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EXECUTIVEUMMARY

As a result ofhe lllinois Center for TransportatiofiCT project 6R27%128 Testing Protocols to Ensure
Performance of High Asphalt Binder Replacement Mixes Using RAP gad RAS LINJ OG A OF £ |y
test method,the lllinois Flexibility Index TestRIT) was developed to screemsphalt concrete (AC)
crackingpotential. Tre test method evaluates AC mixes/at’F 25°GQ and at a loading head
displacement rate 01.97 in/min 60 mm/min). The flexibility index (FI), derived frorkIT results, is a
simple index parameter correlated to fundamental crack growth mechanisms ifnabeireprocess
zone. The parameter has the ability to distinguigbmixes with varying characteristics that may

result in different crackingotential. The ntegration of the {FIT method intdhe lllinois Department

2T ¢ NJ y a uBoNdot-niixaghaltiMAJdesign specifications is underway. Several steps are
required to complete the implementatignncluding field validatiorindustry acceptanceand
development of a longerm aging protocal Thereforethis project was identifiedo develop

protocols andoroposethresholdsfor longterm aged plantand laboratoryproducedsurface

mixtures.

This reportpresentsthe outcomes from ICT R37T p  LINDBv&dpiDent ofiong Term Aging
Protocol forImplementation of the lllinois Flexikiif Index Test {FIT)é which may be used by IDOT to
fine-tune FFITACsurfacemixture specifications for acceptance procedures and critdia.
accomplish the objectives of this studlgxibility characterization of a wide range of plaanhd lab
produced ACsurfacemixtures using various aging techniques such fisced-draft oven, vacuum
oven, and pressure aging vessel under different conditwere investigated. Auitable longterm
aging protocol wasleveloped Thresholds were then developéar FI based on the testing results
and discussion amongst the research team #r@project Technical Review Pan@RPnembers.
Additionally, field coresthat experienced up tdive years of field aging from both RA75and R27

161 projecs were evaluated to validate thproposedprotocol and thresholds.

TheFldecreases consistently after lotgrm aging and this effect is primarily due to changes in the
post-peak slopeThe impact of agingaries with respect to difient AC mixes and is affected by voids
in mineral aggregateMMA), low-temperature PG grade, mix type, aggregate blerader absorption,
and effective asphalt content

The development o longterm aging protocol for-FIT consistef selection of equiprant, state of
material during aging, temperaturand aging timeTheforced-draft oven has been selected as the
aging equipment because of availability, feasibility, practicability, capacity, and acceptable variability.
A fully preparedsemtcircular FIT specimehasbeen chosen as the state of material during aging

due toits high practicability and limited operational variability while maintaining integ2®3°F

(95°Q is the optimal seup temperature forforced-draft ovenagingconsidering efficiencyithout
changing the aging mechanisirhreedays at 203°F 95°Q was shown to be able to reaem aging
extentsimilar to that of5D/85C, which iseportedto simulate up to 10 years of field aging. However,
both statistical analysisma a limitedargongasstudysuggestedhat 1D/95C has the same aging
mechanism as 3D/95C (5D/85C) and can distingd@Imixe® & dzi OS LJi A @oksequeéntly 2 | -
1D/95Cmay beusedby contractors as a firsttep indicator for3D/95Chehavior.




As forlongterm aging thresholds faihe lab mix design process of new mixeE)T on unaged and
3D/95C aged specimens should be conducteallicases. FI threshold of 8.0 and5.0 have been
proposedfor unaged and agedRIT specimensespectively

As forthe plant production process;HIT should be conductddr both unaged an@®D/95C aged
specimensn all casesFI thresholds of 8.0 and 4.0 are proposed for unaged and agElddpecimens,
respectivelybased on test results of thigoject. However, 1D/95Cmaybe used by contractoras an
optionto screen problematic mixes at an earlier sta§eorrectionmust be appliedo the thresholds
for plant-produced mixes if they experience more than one month of summer sedsme to
Sepemberin Illinoig shelf agingn nonclimate-controlled storage
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CHAPTER 1: INTRODUQN

1.1 BACKGROUND

The increase use of recycled materials arm$phaltbinder modificationaffects overallasphalt

concrete (ACpavement performance. High use of recycksphalt materiatontent adversely affects

the cracking performance &Cmixtures.Thelllinois Center for TransportatiohCT)project dR27

128 Testing Protocols to Ensure Perfance of High Asphalt Binder Replacement Mixes Using RAP
FYR w! {¢ NBadzZ G§SR Ay | LildHlidois KFl€xibifity IndgkRestflE)f A 6 f S
whichwas developed to screethe AC mixes witltrackingpotential. The test method evaluates @

mixes at77°F 25°GQ and at a loading head displacement rateld®7 in/min 60 mm/min). The

flexibility index (FI), derived frorAHIT results, is a simple index parameter correlated to fundamental
crack growth mechanisms in thieacture process zone.le parameter camndentify mixes with

varying characteristics that may result in different craclpotential (AFQadi et al. 2015).

Asphalt concrete cracking is a common distress type found in lllinois pavements. The cracking results
from several factorsyhichincludeusingrecycledasphaltmaterials likerecycled asphalt shingles
(RA$andrecycled asphalt pavemenRAR, quality and contentof binder, poor aggregate structure,
external loads, pavement structure, and environmental impacts. Aspbaltretemixture aging is

one of the naturaphenomenathat affects overall pavement cracking performance. Aging causes
binder stiffening and resutinhigher potential ofcracking ilPAC However the stiffening of AC
mixtureshaspositive effect on rutting performance due to increased resistance to permanent
deformation.

The a@ing ofACmixturesis a highly complex chemical phenomenon. Apart frontemal properties,
the degree of aging IACin the real world also depends on the pavement temperatuhes presence
of moisture, oxygenandthe extent of ultraviolet exposure. In addition, the change in material
characteristics over time is directly a¢¢d to these environmental changes. Hence, AC mixtures
placed in various regions experience variable deterioration over,tivhech leads to differencgin
pavement performance.

Therefore, a distinct need exists for a comprehensive studssesshe agng of ACmixtures andhe
longterm impacts on overall pavement cracking performancdlinois In addition the development
of a practical longerm aging protocol complementing the current cracking performance tesif], is
necessary to ensure pavemis meet projectedservicelives

1.2 CHALLENGES AISBUES

Cracking of AC pavements in lllinois is a prominent condéml-FIT test developed as per ICT
projectR27%128 filled the gap of a required performance test to evaluaicracking potential in AC
mixtures. However, the methothat wasdevelopeddoes notincorporate the longerm effects due

to aging orthe cracking performance of AC mixtures. In addition, with increased use of recycling,
modification ofRAS and RAP binday addingsofter bindes hasbecone more common.




Additionally,additivesusedto soften bindes may impactAClongterm aging hence, affecting
pavement performance

Several studies cACmixture agingvere conductedto investigae the possibilityof implementinga
laboratory aging methodology to predict the lotgrm behavior of pavement performanc&hese
studiesare discussed in Chaptea2 partof the literature review. The current statef-the-art
literature characterizes laboratory agingAEmixture as per AASHTO R3thich has its own
challengesFor a performance tesgfive-day aging period is not practicdence, theresa needfor
arapid, easyand reliable aging protocol suitable for industhy addition, AASHTO R3tas notbeen
field validatedin Illinois As statedearlier, longterm aging effectsire a function of location with
changing environmental patterns. There is currently no majodgthat specifically addresses
determining the future performance of present AC mixturéserefore, there is a gap in the
literature to guide the asphalt industry to reliably and cost effectively quantify the-terg
performanceof lllinois pavements.

1.3 OBJECTIVE ANCSEERCH SCOPE

The objective of this studyasto evaluatethe long-term aging effects oACmixtures using-FIT. This
study ainedto develop a longerm aging protocol with specifications developed ##T. Thresholds
were tobe developed for plantand laboratoryproducedAC mixtures as part of the study.

In addition, the study addressl the following research and practical comas related toACmixture
aging:

1 Effect of AGnixture agingon Flvalues

1 Effect of aging method in the presenceasfinert gasenvironment

1 Effect ofstorage time and duration of shelf aging of the plgmbdduced mixture®n Fl values.

1 Binder sourceeffectson FI with aging

1 Heldvalidation ofthe proposedaging protocal
To achieve the objectives, a detailed experimental program was developed wattiedy of plant
and laboratoryproducedmixturesrepresentative othoseused in lllinois. Laboratory mixes were
especially designed to understand the effecot binder source on mixture aging potentialthe

presence of recycled material, RAP. The coatiion of these mixturesvasusedto develop the
protocol for aging and@orrespondinghresholds.

1.4 REPORT ORGANIEKAN

The report is organized sBixchapters.

Chapter Ipresensanintroduction, major challenges and issues, research objeciive scpe ofthe
work.




Chapter 2 discusses the recent statiethe-art literature onthe aging of AC mixtuse related
mechanisms, and existing laboratory aging protocols.

Chapter Jpresents material sampling procedures and inventory, experimen&hods, specimen
preparation, binder testing results, and details of testing materials.

Chapter 4llustratesthe comparison ofarious aging equipment and different states of material
during aging. Aging temperature and duration were selected alongth&tilliscussion of asphalt
concrete aging characterization usingIT.Alongterm aging protocois proposed.

Chapter 5 discusses the development of leegn aging thresholds for different scenarios: lab mix
designprocess, plant production processndshelfaged plartproduced mixturesThe fnalized aging
protocol, along withassociatedhresholds are presented

Chapter gpresents the summary arkeyfindings of thigprojectas well as the study
recommendations




CHAPTER 2: SUMMARKF OTERATURE OBINGTERM AGING
OF ASPHALT CONCRHMTDETURE

This chapter summarizes and discusses the literatorapiledfrom previous studies conducted to
simulateAClong-term aging iralab. Asphalt agindcineticswasdiscussed firstfollowed bya detailed
discussion of asphalt mixtures lotgrm aging methods.

2.1ASPHALT AGING KINES

When asphalt (an organic hydrocarbon) reacts with atmospheric oxygen under different thermal
forces, such as heat or ultraviolet radiation, oxidized products are createdefbne, the

concentration of oxidative products and the speed at which they are produced is a function of time,
temperature, oxygen, diffusion flux, and physiochemical characteristics of the chemical species
present Peterson 200 For instance, a commaxidative species (i.e., also called chemical
functional group in asphalt), carbonyl (C=0), has a relatively lower pridelction ratethan that of

the sulfoxide specie€S=0)which isanother oxidative species occurring during aging. However, the
production rate of sulfoxide isignificantly reducedand this rate becomes almost constant aftbe

first five hours of oxidative agind\s these oxidative species are produced, the molecular association
between the core asphalt fractions changes. Assalltethe physical performance properties of

asphalt are also altered. As indicatied previous researchrourier Transform Infrared Spectroscopy
(FTIRcan be utilized to obtain information about the presence of carbonyl and sulfoxide in oxidized
asphalt.In the FTIR library, an infraréight absorption at 1700 crhrepresents carbonyl formation
(C=0) and at 1030 chrepresents sulfoxide formation (S=0), as determined by the chetnizal
energy of these chemical species formed during the oxidation pro&slies have reported that

they appearedo havea higher pealntensityin aged samples than unaged samplesstaswvn in
Figure2.1 (Hagos 2008Yehualaese2010.
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Figure 21. Carbonyl (C=0) and sulfoxide (S=0) species appeared after dgingt @l. 208).




Figure2.2 shows the aging kinetics tiiree SHRP (Strategic Highway Research Program) asphalt
samples that demonstrates how a critical physical property (i.e., viscosity) changes over time as
asphalt agesTwoclear aging regimes existt the early stage, aging occurs at a fast rate; later, aging
progresses at a slower rate. To be specific, after the firstdadsof PAV aginghe aging effect (the

rate of change viscosiipcreaseg is significantly reducedhis trend can be noticed regardless of the
types of asphalt tested in the study. TherefpHerrington et al(1994)hypothesized that the

increase in the viscosity of asphalt is a hyperbolic function, a supposition that was then supported by
many other studies, e.g., Peters(2009)
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Figure 22. lllustration showing speed of changes of a rheological property (viscosity)
over aging time for SHRP asphalts. Test temperature and pressure wei@ 60
and 2 atmospheric pressure, respectively

From a UK study, Khal{@d002)reported on the stiffening modulus of asphainder. As expected,

like viscosity, the stiffness modulus increased as asphalt aged over time; the rate of stiffening was
also reported to change over time. The stiffening rate exhibited two slightly different regimes; the
rate of increase in stiffnesaitially was high and decreased as time elapsed. In this study, another
interesting observation was made: the volumetric flow rate of air can have a significant impact on the
stiffening of asphalt. The impacts air (oxidation) can have on asphalt ceegioeering performance

are discussed in detail later in thibapter. To understand the timgemperaturesensitivity many

studieg e.g., Belet al. (19941 reported that the speed of aging can be accelerated with an increase
in temperature and as elapsed tinrgcreases.

In another UK study, Wi2Q09) investigated in his doctoral thesis how aggregate petrography, i.e.,
physiochemical properties of aggregates, influences the aging of asphalt binder. The study found that
the charged and polarized aggregate suef@an have both accelerating and decelerating impacts on
aging as a result of both adsorptiand absorptiorwithin an asphaltaggregate mixture system
Adsorption is armdhesion concept that theorizékat the molecular/atomic forces occur between

the surfaces as the free electrons move onto the surfadésorptionis asimilar idea to adsorption

but action is through fluid permeatginto a solid. While the desired decelerative effect is the result




of the absorption of asphalt polar components, acceledaaging can occur from thmineral
components of aggregatiat provide the potential for oxidative aging

2.2LABORATORY SIMULAYIOF ASPHALT CONOREGING

Many attempts have been made to simulate the aging of asphalt materials, at both the binder and
mixture levels. Most of them targeted simulating and testing asphalt biaderg Therefore, there is

a wealth of data on asphalt binder aging, which shiéts light on asphakmixture aging.
Furthermore few studies exist that havehowncorrelation betweenlaboratory-aging data with field

aging.

As indicated in the previous section, aging occurs in two regimes: short term and long term. Short
term aging happens during the mixing, storage, transporting, ardblay processeat the

construction siteLongterm aging on the other handoccurs during the service life of pavement as
asphalt interacts with environmental and mechanical factors such as oxygen, heat, UV irradiation,
moisture, and traffic actionBell 1989; Fernande2omez et al. 2016; Peterson 2009; Hagos 20U8;

et al. 2010 Baek et al. 201Andersonret al. 2012; Canestrari et al. 2013; Xiao et al. 2013; Hachiya
2003. This section presents the summary of laagn and shortterm aging procedureattempted

in researchOnly literature from recent years (particularly aftdre development of the SHRP
SupePaveprogram) has been reviewed and discussed chronologically.

Through a SHRP research study in the late 1980s, Bell first systematically compiled the research on
the topic of asphalt aging and presented a critical revied suimmary of the research gap for the
pavement communityRell 198% @ ¢ KS addzReé NBLERZ2NISRY &/ 2YLI NBR
there has been little research on the aging of asphalt mixtures, and, to date, there is no standard test.
Pavement engineensnderstand the need to model the effects of shaahd longterm aging of
asphaltaggregate mixtures in structural design procedures, and while some research has addressed
this need, a®f yet no standard procedurer & SYSNHSR (2 | RRNBaa Al dé

With the regilts on asphalmixture agingthe AASHTO R30ocedurewas developed to simulate
short-term and longterm aging of asphalt mixturé\(u 2009; Bell et all994; AASHTO R 30;
Monismith et al.1994; Kliewer et al. 1995In the AASHTO R30 method, loose metuith a
thickness ranging fror.98 to 1.97 inZ5 to 50 mn)is placed in a pan and aged four hours at
275°F 135°Cin a forceddraft oven for shorterm aging, with the mixture stirred every hour to
maximize uniform aging.o simulate longerm aging, the shorterm-aged mixture is then
compacted. Theillsare then aged for 120durs at185°F 85°Q to simulate longterm aging. Bell
(1994)reported that the shoriterm procedure four hours at275°H135°Q) is adequate toimulate
aging during mixing, transportation, and compactidhe studyalso reported that this aging
procedure is enough to simulate aging upiwm to three years for some climatic regions. In addition,
the study cautiously mentioned that the lofigrm procedure may simulate u 10 years of field
aging, although the conclusion was made with a very limited number and highly skewed data
collected fromseveralspecific climatic regian

Houston et al.Z007) reported that temperature across the United Statearies and the AASHTO R30
procedureemploys only one temperature in aginbherefore the longterm aging procedure might




not produce reasonable aging results for all regions and that the prediction of field aging for more
than 10 years may be unrealistiFurthermore, this standard is not based on a study that considers
the effects of the aivoid content of the mixture, a factor that intuitively would seem to have a
significant effect on aging. The ambient and entrapped oxygen chemically reacts vhtidtaesyud,
ultimately, changes thehemical composition of bindemd affectsits engineering properties.

Through an NCHRP project on the asptagregate mixture analysis system, Von Qusti1992)

also attempted to simulate lorterm aging using a forcedraft oven, in which compacted asphalt
mixture specimens were first aged flwvo days atl40°F §0°Q. Then, the specimens were rotated to
maximize uniformity and kept in the oven for an additiofie¢ days at224.6°F 107°Q. Mechanical
tests such as resilient modulusedirect tensile testlDT), strain at failure, and indirect tensile creep at
41°F $°Q were usedto examine the aging effecNo correlation was made with fieldging data. In
terms of aging at a high temperature (e.g.224.6°H107°Q), later studies e.g.,Bell et al. (1994)

and Reed2010X reportedthat the elevated temperature may damage the integrity of the specimen
due to slumping from seliveight, particularly for higtvoid content (porous asphalt) and softer grade
asphalt mixturesNichollset al.2007).

To accelerate oxidative aging, Bell et al. employed-pigissure aging equipment and reported that
the utilization of highpressure oxidative equipment in an aging prdeee can damage the integrity
of the specimen (reducing awoid content by slumping and producing changes in shdjed).(1994)
found a significant increase in resilient modulus (the performance parameter employed in the
evaluation)due to agingTo aval risks related to compromising the integrity of the specimens and
those associated with highressure aging equipment, B€994)developed another longerm aging
protocol, called lowpressure oxidative aging, that employs passing oxygen through thplsana
temperature of140°F §0°Q or 185°F 85°Q anda pressure (100 psi) relatively lower than that of the
high-pressure oxidation system

It is to be noted that a similar issue was reported by previous studies that also utibrggaratively
higher pressure (145 psi) for oxidative aging of compacted spesi(Kém et al. 1986; Von Quintus et
al. 1989. Another studyfound that rapid increase in the resilient modulus occurred in the first few
days of aginglL{andNazarianl995), suggesting that a lontgrm aging protocol can be developed,
yet with an aging period of shorter duration.

To improve the pressure/oxidativeging procedure, while reducing high pressure and temperature

as discussed in the preceding paragraph, KHabh@2 developed a system that involves encasing the
sample in a sealed system that ensures passing of air through mixture samples without the use of a
pressure vessehs presented in Figur23. Another motivation of this development was that the

effect of agng at a high temperature does not correlatell with field-aging data. The study
recommended an aging temperature D40°F §0°Q and air pressure of 2 to 5/min (less than 10

psi). Note that this system took 21 days to simulate the sigfd-aging candition of about a year for

a porousgrade asphalt mix that has a very highhaoid content. The duratiomwould besignificantly
longerfor a densegraded mix.




Airin

.

Hose

connector ,Q_ Top piaten
ﬂ DO—(ngs
q W
— Perforated disk

(cross-section A)

Marshall
Rubber sample

membrane ﬂ

SN

q~~—~———_Vod_—Dp
q i b
£3 Bottom platen
i

Figure 23. Oxidative-aging system without a higipressure vessel. The air is passed into the
compacted sample encased by a rubber membrakédlid 2002.

In 1995 at Nottingham University, UK, Sci{@@95)investigated the interaction effect of asphalt,
aggregate, ad moisture on asphalt pavement durabilityeinvestigated the effect of different

mineral aggregates on asphalt binder aging, which invotwechours of conditioning at mixiesign
temperature, and reported that aging was observed (viscosity increasesepangle decreased).

However, a meaningful difference was not observed in the aging effect between the aggregate types
tested. A similar observation was also made in another British siwdy2009. However, opposite
conclusions were also made in thietature. Monismith et al. {994 statedY &L G aK2dzZ R 0 S
the aging of asphatbggregate mixes is influenced by both the asphalt and aggregate. Aging of the
asphalt alone, and subsequent testing, does not appear to be an adequate means of pgehicti
performance because of the apparent mitigating effect aggregate has on aging. Moreover, the aging

of certain asphalts is strongly mitigated by some aggregates but not by others. This appears to be
related to the strength of the chemical bonding (@B A 2y 0 06S06SSy (GKS | aLKI €
Therefore, it is the opinion of the authors that further research might be needed to address this

issue; and aggregate specifications can be developed to account for the agingikffeeted.

At the 2003 RILENRonference in Zurich, Airey et #003 presented an aging protocol that enables
the researchesto examine oxidative, heat, and moisture effects. In this protocol, six regimes were
tried to condition a3.94 in (00mm) (diameter)by 2.56 in 65mm) (height) diskshaped, compacted
sample: (1No-aging (2) AASHTO R3@) AASHTO R30 plus partially saturated p@row-

pressure oxidation(5) Pressure aging vessd?A\); and (6) PAV plus partially saturated, pressure
aged. Figur@.4shows the eféct of the aging on compacteaix performance measured by indirect
tensile stiffness modulus. Each procedure tried increased mixture maddbugever, with moisture
conditioning, the modulus value decreased, as expected, due to weakening of the adhdsieeibe
binder and aggregate in theresenceof moisture. Ma et al(2011)also reported that moisture can
accelerate aging and further negatively affect performance of asphalt material
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Figure 24. Effect of different aging rgimes and moisture conditioning on mix stiffness
(Airey et al. 2003)

Note that under aging Regime 5 (PAV), an attempt was also made to understand the interaction
effect of aggregate and binder on aging. For this purpose, thggenetrationgrade and one 50
penetrationgrade asphalt bindey along with two types of coarse aggregatdslomite and granite),
were used. The study reported thdblomite aggregate outperformethe granite aggregatander all
scenarios tested, as psented in Figur.5.
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Figure 25. Effect of aggregate types on agingifey et al. 2003

Collop et al.Z007) modified the PAV system so that the pressure vessel is partially filled with distilled
water; and then water is temperatureonditioned atl85°F §5°Q for at leasttwo hours (Figure2.6).

In a simultaneous action, compacted specimens to be tested are alssapweatedandthen placed

in the preconditioned PAV system with water and pressure8lat58 psiZ.1 MPa for 65 hours. The

final conditioned specimens are tested for indirect téasitiffness modulus to obtain the combined
aging effect of oxygen, heat, and moisture on the compact asgbalktretemixture.
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Figure 26. Asphaltaging system combining oxidation, heating, and moistur@o{lop et al. 200Y.

In his doctoral work at Delft University in the Netherlands, H4g668)conducted a comprehensive
study to examine the aging effect on poregsade asphalt mixture. This study also combined heating,
oxidation, and moisture, along with a new variablglV mdiation. To simulate the different aging
conditions involving these variables, the study employed a weather chamber (also called Weather
Ometer, equipment popular in the material science discipline), shown in FRjdr&ariousaging
protocols were testd. For the longerm condition, the study useti94°F 90°Q for a duration of 185
hours. For other experiment parameters (e.g., UV radiation, humidity, rain) and for detailed
information, it is worthwhile to consult Hagg2008) Some of the significant conclusions made from
analysis of binder extracted from aged mnmglude thatthe lab aging method didot exhibitassevee

of aging as that in the field.

Key features:
o Rain and humidity
simulator
o Broad range of UV
radiation
o Sophisticated heating
and cooling svstem

Figure 27. Weather-Ometer used to simulateaging of asphalt mixture or
compacted sampléHagos, 2008)

In another study at Delft Universityehualaese2010)aged mortar comprises of binder, filler and

fine aggregate less than 0.02 instead of binder or mixturand found significant correlation with
field-aging data. The aging procedure involved heating mortar in an ovewddnours at329°F

(165°G and then placing the specimen in a PAV systensdoendays atl94°F 90°G with an air

pressure 0f304.58 psiZ.1 MPa. Comparing chemical and rheological tests, the study conclticed

this procedure can simulate 10 years of field aging. It also found satisfactory aging results with loose
mix for porousgrade asphalt. For an aghggadient effect, this study sheed aging intensity declined

as the depth of pavement increased.
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Based on a comparative study of different letegm aging protocols Belgian method (conditioned

at 140°H60°Q), RILEM method (conditioned B885°H85°Q), PAV, and UV agmdollenhauer etal.
(2012 reported that the aging of a loose mixture in a forar@ft oven is a more feasible option than
a PAV system. Following the RILEM protocol (similar to AASHTO R30), the study found that aging of
asphalt aftemine days atl85°H85°Q is more seere than aging for 14 days &40°F §0°Q, which is

in line with the agingkinetics discussion presented in the introductory section of ¢hizpter.

Contrary to many studies, this study, however, did not observe a UV radiation effect (i.e.; photo
oxidaton) in agingThe study also tried aging a loose mixturghe PAV and found that aging at
194°F 90°C)for 20 hours can produce results comparable to the RILEM protocol or AASHTO R30.
Note that this option is unreasonable from a practical viewpoint, as the PAV aging si@tsmot
haveenoughcapacityto allow prepatingtest specimens for regular mechanical testing.

Baek et al(2012)conducted an experimental study on a control mix with varying aging durations of
four hours at 135°C antivo, four, andeightdays at1l85°F 85°Q for loosemix samples and examined

the performance for dynamic modulus. The study repdrteat the dynamic modulus value increased
with aging duration and found that under all dynamic modulus testing temperatde${-10°Q,

41°H5°Q, 68°H20C, 104°H40°Q, 129.2°H54°Q), the protocols resulted in significantly different
modulus, ecept between the conventional sherérm-aged specimens (aging 2f5°H135°C for

four hours) andtwo-day-aged specimens for a few instancééso, thedifferent aging protocols

clearly differentiated the damage characteristic curves of the agedures Xiao et al(2013)

conducted an investigation examining thermahd UVaging effects on HMA and WMA with an-air

void content of 7, 4, and 28&omimicking shor, medium, and longterm air-void content in real

world pavement. Various performance amsures such as rutting, flow, indirect tensile strength, and
elastic and fracture energy were considered in the agifigct comparison. For aging compacted
specimens, the study utilized the AASHTO protocol; and for UV aging, the study developed a custom
built oven with UV lamps, as can be seen in Figue 2

UV lamp
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Turn table

Sealed
glass door

g 5 RPM

Controller

Sealed box

Heater & Fan

Temperature:
Light intensity:
UVB intensity:
UVA intensity:
Humidity:

Turn speed of table:

Number of sample:

Aging duration:

80 + 5°C
53,500 uW/cm’
1.000-1.200 uW/cm’

8,000 uW/cm’
0%

5 rpm

12

5 days

Figure 28. Schematic of UNaging system utilized in the study and key features of the
system on the right sideXiao et al. 2013
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Figure 29 shows that the mixtures ith the most air voids store the least fracture energy regardless
of aging type, binder type, and aggregate soufite unaged mixture exhibits just a marginally higher
fracture energy than the thermally aged mixture, followed by theddj¢d mixture. Figer 29 also
showsthat the U\taging procedure is generally more prone to reducing the fracture resistance of an
asphalt mixture than is the standard thermeding procedure. In another study, based on data
collected from retrieved binder from the mix witivb aging treatments (UV and thermal), Mouillet

et al. (2014¥ound that UV aging is dominant over thermal aging in producing some chemical
carbonyl functional groups (C=0), which ultimately changes asphalt chemical and rheological
properties Zeng et al(2015)found that, for a given U¥dging systemambient temperature under

122°F $0°Q has less influence aihe rheological performance of thesphalt binder.

50

40

30

20
10 I
0

No Aging R-30 UV Aging | No Aging R-30 UV Aging
2% Air Void 7% Air Void

Fracture Energy (1)

Aging Type and Air-Void Percentage

Figure 29. The fractureenergy value for noraged, regularly aged (AASHR30), and
UV-aged samplegdata from Xiao et al., 2013)

Like all other laboratory tests, ledging procedures also have limitations to appropriagigulate

field conditions. Therefore, aliable fieldperformancepredictioncannotbe producedfrom using

these procedures. To mitigate this problem, NCHRP has recently taken some steps to correlate the
results between lab aging, field aging, and other environmental data. For instance, tiNalgRP
Project 952, Texas A&M University has conducted a comprehensive study. In this research, a wide
variety of mixes, aging protocols (shderm aging plusive-day vsiwo weeks atl85°H85°Q), lab,

plant, and field environmental factors were considd in the experimental matrix to examine how
these factors affect aging #te binder and mixturéevek. The midevel performance @wsexamined

by conventional mechanical tests dagach as resilient and complex modulus and rut depivhile
binderaging was examined by rheological and chemical properties obtained by rheological test
equipment and FTIR, respectivé¥in et al. 2017; Newcomb et al. 2015)

The study suggesti that consideration of cumulative degree dags,CDD (a concept utilized in

climatic science discipline, estimated as a total sum of time and temperature of each day for the
entire year), as a variable in aging prediction yields better results than treating time and temperature
separately. The studyp@indthat the aging effecbn an asphalt sample with a CDD value of 17,500
wasequivalent to 12 months in service in warmer climates and 23 months in service in colder
climates. Further, no statistically significant difference was noticed in terms of the aging effect
between the mixesnanufactured in plant, made in the lab, or sampled at the construction site.
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Surprisingly, the study also did not find a noticeable difference between the aging effetitefdays
andtwo weeks of aging conditioning. Based on the limited data, thears$ealso developed the
following model (Equatio) that can be used to predict the modulus value for the fiaipgbd sample.

8 2z

0 YOO E & & pmmzQwn (@H)

where0 'Y & 0 sfaads foresilientmodulusratio between longterm-aged (eitheifive days ortwo
weeks, both att85°H85°Q) and shoriterm-aged two hoursat 275°H135°() specimen.

Similarly, irarecently published study by Chen et &0{8)at the National Center for Asphalt
TechnologyNCAY, researchers tried to select a laboratory loeseA E | 3Ay 3 LINR (i-2 O2 f
down cracking experiment. Existing pavements show thatdown cracking typically initiated after
70,000 CDD, which was selected as the targét@tging process. Then, sal predesigned loose

mix aging protocols were evaluated by laboratory experiments. Based on rheological and oxidation
results obtained fronthe dynamic shear rheometeDSR bending beam rheometeBBR, and

(Fourier Transform Infrared Spectroscopy)R teststhe 24-hr, 275°F {35°Q protocol yielded the

most significant level of asphalt aging, followed by thent,275°F {35°Q protocol, five-day,203°F
(95°Q, protocol, andsixhour, 275°F £35°Q protocol, respectively. These aging protocols represent
greater than 235,000 CDD, 80,000 to 157,000 CDD, 48,000 to 80,008r@CApproximately 48,000
CDD, respectively. Among these four proposed protocety395°C protocolasthe most
representativeone. However, due to practical implementatiohalkenges researchers tried to find

an alternative protocol with shorter aging duration in this study. They claimed that no significant
difference in the oxidatiofhardening relationship of asphalt binder&xe observed for mixes aged at
203°F 95°Q versus275°F £35°3. In addition, DSR and FTIR results indicated that loose mixfaging
eighthours at275°F {35°Q andfive days at203°F 95°Q were likely to achieve an equivalent aging
level. Finally, $r/135°C loose mix aging was suggested. One important point that needs to be
emphasized here is that thet#/135°C aging protocol was proposed by using nonlinear regression
based on 24r/135°C, 12hr/135°C and 6hr/135°C dataHowever the 8hr/135°C agig could no

be validated and achieve idealized CDD.

In arecenty completedfive-year NCHRP project @81, Kim et al.Z018) developed a procedure
calibrated and validated with field data to simulate letlegm aging of asphalt mixtures for
performance teing and prediction. Researchers classified the asphalt mixture laboratory aging
procedures that have been tried based on three main concerrisieljtate of the material during
aging (compacted specimen vs. loose mixjh&)ressure level (oven aging vs. pressurized aging);
and 3 the aging temperature.

Regarding compacted specimen and loose mix aging, 2dbleas presented to illustrate thpros
and cons of these two methods.
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Table 21. Comparisorbetween LooseMix and Compacted Specimens in theAging Procedure
(Kim et al. 208)

a) Homogenous aging in the mixture
Pros | b) Higher oxidation rate than compacted mix
¢) Maintaining specimeimtegrity a nonissue

Loose Mix — , : ; : ——
a) Difficulties associated with compaction of aged loose mix, which limits its u
Cons | producing specimens for performance testing
b) Limited amount of materials can be aged in standard PAV chamber
Pros a) Can produce aged sample for performance tests if slumpingnignized through
use of wire mesh
Compacted a) Slower oxidation rate than loose mix
Specimen b) Integrity of the specimens is compromised at high temperaturepesssures dug

Cons | to slump, cracking upon pras® release, and differenc@sthe coefficient of thermal
expansion between binder and aggregate
¢) Oxidation gradients exist radially and throughout height of the specimen

Similarly, Table 2.2 listed pros and cons within two aging equipment: traditimes and PAV.

Table 22. Comparisorbetween Oven and PAV Agirldethods Kim et al. 208)

a) Available and easy to perform and control

Pros b) Large amount of material can be aged
Oven Aging a) High variability amongvens, especially in terms of air drafting
b) More time needed to age materials in the oven than in the PAV
Cons S : . o : .
c) Maintaining compacted specimen integrity is required, especially at
temperatures
Pros a) Pressure can expedite thging process

b) More reliable than oven aging due to less equipment variability between labora

Pressure Aging a) Due to limited capacity of the vessel, less material can be aged iragithcycle

Cons | unless new device is developed
b) Integrity of compacted saples during and after testing is a majmwncern

Regarding aging temperaturthe researchers suggest using less tha@12°F {00°G for two

reasons. Firstly, the disruption of polar molecular associations and sulfoxide decomposition become
critical at temperatures that excee2il2°F £00°Q, which are inaccessible at lower temperatures.
Secondly, aging temperature ovet2°F {00°Q leadsto asphalt mastic drakllown because of the

low viscosity of asphalt binder at elevated temperatures.

Prior tothe experimental study, two importardub-investigationsvere conducted to suppothat.

The first one i sensitivity study, which can help researchers to understand the significance of
observed differences in asphalt binders AIPs (Aging Index Properties) in terms of asphalt mixture
performance. The second is to select proper and efficient chemical and dieal@\IPs. Carbonyl +
sulfoxide peak (C+S peak) and G14f.2°F§4°Q and 10 rad/s were selected as the chemical and
rheological AIP, respectivelRad et al. 2018)
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A comprehensiveexperimental program was then conducted to select the most approptiang

term aging method anthe abovementioned three factors were evaluatedspectively. The integrity

of the specimens following aging, the rate of oxidation quantified using the AIPs of the extracted

binder, versatility, and the cost of the variouspedures were compared in order to select the most
promising aging procedurdhe ley findings were listed as below.

1 Loose mix aging was found to have further oxidation than compacted specimen aging under
the same conditions

Longterm loose mix aging wateterminedto have no significant effect on compaction

The arrent AASHTO R30 aging procedure can lead to an oxidation gradient from the
periphery tothe centerof the specimenwhich violates the fundamental integrity
requirement ofa performance test.

Standard PAV cannot generate enough aged loose materials for performance .testing

Performance test results showed that compacted specimens were damaged during the PAV
aging process

1 The kinetics and mechanisms of oxidation were believed to change wititezase of aging
temperature from203°F 95°Q to 275°F 135°G since the relationship between binder
rheology and chemistry changed significantly

1 Aging temperature did not affect the relationship between binder rheology and chemistry if it
is at or under203°F 95°Q, which implies that the oxidation mechanism did not change

1 The rate of oxidation increased with an increase in temperature

Based orthe above claims, researchers recommended using loose mix ag2@@dE 95°Q for long
term aging.

Another important component of an aging protocol is the laboratory aging durations. In this project,
researchers developed natiemide aging duration map® match the AIPs of field cores at varying
depths. Since loosmixture oven aging leads to a kineticsntrolled reactionthe kinetics model can

be applied to loosemix aging without considering diffusion. A kinetic model was developed and
validated in his project and can be calibrated using AIP measurements obtained from isothermal
aging at a single temperature. Finally, CAl (climate aging index), developed by simplifying the kinetics
model, was used to get laboratory aging durations to match a gieéhdondition using hourly

pavement temperature histories at depths @224 in 6 mm), 0.79 in 20 mm), and1.97 in 60 mm).

All maps are available in thidinal research repor(Kim et al. 208).

2.3 SUMMARY

The mechanisms of aging and effect of aginghencharacteristics and field performance of AC

mixtures were documented from studies available in the literature. Slaordl longterm aging was
simulated in the lab environment primarily to explore the following aspects. Aging resistance of mixes
were daracterized for use in mechanistic simulatiofke aing resistance of different mixtures

(HMA, WMA) was characterized. The effect of neat and modified binders was explored. Different
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aging factors including heating, oxidati UV, and moisture were deteined. Table2.3provides a
brief summary of the main factors employed in some previous studies that addressetéiomg

aging.
In addition, the following conclusions can be mdian previous studies

1 Agehardening occurs only in the viscoelastic component of an asgdgdregate mixture
system, i.e., the asphalt binder. During the dggdening process, properties of the chemical
constituents of asphalt change as asphalt reacts with atmospheric oxygethe process is
influenced by oxygediffusion flux and various thermal forces (e.g., heat, UV radiatiotheof
natural environment. The changes in chemical constituents and in molecular groups are
reflected in chemical and rheological performance pedjes of the asphalt bindein
particular, as asphalt ages, it loses its adhesive property, becomes stiffer and embrittled, and
exhibits reduced fatigue endurance.

1 Asphaltaggregate mixlesign parameters such as-awid ratio and aggregate petrography
(porosity, chemical compositions, morphology) can either accelerate or decelerate aging.
Therefore, in asphalaging research design or to predict mix performance, full consideration
should be given to all miselated parameters to account for how theserpmeters affect
aging and to obtain their quantitative information.

1 Two regimes are believed to exist in the aging of asphalt mixtures. The first one happens
during the mixing, transportation, and construction stagehile the second one occurs
during itsservice life. The rate of aging is found out to be much higher in theégane.

1 Variousenvironmental and design factors can contributethe age-hardeningof asphalt
These factors include atmospheric oxygen, dissolved oxygen in moisture, mosstiient
and pavemerdayer temperature, UV irradiation, aggregate petrography,-design
parameters, and binder chemical compositions. However, few studies have attempted to
guantify the effect of these factors sufficiently

1 To simulatehe short- and Ing-term aging of asphalt mixture, AASHTO R30 is followed
throughout the United States. For loftgrm aging, loose mixture is first shegrm aged with
a spread thickness of 25 to 50 mm in a pan at 135°@itwhours in a forceedraft oven, with
the mixture stirred every hour to maximize uniformity in aging. The mixture is then
compacted and placed in the oven at 85°Cfiee days. Itis arguablyelieved that AASHTO
R30 is safe to predict lorigrm agingup to 10 years.

1 Otherproceduregshan AASHTO R3fe presentedlable2.3. Howeverthere was aneedto
develop a procedure that is efficient and practiaald maintainghe integrity of the material

1 Studies reported that when a loose mix is aged for a long period, the coated binder on each
particle is extremely oxidized, whereas this is not the case when a compacted specimen is
aged. In addition, fm increasel in the long-term aging proces#However, an aging gradient is
observed in the compacted specimen, unlike the loose mix (which catrbed). Note that
an aging gradient is also observed in fialged cores.
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1 Abovemnnc/ %
Hence95°C is the highest aging temperatdhat can besafelyutilized. Fourto eightdays is a
common duration for examining loAgrm aging characteristics of asphalt mixes.

i KS
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1 Modulus value is a very common performance metric utilfoedyauging the aging effect.
Other mechanistic performance metrics (e.g., permanent deformation, fractaergy)have

also been used.

1 A gandard lab aging protocahould be developed identifying treample size, oven type
aging temperature and duration, etc.

Table 23. Summary ofLong-Term AgingProtocols Used/Recommended inPrevious Sudies

Time Test method 'I;emp Duration Sample New observation(s) or previous issue(s)
(°C) state addressed
Since | AASHTO R3( 85 5 days Compacted
adoption
Rahbar 85,95 | 1,5, 12 Compacted
2018 Rastegar et 135 day(s)
al. (2018) Y Loose
2018 gg)elget al 135 8 hours Loose Use CDD concept to generate aging protocol.
(1) Nationwide aging duration maps were
generated;
(2) Sensitivity study on thgignificance of
Depends on observed differences in asphalt binders AIPs in
Kim et al. time, terms of asphalt mixture performance;
2018 (2018) 95 depth, Loose (3) C+S peak and G* at 64°C and 10 rad/s can
location efficiently represent chemical & rheological AIP,
respectively;
(4) Modified ME design with pavement aging
model.
Compacted . L
2017 Elwardany 70c95 | 1¢35 days Small specimens can be used to minimize
et al.(2017) Loose slumping issue for complex modulus test.
2015 Newcomb 85 5 days or 2 Compacted Cumulative degree days (CDD) had significant
et al.(2015 weeks effect on aging.
Tarboxet al.
2014 (2012) 85 2, 4, 8 days| Compacted
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Time Test method 'I;emp Duration Sample New observation(s) or previous issue(s)
(°C) state addressed
Baek et al.
2012 (2012 85 2,4, 8 days | Compacted
Azariet al. Aging resulted in increase in permanent
AU (2013 85 2,5, 9days | Compacted deformation resistance.
Morian et al. 3,6,9 Binder source had a sidicant effect. Aggregate
AU (2011 60 months ompacted source had no effect.
Loose mix worked like an extremely oxidized RA
GCompacted | Compaction job was tougiModulus value
2010 Reed(2010 | 85 5, 14 days decreased for loosenix compacted samples
Loose / 2YLI OGSR aLISOAYSyYyQa
measured by beforand-after AV ratio.
2008 Hagogq2008 | 95 185 hours | Compacted Ut||!ze_d a W_eaths|:_|n_eter to simulate UV
radiation, rain, humidity
Collop et al. Modified PAV system to incorporate water bath
AN (2007 85 65hours mpacted for simulating heat, oxidabin, moisture aging
Air void hada significant effect in fielehging.
Houston et | 80, 85, Aging at 2_35 C fpr 5 days, compared wigig
2006 5 days Gompacted | years of fieldaging data; lab specimen aged mor
al. (2005) 90 . S
than fieldaged sample when air vaiavere less
than 8%.
Airey et al. Involved testing partially saturatespecimens in
2003 (2003 85 5 days GCompacted PAV system
2000 Khalid(2000 | 60 1¢21 days | Compacted | Air flow 3 liter/min
Liet al. Fast increment in modulus value occurs in first
) (1995) 85 5days ompacted few days due to aging.
Aging resulted in effect in U.K. that was equivalg
1995 ScholZ1995 | 85 4 days Compacted to field-aging of 15 years in U.S.
Bell et al. . . .
1994 (1994) 60, 85 | 5days Gompacted | Air pressure 100+ psi, specimens damaged
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CHAPTER BAATERIAL SAMPLINBIVENTORY, AND
EXPERIMENTAL METHODS

3.1MATERIAL SAMPLINGNMYENTORY

3.1.1 Introduction

Asphaltconcretesurfacemixtures used in this study covered a wide spectrum of mixture tyjpes
were commonly used at the time of the studyixes varied based on production technique, N
design, mixture type (densgraded and SMA), amount of recycled content, type of binder, and
binder content.Thefollowing ACmixtureswere collected and prepared for testing as part of the
experimental program

1 Twelveplant-producedand labcompacted(PPLCnixturessampled fromvariousplants in
lllinois.

Sevenlab-produced and laltompacted (LPL@)ixtures designed as part of the study

Field core samples corresponding to the plant mixtures were also colleciaiaus intervals
of pavement life (at placement, aftsixmonths, and after 12 months).

In addition, atotal of 17 different bindersused in the PPLC and LPLC speciwens collected and
verified forSupePaveperformance grading.

3.1.2 Material Sampling Procedure

This part describes in detail the sampling procedure implemented for collecting materials for the R27
175 project.The naterials collected for this project included binder, mineral filler, aggregdRéd,
RAS, and plaftroducedmixtures.

3.1.2.1 Asphalt Binder

Binders were sampled bACproducessas plant personnel deemed appropriate, for safety
considerations. For each source, at least 15 gall66</8 liters)of binderwere collected in
galvanized steatans ofone-gallon capacity.

3.1.2.2 Aggregate, RAP & RAS

Aggregates were collected as pPXAT procedure (Aggregate Technician Course Manag)n
aggregatesRAPand RAwere collected for mixes used in the project.

3.1.2.3 Mineral Filler

Twofive-gallon buckets of fine materials were collected for each mix investigated. No specific
samplirg procedure was implementedRespiratorswere used to avoid inhaling particlaile filling
bucketswith mineral filler.
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3.1.2.4 Plant Mixtures

Different mixture sampling proceduresgere investigated in the ICT project R&{Elseifi 200Y. It was
recommendedhat the behindthe paversampling method ighe optimal procedureHowever,

samples were collected from the plant due to large quantities of AC mixture needed in this stady. Th
sampling procedure used to collect ptasamples isummarized as follows:

1. Filledthe front wheel loader wit8.3¢4.4 UStons 3¢4 tong of asphalt mixture. This ight be
completed in one or more drops, depending upon the plant and loader thatised(Figure

3.1).

Figure 31. Asphaltsample collection fromthe plant in a loader.

2. Dumpedthe material into a pile on the groundhen, mixed the pile by scooping material and
dumping it back on the top of the pile several times at right angles to previous scoops (Figure
3.2).This was done thregmes. Special attention must be givéa not dig into the underlying
material, which wouldcontaminate the pile.

Figure 32. Placement otthe sample onaflat surface.
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3. Back dragedthe pile to provide a flat sample pad (Figure 3.3).

Figure 33. Spread thesample toflatten conicalheap.

4. Samplel material from multiple locations on the pad for each bag (Figure 3.4).

Figure 34. Sampling frondifferent locations
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5. Finally,sealedthe bags and loagd them into the trailer to bestored andtested atthe
Advanced Transportation Research and Engineering Labor&®RH)L Each bag aslabekd
adequately to uniquely identify the materialdte, project, material designation, etc.) (Figure
3.5).

Figure 35. Collected amplesready for transport

3.1.3 Material Inventory

TwelveACsurfacemixtures were collected frorthe plants as well asomponentmaterialsused in

the production ofthosemixes In addition,sevenlaboratory-designed mixtures were also developed
in the laboratory for the evaluation dhe binder source effect ofong-term aging. The details of the
mixtures collected are presented below.

Asphalt mixtures used in this study welassified into types based on their production technique.
Mixture types include planproduced laboratorycompacted (PLC) mixturesindlaboratory
produced laboratorycompacted (PLC) mixtures. Tlygare mostly densegraded andtwo SMAmixes
are also inluded The Ndesign of the mixes ranged from N50 to N90. The mixes obtained in the
study from the asphalt plants were used in pavements with different traffic lewdbrstate, state
highways, and lowolume roads. Field core samples were obtained shafier placement and at
approximatelysixmonth and 12month ages. In addition to the plant mixtures, laboratory mixtures
were designed to understand the impact of aging vatthange in binder source and added recycled
content.

3.1.3.1 AsphalBinders

Asphalt binders were collected from each of the asphalt concrete plants from which the plant
produced mixtures were collected. In addition, binders with similar performance gbadi@vith
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