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ABSTRACT

The nationalhighwaynetwork isvital to promote social and econondevelopmentn the United
States thus, it isessentiato guarantee its durabilitydetter durabilityof asphalt concrete (AC)
pavementsvould translate intdess maintenancand repair, better ridership qualigndreduced
environmental impactdHowever,n the current design practice for AQaterialslittle attention is
givento study AC performance and its implicatidos future durability. Additionally, budget and
ecological constraints areortinualy requiring of pavement engineers to includiecreasing
amounts oflternativematerials into AC mixg; theirimpacton futuremix performancehowever,
might not be captureldy currenttesting approache3herefore,improving the tools available to

assess AC durability is crucial

This research studied the laboratory performance of adughty Stone Matrix Asphalt (SMA)
designed by the Danish Road Directorate, and dhat conventional lllinois densgraded mix
blended with different dosages of rejuvenator to enhance its perfornfdreceffect of shosterm
aging ontherejuvenated AC blendwas also considerad this research. Ti& studyfocused on
assedsq the cracking and ruttingotential of the studies mixes usitinge lllinois Flexibility Index

Test (FFIT) and the Hamburg Wheel Track Test (HWTT). Additionally, mix stiffness and moisture
damage susceptibility were evaluated using the output data fl/dmadnd HWTT, respectively.
The tests results were analyzed usihg lllinois Balance Mix Design (BMD) approach to

evaluate the tradeoffs between flexibility and rutting improvements.



This studyfound that adding rejuvenator to AC does improve itxifidity characteristics;
however, the impact becomes Isggificantwith increasing dosagelowever, thdlexibility index

(FI) exhibited by the SMAwas the highest amongst th@xes considered in this studyAging
negatively affects Fbutits impactis somewhat limited. Regarding rutting resistance both types of
mixes exhibited similar final rut depths; however, at higher dosages of rejuvenator thgrdelete

AC mix become®xcessivelyoftand experiences rapid failure. Rutting resistance was fiauinel
much more sensitive to the effects of both aging and rejuverthaidbil Analysis of the moisture
susceptibilitydata revealed thahe SMA and the umodified denseggradedAC mixeswere less

impacted by moisturdamagecompared to AC mixes withigher dosages of rejuvenator
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CHAPTER 1: INTRODUCTION

1.1Background

The highway network is a crucial component of the national transportafrastructure playing

a pivotal role on promoting economic development and growth a¢hessountry by allowing

access to natural resources, decreasing transportation cost for goods, and facilitating the movement

of people to and from production centély However, shrinking budgets, increasing user demand,

higher construction and maintenance costs,aandmplicated political landscape, hanereasd

the strain on an already aging road network in the UB#e American Society of Civil Engineers

(ASCE) 2017hf rastructure Report Card, rates the US/

a O6Poor/ at (Riskdéd condition

Major factors citedy the ASCHnfrastructure Report Cardereovercrowdingunderfundingand

poor serviceabilitythese factorgranslate intanore frequent angrolongedcongestionsncreasing

the man-hours lost by American workers, estimated at 42 hours per driver per lginer
congestion also leads to higher transportation cdsfweciatinghe cost of goods-or theUSA, it

is estimatedhat by 2030oadcongestion could mean a 44% increase in the cost of doing business
(3). Finally, congestdroadsreducethe fuel efficiency of vehicles aridcreasehe concentration

of air pollutants in high traffic areas

Ensuringan adequate | evel of S e 5% indhe ddstinterestoy f or
government agencies and usefmwever, imited fundingis always alurking challenge that
transportation professionals encounter when devising plans for road construction, preservation, and

rehabilitation this highlightsthe importance of paweent durability The more a road can last
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without the need of significant repair or maintenance, the less funding it will require during its
service life, and the more resources cammagleavailable for improving other sections of the

network.

Asphalt concrete (AC) is thmost usedconstruction material for highway paving projedt)as
been the material of choice for road paving due tolaw initial construction cost, faster
construction expediencgxcellentfriction and sound qualitiesnd its easiness for rehabilitation
and recycling.AC is a mixtureof stone aggregatesnd liquid asphalt. The aggregate matrix
compromises 9495 percent of the total mixture weighmd supples a skeleton that provides the
bulk of the loaebearing capacityAsphalt coats the aggregate particles to retain them togetiter
protecs them fom weathering effectsit contributes 56 percent of the total weight of theC

mixture.

Fora pavement structure, A€ usually useth the upper layers of the struatuleaving itexposed

to higher stress levels arthrsher environmental conditions which will eventually induce the
development of distresses on the pavemieamtementdistress catbe definedasdeteriorationor
distortion of the pavement material which indicates a deutittee surface condition or the overall
structural loaetarrying capacity of the pavemdn). Surface condition distresses for AC pavement
arerelatedto a reduction in road functionalitggardingride quality, noise, and safety; kheydo

not necessarily affect the loadrrying capacity of the structumlternatively, structuraldistreses
arerelated to a declinen the overall bearing capacity of the structure, negatiwapactingthe
longevity of the roadTwo of the most commostructural distressearecracking and permanent

deformation.



For AC, cracking occurs when there is a separation of pavement partiodge are different
classificationof AC pavement cracksncludingfatigue cracking, low temperature crackiagd

block cracking; eaclof themwith their own initiation mechanism(5, 6) Binder modification,
aggregategradation changes, incredskinder content, usagef AC layers with crack control

properties, are some of the topics that have been studiedtot r ol t he cracking o
(7, 8) Permanent deformatiois associatedvith rutting formation along the wheel path, which

develops gradually as vehicle repetitions acolate.Stronger aggregate, stiffer binders, polymer
modification, lower binder contents, have been some ofAthievariablesthat can be used to

improve rutting performanc®, 10)

1.2 Problem Statement

To improve the durability of ACdifferent research efforts habeen focusedn utilizing better
guality materials developing better standards, aimgproving design methodologieslowever,
there stilla knowledge gapetweenbalancing theeffects ofmix design modificationsvith the
inclusion of norstandard materials such as additives and recycled matamalgheir impact on
rutting and crackingesistanceln general, improving one of theskaracteristicsvill negatively
affect the performance of the othé&¥ith a betterunderstanding of how different mix design
variables, such agadation typebindergrade amount ofrecyclal materials and &ing, affects AC
pavement rutting and crackimptentia) practitioners will be abl& balance the performance of

AC mixtures betterresulting in more durable ahohg-lastingpavements.



1.3Research Objective and Scope

This study intends texpand the understandirfj how performancebased tests caoe usal to
studymix durabilityregardingrutting andcrackingpotential In particular this researcfocuseon

the following objectives

1 Investigate the effects oshortterm aging on mix performance, and evaluate the
effectiveness of using recycling agents as a strdteggprove the durability of AC.

1 Evaluatethe performance ofhigh-quality AC materialssuch asStone Matrix Asphalt
(SMA) ascompare to conventional AC mixes

1 Assessthe influence of mix design variables, aggregate size, binder type and content, and
air voids, on expected AC performance.

1 Study the applicability of a balance mix design approach as a tool to evaluate AC

performance.

In this study, mixdurability wasstudiedconsideringcracking and rutting laboratory performance.
Cracking means the formation of a discontinuity in the matefaal this research cracking
susceptibilitywasevaluated using the lllinois Flexibility Index TestKIT). Additionally, from the

I-FIT output a secant modulus was obtained and used as an indicator of AC stiffness before crack
propagationRutting refers to the formation afdepressioalong the wkel path on the surface of

the pavement, the Hamburg Wheel Track Test (HW¥agused toasses the ruttingpotentialof
thevariousAC materials studied. Alsaising theHWTT output,a moisture susceptibilitgnalysis
wasincludedin this study due to its potential influenee both cracking and ruttingotential and

its overall impact on midurability.



Traditionally, mix design methodare primarily basedn achieving a predetermined set of
volumetric parameterdn this study,a balanced mix desigwas usedBalance mix desigms a
methodologythatevaluates A(performanceon multiple modes of distress simultaneously. The
I-FIT and HWT Tresultswerecomparedisingthe lllinois Balance Mix Designl¢(BMD) approach

to study the applicability of this method @asoolto evaluate AC durability



CHAPTER 2: CURRENT STATE OF KNOWLEDGE

2.1 Asphalt Concrete Mix Design

For centuries, asphdlasbeen useds a construction material due to its adhesive and waterproofing
characteristics; however, its application for roadway construction, where is used as a blend of
asphalt and mineral aggregateas started more than a century agdfollowedthe introdudbn

of the automobileAn asphaltconcrete (ACmixture, alsorefaredto as HotMix Asphalt (HMA),

consiss of liquid asphalt (binder), fine and coarse aggregates (sand and gravedptadl
additivesthat can baised to improvéts engineering propges The purpose of mix design is to
select the optimum amount of asphalt content for a desire aggregaterbésishga predefined
criterion This sectiorreviewsthe historical design methods that habeenusedin the United

States together with thecurrent design practiceand the variousmethodsto evaluate AC

performance

2.1.1 HveemMethod

Il n t he |naxtdesigrli® Qalfaynga relied on the determination of the appropriate amount
of asphalt based on the judgment of an expergkangineer who would know how a mix with the
correct amount of asphatould look.To overcome theubjectivity of the engineés judgment
method, n 1927 F. N. Hveem was assigned by the California Division of Highwagswelopa

procedurethat could dedrmine theadequatemount of asphalt for any aggregate gradatidre

final blend shouldl e | i ver a fAhard and smootho rodld) surf a



The Hveem method consigif obtaining an initial estimate fortheopmu m 60 Asp hal t Bi
(12) andtesting the stability and cohesion properties of the proposediimese results are bt

evaluate the compliance of the mix against predetermine magicih (13). The stability test
consistsof subjecting a cylindricabpecimento vertical loading and measuringthe horizontal
deformation based on the lateral pressure that the speaichéresto an enveloping fluid The
deformation experienced by the specimen is correlated with the vertical and horizontal pressures to
obtai n a 0 Stadabeicohesiotedt relies okpplying @ constantly increasing bending
moment, to a specimen unbiteakageThe amount of mass used to generate the moment required

to break the specimen is recorded and correlated with the specimen dimensions to obtain a

6Cohesi®.n Val ue

The Hveem design methowas an early effort to correlate futur&C field performance to
laboratorytestingresults One of the main advantages of the Hveem design metasithatit could
discriminatebetweendifferent mixes based otheir simulated performance with the stabilometer

test However the stabilitytestwas more related tmternal friction properties of the aggregate
structure, and asphalt contetitan tothe binder grad@roperties(14). Additionally, the testing
equipmentwas considered somewhat expensive and not portdileally, essentialmixture
volumetric properties related to nbixe performance, such as air voidsgre not routinely
determinedThe combination of these factosmasbelieved tohave causgéé dr y 6 miwith d e s i

low asphalt contentsesulting inpoor AC durability (15).

nd
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2.1.2 Marshall Method

Bruce G. Marshalbriginally developed the Marshall Methadur i ng t he 19406s
Mississippi State Highway Department, dhd U.S. Army Corps of Engineers later refined ite
principal motivation for the development of this method wasdtablisha mix design procedure
that uses simple and readdvailable test equipment to evaluate volumetric and strength related
properties oAC mixes(16). The practicality of the Marshall method made it the most widely used
mix design procedure in the Unit&lates for many decades, and it still used in many countries

around the world.

Marshall method relies on preparing multiple mix samples at different aspivaintsand
evaluating the mix design regarding following properties: stability, fld@nsity voids in the
mineral aggregate (VMA), voids filled with asphalt (VFA), and tatalvoids (AV). The final
designis selectecht the optimum asphalt content that satisfies all the criteria for the different mix

propertieq17).

One of the main advantages of the Marshall method is that it tries to balance volumetric
requirementg AV, VMA, VFA, dersity) with performanceelatedtesting (stability and flow)
Stability and flowaremeasuredby subjecting a small unconfined cylindrical specimen to uniaxial
loading untilbreakageSability is takenasthe maximum load sustained by the samalealit has
beencorrelatedto the strength of the materiaHow is recordedas the amount of deformation
undergone by the specimen before failaed it is an indication if the mix is overly asphaltad

not (18).
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Despite its success afmload adaptation, the Marshall method is not without its shortcomings
Specimen preparation relies on compactsagnples using a blow hammer that compacts the
material with impact action, which is not representative of actual feelchpaction (15).
Additionally, it hasbeen showthatt h e s p e ci me n slfers the unifoanityef the adt u r e
applied from the Marshalktrength test(14). Also, thetesthas hadpoor correlation to the actual
permanent deformation resistance of the mix@s] may not be able tolassify themixes
accordingly(19). The aforementioneghortcomingf the Marshall methodrebelieved to have

resulted in the design of bindech AC mixes which lead tthesec al | ed O Rutdni ng Ep
US roads dur (1% @022).Hee Stadegid ighway Research Progré&HRP
spearheaded thdevelopment of a new mixture design method, Superpgaatieviate the rutting

problem present across the nation.

2.1.3 Superpavéystem

Superpave is a result ofl®0 million dollarsresearch effort under SHRP with the final goal of
improving the performance of highway infrastructubme of the areas @ptimizing AC mixture
resistance to permanent deformation, fatigue cracking, and low temperature cracking. The system
consists of thee interrelated areas: (1) performaigcaded asphalt binder specification and tests;

(2) aggregate quality criteria; and (3) a mixture design basedolumetric propertiesusing a

gyratory compactotpgether withperformance evaluatiof20).

The development of Performance Grade (PG) binder grading, was one of the most significant
outcomes from theSuperpave developmenBefore the PG systembinder grading relied on

empirical methods such as penetration testing, or viscosity classification which did not capture



useful engineeringqualities of the binderadditionally, there was little or no considaon for
temperature and aging effects on binder behg@i®). The battery of test used on the PG system
measurs the performance of the binder different aging stages, original, shegdrm, and long
term; and it also assessedlifferent engineering propertiesconstructionworkability, rutting
potential, fatigue and thermal crackimmptential The mainadvantage of the PG system is
facilitating asphalbinder testingat extremetemperatureselated to those expected during service
andevaluate performance aarious stages of its lif24). Figure 21 summarizes the type of tests
ard aging conditions at which theare conductedwhere: RVi Rotational Viscosity, DSR
Dynamic Shear Rheometer, DTDirect Tension Test, BBR Bending Beam Rheometer, RTFO

T Rotational Thin Film Oven, PAV Pressurized Aging Vessel

In the case of meral aggregates, Superpave Isascalledd c o n s e ns u svhichpareoper t i
determinedby expected traffic conditions; such propertieslude angularity, flat and elongated

particles, and clay conterlso, characteristicselated to the source of tlaggregate sourcare

also evaluated, such a@sughness, soundness, adeleteriousmaterials.Regardingaggregate

gradation Superpave uses a 0.45 power gradation chart and provides control points and a restricted

zone to avoid the use of undesirable gtada, which can result in tender mixgs).
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Figure 2.1 Asphalt PGsystemtests(15)

The thirdmajor component of SuperpaveaisoutAC design. The overall objective of the method

is to develop a welperforming workable, and durable mes this is achieved battainingrequired
volumetricproperties, using the adequate amount of compaction corresponding to expected traffic
level, andevaluatingmix performancg26). For volumetrics thefundamentabariables aredesign

air voids AV ge9, Voids in the mineral aggregate (VMAJpids filled with asphalt (VFA)andthe
Dustto-Binder ratio(27). AV qesrefers to entrapped air within th&C mix and is a measure of mix
density it is commonly useds 4%for design purpose¥MA is the space within the aggregate
structure thatis available to accommodatine binder, minimum values for VMA are given
depending otthe gradation siz&/FA is the percentage of the volume of the VMA tlimbccupied

by theeffectivebinder(VBE), and its value range is dependent of the expected traffic level at which
the mixwould be subjectedDustto-Binder ratio influences the tdtamount of aggregate surface
areaand the amount of permeability of tA€ mix. The ratio is the relationship between the weight
of the aggregaténert h an 7 5 sveghtt obthe¢ffacévebinder in the mixSatisfying the

requirements for these volumetric propershsuld be achieved at thdequate compaction effort,
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measured by the design number of gyrations of the Superpave Gyratory Compactor (SGC); the

design gyrations is related to the expected sefifie¢raffic level (28).

Achieving the required volumetrics at tdesigngyration level isinfluencel by the aggregate
gradation, mineral source, and binder content in the allithese variables have been correlated to
mix performance(29). Finally, once theAC volumetric requirements are satisfied, Superpave

includes the evaluiain of potential mix performancesinga moisture susceptibilityest(30).

The original conceptualization of Superpaveluded further evaluation levels dependent on traffic
intensity, from Level 1 to Leve3 (31). Level 1 was basean volumetric mix design. Level 2
included performance tests which measure engineering propetie®l 3 added a fulket of
materialscharacterizatiortesting. In current Superpave practice, only level 1 desgrully
implementedwhile from levek 2 and3 only moisturesusceptibility, and to some extent permanent

deformation evaluatiorareincluded in current practice.

The adoption of Superpave mix desigethod did aid in reducing the amount of rutting presence
in the US whichwas related t&.C mixes designed witthe Marshall method; however, thational
road network now faces a widespread problem of pavement cra@®gTo overcome the
problems regarding pavement craakimvhile maintaining adequatatting characteristicsrecent
research etifrts have beemoving towardsdesign methodologies that incorporate performance

prediction, such as balance mix dedigat considers both rutting and cracking of the AC mixes
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2.1.4 Balance Mix Design

The introductionof Superpave metholkd to AC mix designs with lower asphalt content and
coarser aggregate matricesducingruttingoccurrence Howeverthese type of mixes brougtheir
own set of challenges, namely, eaglye cracking, poor workability and contitity, and overall
reducedurability. Thesethree problemsire interelatedsincea poorly workable mix is difficult to
compact, resulting in higher air voids, which bring higher permeahiitiage hardeningeducing
cracking resistancg32). A practical solutiorcouldbe tomerelyadd more binder since it hbsen
shownthatAC mixesrich in asphalbindersignificantly improve their workability, durability, and
cracking resistancéHowever, adding more bindémnduceshigher costs and negedly impacts
permanent deformation resistar{88). Additionally, newdesignsare not only using the tradinal
componentsbut there is an increasing usage of recycled materials, additives, andTitesirapact
of alternative components &kC performancemight not be adequaty evaluatedoy volumetric

analysis only.

To address these new challengésre is a renewed research intenesstablishirg design criteria

that not only assesses mix volumetrics but also evalladtesatorymix performanceBalance mix
design(BMD) is definal a sACifinix design using performance tests on appropriately conditioned
specimens that address multiple modes of distress taking into consideration mix aging, traffic,
climate and | ocati on \B#)tlthsiatopidofcwerenpraseaecmfecusas st r u «
highlighted by the National Coopenai Highway Research Program project@0(35), and

multiple efforts from state agenciéb, 37)
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Theprinciple of BMD relies on evaluatg thelaboratoryperformance of the proposed mix design,
using laboratory tests thdtavebeenrelatedto future field performance against known distress
types such asutting and cracking. For Rutting, HWTT is the most common performance test
already adopted by many state agencies.dracking however,multiple testscan be used, the
selection of any of them depenadn the specific crack initteon mechanism and environment of

interest(38).

There are three mainapproaches fothe implementation oBMD, (1) volumetric desigrwith
performance verification, (2) performanoedfied volumetric design, and (3) performance design
(34). Performance verificatioffiollows Superpave design, based on AASHM323 (27), but
incorporates performance testing criteria that the prabosemust pass or it shoulik redesiged
Performancamodified refers to designg a mix following M323, and if the performance tests
results are not satisfactogdjustments to the volumetricqmortionshouldbe mace. Performance
design relies ently on performance test results toemtlthe adequate binder content for the mix.

Figure 22 shows a workflow summaizing the stepgor thethree approaches.
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Approach Approach Approach
1 2 3
. Volumetric
Volumet.rlc — Analysis Performance
Analysis ! - Rutting
Performance - Cracking
Performance ) CR:Uttlrll.g l
- Rutting - racking Moisture
- Cracking Damage
Yes No No
@ Moisture Vi E
Damage es
- Verify
Moisture No Volumetrics
Damage
No Yes

Verify
Volumetrics

Yes /i\

Figure 2.2 Mix design workflow forthedifferent BMD approaches (JMF = Job Mix Formula)

BMD promises tobridge the gap between the knoweffects of volumetric variables o&C
durability with laborabry testing that relate mix performance to distress resistance in thelfield
centralchdlenge for BMD implenentdion is to broaden theorrelation of laboratory testing results
to actual fieldperfomanceand to defineanadequate cracking test, set oftests, that tacklethe

need of each agency and contractor involved

2.2 Asphalt ConcreteDurability

AC durability canbe definedas the ability of compacteflC to maintainits structural integrity
when exposed tenvironmental effectandtraffic loading AC durabilityis affected bynechanical

responses of materials, interactions between structure and materials, and the influendeaaf non
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related mechanisnssich a®xidative aging and moisture damdga9). Thissection presents some

of theprincipaldistress types and mixture properties tfédéct AC durability.

2.2.1 Pavement Cracking

Cracking occurs when there is a separation of pavement particles;pitinsaaty mode of distress
on pavements, and widespread cracking pressnweially a trigger for pavement maintenance or
rehabilitation (40). The four fundamentalmodesof cracking initiation on AC pavementwe

thermal, reflectionandfatigue,including near surface

Thermal crackingwhich is usually transverse tioe directionof traffic, is caused byensile stress
formation in theAC due tolow temperaturesooling cyclesThe contractions inducday cooling
result in thermal tensile stress development in the restrained surface laykrisdmghestin the
longitudinal direction of the pavemefdl), hardemg/aging of theAC mix exacerbates the

cracking potential of the layer.

Reflectivecracking is one of theaindistresse$or asphalt overlaysExisting joints or cracks on

underlying layergan induce reflection crackimgimarily by stress concentratigghenomena, and

secondarilyby allowing excessive deflection at the cré4R).

Fatiguecrackinginitiates at the bottommiddle, or topof AC layer and propagatevith repeating

cycles; it first reflect®nthe surface as short longitudinal cracks in the wheel path that then quickly

spread and become interconnected, forming a net type cracking pattern on the surface. This type of

crackingis generatedyy the continuous bending of tA€ layerwhich generatesensile stresssat
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the bottom of the layer until a cragk initiated with repetitiveloading the crack grows until it
reaches the surfa¢d3).Some of the mechanisntausingcrack formation are shearing of tA€
near thesurfacewhere the tire contact stresses are relatively highie® aging of thAC surface
resulting in extreme stiffness that combinatiorwith high contacstressesnduce cracks adjacent

to the tireedge(44).

Traditional design methods that relied on volumetrics analysis provided some |eeztaofity
againstcrackrelateddurability issues, mainly by controllingensity andhe amount ofeffective
binder however, newAC mix desigrs have becomemore intricate due to the incorporation of
recycled materials, recyclinggents, binder additives, and wamix asphalt technologies'he
effect of thesematerialtypes on AC goes beyond adjusting volumetrics, which highlights the

importance ofncorporatinga balance mix design approach.

2.2.2 Pavement Rutting

Pavement ruttings associatedvith the formation of a channel type depression along the wheel
path. This type of distress reduces the pavement serviceability and creates hazardous driving
condition since the accumulation of waten the wheelpath ruts can create hydroplaning
conditions (43). Rutting can be the result of AC densification, plastieardeformation or a

combination of botl{45).

Ruttingis developedcross multiple stageghe first stage isgstcompation consolidationvhich
appeas in the earlylife of the paymentandit is drivenby the reduction of air voids within the

matrix of the materialThe effectof postcompaction consolidation subsidebenthe density of
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the AC reaches a point where thaterial structurecomestable.Plastic deformation drives the
second and thirdtagesandoccus afterthe postcompaction consolidation effect has settlEde
secondstageis characterized by a constantrease ofut depthwith increasingnumber of load
repetitions this sectionis commonly referreds thed St ab | e6 Zo & e @ The thadsaed
final stagepresentsapidrut progressioms the structurahtegity of the materials compromised
this stageis knowno F a i | u.0The mdisiunepresencexccelerates thappearance dhe third

stageby inducing particle stripping.

Major factors affecting permanent deformation are the pavement structure (layer thicknesses and
quality), traffic load andvolume initial field compaction,and environmental effectsuch as
moisture and temperatuid6). There has been extensive research to imptheepermanent
deformation resistance of AOsingstrongeraggregate, stiffer binder types, polymerized asphalt,

or lower binder contents, are some of sti@kegiesthathavebeen proven to improve the rutting
resistance oAC (471 49). However, one of thgreeminentvariables thathave contributel to
reduéng AC permanent deformation has been the addition of recycled materials saclassed

asphalt pavemenRAP), andrecycled asphalt shingleRAS). These materials possess/eely-
agedasphalt which is much stiffer than the binder grades with whichisAGually prepared

Adding even moderatemountsof agedasphalto AC increases the overall binder stiffness of the

mix which in turns reduces permanent deformation suscepti(@ty50, 51)

2.2.3 MoistureSusceptibility

Moisture damagés definedas the loss o$trength and stability caused by the active presence of

moisture and it sevedly affects the durability of pavementdsing additives or modifierss the
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most common technic used to mitigate the potential for moisture daB@)gkloisture damages

not considereas a failure mode by itself, bratheris a condition that accelerates the appearance
of othertypes of distressebloisture presenc@ AC inducestheseparatiomf the asphalt film from

the aggregate partidecausing strippingThe wdespreadpresenceof stripping reduces the
cohesiveand adhesiveharacteristics of the AC pavement Igy@minishing its structural capacity

anddistresgesistancgs3).

In the currenSuperpaveanix design methodology, moistusesceptibility evaluation isne of the

few performancdeststhat are requiredfor every designMoisture damagés evaluatedria the
tensile strength ratio (TSR), which is the relationship between the indirect tensile strength of
conditioned (water saturation, and freg¢lzaw cycle) and weonditioned specimer(80). Another

way to assess ¢hmoisture susceptibility of AG to evaluate the stripping inflection point (SIP)

The SIR which believedby some as related to strippirg obtainedat the intersection of creep

slope and the stripping lines obtained from the rut progression curve of the HWTT (&éuilts

2.3 Asphalt Concrete Aging

Asphalt bnder is an organic copound which naturally oxidizes with time; this oxidation is what

is known as agingb5). It hasbeen documentethat when asphatinderis agedthere is a change

in its chemich group's composition; there is an increase in the asphaltene fraction while the
aromatic portion decreas€s6). Asphalt binder undergoes arad I ncrease (fdinit
viscosity during the first stages of aging, and then the rate settles at a constant rate (steady state)
(57). This effect haveen attributed o t he fact that asphalt binder

and the less extive groups experience oxidation reaction I¢5&). This change in chemical
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groups can be measured using Infrared (IR) spectroscopy, where an increase in the carbonyl
chemicalfunctional group may be observ€d9). As the carbonyl group presence increases, it

suggests a higher concentration of asphaltenes in the lg@jer

The increase of asphditnderhardiness with age, or age hardenitugn the material stiffer and
more brittle, making it prone to cracking, reducing the overall durability of the paveimehée

field, it hasbeen well documentetiat age hardening increasedavhen there is high permeability

of the pavemenf29). When there is high iplace permeability, there is an increased presence of
air and water which wilgenerate higher rates of oxidation with the asphalt coating, accelerating
the pace of age hardenimgnother aspect that affects the age hardepmoges is the binder film
thickness that coats the individual aggregate particles; in geA&ahixes with thinner binder
films have beenshown to be more susceptible to oxidation, and consequently display poor

durability, as compared to mixes with ticker dén films(32).

In addition to the natural age hardening that AC undergoes while in service, the increasing amount
of recycled asphalt materials such as RAP and RAS adds a considerable anagetitanfiened
asphalt to new AC mixesAlthough the primary motivatiors to add recycled materials are
economical,since asphaltbinder is the most costly component of AC, or environmenksl
reducingtheamount of virgin materialequirementsimultiple studies havadknowledged that the
incorporation oftheseagehardened materials increase the stiffnesshaittienessof AC (9, 51,

611 63). Rejuvenators have been introducedccbunterbalance the detrimental effects of aging

AC.
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2.3.1 Rejuvenators for Asphalt Concrete

To restore some of the mechanical properties of asphalt binder thdidevésdue to aging, it

is common to blend recycled asphalt with recycaggntknown agejuvenatacs. If the appropriate

amount of rejuvenatas addedandadequatly mixed, the recycled asphalt binder may meet the

target performance grade (PG), resulting in improved cracking resistance of the AC mixture without
adversely affecting its resistance to ruttifeg). In general, rejuvenators are assumed to act by
replenishing the volatiles and light bitumen fractions that Heeen lostduring the life of the

recycled pavemeniThe recovery of the meahical properties of bindeejuvenator blendss

commonly attributedo the restoration ofhe asphaltenenaltene ratio(65). Some of the most

common sources for rejuvenators atberlow viscosity waste materiats EGn gi neer edd pr o

(66). Table2.1summarizes the types of rejuvenators by chemical source.

The interaction dynamics between rejuvenators and adphdkrhave mostlybeen studiedt a

binder level by assessing the mechanical and chemical properties of therbjadenator blends

(671 70); this method permits the understanding of how much differentcliag agents can
improve the condition of aged asphalt binder. However, in practice, rejuvenators are used directly
into AC mixes, by combining it with RAP material at the mixing pl@f), as a surface treatment

(71), or as an additive while performing-ptace recyclind72).
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Table 2.1Types of AC rejuvenator&@3)

Category Examples Description
Waste Engine Oil (WEO)
Paraffinic Waste Engine Oil Bottom$8(EOB) Refined used
Qils Valero VP 165® lubricant oils
Storbit®
Hydrolene® Refined crude oil products
Aromatic Reclamite ® with polararomatic oil
Qils Cyclogen L ® components
ValAro 130A ®
Naphthenic SonneWarmix RIM Engineered hydrocarbons
Qils Ergon HyPrene ® for asphalt modification
Waste Vegetable Oil
Triglycerides & Waste Vegetable Grease Derived from vegetable
Fatty Acids Brown Grease oils
Oleic Acid
Tall Sylvaroad“ RP1000 Paper industry byproducts
Qils Hydrogreen®

Understanding the blending quality and rejuvenator diffusion is a research area that has attracted
research attentio(66, 74) Since the amount of rejuvenators used on AC is low compared to the
main components of a mix, usually 5% to 10% of binder weight which would represent a 0.25% to
0.60% component by total weight of the mix, a meaningful effect on the total volumetrict@®pe

of the mix is not expected. However, mix performacea be significantly alteredApplying
performancebased analysis approaches such as BMD could improve the effectiveness of how

rejuvenatorsare used

2.4 Stone Matrix Asphalt

Stone Matrix Asphalt (SM) is a tough stable, ruresistant, gajgraded mixture that relies on
stoneto-stone contact to provide strength, and a binder and-fitermortar to provide durability

(75). SMA provides better performance in wet weatles it producesower splash and spray
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between the tire and wet pavemeaiso, SMA showseducedhoise levels, compared to traditional

densegraded mixe$76).

Some of thedistinctive featuresf SMA areagap-gradationthatmaximizes ston@n-stone contact
(reducing rutting potential); highuality aggregatethat minimize particle breakagend a rich
mastic blend created by higller and bindercontent(77). Due to its premium qualities, SMA has
been used to improve the overall durability of AC pavements, and its superior perfqriméaroes
of low rutting potential and high cracking resistars been documented by multiple studigg

80).

SMA canbe produce@nd compaed using the same type of equipment used for conventadal

However, better quality aggregate, higher binder and filler contents, and the used tof d\md

drainage, increase the production cost of S(4A 82)
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CHAPTER 3: RESEARCH METHODOLOGY

3.1Experimental SetUp

Thenecessityo estimatduture AC mix performance, and the incorporation of increasing amounts
and types of noistandard materials, such as recycled materials, additives, or modifiers; are industry
trends that have motivated theeealuation and updating of AC mix design methdi#dance mix
designholds the promiseof facilitating the understanding of mixture performane®wever, the

test results used forlzlancemix designanalysis must be interpreted within a set of boundaries
relatedto extensive materials testing results, highlightihg relevance of expanding the testing

matrix available by including different typef mix designs and testing conditions.

The experiment carried in this study tihe objective of evaluating the practicality osing the
lllinois Balance Mix Design ¢(BMD) approachas a discrimination tool to decide what type(s) of
AC mixes possess the highest durabiibtentialby studying theracking and ruttingotentialof
various mix types and the effect ofarious aging conditios, densitylevels and rejuvenator
dosagesTwo types of ACmixeswereevaluatedn this study, a traditional denggaded mix, and
an SMA. Based on the previous research described in Chaptes 2xpectedhat the SMAwould
have superior performance compared tteasegraded mixHowever there are not many studies

which directly compare SMA versus dergeded mixesisinga balancedesignapproach

Since the amoustof rejuvenatorused in ACare usually low compared to the main mixture
ingredients, aignificant effect on volumetripropertiess not expectedhus, a mix blended with
rejuvenator might still satisfy traditional Superpave criteria, but the impact on mix durability is less

evident A key advantage of-BMD is thatit canassess the impathat nonstandard materials,
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which do not tend to influence mix volumetrics significantly, have on mix performance. To that
end, this study also evaludtie effect of using different rejuvenator dosages on AC performance
The rejuvenated mix samplesrfigmancewas comparetb the results ofhe unmodifiedsample

Also, acomparisorbetweenUn-Aged (UA) and ShofTermAged (STA) samplewasperformed

to evaluate the performance progressioAGfmixes havingejuvenabrswith aging.

The concept of BMDs basedn evaluating AC performance using laboratory tests that assess mix
characteristicshat tend to go in opposite directisnvhen some of the mix design variabk®
altered or when recycled materials or additive® addedTherefore,the most commonly used
approactor BMD implementatioris to evaluate mix performaneegardingcracking and rutting
potentialsimultaneouslyFor thel-BMD analysis in this study, the lllinois Flexibility Index Test
(I-FIT) was usedfor cracking susceptibility evaluation, and the Hamburg Wheel Track Test
(HWTT) wasusedfor assessing potential ruttingdditionally, a stiffness measure, based on the
concept of secant modulusvhich can be obtainedfrom the FFIT output, and a moistar
susceptibility indicator, using S¥aluesobtained from HWTTwere includedin the analysis to

expand the performance characterization ofA@amixes.

3.2 Testing Materials

The materials usemh this study comprehentivo types of AC mix designs, a traditional dense
grade typeandan SMA. The SMA had three alternative mixtutesigns, and the dengeade mix

had a single mix desigihe rejuvenator used in this study is a commercially available product.
Only one AC mix tpe and one rejuvenator were used in this study to evaluagéfelcavenessf

the FBMD approach irevaluatingA C mi x perfiormarseé
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3.2.1 Stone Matrix Asphalt Designs

Three SMA svere analyzedin this study. These mixesere obtainedrom the Danish Road
Directorate (DRD) who used them irtheirr e sear c h Hpemssioa aeductiGnChy
exploitation ofRolling Resistance (RRpod el i ng of p avThen@OOEE pioje¢t COOE E
was initiated in 2011 in Denmark with the goal to estaliige technical background to develop
pavement types that minimiz€R. The objective ofminimizing RR from the tire-pavement
interactionis to reduce the power demand to vehicles, which will require less fuel burning, reducing

CO, emissions coming from the transportation se¢88). The COOEE projectmixes were

developed to producedurablesurface course and to minimize their RR properties. Hygregate

size and the type and amount of filler have been optimized to reduce the movement of stone particles
while maintaining adequate mix texture and workab{B4). Assessingnix durability, was not the

centralobjective of the DRD project.

The mixes studied in this projestere designedy the Scandinavian contractor NCC Roads A/S
using the Marshall method; thaye identifiedas SMA8 Ref, SMA8 COOEE, and SMA6 COOEE.
Table 3.1 presents the main mix design parameters, Tablaéli&®ates the particle size
distribution, and-igure 3.1shows the design gradation for each ofAlemixes.The original mix

designsare attacheth Appendix A.
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Table 3.1Mix-designvariablesof COOEEproject

Variable/Mix Type SMA8 Ref = SMA8 COOEE SMA6 COOEE

NMAS? (mm) 8 8 6

Binder Typé PEN 70/100 PMB 40/10075 PMB 40/10675
Binder Conterit(%) 7.0 7.4 7.9

Air Voids* (%) 2.7 25 2.4

INMAS: Nominal maximum aggregate size

2 PEN: Penetration grade (@modified); PMB: polymemodified bindey PEN grade
3 Binder content as per design

4 Air voids as per design

Table 3.2Particlesize distributions for COOEHnixes

Sieve Size (mm) SMA8 Ref SMA8 COOEE SMA 6 COOEE

11.2 100 100 -
8 93 95 100
5.6 54 60 96
4 38 46 64
2 25 32 24
1 18 23 18
0.5 14 18 15
0.25 11 14 13
0.125 9 12 12
0.063 8 10 10

The testing performed on the SNAwas carriedn Planimix lab-compacted (PMLC) specimens.
Test specimens for mixes SMA8 Ref and SMA8 COQf#e preparect two airvoids levels

(AV): 4.5% + 0.5%, and 6.0% * 0.5%; specimens for SMA6 CO@/EEe only preparedt 6.0%

+ 0.5%. Air void levels were deciddased on aftezonstruction density levels from the field test
sectiors in Denmark. After construction, field cores were extracted to evaluate the densification
after paving. For mixes SMA8 Ref and SMA8 COOEE, the average AV obtained was 4.5%, while
for SMA6 COOEE the average was 6.0%. Therefore, mixes SMA8 Ref and SMA8 COOEE were

tested at 4.5% air voids in line with their affEving densification, and at 6.0%, for comparison
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with SMA6 COOEE, whiclwas only evaluatedt 6.0%.t is important to mentiothat, in general,

SMA performance tesre commonly donen specimens at 6.0% AN5).

100
90
80
70 SMAS8 Ref

60 —e—SMA8 COOEE
50
40
30
20
10
0 |
0.06250.125 0.25 0.5 1 2 4 8
Sieve Size [mm]

—a—SMA 6 COOEE

Percent Passing [%]

Figure 3.1Designgradations for COOEixes

The binder types usddr the design of the DRD mixeagere classified using the traditional PEN
grade system. Since binder grade hagaificantinfluence on mix performance, it wassential

to obtain the PG grade of the binders so that the interpretation of the mix tests results could be more

consistent.

The background for the PG systemas introducedn Chapter 2, and ifollows the standard
specification ASTM D637885). For this study, only dynamic shear rheometer (DSR) and bending
beam rheometer (BBR) testgere performedThe Multiple Stres€Creep RecoveryMSCR) test

was also performedollowing ASTM D7405(86). The primary outcomes of the test are the
nonrecoverable compliance.dJ the percent recovery (%R), and the nonrecoverable compliance
difference (4, qaitt). Jr has been shown to be a better indicator of permatefotmation resistance,

28



%R isused as an indication of the degree and type of polymer modification of the binde#, and J
diff may be used to assess the stress sensitivity of the §8WeAll binder testsavere performed

on fresh binder saples. Figure 3.2 summarizes the battery of tests performed on the SMA

materials.
COOEE
MIXE S
[
[ |
Mix Level Binder Level
Testirg Testirg
| [
I-FIT HWTT PG Grade MSCR
SMA8 Ref SMA8 Ref PEN 70/100 PEN 70/100
SMA8 COOEE SMA8 COOEE PMB 40/10075 PMB 40/10075
SMA6 COOEE SMA6 COOEE

Figure 3.2 Set of tests for COOEE mixes

3.2.2 DenseGraded Mix

The densegradedAC mix used in this study was designeer theSuperpave method, using 50
gyrations andain NMAS of 9.5 mm; hence, themix is identifieda s  fi.N'BeCbinder type and
content are PG 622 and 5.9%, respectivelyhis mix, whichis commonly usea the regionwas
suppliedby a local contractor in Champaign County, H.hasa moderate amourdf RAP, 15%,
and no RAS.The mix was also selected tcstudy the effecobf rejuvenation andigingon mix
durability. Testingwas also performedn PMLC specimenslhe mixwas storedn sample bags
containing 20 to 2kgs eachThe air void target range for the specimens was 7.0% + Qvhtéh
isacommon practicéor laboratory testing of initial pavement performanteopy of the original
mix designis presentedn Appendix A.
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For this study, three mirejuvenatorblends were preparedby adding 3%, 6%, and 9% of
rejuvenator by weight dhe totalbinder contentrecycled and virgin binder, as reported in the mix
design. The rejuvenator wdsectly pouredinto hot loose mix batch and stirred using a mechanical
mixer. The blending of the rejuvenatafas carriedafter the loose mix samples were split and had
completed 1.8 of conditioning in a forcedraft oven at a temperature B85°C + 3°C After
blending, the samples were reintroduced into a fedraét oven for a additional 30minutesto
complete a zhr conditioning cycle, which was intended to allow the mix to achieve the compaction
temperature range. The described blending methvedsdevised to achieve a better mixing and
dispersionof rejuvenatorin the mix The test results of the different blendere comparedo a

control blend, which contained no rejuvenator.

To evaluate the effect of STA, aftesiriousrejuvenator dosagesgereblended additional material
samples weré&ept for an additional hourson a forceedraft oven at a temperature of 135°C +
3°C, which is the temperature specifitdAASHTO R30 forAC shortterm conditioning(88).

Figure 3.3 presents dowchartsummarizing the specimen preparation and conditioning methods.
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SAMPLE 3,6, 9% R
BAG — 1.5-hr condition
@139BAC
4-hr Hea}ting ’ 5] ld' ‘
@150 erl g
= 0.5-hr Condition |
Splitting }7 @ 135BAC
0% R 0,3,6,9%R
2-hr condition > 2-hr STA
@1353\BAC @135(3/5(:

COMPACTION }7

[ TEsTNG |

Figure 3.3 Specimen preparation stefps = Rejuvenator

3.2.3 Rejuvenator Characteristics

The rejuvenatousedin this studywasa paraffinic distillate solvent extract with the appearance
and viscosity of a dark brown lubricating oil. Chemicaillys composed of different hydrocarbons;
with aromatic hydrocarbons being the primary compor{eib%). It is also virtually free of
asphaltenes, which are the particles that Hasten more closely related increasing binder
stiffness.A high aromatic fractio and a low concentration of asphaltenes are characteristics that
made it attractive for its inclusion in this studytechnical spafication from the manufactures

attachedn Appendix A.

31



3.3lllinois Flexibility Index Test (I -FIT)

The lllinois Flexiblity Index Test ({FIT) was developethy researchers #he lllinois Center for
Transportation (ICT) at the University of Illinois at Urba@dampaigras ascientific andpractical
fracture test capable of screening AC mikesscrackingpotentialbased on an indelzased on

fracture mechanics principl¢83).

The testis in accordance AAASHTO TP124 protoco(89), and consists of fabricating a semi
circular specimen with a central notch on its base, mount it on sulfgyortsand loading it from

the top by applying a monotonic displacement rate ehB0min. The test stops once the recording
load gets to 10% of the peak load. Tablg@shows the tegtarameters andigure 34 presents the
primaryoutputs from the test, respectiveljhe secant modulus value indicates the stiffness of the
material before crack propagatiandis definedas the ratio between 50% of peak load and the
displacement at that poinklexibility Index (FI) can be obtained using Equation 1. In general,

higher values of Fl indicate higher resistance to cracking propagation

00 b 2

(1)

where

FI = flexibility index

Gr = fracture energy, defined as the area under thedagdacement curv@l/nt)

m = slope of the tangent obtained at the inflection point of the ek curvgkN/mm)

A = unit conversion and scalirgpefficient takenas 0.01.
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Table 3.3Specimen and test parameters & T test

I-FIT Parameters
Specimen Thickness (mn 50+ 1
Specimen Diameter (mm’ 150 £ 1

Notch Length (mm) 15+1
Notch Width (mm) 1.5+0.05
Loading Rate (mm/min) 50
Test Temperature (°C) 25
3
Peak Load
2 Slope at
i Inflection
= Point (m)
s Fracture
- Energy
Secant (&)
Modulus
0
0 1 2 3 4 5 6

Displacement [mm)]

Figure 3.4 Typical outcome from-FIT test, after Ozer et g63)

3.4Hamburg Wheel Track Test(HWTT)

Hamburg Wheel Track Test ésstandardest to evaluate the permanent deformation susceptibility
of AC mixes TheHWTT is performedn accordanc&ith AASHTO specification T32490). The
test subjects two pairs of AC samples, with 18 in diameter and 6&hm in thickness, to a

cyclical loading from a rollingvheel device; whildestedspecimensare submergedn a 50°C
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water bath.A total of 2 sets, each caesng of 2 pills, were tested for each conditioning

combinationFigure 3.5 shows an example of tH&/TT outputand its main components.

The objective of the test is to measure the deneggn mm) formed on the specimens after a
predefined number giasser to record the number giasseshat were necessary to achieve a
predefined maximum depression level. Lower depression measurements, or the higher number of
passesare indicators that the mix is more rutting resistAddiSHTO T324 also indicates that as

part of the HWTT output it is possible to obtain the Stripping Infleddomt(SIP), which may be

used as parameteto discriminate the moisture susceptibildf/the mix.SIP is measured at the
intersection of the 06 Crwhiehare &laiogig lhearimedpolaii@t r i ppi
within the linearsectiono f t he o0 Cr eep P h a&respectwatySIPi§ @ported ppi ng
asthe numberof passes at the intersection pcoamtd can be obtained using Equation &yher

values of SIRndicateless moisture susceptibility of the test material.

"Y"'OU0 (2)
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Figure 35 Typical outcome HWTT

3.5Balance Mix Design

Researchers at the ICT at the University of lllinois at Urb@hampaign has applied the concept
of lllinois Balanced Mix Design {BMD) to improve the screening of high and lp&rformance

AC mixes(63,91, 92) Their approach consists of analyzing two types of interaction plotf) a 2
plot between Fl and rut depth, and-B lot combining Fl, rut depth, and secant modulus. Beth 2
D and 3D plots combine results fromRAIT and HWTT into four performare quadrants, while
valuesare checkeggainst secant modulus threshold as a check for mixture stiffness irfDthe 3
plot. The inclusion of secant modulissecommendeds it has been found to be an adequate proxy
for mixture stiffness, and it does not v&®@ additional testing since it is readily available frem |

FIT data(92). The performance quadraraie defineds:

Ql.  Stiff and flexible: mixes with adequate cracking (flexible) and rutting (stiff) resistance.
QIl.  Soft and flexible: mixes with good crack resistétgxible) but high rutting potential

(soft).
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QIIl.  Stiff and brittle: low rutting potential (stiff) but prone to cracking (brittle).

QIV. Soft and unstable: low cracking and rutting resistance.

The secant modulusngewas selected to be between 2 and 10 kN/mib(1o 57.2 kip/in).
For FI, a minimum of 8 was considered acceptable fowuhigh-performance mixes such SMA,
a minimum FI of 10vas takeras the minimum threshold. The maximum acceptable rut depth is
12.5 mmat 10,000 passder the N50, andor the SMA mixes, the maximum rut depth allowed
was takenat 7.5 mm at 20,000 passes The quadr ant sdé dadhbasednt i ons
previous work carried at IC{61i 63, 91, 92) It is important to notice that threshold levels should

be adjustedor local materials and conditions
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CHAPTER 4: TESTS RESULTS, ANALYSIS, AND DISCUSSION

4.1 SMA Performance

This section presents the results from the experimental tgstifigrmedon the COOEE SMA
materials. These mixes showed remarkably Hgkalues,small rut depthsafter 20,000 passes
from HWTT, and little to no moisture susceptibility based on SIP values. Hon@augrSMAG

COOEE falls within the proposed secant modulus ranga@fi@ kN.

4.1.1 Binder Grading

Table 4.1 summarizes the results obtained from the PGngréest for the binder samplebhe

final PG grade for the PEN 70/100 binder was P@G84S), and for the PMB 40/160b PG8216

(S) ;refeis@® St andard Trafficodo according tstffnelABSASHT O
[S(t)], from BBR test, wasabove the allowed threshold of 308Pa; howeverthe mvalue
parameter, which relates to the relaxation properties of the binder, was 13% above the minimum

required value, amdicationthat the bindehasexcellentflexibility properties

MSCR test rests indicate that theolymer modified binder is more resistatd permanent
deformation. The PG826 exhibits considerably lower n@acoverable compliance, 73.5% and
37.5% lower, at 0.1 and 3.2 kPa stress levels, respectively. Additionally, the %R atrbes
levels, for the modified binder was considerably higher thatfor the unmodified binder. Higher
recovery rateare expectetbr modified binders. Regarding stress sensitibyth samples have a
nonrecoverable stress difference,q¥, bdow the specified threshold of 75%; however, the PG64

has a lowern) ditf, coOmpared to the PG8Phis finding couldoe explainedby the fact thathe PG64
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already experiences relatively high levels of nonrecoverable compliance &P®#®.lwith the
difference between low arfdgh-stresdevelsat only 10.5% In both cases,dis above 3.kPa’.

By contrast, PG82 has a 42.4% differeranedin bothcasesJdyr is well below 3.kPal. The Jr, 3.2

for both binders,is higher than 2.0 and lower than 4.5, which makes them fall within the

classificationdo.of iStandard Traffic

Table 4.1PGgradingtestresults

PEN 70/100 PMB 40/10075

Test Temp [°C] Result Temp[°C] Result

DSR on Original* Binder

Complex Shear Modulu&* [kPa] 64 1.2 82 1.2

Phase Angle, 0O | 64 87.3 82 59.8

G* |/ sin(d) [>1. 64 1.2 82 1.4
DSR on RTFC? Residue

Complex Shear Modulus, G* [kPa] 64 2.7 82 2.5

Phase Angle, 0 | 64 84.5 82 65.3

G* |/ sin(d) [>2. 64 2.7 82 2.7
DSRon PAV? Residue

Complex Shear Modulus, G* [kPa] 22 4,470.8 37 305

Phase Angle, U0 | 22 53.1 37 43.3

G* A sin(uyY [<5, 22 3,576.8 37 209
BBR on PAV Residue

Stiffness, S(t) [<300 MP4] -18 325 -6 55.1

Slope, rvalue [>0.300]* -18 0.336 -6 0.302
MSCR on RTFO Residue

Jor at 0.1kPa, do.1[kPa’] 64 3.305 82 0.884

Jor at 3.2kPa, & 32[kPa’] 64 3.651 82 2.284

Recovery at 0.1 kPa, %R[%] 64 2.5 82 59.6

Recovery at 3.2 kPa, %R[%] 64 0.6 82 21.4

Stress Sensitivity nhir [kPa™] 64 10.5 82 42.4

1 Original: unaged binder, tested on parallel plate geometrgnr@sliameter, Inm gap

2RTFO: Rolling Thin Film Oven, sheterm aged binder, tested on parallel plate geometryms
diameter, Inm gap

3 PAV: Pressurized Aging Vessel, lotgrm aged binder, tested on parallel plate geometnyms
diameter, 2nm gap. PAV aging is performed on RTFO aged binder samples.

APG thresholds by ASTM D63786
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4.1.2 |-FIT Performance

Figure 4.1 bows the average loatisplacement curves obtained from tHelT test. The reference

mix appears to be the first to experience fracture propagation since the location of the peak loads
for both AV% levelsoccursearlier in the displacement scale. For @@0OEE mixes, SMA6 has
greatempeak loadandit occursat lower displacemenhanthat forSMAS8. The change in AV% has

an impact on the peak load achieved in the test; for both SMA8 Ref and SMA8 COOEE, the
reductionin peak load due to increased AV% istbe range of 10%. In general, a lower peak load
implies a strength reduction of the matenahich maybe validatedby analyzing values of secant
modulus presented in Table 4.2. Secant modulus values decrease when airevoicieass® The

secant modulus values are higher for SMA8 Ref, followed by SMA6 COOEE, and SMA8 COOEE

being the mix with the lowest values.

——SMAS8 Ref - 4.5AV
——SMAS8 Ref - 6.0AV

—— SMA8 COOEE - 4.5AV
2.191 SMA8 COOEE - 6.0AV
—— SMAG6 COOEE - 6.0AV

|:| PeaklLoads

Load [kN]

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Displacement [mm]

Figure 4.1 Averageloaddisplacement curvefer SMA
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Table 4.2 summarizes the-FIT output, including Coefficients of Variability (CoVSMAS8
COOEE showed the highest Fl values regardless of AV% level. Compared to the reference material,
SMA8 COOEE has higher binder and filler content, which improves the masticyquhis
translates intdigher fractureenergy valuesnd lowslope valuesThe combination of these two
effects, high fracture energy, and small slope, translates into higher Fl values for SMA8 COOEE,
indicating that this mix design is less susceptibleracking.Compared to SMA6, SMAS8 has
largeraggregate size, which could retard crack propagafionea crackpropagatearoundarger
sizeaggregateit requires more timeto travel through the particles, comparedhe patharound

smaller sizeaggregateThis variable depersbn the mix havingoughandhigh-quality aggregate,

as is the case for these mixes.

Table 4.2Summary of {FIT output

Average CoV [%]
Rend Peak | Fracture Secant Peak | Fracture Secant
Mix P Load Energy Modulus | Slope | FI Load | Energy | Modulus | Slope| FI
[#] kN | im3 | [kN/mm]
[kN] [3/m?] [KN/mm]
SMAS8
Ref - 6 2.513 2774 3.00 0.942| 304 | 21.1 15.9 20.8 20.1 | 23.9
4.5AV
SMAS8
Ref - 15 2.299 2526 2.52 0.958 | 279 | 10.4 8.9 19.8 27.6 | 25.5
6.0AV
SMAS8
COOEE 8 2.388 3285 1.81 0.891 | 38.7 | 10.5 9.8 11.7 242 | 241
- 4.5AV
SMAS8
COOEE 13 2.191 2936 1.77 0.728 | 41.1 9.3 11.4 10.7 159 | 171
- 6.0AV
SMAG
COOEE 9 2.541 3110 2.46 0.957 | 33.8 9.3 7.2 13.8 223 ] 219
- 6.0AV

IReps:number of replicates
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All three mixes exhibited relatively high values of fracture energy and Fl as compared to the results
reported elsewher@3, 93) and tothose of theesults obtained from testing on the degsaded

mix, results whictare presenteih the next sectionlhe primefactor influencing the high F$ the

low slope values (< 1.000 for all mixe3he slope is an indicator ofack-propagation speed, and
lower values indicate that the material is more resistant to crack propagdimmiV% level
appears to have an impact on the different outputs ofEH€ test but without a clear trend, FlI
decreasewiith increasing AV% for SMA8 Ref, bl increass with increasing AV% for SMA8

COOEE. The effect of AV% hdseen presented other studie$94, 95)

4.1.3 HWTT Performance

Figure 4.2presentghe progression of rut depth with increasing number of wheel passtw for
three SMA The besperforming mixwasSMA6 COOEE, with only 3.6 mm rut depth after 20,000
passesMix SMA8 Ref exhibited the highest rutdepth and showedsignificant sensitivity to
increased air voidsTherewasa 65% increase in rut depth between thé#and 6.06 AV%
specimengsindication that the mixnight behighly susceptible to postompaction densification
Additond | y, the | inear O0Creep Phased fromfm®MAS
AV %, and theravasan evidentpresence ofheperceivedad St r i p pa Imapntrésty SVA8

COOEEexperienceanly a 16% increase in rut depth, with increased AV%, from 4.4 to 5.1 mm.

It is important to notice that both COOEE mixes haWi@al rut depth, after 20,000 passbs|ow
the maximum threshold of 7.Bim. This thresholdvas establishedas a maximum for high
performance mixebased on previous resear@?®). Also, both COOEE mixesdlid notexhibit a

0Stri ppGastheliRchasegment of t he 0 Cexerehl thévaag e 6
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to 20,000 passewhich couldbe interprete@dsanother indicator of the higberformance nature of

these mixes
175
—SMAS Ref - 4.5AV
150 | —SMAS Ref - 6.0AV
—SMA8 COOEE - 4.5AV
g 12.5 SMA8 COOEE - 6.0AV
E 10.0 —SMAG6 COOEE - 6.0AV
o
(]
O 75
5
e
5.0
2.5
0.0

0 3 5 8 10 13 15 18 20
Number of Passes [x1000]

Figure 4.2Rut-depth progression vs. Number of passes, 50°Gdegierature

Regarding moisture damage, frdfigure 42, neither of the COOEE mixesxhibiteda potential
stripping phasethus,their respective SIP valuesereportedasgreaterthan 20,000 passesack
of stripping phase in the HWTdloesnot imply that the COOEE mixes will be unaffected by
moisture Insteadlit means thaHWTT did not causenough damage on the specimendevelop
a stripping phasand subsequent failyne&ithin specified limits of the tesOnly SMA8 Refat 6.0%
AV% exhibited theinitial stages ofa potential stripping phaseThe mix showedsignificant
resistance asdid notpresenasudderincrease in rutting which coulthveledto specimerailure.

Table 4.3summarizes the moisture susceptibility analysis for the three SMA.
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Table 4.3Moisturesusceptibilitysummary from HWTT output

Creep Phase

Stripping Phase

Mix
Type

Initial
Pass

Ending
Pass

Slope

Intercept

Initial
Pass

Ending
Pass

Slope

Intercept

SIP
[# Passep

SMAS
Ref -
4 .5AV

2,000

>20,000

N/A

N/A

>20,000

>20,000

N/A

N/A

>20,000

SMAS
Ref -
6.0AV

2,000

13,000

0.00043

472782

18,000

20,000

0.000662

1.90893

12,357

SMA8
COOEE
- 4.5AV

2,000

>20,000

N/A

N/A

>20,000

>20,000

N/A

N/A

>20,000

SMAS8
COOEE
- 6.0AV

2,000

>20,000

N/A

N/A

>20,000

>20,000

N/A

N/A

>20,000

SMAG
COOEE
- 6.0AV

2,000

>20,000

N/A

N/A

>20,000

>20,000

N/A

N/A

>20,000

The SIP value for SMA8 Réf 6.0AV, wasobtained by defining the stripping phase of the mix

between 18,000 and 20,000 pass&swvever, the initial point of this phase was chosen arbitrarily

by visually analyzing the data and decidimigich was themost appropriate point that marked the

beginning of the steadstate of the stripping phas@ASHTO T324 does not provide clear

guidane on how to deciel where does the steadtate for eithethe creepor stripping phase

begins The lack of guidancénasbeen identifiedas asignificantdrawbackfor usingHWTT to

predict moisture susceptibility performan¢@6i 98). The lack of guidance can have a significant

impact in the calculations of SIP vakiease in point iISMA8 Refi 6.0AV for which changing

thebeginning othe stripping phase frod8,000 to 17,00passess SIP value changes from 12,357

to 13,286, &.5% difference.
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4.1.4 1-BMD Analysis

Figure 4.3presets the interaction plot for all the AC mixes in this stulliye thresholds for the-2
D I-BMD analysiswerebasedon the highperformance limits discussed in Chaptea3ninimum
Fl of 10, and a maximum rut depth of 7.5 mm at 20,000 paksesevident that both COOEE
mixes havesignificartly high Fl valueshigherthan whais usually experiencedith AC mixes in
the United States. This finding coulde explainedby the higher amount of asphalt content,
modified binder, and higlyuality filler thatresults ina rich mastic. Also, these mixeghibited
low rut depth, as is expected for SMA designs. These two factade theCOOEE mixes to be
classified as stiff and flexible, regardless of AV¥he combination of high flexibility, low rutting
potential, and low moisturgusceptibilty, indicatethat both types of COOEE mixesuld exhibit

better durability in thdield if produced and constructed adequately
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Figure 4.3FI and rut depth interaction plot for SMA
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Figure 4.4shows the expanded-B I-BMD plot by adding the secant modulus criteribm this

plot, a red color indicates that the data point failed eitherltting, yellow color indicates data
pointsthat passetioth FI and rutting butavesecant modulus value outside the range; blue color
indicatescompliancewith the threecriteria Thelight-green shaded borders represent the threshold
limits for QI, the rest of the quadrants are not explicitly delimited to awgcrondednessSMAS
COOEE, which showed the highest flexibility valués| outside the proposed range ofad210
kN/mm, indicatirg that the high FI values obtainark due to eelatively softer mix. Adding secant
modulus as a third performance criterisnrecommendedince it does not require additional
testing, the data is available from thEIT test outputand ts inclusioncould identify potentially

overly softor stiff mixes(92).

A SMAS Ref - 4.5AV
. SMAS Ref - 6.0AV

V SMAS COOEE - 4.5AV

SMAS COOEE - 6.0AV

. SMA6 COOEE - 6.0AV

Figure 4.43-D I-BMD interaction plot SMA mixes
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4.2 Rejuvenation and Aging Effects

This section presents the results from the experimental testing performed on the NAGdimg.
rejuvenator to the N50 mix showed that it positivatfects flexibility, and negatively impacts
rutting resistance. The increasing effect on flexibility becomes less relevant with increasing
dosages; but, for rutting, it becomes more domin&hé short-term aging condition appears to

havea more substantiahfluence on rutting resistance than on flexibility.

4.2.1 |-FIT Performance

Figures 4.5 and 4 $how the loadlisplacement curves for the UA and STA samples. The reduction
of peakload magnitudesand anoverall flattening of thgpostpeakcurves is a clear indication that
higher dosages of rejuvenator induced a stronger softening effect on the meberisbftening
effect canbe interpreteds the overall decrease in stiffness of the materiabhndan be seen in
the decreasing peak loads andtélaing slopes of the pepkeak part of the curvesn absolute
terms, UA blends experient@ 53% drop in peaload magnitude between the control mix (0%

rejuvenator) and the 9% blend; STA blends expeaga 46% between the same taanditions

Table 4.4summarizes therimaryresults from {FIT along with their respective CoRegarding
fracture energy, theris no consistent trend concerniimgcreasedejuvenator dosagd-racture
energyvalues go ugrom 0% to 3% but then experience an overall decreasmth UA and STA
conditions this could indicatethat fracture energy alone may not be a suitable parameter to

differentiate between AC mixes as has been shown by previous rehré8, 95, 99)
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Figure 4.5Loaddisplacement curves for UA samples

4.5 -
T — - -0% STA
’r - - 3% STA
e --=--6% STA
v, VN e 9% STA

03] 1 TN

Load [KN]
7/

1.1

] ‘'~ Ql"‘~
* e -=‘--
0.0 T T T

00 05 10 15 20 25 3.0 35 40
Displacement [mm]

Figure 4.6 Load-displacement curves for STA samples

As explained in the discussion of tB®A resultsthe slopevalueis a term derived from the load
displacement curvdefinedat the inflection point ofhe postpeak slope, and it is included in the

FI calculation since itvas foundthat it closely correlates to crack growth spég8l). Therefore,
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higher alsolute slope values indicate an AC mix that experiences faster crack propagation, while
lower values are related to slower crack propagati@able 4.4shows that with increasing
rejuvenator application there is a reduction in slope values, with the stekgminehappening

between 0% and 3%. Regarding the effect of STA, there is an increase in slope values, with the

highest relative difference betweeanditionspresented on the specimens with 9% rejuvenator,

with a difference close to 42%.

Table 44 Output from {FIT test R = Rejuvenator

Average CoV [%]
Reps Peak | Fracture | Secant Peak | Fracture Secant
Blend Condition (4] Load | Energy | Modulus | Slope| FI | Load | Energy | Modulus | Slope | FlI

[KN] [J/m2] | [kN/mm] [kN] [J/m2] [KN/mm]
0% R UA 18 4.27 1602 9.37 556 | 3.0 | 4.6 9.7 13.0 15.0 | 20.3
(Control) STA 14 4.32 1558 9.49 559 | 29| 4.4 5.9 15.9 179 | 18.9
3% R UA 10 3.20 1838 6.12 242 | 79| 7.3 7.2 22.0 195 | 20.6
STA 14 3.30 1710 6.67 289 | 6.0 | 5.8 6.7 15.0 12.2 | 164
6% R UA 10 2.53 1701 4.60 1.78 | 9.9 | 10.9 14.3 11.4 15.7 25.3
STA 14 2.59 1586 4.69 2.00 | 84 | 13.2 9.7 18.9 23.2 | 30.7
9% R UA 12 1.99 1389 3.50 1.17 | 12.0| 6.4 8.9 10.6 134 | 13.8
STA 15 2.34 1593 3.90 1.65 | 10.7| 175 13.7 25.3 41.8 | 30.8

IReps:number of replicates

Fl is obtainedy combining the values of fracture energy and slope. In this case, there is an overall
trend ofincreasingFl with higher rejuvenator dosagehis reflects the effectiveness of using a
rejuvenator to improve thgotentialcracking resistance of AC. Tmeostsignificantjump in Flis
experiencedetween 0% and 3% specimens, and as higher doaegesedthe FI improvement
becomes of less relativepact. Although the CoV for Fl is greater than fracture energy, the ability

of FI to discriminate the effect of the rejuvenator content and agegdsnt
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4.2.2 HWTT Performance

Figures 47 and 48 showthe rut depth progression against the number of passes for UA and STA
samples, respectively. Evaluating the entire span of thdtekttypes of conditioning show higher
values of rut depth with increasing levels of rejuvenation; this effastnore ponounced fotJA
samples. At the lowest concentration of 3% rejuvenator, tii@sa significantincreasein rut depth
progression compared to the control blend, aftdr 20,000 passe$ was barely above the
maximum threshold of 12mm. On the other handor the STA samples, only at 9% rejuvenator
concentratiorasevere rutting deterioratiaccured It shouldbe expectethat adding rejuvenator

to the AC mix would reduce its permanent deformation resistance since the rejuvenator softens the

asphalt binder in the mix.

STA conditioningreducedthe rutting experiencedby the different blendsjudging from the
extendedstealy-state portion of the creep phaber the blends with 3% and 6%éjuvenatorthis
effectwasstrong enough thahe blends switakd from havingan evidentstripping phase in the
UA condition to not exhibiting strippingnderSTA condition.Additionally, the stiffening that the
binderrejuvenator blendustainediuring STAmadethe postcompaction consolidation phase of
the mixes lessignificant For UA conditiors postconsolidation induaka rut depression close to
2.5 mm,whereas folISTA condition the consolidation experienogdsonly of the magnitude of

1.8 mm,abouthalf of that from UA specimens.
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Figure 4.7 Rut-depth progression for UA samples
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Figure 4.8 Rut-depth progression for STA samples

Mix N50 is blendedwith a PG 6422; in lllinois, the pass/fail critean for rut depth forAC mixes
prepared witlhis binder grades comparedo the maximum allowed threshold of 123 at 7,500

passes. However, at thadint, all samplesvereaboveit. Thus, a comparisaof final rut depth was
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performed at 10,000 pass&sce theravasrut progression data available for all blends, and at this
point, the effect of anyotentialstripping presencevould be more apparentigure 49 presents

the rut depth fer 10,000passedor all AC blend types. The plot shows a direct relationship
betweenincreasingdosage and rut depth; with a significant increase when 9% rejuvemasor
added On the other hand, STA samples skda& much smaller and constant increment between
thedifferent concentration levelsvhich couldbe related to the steadyate creep phase extension

thatSTA appears ttvaveinduced in the blends
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3354 § 39 \ 4.1
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N= N= N
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Rejuvenator Dosage
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©
o

A
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Figure 4.9 Final rut depth at 10,000 passes, all blends

Regardingmoisture damage, waspossible to observe froffigures 47 and 48 that the control
blend did not experiencea stripping phasewithin the limits of the testregardless of aging
condition Thustheir SIP valuesverereported agreaterthan 20,000For the rejuvenated blends,
it was discussethatwith increasing dosage the binder becomes softer inducing higher futting
the AC mix. Additionally, higher dosagegropitiatedthe appearancef a potentialstripping phase

on all UA blends, with increasg potential of strippingseverity with increasing dosaggehis is
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evident on the decreasing magnitude of their respective SIP values, ranging from 17,079 for the 3%

blend to 7,070 to the 9% blerfshortterm agingmitigatedthe softening impact of the tejenator,

to the point that dy the 9% blendtontinuedto experience a stripping phase during the test, but

eventhen,the SIP value reported is on the further side of the smial®,450Table 45 summarizes

the resulof the stripping point analysis.

Table 45 Moisture susceptibilityjor NS0 samples

Creep Phase

Stripping Phase

Mix | Initial | Ending Slope | Intercept | M@l Ending Slope | Intercept SIP
Type | Pass Pass Pass Pass [# Passep
0% | 2,000 | >20,000 | N/ N/A | >20,000 | 20,000 | N/A N/A >20,000
o8 | 2000 | >20000 | N/A N/A | >20,000| >20,000| N/A N/A >20,000
3% | 2000 | 12000 | 0.000213| 311051 | 19,000 | 20000 | 0.001622| -20.9545 | 17,079
% | 2000 | >20000 | N/A N/A | >20,000| >20,000| N/A N/A >20,000
% | 1000 | 7,000 | 0.000470| 23635 | 16,000 | 17000 | 0.003026| -3254® | 13658
% | 2000 | 20000 NA N/A | >20,000 | 20,000 | NI/A N/A >20,000
oo | 1000 | 5000 | 000068 | 276074 | 9,000 | 11,000 | 0.003109| -14312 | 7,070
o | 2000 | 8000 | 0.000279| 278740 | 18000 | 20,000 | 0.001802| -20.356 | 15,450

4.2.3 1-BMD Analysis

Figure 410 presents the-B interaction plot for all AC mixes in this study, afdjure 411 shows

the expanded-® interaction plot integrating secant modulliee color scheme for thel3 plot is

the same as the odescribedn section 4.1.4egarding Fig. 4.4.

In the 2D diagram both control AC mixes, aged and unaged, fell within the undesirable quadrant

QIll, stiff and brittle As the rejuvenator dosagecreasedthe AC mixbecamemore flexible, it
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achievedhigher FI valuesbut at 9% this softening effegtas so excessive that mix becomes
undesirably softFrom the 3D plot, the secant moduluwdecreasedvith increasing rejuvenator
dosage but it appears to be the leas¢nsitivevariableto it. It is evident that the use of the

rejuvenator, and aging conidin, impact the location of the AC mix dne FBMD plot.

=
(o))

Ql | Qi

9% STA
14—— S 9% NA

=
N

x
)
o) 6% STA
; s | l(k 6% NA
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Figure 4.10 2-D Interaction plot between rut depth and FI
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Figure 4.11 3-D Interaction plot between rut depth, FI, aedantmodulus

Aging showed that it reduces flexibility and rutting potential, but this effect is not proportional to
each propertyAt 9% dosage, the STA samples swidlirom being above the 12.5 mm rutting
threshold to being below it, by experiencing a 67% reduction in the final rut depth at 10,000 passes,
from 16.9 to 5.5 mmHowever, theeductionin FI between 9% UAand9% STA amounts only to

an 126 drop; highlighting how adding rejuvenator to an AC mix could improve its durability
regardingcracking resistance, without sufferisgygnificant reductiongn rutting resistance, if the
agingconditionis consideredSimilar high drops in final rudepthand relatively smiger drops in

Fl, between UA and STAampleswereobservedor the other rejuvenated dosages, as shown in
Table 46. Secant modulusicreasedetween the two conditions, but the effaetslessevident
Ultimately, an optimunrejuvenator dosagepuldbe obtained to provide durableAC mix; for the

case of the N50nix, the most appropriate dosagppearedo be 6% since both UA and STA

samples fall tcomplywith the three criteria.
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Table 4.6 Changes in-BMD criteria between UA and STA samples,dilsages

Mix o 10(';)‘3%8565 Srod® ©% FI ©% Ru ©% ns
Type ' [mm] [KN/mm] (decrease)| (decrease)| (increase)
0% UA 3.0 3.3 9.4
3.3% 15.2% 1.3%
0% STA 29 2.8 9.5
3% UA 7.9 5.2 6.1
24.1% 25.0% 9.0%
3% STA 6.0 3.9 6.7
6% UA 9.9 8.0 4.6
15.2% 48.8% 2.0%
6% STA 84 4.1 4.7
9% UA 12.0 16.9 35
10.8% 67.5% 11.4%
9% STA 10.7 55 3.9

1Smod: SecantModulus
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4.3Combined-BMD Analysis

From the analysis and discussion presented in this Chapter, it is clear that the SMA rfrat@rials
the Danish Road Directoratxhibited superior performanaegardingpotential cracking and
permanent deformation resistancalong with low moisture damage susceptibility; these
characteristicsighlight their high durability potentialAlternatively, a commonly used dense
graded mix(N50) from the midlllinois region presentetbw FI values in its original condition,
suggestingweak cracking resistanceHowever the N50 mix presentedttle rutting and no

indication of moisture damage during the HWTT

By addinganadequate amount rejuvenator to the N50 miwas demonstratetthat it is possible
to improve the cracking resistance characteristics of the mithout overly damaging its
permanent deformation and moisture damage resistance charastelmsthis contextit was of
interest tocarry aperformance comparison between the various blBfds against the different
types of SMA.The performance comparisaras achievethy combiningthe data from both types
of mixes into @ expanded-D I-BMD diagram. Ten thousammhssesvere selected as the analysis

point for rut depth to be consistent with the criterion used for the N50 analysis.

Figure 4.12 presents thexpanded2-D I-BMD diagram incorporating the thresholds used for
regular mixes toef i ne t he four guadrants (FI =- 8,
Per f or sulagnadrand (QHHP) within Qlusingmore stringent criteri§Fl = 10, Rut = 7.5
mm). Also, the secant modulus criterias incorporatedusing a color scheme. Red indicates

failurein FI or rut depth. Yellow pointare compliantvith FI and rut depthbut secant modulus

outside thedesiral range. Green means compliance with all three criteria and location within QI.
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Blue also indicates conformity with all the criteria, e location is within the most desirable- QI
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Figure 412 Expanded 2D I-BMD diagram, comparing SMA mixes and N50 blends

From Figure 412, the significant difference in flexibility between the SMA and N50 is evident
thereis at least a twofold spread between FI vallRegjardingpermanent deformatioexcept for
N50 UA 9%, the final rut depths are relatively similRegarding the effect akjuvenation as
mentioned earlier, iimproves flexibility performance withoutexcessively affecting rutting
resistance in most casd¢towever, the flexibility improvememnwaslimited comparedo the high
performing SMA TheFI values for N50 are only capable of reaching théH®Qlboundary of 10
when 9% rejuvenatas addegbut at thigooint, the softening effect induced by such a high dosage

severelyaffects the rutting and moisture resistance of the mix.
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Regardingmoisture damage susceptibiliiywas foundthat onlyone type ofSMA and four N50
blends experienced@otentialstripping phase, therefore SIP valwesre only obtainedor these
materialsFigure 413shows the materials thpbssibly have potentiatrippingand their respective
SIP values. Interestingly, this comparisuggestshat thesecondvorst mix,concering potential
moisture damage, is SMA8 Ref6.0AV; however, this might ba counterintuitiveassessment

from the rut progression curves presente#igure 414.

The progression curves show that the different N50 blends have a clear stripping phase; they show
a clear distinction between the steadgte creep phase and the increased rate of change for the rut
depthafterward On the other hand, the appearance efthipping phase for SMA8 Ré&f6.0AV

is less clear, and it would seem that the rate of change of rut depth in this region for the SMA

is not as rapid as for the N50 blends.

Figure 413S1 P val ues for mi Pesé exhi biting 0

58



20.0

—3% UA
9% UA
= 15.0 9% STA
£ 125 —SMAS8 Ref - 6.0AV
e
= 10.0
(O]
Q 75
5
@ 50
2.5
0.0

0 3 5 8 10 13 15 18 20
Number of Passes [x1000]

Figure 4.14 Rut depth progression curves for mixes exhibipotentiald St r iPpagé n g

During the discussion regarding the HWTT performance of the SMAast mentionedhat one
significantdisadvanage of using HWTT data to predict moisture damage susceptibility was the
arbitraryrelated todeciding where do the creep and stripping phases start and end; which could
leadto significant differences in SIP valud reduce the uncertainityvolving SIPvalues a more
objective approachouldbe to identify the point at which the curvature of the rut progression line

changes from negative to positjve essenceadentify the inflection point of the curve.

An adequate mathematical model that describesuhdepth relation with the numberpEssess
needed to calculate the inflection point of the cul#ferent agenciedhave usechigh-order
polynomiak as fitting moded. However it hasbeen documentethat this approach might not
capture local trerglespecially at the end of the progression c(@8 Alternatively, researchers
in Texas have employed a nbinear model to describe the rut progressiataanduseddifferent

model parameters as indicators of the rutting and moisture resistance(®6)AC
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To improve comparisoaccuracypetween for SMA8 Ref 6.0AV and the N50 blends, the method
descibed by Yinet al.(96) was adopted to evaluate thmisturesusceptibility of theAC mixes
presenting a stripping stageeir model tadescribedut depth progressias defined by Equain

3. The proposed method introducastripping number (SNparameter thaindicateswhere the
stripping phase initiate§N is foundat the inflection point ofthe second derivative of Equation 3.
The expressiofor SNis described by Equation &imilarly to SIP,higher SN values imply less

potentialmoisturedamagesusceptibility of the material.

YO "z 11— (3)
where:
RDLc = rut depth aa certainnumber of loagpassegmm)
LC = number of loaghasses

LCut, andb=model coefficients

YO 06 zA@D — 4)
where:
SN= stripping numbe(# passep

LCut, andb = model coefficientérom Equation 3

Figure 415 displaythe final SN valuesbtained for theAC mixes presentingotentialstripping.
Contrary to whatvas concludedrom analyzing only the SIP values in Figuré3}.the SN trend
shows that SMA8 Refi 6.0AV has much better moisture resistance characteristics than the N50

blends The changé conclusioncaused by changgthe analysis gmoachgoes more in line with
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the characteristic of the SMA since it contains more binder conterfeamd air voids than the

N50 mix.
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Figure 4.15 SN values fomixesthat exhibit gpotentiald St r iPpasé n g

The model fittingwas performedy minimizing the sum of the squares of the errors using the
SOLVER tool from Microsoft Excel®Table 47 presents thenodel coefficients for Equation 3
together with R-values as a goodnes§fit parameter, and the final SN, for the differ&@ mixes

that exhibit gpotentialstripping phase.

Table 47 Fitting results for Equations 4 and 5

Mix 2 SN
Type LCour } b R [# Passeb
Shg%BA\F;ef 6.99E+08 | 1,320,860| 0.251166 0.9911 4,799,205
3%
UA 22,114 4.7063 2.553648 0.9929 5,499
6%
UA 22,714 6.7280 1.202122 0.9995 3,637
9%
UA 14,809 7.1036 1.123200 0.9941 2,236
9%
STA 23,105 5.2220 1.695884 0.9961 4,713
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CHAPTER 5: SUMMARY, FINDINGS, CONCLUSIONS, AND

RECOMMENDATIONS

5.1 Summary

Limited financial resourceseduced availabilityof raw materials, and environmentaincerndave
renewed the interesh improving the durability of AC pavements. It hlasen well documented
that highperformance mixes such as SMAay improve the overall durability oflexible
pavementsHowever,costandstrict material requirements desigrhigh-performanceéAC mixes
could be prohibitive for most paving projects. Therefore, it is necessary to impi&eurability
for conventionabesigns, such as dergeaded mixesThis study presents tiperformanceesults
from I-FIT and HWTT, and their implications for durability, faroveltypes of SMA, designed by
the DRD, and fora cawentionallllinois densegraded mix blended witlvarious dosages of
rejuvenator to enhance its characteristidse findings, conclusions, and recommendatiohthis

studyare presentenh this Chapter.

5.2 Findings

The study resulted in the following findings on the durability assessment of the SMA provided by
the DRD:
1 The COOEE mixesare distinguishetly thestrong,polymermodified binder, high asphalt
content, and the type and amount of filler used. Binders used in the newweaneegraded

as PG8216 (S) as compared to PG28 (S) used in reference mi@MA Ref).
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COOEE mixes exhib#td exceptionally high FlI valuessuggesting low cracking
susceptibility. Also,both mixes suffexd low rut depths after 20,000 passes of HWTT
compared to SMA Refndicatinga strongpermanenteformation resistance.

None of the COOEE type mixes showed evidencepofential moisture @émage
susceptibility within the constraints of the HWTT. Only SMA8 Ref at 6% air voids
develomdthe initial stages of a stripping phase.

Exceptfor SMA8 Refi 6.0AV, a change in compaction dengiig notappeato influence

the performance of any of tI8MA materials significantly

On an iBMD analysis both COOEE materialswere classified as stiff and flexible
underscoring their higperformance potential. However, when adding a stiffness criterion
using secant modulus, only SMA6 COOEHEE& within the boundariesof all three

parameters.

The following findings were observed for the analysis of the dgresed mix(N50) when itwas

blendedwith different dosages of rejuvenatand subjected to shetdrm aging

T

The original mix (control), retuedlow values of Fl, close to 3, suggesting that using this
mix could jeopardize pavement durabiliggardingcracking distresses.

Adding a rejuvenatoncreased th&l values ofN50, which is a positive effect. The rate of
increase, howevewasnot consantand i influencediminishedas the dosagecreased
Secant moduluwas reducedith increasing dosage ofjuvenatoyrbut this effect wasmall
compared to the otheariables

On the other handyigher rejuvenator dosages negativaffectedrutting resistance, and

this effectcontinuedto grow as the amount of rejuvenatzasincreasd.
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T

Regardingpotential moisture damage susceptibility, increasing am®wiftrejuvenator
diminishedthe potentialstripping resistance of th&®C mixes. While tle control mix only
presented a steadyate creep phase, with increasing dosdgemix quickly developeda
stripping phase.

FI values of theAC mixed decreasedavith simulated shorterm aging conditionsslightly
increasedecanmodulus andimprovedrutting andpotentialmoisture resistanc&he most

sensitivevariable was rutting

From gerforminga combined analysisf the SMA and N50naterialsthe following findingswere

noted

T

Increasing the amount of rejuvenator dosdigeimprovethe performance the of the N50
mix, and at 6% itell within thedesirableQl quadrant on an expanded2-BMD diagram
however, the flexibility gainsverenot enough to get into the best-BP quadrant, which

is where the SMA materiailgerelocated

Regardingpotentialmoisture resistance, the initial assessment based on interpreting SIP
values for the mixes that exhibited a stripping phase showed that the SMASGR&V

was thesecondmix type, only in front of the N50 9% UA.

By applying a modelditting method to assess moisture susceptibilitwas foundthat the
SMAS8 Refi 6.0AV hadbetter moisture resistance since its SN vahasthree orders of

magnitude higher than those of the different N50 blends.
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5.3 Conclusions

Based on the discussion and findings presentéus study, the following conclusiorse made

1 SMA showedperformed wellagainstpotentialrutting and crack propagatipmdicating
that pavements constructed with these materials should exhibit suhegbility sincdow
crackingand permanerndeformationdistressesvould be expectedAdditionally, there is
little indication that the mixewould havepotentialmoisture damage.

1 Applying the IBMD approach on a-B and 3D showedthat adding rejuvenatordid
improve the flexibility of the N50 mixHowever, its effecbecamdess significant as the
dosagewvasincreasedThe opposite effeavasexperiencedor potentialrutting resistance
highlighting the importance of incorporagnan [-BMD analysis to mix performance
criteria.

1 6% rejuvenator by weight of the binder content, appears to be the optimal degagkng
acceptable Fl and rut depth, and without experiencing excessive behavior changes between
UA and STA conditions.

1 Although the analysis of SIP values has been adopted by different agetimisestudy
showed that the method is prone to significant differences due to the inconsistencies of
defining the limits of the creep and stripping phases. An analysis based ohfittiode

appears to return more consistegultsand shoulde further explore
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5.4Recommendations for Future Research

From the results of this study, the following topics ha@en identifiechs research areas that could
help on the advancementmérformancebasedesting and analysis for AC:
1 1-BMD proves to be a powerful tool to discriminate between the performance of different
AC mix types. However, refining the boundaries fitve criteria of the testss essential to
raise the credibility of the method, and should be correlated to field performance.
1 In this studyhomogeneity of rejuvenatanix is assumegdbutthis isanunrealisticscenario
that could influence testutcomesand should be an area foture research.
1 Additional recyclingagentsand modifiers for AC musdie investigated
1 Further research into the application of model fitting methods to assess moisture resistance

is recommended to improve the accuracy emusistencyf the results.
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APPENDIX A: SMA AND N50 MIX DESIGNS

A
Laboratoriet
LAB 120 010303
| ASFALTSPECIFIKATION
Asfalt spec, 15993 Udstedt date  13-06-2016
Prod.sted Ejby Fabrik Erstatter spec.
Kunde Selvfakturering VD Erstatter dato
Entreprise Hidv. 619, Kalvehave, BEL21-2016, FVL Ordrenr 3446013-160021
Materiale SMA 8 ubelyst Receptnr, 55310.02
Bitumentype pen 70/100 Bitumenindhold 70 % Hulrums % 27 %
Bladhedspunkt, K&R 51 °C Stendensitet 2,760 g/cm® Hulrums % i stenmat. 191 %
Stabilitet N Marshall umvasgt 2,400 g/cm® Bitumenfykdning 86 %
Vo IV Deformation mm  Reflektionsfaktor 0,080
Sigteanalyse 100
Sigle Gennemf. Q)
mm %
31,5 LY
22,4
16 n
1.2 100
8 93 &
56 54
4 38 5
2 25
1 18 4
5 14
25 1 3
125 9
,063 8,0 2
10 V_4 A
T
0.063 0125 025 05 1 2 4 8
Komponenter Kiabning, maengde ca 300 g/m*
41,69% 58 kiippegrant Kiabning, type Sur emulsion
11,63% 5/8 Labradorit
20,36% 2/5 kippegrant
11,63% Stenmel Bemarkninger
11,63% Stenmel Marshall 2x50 slag v/135 °C
1,50% Kisbeaktiv filler
1,20% Filller Blanding 209 7
0,35% Viatorp Fibre
Korrektionsfaktor = 0,42
Sarmtiige refigheder 1 de anfarte data tiharer NCC Roads A/S Eaborsoeien 0eq 13 2010
og ma kke ggeves eller overgives U ¥ uden forudgs Med ventig hilsen = (P
—— i P, RO
B 205 o kG
(lmu. LA«L}'IQ, %a}wﬂh e

Figure A.1 Mix Design for SMA8 Ref
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=~ <1 NCC Roads A/S
N CC Laboratoriet

LAB 120 010303

ASFALTSPECIFIKATION |

Asfalt spec. 15983 Udstedt dato  13-06-2016
Prod.sted Ejby Fabrik Erstatter spec.
Kunde Selvfakturering VD Erstatter dato
Entreprise Hidv. 619, Kalvehave, BEL21-2016, FVL Ordrenr 3446013-160021
Materiale SMA 8 Green Roads 8 Receptnr, 55305.64
Bitumentype PMB 40/100-75 Bitumenindhold 74 % Hulrums % 25 %
Bladhedspunkt, K&R 75 °C  Stendensitet 2,760 gicm® Hulrums % istenmat, 19,8 %
Stabilitet N Marshall rumvaegt 2,390 g/cm® Bitumenfyldning 88 %
Vo /' Ve Deformation mm  Reflektionsfaktor 0,095
Sigteanalyse
Sigte Gennemf.
mm %
315
224
16
11,2 100
8 95
56 60
4 46
2 32
1 23
S 18
25 14
125 12
063 10,0
0,063 0,125 025 05 1 2 4 8
Komponenter Kiabning, mazngde ca 400 g/m?
45,43% 578 kiippegranit Kigebning, type Sur Emulsion
23,66% 2/5 kippegranit
25,56% Stenmel
1,50% Kiasbeaktiv filer Bemarkninger
3,50% Filler Marshall 2x50 slag v/155 °C
0,35% Viatomp Fibre
Blanding 3 og 8

Korrektionsfaktor = 0,74

Samtiige refligheder til de anferte data tihrer NCC Roads A/S Labormoyiel, dan 132010

0g mé ikke offentiiggeres efier overgives il ¥ uden forudgé Med venlig hitsen o
o o EED)
Qlaswie q«l}m Pmenn -

Figure A.2 Mix Design for SMASCOOEE
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NCC Roads A/S

Ncc”™

Laboratoriet
LAB 120 010303
ASFALTSPECIFIKATION
Asfalt spec, 15984 Udstedt date  13-06-2016
Prod.sted Ejby Fabrik Erstatter spec.
Kunda Selvfakturering VD Emstattar dato
Entreprise Hidv. 619, Kalvehave, BEL21-2016, FVL Ordranr 3446013-160021
Materiale SMA 6 Green Road 6 Receptnr. 55205.64
Bitumenty pe PMB 40/100-75 Biturmenindhold 79 % Hulrumes % 24 %
Bledhedspunkt, KER 75 °C  Stendensitet 2,770 gfem® Hulrums % i stenmat. 20,9 %
Stabilitet M Marshall rumvasgt 2,380 gicm® Bitumenfyldning BB %
W Deformation mm  Reflektionsfaktor
Sigteanalyse 100 W/‘F
Sigte Gennemf, @ / A
mm % Illl'lzx
31,5 o f
224 /
16 n vy
11,2
8 100 5]
56 96 A
4 64 50
2 24
1 18 4
£ 15
25 13 X v
125 12
063 10,0 . w -
B __—________”__,_"'-r-_ ﬁ
L e — I
A
0,083 0125 025 05 i 2 4 ]
Komponenter Kizzbning, meengde ca 400 g/m?
84,28 2/5 kiippegranit Klzzbning, type Sur Emulsion
9,37% Stenmal
2,00% Klebeaktiv filer
4,00% Filler Bemaerkninger

0,35% Viatorp Fibra

Marshall 2x50 slag w155 °C
Blanding 4 og 9

Korrektionsfaktor = 0,39

Samilige refligheder til de anfere data tilherer NCC Roads A/S
o mé kke oflentliggares eller overgives Bl rediemand uden forudgdends
skriftlig tilladelse

Laboratoried, den 13, jun. 2016
Med venlig hilsen

(-i AN 2 l’,g;“t‘i.—he, )"(f Llwﬂh

Ex01

Figure A.3 Mix Design
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Figure A.4 Mix Designfor N50
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