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assurance. This studyei agfiiooguodd bom-deew ammtnid

| R. Key f untcharnoen aalf fgercadvepds by t he aging i n a
group (C=0) at wawdnsmbéoxied@5gcmup (S=0)
cm. These two funct idincadt ogrrso ufposr ag uea nutsiefdy ian

asphalt. Different indices were developed
spectra at those wavenumber s. I n this stud
investigated, and c ommptaerda tfiowe sraenseu |stasmpw eerse
di fferent indices. For different types of

data anal ysi s.

Effect of Laboratory Binder an

Aging mechanism can be investi goadtsed in the
considering their contribution in assessin
these tests physical changes in aged binde
|l oss of mass test, and chemi cal( scahtaunrgaetse ,c a
aromati c, resin and-l&Rs Falutreree) tamalsyf virgn 4d
absorbance or transmittance spectroscopy.
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changes can be evaluated by dynami,c modul u

rutting potential, cracking susceptibility
angles. Since each test has their specific
an i mportant factor for accelerlaltiag iamget me

field. Based-l ®n sippleics roscto@ry, rlefQuires | ess
and can al so provide FrleR isapbelcet rroenseutletrs .h alsn b
primary technique to evale aasep haalitngbionfd €& ro uc
from four different sources. Both binder a
observe their changes under different agin
PAMVvher eaesvermn xajfedced drafh osehong€hangdek
binder and mixes were investigated under d

RAP Content Determi nati on

Addition of RAP in asphalt mixture support

however, quantificatiPomaggfeggiteg $obat qgual i
purpose can help tolplrreaddrcgo rtahteii an peefr f eox areas
RAP in asphalt mixture has adverse effect

gual ity control duringltt hreaorimbaaircta omh glhlaesr
guickly detect the amount of RAP in the ho
mi x in the plant. As RAP contains highly a
of RAP by invest i cheet if mg sthh eni axgA crlogn tdathantsen gd fu
RAP from ten different pl-laRt sTlwereon mesesdn
and the virgin binder were also tested. B a
was readily dewusimigned etlfiRamidé efl ide IFd

|l denti fication and Quantificati

Application of rejuvenator in aged asphalt
restoring the ratio of asphaltenes to mal't
based, and petroleum based) weard usxtdr a it aic
binder from RAP. Petroleum basanrdejswwe rcatso
the bio rejuvenator are highly idied raiblug.e dF
| Bwas used as a primary tool to i1 dentify ¢t

asphalt binder.
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Literature Revi ew

Quanti fication of SBS Cont e

Modi fication of asphalt pavement has becom
anidi gh traffi SBowldudke pldds e Oo0f nder has incr
in the | ast few decades t &Bémohdarhcse tahdat pa
(SBSMA) Dbinderi16rje cainade d nrcutetaisreg [t he f ati gue

resainse of the pavement. SBSMA binder showe
unmodi fied binder in redil]SBEngohbwent empeas
binder has a |inear correl d]Penfwowrtmhntheop

SBSMA bepderpdsdon t hevhaaort eretquafr eSB& quantii
AASTHO -T80@2r oposed a standard test method f
pol ymedi,emed si fied asphalt resifi Rue and aspl
spectr oscopoyr yf rpone plaarbepdruasta mpbses mplL&ment ati o
samphassot addressed adequately. This standa
each individual sample for SBS content det

The printdRpbkpectrbScmpysiimygodrwei nfrared be:
materi al anthoi dent af yshigtuot at eobabkedndnvi b
frequleph.cyTHe chemical bonds in a materi al 3
wavenumber and disglcay uasR asnpFAdtsroa sbcampcye.  slpn
the taFslER, spectrometer repmM4@@eramgspactrum
wher ec 61050€0i s known as fingerprint region
functional group whsampOle f[AZterf aoml yamplge
absorbance spectr um, chemical functi onal g
guantTihfearehdhel B $@ectrometer isfae@onsidered r
i mpl eameimotn t hei fqmuelcdk f @re ndqudntciaftii oat laommd of ¢
compoupnd [ 2

Tablld sz s a magnitude-l®Rf specdarncitopgl dthad

the past 2] Huoredi chdr.ed 2al | the variabilitie!
however, SBS piecracte notna gaen dq ufainetl tdfRi snp € e me o ma t
in predicting SBS percentage in unknown s a
studies only consider | aboratory sampl es; |
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field comndivt iadbh ei simaeae SBS concentration i
handling temperat 2Be during construction [

Table 2. Previous literatures on SBS quantification in asphalt binder

No. of Use of

No. of Types Quantify
FT-IR Base Cross .
References Sensors Base binder of linkin % of SBS SBSin
binders SBS g field
sources agents
3,3.5,4,
Huetal. 2] ATR-FTIR 3 3 4 yes 455 No
100%
PG7622,
85% PG76
Wang et al.
24 ATR-FTIR 2 1 - no 22, 70% No
PG7622,
and 0%
PG7622
Wang ¢ al. 35,4.0,45
ATR-FTIR 1 1 1 no No
[25] and 5
2,3,3.5,4,
Ye et al. - 1 1 2 no No
Pel 4.5,and 5
Luetal.R7] ATR-FTIR 1 1 no 0.1,3,5.7.9, No
' and 10
Masson et al. o
28] Transmission 2 1 3 no 3,6, and 10 No
Degradation of SBS due to Ag
Te performance of SBS was better when it w
of SBS in the air was more thaBBHondtheedsp
asphalt binder, | ow temper2dptAgmrae n¢ rohghilc anlyp e o

properties of the aged SBSMA showed better
bi n@®Fr pm tiRe shhTect rum;H,C=ah,d G=C bdOnds ar e
1700, chmé6®0 146&GnadmIl0vGvemumber s 3rles pC=cQ i V ¢
content in butadi es8%Boldi 8BpHdalopobiymder i dec
RTFO, PAV, and UV aging. As a result, but a
of agSB®odifasehlal t5, H3I2Bder |
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Selection ofAdisphabPar Bmatder

At mospheric oxidation of asphalt binder du

cycle | eads to dewheirciho riast ikonno wonf apsa voexmednatt i v
a high temperature when asp.haAtt tbha mpgerra tmeree
greater than 150UC, the chemical compositi

i's not 3preener aBly, asphalt binder contai |
di fferent weight which forms @&scompltdéx scol

mi xXture due to volatiliziati ORi dati ori dmbun
asphalt binder can be associ atadbwkyhi chan
al dehydes, ami deasnd aknelblyadnreisd e[s3, est er s

I n addadritoomnylo group, sulfoxides, which for

responsible for oxidative aging and4form a
Previous studies show that FTIR spectrosco

moni ttore nghemi c al composition of aged asphe:
product, evalwuating carbonyl and sul foxide
aromaticity and | ong chain indices, and an

a ntdheef f eof mo3i fiers [ 3

I n FTI R spectroscopy, absorbance values i n
groups. Previous |iteratures on FTIRS used
vall ey to valley integiratmetnhonh,i chnd sn krnmam

area by dividing each band area by the sum
rati o, absormanndce 9@t6rlemmMr®d® nsmdered to evalu

signal . On the other hxaindded amydmaadxygli tlyand a:
used to determine the 6 ndiloemostespbnsheél gt
wavenumber, which wa,svaso R 9'Q &b cseprteitbclhei ntgo) a

whereas the waw¢ Cox@ber ¥ 0SEEPD)OG-M3Q 0L ( @) |,
and -23060( &M were noted resm@Behsiwsl ¢ heof uagt
groups which were susceptible to aging in

I n previous studies, t-hTleRS d(itfrfamsemitt tFan Re)
FTI RS (Attenuated THT&RSRéDIi €etuaprcREfbBdt B
by different researchers to evaluate aging
ATHTI RS showed -atghgadd | ynamobdoirfaiteodr yoi nder s di d
siigini cant worgoOothpared tatpaatd poplyanletr Wiemad eard .
al so not significant when &9 néEdhRSawiasenawasa
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used to analyze Polymer Modified Nano CIl ay
anMdano Silica (NS) modified asphalt binder ¢
anomateri atagexigi eiftf ed t a3pjtn.i alsnp hsaulnimabriyn d enra r
esear chkeTIsRS sedITRERt o eval uate | aboratory
ol ymer ®one SHTURS, afRI | RBERwere used to anal
haracteristics of RAP with neat bi,nder f o
nd pavement surfaces considering only car
orrespongiemgeB® a@BRBPWwever, the previous st
he effect of extraction solardtsulrfeunrai mx inc
ue to RAP aggregat e.

o —+ 0O 9 O T — S

Table 3. Functional group in binder susceptible toaging

Functional groups and corresponding wave numbers)(cm

Literatures on functiong susceptible to aging

group

C=0 C-O O-H S=0
Yut et al. 201137] 1700 34003100 1030
Dehdezi et al. 20143 1702 1695 16701820 1108
Bower et al. 2014 [ 1695 12101320
Marsac et al. 20143 16351800 1030
Sunetal. 2014 Y4 1654 1024
Yao et al. 201535] 16701820 12101320 25003300
Salomon et al. 20188§] 1700
Nivitha et al. 2016 [3] 16781725 101061043

Ef fect of LaboMaxoAgi Bgnder an

Aging degraded t,aedchémotalgj cphypeecdébr manc
bind&r Aging is not only a physical phenom
al so chernhiecodlo ga ncda | cdhuar ni gnegs tthhi asit sporcaccwers sa.l It
understand the aging mechanism to I mprove
researdjersst ufdd ed the aging behavior and tr
chemical and rheological eropedateenoprage
the fatigue |ife of asphalt pavement as we
crackbng [ 4
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Aging mechanism can be investigated in the
considering their cainn rpreadp dtrdire iarg eads sbd sndiernr
these tests physical changes in ageaddbi nde
|l oss ofs masd ¢tkemical changes can be eval u.
ar omat jacn,d raesspihfay s es-éRn@abBDr bance or transn
Sspectroscopy. I n addition, mechanical and

dynamic modulus, resilient modulus, fatigu
susceptibility, viasdc opshiatsyps6, achogmpelse x modul us
Since each test has their specific feature

i mportant factor for addledlkearaatedr yagd sn gwadlelt
field. Based-l ®Rnspleics r foss clioepsys rteifinuel rceo mpar ed
and can also provide reld IS| baseshlet potBas
examine the aging state 44RStkaeanbidederctort hm
and sulfoxide conéeindus nstad Rhasdptewi ir o dle® .e r P
aging determination showed that C=0 (carbo
with the increase in temperature and aging
of asphal748] bi nder |

Di f f enradnytsiass met hods for quantifying C=0 an

by severald9rOgbsedrnpees 1. also showed t he
and aging duration onl RC=s( eacntdr aS =aOn d ntdhi eciers c
r hlemgi cal f]r.opHoftkioeset] 5al . condulcR etdo an ext
visualize its capability in different anal
indices and recommended the i mpdrRt ance of

measut &€ménPrevi ous study conducted by the .
index can effectively identify the aging I
devel oped by Liu et al. toteprediagi nghédebaw
[42] . Overl apped absorbance spectra of sulfo
(from aggregate) makes it indecisive to us
the aspBBal tl miaddi5ti on, S=0 oxi datnigomnwas
the increasing pattern in oxidation was in
Oxi dation reaction occurring in service |i
(rolling thin film oven) and PAV (pressure

wiht C=0 ox4datTihen a[gb ng rate in PAV for diff
compared to field aging due to escal ated e
high PG (performance grade) -babdeat aggds sl

suggested that C=0 aging index in unaged a
di fferent compared .t i RAW agedalhb i nsdheorwe[d5 t h
area-liRn spplectra had a |linear relatil@8nship w
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RAP Content Determinati on

From the prieviwvas svtv-uUBespethrnoOmETer has a |
guantify aging in terms of C=0 and S=0 oxi
the st FdliRkRsspectrometer habBnbetoobsed abow
chemical changes due hdefof eocxti daaft i oinnd drn pardfi c
(PG) and bi bhbcehre nsiocuarlc eosx iidnat i on process was
signi flinc aomtel ys.t udy, Di f fl URsSe aRedfl IREBRtwWEIT cee u(szR
to analyze the blending characteristics of
from | ab mard phaememit xsurfaces considerin
its i ncrease corresPpPpndiHoghk & mc RaA\Pg gse r cernit mc
t hoexi dati on processt hoeni daphahtsmageéeuot @ahd
were not addressed properly in previous st

|l denti fication and Quantificati

I n previ odlsR shtausd ibeese,n glsedchsi guepwrthnot he
rheol ogical tests to evaluate the rejuvena
have shown that aging mechanism in asphalt
the changes in carbo@Q)ylf (rCectOi)o retnR e d psa idr
during the repbbvenatiaddi pi onesd0P% bio reju
aging mechanism 51 . PAM uadg eecs hail stha ssehfpo wed t h
rejuvenators (seedandl ltaailctpsbaew exhshetl agi

mechanism by unstiffened the RAP binder. [ 1
functional group for mmMaagdt drmn cate awawe rCEmdb € ru
group-l RnspX¥lct rai d r e jneevde fatoawr sabmdasist can b
dosage for the rejuvenation of | ower grade
concluded that S=0 and C=C indices reflect
than C=0 index which wasupsciem@mefpioedaéoeto
rejuvéator |

Previous studies also presented $B® rejuve
modi dsplal t bindert meed uvemalt udead prloadtess wa
SBS crosslinkiomwgedsttrhiadt prheyss.i clatl SBBHEoper ti es
modi &splal t binder were more stablZ=P.than t |
Recent studies also recommended the necess
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based on their ohdmrsabhngdropertnesraotion

and rejuvenator, [16] as well as addressin
the rejuvenating agent in field applicatio
characterizati omsamtdherierj uivnetneartaicntg oang eonnt pol vy

15.
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The

T

To

Objective

main objecti:ves of this study were

To develop a universal curve that <can b
(%) in a modified .asphalt binder in the
To i mpl emeémel-dhEIhant rometer in the fiel
control of plant mix containing RAP.

achieyetbki swgogl specific objectives we

Investdi gatef fects of different base bind
pol ymer types, and-l Rrepekitnking agent o
Eval uddeegiradSBEo6BBwfdi ds pal bebaumserof

di fferent types of | amoardatfory eagidnm@f(tRT
Sel ectsewi t abl e i ndeRxesdperrailv eadn aflryosm sF Tt h at
both the binder and mix aging
Underandodgueadhei f aboratory aging of the
FT1 R.

DetermhaeBAP content athhe hgl arott bry xa alsagr
| REsi ng a duwinc knedxhtorda dtev.el oped i n the s
Quanttihfei esadmount of rejuvenator present I
absordvmpecter a
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Scope

PG -532, RP@abhd PXRiGers were col | eacntde dNG.r om
Pol ymer modi f i-2288 Gh-¥DdeP@a P B&@ 7Wwer e coll ec
from LA, MSnd TXV. ARot h asphalt binders and
the goal s ThhfeTltRhissp escttwdoymet er was used for t
di fferent type ofedr{({ginhh|l pblpmer s, repdvén:.
and aged bindemwapeAfiongiedf blyi,aRlddE Ofso IPAY¥d UV«
ovelmEBSR test was performed to perceive the
was used to extereami xthhe ebiamde RAPr omwohdi f f .
visited to i mplement the SBS content deter
collected from 10 different sources and fi
RAP content determination technique.
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Met hodol ogy

Materials and Experi ment al Pl an for

Material s

PG54, R@bmMd RGA64ver e used as2dawaes bomntdeirrsed
two diffeopaprtfsomrtesi siana and the other

pra&mpati on of polymer modifirdsthdmndiebi et wvo t
and ddawdroeekconsi dered. For triblock SBS cofj
mol ecul ar configu60ht i As sad wedhdhur lebea miymped [of

copoelrysm named aantdidebrockadene used to pre
asphalt bin@darn.adlihaeStweriggrhe rati o (%) in t
31/69, and 33/67 respectively. The percent
wernld %, ,dbdo 78 %. All these copol ymers were |
manufacturers. A reagent grade 100 mesh pal
agent for avoi diSBE@diadssee lasael ptél]rbaitni doenr off

Prepar a3B®fandioBi eders in Laboratory

SBHodi dsplal t binders were prepared in the
SBS copolymer was added to the asphalt bin
1%, 2%nd3% % SBSwem@deEktyghmee bbase binders as f

T At first, 600 gm of asphalt biinder was
Figure 1. The setting tEmpWheanutrlee olbi n dh
achieved its workability, SBS copol ymer
shown in Figure 2.

T The setting temperature and rotation fo
170and 500@ésppmti vely. The mixing procec
mi nutes at 5000 rpm and then for anothe
mi xer which was used in this study is s

T The increment i n t enwaesr antounriet oorfe dt hbey naedlj
speed of the high shear mixer 1s&5 that i

T After repeating this SBwadddss @fgldres2 werlkeo
collected.
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T On the other hand, thé&Bfoxihipedeocwsshf

crdssnking agent consisted of mixing the
at70and 5000 rpm in high shear mixer f ol
mi xi ng for another one hour.

T After 2.5 hours &B&wwadt da mpli esnwjptdat hef

l'inking agent were coll ected.

Figure 1. Heating samples in a can in melting pot
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I n this pobc8swmpaetpatrald for di EBSrent per

modi bi eder . For repeatabl e data coll ection
i ahi gh sheda?7 Ofm x3e0r mitnut es -ai nb® @G, i nsppeerevda t
was increased to 8000 rpm and mixing was ¢

reduced to 5006mitnoutceo ntpylceltee dishe w30 txh e gs a M@
preparation matrix whi &hBatet hudsieds&tBeSs tthhies s

modi §ampll es which were prepared in the sami
fiDagisndi cates the repeatability in data col
bach. I n each atacste§l0 examapltecawer & ,col | ect ec

Figure 3. Mixing in high shear mixture for 2.5 hours

&, Sivewsoy

LS5M-A

0 319



Table 4. Test matrix for developingstandard curves for ATR-FTIR

Binder Type of %SBS Batch Day Sample tested in Standard
polymer ATR-FTIR curve ID
| 096,1%, 206, 1 50 Casel
PG5234 Radial 3%, 4% 1 2 25 Case2
3 50 Case3
1 50 Cased
1 2 50 Caseb
. 0%, 1%, 3 50 Caseb
PG5828 Radial 206, 3%, 4% 4 50 Case7
1 50 Case8
2 2 50 Case9
3 50 CaselO
1 50 Casell
PG6422 1 2 50 Casel?
(Source Radial 0%, 1%, 3 50 Casel3
A) 2%, 3%, 4% 1 50 Casel4
2 2 50 Casel5
3 50 Casel6
Radial 0%, 1%, 1 1 50 Casel7
2%, 3%, 4% 2 50 Ca®18
G642 Linear 0%,1%, 2%, L 1 50 Casel9
(Source 3%, 4% 2 50 Case20
B) Diblock 0%, 1%, 1 1 50 Case2l
2%, 3%, 4% 2 50 Case22
Radial+ 0%, 1%, 1 1 50 Case23
0.5% Sulfur 2%, 3%, 4% 2 50 Case24

FFITR Spectroscopy

A 4300 halnRd hsepl edc tFrTeerde tteor ovwasaimns spectra con:
flexibility, robustness, carrying capabildi

procedure. The diamond ATR sensor was consi
unaffected by the s aempsloer amo2uln.t Apglaaicned iotn h
scratching resistivity which makes it suit
pl aced on the sensor area by a spatula. Th
of the instrumentr wasceelhlsecleRlds fteaccthh esrp&{Cdr
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converted to the absorbance spectrum by th
the instrument. A total of 24 -4scOOiscmor ea:
region and reporitregol it itdre. f Eeafrookrgdr ostianadh s C
spectra were collected to check i f the sen

sample collection technique anad 3PiOgure 5 s
handhdIRd shhTec 62l omet er |

Figure 4. Sample collection technique for FHIR spectroscopy
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Data Analysi s

TabSlrepresents some of the Rpspeicouosstopgi es
Specopwpwsdata obt aiR1resdp efcrtono nitehtee rFTwer e anal vy
gualitatively and quantitatively.

Table 5. Polymer content determination by FTIR spectrometer in previous studies

FT-IRS Method Index Used Comment

FTIR-T: Ratio of peak value of absorbanc FTIRS it lotted inst ol
at 965cmtand at 1375 crhis used ] resus are porier agains? pom

AASHTO T302 content this curve is calibration cure. It

[12] FTIR-ATR: Peak aea at 965 crt to will be used further to find unknown

quantify the Pre§en§e of pglymer. No polymer content from FTIR spectrum
normalization is required

FTIR-ATR: Normalized band area was us SBS and SB Latex was mixed in variabl

ot ;9‘;57] to find the Polybutadiene index and  proportion into the bse binder and chang
Polystyrene index in different indices was observed
Nivitha et al. FTIR-T: Normalized band was used to Modifiers (PS, PB and Crumb rubber)
[33] calculate PS, PB and-N indies were mixed in the laboratory

Used the peak ratiof at 965 and 1375 ¢l Constructed a calibration curve with pec

Diefenderfer et " . :
to detect the SBS or specifically SB ratio vs different polymer content: usefu

al. [63]

polymer content. for quick determination of polymer in fiel
Peak at 815, 960 and 70¢ to identify .
Fernandez et al ) Amount of styrene and butadiene were
Natural rubber, SB and PB. Absorption ) . .
[46] determined from a calibration curve

band of GH (29602820): to normalize

Peak ratio 1602/1639 was used to quant .
Ghebremeskel e . When these two peak ratios are plottec
SBR and ratio of 2237639 was used to

. [64 inst the %SBR thaeith R20.99
al. 164 quantify NBR in SBR/NBR blend againsttne = '
Curtis et al., tified SBR lat , ethyl inyl . . .
urtis et a Quantifie atexes, ethylene viny Calibration curves witlir? 0.92 to 0.99
[65] acetate (EVA) and SBS polymers
Nasm|zadanet FTIR-T, AASHTO T302 was followed Calibration curve with R0.9949
al. [66] FTIR-ATR, AASHTO T302 was followed Calibration curve with R0.99

1T For qualitaBfodi apadtysum, was superi mpos ¢

unmodi fiednthpeatct emi stic functional gro
identi fied.

T After that, regression analysis was per
bet ween the absorbance intensity of the

concentration of ttoheBendoralw,f itehre Alcsorllamod
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in terms of peak height or peak area
T I'n thi study, absorbance intensity
guantified by both Ideitchhet agpmd ogprre atme tme
woul d provide repeatabl e measurements.
considering their ability to67el i minate
T The height of the functional group
cosnndering the two | owest points on
group as shown in Fpogunée 6f Ahttebatskain
of the peak was added to deter mine
T On the otttheralhsaomrdhbance area was cal
met hod as shown in Figure 8. The basel
as the peak height met hod.
Figure 6. Effect of SBS addition in different percentages imsphalt binder at wavenumber 965m?
0.08 y — —0%SBS
,"*}.,QE - - — 1%SBS
S - - —2%SBS
of %
B \‘. ...... 3%SBS
0.075 s [ e 4%SBS
."’:' E:. —Baseline Start
g3 ! Yo ——Baseline End
S Ve
o W
8 0.07 ‘.‘ ’l’ ’I-'\ ‘|"'-
g . ... I‘ /! N ‘\0
= ‘. . ; ’ Al \
é TR * S 4 \\ “\. """"
= et P ’ 3 ool e
< 0065 .\\ Teeee :' —_——— - ;_’-- --f‘_ - ’_ :-_- -'-\GL.. “\ ' *e * -
T T PG LONTN P
____ /’ e A} \ N "_—’-:l’
a - .7 RN S oy
~'\ \\\ —_4" _—"" '.’ '\ \\ T -
0.06 |_ R O N P
0.055
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0 3590




Figure 7. SBS quantification by peak height method

0.08

0.075

0.07

0.065

Absorbance

0.06

0.055
900 920 940 960 980 1000

Wavenumber (1/cm)

Figure 8. SBS quantification by peak area method

0.0800

0.0750

0.0700

0.0650

Absorbance

0.0600

[ P
0.0550 ‘
0.0500
910 920 930 940 950 960 970 980 990 1000
Wavenumber (1/cm)

T After drawing the baselisnebttaet adefar am
total area under the peak which provide
uni ver sal curve.

T After that, peak height values and sl op

terms of standard devi ati(onV)( SDp) va nsdu acloi
effect of pol ymer dtirnkadtnugr ea,g eprtess, e nacned o
performance grade (PG).

T Finally, preferred analysis method for

the correlation values eangohng aB ®r6cbo n c e n
peak areh &tft®65cml ecting the best meth
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T

Fi

Sidi

regression analysis was performed to ob
SBS percentage in the asphalt binder wi
Sbsequewtal¢cdass on was al so conducted to
performance? i RMBErmsoof W®Rean square err.
absolute error).

All statistical analysis was perfor med

el d Demonstration

fferent field measurements were conduct

modi fied asphalt binder.

T

At first, asphal tgdliindrrcams fcrodmetch e dd
the asphalt plant as shown in Figure 9
Af ter t hsapta,t udsai,ngasaphal t hAFelil Rdeenwas pkac
shown in Figurd RlI1spaencd rluzn wlelhree FKKTol | ect e
mobil e software.

I n this process, 10 samples were coll ec
Figure 13 and 14.

Af tceorl  ecting each sample, the sensor wa
The tot al process for sample coll ection

demonstration required 15 minutes.

Figure 9. Collecting hot sample from the asphaltank
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Figure 10. Storing samples in gallon cans
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Figure 12. Ensuring good connection between sensor and sample

Figure 13. Collecting FT-IR spectra
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Figure 14. Repeating same procedure for other samples

Materials and Experi ment aDuePIltaon Afgad rn ¢

Materi al s

FosBHodi &asplal tnamil ryd d2@s, 6 RPQRa7d P2Rweé 6 e

coll ected from Nevada (NV) and Mississippi
aged according to AASHTO T240 and AASHTO R:
the experi mental flowchart of this study.

FTl Fbat &0l | ect i on

In this study, a 4300 handheld f® spectrometer with a diamond ATR (Attenuated total
reflectance) sensor was used to obtain the spectrum. This type of ATR FT

spectrometer was considered because the collected spectrum remained driafféete

amount of sample placed over the crydtal. the FFIR data collectionat first, polymer

modified binders were heated at 170°C to melt adequately for data collection. -TRe FT
spectrometer was connected with the laptop and Microlab PC softxaarepened. After

starting the software, cleaning of crystal and background checking were done. When it

was shown that fensyithenasmal amountoftheibinderwash e s a
taken at the tip of the spatula and kept over the crystal &fftHR spectrometer. After

0 400



that absorbance was collected by thelRspectrometer from 400 to 650cn?
wavenumber region and a resolution afd!. A total of 10 spectra were collected for
each of the binders. Figure 16 represents the data catlengthod for FTIR
spectroscopy.

Figure 15. Experimental flow chart

T —

Polymer modified binder (PG 64-
28, PG 70-22 PG 76-22)

R

7N TN

Source (NV and
MS) FT-IR and SER.

S e

A N A

Original binder RTFO aged binder PAV aged binder

Figure 16. Procedure for FT-IR data collection

Sampl e heat Sample collection from Sample on the crystal
to melt adequately the can with a spatula for data collection

Spectrum after 556:;& Cl\alilg‘((:)tllgg
data collection 9
PC software
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FA1T R Data Analysis

Table6 represents the FIR specta analysis by different authors for understanding the
aging ofSBSmodifiedasphalt binder before and after RTFO, PAV, and UV aging. In
this study, equation (3) was followed which was proposed by Hossain et al. (2020) to
determine the SBS content (%) bef@and after RTFO and PAV aging. For the
calculation of the carbonyl index and sulfoxide index, equation (1) avada&Epllowed.

Table 6. Literature on aging determination of SBSmodified binders by FT-IR

FT-IR dataanalysis for aging

Author, year
Wavenumber Index

Wu et al.,[32] 1700cnt?, 1030cnm?, and 968&nt?  Carbonyl, butadienend sulfoxide.
Xue et al.[6§] 1700cnttand 1031cm Carbonyl and sulfoxide.
1603cn?, 1458cnt, 1375cnT?,
1030cnT?!, and 966¢mt
. 1700cnT1,1600cnT!, 1460cnT?, Aromaticity, Aliphatic, Carbonyl,
Singh and Kumar 1 1 1 . .
(5] 1370cnt?, 1240cmt, 1030cnT?, sulfoxide, trandutadieneand
and 968&nt transacetate.
Zhao etal.[29]  1700cmt, 1030cnT!, and 966cm*  Carbonyl, butadienend sulfoxide

Zhang et al.[14] Carbonyl, butadienend sulfoxide.

) 6ééé. . (1)
) 6ééé. . (2)
Materials and Experi ment al Pl agqg for

Par amet er

Ef fects of Extraction Sol vent and Fine Par

Experi Memitaabbhlesr at wagvabuagddI|iRrE ATTR er anal

various experniimelind gilny aefifadbdtesof resi dual ¢
i ntrusi on. nActe fsipresctt,r aa bosforvbiar gi n bi nder san
| aboratory. After that, a series of | abor at
experi mental 7wraes eamtl ® st h&damateri als and de:
evaluated in the | aboratory.
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Devel oprSempBi ed UEx1it r a ®t 0 oendAsr enent | oinleef feart!l i e
of different amount of residual extraction
was investigated which aided to devoenl op a
in ATTR RS. The devel oped sampl e ipnsgppat atii on
for analyzing without taking consideration
made the procedure quicker and simpler to
aal yses.

Table 7. Experimental variables and their corresponding material properties

Experimental Variables Base Binder PG grade Materials

a. DCM
b. N-Propyl Bromide
(ASTM 540403)

Solvent

PG6422 _
a. #200 passing

b. #200 retain
c. #100 retain
d. HMA (passing #100)

Aggregate size

Devel op8emptPree p ar Brtoicoerd u €Exl laemadBpieocnt roaf- i n ATR
FTI R&.r t his study, samples were prepared i
induced samples WwWeméeecohei eéfedttofevasidu
n this case, DCM was used as a solvent <co
react ievPenkeisse samples were prepared with 4°¢
solvent accordieg aocomplietwedgbsol Afton o
i mmedi ate spectra wgrercps$letctEdll Ripi. plkaen n,

assessing the residual influence, sampl es
electric hand dowreri  akirg brl e wke?®. Afst esth t he
solven®95%R7r om samples, the effect of res|
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Figure 17. Dried samples by air blower

I n the second stage, agagnmeighdred ntt o uess toab lai
aggregate initiated any effect in absorban
aggregate finesand2800ppsweng, ug@200in this
samples with equal aanohuomo gd n A eeiDXxXC.Mo8 7 Mma

solvent added | ater to establish & dSTdampl e
bi nder , ,aangdg rseog avteent rati o was 1:1:23 in fiwv
the similar proceshs imenmmetdioanteed saabnopvlee sf oarn db os
80% of their initial weight. Secondly, an

| aboratory and binder was extracted by DCM
with #100 nyl on meFih@afmid tdepre catsr as hwoewne icol | e
similar process mentioned above. For the m
were coll ected using a Nicolet IR 100 FTIR
shown i2@Rdlur e

Figure 18. Solution induced with aggregate, binder and DCM solvent
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Figure 19. Filtration technique for HMA mix

Figure 20. Nicolet IR 100 FT-IR spectrometer

Figure 21. Diamond crystal

Samples were placed directly o2 tUseé ndyi amon
default software settings Yawalv enreuwsnod eurt i roann g
4 ¥ %m 24 scans for each sanmplsep ewetrreu na vwearsa gece
as shown 3in Figure 2
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Figure 22. Placing sample on crystal

Met hod for Data Analysis: Selection of App!

Quali Aredliws t hi sl Rtuplegct &I interpretation
gualitatively and quantitatively. For qual
fingerprinctmMmI&@iont ¢ 6i5dentify the presence
addted t he asphalt binder and extracted mix

addition, difference between spectra of ne
al so observed. From qualitative anal ysi s,

were identified. After this identification
the degree of aging. In this study, peak h:
measurement of aging. This measurement was
agng susceptible functional group to the h
unsuscepti Bll.e Tthoe ahgeiingght[] 7was measur ed by dr
two | owest points (can be named as valley)
mi dgbent of the baseline to the top point
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Figure 24. Characteristic functional groups in fingerprint region in unmodified asphalt binder

0.19 Aromatic ring
vibration of CH

Out of plane Symmetric beding of l / Assymetric beding of
deformtaion of CH CHs CH: and CHs

Out of Plane
Deformation of CH
Out of plane
deformation of CH

/

0.17

0.15

@
—
W

Absorbance
[oe=]
—
=

0.09 \ Eiatcg? ég:‘gbration Bending Vibration of

0.07 - \7 jom

0.05

0.03

650 850 1050 1250 1450 1650 1850

‘Wavenumber (1/cm)

From qualitative analysis it wasaoplalrtved
bi ndeasyammeetric stretahi @ §'2s0yi nbormeattriiocn sotfr eQtHc
vi bratian »8%BsGHcem ching vibratasymmdét Ci=€ at
bending vidarnadtzeCoHn 1 dBs5yOneme t r i ¢ ben@Haig vi br a
1375%sctimm et ching vi br at o wddp loafn eS =dG faotr nmadt3i0o nc n
870Lcnm17 amd avsm @momatic ring Vdasration
shown i @ FAfgtuere #2gi ng it was obsealedrobpt
at Téb®Bcame intense in asphalt binder as w
increase in peak intensidmiweas &al=s00 fansce ri voenc

aged binder and mix sampl es.

Quant iAnatl iyAsfetse.r q wmall iytsatsi, veguant i tative ana
measuring the peak heights of “@&=m@ armd 0S=0On
land divided them with the hei ghat 029 2a0s ycnnme
'which was consitderagi ngpsuBltieptgwartificat.i

S=0 functional groups wercd <symb sluil Zedk i adse d
(slg . For measuring peak heiighhghe abbbByaeowa
sides of the pbhak.thet Wwaesabtbesarvéedthe vall
irrespective to the binder type or intensi

vi bratiandefrHlCHps extended from7tcl8feandavenur
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1394 tcomnes8pge dtoirvesl=yY0. and asymmetrig dgthreetc
l'imits of the claoe kliSutheds 2wresr 3 mtBoé 82p%e9cs5t i v el y

Pedlei Rat Prooc dab8ceont ains the values as wel l
variation ¢€iCyhNt odt peiak i fHer amti swawadh emb e
using-2BGA&Y) binder of different aging | evel
at wavenumberpelack9 Shecinght remains unaffected
expected. 0%i mialbdare tcyame be prepared for ot he
the measure of repeatability of the data c
is the h@edagedofhl spectra collected from
t heesi men container.

Table 8. Averagepeak height at different wavenumbers fromabsorbancespectra of PG 6422 (NC)
binder after different laboratory aging methods

Aged Samples 1375 1455 1600 1695 2851 2920
Avg. CV% Avg. CV% Avg. CV% Avg. CV% Avg. CV% Avg. CV%

UnagedBinder  0.057 1 0.125 1 0.016 8 0.005 12 0.207 2 0.288 2

2hr-RTFO 0.056 1 0.125 1 0.017 3 0.006 10 0.208 2 0.289 2

16hrRTFO 0.054 2 0123 2 0.019 3 0.010 0.203 2 0282 2

1-PAV 0.055 2 0125 1 0.017 3 0.008 0.2066 1 0.286 1

4-PAV 0.053 4 0.120 4 0.018 6 0.010 0.198 5 0.272 5

UnagedMix 0.057 2 0.126 1 0.017 4 0.005 0.210 2 0293 1

2hr-at 135C 0.057 1 0.126 1 0.016 2 0.005 11 0.207 1 0.289 1

24hrat 135C 0.056 1 0.125 1 0.017 2 0.008 0.205 1 0.285 1

1dayat 85C 0.057 0 0.126 0 0.017 2 0.006 0.209 0 0.291 0

5dayat 85C 0.055 1 0.124 1 0.019 3 0.011 0.205 1 0.284 1
Effect of Sulfoxide ndex
Mat erlimltshi s study, eight unmod:i ied/ neat
grades and rfernotm sfoouurrc edsi fweer e used to i nvest
dependent of binder grades or sources.
the | ocation where it came from. The names
mi x asphaldtucwas im the | ab using I nch

SUPERPAVE
6 %.

be 4.

aggregate
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Experi PleatTé#8 TI R spectra of binder and extr e
| abor at onrty .b ilnhidfefresr ewer e subjected to standa
PAV aging and afterward the absorbance spec¢
spectra were obtained f®debtabbbaestotheadetf
of agingpmpet eaddd or binder and mix aging in

Table 9. Laboratory aging plan for the study

_ Aging Duration Binder
Materials
Method (hours) Types
Binder Unaged Additional PG5828(LA),
{ PG6422(LA), PG6722(MS)
RTFO 1,2,4,8,624 PG5234(LA), PG5828 (TX),
{PG6422(MS, NC), PG622(TX)
PAV 20,40,60,80
Mix Unaged PG5234 (LA),
PG5828 (TX)
STOA 2,4,12,24 PG6422 (NC)
LTOA 24,772,120

Labor Agiom@ mderMiaxndBraeders were aged using
wlkereas, the mixture was aged in forced dr a
and PAV aging was performed at 100UC under
PAV aging are provided in the Thabim G@vehoos:s

agd n( STOA) ast ewenh lovaesn laognigng (LTOA). Temper
LTOA were selected as 135U0UC and 85UC respect
given in Table 1. Binder from mixture was
the exgmrmacdgadonl00 grams of | oose mix and 1(

for each mix -smaapt ieon Whnondéeeex can be perf ol
within 15 minutes by one person having min

Met hod-l étfa tAnTa |l yAsgilsent 4300l fhawadsh edsde & Tf or t |

spectroscopy. A single reflection diamond /
interface was used for data collection. Ea
of 6000 c#40'ma@ dmesnuti on by the default Micr
equi pped with the instrument and reported

Quantitative analysis was performed by measuring the peak heights of C=0 and S=0
functional group at 1695 chand 1030 cm respective). The corresponding peak height

0 4990



was then divided by the height of asymmetric stretching vibration efa€2020 crit

which was considered unsusceptible to agirig.[Vhis quantification process for C=0

and S=0 functional groups were symbolized as caibiodex (ko) and sulfoxide index

(Iso). For measuring peak height, baseline was drawn by connecting the valleys on both
sides of the peak. It was observed that the location of the valleys remained unchanged
irrespective of the binder type or intensityagfing. Baseline for C=0 functional group

was extended from the wavenumber 1684 to1718. &arS=0 and asymmetric

stretching vibration of CH the limits of the base lines were 388080 crt and 2753 to
2995 cm' respectively.

Materials amd PAp@aear fmentEffect of Lal
Mi x Aging

Material s

To understand the aging mechanism at equal
UVand oven aging, a2keaspbambdbinddr PWa$é 4s e
t he RTFO,anPdlAVf oU&¥ed draft oven aging. Ei ght
di fferent performance grade obtained from
aging indices are different o+4PGBE&YH LIAND ,unag
PG58 M X), -PLEA, MS, and-2NCMS amdd TPX56.7 Ho't

asphalt having I inch nominal maxi mum si ze
content was used to investigate the mix adg
Experi ment al Pl an

Di fferent degrees osf pRTTHO®ramedd RAV saigmuniga twe
of asphalt binder at similar stiffness. RT
AASHTO T240 standar d. PAV aging was perforr
standard except perfor mi ngn dRRTrF Q na gtihneg PoA/f @
TabllGeepresents the experi ment al pl an for tt

ATHTIR spectra of binderdand ekéerhabedambk
phant/ field. Di f fer entarbd nadred se xweer ned esdu bR TekcQ
PAV aging and absorbance spectra were col | e
obtained for | aboratory aged mix al so.
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Labor &Agiom @i owderMiaxndir e

Laboratory aging of binderatwads acgoi hndgu cnteetdh obd
RTFO (AASHTO T240) and PAV (AASHTO R28). Fc
were kept at 163U0UC for 1 hour to 24 hours
For PAV aging procedure, unagedr b2ntleMPaamj
pressur e faonrd 2800, h4o0u,r s6 Ow HPIAY P AR/ P ARéenfde rdr ed as
PAV respectively in further discussion in t

Loose mix was aged in forced draft oven in
According mmeNG@GAdneoeax®i ng temperature was S
which i s al so recommendteedr nb yA2PAI AMBHXT Ow RS Oa g ® ¢
up to 24 hours at 135UC angdansdan2p4 ehso uwesr.e Acn
set of mix watso afgiewle aday8s5 UsCn du ps a mmainels S5wer e
days. Oven aged mi xt wgausd ctkhenx textcrt a ®tne dneud shio
this study and the binder r€&i due was used

Table 10. Experimental plan for data collection and result analysis

Binder Binder Condition Aging Duration Test
Type
Original
1RTFO 1h 25 min
RTFO 2RTFO 2h 50 min
Aging 3RTFO 4h 15 min
PG6422 4RTFO 5h 40 min DSR
(original 6RTFO 8h 30 min te(S[;]Zei?]ldO%/T
unmodified PAV 1PAV 20hr IRS (Chemical
binder)  Aging (W/O 2PAV AOhr test)
RTFO) 3PAV 60hr
UV aging (W/O 24hr, 36hr, 48hr anc
RTFO) 60hr
Forced draft oven  24hr, 36hr, 48hr anc
aging (W/O RTFO) 60hr

UV aOvceAg n§g mul ale s oLaibomr at or y

2g of binder was taken in a small can and
the binder enough Iliquid to spread on a 14
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chamber reached at a cemsdlawomuit temprirmttue £.
with asphalt binder and DCM solvent was ke
pl ate was placed inside the UV chamber whe
shown i m FS$Sigmirlearl y, daced IPAYi deataewésrpek
70AC as shovnThe Fhgekee®s of the asphalt

320, and intensity of th& UV aging chamber

Figure 25. UV aging of PG 6422 binder
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Figure 27. Sample placed over the FIR for data collection

FF1 R Data Collection and Analysis

No separate sample preparati dR ganed dtordu m.a s
Sample was directly pl-BRBRedr wst &l aas’/pahawa
For dat auncrooldiefciteidonb,i nders were heated at 1
coll ected for Deacah amfaltylse sh o eod e rusmmamod i f @ refdo
the process menfiAigo megd Piam atmde es e Steil @t i on

Materials and Experi ment al Pl an for

Materi al s

RAP flr@binf f erent sources were collected fron
miilng sites to characterize the RAP content
20 years. Plant visits were made to two di
vision to implement the qualit\yR ctpreo mel epr
All those plants were producing ho#2mi x as
binder. DCM pr oeAludrreidc hf rwoans Suisgenda t o perf orm
procedure in the field to coll ecetshbimidxe.r r
To determine the RAP content, ten different
pl ants in northern Louisiana, USA. Three t
certain timeobtmldled VYalreahdmiexles Ther ¢ i qalilde d
was coll ected from the binder tank and RAP

the ten mixes.
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Experi ment al Pl an

RAP from ten different sources were analyz
FIIT R spectlrlaecweerde icno t he pl ant during the pi
from tank, RAP from the pile before mixing
spectra to predict the RAP present in the
FII R telsan,ngD$PR t ests were al so pe#2f8or med o
(TX),2B®6Cdnd RG6T/X) binders to determine th
temperature grade. RAP from five different
the high teéempwhiachirwagrtahen compar2@8 swith |
the ATR Bpectra collection plan for the st

The -ARTRRS was performed on the unaged bind
RAP and mi xI R asnppe cetsr aF Twe rl e nrtesc a md eNd rit rh etr me |
Binder residues were prepared Rbysperitclk awetr
recoAmeafl mikes were used for this study an
mi X were tested. The rgees wlft tperno vsipdeecd rhae rfeor

Binder Aging

Laboratory aging of binder was conducted b
RTFO (AASHTO T240) and PAV (AASHTO R28). Fc
were kept at 163U0UC f olre lwenroaurc dlol €&t ehdb uats
For PAV aging procedure, unaged binder s amj
pressure for 20, 40, 60 -RAVJPARQGP ARmud s4 whi ch
PAV respectively.

Mi x Aging

Loose mixi nwafsoracgeedd draft oven in the | ab at
According to NCAJneag ex@pimme ntdearhp eornat ur e was S
which is al so recommendteedr nb yaGRAI AMBGHXT Ow RS Oa @ ® ¢
up to 24 hours weér d 360ICl aagendda athd ehso Lr,s .4, An
set of mix was aged at 85UC up togamdv® day
days. Oven aged mi xt waud ctkhenx textcrt a ®tne dneu shio
this study eana uteh ewabsi nudseerd rf-loR. data col |l ect
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Dynamic Shear Rheometer (DSR) Test on Extr;

PAV aged and extracted binders from RAP wer
T315 to determine the compl ex mordeuclouse.r eBdi n
foll owing the ASTM D2172 and ASTM D5404 r e
the extraction solvent in this part of the
parall el plate geometry at 10 rTahdo/sseec angu
pamet ers were selected because the target ¢
at whi chuvtahleu eG*e/gsuianl s 1. 0 kPa. Each sampl e
di f fteeremdrasbWCes emperature intervaln The t e
such a way that the tempearl aiteurod clarOr0e kfP@an
determined directly from the plot.

Quick Extraction Process of Asphalt Mixtur.

A quick extraction method is devdliompetdhea n
field in |l ess than 15 minAtkesphlwalkth mixi snain
was coll eat ¢ d wae dFtivwvia@&noeo lAppr oxi mately 100 ¢
asphalt mix was maaslanZBam. dTFlienu neerldund tle0r0 o
DCMvapoured into2@he Prropdrigare shoul d be

the mix is air cooled so that thei DCM does
conwadc¢the mix. The jar was thenmshakes wiodle
closed |Iid. The solvent with disngaelrwend asp
nylon mesh filter and the | iquid was col |l e
(Fi @éne

Il n this case a sitmonhd adwlasPeédveaeda.n Iwi tihs 5not n
drain the whole |iquid as very sih®Rl | amoun
analysis. The pan with few millimeters dep
mi nutes while all tBhe)ThbéMbewnamror atesd dufei gvaa

coll ected using a metdlR cpytsulad dmd plpecded
(Fi @g®&ne EBdwmwes the step by step procedure
for quick extraction oft ed &yt froild .o wWRAR wahse
procedur e.
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Th
pe
Fi
14
y i
on
mi

fferent Calculation Method of Carbonyl I

fferent amount of RAP cwvaBomayldeidndaextWwas]
six differemtdemetctacnd ©.e Car wand yalthetd ocron s i
ea under the curvie Bhe wavemdgardgdx t1W@Ot6h ¢ m
e change of added0 RAP is e&ehkpweotied Fihaqar ¢
nearly with the addition ®&f% RMPORAPar bony |
e connected by a straight | ine. The indi
gur e Considering the straightidine as p
| cul ated using the equation:

B Oi QQQMMOME 61 QQ

YO YO e e
DOAaWQWA® Qe 0 i

e RMSE is then normalized by dividing it
rcent RAP. This normalizedi BMBSE.i &§r pmes$ &
guwf ) 3it can be observed that nolftmali zed
56yiml ds the | owest error.’tAl tigEadgsomt he

el ds the same value, trhicalrauli at iien nag tct
e predicts more closely at | ower RAP con
X, the aredtocatddscacmhe9@ecmd in the | at
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Figure 28. Detailed experimenal plan for the study
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Figure 29. Quick extraction process of asphalt mixture implemented in the field: (a) HMA collection

from the truck, (b) pouring loose HMA in the mason jar, (c)use of DCM to extract the binder form

mix, (d) the solvent is being filtered, (¢) DCM is being evaporated quickly and the asphalt residue is
left on the pan, (f)asphalt binder is placed on the FTIR crystal to collect the spectra

(d) (® ®
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Figure 30. Change in @arbonyl index for various amount of RAP addition. Indices are calculated in
six different methods and normalized oot meansquare error are provided for each method
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Materials and Experiment@uaim®tiliani ¢@ti
of Rejuvenators

Material s

PG5288 binder was used as a basbkbabedder. Con
rejuvenator was used as a bio rejuvenator,
used as an ar omat i ct hree jruevjeunvaetnoart.o rPsr oupseerdt iien
|l i stedlli nSB8bpel ymer was used for the modi |
stydheanadi ene ratio was 31/69. The pol ymer
powder form fromPt ag gmamguaft ®@c twarserc.ol RAct ed
plant stockpile. After collection, proper
RAP aggregate to carry out the extraction

Table 11. Material properties of bio and aromatic rejuvenators

Property Bio-Rejuvenator Aromatic Rejuvenator
Appearance, 77 °F (25 °C) Dark-Colored Liquid Dark-Colored Liquid
Odor Mild Hydrocarbon Slight
Density, 77 °F (25 °C) 7.6 Ib/gal 8.0 Ib/gal

4.29cm2 /s; 140F (60 C)

Viscosity 100 cP; 77 °F (25 °C)
[ASTM D445]

PreparatiomBi ontilet he RAP

RAP binder was extracted and coll ected usi
extraction of bitumen from bi-0&mi andsspand
practice faogpheaelctoviferroomodol uti on using the r
03) . Nomi nal maxi mum size of the RAP aggre
aggregated was used for obtaining extracte

Preparation of thea& Redeuvenated Asphaltt

Bot h bimataind ragjouvenator was added with t he
binder, base bindaemdwipioh y@% RAEI bi rdebi nd
binder. I n these four cases, the dosage of
wher eas arvemattioo rwejs mai ntained at 15% and
binder with polymer and RAP binder was pre
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Bot
rej

At first, 50 gm of badda nbicracheranwla $h emd werd
hot pl atCe fatr 1160 mi nut es.

When it bewematxoaftwasreajdded to the base
wei ght .
Preparation of polymer modified rejuven

as adopted for base binder.

For preparing RAP binder induced rejuve
was aade®@ gm of base binder. After that,
way as before.

| Msti lsods
h qualitative and quantitative analysis
uvenator modification.

For qualitative oanaliyesdi ss,p ercetjruav emaast ocro nmp
standard spectra without rejuvenator mo
unknown substance due to modification.

as characteristic functional group of t
Aftera tlthante,ar rel ationship was establish
and concentration of the rejuvenator. T
three madtslho ds macned vaablswe bance height, anc
For absor baincer vyall ueyr \ae umas produced wi

at the characteristic wavenumber withou
considered as the simplest method to vi
affected by the2l.shift of the baseline |
Af t e t hat , absorbance height and absor
calcul at ed. I n both cases, a baseline w
both side of the definite absorbance ba

For absorbance  dtieggm tnpta etnelr mii Walt ieomp,oi nt
e was added, and ped@K .h&ibgltr bmaas ec alr

calculated using trapezoi dal rul e. Regi

considered as a functi on oef btarnadp enzacsi d a

calcul ateaxif®rm t he X

After that, area under the baseline was

area wha cthheg i nterested area 3pder the a
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Figure 31. Absorbanceheight measuement of FT-IR spectra
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Figure 32. Absorbancearea measurement of FFIR spectra
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Di scussion of Resul t s

Quanti fication of SBS Cont e

Qualitative Analysis

Effect of SBS modification inaasphastt bynd
studyd Rgsp€ctra of unmodified and modified
anal ysis was done by overlapping both spec
unknown functional groupl8@MmMFheguisibro®@&r pr i n
the characteristic functional groups prese
asphalt binder. These functional groups we
used in this study. From t hp s, ilnRt Fsiperc tlrea io
al |l unmodi fied base binders remained ident
were different.

wever, when base binders were modified b
nctional groupfHplwarced pvaaygdméta) onst of t he
5lwmi ch was accountabl e f oro-ppl oalnyeb ubteanddii ennge
e CH groups in theoamrpomhys@dremng adadé® 9
nctional groups wemeeadhe ESBEu@otl g meme sdir
esence of -lsiunkiiumrg aasg eantc.r oBessi des, peak poc
ese functional groups were also unaffect
l'y polybutadienesidecedohalr dgevepowasgcho
rves from | aboratory prepared sampl es an
mpd iesce pol ybutadiene functional group wse
mpared to polyst¥rSeneFifgunceéi @Gnahoweaduph ¢
ttern in absor blaR csep eicnttrean saitt ywdaovee ntubnebteRr&@ 9
dition of different percentage of SBS in

YT O WO O *T e~ © =T
O Y 0O 9 EC ST Cc O C O

O
c

antitative Analysis for Linear Regressi ol

I n thiasop#dBdy,al i bration curves were develo
met hpdak height and peak area considering
di fference in SBS polymer -sitmkichgra&gempt gsle:
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binder perfosmabmcadgradesrckeas, different b

dadsata coll ection from same batch mixed sa
For the peak height method, height of the
baseline drawn ilhot ®&4rTamgs eodrsacd@4e wrms kep
constant i n measur i ng6sahboswsr htahnec eb aasred a nael ssoe
position of the polybutadiene functional g
was al so noticeable that iIntemesugyi rodr d@ daee
respect to SBS percentages. Using these tw
areas of the pol ybut adi ecnef ocro pdoilfyfneerre natt pwear
SBS ( 0 %, 1%, 2%, 3%, and 49%)ubwaesyumeaas wrtead d
curve was de®¥sehooweedd .t hTea bd led’fley t heestapdaar
for each Gabews Filger®t 8ndard gaaunrdverd uwi.t h s |
However, for unmodified saemmplhas an@% aSEXR) ,wa
encountered due to the scattering effect o
spectra wevk. cPndpcoedsfing techniques wer
proposed met hod wassiithu echateal mhela gatphpd agre af ltoyrs il
met hods, “waavse rOa.g%7 R or al | di fferent 24 <case
correlation between variables (peak height
' i near

Results also showed that c¢®dfofpiecsi evretr eo fl 2Wa
absorbance height method a&ndl tl11li% dinc aatbesd rtbr
standard deviation among swheeslLdfweandnlhb®@&t
average sdwoprontaill ugst he f aci st madtihds dinoopte s i 1
vary significantly due to binder perfor man
structurcaddait baf eoéhection, different batch
and resence of cross/l i nkonm,g satgaenndasr d( 0d e5v% a

bars were also produced for both analysis
di fference among indivi dg8&dn dsax 8w etth e Fsitgaunrd
deviation error bar sas ni ncdailviibdruaatli ovna | cuuersv efsc
measurement. The standard deviation error
copol ymer was unaffected by the conditions
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Table 12. Slope, intercept and correlation among dataset for SBS quantification in 24 cases for
absorbance height and area method

Absorbance Height Absorbance Area
Groups
Slope Intercept R? Slope Intercept R?
Casel 0.0041 -0.0032 0.99 0.0659 -0.0123 0.99
Case2 0.0034 -0.0014 0.97 0.0504 0.026 0.9%
Case3 0.0042 -0.0023 0.99 0.0663 0.004 0.99
Case4 0.0031 0.0002 0.95 0.0494 0.0575 0.97
Caseb 0.0035 -0.0005 0.97 0.0561 0.0445 0.97
Caseb 0.0052 -0.0035 0.96 0.0796 0.0055 0.96
Case7 0.004 -0.0011 0.98 0.0643 0.0388 0.96
Case8 0.003 -0.0004 0.94 0.0521 0.0358 0.95
Case9 0.0043 -0.0023 0.96 0.0702 0.0041 0.96
Casel0 0.0038 -0.0016 0.97 0.0562 0.0457 0.96
Casell 0.0036 -0.0007 0.96 0.0579 0.042 0.97
Casel2 0.0038 -0.0017 0.94 0.061 0.0254 0.95
Casel3 0.0036 -0.002 0.94 0.059 0.0197 0.95
Casel4d 0.0034 -0.0007 0.98 0.0557 0.0312 0.98
Casel5 0.0034 0.0001 0.95 0.0551 0.0473 0.94
Casel6 0.0038 -0.0013 0.99 0.0603 0.0291 0.99
Casel7? 0.0035 -0.0009 0.97 0.0581 0.0336 0.98
Casel8 0.0037 -0.0013 0.99 0.0579 0.0389 0.99
Casel9 0.0038 -0.001 0.99 0.0613 0.0358 0.99
Case20 0.0035 -0.0003 0.98 0.0547 0.0554 0.98
Case2l 0.004 -0.0012 0.99 0.0609 0.0411 0.98
Case22 0.0042 -0.0016 1.00 0.0647 0.0369 1.00
Case23 0.0037 -0.0009 0.98 0.058 0.0409 0.98
Case24 0.0042 -0.0023 0.97 0.0661 0.0169 0.97
CV (%) 12 - - 11 - -

Since quantitative measurement of polybuta
the mentioned factors and were only govern
(Corr.) among these three vastialtloes ewarne od
among these three variables considering al
peak height and peak area measurements i nd
that peak height data poin@.s9z3h)weidt s SBIt
concentration compared to peak area measur
and 4% SBS data points contained some outl
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Figure 33. Slope, intercept and R? of the stardard curves developed for different scenarios of SBS

data collection in FT-IR
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Figure 34. SBS peak height comparison by standard deviation error bars considering different batch
mixing in case of preparingSBSmodified binder
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Figure 35. SBS peak height comparison by standard deviation error bars considering base binder
from different sources in cases of preparingBSmodified binder
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Figure 36. SBS peak height comparison by ahdard deviation error bars considering differentd ay s 6
data collection in cases of preparingBSmodified binder
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Figure 37. SBS peak height comparison by standard deviation error bars considering different PG
grade base binder in cases of preparingSBSmodified binder
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Figure 38. SBS peak height comparison by standard deviation error bars considering effect of SBS

polymer structure in cases of preparingSBSmodified binder
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Figure 39. SBS peak height comparison by standard deviation error bars considering effect of cress

linking agents in cases of preparingsBSmodified binder
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when t ke dGesakance of an observed value was
Codk di stance. Among 1175 data points, 39
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poifndrs t he regression model. After del etinc

built again, and their correlation was o0bs
variables increased signifiaoadntdByor whtealh hei
data points correiwherenfoncpeakedrea Mmef@sbi
was 0.953. Since the correlation between p

compared to peak area measur ement ,asfeidnal I
on these two 2¢aoweldl ¢ébe Ppablaenei er s of t he
considering with and without outlier condi
cases st-ated bel ow

With outlier: Pealk. @3 8h4* aB8 96ERSENOt r at i ot
Wi thout outlier::=P@akROBE8OYNISBSt cOBBeamr at i

From equation (3) andhed)fi ctectanobet obsee
equations did not change i glmitfai cpaontnltys aafltt
correlation between the variables was i mpr
from the devel opietd camgrlkees somne moaadltshat st
which represents the pedcsesganfotanhéycaét

outl ier. -vianl iaed diintciroenased when the outlier o
to the i mprovement of t h éseaneeg riens sh ootnh nroadsed s
than'2xwl®i ch i ndstciamatdi amsatoft htthe coef ficie
After that, accuracy of both models was <co
error), 2 muldtjusleesdrRaBi st i cs.

Her e, RSE value reduced from O0.sG021 ntooded. O

devel oped without outlier was more fitted
the model developed with “Zawntdl iaedrfiudse teeda $Re d n
to 0. 93,dfirroentt0i.nBg6 t o t he falcopedhawi regutesacu
can explain more var i atah o ghstrsatkiteesh dovwetrc gme .
val ue weaal.s0o5) observed in the regr esTshheon mod
develmoped i s a highly d$i gmidfitd@entpredeadi c oin
model wi l |l notc doiendind enrtpeele eeevddmt8 5 ar epr es en:
significance | evel for 95% confidence i nte
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Figure 40. Correlation among SBS concentration, peak height at 966m* and peak area at 965 cm

with outlier data points
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Figure 41. Correlation among SBS concentration, peak height at 966m?* and peak area at 965 cm
without outlier data points

Conc

PA

0.1

0.0 4

Corr

0.967

LOIT

0.953

e

0.020 1
0.0151
0,010 1
0.005
0.000

\OrT

(.992

Pr R ik

0.4
0.2
0.2
0.1

P,

= Jo—

=
(]

3 40.000 0.005 0.010 0.015 0.020

0.1

0.3

0.4

0 719




Table 13. Results from regression analysis between peak height and SBS concentration

Parameters of With outlier Without outlier
regression model Intercept Concentration Intercept Concentration
Coefficients 0.002419 0.003814 0.002413 0.003809

St. error 1.084x1¢* 4.427x10° 7.13x10° 2.99x10°
t- value 22.30 86.16 33.84 127.51
Pr (>[t]) <2x10% <2x10® <2x10% <2x10%
RSE 0.002146 0.001403
Multiple R? 0.8636 0.9348
Adjusted R 0.8634 0.9347
F-statistics 7424 1.63x10
P-value <2.2x10% <2.2x10%

Cro¥ad i dat hkRere do Mo d & ke

The performance of the regressiontmedel de
previous section-vvad s deu a louvd|tag@lrhmea ddaessscy pr i
of evraodlsisdati on i s to di vsi dnea mehde adsa ttarsaeitn iinngt
t est iwihgerseett he data points for training set
set was used to validate the model -in term
val i dati on met hods pwerrfeo ranpapnliciee do ft of(dges spersesd i

data splitting approdadc hc,r oasnsd v(ab )i draetp eoant.e d

I n the data splitting approach, 80% of the
model and 20% of the daget ptod nueal iwkatee utsted
that, the prediction errrootwamgameasguaneedie
MA Eme(aab s o lerurtoer ) . Resul?fsomhdaé¢d ®hai daRngnc
approach was 0. 94, RMSE=1Q@. 0 WdH4 cadred MARZ
values and predicted values were highly <co
prediction error between the observed valu
represented mean absolute ddf vateepceBotf ht R
and MAEe®und significantly | ower indicating
the data splitting approach is the simples
unf ol ded some bias regar diendg bheotww eoebns etrrvaeidn i
and testing set.

To support the result from this validation
repeafteldd Kcr ossf wlad idradd osnvalKi dati on eval ua
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performance by ar battasaetiduybd soeitesst K(iKb=u t5i nog t1h0
Ssubset was reserved as testing set and the
t wo ,sentb’gel was evaluated and the predictio
process was-smbpettsedmidaveKage prediction e
When flhé dbWwaldogdsati on approach was repeated

repeafteldd Kcr oss val i dfaotlido nc.r olsns tvhailsi dsattu doyn 1
with 3 repetitgomnlsi SwAfst e 9Rie r fRMSHEI was 0. 00
was 0.0010. -vRRrldamd atth e ncrappeps oaches, it was ¢
model developed from |Iinear regression ana

percentages in |ladoffiaelod ywiatsh wleeé dstaspi eadit ct

SBS PredictioBampnl eksabor at ory

Using the stgdndlewvel epreat iiointhe preceding s
measurements were carried out to predict t

t wo rdenftf eoperators who were not informed at
l4showed the prediction result of the sampl
five samples, sample #1 and #2 were used i
ream ning ones were not used in the regressi

out by two different operators to ensure t
SBS percentage. Here, predicted SIB& per cen
addition, SD (stawewtdé&drdidaviatiea)yjaCVoag¢o
interval) were calcul ated.

Results exhibited that, ed®eBI|coprede irtergateiscsn
| aboratory prepar e@8,s af®p.l 223, wia.ho&NO0.amd ~MN®D.
(%) accuracy at 95% confidence interval. T
predicted values in al/l five m&mhurcdment s
indicated the high acc8B@8cgowmcentheamiodre!| ( %

SBBredictikB®nmr$dnp ltdeaxe

For field implementation, SBS concentratio
di fferent field sites and their subsequent
equatdi.onhn(casen 80 samples were collected, &
CV was 12% to avoid the wvariation in measu

phase distributdp.n TasbHhaesvglh alhte biesdért s[ obt a
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obser vart ifoinesl. hdFdo2 mob iln éder
22 respectively. Their
1.9%. tBenaet ual percentage of

perf o22naaace RGAQ@-e
predlcil® %S B3 dp dr. &
SBS was

unkn

supplier t,rade agnugied efloirnepr edi cted SBS perce
On the other hand, bhboauffa cetludr edre nsop €3c iafnide d4 t
range. Results showed that, predicted SBS
menti oned by etrhe FPanufieedtdu demo 5, predicte
where actual SBS percentage was 2%. The pe
respect to actwual valwue. Again, for field
5% error witlwalr es@plece. tboracfi eld demo 7 an:i
the samples have SBS content (%) more than
the universal equation was more than 3% in
field meagswer emepmotrs elet o the nearest 0. 1%.
measurements did not vary that much, which
measurement .
Table 14. SBS (%) prediction of the laboratory prepared samples
SamplelD 1 2 3 4 5
Sample used in
regression analysis ves ves No No No
Operator A B A A B
Avg. height 0.018 0.014 0.017 0.017 0.015
Predicted SBS (%) 4.2 3.0 3.9 4.0 3.4
SD 0.197 0.115 0.301 0.077 0.295
Ccv 4.745 3.856 7.814 1.940 8.802
Cl 0.141 0.082 0.215 0.055 0.211
95%CI Upper 4.3 3.1 4.1 4.0 3.6
95%CI Lower 4.0 2.9 3.6 3.9 3.1
Actual SBS (%) 4 3 4 4 3.5
% error
|ﬂlﬁ'-.;;4§z‘-. 5 0 2.5 0 2.9
=4 €0 +m
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Table 15. Field implementation of FT-IR to predict SBS percentage

Field Avg. height Predicted SD oV | 95%CI 95%CI Actual SBS
demo fromFT-IR SBS (%) Upper Lower (%)
1 0.007 11 0.1 51 0.042 1.2 11 unknown
2 0.009 1.8 0.2 112 0.142 19 1.6 unknown
3 0.011 2.2 0.2 9.0 0.140 23 2.0 1%-3%
4 0.010 2.1 0.1 7.1 0107 22 2.0 1.5%3%
5 0.010 1.9 0.2 105 0.140 2.0 1.7 2%
6 0.011 2.1 0.1 28 0042 22 2.1 2%
7 0.018 4.2 0.03 137 0.02 4.2 4.2 > 3%
8 0.015 3.2 0.15 995 0.13 3.2 3.2 > 3%

Degradat ibure afo SARS ng

Predi cti Gonn toéf?Bs BS r Af aAgd n g .

Fige42zepresents the SBS content of differen
after RTFO and PAV aging. All the four Dbinc
after RTFO aging and f ur tTtheer SrBeSd womtnitem ta f( t%
2was deter mi ned4 byl hues iursged ®dg s @etgguastwieodn t he e
same resuld aAdAabkguEe&Gieoan s the percentage re
(%) after RTFO and PAV h4i5%. SBS wast ¢ ound?
reduced after RTFO &8gi% ¢S.B SAfctoenrt emAtV (a%)i nwa s
the four modified binders, SDE¥angr@8%cting

confidence interval (Cl) weercewall cpd datrealgr e
mod el predicted SBS concentration in the b
NO.02 to NO.22 concentration (%) accuracy

concluded that SBS polymer degraded after

C=0 SiBaMo di Bii eed & rt &griAn g

Figa3eprdadqentC=0 content oMAWiiddersnftr dm pais
sources before and after RTFO and PAV agi ng
t hadi nldex increas®AVadgiemg RiTikFOalalndt he four

the case ofcoRiTdFeOx awgaisn gi,nclr ea,saed bp %40y 6%,
6 {8, MS-2Path d7 ONV-2RG biéhder respectively (com
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binder). AfdoendPAV wadsi hyn,corTes, s e2 0 %,
original bin@8&8r M&SR2PKEEARBG NB/24 Pod n7dée r

Figure 42. SBS content of different types of modified binders after RTFO and PAV agin
g | B Qriginal
E '_\,I",.Z" PG 76_12 ...................... I n_E]ILa.
a NVPGTOL e : SRTFO aged
g .. :
F & MSPGT6R EPAV aged
5 =
© B
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Table 16. Reduction in SBS content after RTFO and PAV aging

20% and
respect

g

. SBS %
Binder Source qug content reduction  SD CcVv Cl 95% 95%
condition _ upper ClI  lower CI
(%)  after aging
Original 4.2 0.0003 1.37 0.02 4.2 4.2
64PrC2;8 NV  RTFOaged 3.9 7.46 0.0008 4.48 0.06 3.9 3.9
PAV aged 3.5 16.06 0.0005 3.15 0.04 3.5 3.5
Original 15 0.000 5.99 0.04 15 15
73(232 MS RTFOaged 1.3 13.19 0.000 4.32 0.02 1.3 1.3
PAV aged 1.1 29.91 0.000 6.35 0.03 11 11
Original 1.2 0.0003 3.83 0.02 1.2 1.2
7232 MS RTFOaged 1.1 8.88 0.0003 5.36 0.03 11 1.0
PAV aged 1.0 14.59 0.0004 7.26 0.04 1.0 1.0
Original 3.2 0.0015 9.95 0.13 3.2 3.2
72(232 NV  RTFOaged 2.7 14.46 0.0009 7.01 0.11 2.7 2.7
PAV aged 25 22.33 0.0007 6.26 0.09 2.5 2.5
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Figure 43. C=0 content of different modified binders before and after RTFO and PAV aging

NV PG 64-28 M3 PG 70-22 MS PG 76-22 NV PG 76-22
Different modified binders from different sources

B0riginal BRTFO aged BPAV aged

Selection of Asphalt Binder Agi

Ef f e 8otl voefmotu Re si d u e

The effect of residual DCM was wédsefrved si
sampl es which wkea% dofritebdeiurp itmoi tOi%al wei ght .
samples was 4g, where the binder was 4% an

values at the wavaodmandmg d®@0@ mamal yzed si
t s were considered as the fingerprints fo
residue did not display any effect after m
TablFfehdws the effect of solvent resmbdue in
1700 c®i mil ar patterns were observed in th
2920and 1030 cm

Ef f e&gtg roef§ aztee

I n this study, fine aggregates equal to th
di fference cien vtah eu eash sar9adIn0abnndc Madf3t0e rcnd r yi n g
t he sampl 90 % p Fdog u8Tde4 onl y deviations in &
observed in t h¥® o e6gdiQdricg@fr ewh45c0h cirndi cated t
aggregate idttriues i soms carflf eercd ee bwa |l wse aati sit G 3k0alc
of significance), the deviation is not sig
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di spl ay

unaged b

any

i nder

significant
wavenumbent, 1#023000 cpassing

aggregate

absorbance value.

Table 17. Effect of solvent residue in ATRFTIRS absorbance value

dédamnmat2 @ 20bauttmtihne

caused

= Mean
é Samples Mean Abs
e (DCM Standard '
25 | Abs. 0ard o) (95%) valueof  Statistical
@ S Solvent + Deviation o
T . value neat Significance
= Binder) binder
nodry 01707 0002644 0.006567
(immediate ' ' Significantly
o collection) 0.02890 different from
= 27%Dry  0.0170  0.001722 0.004277 binder
absorbance
55%Dry  0.01463 0.004085 0.010146 value
76 % Dry  0.01804 0.001717 0.004264
95% Dry  0.02924 0.003874 0.009624 No significant

difference

Figure 44. Comparison of absorbance values for aggregate intrusion at wavenumbers correspamg

to oxidative aging
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Figure 45. Absorbance spectra of samples considering aggregate and solvent interruption

0.5
o4s T #100 seieve ¥
- — —#200 sieve
04 #200 passing
0.35 —— Unaged Binder
0.3
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Ef fect of Quick Extraction Process on Carb

A quick extraction psosesdywabki devebaopkbd p:
mi nutes and can produce eno-Uhserttaate&ob
gui ck extr,aicdhlooor pmetcteasase ( DCM) was used ac¢
binder from the mix.t hRatsiodnvaelnet bweahsi ntdh acth, o oi

at wavenumber 'Wh6candol?26b omerl ap or inte
1695 comresponding to carbonyl i n aged asph
evaporation was much dwasnteage wtho che wfasr mant |
the field. I nfluence of €W sk eecxtrraa omaiso re xmPp

with the & dSpécFrguok #¥he neat-28nbinder du:
overl ap on each otthee re vianpdorcaattiionng otfh et hceo nipQG N
So, presence of DCM in the binder residue
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Figure 46. Absorption spectra of extracted binder containing various quantity of fines

0.30 —— Filtered thru 80 micron
0.25 —— Filtered thru 23 micron
o 020 ——— Mix w/o #200 passing
g Binder + DEI‘v;
(3]
& 015 - - - Binder Only
=
< 0.10
0.05
(.00
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Wavenumber (cm!)

Two di ffereomeer petfacmednwhere afterward t he
solution was Mfmikrenendculm@&dumgh o0 f il ter sep
the residue show that there exist signific
at waven@mbmrl n103 t her aged or unaged aspha
peak at-1,hA080fom similar extent of aging th
equal . There is a probability that fine pa
some isnltitem residue. Silicon oxi de Bsehcoawss ea
of the interference of the mol ecul ar vibra
observed. Resi dure cfriolnt erid d etrh rschuvogshs 2s5mal | er
fnes. But the filtration process requires o
fines. To eliminate the effect of fines 1in
|l arger than #200 par t-micdreen afnidl fteixntersaSatnedd| t s
present as observed in the Figure 16. For

quantified by sulfoxide index. There is no
corresponding to carbonyl eithke brtrRasti o
met hod can successfully quantify the aging

The effectiveness of the quick extraction
carbonyl i ndex of wunaged binder any extrac
both should have thefer muhagedndndesxt Aaet
found to be 0.0146 and 0.0140 respectively
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| nconsmncgtearste lin Sul foxide ilnngdex with Durat

Concentration of both carbonghd sulfoxide increased due to aging. Increase in

carbonyl index for different hours of PAV aged binder are shown in the box plot (Figure
47 and 8). Box plot corresponding to unaged and aged binder cortaforl eight and

five different binders respeugly. A gradual increase ird for PAV aged binder is
noticeable from Figure# A similar pattern is observed in RTFO aged binder vauich

is not shown here. In case of sulfoxide index, the increasing trend ceases after a certain
level of aging and threstarts decreasing as observed from Fig8r&xdtended duration

of accelerated aging may cause some sulfoxide to decompose to sulfones and lower the
Iso. For this reason, a known value gb tannotbe directly correlated to the extent of

aging of a bider. With the increase in aging duratiamlike carbonyl index, the

variability of sulfoxide index value due to different binder grade increases. As the
increasing trend of sulfoxide index is not consistent and varies a lot because of the binder
grade, tis index might not be suitable for quantifying aging of unknown binder.

Unu s ukilglhy SulnfdexUndadg Midx t ur e

I n thisofstsilkgrnt laner moaged mi xture was dete
FTI R. 1t wasoodb suenrawgeed utotih axth wiglser t han t he wu
(Fig99rean4d this value varies considerably f
trend i st o3TS@A vineidk tiunr e. Si mi | atr hLbé&li®OAer vat i on
mi xXture too. hd maxlaln dmouwrett eadfashekt racted i

deter mggoé the Imi x. There mdght ndd uae ncchean de
mi Xi ng process.

Five different extractions wersewagser for med

cal cul at ed. | tguir& habbts etrhvee ds oflrvoermtFidoes not
Is,as both the neat binder and binder residu
index. There exisowlserm Biamdger iincrextsreadctned f
Usually thiendessbot omdt he mi xt-mirer ors rylldrer
filter. I f it -mvacsr of ni | Etackle teedre altsle en.gl a 25
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Figure 47. Carbonyl (CO) index for PAV aged binder

CO Index for Five Binder

0.05 .
0.04 %
0.03 % Bl
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Figure 48. Suffoxide (SO) index for PAV aged binder
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Binder extracted from mix made wodthout #20
significantly. Still it was much higher th
present in the mixraamethebipmeésenitwhi ahtihef le
I nterference of the molecular vibYyatirom of
the fines and sul fox)dergeatewahhegbmbepesa®3
spectra and consequdrmtxliy er dsnudletxs. tDoe t heirgr enra
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index 1is not influenced by 5tph.e Tfhiante si sp rwehsye
sul foxide index cannot be consi dered as a
mi xtur e.

Figure 49. Sulfoxide index of shortterm oven aged mix.

SO Index for-STOA Mix
0.10
A O Unaged Binder
0.08 ] : :
= Z = B Unaged Mix
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EEE 55 1
oos R LU I B4 hour
L i |
0.02 % = gg 1 12 hour
EEEE || EFE i
S EE ﬁ:; 5d7
0.00 ke | IR i 8 24 hour
PG52-LA PG58-TX PGG4-NC

Figure 50. Effect of fines on carbonyl and sulfoxide index.

CO and SO Index of PG 58-TX Binder
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Figure 52. Sulfoxide index forshort-term oven aged mixture

SO Index-RTFO Aged Binder

0.10 0 Unaged
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Effect of Laboratory Binder an

Aging I ndices of Unaged Binders

Two types of agwegei coexi paracet er sguanti fy
both the bi ncdeboondgebxgt(hden dmismud efxg x(ild® iquant i f

the change in indices chuneed ot @agheagknaowre f ol
bi nders. ,atnottéhiishtstwmdayged binders were stuc
val uecanlo Il ndices for unaged Bamd.e3Ist acraen p |
be mentioned that average valwue o01f0O the i nd

separaadaeaspetche pgfl@ot umadedubiender cont ai ns
sampl es. So, t hat obbaexi gphltoyt diast amapdoei notfs .

From F3, gune can be obsecnfveerd urmaged hkei rdeare aid
the aged bindesr podsagesd vieirrydd ow peak heigh
corresponding to tclweolmecrewnlt ratowm bdcaxwsdony

in unaged binder. This value can be affect
the valleydenotitherpeak. But aged binders
hei ghtwhvialhuea s | ess | i kely to be affected b
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the vall eyo. time cvaasrei atfi dn i s much higher fc
binike. cause of the variation can be attri

sul foxide group itself. As the carhbhonyl I n
this index can be considered as a@aoxnt momger
confidently than the sulfoxide iIindex.

l ncrease in Cxro@®nyd Labexai(ory Aging

Thd fect of | ahl direrad remetaesrebgpinnyg amdex was obse
binder and mix aging. Fivehadurd eirenPA\bianndde
camlyd indices weoer riscioetdeb satobxs0er ved t hat

t her ssiegnisfti cant di fference in carbonyl i N
sour ce. But the maxi mum déveaabiodeof fcambbo
of all t aeerbtianidrerasgiarng | evel i's around 12%

irrespective to tbhedear ygomylle omdisoeas cwasr e
on the aging | eaaelgecolFangaiuse 10f ilsali hireatchr vy
well as for the mix. AIIl four subplots of

carbonyl i ndex i ncrneaegiesg wprntdhcedhe., dQomatt i am)
from sever akcddoersamohends netah | y t haegcirreggas e wi
procbe.s At t het lmegg inmgnipmrgpcefss, t hebutatwi toh |
time the rate diminishes. RTFO can create

can bedabyaPAV in 80 hours (0.0372), Althol
the beginning RTFO ages the binder at fast
understood f5% am S4tbad . 5i gur e 5

Long term mix agingens$ waywbor medsenmtit wowds
draft oven at 135U0UC for maximum 24 hours a
col | earteegdu laatr i nt er val and extracted to mon
temperature createstslainghthlay lodbsai h@d02m4)N
135UC (0.0296). Car &f a) Sobdhefseonacalonn toliatFi 4,
hours of mix aging atsofi3bUGdbB LAY FPARNIdo A & n
4-PAV respectively.
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Figure 53. Carbonyl index of unaged binder and comparison of those indices tePAV aged binder

0.04

o
Qo
w

-

Carbonyl Index
o
o
[\ ]

o
o
[

+#

o
o
S

Unaged 1-PAV Aged

Figure 54. Sulfoxide index of unaged binder and comparison of those indices tePIAV aged binder
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Figure 55. Increase in carbonyl index with the duration of different laboratory aging methods: (a)

PAV aging, (b) RTFO aging, (c) oven aging at 135°C and (dyven aging at 85°C
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Vari ation of Isqbufeo xiod & albmdeax or y Agi ng

Sul feo xiindge xf rl all four types of ages sampl
binder are she6wnl ti ni st heatksteergwerde ntélr &tasli ng up
aging | evel and beyongdwhtihcaht cpoorirnotimei rta tsetsa rwi
previouS§7 stidideese [s a probability that som
sul fones which reduced the intensity of su
aging gBloced3bip trend is similarrfofSobobh
observingoobnlay cehé ain binder it is not pos
aging state because of its indecisive tren

More i mportantly, kcdoeaseoof fwmi kXxoswgiang, noh
was al so adb sSSerOv d di ntch i onal group i n extract
absorbance spectrum which is not proportio
absorbance awasnde$0BO6edmfrom the overl ap
present inl8Mhp. agsgrieapat @rjovi di ngt Any concl
parameter i s not used for determining the

Figure 56. Sulfoxide index for laboratory aged linder
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Analysis of Aging at Similar Stiffness

Fgur7s hows t hecgc aprebaockn ynei(ght i ndex ,aonfd ori gir
oven age@ BPGnae4er. Due to oxidationco oxygen
increases in asphalt binder. Thebcarbonyl |
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‘0 ©)

Aft RTFORTRORTBORTBEBO®ndARTEFO ag@i ndexl| eX2 PG 64
b nder was increasedamd B%,r 8P c tSide | 6.5 %
PAV;PARaANdPA3Y aging, index wasandndréasedplkyth
It was observed that, aftwrndidx hwas snotf PA)
signifiUVWamind oven aged betodherexshpwead 3Bdnre
After 36hcoi ndexagwag,réeduced in both the ca:
Il ncremsmhtnofi dnal group can make the aspha
|l eadttbeband harder asphalt binder.

Figure 57. Ico peak height index (169mY/1456cm) for PG 64-22 original and aged binder
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From the DSR temper at urie nsdwepenm(stepashtn,g bsetoiff f
di fferemd RAWVOage2d bPGi déedr s were obtained. I
B3RTFO and 1PAV, 4RTFO and 2PAV, and 6RTFO a
stiffness and $i4dmisl asrh opnwhna &i en Bakis ggbudnsicgnidfefrn e s s
i ncreased by 31IRMT FtO mensd alfPtAd/, 7 t jammeds 1la0f t er

ti mes after 6RTFO &n)d 3XPR¥i rRE@gi pgacEbhigmger s
decreased by 11% after 3RTFO ,and 2BAV,afl&%
6RTFO and 3PAV8bagi nRueeptBEmdoger e S5 she fhinedeasr an
phase angl e. It can be concluded that extr
angle of the base binder which indicated p
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It can be obs®&trkad &t owmitmidgaldr=e® Ginfdenxe scsf, RT
PAV aged binder was the same for two differ
concluded that, at similar stiffness of un
which indicated the Ce® wndext hasstai i ness

Figure 58. RTFO and PAV aged (W/O RTFO) PG 6422 binder at 64 (a) stiffness (b) phase angle
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Figure 59. Comparison of C=0 index of RTFO and PAV aged PG 622 binder at similar stiffness
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RAP Content Determinati on

Understanding the Aging State of RAP

As mentioned eaektevesonwmé ohishetaby is to
on their lexasmtntR&aaanrge t he bl ends from diff
l'ife history of RAP is mostly unknown. An

need to becmade toréespder grade or sources
the RAP.

Because of variability of sources and inad
recl ai med asipthaild g aotealelnengi ng tasheto che
severity of aging. Traditional binder extr
to determine the aging state as it require

extracted binder provides the idnefrorbnuatt idoone s
not provide any insight regardingTthlee chem
aging process of course increases the stiff
alone might not be a ©Oraue sehsoawstma thgellddf nd g X n
di fferent RAPs collected from different pl

carbonyl content arranged in ascending ord
binder i s dOmputvad ufarlom pe ot rda fdletr asnrfe & xft ma
each RAP. Carbonyl index of the RAP, studi e

maxi mum coefficient iosfb svearvieadtont bhnant a ft thied bl y S
occurring RAP var-iBRscan mBdausedeoage. tRE R
on their extent of aging. I nstead of fixin
irrespective to their severity of aging th
with ¢tocowar be recomméred aics ewhod h igRgN#e niwb ¢

restricted. Of course, further study on mi
amount of RAP use based on the carbonyl in
Four hori zogitnalt heeotptleod liinmdé cate the carbon
di fferentg PIA¥valgs. Age of the RAP used for
20 years. So, it can be expecteed tilmatt hae | a
study. Al I the RAP DBRAVdD eargs nagr d eavip@® & P s&Sheovveen |
aredaglkdeAy Hevel. PAV aging is showing the
aging that a binder undergoes i n,agiang loffe
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binder produces much higher carbomgyl cont e
met hod practiced by different agenci es.

To investigate the potenliahdlb®RAPrua tehgead aign
forced draft oven at 135U0C for 24 hours. T
RAPSst htadtey possesostthealrdbasitylanddmax respect

carbonyl i-hdearmdf@®APRAP4I8% and 34% respecti
aging. It can be inferred that even though
the potential t o Agehty prodrhes sa gse & ami tbhe tmamndes. t
aging i-esndi mgvprrocess. Further study must ¢k

hypot hesi s.

Figure 60. Comparison of PAV aged binder and naturally aged RAP: (agarbonyl index, (b)high
temperature grade
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r o £ o ¢ & é Carbonyl Index
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Stiffness of the binder is a parameter tha

due to oxidatOwe agi nd.e Pilpur ef6 hi gh tempe
degree Cel si uwis #aPh)whfiarh WGt/ i MAV aged and t

RAP binder against the carbonyl i ndex. Hi g
relationship wirt hb octahr btohney | c ai shedselxwifs h o abivef
0.80. An intriguing observation from the p
carbonyl i ndex to RAP binder possess highe
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rate of i ncrfeaksAy @fg edt ibfifnrdeess i much highe

I n the field, the aging process increases
stiffness at the same rate that happens 1in
by t he ¢ oonfc eonxtirdaattiiovne agi ng products as wel
mol ecul es. Aggl omerated mol ecules can prod
concentration of hseamehegener@manteduatgi ing met h
facilitate the naotl efcausltasrh dmtaggotped miehraanh | ome f i
natur al a galnogn gperro cceosusr sien of t i fmehri gihhers mi gh
stiffness of the | aboratory aged binder.

Quality Control ofRPSpact MometUsi ng FT

Qual ity RcAoPn tcromlt acfned HMA during the produc
control invol ves making sure that the mix
RAP i s homogeneously blended. TbRBEnwvestigat
gual ity comitxr otlheofr epslesartch team visited two
Design RAP content f or (tspheec infiixceast iwoans dlo5e¥s an
more than that in surf akf®l Roupeetr éAtofeatche
bi nder asguweclkll yase xtthreact ede@®APobiendéde péraat
the operation. The process ofFHGuRc&pectrac:
both virgin and extracted binder required
coll edtfdceretntdsandrée RT epecvah were recorded.

For quantifying the RAP content in the mix
binder bl end i nacirrearseeas dd nemoudryt woft haged bi
extreme erbdbynydf itnlde xcaorf the binder bl end i
the unaged binder and the highly aged RAP

binder blend can be determined provided th

the pageewnf aged binder in the blend can b
of Ilinear change in carbonyl index, four b
40% and 80% of aged binder. 't i s underst a

unageldi ga¢mldy aged bi ndPANV. algerd thindest way, uss
t he RAP binder f oXs hcoowsv etnhiee nicnec.r eFaisgeu roef 6c ar
0.0163 (for unaged bindemah ntca ea.s®@3 &X (pfearce
ageidn der . 't i s obtsheartv eadl |f rtohne Fpiogiunrtes 6l i e a
obtained by connegheaslguidtifhea® oevesft @n@8 h
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FigwRie 6he test results-8fomMhpl ank mias madte
RAP aggte with design asphalt content of 5
was 0.8% which yielded the RAP binder rati
unaged binder and RAP binder were found to
predicteédinarekxomy the mix made of 16% of t
0.0216 by the following equation:

© TBIp PYp T @ TBIUL @ (9)

Figwfa) 6shows the carbonyl index tihseamehr ee
pl ant . adlhiegkt idi fference in the carbonyl i
t he scpoornrdei ng RAP bindectocopetdbentuniagerdhéi mider
to 0%omfndRAP binder corresponds tocdh®% RAF
percentage of RAP binder in the mix can be

YOob ZPp T T @apmp

Figure 61. Linear increase incarbonyl index with increase of aged binder
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e
&
E
= 004
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=
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0.02 R?=0.9861
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0.0 200 40.0 60.0 20.0 100.0
Aged Binder Content %o

Thermgent aRgebionfdeRA i n t h& wvnitxh miagl% ddds iRAP RA
varies from 16% to 20 %. For the other mix

amount was found to be between 14% and 22%
hi gher amount otfh e RAPPAR nwadhenaoni xproaper |l y bl e
sampl e was coll ected. WhRaSt ecvaenr dtehtee crte atshoen sv
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carbonyl i ndex and dictates the investigat
of determiningeaar sdmyali gihnddxriwsar d. It doe
support . One person can control t he qualit
construction sitf&k spiecdg radmeadaredheviid hFT™i ni ma

30 minutes.

Figure 62. Prediction and validation of RAP content in plant produced mix of (a) RAP8 with 16%
design RAP binder, (b) RAR9 with 15.4% design RAP binder
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S S R F I LS KK
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(a) (b)
Change in Carbonyl I ndex with Increased RA

It was pr eswmadotnhydt itnldex of a mi x varies
RAP in the mix. Six mixes were prepared in
80%nd 100% of RAP. Twetrtae k €lrD Oi mgra msmalfl mi ar
was usedthe kexmndact Two ends of the car bony
t heoof the unaged mi x and6é&he wRAP hreecd mea teias
from 0.0166 (for wunaged binder) to 0.06314

RAP. Bbd4erwed fér3ohmtFiglulr et he points | i e arou
by connectingi ghasbewese¢ aadbo’mal uendéxt hel
trend |ine (notBshwawnfiomndhé oFibgul0e 9935 wh
very good | inear correlation,.

Ef fect -Toefr nshAogritng i n the Pl ant

All the mixes were collected frtohdrtdwo di ff
and f rGormo@aéreb onyl index were measured for a
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meaganemd t he percentage of RARB caulbdnlyé d et
of four mixesdnakée Bs b oWwh e ndbreudne farnodm r e mai ni ng

were collected from the truck. Thoef btare cha
unageinder ands pd e’AR,t ed value of carbonyl
used. For example, the car bomiyxbhRsadtelke of u
carbonyl i ndex of 0.0196 and 0.0697 respec

mi x mdddo6% of t he RAP binder was <calcul at e
equati on:

0O TBIpBPp TH O TBQ BXP @ (8)
Ex c éma txgaD | ot her mixes showed a significant
t he preditctceadn vbael umamn xdpwbBesedolt hatt ed from th
whereas, other three mixes were aooilxbegted

ani xgaml|ahi xéwkBr e -tsehromtaged when they were bein
carbonyl ei nusieded oweral cul ate the RAP percen
hi gher percentage although RAP content mig

to choose the |l ocation from twhtears@nita@eD s a mp
t he mylr biondex was obtai ned dmairxéaubndd o thhee rp rneidx
collected from the drum were used to deter
study wi || be conductedtéemomiagiersd i gfatmi »x hiel

Figure 63. Linear increase in carbonyl index with increase in RAP content in the laboratory mix
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Determination of RAP Content in Fresh Mix

Figobir 8 the test results of six different m

Degm RAP content for each mix is shown on f
samples of same mix are slightly different
corresponding RAP binder percent in the mi
dnmi x6h Atshe car bonyl index of 0.0219 and 0. 07!

sampl emifxdwars f ound t eoolle th.e0 21&;.geldf bli nder
0% acvaf |RAP binder corresponds to cd0f0% RAP
0. 28 he, percentage of RAP binder in the mixX
equati on

Figure 64. Carbonyl index of shorttermed aged mixes in the plant
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Percent age Goif xoRAPiIi s fhem 12% tho RAPY% walser e

16 %. For all the mix tested here tthterl WRWAP ¢
exception of aoinxd®T kearmp|lm ghtonbe ahpglhéabil it
amount of RAP in the mix or the eRAsPamrlse no-
was coll ected. What dweSr ctame dredaescan st haer ev,arti
index and dictates the investigation of mi
regarding the RAP content 8n plant mix 1iIs
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Figure 65. RAP content determined by handheld FFIRS in the plant

L2
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@ 34
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2o Q27
E 25
; 21 17 nz
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Mix A Mix C Mix D Mix F Mix G Mix I
16% 15% 16% 26% 16% 17%
Different Mix with Design RAP Content
Table 18. Details information regarding the plant mix
Mi x Designati on
A B C D E F G H I
NMS (inch) 0.5 0.5 0.5 0.5 0.5 0.75 0.5 1.0 0.7
RAP % 15.0 14.3 14.3 14.2 15.0 23.8 14.2 19.0 14.9
Des'gr(')/oASpha" 48 47 47 5.0 46 46 5.0 4.2 4.6
Binder FomRAP 0 0.7 0.7 0.8 0.7 12 0.8 1.0 0.8
RAPégti'”der 0167 0149 0148 0.160 0.152 0260 0.160 0.238  0.174
Binder PG 6722 6422 7022 6422 6722 7622 6422 7022 7022
Virgin Binder ko~ 0.0219  0.0167 0.0283 0.0196 0.0200 0.0193 0.0209 0.0190  0.0190
RAP Binder to  0.0758 0.0667 0.0689 0.0697 0.0577 0.0924 0.0725 0.0722  0.0722
Mix Efouriaed Drum Truck Drum Drum Truck Drum Drum Truck Truck
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l denti fication and Quantificati

Qualitative Analysis

For qualitative analysis neat spaotdrhbiof t
rejuvenator were studied tognaems 6 &Rpidg lhree r
6/showed the representative functional grou
The characteristics functional groups in t

arleending vibratidnasymmeH@inati ralgp6diaGCtHCH 4 5 5
cmM;symmetric Iksandi B8gsstortemiCGcHhi ng vi bration of
out of plane def or matamd alHo naat i8c7 Or,i8nlgr ,v i7b4r
721 tcnOn the other haodalrgpoepsnbatine biwo
fingerprint regiowmfacCeOsatbdaddidngmvi brati o
C=C at Yst5r3etcarhi ng 2ainldratHi b4aSbefncd@ thg vi br at
of CH athsi13®eT chmog-OCiabr d2i48n 116apndldiag 1
vi bratiam D21 CéHm

The functional groups in fingtehseamerhtesr egi o
asphalt binder [18]. When bio rejuvenator

showed two distinke ffiumge rsptimnriaehtt cgrienygp ewmiibnr att
C=0 at Ha7n4d4 sctmm et chi-@gatvi bITéh2eiseem tavfo € unct i c
groups were also apparent when bio rejuven

RAP induced unmodified and polymer modifi e
determined that these two functional group
identification of bio rejuvenator in aspha

bidrer and aromatic rejuvenator are composed
peaks were observed when aromatic 8ejuvena
69, 7)antis howed the effect of bio rejuvenator
unmodi fied binder, ,amadl yRAePr i madiicfeide du nbmordd & ri
modi fied binder.

O
c

antitative Analysis

om the qualitative analysis, it was appa
oups i n asphalt fboirn dgeura nwthiifcihc actaino nb eo fu sbeido
nder. The fact -FtTH&Rt sgplkssdmrmance liimeATTR Yy p
ncentration which directed to conduct a

O T Q@ T
= =

o —
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absorbance intensindyabshbhs bamarcarkeali qht wav
and 12163resmponsible for bio rejuvenation.
measurement were dr awn7 2fOffoom w@v@ nsuitmbetr c Hi7r6 ¢
vi brationtaad 1228 fomO Gttcrhd ng vi bra&tion at
Table 19 and 20 showed the results of the

Figure 66. Absorbance pectra of aromatic rejuvenator in ATR-FTIR a) spectral region from 650
4000 cm' b) fingerprint spectral region from 656 1800 cm*
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@ 0l vy ar CH, 745
;-E 0.08 yar CH., 817
2 i
£ 006 v ar CH, 8§70 HC=C, 1600
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Figure 67. Absorbancespectra of bio rejuvenator in ATR-FTIR a) spectral region from 6564000 cm
1 b) fingerprint spectral region from 650- 1800 cm*
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Woanenunbyer

reniclume. 11462
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Wi nshor

Lo, ML 143N
O, 1851
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[T

Resul t s ptr easbesnotrebda ntchea hei ght met hod exhi bi't
Rranges from 0.97 to 0.99 than the other t
regression based on the str emashimog eviflrtdteid
str eticthri antgiQwn( 101f§ 3C ocm o m-itnhfeesree ntcvegq addi t i on:
was carried out based on the regression eq
measurement at wavehumbenofié@d4dheme that, s
regoaeassine did not vary significantly when

unmodi fied and polymer modified binder, wh
rejuvenator did not affectthieth@i preseoiceRAP
binder icgqmisftfidcant decrease in C=0 function;
intercept of the regression eqguations. It

can also be supportive to comment on i f an
binder ormopdil fyimed binder. A reduction in al
vi bration occurs due to the addition of th

distribution between the sttaedchhegadj dcan
cmwhich was responsible for 7@&xnti®ahtoivoend i n t
the regression | inf@nat 1W#8R2esmpuenchierv el yd4 cm
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Figure 68. Effect of BR (bio rejuvenator) on unmodified andSBSmodified binder spectra in 650

1800 cm! spectral region
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Figure 69. Effect of AR (aromatic rejuvenator) on unmodified andSBSmodified binder spectra in

650-1800 cm' spectral region
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Table 19. Properties of linear regession curves due to bio rejuvenation process at 1744 gm

Functional Analysis Regression Equation

Group Method Samples Slope Intercept  R?
UMB+BR 0.0161 0.0082  0.997
- Absorbance PMB+BR 0.0147 0.0106 0.9%9
g value 20%RAP+UMB+BR 0.0056 0.0220 0.979
O 20%RAP+PMB+BR 0.0064 0.0216  0.989
E UMB+BR 0.02 -0.01 0.994
% F% Absorbance PMB+BR 0.02 -0.02 0.983
-é E Height 20%RAP+UMB+BR 0.0055 -0.0055 0.970
2 - 20%RAP+PMB+BR 0.0066 -0.0065 0.990
% UMB+BR 0.30 -0.24 0.992
n Absorbance PMB+BR 0.31 -0.30 0.984
Area 20%RAP+UMB+BR 0.1072 -0.0796  0.968
20%RAP+PMB+BR 0.1310 -0.1033  0.991

UMB= Unmaodified binder; PMB= Polymer modified binder, BR= Bio Rejuvenator, A
Aromatic Rejuvenator

Figure 70. Effect of BR (bio rejuvenator) on unmodified andSBS modified binder spectra modified
with 20% RAP binder in 650-1800 cm! spectral region
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Figure 71. Effect of AR (aromatic rejuvenator) on unmodified andSBSmodified binder spectra
modified with 20% RAP binder in 650-1800 cm! spectral region

017 —— PG58-28+4%SBS+20%RAP i
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Table 20. Properties of linear regression curves due to bio rejuvenation process at 1162tm

Functional Analysis Samples Regression Equation
Group Method Slope Intercept R2
Absorbance UMB+BR 0.0054 0.0598 1.000

value PMB+BR 0.0046  0.0612  0.811
20%RAP+UMB+BR  0.0020 0.0674  0.906
20%RAP+PMB+BR  0.0027  0.0668  0.990

Absorbance UMB+BR 0.0049  -0.0024  0.9976
Height PMB+BR 0.0052  -0.0032  0.9808
20%RAP+UMB+BR  0.0017  -0.0001  0.968
20%RAP+PMB+BR  0.0021  -0.0006  0.978

Absorbance UMB+BR 0.11 0.08 0.945
Area PMB+BR 0.18 -0.11 0.983
20%RAP+UMB+BR  0.0627 -0.0083  0.962
20%RAP+PMB+BR  0.0753  -0.0203  0.978

UMB= Unmadified binder; PMB= Polymer modified binder, BR= Bio Rejuvenator, A
Aromatic Rejuvenator

Stretching vibration of € at 1162
cm?
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Figure 72. Linear regression analysis for bio rejuvenated FIIR spectra at wavenumber 1744 cm
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Figure 73. Linear regression analysis for bio rejuvenated FIIR spectra at wavenumber 1162 cm

0.078

0.076

0.074

m PMB+BR

A Unmodified binder+BR

® 20%RAP+UMB-+BR

¢ 20%RAP+PMB+BR -
--------- Linear (PMB+BR) <
— — = Linear (Unmodified binder+BR) AR
----- Linear (20%RAP+UMB+BR) .
— . = Linear (20%RAP+PMB+BR)

0.008

Absorbance Height at 1162(1/cm)

8
&
=
+=0.072
2 -
2 .
§ - :..--"- -.
5 0.07 oimiie ’fﬁﬁ.
g __,.w"
50.068 L
= e
= el
0.066 S
} -
0.064
0%BR 5%BR 15%BR
Bio Rejuvinator (%)
0.014
m PMB+BR
4  Unmodified binder+BR . ,}
0.012 e 20°%RAP+UMB-+BR i
¢ 20%RAP+PMB+BR _ ,’
0.010 | oo Linear (PMB+BR) . P
- - —Linear (Unmedified binder+BR) Praca
----- Linear (20%RAP+UMB+BR) ;’

- - - Linear (20%RAP+PMB+BR)

0.000

0.004

0.002

0.000

0%BR 5%BR 15%BR
Bio Rejuvinator (%)
0.500
m  PMB+BR
4 UMB+BR

0.450 ® 20%RAP+UMB-+BR !
—0.400 ¢ 20%RAP+PMB+BR = -
U [ e Linear (PMB+BR) e
= — — = Linear (UMB+BR) Pt
\::140.350 ----- Linear (20%RAP+UMB+BR) P
© — - = Linear (20%RAP+PMB+BR) - -
—0.300 -
< -
£0.250 -7
< -7 .
§O.200 - .- "%
E P
50.150 el
= - [t Tioi
<€ 0.100 - oI T %

R
-
0.050 L
0.000
0%BR 5%BR 15%BR

Bio Rejuvinator (%)

0 10790




Concl usi ons

Findings on Quantification of

One of the principal goals of-ItRhispestt udmew
i n the efdiiecltd tthore pSBS percentage in the modi
control. For predicting the SBS percentage
regression analysis. The fi-ndings from thi

1. From the qualwasatioendnthgsi SBSiaddit.i
i ncorporated two addit i'arcaloufnt mdtlieo rf al
pol ybutadiene Bham&d aanas @pol $O9Oycemne bl
the difference in SBS polbylnoecrk )s tarnudc ttuhr
additiohiokinogoagents (sulfur) did not
in the asphalt binder. Al so, peak shap
factors.

2. SBS quantifitvaas ownn aaftf e9c6tSbe dc nby dehe var
performance grades and <sanur gpase,s eSIBESE od
crdssnking agent . Peak height measur em
correlated with SBS concentration with

3. Regression model deweloopddei mpetatki ¢1 es tgu
measurement and SBS concentration ( %)
wi t)s0R94, RMSE= 0.0014 and MAE=0.0010.
for predicting SBS concentration (%) i
ranged -5%om 0%

4, Prediction result of SBS (%) in Field
(%) range stated by the manufacturer.
predicted SBS concentration (%) was 59
was known. Theampltalcprbeessohoand dat
SBS (%) prediction in each field demon
handhdIRd FT
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Findings on Degradation of SBS

The model developed earlier in thfiisedtudy
binder was used to prS8&iodt dtspdaSBS bec mmtee n ta
RTFO and PAV aging. The following concl usi c

1. After RTFO and PAV aging, SBS content
pol ymer degr adged gaf Af tledr. 5RA FSB Sa gci onngt, e n7
was decreased an3d0%fSBS cPANVt agt nQ %) 6wa

2. The result obtained from the predictiywv
of SBS polymer due toeagownelavsBESIRal so v
extensional deformation test method.

Findings on Selection of Asphalt't

1. Both the carbonyl and sul foxide functi
affected by the aging processwi fTlhe cha
the extent of asphalt Dbinder or mixtur
case of mixture aging, the index value
the mixture. Therefore, sulfoxide inde
indicauamtitfoy the aging rate of an asp

2. Carbonyl index calculated by %Pptemk heig
2920'pecmvide accurate result to quantif

3. For quantification tohfe RAAR ac orndttt@not aitn 1t
1456'ydiml ds more consistent results the

Findings on Effect of Laboratory

A comparative study between four different
draft ovfeommr mavihst peunder stand the rheol ogi cz¢

original and aged unmodified binder. For b
mi xtadreg,ai |l ed study Twad i @lwd on gp erofncr mesd .ons ¢
1. Carbonyln isudcex ssd ully quantify binder

of | aboratory aging methods, carbonyl
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of aging. Ratoesohojtintiremagsherofsllows dowl
aging progresses.

2. A quick extcreactidewvepoped in this study
from the mix-lfRor testing in FT

3. DCM solvent does not affect the absorhb
solvent i1s suitable for extraction of

4. I n the case of cdl\ caneda scevde nu pa gionga, cler t

decresbsprdex|l of RTFO andths¥s¥magaed &1 mdek
stiffness.

5. FIIT R can precisely detect the @resence
very short time and usingdhelddahhlasamou
the potential to be used as a quality

Findi ngsCoonnt emMAAP Det er mi nati on

The other goal of this stluRlyasi sa tqou a lmptlye nteo
in the field by mddedoRARgspPpBetgahbhnanalyyef
performed on plant produced mix as well as
mi X . Laboratory aged binder and mix were a
compare the aging proodsgsesFrpmtbéebmewshagdgy
conclusions can be drawn:

1. Generally avail able RAPs possess much
| aboratory aged binder or mix. But | ab
stiffness than the oRmMARIRat &sTi miel ars eda I
screening of RAP based on their extent

2. The carbonyl index of a mix increases
content. This |Iinear relationship can
in the mix.

3. FIIT RS eanessfully determine the RAP cor
range of the design RAP content.

4. Mi x sample should be collected from th
to the silo to mitndarnmm zegitrhge. effect of

5. This study i hdl da&RES€& $h atsh &ath eh gpmod ent i al |
effective quality control t ool
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Findi nggendn BndaQuanti fication of |

The performance-l Bf ashanhandhel dukT technigq
guanti ficatnidomrofmatth e kriegq uavxenat oonitihn @8s pha
study. Since chemical characterization of
FIIT R showed its applicability to differenti
analyzingttbeat fQuoup incorporated in the
this study :are |isted below

1. From the qualitatRvepaontald gsiist owadsg hap

rejuvenator added two 'Audcait d)dab2gc mup
whiam ®©e used to identify bio rejuvene
Absorbance height method showatugood |
0.96 in quantifying bio rejuvenator in
The quantification processtoflueheh®bio
presence of polymer (SBS). On the othe
significant effect on the bio rejuvena
Unli ke bio rejuvenator, aromati c rejuv
functional group in the asphalt binder
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Recommdndns

Ten plant RAP mixes thajpuweretiasithaedi ahi |
handhd&lR specftarompuelriSBHacdindsrmidalotf bi nder &
RAP mARaensd.hell B pETtr ometrent hgpeamc @St/ SoBf i SB
asphalt binder and percentf ioefl dR ApPr eccoinsteelnyt,
and quickly. The outcome of this study is
|l i ke to recomsmeRn &k ptelcd roametefr EOU s odvi ing t thie
study.

The aut hoMdsHE W Rednet hod that needs binder or
aut hors pmoposecd|la EXThAAddN Bnmmehbddwas
performed becauset Wsf Rhimgtle o dtacchieiRp @amedl . i n
| b hfeut ure, further studiyTIRhdqulidfifheseperfdrme
met hod somi hati ehd é%traction process can

Thell R met hod has the potential to be used

Thr esholddesv eclaonpebde usi ng aging indices that
Al smovyedtigations need t o bet hpe@ rRf csrpmed raomettt
for i dentackynggextsrcaemgeldyb § erFfoarceensi ¢ anal yse

per f oursmtentdgell R met hod to find the possible cz
forensi d heeh RI ynée¢e h,od can detect segregation
pol ymer, excessive usage of RAP, extremely
rejuvenators, etc.

Based on the findings of this study, the a
t hFel R spectrdmatsestadiwsl for viaAbnhdheydof
FI R spectrometer in various potenti al ot he
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Ter m

AASHTO

ATR
CV
DCM
DOTD
DR
DSR
F HWA

FT1 R

HMA
LTRC
LTOA
NMN
NS
PAV
PG
PMN
PPA
RAP
RTFO
SBS
SBSMA
uv
WMA

Acronyms,

Abbrevi at.i

Description

Association of St at e

Attenuated Tot al
Coeffi &areindat iodn

Di chl oromet hane

Louisiana Dempastpmentatofon and
Di ffuse Refl ectance

DynaBh eRreomet er

Feder al Hi ghway Administratio

Ameri can

Refl ectance

Transform
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Appendi X

APPENDA XQui ck Extraction Process

[l]Loose asphalt mix is collected in the p
from the truck or from the stud libkeg aof t h
cooled for enaeamgibitinme tteonpree ad twalei.nPur i
process, t hei rmmiexd sfhroeug udetnbtet s tn @ tpo etvieen t p

Figure A 1. Collection of loose mix

[2Q]When t heemiox ambaempara@atmd el 00 grams of

poured into a mason jar. The size of th
of the jar should be chosen in a way th
should be around 1 in.

0 1239



Figure A 2. Pour the mix into the mason jar

[B]Di chl or omet hane (DCM) is used as a solyv

Aroundi LOOIlI i ters od DICM jiar poanmteai ninng |
| mmedi ately after rpehroiung tblersb@Went3ve |
seconds. After that the jar should be |
di ssolved into the solvent

Figure A 3. Pour the mix into the mason jar
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[4|After five minutesoplvbd asphaeht washf dl

mi cron nylon mesh. Proper care should b
the fine particles drained from the |Jar
Il n t has matsal pam waod |wkexdad tthe filtered

Figure A 4. DCM with dissolved asphalt binder is being filtered

-

o A

[5] The pan was kept on a t BRelcatulséee phaoe ewa
opent was nicely ventiaparadedMwst hoh f he
Af ter fi ve liwarneutneisn uatfatlelr tfhiel tDrGM iwans e v
and the binder residue was | eft on the
enough to -FrRcepdr@ bpl| Fdat es.
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Figure A 5. Most of the DCM is evaporated (left),all the DCM is evaporated in10 minutes (right)

[6]Bi nder residue is collected using a spa
thel RTfor recording the spectra.

Figure A 6. Sample is placed on the diamond crystal

0 12690



APPENDBIIXnstruction of OpelrRtion of

The figure
shows the
Agilent 4300
Handheld
FTIR viewed
from different
angles.

Side View Front View Top View

STE®

l nsert

batteri
the sl o >
operate| o
equi pme §
any pl a
without
power s
Then tuim
p o w@® NO
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STE®

The scr
t he han
FIT R wi l
appear
t his. I
passwor
pr dssdi

inderb 52738

STE®

Rel ace
cover b
Di amond
fixture

G8180-68001

4300 HH FTIR D-ATR

{ %
4 \
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STE®

PreséSt a
to begi
data co

STEP 6

The system
will ask to
clean the

Cloan the ayaal

crystal.

Press the
right
) ) arrow after
Time required cleaning
for the step: 3
min.
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Clean t
crystal
using a
towe | S C
with is
al cohol

STE®

The sys
wi l |l ch
crystal

Method:Binder092718
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STE®P

The sys
will th
coll ect
backgro

spectr a
aut omat

Ti me r e
for the
mi.n

STEP 10

After the
collection of
background.
the software
will ask for the

sample.

Ensure contact
with sample

0 1319
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STEPL

The nlder
kept on
pl ate d
the dat
coll ect
t i menma |l |
amount
(around
gr aa) i q
binder
coll ect
a spatu

STEWP2

The bin
pl aced
di amond
crystal
ATR sens
i nstant

Ti me r e
for the
mi.n
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STEWP3

I f the
perfect
l i ve si
val ue w

show ab

0.10. T

equi pme

now rea
coll ect
spectr a
poiasta mg
name sh
be inse
future
r erfeenc e

STEWPA
Press t
trigger /
start t ,

col |l ect
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STEWPS

Sampl in
progres

Ti me r e
for t he
mi.n

- Sarmpling...

STEP 16

The spectra

will appear on

the screen.
E ‘“v*)'}k |

{_1_1111111|||1111|11|l||11|
3999 4 33296 26598 19900 132026504
W Sample
Press Exit, when done
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Pr eStsét ro
begin n
samp.l in
Pr edissg®
i f done
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APPEND:IXmp dDratt el &€ f4 &mt BTt he PC

STER
O p e n t h . € MicroLab
Mi cr olée @  MicroLab
on t h e O Instrument Battery:

Status: Method: Binder092718

l nsert
passwor
pr dssdi . [asphal

Password: [

STER
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It wi || alt
ask to syr
the dat a. User:  asphalt

savedk iFATIt Method:  Binder092718
memory wil
transferre

% MicroLab

h ar d d | vV e Starting Synchronization
7 ~ - / About to Synchronize with the Mobile Device : "MY18313001°
Pr edsédswai t T o o Srehrom i s e
L
sync hr oisi z Reference Methods oo

done. ®PPred
Restubt see

Exit | Exits ihe application

t de
spec ra c
 Previous Results —‘ ‘——- Advanced Features
Sel ect & MicroLab
t hatstme
b e us ed ‘ User: asphalt
. by Method: Binder092718
a n a I y S I Results:
‘ Result Name Last Modified Date Ll
homer_2006-01-01T12-06-46 2006-01-01 14:06
homer_2006-01-01T12-05-13 2006-01-01 14:06
am mux_2006-01-01T12-03-24 2006-01-01 14:03
drmix2_2006-01-01T12-03-63 2006-01-01 14:03
‘ f 2006-01-01T12-03-39 2006-01-01 14:03
homer_2006-01-01T12-03-30 2006-01-01 14:03
g k_2006-01-01T12-03-56 2006-01-01 14:03
1 isstsampie_zovsororrizonss — S s g e
2%SBS+163 <folder>
‘ 2%SBS+0LD+180 <folder>
2%SBS_mixaging_spc <folder>
R 2nd batch S8S <folder>
4%3BS <folder>
Arafat Temporary Files <folder=
Instrument difference check <folder>
Lamiya <folder= '
A Liu_binder aging <folder= %
(
A
< ~—Home ||~ Import—|/~ Report—||~ View ||~ Export | - Diag Info

STE®
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P r GIE)GpaJ ] 4 MicroLab
t o conyv

text fi User: asphalt
Method: Binder092718

Results:

Result Name Last Modified Date
homer_2006-01-01T12-06-46 2006-01-01 14:06
homer_2006-01-01T12-05-19 2006-01-01 14:05
am mux_2006-01-01T12-0. Export File Type Selection 4:03
drmix2_2006-01-01T12-03 4:03
f_2006-01-01T12-03-39

Select File Type: [Thermo Grams ASCII {*.asp) ~] pao3
homer_2006-01-01T12-03-. 4:03

K 2006.0101T12.03-56 Select Aternate Location: [Cu \Docur oLabiResuits\ | . | 103
testsample_2006-01-01T13 SelectAlternate Filename: ||eslsamp\e72ﬂﬂﬁ—ﬂ14l1T124l2—33 | 4:02
2%SBS+163
2%SBS+0LD+180
2%SBS_mixaging_spc
2nd batch SBS
4%SBS
Arafat Temporary Files <folder=
Instrument difference check <folders
Lamiya <folder=
Liu_binder aging <folder=

Exported file extension(s) will be set based upon the 'File Type Selection”.
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