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ABSTRACT

Asphalt ragji ngermatdi on are two closely rela

as an organic material 1 s susceptible to
of asphalt binder and further | eads to t
of asphalt wpearvseeneynt sr.ejQiovnenati on attempts
properties of aged asphalt Jdiindierass pthal &
pavements or enhance the properties of

Understanding the meerhaagismg wifllaspaalut a
devel opment of effective rejuvenation me
the former process.

Asphalt aging and rejuvenation as key
been examined in numewewusr stauaeaversal They e
t hat have not been fully addressed befor
t hat di fferent conditions affect asphal't
product s, but deviations fnaspkalpthybi nd
created in accelerated aging conditions &
are not c¢clear. Secondly, asphalt aging an
t he per spedst irvhee oolfo gaiscpahlalptr ogepn-igpohanges
understanding of the fundamental physi coc¢
aging and rejuvenation processes. Third
i nvestigating fundament al phyBecetbhee] c a
t heerigsr emt need to systematically invest.i
usi ngoftshaextte met hods, Aoobserahtd theoodast
study is prolwifdadce riGhaepttart i on.

Threest condiend esa itoel tiotadegeh ni nt o t hr ee part s
t he physicochemical property changes of
conditions are studied, and the findings
4 I n Chapter 2, the influenbeel @mdi ctahlr e
properties of asphalt binders are examin
chamber to simulate more natur al situat.
hi gh pressur e, and a pressure aging vess
téh warm chamber | asted for 1.5 years, whi
| asted for 28 days and 60 hour s, respect
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bsequent analysis. Chapter 2 is focusec
t hegircradolpa operti es. Chapter 3 is focu
nditions on ©OYkédaftactcterosal cgmobepsul ar
nders. Chapter 4 is focused on -the inf/l
al e, iuet yrersi crmstasphalt binders and
t umapgltetshene, apolmat i as omat iCGhsa pSieesrd as ph
cused on the influences of the aging c
apter, a major drawback in using the ge
und and <correctionTheetfhowrs wleamt eprrsopmw
| ti scaltehevipechw sofctochemi cal property <c¢h

bjected to different aging conditions.
The part t wo of the dissertabti omei ncl |
enomenol ogi cal connections between the
opear toif t he aged aansap hyazlBthl e b-coaxmytegaeisin i anr ge

nctional groups, asphaltenes content a
iving factor for the rhe@dl adiec aolx ipradp &
netics ofoddfteonest aagi dgscussed. Atte
y different aging conditions |l ead to di

fferent aging product s.

The part three of the dissertation i s
anges afphget binders in the rejuvenat
ree C€lhapdeexrasmi nes t he effects of rejuve
phalt binders in rheological propertie
al e. 't e jsuwemgateidon hiagsg unl i kely to ch.
emi call nbChm@p.taernew met hod i s devel ope

rejuvenation effect by wusing the conti nuc

b a
p h

sed on sound theor ettioc ael x pfl oaui nnd atthieo nrse j |
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nomenon as well as to assess the rej

rejuvenator s. Based eamialgl atgleent isnwedt irgeg

ar

pr
r e

t h

e devel oped. The-ame a1l tageofttsurasnmg rréeelh &
esent ed 1iOn Ghhadppsteermmalr i z e s t he over all
commends future research directions.
The findings exfpetchhiesdd dtau dye mhatrear buinder st .
e physical, c henm ehd wifacergsh s cr bs hdecsur

v



agi,ngrejuvenation and antiaging processe
met hods, and tools are expected to helop
more -agsingt ant asphal't binders and more
accurately @pmalsehiengrggsaadch results, anec

effective recycling practices

KeywoAdphalt binder aging, prtheg/jsuwermteimo rc,al
propermi eso,stamntciua giersg
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CHAPTER 1. GENERAL I NTRODUCTI ON

1.1 Research Background and Problem Statement

1.1.1 Simul altiimengiofg asphal't

Refined from coal or woedterloyl revusnech da spmal bhi dh
construction. As a complex organic mixture
by reacting with atmospheric oxyggeas ©Oke de
hardening of i ts stiffness and elaa@dss tof tih
embrittl ement, cracking sandfhierrsatc t uutrep otf o as
asphal't binder btehapeot y B&nsdaudim@gieaitawal |y
aging process in fiendat pé vemeing s mpidnd t shmats |
pavement engi neeReanlg sftoirc deegiandge ssi mul at i on
t et utdhye agi ngg dfehavphloal t bi nder s, but al so
effectiavneinged snsgy onfeasur es.

To simul bt eadgisdmdlotr at or ywedeovemepleddsn t |
Strategic Highway Research Prtregmamgi( SHHREBNC
| ohgrm aging, resppedc 1labl9.8 | y Ad tBB elaOsOddh) a v eTrh e
for met hussda r ottHiimgf iRTMFO9vetno (si mul ate the a
aging process in mixture productiosa, trans,
pressure aging vessel ( PAV) ttoe rsm mruol aadt eu steh. e

Beforewa®RAdel v aasapatneddatr&de d f or diemun ati ng
aging of @&spd aV darcilteethyggaaft @ dsi mul lmad omeamret ho
develtopedxamine the feasibi,laittmpmsphereil®evat
pres owrygse,n sp,r ecsrs utrteei ( Petoenbs oomat 1 %3 ,alBr ant
199 Experi ment al r eteshuel tdgisnugggefsba s mmdllaw bi
temperbBtueby to foll owasn dormyae&rmedspmathanig
under a relative high temperature.

As summayereadn (Peterson 1993, Peterson
resuhfigaaenobdf hgct on sas. pemmabilizatiob ofthedasphalt

components tharepotentially reactive with oxygen. As shown in Fig. 1, the reactive

13



components or reactive mi@tuctures in asphalt bindetend to becomemore

associate under lower temperatweidation On the contrary, high temperature

oxidation likely separate and disperse the reactive components and reactive
microstructures. Therefore, the accelerationgofi@ rate by high temperatuneay not

only arise from increasetiolecular reactivity, but aldee influencedrom the changed

colloidal characteristics of asphddindersAs a resul t |, PAVi nrmay not
Si muhtghter ue pagiodg asphalttel lhiyrodveert € mpevaltur e

i hield conditions.

O |[INITIAL GENERIC FRACTION
®) (O Asphaltenas

— = T - O Polor Aromatics
9 {_:l' g,:%““ ~ Aromatics
S el ] O— -— Saturates

—_0Z0 Denotes Oxidized
v Molecule
Low Temperaturs High Tamperature
Oxidation Dlidqtiu_n
—~ o = O] ®]
. Incraase - @ —~ -G}
Temparature (3) 0.3 et
——— —
- nﬂ:ﬂo O]
Decroase — ) e
Temperature "‘@ -~ "'"'B —_
O®~0 ©

Figuretdmpewat urempeadathumgd spxiopatsiean bypode
Peterson (Peterson 1993)

Anot her shortage of -RAVri oft hatghtdhe mpear
pressurized aging treat neexmptettimhamye msEtanbefall
pavement aging. It I's generally believed t
can simulate binder field atgld#l§3Wi rhhbwesev
this peshodt éeBeffldha@asiod n mpareliriofdel opsagvhe ncehn t
are exped bdd ytemarlsast

Above inadequacies suggest that there 1is

performingaepbpha&gimog ieng e al Tpwdsisw abyldeyar e

14



lt chacnge the experi ment prle daigcitn gatsegohmad iag il oognsg
behawbiybeaewel @ pgegeemtd t he evolution of aspha
shdgretrm agiNegv raggs nigt ss.i mul abhvahaeanas pbads t may
film thickniesmg reedda/tdarveagdmplvyer temperature w
comparison, the former method is relativel)
new uncer toani mtdye hfad at arhi clkinmistse d Hsotwmediiees ha
conducted tfeaessxi dmilndg yt od conducting the ag

|l ow temperature and high pressure of at mos,

Therefore, beforee¢ hoalsr yiongpeodtormewhe rea
acompr e henrvseisvtee gati on on the influence of
physical, chemical and mi crostructur al pr

conducted.

1.1.2 Forcmatmi cadtodpr adp haagti nbgi nder

The oxidation oftrasnpglh alfimd ttesa dnso ripoo | talre f r ¢
more pol awhifaohhcan enealnltead noxggdmuncti onal
f unctcihcenmeclompounds 1 ncl ude kest,oneetsh erssuyl feosxti
phenolics, anhydrides and so on (Peterson .
to be highly correlated with the physical
guant idlarniazet gpry t he i nf Thaer ealf esagaerchh o royslc olpayn «
infrared ,spelcsta oksrcoaprg ed o a@ B enhi c al aging inc
of asphsalt binder

Recentl yan®wobeiwoshkasr ousedsan tewodi obhher
i mportant dguhopt ddsa eésed salnc 200I9s, (PRt er s o
20109 .1 st hfaocuntdhe f or mati on ofi sbeoltaht esdu ltfoo xti h
growth of asphalt viscoAsicbmodeiBed ®evesroend aansd t
maj or filacdopondiail e for the-coage ahan dgnias@ ha
Morepveaging productaraegeheuvadadeeeorbgpnetPAVhan t
gener ated durciomd i(tladomrdad mmpegn aatgur e) ( Peterso
Thi s fiisnpE cntged t o obhee rdeilfafteerde nt shboextiweaetn on

15



hiflkemperaagt emrgd -tleonmper at ure agpnegyviacsulsileyt r od
oxidation pathway and prodebtttimoocmmeahdnsi sm

arsehown in Fig. 2.

asp_ M ASP

)
Lo ASP i
@-c':—a nitiation @—(I)-R __2_., @-c S &-R + RO
A @ : ©
I

I v Y

R = H or alkyl R-S-R

(e)

ASP

- @CH+RSR
@CH+©—CR
X

/ \ .
RSFI+ CR
@-CR+ROH @

X XI XI

Figar®he aging mechani sm fohe mcheemppo,uvonddusct i o

proposed by Peterson (Peterson 2C¢C

Pete® sbnndings suggest t hat the generat
appstaad be the driving f oAccceor @dfi nrPghies isoal f
hypot hedsiifsf ecendiltdigkkeemlsy cause dipfrfoeduuegnt s el

functional groups, and consequemhdnyi cianlf | ue
properties. Therefore, a considcemahhlte ogsees
influences the oxidation pathways as il 1l us

not been comprehensively addressed.

1.1.3 Evolution 1lhagmincgr oosft rauscpthuarlets biinnder
Mi crossirucd up resxletf elri n dbeaoa s ss@aiaengiaai sipohna | t

bi ndehrast ef a simel a@aro pol ymer mol edsul es anct

fipbol ymproperties (Peterson 2009) . Il n most

regarded as the | aregateisze | asplsalgteemreea add gl
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t he aging odprasnph &Ist tthiendesrsoci ation of asp

an i nichhetatsesi ze and mol ecul ar weight of mic

However, t he mi crostructumrsedhalcuasn mygar dl y
traditional optical mi croscope due to the
mi cr osti msatalalteer mi ned by i ndi-raytdimefthadtsi

( XRD) and t hhearsmolegpehreV eglyed i n pax@09%)t.udi es
Recewmulry doskovered the mbagedstaspdlyrntesiinad
usisncggintrans meseconon microscope (STEM) for

Zhao, Tgpiléal misdi ¢ &£ bavsehtewme i.n Fi g. 3

Figulyei 8 al misdi ccstoveyediedxnt r2adct ed asphal't
from field pavegméamtg iamdHZhaoKom®d 16)

One contribution of thasmaeabke&dmsme he de:
actmal phol ogy and the ineiscrofmeabsphasctl mpcog
Anot her i mpbshant t henda cohg ogshtl ryu troeush esst tainn g ,
whichallehges| assic understanding that b o
suscetpd ilbrgleea khi gh t emper aOur e f (shRuegigeeggsto nt h2ak 0
the associati ginsrofevmrcygiolslte ulcyt upreysi cal tr e
oxidation omwidslpmalft ceainndegr s nfl uence the c

17



bi ndedresdcucA i ve specul ation is that the aggl
more dominant in physical hardening of aspl

However, the asphaltenebeanbcdionsdvriurcgtiunr easn d
| aboragteadr yasphalt bindease byo SHhESMmadd esf may
asphal tene c| uasgeedr sdbsd pndadlibbotr @é¢oryssue i s t

specimen is wusually pr epiar ewde rby Isoow udd mme nct
andomaue rctalnynot represent the real associat.i
Therefore, a new STEM sample preparation
moment of this thesis submission) is develc

assoocstadties of asphalt microstructures.

1. 4AMeasurement mdsdanet ecbluar on of asphalt bi

From aamglheehe evolution of mi crostructur
average mol ar mass amol el dlegersonvitdn ti no fs ilzaer g
mol eavielimdsphal t msicsreocsotgtna czteedr € he domi nant
t hatsrgiseet o the pPlyoirdalnghgr desniung.es have
measure asphalt mol ar dmmases ttihgeattreiomuwnteican o
bet weMDand the corresponding physical prope

Gel permeation chromatography (GPC), or r
chromatognaphya (pSBQ@I ar met eveer age evakoat
wei ght aofd aBMbDhalt ibs ndiedstlye kamwevma geramol e ¢
wei ght and content of | argepsebfteumdl gcubkkbka
to the asphaltiebepohodaetBb@mp.r @20006) .

Il n uBP@hgeasure asphalt binders, however,
of tbeeren i @merefd.t he biggest I ssueasl wasayd hat
be performeddibhef scaenpil ef BGEPIGCuU tsiyern eimnt dhi s op
i s to psaenvde npto ldluustti ons from ruining the LC
of filters usmedrend  tlwel alnldyar@. AB Y BERET79
to measure the MMD of shgdtema&etaraopaandofes
materi al mi ght be ftplaeitlitarlaltyi orne nporvoecde sdu rdiuneg

18



me mbr ane. This note reminds a serious ques
case the aggrengatios mtronftat apscealdrael s i ze t hat ca
the filters?

A trial S E M rielxea nmfi inlatt @ ro nme mba qqence arf d efri ¢ lad
aged asphbeelithgbifadgesrfeadr med, ashhiwovmt Redrtesul t
showlsat the Dbireder |afbtoeratipoameshagi mgcad mbsl t
while a few visible par®n ctl e adoeetdhdedyk ed ¢
asphbanhsieampl e, the filter nrbdmbcrkeende bsye etnhse tfao
mat erial which forms a material cake cover|

Therefore, there is a necessity to implen
bl ocked proportion of asphalt mpteviadaésai n:

more accurate measurement of asphalt mol ec

< A0BOSEL L

Fi g4SEM examinasSaminciod fil ters. Lkheofutr: after
PAV aged SHRRMRRIAGAWG :bianfdteerr -yfeialrt i iehg @g@dg b,

1.5Rheol ogy |linked to chemistry

The connection of rheol ogi wak pnepeoerft it
maj or qiuRKBRP omessearch anwempeeasekRbbtdebyePat:t
(Pet et s @ 9.4) . I n summarnyd,i niglse odcehreemeaclplh y s i
correlations c a&mfedblel swinmmmpa re great ibon s :

Y opo P — (Eq. 1)
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ma

we

I 15C Y ™ W T8 LD (Eq. 2)
2 ™M wTmSinpy pdRr— (Eqgqg. 3)

1 TsCY X8 ¢ ™8t wx T8t olp (Eq. 4)
Where Ramedtwo characteristimchaemlddgiat or s
sters Ldlsr viehe defininng 1t dmreparaktbegee moMecul
ight, A, S, P, Nsi ssathuver atoend,e npo lodr assrpdmd:
omatnespedthievélagt or A+S/ P+N i solall giod&lhowr
stabi Pet gets bd@Ip A (

The findings demanattatesthat patRhRemet er s
|l ue and cr gcahwev egs tfirnagdesdtay ar wei ght anc
mpomMesntws .l | i me Chlapwrer 2t,r eRatvead uaes ca nr eper e
ysical hardening i ndi cTahteorre ffoare, a tthyp iccoall
ovide a gener al rel atamchshhp beowebéaniph
l ecul ar wei g@d ess taesl wendexas Later, Peter s
an eRuam0@r)ovi de a bedn etrh ee xrpd laantaihaemsnhi p
owt h of asphalt viscosietdy omandxkatadne®n . (

opeororfel ati on between asphalt't viscosity

pendent on the asphalt types.

HowevesuygagasshRieg. i1n, it I's highly anticip
nditions wilnsbhatl ween tthlee cpmyn®icd alo propert
di cat arosf,t emhincehgl ect ed in asphatterangi ng s
eol ogi cal performance of asphaltt bi nder s
ntent . tibeerdatr @eaneged to investigate the

nditions oshet weeaomasehatitomheol ogy and ¢

1.6Aging kinetics of asphalt binders

mo

fu

A number of chemical aging mechani sms anc
del eleaasveroposed i n passti astplhdil gassbtiam dee s c
nction of ti me. Il n 1998, P eftl e@asgoinn gpr op o
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mechani sm wdai cshi npprloivifiideed concept of expl ai

proessa(dfmaeshgi ngf sltlagweed |l loyw aging stage wit

agi ng( Featteer son and Harnsberger 1998) . An
mechasprsemsent8d in Fig.

4

3

4
% IFast Reaction PerlodF <oef] ke St &
z $
~0.6} 156 @
3 8
3 ¢
*® )
204 Reaction Products 401 E
7 -y
7] . =
+ P—(/‘W 8
w 0.2 [=] 105§
2 /‘ g
(=} R
g g

ot 100 200 300 20 0
Oxidative aging time, hrs

Fi gbAgi ng kinetics of chemical aging prodt
oxidation mechanism for 80%38RMPgAABR ea PANVal
apparatus (Peterson 1998)

Signi fficratng hdve been tnoaeeddu they drregleanghel
mechanism into a mathematical for m. Il n ear
Sstages separatel yet F®9.6 )e xamgeltdi, IO uMi( &b aur t
an exponential model for descri bhihreg |tahd eas
kinetic models mostly ccohsitdver orhde hprec ees
parall el . For i reg t2adi0c9e), aGedo W@Inl j(Grienper t a |
rate eroanset anmotdelzemdhecbhgangl-opadeh aeaatfiiomst o
aging sta@we demdraazenon for constant aging

However, mo s t of the reported model s su-
reactive asapthféastmaagarangatt stdagect oy the@erresp
components of aspthlmdoinst aatt amgeée nrgeestd taaghee &t
20 1p3r)esasmotd uttbihoins question by assuming that
t feast aging stage in addiwtasespbast hkeeffon
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hydrogen abstract i onncionr peohreaesilnogwadypha whhweay C I
reprgsentreacti ve materials in fast,rehetio
kinetic model @amef acsd n naegcitnegd swiatghet hde Ki ne
constant aging stage.

The méywtGhHhomder and Lev e2dilld3ge gdrGitwaisdear nci bl e
approaecmking asphalt agi ng plinreettisc so fwiatshp h
bi ndléhresr.ef ore, this study investigates the

aging kinetics and the corresponding conte

t heory.
1. 7Asphalt recycling sand rejuvenation agent
Eery year, more than one billion tons o

worl dwi de for Ipasueawr. odlenwetvieons aéphalt pav
be replaced periodically due itno ptahie iscxil caat
surface | ayer. Simultaneonsaiyni agl wageequar
fradmmolanrdecmns.tructi on

Mo st hi ghwayncag@ocderet ai n amount of rec

pavements (RAP) into new nmpd vemmeinrtosn ndeuret a@alo b
The r ercydcfé iRnagPfireosm comBmoOtol ye2@. , Hong Kong :
to 99% (Japan). Rejuvenating agents have b

asphalt pavememcésntwagd RAR.h Soe |fuavre,n act o nmnge rac
frequently used are | ubertil®d8t9i)n g wahni dc he xmaei nndl €
at complementing the I ost | ight components

However, t here ar d& hewmmeesaoth orrd jcuwvmE magtso r,osf
there | acks ianngeuiholdl yf odi adgrnioeesr mi ni ng t he r ¢
Secondcdh,osemmer ci al rejuvenati nag |dognegritisrg do
performance for the new asphasotnl|l mi etvad eaat®
the physical softening performance, whil e |
colloidal stability of asphalt binders. At

benef iacdiogltr epuvenating agent thphalcaeandér ea
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aggl omerates in recycled asphalt binders.

1.8Antioxidants for asphalt binders

Gi veelme successful application of anti oxi
pol ymers and pol ymealsecedmrmadenet hal $ pasebebrth
antioxidants on asphalt binders. lonf faddi t i ¢
t hei doaxpir ombeys sbr eaki ng thhy widraeiagdi rceadcttircamps .
peroxide decomposers (Peterson 2009), Mo r ¢
examined and used For asampl ¢, bUvWdabsor bet
preveW¥c atthael yzed r adi cal oxetdadIoON. ( OSbdv em
hydroxi de anarvetadbaredbltaoackh| ock the diffusi
bi nder by i mproving the adhesi Apebgyee bet
2011 Howhueseera,;otfi oxi dant s ifsotri hahsdpeqaulattrebe e der
aspect s: 1. | ow compadfalsiplhiat y JWiitnid ¢ @glf f €r.
functionality and 3. ' imited wvalidity per
antioxi daalt scoscarmrfidn cappliyasghalnst i aignaegr
if tenm performance cannot be guaranteed.

It is suggested by Peterson (Peterson 20
previous studies may al sd taaitk ea sc a nmpeo ndei nstpse
asphal t. However, harme (@ cort elddidr e ienie engp muodtsie ar c h

functional ant i alga sntgi-oegl ddi atttiiivoens offo ra slpchnag t b

1.2 Research Objectives

The aim of thigesearchs to conduct @omprehensivenvestigation on the changm
physical, chemical anthe currently missing microstructural properties of asphalt
bindess during longterm aging and rejuvenation. THessertations divided into three
parts. The objective dhe first part is topresent the findings othe tendencies of
rheological evolution, lkemical functional groups generated during oxidation, asphalt
components, asphalt microstructures and asphalt molecular weight distrittoditzme
caused by different agg methods. The results are expecteaffier a bettelexplanation
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on the physicochemicahging mechanissicausedby the elevated temperature and
oxygen pressure, and to provideindationdor the design ofmore realisticsimulation
methods for asphalt agy.
The secondoart aims to examine connectieiietween physical features and
chemical indicators imeatasphalt binders. Theghenomenologicatomparisons made
aims to bridge the gap among rheological features, chemical aging products and
chemical compoent information, consequentl{o make the rheological properties
predictable by chemicahdicators The aging kineticswere latter investigated for
determining the dependency of temperature and oxygen pressure on chemical reactions
in asphalt binder agg and disclosing the influences from different aging conditions.
The third part is focused oninvestigating the rejuvenation effect on

physicochemical properties anagcrostructurs in aged asphalt binders. The purpose

isto shed lightsonthe questidn r ej uvenators simply dilute

t

in aged asphalt b i Bask@ onsthe ggjuverthtios mechawiegn t h e m.

discovered, thipartaims to develop lontpsting additives for controlling the long
term aging of asphalt binders.

The overall objectivesof theresearch, as presented in this dissertationto:

0 Examine the feasibility oférpreediogticmadg
and chemical properties with aging ti me
iU Reveal t he mehphadusmbeminoal functional

association a@afndmichrammgter wdt Jram ggaes priod letc u

bi nders under different aging environme

iU Discover connédti opnhsy sl e taWwe epnraogpienrgt i e s,

products, pol arogtmpodredaers viahadd i mi o g
facaforavphalduirngqng agi ng.

U Determine the dependency of temperatur

chemical I ndi catapmpd | aoafd idei xfafgeirneen tt haegi n g

model s on at.he test d a

0 Ildenti f ysbienttweereanc tliaornge mi cr ostructures

antdhdei f f erent type amhdoes$ & gdeceviachl Eogpn agen
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met hods t or ejviav @arhdteicdrh s e medag/r.i n a
U Develop anti atgiogn adadntiolest hdahardenir

as well as the assiomiatliomgofemmcr ostr.

1.3Major ResearchOutcomes
13 .Nlewgi mgt hods dholarintder s

One of the primary objectives of this stud

conditions on the physicochemical properti e
to accomplish the objective: 1. Design ag
temperature | evels and oxygen pressures. 2

that are related to binfier bhaptahtnbiaddrp
di fferent aging conditions and aged to di f1

Theprocedurdesi gaed to-tasimubapbaltongi ndel
Before -ttehrem larntgi fi ci al aging was conducted
each of the binder s taoc csoirndudnatr eb os IAOSHTIKM DL r8i7
asphal't mi xing and AffaespBTFQttoeapmeces,
wei ghed and placed into steeflil aononotfai ameplsal
speci metnhsi.c kTnhheess of astpdramtadgi hgn t medthmendtor
withuséeédt andard PAVch alesadmedtl mvih.i

A warm chamhesr omaesgodisgdneeThedagi ng tempe
was $Hdtwiatth N1AC fluctuatiiom.aTharkhambier or
with airdorrogl abheoentire aging palolcyess. E
divided into four poathens$thndlfakenlbth, f
respectively. Thst® &gimud amet Mot diemt exd dat i
air and at finelhdtt emgevnatsheee fgoir,resHo thdygei Kiogn g
condition ificaref®kradi hg as

An autoclave similar to pressure oxidati
t ypegothrge atAmerhntot o of the autocTlheeadisngr e:
pressure was fixed at 0.5 mPa wibéhOAQre ox)
by using an oil bath. The .&Ct @&K7t RAFeOr at u
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treated sampgl esntwerte i pilvicchea es and taken ot
28t h days, respectively. Oxygen was repl eni
every time after the samples being taken o

PAV wasashseed hird aging method. PAWetreatrt
asphalt binders at 100AC i n atcrceoartdeadn csea myi It ¢
were divided into triplicates and were ag

respectively.t Ar se mangirygopr o hé&dures is | ist

TabllSaaimmary of the t hr eaes pnheatithgordm & @irng i mul

Proce Aging met Aging metf Aging met

Type RTFO + RTFO + RTFO +
iNat aa @il n Aut ocl av ¢ PAV agir
Appar War m chali Aut ocl aj]Pressure &

Film3.1 mm (6.,3.1 mm (8.3.1 mm (50
thicklin 50mm r¢in 50mm sd 140mm rou
Temper 60 N1 70 N2. 5 100NO. 2

Press At mosphe 0.5 mPa py 2.1 mPa c«

at mosphe.!
Dur at 6/ 12/ 15/ 1 14/ 21/ 28 20/ 40/ 60

Fi gttAne aut oc-made farl generating aged aspha

The results of physicochemical character

the different met haondd IRafrettiiseeesretnd teidon nB Psae d
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findings, mbeempagpeg bpboongedure i s recomme

13.Nevchar act emdtzhad dasomhhlitntd er s

I n addition to the conventional <characte
properties of asphalt binderBTkkhah SARAt he
separation, this research used three met hi
duraeghal't aging, rejuvenation and antiagi
procedure of using GRPE€ sscondrodabedque @s]
third method is the relaxation spectrum of

STEM is a type bfohrmhemossope Ee€TEM) t hat
el ectrons penetrating tdwridutgh ha tchinv eqipge ®in
STEM provides mor e measur ement functions
rasypect r(ioBR¥®))pgctron ener gy ELESndd we plecda g ® S c oy
STEMLVEM) .

As previousl y i nuttrioldiuzceedd ,a sS TaEnMsitmapdoyr t a n't
for tracking the eviohutisphaddr lonhgrid ®g$ r uct
processes under difépepuveaprnagengesomyidi fofner,
of rejuvenating agents and 3. Aging proces:

antiaging additives. A photo of the STEM e

FigohScanning tranmimirsscss onpyelfeart raamal yzi ng t

in asphalt binders
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On the other hand, the relaxation spectr
mechani sms relaxing derived from the Maxwe
detailed inbarc#tgcbobiuond tdheobheg of the rel axa
in Chapter 9. The relaxation spectrum can s
|l iner viscoelastic properties of asphalt b
connectedi tal tbensbhemuents of asphalt bind
rel axati on esxpelcotarsu m ewe riendi cat ors of binder

di stributions.

I n summary, STEM and relaxation spectrum
me t hfoadrs asphalt binders, which are mainly wu
and antiaging effitlkncy as presented in P

1.4 Dissertation Outline

Thi di ssertation presents the background,
obtained form an extensive | aborelteowreyn ex pl
chaptensmaandchapt ptglse preseanrch outcomes
descri bedAaboivet bihet tadkst aod studies perf

i s summari zed bel ow:

Chapter 1 provides a gener al i ntroducti ol
Chapter 2 examines the influence of diff
rheol ogi csalofp raosppehratlite bi nders. The results

asphaittrimomagi ng.

Chapteendkfyygensated functiontéermroxpdi zad
asphal't binwest hgateddsi d dter ent agingi ncgondi t i c
products.

Chapter 4 analyses the influence of di ff
of Corbett fractions as well as the associ
mi cr osgirnudtalbrog at ory aged aspfhad tt be nfdiemr st st

ChaptevalSuat essttaiéeshgbongatory aged and r
bi nshegyr GPGvhi ch o1’ hkeowvwalsemlmnendbr oél ati on met
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i mprove t he meacwraemme naf atnhde r ev eiaals pthhael tdi f f
binders subjected t.o different aging condi
Chapi mvesti gates the connection between
chemical indicators including Gauwrscteilo n ald epxr
A further expglterdatoinont hies ecfdredu of differ et

above correl ations.

Chaprtgerves an insight into the influence
kinetics. It Il ncludes a@af cadicrug mk it mat iads n d
condi tinnesx amidnat i on on the compatibility o

Chap8tasmrd CKRapvestigate the rejuvenation e
the chamgdalt mi Chaptueaud 8B wresss.t he STEM t o
conversionmiafroasph@ti apteeppl9 es an indirect
(rel axati oqu asnp daldytartalisms)e std0 o @ an lpe s

ChapltGkevel ops a new type of composite ant
a microcapsul e and tasn aaret ipaxisckainte.d Teos tid |rue
performantaeasahthgtodong

Chaptlepm edent s an executive summary of

recommendations for future wor k.

15ASummaMagp ofDi sdestati on

An overview of the flow diagram and the col

il lustr&ted in Fig.
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General Introduction

New Aging Simulation Design

Chapter 1

\ 4

“ e
“Natural™ Aging Autoclave aging PAV aging
60°C + Atmosphere 70°C + 0.5 MPa Pure O, 100°C + 2 MPa Atmosphere
6 months to 18 months 14 days to 28 days 20 hours to 60 hours
Specimen: 4 SHRP asphalt binder + 1 HK Pen 60/70 binder PART III Exploration of Rejuvenators and Antioxidants
v

PART I Influence of Aging Condition in Asphalt Realistic Aging Simulation

Chemical Properties

Question :Diluting or Dissolving?
On both laboratery aged and recycled asphalt binders

! l

Rheological Properties  Functional Groups Components and«—
“Prediction of long term  “Production selectivity of Microstructures
theological evolution™ Ketones, Sulfoxides, “Effect on the Corbett
Chapter 2 Ethers and Alcohols™ fractions and asphaltene
Chapter 3 microstructures
Chapter 4

¢

PART II Connection between Rheology and Chemistry, Aging Kinetics

! I

“Effect on the content of
large, middle and small

New Characterization Method: l
Scanning transmission l
Rejuvenators:

electron microscopy (STEM) Rejuvenators: X
T~  Cooking & Comm. Oil & = Cocking & Engine & Comm. Oil
Resin-Surfactant “The use of continuous relaxation
“The use of STEM to reveal the spectrum (CRS) to assess the
interaction between rejuvenators ~ softening and breakage of large
with microstructure” microstructures”
Chapter 8 Chapter 9

}

Molar Mass 4
Distribution

size molecules™
Chapter 5 4}
Composite Antiaging Additives:
Microcapsules + Antioxidants
“For a long lasting effect on diluting and
dissolving the associated microstructures in

Phenomenological Aging Kinetics asphalt binder during aging”
Connections “Dependency on temperature Chapter 10
“Effect of aging condition on and oxygen pressure”
the correlations™ Chapter 7
Chapter 6 @
Conclusions and Recommendations
Chapter 11
Fi g8Ane overvbewanfodatthors di ssertation
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PART EFFECT OF DI FFERENT AGI NG CONDI

PHYSI CAL AND CHEMI CAL REPIRAIRTI ES OF

CHAPTER 2. INFLUENCES OF AGING CONDITIONS ON THE

RHEOLOGICAL PROPERTIES OF ASPHALT BINDERS

2.1 Background and I ntroduction

Mostly derived from the petroleum refinery
construction mathearti aab oultt 1i0sO ensitlilmaotne dt otn s
annually produced around the worl d, and 95
industry (Lesueur 2009) . As an organic maf
subject to oxidatitvlee aggs mlgal twhbicimd emband t & f

its perrfeolrantaendc eengi neering properties ( Wen

Asphalt binder aging as a key issue for
studi ed. Landmar k research onhehiSgsratubpgec
Hi ghway Research Program (SHRP) er a, I n  wl

simul at et etrhne asghioarge ram da glionngg of as pehtalal bi nd
19914, Ret el 964, Btr.aalt%h9%3v)e.r The floirimigeirn i s t o
film oven ( RTFO) t o simul at e asphal't bi i
transportation, and construction. The | att
simul ate asphalt bHreder raomidn giscur iThme tmed hloc
widely adopted in practice, not only for
asphalt binders during the aging process,
binders to study asphalt recycling or reju
Even during teeeBbHRPesearchews have reco
aging conditions af fect t he (PAonxdiedrastoino na nkdi n
Kennedy 1998t 1®BPewbBiooh further affect t he
generated during the aging process as well

(Petersen 2009). 1t is generally agreed the
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mecha@Pemert sied9.8)I t initially expéparihces a
reaction stage), and then enters a slow agi
condition remains the same. -PAV,gewhaigd mgai rm
become a wundvdrogalacstedredart i ng asphalt bin
di stinctive advant ages of-t ewrsm nggiPmAg: flo)r

experiment al ti me can be significantly red

as compared withaaoasehgrpueetbgyggnhngoproce:

The fundament al guestion regartdemm | abo
asphalt binder aging, however, still remair
are surfaced Iin recent yehatectre elr @migag o gt h «

Firstly, it i s argued that aging product
generated duri ng t(hPee tneartsuorna | a nadgh Gitga sperisotcaebsts:

al cohol functional groups aaueabehbhigewgd whol

|l i kely to be formed in PAV aging; and the

_;
=5
()
o

ogi cal properties of aged asphalt't bir
realistically distinguish tthebithnrdiee s aginn gf
conditions.

Secondl-yput hagkfAg treat ment by PAV may be
span of field pavement aging. |t i's gener
treatment process can simulyztaBrsadnhnhdtaver i el
all.9983 A recent study showed t hat bi nder a (
equivalent to the aging state of an asphal:
depth from péaQeme2atil.ds)do Waxcerpt tahned cpornaccet i c e
|l ohgfe pavement or perpetual pavement have
The expected | ife span-50f ysach. poemantstd
pavement typds, otrheelrpreg ual paevcoreamisc alr e
and sustainable. Information obtained from
binder behaves in much extended service ti
asphalt binderfse uosredpeirnpeltounag pamgents [eng
term durability.
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Last but not | east, "TWAWstasmpaonl yofaitrhe tS
i mited i nfodGmegtriopprerdn elsi mderfi xed test ter
With the wide acceomtsendcepawvfe mmat hareisstginc pr
mechanic properties of asuwrhed tamd xftruegewe mdi
needed. Thi s further d @ marnhdeso | iomgfi @wrarha tp roonp ¢
di fferent temperatures and frequencies. F
devel oped to pr édyrcd miacs prhad u l6cnoi nxe lumr glsbande
modul i and phase Winglzeask as0 Qi7n pAuKtitsim o(Ref.hgl.a, s p |
binders treated by PAV may be tested at di
information associated with one agsng st a
unknown how the comprehensive rheological
with aging or usage ti me.

I n view of the above chall enges, this st
aging conditions affect the rheological pr
of predicting the da@hhaendeosgiicral agqpmlyanlatmi loi rsde
with aging. These questions are believed t

pavement research and practices.

I n this study, aging simulations were coO
crude oi l resources. Thr eleo-haggrimm ga gtirnega t imre n
environmental cQaanberi mtt adoat médDpheric air

in an autocl°Gvwi tant parbeosustur7i0zed pure oxygen

PAV at a&0Gowitt HO®ressuri zedeace. ofoudvaoiaditoh

all the aging treatments were conducted in
states for the asphalt binders, aging ti me
days, and 60 hours foredtievelhy.eeSamgpIings twes

di fferent ti me points during the aging p

rheol ogi cal property changes. The above se\

in existing asphalt bi nderf raogm ntgh es t uydd teesme

investigation are expected to help gain in

conditions, refi nteertnh ea snpehtahlotd sb ifnodre rl oanggi n g
35



pr

ne

s h
f o
t h
t h
a6
di
ch

edict asphalt binder pr opletr tiys crhoatneggde st hdaut

at-mpdohi ed) asphalt binders are investig

.2 Mzaedi BXxperi ments
. Rhkol ogi cal properties of wvirgin SHRP as

ur SHRP cor@AABlp h AIAIGC AIAM dAbarkked | ocal asphal

inder with a penet rlaé)i owe rger audsee do.f SBiO/ c7ed t(

phal't bi nders have been stored for mor e
emi cal and physi sahnpr apebwet tichbeain geargde bset osrue
dark and sealed containers. Therefore,
ur SHRP bitnedsetresd waenrde rreegar ded as the vir
mparison of t heof he dhleo SiIHRaPI aprpcdmd rtt ibeisnd
portedA6i45) B8AREB sl 99%30wn Tabl e 1. I't sugge:
ear modulus G* andubbeerbeehngignidftcatnt
r AAK and AAM, indicasi wgrehphXaAKcahdyAAlk
e storage period. An interesting result f
eir high temperature performance grade b
0O ,rdd/ s in current thhiendead uies i mu SIHRIPe g ® f t
fference shows that the viscoelastic proec

anged, which may be caused by some chemi

TablChahge of rheological propertfi doubbet wee

SHRP binders

G* ( kePoa ]t (A) 60
PG Grade 10 rad/ srad/ s G* / ski hé 4
Curren
SHRIt emper SHRF SHRF SHRP
A64tonl vy) A64tCurr A64:5CurrfA645 Curr
AAD 588 64 3.1t1.6481.776.40.691.02
AAG580 70 8.172.7688.:89.41.241.52
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AAK 64L2 64 5.4%8t10.280.0(79.91.786. 44

AAMG6 46 64 3.7¢6.7484.(0(82.51.154.20
2.2.2 Agingftveagmenasphalt binders

Asdet ai |l | 'y thirneter oplrucceeddur es were-t demi gned
asphal't bi nder agpemnim. aBeif brei alheadiomg was
treatment was applied to each of the binde
treat ment s, t he Dbi nadceerds iwnetroe sweeieglh eado natnhadi n
uni form thin sample of about 3.1 mm thick.

n

-

N

©

(@]

A warm chamber was used for the first a

|l osed yet ventilated during the entire ag
i vi deaduri ngor tfi ons and taken out for test
espectively. This aging method intends to
ir and at field temperature; thieattioak, t1I
ig .

An autoclave similar to pressure oxidatic
ging method. The aging pressure was fixec

emperature was set to 70AC by wusing an o
etwe€nt67&A3AC.eaRTeRdO sampl es were divided i
ut for test on the 14t h, 21t h, 28t h days.
ressurized to the target pressure every t|
PAV was heetdhifod &@aging met hod. PAV treatm
ive asphalt binders at 100AC iaraateddanc
amples were divided into triplicates and w

espectivel y.

. 2. 3 tThees tr hoefol ogi cal properties by using a
Anton Paar MCRRHAOAmEwiemnDwiaseused for test
roperties of the binder samples. The bind

onducted in accordance swdéep ARSHTIOI MStL5c¢c o0
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to identify the | inear viscoelastic range
conductédt #4omth an equal .Elnevemser e@du eln2c |
ranging from 0.1 to 10 Hz weregutshd aAesekac
master curves wer e otbetnap enreadt ulraes esdu poerr ptolsa t t
The selected redfi @®5eA csep etceimaple rcaatsuer ei sT t he AA
after 18 months of natural tagihreg.r hTehoemebtiend
not be able produce reliable results at 4A

A summary of the plate used and te&t tempert

Tab2D&ER t est confdagrurreaspgomdiamgl ttenmper at

Sampl e Test P|Test Test
Di amet Temper

Virgin and RTF 25 mm 1mm| 52AC,
binder s 8 mm 2mm| 4AC to
Natural aged 8 mm 2mm| 4AC to
AAK -m@dnt h aged 4 mm 1.75| 28AG 8tAc
Autocl ave ag:¢ 8 mm 2mm| 4AC to
PAV aged sar 8 mm 2mm| 4AC to

Note: *AAK asphalt binder after 18 months
rheometer may not be able produce reliabl e

paral |l el pl ate being used.

2.3 Results and Discussion

2.3.1 Compaagiseoxgtse naf gtemeer ated by the diffe
The extent of asphalt binder aging is repr
G*I SihTemper ataurde =R8gul ary=05rréadu/esn)c,yi G*/ Si n
(Temper atanmde e 6@@/ s), and ductility derived
Superfavee liSmnai cates ®msphaligueindseistance i

temperaturesnpliwhilcat & $het thiimmgder esi st anc
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temperatures. Recently, sever al& rewsaetairlcihtey
value derived from DSR-rteed aatt edlatdal redatd ialle grye « «
200Wa,ngt 2a0IL.4 The ductility of aged asphal't
correlated to a otE@dhaget gl DERr d m@ise i o G, !
bi nefledynami c voisscoist $§ ys taddRaugsdn 2a000W)T h €
measured DSRdgawasi oohhest gddnthe &t heseqtui ¢ &l
° and 0.005 rad/ s, which were( Glueemehrat . used
2005)

The three parameters obtained for the fi
aging conditionls Areosétbveni ané&Fghe derive
ductility data from the bottom | ayers of t
(TM36en)d the other used for 29 years (Tol o029
compari son.

Several observations can be made from th

(1)As expected, aging consi stiamtdl yc&drSiimes |
whil e reduces the values of derived duc
figure, the ttarnedn d@ia oSE n§+ mBl ar, which ar
the trdarediofedt dauct i | i ty.

2Q)For the Pen 60/ 70 asphalt binder, both ¢
i n PAV for 60 hours cannot reach the se\
served for a |l ong period of timédatas | ucl
the Pen 60/70 binders extracted from t
| aboratory tests are from a same asphalf

B)For al | the asphalt binder s, natur al a
temperature) of 18 moet hgingsataseli nasthg
all the three aging indicators.

41 t appears that di fferent bi nder s reac
instance, for the Pen 60/70 binder, the
surpasses t he abgyi nagu tsoecvl earviet yf ocrr e2a8t edda y s
hours; for AAD, the severity of natur al
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severity created bytuaPPAY deori W&Od hobwatsi I(IGE
aging conditions affetttyhefappbar énndeagi

G*-sin(0) [MPa] (T=28°C, Angular Frequency ©=9.96
rad/s)
10
9 8.65
8 7.11
7 6.33 m
6 512 [ ]
5 o 4.26 1y M
4 3.04 3 63
3 =.05
2 ] 125 H H
1
o LM
N6M NIZMNISMNI1SM|A14D A21D A28D|P20H P40R P60R
RTFO Natural Autoclave PAV
(@)
G*/sin(d) [MPa](T=64°C, Angular Frequency ©=9.96
rad/s)
0.3
0.26
0.25 [ ]
0.2
0.15 0.13
0.1 0.09
0.06 H 0.05
0.05 002 003 - 0.04 H
0.01 002 0.02
e o e
N6M NI12M NI15M NI18M|A14D A21D A28D |P20H P40R P60R
RTFO Natural Autoclave PAV
(b)
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Derived Ductility

(T=15°C, 1 cm/min)

30.82
10.38 e 037
6.14
435 5, 5.60 4 51
S320272 {96 |‘| |—| 2.07 2.05
I 0 o & 0 =
] ] 0 = =4 - \g =
c 2 2 2|5 5 B|F § ¢ ¢
Z 7z z Z|= 2 Z2|&8 4 g =
[RTF Natural Autoclave PAV Field

(c)

Fi guCempari somelodt eadyi magr amet er s

at di

fferent aging

for

condi

G*-sin(d) [MPa] (T=28°C, Angular Frequency
®=9.96 rad/s)
9 8.35
< -
.
6 5.30 5.49
3 4.03
4
3
2 1.36 L7 H 1.32 H
1 | 048 H
o O
N6M NI2M N1SM NISM|A14D A21D A28D P20H P40R P60R
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G*/sin(8) [MPa](T=64°C, Angular Frequency
®=9.96 rad/s)
0.6 0.56
0.5
0.4
0.31
0.3
0.20
0.2
0.09
0.1 0. 0.05
o.on 002 |—| 0.01 0.02 0 0.02 |_|
0 | —/ M /A
N6M NI1ZM NI5M NISM|A14D A21D A28D | P20H P40R P6OR
RTFO Natural Autoclave PAV
(b)
Derived Ductility (T=15°C, 1 cm/min)
25
20.83
20 | []
15
10 8.41 203 8.19
6.61
5.02
5 3.87 ) 3.77
|_| 245 | o, |_| 2.04
) [l O [
N6M NI2M NI15M N18M|A14D A21D A28D|P20H P40R P60R
RTFO Natural Autoclave PAV

Fi g2aCcempari somelodt eadyi mayr amet er s

(c)

at di fferent

aging
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G*-sin(0) [MPa] (T=28°C, Angular Frequency
®=9.96 rad/s)
12 11.33
10 8.94
8
6.35 6.50
5.78
6 4.53
413 -
4 3.19 3.00
228
2
0.53 H
o O3
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400 1363 42
350 | []
300
250
200
150
100
q
50 1484 868 6.16 470 1698 1247 598 1998 1069 746
0 (| — = = 1 —d o M — —/
N6M NI12M NI15M NISM|A14D A21D A28D|P20H P40R P60R
RTFO Natural Autoclave PAV

(c)

Fi g3Cempari somelodt eadyi mayr amet er s
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at different aging

condi

G*-sin(d) [MPa] (T=28°C, Angular Frequency ©@=9.96

rad/s)
70
60.67
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21.94
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o L= [ o [ N
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RTFO Natural Autoclave PAV
@)
G*/sin(8) [MPa](T=64°C, Angular Frequency ®=9.96
rad/s)
8 7.30
. —
6
5
4
3
2 1.00
1 0.78 031 0.57
0.04 0.11 |_| 0.07 0.14 -2 0.04 0.19
0 = |_| — — o | I—l
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Derived Ductility (T=15°C, 1 cm/min)
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G*-sin(d) [MPa] (T=28°C, Angular Frequency ©=9.96
rad/s)
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45 431
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G*/sin(d) [MPa](T=64°C, Angular Frequency ©=9.96
rad/s)

0.5 0.46
0.45 ]
0.4
0.35
0.3 0.26
0.25

0.2 0.16

0.13
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(c)
Fi gbCempari somelodt eadyi maygr amet ers for the AAN

RTFO

at different aging conditions

2.3.2 Sensitivity of asphalt binder to the

The sensitivity of asphalt binder aging

treatment method& i§d piasemingdsi mfFin@.tur al
aging susceptibility of t he five types o]
AAK>AAM>60/ 70>AAD>AAG. | f 14 days of autoc
susceptibility of t he fiveow ypes hogh,bin
AAM>AAK>AAD>60/70>AAG. | f 20 hour s of PAV
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susceptibility o f t he five types of bin
AAK>AAM>AAD>60/70>AAG. Note that the most
di scussed beeawucrditthiceomad are more | ikely en
It seems that different treatment methods
aging susceptibility of the binders, altho
from thengaandaPAVWgaging are the same.
Figal so reveals that the sl opes of ducti
vary with treatment methods. The sl ope of
aging treatment methods. eHoweXAD,f obhenatuooe
60/ 70 for autoclave aging, and AAD for PAV

i mply that different aging treatment ti me

susceptibility of the binders.
16 OAAD « AAG
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~ ©6070
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Aol I
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e
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(b)Aut oec |l }agvi ng

o OAAD ©AAG

e AAK ©AAM
= 16 6070
S 14
E12
210 e
E S
8 8 n .....................
2| s @

1 8

0

10 20 30 40 >0 o0 70
Time (Days)

(ccPAV aging

Fi geiCGeempari son of the sensitivity of asphal

2.3.3 Changes-rehapedf brmdeceproperties wit

Since aging treatment of as@pdmditt ibd msdears:
time consuming, It i s worthwhiéleatteod elxiand en
property changes with aging time and the p
based on data from a short tihmenapamal Omlgy
conditions were usedi(famr iamddlcyagiosy. oThef aG*l
according ™™o ahwdperhppawdauct i | ity values of th

and after natur al aging treatments are pre:
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Severreaslear cher s report t hat iddausasggbahtg bi nod
mechani sm: fpur hcosddaegsei e@anmn whi ch binder o0x
rapi dly -tasmmdmaadiomg reaction stage 1in which
sl owly and oaMsmoas tl ifnoe aPre tterresnodn MRIDEEAIY it n gne  (
mechahasmal so been extensively discussed
oxidization kinetics and demons¢(Patedsodénom
and Gl aseUsi2fdlaGplpalopebit nedsr after RTFO as
it apptatrksetdwging rates before and after th
G*1 Qiivml ues increase more rapidly in the fi

AAM, while for the rest of the binders the

Comversely, for al | the asphalt't binder s, t
rapidly in the first 6 months and decrease
first 6 months, the derived ductilgty wvalu
ti me. Therefore, it appears thatAidualri ved ¢
aging mechani sms. It is also believed by s
reflects the durabilitytl @28680657joft hteh ea shpihgahl t
|l inearity of the derived ductility changes

possible to firstly age an asphabpubtnder
reaosiage and then to age tmeflirndermshiomtapnr

of time to-tperremdidcutc tiitlsi tlyonlgos s.

S = W A Lo 0 O O
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=)
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wn

©Natural
XRTFO

y=-0.1957x +5.5822
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—
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G*-sin(8) [MPa] (T=28°C, ®=9.96
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2.3.4 Changes in binder properties at diff
2.3.4.1 Linear viscoelastic model s

Master curves are commonly wused to descr
asphal tAsbiindeursst.rtatiesd 9 ubmykaAgi.dzeess sdddn®O A & t
foparameters arehareaedtedar itzoe ftuhd yl i near vi s

asphal tFibrisntdertsheGyg |l whsghmbodult heg compl ex mc

binder at | ow temperatures and very high f
glassy modulus is c¢close to and can be assu
st eadgt e owshciocshi tiysmaapepdr caxs t he | imit of th
when its phasdeadtywe 9OpPpar tendency | ine of
frequency is usually refeThierddltyg aset lte o

freqguenaovhi cchorirse stphoendi ng frequency at a gi v
angl & isn#5the | ast determinate parameter i
is the difference between glassy modul us a

frequeRow}lCGo gl G

10
iy Gg
° 8 R
g .0
5 )
8o
=
5_
>
a4
2_‘ wC
s 0 5 10 15
Reduced Frequency, rad/s

Figure 8 Typical dynamic maseted®d®d)ve for

I n constructing a master curviepfthe r1 hec
asphalt binder are measured in ipesaltiumear \
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and frequentcemper dthwer @ i snieper position princi

shi ft t he measur ed val ues at di fferent t e

changing the corresponding frequentco es. Th
determine the rheological properties not di
al so be used to estimate the rheological pr

Over the years, various model s ctaewre been

curves. A popul ar -Anmodceerls oi(n mohdee t @Mrsiesnt eamsde A r
1992)as shown in Eq. 1.

G W) Gy 1 rgy) 0977R 002 (Eq. 1

For the phasxe faoddloevi ng equation applies:

Uy =90/+# +29R (Eq. 2)
Whed ew s pthheese angl e i n dregd/ee.s, at frequenc

Sinkges typically assumed to be a constan
on only two parametRarsd the ¢heod oglehoeaf r e q
master curves of t het dbtiendear ASh @awn g Mpib@.i
Al so depicted IiRn viahnedett)ioggu(f lees fairgunédesuggest
asphal't bi nder i's aged, the crossover fre
correspPoabduegri sesctdiuoen tion tchreo srseodvuer modul U
frequency is inversely related to the char.
(Ul¥) . The increase in the characteristic I
agiinngduced physamcgpeaeshemi calhechsphalt't bi nder
viscosity of maltenes and the increased si z
ThB vaalnude crossover frequency of each bind

determined in this study.
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driv

cond

master cur veas adfe do mimgdi A @eaRTRAG bin
(= 23

el ati oRamd photpetewsdhmdnFon €Eagh type
binder treated at dRa&anhdrdotp(reeondi t
n the fiRanmex)dom@hddstbodbnaltheéehe bi
ur al condi 1l i onlsh ea rfbas ledrivomit m @i N Fciagn. ble
e figures:
r a same aging treat menRamcdowndag(i on,
approxi mately | inear for each asphal
the same type of Rasphhlogbhbngesr with
g treatment condi t iRurss .¥) lor§g b6bp arPtAVc ul
bi nders are much-o09t aa pagare |dtahba nn dt ehross.
i mplies that the shapes of master
etdman those generated by natur al ag
rated by autoclave aging and natur al
htbtws t hatRvtsh.eyxsodfgogpresaldf the binders
g conditionsshopegurapgel ma2 aowl yhe
, Sgondr &dAd values are very high for
en by the specific oxidation kinet:.
i tion.
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aging conditions
For the asphalt binders subRewcd yYYoghatur
values with ti m2amd eBjisgrewlpeicn i FiegyR 11t app
andy)og@lues increase approximately | inear
R vallowe t he decrygas e hroameeveaf, Ivag( es with &
Because of the |lineRand alpchg@hueds wihehchiameg ¢
predict how the master curve changes with
relatively short period of ti me.
OAAD AAG
AAK AAM
4 06070
AAM: y=0.0433x + 2.7655
35 R2=0.9705 e
S geeT® AAK: y _ 00854X . 17029
B e R2=0.9057
3 e ® |
S o AAD: y=0.0784x + 1.5978
T I — o ®o090
S R g ® 6070:y = 0.0277% + 2.039
, § & RZ=0.9095
.................... AAG: y=0.0196x + 1.3293
L5 | g RE= 09674
1
0 5 10 15 20
Time (Months)
Fige2ThehangRsvalfueh ti me for asphalt binde
finatacroanldi t i ons
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OAAD AAG
AAK AAM
3.0 ®6070
20 . Bt
o [B T, AAG: y=-0.0879x + 2.4026
g & o R2=0.9943
00 |5 T T, 9,
& e T e .}___
Lo |5 e T T 6070: y =-0.1285% + 1.3104
z Tl ® R2=0.909
20 (g TR o
& e O AAD: y=-0.3722x + 4.2449
B0 e e T R2=0.9413
40 |2 AAM: y = -0.2122x + 0.5832
AAK: y=-0.4571x + 3.3944 R2=0.9836
5.0 R2=0.9107
6.0
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Fi gwBTéehangegscvafl uleogvi th ti me for asphalt

finatacroanldi t i ons

2. 3. 4t2 mpiemeature superposition
Shi ft b asteedmpem at ume superposition princ
obtain an Gaasphabdttobpioderprogdeftiegeenti esmp!

than those in the master curve. A commonly

T TT,
| ofrt) Cig (Ea. 3)

wheqTe dfd are binder viTacnods irteyf earte ntceentdp etreantp

T, 1&ni € the constant in WLF | aw.

Al t hough Eq. 3 uses viscosity, the equa:
properties as well, includi nnggltehtec.c omp Itehxi s
paper, G* is wused Tfoorprieldli wgt rtahtei ocnh apnugrepso Sie

temperatures and frequencies as asphalt bi
changeasnadachCrCi ng the binder aging process. S
Figg. Hor each type of the asphalianbki €der , t
with time at three aging couaadidt iClomsadccidt it & e
the nehapso handee®dnr Gl | the asphalt bi nder
treat ment met hods (after RTFO) Theefobmhbiwwnha

observations can be made from the figures:
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()Under different agnhohyg &¢ aeldudiiemge st, h é oR ThF (

treated samples) appear to increase | in
data point of the binder 60/70 and the
natural aging conditions. Whi Ineott he f i1
have passed the fastidagaagqign ¢ tmgeh arcicom,d
| ast data point of the binder AAK was t
noted in Tabl e 3.

QFi dbsufygestasn dfh@tl oGv a | i near r dlygptei,onshi

treat ment met hod, and treat ment ti me af
l i near rel atiaomdhC pl fbetthwee echatCa poi nts f
severe aging states (18 months of natur
the bindeemhAkdamas outliers, the follow

be obtained to depict tihaedg€ner al rel at |

C,=7 C3+t® 3. 58, 9533 (Eq. 4)
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bet waamadfC&€r each asphalt binder
BAAD © AAG
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60/70
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]
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Fi gwbRel At i onshiamskfb@rt wvaeleln tthe asphalt bi ndeé
the treatment methods (after RTF
Because of the good Ili.aneaCi rethei ohahgp
with time is obtwihbdiimbecahanagsadgbeCeasi
Forfandnt asphal't biimwdietrhs , t itfinea t acahgagnngge s i n
conditions ar& sihowrm imdFicgtedwitthlmatt ithe c
generally follow a |linear relatiiameéhCp. Th
val ueesd ban | i mited test dat a.
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35 - AAK ¢ AAM
©60/70
30 ) AAM: y;(i%sggi;n.m
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FigwChahgewi oh Cifmataangdenrg condi tions ( Not
data point for AAG with 18 months of

2.3.4.3 The prediction of rheol ogical prop:e

Asdi scussed above, sever al findings are |
(Eq. 1) that characterizes the master cur ve
TTSP. Dur i-tnegr m haegilnogn gof Riswalalkede ebsadewst ht A
time, and there is a ver yRvgaoloude laghnde alriogr el at

changkRegealimes with aging time not only dep:

treat ment method. However,efort apsapagsnetst ¢/ pe
reacti onRvsatlaugee ,grtohrves | i nearly with time. Th
be first aged using an accfslpardaaetdi mat bBbdge

—
=5

e binder may bein & udactodnietri amgewi t mi m anolriemi t

data on the treated bindetrercrmnc hRhreigaeldueo fu s e c

Q
=]

d (o,g whi ch can be further used to esti ma
The findings aligsal uaeveWllFt behqautattitoen @Qppr o
grows | inearly with aging time, and there |
and. Cln fact, the | inaadi €elnatti canfdheicg elde tby
treat ment met hods or biangdenrg toyfp etsh.e Tbhienrdeefro
ispareacti on stage, one can use i1bhdég Cest de
based on which the rhealpdgidd dIf eprecmpgenteimpse r (
test frequencies (wietghiionn )t hceanl ibnee adre tvei rsntionee

The prediction procedure may be il lustra:
binder AAM has beemphndasdt agre dsttageaies. d.he
reduced temperatur e atnar/ m mpardgaicmegs)s.,, Durei i@ yt

thin film aged in a more naRamdwi tcho ntdiiniei,on

such as the |inear model obtained in this
R G. 0t4 28 7 6 B55) (Eq. 5)
Lo@d® -G. 2122t w=26). 5832 (T (Eqg. 6)

Wh e Ries Rt hwvea¥iciue cr ossoveti § raegiureq ctyi, mea nidn mon

62



Based on tRevaglmegli oned can obtain the ma
compl ex modudnugl eanodf pthhaes ebi nder at di fferen

t he ChrAnsdeernssoenn model , 4dasnd |[Biugs.t rlated i n Fi

08 888§§§g=
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FigBPeetli ction of AADa sbei nadnegrl eu soifn ga g&A mo

One may further deviatleet wetbhaggegoti mee
C:=0. 918 34 . ¢4 BB5) (Eq. 7)
One may devabdaeethsi g a separate regres:

accornaiimgCclan be predrMicthednifgrhomc@uracy. Th
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may det gefrrmommet CearElgv €l14due s can be used to ge
factors at different temperatures based on
at the refetueeceahnhemeperused to generate t|
temperatures, &@&s It sbBowatedatit nt Fegpr adi ct

val ues match reasonably well

[
oy
J.Q.LD
b0 OTested results at 4°C
5 Predicte
L3 . ¥ O
d (4°C) Predicted PredictedPredicted (32°6) OTested results at 16°C
(16°C)  (28°C) (40°C) N OTested results at 28°C
@ Tested results at 40°C
! @Tested results at 52°C
0
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0 2
Log w, Rad/s

FigwWwmTeelpredicted G* atfdeffienentest émpet hEt

AAM aft erfin &t @aogaitnhgs

The rheol ogical properties of an asphal
temperature can be predicted bafedabnoet hre
with time, XJwihthtei méh ahagletcbde@ gwe Rl aocdrrel at
same type of asphalt binder agedornCa spec
with time. The prerequisites areispbat the
reaction stagetand aqidreg tar ecaotnnget ant condi i
identify R#Ee1€rov@tde ©f me at other aging tr
Such information may be used with temperat

mi xtbahaesacteristics to predict the evoluti:

2.3.5 Development of a physical aging inde:

|l most stspeesfic physical properties to I
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includghl:tdmpdéli at ure parameter such as absc

2. Il ntermedi ate temperature parameter, for
these parameters cannot well reflect a mor
nat ug,e heestiffness of asphalt binder. Dur i

indicators wer e adcdewe ldohpegd tefsar oa s pdhyanlatmi ¢ s h
(DSR) or dynamic mechanical analiysxiludEeDbMA)
t he f attiogyue UGG*He&Simutti ngluiflaectloos s UGHHE St or t
dynamic complex compliancde*St 0F| , antdeskepdye
t habtained from the -bsmpklat ube Tthagst s dtehmee
char aicaa eppricsperties for asphalt physical har
using above parameter at atbevénttgmpepata
G*I1 SliaR8 and 10 rad/ s, t hia6rduatntdi nlglL &rtpaedt/osr. G*
a fdeew e vamdbtatbes SHRP parameters were dev
closely <connect with the asphalt durabil i
i nstance, wi dely acknowl edged ®@d@Gmet er s i
( Gl cemer®250) and -Rthhwe Gp @wv & meifyseiiy R o0Gve (2c0olsl ) .

As a singl e f eatlquae ngiyv esrwetegmper ature or
sweep at a determined frequency (aiss known
noatdequate to character its whole viscoel as
devel oped to laigment se anestf odat a fcronti Nnuous
asphalt binder. Firstly, the most widely wu
cur ve, of which a shift factor is applied
time temper at ucrieplseu papnods iftoildmnm wpsr ibny a f or mat
As investigated in this study, the aging of
shifting of the master curve. The second wi
which i ®dcdrystdraewti ng the phase angle versu:
According to Rowe (Rowe 2011), the bl ack s
mat eri al change with aging, and it is founc
to theofchRRnwgel ue during asphalt aging. Neve
guantitatively by the shifting of master c
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Therefore, the most critical problem in
becomediettthetr Wloes the shape of the master
or not during asphalt | ong term aging? |If
shape brought by the asphalt aging, it wildl

of masctuer ve or bl ack space curve.

As introduced, the four parameters def i
glassy moduli, which is normal |l y -sctlaotsee t o
viscosity, which is also amppreyhmadtedpacith
of the dynamic viscosity at | ow frequency.
far, we observed that the R valwue and cr oss

asphalt binder during atghergsladpe dceomendntbc

asphalt types and specific aging environme

As introdweee, tReanavo critical par ameter
of master curve. An example is the CA mode
the R. aGdnerally, R value r epraexsiesntpso stihtea ocnt

angrepresents the char aetxarsi toisd tri eodhuc e D efpr
the finding of a l|linearycdetrtahgoasphphpl beage
reasoned that wunder a specific aging condi
can be shifted back to the master curve of
master curve of the virgin bindeccoadibg sh
t o tydreelRati onshi p.

An example of the shiftiR2dFiofG maws etrhe ur \
master curves of wvhrr dirdhOaAhAMECBNVNdgedaAAM20i n
The master curves of RAWT ralgendg btion diehres nmaerteh c
Tab3d elt is found that a smoactomsitmwuedgrat aevd i
superposes and extends the master curve of
master curve of PAV ageerdp obsiendd ewi tihs tnhoet npaesrt
the virgin binder. As observed, the stiffn
|l ow reduced frequency is a little higher t
due to the IincteaetyiGabokEnewnadygy the sl op
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approaching | owest frequency) of asphalt bi
t hat eaftr ehguehncy, the mater curve shifted f
binders are not ceocamphl eottehleyr oevietrhlearp. Wihtihs f i
the glassy modul us mayl Gpat, kKeaep ngt aspbahst
theref dareaenpetriameir e superposition principle
extreme temperature or ti me.

Above result i ndi cates that in addition
asphalt aging also causes the change of r aft
change is slightly occurred at highmher and
curve basically wild!l not change during <co
indicates that the master curve is not onl
of a specific virgin binder, buedastampthe r

Virgin ®PAV 20hr ®PAV 40hr ® PAV 60hr © Shifted PAV 20hr © Shifted PAV 40lr © Shifted PAV3 60hr
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Figa@éde shifting of master curve of PAV ag
virgin AAM bZder (T
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Tab3Séhi fting methods of master curve of PA\

asphalt binder

Reduced frequeComplex moShift c«

N

Pav

D

Pav

| o¥g vi-lg0o¥Wg prav=2dlond Reav 2®Rvi rgOn. §( +1. 615,
| o¥g vi-lg0oWg pPav=20n9 Rrav #Rvi rgOn. {( +2. 945,

Pav 6l owg vi«lgo®W pav=60nr@g Rpav eRvirgiln. J( +3. 839,

*G) -R9 t hGsS(-RG-( &) =R=0. 39 ré)(

Accordi hgnearthel atimdsbcpvelfre® andt hbg
2 11 1sa& " ( E])

We define a shift index of dtehger emeast er cul
) SA S5A 2 2 Mp 6 JSA SA
p — 2 2 (Eq. 9)

As shown in Eq. 9, the shift factor is d
master curve of mageéer bcondee andvihegin Dbini
degree of an asphalt binder can be simply
and calculating its R value and-lowgossover

coeffic
degr ee
of agin
Tabd el t
rate of
60/ 70 b
AAK bin
to phys
that ca
condi ti

indi cat

ient A. Fordam aspbasttami ndgrn@agedn
I's proportion to the difference of
g shift index for all the aged bind
i's f oundéOt/h7a0t bA ANGIl earn dh aPveen t he r el at
aging shift factor during the thre:i
inders are most tolerable to physic

der s s hroewa ¢ ihreg hr ggthe saf islkci ft factor

i cal aging. Therefore, the aging sh
n universally apply to different tyrg
o nmo rHo wneovrekrs, on validation of the r:
or are needed in the future study.
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TabdAgi ng shift index of different aging

Aut ocl av

Bi n(RTF|{Natur al agiday PAV aboan

6 12 15 18|14 21 28|20 40 60
AAD|1.0|2. «3.¢6. 6. 72.¢3.((3.42. 4. :6.
AAG|IO. 3|1. (1. ¢2. 2. 41.32.%t12.¢212. 1. ¢€¢1. ¢
AAK|1.3|2.%!4.¢5.:8.¢2.:2.¢3.¢{1.¢3. 4. ¢
AAM|0. 5/3. (4. (4. ¢(5.¢2. (3. :3.411. 3. 4.«
607(0. 3/2.!3.(3.4.%2.01.°2.(1. 2. :2."!
2.Conclusions
Asphalt binder aging is a key issue for ac

studied. At-tpresdémt m movdetmma(nRTyF Q)s eids t o si m
shdgretrm aging process of asphal't binder, v
commonly used tot egimmuagaitneg tphreo clesrsg |t h a:
however, that the physicochemafcfa¢ ctpedpley ta
treatment conditions. A systematic study w
aging conditions on asp-hattm bBghdgrtpeapment
were applied to five typesnsof Keyphhalntdi migs d
study are summarized bel ow:

1. There is an interactive effect between t
susceptibility of asphalt binders. Agin
not agr eesuwictehptaigoiinig t yin asdaceoankde d i boyn a i moe
without high pressure or high temperatu

2. Thifnmnl m aging Ginnadteurc @ & d intoir cen S qgui te e
accelerated aging treatment .

3.1l n using tAed€hsbsat emosreihz et oa spharl &c thei nd.

relationsRapd ¥Yhetapweemppr oxi mately | inea
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asphalt binder under a same aging treatn
relationship varies with aging treat men!
Il n using iLlaid®irlrlyi aanvéLF) equation to che
temperature superposittainanf @olfl oas pah all it n ebe
rel at OnsRI@R3 (6§58 regardl ess of asphal't
treatment tmetahomeéntand me.

Once t-hermomaging of an asifhargabitnoar h
stage (underfidiula¢ talgé oy rheefc vtadheu dng O f
Ccancktd€velop |linearly with time if the a
Terefore, it is feasible to use data ob
to predict the evolution ofs tvh e cwhedlae tg)

properties with ti me.
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CHAPTER 3. | NFLUENCES OF AGI NG CONDI

FUNCTI ORRALDATI ON ®PIRODOWF ASPHALT BI NDE

3.1 Background and I ntroduction

3.1.1 The use of FTIR to idaeasphfayttbei dae¢ m
From chemical perspective of view, t he agi
change of functional groups. In the oxidat
groups are substonuaedi byg f biencudl ktgagneeho ugsrloyuy, p ¢
generation of polar functional groups domi
(Peterson 2000, Peterson 2009) . It is also
in different asphal't structutr alonc ermyss ictall
properties (Peterson 2009). Therefore, eff:«
the chemical functional groups formed on a
the functional grouping duridnguas@amal tAi ¢ x il ¢
Lu and I sacsson 2002) . As shown in Fig. 1,
functionalities in oxidized asphalt't mol ecu

Harnsberger 1998).

s | | »

Poly- Phenolic 2-Quino-  Pyrrolic Pyridinic
Nuclear m lone (1 (1)
Aromatic Type (1)

U
20
o _ Cio P2 0
] ~ x

—_— —_— p C§O S0—H o -
Sulfide Sulfoxide Anhydride Carboxylic Ketone

(1) (2) (2) Acid (1,2) (2)

(1) Naturally Occurring

(2) Formed on Oxidative Aging

Figure 1 Chemical funenhni oxniadatiziesei magiasg h@P

Harnsberger 1998)

Foustiramsform infrared spectroscopy (FTII
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anal ytical technology to evalwuate the agin
good sensitivity of functional i nformati on

of t he mol ecul ar structure by the atom vi

povide high efficiency in distinguishing r
functional groups in asphalt and can perfor
However, despite the high accuracy and eas

FTIIRR that the si mil averlappedirainfrarédspectraifmonal i t i
additional identification methods of asphalt are perforffederson 2009, Smith 2011

This issue will be discussed later in the analysis method of FTIR image. In summary,

the commonly detected functional groups in FTIR spectra of asphalt can be sorted into

three types: the aliphatic groups as shown in Table 1, the aromatic groups as shown in

Table 2 and the oxygesontaining functional groups illustrated in Table 3.

NotatthI t howudcgohntraiitnrionggenf uncti onal groups
binder and they have potenti al influence
functionality can be hardly to be observec

concent ratm dmeorovfer|l apping of othe+sr functi

containing functional groups are not figur.
Table 1 Main hydrocarbon functional group
PeakPosition Functional groups | PeakPosition Functional groups
(cm}) (cm)
29502925 C-H Aliphatic hydrogen 2850-2825 C-H Aliphatic hydrogen
Stretching vibration Stretching vibration
-CHz, -CH3& -CH: -CHz
~1450 C-H Aliphatic hydrogen ~1375 C-H Aliphatic hydrogen
Stretching vibration Stretching vibration
-CHs -CH3& -CH> -CH>
~725 -CH2 Bending vibration
-CHz
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Table 2 Main agroonags co ff usmmxcgh alntalbi nder

PeakPosition Potental functional groups
(cm?)

16001580 Conjugated ring vibration
Cc=C

1620-1680 @ C=C Stretchingvibration
c=C

~875 ::jgﬁ E:R ;;:gR
=3 R
R, R , R
1 2 3

1. 1.3-disubstituted benzene
2. 14-disubstituted benzene
3. Pentasubstituted benzene

~805 R R R R
R
R R
QQ & G O
1 RYR 1 R'IRR
1 2 3 4 5

1. 1,2-disubstituted benzene
2. 1.3-disubstituted benzene
3. 1lA-disubstituted benzene
4. Tri-disubstituted benzene
5. Tetra-substituted benzene
~746 R R
axat
1 2

1. Monosubstituted benzene
2. 1,2disubstituted benzene
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Tabl e 3c ®Oxtygiemi ng famdtp othant igadd ugess pphga Iptr o c
binder in FTIR spectrum
PeakPosition Functional groups Potential
(cm) Compounds
~3260 -OH (associated)Hydroxyl Carboxylic acid,
~OH Alcohol,
H'* Hydroxyl
(sensitive to water/surface moisture)
~1260, ~1300 C-O stretching vibration Ether,Ester
‘ oH Carboxylic acid,
——C—O0H Alcohol, Phenol
‘ Tertiary aIcohoIs@ Phenol Hydroxyl
~1160, C-O stretching vibration, Hydroxyl Alcohol,
~1080(seldom oH oH Hydroxyl
observed) —CH/ <:§
\ , Secondary alcohols
Ha
——C——0H Primary alcohols
(sensitive to water/surface moisture)
~1700 C=0 stretching vibration Carbonyl,
0 o] Carboxylic acid,
” ” Anhydride
Ar——CH ArR—CH Ecter
~1030 Sulfoxide Sulfoxide
O
I
I n most existingtstheairdonyd ©Ooodp ngj

(sul finyl

The t wo

recodnngpdadn@iiprgoduct s i

representative funct.

functionalitylals carbpatuitolne@ @90 h c mn d

absorption

to be dependent on temperature

1998) .

S

physical

recent |

y

b a ndT hdeto r arbmdf U te ®1t003n0e sc mrah du 8 d |

onal

knoc

n .asphal't

t he i

groups

nt e

f oxi

anat.oxlygen

commonéevomgmntereatdidoghtd yk correl at ed

properti eet.od2 Oaldle td. WalsOulhda)l .t

st u doioessiu | sf gk edsetksectolmatehoel
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-

heol ogi cal characteri,sPtana20b2psphalt (Pe:
The oxidation efniaspheldt riasdiamlaute@macti or
carried out by three steps: 1) the break

pol ymerization of ther eaamsraangamendt bofndhr am

or rings. Since asphalt is a very compl ex
the reactive molecules of asphalt Shoul d
selectivity. For exampleaend theydrn agen catrdmna,
benzylic carbon are relatively high in aci

Briefly, the mechanmsmgohgasaphdalthel pngduct

sul foxides are i1llustratedeasasihpolall ¢ wimog ,et

(7]

trongly associating component s, R refers

components or hydrogen:

1. Il nitiation of free radical s:
Ry R, Ry R,y
Asp (‘:H e Asp—(|3~ Asp (‘ + 0y — = Asp C00-
L L i (Eq.1 & Eq.2)
2 . l ncrease of radical chains:
R, R, R, R,
Asp CO0- = Asp; iH ——» Asp COOH + Asp, .
R, IL R, ;‘2; ( E g . 3 )
R, R,
Asp COOH —® Asp CO- + -OH
Rz Rz (Eq. 4)
R, Ry Ry Ry
Asp COOH + Asp,——CH —= Asp lo- + HyO + Asp, i
Ry Ro Rs Rz (Eq. 5)
31 . End of radical chains: Generation pat h\
R, R, R, R,
Asp (|:oo~ ~ Asp, COOH —» Asp COOH = ASp;;—-(L'OOH

| |
R " : R (Eq. 6)
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R, R,

Asps C 0O0H ——» Asp,——C——0 ~ - OH
Rz Rz (Egqg. 7)
32 . End of radical chains: Generation pat h\
R1 R1 IICI)
Asp—éOOH + RS8R —= Asp—COH + R-SR
2 ke (Eqgqg. 8)
33. End of radical chains: Generation pat h\
R, R, R, R,
Asp (|:0- ~ Asp; (|:H —— Asp COH = Asp; (:3 g
;L rla; R, Ra (Eqgqg. 9)
34 . End of radical chains: Generation pat h\
R1 R1 R1 R
I |
AS 0 + Asp2—(C—R3 — Asp—COR3 + Asp2—|1|}
2 RZ R2 R2 (Eq 10)

0 X

ag
pe
bo

Eq.

pr

fo

al

Due to the oxygen from ancospegler(d&,qg. frlee

ygen. Then asphailncrmoaseec uby Icdhisas nofwi hydr
combination of new asphalt moieties. The
the process of disproportionation react.
to Eq. 10 preseagmrtacttheonemdhdoft htthagealaian i

Il ng products. Eq. 6 and 7 show the gene
roxides are attacked by peroxyl -Oadical s
nd and generationthé genemati orEqpat8h sdfo:
| ustrated, the ketone and sul foxide are [«

9 and Eq. 10 present the generation of

oducts are formedi fhgo wX thbhiohnech @nfo | hyy d rco pseprl ¢
'l owing the step 4 and 5.
Note that there are two pathways for t he

cohols are formed concurrently with the

(Peterson andp6Glrasdrt BAAadlijwhuild itfywmes ta fo naallc adbh

t h

ey |l ocated at | arge mol ecul ar aggl omer at ¢
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second type of alcohols are called the pri
shown i nsFiggou®s ©DHi alcohols are attached
side chains on aromatic ring and should ha
(Peterson and Gl aser 2011).
Recentadlyaodelodoti ced as a major peosdoanot of
(Peterson and pGlaahseserdy e2nlelrldt bpnaomodi toédl d
oxi dati on.lmedha ncioshmtl atrdiscadncloghen esfiaa tsa mi | ar
effect on Vviscosity.OLIncs edith.e B0 8do ftohuen dk et
generation of ket opédnt addgrad cathiodis x pdrua d ensgg
bitumen. Another recent study reported tha:
at the same atsipnhedITti{Rboyx i @andedof ka, 2011).
Thsee f i sdgotghsatt a variety of hoxdy gpery | an

functionarfeogmedpsguring t he agadxnyg eonf saisnpghlael

bonding is existed in a variety of chemical
met hoxy and heterocycle. However, as il |l ust
absorpteongt waaed overlap in the I R spectra

groups) and et her (et her groups) ar e use

functionalities in this study.

3.1.2 Test and analysis methods of FTIR

I n FTI R measur ement process, t wo modes &
mol ecul es. Te ans mss&,0bn whhoeed t he iinfrare
penetrated through the thin film of aspha
widely apearkdei nsthei es as it is the basi
measurement. The shortcoming of the transm
thin filmis relatively complicated and tir
an asphalat ftihim enough to | et the infrared
common method is by solvent casting the as
(KBr) plate. However, the evaporation of t
as solivdeemtc er,esmoi sture absorption and fil m
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w h

t h

e above disadvantages, an advantageous as:s
at it is goodd&cdnmpM:i ed with the Beer
o - aw (Eq. 11)
ere A=-alsxrtharcad,on coefficient, | =beam

ncentration.

On the other hand, the FTIR measurement
stlayteyhwuated reflectance method (ATR) mo
nvenient measurement way by directly cont
flection el ement (I RE) and thus can be wi
jonrncommg of ATR measur ementds ilsaw hsapedtsr a
ast.ra2015). The reason is that the depth
ATR mode is not only depends on the wayv
diodest est sampl e @lta stelrea Pwalvse) . | eNugntnh ((Nu n
shi kida 2008) proposed the penetration |

AD S (Eq. 12)

ere dp=penagdrredtriacr i @dep ti hygreexf roaf c ttihoen pirnidsen
e matrerrciiadlent angl e.

Therefore, researches have argued that t
$@able to study the asphalt oxsi daatw oann dd u e
the refraction index is different for d
searches existed to validate tmenadevi at i
oups measured from ATR mode with the tr¢t
vertheless, some efforts have been made
usi-lmTgl ATRor quantification of organic gr
is believed that the spectra form ATR mo
ansmi ssion tes&t prawt occaonl bief atchceur Be ed y
netration depth of the evanescent | R wav
Il n a@tboerni on, becalbse by Earsthegevesi f
curacy of concentration from transmissi ot
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from both measur ement modeuadin e asi vel amali g
asphalt oxidation. Aoulodo dn epvrearc td acnep arse tthhaet
transmission mode and spectra from ARM mod
the ATR specthTalahpamadutsf eBased on the abo\

results of different typreabdsep hdaulet st oarteh ec orr

index ratio is simslaspwathsn(di 68etentt. 6§66
1997) .
Toguant il tgaatlicwd ate the | R absorption of f

met hods are usually ampet hede t(.@mAe0 1i8s) twhhda car
extracts the amplitude (height) of t he se

inconsistency of the results from differen

met hod is seldom applied ridns,n otwaed alyismirteastei a
amplitude method comes from the inconsi st
di fferent testing environments. The second

the band area around the sellecntoetd ap ewrkisv e rE
technique afkf dodhtes dhdvermadeeto define the |
mo s t used way to calculate the area of se!
met hod, which identifies thentpeak bgl & dhtee
functional gr ouepts a29Pmi8t)h Zhilks, mddhhod i s de
and is still honored as one of the best av:

(Peterson 1986) .

For both met hods, i texiudtfemse aofs amee mplr @
wel | as the existence of a same function:
deconvolution method, whi ch separates the

di fferent principles. Thimahky nde ©éd amem&s h@:

et. aRP015,etMaabsOalcd) . However, al though this
di stinguish the gathered functional groups
wavenumber for specific chemical bonding s

spectrum of anecotnytpae nass phhaoluts,anids of possi b
the chemical mul tivariabl e. Once the decon
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assumed functional groups with certain wa

becomes a mat hemaampglad ipsodbhewn An Eabl e

deconvolution model of a specific function
met hod i s obvious: | arge time consuming an
mul tivariable is needed.

Tabl e 4 A daxhempioedel compounds for deconv
peak at ab@utastTad0 Lin)

Model com| Peak Loclat| Absorpti vit
3l ndol eprop 1735 12239
Benzoic ¢ 1722 12397
Cholic a 1734 13051
Lauric a 1736 13731
Phenyl oct 1736 12966
Above introduction discussed the two mea:

met hods when using FTIR to measure the agi:H

ATR mode is selected as the measuring tech
speciAmnisntroduced, two points area met hod
content of specific functional groups.

After applying the area method, the spec
be either determined bybyhdiabdohgte vaefaee
The absolute value of <carbonyl area has be
is widely known as the CA. On the other h
functional group that I's icheemgiatl i vaegi tha . t
example, widely appliat o dé%obrr etnicee baarneda aits
1460 andl 1®@7Becmreferencatar®@@O0bmamducdes bioh
2920 and! 2866 smm of b an'tanadr 2a€0b atsweven | 6 @G
the osfumbmand ar eatlared we®Mha I6tOmMt cen char acteri z

can be seen that the only diversity in diff

82



reference

S e

X T
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—
c
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3.
3.
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~—+

2

2 .

area chosen. Therefor e, before s

sitivity of chaengeeanddrfhgrasphaétengn
n summary, this study is performed in t
ntification of tHerfmunatbhioomdlorpyr adledt |2 S|
mi ne the effedt tofondi fofnert diret saeqisnd iovon y
as. The second phase investigated the i
duction of chemical functionalities. [T
ones and suldmdki desohadlhse @aerteheabkbso exam
ctionalities.

Mazamredi BXperi ment

1

Chemi cal properties of wvirgin SHRP a:

Four SHRP asphalt binde&kAD-1, AAG-1, AAM-1, AAK-1 anda Hong Kong widely

used Penetration 60/70 asphblihder are used in this research. Some selected

fundamental chemical properties of the four SHRP asphadiraven in Table 5.

Accordng to theelementdistribution AAD and AAK is the high sulfur content

asphalt while AAG and AAM binders show a much lowelfur concentration. At the

same time, AAD and AAK binder present a much higher heavy metal concentration

than AAG and AAM binders. From the prospective of aromaticity of asphalt molecules,

AAG and AAK binder shows a higher aromatic content of carbotags, AAD, AAG

and AAK binder present a low wax content while AAM binders contains a relatively

higher content of wax.

Table 5 Fundament al chemical properties of
(Jones 1993)
AAD-1 AAG-1 AAK-1 AAM -1
C,% 81.6 85.6 83.7 86.8
H, % 10.8 10.5 10.2 11.2
0O, % 0.9 1.1 0.8 0.5
N, % 0.77 1.1 0.7 0.55
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S, % 6.9 1.3 6.4 1.2
Vanadium, ppm 310 37 1480 58
Nickel, ppm 145 95 142 36
Aromatic C% 23.7 28.3 31.9 24.7
Aromatic H% 6.82 7.27 6.83 6.52
Wax, % 1.94 1.13 1.17 4.21

3.2.2 Aging treatments of virgin asphalt bi

The procedures of | aboratory aging simul

3.2.3 Ext ryaecatri ofni edfd 2299 ed asphalt binder
HMA pavement sample cores wemg Kohdgecte
Sample cores were taken from the pavement i
structure of the extracted core from Tol o |
The sample cores obtained from the fielc
OGFC, BWG, and five slices of RB. OGFC and
analysis in this study because it had been
radiati on. Field bitumen samples were ext:
accordingrtdo ASAiM dPL4d1da DRLZBMor omet hane wa:
extraction solvent. Bitumen binder was rec
a rotary evaporator accer0md.tExthacsedn:d
binders were exeannsiunreed tbhyatF TdliRe htloor omet hane
during the rotary wevaporation as no ident
wavelengthiofth265T¢R spectra. Tot al Si X coc¢
and corresponding x36 actpeedi mMeMms cwaracteer in

functionalities of asphalt binder under fi
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Figar®ne of the sgmmre Toboedhi ghwmy29 hat u:

extraction

3.2.4 Test of the chemical properties by u:¢

A NicolRTIIShb&cbODomet eFTWRBRstuseAd Ifdrhe samp
measured ustaed tthtealatntemlueact ance (ATR) mode
range wast dd0®®O0 c@dn ti mesresahutatomdcwmas set
sample. To eliminate the disturbance of surl
ab0ofor 30 mineses Alkforke samples were tes

result of measurements was used for quanti:

3.3 Results and discussion
3.3.1 I dentificatiolRTIOR the aging products
TypiFcldd® ectra of -apreagediBhRa@g®ddraa® 8aut ocl ave
aged, -haonudr 6FOAV aged asphalt binder i' s show
comparison, alHTIlshhecabsor banoermbl i zed to
spectra displaying tHttowadedsemhshustomt ad@0
better di splaying the evolution of key ox
groups oObserved are in good agreement with
sul-daunmt ai ning mol ecul ar types ay ofelld hase t
mol ecul ar types (Peterson 2009) .

For the aliphatic and aromatics functior
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Tabl e. 1 and Tabl e. 2) are observed in dif
is the AAM binder WwWhaindh apr adenle tRalSIRewimg u e
spectrum displaying thto wavy@l emAMhbifmoer 1i0
shown in Fig. 12. The wiudpebtadaltkteamm@Ebhen
indicating the AAM binderatceadnthayidnrso caar promp o
virgin molecul e. It i s observed that this
aging processes.

As depicted in FigcoBtaonFng. faB8¢ctitdrealox
include the peall hgtdr ancy lddild)r,,3 3 DNO0@amcbmo ny |
C=0), 1'zoa26M -E@Ggroups)(hydeo6xygmOBy, phenol
and 103(0udmoxi de, S=0) . Among these funct
carbonyl products and sul foxi diec plr oagicng m@n
(Peterson et0001,99NMar.t ilnt presents that both
band are obviously enlarged in all/l the age

binders. The outstandi ng pgeaku pasmpilni taugdeed oafs

binder indicates that the asphalt speci men:
again that the characteristic band is an i
instance, carbonyl matewsitaihnhcreefwertr f t det ICe Oc
This peak is an integrated absorbance of

carboxylic acid and ketone compounds. As i
mechani sm, carbonyl productosr madd f ®uinf otxhi e

hydroperoxide precursor.

The hydroxyl functionahndraoalfp smpepacedd:
to mainly come from the aging products of
band at ti3s26mMorcem obvi outsi faisedi ti nc aanl Ib et hied evni
binders. While the exi st insc es eolfe dtuinwce iocom atlh
sources. I n gener alli st hneo rbea nndo taitc eaabboluet il1nl 6\
AAD and AAK binders.bsSemoddeadldl gt et Wisbdbanded
Pen 60/ 70 binders. For natur al aged and au
band can be slightly observed. This findin;q
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depend on both the agtiynwyges.ondition and the
However, it 1s inevitable that these two

from water because the surface moi sture <ca

avoid in the FTIR measurement by ATR mode ¢
up . Thus, i n order to prevent t h@H potent i
functional group is not taken into conside
will be analyzed individually. G sihneglod her
bonding is often ignored in using FITR tech

This group i stasnhdowrd,6a0wicinB @0 mam ori gi nate fr

anhydride and carboxylic acid cormpaowmrdds. I
aging products. At the same time, a propor
as the phenolics may also responsible for
Il n summary, ket ones, sul foxi des, et her s
aging producotnsg atfetrenr oaxsipdhaatlitonl. The sum of
wi || be used to preserwtontlentogalfl ugecobwbdha
Al cohol wi || be treated separately due to

moi stur e.
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3.3.2 Sensitivity of different reference al
treat ment s
As introduced, functional groupeamwval ysi s
met hods o define the bonding area he
used indicator is the carbonyl area (CA),



carbonyl region (the int®gr ane Qi ¢tahodnrr a m
have been researches who considered that us
as an integrated aging index for character
binder durirg.a@0i@)(Huang

On the other Ipdud, SAhend@Aaxon sCMmore widel
a reference area. This part wi || di scuss
guantitative evalwuation of the fluctuati ol
treat ment . For mefoér ¢eiype c ad n Fldl dRu sfipieeelt d cang €

asphalt binder and different reference ar e
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Commonly used IR indicators 1. Carbonyl Area (CA) = Area of C=0 functional groups (~1700 cm-1)
1.CA 6. CA+SA 2. Sulfoxide Area (SA) = Area of S=0 functional groups (~1030 cm-1)
2. CA/RA1460 7. CA+SA/RA1460 a 3. Ether Area (EA) = Area of C-O functional groups (~1300 & ~1262 cm-1)
3. CA/RA1460+1376 8. CA+SA/RA1460+1376 4. Alcohol Area = Area of -OH functinal groups (~3260 & ~1160 cm-1)
4.CI=CA/AI 9. CI+SI=CA+SA/TA
5. AI=CA+EA+SA/TA Reference Funtional Groups
a. Reference Area (RA) = Area of aliphatic C-C hydrocarbon (~1460 & 1376 cm-1)
b. Reference Area (RA) = Area of aliphatic C-C hydrocarbon (~2920 & 2850 cm-1)
c. Reference Area (RA) = Area of aromatic ring C=C skeleton vibration
d. Total Reference Area (TA) = Sum Area of |
H 2920, 2850,1700, 1600, 1460, 1376, 1300,
1262, 1030, 870, 809, 746, 722 cm-1
4
!
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Figure 14 TypicadyeRTI Riepeactagem atspb@&l di bf edent aadi ngtirodex
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As shown in Fig. 14, the field -extract

ontaining funcOibaad agtraonidd 6a0l clommeo IC i ndi cat
t 116@ancime easily obserwneed. aAsai ntsr acdwaéd
rom a single band that iI's i nsensitive to
pposite, some researchers wutilized the su

O avoid using spectr em2®drimal iOmnattihen whlod e
ave reported that the spectrometric index
eference area both provided good correl at
Peterson and Har nsetera2edr0 11)9.9 8, Lamont agne

Af ter normalization, flou@88&Dilpdnatnidcm band :

3761 cmne ar omat i tanbdantdh eati nlt6e0gor actned ar ea
eaks are examined as the reference func:
pectromésndekined accordingetoal@tnbntwiginte
small modificatiland THE6OpemE&smMatsfta @METOc m
onding in ether, phenol or hydr oxyl compo
unct iouamasl aggrd counted in the EANnt Pgfhaeient
ging indexes are defined as foll owing:

I ndex of different oxygenated functional

Carbonyl inBlex= (@1 106 %CA/

Sul foxide iBAdexHMBLDPO% SA/

Et her i ndieao :6F#AY 19 0 QA

Al cohol dord A3 BA 1(0A %

Total aging index (Al) = carbonyl I ndex +
Wher e

Tot al R f & § A& nAs® 1Mo eMoro 1As0 1A 1Ags 1A62
+ 1RA3t0 sAt sAt 7A+ 7A>
For AAMobeandelrso Ai ncl uded.

Tabl e 6 presentst amdckcaradl ed eawgieatriesruldamd coe
al cul ated for each referencecaethi oiveaer e

ariation.

Table 6 Sensitive of change in reference
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. RA Total Band
Asphalt| Statistics

2925 cmt | 2850 e | 1598 crrit | 1460 et | 1376 et | AreaFA

aap | Mean | 63.72 16.54 3.81 35.32 8.29 149.98
12 SD 1.25 1.48 0.38 2.04 0.76 8.65

C.V 1.96% | 8.93% | 9.87% | 578% | 9.13% 5.77%

apG | Mean | 6391 17.62 10.69 33.83 7.51 151.53
12 SD 1.16 1.19 0.77 1.56 0.38 3.55

C.V 1.82% | 6.74% | 7.22% | 4.62% | 5.11% 2.34%

apc | Mean | 62.50 16.40 5.26 31.79 7.03 145.02
+19 SD 1.36 1.68 1.04 3.54 0.74 9.30

C.V 2.18% | 10.22% | 19.78% | 11.14% | 10.58% | 6.42%

aay | Mean | 5777 18.54 5.21 25.27 4.50 125.35
*12 SD 1.01 0.87 1.23 2.07 0.64 2.92

C.V 1.75% | 4.69% | 2354% | 8.20% | 14.32% | 2.33%

Pen | Mean | 60.64 17.68 5.30 28.59 5.48 136.93
60/70 | SD 0.68 1.14 0.54 2.20 0.26 5.27

12 cV 1.13% | 6.46% | 10.23% | 7.68% | 4.79% 3.85%

ppg | Mean | 6142 18.42 6.47 26.18 6.34 149.82
+35 SD 1.37 0.33 0.83 1.53 0.45 7.33

C.V 2.23% | 1.81% | 12.79% | 5.83% | 7.15% 4.89%

Average C.V | 1.84% | 6.47% | 13.90% | 7.21% | 8.51% 4.27% |

* Number of sampl es

Il nteresting results are mbpgersweed si mm TabMe
variation during asphal tvaargiiantgi oans ftohre tahvee rse
is 1. 84%gsyMbevsRAhe second smallest fluctuece
raised to 6. 47 %. By condsaad bRALt deemti dahy
unexpected higher variati onlanidndli3t7aét icnng t h
relatively more suscept iddored 1d80A Asphalst , agi

RAssochows a | argest fluctuation during asph
13.90%. Therefore, it is suggmeasy edetmast t}
appropriate to select as the reflesemo¢ are
suitable to pick as the reference area. It
area during asphalt aging s$s4r27T%tiVkily fsim
i mplies that the raise of area of oxygena
influence on the total area.

To intuitively illustrate the alteration
corresponding influence from varied asphal
compari sons on di fferent common used | R
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Compaponifsdnffered IR indexes from all the | &
are made at the same ti me.

Firstly, thesasnidnigRede ebamipRAed with each
shows the cusswe OAICAI/RA presesehasttbhbpa
bet ween the riatwinad dftheCA att s RAFFICA drc eRIAl er
l inearity relationship implied3i $hadngihet emt
with the bahdduratngld7d fementtaspihkt vabueg
RAs76es about one quassheralof the @srepe oif s RAI
0. 8.

Next, the absolute carbonyl biamddacCéa CA
( CBA) . I n other words, the ditfvberenhaei bhet €
index originates from the varaadi oheofot ak
reference area. Fig. 16 presemugntdh€&i gompa
17 shows the relationship betweebh6 CAhandt i
aver aiz@osRAiIi ssimilar in different condition
aging and PAV aging | eanistewohwared st hteo naa thuirgah

|l eads to a | ower reference laateat hdyc acromgplaa
bet ween CA and ClI is relatively closer amoi
Il n summary, the results suggest that 1. LC

areas during asphalt aginggseot®Arsé&aApaencdt r omet r
CAFA are al most i near related to 2ach oth
relatively tends to be affect BA idsi fricerreent
constant during different agingesreat mgnve
judgments on the 1nemtFA oaxaltihteg rodf airse mge RaAr e«
the carbonyl index (Cl), sul foxi de index (

tot al aging index (Al) arecsé¢hecoad f oomtlF
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3.3.3 Comparisons of the gnemat eod kdy ftfheea e
di fferent aging methods
The four aging indexes obtained for the
aging conditions are shown in Fig. 18 to
obtained from the dat a:

@Al I t he agiisgs prloeesar banyl i ndex with
AAM and Pen 60/70 binders, a jump of ca
the asphalt after RTFO treat ment to tt
autoclave aged and 20 houmrs thAeV fasrpmaatlito
of carbonyl compoundsst iild time tthher esepuadp
after RTFO treatment. Comparatively, th
carbonyl compounds in the AAD and AAK
secon@agshgwstage after the RTFO treat me

21t appears that a jump of sulfoxide aft
AAD, AAK and Pen 60/ 70 binders. After t
content i s f outnedr m na gdiinfgf epereoncbei shsdeesg so.f AA
and AAK binders demonstrate a relative
than 10%). This finding is consistent w
Gl aser, 2011) that same as the carbonyl
dualngagnechani sm in asphalt with high
products are suspected to also acts as
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i nfluencing the physical properties. An
l ong term aged AADg aan dr AIAKt ipreslsye nltar ge s |
ot her hand, AAG and AAM binders exhibit
And the trend of sul foxide content IS

during different aging processes.

BThe overall mncdenxt e(nge noefr aeltlhyerl eéss t han 1
the carbonyl index and sul foxide i ndex
change rule of ether index is observed

change regulations can nbdeerseceenr tiamnsp@ae
condition. For instance, a continuous i
in the AAG and AAM binders under autocl
AAK and Pen 60/ 70 binders under PAV agi:-r
PAV agnd gAAM binder under autoclave agi |

et her index i s observed.

4As expected, aging consistently drives

the initial jump from RTFO aged binder.
index is reasonable to represent the ¢
index and saltfeaxitdhe odomisi c al hardening
aging jointly. Excepltayf carut olcéd amAD abedd
bi ndemgnt H8natural aged asphalt binder
state, as judged from the total aging i
Bl tpaars that di fferent binders react t
i nstance, for the Pen ®0M0h7T0 banhden)] aly
(judged from the total aging index) sur
day autocl avheo ®gvi naggiangd O6Mhi | e f or t he
severity ofmoasphahtubwgll®2xidation is | o
createdlapy aa@Bocl av-bowrgi RAV aagi n6g0. Ther
i ndicates that di fferent agpbhgbicloindy t b
di fferent types of asphalt binders.
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findings itnhdaitc auned er |l ow temperature at mosp
formed on benzyl carbons are more |ikely tc¢c
than decomposed to ketones (Eq. 6 & Eq. 7)
formed witdless alrfeo more generated under the

Natural aging+
2. Increase of radical chains:«
Ry Ry Re e Autoclave & PAV aging+
Asp J;OO‘ ~ Asp; (]lH —— Asp COOH + Asp; I T l
R; R; 2 Ry (Eq,3)f‘
Rl 1
Asp COOH —® Asp |‘0- - *OH l T
2 R (Eq4)<
R, Ry R, R,
Asp CIOOH + Aspy—— l,H e Asp Co- + H O + Asp; —(|L . 1 T
2 Rs Ry L (Eq.5){
3-1. End of radical chains: Generation pathway of ketone«
R, R, Ry R,
Asp (|IOO- ~ Asp,=———COQOH — Asp COOH = Asp,——C *O0OH
R; 2 2 R; (Eq.6) |
R, R,
ASP;-———(ll ‘O0H ——» Asp;——-i:O ++ OH 1 T
‘L ‘l (Eq.7)
3-2. End of radical chains: Generation pathway of sulfoxide and alcohol (1)«
R1 R1 (I?
Asp—‘!?OOH + R-S-R — ASD—J:OH + R-S-R T 1
Lzz &2 (Eq.8){
3-3. End of radical chains: Generation pathway of alcohol (2)«
R, R, R, R,
| !
Asp CO- + Asp, CH —» Asp Ton + Asp; —i :
: " : (Eq.9);

Figure 31 The effect of aging -temmhi tion o
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al cohol s. Thus, under | ow temperature
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CHAPTER | NFLUENCES OF AGI NG CONDI
COMPOSI TI ONS AND MI CROS§TRBEHARES

BI NDERS

4. Background and I ntroduction

As the most polar, most aromatic and highest molecular weight component from crude
oil, it is hard to describe the chemical composition of asphalt in limited molecule
formula. Commonly, the composition of asphalt includes thwdsaof norpolar
saturated hydrocarbons with relatively high molecular weight and relatively small,
polar, aromatic molecules (Lesueur 2009, Peterson 2009). Therefore, different methods
have been studied to separate the asphalt into different fractioearlyntime, high
performance liquid chromatography (HPLC) and ion exchange chromatography (IEC)
were adopted to separate the asphalt by chemical functionality Jenmingset al

1980, Branthavest al 1993, Jonest al 2001). Among them, IEC sepagdtthe asphalt
binder into acid, base and neutral fractions. However, the major disadvantage is that
these techniquesannotwell separate the high polar and aromatic materials in asphalt,
of which is critical in shaping asphalt physical properties and oxidative hardening. Later,
supercritical fluid chromatography (SFC) is attempted by researches to separate the
asphalt compongs (Branthaveet al. 1993, Guilianet al 2000). The principle of SFC

is similar with the HPLC or gas chromatography (GC) but that SFC uses the carbon
dioxide as the mobile phase. However, the shortcoming of SFC is similar with IEC that
it only providesncomplete separation (Branthaetral 1993).

At the same period, the procedure developed by Corbett (Corbett 1969) attracted
the most widely attention, and the fractions from the separation schemes is called as the
Corbett fractions. Corbett faction separates the complex components of asphalt into
four generic fractions: saturates, naphthene aromatics (NA), polar aromatics (PA, also
known as resins) and asphaltenes. Thus, the separation of Corbett fractions is also called
as SARA separation. The separation procedure is according to different pufléniey
fractions that asphalt specimen is eluted Hyeptane, benzene and a final tsteps
elution (a 50/50 blend of benzene and methanol followed by trichloroethylene, ASTM
D 217217) (King and Corbett 1969).

122

T

O



Figure 1 An example of separated Corlfrettions from a typical aged asphalt (from

left to right: Asphaltene, Polar aromatics, Naphthene aromatics, Saturates)

In general, naphthene aromatics, polar aromatics and asphaltenes fractions are
highly reactive with oxygen. As reported by Petersoetéf3on 2009), the relative
reactivity with atmospheric oxygen of the saturates, naphthenic aromatics, polar
aromatics, and asphaltenes fraction for a typical asphalt is 1:7:32:40, respectively. The
aging of asphalt accompanies with the transfer of arosati resins and resins to
asphaltenes. Detail introduction of the four fractions and their corresponding sensitivity
to oxidation is as follows: Saturates usually amount fd55w:t.% of a paving grade
asphalt, which forms a colorless or lightly coloriegiid at room temperature. The H/C
ratio is close to 2 with only traces of hetero atoms. The saturates contain a few
crystalline linear ralkanes, typically in amounts of 05 wt.% of the overall fraction.
Because of the low chemical reactivity, it is Higresistant to the atmosphere oxidation
(Lesueur 2009, Peterson 2009). Therefore, the saturates is usually regarded that it has
a dilution effect on asphalt oxidation.

Aromatics are the most abundant constituents of an asphalt as they amouint for 30
45 wt% of the total asphalt (Lesueur 2009). The naphthene aromatics forms a yellow
to red liquid at room temperature. The skeleton of naphthene aromatics is aliphatic
hydrocarbon with lightly condensed aromatic rings. An early study reported that the
NA shows arelative low reactivity with oxygen as measured by oxygen consumption
(King and Corbett 1969). Another study reported that the NA fractions can be further
divided into two groups, first group shows high activation energy and oxygen reaction
order, and artber group presents a low activation energy and oxygen reaction order
(Liu et al1998). In comparison, the polarity of polar aromatics is much higher than the

naphthene aromatics which is closer to asphaltene. Conseqtientigaction speed of
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PA and oxgen is much faster than the NA fractid®eterson 2009, Liet al 1998.

The polar aromatics contains fused aromatic rings and is most probable to have a
structure corresponding t® 2 fused rings (Lesueur 2009, Siddigtial 2002, Ralston

et al 1996).Polar aromatics play a crucial role in the stability of asphaltene component,
since they act as a stabilizer for the asphaltenes. The evidence is reported by many
studies that PA presenteslirfactantlike behaviors(Lesueur 2009, McLean and
Kilpatrick 1997 Carnaharet al. 1999).

Asphaltene accounts generally between 5 and 20 wt.% of a paving grade asphalt.
Asphaltene forms a black powder at room temperature and are largely responsible for
the black color of the asphalt. By far, asphaltene is the mosedtadphalt fractions
because it plays a dominant role in affecting the asphalt viscosity and other rheological
properties. It is recognized that most asphaltene preaefitd0 fused rings structure
together with some pending aliphatic chains (Groenzin and Mullins 1999, Groenzin and
Mullins 2000). In addition, asphaltene is known to demonstrate some quyapadrties
(Shirokoffet al 1997, Trejcet al 2009). The classic metlof asphaltene structure and
an illustration of recently revealed asphaltene structure is shown in Fig. 2 and Fig. 3,

respectively. Fig. 2 presents the two early competing models for depicting the

asphaltene structure (Murgiakt al 1996, Yen 1992)I ril s |oammodd e | a | argi
polyaromatic core is surrfaurcde pradodagla!| i pha
aromatic moieties are connected by aliphat

asphaltene structure from taeal |l 2085). rlkeset
reported that more than 100 asphaltene mol
using atomic force microscopy (AFM) and m
transmi ssmioar esecpy onhSTEM) . Il n sumneasr y, moc
have been uncovering the mystery of asphal
effect of oxidation on the asphaltene miocr

under st ood.




Figure 2 Classiél s [oanm d e Ifia m o kol i gneoldoed 0 o0 h éMusgichea | t e
al. 1996)

petroleum
coal-derived asphaltene asphaltene

Figure 3 The real asphkalMm (sSterhwatk0d&)r evea

On the basis of SARA fraction, more para
bal ance of different chemical component s.
with a coll oi dal slrherstudy bfcallodd stabiity indicatefd¢hat 1 9 1 4 )
the stabilization of the asphaltenes micelles necessitates the existence of a repulsive
force and an attractive interaction due to Van der Waals forces (Metlais2003). In
agqueous media, the repulsive force is often caused by the electrostatic mogdirar
to the DerjaguirLandauVerwey-Overbeek (DLVO) theory (Leontaritis and Mansoori
1987, Mullinset al. 2003). In the meantime, another possible-DavO repulsive
interaction should be existed because free charges are not enough to ensure DLVO type
stabilization. As the consequence, the model of asphaltenes stability should most
probably rely on a steric néke repulsion, which is originated between the polar
aromatics and the asphaltenes, as well as their assembilies.

A coll oidal model was | ater developed tc
propertiescdle avbbref) ®as plowal t (Pfei ffer and S
et. al998, Read and Whiteoak 200a3phaltisAs show
descrbed as a colloidal dispersion of asphaltenes micelles surrounding by the maltenes
(a combination of saturates, naphthene aromatics and polar aromatics). The polar
aromatics are thought to stabilize the asphaltene micelles by different ways, which will
be cketailly discussed in the results analyséist f or t s have been made
bal ance parameters with the asphalt durabil
Traxl er (Traxl er 19603 pearepeod t @ sl p ht ahlatt bai nbdet

oxi di zes mor e sl owl y. The degr ee of di s pe
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characteristics and inversely related t

A Sol bitumen

@ Asphaltenes © Aromatic/naphthenic hydrocarbons

D High molecular weight A~ Naphthenic/aliphatic hydrocarbons
aromatic hydrocarbon

C) Low molecular weight Saturated hydrocarbons
aromatic hydrocarbon

Figure 4The early colloidal model: sol and gel asphRitf a d and WRhi t eoak

Although soland gel model present the component compatibility of dispersion in
asphalt components and may indicate corresponding tendency of asphalts to oxidative
aging, no strong results have been shown to relate the sol or gel parameter and asphalt
age hardening. htendency of gedol to asphalt oxidation is largely depending on the
asphalt sources and aging conditions. In conclusion, the correlations are not sufficient
to warrant the routine use as predictors of the field performance of a specific asphalt
(Petersa 2009) Apparently, this shortcoming is resulted from that only weight
percentage of different asphalt fractions are used in the calculations. The percentage of
asphaltene or maltene is not directly linked with the chemical natural and microstructure
of the molecule clusters. Therefore, the indicator from SARA fractions or its derived
parameter shows a low conformity in different asphalt binders. Stoagghtforward
identification of asphalt colloidal microstructure is needed to understand the oxidation
behaviors.

Until 2015, the microstructures in long term field aged asphalt was firstly revealed
using scanning transmission electron microscopy (STEM) by Wang (Wang and Zhao
2016). Two kinds of microstructures in aged asphalt binders were identifiedstudye

The first type of the microstructures is neeslt@ped with a crystalline structure, while
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the second is platghaped without a regular pattern. Typical image of the two
microstructures is shown in Fig. 5. An interesting finding is that the size of
nanoaggregates in fielmged asphalt binders appeared to vary greatly from a few
nanometers to a few micrometers. The size is much larger than the classic predicted
size for asphaltene nanoaggregates in crude oils and solvents. Therefore, it indicates
tha the traditional asphalt and asphaltene models may not well represent the
microstructure in long term oxidized asphalt. Simply-typke and getype asphalt is
inadequate to describe the effect of oxidation on the association and dispersion of

asphaltener core materials.

Figure 5Two type of microstructures identified in long term field aged binfi&tang
and Zhao 2016)

This chapter aims to shed |ights on the
the generation of msphaslttruco mpesentTsheard u:

change of asphalt-teomp@amge mtgs sd unruil mg i looangd r o

evolution i n macroscopic SARA fractions
mi crostructures. So far, itdhrerenitssheeaoevxwolmptr
asphalt SARA composition in different aginc

study has reported the microstructure foun
STEM. Therefore, It iI's themicrestrtuameurte
asphalt binder after different artificial |
to find a relationship bridging the asphal

mi crostructures in oxildti,zetdhiasphtaddy bii mtdem
more accurate fundamentals in predicting t
real pavement aging.
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42 Matsanidal xpseri ment

42 .1 Compari son
SHRP asphalt binders

Since

the SHRP core

of

the referenftradtit@ansanidn ¢

asphalt bi

nders have w

it is suspected that their chemical and physical properties have been ckaegefi

they are stored in dark sealed tanks with extreslely aging rates. Thus, the chemical

properties of the four SHRP binders were retested and regarded as the virgin state in

this study. A comparison of the chemical components the SHRP asphalt binder used in
this study with the SHRP reference in SHR@45 (Jones 1993) is shown in Table 1.

It presents that the asphaltene and saturates content in current four SHRP binders were

all increased while the content of polar aromatics was all obviously decreased

comparing with the SHRP reference. The largely char@adbett fraction content

proves the longerm evolution of the origin SHRP binder.

Tabl e

1 Change

of

Corbett

SHRP bind

er s

component

SHRP A645

Asphaltene PA NA Saturates

Current

Asphaltene PA NA Saturates

8.5
5.1

AAD 19.7 414 28.6 13.5
AAG 8.8 51.2 32.5
AAK 22.9 41.8 30
AAM 9.4 50.3 41.9

1.9

17.6
11.8
25.7
16.6

29.4 26.6
39.3 33.5
23.4 37.1
27.3 355

26.4
15.4
13.7
20.6

Asphaltene content in SHRP A645=Asphalteneldptane}Asphaltenes (is®ctane)

PA=Polar Aromatics, NA=Naphthene Aromatics

42 . 2 Aging

The

procedur es

42 . 3 Test of the
Separation of
ASTM D4124About

octane

was fpiarrsatt i wsnnedoff oars pheal t ene

of

as

treat ments of

phalt

asphaltt

1
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asphaltene fraction was wacsthaende .t Wiodeal b ya stph
mass was calculated by sum of dried asphal:

Subsequentl vy, fsr, a cntaipohnntsh emfe @atomadti € s an
were separated in order by the chromatogr a
and trichloroethylene were used as the ext:]
t he ASTM 1D4i1s2 4 hat ¢ hwenérraier d ¢ talcybiadehcover e
rotary evaporator (lG3AGas4comiductt@dlh). tHK
percentage is out of 95% to 100% range. Al
HPLC grade that putchmased BoadmVWRf anAesamt |

42 . 4 Test of the asphalt microstructure by
JEOL -ZEMO Fnissc@ms mebkscbonon microscope (STE
voltage of 200 kV was wused in this study f
asphabinder under dAdrdperteceby Wang microsfyuctirease at me n
can be hardly seen in virgin asphalt binders and laboratory aged asphalt binders (Wang
and Zhao 2016). However, it may be caused by the preparation methods of
asphalt/asphaltee specimens. In that study, the asphalt specimen is prepared by
dropping of asphalt solution and solution evaporation, which has the shortage of low
asphaltene concentration and potential loss of asphalt components. Therefore, a new
preparation method wasilized in this study.
Di fferent from the tr acdiet iSolnEaM sspoelcvi emmetn ¢
prepaaemewydesi gned met hod, which is under

of submi ssion.

43 Results and Discussion
43. 1 Ef fectdiotfi oangionng tchoen SARA fractions
The changes in Corbett -tferranc toixoindsatd wrni npgr oci

shown in Fig. 6 to Fig. 10. As expected, e

change is the movement fobmrtheaobhpoba¢SFc
Al i 1999, Peterson a&rnd aH®M9B9 berTdier tIAaN&E,f el
composition is bepalbae pfotthet ocmrdabeesi:

mol ecul es by hydrogen bontdd nmgo raen dp calcacro rda tn
(Barbour and Peteertsead 9374, DRt antl malvemoncl u
components of asphalt during long term agi:
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Asphaltene: As thepaloanpiotnye,nta svp it &l tha mgeh esh
growth of all the asphalts during the thre
recognized highly related to the fluidity,
asphalt binder (Cothettpored9 oby). Wahentg oltVang
2014), asphaltene is highly correlated witt
aged binders. For all the asphalt binders,

asphaltene contwdhntc hofwasaclhnass gh&Intt, wi th th

I n | ast chapter. For 18 months natur al ag
content was reached nearly 45% and 50 %, roe
| aboratory natural imagirmagsisg quihe easphalkte
asphaltene component is largely <connected

groupseabkteraging.

Napht hene ar omatpalsar Tfhreadtoisen oWwad eslsvi ol
the decline acfti oapht Ffidmi acnefchani sm of | oss
autoxidation process, the naphthene aromat
initiation molecule for the radical reaction. Then the intermediate molecule was
generated by the reaction of the détogenated naphthenic material with oxygen,
which produced aromatic prodaodtss dgh aytui c am di
All 1N9%)eneral, a regular reduction of nap
under natur al a ghiinge anhde MAp hatgh enrge aM omat i ¢

and downs in most asphalt binders under au:
Pol ar aromati cs: So far, no certain tend
asphalt aging. I n most caseso,matthe spdadssihhbiglt
than the possibility of a rise in polar ar
Peterson 2009) . I n this study, the change
summari zed i n Table 2, whiafh pdloawe dartdimat ino
unfi xed. In addition, it is observed that
| ower in the autoclave aged AAG and AAM bi

under the other two aging oandittainansan.g Brad m

may expidlabsapdpboadraeed ar omati cs and a further

Saturates: Af ter short term aging, sat ul
binders all significantly rde cirre aRBTeRdO bteecsatu sce
the | oss of volatil es. Whil e t Reerlnosasg eadf v

PAV binders was not so obvious as expected.
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of the saturates contentl odnd i RAV aasgpihnagl.t Hoo
a |l arge raise of saturates content was fou
especially for the AAD, AAG and AAM binder
occurred after 14 days autooaravesagiomg ent
mai ntained at the high | evel

Three hypotheses may answer the unexpect

of saturates were oxidi-pedsburehpepuorygenged

resulted in a -poontancgt iscant uafatoexsy geemcti on. 2
saturates were generated form the split of
I f this reason was more dominated, whether
3. Simil ar wiotnh, tah ep rsoepcoorntdi orne aocsf ar omat i c |
the polar components. This type of aging p
ring structure with | ower polarity than na

of polar aromatiocs aveaatgieadn aismhalt binder s
have highest possibility.

To verify the above hypothesis, the typi
mont h nat uday awteac!| a2¥Beuag®AV aagde® OAAM bi nc
exami nead ,raqnudl tH were il lustrat-edniai Figg 1
function groups could be found in the FTI
saturates fraction -wastaonmed promat herady
t he ficrisotn siussppgroved wuntrue-:t e€Campnaartiunrgalt haeg
satur at etseraitmdPAVomged saturates, similar sp
CH-an€H-vibration character2%82%ccpm8g8@scman |
1460 cidrifdénd 722 1¢mis suggested that the ct
component s i n these two asphalt binder s z
surprisingly the autoclave aged saturates
1600L cmhdisng iinndi cates that the saturates

consisted of both alkyl and aromatic (or al
t he small peakihas Ppeakcimmplied thid existe
bending é€somThukena proo@monttiyomrofmaktow hyd:
proved to be separated into the saturates
An example of the above hypothesis is show
on producobianiofy howmpat i cs. However, mor e (
i nvestigated in the future for a further v
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(pressurized pure oxygen).

I n conclusi on, autoclave aging caused un
Hi gh pressure pure oxygen | argely 4 nfluenc
polar components to polar aromatics and a
aging mechdarirgm oixn dladngn process. Under su
was y itkel have more directly decomposition
proportion of polar aromatics will interact
radicals. Cobbett separation may not suita
t hkeemi cal components of oxidized asphalt m

Asphaltene content, %
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Polar aromatics content, %
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Figure 6 Comparison of SARA fractions of
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Asphaltene content, %
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Polar aromatics content, %
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Figure 7 Comparison of SARA
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Asphaltene content, %
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Polar aromatics content, %
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Figure 8 Compfaracctoinomd &SARRATFO and

137

aged



Asphaltene content, %
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Polar aromatics content, %
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Figure 9 Comparison of SARA fractions of
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Naphthene aromatics content, %
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Figure 10 Comparison of SARA fractions of

Table 2 Compari soar mmattiecd efnrcgc toif omp od i ng

process

AAD AAG AAK AAM Pen 6¢C

Natur éDecredgNot cliNot cliNot cliNot cl

Autoclll ncredgNot CIliNot clll ncregNot cl

PAV Not cllDecredgNot cllDecregNot c |
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1.00
0.90
0.80 I
0.70 i
0.60
0.50

0.40 1600 cm-'lil 815 el
0.30

|
1
0.20 "
1y
0.10 l'l A
J \ ] “;“\. \
000 SN N ppp—_— = . ]

3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600

Wavelength, cm!
Natural aging 18month Autoclave aging 28day =~ ===== PAV aging 60hr

Absorbance (Normalized to 1)

FiguF@lisBlectra of saturat-esermompedeAAMiI bi b

High pressure pure O, + Asp-CH HOOC

Symmetry- @—%C
split Symmetry- @

Low polarity

Equation 2 An example of possible reactio

compound of asphalt under autocl av

43. 2 Effect of aging donmndittyi on on the coll c

To connect the asphalt fraction with the
i nstabileg tlyeneidrexf t(dr abbreviated aes coll ol
al 1971) is wused in -ttehring ea$gfiendgy st o Thef cett of
i's defined as the ratio of the sum of the

the naphthenic aromatics and polar aromati

s N e - s oA s o~ s

)A 1 ODAET OADENA VDM A/ A A DEAGT | AOKAEY . 1)

I n the asphalt coll oidal theory, the asp
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if | oc caudeamtts, amdrtehae exroqgipaetpic dodhge inttige ( Read
and Whiteoak 2003, Si ddcirqauii oame pAleiseh® 39 )t
closes to gel cdtypredwhfiore a dlowee tio sol tyq
gel character asphalt is 1.2 aetd. ah9%®-k)h.ol d
The results of the coll oidal iignddxX dfo fFiiwge

Ic, %
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1.60 ]
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Figure 12 Coll oidal i ndex of aged AAD bin

Ic, %
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Figure 13 Coll oi dal i ndex of aged AAG bin
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Ic, %

1.60 1.44

1.40 1.30
] 1.19
1.20 1.12 1.07 1.14 -

0.98 — 0.99
1.00 — —

080 | 0.73 0.72 467

0.60
0.40

0.20

0.00 N -
N6M NI12M N15M NI1SM|A14D A21D A28D (P20H P40H P60H

RTFO Natural Autoclave PAV

Figure 14 Colloidal i ndex of agiedn#&aAK bin
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Figure 15 Coll oidal index of aged AAM bin
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Ic, %
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Figure 16 Colloidal i ndex of aged Pen 60/ 7

Results showedcithhanostthesypdalalde dfi nlder s we
during the three aging processes, which wa:
napht henic aromatics to the polar fraction:

4hour PAV aging, Pe nmot@/h7 On aki ium chedra wafi thegr a:

aut ceclaagvi ng, which presents an inverse red:!
AAK binders showewhia hhiaghe Imovel tdfanl 1, w h
binders are close to a gel type. Correspon
suspecitgeh yft oashsoci ated and interconnected.
bi nders were close to a sol type, indicati
and -innother acting with each other after | ong

To investigate t he nefofnedthse ofolditndg |l c amdi
of different aged binders during three agi
that for AAD, AAG and AAM binders, bi nders

much higher colloidamuliihnhaereobeciancre adi ndre
asphaltene content. While for AAK and Pen ¢
ct han autoclave aging because of a high ¢
comparison, all the five kinds of binders
cbecause of the relative | ower saturates
c ontTehmus., it i's suggested that PAV aging w
asphaltene comparing with the natwural agin

I n summary, high oxygen pressure in auto
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asphal tene f | occmel astp eocni fbiech akviimods ionf shoi nde
bi nder which showed a | arge gap, the range
slightly |l ower to the result wunder natur al
aging 1s |likely tiodarlesiundesx icnonap alrawer wadalhl
aging.
[ Natural aging [ Autoclave aging [ PAV aging

1.80

1.60

1.40

1.20 I =

1.00 I

0.80 = - -Q

0.60 -Q -E i

0.40

AAD AAG AAK AAM 6070
Figure 17 Colloidal i ndex of -tfeirwe aagd mhgal t
process

43. 3 Effect of aging condition on the microc
The coll oi dal index provides the idea of
gener al assumption is that a gel type aged
boundedotha@armi crostructure, while a sol type
of more dispersed microstructure. However,
it cannot reveal the real mor phol ogy of th
it is hard to distinguish thecdimetresitaluct u
and t heés alsypdhreetiste i n di fferent type of aspha
Di fferent aging treat ment has | ong been
asphalt microstructure. According to the m
tén i mmobilization by association of the mol
deuces the ability to react with oxygen of
| ow temperature aging of asphal't bi nder I
associated molecules, and there may be a s
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core aamgdsoncoinated phase. By contrast, hi gh
produce more unassociated microstructure b
system.
O O = O [INITAL GENERIC FRACTION
- _(5:)-:” O_D () Asphaltenes
— "“"O ) Polar Aromaries
O {_3 ~O~ ~  Aromatics
M(:_} — D_o— -— Saturates
—_0Z0 > = Denotes Oxidized
v Molecule
Low T‘MP"““"/‘ \Hiil\ Temperature
Oxidation Oxidation
-~ ~ @ O
Increase ”‘9 ® --l-G)-G:,
Tempeoroture (3) o~ .ﬂ =~
— " 00, 3
-~ O OLY o
Decroase — 2 )
Temperatura - ,__,—-vE] _
O®~0 ©
Figure 18 L dQwu drecdpieirgdtuiren and high temper
model proposed by Peterson (Peters

I n this studgnsmhbeesbaoniogmtcroscopy (S7
identifying the reay amgedoasphaturbi nded aab
STEM has been proved to be an efficient t
mi cr ost rluoctt gufrees| faged asphalt binder.

I n thilke spuayar ati on of asphalt speci men
thin film of asphal't bi nder without sol ven
mi crostructure discovered represents the r

The results of discovered microstructure
Pen 60/ 70 and AsArMe asshpohvan ti rbi Fidge.r 20 t o Fi g.
15mont h nat uday awteac | 2¥8o® uag eV agddobéa@asphal
are compared at the same time so as to i
mi crostructures fodemedvaniadphgl hgbt ndat mai
of microstructure observed in each binder |

1. For AAD bsmaepged miodr ostructure is found

aged and autoclave aged asethhbapednder
mi crostructure can be discovered in al
Simultaneousl!l vy, more concentrated pl at e
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identified i n natur al and autocl ave ai

speci men.

2. Needhemedrostructure is outstandingly ¢
bi ndersshapRodd happleadt eas wel | as spherical
di stributed in the three AAK binders wi
|l ongest | ermdtalpedf nme@edbmrubkBuseen i n na
asphal't bi nder. While the needle micro
binder is relatively shorter but more e

3. Onl y -sphlaapteed and spheri cal mi crostructur
| aborasgteadr YWAG and Pen 6s0WarpOe doinnadneors.t rTuhcet
more dominated in aged AAG binder and t
extensive in Pen 60/70 binder. A common

found mor e concermtirmateed tihrann athwer alutagd &
than the PAV aged asphalt sampl es.

4. For AAM binder, no obvious microstruct
colloid. Occasionally, very small sized
can be i dewthathmedpher #5aged binders. Th
that no associated materi al of eamphaltt
aging of AAM binder. Therefore, it is s
aromatics in AAM bindewitbB e@athfotmey a
net work of core molecular clusters is f

As a conclusi on, it is unearthed that I

pressurized pure oxygen aging tends to pro
mi cr dautrressc in the asphalt colloid. In contr.
and di spersed microstructure. Ths smddeldi ng
that the physical hardening of asphalt wund:
by physicochemical factors relating to the
rather than the inherent reactivity of the
answers the reason ,&wbyagiomwmg tiesmpaelrsao uerfef i(cei.e
binder hardening. Besi des, it also parti al
| arge microstructure in asphalt under fie

bet ween asphalt agi ngomdicthiamn sins asnldo worx i idra t T

Table 3 Assumption of dominant asphalt agi:-Ht
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Aging co| Coll gMicrost Dominant agi:-r

i ndel associ

60 atmospg Medi 4 Hi gh Mi crostructu

70 h#+#gh p Hi gh Hi gh Mi crostructur

pur e o0X medi a Oxygen rea
100 hi+gh Low Medi at Oxygen rea
pressur e Low

Anot her discovergiibendnrnt sacprhad texwhithhit
natural. The microstructure in asphalt binc
treatments can be divided into two classes
and AAK binder, oghiagpghedcongsirsetgsul afr mpl at e s
mi crostructure.-shhpedumstandingctrode can b
into two kinds. The first one wi-shapkd rel ¢
mi crostructured foaumidalitn Kiiredar ,agwehi ch has
nanometers and the | ength can reach to sev
needle shaped microstructure that with a ve

be from tens ofmincarnoo medteers ItongonleBped ompa

mi crostructure is more extensivehgpeld scov
mi crostructure is more broadly dispersed i

The second cl ass of mi crostructure i s ic¢c
bieds. For this type, the coll oi dal system
i rregul ar pl ate shaped and spherical mi cr
mi crostructure iIis | ess t-bhapddOomaneeadl er ¢
mi cr dutrreuccan be found in the three binder
Comparatively, the microstructure in | ong

more distinct as microstructure can be ver
agd AAMrbinde

I n summary, di fferent aging condition is
of microstructures formleld ime dndtferaht agesg
aged and PAV aged AAD ands hAaAKe b i enrdce rn eeexchli e i

mircostructure. Il n view of the coll oi dal i nd
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