical and horizontal directions on a grid with typical dimensions of 0.5
x 0.5 m[3,4]. First, a0.5x0.5m grid is constructed (i.e., as a base lergthhe surfacef the most damaged
face[3,4], with each segment divided into ten interv&iier recording the width of the largest crack
intercepting each intervéle., alongvertical and horizontal segments), the Cl can be calculated by eq (2)

as follows:

Bé1 wéiRQ: Q0
B & 1o EQQD

in whichBoi &&oridQ ¢ "QtéGum of all crack widths measured across the base length (i.ealigene
0.5 m).Such method gives a quantitative assessment of the extent of cracking in the affected members
[3,4]; as per Fournier et. aJ3], a concrete member with ClI > 0.5 mm/m (and/or cracks of width > 0.15

mm) require more detailddvestigations to identify the extent of cracking.
4.1.2 Stiffness Damage Test (SDT)

Three specimengom distinct coring directions per set of concrete blocks (i.e., vertical, longitudinal and
transversea total of 9 specimens per distinct directions per egjfmanlevel) as well as thremoncrete

cylinders displaying the same expansion levels were subjected to five cycles of loading/unloading at the
controlled loading rate of 0.10 MPa/s. Prior to conducting the SDT, all specimens were reconititioned
themoistcuring room for 48h (enabling the samples r e\
according to CSA23:24C[5], and as per Sanchez et al. wojls Moreover, both ends of all concrete
specimens (cylinders and cores) were mechanically graandenerate appropriate flathess of the
speci mends end surfaces for me ¢ h @@ 7]c Bhke SOTevast s i n
performed then following the procedyseoposedby Sanchez et. dJ6,8]; i.e., loading up to 40% of the

28-day concretstrength of the specimens tested.

4.1.3 Compressive strength

In this researchthe compressive strength was measunsthgtwo distinctapproaches with different and

specific goals. Firsthe 28-day compressive strength of the mixture used to manufacturehsotiocks

and cylinders was determined on control samples. Considering that the concrete mixture cohigited a
reactivecoarseaggregateone could not follovASTM C 39[9] since some ASR might have been generated

while moist curingThus, in order tavoid ASRinduced development, the control specimens were wrapped

in the plastic film upon demoulding and placed at 12°C for 47 days as per Sanchektwahich is

equivalent to 28 days at 20°C according to the maturity concept (i.e., ASTM G1)Y.4This approach

has proven to be effective to suppress ASR development in the labddtofyefi e qui v adagnt 6 28

compressive strength collected from this proceduretieasused tadeterminghe SDT loading leveli.g.,
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40% of this valug. Second compressive strength measurements ve¢se conductean the concrete
cylinders/corsfollowing the SDTto verify thecompressive strength lesof the materiaés a function of
ASR-induced developmenthe SDT using 40% of the 28ay compressivstrength has been found to be
non-destructive by Sanchez et #]; thus, mechanical results such as compressive strength obtained
following the SDT are considered va[d]. Finally, the ompressive strength lasswere calculateth this

work (for bothcylinders andatoreg as the differencbetween the results obtained after the ST distinct
expansion levelstestraintconditions, and directiong nd t he A e-day valuesdbb&inetl on 2 8

control samples.
4.1.4 Damage Rating Index (DRI)

Before the mimscopic evaluation, two consecutive specimens per the direction of the blocks (i.e., 6
specimens peestraintconfiguration) and two cylinders per damage degree were initially cut axially in two
followed by subsequent mechanical polishing with gritsGpf6®, 140, 280 (800 um), 600 (2040 um),

1200 (1020 um) and 3000 {Bum). Once the surface of the polished concrete section was properly
polished, a 1 x 1 cm grid was drawn on the surface of the samples before the microscopic evaluation.
Distress featres of 1mm in size or higher observed in the cement paste and aggregate particles were
evaluated using the weighting factors proposed by Villeneuve §.7h(Figure 1) to compute the DRI
numbers. Ultimately, it is worth mentioning that the damagentaition of concrete specimens has been
evaluated using an image analysis protocol following the procedure proposed by Zahdti6gtwhere

the observed damage features in each 1x1 cm DRI Biggireé 1) drawn on the polished concrete

specimens werkighlighted through the use of a commercial software.
4.1.5 SEM/EDS and micro-indentation

Two concrete cores per coring direction of each concrete block was initially cut longitudinally into-10 mm
thick slabs with the aid of a diamond bladed masonry saw folldoyeslibsequent mechanical polishing
using liquid paraffin oil with grits of 30 (coarse), 60, 140, 280, 600, 1200 and 3000 (very fine). The slabs
were then evaluated through a stereomicroscope to find some cracks filled with ASR gel, and further cutting
wasperformed to produce a proper size sample for further tedtaigr, the proper cut specimewsre

finely polished(i.e., up to 0.2am) based on thproceduregroposedy Leemanret al.[11] andZhang et

al. [12] as shown imTable 3 Finally, the finely polished specimens were protected Higlit plastic bags

and subjected to SEM/EDS and mignolentationwithin 24h after the completion of the polishing

operations
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Table3: Polishing procedurasedin thisstudy[11-12].

Durations

Sandpaper Microns (pum) Methods (mins)
SiC sandpaper 400-400 22 with liquid paraffin oil 10
SiC sandpaper 400-800 12 with liquid paraffin oil 10
81C sandpaper 400-1200 6.5 with liquid paraffin oil 15
Oil based Diamond suspension 6 Acetone flush, air gun dry 40
Oil based Diamond suspension 1 Acetone flush, air gun dry 30
Diamond paste 0.25 Acetone flush, air gun dry 60

1 SEM/ EDS analysis

Backscattered electrons (BEC) imaging was perforomeitvo specimens containing propagated ASR filled
cracks within aggregate particle to cement paste per direction of each concreteidihociscanning
electron microscopy (SEMIEOL 6610LV) with operating parameters set at 15 kV and a beam current of
200220 mA. Energydispersive Xray spectroscopfEDX) was alsoused to analyze the chemical
composition of the reaction product (i.e., ASR)glt is worth mentioning that the concrete specimens were
placed in 50C for one day (24 hours) and thethan layer of AuPdwas used to coat them.

9 Micro indentation

Indentation measurements were performed on similar specimens as pean8khis (i.e., two samples

with ASR gel formed in aggregate particles and propagate into cement paste per direction of each concrete
block) with a Vickersmicreh ar dness tester (St r ué&hetttebhasanindenter 1 mi c
with a squardased pyramid shape with an angle of 1Bigre 15A) [13]. The Vickers hardnesslue,

HV, is generally calculated using the indenter load L and the actual surfac# Hreenpression Ad13]

as shown irFigure15B. The load used in this study is either 12.5mN, 25mN (only for cracks in aggregate
particles) or 50 mN (for cracks in gigggate particles and cement paste) similar to the one proposed by
Leemanret al.[11]. As the author§ll1] suggested, the increase of linear loading takes 20 s and then the
maximum load is kept constant for 5 s and later linear unloading take&2Qie(5C). After conducting

the indentatioprocedurethediagonal widthi.e., d Figurel5A) is measured under a microscope at 400X
which helto find the hardness ttiematerial It is worth noting that the indentation procedure was carried

out on aggregate particles and cemexst® as per the distance showfrigure 16.
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Figurel5: A) Schematic of Vickers hardnelds3], B) Vickers hardness calculati¢hid] and C) tyical load
indentationdepth (Ph) curve

Figurel16: Indentation distancergfile across a crack aggregate particles and cement paste.
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5. CORE OF THE THESIST SCIENTIFIC PAPERS

51 General overview

In order to analyze thesultsgathered from the varioexperimentaproceduresmplemented in this PhD
work, five scientific papers werpreparedThey cover all the major themes of the research, thus enabling

themto fully meet the various objectives of the PhD projeigurel7 display thdinks betwea the papers.

Scientific papers

I |

Paper IV: Comparison of visual Paper I: Semi-quantitative Paper II: Reduction of
inspection and internal damage petrographic assessment of ASR mechanical properties of ASR
of unconfined and confined damage in concrete under affected concrete under
concrete specimens affected by confinement conditions unrestrained and confinement
ASR | conditions
T
|
Paper V: ASR gel Paper III: Microscopic (DRI) /mechanical
characterization obtained from (SDT+CS) coupling for appraising ASR
various locations of concrete damage in restrained and unrestrained
under distinct confinement concrete incorporating various reactive
configurations aggregate types

Figure17: Core of the PhD Thesislinks between the scientific papers.
Generally, the scientific paper | and Il, investigate the effectsre$trainton ASR physicochemical
development and ultimately on tBdRl and SDT outcomes after conducting various testing procedures on

affected concrete specimens ungstrainedand umestrainedconditions

Then paper llldeals witha global appraisal (i.eysinga microscopic/mechanical coupling) of ASR
development tlough the study of various aggregate types (i.e., fine vs coarsgsraintconfigurations.

For paper Il of this PhD project, the diagnostic potential of DRI and SDT has already been demonstrated
(i.e., after the first two scientific papers)sothtal | under st anding of the coup
of damage and macr o me c hinaonporated lvaridug dggregateotypestrainf concr
conditionsandaffected by ASR is possibl@aper IV presesathe deterioration data obtainfdm various

visual inspectioniechniquesand expansion measurements (i.e., intetnadh r ough st eel bar 6s
vs external Stainless steel gauge studs /demec gaugfegrious concrete blocks of this project. Also,

Paper IV proposed a correlatibetween the crack size (i.e., width) obtained through visual inspection and

the damage degree of affected concrete blocks obtained thimpudper 1 Finally, paper V dealwith the

microscopic and mechanical characterization of ASR gel obtained from aggregate particles, ITZ and cement

paste of various directions of concrete blocks of this study.
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5.2  Scope and objectives of the scientific papers

A summary description of the camt of each scientific paper, as well as their specific objectives, is given
hereafter

5.2.1 Paper | (Chapter 6): Microscopic Assessment of ABRected Concrete UndeRestraint

Conditions

Initially, a brief literature review on the usetbie Damage Rating Index (DRI) on AS&fected concrete

as well as the impact oéstrainton the ASRinduced damage developmesipresented in this scientific
paper. Then, it focuses on the analysis ef tbsults of DRIigathered frondistinct concrete specimens
extracted from un/reinforced concrete blocks, stored under highly controlled conditions, and incorporating
a highly reactive coarse aggregate (SP coarse aggrbgateseries)

Three differentrestaint conditions (i.e., none, 1D and 2D) were selected for this study, from which a
number ofconcrete blocks (450 by 450 by 675 mm in size) were manufactured and then stored under
conditions enabling ASR development. Upon reaching the two expansion levels chosen for this work (i.e.,
0.08% and 0.15%), they were cored in three main directionsvgstical, transverse and longitudinal) and

two consecutive specimens per direction of each block were tested through damage rating ind€RéDRI)
effect of restrainton ASRinduced expansion, damage generation and propagation has been thoroughly
investgated through the conventional and extended DRI versitims developmentf the petrographic
features of ASR distress (crack pattern and orientation) was then evaluated as a function of expansion and

restraintconfigurations.

5.2.2 Paper Il (Chapter 7): Evaluation of AlkaliSilica Reaction (ASRhduced Mechanical

Deterioration Under Unrestrained arfdestraintConditions

This paper first presents a brief literature review oneffiect of ASR on the mechanical properties of
affected concrete under unrestraimedrestraintConditions.Then, it focuses on the analysis of the results
of stiffness damage testimgd compressive strengtha series of laboratomnade concretblocks stored
under highly controlled conditions, and incorporattfgjghly reactivecoarseaggregate§P coarse base

series).

The specimens used for this work were gathered from the same test blocks used for the first paper of this
thesis. Three cored specimens per direction of each block were tested gtitbogss damage test (SDT)

and compressive strength test. The effecestraintonthemechanical properties of ASR affected concrete
under variougestraintconfigurations as well as the diagnostic potential of various output parameters of
SDT (SDI, PDI and Modulus of elastickyME) was thus evaluate@he Damage Rating Index (DRI) was
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also performed on companion concregenplesin order to validate thenechanical response of various

cored specimen#n addition, a statistical analysis (i.evo-variable ANOVAand compl ¢msnhtdoary
was also performed in order to determine whether the conclusions drawn through the analysis of the data
could be consided statistically significant.

5.2.3 Paper lll (Chapter 8): Overall Assessment of Alkd&ilica Reaction Affected Concrete Under

RestraintConditions: Reactive Sand Versus Reactive Coarse Aggregate

Thisscientificpaper presents a global analysis of the resblizined in théirst two papers oPhD research
through the coupling of the microscopic features of deterioration (DRI observations) against the mechanical
responses obtained on companion specimens tested through SDT, modulus of elasticitypressive

test Moreover,the different deterioration mechanisiwf ASR when itis triggered by a reactive coarse

(i.e., SP) or a reactive fine (i.e., TX) aggregataffected concrete under variogstraintconfigurations

is thoroughly investigatedrinally, a comprehensive quantitative AAR damage chart is proposed.

5.2.4 Paper IV (Chapter 9): Improving the Knowledge of Visual Inspection on ASR Affected
Unrestrainedand RestrainedConcrete

Initially, a brief literature review odistinct visual inspectiomethods used for condition assessment of
deteriorated concrete as well as the i@l ASR on the external surfaces of affected concrete lbeen
presented in this scientific paper. Then, it focuses on the analysis of the results obtainedvemiough
visual inspectioriechniquesexpansion measuremeiigmthered from steel bars and concrete surfase)
well as the Damage Rating Index (DRigrformed on the surface of concrete blocks and the cored
specimens used in paperLater, this paper compareket expansion results obtained from the steel bars
and surface of concrete elements as wethasexternal damage (obtained through visual inspection and
performing DRI on the external surfaces of concrete blocks) and internal deterioration (obtaingid throu
DRI on the cored specimens) of ASR affected concrete under vaesaintconditions. Finally, at the
end of this paper, a correlation between the visual inspection (cracking i@deand theexpansion levels

of distinct surfaces of concrete spaensas well aghe qualitative ASR distress models on the surface of
the concretdave been proposed.

5.2.5 Paper V (Chapter 10): Influence of theestraint configuration on alkaksilica reaction (ASR)

reaction productobés features

This paper first presents a brief literature review on the chemical composition and mechanical properties of
ASR gel obtained from various concrete elements. Then, it focuses andlysis of th&SEM/EDS and
micro-indentatiorresults obtained frorthe concrete blocks used fivefirst two papers of this PhD study

(a highly reactive coarse aggrege®® coarse base series).

42



The cored specimens reached the higher resipa level of this study (0.15%) were properly cut and
polished and prepared for the abovementioned t€ximparison b the chemical composition and
mechanical properties of ASR galbtained from concrete blocks with variaestraintconfigurations as

well as those obtained from the distinct directions of each concrete block has been conducted.
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6. MI CROSCOPI C ASSESSMEANTFEOIFEDASRKRONCRETE
UNDERESTRACAGNDI Tl ONS

Andisheh Zahedi, Cassandra Trottiér Leandro Sanchéz Martin Nail 4

Abstract
The Damage Rating Index (DRI), a sequiantitative microscopic procedure, has been successfully used

todescribealkals i | i ca reaction (ASR) damage devel opment of
Yet, the restraintimpact on ASR n d u ¢ e d generatioa largl 6propagation has not been fully
investigated. This work aims to understand the influencestfainton ASR development through the DRI.

Eighteen concrete blocks incorporating a highly reactive coarse aggregate and distinct reinforcement
configurations were manufactured, stored in conditions enabling ASR development, and monitored over

time. Two expansion levels were selected for analysis (0.08% and 0.15%) and once reached, cores were
extracted from three different directions (longitudiriednsverse and vertical) and the DRI conducted on

those. Results demonstrate that ABBuced expansion and deterioration change according to the direction
andrestraintconfiguration. Moreover, distinct crack features and orientations are generagsiaimed

concrete, which attests that ASR displays different damage mechanisms under festraimttonditions.

Keywords: Alkali-Silica Reaction (ASR), Damage Rating Index (DRI), Expansion, Damage transfer,

Restraint Crack orientation.

6.1 Introduction

Alkali-Silica Reaction (ASR) is one of the most important damage mechanisms affecting the durability and
serviceability of concrete infrastructure worldwide [1]. Over ldm years, a number of test procedures

have been developed to assess the current mondite., diagnosis) and the potential for further
expansion/distress (i.e., prognosis) of A8fRected concrete; those are fundamental steps towards the
optimization of management protocols and rehabilitation strategies of deteriorated concretednufrastru
Amongst the proposed techniques, the Damage Rating Index (DRI), ayjsamitative microscopic
procedure, was found to be quite suitable to appraiseiA@iRed expansion and deterioration in concrete
under unrestrained (i.e., free expansion) dooras, which does not reflect the real scenario of reinforced
concrete members in the figl#),2]. Although few recent works have suggested the efficiency of the DRI

to appraise condition of affected aging infrastructi®ig6], there is currently alack diquant i t at i v
information of the effects akstraint(e.g., reinforcement) on ASRduced physicochemical development

(i.e., kinetics and induced expansion, damage generation and propagation, crack pattern and orientation)

and ultimately on the DRI outcomes. This work aims to use the DRI to assess thiecofdiSRaffected
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concrete blocks displaying distinct reinforcement configurations (ae, 1D and 2D) anexpansion
levels(i.e., 0.08% and 0.15%).

6.2  Background
6.2.1 ASR-induced development under free expansion

ASR is a complexphysicochemicateaction baveen thealkali hydroxides (i.e., Na K*, OH) from the
concrete pore solutioand certain unstable mineral phases found in the aggregates used to make concrete;
ASR produces @&econdary reaction product (ASgel) that swells upon moisture uptake, leading to
expansion and cracking of the affected matdid@]. ASR-induced expansiogenerates tensile stresses
within the reactive aggregate particles along wit
ASR cracks are initially generated within the aggregate particles and propagate to the cement paste with
the increaseniinduced expansid®,10]. Moreover, the ITZ often remains intact during ASR development,
except in locations close to the radial cracks formed within the parti€itpar¢ J [11,12] The degree of
deteriorationof ASR-affected concretés normally expresed byits level of expansignalthough the
relationship between expansion and deterioration is not necessarily linear, it is anticipated that the higher
the expansion level, the higher the overall deterioration (i.e., loss of mechanical propertiasl physi

integrity and stiffness) of affected concr§t8,14]

Figure 1:Signatures of concrete damage due to dlkdica reaction (ASR)a) a model and b) 2 mm siaggregate
under thin section microscof9] (Reproduced with permission Bfsevier)

Regardless othe aggregate typ&anchez et. a[l] developed a qualitative and descriptive model to
describe ASRnduced damage generation and propagation undestrainecconditions Figure2) [1]. At

low expansion levels (e.g., 0.05%}arpandonion skin typecracks (represented by A and BRigure2,
respectively) are generated within the reactive aggregate parfislélse reaction progresses, not only are
new cracks formed in the aggregate particles but, more importantly, the ystgvaeveloped cracks
increase in length and widdnd may even begin to slightly extend into the cement pasteoderate

expansion levels (e.g., 0.12%45,16] As ASR continues to further develdpge previously formed cracks
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reach the cement paste at both ends of the aggregate (e.g., 0.20% of expansion), which drastically impacts
the physical integrity and mechanical properties of the affected mafg8flFinally, at very high
expansion levels(g., 0.30%), cracks developed at distinct aggregate particles start linking together, which
creates an important crack network in the affected concrete, thus further reducing its durability and
mechanical propertigd]. Although the aforementioned moahs shown to be quite accurate to describe
ASR-induced damage development under free expansion, its suitability to described\M8Bd damage

generation and propagation undestrainedconditions is still unknown and should be further investigated.

‘i
N— \\—
0.05% 0.12% 0.20% 0.30%

Figure2: Qualitative model of crack propagation in ASiRected concretfl] (Reproduced with permission of
Elsevier)
6.2.2 Effect of confinement on ASRinduced development

Although the vast majority of existing research on ASR has been performed usingolgbspacimens

under unrestrained (i.e., free expansion) conditid®¥17,18] a few works have been conducted to
understand the effect of confinement on AiBRuced development. Some of these studi@0]observed

no or negligible ASHnduced expansion in restrained directions; moreover, no transfer of induced
expansion and thus deterioration was noticed to directions with less or no confifzhy2jt Conversely,
according to Morenon et. gR3] and Muton et. al.[24,25], the reduction of ASEhduced expansion in

the confinement directiodirectly yields a transfer to unrestrained directions. The same observation has
been made by a number of researcf@026 30]. These conflicting results can be ibtiited to numerous
reasons, such as the specimen size (i.e., scale effect), casting direction, confinement ratio and orientation
[31].

Generally, it is agreed that confinement helps to mitigate-lw8Rced expansion of affected conci@4];
accordingly it has been observed thairious forms of restraimhay decreasASR-induced expansion in
the direction of confinemeitly 15 to 709423,24,29,30,32]Therefore such arexpansion reduction in the
restraineddirectionresults in anisotropic development ASR-induceddamagethe more advanced the
stage of ASR development, the higher the degree of anisd®8pyThe latter means that the use of an
average/overall induced expansion (i.e. average value from distinct directions) obseomttrizie
membes with concentrated (i.e. nemniformly distributed) or anisotropieinforcementonfigurations,

boundary conditions, or sustained loadmgy not be appropriate for analysis in some cag2® 31]. Yet,
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there is current a lack of discussion in the literature on how ASR anisotropic effect might change the induced
damage generation and propagation of affected concrete.

It has been found that anisotropy of AGRectedrestrainedconcrete could leatth major deformations due

to increase of expansion in other directid8]. Allard et. al.[33] reported thatthick slabs with
asymmetrically distributed longitudinal reinforcement about the centroidal axis oédtemngularcross
sectiondeformed into hapezoidal sections after moderate to high (i.e., 0.20%) averageind8é&ed
expansionLikewise, the progression and orientation of the induced cracks are significantly influenced by
the boundary conditions and the reinforcement configuration of &f&Rted concrete structures/structural
members. Confined reinforced concrete elastically restrained in the reinforcement direction causes tensile
stresses in the reinforcing bars; thus, ABS8uced expansion is mostly suppressed in the main
reinforcement dirgon [34]. Hence, mosASR-inducedcracks in reinforced concreteembergend to be
generated parallel to the main rebg83i 36] as observed by Hansen et. [@[7] in laboratory and field

structural members

Very few studies have been conducted to datetheneffects of confinement on the distinct ASR
petrographic distress features, crack pasteamd crack orientation of reinforced concretmembers
[35,36,38 41]. Barbosa et.a[35,36] observed distinct crack pattarand orientation on various concrete
cores extracted from affected structures; cores were retrieved from reinftabedridgesn different
directions (i.e., vertically and horizontalyFigures 3A and 3B, respectively), whererpendiculaASR-
induced crackgso the loadingwere observed in vertically codespecimens while grallel cracksto the

loadingwere verified in horizontally cotespecimens.

A)
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Figure3: A) Vertically extracted cores havingmendicularASR-induced crackso the loadingblack arrows) and
B) horizontally extracted cores havipgrallelASR-induced crack#o the loadindred arrows]36] (Reproduced with
permission of Elsevier)

Although the above results are very interesting and indedidaite an important impact oéstrainton
ASR-induced damage developmentp t he aut hor sé best knowl edge, the
and systematically appraising this impact on concrete members displaying distinct reinforcement ratios and
configurations, and presenting distinct damage degrees (i.e., induced expansion levels)

6.2.3 Damage Rating Index (DRI)

GrattanBellew et. al. [42,43] proposed the Damage Rating Index method (DRI3emtquantitative
microscopic tool used to appraise damage in concrete. Distress featummsinted il by 1 cm squares
drawn on the surface of polished concstetionsusing a stereomicroscope at1&x magnification. The
damage features are then tiplled by weighing factors whose purpose is to balance their relative
importancetowards the corresponding distress mechanism (e.g., ASR), as proposétetguve &
Fournier[44]. The DRI number isthereforecalculatedand the higher the DRI number, the higher the
damage degrel 3]. Ideally, a surface of at least 200 cm? should be assessed however, for comparative
purposes the final DRI value éwaysnormalized to a 100 cm? area. The petrographic features included in
the DRI assessment disted inFigure 4 alongwith their correspondingveighting factors some of the

distress featuresan be observed and identifiedRigure 4B.
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Petrographic features

Weighting

cement paste (CCPG)

factors
Closed aacks in aggregates 025
(Cch) '
Opened cracks in aggregates 5
(OCA)
Opened crack with reaction 5
product in aggregate (OCAG)
Coarse aggregate debonded 3
(CAD)
Disaggregate/corroded aggregate 5
particle (DAP)
Cracks in cement paste (CCP) 3
Cracks with reaction product in 3

Figure 4:Damage Rating Index: Afurrent weighing factors as pef44] and B)Micrograph illustrating a 1cfn
section where some of the petrographic features listed in A can be observed and id@eifiextiuced with

permission of Elsevier)

The proposedweighting factorsas perVilleneuve & Fournier[44] aim not only to distinguish the

importance of different types of featutmst ratheredudng the variability between operatofsr instance,

the sameaweighting factor is given to a crack with or withordaction product (i.e., ASR gedjnceits

identificaion and interpretation may vabetweenoperatord45]. Moreover, analysing the distinct DRI

petrographic features, one verifies that ¢tased crackn the aggregate(CCA) is a feature thamay be

caused byfor instance, ASRndependent processes sumh weathering or aggregates manufacturing;

thereforea low importance is attributed to this featre., weighting factor of 0.25)Conversely, a

increase in open cracks in the aggregeateicles without or with gel (OCA and OCAG, respectivesy)

frequently observed as a function of ASRluced development; thua,weighing factor of 2 is given to

suchdistress featured.astly,a weighting factor of 3 is attributed toacks in the cement paste vdth or

with gel (CCP and CCPG, respectively), sitloese cracks reflectrmore severely damaged concrete.

Besides the use of the conventional DRI method, Sanchez dii,2l.proposed the utilization of

supplementary petrographic analyses through tteead | e d

fi e x t e nwhereltheDnRioscapie r s i o n «

distresdeaturegpresented in Figure &re evaluated in absolute (courdagrelative (%)mannerswithout

the application o&ny weighing factors it has been found that supplementary observations and evaluations

made through the extended DRérsion may help towards a more comprehensive assessment and

understanding of ASkhduced development of affected concrefbe extended DRI also allows the

calculation of the crack density (CD), whichpresents the summation of tbpened cracks in the

aggregates and cement paste (with or without gel), in the system, and helps to identify the overall damage

degree of thaffected materialFinally, dthoughthe DRI has proven to be quitdfedive to appraise the
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extent of damage iASR-affected concreteinder unrestrained conditignthe effect ofrestrainton the
ASR-induced petrographic distress features g DRI outcomes remains mostly unknown

6.3  Scope of the work

As stated in the previous sections, there is a need of a thorough, quantitative and systematic evaluation of
the restrainteffects on ASRnduced expansion amdicroscopicdeterioration (i.e., kinetics and induced
expansion, damage generation and propagatirack pattern and orientation). Therefaacrete blocks
incorporating a highly reactive coarse aggregate and displaying distinct reinforcement configurations (i.e.,
none, 1D and 2D) were fabricated in the laboratory, stored in conditions enabliRgné®ed
development (i.e., 38 °C and 100% R.H.) and monitored over time. At distipahsion levelf.e., 0.08%

and 0.15%) the blocks were cored in three directions (i.e., longitudinal, transverse, and vertical) and the
conventional and extended DRénrgions were conducted on each of those. Finally, comparisottse

damage development, extent, pattern and orientatioestrfainedversus urestrainedconcrete blocks at

distinct deterioration levelsereperformed.

6.4  Materials and methods

6.4.1 Materials and mixture proportions

Eighteen concrete blocks of 450 by 450 by 675 rRigyre5) were fabricated in the laboratory using a
concrete mixture with a design compressive strength of 35 MPRaghly reactive coarse aggregate (i.e.
Springhill- Sp) combined with a on-reactive fine aggregate (Ottawa natural sa@ from a localnatural

pit were selected for concrete manufacturing. Talpevides information on the different aggregates used
in this study, including thenineralogicalcompositim of the aggregates. The coarse aggregates ranged in
size from 5 to 20 mm. A conventional Portland cement (CSA Type GU, ASTM type 1) contlrigiy
alkali content (0.88% N®-.) was used in the mixture. Reagent grade sodium hydroxide pelletsisegre

to raise the total alkali content to 1.25%,8&, by cement mass, to accelerate ABBucedexpansion.

The concrete blocks were proportioned using the Concrete Prism Test (CPT) standard mixture proportion
as per ASTM C 129p16] and displayedh Tablke 2.

Table 1:Aggregate properties selected for this study

Aggregate Specific Absorption AMBT 214
— - Rock type gravity o days expansion
Type Reactivity Location Name (glcn?) (%) (%)
Coarse Reactive NeW Sp Crushed 2.72 0.602 0.69
Brunswick greywacke
Fine ~ NOm Ottawa ot Natural, derived 5o 1.18 0.07
reactive granite

a) Typical expansion of ASTM C 1260.
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Table 2:Concrete mix design

Materials Quantities in the mix (kg/m°)
Cement 420
Fine aggregate (Ot) 681
Coarse aggregate (Sp, 1044
Water 176

6.4.2 Manufacture of concrete blocks and cylinders

To investigate the effect akstrainton ASRinduced expansigrdamage generation and propagation,
distinct confinement conditiofonfigurationswere selected for this stud¥) unrestrainedlocks, 2) 1D
confinedblocks and, 3) 2D confindalocks(Figures 5 and6). Restraintvas introduced to the blocks using
internal steel reinforcing bars at a reinforcement ratio of 2% in a) the longitudinal direction (i.e., 1D
confined blocks)or b) both the longitudinal and transverse directions (i.e., 2D confined blocks). This
reinforcement ratio is considered moderately high, and not uncommon for certain reinforced concrete
member types such as columns or wall boundary elements. Hence,stostrootural member types this

may be viewed as a reasonable upper limit to the degree of restraint provided by internal reinforcement
where the reinforcing bars are primarily oriented along one or two orthogonal directions. Embedded 35M
steel ranforcing bars having a nominal diameter of 35 mwere selecteth order to achieve a sufficiently

large bar spacing to accommodate core extrackmu(e §. Moreover, In the case oéstrainecconcrete,

the concrete cover and spacing between the top and bstitehrebars is 50 mm and 280 mm, respectively
(Figure6C). In the case of 2D confined block#)elongitudinal and transveesteel rinforcing bars were
professionally welded to facilitate constructigfigure 6). It is important to notice that the reinforcement

was equally distributed between the top and bottom portions of each block to avoid curvatures associated
with norruniform expansion. Effects of reinforcement distribution, external boundary conditions, and

sustained loads are not considered here and are recommended topics for future work.

All blockswere demoulded after 24 hours and moist c(ired 20C) for over 24 hours. Fouamall holes,
10 mm in diameter by5mm long, were then drilled ithethree min sidesof the blocksa) top(Figure
7A - points 1 and 2) b) longitudinal Figure A - points 3 and 4) ana) transverséFigure A - points 5
and 6) Sainless steel gauge studs wirenglued in place with a fastetting cement slurry for longitudina

expansion measurements.
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Figure 5: Concrete blocks nesenting: A) 2D confinement (Top View), B) 2D confinement (Sitkew), C) 2D
confinement ErontView) and,D) Environmental chambeat 38°C and 100% RH.

Figure 6:Confinement orientation#\) 2D confinementB) 1D confinementand C) schematic akstrainedlocks
with 50 mm concrete cover and 280 mm distance between top and bottom steel bars.
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For comparison purpose£0 concrete cylinders (i.e.100 by 200 mm) were also manufactured
incorporating the same highly reactigeearseaggregateand using the same mixture proportion as the
concrete blocksThecylindrical specimens were demoulded after 24 hours and moist (Lee®CC) for

24 hours. Small holes, 8.5 mm in diameter by 19 mm long, were then drilled in both ends of each test
cylinderand stainlessteel gauge studs were glued in place with a fast setting cement slurry for longitudinal

expansion measurements.

After 48 hours(i.e., two days from casting), the zero reading was tdken in case of concrete blocks: top
longitudinal, side longitudinal and transveexpansion measurements @ Figure 7A and in case of
cylinders: longitudingbxial expansion measurementapd all concrete blocks were stored in an
environmental chamber enabliagd acceleratindSR-induceddevelopmenti(e., 38°C and 100% RH)
Likewise,the concreteydinderswereplaced in sealed plastic containef22 liters lined with a damp cloth
(Figure B and Q and stored in the same conditions as the concrete blitkpecimengi.e., blocks and
cylinders)were regularly monitored over tinadwereplaced a3°Cfor 16 + 4 loursprior to periodic
expansion measuremeritipon reachindow (i.e., 0.08%) and moderate (i,8.15%) expansion levelthe
test cylinders and blocks were removed from the environmental chéonltlee DRI analyses. Following
the removal, iree blockser restraintcorfiguration were cored tgroduce sevei00 by 40 mmcores
(Figure 8D) from thevertical (Figure 8A) andtransvers (Figure 8B) directions,along withfour 100 by

675 mmcoresfrom thelongitudinal Figure 8C) direction.

A)

Figure 7: A) Guge studsrientation for blocks, Bsealed bucket arrangement for the 3&nd 100% RH test and,
C) affected test cylinder
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Figure8: Qualitative sketch of the cores extracted frahBlocks A) vertical, Btransverse, C) longitudinal and D
core specimens di0Ommby 450 mm

6.4.3 Experimental procedures

The conventional and extended DRI versions weralucted on concrete cylinders and cores fASR-

affected blocks at distinct expansion levels (i.e., 0.08% and 0.15%). Prior to the microscopic assessment,
two consecutivecore samplefrom each of the three coring directiofi€., vertical, longitudinal and
transversetotal of 6 specimens pegstaintconditionper expansion level) and two cylinders per expansion
level were cut in half longitudinally using a diamond bladed masonry saw followed by subsequent
mechanical polishing with grits of 30 (coarse), 60, 140, 280, 600, 1200 and 3000 (ver{fine the

surface of the polished section was considered suitable for analysis, a 1 by 1 cm grid was drawn on the
polished surface of the specimenbe distress features were then appraised as per Villeneutr@aner

(i.e., conventional methodFigure 4 [44] andSanchez et. al. (i.e., extended version) [1,2]. The DRI has
been conducted in two different, yet related ways. First, the microscopic results were averaged from the
three coring orientation@.e., longitudinal, transverse and vertica)assess the influence of thestraint

on the Aover al | -affeetdd blocks ¢i.eRedulis sectin Secbnd,Ah8 BRI was evaluated

as per the coring directio(i.e., longitudinal, transverse and vertictéd) appraise and quantify ASR

anisotopic behaviour as a function of thestrainteffect (i.e.,Discussion sectign
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6.5 Results
6.5.1 ASR kinetics and development

Figure9 presentshie averagénducedexpansiongi.e., average value ofour consecutive measurements

per specimen per direction over time with standard deviations ranging from 0.02% to 0.06%) as a function
of time of the distinct directions of the ASRfected concrete blocks displaying different reinforcement
configurations. Figre 9A also displays the average axial expansions of concrete cylinders (standard
deviation of 0.03%). Analyzing the plots, one observes that all specimens (i.e., concrete cylinders and
blocks,restrainedand umestrainell, were able to reach the two inédatcexpansion levels selected for this
work (i.e., 0.08% and 0.15%). Yet, the expansion kinetics {hdycedexpansion rate) of concrete
cylinders was much faster than the blocks, regardless of their reinforcement configuration (i.e., none, 1D
and 2D). krthermore, all concrete blocks presented some shrinkage (i.e., all directions) at the beginning
of ASR-induced development. The induced expansions from the distinct directions as a function of time
followed a similar trend (i.e., parallel curves) fortdticks.However differert values were obtained as per

the distinct directions (i.e., top longitudinal, side longitudinal and transvéiggire 74. Moreover, the

higher therestrainteffect, the higher the degree of anisotropy and thus the higherghaston scattering
amongst distinct directions.

In the case of the westrainedblocks Figure 9A), the expansion curves are very close to each other,
although the expansions are slightly higher in the transverse direction, followed by the longitpdamal to
side directions. The 0.%b expansiorevel was reached aftel75, 190, and 218aysat 38°C and 100%
R.Honthetransvers, longitudinal top and longitudinal sidkrections respectivelyOtherwise, afigures

9B and 9C illustrate he 1D and 2Drestrainedblocks displayeé muchslower ASR-inducedexpansion
development thannrestrainedlocks, where 8.15% expansion waachievedafter 190, 212and255days

by 1D blocks compared t@35 275 and340days by 2D blocks othe transvese, longitudinal top and
longitudinal sids, respectively Furthermoreconcrete cylindershowedconsiderablyfaster expansion
levelswhencompared to all concrete blockshere an expansion 06f15%was reachedfter 70 dayson
average Kigure 9A). The difference between cylinders and blocks could be attributed to the size of the
samples, which directly affects the moisture transfer and thus may decrease the rateindusS&
development in larger specimef¥%7,48] Moreover, comparing the expansion levels attainedhey
concrete blocks as a function of time, it is clear thatdis&raintplays an important role on ASiRduced
development (kinetics and expansion amplitude) since the higher the overall degstaiaf, the slower

the expansion rate and the lower the amplitude over time. As such, averaging all directions, one observes
that a 0.15% expansion level is attained by thestrainecconcrete at 190 days followed by the 1D and

2D concrete blocks at 23%@ 270 days, respectivellzikewise, the nomrestrainedblocks reached (on
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average) a maximum expansion of 0.27% at 340 days, while the 1D and 2D blocks attained respectively
expansions of 0.23% and 0.18% (on average) at the same time péaabove irnfience ofrestrainton
ASR-induced expansion kinetics aathplitudehas already been reported in the literat{28,49,50]

The expansion measurements on distinct surfaichge restrainedlocks revealed thieansfer of induced
expansion fronrestraineddirections to directions with less or mestraintresulting in higher expansion
levels.As Figure9B and9C illustrate, the transvez$acereachedigher expansion levels followed by the

top surface then the longitudinal side. This shows that a highmurat of ASRinduced expansion has been
generated in the ndassrestraineddirection of the reinforced blocks (i.e., transesgection), possibly
revealing an effect afestrainton constitutive anisotropy of the specimens as previously reported in th
literature [23,31,50] Moreover, although the 2D blocks present the same reinforcement ratio in the
longitudinal and transverse directions (i.e., 2%), the reinforcement configuration is different in these two
directions(i.e., 2 bars of 35 mm in the loigdinal direction and 3 bars of 35 mm in the transverse
direction). This difference along with geometric features (i.e., longer size and thus friction per unit width
for the longitudinal direction) might be among the causes the of the higher expansamedbior the
transverse faces. As such, while the side longitudinal surface of 1D confinemerggirainediirection)

reached 0.15% of expansion at 255 days, the top longitudinal and the transverse surfaces reached 0.17%
and 0.21% of expansion at the same time period, respectively. Likewise, the longitudinal surface of the 2D
blocks reached 0.15% at 340 dayhjle the top longitudinal and the transverse reached 0.18% and 0.22%
respectively at the same adée above confirms that the relative expansion levels achieved by the different
bl ocksd f aces estraindirectiol(i.e.aransverd> ldngitudinahtep > longitudinal side)

along with reinforcement configuration and geometric feataseger [51]. Furthermore, these results
clearly demonstrate that the longitudinal side of all concrete blocks represents the lowest expansion level
among dlother surfaces as previously observeddty] since they are not (or at least less) influenced by
local effectd23,29,30](i.e., the top drying/wetting cycles, differential restriction between bottom and top
surfaces) and/or are parallel to the maimfiaricement. Therefore, for the sakefafther microscopic
analysis, the expansidevela dopt ed as firepresentat i maasuredbothea gi ve
longitudinal side for altoncrete blocks (as Figure Zhongitudinal measurements startingrr points 3

and 4).

56



A) B)

0.3 0.3
0.25 A 0.25 A
0.2 A 0.2 -
g 0.15 A S 0.15 -
c 0.1 - 5 o1
.2 7}
@ 0.05 - g 0.05
s 0 & —@— Top Longitudinal < 0
i —@— Side Longitudinal - —@— Top Longitudinal
-0.05 ~ —a— Transverse -0.05 —@— Side Longitudinal
0.1 - ——Average 0.1 4 —A—Transverse
—o— SP-cylinders ' _
-0.15 T T Y T -0.15 T T Averagel
0 100 _ 200 300 400 0 100 200 300 40C
Time (Days) Time (Days)
C)
0.3
0.25 -
0.2 A
£ 0.15 -
S o1
(2]
§ 0.05
o
d 0g ,
005 \/_ —@— Top Longitudinal
01 4 ’ —— Side Longitudinal
i —A— Transverse
-0.15 T T T
0 100 . 200 300 400
Time (Days)

Figure9: ASR kinetics (expansion vs. time) for: A)restrainedconcretespecimensB) 1D concrete blocks and, C)
2D concrete blocks incorporating distinct surfaotthe blocks.
6.5.2 Microscopic distressfeatures and crack density

The ASR microscopic distress features and crack density (CD) of the concrete specimens as a function of
expansion were evaluated using the extended version of the DRI as proposed by Sandig2]elt .

worth noting thathe results presented hereafare thei o v e miarbstopic distress features and CD
values(i.e., average of six specimemayp per direction) fronthe ASRaffected block at each expansion

level tested.

Figure 10A illustrates the distinct microscopfeaturesappraisedn a reldive (i.e, as counts, normalized
to 100 cmd) manner, without the use of the proposed DRI weighting factbesmost commomicroscopic

feature in all concretepgcimensappraiseccorresponds tthe goup of closed cracks in the aggregates
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(CCA), for both given expansion levelalthough for each concrete type the counts of open cracks in the
aggregates and cracks in the cement paste increase with expansion, the difference remains in the total counts
of cracks.The umestrainecconcrete blocks prese#d2 counts at 0.08%; yet, a higher count at 0.15% (i.e.,

565) is observed. Moreover, the 1D and 2D blocks display 46838dounts at 0.08% of expansion, while

they raise to 512 and 508 at 0.15%, respectively. The latter demonstrates that the micrestorEs

(counts) are affected by threstraintconfiguration (i.e.,countsof urrestrainedconcrete> 1D > 2D).
Noticeably, the concrete cylinders present the highest counts of cracks of 502 and 570 for 0.08% and 0.15%
of expansion, respectivelyt is worth noting that the data in brief can be found in Table 4 of the

supplementary materials section.

The relative proportions (%) of the microscopic features as a function of the expansion for all concrete
specimens are illustrated in FigutéB. The propations are nearly identical for each concrete type, with

the proportions of open cracks in the aggregate and cracks in the cement paste increasing with expansion.
For the slightly damaged (i.e., expansion level of 0.08%) concrete, the groups of closeihcaggkegate

and open cracks in aggregate represent between 70 to 80% and 7 to 15% of the microscopic features,
respectively. On the other hand, for the moderately damaged (i.e., expansion level of 0.15%) concrete, the
group of closed cracks in aggregdeereases, ranging from 45 to 55%, and the proportion of open cracks

in aggregate increases, representing between 15 to 25%. The proportion of the group of cracks in cement
paste however remains quite low for all concrete types at both given expansisnbeing less than 10%

for the majority of the concrete specimens in this study.

A)
uncqnfined Unconfined 1D Blocks 2D Blocks
Cylinders Blocks
3600 ———— .
C
§ 500
= OOCA+OCAG
2 300 A
QL mCCA
(&)
3 200 A
(@]
$ 100 -
(@]
S o
p
0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15%
Expansion (%)
B)

58



unconfined Unconfined
Cylinders Blocks

1D Blocks 2D Blocks

100% -
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% 1
0% -

0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15%

Expansion (%)

B CCP+CCP(
OOCA+OCA(
mCCA

Microscopic features (%)

Figure 10:Microscopic features of deterioratias: A) @untsnormalized for 100 cAsurface areand B)
Percentagavithout using the weidging factors

Figurelldisplays therack density (CD crack counts/ci) obtained from the distinct concrete specimens
studied in this research without the use of the DRI weighting factors. At 0.08% of expansion, the
unrestrainedtoncrete block yielded a CD of 2.88unts¢n? while the 1D and 2D concrete blocks displayed

a CD of 2.55countstn? and 2.62Zountsén?, respectivelyNoticeably the CD increases with increasing
expansion for each type of concrethere, at 0.15% of expaion, the CD is slightly highdor the 2D
concrete blocks (i.e., 5.10 countsRollowed by thelD concrete blocks (i.e., 5.05 counts/nien the
unrestrainedtoncrete blocks (i.e., 4.83 countsfnSimilar to the microscopic features, the achievedk
density is influenced by the direction rfstraint(i.e., CD 2D > CD 1D > CD umstrainedl Furthermore,
concrete cylinders showed tl® of 2.56 counts/chfor slightly damaged concrete (i.e., expansion level

of 0.08%) and reached 4.¢8unts/cmfor moderately damaged concrete (i.e., expansion level of 0.15%).

It is worth noting that the data in brief can be found in Table 4 of the supplementary materials section.
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Figure 11:.Crack density as a function of expansion
6.5.3 Crack widths/lengths versus degree of expansion/damage

The maximum length and widths of cracks as a function of expansiomehag indicators to assahe
development/progress &fSR-induceddeteriorationin concretgFigure 12) As proposed bysanchez et

al. [2], the naximum length of crad{Lmay) Was measured for cracks in the cement paste only or cracks in
aggregategxtending intathe cement paste. The maximum crack widthn{)\Was measuretbr cracks

within the aggregate particles only, as fhisonsidereé more readily/reliably measuréhan in the case of

cracks in the cement pasfithe maximum lengths and widths of cracks were measured manually using a
clear comparator <card. I n this section, the fAovel

specimenstwo per directiop from the ASRaffected specimens are presented.

Analyzing the results, one observes tlit maximuncrack length increases with expansion for each of
therestraintconditions. At an expansion level of 0.08%, the maximum crack length of 12 mm was measured
for the umestrainedandrestrainecconcrete lbcks while a maximum crack length of 14 mm was seen in
the concrete cylinder@igure 12A). At an expansion level of 0.015%, therestrainedconcrete block
presented the longest crack at 18 mm followed by 1D concrete blocks displaymdnaum crack lenty

of 17 mm, while the 2D concrete blocks presented the shortest crack at 16 mmn{i.etrdstrained>

Lmax 1D > Lmax 2D). Likewise, the maximum crack width was found to increase with expansion for all
specimens (Figuré2B); the maximum crack width nasured was 0.10 mm at 0.08% expansion for all
specimens (blocks and cylinders), whdiéferent yet quite similamaximum widths of 0.15 mm, 0.14 mm
and 0.16 mm were gathered for theastraineatoncrete blocks, 1D and 2D blocks (respectively), B5%

of expansion(i.e., Whax 2D > Whaxunrestrained> Wmax 1D). Moreover, the concretylinders presented a
maximum crack length and width of 17 mm and 0.15 mm respectively, at 0.15% of expHrisiamrth

mentioning that the data in brief can be found &bl€ 4 of the supplementary materials section.
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Figure 12:A) Maximum length and B) Maximum width of cracks for all concrete specimens as function of
expansion.
6.5.4 Quantitative assessment of damage through DRI

Winax (Mm)

Figurel3r epresents the fioverall o DRI valwues (i .e.,
concrete specimens incorporating the Springhill reactive coarse aggregate. In general, microscopic
investigations verified that the opened cracks (i.e., imtfyggegates and in the cement paste) increase with
expansion, leading to an increase of the DRI number in all concrete specimens. One interesting point to
notice is that all specimens generally follow the same trend with increasing expansion. As shé&t, the
numbers for urestrainedcconcrete were 340 and 575 for slightly damaged (i.e., expansion level of 0.08%)
and moderately damaged concrete (i.e., expansion level of 0.15%), respectively. The 1Bcantirzd
concrete presented similar DRI numbers o8 2hd 343 at 0.08%, as well as 579 and 574 at 0.15%
expansion, respectively. The above suggests that although the microscopic distress features{seeounts
section 5.2) are slightly different for distingstraintc ondi t i ons , t h e ainédbthraugha | | 0
the DRI, that accounts for not only the number of counts but rather the number and importance of the crack
counts (i.e., counts x weighing factors), is quite similar for the distinct concrete blocks appraised in this
study. Comparing the DRlumbers of blocks and cylinders, one notices that they generally show similar
trends with the concrete cylinders displaying a slightly larger DRI number at 0.08% (i.e., 353) and similar
DRI value to urestrainecconcrete blocks at 0.15% (i.e., 57B)is worth saying that the data in brief can

be found in Table 4 of the supplementary materials section.
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Figure13: DRI number as a function of expansion.

6.6  Discussion

6.6.1 Effectofrestrainton t he @ o vinducedlexpansioh 8@ damage development

The microscopic assessméhe., overall results, disregarding the cores direction) performed dinigg

study enabled some key observatiotts better understandSR-induced damageeatures and their
propagation irrestrainedconcrete.The microscopic features of deterioration (in countsigure 10A),
cracking density (Figure 11) and maximum cracks lengths and widths (Figure 12A and B) clearly
demonstrate the influence of thestrant on ASR damage development; i.e., the higherdéséaint the

slightly lower the cracks counts and maximum lengths, and the slightly higher the crack density.
Conversely, the crack pattern displayed through the microscopic features of deteriorétonHigure

10B) and DRI number look like very similar for all specimeegardless ofher restraintcondition. The

above means that the overall deterioration of the distinct specimens evaluated is roughly similar, although
some microscopic distressfear es s eem t o f c hestmigenfiguator. Bor inkiantegy t o t |
closed cracks in the aggregates (CCA) were more observeddstiainedspecimens; this implies that

some closed cracks in the aggregates (CCA) might reopen due talév@Rpnent underrestraint
Nevertheless, regardless of ttestraintcondition, the distinct types of cracks and thus overall damage

increased as a function of ASRduced expansion, as expected and verified in previous sfldek3,17]

To better visualize #nabove discussion, Figutd illustrates the detailedverall DRI charts(i.e., average

of six specimenstwo per direction)displaying all the petrographic features identified in the method
obtained fromthe distinctunrestraineftestrainedspecimens. Analyzing the charts, one observes that all
specimens show a general increase in the number of open cracks in the aggregates without and with gel

(i.e., OCA and OCAG, respectively) and cracks in the cement paste without and with gel (i.encCCP
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CCPG, respectively) from 0.08% to 0.15% of expansion. Even though the DRI numbers are quite similar
at 0.15% of expansion for all specimens, the most noticeable differences in damage features between
unrestrainedndrestrainedoncrete are thelosedcracks in the aggregates (CCAlue chart)ppen cracks

in the aggregates (OCAred chart) and the cracks in the cement paste (GZ&nge chart). Thelosed

cracks in the aggregates (CCA) anddben cracks in the aggregates (OCA) are higher fontteswained
specimens (i.e886 vs 472 anda310 vsa280 on averagaespectively whereas the cement paste cracks

are higher for theestrainectoncrete (i.e.2190 vsa163, on average). Moreover, open cracks in the non
reactive fine aggregate particléarsto be observed at 0.15% of expansiamch accounts for almost 16%

of the total number of open cracks in the aggreg&texcking of nofreactive particles and the increase in
cracks in the cement pasterebtrainedconcrete could be due to the aniispic character of ASR under
restraint(i.e., decrease in induced expansion and deterioration in the main reinforcement direction and

transfer to less restrained directions).

As Figures 13and14illustrate, theaverageDRI valuesfor theslightly damage concrete rangefrom 340

to 370, followed by B0 to580 for the moderatyy damaged concrete. Notably, the results gathered in this
study fromrestrainedconcrete follow the santeendasproposed by Sanchez at. [13] while evaluating
concrete under unrestrained expansion (Tabl&t®) latter was proposetth a confidence level d35%
afterthe appraisal o020 different concrete miyrespresenting distinct mechanical properties (i.e., 25, 35
and 45 MPa) and incorpating 13 differentreactive aggregate lithotypes. It was therefore revealed that the
distress features and crack propagation in AfBcted concrete are similar despite the concrete and
aggregate type; hence, the DRI value correlates quite well (almesrli) with the amount of ASR

induced expansiofi3].
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Figure 14: DRI charts all concrete specimens.
The present results indicate that the chart asSserchez etal. [13]can be used to eval uat

(i.e., average results from distinct ditieas) ASRinduced damage development regardt#sberestraint

condition. In other words, ASRnduced damage does not seem to si
guantitativeo DRI n urestoagtconditisn, athouighu soroet differencescfack t h e
features (pattern and orientation) were found and will be discussed in the next sections. Nevertheless, from
Figure9 one could notice that ASiRduced expansion indeed changes withréséraintconfiguration; i.e.,

the higher theestraint the slower the induced expansion (i.e., lower expansion rate) and the lower the
expansion amplitude at a given time period. Furthermore, the results preséti¢eoldd also indicate that

expansion transfer takes place in the direction of lesgaint(i.e., distinct measured expansions from

different directions)Hence, a thorough study on ASR anisotropy is required to fully understand the effect

of restrainton ASRinduced damage generation and propagation.

Table 3:Classification of the damage degreeancrete due to ASR.3] (Reproduced with permission of Elsevier)

Classification of Assessment of ASEDRI number)
ASR damage Refe_rence Expansion  Unrestrained 1D 2D
expansion level Conventional P
degree (%) (%) [13] Concretd13 level from concrete concrete  concrete
oncrete13] this study blocks blocks blocks
Negligible 0.00'0.03 100155 - - -
Marginal 0.04 £0.01 210'400 0.08% 330-350 328350 330355
Moderate 0.11+0.01 3301500 0.15% 565580 540580 520580
High 0.20+0.01 500 765
Very high 0.30 +0.01 600/ 925

6.6.2 Effect of restraint on ASR anisotropy

It has been observed that trestraintconfiguration could affeobon ASRinduced damage features (i.e.,
pattern and orientatiofB6] and their perceived development in affectestrainedconcrete To further
understand this effect, Figures, 1% and 17 display the CD, maximum crack length and width, and DRI
chart, respectively, for concrete cores obtained from distinct directions (i.e., coring orieritattical,
longitudinal and transversd).is worth noting that the data in brief the CD, maimum crack length and
width, and DRI chartan be found in Table 5 of the supplementary materials seddonunrestrained
concretethere is no significantariation of CD, maximum crack length and width, and DRI valtmrs
distinctcoring orientationgor bothslightly damaged (0.08%) and moderately damaged (0.15%) cancrete
The 1D concretblockverticaland transverse coréise., umestrained lessrestrainedirections) on the
other hangbresentr 38% higheCD, 37% longer cracks, arBD% and 33%igherDRI values, respectively,
when comparedo the longitudinal cores (i.erestraineddirection) for both slightly damaged and
moderately damaged conaetMoreover, even though similar maximum crack widths were verified in
distinct directions for sjjhtly damaged 1D concrete (0.08%), 25% wider cracks (on average) were observed

in the vertical and transverse cores (i.ereatrainedirection) when compared to the longitudinal cores
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(i.e., restraineddirection) for moderately damaged 1D blocks (0.15%pmparing the average CD,

maximum crack length and width, and DRI values of 1D concrete blocks with distinct coring orientations

for both slightly damaged (0.08%) and moderately damaged (0.15%) concrete, one notices that vertical and

transverse cores demstrate higher values than the average, while the longitudinal specimens display lower

resul

t s.

Thi

S

shows

t hat

usi

ng

t he

average

ASR-induced damage in ustrainedirections while ovarsimatesrestrainedrientationsLikewise, for

2D-confinedconcreteblocks,the \ertical cores(i.e., unestrainedlirection) presentethe highesamount

of induceddamagewhile thetransverse anlbngitudinalcores(i.e.,restrainedlirections) did onhdisplay

v al

aslight differencebetween themrThevertical 2D coresdemonstratednincreasef almost 28% and 69%

for CD, 60% and 38% for the maximum length, and 29% and 62% for the DRI number for both slightly

and moderately damaged coete, respectivel\gompared tahetransvers and longitudinal sample¥et,

no significant difference in the crack width for slightly damaged concrete was observed; on avésage 48

wider cracksare identifiedin the vertical cores (i.e., urestraineddirection) when comparetb the

transverse and longitudinal cores (irestraineddirection) formoderately damaged 2D concrete blocks.

As for the 1D blocks, if one usésh e
ASR-induced deerioration of 2D blocks, one mayderestimatthe deterioratioin urrestrainedlirections

average

while oveedimatingit in restrainedrientations.
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Figure 15:Crack density as a functiaf coring direction for specified expansion in concrete blocks.
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Figure 17: DRI charts as a function of coring direction for specified expansion in concrete blocks.
6.6.3 Understanding ASRinduced damage development of uestrained and restrained concrete

Previous sections

di s c uvsasleude stoh ef ours ea popfr @Stmivieehrga |A'S Rd

andrestrainectoncrete along with the importance of anisotropic effects generated by members displaying

differentrestraintconfigurations. With this previous understanding, the current section aims tive esl

compare ASRnduced damage development (i.e., cracks generation and propagatiorgsbfaimedand

restrainecconcrete.

1 Unrestrainedconcretespecimens

As illustrated by the DRI charts (Figure 17A), there is no considerable diffee@moegst the various

damage features in distinct coring directiondoth slightly damaged (0.08%) and moderately damaged
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(0.15%) umestrainedconcrete These results attest that the distinct coring directions follow a similar
damage development (i.e., cka generation and propagation) than the one proposed by Sanchdiet. al.

for concrete under Afree ekiguad Accoodmg tc ®anctez etialdlh s o0 an
ASRi nduced cracks (fisharpodo and efietoped within thekaggnegates r a ¢ k
at low expansion levels (e.g., 0.05%); these cracks enhance in length and width with an increase in
expansion and start extending to the cement paste at moderate expansion levels (e.g., 0.12%). Finally, the
cracks reach theement paste completely at high expansion levels (e.g., 0.20%), linking to each other later

on, at very high levels of expansion (0.30%). In this work, damage features similar to those proposed by
Sanchezet.dl], i ncl udi ng A s h a rkiymesveere denfifiedrinialbconcret&speatitens.r a ¢
Figures18A and18B illustrate these two crack types, respectively at 0.15% of expansion. Figdresd

18D display open cracks in the aggregates (Oslightly extendng into the cement pastdong with open

cracks in the aggregates (OCA) with ASR products (i.e., ASR gel), respectively.

A) Sharp crack in urestrainedconcrete blocks (close  B) Onion skin crack in urestrainecconcrete blocks
and open cracks in aggregate

A "’r‘,‘ l/! q . 4 o A

D) Open crack in the aggregate with gel in

C) Open cracks in aggeregate run into cement pas unrestrainectoncrete block

68



Figure 18: Typical cracking features in theestrainecconcrete cylinders/blocks.

1 Restranedconcretespecimens

In the case afestrainedoncrete ASR-induced development (i.e., cracks generation and propagation) was
found to be considerably different fromrestraineadtoncrete (especially at moderate expansion levels) due

to the important asotropic effects taking place undestraintconditions.Figures 17B and C display the

DRI charts for 1D and 2D confined blocks, respectively. For slightly damaged concrete (e.g., 0.08%), ASR
induced cracks seem to have a similar patterastrainedand umestrainedlocks (i.e., majority of cracks

within the aggregates OCA, with some of them extending to the cement paste). This means that the
descriptive damage development model proposed by Sanchez et al. [1] might still be applied to slightly
damage concrete undesstraint Conversely, for moderately damaged corefét15% Figures 17B and

C), different damage features are observedesirainedconcrete (1D and 2D blocks), as follows: a)
different damage degrees are observed as per the different coring directions (i.e., anisotropic effect) as
thoroughly discussedithe section 6.2; b) a lower number of closed cracks in the aggregates and open
cracks in the reactive coarse aggregate particles (CCA andiCfdée and red charts from Figuté,
respectively) is found in thestrainedlocks; ¢) some nereactivefine aggregates start displaying opened
cracks (OCA sandwhite with red stripes chart, Figut®A) which is not observed in vestraineconcrete

and; d) a higher number of open cracks presenting ASR products (i.e., DGw@n chart, Figures9B

and 19C) is identified inrestrainedconcrete. These distress features were observed in all directions of
restraineds peci mens. Further more, both Asharpo and Aon

directions ofrestrainedconcrete (Figure$9D and19E, respectively, at 0.15% of expansion).

The above differences in distress features observessirainedconcrete emphasizes that A8Riuced
damage generation and propagation umdstraintdiffers from the model proposed I8anchez et dl]

under @pdmeieor&X conditions, especially from moder a
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microscopic results from Figure 17 seem to indicate that besides the previously rggm@ad0] and
currently identified ASR anisotropy, affected concrete unelsraint may develop important (and higher)
tensile stressasithin the aggregates, which could accelerate the process of increasing (in length) ASR pre
existing cracks, causing the observed reduction of open cracks in the reactive aggregate particies (OCA
red chart from Figure 17) along with the increase of cracks in the cement pasteo(@@@fe chart from

Figure 17). In other words, once ASR is triggered and cracks are initially developed at low expansion levels,
the stresses generated un@straintmayprimarily increase ASR previously generated cracks than creating
new ones in the system from moderate expansion levels. Moreover, these important tensile stresses
generated undenestraintmay even reduce the closed cracks in the aggregates {®G#& clart from

Figure 17), transforming then into fast tracks for open cracks in the aggregates (OCA) and developing
further cracks in the nereactive fine aggregate particles (OCA sand, white with red stripes chart from
Figure 17).This clearly suggests thdtea impact of ASR on the mechanical properties of affected concrete
might be different fronrestrainedand norrestrainedconcrete and should be thoroughly investigated in
future studies.

A) Open cracks in noireactive fine aggregate

B) Open crachvith gel in 1D blocks at 0.15%

.""f ‘f 2
1. Magnified sector
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D) Sharp cracks irestrainectoncrete blocks (close

crack in aqaregate E) Onion skin crack in aggregate (Open crack |n aggreg

ri 5

Figure 19:Typical cracking features itherestrainecdconcretes incorporating the varietyretraintconfigurations.
6.6.4 Evaluating ASR-induced damage development as a function of the depth &strained and

unrestrained concrete

The microscopic analyses conducted in this work enable the evaluation eéhd$fed deterioration as a
function of t hrestrdinkdand kmesirainddeopcrete. Figure20 illustrates the results
gathered from the20smmf anedepbdhisapds508rimpindépthd cor e
of all concrete blocks. Analyzing the plots, one
DRI number and thus damage than @i nmestraibedonorete s. Thi
blocks (as expected) due to ttestraintprovided by the reinforcement which in turn generates an-ASR
induced expansion and deterioration gradient betw
previously reported by otheesearcher$3]. However, the differences observed in this work between
"surface" and fAinnero cores for both confined and
since the typical variability amongst distinct operators while conducting thesiRbut 15%44]. Hence,

t he DRI numbers from fisurfacedo and Ainnero cores

fisurfaceo and Ainnero cores results is deemed thu
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To further understand the di foresgeyetdnmaaners defaiked fashiemn [ s u

(i.e., not as an average DRI value of cores extracted from distinct depths but as a function of the depth
itself), Figure21 displays a heating map (i.e., damage obtained from the numerotisduares evaluated
throughthe DRI on two consecutive corestracted from the 2D blocks in each direction). It is worth noting

that the damage numbers obtained per?fopm the heat map are classified as follows: 2285 (green

T negligible/low damage), 4.12600 (yellow i low/moderate damage), 60876 (orangel
moderate/high damage) and 7.8¥.85 (redi high/very high). Analyzing the heat maps from the three
directions (i.e., vertical, transverse and longitudinal), one observes some interesting points: a) the vertical
direction presents a much higher A8luced damage (i.e., represented by the amount of red and orange
lcn? squares), followed by the transverse and longitudinal direcfidose results, yet the transverse
deterioration is slightly higheras previouslyeported in past sections of this wakd; b) the first 50 mm

of the cores (i.e., concrete covefigure6C), experiences a higher damage degree when compared to the
other portions of the specimen. This indicates a higher amount of oratike surfacdue to theso-called
ASR-induced expansion gradient (i.e., lowestraintand higher alkali leachingtthe surfaceps verified

by [52].

A) Unrestrainedlocks B) 1D blocks
B Inner cores H Inner cores
m "Surface" cores m "Surface” cores
328 0.15% 388 : | O',l oY |
600 - 0.08% ' l ‘ = 600 1 0.08%
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Coring direction Coring direction
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C) 2D blocks

m Inner cores

m "Surface" cores
0.15%

\Y T L \Y T L
Coring direction

Figure 20 DRI number as a function of coring depth for specified coring direction and expansion level in concrete
blocks.
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Figure 21: Heat map of damage distribution for 2D concrete blocks in: A) vertical cores, B) transverse and C)
longitudinal.
6.6.5 Evaluating cracks orientation in unrestrained and restrained concrete
In reinforced concrete members affected by ASR, not only the overall deterioration (i.e., number of cracks)
matters but also the cracks orientation. The study of the cracks orientation has been performed in this

research through an image analysistermwhere the distinct crack features observed and identified in each
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1 cn? DRI grid (Figure 4 drawn on the surface of AS&fected cores were highlighted using a commercial
software. Two hundred squares were highlighted (one hundred squares pdwcoceres per direction)

and then attached to each other, so that 100 by 40@arescould be entirely evaluated. This procedure
was conducted on cores from therestrainedand restrainedblocks, for comparison purposes. As
previously reported in the literatuf8,25,52,53] the cracks observed in the cores extracted from the
unrestrainelock demonstrated mndom distribution; in other words, a common crack pattern described
as ficntagpc ki ngo, of t en di s p-affected drestameddshrestraisedfielll a ¢ e
members, was found on cores extracted from thestrainedblock regardless of their coring direction
(Figures22A). Conversely, a thorough analysis i@strainedlocks displaying 1D and 2D reinforcement
configurations demonstrated that R$duced cracks are predominantly oriented parallel to the
longitudinalreinforcements. Thisbservation has been made by a number of researchers in tiig3past
37]. Figures22B and C presents the crack patterns observed in the longitudinabasderse directions
(top view) andlongitudinal and vertical directions (side/longitudinal view) respectively redtrained
blocks displaying a 2D reinforcement configuratiBwaluating the crack orientations, one verifies that the
vast majority of creks are aligned parallel to the longitudinal reinforcement Barsh an observatiance
again confirms the fact that ASiRduced deterioration has been transferred from restrained to
unrestrained/less restrained areas. As previously sta8d the abrementioned information will require
further investigation of the changesmechanical properties and ultimately structural implications of-ASR
affected reinforced concretisplaying distinct reinforcement configurations agunction of induced

expansbn and deterioration.

A1 Unrestrainedlock (Top view)
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B 1 2D Confined block (Top view) Ci 2D Confined block (Side/Longitudinal view)

Figure 22: Typical ASRinduced crack orientation obtained through image analysis on extescted from:
A) Unrestrainedlock (Top view), B) 2D Confined block (Top view) and, C) 2D Confined block (Side/Longitudinal

view).

6.7

Conclusions

The purpose of this study was to microscopically appraise-i8&ed development in concrete blocks

displaying distinctrestraintconfigurations (i.e., none, 1D and 2D). The results obtained in this research

demonstrate thaiestraintaffects ASRinduceddevelopment (i.e., induced expansion and deterioration) of

affected concrete. The following conclusions can be drawn from the findings of this work:

1 ASR-induced expansion kinetics (i.e., expansion rate) and amplitude are influenced by the

1

s p e ¢c i meQ@oAcsete blockséstrainecaind umestrainedldisplayed slower expansion rate and
lower expansion amplitude as a function of time when compared to concrete cylinders. These
results indicate that thmoisture transfeis likely affected in larger specimemecreamg the rate

of ASR-induced developmenwithin the time periods (1 year) and expansion levels (0.15%)

evaluated in this research.

The higher theestraintdegree, the slower the expansion rate and the lower the expansion amplitude
as a functiorof time. Moreover, an investigation of A9Rduced expansion as per the different
directions/surfaces of the blocks (i.e., longitudinal top, longitudinal side and transverse)
demonstrated that ASR development (i.e., expansion and deteriorationjestaért displays an
anisotropic behaviour; i.e., induced expansion is transferred from restrained to unrestrained/less
restrained areaswhich emphasizes ¢hresults obtained in this research (i.e., transverse >

longitudinal top > longitudinal side).

The Damage Rating Index (DRI), as per its conventional and extended approaches, showed to be a

quite reliable and valuable tool for assessing condition of-Aféétted unestrainedrestrained
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concrete. Regardless of thestraintc onf i gur at i o mvera It da®ageudeggee .., an i
average of three distinct directions at a given expansion level) showed to be in accordance with the
range of wvalwues previously proposed for concre

9 Similar to the induced expansion, an importamtisotropic behaviour in terms of crack
development has also been observed for both 1D and 2D confined concrete blocks, where greater
damage features and DRI numb&eremore observeth the nonrestrainedlirectionsthan in the
directiors with confinemat restrictiors. Moreover, the higher theestraintdegree, the higher the
induced damage in the iastrainedlirections, while less deterioration is observed indéstrained
direction(s), especially for the 2D configuration.

1 Besides anisotropy, ASBffected concrete undemestraintdisplays a different induced crack
development (i.e., generation and propagation) when comparedetsirainedconcrete. Among
the differences, which start being visible from moderate expansion levels, one observes the
reducton of open cracks in the reactive aggregate particles (OCA) and the increase of cracks in the
cement paste (CCP) as a function of induced expansion. Furthermore, a slight decrease in the closed
cracks in the aggregates (CCA) along with the generatiopexi oracks in the nareactive fine
aggregate particles (OCA sand) are also observed weskeaint This clearly suggests that the
impact of ASR on the mechanical properties of affeptsttainecconcrete might be different from

unrestrainectoncrete and should be further investigated.

1 Image analyis on cores extracted framstrainecandurrestrainedlocks from distinct orientations
revealed that ASfhduced cracks imnrestrainecconcrete remain randomly distributed, whereas
they arepredominantly oriented parallel to the longitudinal reinforcembat for restrained
members The latter indicates that the mechanical performance and ultimately structural
implications of ASRaffected concrete bearing distinct reinforcement configurationktrdiéfer

from studies based uponnestrainedcconditions and should be further studied.
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SUPPLEMENTARY MATERIALS

Table4: Dataibr i ef for the Aoverall 0 anal ysi s
Concrete Features (Counts) CD (Counts/cm?2) Lmax (mm) W max (mm) DRI Number
Specimens  0.08% 0.15%  0.08%  0.15%  0.08%  0.15% 0.08% 0.15%  0.08%  0.15%
Ucnyﬁi‘;rgg’rgd 502.058805 559.9073 2.562609 4.7338 14 17 0.1 0.15 353.5809 568.216
U”&gg{(‘ged 442367862 558.2572 2.593212 4.8276 12.16667 17.5 0.1 0.15 339.8161 575.136
1D blocks

462.89119 512.8892 2.55615 5.046417 11.83333 16.66667 0.1 0.141667 368.731 579.5717
2D blocks 438.561526 508.4734 2.62715 5.097212 12 16.33333 0.1 0.158333 343.3996 574.7309
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Table5: Data in brief for the fianisotropico
Restratinment Core CD (Counts/cri) Lmax (mm) w max(mm) DRI Number

types orientation 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15%
Unconfined Vertical 2.58473 4.807931 12 17 0.1 0.15 337.199 573.1576
Blocks Tran_svgrse 2.680952 4.850195 12 18 0.1 0.15 341.1905 575.136
Longitudinal 2.513954 4.824674 12.5 17.5 0.1 0.15 341.0588 573.2605

Vertical 3.1242 6.18415 14.5 19 0.1 0.2 382.75 646.07

1D Block Transverse 3.01 6.022 13.5 17.5 0.1 0.15 366.55 613.92
Longitudinal 2.1951 4.4513 7.5 13.5 0.1 0.1 337.831 478.725
Vertical 3.085149 6.74978 16 20 0.1 0.225 401.2283 765.8121

2D Block Transverse  2.44575  4.14323 10.5 15 0.1 0.12 323.0195 485.488
Longitudinal  2.35055 3.775575 9.5 14 0.1 0.1 305.951 472.8925
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7. Eval uchifthlemmnmduced Mechani cAllk-80diti ecrai dRreaatcit
Af fected Concrete Under Di stinct Restra

Damage Test

Andisheh Zahedi, Cassandra Trottiér Leandro SanchézMartin Nc&d 4

Abstract

The Stiffness Damage Test (SDT), a mechanical and cyclic test procedure, has been successfully used to
appraise alkaisilica reaction (ASR) deterioratiamder unrestrained conditions. However, the effects of
restrainton ASRinduced mechanical damage bawot been fully investigated. This work aims to
understand the influence @fstrainton ASRdamage development through mechanical protocols (SDT and
compressive strength). Eighteen concrete blocks incorporating a highly reactive coarse aggokgate
dispaying distinct reinforcement configurationgre fabricated and monitored over time. Two expansion
levels were selected for analysis (0.08% and 0.15%) and once reached, cores were extracted from three
different directions (longitudinal, transverse andtieal) and the mechanical tests conducted on those.
Results show that the SDT is a reliable procedure to assess damage under restrained conditions. Moreover,
ASR-induced mechanical distress varies according to the coring directionesmdintconfiguraton.

Finally, microscopic analyses validate the mechanical responses obtained as per the distinct coring

orientations.

Keywords: Alkali-Silica Reaction (ASR), Mechanical properties, Stiffness Damage Test (SDT),

Expansion, Damage transf&estraint ASR-induced damage.

7.1 Introduction

Alkali-Silica Reaction (ASR), a chemical reaction between some unstable siliceous mineral phases within
coarse and/or fine aggregates and the alkali hydroxides (Na+, K}froid the concrete pore solution, is

the precursor of anof the most deleterious damage mechangetsriorating the structural integrity, and

shortening the service lifgf concrete infrastructure worldwid#]. ASR produces a reaction product (i.e.,
alkali-silica ge)), which leads to expansive pressure within the reactive aggregate particles and adjacent
cement paste upon water uptake from the surroundings; this induced expansion causes the loss in the
mat erial 6s physical i nt egrmdome cases, finctionalityeot dffected c a | / «
structureg2]. Over the past years, a number of test protocols and recommendations have been developed,
including avariety of laboratory test procedures (i.e., chemical, microscopic and mechamapfraise

thecurrent and predict the future condition of A&Rected concrete; i.e., to assess the cause and extent of

damage (diagnosis) and the potential for further deterioration (prognosis) ehfe&tfed concrete. These
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developments led to the implementatiorbetter management protocols and more suitable rehabilitation
strategies for ASRiffected concrete infrastructui®.

Among the promising tools proposed, the Stiffness Damage Test (SDT), a mechanical and cyclic test
procedure, was found to be quite suigab appraise ASBnduced expansion and deterioration in concrete

under unrestrained (i.e., free expansion) conditiéch does not reflect the real scenario of reinforced
concrete members in the figdi. Although few recent works have suggestedetiieiency of the SDT to

assess condition of affected concrete infrastruciBys 7], there is currently a |
information about the influence akstraint (e.g., reinforcement) on ASRduced physicochemical
development (i.e., kineticand induced expansion, damage development and mechanical response) and
ultimately on the SDT outcomes. Thus, this work aims to use the SDT to assess the condition of ASR
affected concrete blocks displaying distinct reinforcement configurationsn@ee 1D and 2D) and

expansion levelf.e., 0.08% and 0.15%).

7.2  Background
7.2.1 Influence of ASRinduced development on mechanical properties of concrete under free

expansion

Conventional Aisoundod concrete is known to have a
elasticity, yet a low tensile strength. However, the aforementioned mechanical properties may significantly
change over time whether concrete is affecieddmage mechanisn®,8i 12]. Therefore, understanding

the impact of deterioration mechanisms on the mechanical properties of affected concrete is crucial while

assessing condition of aging infrastruct[irg].

Research studies have shown a significagicgon of tensile strength (i.e., down to 65%) and modulus of
elasticity (i.e., down to 50%) at low/moderate expansion levels (i.e., from 0.05% to 0.12%)-affa&ed
concretd4]. Converselycompressive strength only becomes significantly affectadyat(i.e., 0.20%) or
very high (i.e., 0.30%) expansion levg’4,11,14] For instance, Esposito et. §l2] and Ono[15]
demonstrated that the reduction in compressive strength ofaff8&ted concrete can be as high as 40
60% at expansion levels highthan 0.30%Conversely, other studies reported a limited impact of ASR on
the compressive strength of affected concretd J&B this is attributed to the low reactivity of the

aggregates used in the concrete mixtures which could likely not genetatevaty of expansion [9].

The reduction of modulus of elasticity in AS#ected concrete is influenced by the stiffness of the
aggregate particles. ASR cracking is more likely to develop at the microscopic level within the aggregate
particles;thus, stifness reduction can be already obsemeldw expansion levels (i.e., 0.05%). Likewise,

a significant reduction in tensile strength is verified at early stages of(R&Rfrom 0.05% to 0.12%)
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since porous media such as concrete are dependent ondiemexiand importance (i.e., size) of cracks as

per fracture mechanics concepts. Thus, ist-ress c
induced cracks in affected concrete under tension, leading to crack propagation and eventualy]failure

On the other handhe mechanism of failure in compression is much more ductile, being characterized by

the failure of the fAcement pasted, where cracks a
at distinct locations, propagating to thelk cement paste and connecting to one another at later stages,
causing instability and ultimately failure of the systif@]. Thus, since ASfhduced cracks are initially

formed within the aggregate particles and only extend to the cement pastestadptey ASR development

causes a progressive compressive strength loss of affected cficrete
7.2.2 Influence ofrestraint on ASR-induced development and mechanical properties

Most of the existing studies on ASR were conducted using laboratory specimens unéi f r ee ex p an:¢
conditions[4,8,14} thus, limited research has been performed to understand the effects of confinement on
ASR-induced developmenSome studie$20,21] reported no or negligible ASRduced expansion in
confined/restrained directions; hence, no transfer of induced expansion and damage was observed to
directions with less or no confinemgB®,23]. However, as Multon and coworkégeli 26] observed, ASR

induced expansion decreaseshia confinement directigryielding transfer in unrestrained/less restrained
directions. The same observation has been reported by other resd@7&0F These conflicting results

may be attributed to various reasons, sagthe specimen size (i.e., specimen size effect), casting direction

and confinement configuratioffig].

It is commonly agreed that confinement helps to mitigate -AlRced expansion of affected concrete
[25,31 33]; as suchliaudat et al. [32] reportedan almost 80% reduction of induced expansion in the
restrained direction ofoncrete cubes (i.e., 150mm) asymmetrically confined. Thus, such an expansion
reduction in the direction of confinement might lead to an anisotropic development eind&ted
deteioration [34,35] According to Allard et. al[36], the higher the ASEhduced expansion, the higher

the degree of anisotropy in affected reinforced concrete. This confirms that the use of an average induced
expansion (i.e., average value from distincedions) observed in ASRffected concrete members with
nonruniformly distributed reinforcement configurations, boundary conditions, or sustained loading may not
be a suitable approach for analysis in some das88,37] Yet, theavailable literature othe impact of

anisotropy on ASRnduced expansion and mechanical degradation is currently fairly limited.

Although limited, some&vorks have addressed the effect of confinement on-h8&ced development and
the reduction of mechanical properties sucbamspressive strengifi,24,34,3840]. Some of these studies

[40] observed little to no difference in the compressive strength of cores extracted perpendicular and/or
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parallel to the main confinement direction of A@Rected concrete. Conversely, otherseénaeported
significant differenced7,24,38,39] i.e., cores extracted perpendicular to the mastraintdirection
demonstrated significantly lower compressive strength than those cored parallel to the main reinforcing
bars, with differences in the ramgf 7-35%](7,24,38,39] Moreover, it has been verified by some authors

that the modulus of elasticity is more sensitive taés¢raintratio and configuration, and crack orientation

than the compressive strend84]. Joned41] observed that the modudwf elasticity of cores extracted
perpendicular to the manastraintdirection was significantly lower than those cored parallel ®uth an
observatiorcan be due to the presence of higher amount of ASR cracks in cores extracted perpendicular to
themainrestrainf42i 44]. Likewise, Gautam et dl34], after conducting research on the effect of distinct
stressconfigurations (none, uniaxial, biaxial and triaxial) on the mechanical degradation of ASR affected
concrete, observed that concrete members under triaxial conditions display lower mechanical degradation

than all the othestressconfigurations.

Few worls have been conducted on the impacestrainton thedistinct ASR petrographic distress features

and crack orientation of reinforced memb38i 40]. Barbosa et.a[38] noticed various crack patterns

and orientations on distinct concrete cores exdhétom affected structures; in this work, cores were
retrieved from bridge slabs in distinct directions (i.e., vertically and horizontally), whereirsiaBRed

cracks perpendicular to loadimgere observed in vertically cored specimdrgiire 1A while anetwork

of cracks parallel to loading was noticed in the horizontally cored specifignsg 1B. Accordingly,

cores extracted from distinct directions of affected concrete behave quite differently during compressive
strength testss ever al flaskp hré geherated) @erpendicular to the At®iRiced cracks over
loading in vertically cored specimeng-igure 1A ) , wihnndlei nied shear o cracks
retrieved horizontallyFigure 1B).Hence, it is expected that cores extracted from A8&cted structures

in distinct directions and displaying different cracks patterns and orientations present distinct mechanical

responses.
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A)

Before loading After loading

B)

Figurel: Distinct cracking orientation on A) vertically extracted core and B) horizontally extractetiadng ASR
induced cracks before loading (black arrows) and after loading (dashed red §@8jWREproduced with permission
of Elsevier)

Although limited yet important results on the effects of confinement/restrainment oimd8éed damage
developmenar e di spl ayed in the I|literature, to the aut
guantitatively and systematically assessing this impact on concrete members displaying distinct
reinforcement ratios and configurations, and presenting diffeemagde degrees (i.e., induced expansion

levels).

7.2.3 Mechanical tools to assess damage of ASHected concrete

7.2.3.1.Tensile, compressive and shear strength tests

Tensile and especially compressive strength tests are mainly used for design purposes of concrete members,
as well as for the condition assessment of affected concrete. It has been observed that tensile strength is
significantly affected by ASI4,11]; however, depending on the test procedure implemented, ASR impact

on tensile strength may be completely different. Among the methods used to evaluate tensile strength of
ASR-affected concrete, the direct tensile strength, the splitting tensile strength gad firessure tension

tests are the most used. All of them display some strengths and drawbacks. Studies-affe@&R

concrete involving direct tensile strength tests are fairly limited; such a test setup is expensive and
susceptible to some challengeach as elimination of load eccentricity, streBsin noruniform
distribution along with stress concentrations at the specimen ends that may lead to prematyde fablire
Conversely, the splitting tensile strength is a much simpler, easier tonimmieand nowexpensive

procedure; whildhe majority of authors agreethath e t est out comes of the spl
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tensile strength values and may not accurately re
[11,46] Moreover since a failure plane of the tested specimen is selected in the procedure, the test may
become less diagnostic to appraise AB&Riced damage, besides enhancing variability amongst
companion samplgd7]. The gas pressure tension is a relatively newnigale which aims to measure the
Apureodo or Atrueodo tensile strength of concrete. It
due to ASR, especially at low to moderate expansion I§delslowever, the gas pressure test seems to be

unable ¢ identify ASRimpact on the tensile response of affected concrete for expansion levels above and

beyond moderate degreds.

Compressive strength is known to be much less influenced by ASR than tensile §é¢Engtigeneral,
compressive strength igen as a technique to appraise the actual state and residual capacity of affected
concrete rather than a diagnostic protocol to evaluate-iA@ited deterioration over time. On the other

hand, it has been found that the evaluation of shear strengtha(peoperty governed by tension and
compression forces) might be a diagnostic approach to assestndg&Red development in concrete.
Various test protocols have been proposed over the years to appraise the direct shear capacity and shear
friction of reinfarced and unreinforced concrete; among those, the direct shear test proposed by De Souza
et. al.[47] showed promising results to capture ABRhduc ed da magpep amdiean ol fa eredi
Further analysis is still required to evaluate the impact ofimemfent/restraint on the direct shear results

as well as its efficiency to assess condition of affected concrete structures. If on the one hand the
aforementioned mechanical test procedures display some shortcomings or require further analysis, on the
othe hand, the Stiffness Damage Test (SDT) has been shown as an efficient technigue to assess condition
of ASR-affected concretpt,48].

7.2.3.2. Stiffness Damage Test (SDT)
The Stiffness Damage Test (SDT) is a mechanical and cyclic test procedure used to asiiessafond
concrete affected bpternal swelling reaction (ISR) mechanis(esy., ASR)4,48]. TheSDT was initially
developed by Walshvho observed ayood correlation between the crack densityd the cycles of
loading/unloading (i.e., stress/strain redaship) of rock specimeng49]; Crouch then adapted this
procedure for concrete specimens in 1f8}. The test procedure, which is based upon five compression
cycles of concrete specimens (cylinders or cores), was initially performed using¢pgxisdof 5.5 Chrisp
et. al.[51,52) or 10 MPa §maoui et. al[53]), at the loading rate of 0.10 MPa/f©ieTmodulus of elasticity,
dissipated energy (hysteresis area), plastic deformation (plastic strain) and-timeaoty index (NLI; the
ratio of seant modulus at half of the maximum load and the secant modulus at the peak load) of the first
and/or over the four last cycles were the selected outcomes of tf#3t84{ Later, Sanchez et §48,54]

optimized the test procedure following ardepthstudy using a wide variety of reactive aggregate types
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and concrete mixture proportions. Sanchez ¢48]54]proposed that the SDT should be performed using

a percentage (40%) of the ultimate capacity (compressive strength) of the concrete undsriastaiyd

of a fixed load; moreover, the authors suggested using indices as outcomes of the test procedure, namely
the Stiffness Damage Index (SDI) and Plastic Deformation Index (PDI) to increase the diagnostic character
of the test. The SDI and PDI repent, respectively, the ratio of dissipated energy to total energy, and
plastic deformation to total deformation in the system (i.e., SI/ (SI+Sll) and DI / (DI+DIl) over the five
cycles as presented [#48,54,55]andFigure2; where Sl is the irreversibldeformation energy, Sll is the
elastic deformation energy, and DI and DIl represent the plastic deformation and elastic deformation,
respectively, over the loadingnloading process). Moreover, the modulus of elasticity (average secant
modulus of the ? and 3 cycles) along with the NLI (Sec 1/Sec 2 in the first cycle and the average
Secl/Sec?2 value of the last four cydldsgure 2) as proposed Bhrisp et al[51,52]were also considered
efficient SDT outcomes for determining the damage extent aedtation (i.e., NLI is greater/lower than

unity for cracks oriented perpendicular/parallel to loading) respectively, in affected concrete. Altheugh,
SDT has been showvio be quite suitable to appraise A8Rluced expansion and deterioration in coreret
under unrestrained (i.e., free expansion) condifidhe effect ofrestrainton mechanical properties

reductions and SDT outcomes remains mostly unknown.

Sec1
Sec 2
40% | _ _ _ _ _ _ __ /_ //
% SDI: SI /(SI + SII)
z I Stiffness Damage Index
20% f ' PDI: DI /(DI + DII)
I Plastic deformation index
|
|
[

|

Figure 2: Calculation of the stiffness damage index (SDI) and Plastic Deformation (PO{REEiduced with
permission of Elsevier)

7.3  Research significance

As stated in the previous sections, there is a need for improving the current knowledge along with
developing @horoughunderstanding of the effect mdstrainton ASRinduced expansion and mechanical
deterioration of affected concret&herefore,concrete blockdgncorporating a highly reactive coarse
aggregate and displaying distinct reinforcement configurationsnaee, 1D and 2D) were fabricated in

the laloratory, stored in conditions enabling A8Rluced development (i.e., 38 °C and 100% R.H.) and
monitored over time. At distinaxpansion level§.e., 0.08% and 0.15%) the blocks were cored in three

directions (i.e., longitudinal, transverse, and ver}iaald mechanical test procedures (i.e., SDT, modulus
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of elasticity and compressive strength) were conducted on each of those. Finally, compariserextent
of mechanical damage (i.e., physical integrity and mechanical properties reducticestyasfed versus
unrestrainec oncr et e are performed. It is worth noting

as any restraint provided by the reinforcement bars to-ild8&ced development in a given direction.

7.4  Experimental investigation

7.4.1 Concrete ingredients and mix design

Eighteen concrete blocks displaying a prismatic geometry (i.e., 450 by 450 by 67%-igumne 3) were
fabricated in the laboratory using a concrete mixture with a design compressive strength of 35 MPa. This
prismatic geometry was selectdubcause 1) concrete blocks presentsiqiilar geometry were
manufactured in past researcle8], and 2) it allowed the extraction of a reasonable number of cores per
specimen per direction without being excessively largedifficult to maneuver. A highly reactive coarse
aggregate (i.e., SpringhillSP) was used in combination with a reactive fine aggregate (Ottawa natural
sand- Ot) for concrete fabrication. Tableprovides information on the different aggregatesduis this

study. A conventional CSA Type GU (i.e., ASTM type 1) high al@&B8% NaO.g) Portland cement was
selected for this research; moreover, reagent grade NaOH was used to raise the total alkali content of the
cement to 1.25% NB®.q (by mass), to accelerate ASRduced expansion. The mproportion selected for

this study is based on the Concrete Prism Test (CPT) standard mixture proportion as per ASTM C 1293
[57] and presented in Tabk

Table 1. Aggregate properties selected fis study.

Aggregate Specific Absorption AMBT 214
— - Rock type gravity o days expansion
Type Reactivity Location Name (glcr?) (%) (%)
Coarse Reactive NeW Sp Crushed 2.72 0.602 0.69
Brunswick greywacke
Fine o™ Ottawa ot Natural, derived 5o 1.18 0.07
reactive granite

a) Typical expansion of ASTM C 1260.

Table 2: Concrete mixture proportion.

Materials Quantities in the mix (kg/nr)
Cement 420
Fine aggregate (Ot) 681
Coarse aggregate (Sp, 1044
Water 176

7.4.2 Concrete specimens manufacturing

To investigate the effect akstrainton ASRinduced expansion and mechanical properties of concrete,

distinct concreteestraintconditions were selected for this study: 1)astrainedblocks, 2) 1D confined
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blocks and, 3) 2D confined blockBigures3 and 4).For the confined blocks, a réorcement ratio of 2%

was selected, which is representative of a moderately high level of internal restraint in typical reinforced
concrete members. For reference, several standards and design codes specify a minimum reinforcement
ratio in slabs of 0.2%ral a maximum practical limit in columns of 4% (e.g., CSA AZ88]). Relatively

large steel reinforcing bars with a nominal diameter of 35 mm (35M) were used as reinforcement in the 1D
and 2D confined blocks in order to achieve the desired reinforceatenthile ensuring sufficient space
between bars to allow for concrete core extraction. It is worth noting that, in the case of 2D confined blocks,
longitudinal and transverse steel reinforcing bars were professionally welded together to facilitate the
construction (Figure4B). Moreover, in the case oéstrainedconcrete, the concrete cover and spacing
between the top and bottom reinforcing bars, as well as spacing between transverse steel reinforcing bars
(in the case of 2D concrete blocks) were 50 m#0,@m and 230 mm, respectivehidure 3C andA and

B). The spacing othe reinforcement used in this study is not considered excessive when compared to that
of real concrete structures as per CSA A23.358) (i.e., the max reinforcement spacing in dlwaslab

is three times of the slab thickness or 500-mhichever is smaller; e.g., a 100 mm thick slab has a max
spacing of 300 mm while a 200 mm slab has a max spacing of 500Aftar)24 hours, all blocks were
demoulded and moist curetl20C for over 24 hours. Stainless steel gauges were then glued in place with

a fastsetting slurry for longitudinal expansion measurements following the drilling of four small holes (i.e.,

10 mm in diameter by 55 mm long) in the three main sides of the blocks:(&dape5A-points 1 and 2),

b) longitudinal Figure5A- points 3 and 4) and c) transverség(re5A-points 5 and 6).

Figure 3: Concrete blocks presenting: Ayestrainecconcrete block, B) 1D confined concrete block, C) 2D
confined concrete blocénd, D) environmental chamber with°88and 100% RH.
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B) = .

Figure 4:Restraintorientations: A) 1D )confinement and, B) 2D confinement.
For comparison purposes, 20 concrete cylinded0 mm by 200 mm were also fabricated incorporating

the same highly reactive aggregate and using the same mixture proportion as the concrete blocks. The
cylindrical specimens were demoulded after 24 hours and moist curetCato?@4 hours. Stainlesseel

gauge studs were glued in place with a fast setting cement slurry in small holes of 8.5 mm in diameter by
19 mm in length drilled in both ends of each concrete cylinder for periodic longitudinal expansion
measurement. he A 00 | e n gt Ken after 48tife.ntwyosdaysvfeom eastings follows: a) in

the case of concrete blocks, top longitudinal, side longitudinal and transverse expansion measurements as
per Figure 5A an®B , and b) Il ongitudinal ex pansAlancreiee as ur e
blocks were subsequently placedaimenvironmental chamber enabling ASR development (i.2C, 88d

100% RH) The concrete cylinders westored insealed plastic (22 liters) buckets lined with damp cloth
(FigurebC and 50 and placed in theame conditions as the concrete kfdll specimens (i.e., cylinders

and blocks) were regularly monitored over time and were stored at 23°C for 16 + 4 hours prior to periodic
expansion measurements as per ASTM C 18%9B Upon reachinghe selected gransion levels for this

research (i.e., 0.08% and 0.15% concrete cylinders and blocks were removed from the environmental
chamber for mechanical testing. Following their removal, three blocks from each disttictint
configurationper expansion levabere cored t@roduce seven cores of 100 mm by 450 riigyre 6D)

from the vertical Figure6A) and the transversé&igure6B) directions as well as four 100 mm by 675 mm

cores in the longitudinaFHgure6C) direction.Afterward, allspecimens were wrapped in plastic film and

stored at 12°C (since not all specimens could be tested at the same time due to testing capacity issues) to

stop further ASRnduced development as per Sanchez ¢épprior to testing.

A)

Figure5: A) Gauge stdsborientation for blocks, B) expansion measurements on distinct direction of concrete blocks
with a micrometer, C) sealed bucket arrangement for thé 88d 100% RH test and, D) affected concrete cylinder.
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Figure 6: Qualitative sketch of the cores madted from 2D Blocks: A) top view (vertical), B) longer side view
(transverse), C) shorter side view (longitudinal) and D) cores of 100 mm by 450 mm.

7.4.3 Experimental procedures

The mechanical testing was conducted in two different, yet related ways in this work. First, the mechanical
results were averaged from the three coring directions/orientations (i.e., longitudinal, transverse and
vertical) to evaluate the impact of trestainton t he HAover al | -afleetéddlocksqire.at i on o
Results sectignSecond, the mechanical properties were appraised as per the coring direction to assess and

guantify ASR anisotropic behaviour as a function ofrstraintconfiguration(i.e., Discussion sectign
7.4.3.1. Stiffness Damage Test (SDT)

Three specimens from distinct coring directions per set of concrete blocks (i.e., vertical, longitudinal and
transverse; total of 9 specimens per distinct directions per expansion level) as wedleasoticrete

cylinders displaying the same expansion levels were subjected to five cycles of loading/unloading at the
controlled loading rate of 0.10 MPa/s. Prior to conducting the SDT, all specimens were reconditioned in

the moist curing room for48h (dmd i ng t he samples rewetting and th
according to CSA23:24C[59], and as per Sanchez et al. wgd®]. Moreover, both ends of all concrete
specimens (cylinders and cores) were mechanically ground to generate appiitginats of the

speci mends end surfaces for me ¢ h-@Q[60f dHe SDTewsad s i n
performed then following the procedure proposed by Sanchez[d8,8U] i.e., loading up to 40% of the

28-day concrete strength of the sjpeens tested.
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7.4.3.2. Compressive Strength

In this research, the compressive strength was measured using two distinct approaches with different and
specific goals. First, the 28ay compressive strength of the mixture used to manufacture both the blocks

and cylinders was determined on control saspConsidering that the concrete mixture contained a highly
reactive coarse aggregate, one could not follow ASTM (639 since some ASR might have been
generated while moist curing. Thus, in order to avoid A8Riced development, the control specimens

were wrapped in plastic film upon demoulding and placed at 12°C for 47 days as per Sanchég]et al.

which is equivalent to 28 days at 20°C according to the maturity concept (i.e., ASTM (62074 his

approach has proven to be effective to supph&d? development in the laboratdd8]. The fdAequi val
28-day compressive strength collected from this procedure was then used to determine the SDT loading
level (i.e., 40% of this value). Second, compressive strength measurements were also condhbeted on
concrete cylinders/cores following the SDT to verify the compressive strength losses of the material as a
function of ASRinduced development. The SDT using 40% of thel@3 compressive strength has been

found to be nordestructive by Sanchez et [8]; thus mechanical results such as compressive strength
obtained following the SDT are considered vgd@]. Finally, the compressive strength losses were
calculated in this work (for both cylinders and cores) as the difference between the resulesiaiftar

the SDT (for distinct expansion levelgstraintc ondi t i ons, and directayons) a

values obtained on control samples.

7.5 Results
7.5.1 ASR kinetics and development

Figure 7 presents the average induced expansjpes aerage value of four consecutive measurements

per specimen per direction over time with standard deviations ranging from 0.02% to 0.06%) as a function
of time for the various directions of the ASffected oncrete blocks incorporating different reinforcement
configurations. Figur@A also displays the average longitudinal expansions of concrete cylinders (standard
deviation of about 0.03%). Analyzing the plots, one notices that all concrete blocks andreyhade able

to reach the given expansion levels selected for this work (i.e., 0.08% and 0.15%). However, the rate of
expansion of the concrete cylinders was significantly faster than the blocks, regardless of the reinforcement
condition (i.e., none, 1Dmd 2D). Moreover, all concrete blocks presented some amount of shrinkage at the
beginning of ASRinduced development. It took 35, 75, and 105 days on average for réstraimed

concrete blocks, 1D concrete blocks and 2D concrete blocks, respectivelyover from shrinkage.

Generally, the expansion curves of theastrainedblocks (FigurerA) are almost identical regardless of

the direction, where 0.15% expansion was achieved at 175, 190, and 212 days on transverse, longitudinal
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top and longitudinaside directions, respectively. Otherwise, as Figsnd 7C illustrate, the 1D and

2D confined blocks displayed a much slower AiBBuced expansion development than theestmained

blocks, where 0.15% expansion was achieved after 190, 212 and 258y ddy®locks and 235, 275, and

340 days by 2D blocks on transverse, longitudinal top and longitudinal side, respeCtoralyaring the
reached expansion levels for the concrete blocks at a given ttimejmestrainedconcrete blocks
demonstrate a signdfantly faster and higher expansion level than the confined blocks, which establishes
the effect ofestrainton ASRinduced development since the higher the reinforcement level, the slower the
expansion rate and the lower the ultimate expansion for the siame period. As such, averaging all
directions, it was found that the neistrainedlocks reached (on average) a maximum expansior2@Po

at 340 days followed by 1D and 2D concrete blocks which achieved the expansion levels of 0.23% and
0.18% (on aveige) at the same time peridgimilarly, this behaviour has previously been observed in the
literature[24,32,63Jandc onf i r ms t hat the relative expansion | ev
are influenced by theestraintdirection (i.e., tragverse > longitudinal top > longitudinal side) along with
reinforcement configuration and geometric featureaddition, the 100 mm by 200 mm concrete cylinders
presented faster ASR kinetics and a higher ultimate expansion than all of the concreterdmtitsg

0.15% within 70 days on average (Figure.

It is worth noting that for the sake of further me
of a given damage degree was assumed to be the one from the longitudinal side oretk ddocks (as

Figure 5Apoints 3 and 4), which represents the lowest expansion level among all surfaces since this
direction is parallel to the main reinforcement and is not (or at least less) influenced by local effects

[24,30,37](i.e., the top dryig/wetting cycles, differential restriction between bottom and top surfaces).
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Figure 7: ASR kinetics (expansion vs. time) for the 35 MPa concrete mixtures at vagtastconfigurations: A)
unrestrainectylinders and blocks, B) 1D and C) 2D.

7.5.2 Stiffness Damage Test (SDT)

The results presented in this section are the average values obtained on all nine core specimens from each

of the ASRaffected blocks (i.e., regardless of the coring direction) and three concrete cylinders at each

expansion levdgested (including the control samples, showing no deterioration). Evaluating the data, one

observes that the higher the A8RIuced expansion level, the higher the SDI and PDI indices and the lower

is the modulus of elasticity (ME), as expected, for lmgtmders and concrete blocks. As such, SDI values

(standard deviations presented in the plot) of tmesirainedndrestrainedoncrete blocks showed similar

results (i.e., about 0.1&igure8A) at 0.08% expansion, while at 0.15% of expansion, thestrainedand

1D confined blocks displayed an SDI of 0.27 and the 2D confined blocks exhibited a slightly lower SDI of

0.25. Likewise, similar results were obtained for the concrete cylinders, where SDI values of 0.18 and 0.26

were found for 0.08% and 0.%bof expansion, respectively. It is worth noting that the control specimens

(i.e., undamaged concrete) demonstrated an initial SDT value of 0.12.

Figure 8B illustrates the PDI values (standard deviations added to the plot) gathered from cylinders and
concete blocks with distinctestraintconfigurations at low and moderate expansion levels. At 0.08%
expansion, the cylinders andrastrainedlocks displayed a PDI of 0.13, while the 1D and 2D confined
blocks exhibited a PDI of 0.15. At 0.15% expansionyéselts obtained were quite close for all specimens,
where the cylinders, westrainecand 1D confined blocks yielded a PDI of 0.24 whereas the 2D confined

block presented a PDI of 0.23. The initial PDI for the control/sound samples was 0.08.
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Figure8C displays the modulus of elasticity (Mihcluding their standard deviations) for all specimens

and expansion levels studied in this work. Analyzing the data, one notices that an initial ME of 30 GPa has
been obtained for the undamaged/sound samples; tliatreasing trend is observed for all specimens,
where 25 GPa results were gathered from cylinders ametainedlocks at 0.08% of expansion, while

24 GPa was attained for the 1D and 2 D confined blocks at the same expansion level. At 0.15% of expansion
all specimens yielded an ME of 19 GPa, attesting an important lessening in modulus of elasticity due to
ASR-induced development. In order to improve the understanding and visualization of the ASR impact on
the ME of affected concrete, Figu8® presentshe modulus of elasticity reductions (with their standard
deviations) of all ASRaffected concrete specimens (cylinders and blocks, in %) at low and moderate
expansion levels. At 0.08% of expansion, the cylinders amdstrainedconcrete blocks presented
reduction of 17% while the 1D and 2D concrete blocks show an ME reduction of 20%. At 0.15% of
expansion, all specimens (cylinders and blocks) displayed a 36% ME loss. Finally, comparing the SDT
outcomes above discussed (i.e., SDI, PDI, ME and ME redustip |, one notices that t !
(i.e., disregarding the coring direction) is quite similar for all specimens evaluated (i.e., cylinders and
blocks) at a given induced expansion level, regardless ofréstinintconfiguration.The data in briecan

be found in Table 9 of the supplementary materials section.
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7.5.3 Compressive Strength

The compressive strength results as a function of-ti8Rced expansion are displayed in Fighte As

for the SDT, this section presents the Aoverallod
values obtained on all nine core specimémm each of the ASRffected blocks with their standard
deviations- regardless of the coring direction) and three concrete cylinders at each expansion level tested
(including the control samples, bearing no previous deterioration). Analyzing theodatapserves a
decreasing trend in compressive strength as a function ofiddRed development. However, this
reduction is less important than the loss in modulus of elasticity, as expected. The compressive strength
obtained in the control/sound sampleas 35 MPa; at 0.08% of expansion, all specimens yielded the
compressive strength value of 31 MPa, while 28 MPa and 29 MPa have been gathered for the cylinders and
block specimens at 0.15% of expansion, respectively.

Figure9B illustrates the compressig&rength reductions (%) of all concrete specimens (standard deviations
added to the plot) as a function of the expansion. All the specimens (cylinders and blocks) displayed 11%
loss in compressive strength at 0.08% of expansion, while the cylinders pdeaertuction of 20% and

the unmestrained 1D and 2D blocks displayed 17% loss in compression at 0.15% of expansion. Lastly,
similar to the SDT results, the fioverall 6 damage
compressive strengtloif all specimens appraised (i.e., distinct reinforcement configurations) was quite
similar at a given induced expansion levide data in brief can be found in Table 4 of the supplementary

materials section.
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7.6  Discussion

7.6.1 Effect of restraint on the kinetics and magnitude of ASRnduced expansions

As Figure7A illustrates, a significant difference was observed between concrete cylinders and concrete
blocks with respet to ASR kinetics. The concrete cylinders presented considerably higher expansion levels
as a function of time than all blocks, possibly due to the influence of size on moisture tfa#gfer

therefore, significantly higher (and faster) expansion lewele observed when compared to the blocks.

On the other hand, comparing the achieved expansion level of distinct surfacesstfaimedconcrete

blocks (FigurerA), one notices that almost an identical expansion level attained by various surfaces of the
latter with the side longitudinal having a slightly lower expansion level when compared to the other two
surfaces. This slightly lower induced expansion may béatéd to boundary24,30] and local friction

[65] conditions at the base of the blocks, which may provide a higher restraint against expansion in the
longitudinal direction. However, the expansion levels attained on the distinct surfacesredtthmed

blocks demonstrate the presence of an anisotropic behaviour,-tha $ol e d it er xapnasnf sei r oon, w h
ASR-induced expansion transfers fraastrainedo urrestrainedessrestraineddirections. Thereforeghe
transverse surface yields a higheduced expansion, followed by the top surface and then the side
longitudinal (Figure 7B and 7C). Moreover, even though the 2D blocks present the same reinforcement
ratio in the longitudinal and transverse directions (i.e., 2%), the reinforcement candigisalifferent in

these two directions (i.e., 2 bars of 35 mm in the longitudinal direction with 280 mm spacing and 3 bars of
35 mm in the transverse direction with 230 mm spacing in each plane tapeand bottom for a total of

4 or 6 bars per cegsection, respectively). This difference as well as geometric features (i.e., longer size
and thus friction per unit width for the longitudinal direction) could be among the causes of the higher
expansion obtained for the transverse faces in the 2D $l@ck such, although the side longitudinal

direction of 1D confinement (i.ergstraineddirection) reached 0.15% of expansion at 255 days, the
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transverse and top longitudinal directions (i.ergstrainedessrestrainedlirections) displayed 0.21% and

0.17% of expansion at the same time period, respectively. Likewise, while the side longitudinal surface of
2D concrete blocks achieved 0.15% after 340 days, the top longitudinal and the transverse reached 0.18%
and 0.22% respectively at the same period.aldmve results confirm thtte anisotropic behavior observed

in the blocks is more pronounced witie increase of reinforcement, which results in higher expansion

scattering amongst distinct directions.

7.6.2 Understanding the influence of ASR deteriorationort he fAoverall 06 mechanica

unrestrained/restrained concretes

The experimental campaign performed in this study contributes to a better understanding of the effect of
ASR-induced expansion and deterioration on the mechanical properntes@inedconcrete. As the SDT

(i.e., SDI, PDI, and ME) and compressive strength outcomes display (Bguré 9, respectively), all
concrete specimens, demonstrate a roughly simila
evaluated) mechanichkehaviour where higher SDI, PDI and lower ME and compressive strength values

are observed with increasing induced exgstamedi on. A
concrete, one sees that they follow the same trend as proposed by Sanehd4] while evaluating
concrete specimens under R)f Saeckez at.alg] promsed anahartofon di t i
values composed of data envelopes with confidence level of 95%, after studying 20 different concrete
mixtures presenting sliinct mechanical properties (i.e., 25, 35 and 45 MPa) and incorporating 13 different
reactive aggregate lithotypes, to classify the damage degree (mechanical and microscopiedftd &&iR

concrete. It has been verified that ABRluced mechanical deteration measured through the SDT

outcomes follows a similar trend regardless of the concrete strength and reactive aggregate lithotype used;
hence, the SDT outcomes correlate quite well with A8Riced expansion and deterioration (i.e., physical

integrity and stiffness reductiorff]. The above indicates that, although the chart values developed by
Sanchez et aJ4] has been initially generated using concrete specimens under free expansion conditions, it
can also be wused t o acplpeteadration (i.¢., rawrage oesuis frarh thedthreme ¢ h a
orthogonal orientations) of affectedstrainedconcrete. In other words, ASRduced damage does not

seem to significantly change the HAoveralind mecha
restraintconditions, although differences in mechanical properties as per the distinct directions were indeed

observed and will be discussed in the next sections.

In order to assess the statistical validity and significance of the results obtameghtthe SDT (i.e., SDI,
PDI and ME) and compressive strengthwa-way analysis of variance (ANOVA) with a confidence level
of 95% was performed as a function of ABRnduced expansion on the fAover

study. As per Table 4, tf&DT outcomes (i.e., SDI, PDI and ME) are statistically significant for all concrete
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speci mens appraised, since al/l the AF valueso are
than 0.05. However, the results obtained through the compressergth test were not considered
statistically significant towards-tASR 0denaes| cpmartc
check the significance of the foverall o compressi
studied (0.08%and 0.15%) by comparing with those gathered from sound concrete specimens (Table 5).
Evaluating the results, one sees that the compressive strength results are not significantexip@fsiomn

butare indeed statistically significant at 0. 15 %.
to assess the HfAover al |IréstranedantrastrainedadR-affbaed spedmens.at i on
Conversely, the compressive strength test seeims only effective to appraise the degree of ASRiced

deterioration at moderate expansion levels (i.e., 0.15%) as previously observed by Sanchez et al. [4],

regardless of the restrainment condition.

The current results disagree with the recent figglireported by Sgrgaard et. [@]}, where the SDT was

found a somewhat unreliable/incomplete tool to appraise the damage degree-affé&3€ concrete

under restrained conditions. Nevertheless, as Figure 7 illustratesinf8éed expansion is significty

affected by theestrainiconfiguration where the higher thestraint the slower the induced expansion (i.e.,

lower expansion rate) and the lower the expansion amplitude at a given time period. In addition, the results
presented in Figure 7 alongtiithe ones available in the literature as per Gautam @4aland Multon

et. al.[24i26]i ndi cat e t hat i e X p an s irestrainetta thennenflessesiraineda k e s p
directions (i.e., distinct measured expansions from different directibhejefore, a comprehensive study

on ASR anisotropy is required to fully understand the effeotstfainton the mechanical degradation of

ASR-affected reinforced concrete.
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Table 3: Classification of the damage degree in concrete due to ASRe@roduced with permission of Elsevier)

Classificati Assessment of ASR.
assification Reference Conventional Concrete [4] - unconfined concrete blocks 1D concrete blocks 2D concrete blocks
of ASR expansion E i
d Xpansion
dzgzge level (%) [4] 1\“(50/1‘)’55 Cf'o/k;“ SDI  level fiom M](:;/l‘)’ss C?‘;‘;SS SDI 1\’%/1‘)’55 C?;‘;SS SDI ND(EO);’SS C?;‘;ss SDI
> 0 () thls StL],dy L 0 () 0 () 0
Negligible 0.00-0.03 - - 0.06-0.16
Marginal 0.04 +0.01 5-37 1015 0.11-025  0.08% 15 13 017 19 12 0.18 19 125 018
Moderate 0.11£001  20-50 0-20  0.15-031  0.15% 35 185 026 36 18 0.26 36 175 025
High 020£001  35-60 1325 0.19-032
Very high 030001 4067 20-35 022036
Table4:Twev ar i abl e ANOVA on the @over 8Dl|POI andevE hsanveli as @I) fortalecencretenspecimens af this study( SD T
ANOVA analysis SDI PDI ME CS
. Cs-
Specimens L?fqd Expansion (%) SDI-F S]?I. F>Fcritic SDLP o P<a PDI-F P]:_).I. F>Feritic PDLP P<a  ME-F ME F>Fcritic E_P @ P<o CS-F Fcrit F>Feritic cs_p o P<a
type (%) Feritic value Feritic value Fcritic value ic value
Cylinders 40 0.08%-0.15% 92.11  7.71 v 0.0006 005 v 11248 7.71 V' 0000424 005 7198 771 v ooot041005 /221 771 X 00710 005 X
U";l";i;‘e'i 10 008%015% 7766 475 Y 756E-11005 v noes 475 ¥ a2sesr000s ¥ oorun ans 4 2uen00s Vo254 47 X 0.061 005 X
1D blocks 40 0.08%-0.15% 38.66  4.75 v 1.08E-14 0.05 i 7452 475 4 5.12E-15 0.05 v/ 5355 475 9.14E-13 0.05 v 406 475 X 0.063 005 X
2D blocks 40 0.08%-0.15% 49.85  4.75 V22710005 V523 47 V' 3E12 005 V4655 475 37E-12 005 V443 475 X 0.054 005 X
Table5:iTest anal ysi s on t hreegthfiesultseof ad dohciiete specimpns ef this stude s t

t-Test analysis - compressive strength loss

< Strength  Expansion Expansion
Blocks type (MPa) el CS_Pvalue o P<a {eval CS Pvalue «a P<a
Cylinders 35 0.08 0.09522 0.05 X 0.15% 0.03452  0.05 v
U“tfl"o‘ltk':‘:d 35 0.08 0.09244 0.05 X 0.15%  0.041225  0.05 v
1D blocks 35 0.08 0.08835 0.05 X 0.15% 0.03869 0.05 v
2D blocks 35 0.08 0.09687 0.05 X 0.15% 0.02766 0.05 v
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7.6.3 Understanding the effect ofrestraint orientation on the mechanical properties of ASRaffected

concrete

As Gautam et a[34] and other researchd&ii 26,38]suggested, the confinement configuration could considerably
affect the resulting mechanical properties of A&ffected concrete in distinct directions, leading to important
anisotropy in mechanical properties reductions. Therefore, Fifuesd 11 illustrate the SDT and compressive
strength results respectively (i.e., average of three cores per direction with their standard deviations), from the dis
directions (i.e., coring orientations)lhe data in brief can be found in Table 10 of the supplementaterials

section.

For umrestrainecconcrete, a slight difference is noticed for the SDT and compressive strength results from distir
coring orientations for both given expansion levels (i.e., 0.08% and 0.15%). Conversely, the situation is comple
different for therestraineb | ocks. The 1D concrete bl ocréssadhedirections) c a
display 30% and 35% higher SDI and PDI, respectively, when compared to the longitudinal corest(amed
direction) for both s$ghtly damaged (0.08%) and moderately damaged (0.15%) concrete. The modulus of elastic
and compressive strength of those cores obtained froestuainedlirections (i.e., vertical and transverse cores) on
the other hand, present 17% and 12% lower walaspectively, when compared to the longitudinal cores (i.e.,
restraineddirection) for both slightly and moderately damage levels. Comparing the average SDI, PDI along wi
ME and compressive strength reductions of the 1D concrete blocks with distingt@aentations for both slightly
damaged (0.08%) and moderately damaged (0.15%) concrete, it is observed that although vertical and trans
cores display higher values than the average, longitudinal cores demonstrate lower results. The latenéieasly
that wusing the average values (or #Aoverall deteri
(i.e., 3 to 12%) the induced damage irrastraineddirections while overestimates (i.e., 5 to 25ké}trained

orientations.

In the2D concrete blocks, while the vertically extracted cores (i.eestrainedlirection) display the highest amount

of damage, the transverse and longitudinal cores festtaineddirections) do not demonstrate a considerable
variation among themselveAs such, the vertical 2D cores show an increase of almost 27% and 25% of the SC
29% and 16% of the PDI along with a decrease of 29% and 10% of modulus of elasticity, and 21% and 9%
compressive strength for both slightly and moderately damaged ecanegpectively, compared to transverse and

l ongi tudi nal speci mens. Similar to 1D concrete bl
of the aforementioned parameters, one would underestimate (i.e., 7 to 21%dABRd damage innrestrained

directions while overestimating (i.e., 3 to 21%) it@strainedrientations of 2D concrete blocks.

Analyzing all the results obtained through the mechanical testing froesttainedrestrainecconcrete blocks, one

may notice that a lowalamage level has been reached inrgstraineddirections of all reinforced blocks (i.e.,
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longitudinal specimens in case of 1D and longitudinal and transverse in case of 2D concrete blocks) for the g
expansion levels (i.e., 0.08% and 0.15%) of tlesearch. Moreover, if one compares the distmestraint
configurations studied (i.e., 1D vs 2D), higher SDI and PDI values along with lower ME and compressive stren
results were obtained for the unrestrained direction (i.e., vertical), whereas &Ward PDI and higher ME and
compressive strength in the restrained direction (i.e., transverse and longitudinal) are detected in the 2D configur:
compared to the 1D concrete blocks. The above discussion illustrates the impattagitconfiguraion on ASR
induced damage that is cleathansferred fronrestrainedo the less/naestraintdirections. The latter results in
higher damage degrees alongastraineddirections of concrete specimens displaying higher overall degree of

restraint

To evaluate the statistical validity of the results obtained, anay ANOVA was conducted on the mechanical

results (i.e., SDT and CS) obtained from the distinct blocks directions as a function of ASR development. As Tal
6 and 7 display, the SDI, P&nd ME parameters obtained from the distinct blocks directions are statistically
significant (with a confidence | evel of 95%) for

greater than the #AFcr it n@0b Hawewkr, dslpreviodsly obseavédibyeSanchea et &.
[4], the results of compressive strength gathered from the various directions of the blocks were not conside
statistically significant as a function of ASR development (Table 7). Therefore, p kommme n-t as 0 At
performed to verify the significance of compressive strength results gathered at each expansion level (0.08%
0.15%) when compared to the control samples (Table 8). Analyzing the results, one sees that only three out of
condtions are considered significant at 0.08%, whereas all the twelve conditions are considered significant at 0.1
of expansion. These results prove the analysis and discussions prior conducted in this section and demonstra
efficiency of the SDT to a&®ss ASRnduced deterioration and anisotropy in restrained concrete, while the

compressive strength is only effective after moderate levels of deterioration.
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Figure 11: A) Compressive strength results (MPa) and, B) Compressive strength reductions (%) considering various corir
orientations.
Table 6: Twevariable ANOVA on the SDT results (SDI and PDI parameters) consideaimgus coring orientations.
ANOVA analysis SDI PDI
. . . Load . SDI- .. SDI_P PDI- .. PDI_P
Blocks type Coring direction %) Expansion (%) SDI-F Feritic F>Feritic value a P<o PDI-F Feritic F>Feritic value P<a
Unconfined  Vertical 40 0.08%-015% 67600 771 v 13E-05 005 v 57800 771 V' L78E-05 005
blocks Transverse 40 0.08%-0.15% 150.09 771 ¥ 0000255 005 10513 7.71 v 0.00051 005 v
Longitudinal 40 0.08%-0.15% 8281 771 Y 0000809 005 80.00 771 Y 0000864 005 Y
Vertical 40  0.08%-0.15% 393.81 7.71 v 38E-05 0.05 v 841.00 771 v 8.42E-06 0.05 v
1D blocks Transverse 40  0.08%-0.15% 745.14 771 v 1.07E-05 0.05 v 607.21 7.71 v 1.61E-05 0.05 v
Longitudinal 40 0.08%-0.15% 327.05 7.71 v 3.9E-06 0.05 v 841.00 7.71 vi 8.42E-06 0.05 v
2D block Vertical 40 0.08%-0.15% 42419 771 ¥ 328E-05 005 v 51130 771 Yo 227E-05 005V
O Transverse 40 0.08%-015% SL14 771 ¥ 0002023 005 ¥ 31019 771 4 61E-05 005 v
Longitudinal 40  0.08%-0.15% 119.84 7.71 v 0.000396  0.05 v 99.12 7.71 4 0.000572 0.05 v

Table 7: Twevariable ANOVA on the mechanical properties results (ME and CS) considering various coring orientations.

ANOVA analysis ME Cs
) Coring Load Expansion ME- .. MEP CS- . CS P

Blocks type direction (%) (%) ME-F Feritic F>Faritic value P<a CSF Feritic F>Feritie value Pea
Unconfined Vertical 40  0.08%-0.15% 205.75 7.71 v 1.35E-06  0.05 v 120.19 7.71 v 0.000393  0.05 v
blocks Transverse 40 0.08%-0.15% 163.35 7.71 4 0.000216  0.05 4 6.97 7.71 X 0.059592  0.05 X
Longitudinal 40 0.08%-0.15% 232.83  7.71 v 0.000108  0.05 v 3.84 7.71 X 0.121666  0.05 X
Vertical 40 0.08%-0.15% 16632  7.71 v 220E-08 0.05 v 82.04 771 4 0.000823  0.05 v
ID blocks  Transverse 40 0.08%-0.15% 149.01 7.71 v 0.000259  0.05 v 7.62 7.71 X 0.0949 0.05 X
Longitudinal 40 0.08%-0.15% 262.54 7.71 v 8.49E-05 0.05 v 6.36 7.71 X 0.054453  0.05 X
Vertical 40 0.08%-0.15% 47794  7.71 v 2.59E-05  0.05 v 3.65 771 X 0.05491 0.05 X
2D blocks  Transverse 40 0.08%-0.15% 134.19 7.71 v 0.000317  0.05 v 0.63 7.71 X 047254  0.05 X
Longitudinal 40 0.08%-0.15% 196.39  7.71 v 0.00015 0.05 v 131.78 7.71 v 0.000329 _ 0.05 v
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Table 8: tTest analysis on the compressive strength results obtained from distinct directions dbdanckes.

t-Test analysis - compressive strength loss
Coring

Expansion Expansion

Blocks type S Strength (MPa) CS_P value o P<a CS_P value o P<a
direction level level

Vertical 35 0.08% 0.04866 0.05 v 0.15% 0.045766 0.05 v
Unconfined blocks Transverse 35 0.08% 0.06235 0.05 X 0.15% 0.025504 0.05 v
Longitudinal 35 0.08% 0.07422 0.05 X 0.15% 0.03646 0.05 v
Vertical 35 0.08% 0.04866 0.05 4 0.15% 0.047241 0.05 v
1D blocks Transverse 35 0.08% 0.07966 0.05 X 0.15% 0.025701 0.05 7
Longitudinal 35 0.08% 0.09122 0.05 X 0.15% 0.025597 0.05 4
Vertical 35 0.08% 0.06658 0.05 X 0.15% 0.029605 0.05 v
2D blocks Transverse 35 0.08% 0.08369 0.05 X 0.15% 0.020781 0.05 v
Longitudinal 35 0.08% 0.4955 0.05 '4 0.15% 0.04852 0.05 v

Figures 10 and 11 clearly demonstrate ASR anisotropic behaviour and its impact on the mechanical respons
affected concrete for distinct restrainment and induced expansion levels. However, it is important to notice that
aboveplotswer generated assuming the side longitudinal
damage degree, since the side longitudinal direction is parallel to the main reinforcement and is not/less influer
by local effects such as drying/wiety cycles, differential restriction, etc. Nevertheless, it would be interesting to
verify whether the SDT outcomes correlate well n c
Aireal 0 expansion measur ed ed it worth rioting thatl since Viertical texpansion f
measurements have not been conducted in this study, the correlation between vertical cored specimens and vi
expansion could not be obtained. Thus, Fidi#dlustrates the correlation between the 384ults obtained from
the side |l ongitudinal and transverse cored specim
(Figure 7). Analyzing the data, one verifies an almost linear trend between the SDI and the measured expan:
from disi nct directions. This plot confirms the ani s«
expansion level and attest once more the efficiency and diagnostic character of the SDT to assess damage in af
concrete regardless of itsstraintconfiguration, as opposed to what has been previously reported by Sgrgaard et.
[7], and in accordance with previous works on concrete under unrestrained condjtiand while the condition
assessment of critical infrastructy@. Finally, it is worth mentioning that the aggregate selected for concrete
manufacturing in this work and similar studigg},35] is a highly reactive coarse aggregate; according to past
research, this aggregate generates a thin andikmesity ASR ge[66]. Therefore, @omprehensive experimental
investigation through the use of slower reactivity aggregates, which may generate higher viscosity ASR gels

deterioration, is required and may be a topic of interest for future works.
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Figure 12: Correlation between SDI ameasured expansion levels as per the distinct coring orientations evaluated.
7.6.4 Effectofrestrainton t he <c¢cr acks 6 -affectedecontrete i on of ASR
The NonLinearity Index (NLI) has been reported by Chrisp ef%l,52] as a useful parameter to appraise the
crackso or i-affedted tonceete. As duch AgURBA and13B illustrate a typical stresstrain curve of
vertical and transverse specimens (i.e., concave shaped curve) and longitudinal cores (i.eshepedesurve) of
the 2D blocks, respectively, while Figure 13C displays the NLI values corresponding to distinct coring orientatic
for both slightly damaged (i.e., 0.08% of expansion) and moderately damaged (i.e., 0.15% of expansion) concl
Analyzing these plots, one notices that the longitudinally cored specimens (convex shaped curves) from b
restrainecdconcrete blocks present an NLI parameter &ec 1/Sec 2 of the first cydldrigure 2)i | ower t har
indicating a cracking network palalito the loading as per Chrisp et[&1,52] On the other hand, transverse and
vertically cored specimens (concave shaped curves
a cracking network perpendicular to the loading (i.e., lowigital specimens present parallel ABuced cracks to
the main steel rebars, while the cracks are perpendicular to the coring direction for vertical and transverse co
The results gathered in this research show a strong correlation with previosgevgrf35,38,67) and demonstrate
the importance of computing the NLI for assessing AffRcted reinforced concrete members and thus
understanding the main orientation of induced cracks. The validation of the aforementioned results through im
analyss might be a topic of interest furture works The data in brief can be found in Table 12 of the supplementary

materials section.
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Figure 13: A) concave SDT graph (i.e. vertical and transverse cores), B) convex SDT graph (i.e. longitudinal c&@¥s) and,
NLI graph for various coring directions.

7.6.5 Validation of the SDT for assessing damage in concrete
In order to validate the results obtained from the mechanical experimental campaiguiaetitative microscopic
analyses through the Damage Rating In(i2RRI) were conducted on specimens extracted from companion blocks
presenting the same concrete mixture, expansion levels and reinforced configurations. Upon extraction,
consecutive core specimens from each of the three coring directions (i.e., Mertigididinal and transverse; total
of 6 specimens peestraintcondition per expansion level) were cut in half longitudinally using a diamond bladec
masonry saw followed by subsequent mechanical polishing with grits of 30, 60, 140, 2B00(8n), 600 (2040
pm), 1200 (1020 pum) and 3000 {Bum). Once the polishedidace of the concrete section was deemed ready, a
1x1 cm grid was drawn on the surface of the specimens and the DRI was then conducted. The DRI is a microsc
technique where distinct damage features (Fiddyare counted in each 1 émsquare drawn opolished concrete
specimens using a stereomicroscope at@bmagnification. The damage features counted are then multiplied by
weighting factors whose purpose is to balance their relative importance towards the corresponding dist
mechanism (e.g., ASin this case), as proposed by Villeneuve and Fouf@@&r(Figure14). The DRI number is
therefore calculated; the higher the DRI number, the higher the induced damage in the[#lateeally, a surface
of at least 200 cm? should be assessed perbmeper direction, yet for comparative purposes, the final DRI value

is normalized to a 100 cm? area.
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Figure 14: Damage Rating Index: A) current weighting factors as per [68] and, B) micrograph illustratirfgsactiom
where some of the petrograpiéatures listed in A can be observed and identified (R&produced with permission of
Elsevier)

Previously, Gautam et al. [34] investigated the effect of distinct confinement conditions on the microstructure
ASR-affectedrestrainedconcrete througthe DRI. According to the authors [34], it was important to specify not
only the direction but rather the plane from which the specimens were extracted before the microscopic anal
However, the current work follows the procedure proposed by Zahelli[@bawhere the DRI evaluations were
effectively and reliably (i.e., very |l ow variabil:@
can be found in [35]. Following their procedure, Figure 15 illustrates the distinct DRI raiotitained from all
specimens evaluated in this research (standard deviations added to the plot). Evaluating the data below, one n
that as for the SDT outcomes (e.g., SDI and PDI), there is not a significant difference in DRI values for t
unrestranedconcrete specimens as per the distinct directions; i.e., DRI numbers of 342, 341 and 337 were obtal
at 0.08% of expansion, while DRI numbers of 578, 575 and 573 were gathered at 0.15% of expansion for the vert
transverse and longitudinal coresspectively. Conversely, the 1D and 2D confined blocks displayed quite differen
values as per the specimensdé6 orientation, il 1l ust
behaviour. DRI numbers of 382, 366 and 337 at low expansioBi{), and 646, 613 and 479 at moderate expansion
(0.15%) were obtained from the vertical, transverse and longitudinal directions of the 1D blocks. Furthermore,
cores extracted from theestraineddirections of the 2D concrete blocks (i.e., transvers# langitudinal core
specimens) did not show a noticeable difference in DRI number; yet, they demonstrated significantly lower C
number (and thus induced damage) when compared to vertical specimengéistraimedlirection). As such, DRI
numbers o#01, 310 and 305 were gathered at 0.08% of expansion and 766, 485 and 479 were obtained at 0.15

expansion on the vertical, transverse and longitudinal cores, respectively.

The DRI results obtained in this work validate the mechanical assessmer@0ilequtcomes and compressive
strength) previously discussed since cores presenting higher DRI values also yielded higher SDI and PDI and I

ME and compressive strength results. Moreover, the microscopic observations made on the cores extracted frol
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1D and 2D ASRaffected blocks confirm the existence of thecatled expansion (and damage) transfer since higher
induced deterioration is found on unrestrained/less restrained directions when compared to restrained orientat

The data in brief can Heund in Table 12 of the supplementary materials section.
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Figure 15: DRI charts as a function of coring direction for specified expansion.
7.7  Conclusion

The purpose of this study was to appraise ASRicedphysicochemicatlevelopment in concrete blocks with

distinctrestraintconfigurations (i.e., hone, 1D and 2D) through mechanical testing procedures (i.e., stiffness dam:
testSDT and compressive stigth). Based on the results obtained in this study, it is verified that
confinement/restrainment influences the development of ASR in terms of induced expansion and mechanical dist

The main conclusions of the above investigations are presented hereafte

1 ASR-induced expansion was significantly lower for all concrete blocks when compared to the concre
cylinders; the latter could be attributed to the size of specimens, since moisture transfer is likely affectec

larger members (i.e., blocks), thus adEsing ASRnduced development;

1 Comparing the expansion levels reached by the distinct concrete blocks, one may observe that the highe
restraintdegree, the slower the expansion rate and the lower the expansion level as a function of tir
Furthermoe, measuring induced expansion from distinct directions of the concrete blocks (i.e., longitudin
top, longitudinal side and transverse) demonstrated ASR anisotropic behaviourandthd sb e d fi e X

transfero from r est rranehdrattionso unrestrained/ | ess

T The fov e-induted deteridratidn (i.e., average of three distinct directions at a given expansion leve
obtained from the distinct blocks suggests tha
ASR-affected specimens does not sigmaintly change as a function of thestraintdegree and configuration

for the same expansion | evel. Moreover, the fic
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concrete are in accordance with the data ranges proposed by Sanchp & alassify damage in ASR
affected conexeptamsuondér cdhdeei ons. However, [
whet her t he Afoverall 6 deteri or at i orastrainesconarete d
underestimation and ovestemation of umestrainedandrestrainedlirections, respectively, are made;

9 Statistical analysis (twavay analysis of varianceANOVA) confirmed the significance of the SDT as a
diagnostic tool for assessing the condition (i.e., physical integrity dmkss reductions) of ASRffected
concrete under distinct confinement/restrainment configurations. Furthermore, the anisotropic characte
ASR under confinement could be gathered by the distinct SDT outcomes (i.e., SDI, PDI and ME); higl
SDI and PDhlong with lower modulus of elasticity values were obtained from noméessinedlirections
of the reinforced concrete blocks. Also, one sees that the highmessthant the higher the induced damage
in urrestrainedess restrained directions, and e lower the deterioration imestrained directions.
Furthermore, the NLI was shown to be an effective parameter to appraise the cracks orientation of AS
affected concrete. NLI greater/lower than 1 indicates cracking networks mainly perpendicularfpatalel

reinforcing bars;

1 The compressive strength results obtained on the distinctaffeBted specimens in this study showed that
although less influenced than the modulus of elasticity (as expected), significant reductions of compres:
strength (e.g.1530%) may be gathered at low to moderate expansion levels (0.15%). Moreover, tf
compressive strength reductions could be even exacerbated in some directions due to anisotropy. The |
raises concerns not only on the serviceability but also onltineate capacity of ASRaffected structures

withstanding service loads. Further studies should be conducted in this regard.

1 The DRI, a semquantitative microscopic procedure, has been used to validate the mechanical resu
gathered in this research alowgh the anisotropic behaviour observed for the distiastrainecconcrete
blocks. According to the microscopic analyses, not only the SDT data was completely validated but also

Afexpansion transfero phenomenon observed micro
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SUPPLEMENTARY MATERIALS

Table::Data in brief for the Aoverall 6 anal ysi s.
SDI PDI E (GPa) E Reduction (%) CS (MPa) CS Reduction (%)
Block Type
yp 0.08% 0.15% 0.08 0.15 0.08 0.15 0.08% 0.15% 0.08% 0.15% 0.08% 0.15%
% % % %
Cylinder 0.18 0.26 0.13 0.24 25 19 17 36 31 28 12 21
unrestrained 0.18 0.27 013 024 25 19 17 36 31 29 12 18
Blocks
1D Blocks 0.18 0.27 0.15 0.24 24 19 20 36 31 29 12 18
2D Blocks 0.18 0.25 0.15 0.23 24 19 20 36 31 29 12 18
TableloData in brief for the fAani sotropico anal ysi

Block Tvpe Core orientation SDI PDI E (GPa) E Reduction (%) CS (MPa) CS Reduction (%)
yp 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15%
Unrestrained Vertical 0.18 0.27 0.13 0.25 25.36 19.39 15.47 35.38 30.74 28.45 12.75 19.25
Block Transverse 0.18 0.27 0.15 0.24 25.44 19.28 15.20 35.74 30.69 28.95 12.90 17.82
Longitudinal 0.18 0.27 0.11 0.25 25.45 19.62 15.16 34.60 30.51 28.93 13.42 17.88
Vertical 0.21 0.29 0.17 0.27 23.65 17.59 21.17 41.38 29.89 27.22 15.16 22.74
1D Block Transverse 0.20 0.29 0.16 0.26 23.37 18.09 22.09 39.70 30.48 27.58 13.48 21.71
Longitudinal 0.14 0.23 0.11 0.21 25.37 21.38 15.45 28.73 3243 31.25 7.95 11.31
Vertical 0.23 0.31 0.17 0.29 22.52 15.06 24.95 49.79 2859 2461 18.86 30.16
2D Block Transverse 0.17 0.23 0.14 0.21 24.95 20.70 16.83 31.01 31.25 31.46 11.30 10.71
Longitudinal 0.15 0.22 0.14 0.20 25.35 21.67 15.52 27.77 3244 31.13 7.92 11.64
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Tablell: Data in brief for theNLI analysis.

Block Type Core orientation 0.08% 0.15%
Vertical 1.09 1.12
Unrestrained Block Transverse 1.1 1.13
Longitudinal 1.085 1.1132
Vertical 1.11 1.145
1D Block Transverse 1.1069 1.14
Longitudinal 0.95 0.91
Vertical 1.12 1.16
2D Block Transverse 1.083 1.11
Longitudinal 0.94 0.9075

Table12: Data in brief for théDRI analysis.

. . DRI Number

Block Number Core orientation 0.08% 0.15%
Vertical 337.199 573.1576

Unrestrainedlocks Transverse 341.1905 575.136
Longitudinal 341.0588 573.2605

Vertical 382.75 646.07

1D Block Transverse 366.55 613.92
Longitudinal 337.831 478.725
Vertical 401.2283 765.8121

2D Block Transverse 323.0195 485.488
Longitudinal 305.951 472.8925
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8 CONDITI ON ASSESSMENII OFCALKRAACGCTI C
AFFECTED CONCRETEREYNRAIRNONDI Tl ONS
| NCORPORATI NG DI STI NCT REACTI VE AGG

Andisheh Zahedi, Cassandra Trottiér LeandroSancheZ, Martin Nc&d 4

Abstract

The multilevel assessment, combining microscopic (i.e., Damage Rating Index) and mechanjcal (i.e
Stiffness Damage Test) techniques, has been effectively used to appraise the deterioration cause by alkali
silica reaction (ASR) in unconfined concrete. However, the impact of restrainment ofinédi®Rd
deteriorationoriginated from reactive fine and asa aggregates has not been fully explofidds study

intends toevaluate the effect of theestraintdegree and reactive aggregate type on ASR damage
development through the mulével assessmentwenty-four concrete blocks incorporating two different
reactive aggregatypes (fine and coarse) atloreerestraintconfigurations (urestrained 1D, and 2D)

were produced and monitored over time. Upon reaching the desired expansion levels (0.08% and 0.15%),
cores were retrieved from three main directiorest{gal, longitudinal and transverse) and the rraitel
assessment was performed. Results indicate thatiddRed expansion and damageinfluenced by the

reactive aggregate typesstraintconfiguration and coring direction.

Keywords: Restraint Alkali-Silica Reaction(ASR), Multi-level assessment, Damage Rating Index (DRI),
Stiffness Damage Test (SDBggregate type

8.1. Introduction

Alkali-silica reaction (ASR), a complex physicochemical reaction between certain mineral iphthges
aggregates ahthe alkali hydroxides from the concrete pore solution, is one of the deddterious
processes influencing the durability and serviceability of concrete infrastructure around thid jJv&&R

produces a secondary product (i.e., silica gel) that gesesapansion and internal pressure upon moisture
uptake from its surroundi ng e n wmechaoicahpeopettiggndcim usi ng
some cases, functionality of affected structyite8]. Most of Canaé 6csncrete infrastructurie currently

suffering fromdeterioration mechanisnssich aASR, freezethaw andsteelcorrosion[3i 5]; thus serious

concerns have been raised aboutstinecturalperformance and safety tifose structure3]. Since ASR

is an active and ongoing process, obtaining information on the actual damage degree along with the
potential for further deterioration of affected structures is critical when designing effective rehabilitation

strategies and management protocols. In thigext, several test procedures have been developed over the
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past decades to determine the induced expansion and deterioration attained to date (i.e., diagnosis), as well
as to forecast the potential of future distress (i.e., prognosis) of concreteriichiast damaged by ASR.

Among those, a comprehensive midtvel protocol, through the use of microscopic and mechanical test
procedures (particularly the Stiffness Damage-T&IST and the Damage Rating Ind®RI, respectively),

has shown to be effectiveo appraise the condition of AS#tfected unreinforced concret®].
Nevertheless, such condition does not typically represent field concrete strii¢t8ieslthough past

studies have reported the reliability of the midtiel assessment to assessdbrdition of deteriorated

concrete structurd9,10], t here is currently a |l ack of fAextensi
confinement) on ASR physicochemicdkvelopment and ultimately on the muével assessment
outcomes. Therefore, #histudyintendsto appraise the condition of AS#fected concrete blocks
incorporating different types of reactive aggregates (i.e., fine and coarse aggregates)diffaverg
reinforcement conditions (i.e., westrained 1D and 2D) and expansion lesdii.e., 0.08% an@.15%)

through the use of the multie v e | protocol . It is worth noting th
work to describe any type of restraint that prevents the concrete from freely expanding, such as the presence

of steel renforcement.

8.2.  Effects of confinement on physicochemical development of ASR

Literature suggests that ASRduced expansion of affected concrete is lessdnedoconfinemen{11i

13]; Smaoui[12] reported a reduction @most 60% otheinduced expansion in the direction parallel to
the reinforcing bars of concrete beams (810 x 228 x 228 mm) with a reinforcement ratio of 1.53% when
compared taimilar beams without any reinforcemeAtcording to the authors, this expansion reduction

in the restrained directiomight result in an increase of damage development idithetions with lessr

no confinement[11,14 16]. As such, Multon and coworkerd1,14] confirmed theredistribution of
expansion amongst distinct directionsedtrainedoncrete where ASfduced expansion decreased from
15% to 70%in the direction of confinement and has been transferred to testrainedirections; such

an expansion transfer resultsanisotropic ASRnduced developmeni6], which has been found to be
dependenbn thereinforcing ratio and configuratidid]. Deschenes et dlL7] and Bracci et al[[18] made
observations on the rate and ultimate expansion achieved by variousffé8fed concrete members
displaying distinctrestraintconfigurations; they reported that higher expansion levels and rates were

observed in lightly reinforced members when compared those heavily reinfb®ed

Abd-Elssamd et al[20] verified that the modulus of elasticity (ME) and compressive streng®) (C
reductions of ASRaffected restrainedand umestrainedconcrete follow similar degradation trends.
However, similar to the expansitehavior the progression and orientation of the induced microcracking

and degradation of mechanical propertiesestainedconcrete members are affected by the anisotropic
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ASR-induced developmefi21]. Therefore, dissimilar mechanical properties reductions are expected in the
three principal directiong§20,22,23] where thecompressive strength and modulus of elasticty
specimens extracted perpendicular to the nrastraint direction demonstrate significantly higher
degradatiorthan those cored parallel to the main reinforcement [24r24,25] As such, t has been
observed that the compressive strength of cexeracted perpendicular to the maestraintdirection may

have higher reductions from35% when compared to those retrieved parallel to the main steel bars
[14,19,21,24,25]Such an observatiaran be due to the presence of a higher amount of ASR cratties in

cores retrieved perpendicular to the main refE626,27]

Very few studieq21,28] were performed to investigate the effects of different reactive aggregate types
(i.e., fine vs coarse aggregate) on the development ofiA@Red @teriorationin restrainedconcrete.
Barbosa et. all21] and Hansen et. gJ28] observed thatoncrete members incorporating reactive fine
aggregates displayedrachmore pronounced deterioration degree when compared to those incorporating
reactive coarse aggregates; moreover, the ausismeeported significantly wider cracks in ASifected
members bearing reactive fine aggregatsfurther explanation has breaddressed in this regard.

Although the current literature data are very useful and demonstrate the effect of reinforcement on the
physicochemical development of ASR, to the best of the authors' knowledge, there is still a need to
systematically and quardiively evaluate this effect on the microscopic distress features and mechanical
response of concrete samples having various reinforcement conditions, extdifféngnt expansion

levels and incorporating different reactive aggregate types (i.e., fihecanse aggregates).

8.2.1 Tools for appraising concrete damaged by ASR

Severamicroscopic and mechanical test procedures were proposed in the past decades to evaluate the cause
and extent of damage in ASRfected concrete. Among them, tmaulti-level protocd as per[6], using
microscopic and mechanical test procedures, particularly the Stiffness Damage Test (SDT) and Damage

Rating Index (DRI) respectively, was found to be quite effective.

8.2.1.1Stiffness Damage Test (SDT)

The Stiffness Damage Test (SDT) was initially developedMalsh who observed good correlation
between the crack densignd the cycles of loading/unloadinge(, stress/strain relationshimf rock
specimen$29,30]. Crisp et al[31,32] used this tesinethod to evaluate ASRduced damage in affected
concrete. Later, Sanchez et [@9,30] optimized the test procedurg lsonducting darge experimental
campaign onestspecimensnanufacturedrom concrete mixtures of various ruxe proportiongi.e., 25,
35 and 45 MPa) and incorporating a wide range of reactive aggreigate®érse vs finaggregates, and

distinct lithotypes and reactivity degrée$hey proposed thahe SDT should be conducted throdgte
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loading/unloading cycleat 40% otthe design (2&lay) concrete strengths well as adapting indices as the

test outcomes namely the Stiffness Damage Index (SDI) and Plastic Deformation Index (PDI),
representing, respectively, the ratio of dissipated energy/plastic deformation taltked¢ogy/deformation
implemented in the system (i.e., SI/ (SI+Sll) and DI/ (DI+DIl) over the five cycles as presei2e30}

Figurel). Furthermore, the modulus of elasticity (average secant modulus 8f grel 2’ cycles) and the
Non-Linearity Index (NLI- Sec 1 divided by Sec 2 in the first cyicleigurel) as proposed bgrisp et al.
[31,33]could also be considered as efficient SDT outcomes for determining the damage extent and cracks
orientation (i.e., NLI is greater/lower than unity for deacoriented perpendicular/paralliel loading)

respectively, in affected concrete.

Sec1 Sec 2

40% | _ — — — — _ __ E /

SDI: SI /(SI + SII)
Stiffness Damage Index

Stress

s | ] PDI: DI /(DI + DII)

Plastic deformation index

-

—— —

Figure 1:Calculation of thestiffnessDamagédndex (SDI) and Plastic Deformatiégmdex (PDI)[34] (Reproduced
with permission of Elsevier)
8.2.1.2.Damage Rating Index(DRI)

I n the ear | yBellévwahd ddworkerf3s,36] davaedloped the Damage Rating Index (DRI)
method, a serrjjuantitativemicroscopic toolwvhere distinct petrographic features (Fig2B) are counted

in each 1 crh square drawn on the surface oflished concrete specimenirough the use oh
stereomicroscope at 4x magnification[7]. The number of counts associated with each type of
petrographic feature is then multiplied by a weighting faptoposed byilleneuve et al[37] (Figure

2A), whose purposes to balance their relative importance towards the mechanism of di@@S#ASR).

The final DRI value is thus calculated, and a higher DRI number represents a higher degree of deterioration
in affected concretg]. Ideally, a surface of at least 200 cm2 should be used for analysis, yet for comparison
purposes, the final DRI value is normalized to a 100 cm? diea.detailed test procedure of DRI is

presented iff7,8].

121



A)

N Weighting
Petrographic features factors
Closed cracks in aggregates 025
(CCA)
Opened cracks in aggregates ’
(OCA)

Opened crack with reaction
product in aggregate (OCAG)
Coarse aggregate de-bonded
(CAD)

Disaggregate/ corroded

agoregate particle (DAP)

Cracks in cement paste (CCP) 3

Cracks with reaction product in
cement paste (CCPG)

Figure2: Damage Rating Index: A) distrefemtures and corresponding wetiglg factors as pgB7] and, B) some of
the petrographic features listed in A can be identifiealiom? section(Reproduced with permission of Elsevier)

8.3.  Scope of work

As previously mentioned in the above sections, there is still a need to thoroughly and quantitatively
understand the impact of reinforcement on the physicochemical development of ASR. Thusfdwenty
concreteblocksincorporating reactive fine and coarsggregates and having variaestraintconditions

(i.e., urnrestrained 1D and 2D) were manufactured and monitored over time. After reaching the targeted
expansion levels (i.e., slight0.08% and moderate0.15%), core specimens were extracted fromethre
main directions (i.e.longitudinal, vertical and transve)sef the concrete blocks and the nmdvel
assessment as pfg] was performed on those. Ultimatelyiet damage development and mechanical
properties reductions of concrete members incorpayatifferent aggregate types and displaying distinct

restraintconfigurations have been compared.

8.4. Materials and methods

8.4.1 Materials and mix proportions

Twenty-four concrete blocks with dimensions of 450 X 450 X 675 mm (Figukeere manufactured in

the laboratory using a concrete mix with a design strength of 35 MPa. A highly reactive sand (i.e., Texas
Polymictic sand) and a reactive coarse aggregate (i.e., Springhglywacke) in combination with nen
reactive aggregate paees (i.e., Ottawa natural sa@ and Ottawa limestone coarse aggreg&e
respectively) from local quarries were used for concrete fabrication. Taislessents information on the
various aggregates selected for this work. A conventional CSA Type &GUASTM type 1) high alkali
(0.88% NaOeq) Portland cement was used for both concrete mixtures. Moreover, the total alkali content of

both mixtures was raised to 1.25%,8Ng, by cement mass, to accelerate ASBuced development. Table
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2 presentshte miXure proportions selected for this study based on the concrete prism test (CPT) test as per
ASTM C 1293[38].

Table 1: Reactive and nemactive aggregates used in the study.

- | a
Aggregate Spec1.ﬁc Absorption AMBT = 14
- : Rock type gravity ©0) days
Type Reactivity Location Name (/em?) Q) expansion(%s)
. New
Reactive . Sp Greywacke 2.72 0.60 0.69
Brunswick
Coarse Non- Limeston derived
S Ottawa LS . 2.68 0.53 0.05
reactive from quarries
. Texas L.
Reactive (USA) TX Polymictic sand 2.60 0.55 0.76
Fine ) L
Non- Ottawa oT Natural derived 2.65 118 0.07

reactive

from granite

a) Typical expansion cf. ASTM C1260.

Table2: Concrete mixtures proportioned using the same amount of aggregatdm@ and coarse) and cement paste

in volume.

Mix proportions (kg/m3)

Materials
OT+SP TX+LS
Cement 420 420
Fine aggregate 681 732
Coarse aggregate 1044 1072

Water
Air content (%)

176

-

176

-

8.4.2 Production of concrete specimens

Three differentestraintscenarios were selected for this study: 1) unreinforced concrete blocks (Figure 3A),

2) 1D confined blocks (Figures 3B add) and, 3) 2D confing blocks (Figures 3C ardB). For the
restrainedblocks, a reinforcement ratio of 2% was selected in easltraineddirection, which is
representative of a moderately high level of internal restraint in reinforced concrete members. For instance,
several andards and design codes indicate a minimum reinforcement ratio in slabs of 0.2% and a maximum
practical limit in columns of 4% (e.g., CSA A233®]). Relatively large steel bars with a nominal diameter

of 35 mm were used to reinforce trestrainedblocks to achieve the desired reinforcement ratio while
ensuring sufficient space between bars to allow for concrete core extraction. It is worth noting that the
transverse and longitudinal steel bars of the 2D concrete blocks were welded togethditatie e
manufacturing of the reinforcement cages (Figure 4B). Moredkierconcrete cover of the reinforced
concrete blocks and spacing between the bottom and top steel bars are 50 mm and 280 mm, respectively
(Figure 4C). A total of 6 blocks from eackinforcement configuration (i.e., testrained 1D and 2D)
incorporating the SP coarse aggregate (eighteen concrete blocks) and Gélrokg a 2D confinement
configuration incorporating the TX fine aggregate were fabricated in the labor&mmcomparative
purposes, 40 concrete cylindrical specimens of 100 X 200 mm (Figuredi®)also fabricated using the

same highly reactive fine and coarse aggregates (i.e., 20 concrete cylinders per aggregate type) and using

the same mix proportions as the conetdocks.
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Figure3: Concrete blocks fabricatedgsenting A) unreinforced concrete; B) 1D blo€R;2D block;D) Specimens
placed in anmvironmental chamber with 38 and 100% RH.

w8 ;Wﬁﬁ:vﬁmkﬁm;ﬂe;

Figure4: ReinforcementonfigurationsA) 1D reinforced block®) 2D reinforced blocks C) schematic of reinforced
blocks.

All concrete samplewere demolded after one day and moist cured for another 24 hours at 20°C. Then,
four holes with 10 mm in diameter by 55 mm in length, were drilled in the tima&n surfaces of the
concrete blocks: a) Top-igure 5A points 1 and 2), b) LongitudinaFigure 5A points 3 and 4) and c)

TransverseHRigure5A points 5 and 6). Moreovetiny holes of 8.5 mm in diameter by 19 mm in length,
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were also drillechat each end of all cylinders. Later, stainksssel studs were placed using a-fsesting

cement paste slurry for longitudinal expansion measurements in all concrete spef€ortgresght hours

from manufacturingthe initial readingsvere recordeds follows: a) for concrete blocks, transverse, top
longitudinal and side longitudinal expansion measurements as per bigared 5B, and b) longitudinal
expansion measurements in therydi e r s. All blocksswere stored at 38 and 100% RHKigure 3D)

to accelerate ASR developmeitthe concretedinderswere storedin sealedbucketslined with a damp

cloth (Figure 5C) and placed in the environmental chambt.specimens were onitored for length
changesegularly until they reached the expansion legelectedor this study, i.e.slight (i.e, 0.08%x*

0.0199 and moderate (i.£0.15%z+ 0.01%). As perASTM C 129338], all concrete specimemgereplaced

in 23°C conditionsfor 16 + 4 loursbeforeperiodic expansion measuremertipon reaching the targeted
expansion levels, concrete specimemrse removed from the environmental chan#et hree blocks from

each distinctestraintcorfigurationand aggregate typgere cored tgroduce sevenoresof 100 by 450

mm inthevertical Figures 6A and 6B andthetransvers (Figures 6B and 68 directionsand fourcoresof

100 by 675 mm inthe longitudinal Figures 6C and 60 direction for further analysid.ater, all concete
specimensvere saw cut teengths 0f200 mm wrapped in plastic filmand stored at 12°Gntil testing to

stop further ASRdevelopment as pg6]. It is important to note that after retrieving the cores from the
affected concrete blocks, thater are no longer subjected to the same stress level asdiie @oncrete.

Such stress relieve might change the characteristics of damage developed by ASR during the condition
assessment performed in this study. While this effect has not beentixplieintified in this work, it is

worth noting that such phenomenon is also true for the cores retrieved from the real concrete structures,

and thus the findings of this work are expected to be applicable to such cases.

A) B) C) D)
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450 mm

Figure5: A) Schematic of concrete blockds expansion
with a micrometer, C) Sealed contairf@r storage in the environmental chambad, D) concrete cylinder.
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Figure6: Sketch of the coreretrievedfrom the concrete blocks (i.e., 2D): A) top view (vertical),|J@&ger side view

B)

450 mm

D)

70 mm

260 mm

70 mm

(/100 mm\ /100 mm)\ (/100 mm\ /100 mm)

s . .. o

(100 mr) (i00mm) (isomm)

35mm 230 mm 35mm 230 mm 35mm

(transverse) C) shorter side view (longitudina))l@ngitudinally coring E) vertically and transversally coring.

8.4.3. Experimental procedures

measur

Table 3 displays the testing matrix developed in this study. The testing protocols performed on the cores

extracted from distinct concrete blocks and concrete cylinders aetbetedexpansion levelsnclude

mechanical testing and sequantitative micrecopic assessment.

Table 3:Testing matrix
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Types of concrete Number of specimens fora given

Aggregate type . Test Coring ) i
specimens methods direction expansion level
0.08% 0.15%
SDT/ CS - 3 3
Cylinders
DRI 2 2
Springhill coarse Vertical 3 3
and Texas sand SDT/ CS Transverse 3 3
aggregate ] i Longitudinal 3 3
Concrete blocks Vertical 5 3
DRI Transverse 2 2
Longitudinal 2 2

Minimum number of specimens tested for each concrete block: 30
Total samples: 140

8.4.3.1.Stiffness Damage Test (SDT)

Three specimens from the distinct coring directions of each set of concrete blocks (i.e., transverse,
longitudinal and vertical) as well as three concrete cylinders at given expansion levels (Table 3), were
subjected to five cycles of loading/unloading@abntrolled loading rate of 0.10 MPa/s. Prior to performing

the SDT, all specimens were reconditioned for 48h in the moist curing room (and protected from running
water) to | essen the test18G[40vand as pdr iSdnchezyat [20k c or d i
Moreover, both ends of all concrete specimens were mechanically ground in order to avoid any interference
from the stainlessteel studs used for expansion measurements. The SDT was conducted following the
proceduregproposedy [29,30]; i.e., lcading up to 40% of the 28ay concrete strength of the specimens
tested.

8.4.3.2.Compressive Strength (CS)

Compressive strength tests were first performed to characterize the concrete mixtures at 28 days to
determine the 40% value for stiffness damage testingcdimeentional standard method (i.e., ASTM C 39

[41]) could not be adaptddr concrete specimens containing highly reactive coarse and fine aggregates as
some ASR might have been generated while moist curing. Thus, the specimens were wrapped and stored
at 12°C for a 47day period, representing an equivalent maturity as concrete cured for 28 days at 20 °C
according to ASTM C 107f42]. Compression strength tests were also conducted after reaching target
expansiongo determine the strength reduction caulsgdSR. Previous resear¢®9] has demonstrated

that the SDT is nodestructive while using 40% of the -B&y compressive strength; thus mechanical
results such as compressive strength obtained following the SDT are considered valamptessive

strengh loseswereobtainedn this workas the differencbetween the results gathered after the abd

t he 0 e g u-daywaluesbtained fR® the sound concrete samples.

8.4.3.3.Damage Rating Index (DRI)
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Before the microscopic evaluation, two consecutivecispens per the direction of the blockad two
cylinders per damage degree were initially cut axially in falowed by subsequent mechanical polishing

with grits of 30, 60, 140, 280 600 1200 and 3000. Once the surface of the polished concrete section was
properly polished, a 1 x 1 cm grid was drawn on the surface of the samples before the microscopic
evaluation. Distress features of 1mm in size or higher observed in the cement paste and aggregate particles
were evaluated using the weighting factors proposed by Villeneuve &7jg{Figure 2) to compute the

DRI numbers. Ultimately, it is worth mentioning thtae damage orientation of concrete specimens has
been evaluated using an image analysis protocol following the procedure proposed by ZahEdb]et al.
where the observed damage features in each 1x1 cm DRI grid (Figure 2) drawn on the polished concrete

specimens were highlighted through the use of a commercial software.

8.5. Results

8.5.1 ASR kinetics and development

The average expansions as a function of tfnge, average value of four consecutive measurements per
specimen per direction over time with standaeviations between 0.02% to 0.06%) the different

surfaces of the concrete blocks incorporating a reactive coarse aggregate (i.e., Springhill) and reactive sand
(i.e., Texas), and displaying different reinforcement configurations are presented in Figigeré 7A

also illustrates the average longitudinal expansion of cylinders (with a standard deviation of 0.02% to
0.04%). It is interesting to note that all directions of most of the concrete blocks displayed a significant
amount of shrinkage at the beging of the reactiant took 35, 75, 105 and 75 days on average for the

noneconfined concrete blockSP, 1DSP, 2DSP and 2BTX, respectively, to recover from shrinkage.

As Figure7A displays, the expansion graphs of distinct directions ofsirainedblocksSP are almost
identical, where0.15% expansion was reached after 212, 190, and 175 days on longitudinal side,
longitudinal top, and transverse directions, respectively. Furthermore, according to Agjui@sand7D,

all restrainedconcrete blockexhibited a significantly slower ASR expansion than unreinforced blocks,
where 0.15% expansion was reached at 255, 212 and 190 days by 1D reinforcecsBlankghe
longitudinal side, longitudinal top, and transverse, respectively. 2iibreed blocksSP achieved 0.15%
expansiorafter 340, 275, and 235 days, whereas 255, 235 anddy@0were required by 2D block&X

on longitudinal siddpngitudinal top, and transverse side, respectively. This clearly shows that the achieved
expansiondvels arampactedby the direction of theeinforcemen(i.e., transvers> longitudinal top >
longitudinal side), as previously observed#8]. Furthermore, comparing the attained expansion level of
distinct concrete blocks at a given time, theeghainedSP blocks display a much higher expansion level
than therestraineddlocks, which demonstrates the impact of reinforcement on-iA8iced development

(especially kinetics)the higher theestraintevel, the slower the expansion rate and the lohewuttimate
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expansiorover the same periodccordingly, averaging all directions, it was found tatier 340 days of

exposurethe unmestrainedSP blocks attained (on average) a higher maximum expangiazi/ésfollowed
by 1D-SP, 2DTX and 2DSPconcree blocks whiclachievedexpansion levels of 0.23%,22% and 0.18%

(on average) over the same peri@dherwise, both concrete cylinders demonstrated much quicker ASR

kinetics when compared to all blocks, where on average, concrete cy8flerstoncretecylindersTX

reachedd.15% of expansion after 70 and 55 days, respectively (Figde It is worth noting that the

expansi on reprdsenpatve dofhhsafigi ven
side of concrete blocks (&gure5A -points 3 and 4); this expansion presents the lowest expansion level

among all the blocks directions, since it is measured parallel to the main reinforcement and is not (or at

least less) impacted by local effeftd,15]

A) 04 .
0.35 - ¥
0.3 4 "
025 { /
£ 02 ’I °
§0as {x *
v '
§ 0.1 1 i o Top Longitudinal
50.05 | & Side Longitudinal
0 » & Transverse
-0.05 Average
01 * SP-cylinders
; = % - TX-cylinders
015 Ll e
0 2 400
Time (Days)
2 0.4
0.35 4
0.3 4
AO.ZS 1
o2 | a®
.15
£0.1 4
.05
-
0 ¢ Top Longitudinal
0.05 - e & Side Longitudinal
0.1 ,'.-" & Transverse
015 + ———Average.
0 200 300 400
Time {(Days)

B) 0.4

Expansion (%)

damage

\
4
|
|
1

o Top Longitudinal
= Side Longitudinal
& Transverse

—— Average

0 100 300 400

200
Time (Days)

- & - Top Longitudinal
- - - Side Longitudinal
-~ = Transverse
Average

0 100 200 300 400
Time (Days)

degree

was

Figure7: Expansion as a function of tinfier: A) unreinforcedconcrete, B) 1D SP, C) 2D SP, and D) 2Di TX, as

per the distincb | o dikedtisns.

8.5.2 Stiffness Damage Test (SDT)

The resultglisplayedn this section are thaverage values obtained from three core specimens from each

coring direction of the ASRffected blocks (i.e., vertical, transverse and longitudinal as per Figure 6 A, B

and C, respectively) and three concrete cylinders ateeguansion level testednalyzing the plots (Figure

8), one notices that the higher th8R-induced expansion leveghe higher the SDI and PDI indices as well

129

t

he



as the lower the modulus of elasticity (ME), for all concrete specimens of this study. AsGAglisplays,

there is not aconsiderable difference in SDAalues (standard deviations presented in the plot) for
unrestrainedconcreteSP specimens as per distinct directions where SDI of@26 were gathered at
0.15% of expansiorOn the other hand, results from trestrainedconcrete blocks were significantly
influenced by the coring orientation. SDI values of 0.28, 0.28 and 0.22 from 1D bloc&s38n0.23 and
0.22from 2D-SP blocks at 0.15% expansion were obtained fronvehigcal, transverse and longitudinal
directions respectivelySimilarly, SDI values of 0.32, 0.24 and 0.23 were obtained at 0.15% of expansion
on thevertical, transverse and longitudinal directionstieé 2D-TX blocks respectively. Otherwise,
concrete cylinders manufactured wiBP and TX displayed aimitial SDI value of 0.12 and 0.13

respectively and then it increase®ta6for bothconcrete mixtures at 0.15% of expansion.

Figure8B presents the PDI values (standard deviations added to the plot) of concrete cylinders and various
core specimens. #ilough distinct directions of westrainedSP blocks exhibited PDI values of 0.24 at

0.15% of expansion, H3P blocks yielded PDI values of 0.26, 0.26 and 0.22 at moderate expansion for the
vertical, transverse and longitudinal cores, respectively. Fontrer PDI values of 0.29, 0.20 and 0.20

were obtained from 2{3P while 0.31, 0.22 and 0.22 were gathered froaT X[at 0.15% of expansion for

the vertical, transverse and longitudinal cores,

sampleshowed a PDI value of 0.08 and then it increases to 0.24 at 0.15% of expansion.

Figure 8C illustrates the modulus of elasticity (Mincluding standard deviations) for all concrete
specimens of this work. Although an initial ME of 30 and 34 GPa was obtiin¢he undamaged/sound
samples incorporating SP and TX aggregate, respectively, a decreasing trend is noticed for all specimens;
as such, all coring directions ofnestrainedSP blocks showed an ME of 19 GPa at 0.15% of expansion.
This represents an Breduction (Figur&D-with their standard deviations) of 35% at moderate expansion
of all coring directions of urstrainedSP blocks. Otherwise, the vertical, transvenrse longitudinal cores

of 1D-SP blocks showed ME values of 18, 18, 21 GPa whiclkesept an ME reduction of 39%, 39% and
29% at moderate expansion (0.15%), respectildtyeover,MEs of 15, 21 and 21 GPa (i.e., representing
an ME reduction of 50%, 30% and 30%) were gathered frofsRDlocks, while MEs of 14, 21, 21 GPa
(i.e., showing a ME reduction of 59%, 38% and 38%¢re obtained from 20X at 0.15% of expansion

for the vertical, transverse and longitudinal cores, respectivelglly, ME values of 19 GPand 20 GPa

for cylindersSP and cylinderd’ X were obtained at 0.15% of expansion, respectively; this represents an
ME reduction of 37% and 40% at moderate expanswnconcrete cylinders made of SP and TX,

respectively.
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Figure 8: Stiffness damage results A)SDI; B) PDI, C) Modulus of Elasticity (GPa) and D) ME reduction (%).
8.5.3 Compressive strength

The compressive strength resulstandard deviations added to the pla¢ a functiorof ASR-induced
expansiorareillustrated in Figur®. The compressive strength obtained in the control/sound samatis

with SP and TXwas 35 MPand 36.5 MPa, respectively. Later, all cores extracted framstrainedSP

blocks showed compressive stren@is) of 28 MPa, representing a 18% reductibf.15%of expansion
Otherwise, the vertical, transverse and longitudinal cofd$-SP blocks exhibited C@aluesof 27, 27

and 31 MPa which represented the CS reduction of 22%, 22% and 11% at 0.15% of expansion, respectively.
Similarly, CS values of 24, 31 and 31 MPa (i.e., representing a CS reduction of 30%, 14% and 14%) were
obtained from 2B5P, while 2DTX exhibitedCS values of 21, 31 and 31 MPa (i.e., presenting CS reduction

of 42%, 15% and 15%) at 0.15% of expansion on \edical, transverse and longitudinal cqres
respectively. Additionally, a CS value of 28 MPa was gathered for both SP and TX cylinders which
represents a CS reduction of 19% for@&fnders and 22% for TXylinders at 0.15% of expansion.
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Figure 9: A)Compressive strength (CS) and B) CS reduction (%) as a function of expansion.
8.5.4 Damage Rating Index (DRI)

FigurelOdisplaysthe DRI charts obtained from all specimens evaluated in this work. While the DRI values
ranged from 578680 were obtained for all directions ofrastrainedblocks, the vertical, transverse and
longitudinal directions of the 43P blocks showed to haveetBRI number of 646, 613 and 4@80.15%

of expansion, respectively. Moreover, DRI numbers of 766, 485 and 479 were gathered-{f&sm\Ziile

the 2DTX blocks displayed DRI numbers of 802, 480 and 479.15% of expansion on the vertical,
transverse anbngitudinal cores, respectivel@therwise, SP and TX cylinders showed the DRI numbers

of 561and 564 at 0.15% of expansion, respectively.
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