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EXECUTIVE STIMMARY

aþ m¡in glrtiræ of this prcIfl nas to de\rclop a mndÊstrirctir€5 sensitiræ, specfrcsoeic uËhod for nps¡ring

narcr sripping tEdsa"ce at tbe mleoúar lcr/€l daólaUsiliccus ary¡gregale mixû¡r€s o!G{ to wa¡er. Tfe sû¡dy

consistêd of ttrrce pbases. Pbase I invohæd æ acrËtçæot of a tectrniq¡F based on trandorm inûarcd

specfioscofry inthe multiple int€rnat rcflection modetoqdndryüeuater layer at tþ inrcråoe b€T"* an aspbalt anda

riti..o,o ;¿g¡"gat". phase 2 cas to &ralç a t€chni$E to ms¡rc tbe adhesion læ dan asphalt/ageFgate sy$em

.,çosed 19ì;á øvironnßnt And phase j air"a to r€latÊ thc qrn¡rtity of thc intcråcial cãter laysr with the adhesion

f"it ¿rr" This finar r€port s¡nma¡izÊs thc rcsea¡ch in thæ thr¡e a¡cas. In additio¡, the rçort also prEsrits the rcs¡lts on

the r¡se of thc spoctrosqic tcchniqrr for erraluafiag ttp eftdirryrc of diffeænt ant¡S¡iping agents for asphalts' And

finalþ, based ú üe inrer&cial *atcr ineqma¡on, the rehanis¡ns drriping dan asphalt frlm a siliæqs agge8Êt€

and oïæ transport ofrraterfiom the cûvifonrËnt O fhe arybelt/agg¡pg¡te inreråoeare prescnted"

DEVEI¡PMEI{:r OF A TBCtrNIQI'D IrOR QI,AI{TITyING Îm tYAlr'R LAYDR AT lEE
ASPEALT/|SILICEOUS AGGRSGAII INTENTACT

A techniqrrc basd on Fq¡icr ha¡rsform infrârcd spccüosæpy in thc multþle inþrnal rnode (FÏIR'

MIR) was ¿srcþàfor @s¡ri¡lguåterin sih¡ at the intcnåæbctuËen an aÐhalt and a model siliæors agglegBte. Tbe

th€or€tical basis of th¡s tcchn¡$F *r ¿.rit"¿ tor thÊ intcrnal r€ûdim tboory for a t*ula¡rcr Ítodel' consising dwarcr

at the asphalunüstrate ir&rÁce and that in tbe aryha¡t film witbin the Fobing d€pth d lbÊ FTIRI'ÍIR tÊchni$rc'

EÐenilntalty, thÊ þchni$c rcquircd tbe coting d an asphalt lal¡Êr d foonm thidocss on an intc'l¡al nûection

etelnent (IREI, which *t*ã ar 
"i 

opriof guide to-útain an iúarcd spe(ln¡trL A uat€r charnber was aüæhed to lhe

asphaltæled nE, and FTIR.IVÍIR Ðedra çrre takcn a¡mat¡calty at ryociñod tinqlftq"r di$¡¡barce of thc

ùinrr"s. In siû¡ tatcr msnæts for five Süategic IügLtr¿y Rcscarcb Progam (SHRP) coæ asphalts (AAC-I'

ÄAp,l, AAG.1 A.AK-I, and AA¡ú-l) on a hydrato{ SiQgr¡c¡¡d Si IRq cùich senæd as tbe model siliceou

^gg"gp 
w¡p cankd 6¡¡r Tþ rcorlts shouæd ittrt a untcr film dmany mla¡rers thick has cnErEd the in¡cråoe

ñåU,"A,"asphaltsandthcnodcl dlimss¡bdrate. Calo¡htir¡cçt¡cm¡dc¡s66g¡¡srh'ttbesriaterdet€dÊd
was at or tEar tbe aryhalt/siliæus aggrËEÐE inrcrÞæ. Tb rcs¡lts h¡rË stþnm that tbe oqr¡dbns r¡sod for quanrying

rater at the apnai/siticeus 
"Eglfrylt" 

inrcrfrcc arc ralid Tbe æcùniqrr can æasur€- uatcr in si$ at tlE

asphalysilioeus ¡"rcrû* an¿ provrc-r¡¡lque idornation m the trançort prqcrtics d1!q thru¡gh an aspbalt la¡ær

atrachodtoa¡åst¡atc.TtcGcûniqrEdsrdbcdbcíEshdrHbcuscfi¡lfra¡ah¡atinga*ûtalt/tilim¡s aggrsgÐtÊ

in tcrms d l) strE[ s"oeûti¡ity d:* aryñavagel€gaû. nin¡rÊ, 2) cúbctiræ dantisliping agpn¡s' Ð €ffeds of

ag$WAtE s¡¡åcÊ ontanimtim aø environmgt tÊNnpera¡Ife m uåter Sfiping; a¡d 4) uatcr diñ¡sion tl¡rough

asphalts on an aEgßELtÊ'.

MEAST]REMENIOFAI'EESIONI¡SS OFASPEALT/ISILICEOUSAGGREGATE SYSTEMEXPOSEI' TO

}VAIER

A nethod basod on a prnunatic adhcsion tcster end a pdu¡s S¡b *as inræSignt€d for rreas¡ring the adhcsion

ls dûvc SHRp a*halts o. tiat soda dass and grân¡tÊ sùdratcs. Thc porus où allows watcr to ræh thÊ intcråoe

thror¡gb the ary¡¿¡t ñfn UOrncss. This-mcthod u¡as fu¡nd s¡itóle for msring the bmd ftoglhs of aryhalt on flat

sùstraß bcfse and dilcr oçcnc to u/atcr. The tccùnir¡r is Sn¡tit¡ri$x rçroar¡Ule, $nple e* portable and

ißcçcndrr. Thc adhcsim 3f'fr€ SHRP aÐhalts on both 
-gtåss 

and gradtc s¡bdrals dccrcascd sùúanüalty ç'ithin a

,loti oemrrc. F¡¡6gs &cring thÊ dftflú bctuæcn tlp adhaún ls of a@lrs m glâss ånd granitÊ are dis¡ssed"



REI,ATIONSHIP BETTVEEN INTERTACIAL }VATER LI\YER AND AIDEESION I¡SS OF

^ASPEALT,SILICEOT'S AG{GREGATE SYSTEMS

A geod conplation bctrm fhe ûifuess d tbc intcråcial uatct ta¡ær and lbe adhesion læ of a rnodel

potlær/siliceus sùcrate sJñem was óecnæd. Cffial agleemts cEfE also fqmd bett¡Ëen ttre interfrcial $å¡er laJ¡er

and lhe ¡rlhesion loss d| r*lrlß bonded !o soda end graniæ g¡bdrlatcs. Tbat is, gøfr amount of warcr A the

asphalysiliceos intcråac coineon¿s to grr:ttr- adhcsion lo6s dlhe saæ sy¡Gln oPosd to nåtcr. Tbesc rEs¡lts

ir¡dicat€dtbatffn¡m.tecùnique can Ue r¡seO for cqinatingtbe sipping resi$am of difierent aryhals on a siliceou

34gç¡gÐtÊ,. Thc application dthe FTIR-IUIR tecüniqrn for q¡ahtating tbe cftcrir,æ of fqn antistriping agFnts \rås

carridoú.

MECEANISMS OF ASPEALT STR¡IPING TROM A SILICEOUS AGCRBGATE AI{I' OF IYATER

TRAI{SPORT TO TEE INTERFACE

Baæd on q¡anitniræ iúrnari¡n drag at the aryhalt/silirrus infúæ, the ncchanisms dasphalt s¡iping
fiom a silig¡s aggløßand duatcr tranryon to tþ inlcråæ s¡l pfopoæd. Thc Sdgriag daryhalt ñon a siliccus

a¡gryþtÊ is ú¡e to tlc tn afim da natcr lE¡cr ma¡y mmol4æts thick at tbc inrcreæ bctq,a an açhalt and a

dt¡*" aggregÐte.The fømdim dtbe iffiåciat watcf laya is oçhinod by tbÊ wtak æcon¿ary*rcc bonds formsd

bett¡rceo rH ac¡¿ic aÐhalt and tbÊ æidic siliæos âgg1ryLþ, æ oryarod b tbe büds bctqæcfi water and tþ sa¡¡p

s¡bs¡¡tþ. Consequedty, thcqhalt/silimsbonds a¡e mt l¡¿¡*ylicalty Cúlc¡nd displaædbysraffi. Basic aggl$at€s'

srch as tinc6tone, fornÊd s¡ong bonds (æidåasc or e¡Êcüctatic inm¿a¡os) with æidic asphalts, cùicå can rEsist the

uøterdisD|¡celrrclrt TbÊthidrcdtbeinlcråcialnralcrlajrcris ircæasod ifthc¡eisaua¡cr'msitirt (Bgfoqic) flm
attheintçråoeoranMicprcsnlefrrco¡igsbctnrccotbÊqúddeandthÊineråce. Thethi*c¡aûerlaJrcrÓsenæd

for the fivE aspha¡tÍúli(n¡s agg¡egats specims are prúóly úE to thc pruoc of a watcr'sr¡sitiræ film at tbe

aspþUaggrcgntcintÊf&oc. n*u¡atcrcngtiwflnisprúsüyôFtoboththÊinm¡dnigrationduater'shùle*æiæ
irttp aspbali and thÊ qmtcr-sohùlc magials prrsørt at tbc ineråcc. Thc tranryqt d s¡aÛÊr to tbe asptnltlaggryâtg

inrcrAoc-¡¡ pqocc¡ as thrurgh tb toún¡s ¡nthnzys frrnd by the u/alÊr dissolulkln dtþ rater'colrùle ryccics in tbe

asphalts. For thin asphalt ¡l¡s, mtinns porc chanrcls allow uarcr to rcacb the i¡rtcrñce qui*ly, hú thi* fims
r€qufuÞd longorrcpeatcdoçæuetocstúlishmtinn¡spathntrJßbrwatcrto r€achthe intereæ.

KEY'U9ORDS: Adbcsion, aggrcgpæ, aryhatt, a*halt/agg¡cgate int€ffræ, ATR spedroscop¡¡, bondfu€ grt¡gtb

diffision, FTIR, in siû¡ |rliâs¡¡ml, inbmal rcûcdion spcctrospy, qr¡antitatiE siliccü¡s aggfegú4 striping nater,

$¡a¡er s¡socptibility.
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INTRODUCTION

Tbe debonding of asphalt firom mirpral aggrcgpt€s in thc prcseæ of qater (sripping) 'has been ùaenrcd at

times eær since asphalt paving ca¡æ into oristæ' (l). SiE sEþing *as ñr* reægnizod as a prúlem, mary sn¡dics

hrye bqr dsvoted to the search for a solrtrion to this prúlem (2,3). Still, Sripping æntins to æcur in many arcag

partio¡¡ady for aryüralt on silims (SiQ) agg¡egarcs. TùÊ srigring (Ec¡¡rs on siliæors aggtregat€s beca¡¡se thê bonds

ber*een ttrc SiO2 and the organic aÐhalt arc d hydrotyticalty CaHe (a). This mns that $atff is likety to enter tbÊ

interåce and d¡splace tbe asphalt ñom a siliæos aggrptÊ wheo a asphalUsiticeors misrc is oçosd to $ãter or to

high relatiræ humiditics. This prúlem is nagniñed if thcre arc n¡¡goscop¡c salts at tlp interåce or cûþtic driving fote
orising b€fü€Ên the intcråce and the cfsidÊ. Uñr[¡mtety, u¡arcr sohùle inorganic and organic salts a¡e alrN
ubiquitot¡s contaminants atthe açünlt/aggryafÊ ineree" citbcrprmtbcforc tlp asphaltapplication or migrating th€re

ûring crpc¡r€. Thc prescoce da mnlayer 0f $atcr at tbc inrråcc wu¡H pûlbably mt i¡rtcrfere with tlrc adhcsion of
an asphalt/aggrcAaæ mbû¡rc. l¡mcrrcr, ircrcaúng thc oo\Eragp dulu will, at srre poid, æct ttn bonding süEngth

of the asplult/æg¡egaþ nixt¡rrs.

\\lhalrer asphalts åil preoanneûy or in tbp rangs dthcir êçeæd svicÊ liftC thsy r€quire large rcplacement

æsts that orld prúabþ bc r€ú¡æd thrq¡g[ devclçænt dcftAiræ nctbods for msuing üE €m€rts of naær on the

sripping of ashattûrom an aggrçgaE, for eeairæty cr/ahnting the waEr r€sisûare dan aryhaUaggegate nimro, and

for evahntiag tbe eff*iræ¡s dantigripping agp rts. A mAior tæhnical barrier to oamming tbe prúlem d sEiping
is thê lack of an cfiecirle Echni$E for msuing tbe Srþing rcsigre of an aryhalt ûom an aggregãla. If srch a
t€chni$E rwrc arailóle it wr¡b Dalße pocdble dircct su¡dics dthe cæcfs du¡ag on tbe asphalt/agglcga¡Ê interaction

an4 ultimatety, plEdiding the srifing chara.tcrisics dan asphalt/aggryEtc pair in tbe pesøce dsater.

ThÊ nain ó¡üirc dthis *rdy was to dãElA a ssithæ, Ðecüsopic tccùniqræ to m¡desül¡ctir€ly ewluaæ

the untÊr Srifi4g resi*ere at the nolæ¡tar krrcl dan aÐhdt m a silims aggneglrte. This S¡dy msis€d dtluæ
ptrascs. Phase I inrrclrrcd tb dcrælopmt d a nondcstrÉive, sedmpic tccùniqrrc to Es¡r€ the amot¡nt and

thidss dlhe waF lsyEr et tb inærñce bctqæeo an aryhalt and a silims agglegalc. Phase 2 ras ûo døæþ a

t€chniqr to mÊe$rc tbc adhcsion loss dthc aryhaUaggpgptc nirt¡r€ oçosd to *at€r. And Phas 3 simd to relate thÊ

quantity d the i¡rtcråcial q¡at€r lalrcr ôtainod in Phæ f wiü the adhcsion hss data genÊratd in Pbâs 2. lf a

relationshþ bcturccn tbæ fiDo qrruûüÊs cxi$s, thc¡r the *ectneqic bchnique cen be r¡sod for asing tbe sripping
resistare d an aryhatt m a siliooü¡s sùst¡ate. This fin¡l nport s¡nmariæ thc tslch in thñe thræ areas. In
addition, this nport a¡s prcsæ thÊ rcs¡lb on thc r¡s dthc ryecUosopic tæhniqræ for erahnting tbe ctreaivels of
different antisriping ageots frr aÐhatts. And fnatly, basd on the intcråcial ua¡er information tlp npchanis¡t¡s of
sriping of an aryhalt from a silims ag€¡ÊgaûÊ and the EanÐort of $ater ûrom the envi¡onment to the

aspMUaggrcgate interåce arc gesented.

DEVEIÍ)PMEI{T OF A SPECTROSCOPIC METEOD FOR MEAST]RING IN SITU
WATER AT TEE ASPHALT/MODEL SILICEOUS AGGREGATE INTTRFACE

Ll. B Cr(GROImt'

In.sf¡¡ rm¡ffi (emrnt and thidocss) dtbÊ uracr l¡J¡€r at tbc organic ûLn/sùeûate intcúoe is
tb sticct dSrcat ingtst in many inóreties ind¡ding aÐhalt pil¡ç¡€dq organic cottin$, adhcshæs, and

d€ctonic padødngs lVetÊr ¡nd hyd¡o,ryl gury6 on E¡råccs can be s¡did eftdivcly by a nurnbcr of
se€cfiosp¡c ncfbods (f'Ð. Similarty, rcchni$E for *rdying in situ cbsnical rcactions at an a$H¡s
Aøoû¡gæ incrñce h¡ræ ba deïdqcd (t,9). A echni$F fur msuing tlþ visity dthin filrnc d

2



aq¡þus so¡fions betræcn two chæfyqaccd mica or silica s¡rÞccs has becn rçortcd (l0,ll). I{mm¡eç until

rcccnt rcscarch at tlp l¡htional InSiU¡e of Sta¡rdards and Techmlogr (NISÐ, m t€chni$F has been amilôte
for rneasring ir sit watcr at the aspballsiliæs sùd¡ate infÊråcÊ'

In sitr¡ nHs¡rgrneot of uater at tbÊ asphalt/nodÊl siliccqs aggregâlg intcfåcÊ nas amrylishcd
rsing Fo¡ier t¡andorm infra¡od (FTR) in tln multifle inøtral æflection node (FTIR-MIR)' FflR-intemål

rcgection, æmmnly knm/n asFTIR-ATR (afcu¡atcdtOl rû€ctforn), ryect¡osopy is a pwerful æchni$p to

prwide qnalitath/e, as çrll as qrnntiUtiræ, iúrnation m onPl€¡( mlq¡les at s¡råccs and interhces. In

internal nûeAion, tbe e\rdffitelectricfield (proôtcod mtdal nflections atthe s¡bsttìa¡e s¡rh6) penetral€s

thÊ s¡fåce dthc sarylc to a dflh genßralty on the ordcr doæ nzrcleogth dtbe r¿diati¡¡n Thc evarcnt
ñel4 wüich deEays oçoncnøtty with digame in the saryle, inûÊræts with tbe mat€rial of int€æst and ca¡¡,s

ao Ucr¡,ut¡on dthc nûætkn dthe pfopagnting bcan" Dffiim dthe ancnr¡alod r¿diatft¡n at the exit dthÊ
sùd¡atc yidds an inûarod rycAnrm dtbc sarryle. Thus, u,tø en aryhalt @&d ryocim is oçoeod to watcr'

$atcrwiú ç¡/EúnltycorcrthÊmtindsúdraþiucråcial rqi@andfut€rdwiththe cramtcã\rc andbe

dcbct d. This uniçrc node dintcrætion bctcm the araffit *avp and nefcrial hes nå& pwble a large

n¡dÊr 6| ryplications Atso ærp applicatims arc bcing datdqo¿ cach par. Tlæ apflications talæ

aÅ¡antage Utnc tecnniçet ab¡lity to prúe tbe mr $råcc lãycrs dslkb and liquids. Ifani* (12,13) bas

dãpl6ped tlp qrnntitrtitr€ aspds d thc int€rnal nûcctirn spcctfoccory. The qtnntitativ€ capóility of this

tochniçe has boclr v€riñ€d tV eryetmtat dâta fiom a rariCy d applicat¡ms (14-lÐ. The uses of this

toch¡¡qrp for the sh¡diæ dadsortcd spæies, uluathin organic filne, and rdngleomlãJrcr lång¡nuir-BlodgFü

flms on sùetalcs have bcc¡t rtl,icn'Ed (t&23).

FTlR.in&rnal ßûecfion spúmny &s a nder dadr¿nøges frr Srdying s/at€r at the orgÊnic

@ting/ssdrstc inrcråcq l) it is Hsitiræ tow¿d mlæ¡ta¡ natcr, ib disialod OII gup, and its degË d
h''d¡op boNding, 2) it can bc uscd at ant icût onditktns, aod tbt¡s, is s¡i6le fæ in situ meas¡cmcn¡, 3) it
d€tgcts qapr ûom tbe s¡bdnte sidÊ, fhÊr€fore, prsr/Eûting the inûcrftænæ dqåt€r ûom the €m'iroilncoû, and

4) under pçcr onditions, it can bc qnntiativa

1.¿ TEEOREIICÁL FORMT'I.A'TION X1OR MEASTJRING WATDR AT TIE ASPEALT/MODEL
$LICIOUS ST'BSTRATT INI.EN¡'ACE

In tbÊ prcviq¡s rtpqt (24), çr dcssribod an cqirical ryoach for msring the thid¡fæss of thÊ

u¡åter la:¡cr at tbe intcråoe bctcm an asphalt film ¿st a SiQæorææd silim s¡bslrate. Ræeotly, qÊ hav€

d¡6hæd cq¡ations based m thÊ thcory dinelnal ltûcctim spcctrwory for quantifying lbÊ waEr lsJs at tlF
ashalt/model siliæqs c¡bsüate intcråce. This deíElopmt etiminatcs the nÊd b onô¡ct laborio¡s

oçeti""ots for c#lishing tbÊ i¡rfrarcd abcorptimrltatsr omt¡ation o¡rte, wl¡ich is requirod by tbe

€ryiricat 4poacù" Tl¡is scüm descrtcs the dcriratim dthe eqr¡atiqrs frr dCcrminfuE tlr thidrc and

am¡nt dths uat€r layÊ( at tbe arybalt/nodel siliæus æg¡cgane.

Tþ theorcticat basis dlhe modet for qr¡antrying water at tlrc a*halls¡bgrarc interåcÊ is dcrh/Ed

ûom the pcoÊûadmddh mqt dint€rml rcûcCirn spcctoscopy dã/dopd for thin and thi* films (12).

ne p$¡cat mo¿ct in uùich thc thi&ress of thË u/û laycr at lbe asltalt/model siliæus aggegarc inþrfrce is

dÊrÊsmir,od bt' thÊ FTIRìflR echniE¡e is i[urraþd in Figure l. ThÊ eùctrate in this cas is a silioon (Si)

int€rm¡l ruñocdo dcryFt (IRE) having a n&aCiw indo( grcetcr than tlw dasplralt and satÊr. ThÊ s¡r&æ

drhÊ Si EúAræ is oncr€d witb a thin lEær of dlim dioxi& (SiO¿). fhÊ prúlcm is trcatd 8s I tno'lay€rÊd

seryþ modd (Fig¡¡f€ l). The ft$ ¡ay€r mdrs d a c/arcr fln hãving thieEss, I in m with tho

s¡b6úatÊ. ThesÐûdlaJæfcffiinsthss/at€rinthÊaryha¡tthatisdøedcdþthcaralrcotwarc.



Ttle total nater detded bt, ttE FTIR-MIR tcchniqrrc is tbe s¡m of tbe amor¡nts in ttp la:rcr at the

asphal/sùstrate inærfrce arid in thê asp,halt lE¡er prúod B tbe e{r¿Mt wave. Usi4g futfrarcd absoÉance to

opress the amounts of natcr ga¡etrent nay be wfiüen (25)

-) t '-22' a,FrstES ;å'V"'#'*¡ = 
frz dz Eã ¡¿'4'¿ * -
n, cos0 l" n, cosO t,

$'tle[e
2: ircidentangle
z: @hftomtbeinteråce
F.: arnpliu¡dc dthe ar¿rcot nã\æ at tbe s¡fåce
nr: ¡€ùactir€ index of the s¡bdrale
n2 and "2: reeacfirrc indør and óeorpion oefficielü dwaE at tbe asphalUstbsûate interftæ
nr a¡rd 'r: nû¿ctiw inde¡t and ùsorption æÊffcicût dnatcr soód in the asphalt

I; thido€ss dtbe n¡at€r la¡rsr at thc qhalUsùsüúÊ inrcråoe

4, ú dr: pqrÊtration dÊpths of tbc qaffit war¡e in wau and asphalt, rcspectitæty, and

a*: Aaction ofwaær soùcd in the asphalt within thc prúing ddh.

Watêr
sorbôd -tin asphålt -z

(l)

Wetor sorùod in üphalt within
the probing dspih

\
I Proùing d€pith
L otüre evaneecent

- f waæ

trlgurc 1. Thc twelryer modd r¡æd for çrntifþg wfer d lbe erphrlt/nodd dlimu eggtg$e inûerfrce

Tbe fr$ tcrm dEqrntion I is thÊ úso,rbame (FIIR) mneryottding to tbe amomt of c¡ater at tlte

aryhalVsrbdnte interåcc. The sorid tÊrm nprcseob tbe ammt of uaær in the aryhalt flm within the

prúing ddh of the evarmoent warrc. r{"" and Ç can be útained Aom (13)

dr= Y

2 n n, lsint - ç*,,r,å 8)

u/ùcre ( is thc wardørgfh dthe iúarcd radiatfun in the rm¡r¡m" {n commnþ d€ûnd as thc penctmtion

de¡rh dfbe cvamt warn, is the @h at urhich lhe a¡npli¡¡de dthe cn¿mt ñeld has dcc¡easod o l/e d
ib rnhrc at tbs sråoc. Altbo¡g[ tbÊ probûng ddh carH be ç O thr¡e tiß d4 (15), úE to tbÊ r4ûd decsy

dtbc crnmt *,r rqp th¡n t5 % of tbÊ túl úsrpdon incosity da band is ûrom w d, (16,17). Tht¡s'

tbÊ nqiüity dcarcr ffiÊd in thÊ aÐhaltfftd SÊcim nay be ass¡nÊd to be within oæ d Equdim 2

oçrlidtty indiøcs th¡ttlppcnct¡ation @h of thÊ c\mmt wzrrc in the sarryle is af¡nctirn dthe angle d
ircidcoæ, thcuavc¡cogthdtbcradiation, andtlæ rcfraairæ indiccsdlhe s¡bst¡ate andtb saryle.



Eqrntion 2 is gwraüy r¡alid for mn'úeorbing or uæakþdcorbfurg naterials. For absotbùtg

úÊmical óp., Mr¡[€r; aL (26) he\rc dcrircd a tmtt exact cquationfor d which uses tbeconplex rcûactitæ

in¿ør n/nr(t+le) (6 is tbe oûin6im cocmcþnt) in plæ dtþ simple reûactiræ indo< n/nr. Furth€r, ôE to tbe

rryl¿ ctanÈ in ¡¡9 roagr¡¡r¿" dnz a¡or¡nd tb ccotcr of an úsorpion ba¡rd (dispersion cfrect), 4 in the vicinity

of thc pcak-ma'¡in¡m nay be diffc¡eot ûom that at or anry ftom i! partiarlarty for lorv nr and lw 2. Horveær'

.mb"ir by Ng¡ryæn ct al. (25) has shm/n that thÊ c&ct d úcorytion on 4 is oegtiet! at tbÊ wâter OII

5g¡¿,hings band- Thr¡q at tþ ba¡d dintcrEst (OH særcning) and br tbe materials r¡sd in this S¡dy Eryation 2

is \¡alid frr calo¡¡ating 4
Ass¡ming that fbc nùaAiræ index and úsrption o€frcicot dwat€r at thc aphalt/sbCraæ interåce

arc tbc sarc as tlw for ua¡r srùcd in thc aryhalt, i.c., nz=nr a¡rd 'f'r (a ¡easonable assrm¡ion), intefl¡ating

and rcarr¿nging Eqrntim I yidd an oprcssion for calailating the thido€ss of tlp qrater IayÊr at tl¡e

@ting/sù6trate inter&ce l:

u,ü€re

.A| --
t=dn l-m.j-r2. ,_""fi.

^ îzarEldn
^-=@

(3)

(4)

and Á,4 is thc iúarcd abeorùare u/ûEo tbÊ qåær laJrcr at tbc arybalt/sùstraÞ interåce is ræry thi* (164, i.e.,

Þ4- ). Ph¡¡sically, rhic 6¡s thet thÊ wa[cr leJrcr at tþ inEråoe is æ thi* that tbÊ ampliûtdc of the

ctÁffit uarrc dæys o a ncgligible lnh¡Ê within it In this insaG, mly tbe ñrS Etrt dEqutim I
r¡måins" F4rntim 3 is filt \¡alid fo,r thc cas uåÊte thÊ çatc( laycr at thc aryûralt/sùstrarc inþråce is mt
æntinn¡6, ag, discææ drçlctg prcvidÊd lhat thÊ hÊigüt dthÊ drelet is mt greaU r}ren the pding depth of
thccr¿aMwarrcinung. Rc&rcooe25 giræsdÊtailddcrivatiurdEquation3 ûomEAnti<n2.

¡ss¡ning råt€r is rm¡trnty didrihfed orær tbc cNttifc s¡rñce a¡ea dthe ÐeciltFo, the emtnt of
wau at tbe asphalt/sústrab int€fåæ, Q" will be giwû by

Q¡=faP

qrh€re , is the thidcn€ss dthe watsr laJ¡er, a is the arca dtlrc aÐha¡t ryecitm in øüact with wat€r, and D is

the dcosity of çater at thÊ inrcråoe.

To útain the fhidm I and am¡nt q dwatcr at the inûcrñoe '<ing Eqrntions 3 and 5, A A+ a- dl.

aú dF mrst be þcD" A A+ A, arc ótai¡rod fiom thrce oçarate elperinurts: l) FTIR'þffi in situ

da*hlt/rodÊl sil¡æo¡s agg4gr- ÉeÊcims êçood to untcr, 2) FUR-IfiR anat'"ús duaær
inffiwifhthÊqh¡lt*cssågnæq and3)q¡dcrWta¡Gin8$haltflm6, æspd¡ttgy. Inthis sldy, A
thÊ FIIR.ùIIR úoorbE olrcryoø¡ng b thc bt¡l amû du¡¡ø dæcûod at a giveo açG¡rl tirne, s¡5

',,c'r ditaly û0m tb êçcrild. Val¡p dA+ thÊ FTIR-IflR mdimm futbrce d&Pid uatgr, for tbÊ

aryhaltftcsùdrarcnræøstomR¡ftænoc25. Vahrc úd"údn, thcpcætrationd4tbinryh¡ltand
vrau, rc*cd¡r¡cty, wæcalCI¡¡etodûromEanrim2udng45dÊgræircidcotangle andtþ nûactiwindiæs d
thc nùstnûC ashalt, nd c¡ær.

(5)



13. EXPERIMtrNTAL PROCEIDURE

This section b,riefly dcsaibcs the oçerinmøl procoù¡re used to reasrre the thidG of tbe nater

lay€r at the ùrteråæ bct"ßln an arybalt a¡rd a model siliø¡s sùctratÊ by the FTIR-MIR tcchniqæ' ComplCe

details on tbe ¡na¡efials use4 Ðeciærl pqarationf and e¡çcrinpntal seuÐ afe giwn in 24' TE
asphalts rære û6m frrrc Strategic Highqray Rcsrch P¡ogtìan (SHRP) sttaight ore aspbals: AAC-I, AAÞ1,

AACFI, A.AK-I, and AÂI\{-I. Their sldiw pmpecti€s arc s¡mmadz¡d in TÓle I'

Túle l. sonr prqertics dfiæ ære SHRP sraig[t aÐhalts æ¡€ctd for thÊ s¡dy (2Ð

SHRP Aryhaltarc(hcptaæ) Elcrmt,lvfassFraaim% V¡scosity

AspMt ontcog%ompatindo( N O S ttas'25'C

AAC-I 9.8
AAD-I 20.2
AACFI 5.0
AAK-I 20.1
AAI\d-l 3.1

2.&
1.440

3.n
t.x2
5.93

0.7 0.9 1.9

0.t 0.9 6.9
l.l Ll 1.3

0.7 0.8 6.4

0.6 0.5 1.2

94.540
40.570

354.000
r07.700
112,300

Tbc asphalts çr¡c sdoCed bassd on tlrir wi{te rangr ddifrerc, oe in diryersibilig (or compantility),

asphslteæ cont€nûs' and beicrutmfo; nmny*oca¡tm 6n6tiünls (e.g, N 8nd S). Tbc nodel silicoqs

ssdratcs nrre 50 rnm x l0 mm x 3 mn spoctrosfic g¡¿dæ,4f parallclog¡am siliæ¡r (SÐ intcrnal rflection

elgmfs (IRE). Tbe as,rcceiræd Si IRES bad a 2.û7¡m thi* tajrcr dmtivE odde (Siq, æùactitæ indot =
f .46) m thci¡ s¡råccs, æ mslod þ e¡lipmclry. At adicnt onditi¡ns (22 "C and 45 % rclatiw h¡midity),

the s¡reo€s dthis s¡bsrde shût¡d be covErËd with silaml (sioH) SNrPs and adoItd watcr' similar to tbe

fi¡úimal g¡o¡¡ps m a silica s¡råF (2S). lbe'$råæs dthe Si sùctratc rsod *tre prcs¡múly to hav€ thß

chcmical Sì¡cûlB ¡lluffiÊd in FigUre 2. The þrdnto{ Siq.6ræc4 50 mm x l0 r¡rm x 3 -q 4f,
pa¡ah¡ogf¡n Si s¡bffi uscd in tbc S¡dy is dcsig¡arcd æ thÊ nodÊl silicous aggrcgarc.

Spccims mrc pcpend by amtying hc aryhalt (at 60 'C) to oæ srfrce dtbe ¡¡bdrate üsing ÎbÊ

draw donm t€úniqr. I.faddng 4Ê dtips plaæd along tbc súsüarc *çrc rmd to control the aryhalt ñlm

thidG. A c¡atlr cùaúcr, whi¡fi has en inlA and an qflet to inttoúrcc and rmræ uatÊr, was aüacbÊd to

€ach aryhalt€atÊd ryecim. the ryccim with thË cabr chaúer arachcd was pæitioned wrticalþ in an

aæoiy hole. ffc qrcdm oúgUration and opsrimtal Sp for msüing in siût q¡aþr at the

ashett/aggr€gaæ intcrhæ is sbown in Figurc 3. ÌVith this oúguration, tbe only pathuøy for uarcr migration

rum tre anfuooænt o tbe imcråæ is thmr¡gù tbc tbktrc d the aspbalt fttn within tbÊ u¡atls d thÊ

drambÊr. FurtñÊr, siæ thÊ iúarcd ndialion cotcrËd and prqagnted within lhÊ s¡bfraþ, tberre was m
imftæooe dliqui.l c/atÉr ûon thÊ cuvim¡mtal cùaúcr u watcr rapor in lh€ specüotrÉef ompartrcnt
lilæ that with tb thifu dthc s¡bdr¿æ and thÊ coúguration usq tlHE w¡e 17 nûcctions gcoÊr¿ÛÊd

within thc e¡bgræ bcfu€ g.itin& Tþ rre d a thins sùcfaE, a longø stbdfatÊ, a snaller angle d
irci.lcocc, c a codinatim dtbÊse ñcfrs ru¡H ircrcass thc døodil$ duater at the aryballsùsüarc

inæråcc þ the FTIR-ildIR æcbniEr.
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Afrer adding water to thc cha¡ù and placi¡g tbÊ spocim assernbty in the spÊctoÉ€r' FTIR-MIR

spúa wrre taken 
",¡or.ticalty 

aæry 15 minres with.lr disn¡¡ùare to the ingn¡rcnt until llE exprfimt
1¡as omplce. All ryectra wre ihe tcsrlt of 12 o.additions and r*cre collectod at a 4 c¡r-r resolrrion tluot¡ghot

t¡e 1200 c,nu - ¡OõO cn-¡ ranç. Unpolarizod light at an ircidcot angle d 45" was uso¿ All spect¡a wtre

ploüsdinfh€úgolùare(A)modÊ' Dfficæocespcctrasrc[çfuinodtys¡tûa.fingtheryeclrumdspect¡æn
t Or""p**fronthc*iqn¡n6fthesaæspocimhldcroçæingtonarcrUapartiorlartfune int€n¡al.

A¡andtaür¡e anal',scs wå p.rfornø us.g fu pcak hdÉt mctbo{ which r¡reas¡res tbe absoñance at thÊ

maxim|¡m dthÊ bands of i¡tÊrtst It sbü¡ld bc noted rtrât, Gs(oept for oæ case whøc trÈo spccinpns cEf€ use4

results onthe qr¡antity6fthÊcãt€rlaJßratthc aryhalt/sùOnûe ms¡redby tbÊ anatytical FTIR-MIRtechniqp

wre dcermi¡red ûrom mly oæ çcc'meq tlcrtôrg tbcæ alc rc uwtainty rahs acorryoayiag thcse 'lqta,

Siretluswas an in sit¡ mcasrpmÊot, m emnsúEbtbeacæfyadjt¡fnenf, Ðccircnchanging

Scctrof¡gttrand cnvironmcofal chaderonditims, sndoÉical EaligDnt€nt( w¡e int¡oú¡æd in útainingthe

.i,tr" Thus, arry changFs in tbÊ Ðectra wæ a di¡d rcc¡lt dthÊ cûfoct of water cotøing the asphauæ¡fegFúe

.i-t* F¡íhå,bcca¡¡setbarytaltwas4diÊddircdlytotþMlRdc'ncnt,crrusrcsrltingûomvariations
in tbc æ¡rg¡ bCuæeo tbcor cËæ c\Didcd. Until æ¡p' lack dmûrol dthe mta.t bctcæal thÊ sarryle and thc

elmtbashindercdthebludæticatimdtbÊFTIRI,IIRæcùniqrrfurquantiativesndics

L4. NESTILTS

1.4.1. FTIR-MIR An¡lyd! dlVeter in tùc Arphett/lsilbuu Srrbffie htcrfß¡d Rcd,m

In oûdÊr b nþnitor changrs r€s¡tting fiom waF cnferi4g tbe ineråæ bc$æeri an aryhalt

a¡rd a model silfo¡¡¡¡s sùd¡¡¡e, itwas wryto o!¡mire thÊ IrnR+lIRSffil cbar¿cncriSics of
wsEr aDd dthc asphalt/silicccs súdfarc s:/slm bcfof€ untEr opG¡ß. Figure ,la prcsns a typcal

FTIR-IúIR Ðccüun in the l20O cm{ to 40ü) cm{ r€ion da sraig[t aÐhalt (AAD in this cas)

amlied to tbÊ nodet silims sùs!åÞ bcfor€ o.p6¡re b q/88 . (FTIRù{IR Ðtr¿ dtlrc ollEr fùrrr

arynalS are giwn in Rcfeccnce 24.) B€¡rîê Si ú$t6 iúaûcd radiatbn st¡on$y in the rçgion below

12ü) cm{, bands belon, this ûeqrrcßy s€rc dærnÊd d rclióle for analysis and tlpæforc rrcúe nd
irclu&d" Thc thirhcss dthis asphalt fln ws 60 :m '13 :n" T!¡rical straight ssphalts show four

mainbands asiatod with tbÊ Gf g¡ups in thÊ 2S00 cmr to 30ü)-crn.¡ an¿ i¡SO cln'r to 1500 c,m{

r€gioûs. Fig¡¡re ¿ta shows liüle widæ dIR úmrptim ú¡e to the polar OII/NH gluÐ$ n/hic¡

gcnen¡ty m¡r in thc in tb 3100 cma to 3?00 cm{ region" This is pûúóly úF to thÊ æmbi¡utim d
loryæma&n dthÊse gu¡ps in thÊ aÐhalts andtbÊ shallowprúing d€pth of the MlRt€cbniçe
in this ûoqrÆy rEim" On thÊ other tlân4 tbÊ FTIRù{IR spoctn¡m of liquid uat€r on the sanrc

sú5¡rate (Fig,ñ 46l snoc¡s abrød srong band in tbe 30m crd to 3650 c,ma rcgoq ú¡e to thÊ OH

ffichitrg; andat 1640cm{, óEtoHOHbcrding, dml€o¡hrqåær. TbÊsho¡ldcr(a¡u¡nd3250

cn.l¡ mtnerightsi& dtlFr¡a[€rOH Sr€tchingband is ôßtothe conrihfiqrdthe orrcrto¡æ dthe
bcoding mo&.- ft is dcd thîr thc prúing d€pths dthÊ Gr¡affiit waræ in ssphalt and u/aEr at thÊ

OI suuúing bard for a Si sùsüar arc 4.75 :m"
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Figr¡le 5 ilh¡s¡atcs ore otarnple of a sics of tpical unpfocessed FTIR-IVÍIR spectra for an

asplnlt qpli€d to tbe model silims aggregatebcforc and after orpoorre to rrãterfor difrercnt tirc.
The thidsrÊss of rbe aryhalt film of this Ðecim uas 63 :m'10 :nr ThÊse Scctra ucre ùtahed by

ratioing lhe ryectra of thÊ oçocod Seciæn again$ thc ooneçonding spectn¡m of the backgound

(the çectn¡n dtbc cûvironmlt in llr Ð€rtloÉcr).

Althor¡gh the etrect dwatÊr is ctvidcrrt in thÊ 3000 cnd to 3650 cmi and 1625 cm{ to 1645

cnr't regions, thÊse Ð€cf¡a sitl irclude information d the asphalt ¡nat€riat. To prwide data for

qr¡antitative analyrús of water at tlr int€råcc, dtffe¡ence Sect¡a urcre acquired bV stbtfacting the

ryectum ællectod bdore oçmne ûom thæ útained at diff€rtnt water erymue ti¡ttcs.

One oømple drbe diftræ Ðúa in thÊ 1500 cm{ to 40ü) sm{ rcgion of an aryhalt

(AAC in this casc) on the nodel s¡bg¡atc fu oçore to distilld water for ditrcreût th¡es is

diÐla5€d in Figure 6. If catcr has d €ûûæd tb aryhalt/nrbsratc interåcial r€gion, all differenoe

ryúa ru¡ld be rniÉt liE, with tbc acqion dtbÊ idÊnsity f,r¡cuÉfo¡ru dtbÊ CO, bands tom
ttrc air in tbc spcarmccr. Baads abo\E or bcloç, the baseliæ da difrcænce Sofim indicate an

ircræ or a dccæasc, r€sec¡rctyr dtlp mccmdion da cbcmical fr¡nctional g¡u¡p as a rcs¡lt of
wat€rêpN¡r€.

Figurc 6 ctearly shoqrs that the intensity dtbe c/aEr band in thÊ 30m cm{-3650 cm" region

increase4 q/hile tbê inrcns¡ty d thÊ asphalt bands, e.g., at2y22 cm'¡, d€cteased with tirne of oçm¡fe
to u/at€r. The inþnsity decæas of the coting bands, togáh€r with tbe inænsity of the water bands as

a ñdion of oçmue tirc, n¡y be oçla¡nod only by tbe uåffi entering tbe aphalt/obsraæ interåce.

This is bø¡se tbe prcbrqg ddhs dtbÊ araæsccot uavË in cãEr-ca[lrâtßd and wâe|r-fr€e aÐhatts

arc ñtiaüy tbc sa¡æ. As thÊ thi&Êss dtbe wa6 at tbe inlcråoe inqcase4 tbÊ amount dtlE
asphalt nagial within thc prúing dflh dærcasod bcca¡sc thc arybalt film nas ptshcd ñutbcr anay

aom æ sùdrate s¡råæ' 
-The 

intcodty, oçrcsd as peak heigüt' dthÊ uåter band at 3400 cmu is

s¡iÉle for quantitatiræ analytÉs dwatcr at tbe aspbalt/nodel siliøs aggnegÃte fuueråoe. The nåtÊr

bending modc was fq¡rid not s¡i6le for the analytús bocaus it dG not afear for lw warcr

smt¡ations(29).

Fig¡rc 7 prcmts plos dintcmsity (peak lright of the ùmr¡ion band) changps of the narcr

OH sürtcåing band as a ñmction doçmre tim for tlp five aÐMts. Althot¡gh, tlrcre are sonp

minor flr¡chntions dsqæ data points, thÊ ûEûds of uaær æ¡nr¡lated in the int€råcial region are

cvideût In ggal, except for AAD uùich did mt appear to talße up ary nþr€ water after 50 h, all

otlrer ryæims mtin¡rc to pickrp water for mre tha¡r 100 h- Watcr initialty cntered tlp interåcial
region at a high late, htr tbcû slou/Ed docm. ThÊ rates at u/hich uater €nt€rod the intcråcial rcgion

uære quiæ difrerent for the firæ aÐlnlts. The nt€s of decrease of the ba¡rds associated with lh€ aÐbelt

(e.g bandat2922 cm{) a¡mfouocËdthÊ sarcændwith tlFuaterbards (24).
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1.4¿ QITANTmCÂTION Or IVATERAT Tm ASPEALT/IIÍOIDEL SILICTOUS SIIBSTRAIT
INIENX'ACT

l.4å'L ModdVerili¡¡tio

Tb FTIR-I\{IR intcosity diÐla¡¡Êd in Figruc 7 onerymds to thÊ tot¡l a¡munt of waær

detêæd" fhis $¡a¡rtity coryrised uam at thc aryhallsrbstøe inrcúæ and uaE in lhe asphalt film

within tbc aamt wavÊ prdi4g dcpth, as dcpi,Éd in Figurc I and ma¡hcrn*icalty oçrcscd in
F4rnüm l. SrfuaAing lbc uar rryAkc within thc ar¿mt wa¡e @h in the ssphalt fiom tlF túl
utrtcr dct€ctÊd yields thc rahs m weEr at thÊ aÐhalUsúdrate in¡€råæ.

Bcforc rsing Eqrntion 3 frr qrn¡rtifying uaË d thc intcråce b€tsm an arylralt and a

siliæus aggrcgat1 tb nain qrEsim th¡r mÉ be addrcsd is how gwd aæ the ass¡nilions a¡td

modcl r¡sod ñr dcriving this quaúon? Onc uray to ¡¡swÊr rhis qrrc*im is to sújecf an organicæfed
sùCraþ tbat hâs a u/&.rcsisÞrce imtÊæ b a uag cûr'irumt F¡om the ntll{omm
rpcbanism dadhcsirn bonding and ôrrú¡lity dçory/E-glass fbcr corycitcs, srh an interåce

may exis. Consqrmtty, ¡eecims nade da tnoaart çory 4plied to a silaæ'lrca¡Êd Siq:Si
¡¡bsüurtÊ wæ pæparcd. Dcfa¡ls on tbc cù€mical stnEû¡re d the epory, silaæ o@ing agent,

proæú¡rc ñr silaæ tEaEHt m súsüeþ s¡fåcc arc gi\En elsuùerc (30). The s¡bdrate and the

procoùne rsed fc ællcing tbc spúa arc similar b thæ described in Sodion 1.3 dthis sûtdy.

The rcs¡lß (arm¿gp dtuo ryæirms) on thc ammt and thidm dtbe uatcr þer æ thc

cporyflddlanofreatod s¡bdratÊ incråoe calo¡laûcd rsfurg Eqntions 3 and 5 are presøted in Figue
S. ThÊ par¿dcrs u$d ñr tbe calo¡latbn arc giwn in R¡&,leocc (25). Figure t cleady itrdicat€s tþt,
€sscoti¡üty, m a linlc uancr hed c¡rtcæd tbc intcråce dthis S€citut

Thc inær&chl mF lry¡r rcs¡lt frid by FTIR+{IR (Fieure t) is in good 8glæt with

tbc adhcún dû d thc saæ cpory nsin qdiod b a similar sùstratel u/üich sbou'Ed lhat

çory/dlaretcatod Siqìsi eúctratc slÃúÊm lod liüþ dib bondiag $€ngth cr'tn úer a protøgpd

ç¡pß¡rc b c,atcr û.24"C(31). TbÊ rcsrtt is als ooodsurt with thÊ chcrnicel bonding tlþory usd for

50
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e>plaining the hydrotytic rability of poþ'rrer conposites made with silâned€ated E güass fiber (32). If
¡rowa¡cr am¡mulated at the interåce, tb€Nr th€ total nater detecid is ú¡e to soleþ narcr soÉed in the

epoxy resin þer mr tlp interftoe. This is predicted by Equation I a¡rd úscnæd e'ryedmenalþ in

fìgut€ 8. For srch a case, only tbe second tenn of E$ntion I o¡igs. Aparcntly, tlp epoXyæted'

silatref¡eatø silimr¡s srbstrate has a hyd¡oþticalty-gable inrcråce a¡rd the water was incapable of
rçlacing tbe Srong clpr¡¡ical bods betcæÊn the silane cupling agent arid the siliceqs srbstfate or

besrrcen-the silarn agent and tbe epoxy resin Tbe res{t dFigue 8 prwides the frst widcnce rhat the

riodel dsvelgped a¡rd prescnted hc¡e is r¿lid for çanti$ing uater at the asphalVsiliceors inæråce.

200 250

Immersion Time, hours

Figure & Amu¡nt ¡nd thicloc¡s d tùe w¡úer leyer d üe intcrfæ bctwccn I modd cpory ¡nd r dl¡netre¡ted
Clk¡a¡¡ ¡¡b¡trúe ¡¡ ¡fr¡nctirn of weûcrerymrrc, úmvingemtirlly now¡tcrcntercd the inteÉ¡ced
tni¡ ¡pcc¡mco. (E¡ch dd Eprcsts üc d¡t¡ point)

t.42.L Thicloess ¡nd Âmount 0f lVrter ú the Aryhdt/Modd S¡l¡cecrl Suhtrrtc Interf¡ce

In order to ótain the thidffi, and a¡nount Q of water at the aryhallsb*rarc inErfræ

rsing Eq¡ations 3 and 5, A A+ a", d.aø{, must be tmm/tt A lbe toûal IR ab$oñanæ of narcr in

rtþ specim u æh oçoone tirc istalßco Orpary Aom f¡guË 7. A+ tbe nardnt¡m IR abco¡taDoe of
r¡atcr is giræn in Figure 4,b. tu, uater fractim du¡atcr in thc fittn is inErpolatd fr,om the asphalt

s'ater Wtak€ rcs¡lts giræNr in Referæ 24. Tb rdake op€rircnts uære conô¡ct€d usfutg the

gfavtrÉic nethod for asphalts mtod on atr¡min¡¡m shÊcts. Onûy tbc amrmt drmtcr within ttte

pcnetaton¿ættrdtlrc sr¡awrt*ar¡c ist¡scdfortbe calo¡latim" Diso¡ssionontlp assttnptions and

enors rcsrltingûrom tbe intcrpolation hasbeenpreuncd in dctail dscnúrcrc (29).

Valrs d.d, and dñt}E, p€ßûaüm dcptbs in aÐhalt and walef, rcspeqiwty' uære taken

ûom Fig¡¡te 9, whid $þffi thc penctaOm ddh dtbÊ cr/amt wilìe as a fimction d iriûal€d
q,ar¡rfeogL Thc q¡n¡cs e¡ rhis ñgure *tee calo¡latd r¡sng Eqrntion 2, a 45" ircidcot anglq and tbÊ

r€ûad|6 indicæ ú3.42for Si s¡bd¡ate, 1.55 for asphalt, and 1.32 for u¿rcr. The rcfractiw irids( of
aryhalt uas calarlaned fiom tlæ data takco in Refueoce 33. As ca¡r be sn in Fig¡¡l€ 9, tþ FTIR-MIR
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techniqrrc can probe raflpr @ly in the aghalt, panio¡¡arly at long warrclengths. The resllts also

stmæ¿that do in asphalt is slightly greatertlnn in narcr and lhis differæ ißrcases with fuseasing

rrarælengttr. At the rraveleirgth of inte¡EsE 2.94 :m (thÊ OH $Etching of watcr, 3400 cmi), dr a¡¡d d-
ralrs in açhalt and uarcr a¡e 0.243 :m and 0.225 :m, rcspoctiwly. At this us\rcleûllh, there is only

a sm¡ll differerp (0.018 :m) in tbc do valrrc u/hdb€r asphalt or walÊr is in the intcråcial region hrc
to oçoæntial docay, it has beeri stonm oçcr¡muly ¡hztsP/o dttF sienal Óained by the MIR

tcchniqrr is ftom tlþ de dcpth (lÐ. Based on this æ$lt, ¡¡ q¡ater egnels ósenrcd in Figue 5 mr¡st be

Arom watcr clæto tbe açhalt/sústrate inEråce.

R¡slU on the thidmÊss and am¡nt dtbÊ water lay€r at tbe asphalt/model silioeor¡s stbsüaûc

inærftoe as a ñrnction of oçmue tinæ for five SHRP aÐhalts are gi\æNl in Figure 10. The ¡r¡ass of the

intcråcial water la5rcr ca¡ also fuincd by rs'tg Eqrntion 5, a uatcr density (D) of I Mg/m-, and a

5¡¡¡åæ a¡ea (a) d329 mn2. In genÊral, the am¡¡rts du¡atÊr within úe penctntion d€ptbs of llte ftæ

aryhalts areræry srnall, (5 7q as coryarcd to tbÊ t fal waF dct€ct€d (24). Th€se f€s¡lts arB collsist€nt

with dher s¡¡dics, uùich shorv tl ^t, for cga¡ric filnc ¡rù as aÐhalt, unter dctded is ¡nainly t'om
thÊ $'arcr lay€r at thc fln/s¡bstraûÊ intcråoe (25,30,34).

\ilavelength, pm

trIgrrc 9. Pcnctretion @th of fbe annesccnt wnæ in rspbelt end in w¡tcr ¡s ¡ fr¡nctirn dwewlength

Figrne l0 sbows that thids¡ess d tbc wabr layÊr at tbe aspMt/nodel siliceqs s¡bstate

intcråpe was dificænt for thc frrc aspMts. ThÊ thidocss dthc r¡aær laFr for tlrc AAD/s¡bstaþ
intcråcc inæasd rryir$ and æmafurcd cmstant after ryroximacty a5 h of inlrrtúon, hr the uatef

lErcr tbidm ñr tbe AAC ryocimcn imEasod stowty at fnt and did ffi lctæl d evcn afrer 100 h d
oçN¡lE 1¡/û lqrcrs at tbe intcråcÊ dAAG, AAK and A.Atvl aÐhalts also imcascd less r4idþ
tbsn thd dthÊ AAI¡ ryccim and gnod to slos'docn dcr 75 b" For Polongpd ¡nms¡orl' e'g 90

h, thÊ u/arcr layÊr atfhêaÐhaût/modcl silims s¡bctretc intcråcewslhidcsfor AAD (90 nm) and

thinæ frr AA¡rd (25 m). Thc tlrirhcss v¡hs ñr AAC, AAG snd AAK ryctim u¡e¡e 35 nm, 45

nrn, atrd 35 nñ, 1psecdh/Êty, at thc sam cfipß¡f€ titrF. The æsrlts srgges rh¡t thÊ AAD/silioeos

rystemuaslcssrcs¡stantbu¡aterf¡iÐingthantbeA.Aùfryæircn Itisnotdthatsfurethisncthod
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d€tects c¡ater afrer it has rtig¡a¡d th¡ough the açhalt flm thidt¡€ss, it is s¡itable for npas¡¡ing ttte

diñ¡sion æ€frcients of sat€r in a flm aFlied to a sùctrate, as demnsrated for aspbalt (24) and

other organic ftrns (34).
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Figurc 10. Amor¡nt ¡nd thir:kner¡ dtbc wrter hyer ú tùc rrphelUnodd dlirur¡ ¡gg¡cg$e intcrf¡ce for firrc
SERP ¡ryhrttß (E¡ßb doa Fpttæúa r dfe point )

2. MEAST]REMEIìTT OF ADEESION IOSS OF ASPEALT/AGGREGAIE SYSTEM
E)COSED TO IVATER

2.1. EXIPERIMENTAL SECTION

2.1.1. Múerhb rnd Spocincn prcp¡rúm

fh¡s oçednænt rrEasr€s the bonding sü€ûgth daçhals 4plid to fat sùsúates oÐosod

to water as a ñ¡uion dtiæ. Fiw SHRP asphaltC AAC-I, AAI}.I, AACrI, AAK-I and AAI,I-I
eplied to t*o agglQgnûcs, granite end sod&liæ gfass plat€s, ç¡¡p rrc€d for this S¡dy. Both g¡anite

and soda.limÊ gass platcs hav€ dimsiotrs d3O4 mm x 304 mm sidcs and 6 mn thifu. ThÊ
gr¿nitcplatcsuæreútainßdûomalmlstorcandthÊmtÞñnisbsideuasr¡scdforthpt€st Atthü¡gh
thÊ oeaat type and s¡æ dtbc granitc sùstfab *trc r¡nlonm, oortrmdl 8tanite stß ontai4 oll
tbe ¡ræræp, tbÊ ñüorring m4þr componcots: T2'/oSlOz, 13.6% lúÐ¡. E.5 % t\¡ap and Kp, and €
Tolvlg0 and CaO (3Ð. Soda-linÊ dass typically mtains 72 % SiO2, 13% Næ and Kzo, 13 o/o@
andMgO, and I %Alû (36).

Cfienib and glasc plaæ wclc uasbd tbsor¡gùty with a døgrnt and dnæd qcarcdty with
distilhd urû foltoncd by nclhaml and drfod with hot air bc&rc r¡æ. Ìvlcthand *as tpd to r@\D
uåEr o tb sùg¡aæ s¡råc. ThÊ aryhals çr¡p bcanod to 70 rc ¡nd qplicd to an çrorinahly 12

nn dhmcter, oonfnod arca dtþ súdnes, wùich uicæ s¡$ bcatd to 70'C. A pre¡inimry o¡Ay
€mdsyc¿ t*o pkrrs dcoperwirc, haviirg dÊsi¡trl diaffiir and a lcngth dúqf f mm, placod

O AAC.I
' AAD.I
O AAG.I
. AAI(.1
A AAI\,Í.I
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prallel to æh otlçr on €ach asphaltæúêd arEa to ænüol thÊ asphalt film thidotrc. Ho¡¡evtr, our

larcr gt¡¿y sfmæ¿ tþt mixi4g a s¡nall fra¡tion (0.5 % bascd on açhalt mass) of slass beads baving the

dcsirext dianger in lhe hot asphalt is a mre onrænient Incfhod for conuolling tbc asphalt thidrn€ss.

Tbe glâss bead p'roceùre, which has beÊû usod in tbe aLsr¿fr iftú¡sry to proôn ruriform adhesiw

thidst€ss, sùdântially rEôEd tbc tiæ to prcparc asphalt spæitrsts for adhcsion læ cr¡aluatiors.

The thidocss urcre ræriñcd þ rasur€mnt tsi¡U a thidmcss gagÊ.

After ælying aÐt8lt to tþ s¡bdrate, ¡ f,¡t, porurs $ù wilh a scrsw aüached to it was

pressod øto æh asplult trtd arca (see Figurc ll). ThE poru¡s snús' hsving ¿ ¡liqrneter of 12 mm

and a thidocss of 6 m¡q uæ,re q¡t ûom hidrs rpd ñr confnÉioo" One aÄnntaæ of tbe pous sub

is O prwide cavitics and ircæasod srråce arca for cnhancing tbe adhcsiw bondiqg daçhalt to the

snù. IIonær¡cr, tbc r¡niqrm dtbe puurs Ehù is to allow waB b nigrate thm¡gü the aryhalt flm
thidsFss to the inlcråce. IIâd the süùr b€m nadc dnquus narcdals, n¡ch as that usd in tlE
p¡lldadhesirnHfrrorg¡dcflm oa e¡bstreb (37), watÊrçu¡ld nigr¿te to tbe aÐhalís¡bsüate

incråce from tbc dges ¡nd nd th¡ügü tbc a*balt ñlm rhid<ncss. This wu¡ld Ub a long oçñ¡re
ti¡rç 6t uater ¡o cq¡cr tbc c¡¡tirc inrcråoc. fucù s¡feæ üenspdt from thÊ dgFs çu¡ld ca¡¡se a

gfaA¡¿ adhÊsion lc, carting Aom the dgc dtb ryæim end mving ton'ad tbe ceoter of tbe

speci¡m as oçN¡t€ æntins. This adhcsion ls pattern is ùe o th ls dtbe bonding a¡ea rather
rhrn úE to thÊ h¡ilúp dthÊ uatÊr layer at the asphallsrüdrarc iüÊråcC and thrs is not desirabþ for

lhis sr¡dy.

Pulling
force

Piston w¡th Specimen Arrangement

Pneumatic Adhesion Tester

Figrc 11. Cmpocú d ¡pp¡rtu rnd pcc¡m rr¡ngencut uæd for ûcling ¡dboim h¡l of ¡¡phdt/fbt
rrbrffic rpccimr cryord b wúcn
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Eæh sn¡banachert, l2-mm aspbatt cøted a¡ea is one sp€cim" A ûotal of l8 sûrl>afiecttod

spocfun6ns $€ús prçr€d on æh nústrate plarc. Exccss asphalt a¡u¡nd æh ryæirst was remoræd

þ a razor blade. Spo.¡¡¡ms c€re th€Nr ænditionod for th¡ce daJß at anúient crivitonmt Qz"C arÅ

i5 o/orclative¡r¡miAtyl. Spcci¡ms rrære immÊrËcd in disill€d uater at rcom tempctah¡r€ (22'C),

witbdrawn û,om tbe s'âfcr con¡aiB at cach tirç int€rval (S tiæ intcnals), and in¡tediatety tcged for

bond ûengfh uùile the ryæfuæns nærc *ill uæt

It shü¡ldbe mionod that sercr¿l p[dimimry sn¡dics çtre ænôÉod to pMidc base lire
paranreters r¡sod for tbe adhcsion læ ms¡rmt d asphalts applied to tbe sùstra¡€s. ThÊ fi¡$
6¡çed¡6t was ûo oÉimiæ tbc thidarÊss of the asphalt film The res¡lB shocæd that, altbouglt a

thidg|css rangp bctsËco 100 :m atrd 300 :m was fumd s¡i6le for tbc adbcsion tcst, an asphalt

thidocss da¡u¡nd 2ü) :m uas fu¡nd nost coNnrcoicnt O pnparc the Secims. Thinm asphalt flms
r€$drcd rþr€ l*oriq$ cfiofis to aligg tbe hedi4g eah¡rc pcrpeo¿¡<¡ør to the nùeüate s¡råce. ùt
thÊ othÊr han{ it cãs ditrCIrlt O üin an rmiftrm thiclæ ftr filmc >300 :m beca¡¡sÊ aryhalt f,om
qui6 €adly at 70 "C. Fr¡¡tbcr, thk* ashelt filnc rcquircd hS inærdon times ¡o warcr before

tcding ThÊ $qtd Gspcrimt u/as en imæSigntioo da ucll-cùanccrizod, porotß brass matcrial

ommnly r¡sd in catÊrfttcring as a sústiü¡tcfrrtbÊtric& úù. Itwasfu¡ndth¡twåtcr did not flow

çEll throl¡É this nancrial, p€rhrys óF b the pemoe d a relcas agfnt r¡sed ù¡ri4g the

malrr¡hcû¡ring Sældngth€sgsû¡bsinahotmpolarEoh¡q¡tñllqEdþahapolarsolræotr€s¡ltd
in satisñAory u¡d€r flov in thÊ$ stús. Iloncrrcr, b€cause the procoù¡rc b clean thcs stùs was

lúorios a¡rd furvohæd rolatile natcr¡alg the r¡s da puurs brass material for tesi4g the bonding
grcngth daryhaltfiat aggpge sy$cm in thc pæscnce dce Eas úandonod. Anotbcr sn¡dy uas to

dAcrmim the cúfcçt dtrìa¡pod air ú¡ri4g thc ryecim ptpantioo on tbc adhcsioq tbÊ res¡lt shonËd

tlratthercqtrs ¡6 significa¡rt diftrcnæontbebmding fnosh (¿ry) d*cclms g¡parcd in airarid

inar¡æn¡¡n

2.1å Adhed¡n lficuumtl¡¡tnncrtatln

Figure ll dcpicts a schematic dthe ins¡r¡mt usÊd to rrasurt the bonding süengtbs of an

aspMt rylird to a f,at aggpg¡tÊ opoed to satÊr. Tbe nain ftaû¡res dthis dervice are a portable

prn¡natic adhcsiu E$er, a eiSon, and a loading fi¡.û¡rc ættSsting da porus sûù attachcd þ a

scrËw. Thc prmatic adhcsion æstcr, uåich uas dcvcl@ and pabtd at NIST, is norv

ommerc¡¡lty arailóle ftr hss than 3000 US dollars, This insfr¡mt is mw pan d ûe ASTM

D4flfTr¡IlotrSftngh dCærings rsing Fortable AdhÊsion Tcstüs@ (3Ð. Anpng tbe portable

t€s&rs irch¡dÊd in the ASIM D4541 Sandard, the pna¡matic adhesion Her giv€s thÊ lotrcs
oefrcieots draliare dres¡lts wifhin a¡d betcæn tlp labora¡ories.

Tbc proæú¡re for prcparing and æsing the adbcsion dan aryhatt on a flat aggrcgate befor€

andúcrogmnetouaer is dcscribedbclon. Aûsrmditir¡ring or elçosing a Secilm ûo u¡at€r, the

pison isplacedomthe süú.athchod ledingû:Orcand aga¡n$ thÊ súgr:ate s¡råoe. Coryrcsscd air

is infoún( andasairprcssue in the piston ißr€ascs, an airtigüt sl isformdb*rm thepisott
gasect and tbc såffi. llrbm thÊ prcss¡rË in thÊ dson orcÊds thÊ oúêdw steo$h dtbc asphalt

s ths adhcsitn bctniccn the asphalt and thÊ sùstate, tbc rycimr bnal$, cithcr oohcsiwly in thc

aryhalt ü at tbÊ aÐhelt/súdratc in¡cråæ. hcss¡rË at bæek nas rccordÊd and onwcted into gess,

r¡sng I calibrâtim a¡nc" All ref,¡lts dthc bonding srrr¡glh et cach oçæuc tiæ wcre thc avcrage d
rÉx ryccims Ths ocúEcient dva¡idkn (OOV) end sardard dcviatioû wcr€ dEcnnfuçd.
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2.2. nESLLTS

Figutps 12 and 13 shgrtr the rcsrlts of tbe bonding strsogths of firæ SHRP aspbalts on the sda glass

and graniæ-s¡bdratcs, t€spccfiv€ty, as a ñ¡nction of oçoore to distilled $rater. All úræ aphals lost adhÊsion

ræidfy as a ñrnction d.oçoEtue úm. How,trcr, the raþs of decr€as and tines-tÞñitt¡rE ntrc diftrent for tbe

n*.iptøA.tt¿ for tno s¡bdrat6. All asphalb on thc eoda glâss åil€d at mrch earlier tirc lban tlw on the

g¡nid s¡bdrâûe. On granire (Figr¡r€ l3), tbÊ booding snogths dAAI(-I, AAC'I and AADI, which did m

"pprat 
to d¡ffer bctnrcsn *" no* am[hÊr, los N dlbeit bmding dnûgths within 20 ! Ooryoue. AACrI

A¡lA *o SO h while AAlvt-l did mt åil lmtil aft€r lS0 h" On glåss, AAD,I lost no$ dits adhcsion within 4

h, and ttp dhcr for, beharrcd ùúlarly, afrer t h or 16 h doçm¡c in qat€r. On both glass a¡d SEanite

sùd""t€s, tlp åift¡¡e nodcs changed 
-ù¡ring 

xåfer oçñr€. In thÊ dfy sate, all ñih¡rcs m¡n¡d in tbe

asphalts (cobcsiræ åih¡rc). hf úÊ locr¡s dåift¡¡e amearcd to changp Gy tbÊ nalæd qæ) o a mixod node i.e.

æiresirrc and adhcsiræ (b'¡cakingurbe açhalt/sùCrate in&tûce), orpletyadhesiræasexpñ¡re oontinrcd"

Tþrcs¡tts showËdthattheoeúEcicntdr¡ariare (OOV) dtþbond¡qg û€ngfh (bctnEen spêcùms)

of all ryocirms before opm¡e uas lcss lþq st/Eo pcrst This indicatcs that thÊ pa.¡¡rmtic pulld
adhcdú tcst is a good ßiod ñr c\ål¡ntitg tlrc bmditg dnûSh dan aryhalt m a fat aggreførrc- The COV

sceûredtobe high.rwhen hringuætSÊcimns, partio¡l¡lywùcothemodedfüh¡rc drangÊdfiom cohcsiwto

âdhÊsit€ tr to a mixÊd nþde. ThÊ nigbÊr æV Cbonding Srcogth afrcr arpñ¡fe to walcr was prúabþ fue to

the inhomgprn¡s m¡rc dthe aspnanc matcri¡t¡s, nÀiú mnt¡in rørios pohr snd *atcr<il¡ùle Ðeci€s.

This lÐrpotbeds nas e¡bstantiated bt tigbt micrcoopy anaty$s dryæirm úÊr thÊ tcst, which rEr¡Êald tbat

the tacn¡rcd s¡fåÉ ms¡scd dsmat¡ gray arcas daryhalt, wùcæ the ryhalt was pútþ qnulsifio4 and

largø black arcas of it¡nmodifiedi asphalt

Basd on thc rc5¡¡lts 6i this 6brdy, tifnêtúilt¡fc at a givto tcsiúnlbonding Sfct¡gth in water may be

qsed as a criterion for onparing üe relatit€ frifing rcsistaæ daryhals on ûat agg¡egät€s. Althougb û¡rth€r

sû¡¿ya¡1analysisa¡c næ¿øO cslishthÊ ¡cr¡Êt dns&ü¡al edhdo ryçriatcfrr ÛipiagdetermiDatioq

tte ics¡lts prdcoþd dÊmongrated tbat thÊ r¡s da pneümatic p¡ttdadbsúon tefcr ædincd with a porus

*ù is s¡itóle for msning tbp bmding snngth d an aryhalt on an ag$egúc in tlrc dry condition as næll as

in the pr¡5ag 6fuåtÊr. nis tc* providcs rscû¡l data on lhe rclatiw stipi¡g lcsisbre of diftrcnt asphals on

a sùsirarc. The n€thod is quandtaürË, quid(, rúry¡Ê, ¡çroO¡c¡Ute inssitirtO opÉrator, and portable; it can

ber¡sodinthÊ t¡þordúyadin ûef€Jd. Tbepmlnatic adbciontc*cr is commci¡lly availó¡e and rcJ¿¡Ëwty

i¡rcree¡siræ (€3000) and thc porus su¡be can bc ca.dþ nadc'

Ð246810121416
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fTg¡rre 12. Boding rtrtqô¡ of f¡rc SERP erphdb o r ¡oddiæ glu¡ lbctrrúe r¡ I fumti{n dcrymrc to
wúcr.
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trTgrrc 13. Eonding Írengthr dfirrc SERP rçheltr m e gnnib lbo!üc ¡! r frlnct¡on of cryætre úo wdcr.

¿3. rDrscüssroN

The mre rÐid and grEat€( edhcsion ls daçhalb m tbe sdailim gless ttun thæe of asphalts on
tln grariite s¡bd¡¡ß r€qr¡ircs src d¡sq¡ss¡on, b€causc it may hdp o oplain the difrercnæ in *riping
charætedstics daryhalb sn dissimilr" aggrryß. Thc diftæoæ in tbe adhcsion ls bchrvior dthe satæ

aÐhalts m tbe tno sústratcs nay be eâplaind by the cüGNnical meodüon difrercnce bctnrccû the fim
súsúat€s.

As pr¡scotod in thc oçcrfurmtal sion, both gnnitÊ and coda'line glåss sùrtÍates oomposc

apoximately tbe sare ammts dSiq. Ibcc\rc(, eoda'line gless ørtairc s¡bsantially higb€r oúerits dthe
¡lkalirp oxidcs (MgO and CaO) and ¡tkaliæ canh oxidcs (KO aø ìIåzo) and a loqËr ontcnt of Äû. fbe
mnsilica ompoænts in tbe amorphcs ghss are knmm to cxist ås microbcfcrogÊEitis esimatsd to be ûom 15

D to 200 D (38). Thcse oddes aæ hygtocoqic so that n¿¡¡ r¿*"0* m glass is characnerized by tbe hyd¡ation

of these oxide microlÉerogeneities. Thr¡S soda-lfune glas haræ bcen fq¡nd the m þgosoçic, h¡t oæn a
tnorc watÊr-rcsistant E glâss pm/dÊr adsrùs twice as mr¡dr water as the silica (39). TfE npid and multiplc laær
adso¡flion of ua¡cr on soda glâss s¡råae bas bÊ€n aúrihrtod to the þdration of þgoscryic incluions in the
glass (40). Furthßr, it has been \ærifd tbat tlp adsorpt¡m dtens of mlæ¡lar layÊrs drnûer on polar mlids at
partial press¡fes ju* below sanrøfun is úE to tbe prw dhygoecopic æntamimnts (41). E\rco at a relatiræ

humidity ú fi y\ a s¡råoe contaminatcd with lOt g/cm2 dpmssirmr þdroxide u/u¡ld adsotb the equilaleirt
dfirrc mdeo¡lar lalrcß duãffi.

Not only dG soda gless edsoús thick n/ats'filmc hf this ratÊr has beeû fu¡nd froûgly ¡lkalirç. For
oaryle it bas bm hmsnncd )€ars agp that lb vis¡* uatÊr fitn frmd ûm nùsanration r4u
pr€ss¡re m tþ ircide da ûesbþ blou/tr slâss ûåe q¡ld bc titntd with an æid shúim (42). Sinilady, tbe

thin uater lajær bcts/lcn tço ¡oda ghss platcs has bm Lnoum to æst alkalirrc with a SI indicalor. The
dknliqity is púúúly úF to fþ om¡ersion 6f ¡tbliræ carth oddes (l.Iap and K2O) b hjdtoddes in thc
pr€mæ of raEr. Fm this analyrús, it is oçdod that mt mty the h¡ilúp dthe u¡aær ¡aJ¡cr at thÊ intcr&É
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for asphalleoda gþss is ûger and thicker hf also tbe nater l4/er is more elkeli¡æ tl¡an that for tbe

asphalt/grânite sanptes. Tbe *rongø allcalinity u'ould æleraf€ thc tydrotysis of tbÊ 8Ðhalt/8lass bonds' while

thÊ frst€r water mrmr¡lation at the int€råce cû¡ld dÊcr€ase rmre rapidty the adhcsion dlb sySems. Ft¡¡ther,

the presø5g da hrgø armunt dþguoçic naterials at tlF intefåæ for the soda glass sùstrâte also crEates

^ 
8fffIlts¡ ñmtic differeæ bcNæen fhe dfside and the interåce for this E¡tilctxl lhan th¡t for ltE Efanite. The

gt€aE ñmüc prrssre rurld fEs¡lt in a higùÊr rarc dwarcr trançort ûom tbc ottrside to tlrc interÞæ for thc

soda glasstÞn tbeganite 6pecims.

A¡Ftlrer å¡ror that may confih¡te ñr mallcr adbcsion læ of the aryhalt/gfaniæ tlu¡n that for the

aspbal/soda glass saryle is tbe high€r æHüation dAl203 in úÊ granitÊ sústrale. Tþ cffect of Atû may

beerptai¡red by its srong intcrætion with asphalt TbÊ intsrætim behrcm a solid and a liçid can be c*i¡r¡ated

ftom rmsxsrpot dthÊ hcat of inmsion, uùich als dfucdty le¡at€s to the æm point of charge (qll of-tbe

fllrm¡s sohúim at u,hich thc oxfute is urcbargpd). ThÊ Þeat dimrrqsion dAlzO¡ in uatcr (7.3 x l0'2 J/m) is

alffi fürr tiG dthat dSiO2 in warcr (1.8 x l0É ¡ln1 t¿¡). &viq¡sly, tb imdion is stongcr when the

oxi{e bond (MO) is higbly ionic, srh as AlrO} and q,Ealcr uùø tbe MO is coval€ot, srch as in SiO2.

Althu¡gh sim¡lq' idormation for ashalt is mt ar¡a¡lablq iS intcraCions with lbÊ oxitcs sbnild follow tlp sarp
tcnd as tbñ dlþ natcr bcca¡s both rraffi 8nd ashalt arc *takly æidic. Tb¡¡$ asphalt, being an æidic

maferial, is oçecled to form stong bonds with basic aggægatcs, s¡ch as ah¡minum oxidcs or limcstone, and

uæak borids with æidic aggrcgatcs, s¡ch as silica This is ænsiscot with lhc acidåase futcradion theory (a+).

All fon ñ.tors citod *oræ; that rC thê drong dkalinity, thÊ åster ard thidrÊr iDt€råcial $8ter flm
builúry, thÊhigfuMicpæss¡rc, andtþfunærnudcrdsüongAlp/ashaltbonds púúþ mmtfor
most dthe gnrttrr adhcsion hcs dan sÐhalt on a soda g¡ass súsüate than that dan asphalt on a granite

aæIegûl. Thc sa¡rp analogr may be red as an eçlamlim fu tbe diftænces in the adbcsi<n lm or sripittg
s¡sodibititydasphaltondiftrcntg¡bstrarcs.TbÊSHRPsnrdyonaspbalt.aggregaûeintcractionsbas
dmnsrra¡cd that ag8rgF[e cùcmidry is a muc,h m¡E inpqt¡nt åCor than tbe aÐhalt cmpos¡tlon for both

adhesir¡n and ssitivity ûo wa6 daryhalt/aggrcgÊþ ni:o¡tcs (45).

3. REI,ATTON BET1YEEN ADEESION IÐSS AI{D THICIOIESS OF TEE IYATER
I,AYER AT THE ASPEALT/iSIICEOUS AGGREGATE INTERFACT

3.1. INIROIDTICTION

Tþ h¡ildrp dwaßr drnary rromlayers thi* at the mting/c¡bsrate interfroe has been po*ulated as

tlp r¡ain ca¡¡æ dadhcsion loss urüGo an organiccrod s¡b$rale is eryoeed to urarcr or high ¡elative humidities

(¿6). IIowrier, fhcrs bas bcÊû m surdy to ærrelate tbe ueter laJrcrat the organic fl¡r/sùstraûe inþråæ with thß

adhesion ls. Thc rnein reasnñrthis is thÊ la.t dqr¡antihtir€ infonnation on both thÊ interfrcial uaþr lajEr

and thÊ adbcsim loss d organic flds¡bstratc s:rseilrs oçoed to a$Þ¡ts €ûr'iro¡ttrHtts. Scctions I arú 2
prwklod qrnnfitaürrc dæ m tbc*arcr la¡rcrat tb aÐhaltls¡bstrale intÊrÊæ a¡d the adh€sion loss as a ñ¡nction

doçmlc b warcr. This Sim wilt cuamine thc rclationshþ betnrccû tlrcse tno quantitics for bofh aÐhalt

and dhÉr orgaûic fldsilk¡ns aggrcEate s¡dcrm.

3.2. RE¡.A*TION BETwEEN II¡IIEßFACIAL ìVAIER AI{ID AIDHESION II)SS XIOR

ASPEALT/I$LICT|OTS AGGNBGAIT SYSIEMS

Thc frltoning d¡sqrs*n inrotræs thc rdatimshþ bcturcco intcråcial w¿ffi and adhcsion hss fu
aÐhatt/sili(ar eggr€g& slrfcns. Ttc dis¡sdrn is basd on thc uater l¡ycr at the sryûtall/nodel ¡åstnþ
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giv€n in Figure l0 and the adhcsion læ data prcsented in Figures 12 aú 13 for firæ SHRP asphalts on both
glass a¡rd granits s¡betat€s.

As shom in Figurc 10, afrer 50 h of e;çære the thidm of ttp wa¡cr layer at thÊ intcr&ce for the

AAD asphalt spæirreri q/as sùsantiaüy gr€atsr tban tlut of the aher for¡r asptratts qùich did rþt difrer annng
themsetræs. Exccpt for a difreæ¡roe in tiß doçmre, ttrese rcs¡lts show a good agf€€ûtÊot with either lbe

tiæoÊåilurc at l50O lPa or rcsfuhnl bonding drtogth aftÊr 2 h Gxpos¡rc for the adhcsion ls of asphals on
soda glass (Fieurc l2). For tlr aÐhalUgr¿nite sysfcm (Figurc l3), tls€ is a gmal agrccNrEl¡t beturccn ttB
adhcsion læ and intcråcial wat€r layer ótained at long oçñ¡F riqs. For m¡nple 8t 9ùh oçæue tbe

thidrn€ss of the intcråcial watcr lay€r for AAD and AAI\,Í asphatt ryecims nære 90 nm and 25 nñ,
r€spdn/cl$, tbe thidoesses dAAC, AAG and AAK specim ntr€ in the saæ range ñr the sare oçæue
tirrp. Thcse r€s¡lts a¡€ in agffi w¡th thc ürcfoåilurc at 1500 Éa dtbÊ adhcsim hss dâta of the sam
aspl¡ålts on a granite sûsaaþ giwû in Figr¡r€ 13. Althü¡g[ fi¡rtbff analyËs is nodÊ4 thÊ rcs¡l$ úm,lbat lbe
thid¡er wabr la'cr at tbe aryhalt/siliceos inrcråoe gg¿üy ræspoods to tb sborcr tþ tircof-åilurc of tbe

Ð¡$em"

Both the interåcial wa[fi and edhed@ loss &b óta¡nÊd in th¡s *rdy arc msiscnt with mi*re
sositivity tcsts rcarlts dææ SHRP asphals on siliæq¡s ¡g€t€gaæ girür in SHRP-40038 rcport (45). For
example tbe numbers drtp€a[d ûe+th¡w cydes (moisn¡rc $nsitivity tcst) for AA]vf, AAC, AAK AAG, and
AAD on the RA g¡anite C>a m¡s fraction d9(í % gr¿nits) wre giræn to be 50, 36, 10, ? atrd 5, rcspcahrcty (tlp
longø the nuder d r€peatd cyclcs tbc mrc Sripiag rcsiSare d a aryhaUaggtqate mfuür¡re to uåûer).

This is in gffial agr€cfircnt with thk*ncssæ dtbc inrcråcial q'atcr lapr at 9û'h crçN¡re (Figu¡p f0) for tþ
saæ ordcrand ssphalts mthÊ nodcl silims aggr,g¡E.

33. REr,a'*nON BETIYEEN I¡ÍTERX'ACIAL IVATERAIüD ADEESION IÍ)SS OI'
POLYMDnUI}ÍOITEL SILICEOUS SYSTDI}Í

Althûrgù thÊre is a gæal agrmÊrü bctqm tbe iro&cial çaF la¡ær giwo in Fignrc l0 8trd

adhcsion hes presentod in Figues 12 a¡d 13 for aphalt/silims sggrgnte ryocirms, it is na oçocted to ftd
a süwg onelatkn betum thcs trrc $ts ddaûa. Thc nain rta$n for this is ù¡c ûo the ditrcreocc in the
sú*¡ates urd for tbÊ tro cxpcdmb, ic., a modcl d¡iæû¡s cùctratÊ *as usod for tbc c¡ag at tbe inæråoe
nsq¡re|nent and sda glåss and granitc sùdratcs *r¡p 'nd for the adhesion ls sody. As diso¡ssed in
Soqbn 2.3, tbÊ chÊm¡sry d the aggrqatc srûca plays a kcy role in the adhcsion ls d aryhalt on an
aggl,;güg in uat€r. Fo¡ tbat rcas, an oçerimt wae caniod ql wbeæ the s¡bdrates and organic filrnc rsed
for ms¡rwrts dintcråcial uarcr la¡Er ç¡æ thc sanr as thñ tsd for naoúing the adhcsion læ. This
oçerimcût nscd ryecfureos da solw¡rt-ûoe çory mting m unü€at€d and silane{nated SiO2.'Si såslrâtcs.
The çoxy *as a stoichkffiic mixü¡rc da low ndæ¡lar uæie[t digtn¡¿yl ctbcr dbiryhml A nsin and a
pob¡eúcrtran¡æ orring rgEot Thc¡c r*as m shæot in tbe epory øting Sfur it was a grÉchiomclric

nirû¡re dlw ml€oilar wigùt tnaær¡¡¡¡s, it wæ apøod that only a linle ammt of aniæ ças left úer 1þ
cnritt& The intcråcial nnter m¡rmt nas carricd q¡t uslng 50 mm x l0 mm x 3 mm SiQ:ætæred Si
in¡ernat rcûsCion dcnpt (IRE), similartothñeusodforintcråcialcratErrss¡rGlrEntfor açùult as edbod
in S€crim l. Fq tbc rdhcsim hss ms¡rcm¡, rycc¡ms dtbe saræ cpo:ry mtings qplicd to Si wafcrs
having ¡ Ãimtâ¡l, d 4 mm w¡e r¡spd. Tbs s¡fåccs d tbc Si uøÊ¡s had a natiræ Siq |gJrcr d úo|f 2.5 nm
thick an4 undcr adicot mditions, thsy shû¡ld be o\rclod wilh hydroxyl g¡q¡p6, similar to th¡t dthe Si IRE.
Thr¡s, in this ccçccimt the sùaraæs rsd for bch iroåcial waE and adbcsim loss msrmts u¡c¡e
sirnilq Both pris and ul&s çt¡e rçd with and withüú a silaæ E f&É Í€attrEt Thc nùeüarcs çeæ
cleancd with gæ follourcd þ mctnanol, and d¡id with hot air bcforc re. Silam üEaþd sústreEs çrre
!rcparcd tV imm¡ng dcad Si prisms and urd€rs.fu 30 n¡núes in an æidiñed (ÉI=4) watÊr slutim
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æritaining a mass fracÍion d0.l7o aminocthyhmfuropropylüimetlrorysilaæ. ThÊ silaæ tr€a¡d $¡bslratcs ç€r€

dried for l0 minutes at lfO'C beforc aplying tlp çory mtings. Tbe oatingp nrere applitd on Si IRE and

n'afers r¡srng ttr draurdown techniqrc.

The proccô¡e r¡sod for ¿Eermining the amr¡nt of water at tlre cpory ûlm/model siliæor¡s s¡bsralÊ

intcrhoe was the sante as dcscribod in Section I for arybalts. Dtplicate Ðeciræns wre r¡sed for each

flrnls¡bCrate sJr$cm" The rcs¡remnts of adhcsion ls of epory mtings on Si rvafcrs as a fi¡nction of
erçñ¡fe in waær nrcre conúrctod us"rg a tlæt pcel adhcsion tcster dcscribed in Referere 47 ' Tb res¡lts uære

the arrcrage d 12 çecirnens, which dcrirrcd ûom two uaftrs.
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Fig¡re 14. Amount ¡nd thklm d tùc wdcr b¡cr ú tùc intcf¡ce ¡¡ ¡ funclim d wrtcr cryærrc fon r)
epo¡yrtntrcræd nodd dliccau rrbltr¡úe ¡y¡temr¡nd b)cpoxy/rd¡¡nctrc¡tcd nodd tdlim¡¡nlxtrderyrtem.

Fig¡re la pr"s*rts the fcq¡lts oû the arnmt and thidffi d th $ater laycr at thc ûlm/$bdråte

int€rfrce as fi¡mtitn dopmlc tim óøi¡rcd by FTIR+IIR tcchniqr¡e for çoxy mting on unfcarcd a¡¡d

silanÊ{r€arcd Si IRE. gssdû¡¡lty, no watcr enterod the iroåcc of thc çoxy/silaææarcd s¡bsüate Secirncos,

h¡¡ sorc waffi (abqf l0 mlEærs) had built rp at the intcrhoe dthe r¡¡rteatcd s¡bdntcs. Figure 15 giws

tbÊ rcsrlb on tþ adhion loss as a fi¡ndion dtirc ccçosd b distillcd c,at€r for tbe saæ çory flm on Si

uåf€rs Silaæ üeaßrnt $atly rcduood the adbcsim hss d thÊ soh/cnt-frGÊ cpoxy spcci¡retrs. Similar

rclAimshþbctuiecnine¡åcial uatcr and sbÊar drrogfh has alsobcm fq¡nd fü cpoxy/Bglass fber coqpsdt€s

(3Ð.

Altha¡gb m dû end anâtyrús arc nÊodÊd to dccrmiæ procisüy tbe range of the ¡mmt of nlatff at

the intcråae that cars thÊ hñ in adhaion, thc ¡cs¡lts d this oçcrittEt indicats that th€rE is a good

ø¡elakn bctuÉcû thc thidrncss dthe uacr lapr at lbÊ organic filnr/silims sùctratc intcråoe and tbÊ

zltr¡drn toss dthÊ sarc ql¡Erl ccçoeod to waE(. Thet is, thc mp qe €mrcdng thc organic flm/silicccs
s¡bst¡¡tb i6Êcc thÊ gffi tbe edbcsio¡r tñ dthÊ saæ ftdsùstntc sldcû" ThËe rcs¡lts smort tbe

úor¡e cmdrsim m thc gprsal ag€eflEnt b€tr¡/tcn the furæråcial snEr t4rc( and adhcsion hss ñr aÐhalt

seæirre. fbc æræ¡afim bctnær daa úai¡rod by tlæ tro ænn¡Ens evÊlqd in tbis woût indicahs rhat
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information on the watcr lay€r at intsåæ nay be r¡sed for a,súng thÊ f¡ippisg rcsisa¡s of an

aryhal/siliccus mbû¡rÊ. Thr¡s, instGad of carrying qf dùrats uatcr dcbonding or u¡atÊr ssitive t€Ss' \thich

mc" req,¡ite multiple rçlicates to prwide any mningful res¡lts' FTIR-I\,IIR tæhni$¡c nay bc r¡sed for

d€ternrntng tþ Srippi¡g r€sista¡r of asphalts on a silisr¡s aggrcÃtc. This techniqrr rnay also be usod for

mrdying the cff€ds dma¡y rariablcs ñdiqg the sripping of aspbals on a siliceos s¡bstrarc

srch as asphalt tlfe antistrifing agrûls andtheir mcentnations, cuvironm¡tal t€Nnpetaûfe! s¡bfrate s¡rfrce

æntamimntq saltcd *atcr, and r¡id uatcr. Tbe çlicatim d FflR-MIR techniqrr for eraluting thc

perfonnare dantisriping agc,nts is premtcd in the fonos'ing sccion

200 300 400
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IÏgr¡¡e 1l Boding Íreagthr u e ñ¡ditn of w&r crycrrc for çodm¡ d en cpory oding m untrc¡ted rnd
dl¡nc{rcúd nodd rbffi.

3.4. EVALUATION OX' ETIIECTTVENESS OTAI{TISTRITPINGAGENIS BY TTIR.MIR
IBCENI(IT'E

Basd on tbc res¡ls prested ùo\,Ê, fTR-IvfiR was r¡sd to s\¡aluate the relatiræ perfornare of ftu¡
antisriping agpoûs, r¡sing thc sarc model srbstraûÊ (SiQovcrcd SÐ and erperitncntal seûp sbown in Figwe

3. The antis¡ifing agpo¡s (spplid by SHRP propn) wre lvlAS'{21401 (bdrated litrE), NfAS0l640l (a

pot5phoçhaæ baæd), lvlAS.r022-001 (a low grade aliphatic pol5amiæ), and þf49023{01 (a high gradÊ

poty¡n¡æ). Thc ryæim urar paçarod by nixing thomoglty I 7o (M ør asphalt ms) dantisriping
agpoß in a hc aryhalt (AÁD) at 60 "C. Each hd anigripineontaining aÐhalt mirú¡r€ was tbcn aplied to
thÊ nodÊl siliæos s¡bstraæ Th€ thidß daryhalt fim rred in this oçerinænt nas apprcxfumtety 2(X) :m '
15 :m, as dctcrm¡nedB a thi&css gage. FTIR-IvIIR ryGúr¿ nt¡e talao auomatcalty aæry 15 ninlfcs unil
theoçøimtms omflcta

Figrc 16 prcm FTIR inu dty (*sortanoc) dtbc band frr ua&r at lhe aspMUClimts inrcråæ

as e ûmkn dtirc oçm¡rc b distillod u/ãrcr fu an ryhalt containing a rna¡s fr¿6¡i¡¡ d I % dfu¡r diftænt
arüsüifing ageß. As indicatÊd carticr, the intÊnsity is dfu€cily propütional to tbe ammt c thidmccs dtþ
unÈr lsJ¡Erd iúcr&cc. Thc rcs¡lb shou/Ed that th€rc uas liüle ca&r at ttrc intcúoe dtho sryh¡lt ontaining
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lvlAs{21401 (hydratfrt lfurp) antisriming agø, hr s¡ùdantial water had ent€rcd the intcråce for aryhalt

Ð€cinpn oonainiag lvfA9022{01 (lop gr¿de aliphatic potnmiæ) aûer 250 hours of orpñ¡¡e. Valts of
qar€r at the inncråce for the poþ@haæ (lvfAs4l640l) arid high gìade potpmiæ (lvf4s423401)

containing asplElts qEre in the bcturccn" These rEs¡lts s¡ggFst that hydr¿td 1fure appca¡td Ûo be tlE moú

cffectiw and lorv gradealiphatic amire uasthe leasteffectiræarmngtbeforagrnts sudiod-

0.25

Time, hor¡rs

Figurc 16. XTIR-MIR ¡ntcodty dthc wúcr h¡rr ú thc eryhdt/rllirnau lbcffid intcrfu for dificltnt
rrtistripping lgcnt¡.

4. MECEANISM OF IVATF,R STRIPPING OF ASPEALT ON A SILICEOUS
AGGREGATE

Tþ rts¡tts of Figr¡¡e l0 show th¡t at long opælc tirc ma¡ry mmlryers drater had m¡mr¡laed at tbe

aphalt/siliæus aggtgt&, intcråoe (æ ûaEr rromla¡rcr is aporinarcty 0.3 nm). rndecd, this ças the case beca¡se

we úeenrcd n¡bgantial arn¡nb dlirn¡id watÊr benÊath the aspbalt fitrns ¿s they uæ,re poeled fiom tbe model silims
s¡bsrate ú thc condrsion dthe açcriænr Thcse rcq¡lts arc consist€ût with ocensiræ data on organic mtings and

uater srptim ms¡¡ËûEob at silica s¡fñcÊs Iæirtheiscr and Funlc (46), in an intcnsiræ rwierw duat€r di$ottdrlFN¡t

oforganic mtcdÉls, hadgiræooanptesand cited nft,rcnccs¡o sryporttbccridæ of the prcsp of multilajtErs of
uareratthcorgrnic dingffil inrrÊoc. Anotbcr evkh is fion mrcr adsrptim sn¡dies on higl¡cncrgr s¡råæs.
For oø@e, Zøilmryæ úouol*Êrs (43,49) notod that mlrycr dwabr on Êrric and nicksl oxidcs om¡rs at lo\t
rcfati\¡Ê hr¡mftlitiçs, hr mrltil4ærs cxi* * a nlatiræ humidity ú9U/o. Bondcû and Thlæcll (50) fomd that try Ûo 20

moleq¡lar lsycrs duracr w¡c m ah¡mim¡m, ircn, and Siq s¡råccs * aúicnt tcrycranucs and hr¡miditie. Sinilarty,
Dùr/Ê and rnn Bo* (5Ð nportod tbat dtica pûrdcr, u¡aûbod with u/ater and thø dricd tt 100 "C, rclaincd a uatcr

adsorbod la¡rcr E df n¡nsræ&l¡ thtu* Thc prcspc d m¡ltitq/Ërs d süod naF m ths s¡råac d diftrcnt t''pcs d
glass hs ba dissæd bticûy by Bam (52).

Tþ affi utffi la!rcos chs to tbe s¡råæ arc $ngty bondd and diñq¡lt to rcmve. Thc¡tfoe thÊ

t€sÊrrc da mlaycr duatcr at thc aryhalt/aggrcg¡tÊ inrcrece çu¡U p¡úabty d iritssftr€ $,ith tbÊ adhesion dan
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asphalt/aggEgBfc mix¡¡re. HorwræC insr€asing tlp æraræp of $atsr wit¡, at so¡rp point, afiect thÊ Srength of tln
asptrattlaæ¡cgate bonds. This is s¡bcantia¡ed by tbe adhcsion tæ data grr@ in Figures 12 a¡d 13 for asphalts and in

Figure 15 for an çoxy mting on a siliæors s¡bstrate. FurthÊr backing for the adhcsion loss d organicfffd s¡bdra¡cs

in $'a!er æmes from e"xtc,nsitæ res¡lts on the ö¡fability of adlæsiræ bondings (53) and organic @ting! on melals

(,16,54,55) Thcse g¡dics denþnr¡al€d that ttp bonding Srcngth of an organic ruøunUeate4 high ær$r s¡bslrate

system d€cf€ases sigrificantly after e.rymue to watcr and high hr¡miditiæ. Ft¡fther, the deq€ase is ælerated with

furreasing t€ßtperatr¡rc.

Thc süiping s¡scepûbility of an asphalt fiom siliceors agg(egüla nay be be$ underSmd from the interaction

energy Sanûoint ThÊ bonding befnæcn asptralq an organic úatcrial, and a siliceors aggrcgatß is goærned rnodty by

*ea¡c secoøary forpes, which are gfoe,lalþ l€ss llten 25 kJ/nole (4). On the otber ban{ tbê magniû¡de of the bonds

which waier form with oxide s¡ffrccs are sú*antialþ higlrcr, t¡tpically in the ¿1065 kJ/mole (¡). ConseqtEntty, tbe

atrnityofwt€rfora siliæs aggrryilEis gl€aErtlrân tbat dapbaltto the saæ agglegÐtq. Futh€r, û€e s¡råce enerB/

anatyss has also slntrm th¡t thc rcrænible urc,¡k dadhcsion bctq'm an orgnnic fitm ar¡d an oxkle' furluding SiO2, is

highly negatitæ in the prrsence dr+atcr (4), inplying thet the aryhelt/tûlkn¡s sùdrâte bonds a¡c mt stúle in cat€r.

This rcns rhât wat€r is likely to c0[cr the intcfåoc and disp¡æ tbe asphalt ûom a silisr¡s aggifcglte wheo an

asphatUsiliccorsmbûrcisopñdtowaterortoh¡ghrc¡diwhr¡mi¡litics. Thispoo¡tatimisconsistcotwithtlFæie
base (an electrodatic interæ¡on) thcory prqoeed by Fmilcs (,t4), cùo usod this thÐry to oplain for the water

srsceputitity of asphalUgranite rystems and caler rcsi¡tam dasphålû/lißoæ mbûrcs. The a*halt, with its lotp

basiciry ard high acidity, interacrs w€aery wft tbÊ æidic SiO: hrt adhcæs süondy with basic ag8¡egatÊs, srch as

limesone. The srong asphalt/basic arygrcgatÊbo¡rds can r€sis thc u,at€r-SiO2 int€rdions, thts preænting striping of
aqhalt ñom the âggregatß, o¡uistent with pr¿aical úsvation"

Water prùóþ €ntcrs the asphalUsiliøs itrt€råoÊbyhaking tbÊ rlaler€ila¡Dt (SiOÐ borids and building

rp the r+aær IaJrcr on thc silanol.terminatcd s¡fhoe. This m¡rrcd bocausÊ tlp Mrcgen bonds bcmrcen ûF frst natcr

Iayer andthe silaml gu¡ps on a silica s¡råce are srbstantiallyu/Eakcr (abqf 25 U/mol) than thebonds bcqæn tbe firs
and seænd layerofwater ÞaO kJlml) (56).

Tþ contention thât tbe intcraCions betr*wr aæhalt/silims agglr,galq bonds arc $€ak and that this uæak

interaction can m rcsi$ wat€r dþlænnnt is al$ srongly smortÊd by a comprebcosiræ analytis þ Bolger and

Michæl (5Ð. They shonæd rhât tlEr€ arc mþ a ftrv organids¡bclreþ oúinations, e.g;, stn ng acidic organic/Orong

basic s¡bstrafe or strong basic organic/srong acidic sùstr¿te, lhât can r€sist thÊ dirylmt by nåler. Tbe reasn for

lhis is mainly that most oon¡¡mn trEÍal Glmts (ircluding Si) are on*¿emUty more elecfoposititæ tlun the caúon

atoms in organic æmpounds. Cosquentþ, the cldon derrsity m the orygcû atom in t¡Ê SiO2 is oonsidcr¿bly grrålÊr

than rhat on the oxygpNr in uñ¡ter or in ¡nost organic æryo¡øs. Tberforc, coralentþåonded int€råces ar€ mt
oommonþformed inorganicflrnÁuunodifiedoxide sySems, andthÊ æøn¿ary¡orcebondsthat do m¡rare too w€akto

r€si$ thÊ affinity duatÊr to tbr pol"t, higbsergl s¡bdratc. ThrS if high enerry s¡råccs (e.8; Siq) a¡e not modiñ€4

water is likely to form a la:¡er at the inter&ce when an organic fkn/higb eoerry solid is oposd to watÊr or ûo high

r€latiw hr¡midities. This assertbn is nmo¡ted by tb *Ell fúonrn parfice in ttp pob¡m/glass fber coryosiæ indt¡$ry,

where the fbcrs are onmnly tr€at€d with silaß cupling agpNrts to i¡ryrur/Ê the úuability dthe æmpæitcs t¡sd in
moistenvûonrcnß.

The amamt d ua&r at the mting/s¡bdratc infcrñoe is grcatty ircrcasd if ttrc intcråce als contains

hydrophilic oontaninations or ¡n Mic ùiviqg foû€e cxifiry betcrcÉû the interfrce and tbe ofs¡e. Unfort¡narcty,

nã¡er shùle inryanic and orgpnh salts a¡e alnß úiq¡¡itq¡s mtaninants * tbe a*halt/agglcgnþ intcråce eithÊr

prcsent b€forc the aryhalt 4plication or migrating tluc úring svice. Tþ €fiect dþgmcopic æntaminanß on tlp
thidarÊss dlhÊ varcr øm¡teA hJEr has beÊn disqrssÊd in dÊtail in Soqion 3.3. It shold be notd ttut, in tbe pesence d
salt æntamination, a liqr¡id pha* of uater at the inter&æ can be fornd at hr¡miditics år belw the san¡¡ation point d
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\na¡er (humidity of liquiñcation). For orample, tbe humidities dliquiñcation dl-iCt and CaCl, arc onty 15 o/o atú32 To'

t"sp".t*ty tSi¡1. ffurs, if the interÞce is contaminated with tlse salts, it is likely to hold molq¡lar water er/en at low

rel¡¡tiræ humidities.

Theprwofahydrophilicftm atth€ intcråce may e.rylainfortbedifreræ inthidN dtlreqater¡a!rcr
for difre¡erit aÐhalts and bctrrc€n aÐhatt and çocy specims. Asphâlts are knowt o contain uatcr'coh¡ble çecies'
urùich prù4þ|y þadrÊd o,¡ sf tbe film and æ¡mr¡ldsd to tbc intcråoe ú¡dftg expoue. Srrch a trBter'sensitive la1ær at

Up aryi¡tlmo¿f siliccors interåoe uû¡ld rcsrlt in higbff am¡nts dn'ater cntcring tlre interåce and greaEr adhesion

læ ttun tbæ dttp çoxy seociæns. Thc prcsc,noc da uåffi ssiti\æ lam at tbe organic fim/Él int€råce has b€ÊNl

doounc¡rtcd by Wa¡ker (SSj, wto fu¡nd that thc æwrUatims d tbe c¡at€r.sluble proúrcts æ¡mr¡lated at the

ç¡günøsú6¡1¿tc interåce of ttp alk5rd and cpoxy estcr @tings *c¡c s¡bdânth[y higter than üæ for the polyt¡nlhaæ

mtings. Thr¡g uc belieræ that tlse uas a la5ar dþdmphilic natcrials at thÊ aryhaltstsiQ intcråce arid this lEær w¿s

tlp nain rram fø the mrh rhidcr u/atÊr lajrcr at thc inreråoe ñr the aryhalt Wccinms than tbat of tþ epoxy sj¡Sem"

TtE orgûÍation and nan¡re d lh¡s uatcr.mitive lE¡cr rrc¡c sls prúabty rcsponsUc for tbe difrer€nt rates ard

quantitiesdu,atcratthe intcråocofdiftrd SI|RPasphatS mtbc nodel siligls s¡bdraú€.

Si,¡atcr ca¡r læh thc intcrÊoc frrom tbÊ qfside bt, a nuder dpathuøys, by difrrsing throttgh the rurix aspbalt

andby migfatingthrougüpinholcs, porcs, deftds, arid local inlmgreities in theasphattfilms. Basd on widence of a

largp coFnt¡ationofwaûprcmtat thc intcråoe afrcra short Gcçcnc timc anda mtrch thinreruðtcr lalËrforthi*er
asphalt.ñlrnc, wìc propGc that uatcr transoft ûrom the qfs¡& to tbc ineråoe is thfough r¡atcr*húlg þdtophilic
regions in an aryhalt nl-. Ibe hydrophilic rqions arÊ a¡Eas m$d by lhe higtrty polar glurys dtbe asphalt molea¡les

or þ the catÊrddrle iryr¡ritics (eg, bns and salts) in tbÊ aryhalt film It is likÊly that cach ua¡er'eoh¡ble imprity
particle is asiatod with a polar site in thÊ aÐhalt Thr¡s, a b¿¡oÉ¡l¡c rçgion in an aryhalt ûlm púabþ ænsiSs d
polar grups dtbe aÐhalt ml€¡þs end warcr.shüc inpûitißs. This pm¡¡ation is basd on olteosive data on tþ

naû¡rc dpoþus and m thc rc¡ationshþbctnm pob/E hÊlcropity and ia proæaiw ptqøties
(59). Organic potjrffis arp knosm b msist d high dm¡ty/higb mlæ¡lar wight scgncnts sÇaratd þ nanow

Uo¡n¿a¡¡æ d bw dcnsity/Iow mleoùr *EiÉt matcrhls Thc tran*ort d uag thrq¡É potlm films has bccn

oçedrentaüy ósræd to be mt uniform thmug[df ¡þ film s¡råce, hü along the bo¡ndarics slound tbe highdmsity,
high moleorlar *eigbt ryrmt (60). ThE ure6 sorption dthÊ brv dcosity/low m¡æ¡la¡ wight ¡¡p¿5 has b€Êû found to

be t'?ical for a hydrophilic, ionoaha¡æ mcmbra¡g u/üich Enlly srüs 45 o/sto7S youratfi (based on mass) (61). This

rmns ttat thcæ a¡¡as (i.c., tb hydqh¡lic, bw dendty/low mlecr¡¡ar Edght rcgons) Akc rp a s¡bstantial anount d
uåtef and bar¡e a nuch low¡ ionic resigaæ than thÊ f€51 of the film The consion d mctals und€r these potynpr

mtingp has beeû obsenrcd at tbe lgtims di¡Ély con€sponditg to thc þdtophilic rcgions (6L,62).

Webeliaæ thatqãtÊrfrstdissohæstho þdrophilic rcgions (an ernr¡lsiñcationpm) and çens lP aÛorûþus

pathuay E5¡€m in the asphalt maEbq allowing uatcr contrainfuE ions rcaching tþ int€råæ. Tht¡C tlE wafer tranport
tluot¡gh an aryhalt is d a rmiform diñsion thm¡gb tlp homg@¡s aryha¡t matrix hf raüFr a transpolt pr6
nediatod by tbÊ porcs, qùich ale qencd W by the dissolrfion by u¡ater in tlp a¡eas wrpied by ttþ hydrophitic

nagials A simihr mÊchanism hâs bco preoccd for tbe tra¡Eport d ions thru¡gù polyrcr øtingp to lælt thÊ

fldm€tal in¡cråoe (59). It is notod tbat emulsification dfraight asphalts is ommnly ùsnæd and that tb€ emr¡lsiñcd

prcô¡cts can dissohæ pohr as nall æ nonpdar compmÊûts dtb asphalb. For thick arid lw waær'coh¡ble furyurity

asphalt film, thÊ pqcs nay d be cotrinns ñom the s¡råce to the interåæ. In srch cas, prolonged or rcpeated

oçm¡re¡srcqr¡¡o¿foru/"åtsrbrcacùbtbÊint€råoe. SiEthÊchaæfortlpot/€rlrypingoffiroormrewaær+luHe
rqfurnsissmell,tbic*crunrrlti$lErcra*haltf¡mismecffcairætþnasing|emtdthesanrcthkfopss.

Tbediftrcoccbctnmthepqsmcdiritodalrdhomgffirsnanryutsistbe strctchÊd oçomtial eyfortbÊ
forærrrcrss rúqlle oryrdal ey ñr the låfcr (63). Thc t¡ansport ircrcas if tb€rG is an mtic force b€tsËeû thÊ

ofside covironÍgrt and the inncråce, rwhpn the hferåce also mtai¡s l¡ydrophilic oontamimnts. Once entøing the
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intefbce, waûer can tansport along the flm/s¡bctra¡e interåce. For r¡nfcarcd s¡bÉtfa¡e s¡råce, the ttansport of nåter

along the inlcråæ has bs found ¡g be mrrch åger tban that tttm¡8b a poþrrer fitq (64).

In sm¡nary, r+ater shùle matsrials migrarcd Arom the €Nfuonmt as EEll as ftom the asphah nlm, and lhñ
p€sefit at thc intcråoe (from bah asphalt a¡rd aggtEgate) congiu¡e a $atcr-ccositiræ lE¡cr at thc aghaltlagsregaþ

int€råce. This wat€r scûsitiræ lsycr is the main reason ñr tbc ñrnatim da watcr larer mary monOErrs thick at tlr
int€råæ, rcsponsible for thc sriping daspbelt fiom a rúliccos agg¡egile. Lfodi$ing siticeq¡s s¡råcc with a mmla¡rcr

of a bose, s¡c,h as an amire, will f€rd€r tbÊ s¡r&cÊ bssic. This atfåce rtn¡ld fúm slong bonds with thÊ æidic asphala

a¡rd thrs can resis tbe uarcr dþlæmr

5. IMPACT ONHIGTÍWAYTECTINOLOGY

B€sidÊs npas¡ri4g in6ih¡ v/atcr at tbc aryhalt/siliors aggrgaß inrcråæ, the daæt@ FTIR Echnique can

gwideamcthodfon

l. Eraluating tbe uater nsoepübility of difi€r€nt asphalt binde¡s m a siliceos aggrwúe;

2. Eraluating and srening antisúipping agrnts for a*hals on a silims aggrcgate. (Antistipping agens
rnay be mixsd in the aspMt bindøs or aplied on siliccqs agg¡eg¡æ a¡råæ beforc hot nixing);

3. Connenientþ i¡vcsigeting the cftcts daggryErc s¡råcc ontanimthn, hot mix Eûpcraûræ$ sttd srvicc
onditions on tbÊ catcr sriming daçhalt m a silims agg¡egaþ;

4. Ùfcas¡ring thc diñsion duafcr thru¡gh a la¡ær daçhalt to a silim¡s s¡råoe (estial for sfipiag
nodelineù;

5. lvfcas¡ring in nfir organic and inorganic ærryounds * thc aryhalt/aggtqúÊ inarftoc;

6. ùrcas¡ring tfanspoft pqefti€s duatcr, organic, and inorganic m*crials thtonglt a layer d
arynaVaærcgæ mbrü¡rc or ærcæte on a sù6tratÊ.

6. CONCT,USIONS

A scosithß, Sdffipic bchniqrp for msri¡g wats in sttg at the aryhalt/model silim¡s ag8lBgatÊ bas

becn dgv€lg¡lod. Thc techniqrr can dac and al$ pruvidÊ qr¡antitativÊ informatim on the catcr at tbe aphalUsiliæus

aggrcgúßintefåce. This idormathn, Tvhich rclales to the adhcsion læ daryhallsilims aggÍcgate, rni:tüxC will be

r¡scru for FEdicfing thc naEr s¡sodibility of ryhalüsilkns aggt€gEtß mixü¡rcs. Tþ tcchniqrr is onrcnicnt frr
Srdying thÊ cftcfs dtbe aggryü1conûanination dthe aggng¡tq andstdpping agEnlf and tbÊ aspha¡t, on tþ untcr

sso@ility dash¡lt/sitim¡s aggrcgpûÊ nirû¡¡rs. It is al$ uni$F in provirt¡ng data qr tbc transpqt dntatcr tbnu8ü
an ryhalt Iarcr CanytnUcrc anacùod b en agg¡ëate. It is anticipaEd that tþ tcchniqtr will havc a wide nnge d
rypUcanons ¡nnl*'crsyt€cùmlogr.Inadditimtorbs cpcct¡ospic æO¡riqtr, the adbcsi<n est ncthod darcl@ inthis
sû¡dyuû¡Halsp,rovirbauecñrl mlftrmrænicntlyc\ñalutin& bothintbfddandinthc l*oratary, tbcftaitæ
dantisrigringagcdsandthcdatiwq¡egrip¡¡g¡uúsareddiftrËderyhelbma{l{s¡bsl¡atc.
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