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ABSTRACT

Mul til evel Assessment of then RoBRdwde dMokExp amei

and Deterioration

Ol uspavai d @ha i de
ConcoUrniiwmwer sbity, 202

Al kal i silica reacti otner(ifo@é&gthiaomi sam wii ded §n kmeaty
moi sture and temperature are cruciTahle fionrf Iiureinte
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abotunteinf | aenéd8Rduced damage.aplphliy -lag ekl taisme stsor
protocol combining microscopic tamed immg dweaidiesfal
rangmoiosture conditions -iaarddi c e e mMEearpstragriieansr achm o
Concrete specimens were manufacturaedsiphayheg
di fferent | §vedglis eof meaetr-mvelh) hamgd, camtdaivreirny
loads n¢gi . e. , 3. 82kigidmjbyanmasS. Tk gdleepe s peci men s
conditioned at five relativity humidities (I
temperatures (i.e., 21AC, 38AC, and 60AC) and
ASR expansi on -wmavsxsad ta steess sfAm@dinmet ed, adnedf iunpeodn r
age (I,. &.,,, ahd, 1Phamogpe hRA({ DRI | htlerss (BaDimgge T
Direct S boenaprr, e stamalreg t h tests weppe AEBenduce @ d
deteriiomathenspeci mendhatThmoirsduulet s nshaw concr
90% RH from batchapggd nAdSuRccehd eehxapbd dessiwenm . e xt er n
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damappd tMorrreotveel erated t-empgecaetdurceackASRBxhi bit
but slheoorgter and narrower width compared to | o\
| evel s. These conditions influence tafd emit@mdo s
concremig h t3IRT DRUtpeaedest rogrgrael ati oM hroughpan
the -meVveéi assessment protocol, this study est
trigger ASR-aind taggdeergattieme . Whil e the 80% RH
t he, pase offi ntdiissgggtdiemd y owe r -7r5&m gReH g(h6t2 b & orrequi r
high temperatures and. Amaataimaigtey cdfastshé i aggr
accounts for a widerishmgaep,o$oefdfxepro snugr ea croorr dei tci

toolt hffocondi t i ArS Rafsfseecotneatie at e o f
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CHAPTER :ONBNTRODUCTI ON

Al kail liit ca react i-komo ?BAtSERr)i oirsata owelmechani sm i n
physicochemical reaction between certain sild@i
Nd 'K and iOH the concrete pore solution. This |
product (i.e., often referred to as ASR gel ) t
induce cracks in affected coscr &S&tiaeceespecidabklk
reaction seveéeddlnudnescddess cogparete structures
reported, and they are oft en5JAISKRne st oyqpmcadily)y
within the aggregate parltliucshtyrsattifeed. d e s c ifii mtei WEe

Sancheg6eshaltp and onion skin cracks rlel,yr esen

are generated in the aggregates at l ow expan:
l ength and width as expansion increases, and
paste at moderate expansxmpandieovrellseVal..(i .~d.. ,
the cracks originating in the aggregates prop:
in the cement paste can be observed. At very h

cracks daernes equiwiet h cracks originating from di s

W

0.05% 0.12% 0.20% 0.30%

anottbe r7]

FiglulreDescriptive modeASRdrf ecnt ®adk cpmap &g @&t i[®r] i(meprod
El sevier)



Moi sture and temperature play a critical rol e
factors | i ke aggregate [rigd 8pghtiilwi ttyh el @ weplacan dofa
on ASSRHuced expansion is more esabbeécismdiEiRked it

damage.

Sever al tools have been employed to appraise
tool s shhamages R&aBitndg fineceax BOMagar EBentf signi fi
and have proven reliable in assessing 4+he co
affected concrete. Notabl vy, the combination c
distress featmoakwsl,usrafc kelaasitiitneei,stsy D&MER) Yy, e hbnde
Pl astic Def@lPDla}, omh e ihgiewede i ty i ndex (NLI ), h
extensive assessmepstuchfhadama ge.t| Gihlgearn dsidladessg tr
[ 18hd compr e s[sliBvpev es tsruecncgetshsd arrhp lye rbesretna ruisleyd wi t
and BS®Tevaluate iIindASRdf det edH ocoweavere h emons t e X
studi es-i pchucAeSAR deeerei acromtdiucnt ed onveasmhwaeoi hens
envirenhRln*95%) and standa+CdP Tt eampheC®t) U 1lels (i

Thus, ' imited studies have been performed t ¢

condiotni CAMSSR] vecxepdansi on and deterioration

Furtheheomesttreliable strategy for mitigati:H
availability of one or more factors causing A
t hese, moi sture | imitation cani h@g comclh etee eme
As a result, the concept of minimum moisture

required to trigger or dHowegmenuAERDihmaRiHbceteinn gw



t

hr eshhaovled sbheeh8r ePipIBEe@®B8 soyitheat mostsudiresth

havelbemen ed tnoe aesxupraenrseina ns

n this context, this study focuses on detail
he moisture dwhamgtcheel tihn fclounecrceetteoif n tare ame ¢ a @ 4

hat relates the mMoSkEnducedtaxpanni co.ncklerteh én

of temperadmuacreetien ppaicapesetsisarseanptp | d fc atbhd i ty of

S

u

c

oncedpSR deveBopmdnhg upon the thorough under :
nd temperatur ei 0 ns tAlBRy ke wnaelt u aitsefs | tdihowan d hAesR f
eteriopati owmiunfalrdeyrmaehphysi cal -af heegedt eoanhdA
ssociated mechani cal wvpirthpfefrdrye nltoesvs@blaes tisihvu e gyg r
ubsequrempdsyes-basddmagseessment t-abdecdédr damad
ndeirf texpasure condiat idbavsageMior Rldbvehyreshol d a

onducted.

This Ph.D. thesis is organized into chapters, with the core consisting of five scientific papers that

address specific but interrelated research topics. To ensure clarity for readers, chapter one provides

a brief introduction and the structure of the stu@ligapter two presents a comprehensive literature

review on ASR and the role of moisture and temperatun@ the concluding part of the literature

review focused oan overview of ASRnduced damage assessmismiresented in Chapter three

The problem sttement and objectives of the study are present&hapterfour, followed by

Chapterfive, which summarizes the experimental program and briefly describes how the findings

from the study are divided into scientific papers. Four scientific papers are presented in sequence

from chaptersix to nine.The scientific and engineering contributions from this study are outlined

in chaptetten, and finally, chapteelevenpresents theonclusionsand recommendations.
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asliklailcia reaction is a universally known de
he premature | oss of serviceability in aff
ies have been <carri eidnwaltv edo causs i megl o na st htel
ention of ttheptrlRraditsonssiAomewomnt he role
t in the |iterature. Nevertheless, moistu
i n Hbweweacttcohnhtical assessmduntedofilamhege
ted. The available moisture in concrete n
ominantly quantified with theheagelsadiwfe dtu
a, |l i ke the degree of capillary saturatio
ent state of understanding of moisture m
erature in thew&iheascshefmoihet uract hoaes he
her more, the influence of these exposure

ced deterioration was discussed.



KeywoaldEksilliica reaction; moistubamagel Rajit veglhdmidwde tlyy mit

threshol d

2.11

ntroducti on

2. 1Background

The &asliklailcita reaction (ASR) has been a menace

since its discovfe?2.§]Tsheev eArSaR idse caa dcehse nai gcoa | reac
interaction between reactive silica and al kal
gel t hat swells wupon moisture uptake, |l eadi ng

conerefThe occurrence of ASR depends on- many

affected structures is not common, it[ 2ah ind

Extensive research has been conducted on the

mai nt enanc[e8,s2t8r, t®epgives , i n many <cases, | ocal |

S

(0]

me | evel of reactivity, necessitating the
rrently no known technique to compl etsely pr
e met . Neverthel ess, suppl enmd@®Band teménun
mpoulddB#Have often been incorporated into new
action. However, due to the repofB8&8Hdshbet a
st of wusing ada&iltabte asmarturgent need to
mi xtures tHa8B89,ddDhl exhstumngdstructures alrea
own met hod t oCohnantotn tnhiet irgeaacitoinonmeasures i nc
ailability through thelapgRlhiecatmporgonfatcoat ic
|l ease of stresses through S$lkeosi[odd]tHpwe,veand

w cracks have been reported to apgedadr, 4¥bdar s



Given the challenges posedcbyve hagamagat ¢éabié

prone to ASR; diminishidwadg kACMs cetmeertagv ainldathii Imi

coating syst ems; exploringvihenmennftlaule nc en doift
temperature remains crucial for preventing t he
Moi sture is an i mportant factor for the ASR an

with the aid of relative humidity (RH), which

Ot her met hods | i ke tihoen ,deglreenei codl cragadadtliaarys ,s ad
have al so been used. Nonet hel ess, wvarious res
the onset of the reaction. Some conclusions v
based onenrmal i RH, i . e., relative humidity ou
[ 8, 2.7 ,Hbr]t her more, some authors have c¢l ai med t

[ 4,7]whi |l e others have suggested that [tBhed8rleac

Some of these conclusions were infeapeédotf m®ms

with reactive|[ 2.6 pOtshee ra gfgarcetgoartse,s such as si ze,

c

an also affect the availability of moi stur e

reacti on.

Temperature plays a pivotal role in the ASR as

exposed to high temperatures is more I|ikely t

t

he rate of expansion aidaedabyg the dapfdsdoss

temperature could also play a counter rol e |

absorption of[ 2va]JtFeurr tbhye rAntoR eg,elt e mper at ur e can

humi dity of the air that concrete I s exposed



of the air to take in more moistur e, t hereby
rel ationship and nidtus eidn felxipeamese ocmn aAXR yet to b
The ASR is initiated in the concrete microstr
mani festation of surface cracks -affethed s9mp
can be correlated[#d4,6]tihwts i emdulcaedi ZiXmpa@ ntsh @ nn e e
of various exposure conditions on the microst
ASR, as shkdwnweme Faolmpserved as being initiated
fine or coarse) and propagating to the cement
a different effect on induced Pp5&panrsa ons wheme

by the | atter propagate faster[5lnfThbushetbemei

integrity determined by the inner damage (pat
di f fregiemmttur e and temperature conditions, bear.
|l evel s, can vary.

(@) (b)

Fi glr e ASR i nd (apQprecrt accrkasc k i n a gpgrroedguactte; wd QAG)r,e aB t(i @rna ¢

paste with reaction product; CCPG); (b) C (Closed crac
This paper aims to review the influence of m c
comprehensive overview, the available methods



threshold needed for the reaction, the influe
temperature in the ASR wil/ be discussed. Whi
of ASR is well known, exdesdionmg expansisormhsa vree @c
This study seeks to broaden the discussion by

under various moisture and temperature condit

212 Trheec hani sm of t he ASR

I n the presence of adequat & madindtyurse,dituhme aaldk e
oXxidreesact with poorly crystallized siliceous |
[ 5,2]t he high al kalinity of concrete pofO@ solut
with either sodium or potassium ¢trhrcdcu gAlS Ra rg eil o
formed when amorphous or poorly crystallized

affinity to water and s weolnlsi.n gl ha nsd neexcehratnsi spnmr d s
whi c h, in turn, generate cracks that i nitiate

paste, as schem22ically shown in Fig

(@) (b) (©)

Fi g2 e Sequence of ASR: (adldnifticabrennektdedachbs,; AGR) pit
Modi fied from [6, 53]
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The hyd
silica
sil oxan

progres
di ssol u
i ncreas
exchang
pot assi
ASR gel
i ncepti
the dis
ions re
serves
corresp
for the
al kal i
controv

expansi

roxyl presen{ in the pore solution frotl

n aggregates, |l eading too®tdesdegtio mpbe
e 1@idnNndég) (BB8d break the net woOHKk . tdheéor
sive attack of the hiyYoOHnoxwlsul dss i oan tth
tion of silical 2,&]Jtchoirsdidnigs stool uRaijoanb i cpaonu
e in tempeThéeéuhieeglandl kal ahk@ayi aftyhe ¢
e of h-ydfoeamlthensi (O&éa surface with al
um ( K+) ,[ 5.4] Tthhee pproersee nscoel wotfi ocan k al i I ons
composedTld rad&atliions i Aleophaanpdisgdnjba ti st hte r
on of the reaction, the ASR gel is defi
solution ©D)sohi d hepocelmamdi pecU€Ca. Alt
ma i n[s5,% Jopnotpruol vaerr scilaali msalrce man th@adi®@ptxii Mg t

two primary rol es: it functions as a 0

onds to a significant <conc[ebhbt]ramatdiooms o f

potenti al exchange of Catheioprpsuwhnt bf
ions into the pore solutiomespi paehmhdbe
ersial state of the role of calcium i ol
ve behaviour of the gel. |l rrespective

Cal-sati o conghrarggeh et pr@sence of Ca in the gel

swelupomg the imbibition of water. Ot her wi s e,
[ 5.7 ]
The deficiency of calcium in the concrete por

more portlandi tTehifsr,om otmbe neemewntt.h the presen



solution, i nitiates a repetitive sequence, ul

silicaBgetseessing the time dependency of the
t wo g[tha8g@dse first stage Ii's composed of amor ph
aggregates in proximity to the cement paste. -

generating pressure that reswouts omecrmreW sSASKI
formed in the second stage are crystalline i/
swelling pressure that propagates the <c¢cracks
anal ogies in thASRiIgel atswree |[ad®dly tmecrhatnh eslme s s,
reactivity is endless and will continue until

moi sture are mM&@]l onger availabl e

2. Revioewectives

The objective of this research was to conduct

and temperatisrid icm trlreeacdliloal i( ASR). This revi e
existing literature conceronnpngashwelt bl asof hmol
of articles specifically addressing the infl uce

propert i-aefsf eocft eAdSRconcr et e.

2. Bloi st warecriet e

Moi sture plays a vital][ 6.B2]let s nawaiel aluirlaibtiy ik ey
coul d be favotugialbil ®a froe a ¢ thieo | 2kfariceae Zjiosneptt e md t
Avail able water in concrete can be categori ze
water, and capli6ldl]@rhysifcaeééy WwWatued and free w
transportation mechanism in concrete pore st

influenced by the moisture ¢ onretveanpto,r anbhliel ea ncdh ef

10



t he hydr[ag>]Thleasnws st ure content available in
the volumetric ratio of the sum of [poMy]Fihec sl |y
moi sture content has been measured using seve
The gravimetric method is the most dependabl e
concrete, especially when representative san
i nvestigat. n. However t he desttralclte ve n natbou
circumfbahseme ot her relevant 2hdet hboudts naorset iafe
met hods do not measure moisture in concrete o0
include cost, cali bration chall enges, and eas
degree of capill aocpulsarnluy aus edch fharv es beele nmegas ur
Tab2le Moi sture measurement techniques
Test NDT Location Influencing Factor Output
Gamma densitometry ) _
(67] Yes Different depth Geometry Density of concrete
Electrical resistance _ ) o
(6] Yes Surface Degree of maturity| Electrical conductivity
Location of Calibration, _ o
Hygrometry[69] Yes ) Relative humidity
choice temperature
) ] Representativel ] ] )
Chemical reactiong/0] No Evaporation Reaction with water
sample
Thermalized neutrons Chemical Thermal neutron
Yes Surface N
[71] composition detector
Microwave absorption Few inches . . .
Yes Mix proportion Electromagnetic waveq
[72] deep
Infrared thermography )
73] Yes No contact Concrete density Surface temperature
_ ) Representativel Depth of collection,
Gravimetric[74] No _ ) Surface temperature
sample incomplete drying

11



The choice of relative humidity or degree of

type of moi sture (water vapour ofr l i qui d wat
damage in concrete can be fdedrmhee efmphapilzlear
which il lustrates the number of filled por es:s
involving chemical reactions influenced by t|

humi dity measureme@frts¢dgan be more effi

The RH considers the amount of wabge vapouete
hugely dependt¢wmtementt hat wat ¢ w/ c) , and the re
hygromagittdgikse RH i s assumed to be 100%-laitk ec o mp|
condition). Accpv,d]jtnhgi st oc aZrhdaintgi cent exX hi bi ts a c

the RH of the [a7.8]Afst ecrl ossoemet of i1nDe0, % t he RH st ar

and/ or evaporation. As hydration continues, t1I
secluding the pore water and | eading to the d
The degree of <capillary saturation (DCS) of ¢
the ratio of the volume of water availabl e in
i s subjected to capill d@rp7.5 A thiaonnd fuunit iolf eqguialti
adopted to measure the DCS in the Iliterature,

of the sample before and after drying as well
can be acheeyedgbyhsubeampl e or with one surf af
[ 79, 80he procedure (weighing and drying) for
unl i ke t[h8l, 8&2]r RH

The DCS and RH focus on different properties

factors. However, there exists a seemingly 1|1

12



by WgB8kB concrete specimens with a w/c of 0.4
RH increases. Despite the challenges involved
scientific; the actual amount oftr wathe RH Coen

suitabl e f-aofrf eucsteed ncAArSdRkr et e due to the ease of

easily with the aid of sensors. Further mor e,
especially in the | abomwattdagtcheeweAhIIRoard peanfeo
through the drying of samples and the capill

makes the RH more suitabl e.

2 . T4Ahe | emoafst ur @ kibsl litrdecaac t i o n

Moi sture is a critical factor[ &40] hteh enoii rsit tuir a&t i
in MmM3Rected concrete is | argely due to the n
external sources. Such i ngress could be from
etc., or a combination of these.

The role of moisture in th[e85]dacst iaovnaihHaasbilddadr
transportation medium for the ions involved i
resulting ASR gel. The transportation of i ons¢
per meabl e mediumrebeawnah8@jAysh awbroensul t, t he |
avail able moisture has been used to mitigate
w/ cm could potentially aid the reaction. Dur |

het erogeneoudidared ilse 93 oglaircteldan Hydr oxyloi hons a
order to maintain equilibrium with the high a
the release of Na+ and K+ from the cemetnton | e

[ 80O]JAccording to |N8,7 btsloen raenac tPiednercsaom be i niti

13



8 0 %, but progresses slowly due to the | ow rat
in this condition may not be sufficient to ex:¢
concredxpdsedeto water atechoceddi odoi anmot des atil
i mproved, and expansi[olnl,i88]significantly i mpr
The moisture needed for the ASR Ha8s 1lBe&wypt om
et [dFf%¥amined the kinetics of the ASR and resul
stored in different external relative humidit)
increases aBeWRHresearablerss have argued that t
of moi sture measulreimeh®$ nfeotrh etlhees sr,e adca maogne due

as the DCS7Tamadar&®abB@S threshold of 9(0%.9Has beel

2.4 Rehuantiidthea gshol d

The availability of a sufficient amounpt.4gdgf wat
Based on the discussion in the previous secti
moi sture conditions. As a result, t he concept

prevention and -amf ecteadnster ot ASRsS .

The absorption of water and expansion of the
work carried out [BYp]Bhgaabsandt Soeféapacity of
when the RH of the air in the pores falls bel
RH | evels. Accord®ilngotexphassbodivas recorded \
stored at 65% RH and 38AC, while considerable
temperatures but at 85% RH, but i %% sii ngnhdéedaked

the rp@.2t3omme ot her authors hlax7, Ydsti,t endu mee rtohur

14



thresholds exist [hB8¢mertiéded@uate. 2DAGSF swhinc |
while [L4adégpagrted it i8D%baet baetlwewer 8tlemper at ur e
Some researchers have wor ked @gt26&hidg hkeurr i theampae r
Kat av@bhvestigated the reaction at 40 [MCZ]and |
reported a threshold of |l ess than 59% at 60AC
concrete specimens exposed to 60AC after just
the tenmplerrl]Asuredi.z2laatetddi bhW Fngludes various st
di fferent temperatures, it is evident that th
surpasses that required at the standard condi
recguernt i s even | ower at a higher temperature
induced expansion decreases with i[ddidawe ngr t ¢
in a repor[td,d]yt hRre darud ehwlirt st ated that the criti
mi nerals of the aggregate. Given the differen
expected to have a faster rate ofrexptamsi ooul
expand at a moisture | evel where moderately

reactive content (fine versus coarse) of the

clearly sdown in Fig
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several 8st13iiBé 986 9
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According {@6tckh8 rsteddioaus on concrete prisms s
23, specimens containing reactive coarse conte
6670% RH needed for the mix prepared using a r
l evel could be sufficient to nignirteiaacttei vteh ef irnees
After ahducA8Rcracks propagate faster in reac

Lastl vy, the RH thresholdryedeperdi niggromn hehe es

shape. After all, the ratmemdwded hex pamsita o nd iafr
prisms, cubes, and cylinde[r%5]iTrhaucsr, p otrhaet i vnagr yrie
types used in the available studies may pl ay

' iterature.
2.2 foHea bkrdngt eagveda b d ngavan | abmoliisttyuroafl Klri t he
s | recaact i on

Concrete exposed to natur al environment al con
cycles during its service |ife; these conditdi

concrete and the devel opmenett parl8.Jtwhee nA SRa n cArcect
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exposed to moisture (wetting), the interior R

then reaches a stable | evel; t hi s, however, [

and other properties ofe hwetdteineg cyalceetetc.du

drying, the interi[o/t8]REIlcordiucgst gratdé¢a)Siwdy

ncrete cubes with 28 days of compressive st
cle (14 and 7 days, respectively) and the i
bes of the samples was measum@gd.t hs dexyp exqgt e
iled to reach the initial moi sture | evel wh
e duration of the wetting cycle. As a resul
i sture in comMclr,e9t6el for t he ASR

di scuss the influence of [Bédbofyctmedcohdi't
tting and drying conditions could stimul at e
urse, there was | ess moisture to be absorbec
temperature i mprooveodf thhyedr oxiyd e nitornas i n th

acerbated the attack on the poorly crystal/l

ponentially in the following wetting-cycle.
pansi ver ockwactts omere formed and drying incre:
e prior wetting cycl e. Thus, mi nimi zing wet
ac[t9i70]n

identl vy, expansion due to the ASR is signi
wards the surface of the concrete. The react

but not close to the outemt suAdaacrdidug ttom Ka

KawamudBh t heir -cothuddy ioomeldalconcrete speci mens,
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8

-

(7]

0% (a moi sture | evel sufficient to initiate
ylinders during drying; such wvariations in e
esponsi ble for surf @8 A csrianciklsa rd uoeb steor vtant @ oAS R
amples by 238tllatr ki €t Bmdéwever, worth noting that

n the size of the concrete member. Sl ender m

RH across their depth.

N

.TShe | etemper at ukieneitni ctsheof t he ASR

ncreases in moisture, temperature, alkalinit
dopted in the | aborat-iomguted aexpdarersiadome, t @mong
n temperature have been[Ie@pBltbdugb bempdratr
een noted as one of the primary factors (alk
an affect the availability of these factors.

he gel prntdhecuded tuman on of the reaction. An i

ffective in enhancing the dissolution of sil
101, 108B¢ influence of temperature on the acc
103t he authors recorded an increase in the r
00% when their storage temperature was incre
n the availability of alkatéegoliinzednicmted et pa
ncrease in temperature enhances the mobility
oncentration of i1Tons iIin concrete pore soluti
and, some resadtaivee baegr d gaitned t o contribute a
nd temperature has been reported [tX5 ]efl fevatt etdl

emperatures resulted in a greater total al ke

18



(Sudbury, Spratt, and Springhill) into the al
38AC, and 60AC), with the highest release o0c:¢
release was reported when 20l tteMBOJALt us e Wa
worth noting that after co[nlsGabdlérti mg oomepmrekbkéns
of available works in the I|literaturnfeQé6it heeggr
amount of al kali release can also be influenc
of aggregate (coarse versus fine).

The i mproved properties due to elevated tempe
ASR gels. As noted in t{Hégdtsdgat onl syat @edst ece
hi gher mol arities exhibit notable differences
compared to those generated under milder cond
product f o/r4meAIC awas38dACfferent from that for me
[ 558 he di fferences in the mobility/dissolution
the kinetics of the reaction, |l eading to a po
temperature is increledDdrds far ornme s3u8l AC tsoe vsel G |
tests were conducted at high temperatures to

dur a[tlimb8 O] Tablloemp2r i ses a database of several A.

at di fferent temperatur es, highlighting the
conditions, durati ons, and ultidmgt exepapBhoinonm
are highlighted to show the influence of temp
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Tab22e Database of ASR expansion at different
] ] Final Expansi
Aggregate Sample Reactive Alkali Test .
Ref. ) o Temp. ) Expansi | on @ 28
Type Size content (O O ) Duration
on days
Highly 75 x 75 x 285 21°C 167 0.14% | 0.010%
[8] reactive mm Fine agg. 1.25%
: i 40°C Days 0.55% | 0.020%
fine (prism)
Reactive 16 x 2cm i
[47] . ) Fine agg. 1.84% 60°C | 200 days| 0.24% | 0.220%
limestone (cylinder)
Highly 75 x 75 x 285 38°C | 365days| 0.24% | 0.010%
) Coarse
[89] reactive mm 0.925%
) agg. 60°C | 273 days| 0.18% | 0.040%
Quartz (prism)
100 x 285 mm 38°C 0.20% | 0.010%
(cylinder) 60°C 0.16% | 0.040%
Coarse
Sudbury | 75 x 75 x 285 1.25% 38°C | 365days| 0.170% | 0.015%
agg.
mm
i 60°C 0.080% | 0.030%
(prism)
[95]
100 x 285 mm 38°C 0.26% | 0.018%
(cylinder) 60°C 0.18% | 0.110%
Coarse
Spratt 75 x 75 x 285 1.25% 38°C | 365days| 0.21% | 0.020%
agg.
mm
. 60°C 0.17% | 0.100%
(prism)
75 x 75 x 285 38°C | 730 days| 0.26% | 0.013%
Coarse
[100] Spratt mm 1.25%
) agg. 50°C | 187 days| 0.248% | 0.085%
(prism)
38°C 0.160% | 0.033%
Spratt
75 x 150 mm ) 60°C 0.074% | 0.058%
[106] ) Fine agg. 1.07% 365 days
o (cylinder) 38°C 0.230% | 0.028%
Springhill
60°C 0.103% | 0.050%
38°C | 365 days| 0.257% | -------
Spratt 75 x 75 x 285
Coarse 60°C | 91days| 0.160% | -------
[108] mm 1.25%
] agg. 38°C | 365days| 0.171% | -------
Sudbury (prism)
60°C | 91days| 0.138% | -----—--
75 x 75 x 285 38°C | 365days| 0.229% | -------
Spratt Coarse
[109] mm 1.25% 60°C | 182 days| 0.167% | 0.103%
. agg.
Sudbury (prism) 38°C | 365days| 0.150% | ------—-
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60°C | 182 days| 0.187% | 0.022%
75 x 75 x 285 38°C | 365 days| 0.22% | 0.000%
] Coarse
[110] Limestone mm 1.25%
] agg. 60°C | 150 days| 0.19% | 0.065%
(prism)
Highly 75 x 75 x 250 40°C 0.140% | 0.035%
) Coarse
[111] reactive mm 0.94% 365 days
) ) agg. 60°C 0.110% | 0.070%
andesite (prism)
Highly 25 x 25 x 38°C 0.800% | 0.050%
[112] reactive 285mm Fine agg. 1.04% 600 days
i 55°C 0.790% | 0.350%
Jobe sand (prism)
Silica sand | 28 x 28 x 180 30°C 0.650% | 0.350%
[113] and Pyrex mm Fine agg. 1.20% 100 days
) 60°C 0.420% | 0.410%
Glass (Prism)

Despite the pros of the accelerated perfor ma
shortcomings have been identified. As a matter
temper[fal WCd,els08Si1dgaijficant reductions in the
sever al acceleradt edt tesmsl areages FofJ exposur e
38AC al l had a higher final expansion than a
aggregates. Based on findings fromeadti Ve teanr
i mpr wedsity, and refuad8dardé]fcaicunor so ntheantt c oL

responsible for a | ower final expansion.
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Fi g4 e AiSRduced wultimate expansion at different t emg
[ 89,95, 100,106, 108

The curing temperature to which concrete speci
ASR can affect their expansion. Hi gh curing
hydrati on, consequently reducy nrge dtuhcei npmo rwastietry
properties and[ 8.0FAIniohboiulgiht yt hoifs idooness not stop
can be mu&fH]AQoomwmseirder i ng thiklslvebd omp edeclean ich @I S
expansion model t hat assessed the effect of
pressure in the microstructure of cement at

i mportant charactestisuactcuoé, candrexpemi ment al

high temperatures because of hydrati on. Acco
decreases with increases in temperature due t
of lail kand ASR expansi on. However, since hydr

expansion could be higher at early ages and d
An increase in temperature can indirectly 1e

accelerate wvarious chemical reactions, i ncl uoa
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mobility, thus enhancing the ¢ oncbe8nhtdr atth eo nA SoRf
reaction. The absorption of Ca by existing ge
solution. Hence, new ASR gels generated may |

acquired by reactiongi wcohsCgei ohas beefaceéepo

such conditions that flows into the concrete
[ 80,.0h2) he same context, sever al aut hors have
temperatures greater than 60AC |l eading to the
sol utlilobnThe presence of these ions | owers the

ASR expansi on.

Ot her factors I|ike the drying of the ASR gel
[ 2dhd al kal i l eachilddilli®$Pdhbeenl estoti adkal i | ¢
most studied from the above factors. The exi s

the adoption of a maxi mum [tleQsOtMmagp piemyp eacfattue &

[ 8,0]Jand reduction[ dD5iNee etrd shteil regg sd u rmaotsitorm f t he

to be ®bonbitwabl e i mportance is the wrapping o
i nstance, in the study[ TRhI]coerdr etue¢ pryi Kmwadbar
reactive aggregates wrapped with alkaline <c¢lc

20AC, 40AC, and 6QpAC7Theacoorcamdce owi toi t he r
calculating the total al kal i content in the w

container s. The kinetics of t he reaction di f

]

el atpoaghsted between the temperature and ul

the highest early expansion, but the highest 1

(7]

lightly higher than the ulti[naltvaglde xpraoasi ®iho @&
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the recycling of alkalis, other factors that |

factors might be hypothesized to be responsib

22 . Tehmf | uemeies tod teempaerdat umec oa st preocpteurrte es o f

ASRf f econcdr et e

The ASR is known to induce the degradati on
appearance on the macroscal e. This facilitat
mechanism from a microstructur al pavet betnvi
established for such assess me2i3t., Tshoceme coafn nwhnigc |
mi croscope has been the most used tool; this
and XRF among others B g@gsesbeasdthedpcegect aek

as the TEM and CT scan are also becoming popl

noted that while some of the assessments frol
rel gtlillgFurt her mor e, these tools have been pr
deterioration (the ASR, in this case), and vi
However, a quantitative outputgfolDdhmasge sRatnign ¢
| ndledxRl1') has so far proven reliable in deter mi

propagation of cracks) and extent|[ oA2@ Ap mage i

Tab23e Microstructure assessment of ASR

Ref. Study Test and Methods Findings
Characterization of SEM, X-ray
(58] amorphous and crystalling spectroscopy, an(¢  The morphology of crystalline ASRroducts is
ASR products formed in Raman influenced by temperature.
concrete aggregates microscopy
(100] The effect of elevated Damage Rating Similar ASRinduced expansion can result in
conditioning temperature Index different levels of damage as temperature increa
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on the ASR expansion,
cracking, and properties o
reactive Spratt aggregate
concrete

Failure criteria and

Scanning electror

microstructure evolution microscopy Microcracks propagate from voids in the aggreg
[123] mechanism of the alkdli | (SEM) and Xray | into the cement paste. Presence of ASR gel in t
silica reaction computed pores leads to a reduction in porosity.
of concrete microtomography
Quantitative analysis of the
evolution of ASR products| ] o
] Time-lapse Xray Visualization of the movement of ASR products
[124] and crack networks in the i .
tomography from the aggregates into the cement paste in 4
context of the concrete
mesostructure
Thin section,
Diagnosis of ASR damage SEM, and ) o )
o Cracks were identified in the grains of coarse
in highway pavement aftel electron i . )
[125] o . . guartzite aggregate. Ghke products in the cracks
15 years of service in wiet dispersive i
. . were confirmed to be ASR products by EDS.
freeze climate region spectroscopy
(EDS)
. i ) Contents of strained quartz in quartz were
Assessment of the alkali | X-ray diffraction _ o _
N o o determined using image analysis and correlate
[126] | silica reactivity potential in (XRD) and ) _ )
N with AMBT results. There existed a linear
granitic rocks SEM/EDS ) )
correlation between the two observations.
N ) Structure and qualitative properties of ASR gel
Composition of alkali ] - N
N ) . ) different structures were verified. Composition ¢
silica reaction products at| Thin section and ) ] )
[127] . . . gel varied with location. Gels that had propagat
different locations within SEM/EDS ) ) )
into the cement paste contained a higher amoun
concrete structures ) )
calcium than those in the aggregates.
Application of electron | SEM and electrony The dissolution of quartz at higiH was observed
[128] backscatter diffraction to backscatter to occur along its grain and sgjpain boundaries.
evaluate the ASR risk of diffraction This technique can be used to assess the prope
concrete aggregates (EBSD) of slow-latereactive aggregates.
Microstructure, SEM, EDS, The morphology of ASR products differs with
(129] crystallinity, and focused ion bean location. Products located in thin grains are
composition of alkalisilica (FIB), and amorphous while those in larger widths are

reaction

transmission

crystalline.
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products in concrete electron

determined by transmissio microscopy

electron microscopy (TEM)

The IDRla pebasgdpwpamicit ati ve analysis perfor me
a stereomicroscope -W6xh andadgamédgeiatbebhgbésd5
24 -are counte’dsqgiumra @i rcdn The <count of each
corresponding weighting factor. The DRI numbe

features and nof[mad3G]zing it to 100 cm

Tab24e Damage f e@damaeges Rasfeddhdg nl ndex

Features Weighting Factors
CCA: Closed cracks in aggregates 0.25
OCA: Open cracks in aggregates 2

OCAG: Open cracks in aggregates with reaction produd

CAD: Coarse aggregate debonded

CCP: Cracks in cement paste

2
3
DAP: Disaggregated/corroded aggregate particle 2
3
3

CCPG: Cracks in cement paste with reaction productg

Quite a huge amount of work has been conduct ec
damage due to ASR and other internal swelling
reported t o-iinndcurcecads ed eatse ri Do c s i mcagasegat e
categorized into two types, na[ned ly]JfFursthtae pmarr &
gualitative model faffercack poogagadtei basi hehRIF
the devel opment of sever al single sharp and o
These cracks i ncr edasper adpnadaetneg tihn t oc otnhnee cct e, meannt
expansi ph30Peslpste the enormous work that has
studies have been | imited to concrete/ mortar

| evedd sstudy has been carried out t o dinrdeuccteldy e

26



damage features. An assessmen[t6, difthOajth eh afveew bnei
conducted at different temperatures shows t ha
the pattern, |l ocation, and number of <cracks,

results of samples Bhéteatedl byatbhd ABRctrketeugt
ou[tl10a0t] 50AC and the concref @]tpr3i8sAnt,t east ~(0CPHRTH
expansion |l evels, a higher DRI number was rec

CPT..2bcd@mbines the data from published source.

di fferent; more open cracks in aggregates wit
than i n CPT at similar expansion dieorellseadihn g
more induced cracks. Another interesting poin
cracks in the cement paste at similar expans

compared to 38 AC. Thihs ihrytpeort ehsetsiisg trheas u letx pwa
influence the microatffect edalsampopepesrtieeenofatAS
Since this compariinsdarnc eids elxgpsaedi @om AIR DRI re
aut hors, eededrth i mpmove our understanding

conditions on inter-nmdudadmagrepazrasuisend. by ASR
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expansion |l evels: (a)
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2.Concl usi ons

T Moi stur e i s an i
utilizati on of r el
vapour in the ai

preferred as a

measur ement

T A moi sture
sustain the
that report
on the
existing
T Concrete

their i mpact on

with sl ender

mportant

ative

means

compared to

threshol
reaction. However,
threshobohds
reactivity of the

studi es.

subjected

me mber s

(b)

CFT
(0.2%)

ACPT
{0.214%)

DFI number

mCCA mOCA mOCAG mCAD mDAP mCCP mCCPG

>95% RH)
results at O
[AdaPDéd from

factor for the r
humi di ty, an indi:
has been both cdmeneonnl y e
ofafmecsedr eomeast ee the |

ot her met hods 1| i ke

d of 80% RH has been ge
based on r e\
Vawee. aTile hi ghes haolh

aggregate, temper

to wet and dry cycles a

expansion may vary dep

experiencing a@iqgyicke



der s

ncr e

a

d

ction, mi ni mizing the number of wet
anding the combined influence of m
e properties i s essential ef otrhedev:

ious effects of t he ASR.

uence of temperature on the ASR | s

on among the primary factors (al kal

tinuation of the reacti on. An i ncr ee¢

nt factorndwceadcexpamaitomgi MSIRabor at

mate expansion can be dowess at hed

ties have not cons, stleetd gl priovenhi

—+

uredaoddA8Rpansi ohi msacompl ex and

essment of the ASR in concrete has ¢
ce of i nduced expansion on microst
mi crostructur al degradati omhbefore
n focus emphasi zes t he need to <co
t arf ¢ eicht eAISRoncrete from a microstru
expansion. The availabilid yt cofhawaéa ¢

bl e influence on the properties of
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CHAPTER THWREHRI LEVEL ASSESSMENMDUOEDASR

DAMAGE

Expanasnedam er nal signs o#f kdsaimaigeahraewseud ot fii tovegn  f br eoenr
tdetermine the degree of mMaFRnobevalcecpmantl YHO &e¢
condition of the distressed comnrdadrtatoen,o falsesdedismg
aff eccotnecdHe mn édhee, mMud Mdl assessment prtoot oacdodlr ehsass tbht
chal I[eIn3g0e]Bhi s protocol entails wusing microsco
namel Pamoge Rat(iDRES)Ihdaexss (DsaDnia)goet chTeerstmec hani
pr otpyeool s | i ke sdctempr esstsrievneg toht agepdgaihse t he caud

(i .e., diagnosis) of concrete deterioration.

31Sti ffness (DaDMla)ge Test

Thgti ffness ([BaDiggeh alseshteen confirmed to-be a |
induced deterif[or3a2,i IohB & nt ecsets tirsetcak invoen met hod u
the response of concrete to cycles of wuniaxia
the[tl@gdsed on a correlation between crack dei
in rock specimens. The test was |[al1 &% dd8pt ed
Building upon those devel opment s, I 1Bt%¢ 3, t
evaluate concrete affected by ASR wusing a fix
The authors proposed parameters | i ke the aver
the hysteresis area oveenrertghye |foisvse ilchyect|hesn & ywshei
Il ndex (NLI) was also introduced to il luminate

strai.n fSmaowlel 3|t earl .proposed a fixed | oad of 1
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nature of the test and they found a correlati

five | oading/unloading cycl es.

Sanchei 18f8uratlh.er refined the test through a oc
evaluating numer oawfs wamonpedes Ssmivan@ease metalct i v
aggregate types (fiatrdhe, ufsieinmpgpyresalsisiisn g oaosenet e
ASROt her internal swelling reactions | ike del a
thawing (FT), wermglienwe s tdidgedti dpdd eagpso sweed Ilconduct
SDT at 40%hagf comepr 28 si ve tsd ratngttthe olf o d chien g oma:
and establish@&wi i hde £* sO 3 ikl sttihired eDef QP Dla) j on
No-bi neari Nk))] ladext e modulus of elastBtity wh

The SDI BEquand oRDB2 Y Egueaseoin the ratio of di

deformation to the total energy/ deformati on
system, respectively. The NLI computed from t
of the sdwmuasntatmadcdl f |l oad to the peak | oad; ¢

orientation of madwelruscrafc kesl, 83aknidc stthgeo hEquadi 6

average of the secant. modulus of 2nd and 3rd

Stress

S

T DIl Deformation

Fi g8 e TShtd ffness [Dd8rBdge Test
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B b
Lo Béééééééé (33
SI = Dissipated energy over the five cycl es.
SI + SlI1 = Tot al energy placed in the system
DI = Plastic deformation
DI + DIl = Total deformation of the system

i 0i Q=i stress at 40% of maxi mum | oad

i 01l W strain at 40% of maxi mum | oad

3. Pamage Rat(ihRl )l ndex

ThPamage Rat(iDRd )|l mdaesx pr ovenquantiiatbdtei vfeorr oltes
internal swelling reacti-base(l8BRhnsgcle s 0ADBR.
Bel [@a&%]lat can evaluate the cause of distress
damage can be quantified wusing its result a l
concreie@dus®l cracks are countedcguirdaktebyflpoin
concrete sections usilnegX amagtnea rf @ ccmit d roms ¢ oapned at
damage feature can be multiplied witiB2tdheir r
bal ance their relati we sitmparst amecer atnd ear, d a st pe
& Fou[rh4®r obtain the DRI number DRatmbear nloa sne
been provem®ASAR nidnuccreeda sceet er | A 24 {Soome ionfc rtelaes ed

features that can b3 counted are shown in Fig
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() (b)

100um

(©)
Distress feature Description Weighting
factor
CcA Closed crack i aggregate 025
OCA Opened crack in aggregate 2
OCA_RP Opened crack in aggregate with 2
reaction product
CAD Debonded aggregate 3
DAP Disaggregated/corroded 2
aggregate particle
CCP Crack in the cement paste 3
CCP_RP Crack 1n the cement paste with 3

reaction product

Fi gB2Ramage Rati(phg, b ndASXR distress features (c) Distre
factors [140]

A closed crack in the aggregate (CCA) is give
0.25 as they are meststihkhgl yl awprboduagggoégpte
in concrete, commonly orugimgtimg promesnsait ng ad
The open cracks in the aggregates with or witdl
a factor of 2 since ‘their occurrence can b
di saggregated pafradtcdre fDAP) rwptadsents an ag
evidence of disintegration, characterized by

in the cement paste with or without reaction
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(CAD) is assigned the highest weighting facto
with concrete with high damage. The DRI can b
number and the weighted di stoposkldd dppoweeetr o &
extended vergsliojanppopwvesdd bBymore detail ed ove
mi croscopic distress features can be evaluat
per ce%)t amgmet hods without multiplying with weigl
unedr st anding of the mechanism of the reaction.
assessment of the crack | engths, widths, and c
t ASR devel] ppméiertse woul d contribute to an exH

devel opment in affected concrete.

DRI has been adopted to assess damage from col
reacfilygilkcyncrete with6ldedherene shndengpibmg f r

concrete undergoing [dl42 4y Mmnrtedwearmms iotfs rreeltiral

damage in existing inft4aSHoweveresthasebesnav
the influence of varying moisture and tempera
ASRffected concrete and the influence of thes

3. Bi rsheetar

Shear strength in concrete is ¢c¢(¢nitd4mlBdCdnredr eltye
inherently contains some internal cracks and
cracks via two primary mechani sms: a) the dow

friction through the Thar hatéeersftians bef dteheé ne
resistance to crack, o6 popularly <called- fiaggr

induced dei147TPBevatabnmethods exist for assess
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[ 148, 1FB¢ recentl y [dida/vbe lodp esdi gtne cfh nciaghuwe r el ev an
its extensive tesmadg oonameaeteea nEpricederdsa.b Mol
variable than tensile strengths, |l eading to

compr e sesnigvteh stterst , stthree(hdit thaucsti evdy h eE&qrdiadno o @

di agnostic for l ow ang@lmoldrusat et kexptosi oh ook
evaluat-i mgucXAe&R deterioration, especially at
expansions are expected. The test is conduct ec

in &3 g. Not c hes25 fmna bhoauvte 2b0e en reported to be r
t hat may ari sesniarlolm ore abviigh Gadr8e]la ofoor t he t est

T.oad

}

Load
FigBx eThe direct shear test [148]
Direct shear—stréBgtheé=34)
%0 dcyl inder di ameter ( mm)

a: depth of notch ( mm)

B €ompresgsievngt h

Studies have reported a | ow reliabidnduyced t
devel opment . This is because the reaction 1is
propagate into the cement pastHenat, medacat €ff
cement paste | argely influence compressive st.i
especially at | ow to moderate expansion. Ther e
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for hi-igrhd AS&Rd expansion | evels; up to a 25% re

[ 141 Nevertheless, this tool has been selected
i mportance (i .e., ulti mate capacity). Mor eove
shrinkage cracks at | ow RH.
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CHAPTERURROBLEM STATEMBOBI EAND VES OF THE

STUDY

As prememtuisdme®d st ure and temperature WHialye cr u
extensive research exists on their 1 qfelpadnce
under sothooi nfdpecstceo n s r iibnudtuec etdo d Sperci 6 atal byr oug
and quaanaloas i tvleei r ei fnfdeuccte do nd aAraRye (i . e. , cr

propagadd vmnciaamtded mechaniicalnpoceopeanty es reduct

The +elvtell apsespm@emosed by Sanphewvddéet@ilve in
assienspjs mage devel eapfnmieenctt eidn cAIRTret e but has be
subj echtiegdh tmoi sture conditi gnspaarntdi cutlamdar d n
sett.i nlghse physi cal manyt éghiatvya ta fil fofve oneoni dsi tguiFaen s

instance, concriebhel spebumedatrgegt sanscrepn mémnte t
cralck®, 1Shr-i m#étaged clreaadk st @« oaud doc anercrhamé¢ s msf am
came expected toA®R adadcabmdatgee .o v&irvaelnl t he pecul |
reduction as a strategwi f @counsnitthieg atoiln gt v Ry, ot

enhanc@eemainhimnder standing of the role of moi s

T Under st dmdiredg ati onship between intABRal an
devel gpment

T Asseddien gne h & mpiocdSiRef sf eccotnecdxeptoesed t o varyi ng
(Il ow versusahdghempesattueg conditions,

T Under sttahnedi nmeaptosofe aocrhm@ghysoogéefcragk

generatiom@andpmpo peritgidkefsf oeocdtnecd et e

37



T Assessiimmpafttheeggr egdteev el e @t it\hiet y ol e of moi
on ASRdJuced damage

1T Propaosdeatmaged asddReld memnteoliol d needed to tr
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wi t h

CHAPTEIRVEIRESEARCH PRAGIKANMORE OF THE THESI

di fferent

onreo-meact i

vV e

comprehensi ve

experi mealitrad e gpcctoigaegp@r ¢ pat &

l evelSudburheghand i vteyEprih heg hi Imo «

coarsecaggregaftfeneonmaggnegbtve (i . e

al kali(ilevel 8.

five

facwede vi dédscnhnéepnti(fClta pjpraers esting

82kg/imireandemp2slag B&edk ) 0a ned , 2

r el ate(isiv.ee .h,u miB@FEB8p, , ¥®@B06,652e%W)e r a |

cofmbt haseol

matri x f

is 1 llustrafbd mhx Tablobpobtilons and aggregate
scientific papers.
Tabble Testing matri X
. _ ASR-
Alkal Test . .
Aggregates (coarse) a_u es. |_ng induced ASR-induced damage
loading conditions .
expansion
Q
n o = = - )
g | sl gl & 8|2
[} ~ ¥
m ~ o = ) ) g T I [t o %) S
(%)) o n =) :3 :3 = o o ) £ o c
| e =] 2. N SC S| w g 2| o| = | &
2‘ — = o? o? Eo — © ® c < =}
S = = o = £ g & | © @ £ = @ 0
o g > = ) > 29 o g S < < S g
2 n = @ 0 N g = T c 5 7]
? Sl ¢8|z | B|&|5|8| 8| 8¢
n c 0 o < 5 = o O 5] = o
(=} [} o ) c S [a) =3
b o g < E a g
c o ° .
Chapter 6 + + + + + +
Chapter 7 + + + + + + + + +
Chapter 8 + + + + + + +
Chapter 9 + + + + + + + + + + + +
*Speci mensnomacacwiitvle coarsaceagpugmnbgitmeagaratused
l evel s
** RH and ERH represent the internal rel atiirve humi
t he surround)jrreg peencvtiirvoen nye nt
Concrete cylinders of 100mm x 200mm were manuf
After casting, +dmlbé¢ depe anureentdo | asté rreoam t emper at
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holes were drilled on both ss$etetsingnde mé ntdss wi

the first 24 hours. The initial |l ength readin
ready for st or agme.ipéeCaocnecdr eitne ssepaelceidmebnusc k et s, e a
cylinders, and a minimum of 12 specimens were

buckets per RH)amad ealkatfitempuouaicdaegy type.
5. Experi mental procedures

5. 1Cdnt rrel abd mied(i RH)

Fifteen relative humidity (RH) and 52 e mpeerreat u
prepared for this study. dEadh | ¢t esdadlivitaitseorl wdaiso n
stipul ated [ilmb OATShTeM pErloOcde dur e was initiated by
on the desired RH condition and preparing sat:
the salt solution was placed at thetboédomt ob&

specific temperature.

Tabb2e Controlhuonfii di ¢lyati ve

RH/Temperature 21 38 60
100% Distilled water Distilled water Distilled water
90% Barium chloride Potassium nitrate Potassium sulfate
82% Ammonium sulfate Potassium chloride Potassium nitrate
75% Sodium chloride Sodium chloride Sodiumchloride
62% Sodium bromide Sodium nitrite Sodium nitrite

i Button DS1293 seasbdoprsweraspbhowd in Fhg cont e

and temperature readings over time; tgtbé. fr ame
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@)

li Container lid

Sensor for
external RH

Concrete
cylinder

Plastic tube
Gortex fabric

Rubber stopper

Sensor for
internal RH

Absorbent material

TT Perforated rack
z#—— Saturated salt or
water

(d)

(b) (©)

FigbhlteExperimén)aFraeewopk for internal and external F
sensor for external RH Imgdadureesentcykc)nd8utton sErheoTr

The i Button sensors are made of stainless st
coll ecting data | oggers, the iButton sensors
reliable measurements with aer aRHi raec caucrcaucrya clye v

Data readings are stored directly within the
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connecting the sensor to a computer through
capability to measure rel-tadurwnet ihmeniidnt gr veavler w
this study to optimize t hes swelrseormadnibtadrned you
year

To measure the external RH, a sensor was atta
inside the container, representing the RH ext
within the concrete, a hol ¢dwhbefperf dbratcddnign
tube was inserted into the mold, extending to
measurement of I nternal RH at the center of

similar to tHhel]&apRiwaasc htdwtclhiede t o the end of
spill age during the batching process. After ¢
concrete specimen since it facilitates the pa
sensas then introduceidnt eRffipalanhed tAubebber mshiopag
to the opposite end of the tube to ensure ai
appropriate salt solutions or water for al |

condition waisntemfalguRMdméasur ements. Additi ol
the same bucket for Téngthpphamagd waassademeé ed
of acquiring multiple sensors while embBering

-

—

eactive aggregate used 188 Molbrietoevcer mi rmiemali ngar

rocedures were employed to validate5t4lje r el i

l1EXpanme @nur ement s

ength and mass c¢hamke ntneomveenrtr e snedhdt 5 emvger telds ) (i

1

a

ndS@B8ci) mens weefree ecrod |68 cnberdt Hsho(se ahdred a
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af femnd 12 .fedrtodssn di ti oned aftor2 1tAHGe amudl tBISAE€S s

prot(oic®® DRI, Shear, and .compressive strength)

5. 3Sti ffness (PB)hage Test

The SDT procedure was performed as per the methodology proposed by Sanch§lZ38j, al.

which involves subjecting concrete specimens to five loading/unloading cycles at a controlled rate
of 0.10 MPa/s, with a maximum load equivalent to 40% of thel®8concrete compressive
strength. Tests were conducted on specimens from each relativéitifu(RH) condition after 6

and 12 months (i.e., for specimens conditioned at 21°C and 38°C) and after 3 and 6 months (i.e.,
for those stored at 60°C). It is noted that three separate specimens were tested for each RH level,
temperature, and age combinati@efore the initiation of the test, specimens from each condition
were stored in a humid environment at room temperature for 48 hours[a8&jeand each end

of the specimens was mechanically ground to ensure a flat surface. This study reports an average

of three specimens for each result (i.e., ME, SDI, and PDI).

5. ADamage Rat(ObR)g | ndex

This study conducted a microscopi c elarmhagpd i on
Rati ng( DRild)ye xver shiaosnesd aAs sdsmement was sel ected
ASRnduced expansion and damage. The concrete
tested at 6 and 12 months. The 60 shecamdns
si x mont hs. Before the assessment, a speci men
into half |l ongitudinally. One half was pol i she
sizes 30, 6 0, 120, 240, g600d, o0If2 010c,m]a nnda s3 0dOrOa. w
surface, and the DRI was conduct ed using a

Considering each square at a ti me, Ftilgg nuwmber

43



count ed. The sum of the total count ©per feat
Villeneuve| a40Fhouahmreirenmr e, a more comprehensi

determine maximum crack | ength, width, and de

5. A8Di rect shear

The direct shear test was performed as illustrated by De Souz§l&].ebpecimens similar to the

SDT were collected at the predetermined testing age. The specimens were conditioned at 100%
RH and room temperature 48 hours before testing ad$8} Then, a notch of 5mm width and

201 22mm depth was carefully made around the circumference of the cylinder using a masonry

saw. The concrete cylinders were then loaded to failure at an applied loading rate of 100 N/s. It is

worth noting that only two spanens were selected for each test condition.

5. 6Compressive strength

The 28day compressive strength of the concrete mix utilized in this study was assessed by
employing the maturity concept due to the reactivity potential of the aggregate, which could
potentially trigger ASR at room temperature and above, thereby impdbgnstrength of the
concrete. Six concrete specimens were enclosed in a plastic wrap and stored at 12°C for 47 days
(i.e., the maturity is equivalent to 28 days at standard temperature), after which they were tested.
To assess compressive strength redustithe specimens tested for SDT underwent an additional
48-hour reconditioning at 21°C. This approach was facilitated by thelastnuctive nature of the

SDT, as confirmed by Sanchez et[2B8].

5. Zor e of itshce etnhtesfiisc paper

Five scientific papkefrsesctwievel ypregpgsaeasesd and pr e

experi memndmduaovtog &k i n tHBmagaeddhr s s sgs ukdggy aspect s
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all owing them to f (PIhf sDl. licdoyl Hee.cabliveedtyompecoif omn &

papers arebszhown in Fig.

Scientific papers

Paper I Alkali—Silica
Reactions: Literature Review on
the Influence of Moisture and
Temperature and the Knowledge

Gap
g - Paper III: Evaluation of the Paper IV: Evaluation of the
ﬁgifﬂeﬁgliﬁaﬁﬁlﬁfj induced mechanical deterioration| influence of moisture and
reaction induced ex a_n'_ion' A of ASR-affected concrete under temperature on the
hensive abe P i Sl fudv varied moisture and temperature microstructural properties of
comprehensive laboratory study conditions ASE.

Paper V: Multilevel assessment
of ASR-induced damage in
concrete: Effects of relative

humidity, temperature, aggregate
reactivity and alkali content

Fi gbhx e Core of tlhien kP hbDe.t wieheens issci ent i fi c paper s
Paper |(Chapter two)reviews the current understanding of the influence of moisture and
temperature omlkali-silica reaction (ASR). It highlights the key role these exposure conditions
play in ASR kinetics and identifies research gaps, particularly the lack of studies on the interaction
between internal and external moisture and its impact on ASR developadsditionally, the
paper discussed the moisture limitation as a mitigation strategy for ASR. Relative humidity (RH)
threshold is commonly used for this purpose. However, the review notes the variability of th

threshold in the literature. Furthermorejndicates that most research on exposure conditions
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primarily focuses on assessing expansidmch might not give the actual state of ASfRiuced
damageThese identified gaps inspired the subsequent studies conducted and reported in Papers I

through V(Chapters 6 to 9)

Paper ll(chapter 6)ocuses on thelynamic between external and internal moisture at various
temperatures and examines how thignattioninfluences ASR kinetictObserved shrinkage at

low moisture levels led to the decoupling of shrinkage from total expansipreses#d in Paper

lll (chapter 7) Additionally, Paper Ill evaluates the impact of ABfuced expansion under
different moisture and temperature conditions on the mechanical properties of afteutezte
Building on the identified differences in mechanical properties, Papghapter 8)nvestigates

the microscopic properties to understand how these exposure conditions affect the physical

integrity of concrete.

Given that Papsil through IV werelimited to one aggregastnd alkali bading the findings from
these ppers motivated a comprehensive analysis using a-lewulti assessment protocol to
evaluate the influence afioisture and temperatuoe ASRinduced deterioration in concrete with
aggregates of varying reactivity and alkadatling in Paper V (chapter 9) This thorough
assessmer@nables th@roposal of a damage classification table arthmagédased evaluation

of the RH threshold necessary to trigger ASR.
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CHAPTBR:MOI STURE DYNAMI CS AND | NFL-UENCE Ol
SILIRRAACTI-IONDUCED EXPANSI| ON: A COMPREHEI

LABORATORY STUDY

Ol usol allOol Mijd el 22 INe&kkaed&mé3)Sanchez

(1©Qoncordia University, Montrealo/lWrsiod erdsaivti yd 2@l 3@gtmaw d
(20oncordia UniversmtpwokkMentdcoalcor@amada,
(3VYni versity of OttewadrOttsawaheC@uataawa. ca

Submittat escci enti fic journal for publicatio
Abstract
Moi sture availability is crusialicdoreaaoatititont
concrete. As a resul t, moi sture control has
mai nt ai miffgecA®R concrete. Selreactteignige se frfeeqcutiirves

understanding of t he moi stur e dynami cs bet w
environment, and influence on ASR, which rem
interpl ay, 180 concreteceyl eadteirse i aggepoate.i
manufactured and storelkdrae¢ difctement c3dnip ¢ @nh

60) and five relative humidities (100% RH, 90

internal and external relative humidity, l eng
Results indicate that the amounti eft wiad etr iugg
reacti on, regardl ess of the subsequemtduerdos
devel opment is influenced by the internal rela
external relative humidity and temperature.

threshold) required to causewas ganasdesaand ared e

to be t admpernatewnrte
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KeywoAUdEk&illiica reaction (ASR), Moi stur e, Rel ative humi

humi dity, Temperatur e.
6. 1 ntroducti on

Al kil lii ca react i-komownASdet ersi oar aweloln mechani sm
physicochemical reaction between certain silii:¢
(i . €. K Mdaad iOM the concrete pore solution. Thi
reaction product (i .e., often referred to as

potentially induce <c¢cracks in affetcd.edSicroaer e
di scoveryioh sbveraphppboam@ée®»uagaoncrete struc

ASR have been reported, and they 4diXx] often pr

Moi sture significantly influences ASR kinetic
facilitating A[SRO]dgMhle nabssudrfptciicem:t mo insdtucrea i
expansion and deterioration are exacerbated.

on l'i miting water i ngress|[ lonet]d khéyecsttedht egn
mai ntenance is maintaining an internal rel at
reported to corft8rlal SAST eftfuaddteisvelvyen suggest

needd®, 25Equally critical to ASR kineti-cs i s
induced expansion has been shown to be signi
[ 97 ,.15Hd4dnce, t he external-afnioeicstteudr ec ocnocnrdeittei oW«
influence 1Its int egdab8lComair £tt ©r ee xppyorsa@&mi ctso v ar
conditions, such as submerged, drying and wet
internal moi sture over time. Therefore, under :

moi stur e ei ni scocnrcurce al for selecting effective
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Whil e several studies have assessed the inte
environment s, as wel |l as[68, tPhtiaml]ted Faben
focused specifically on how internal RH i nfl
explored the influence of [&x,01&hingH | iRgHh toinn gt hteh
increasing ERH on ASR kinetics. Yet , there r
interaction between internalThdmd gexpt ermpaeila sRH e:
for further research to understand the evol uti
which is cruci al i n eanfsfuercitnegd tchoen crroebtues tnmaei snst eon

face of di valseoammvitini omment

Considering the knowledge gap that has -just b
dependent evolution of i nternal and external
initiation and progression of eASR. mbust heremo m:¢

internal RH versus external RH) and subseque

explored.

6. Background

Al kil lii ca reaction (ASR) has been a signific
infrastructuféofae, mangoyedadrysesulé2ng ASR gel
has a strong affinity with water, inducing swe

pressure generated overcomes the material 6s

aggregat est eantdo ptrhoep[adgdah@g etsupastheg i n durabil it
|l oss of serviceability. I n structures already
reaction. The only reliable mitigation measur
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establi
under st
As a po
[ 164 ]Fur
167]1 n

rel ati v

condi ti
The inf
t hat el

ot her wi

Some st

75% RH
Neverth
di screp
di ffusi

of moi s

shing an effective -afofiesdtueade amamargetne nrte

anding of moi[sltéu3rje dynamics in concret
rous material, concrete can absorb (i
t her mor e, capillary pores faci[llitbat e n

conjunction with diffusion and per meat
e humidity, temperatur e, and, conseque
ment al factors such asfiredamnmttliweafhfueng td
e availability by influencing the evap

ion by the <concrete. Hence, the intet

ions createanai chpaami cofgBlE&2d phapectie

l uence of relati-seubdumdd|[] 8] onAASIRI Abhke
evated relative ndwmiedi tex plaemselon amaee dl a
se, It has been fousdunhhakes$iyghiof ocant
udi es have reported that ASR is not pr
y bhdalB3owa 7 gVibés|t studies highlighting the
ed within a-2t4demMp ee att luirer rmaepger todd 20envi
mper ature can i nf | upeontceen tmaailsltyu reex pd yan anni

have reported a | dwelsrfFobhr esasbohdcat ki

were FMdOppiB8BeddrazbéyErdh as | ow asl.0§59% R
el ess, a threshold of 80% RH has been \
ancies in the I|Iiterature regarding a s
on rate in concrete microstructure, t h

tur e, and[ 102, 5®@Blubofl i wlyi o &rné i cmuci a
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Hence, the reaction is more rapid at hi gher
l evel s to initiate ASR, which might expl ain

temperatures.

All the highlighted studies on the role of mo
di sregarding the I RH, which is expected to in
more straightforward to meles ucenditthieonsRHi nafclcu
within the concrete. Measuring the | RH may b
gradients wifth73dpbbe cehcrabi[ELi6t9y, 1dFfd ¢s o Me veant
understanding the I RH is required to i mprove

|l ead to reassessing our current conclusions o

The above clearly illustrates the need to st
environment to further our understanding of t
[ 69, 98, 9b8@woDstL76n the i mpact of exposure con
the moisture conditions|[PB a®@&hacred taed .e dHd we WASR,.
all |l imited to a handful temperature and rel af

understanding of the moisture interplay acros

62.Stope of work

This study aims to improve our understanding
humi dity (ERH), their interaction and how the
concrete specimens i ncor pgorreagtaitneg (a .hei.g h |Syp rraetat
in the | ab and conditioned in three temperat
humi dities (i.e., 100%, 90%, 82%, 75%, and 62
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storage container and embedded inside the spe:
the I'RH and ERH) were monitored over ti me. F
speci mens were measured dur i nRH tamed sEtRdH aage ap d
of time was then assessed, and t-heduekdtexpahs

wasval uat ed.
6. Mat erials and met hods

6. 3Cdncrete mixture design and material s

The standard mixture design usedl8mInt hériproeopead
of the aggregates$land pneteematdonnofmabhe prop
i s showm2i nThebreference Spratt reactive aggr
aggregat ereantdi wve nmaanuf actured sand was used
fabricated with a conventional GU cement (i . e
content Oad .Oh€E 624 kal i content of tBhel nmbiyxture
cement mass bygraddi NgOHeEpgkdetails of the mix

T a bél2e

Tab6lle Characterization of aggregates

Aggregate | Location | Lithotype | Specific gravity | Absorption| AMBT-14 Days | CPT-365 Days,

(kgla ) (kg/a ) expansion (%) Expansion (%)
Reactive Ontario Siliceous 2.70 0.62 0.310 0.211][182]
coarse (Canada) | limestone
(Spratt)
Non- Ontario Crushed 2.76 0.65 0.04 0.05

Reactive | (Canada) | limestone

fine

52



Tabh6l2ze Mi xture design of concrete

Coarse aggregat&g/a Fine
Cement Water ggregafeg/d ) Alkali Pellet
. . Aggregate .
(kg/a ) (kg/a ) 4.759.5mm | 9.512.5mm | 12.519mm . (kg/a )
(kg/a )
420 177.4 334.12 334.12 344.24 833.46 2.12
6. 3BEXperi ment al program
The experiment al program was designed to si mu

humi dities (I RH and ERH) along with | ength an
This study was conducted ia2td.t,hr3e8e ,d eahnide f6elvte) t

rel ative hun(iidiet.y, ¢loOn0d%,t i900n%, 82 %, 75%, and 62

6. 3.Co.nlt r ol and measurement of rel ative humidi

Fifteen relative humidity (RH) and63,emperatu
prepared for this study. Each RH condition was:s
in ASTM 1E100Mhe procedur e wasapppmriapraitatde bsyalstelb
desired RH condition and preparing saturated ¢
solution was placed at the bottom of a 20L <co
temper atur e. sieBistotrsn RA$SHB2s9h3owvenr ei nplFaicged i n th
monitor the RH and temperature readings over
il lustradtled The FBgtton sensors are made of st
Factioni-ogl bhectsiehd data | oggers, the i Button
to 100 %, providing reliable measurements with
accuracy of NO. 5 %. Data readnhgsmamer gt oapd d
facilitated by connecting the sensor to a con

Despite its capability to meashuoruer rteilnaet iivret ehru
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selected for this study to optimize the senso

up to one year.

Tab6l3e Contr ol of relative humidity
RH/Temperature 21 38 60

100% Distilled water Distilled water Distilled water

90% Barium chloride Potassium nitrate Potassium sulfate

82% Ammonium sulfate Potassium chloride Potassium nitrate

75% Sodium chloride Sodium chloride Sodium chloride

62% Sodium bromide Sodium nitrite Sodium nitrite

To measure the external RH, a sensor was att a

inside the container, representing the RH ext
within the concrete, a hol ¢dwhbefperf brattdd nign
tube was inserted into the mold, extending to
measur ement o f i nternal RH at the center of

similar to tHhel]&apRiwaasc htdwmtclhiede t o the end of
spill age during the batching process. After ¢
concrete specimenpasdnaee idf fwatidrn tawaeser tthier ou
sensor was then introduced into the tube to 1
attached to the opposite end of the tube to e
t he oppprate salt solutions or water for all/l f
condition was configured for internal RH meas

the same bucket for MTéngthpphaotagd maaslaldameatt

of acquiring multiple sensors while ensuring
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react.i

procedures

@)

(b)

FigbleExperi méa)alFrsaseewopk
RH [Meg@ldureementcyk)ndB8utton

sensor

ve aggregate

were employed to validat[e 5t4e

used 1868 Mobrietoevcer mi niemdli ngar

TT

for

(©)

external
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cylinder

Plastic tube
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Rubber stopper

Sensor for
internal RH

Absorbent material

Perforated rack

s4r—— Saturated salt or

water

(d)
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6. 3.Q2o.n2crete cylinders conditioned at the sele

A total of 180 cylinders (i.e., 60 each for 2
in |l ength, were manufactured2us Ahget mMd4mhiotus
curing (100% RH and 2-lno) dedhessmpéti meheswaeeec
and stsaierellesgsauge studs wer esebtondiegd cienmemlt a csel
speci mens wewmne edhémr man®t hehe 2Hahdemisng oo fentsh
which the initial | ongitudinal reading was t al
in sealed containers with four cylinders per

at the botbtotmaioher,acthepending on the desired
il lustrered Typi €Eaigl y, 12 concrete cylinders w
temperatur e. Of t hese, one specimen was dedi

remaining eleven (11) cylinders were mo(Ofbbor e

60 ) and 365 days (for 21 and 38 ).

Test Matrix
1.25%
Nay 0,4
21°C 38°C 60°C
100% RH 90% RH 82% RH 75% RH 62% RH

Figbx eTesting Matri x.
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6. Resul t s

6. 4Rdl ati ve htemperayuaedmeasur ements

The I RH and ERH (i .e., RH inside the speci men
as temperature readings as a function of ti me
aggregate storedlDO@%numewpopus82BdAnidb e mped ab  %p
21, 38nd)ccdmbi nati ons, @&Be pneséhtedndnt Fbogs,
converge towards the targeted RH over ti me. M
than the ERH. The ERH in the storage buckets
bet ween-5288 .2806 iArs Tahltplweni t i s i nteresting to nc
towards the targeted RH, showing a significan
the concrete specimens on dia%7 .177i%s wintdhicmt it h
moi sture state in the concrete at an early ag

external temperatures were always at the targ

The ERH and | RH r68sulsthoowatt hzak tihre Riag.get ed RH
28 days for all conditions and sustained over
greater than -7100 0@ ybse.t wleheins 4s2i t uati on was due |
Subsecqguenutr eitment s by briefly remoeking. a@ansae qu
an ERH 0if999.83.08%0 % as recorded afterward for the

the -2@ae | yRH in the specimens wadsSulbisglmuamdI| iys

values either increase (in the case of 100% F
towards equilibrium with the ERH. The duratio
in | ow moisture cohei t6i2¢d%n sRH Icnotnedrietsitoinngdty, 21
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throughout the study despbbOedahe. sHawpvdropail
conditions bear |l ess than a 1% di fference bet
(@ 21
105
100% IRH
) 100% ERH
&, g5 -
2 :
'-_@ 90% ERH]|
‘E 85 1 :
E 82% ERE
)
£ 75 A 75% ERH
~
2
63 7 ol a i 62% ERH
55 T T T T T T T
0 50 100 150 200 250 300 350 400
Time (days)
——100% ERH ~ ——100%IRH  —— 90% ERH 90% IRH
——82% ERH ——82%IRH —75%ERH  ——75%IRH
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(b) 38
105 4
$ 95 -
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2 )
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(c) 60

Relative humidity (%)
o0
h

N

vV

S s 1 e ==
'} V »

100% ERH

62% ERH

T v82% ERH

75% ERH

20 40 60 80 100 120

140 160

180

200
Time (days)
——100% ERH 100% IRH 90% ERH 90% IRH ——82% ERH
82% IRH 75% ERH ——75% IRH 62% ERH 62% IRH
Figoxelnternal RH (I RH) and Exteanhall RH(KWERBS atcchr 6
Tab6lde Early age externalr®®d8d{( BEgB) and interna
100% RH 90% RH 82% RH 75% RH 62% RH
Temp.| Day
ERH IRH ERH IRH ERH IRH ERH IRH ERH IRH
Day 2 | 98.34| 97.65 | 90.47 | 90.46 | 83.19 | 87.97 | 75.53 | 86.10 | 78.54 | 91.42
21
Day 7 | 98.90| 97.81 | 91.48 | 90.72 | 82.88 | 84.94 | 78.13 | 80.94 | 75.71 | 85.04
Day 2 | 97.37| 93.73 | 87.10 | 92.11 | 83.19 | 88.67 | 75.53 | 90.00 | 69.43 | 89.00
38
Day 7 | 95.57 | 89.44 | 88.62 | 85.34 | 83.68 | 86.77 | 77.54 | 83.83 | 68.86 | 82.78
Day 2 | 78.96| 90.54 | 82.69 | 90.65 | 66.78 | 89.54 | 67.43 | 91.43 | 68.78 | 89.56
60
Day 7 | 98.34 | 87.93 88.66 | 85.66 | 86.66 | 87.00 | 82.00 | 86.00 | 77.00 | 82.00
Fi®g3db @&had di splay the I RH and ERH under tests
Il n 6ibg. over 365 days at 38 , ERH showed a sig
ranging from 68.86% to 95.57% by day 7. At t he
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al | conditions despite some early | osses, (.
Subsequentl vy, the IT'RH in 100% RH and 90% RH c
ERH, while other conditions ehxep eeERH.n cMeda naw hri el de
63c det adays sat uldBy2 at 60 , showing a rapid conv
all conditions, with high moisture setups | i ke
and 62% RH taking0Oup RH c7o5n ddiatyisoon Tfhaei lled t o f
the I'RH at 90% RH, while | ower RH setups, sSuc

150 days, quicker than at | ower temperatures.

It is worth noting that some temporal changes (i.e., increase/decrease) in ERH can be observed in
the plots in Fig6.3. These changes might have occurred due to excess water diluting the saturated
salt solutions, typically resulting from condensation since fluctuations in temperature cause water
to accumulate in the solution. Additional salt was added to mitigate thie Bnd to maintain
consistent RH levels. Furthermore, some observed drops can be attributed te2thédl8s

transfer of storage buclssto room temperature before expansion measurements. This was limited

to the 38 and 60 setups.

6. AM&s s leamgthlhnge akidieASR s

The average induced mass and | ength changes
containing Spratt reactive aggreg@8teandtdb6beld =
numerous RH conditions (i.e., 100% RH, 90% RH,
in &4.g.The darepmpedertavvedage of 11 cylinders f
deviations sauppbemembbaedibh-By WhHiabh ef & 104%t hi
depending on the exposure conditions. |t s i

di splayed a significant I ni tial shrinkage dur
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depends on the moisture | evel and exposed tem

to achieve a net positive expansion tbB4aughou

64c, 6he@di |l lustrate the average masbanpanpgeeser
a generally similar behavior across all tempe
The i1 nfluence of moi sture conditions and temn

durations highlights significant trend64.i n ma:
At 2bver 365 daydta ®Bme) pslowow diIFsginct behavi o
l evel s. I n the most humid condition (i.e., 10
moi sture gain and, therefore, enhanced ASR act
RH) expesubetads abbssmaof about 1. &%, viemd inctasstsi
reducti on. |l nterestingly, specimens at 90% RH
test . Similarly;i nBRKdednfelxpamscse o nASRnd ul ti ma
ERH; tkresthiugti mate expansion of O0.1113% was r i
RH condition, 62% RHO0.I0086%0 Atn&88 sbwenkagbe
64c @idd), ASR kinetics varied mor@escighiifyi ¢d@amt
RH conditions. Speci mens at 100% RH displ aye

Contrastingly, 62% RH conditi o®s0@®N%)y. slhooweerd

conditions (i.e., 82%, 75 %, yamd e6 XZ%)r iinrkiatgiea | It
expansion | ater during the test. The shift fr
|l ess significant with decreasing RH, |l eadi ng

positive ul tNierweetrea heexl peasnss,i arh.e switch from a hi
3 months to close to 0% | ength change at 12

exposure. B4e 6@hfd)(,Fitgh.e mass and | ength chang:
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wa s

ac

hi ghest

a l

kal i

earlier temperatures, but the behavior
RH attained up to 2.5% mass | oss, the
effects at el evated t e ntpee reaxtpuarnessi.o nReanta r9%0a% |RH
100% RH, suggesting possible increased
ASR t é¢ddin@g0, 183]
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Figé4 e Mass and | ength change as a funé¢aictma#gfe( k)i me at
l ength2tifangenas38 ¢danggengBt8h( ec)hamagse®0 ¢hangen®dtOh change

65Di scussi on

65.1lInf 1l uence of exposiurdcuaced dlidn gptnks mma Mg r at

The ratienddicA&Rexpansi on can provide deeper in
for predicting-i hdbuwc edui exkdansASOR mi ght occur
Di fferent temperatures and RH sl eovfe IASSRc,anass iad mnri
in the resull,s4dmimkdi mg ipteressential to study t
under standtnmgdulcew AR gth change rate is affe
factor s, such as the ERH and temperatur e, IS
progrensa, which can inform maintenance schedul
series analysis involving the rate of expansi
temperatur e, 66 frneswent ddknigndhRiegmpregat 6Bted an

(i .e., |l ength change rate at fixed ERH)
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(c) 60
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(e) 62% RH
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Each point on the plots represents the |inear
(i .e.., the time betweembmeasghementesnper Amn al vz
60 ) and moisture (i1 .e., 90%RH and 100%RH) | e
the onset of the reaction. This can be attrib
chemical reeacal si tagt peoltewvat ed temperatures.

expansion/ shrinkargeadeoes and acomuderndeoansédS earc tior
aneeo, the combination of the highest moi St ur €

presents the highest positive rate of 0. 0023 %;

conditionesdooedSBxpansi on, especaalblyg theenbh
the dissolution of silica and mobility of ion
of the | owest moisture and t empiewr atthuirse s(tiudey. ,f

the highest -0eQg@8%vei seopesbifinkage) recor dec
the I ow ERH in this condition, the | RH was r1 e:
enough t o-iinndiutcizailts ee aAISIR2s, 2fAedprwever , t he observed
attributed to the sharp decrease in @G5heandRH f

6.6 , such magnitude of negative sl ope was not
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attributed to the subsequent steady d66oep, i n |

there are instances of positive sl ope even at
recovery from shrinkage at | ow moi sture condi
Anot her interesting point about the | ength <c¢h
ti me, evident in most conditions, correlating

i's known to possess fastekdeetocdi mhnish esaely
of[ffl.6] For i nstance, 60 attained the highest
attained 0.0019%/ days and O0.0012%/ days, respe
the first two months of the reactidosn.t hHehemil e
duration of the test and |l eveled off after th
interpreted differently depending 66a 6thd, expo
considering 90% RH a@&ndirle0&%nRIH t(iio.ng.,, thiegh amc
days; this stabilization can be attributed to
|l i kely influence the ultimate expansi on, prev
reasocan be attributed to the properties of t
of 38 and[@4a@,.18®n] ptere ot her hand, for | ow RH
75% RH) , as doegdplegdwledthe Fiegatively stable ra
recorded, suggest that thHedacexp expraensd omd i tAil
expansion can be recorded in this condition,

t e mp erhaatnugrees .c As a resul t, mai ntenance strateg

66



65.nder stmmiddsthgr e dynamics in condmaetue eand t hi

expansi on

Moi sture has been establishéed, tt®Bppbapvadesst ah:
into moisture evolution in a controlled envir
concrete specimens at different temperatures
moi sture content rferdourt ebda thcyh i hnygd r ashiiocrh ansd envi
ti me. While the rate of hydration is unknown
the I RH as a functione6dfpE&WHI desd aesmpmphti ir ed
and temperature on I RH as a function of ti me
ERH RH) for all exposure conditionssamerddy me
expansion measurements were taken. This high
into and out of <concrete speci mens; further mo

equilibrium with its environment

(a) 21 (b) 38
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7 2
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(c) 60

50

h =) ~J
(=T = I =1

100% RH : 8.13%
90% RH: 0.77%

82% RH: 1.40%
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e
=3
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——100% RH —8-90% RH ——82% RH --75% RH —%62% RH

Fi g eRH di fference as &RHJnA)t i20ln ofb)agBe8 ( Alcs [6I0RI

Typically, concrete speci mens subjected to 10

to hydration through the ERH, stabilizing the

t he hydrati on degr e-éepewhdiecnit . | sEamthiaanp e ch & thuadee

temperatures | eads to the need for more moi st

be attributed to the higher RH differences r ec

this phenomenon is munldt,i faatce®2%. ERH, t ben ort ehte
moi sture | oss to maintain a stable | RH. Thi ¢
enhanced moisture | oss due to hydration is po

RH at 60 comp&8Bed ©Owe?2dll andeducing RH diffe

time highlights the i mportance of environment ze
concrete's Il RH st ate. Hence, whil e ERHai s not
critical role in the internal moi sture | evel

The trend of RH differences appears t6&/.be se
Hence, it is evident that the concrete speci me¢

hydration rates, which might i nflueng¢é8pfoper
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Since hydration can blel Scbellaat € h gt ® ha sncoeafce pma
would provide a more comprehende wyen duenndte r s e fmaan\
observed in this sdxutdggbl iMahteudr i mgasiusr ea oweltlhe
temperature andopemtei eon. cHercae,t eprpaperti es su
hydration can differ at the same age, | eading
pores ([il&6ThéRabove suggests that moisture a:
concrete maturity. Additionally, it serves as
ASRnduced expansion recordedblatdelsicghdrst ¢mge
met hod. Furthermore, 62, Kdedlinmwed as pdre Eqt abi
Humi dity (I RH) to External Relative Humidity (
in the concrete speci men68r ad poprn cay stsaa pthlroea | @ 1 M iur
t he | ength «c¢hanvgael uaensd aass sao cfiuantcetdi okKn of mat ur i f

the interplay between moi-shndueediexpandsiRinand

///////

Mat urB tYy ' YEwé é ééé ééé (61)

t = ti me

T = average temperatuwe ( ) over the time int
To = Datum temperature, taken as O in this w
K =¢éééeéeéeéeéeéeée (62)

K = 1: equilibrium state

K ° 1: ERH greater than | RH

K . 1: |l RH greater than ERH
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Severall 18tA/WpvYes verified the i mportance of <co
properties. However, its applicability -in dis
induced expansion has no68 bdeeesnc rqiubaenst itfhiee da.p pTrha

conditiodyndarckedASIIRteri oration via concrete ma
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Hydration, -aeandnnquehemegal reaction in concret

coinciding wi t h t he densification of i ts mi
mi crostructure can influenas twhkélawasi Itdkei Imotvye
and moisture. However, these conditions are e

at similar matureBty.eahkd divifof vera €inrh Fivp.l ut i on f

|l evel s, the K is always near 1 except for 60
for K to reach 1 for | ower RH | evel g.eplemids nden
at simil arx pmeattuerdi.t yl naserestingl vy, the trends
despite the difference in temperFatrurheesr,mohwieg hl
maturity ensures a similar porositygoll wtviedn froa

mi ght di ffer at di fferent t esmpneirlaatrur & mo u(net. go
di ssolution is expected at c-ompaceabl exmansi on

RH, as il Il 68trated in Fig.

The role of ERH-domnc AIBRB h & éRlelsepeom swee Islur f ace ana
il lustrating the influencei nducERH eaxnpda nlsRH ns e
temperatur es, confirming the unigeaeppbsemeht &po
matef¢kFigehy 8). However, discussions on the infl uct
(i .e.., | RH a-ndd ER&Id o©xxp ABSRIi on arSeucrhi ssnitreg pilmy
be simplified KsivmguehehKngasuwsth maturity,
moi sture content within the concrete. This st
depending on the #8sughoRMdi g .eondilt0Oi08n sa.nd 907
Fi@8da and b, remained in a high moisture stat

mainly due to the high ERH and initial Il RH. Th
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in ASRIuced expansion. Moreover, exploring the

state throughout the maturity period, emphasi
bet ween the <concrete and its ssab@er duwn dasnsgu men vt
environments with around 90% RH, the I RH of ¢
of maturity (i.e., age and temperature). Furt
change. A sharp drop im Knwieklhameaoi ature cor
shrinkage in the affected concrete speci men.

due to hydration, which is not compensated by
coast , a steady drop/increase or constant K v

enhanciend®®s®ked expansion dependi ct@nomet le dukRle dl

induced expansion is sensitive to the interpl

65 .Assessing the moisture threshold for ASR

A trident of factors (i .e., reactive silica,
playing a pivotal role in the reaction. A re
referenced as suffI3.cdieinwe feorr, tthleerre alcavieonbeen
with some suggesting differe[nd, 2.5 rkdésihso | sdtsu dayt
verified that the ERH and temperature play a
| RH) . Hence, the |ikely existence of a moi st u
ulti mate expansiontftbomeé2wempedQ®WUERB 6ai . e. ,

shown 69n. Fi g.
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Fi g6 eAssessing the influence of temperature o

The surface plots suggest t hat the -redwadcedns

expansidognniesrnoimhus, it can be deduced that
varies depending on the combi nASR ofnorodc asetmpreg
field via modeling or the selection of mitiga
rather than relying on a single RH threshol d
significantly i nfol uwearcieatASRmMsseamsiRH vwhen tobse
temperatures (i .e., 38 and 60 ), the reactior
change rates increase more sharply above a ce

The thre

causes
temper
the | o
[ 24] .

react.i

d

at

w

He

on.

shold for ASR in this study is define
eterioration in concrete. Overall, ul
ure changes at 62% lERHredbdt hed ght s bImie:
moi sture condition, the expansions re
nce, -améeict edi sg rASRuUures at this condi

Ho vineev erl ,otg b s éhrevitregnpter at ure dependen
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above 62% ERH, with a steeper increase in exp
the relatively | ow expansi ons, even at higher
temperatures might ber énfi ggrhentcrealohdsi%ddte r2iln g ftahi el
a 0.04% exp20%i BRH 86% d be needed at this te
hi gher temperatures (i .e., 38 and 60 ), t hey
62W2% ERH, and t he dcriotri salgnRH itchamdsiAGR expar
75% ERH i s needed to achieve 103]0h®wsienfagde @amesr
the dependence of the RH t Hrle9sOhtd ndc eo,n ttheemppea ta
ASR devel opment mi ght vary depending on the |
influence of exposure conditions on the react.

i nfl uence-makri ndje gpiroicemaien-abaf achgdASRructur es.

cruci al to note that whil e ERH/I RH can be <co
strategies, the temperature can not be control
t odimate that | imiting the ERH and thus | RH to
to mitigate |important i nduced deterioration

confirmed using a wide variety of aggregate t

6. Goncl usi on

This study aimed to investigate how external
concrete and the dependence of this interplay
ASRnduced expansions. The main findings can b
T Concrete undergoes moisture | oss or gain t

with temperature playing a vital role in ¢ttt

temperature and equtHliinberairum Imr olvoeews n shooi dhtbaer
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i ncrease in temperature enhances drying ani

a quicker equilibration with the environn
conditions, a reduction in tempertauruea ewietnh ;
i nternal moi stur e.

Al l concrete specimens studied have initia
RH. Heotéjicient moisture needed to initiat
Provided all ot her factors required for AS
reaction can start Iirrespective ofonthédesto
evolution of the internal RH, which depend:
the | owest moisture condi2tli-@6Xh%)c,0 nasn dex gand

0.0367% was r e e3dbr5d edda ylset(ween ,97after recove
the reaction can not be stopped. Mi tigati |

mo d e

-~

ating the reaction natbke @whtehbwhbeng
RH can be effectively reduced.

Comparing internal and external RH, it was
RH, as a drop in the internal RH results i
i nternal RH could effectively cRHtaaorn mMASBIRe
this possible. As a result, both internal a

mai ntenance strategies.

The moisture dynamics in concrete are infl
i n ASR kinetics. Hence, the minimum moi st
depends on temperature. As a resulitlomedi g:
to specific environmental conditions.
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1 The kinetics of the reaction are affected

moi sture conditions across all temperature

including shrinkage, especially i1 omé2#@&wf RH,

these conditions failed to attain positive

were in an expansive state after recevery

f

i nduced damage would be crumagée i-anf fARéBdRiperde h

structures across all moi sture | evel

Suppl ementary material s

Tab6lbdengt h ntcehaasnugree ment spkofr meast c dthleenér ous r eileast i ve

21 -100% 21 -90% 21 -82% 21 -75% 21 -62%
Day

Length Std. | Length Std. Length | Std. Length | Std. Length | Std.
P (%) Dev. | (%) Dev. (%) Dev. (%) Dev. (%) Dev.

28 0.0018 | 0.0191| -0.0106 | 0.0226| -0.0294 | 0.0177| -0.0339 | 0.0237| -0.0443 | 0.0250

97 0.0320 | 0.0218| 0.0120 | 0.0203| -0.0084 | 0.0230| -0.0390 | 0.0279| -0.0463 | 0.0262

174 | 0.0607 | 0.0126| 0.0275 | 0.0167| -0.0012 | 0.0170| -0.0105 | 0.0233| -0.0262 | 0.0275

286 | 0.0982 | 0.0109| 0.0428 | 0.0102| 0.0142 | 0.0108| 0.0093 | 0.0128| -0.0108 | 0.0178

365 | 0.1113 | 0.0080| 0.0507 | 0.0088| 0.0244 | 0.0118| 0.0172 | 0.0089| -0.0096 | 0.0147

Tabeledengt h change mensxuureememddss f@haueneér ous r eileast i ve

3 8 -100% 3 8 -90% 3 8 -82% 38 -75% 3 8 -62%
Day

Length Std. Length | Std. Length Std. Length | Std. Length | Std.
(%) Dev. (%) Dev. (%) Dev. (%) Dev. (%) Dev.

28 0.0341 | 0.0175| 0.0192 | 0.0208| -0.0192 | 0.0222| -0.0277 | 0.0446| -0.0426 | 0.0233

91 0.0682 | 0.0171| 0.0299 | 0.0281| -0.0023 | 0.0313| -0.0279 | 0.0365| -0.0570 | 0.0237

182 | 0.1483 | 0.0201| 0.0517 | 0.0244| 0.0285 | 0.0252| -0.0089 | 0.0418| -0.0317 | 0.0248

280 | 0.1898 | 0.0157| 0.0765 | 0.0235| 0.0493 | 0.0179| 0.0175 | 0.0394| -0.0115 | 0.0100

365 | 0.2106 | 0.0162| 0.1072 | 0.0210| 0.0756 | 0.0124| 0.0398 | 0.0328| -0.0023 | 0.0104
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Tabbl7dengt h change measugeaiememss f@thoicadcelesh ei ieeshumi di t

6 0 -100% 6 0 -90% 6 0 -82% 6 0 -75% 6 0 -62%
Day

Length Std. Length | Std. Length | Std. Length | Std. Length | Std.
(%) Dev. (%) Dev. (%) Dev. (%) Dev. (%) Dev.
28 0.0369 | 0.0189| 0.0277 | 0.0195| -0.0074 | 0.0262| -0.0150 | 0.0223| -0.0295 | 0.0319
63 0.1028 | 0.0196| 0.0629 | 0.0181| 0.0184 | 0.0358| -0.0010 | 0.0299| -0.0349 | 0.0324
91 0.1378 | 0.0190( 0.1030 | 0.0165| 0.0384 | 0.0419| 0.0120 | 0.0334| -0.0302 | 0.0249
182 | 0.1810 | 0.0149| 0.1875 | 0.0152| 0.0886 | 0.0211| 0.0319 | 0.0306| -0.0070 | 0.0261
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CHAPTBRVEN EVALUATI ON OF THE | NDUCED MECH
DETERI ORATI ONAOFEGBRD CONCRETE UNDER VARI
MOl STURE AND TEMPERATURE CONDI Tl ONS

O.D. OfaajmM.dr.* (Rlo Kk &n M.(¢)Sanchez

(aQoncordia University, Montrealo/l Wrsiod ear. il tay | alfe @otothacwa

Abst

Moi s
Howe
me c h

cyl i

(bOQoncordia UniversmtpwokkMentQcoalcor@amada,

(dniversity of OttewadrOttsawaheC@uattbaawa. ca

Publi shed in the Jour nal of Cement and Concr e

ract

ture and temperatur e -sarle car irteiaccali ofno r( AR
ver , the influence of-ihdesededpbsurerabvpnd
anical property | osses, oluas umadtr béeandwed]
nders made with Spratt reactive G6dhrse ag:
manufactured and stored at three differe
rous relative humidities (i.e., 100%, 90 %,
erties wasShasbtEeresd (O6aDMa)g e tdiierseict shear a
ngth tests. Overall, most results for mec
nsi on, with the exception of the modul us
itthiacdnsedp ot @gnseyi mkage and ASR, the expan
n mechanical property | oss differs from tfF
devel oped in the cement paste. Il n amost p
i n assessing role of exposure conditions
not reliable indicators of induced deter.i

I mpact of t his phenomenmwmincaviarprasepewittihe st
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Additionally, the moisture threshold required

i mpact on mechanical properties.
Keywar ddd kali silica reaction (ASR), Relativehheshdi dy

7. Lntroducti on

Al kail lii ca reaction (ASR) -bsasadleadcnegt eadseegr :
phenomenon often | eads to a | oss in[1W®3Mmecha
and the initiation of ot her durability i ssu
serviceability ¢f20t.H8OUgrf foeccmperde rsd muicamurcef t he

and mitigation strategies has notably advance:
halt to the reaction withjb94fFkedacedgsmoustur
generally accepted as 4d 1@Pr5dGoemste guuee mtiltyi,g aa i rveel
threshold (RH) of 80% has freqgiumrcotdcegd bedemne rpira

[ 196]

Sever al tools have been employed to appraise
tools s®ehfaoaes be(lbaDila)gearTeesdf significant i mp
reliable in assessing the condit@aifbdec{edecont]
Notably, the combination of outcomesStfirfofrm & shse
Damage (ISDdg PRIl asntdi ¢ Def ¢ Pma D) i, ora | b mldsexedaer itthye i m
(NLI'), have contributed to the extensive asse
stre[nig7tlh ensi | e8isd reomp he s[sliBvhev es tsruecncgetshs f ul |y [
evaluate induced deterioration in specimens u
standardi zed temperatures (i .e., particul ar |

38 [/ 6[0138, 1.9 7WHLi9I8 numerous studies have explo
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ot her exposure condi t[i8o,n8sOt]ber ¢ hes kanabttabl ef |
i mpact of | ower moisture |l evels (i.e., whi ch
properties deterioration caused by ASR at var
appraise thememddaueaxpepoodren conditions on the
associated with ASR through numerous mechanic
understanding of how different moistured and t

the subsequent mechanical property degradati o
7. Background

7. 20Mer vi ew of ASR

Al kil lii ca reaction (ASR) is a complex physico
concrete inf#agtmr uscetruvriecesabliongy andeaadguwtrn ami lii:
triggered when poorly crystallized siliceous
concrete from[1&geb5p oA @¥9¢saccltutoinompr oduct (i .e.,

presence of sufficient moi sture,[ Wh,iZO00S|IBf i en
typically initiated within the aggregate part
mod el by Slatkcbkbarptaal. oni on skin cracks repr
FigL, are generated in the aggregates at | ow e
increase in length and width as expansion 1inc

the cement paste at moder atbhi gk parnpaaoni doeveEE

00. 20%) , most of the cracks originating in thi
net wor k of cracks i1 n tdéek. chtmewer ypabitgh caxpadre
O00.30%), the cement paste cracks are quite de

particles conne[cé,) nghea or eanet iaonnotchegcri bed can
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mechani cal properties of the affected <concre

properties increases with an increase in expa

——

0.05% 0.12% 0.20% 0.30%

Fignlr e Descriptive model fadrf ecn eadb(rmenppaedued é d nwii thh AB&Rr n
El sevier)

7. 2A2R nd mechani cal properties reduction

Knowledge about the mechanical properties, such as modulus of elasticity, direct shear, tensile
and compressive strength of A%iRected concrete, has often been used as a criterion to assess
the effects of the deleterious mechanism. The higher the inéxpaghsion, the more significant

the impact on the mechanical properties of the affected material. However, such a relationship
does not appear linear, as displayed in Fig. Rather, it varies depending on the mechanical
property type. Typically, unli& compressive strength, ASR presents a high sensitivity to modulus
of elasticity and direct she§t33,141] while the tensile strength test is found to have a high
variability [64,201] Since the modulus of elasticity (ME) of concrete is primarily influenced by
the modulus of elasticity of aggregate particles, and ASR is a mechanism initiated within the
aggregate particles, several studie19,141,192,20204] have reported a significant reduction

in stiffness with ASRinduced expansion. The sensitivity of stiffness to ASR can already be
observed even at low expansion leJékl]. Depending on the aggregate lithotype, an expansion

of 0.05% can reduce stiffness by up to 40%. Likewise, arourid 3@ loss is attainable at a

moderate expansion of ~0.12%, which can significantly lead to up to 70% loss at high and very
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high expansion |l evels (i.e., 0.20% and >0.30%
interlocko | oss, which serves as a crack arre
effectively measured using the direct shear s§tipl48,205] In plain concrete, ASkhduced

cracks within the aggregate particles can significantly diminish shear friction, especially during
the initial reaction stages at low and moderate expansion levels. JtLidi286] have reported
reductions in shear strength ranging from 6¥%% at low expansion levels (i.e., 0.05%), 12%

30% at moderate expansion levels (i.e., 0.12%), and up te 38% at very high expansion levels

(i.e., >0.30%) as illustrated in Fig.2c. Thus, since ASihduced cracks are initiated within the
aggregate particles and only extend to the cement paste at later ages, ASR causes a progressive
shear friction loss in affected concrete.

Conversely, contradictory compressive stremgtiuctions have been reported in the literature as

a function of ASR development. Some studies have found that compressive strength decreases as
ASR-induced expansion increas¢$8,207,208] while others have found no significant
relationship, and some even reported increased compressive strength with expansion [36,43,44].
Yet, it has been prominently verified that compressive strength is notably affected at high
expansion level$133,137] The low sensitivity of the compressive strength to ASdRiced
development at low expansion levels could be partially related to the strength gain due to the
ongoing hydration superseding ASR deterioration. The reaction, as earlier mentioned, involves an
aggregatédased mechanism. Microcracks resulting from the expansive properties of the gel do not
propagate into the cement paste until a later stage of the reaction (i.e., moderate to high expansion),
as illustrated in Fig7.1. Since the compressive stggh of concrete is primarily governed by the
cement paste, the compressive strength loss associated to ASR might not be noticeable at low

expansion levels.
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7. 2. Bf l uence of temped aducedadevBHopmeASR

Moi sture and temperature play a ¢®li6t]i Mail str ol e
serves as a transportation medium for the al k:
of ASR1.gkeA humid environment, t hH enrdeufccerde ,e xlpeaands
[ 1.6]On t he whti Her tlrearw@pe,r ature i s not typically
(i .e.., al kal i s, silica, moi sture) necessary t
t hese [fldcld DJrtshe stru¢bB8iratod, tdared gelRtO9fatt eh aesx |
been found that ASR expansion can increase by

38 t o] 1550]
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While the impact of mo i-isn duur cee da nedx ptaennspieorna tius e
little is known about how these factors aff ec
induced dweéerei oomtdtuonhed on specimens stored i
and stored at standard ce€RPdi anACPFEIL ¢ nMpheursat u

' imited studies have been performed to under s

instance, concrete specimens stored under | ow
[ 10, 1S8hr-i m#étaged cracks or inner flaws coul d be
For cont exitndusherdi nckraagcek s i n t he cement paste

compr essif[vZel G.,t 2Kkdnjgetohv e fi ,n dsuicnecde cASASRR ks ar e i niti
particles at | ow expansion |l evels and 7pjraapaga

preexi sting network of shrinkage cracks coul d f

related cracks when they propagate into the c:
extent of this is mostly unknown.
7. 2Meéchani cal property pirrodwaced sddtoeraip@rr atiisen A

7. 2 . SAt.ilf fness (DaDMa)ge Test

Thgti ffness ([BaDiaggehalseshteen confirmed to-be a |
induced deterifolr3a2.,ilohB & nt ecsets tirsetcat invoen met hod u
the response of concrete to cycles of wuniaxia
the[tl8dfpbased on a correlation between crack d
in rock speci mens. The test was I|[al 3% dd8pt ed
Buil ding upon those devel opment s, I i 13Bt%8 3, tr
evaluate concrete affected by ASR using a fi x:

The aut hors proposed parameters | ike the aver
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the hysteresis area over the fiv.e Tchyec | Neosn | iwnheié
|l ndex (NLI) was also introduced to illuminate
strai.n fmaowlel 3|t earl .proposed a fixed | oad of 1
nature of the test and they found a correlati

five | oading/unloading cycl es.

Sanchei 18f8uratlh.er refined the test through a oc

evaluating numer ous concrete mi xtur es present

aggregate size (i .e., fine versus cadambye ASRN |
and other internal swelling reactions | ike de
thawing (FT), single or combined. Thegayyr opo.

compressive strength of tGheMRa/nscraemnd eastt abhlei dh
thti ffness D&SDRastindebef 6PDA) I oMNLI ndaxd t he
elasticity which c¢c78n HdeolStD¥L {Eaqqmutan ®DNRE) G§qguat
represent the ratio of di ssipated energy/ pl a
i mpl emented over the five |l oading cycles in t
first |l oading cycle (obtaiunkdsbgtth&li hgl ohéd Tt
secl/sec 2) is efficient 1 n evanmoudautliunsgt btEh ee yoar

(EquaB8) ons computed from the average of the s

Stress

51

S

P

DI DIl Deformation

Fignhx e TShe ffness [IBB8magrer deastced with permission of
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; B L L 42

U'O"OB—eeeeeeeee(7.2)

B P
DUO Bééééééé (13
S| = Dissipated energy over the five cycl es.
SI + SlIl = Tot al efergy, ptheedrea thdesytstheme,]
DI = Plastic deformation
DI+ DIl = Total deformation of the system

i 01 Qi=Fi stress at 40% of maxi mum | oad

[ 0Il OB strain at 40% of maximum | oad

7. 2.Ddi.r2zect shear test
Shear strength in concrete is ¢c¢nid4mlB¢dCdnredr ety
nherently contains some internal cracks and

racks via two primary mechani sms: a) the dow
riction through the Thar bhatéeersttianns bef deheé ne
esistance to crack, o popularly <called- fnaggr
nduced dlei14T7TBevatabnmethods exist for assess
148, 1FB¢ recentl y [dia/vbe lodp esd gtne cfh nciaghuwe r el ev an
its extensive tesmadg oonameaetee ntEpricederd sa.b Mol
ariable than tensile strengths, |l eading to

ompr e eqnighén dterst , t(hdee rdiivreedc tu gsifnpgas rEmtagastti dina g n
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for Il ow and moderate expgad@divoa3Bdhak, the < hba
promising f ori nedvwacleuda tdientge rASOR at i on, especial |
moder ate expansions are expected. The test is
as displ &@a44ed Not Fhg250mmabhavte dD@en reported t

di screpancies that +manyal ar iose bfi goladr8elaaviomg t & et

Toad

Load

Figh4d eThe direct shear test
Direct she—za—rz—s—t—r—éég'éléé.:7(4)
%0 dcylinder diameter ( mm)

a: depth of notch ( mm)

7. 2.Co.nBpressive strength

Studies on ASR have reported a | ow relitabilit
induced development. This is because the react
only propagate into the cemenel gpastHenat, medarc:
cement paste |l argely influence compressive st
especially at | ow to moderate expansion. Ther e

for hiigmhdwr&@Rha Nnsion | evels; up to a 25% reduct:i

[ 141 Nevertheless, this tool has been selected
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i mportance (i .e., ulti mate capacity). Mor eove
shrinkage cracks at | ow RH.
7. 2S®Gope of wor Kk

As already highlighted, there is a need to co

numer ous moi sture and temperature on ASR deve

|l osses. To achieve this objieghliwer eaothicreteoar
(i .e., Spratt) were manufactured in the | abor
temperatures (i .e., 21 , 38 , and 60 ) and f i~

and 100%) wenersagleectoemmdlids ons for the speci me
change as a function of-badeank.adk asvame nthramnud ha
experiment, specimens were colleStedfihesso Dadun
Testshear strength and compressive strength).

moi sture and temperature setups.
7. Mlat eri als and Met hod

7. 3Cdncrete mix design and material s

Two sets of concrete cylinders were fabricate
the concrete prism test (ASTM C1293). The fir
coarse aggregate-reiacei ve aicagti)laganegnaomuf act u
second set includes the same nonreactive fine
t o monitor shrinkage. The i nformati @dh. adout

conventional GUalcemtento (ASEM,t yemani v) wi th a t
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0O by mass of cement was used, and the al kal:.

0O by adding NaOH pellets to th2e mixing water

Tab7lle Aggregates used in the study

Aggregates Location Rock type Specific gravity Absorption AMBT -14 Days
(kgla ) (%) expansion (%)
Crushed
Ottawa -
Spratt siliceous 2.70 0.62 0.310
(Canada) .
limestone
Non-reactive Ottawa .
) Limestone 2.78 0.42 0.02
limestone (Canada)
Sand Ottawa Derived from
) . 2.76 0.65 0.04
(Nonreactive) (Canada) limestone

Tab72e Characteristics of the two mixture:

Concrete Typg Cement| Water Coarse aggregatég/a ) Fine Alkali
(kg ) | (kg/&a ) | 4.759.5mm | 9.512.5mm | 12.519mm | Aggregate Pellet
(kgla ) (kag/a )

Reactive mix 334.12 334.12 344.24 833.46
Non-reactive 420 177.4 2.12
) 328.58 328.58 338.53 855.17
mix

7. 3T&2sting conditions

Five relative humidity conditions (i.e., 62%
three temper,atidj&d& asd( oveée.e, s21 ected for this st
and monitored over time foand em&rte <thamegdk .f &mp

mont hs based on the concrete prism tewer CPT:

conditioned for six months foll owi4n.gl 2t1n2eA acc e
timased evaluation was selected; specimens we
12 months (i.e., 21 and 38 ) and 3 and 6 mont
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7. 3AM8B8nufacturing of concrete specimens and sto

A total of 300 concrete cylinders (i.e., 180 and 120 for length change and shrinkage, respectively),
each 100mm x 200mm, were fabricated in this stAdlgr casting, the specimens wererdelded
andmoistcured at room temperature for 48 hours; holes were drilled on both sides, and studs were
installed using a fasgetting cement slurry during the first 24 hours. The initial length readings
were conducted after 48 hours, then the specimens were fagastprage. Concrete specimens

were placed in sealed buckets, each containing four concrete cylinders, and a minimum of 12
specimens were prepared for each RH/temperature combination (i.e., a minimum of three buckets
per RH/temperature combination) fontgh change measurements. Three sets of complete RH
(i.e., 62% RH, 75% RH, 82% RH, 90% RH, and 100% RH) were prepared; One set was stored at
21 ,the second at 38 and the last setwas storedat60 A si mi | ar set -was pr
reactive coarse aggregate for shrinkage measurements, but each RH/temperature combination
contains only eight specimens. The relative humidity conditions were targeted and maintained
using a saturated salt solutiog ased by Poyet et dlL0]. Length change measurements were
carried out after 14, 28, 97, 119, 182, 273,

at 60 were measured after 14, 28, 97, 119 an

7. 3EXdperi ment al procedures

7. 3. SAt.ilf fness (DxDnla)ge Test

The SDT procedure was performed as per the methodology proposed by Sanch§lZ38j, al.
which involves subjecting concrete specimens to five loading/unloading cycles at a controlled rate
of 0.10 MPa/s, with a maximum load equivalent to 40% of theld8concrete compressive
strength. Tests were conducted on specimens from each relativéitiu(iRH) condition after 6

and 12 months (i.e., for specimens conditioned at 21°C and 38°C) and after 3 and 6 months (i.e.,
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for those stored at 60°C). It is noted that three specimens were tested for each RH level,
temperature, and age combination. Before the initiation of the test, specimens from each condition
were stored in a humid environment at room temperature for 48 heyef138], and each end

of the specimens was mechanically ground to ensure a flat surface. This study reports an average

of three specimens for each result (i.e., ME, SDI, and PDI).

7. 3 . Ddi.r2ect shear test

The direct shear test was performed as illustrated by De Souzd¥t]aSimilar to the SDT,
specimens were collected at the predetermined testing age. The specimens were conditioned at
100% RH and room temperature 48 hours before testing §5&¢rThen, a notch of 5mm width

and 20i 22mm depth was carefully made around the cylinder's circumference using a masonry
saw. The concrete cylinders were then loaded to failure at an applied loading rate of 100 N/s. It is

worth noting that only two specimenvere selected for each test condition.

7. 3.Co.npressive strength test

The 28day compressive strength of the concrete mix utilized in this study was assessed by
employing the maturity concept due to the reactivity potential of the aggregate, which could
potentially trigger ASR at room temperature and above, thereby impdbgnstrength of the
concrete. Six concrete specimens were enclosed in a plastic wrap and stored at 12°C for 47 days
(i.e., the maturity is equivalent to 28 days at standard temperature), after which they were tested.
To assess compressive strength redustithe specimens tested for SDT underwent an additional
48-hour reconditioning at 21°C. This approach was facilitated by thelestnuctive nature of the

SDT, as confirmed by Sanchez et[2B8].
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7. Resul t s

7. 4ASR devel opment

The |l ength change measurements as a function
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to 0.03%. Tot al expansion (i.e., Tot. Exp.) r

]

eactive aggregate speci mens, i ncluding the s
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(b) 38°C
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As shown in Fig7.5, higher RH levels result in greater length change, indicating more significant
ASR-induced expansion of the concrete specimens. Furthermore, length change measurements
increase with age across all the distinct RH and temperature conditions, which na¢akSR

has been at least partially triggered in all scenarios studied. The significance of elevated
temperatureonASR nduced expansion i s more pronounced
6.5b and c with faster ASR kinetics. Moreover, specimensdtatrhigh RH conditions (i.e., 100%

RH and 90% RH) expanded significantly beyond those conditioned at lower RH conditions.
Comparing the change in moisture from 90% RH to 100% across the three temperatures, ASR
induced expansion behaves differentlyugoet change i n temperature fr
both temperature conditions having sufficient moisture at 100% RH, there is a considerable gap in
expansion between 90% RH and 100% RH at 38 C
not linear. There ar®wer differences between 90% RH and 100% RH when the temperature is
increased to 60 , whi dehchimg@G0,2113,814]a teduced Waseasityd t o
of gel[15,215]

Although changing exposure conditions (i.e., RH and temperature) often changes the kinetics of
the reaction, as displayed in Fi§5, specimens stored at low moisture conditions (i.e., low RHs)

are susceptible to shrinkage. Hence, there is a need to decouple shrinkage from the total expansion
(i.e., Tot. Exp.) to determine the net ASRIuced expansion (i.e., Net. Exp.). However, befo
decoupling, given that all the required factors for ASR are available, shrinkage switches to
expansive behavior, leading higher total ASRnduced expansion. For instance, at 62% RH and
21°C, the specimen initially exhibits peak shrinkage at 3 months, reaebifg0% total
expansion. However, the total expansion has increased.Q®0% by 12 months. This shift

suggeststhat despite initial shrinkage, expansion is occurring. Similar initial shrinkage was
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obtained in most conditions at 21°C but with different recovery ages and magnitudes; the higher
the RH, the lower the magnitude and recovery duration. Hence, even at low RH, it is essential to
highlight that the moisture required to trigger ASR was presernhe mix. Comparing the
shrinkage obtained across all temperatures, the recovery time from shrinkage appears shorter at
higher temperatures, even in similar RH conditions. For instance, at 38°C (i.e7.956.
specimens stored at 82% RH and 75% Rpleeienced a negative length change over the first 98
days and 182 days, respectively, and a positive length change was obtained afterward, quicker than
at 21AC and even more r@fid at 60 as display
Although changing exposure conditions (i.e., RH and temperature) often changes the kinetics of
the reaction, as displayed in Fi§5, specimens stored at low moisture conditions (i.e., low RHs)

are susceptible to shrinkage. Hence, there is a need to decouple shrinkage from the total expansion
(i.e., Tot. Exp.) to determine the net ASRIuced expansion (i.e., Net. Exp.). However, befo
decoupling, given that all the required factors for ASR are available, shrinkage switches to
expansive behavior, leadibg higher total ASRnduced expansion. For instance, at 62% RH and
21°C, the specimen initially exhibits peak shrinkage at 3 months, reaebifg0% total
expansion. However, the total expansion has increased.Q®@0% by 12 months. This shift
suggeststhat despite initial shrinkage, expansion is occurring. Similar initial shrinkage was
obtained in most conditions at 21°C but with different recovery ages and magnitudes; the higher
the RH, the lower the magnitude and recovery duration. Hence, even RHpiwvis essential to
highlight that the moisture required to trigger ASR was present in the mix. Comparing the
shrinkage obtained across all temperatures, the recovery time from shrinkage appears shorter at
higher temperatures, even in similar RH coods. For instance, at 38°C (i.e., Fig5b),

specimens stored at 82% RH and 75% RH experienced a negative length change over the first 98
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days and 182 days, respectively, and a positive length change was obtained afterward, quicker than
at 21AC and even more r@fcid at 60 as display
Comparing the thikte, td@peantdubes) (at al l RH |
t hat atthe2lexpansion is sl ower t han at 38 ; 6
Further more, 21 has tlagehishihe ntkamagniatnwddea | ¢ f
experienced some contraction at the beginnini

obtained net negative | ength change only in 8

]

ecovery time than 21 highlighting how temp

progress of the reaction.

7. 4M@c hani cal Properties

Theesults presented in this section are those
reactive coarse aggregate (i.e., Spratt) and
21 and 38 ) and 3 and 6 months (i.e., 60 ).

7. 4 . 2.ilf fness Damage Test

7. 4. Modwul us of elasticity

The modulus of elasticity reduction (MER) as

di splayerd. i A Biqilar i ncreasing trend of | os
similarly to expansi on, was found for all/l t er
21 present slightly | ower | osses thiamdcat 38
expansi on. Gener@abla yf,oras21s howan lionw Ftiog. mbder at e

21% at six MDA hast t b2 1NNt hs) was obtained. F
the modul us of el astii3c8® yatlndsh sxe $ma? B Bade d1 2 r mann t

A similar trend | §6mbsewivteld ME3 16%s st &ti lgf. e & 2 mo
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increasifh@%taot 290Di x mont hs. Even though the mo
temperatur e, similar reduction trends were ¢

humi dity and expansi on.
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coinciding with the development of AGBR13RAtatl
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60 . It is worth noting that the initial SDI
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(c) 60
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7. 4 . Ri.r2ect Shear

The direct shear strength reduction (DSR) re
il lustra®ead (ineFi7§R1(), eF)j g3®8Bc )(i .aem.d, F6Q@ ). T
behavior of the concrete specimens is quite s
results present a shear strength decrease as
ASRnduced expanassieosn. aAss RHY ewncaifeh e Fi gi X mont hs
21 , a reducti%®inl 6% wahse orbatnagien eod, 4wRhli% ha fitrear €la
mont hs, highlighting the progress of the react
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(@ 21 (b) 38 (c) 60
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highlights values from |l ow to high RHdueedl s

expansi on) .
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7. Pi scussi on

Exposure conditions such as relative humidity and temperature have been proven to be crucial to
ASR [10,12,209] Findings from this study agree with this fact. ASR kinetics is significantly
reduced at low RHs and temperature and these conditions are of specific interest in this study.
Specimens stored at low RH conditions experienced a delayed or slow initiaA&Roivith an
occurrence of shrinkage in their early ages. The switch from shrinkage to expansion means enough

moisture to initiate the reaction is undoubtedly present in thegivien the low RH environment
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they are exposed to. Hence, it is safe to assume that ASR gel was generated from the expansion
onset even while shrinkage was still ongoing, although the initiation time of the reaction is
unknown; nevertheless, the builgh of expansive pressure is exgetto be lower in low RH. The

shrinkage obtained in the test can be attributed to the moisture loss to the dry environment (i.e.,
low RH), and the continued hydration, especially for specimens in-622% RH. During this

period of length reduction, one gpnassume that ASR gel is still generated and swells slowly,
counteracting the compressive forces due to shrinkage. Yet, this counteraction is not enough to
supersede shrinkage. Therefore, the switch from shrinkage to expansion can be discussed in three
distinct ways. First, it can be a result of the shrinkage reaching a plateau, making the slow
expansion evident over time. This could be especially true for very low exposure conditions such

as 62% RH at 21 . Secondl y, dtheporgsblutarthashbeenpr ogi
reported to increase over tinj2l6], leading to the initiation or even acceleration of ASR,
overcoming shrinkage before its plateau. This could be the case at high temperatures, which
experienced an early switch to expansion in t
hypothesiss a change in the solubility of silica, which is known to increase with temperature rise
[103]. The second and third hypotheses are significantly influenced by temp§tdtaed Hence,

it explains why lower moisture conditions could be sufficient to initiate the reaction at higher
temperatures as obtained in this study and as per [59]. The switch from shrinkage to expansion is
expected to induce shrinkageluced cracks in theement paste, which can potentially influence
ASR-induced damage development. Hence, the following sections evaluate the potential

contribution of these factors to the overall damage in A8&cted concrete.
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7. 5Mdchani cal properties of ASR affected concr
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Tab73e Cl assificadlifl®epobddamdgwi th permi ssion fror

Classifl Refer{Assessment of ASR This Study

of ASH expan MER CSR ( %] SDI Net Exposu MER CSR| SDI
damage I evel ( %) Expan condit ( %) ( %)

( %) ( %)

Neglig| 0. D0®. 0 0.061

Margin 0.04 RN 537 i1as 0.-012f 0.08|90% RH/| 23.8 10. .
Modera 0.11 N 2&0 020 0.053 0.11|100%RH/| 33.2 16.40. 1
Hi gh 0.20 N 3%0 125 0.093 0.21{100%RH/| 41.7 25. ¢§0. 2
Very h{0.30 R 467 2@B5 0.223
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the grouping per temperat ureondi tii mtnesini deeedd t t noo
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(c) PDI (@) DS
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a valuable metric for assessing the combined

deterioration.

By observing the difference bellwie e nt hteh ei ntfod tuael

shrinkage on mechanical properties outcomes af
and direct shear seem to be the most i1influenc
nature at | ow exspansdmensi nfNewendereil sal so ca

strengt h, which caeaxibetiatg amibaiteidat owe dlkeemprth

properties and, thus, the concreteodsStriegsmoemnsse
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modul us of elasticity and direct sheaaxirse)duct

modul us |l ossanduentosnatoexpgd 16%. However, the
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effectivenessi ndiuaed edsasmange AeSWRe 1] lart,, lldmlwme &k @raats
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confidence | evel of 95%. Typi.ceal,l YOS ,t hME ,s iSgDnl i, f
across the numerous RH 100Ms i RIL)r edv &ri . tei. me 6 & &
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(i .e.., CS, ME , SDI , and PDI) as expected. Gi
increased over ti me, taseiil hfulstueme¢edofi nRHabh et |
significanwal sescarall ower than 0.05 and F val
after a critical assessment of the average Ve
propgeg results 7pir7lbe ntae ds eicro nFi gs.t at i sti cal t es

significadsce nofpatires Rand to determine how eact

ot her s.
Tab7l4de ANOVA results
CS ME PDI SDI
Temp. RH

F Fcrit P F Fcrit P F Fcrit P F Fcrit P
1.23E 1.14E
21 62%100% | 33.79| 2.87 08 33.79| 2.87 | 1.23E08 | 14.99 | 2.87 | 8.12E06 | 19.46 | 2.87 06
1.94E
38 62%100% | 85.09| 2.87 | 29E12 | 85.09| 2.87 | 2.9E12 | 39.92| 2.87 | 2.89E09 | 41.77 | 2.87 09
1.54E
60 62%100% | 81.18| 2.87 | 45E12 | 81.18| 2.87 | 45E12 | 76.67 | 2.87 | 7.68E12 | 42.87 | 2.87 09

A Tukeyds honesty significant difference (HSD
property outcome obtained at three temperatur

significance resubll.tbs are displayed in Tabl e
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Tab75e Tukey post hoc test results: (a) compressive s
@) (b)

Treatment 21 38 60 Treatment 21 38 60
6M 12M 6M 12M 3M 6M 6M 12M 6M 12M 3M 6M
62% v 75% X X X X X X 62% v 75% X X X X X X
62% v 82% X X X a X a 62% v 82% X X a a a a
62% v90% X X X a a a 62% v 90% X a a a a a
62% v 100% a a a a a a 62% v 100% a a a a a a
75% v 82% X X X a X a 75% v 82% X X a a X a
75% v 90% X X X a a a 75% v 90% X X a a a a
75% v 100% a a a a a a 75% v 100% a a a a a a
82% v 90% X X X X a a 82% v 90% X X X X a X
82% v 100% a a a a a a 82% v 100% a a a X a X
90% v 100% a a a a X X 90% v 100% a a a X X X
(©) (d)
Treatment 21 38 60 Treatment 21 38 60
6M 12M 6M 12M 3M 6M 6M 12M 6M 12M 3M 6M
62% v 75% X X X X X X 62% v 75% X X X X X X
62% v 82% X X X a X a 62% v 82% X X X a X a
62% v 90% X a X a a a 62% v 90% X X X a a a
62% v 100% a a a a a a 62% v 100% a a a a a a
75% v 82% X X X X X a 75% v 82% X X X X X a
75% v 90% X X X a a a 75% v 90% X X X X X a
75% v 100% a a a a a a 75% v 100% a a a a a a
82% v 90% X X X X X X 82% v 90% X X X X X X
82% v 100% a a a a a X 82% v 100% a X a a a a
90% v 100% X X a a a X 90% v 100% X X a a a a
a Significant X Insignificant
Overall, the mechanical property outcomes for
are statistically different as expected. Furt
RH are statistically similarnetThe»spamesainesn tlhev
reached in both conditions, a comparable | eve

RH experiences more expansion than 62% RH.

compensates for its | oawerd aemxapgaen siino nh o tl he acda mdyi
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the wultimate mechanical property outcomes (I
60 respectively) at | ow moisture |l evels (i.e
of the pairs 1is dependent omad,t etmperat usenoFas
di fference in thei&B%rRduatt i 2 [ ome &rRi%N RHt hat
in this environment can be said to possess si
is | ower for 38 R&in7d5 % ORH awheerset a6t2i% 7.ikEadl | vy e c
shows a similar trend for other properties ass
|l iterature on the -iinndfulcueedn ccke toefr i RH adom o ASRNd t

threshold for the reactemmer avthurcdé. coul d be de

7. 5Va8l i dati on of ASR distress devel opment wusin

To validate the mechanical deterioration obse
| ow RHs, mi croscopbDamapd uURdA{ORG) uweéeg poadreform
specimen from each predetermined tesDamggage |
Rati ng DRIIdexhas provemuraaltii a lmlte vfeo rr oil tes | ;e mis s €
reactions (I SR) sutf@hisast ASRnNni que i Bredp[cadedtd | ey
t hat can evaluate the cause(s) and the extent
cracks presented in thiendwaned etceaauknsdearanadyrs
sqguares drawn on the sur f aca sotfe rpeoolmisehr@ods coogprec
magni ficati on, and the count for each damage
weighting factor6 atso shalwancden tThadilre rel ati ve I
di stress mechani sme &s Fgropb]jesedt By nVial Fenatuv DI
is normalized to 100 c¢cm]j]. The #Awnnere dh astlkeadrm

increa2¢epb
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Tab7l6e Damage features and cb40esponding wei ght

Features Wei ghtin

CCA: Cracks in ag 0.25

OCA: Open cracks i
OCAs Cracks with react

CADCoarse aggregat e

DAP: Di saggregated/ co
CCP: Cracks in ce
CCPRs Cracks with reacti

Wl W N Wl N N

Each concrete specimen sellexcrggidt Uddirn atlhliys, taensdt
polished using a mechanically operated table
and 3000. The numberd osfede@zclacksac@CAbhet agagm e
cracks in aggregates wit®@BCAromi OGAuURP)Y eaand oo

cement paste with ori wAGhoarnr Ci@RecRe ocno upnrt ceddu ¢

normalized to 100cm)J. Since the main goal of
was utmader stand and validate the mechanical p
experi mental campaign, it was decided to perfc

di sregarding the weighting fact oalso vper ompersteido ne

di stinct types of crackl12.The results are il
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In the case of low moisture conditions (i.e., 6282% RH), a high count of cracks in the cement

paste (i.e., CCP +CCP_RP) was obtained. Given that their ultimate net expansions are lower than

0.12% (i.e., expansion level above which ABRuced cracks arexpected to propagate to the

cement paste), one may infer that the high counts of cracks in the cement paste are not related to

ASR, validating the occurrence of eadge shrinkage obtained in this study. Moreover, exploring

the DRI plots at six monthsi . e .

, for

21 and

38 ) and three

count in the cement paste reduces with a rise in relative humidity, with 62% RH experiencing the

highest count of CCP+CCP_RP. This further validates the claim of the influence of RE on th

magnitude of shrinkage at early ages.
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The development of the distress features in the aggregates explains the modulus of elasticity
reduction obtained at low RHs despite their low total expansion (or negative net expansion). As
one may notice, the plots in Figll show that the total expansion may underestimate the actual
ASR-induced damage in systems preliminarily showing shrinkage. Yet, up to 15% reduction in
modulus of elasticity are obtained at low RHs (i.e., 62%%6 RH). Considering the microscopic
featurescount plots, some counts afcks in the aggregates (i.e., OCA + OCA_RP) are obtained

in these conditions, validating the modulus of elasticity loss. Furthermore, as mentioned earlier,
similar expansions can result in different mechanical properties losse3.12g.illustrates an

instance where similar expansion leads to similar cracks count in the aggregates (i.e.,
OCA+OCA_RP) as expected, highlighting the damage due to ASR. However, the difference in
their moisture conditions (i.e., 90% RH versus 62% RH) leaddifference icrack count in the

cement paste (i.e., CCP+CCP_RP), causing a difference in their mechanical properties.

Considering the microscopic features count obtained in this study, one realizes that at each
temperatur e, the crack counts are similar for
62% RHi 82% RHs present similar counts within 1¥%7, while they udergo different levels of
expansion and shrinkage, yet the damage is similar; this could explain the similarities in their
mechanical properties. This similarity is limited to 62% RH and 75% RH at higher temperatures

(i .e.., 38 and 60y )valwhdiacthe si nTtuekreeysétsi nmd s t h o

suggests a closer look at RH threshold for AB@Riced deterioration.

7. 5Addsessing moisture threshold for ASR using

As mentioned earl i eri,ndwnc RH dxpweaendsiadn wihd cehx ASE
i mpaired exists, cal |l ed t[hBe 1RBHh atYher2dsgehpod rdt. e dN udm

val ues, among which is the 80% RH that has be
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in Tlahlhlas highlighted the possible occurrence
dependent on temperatur dg,l.0ijmhagaeameabl wi s hutl
to expansion assessments, but this study inve
i mprove our understanding of such a threshol
properties r eedu8h% oRfts tahrroeusnhdo It dh; hence, the 7°F
conditions were evallBatedmpsi shownofntkRegpl o
property reductions (i .e., ME R, DSRi . &£ISR,) as
38 anyl. 60he di fference between the 75% RH an
RH, were calcul ated and highlighted in the fi
threshold for this study is defined aads taon aRH

significant jump (i .e., 02%) in all mechani c

(@ 21 (b) 38
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(c) 60

Fi gulr3 Mechanical properties redu¢ha)oBd s aéba BBncf{cdn
Overall, t he reducti on of mechani cal proper |

temperature; thus, t hdee pReth dtehnrte.s hAal  1i s, ttehnep @ rn:

property loss from 75% RH to 82% RHewas simeai
reducti on, and there was | ess than a 1% reduc
damage at these | evels is similar (which has

validated by the DRI) and deaf il si tsihoorr.t Howetvhe
considerable increase in |l osses at 90% RH. He
90% RH. The threshold is | ower at 38 wi th a
RH. For instamde,sttihce tnyo dueldwsc toifon has an appr

the threshold at 38 could be around 82% RH.

Overall, based on the aggdaegatieekpanedonni sheg
| ow RH of 6 2 %. However, an RH increase that
concrete is dependent on tempeWawaoauled IbHe wefvfeea g
al | temperatures.
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