ABSTRACT

WANG, YIZHUANG. Performance Evaluatioof Warm Mix AsphaltMixturesandTheir

Incorporationinto the AASHTOWard?avemenME Program (Under the direction dbr.

Y. Richard Kin).
Warm mix asphalt (WMA) has become a popular techniquetbegpast dcadefor
protecting the environment and reducing the consumption of ertaeggral types of WMA
techrologies i.e.foaming, additivesand wax, have been developed basedifferent
physicalmechanisrg and all of them allow mixtures to be fabricateteatperaturearound
303 lower than traditionapaving temperatures abt mix asphal{HMA) mixtures.
Although volumetric propertiegresimilar between the HMA and WMA mixturee
performance of tree mixturesnay be differenbecause of the lower mig and compaction
temperatures and the effects of various warm mix technologies on material properties
Particularly in this studyeffects of aging and moisture damageWMA performance in
terms of fatigue cracking and ruttiageevaluatedThe findingsfrom this investigation are
extended to the pavement performance analysis by the AASHT (RaeznenME
program(the previous version is called MEPR@ his extension is important because state
highway agencie€SHAs) have developed local calibration faxt forthe Pavement ME
programusing material properties and pavement performance data of HMA mixTiness.
validity of the local calibration factors based on HMA mixtures needs to be evaluated for
WMA mixtures.

Foaming technology and Evotherm additiverevselected in this study because these two
WNMA technologies are the most common ones in North Cardhirtheagingstudy, the
specimens were conditioned with three aging levels. bg-term aging (STA)evel is

loose mixture oven conditioning befazempaction, and the lorigrm aging level | (LTA1)

and longterm aging level Ill (LTA3)nvolve the oven aging @ompacted, cored and cut
specimenst 838 for 2 and 8 days, respectivellriaxial repeated load permanent
deformation (TRLPD) tests, anidedirect tension testpecified in the AASHTO TRO07

were performed in order to investigate the rutting and fatigue properties of WMA mjxtures
respectivelyln addition binderwasextractedand recovered from each mixtumeevaluate

the effects of agingn thebinderscale.



For the moisture damage study, k&SHTO T283 moisture conditioningrocedure was
applied to WMA and HMA mixtureandthe direct tension cyclic fatigue tests were
conducted on the specimens with and without moisture conditioningsimipéified
viscoelastic continuum damag®VECD) modelwas appliedo the direct tension cyclic test

data toestimate the moisture susceptibility of WMA mixtures.

Theresultsfrom the aging and moisture damage stutkssswereappliedto thePavement
ME programto compare théatigue cracking and rutting performance of HMA and WMA

pavements at the structural level.

It was found thatalthoughthe WMA mixtures havdower resistance tpermanent

deformation according tthe TRLPD testresuls, theeffects of aging on the permanent to
resilient strain ratio model usedtime Pavement ME are insignificant according to statistical
analyses. Terefore, itwas concluded that the local calibration factors developed from HMA
mixtures could be used to analyze WA pavement performance using the Pavement ME
program. Regarding the moisture damageas found that the moisture susceptibility of

WMA Evotherm mixtursis notstatistically different from the correspondinigMA

mixtures Therefore, no correction wdeemed necessary for the Evotherm mixtiumgsrms

of moisture damage. Howevéhe fatigue cracking performance of WMA Foam mixtures

was significantly affected by the moisture conditioning, necessitating the modification of the
local calibration factordetermined from the HMA mixtures for the WMA Evotherm

mixtures. Statistical analysis and theoretical calculations based on moisture diffusion theories
were conducted to reflect different performance observed in the WMA Foam mixtures in the

presence of maigre into the Pavement ME analysis.
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CHAPTER 1 INTRODUCTION

1.1 Introduction and Research Needs

As a relative new pavement technologyarm Mix Asphalt (WMA)has become a

commorty used material in the United States. According $arvey fromNational Center

for Asphalt TechnologyNCAT), the WMA usagédias beetncreasing notably; for example,
between 20 and 30 of all plant mixesproduced in 2011 areWMA. In comparison,

National Asphalt Pavement AssociatiodPA) surveys indicad thatin 2010and 2009

just 13.26 and 5.4%of plant mix was WMA respectivelNCAT 2012. Also, by 2012, 26
states have either fully implemented WMA or have a WMA implementation plan underway.

Warm mix asphalt technologies allow the plant mix asphalt produced at lower temperatures
while maintaining the workabilitgf Hot Mix Asphalt (HMA). The benefits of WMA
technologies can generally be concluded as economic, operational, and enviabnment
includingmany advantagesuch as, reduced fuel consumption, late season (cool weather)
paving, better workability and compaction, redd plant emissions of greenhouse gases, and
improved working conditions for plant and paving cri@wmderson 2008. Those benefits
motivate WMA technologies to be widely appliedthough the longerm performance of

WMA pavementhas not been fully understood and evaluated

Typically, WMA mixtures are fabricated at temperatures which are 203tol@@er than

similar HMA mixtures.In generalthere are four categories of WMA technologies, which

are: organic additives (i,evax additives), chemical additives (j.surfactants), water

bearing additives, and watbased processes (i.eonadditive processdasased on foaming).

At the present time, some of commercial WMA additives are combining several technologies
describechbove. NCAT found that waténjection foamings the most commonly used

WMA technology in the Unites States. Double Barrel GPegrhichuses a mixing chamber

where water is injected through nozzle, is one oftlbet commonly used/MA foam



technologis in the US. In this stugyhe properties of Double Barrel GréaMA mixtures
are investigated as well as Evothernf*3@MA mixtures, whichis a chemical additive
WMA technology.These WMA technologies are the most commonly used WMA
technologies in North Carolina.

Regardless of thieenefitsthat the WMA technologiesan providethe longterm
performance of WMA mitures neeslto be investigad and understoad-urthermore, the
AASHTOWare Pavement ME program (formerly known as MEPDG), the primary pavement
design and analysis program useddbgte Highway AgencieSHAS), consists of models
and calibration factorsased on the properties of HMAixtures. Thus, the reliability of the
prediction from the Pavement ME for the performance of pavement consisting WMA
mixtures is to be studietore specifically, the lower paving temperatures used in WMA
pavements than in HMA pavements may affect thegagnd moisture susceptibility of
asphalt mixtures. Effects of different aging and moisture damage characteristics on the
fatiguecrackingand rutting performanceeed to be evaluated. In additi@ffects of WMA
performance characteristics on the pavendestgn and analysis lilye Pavement ME need

to be investigated

1.2 Research Objectiwgand Approach

The primary research objective is to develop recommendatiotisefBavemenME input
parameters and the local calibration factors for the WMA mixturesrmamty used in North
Carolina. Since the NCDOT does not have WMA pavements with performance data that
cover a sufficient number of years of service to run this calibration, the local calibration
factorsfor the HMA mixturesdevelopedn theNCDOT HWY -200707 projectLocal
Calibration of the MEPDG for Flexible Pavement Desaga used, as well as the climate and
traffic data. In order to achieve the objective, the properties of VARNBRHMA mixtures are
measured via laboratory performance testdigong the veous WMA technologies

available in today6és WMA market, two WMA

t

ecC



Carolina, i.e., Evotherm 3Gand Double Barrel Gre&rfoamingtechnology, are focused on
in this study. In the laboratory, the WMA Foam mixtures groduced by PTI foamer
machine. As a control, HMAnixtures that have the same component materials and

volumetricsarealsoevaluated

As a result of low production temperatures, the WMA mixture would gain lesstehort
aging during the constructiomherefore, the study of aging on WMA is significant. In this
study, three aging conditioning are conducted, which are gbort aging (STA), longerm
aging | (LTA1), and longerm aging Il (LTA3). Shorterm oven conditioning is included in
the mix degin to simulate the absorption and aging of the binder that occurs during
construction. It is appropriate to oveandition the WMA for two hours at the compaction
temperature, which is the same skerin conditioning procedure that is used for the design
of HMA mixtures except that the condition time is four hours for HMA. For the-teng

aging oven conditionings, 2 days and 8 days are the conditioning times for LTAL1 and LTA3
at 83 , respectively, and they are simulating Years and 20 years agingithe field,
respectively, depending upon the location of the field and the structure of the pavement.
After the aging conditioning, the fatigue tests are condwatedrding to the AASHTO TP
107and fatigue performance tife mixtures ipredicted by Simlified Viscoelastic
Continuum Damage (SECD) model. Also, the rutting performancenseasuredy

carrying out triaxial repeated load permanent deformation (TRLPD) tests. Furthermore,
binders are extracted and recovered from the undamaged specimeias$ Sewetbhanges of

binder properties resulted from aging carebeluated

Aging is described in th®avement ME program by the Global Aging System (GAS) model

but effects ofmoisture conditioningn performancarenot taken into accourxplicitly.

However, the moisture susceptibility study on WMA mixturegnportantsince the low
production temperature may lead to containing water on the surface of aggregates. AASHTO
T 283 wasutilized asthe moisture conditioning procedure in tetady Similar totheaging

study, fatigue properties are also tested using Ba&07 approach.



A series opavement performan@nalysiswas conducted usirtge laboratoryestresultsin
PavemenME. Recommendationwere developedn how to incorporate the effects of the

WMA technologies on pavement performance into the Pavement ME aralysisovided

1.3 Literature Review

To accomplish the research objectives, comprehensive literature review was corcheted.
literature review is divided into two topics: 1) WMA techrgies and 2jhe PavemenME

programanalysis

1.3.1 WMA Technologies

Even though the warm mix technology is relative new, due to the multiple benefits of the
application of WMA, studies about not only the performance of WMA mixtures, but also the
workability and other application issues, have been widely conducted in recent years.

Findings from these studies are summarized below

Moisture susceptibilithhas beemlwaysa concernfor adopting? MA mixturesbecausehe
relatively low production temperature magsult in insufficiently dried aggregates. The
moisture treatment for designing tests in order to investigate moisture susceptibility can be
divided into three categories: using aggregates with moist, conditioning after specimen
fabrication, and using bothethods togethelhe NCHRP Report 69{Bonaquist 201},

Mix Design Practices for Warm Mix Asphaksulted from th&dCHRP Project 913, reports
thateventhough designed with the same aggregates and binder, the moisture susceptibility of
WMA and HMA is differentwhensubjected to AASHTO B83, which isconsideredas

severe conditioning, andlso,antistrippng additives can improve the moisture resistance of
the WMA mixtures adopted in ti¢CHRPproject,for exampleaffectingtensile strength

ratio (TSR) from 0-67%.



Studies show that WIA Foam mixture subjected to AASHTO T 283 is more susceptible to
moistureinduced damage than HMA mixtures, basednalirect tensile strength (ITS) and
tensile strength ratiofTSR) results(Ali et al. 2013. In terms of other types of WMA,
however, one stud(Gandhi et al. 201)Gshows that mixtures containing WMA additives
(Asphamin® and Sasobf) have slightly higher TSR values than HMA mixtures, while ITS
values are not significantly different. Meanwhile, another stigilyg foamed WMA

mixtures presents that no significant additional reduction in moisture damage resisiance
found In general, multiple conducted stud{&argndet al. 201L2Rushinget al. 20)3how
that in the laboratory, the moisture susceptibibf)WMA mixturessubjected to AASHTO

T 283 ismore significanthan the counterpart HMA, while there is ngréficant difference
foundin the fieldperformancesurvey. AlsothelTS and TSR values are the most common

indicesto evaluate moisture susceptibility.

The other moisture treatment for WMA mixtures in the literature is using inconypisied
aggregags. Similar statement are concluded that moist aggregates can increase the moisture
susceptibility of foamed WMA mixtures, and raising the compaction temperature can
improve the moisture resistan@iet al. 2013 Xiao et al. 2018 With regards taon

foaming WMA mixtures, it is shown that the existing of WMA additives results in negative
effect on moisture resistgrand it can be improved in some degree by adding hydrated lime
(Punith et al. 201,1Khodaii et al. 2012Hesami et al. 2013 Also, fine aggregates matrix
(FAM) was studied witlmegard tomoisture susceptibilityCaro et al. 201 This study was
based on a viscoelastitacture model and obtadthe parameters from Dynamic

Mechanical Analyzer (DMA) test. Results indiedtthat moisturesdsto more damage in
WMA mixtures compared with HMA, and tleffect of thechange othevalues of the
parametesfor the model is significant. Based upon the researdisessse@bove, moisture
susceptibility could be a disadvantadgeapplying the WMA technologies. However, among
those literaturg although the effect of moistures on WMA materials was illustrated, the
distress on the pavement that the moisture effect may lead to, fatigue crackimgiafoce



has not been predictealhd the effect of moisture was reflected indirectly. Therefarther

studies should be conducted.

Rutting resistance is alsmnsidered as eitical factorfor WMA materials since lower
production temperature may cause less sieomh aging and lesstiffness, not only from

NCHRP Report 691, but also from other articles. Greater potential of rutting damage were
observed in laboratory test involved with foam, chemical additive and other types of
technologiegBennert et al. 201 4Ali et al. 2013 Rushing et al. 20)3However, different
results were obtainett.is indicated that in terms of rutting performance, the behavior of
WMA mixtures are similar with HMA, both in the laboratory and in the field observation
(Prowell et al. 2007Leng et al. 2014 It is also pointed out that flow number test, which
evaluating the rutting resistance of material as a traditional way, may have different results
and product diffenat rank of materials as the conditgwf the tests changee., temperature
(Porras et al. 2032 In addition, one article pointed out that as for rutting performance, wax
WMA mixtures differ from other types, becaus/axhelps to stiff the mixture and thus,
improves the rutting resistance. In summary, since different conclasimmade in different
studies, and results vary as the tested mixtures and the test methods change, to have a better
understanding of the ¢al mixtures andthe mechanism of rutting performance, tests with

local mixtures need to bEarried out

Sample reheating and curing time effects are also important to WMA mixtures. In NCHRP
Report691, it is indicated that becausextures are aged adutibally when reheated to
compaction temperature, extra stiffness is gained. The dynamic modulus values are 60% to
150%higherafter reheating than initial, while mixturagsrealityare compacted right after
production without reheating and aging causedemgating. Laboratory test results show

that WMA mixtures with Asphanin® are more sensitive to the reheatieffects than the

HMA control, the Evotherrfi and Sasobft mixtures.In addition,Curing and storage time

effects should be studied, especiallyfltmmmed WMA mixtures. The presence of foam

decreases the binder viscosity in order to improvevibriability atrelative low



temperature The process dbamdissipation after fabrication and construction may affect

the properties of the mixture, whichrielated to curing time. Note that curing time is the

time the specimen exists in the compacted state before testing begins, and storage time is the
time the material exists in a loose state prior to compaction. In 2012, it is observed by a high
resolution synchrotrorbased XRay Microtomography (XRM) system, that moisture

dissipates in high PG grade binders faster than in low PG grade, and also, the size
distribution of moisture bubbles in binders varies in different bin@artay and Ozturk

2012. Another study about foamed WMA mixture recommended that production testing for
volumetric properties should be carried out within four hours after manufacturing foamed
WMA at the plani{Kasozi et al. 201R It is also pointed out that curing time effect on the
performance of the WMA mixtures varies as thange of thenaterial properties and the
additive type chang@.eng et al. 201y Based upon the literaturesis should be noted that

the storage and curing effect on foamed WMA mixtures is more significant, and the
magnitude of the effect on WMA mixtures depends on the type and properties of the

mixtures.

WMA mixtures are considered to be an idesdterial to mix with RAP, becaudiee relative
high stiffness baged material, RAP, can allevidtee effect of smaller shedging rate due
to the low production temperatgref WMA. In NCHRP Report 691, it ishserved that the
mixing process of virgin binder and RAP binder is tidependentandduring the storage

time, the mixing process continues. Two hours stesrh aging is recommendegentually

In this study, this conclusion is applied.

To sum up, th&VMA mixtures are relatively a new and popular material for pavement in
recent yearsAlthoughthere is no significant difference about the design method between
WMA mixtures and HMA mixtures in order to meet volumetric properties specification, the
behavio of the WMA mixturesn terms ofmoisture susceptibility, rutting resistance, curing
and storage time and so forth are different from HMA mixtures, based upon the literatures.



Therefore, as mentioned in the foregoing discussion, a furtherfetiuthe ewaluation of

those propertiewith local materias should be conducted.

1.3.2 The PavementME program

ThePavemenME programis a production of NCHRP Project3r A, Development of the

2002 Guide for Design of New and Rehabilitated Pavement Structuossdng design

analysis with a wide variety of materials based on current mechanical model and field
performance data. It has bethe primary pavement design and analysis program used by
SHAs, and thus, it imecessary that a series of studies have been ci@idabout the

application of this program, i,@he local calibration, sensitivity analysis, and the properties

of the mechanical and empirical prediction model embedded in the program. In this section,
literatures and studiesdertakerbefore simiar a contributed to this researehereviewed

As well known, PavememiE is a progranused to predict the performanaed provide the
suggestions about the materials and structures of the pavement. Thus, the reliability of the
prediction becomes the pahnit people paid attention tOne of the studies found that while
the flow number test and the Accelerated Loading Facility (ALF) test about rutting
performance have high agreement, the prediction ffarement ME programith Level 3

input has somewhat epment, and prediction with Level 1 which relies on local calibration
are over predicted (Azari et al. 2008). Moreover, it seems that the NGBIRFPE* model

with MEPDG Level 3 binder inputs has the most adeupaediction and least biased E*
estimatesdr the 27 mixtures used in Idaho (Badawyet al. 2012). However, it is
recommeded to use Level 1 input to deamith the stifness of the mixtures iRavement ME
program and for the areas where thermal cracking is not sehlezé/irginia, Level 2 and

Levd 3 for tensile creep and strength are recommended (Flintsch et al. 2008). In 2010, it is
proven that the stiffness Pavement MBbased on laboratory test is propositional to field
measurement by asphalt longitudinal strain (Bayat and Knight 2010hamNCaHRP 140D



E* model also yields good correlation with measured data (Biligiri and Way 2014), which
means using Level 1 input Pavement MHEs reasonable in most of the cases. In terms of
distress prediction in PavemeMeE, it is indicated that othehan resilient moduli or

dynamic moduli, more factors like air void should be accounted in the rutting prediction
(Archilla and Diaz 2011); however, the accumulative model itself is more empirical than
mechanical, and accuracy of the model is highly relatede calibration and regression
from the laboratory test (Erik et al. 2011). Therefbased upon theeviewed literaturg

the accuracy and reliability vary among different statesnaa@rialsvhen Level 1 input was
compared with Level 2 and Level Bhe distress prediction were compared and evaluated,

but the WMA materials especially in North Carolina have neniséudied.

Studies with an objective of local calibration ahd utilization of new materiglsvhich are
similar to thisstudy havealso been carried outn 2009, tests about Asphalt Rubber Mixes
(AR), a type of Bw material in Arizona which haubt been included ithe Pavement ME
programlike WMA materials were carried out in terms of material properties,

performance of ruttingrad fatigue cracking, and compared with field data. The stput
Pavement MBvereeventuallyprovided for this new material (Rodezno and Kaloush 2009).
In 2012, it is pointed out that in order to calibrate the fatigue cracking distress, not only the
factosT ,1 ,and  shoub be calibrated, but also tbe ando in transfer function
(Muthadi and Kim 2008). Local calibration has been successfully conducted in many states,
and even in other countries (Hall et al. 2009, Aragao 040, Ciro 2012, Tarefder and
RodriguezRuiz 2013). The calibration methods used in the foregoing literatumes w

applied in the previous work and in this project.



CHAPTER 2 AGING EFFECTS ON WMA MIXTURES

2.1 Introduction

Aging is generally defined as the changehygcal propertiesf asphalt binders and
mixtureswith time. In terms of WMA mixtures, due to the low production temperatages,
mentioned beforahe main differencef aging between WMA and HMfixtureshappens

in the shorterm aging stage, when mixjrand construction are in process. In stemnn

aging stage, high temperature and large heated aggiegattace area cause rapid
volatilization and oxidation, which are the two major irreversible chemical changes of aging;
however, owing to the low ming and compaction temperatures of WMA mixtures, less
volatilization and oxidation occur in the shtetm aging stag resulting in less aging

turn. In terms of pavement performanaging is an important factor. Based on the literature
and the testdone before this studyhe frequency sweep tests on bindergeneralindicate

that, asaneffect of aging, the bindetynamic shear modulus (|Gtficreases, which is

favorable for rutting, butindesirable for th&atigueperformancemeanwhile, thghase

angle(l) decreases, which is beneficial to btitefatigue and rutting performance.

Therefore, since the aging procedure and mechanism are complicated and the aging process
of WMA mixturesis different from that of HMAmixtures it is necessary to study the agi
properties of WMA mixtures order to make a good prediction of the pavement
performance and have a reliable pavement deBigithermore, th6&AS modelis embedded

in the current PavemeME Design program in order to predict the letegm performancef
pavements. However, tl@AS model was established based on the datainedfrom HMA
mixtures. For the relative new technologych asVMA, whether the GAS model and the

Pavement ME can make a good and reliable prediction needs tolbateda
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2.2 Lab Reparation and Material Conditioning

In this study, Superpave mixtures with four different gradations were tested. They are
RS9.5C, RS9.5B, RI19C, and RB25B. The first two mixtiypgally are used as surface
layer materialsandthe other twdypically areused asheintermediate layer and bottom

layer, respectivelyBecause aging occurs mainly within the top few inches of the pavement
the typical surface layer material, i.e., R89.5C mixturewasconditioned and testddr the
aging studyFor themoisture susceptibility tesfdiscussedn Chapter 3, a surface layer
mixture and a bottom layer mixture, RS9.5C and RB2&&e conditioned and testdd.this
context, only the laboratory tegtsultsof the RS9.5C mixtureareshown, and the trends of

the other mixtures are similar timoseof the RS9.5Cmixture

221 RS9.5C Mixture Verification

Becauséhe surface layer in the pavement ages the most, RS9.5C mixture is adopted in this
study, which is a common surface Superpave mixture used by NCTIsImixure hasa

9.5 mm normal maximum aggregate giR®AS) and containgbout20% reclaimed asphalt
pavemen{RAP) materials The specimens are fabricated based ofjothenix formula

(JMF) obtained from the planhowever, the stockpile blending process rezgpisome
adjustmergin order to match the designed gradation curvas. gradation was réesigned
based upon the sieve analysis results and dkidFsome slight changes were made in order

to match the volumetric propertiégable2.1 andFigure2.1 present the changes before and

after the verification.

11



Table2.1 Comparison bsveen the JMF before and after mix designification for RS9.5C

Job mix formula ID: 08L00-171* Contractor: Rea GarnérAS 165
Binder: NuStar Wilmington AT 31 PG 7022
Material Aggregate Source Original JMF Blend (%) After Verlflcz[/lot;n JMF Blend
Coarse #78M Martin Marietta Garner 32.0 26.0
Screenings Martin Marietta Garner 12.0 15.9
Manufactured san¢ Martin Marietta Garner 37.0 37.6
RAP Asphalt plant stockpile 19.0 19.0
Bag house fines Asphalt plant - 15
Mixture Properties
Parameter Original JMF Blend (%) After Verificz(aot/ioc))n JMF Blend
Nini/Ndes 7175 7175
Total binder 5.4% 6.1%
Binder from RAP 1.0% 1.0%
Virgin binder 4.4% 5.1%
New binder grade PG 7022 PG 7022
Mix temperature 157°C 157°C
Maximum specific gravity (Gm) 2.433 2.419
Bulk-specific gravity (Gw) 2.336 2.322
Desined air void 4.0 4.0
Voids in the mineral aggregate (VMA 16.1 171
Voids filled with asphalt (VFA) 74.0 76.0

12



Figure2.1 Comparison between the gradation curves before and after verification for

2.2.2

RS9.5B mixture is also one of the most frequent used surface pavement material in North
Carolina. Even though it is not involved in the aging study, the properties are also tested in
the rest of the study. Likewise, some vieation and modification needed to be done
according to the JMF. The results of the verification are presenfieabie2.2. Note that, the
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Table2.2 Comparison between the JMF before afterahe mix design erification for

RS9.5B
Job mix formula ID: 08100-171 Contractor: Rea GarnérAS 165
Asphalt binder: N8tar Wilmington AT 32 PG 6422
. - After Verification JMF
0,
Material Aggregate Source Original JMF Blend (%) Blend (%)
Coarse #78M Martin Marietta Garner 32.0 26.0
Screenings Martin Marietta Garner 12.0 15.9
Manufactured sand Martin Marietta Garner 37.0 37.6
RAP Asphalt plan stockpile 19.0 19.0
Bag house fines Asphalt plant - 15

Mixture Properties

After Verification JIMF Blend

Parameter Original JMF Blend (%) (%)
Nini/Ndes 7175 7175
Total binder 5.4% 6.1%
Binder from RAP 1.0% 1.0%
Virgin binder 4.4% 5.1%
New binder grade PG 6422 PG 6422
Mix temperature 149°C 149°C
Maximum specific gravity (@m) 2.433 2.442
Bulk-specific gravity (Gw) 2.336 2.345
Designed air void 4.0 4.0
Voids in the mineral aggregate (VMA 16.1 15.4
Voids filled with asphl (VFA) 74.0 74.3

2.2.3 WMA specimen fabrication procedure

The RS9.5C WMA mixtures are fabricated using the same aggregate materials and gradation
as usedn the RS9.5C HMA mixturesThe asphalt mixture is composed of 19% RAP, granite
aggregate, and 6.7% (8@from virgin binder and 1.5% from RAP) PG-2Z@ binder. For

WMA Evotherm, Evotherm 3G is added to the asphalt binder & EQhe level of 0.5%

by weight of total asphalt. No ardtripping agent was used for the Evotherm mixtures.

14



Figure2.2 presents the asphalt binder modification and mixing procedures for the Evotherm

mixtures.

Blending pure binder with 0.5%
chemical additive at 130C
for 1-2 min.
(No anti-stripping agent)
Cool down at
ambient temp.

Reheat the binder and mix with
aggregate

Figure2.2 Asphalt binder modification procedures for mixes with Evotherm 3G chemical
additive

The temperatures of the aggregates, RAP and binder at the time of mixing were 135°C,
110°C, and 157°C, respeatly. Shortterm oven aging was applied to all the mixtures at

117°C for two hours. The Servopac Superpave gyratory compactor was used to compact the
test specimens at 117°C. For the fatigue performance and moisture susceptibility evaluation,
specimen geoatries of 100 mm x 150 mmand100 mm x 130 mm were cored and cut from
gyratory specimens of 150 mm x 178 mm and were used for the dynamic maddlus,

cyclic direct tension, respectively.

For WMA Foam, the fabrication procedure (including mix design petars, mixing and
compacting temperatures, and specimens geometry) is the same as the WMA Evotherm, ,
except that instead of adding additive to the binder to reduce the fabrication temperature, the
binder is foamed by PTI foaming machine with 2% waterctei@. Besides, the binder used

in RS9.5C WMA Foam is the same as the one used in RS9.5C HMA, which contains 0.7%

15



anti-stripper. After mixing and compaoti, all the WMA Foam specimens are stored for 12

days for curingFigure2.3 presents the procedure of WMA Foam specimen fabrication.

Blend pure binder with 0.7%
anti stripping agent at 135°C

‘ Cool down at
ambient temp.

Reheat and foam the binder using
PTI machine with 2% water
v
Directly mix foamed binder with
aggregate

v

Store the compacted specimens for

at least12 days before testing

Figure2.3 Asphalt binder modification procedures for mixes using PTI foaming machine

2.2.4 Aging Protocol

The NCHRP 23 project has faud that the Strategic Highway Research Program (SHRP)
protocol is not sufficient to simulate fielbing behavior in the laboratory because of its
inability to account for variables such as fi@ding conditions and mix properties.

Nevertheless, the SHRRethod has some advantages to be considered for this study: 1) it is
simple to implement; 2) it provides a general relationship between laberatatyield

aging behavior; and 3) it has been used successfully for previous studies conducted at North
Caroina State University. Therefore, three levels of asphalt mixture agngconducted in

this study as follows:

16



Short-term aging (STA):

For hot mix asphalt (HMA): The loose, uncompacted mixture is conditioned at 135°C for 4

hours and then compacted. Speens are cored and cut for testadter that

For warm mix asphalt (WMA): The loose, uncompacted mixture is conditioned at the
construction compaction temperature for 2 hours and then compacted. Specimens are cored

and cut for testingfter that

Long-term aging, Level 1 (LTAL):

The aging procedure is the same as for STA, except the specimens are conditioned at 85°C
for 2 days before testing after coring and cuttihgs Smulatingt he mi xt ur250s conoc
years after construction depending upongheironment and pavement properties.

Long-term aging, Level 3 (LTA3):

The aging procedure is the same as for STA, except the specimens are conditioned at 85°C
for 8 days before testing after coring and cuttihgs Smulatingt he mi xt url®6s conc

15 years after construction depending upon the environment and pavement properties.

These aging processes for asphalt mixtures follow the AASHTO R30 specification and also
the findings of the NCHRB-43 project for WMA shortterm conditioning, with the

exception that two different lonterm aging times are used. To minimize slump in the
specimens during the oven letgyrm aging procedure, the method suggested by the NCHRP
9-23 project is adopted weineby the specimens sholld wrapped in wire mesh, and the

mesh held in place by three steel clamps.

Meanwhile, binder is extracted from the specimens used in dynamic modulus tests for each
aging level. The bindsmare extracted from the whole specimens, which means they represent

the averagéegree of agingf the whole specimens.

17



2.25 TestMethods

Since the linear viscoelastic properties are one of the most important mechanical properties
of asphalt miture, dynamic modulus tests wererformed according to AASHTO PP

61/2009 in order to capture the basic viscoatastchanism. Three specimens wested

for each mixture type at six frequencies, 25, 10, 5, 1, 0.5, and Odl thzee temperatures,

4°C, 20°C, and 40°CGespectivelylt should be emphasizédat theload strain should be
controlled within the limit o601 75 ; so that the tests are conducted in linear viscoelastic
range where there is no difference whether the tests apply compression load or tensile load
In terms of performance tests, the fatigue tesieperformed according tithe TR107
procedureFou specimensveretested, with two replicates at two different strain levels, to
characterize the fatigue behavior of the asphalt mixtures under each condition. The target
temperature for the test is 19t€avoid the effect of viscoplasticityrhe TRLPD testsfor

rutting wereperformed according to AASHTO FTF. Two specimengeretestedat each
tempeature. The test temperatures we@8C, 40°C, and 54°Che deviator stress is 70ips

and the confining pressure wh8 psi for all testing temperatur@e tests protocols are
summarized imMable2.3. Meanwhile, binder are extracted and recovered from the tested
dynamic modulus specimens at different aging levels. Frequency sweep tests were conducted

on DSR(dynamicshear rheometegnd compared with the mixture test results.

Table2.3 Material properties, test methods, and specifications

Material property Test method Specification
Dynamic modulus Axial compression agfic test AASHTO PR61
Fatigue cracking performance Direct tension cyclic test AASHTO TPR107
Rutting performance TRLPD test (flow number test  AASHTO TP-79

18



2.3 Dynamic Modulus

2.3.1 Theory and Background

In order to investigate the change of linear viscoelagiicimixtures caused by aging, the

dynamic modulus are tested. The theory behind can be simply explained as the following:

For nonraging linear viscoelastic material, the stregain relationship can be expressed by

convolution integralshown inEquaton (2.1) and Equatiorf2.2).

sz'rjE(t -z)%’d (2.1)
=Dt - )‘?j—jd 2.2)
where

E(t) = relaxation modulu:
D(t) = creep compliance; ar

t = integration variabl

Along with relaxation modulus and creep compliance, under different loadsnuaoheplex
modulus ") can also capture the linear viscoelastic properties of asphttieds. The
complex modulus can be expanded into two items, the storage m&dudusl the loss
modulusE’, as presented in Equati3).

E =E +E (2.3)

Another important propeytfor viscoelastic materials is tirtfemperature superposition
principle. The stiffnesef viscoelastic materiais related to both loading timea
temperature By shifting the modulus at different temperatiieea certain reference

temperature and obtainingsaries ohew reduced frequencg, horizontally, one

19



mastercurve can be drawn. The reduced frequency can be calculated in thenEgdati
Note that, the shift factab at the reference temperature should be equal to zero.
fo=1 % (2.9
where

f = frequency in Hz; an

a, = shift factor
loga, =a,T> +3T + (2.5)
where

a,, g and g coefficients; ar

T =temperature

The mastercurve obtained by shifting can be regressed and ex@esssiymoidal function

as shown in Equatiof2.6). The modulus at a certain temperature for a full scale of frequency
can be capturedin example is given ifigure2.4, describing the procedure to establish a
dynamic modulus mastercurve with one set of test data at a reference temperatsire of 20
With the mastercurve, the modulus of the mixture at the reference tgomgeran be

obtained with a full range of frequency even far beyond the frequency range a test machine

can apply in redly.

Iog‘E*‘ =a bl (2.6)
1+

ed +g*log fg

where

a,b,candd= -coefficients; ar

f, = reduced frequenc
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Figure2.4 Example of establishing process of dynamic modulus curve by using time
temperature superposition.

2.3.2 Results and Discussion

For dynamic modulus testall the tests are in load control level, subjected to AASHTO
PP61/2009 protocol ug the asphalt mixture performance tester (AMPT). Load levels are
determined in a trial and error process so that the resulting strain amplitudes are controlled
between5&¢nd 75 €U in order to keep the test
mixtures are included, which are HMA as a control mixture, WMA Evotherm, and WMA
Foam. For each mixture, specimens at three aging levels, which are STA, LTAL, and LTAS3,
are tested. The test data are shifted with a second order polynomial for tteripgzature

shift factors into dynamic modulus mastercurviesble2.4 presents the dynamic modulus

data for the three mixturesthie three aging levels. Alsdd results are copared, and
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presented ifrigure2.5 to Figure2.8. The dynamic shear modulus data from extracted and

recovered binderare ncluded.

Table2.4 Dynamic Modulus of the WMA and HMA mixtures at different aging levels.

[E*| (MPa)
Tem;zgr)ature Fre(?_:Jze)ncy WMA Evotherm WMA Foam HMA Control

STA LTAL LTA3 STA LTAL LTA3 STA LTAL LTA3

25 16198.31| 17311.73| 18001.14 | 16835.19| 17374.98 | 18342.48| 18742.55| 18464.61| 18815.62

10 14828.95 | 16002.29 | 16871.4 | 15993.31| 16373.04 | 17239.87| 17436.3 | 17323.27 | 18244.56

5 13648.96 | 14853.06 | 15891.25| 14909.33 | 15363.79 | 16212.86| 16400.49 | 16325.97 | 17406.72

4 1 11129.59 | 12359.69 | 13501.84 | 11635.67 | 12606.97 | 13766.72| 13815.38 | 13739.88| 14782.5
0.5 9986.629 | 11215.8 | 12566.36 | 10746.76 | 11703.47 | 12772.35| 12815.23| 12740.75| 14110.62

0.1 7618.619 | 8859.707 | 10321.58 | 7963.498 | 9189.783 | 10356.67 | 10498.01| 10414.9 | 11654.99

25 7906.713 | 8942.117 | 9763.337 | 7789.01 | 8929.78 | 9914.437| 9924.351| 10372.07 | 11298.22

10 6419.907 | 7379.451 | 8479.083| 6370.523| 7513.287 | 8542.338 | 8516.406 | 8823.987 | 9873.453

5 5385.548 | 6306.27 | 7435.617 | 5314.726 | 6505.189 | 7479.389 | 7428.023| 7758.835| 8825726

25 1 3534.604 | 4337.183 | 5392.083| 3435.392 | 4454.19 | 5383.058 | 5333.012 | 5624.056 | 6739.612
0.5 2862.916 | 3581.744 | 4580.921| 2761.441| 3727.318 | 4537.686 | 4528.258 | 4789.907 | 5888.656

0.1 1742.76 | 2319.871| 3117.299| 1663.123 | 2400.842 | 3101.614 | 3082.104 | 3222.274| 4260.394

25 1895.461 | 2335.545 | 2905.697 | 1730.109 | 2183.195 | 2960.686 | 2885.612 | 2871.365 | 3893.354

10 1387.879 | 1745.323 | 2226.537 | 1282.827 | 1628.663 | 2266.701| 2267.923| 2348.57 | 3078.577

5 1079.001 | 1371.927| 1782 | 987.3392| 1258.958 | 1825.802| 1825.972| 1870.404 | 2557976

40 1 615.4713 | 781.6086 | 1043.994 | 566.6641 | 755.0385 | 1045.474| 1096.62 | 1086.934 | 1571.452
0.5 503.2407 | 641.3589 | 857.1177 | 465.4906 | 622.6982 | 856.6259 | 902.7202| 891.0011 | 1312.852

0.1 339.0467 | 432.8267 | 560.2467 | 330.4867 | 460.2067 | 542.6932| 620.155 | 568.3444 | 8389042
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Figure2.5 Dynamic modulus test results of HMA mixtures at different aging levels: (a)
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Figure2.6 Dynamic modulus test results of WMA Evotherm mixtures at different aging
levels: (a) mastercurve in seiog scale, (b) masrcurve in loglog scale, (c) phase angle in
semtlog scale(d) dynamic shear modulus mastercurve from binder tests-lodpsgcale.
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Figure2.8 Comparison of dynamic modulus mastercurves between WMA and control
mixture within the same aging levels in gy scale: (a), (c), and (e): shaerm and aging
mixtures, and (b), (d), and (f): binder extracted from stesrh aging specimens.

Figure2.5 to Figure2.7 describe the changes of dynamic modulus in each mixture as age

increases. The figures indicate that for all the three mixtures, the dynamic modwdasencr

as the age dhemixturesincreases. And, the same trend can be found in binder data. Since

the specimens for all the aging levels are fabricated together, and the critical paraegters
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theair void are not significantly different before aginghddioning, it can be concluded that

the change of stiffness comes from the change of binder properties. In terms of phase angle
it can be observed that for each mixture, the phase angles gklongging Il are always

the lowest when compared withixtures at other aging leved$ the same reduced frequency,
which indicates that as the age of the mixture increases, the viscosity component of the
mixture decreases and the elasticity component increases, which can leads to chhages in t
performance ofhe mixture. Compared with HMA mixture, the differences between LTAl

and STA of the dynamic modulus in WMA mixtures amgnificant which means for both

WMA Evothermand WMA Foam, the stiffness increases faster and WMA mixtures age

more in the first period of their service life.

Figure2.8 presentshe comparison among differethie WMA mixtures andhe control

HMA mixture. At each aging level, it can be observed that the dynamic moduhesHi{A
mixturesare hgher tharthe WMA mixtures, and the dynamic modulus of the two WMA
mixture, WMA Evotherm and WMA Foam, are similar. The same trend can be found with
binders from the mixtured\Iso, it can be observed that the difference betvileeRlMA and
WMA mixturesat STA are larger thathe differentat LTAL and LTA3, which indicates that

the WMA mixtures have a higher aging rate

2.4 Permanent Deformation

2.4.1 Theory and Background

Permanent deformation tive secalledrutting, which normally happens underneath the
wheelpdh, is a pavement distress that can cause vehicle hydroplaning when ruts are filled
with water. There are two hiadypes of rutting: mix rutting and subgrade rutting. Mix

rutting is that the pavement surface exhibits wheelpath depressions as a result of
compaction/mix design problems while the subgrade does not rut. This study focuses on the
mix rutting, since only flexible pavement matesiatestudied. here arewo mechanisms

causng rutting, which are densification and shear flow. While densificanamly happens
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in the start of pavement life, shear flowth& main cause of rutting and occur throughout the

pavement life.

Incremental model is embeddedire PavemenME programin order to predict the rut
depth. The total rut depth is the summatdreach layer including unbbed and bound ones.
Equation(2.7) is applied for the calculation of total rut depth.
RD=§ e h (2.7)
i=1
where
RD = total rut depth,
| = sublayer number,

N =total number of sublayers,
€,; = plastic strain in sublayer I, and

h = thickness of sublayer i.

In terms of the permanent deformation in the AC layernibdel presented as Equation
(2.8) is used in PavemeME.

i =K * p *10" T2k Nbsks (2.8)
er z rl
where

€, = plastic strain,

- = resilient strain,

T = temperature of layer at matepth ¢ ),

N = number of load repetitions,

IR R = local calibration coefficients,

"OhQRQ = national coefficientSQ) ~ o® v ol P® P H® T@ X Wp
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0 = depth functon=06 o6 O PP we
0 = MNoQ @Yoy pPTQ

0 =m@ip X CQ pgoopQ ¢ R ¢ @and

Q = total thickness of asphalt layer (s).

In this way, since the resilient strain can be calculated from the stiffnesspaiviiai@ent,
with the given parametef@ ,"Q , andQ andlocal calibration factors ,f , and

the permanent deformatiam asphalt concrete (AC) layecan be predicted.

In this studythe TRLPD testsvereconducted, following the protocol AASHTO T/. The
testwasperformed with a cycling load which consists of-8econd haversine pulse loaad
0.9-second rest time. The total cycle numbas12,000, and no failure was detected in all
the tests done for this study with the number of load cycles. For each mixture, tixetests
carried out athree temperatures, 20408 , and543 , respectively, with a confining pressure
of 10 psi, and a deviatoric stress of 70 psthenTRLPD test, it can be divided into three
staged primary stage, second stage, anddeytstage as shown Figure2.9. Permanent
strain and resilient straivithin one cycleare defined as shown Figure2.10, and the
parameters in Equatid@.8) can beregressedvith the data from secondary stagettod
TRLPD test with a numerical optimization method. The fitting procedure will be explained in
CHAPTER 4 Foreach mixture, two replicates weested and the variabilityere

examined.
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Figure2.9 Typical TRLPD permanent strain vs. number of cycles graph in arithmetic scale.
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Figure2.10 Typical TRLPD recorded strain vs. number of cycles during the primary stage.

2.4.2 Test Preparation and Set up

This test follows the specification AASHTO M. Before it starts, specimens should be

well prepared and the devishould be set up following the protocol strictly.

The specimens are cut and cored from 150 mm diameter by 178 mm tall specimens into 100
mm diameter and 150 mm tall specimens. Targben, are glued at a gauge lengti00

mm. The latex membrane stretched around the specimen and caulked where the targets are
punched through the membra®dter that,four loosecore linear variable differential

transformers (LVD) are attached at room temperature. Specimens are conditioned in an
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external chambeiof 3 hours at the target temperature before moved into the AMPT. The
confining pressure should be applied immediately to 10 psi, and it should be ensured that no
more than 4 bubbles per second come out of external hose into the bottle of water. After the
steps above, andith 1 hour temperature conditioning in AMPT chamber, the test can be

run, and the data are collected with a LabView Progalso, before the formal test, a short
fingerprint should be run in order to evaluate the specimen to specimdityi&igure2.11

is picture of the test sefp on AMPT.After 12,000 cycles, the test is stopmadomatically,

and the test data are analyzed with a Matlab program developed by NCSU.
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Figure2.11 TRLPDtestset up on AMPT

2.4.3 Results and Discussion

Figure2.12 present the permanent strain levels obtained from the TRLPD tests for the

HMA, WMA Foam, and WMA Evotherm. iemongratesthat the HMA mixture exhibit

the least permanent deformation at all three aging levels and at all three test temperatures. At
LTAL and LTAS3, the permanent deformation level of the Evotherm WMA mix is the highest

at the end of the testing, i.e.,18t,000 cycles.

Figure2.13 preserdg the changes in permanesttain levels for the HMA, WMAEvotherm,

and WMAFoam as the aging level changksan be observed that aging does not have a
significant effect on th permanent strain of HMA and that the foamed material is the most
susceptible to aging of all the mixtures testédmpared with HMA control and WMA

Evotherm, the process that the water and bubble disperse affects the aging properties of
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WMA Foamto someextent.lt is worth mentioning that, in some cases, the results for WMA
with Evotherm and foamed WMA at 20differ from those at 49 and 54 . This difference

is due to the fact that within 12,000 cycles at 2€he material is still in the viscoelastic

range ratherhtan in the viscoplastic range, so the material responds differently than it does at
higher temperatures.

In addition, it can be observed that from STA to LTA1, the permanent strain levels of the
foamed WMA mix decrease significantly, whereas the differén@ermanent strain of the

WMA Evotherm between STA and LTAL is not as much as that observed famtfe

Foam This finding explains the reason that the permanent deformation level of the Evotherm
technology is higher than of the foamed technology at1 aA54 .
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Figure2.12 Comparison of permanent strain at different aging levels for HiMAWMA

mixtures.
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Figure2.13 Comparison of permanent strain affelient aging levels for HMAand WMA
mixtures

2.5 Fatigue Cracking

Fatigue cracking is a type of distrébat shoulchot be ignored. It may happen a couple of
years after opening traffic on a pavement due to a certain number of traffic loadig and
changeof environment. Fatigue cracks are mainly divided into two categories, bafiom
cracking (or also called alligator cracking), and-ttgavn cracking (or longitudinal cracking).
In this context, alligator cracks are mainly studied, which are usually chygedsile strains
at the bottom of the asphalt bound layerghePavemenME program it is also an
important index to evaluatbe properties of a designed paveme&herefore, since WMA
and HMA mixtures may have different fatigue behavior, the ptseof WMA and HMA
mixturesare evaluated in this section and the following two chapters, - AtC® model is

adopted for the evaluation.
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2.5.1 Theory and Background

S-VECD model is developed by NCSU, which can capture the fatigue properties of the
materials.The theory can be simply described as the following statements.

Viscoelastic continuum damage theoryhstheory that only focusson the net effect of the
change i n the maondsmaadsdals praopertes by igronng thetdatailseof
the micro cracking. Work potential theory was developed by Schapery for elastic materials

with growing damage. In this theory, damage is defined as an internal state variable.

For viscoelastic materials, by transfongthe physical variables into the Uape domain,
the viscoelastic problem can be modeled within the same formula as the elastic materials.
The transforming procedurerhich is called elastiwiscoelastic correspondence principle

can be shown in the follow equations:
1 4 de

ef=—nE(t - }—d 2.9
g ) (t-J (29)

where
- DOAGIIGAET
- DPEEGEXBAEIT
0O OERAEAOATADBKOOOEAIAT OBDAAAR A
06 OERAT AAAIGEAZTOO

After the transformation, the constitutive relationship of a viscoelastic materialnaply sie

described in Equatiof®.10), similar to elastic material

s=E, 8 (2.10)

Via the correspondence principle, Schgpérs t heory can be applied
The viscoelastic continuum damage theory is consist of the following basic equations:

Pseudo strain energy density function
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WFR = f(e", 9 (2.12)

Stresspseudo strain relationghi

(2.12)

e ¢ (2.13)

w OERROA ®HOIOAEAAAD OEOU

Y OEMRAT ABCAROAT KO DHADI B E MA 1AA

| OEMAIT ARCAN | @ABIAI
For uniaxial mode of loading, the pseudo strain energy density function can be written as:
W™ = > c(9(e"? (214

whered=pseudo stiffness

Thepseudastiffness C is only a function of damage S. In this way, the. S esirve can be
drawn and considered as a fundamental constitutive relationship of fatigue damage of the

material.

2.5.2 Test Preparation and Set up

The direct tasion fatigue test should subject t&/&CD protocol developed by G5U,

which is then developed into AASHTO TI®7 specification Specimens with a geometry of

75 mm 150 mm cored and cut from a 150 mnmi78 mm gyration specimen glued to

metal plates at lib ends before inserted into the MTS chamber. Four LVDTs are attached at

a gauge length of 75 mm. The tests are undertaken in a control actuator displacement mode at
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temperature of 19C. Similar with dynamic modulus tests and TRLPD tests, a short

fingerprint test are carried out before the formal test.

Figure2.14 Direct tension fatigue test set up

25.3 Results and Discussion

Figure2.15 presents the damage characteristirves determined from the cyclic direct
tension tests at different aging levasscriing the deterioration of the material integrity
(pseudo stiffness) as damage (S) grows. Simil#ra@aging effect on dynamic modulus,

while no significant differeces between WMA Foam and WMA Evotherm at the same aging
level,theHMA control mixtures have higher C vs. S cursidn terms of the comparison

among different aging levels, fdtre WMA mixtures, the pseudo stiffness slightly increases
as the aging levelsicrease, but for HMA mixture, the increasensgnificant Another
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significant indicator that can be explained by the damage characteristic curves is the
brittleness or ductility of the mixtures. The last point of each curve indicates that as the aging
level increases, the lengths of the HMA and foamed mixture curves are smaller than that of
the Evotherm curve. The shorter curve length indsidte potential for a shorter fatigue life.

In order to predict the fatigue life accurately, the linear visctelpsoperty, the material

integrity with damage accumulation, and the failure criterion should be considered together.
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Figure2.15 Damage characteristic curves of Evotherm, foamed, and HMA mixnaoras
direct tension testga), (b), (c): comparison between aging levels; (d), (e), (f): comparison
between different materials

2.6 Summary

Chapter 2 presentie evaluation of thelynamic modulusindrutting and fatigue properties
of theHMA and WMA mixturesin terms ofdifferent aging levelsThe conclusiondyased

on the laboratory evaluation and compargane summarizeds follows

1 Interms of the dynamic modulualuesof the mixtures, the HMA mixtures always

showedhighervaluesthan the two types of WMA miures, and the two WMA
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mixturesshowedsimilar stiffnessvalues forthe three aging levels. The dynamic
modulusvaluesof the WMA mixtures increaskwith an increase iaging level and
the aging effect othedynamic modulusalues wasignificant. Howeve for the

HMA mixtures, the differences between the two aging levels, STA and | .Waie

not significant

In terms ofrutting resistance, the TRLPD testuls indicatethatthe permanent
deformationvaluesof the HMA mixtureswerealways thdowest foreach aging
level at each temperature, which methradthe HMA mixturesweremore resistant
to ruttingthan the WMA mixturesAccording to the tegesults, the aging effect on
therutting resistance of WMA Foamasgreaterthan the effect on WMA Evotherm
and the HMA mixtures

In terms of thdatigue cracking properties, the HMA mixturgsowed moreluctility
than the WMA mixtureslt also wasobserved thathe WMA Foam mixturesvere

more sensitive to aging in terms of the fatigue properties.
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CHAPTER 3 MOISTURE EFFECT ON WMA MIXTUR ES

All the tests and analysis in this chapter are done by NCSU former studentlbeg. The
reason they are presented in this chapter is that theypoetantfor the whole study,
especially for the discussion and analysi€SHAPTER 4

3.1 Introduction and Laboratory Preparation

The objective of this section tfestudy is to evaluate the moisture susceptibility of the

WMA mixtures based on laboratory test resultee fundamental propertseof the WMA

and HMA mixtures with and without moisture damage like linear viscoelastic properties and
fatigue performance are obtained in this chapter, and they will be used in the following

analysis in the latter part of this study.

Dynamic modulus andontrolled crosshead (CX) cyclic direct tension tests are used to
evaluate the linear viscoelastic properties and fatigue life of the RS@NBE Evotherm,
WMA Foam, andhe HMA control mixtures Based on the linear viscoelastic and damage
characteristic mperties of the three mixes, straiontrolled direct tension fatigue test
simulations are conducted to derive the tensile strain based fatigue model coeffRiefs (
, and'Q) that are used in tHeavemenME programfor the fatigue perfanance prediction.

Theregression process and theory background will be explaireHIAPTER 4with details.

The volumetric properties and fabrication procedure for the RS9.5C WMA and HMA
mixtures are exactly thsame as used in the last chagibe moisture conditioning
procedurdound in AASHTO 183 was applied to the cored and cut specimens. After

applying vacuum pressure of 13~67 kPa to the specimens submerged in a vacuum container
at 25C in order to matcl saturation level of 65%~80%, the saturated specimens were

placed in a water bath at &Dfor 24 hours. After completely conditioning the specimens for

moisture damage, the hot specimens were transferred to a water bath at room temperature to
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cool. The weéspecimens were dried using an electric fan at room temperature, and then core
dried to minimize thermal stress. The completely dried moistonelitioned specimens thus

could be used for testing to avoid the effects of changing saturation levels.

For thefatigue performance and moisture susceptibility evaluation, specimens with
geometries of 100 mm x 150 mand100 mm x 130 mmwere cored and cut from 150 mm
x 178 mm gyratory specimens and were used for the dynamic moadnticg/clic direct

tension, regectively.

3.2 Test Results and Discussion

3.2.1 Linear Viscoelastic Material Properties

Dynamic modulus testing was performed in laactrolled mode in axial compression
following the protocol given in AASHTO PP 61 AMPFigure3.1 describes the linear
viscoelastic material properties fdfMA Evotherm, WMA Foamand HMA mixtures with

and without moisture conditioning.

The test results show thidie reduction in the dynamic modulus duethe moisture
conditioning is minofor WMA Evotherm comparedith WMA Foamand HMA mixtures.
Within the linear viscoelastic range, the moisture susceptibil¥W A Evothermmixtures

is low, whereas that of the foamed mixtures is higher than the others.
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Figure3.1 (a) Dynamic modulus: serng scale, (b) dynamic modulus: kayg scale, (c)
phase angle: seAng scale, and (d) shift factor: setog scale of each mixture with and
without moisture conditioning.

3.2.2

Damage Characterization of Vigoelastic Material

The direct tension tests aneM&ECD were performed on the mixtures with and without

moisture damage=igure 3.2 shows that the moisture susceptibility of the Evotherm mixtures

is small comparedith the other two mixtures.
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Figure3.2 Damage characteristic curves of Evotherm, foamed, HMA mixtures with and
without moisture conditioning (M in the legends indicates moisture conditioned).

Based uporrigure3.2, while the HMA mixtures have the highest C vs. S cgrtlee change
of WMA Foam is the largest between moisture conditioned anammsture conditioned

specimensWMA Evotherm seems to have the smalleststure susceptibility.

3.3 Summary

According to the laboratory testsuls for the specimens with and without moisture
conditioning,the conclusionswith regard tahe moisture susceptibility of the mixtures are

summarizeds follows

1 Interms of the dynamimodulus testesuls, the HMA mixtureshowedhigher
dynamic modulusalueswith moisture conditioning and without moisture
conditioning than the WMA mixture3hedynamic moduls valueof the WMA
Foam mixturesndicated that the WMA Foam mixtures wen@re sensitive to aging

than WMA Evotherm and the HMA control mixtures.
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1 Interms of thdatigue properties due to moisture damage, tM=ED analysis
resultssuggesthat the moisture susceptibility itfe WMA Evotherm mixtures is the

smallesiamong althe mixtures
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CHAPTER 4 DEVELOPMENT FOR THE WMA MIXTURES 06
INCORPORATION INTO THE AASH TOWARE PAVEMENT ME

PROGRAM

4.1 Introduction

41.1 Overview

The objective of this chapter is to develop the recommenddbotise incorporation of the
WMA mixturesinto the AASHTOWard?avementME program The following NCDOT
projects established thecal asphalt materials and traffic databasesdmveloped théocal
calibrationfactors
1 HWY 200309: Typical Dynamic Moduli for North Carolina Asphalt Concrete
Mixes
HWY-200707: Local Calitration of the MEPDG for Flexible Pavement Design
HWY-200811: Development of Traffic Data Input Resources for the Mechanistic

EmpiricakPavement Design Process

BecausaVMA mixtures have become more and more popw@ad because there are
differences of prperties between WMA mixtures and HMA mixtures, the studheinput

parameters ahe PavemenME for WMA mixtureswasconducted

As presentedbefore,the aging and moistueffects orthe performance aVMA mixtures
have been studied. While the previous chapters the studies were carried out mostly within
the material levelin this chapter, comparison and conclusions were made basieel on

structure analysis and utilizatisim the PavemenME.
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With regard tahe aging effect on the Pavement NdEsdictions agingoccursmainlyin the
top few inches of the pavemeBttomup cracking, howevemitiatesfrom the bottom of
the pavement. Thus, the aging effect on the fatigue cracking prediotitre Pavement ME
is not included in this study. Alsaccording tgreviousstudiesthe moisture effect on
rutting performance is not significant. Therefastudy of the moisture effect aherut

depth predictioain the Pavement ME was not conducted either.

In this chapter, the prediction modelglre PavemenME are studied. In terms of aging, the
GAS model predictiomare compared and discussed wihards taVMA mixtures. Also,

the rutting and fatigue prediction model are also evaldatettheir incorporation with WMA
mixtures Becausenoisture efect on asphalt materials are not evaluaeglicitly by models
thePavemenME and only taken care of by local calibratif@ttors the moisture effects on
WNMA are discussed in this chapter so that performance prediction from the Paléient
for WMA mixtures are more close te practice. Finally, thenputrecommendatiogifor the
PavemenME are given at the end of the chagdtarthe different behavigrof the WMA

materials.

4.1.2 The PavementME program

The current version dhe PavemenME programwas deeloped from AASHTO
MechanistieEmpirical Pavement Design Guide (MEPDG). Since only rutting and alligator
cracking were taken into account in the wofklevelopingocal calibration factors, this

study also chose the two types of distress tstbdied The goal of this chapter is to provide
reasonable recommendations for WMA materials so that North Carolina users can make the
PavemenME performance prediction close tlee true behavior in the field when they try to
utilize the WMA mixtures.
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41.2.1 HierarchicalMaterials Data Input Levels

In the PavemenME, based on the requiremeaftthe project and the data that the users can
obtain for the materiathere are three types of inguovided to be adopted:

TLevel 1 input refl ec fknowledgeof theenmier@aleiar s 6 hi
the pavement design. Level 1 input parameters are measured either directly from

thesite or near the site under study, or determined through laboratory testing.

1 Level 2 input reflects a medium level ofdwledge of the matedsin the
pavementesign. Level 2 input parameters are determined based onvelate
averages oestimated based on known parameters through statistical correlations

andrelationships.

1 Level 3 input reflects the least amount of kneslde about the matafs in the
pavement design. Level 3 input parameters are estimated based on regional values
or national values, i.ethe PavemenME default values

Table4.1 presents the required data for different input lef@issphalt binder and asphalt
mixtures in PavememE. In this study, since research requires more accuracy rather than
engineering application, only Level 1 inputaidopted, which has a higlegree of knowledge

of the materials.
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Table4.1 PavemenME Inputs Required for Asphalt Binder and Asphalt Concrete.

Material | Input Level Data Required Allowable
Range
Lol | e s " A | ha
Cumulative percentage retained on 3/4" sieve 0 100
Levels 2 | Cumulative percentage retained on 3/8" sieve 0 100
and 3 Cumulative percentage retained on #4 sieve 0 100
Percentage passing #200 sieve 0 100
Ml_ilmﬁe Reference temperature (F) 50 104
As-built effective binder content by volume (%) 2 20
As-built air voids (%) 0 20
Le\;ﬂsal 2, As-built total unit weight (pcf) 100 200
Poisson's ratio 0.2 0.45
Thermal conductivity of asphalt (BT UHiir-F) 0.5 1
Heat capacity of asphalt (BTU#) 0.1 0.5
Option 1
Shear modulus, Pa, and phase angle for RTFO hing
and at angular frequency of 10 radians/sec. min. 3 NA NA
temperatures.
Levc(ejlszl Option 2
Asphalt an Temperature (F) at softening poi 13000 P and;
Binder Absolutg viscosity (P) at 140 F and; NA NA
kinematic viscosity (CS) at 275 F and;
Specific gravity at 77 F Penetration/ optional
Brookfield viscosity/ optional
Superpave binder grade or;
Level 3 | Viscosity grade or; NA NA
Penetration grde
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4.1.2.2 Overview of thePavemenME Procedure

In order toapply the PavememME programto get a reliable design result, it is necessary to
understand the stdpy-step design procedure ftire PavemenME. Figure4.1 presents a

flow chart showing overall procedure to use the PaveMé&ntThe first step requires users

to input traffic, materials, and climatic data for the project. In the second step, users need to
assume a certain pavement trial design struttased on a combination of engineering
knowledge, experience, and geavement MEBpavement design procedures. The third step
involves executing thBPavement MEo predict pavement performance parameters at the end

of a desired design life. The predictedfpemance parameters are then compared to criteria

set by the agency for various performance measures. If the predicted performance parameters
pass the prset criteria, the trial design structure becomes a candidate design structure. If any
of the prediatd performance parameters fail the performance criteria, users should modify
the first trial design structure and repeat the steps until a structure that satisfies all criteria is

found.
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4.2 Study for Aging in PavememME and Global Aging System (GAS)
Model

42.1 Introduction to GAS model and points to claim

GAS model was first presented by iirand Witczak in 1995. It ismodel predicting the
dynamic modulusf asphalt mixture after aging at a certain depth of the paveihent

based on a regression of a large number of data point&sA8enodelis applied in the

widely used current pavement design software, the Pavement ME program, and also in
numerous reearch studies. In order to refl¢ioe different aging propensities of differettie
WMA mixtures in the Pavement ME program, it is necessary to study the GAS model and
theresultsit provides GAS uses a sigmoidal function to describe the dynamic modulus
curve, and the shift factor is calculatealsed orthe viscosity of the binder. By predicting the
viscosity of the binder at one specific time and one specific depth of the pavement, the
dynamic modulus of the particular mixture in the pavement can beme. The following

paragraphs describe the procedure to implement the GAS model.

The viscosity levels of sheterm aging binder must either be measured or calculated.
Although the PavememME guide requires the bindgiscosity input to be ahe timeof the
mix/lay-down or after rolling thiffilm oven (RTFO) conditioning, the model in this project
uses binder that is extracted and recovered frorattbgterm agingspecimensfter
dynamic modulus test¥here are two reasons that it is necessary thidoFirstly, WMA
mixtures are mainly studied in this projecthd#ts been pointed out ththere are some
differences between WMA mixtures and HMA mixtures in terms of aginigh means
RTFO conditioning may not represent the sttertn aging process &YMA binder,
Secondly, WMA binder sometimes contains additives Evotherm 3G; hence, only
conditioning the virgin binder is not sufficient. Furthermohese STA mixtures contain

RAP binder, and therefore, tegtracted and recover®&ihder reflectghe status of the actual
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binder in the specimens after shtwtm aging conditioning. By converting the binder
stiffness data at each temperature inscasity data using Equati¢d.1), and using linear
regression to fit the paraees, A and VTS in Equatiof.2), the relationship between
binder viscosity and teperature can be established.

_G (L yase 4.1
& 10 (sina’) 41
loglog/hr = A ¥TSlog | (4.2
where

G* = binder complex shear modulus, Pa,
d = binder phase angle, degree,

£ =viscosity, P&, with a maximum value af.73 16° Poise,

T, =temperature in Rankine at which the viscosity was estimated, and

A, VTS = regression parameters.

After obtaining the parameters using Equa(#R), the viscosity can be calculated at any
temperature. The laboratory dynammodulus data then can be shifted into a simoot
mastercurve using Equatig.3).

) a
=4d + 4.3
IOg(E ) d 1+ eb+ éiog(t) <8log( )hleg( Tr)]k ( )
L (4.4)
a(T)

log[a(T)] = log(t) -cglog(#) Iog( 47) (4.5)
where

E = dynamic modulus, psi,

t = time of loading (pulse time), s,

h

= viscosity at temperature of measurement, CPoise,

>

—

= viscosity at reference temperature, CPoise,
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a, b ,d,c = mixturespecific fitting parameters,
t, = reduced loading time, s, and

a(T) = shift factor.

The parametera, & .o, gndc , which define the timéemperature dependency of the
dynamic modulus over the design life, are obtained by numerical optimization. The dynamic
modulus mastercurves of the shtmtm aghg specimens can be plotted with EquatiB8)

to (4.5).

Equations(4.6) and(4.7) can be used to predict the viscogifythe binders for the loRtgrm
aging predictions.

_loglog(f,.,) + At

log Iog(haged) = 1Bl (4.6)
:ht(4+E) _E( @0)(1 42) (47)
bz 4(1+ Ez2) '
where

A= 0.004166- 1.4121E) {C) Idaa) (+D) logldg.,)

B =0.197725+0.068384 log(

74.4996 193.83140,) + 33.9366%6T)
C=10 ofz) 63)

D= 14.5521 10.4766221dF,) 1.88161I0%)°,
h,5ea = aged viscosity, @,
h_, = viscosity at mix/laydown, cP,

T, = temperature in Rankine,
t =time in months,
#,, =aged viscosity at time t, and depth z, cP,

t,
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h, =aged sufiace viscosity, cP,

E = 23.834"00%aa) gnd

Maat=mean annual air temperatute,

Once the binder viscosity is predicted, the dynamic modulus value of an aged mixture at any
temperature and any depth can be predicted. Equdti®ns still used and is rpresented
here as Equatiof.8).

log(E')=d +

a
4.8
1+eb+ Qog(t) cgiog( 4 |od Tr)"h ( )

where

/7t,Z =aged viscosity at time t and depth z, CPoise, and

/7Tr = viscosity at reference temperature at STA, CPoise.

Note that, in Equatio(4.8), a, & ,d, gndc are with the same values as used in Equation

(4.3), and no numerical optimizan is needed.

It is extremely important to present the correct way to utilize GAS model here, since the

GAS has been used improperly in many articles. It should be pointed out that the correct
temperature range that is needed in order to apply therstel for the prediction of the

dynamic modulus values and viscosifithe aged bindelis from 77t to 275 (253 to

135 ). Onone hand, Equatiof#.6) (thesec al | ed fAsurface aging mode
a total of 1,382 data points from 16 test roauts 249 test sections at/714Q , and 275 .

On the other hand, the prediction results for the binder and mixtures at temperatures below

77c are unreasonable and unexpeckdure4.2 presents the changes in thredlicted

Evotherm binder stiffness values as the aging time and depth of the pavement increase.

Figure4.2 shows that within the temperature range, the viscosity of the binder at shallow

depths increases as theragtime increases, and the effect of depth on aging is significant.
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However, the viscosity values of the binder at temperatures belovintrease extremely
fast, and the binder viscosity limit is reached in an unreasonably short time; also, the effect of

depth at those temperatures is no longer significant.

Figure4.3 presents a comparison between the RS9.5C WMA Evotherm dynamic modulus
values at 0.25 inch depth after 8 years of aging predicted using the GASanddeé

measured longerm aging dynamic modulus values (LTA3, subjected to AASHTO R30).
Figure4.3 (a) andFigure4.3 (b) present the predicted dynamic modulus valuesmitte
temperature range and outside the temperature range, respectively. Table 2 shows the values

of the data points plotted Figure4.3.
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58



10000000 10000000
—LOE

1000000 1000000

100000 100000

|E*| (GAS Predicted)
|E*| (GAS Predicted)

(a)
10000 10000
10000 100000 1000000 10000000 10000 100000 1000000 10000000

|E*| (LTA Measured) |E*| (LTA Measured)

Figure4.3 Comparison between GAS model predicted and measureddamgaging
dynamic modulus values: (a)tdgpoints all within temperature range and (b) some data
points out of temperature range.

Based orFigure4.3 andTable4.2, when the data points are calculated within the
temperature range, the GAS model can represent the results from the R30 mix tests very

well. However, the data points with temperatures beléw did not make good predictions.

Therefore, in order to make reliable predictions using the GAS model, the model must be

implemented within the appropriate temperature range, as it was presented first in 1995.

Another point to be made is that it is apgmiate to use the predicted, but the mastercurve
should not be used. On one hand, the Pavement ME equation does not really use the
mastercurvéredictions of dynamic modulus values should be used and compared at
different temperatures and frequencies diye©n the other hand, because data at low
temperatures must be used in order to plot an entire mastercurve, and based on the
temperature limit of the GAS model, the prediction results at low temperatures are not

available. Hence, any comparison using t@&sirves cannot be accurate.

Figure4.4 presents the mastercurves of the predicted dynamic modulus values of WMA
Evotherm at 8 years and a depth of 0.25 inch. Accordifgptare4.3 (a), at 8 years and 0.25
inch depth, although the predicted data points derived using the GAS model can collapse
with the labmeasured data at the right temperature, because the mastercurve contains data
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points out of the temperature rangej@difference is observed between the mastercurves.
That means, it is inappropriate to calculate the equivalent time of GAS model to laboratory
conditioned sample or field cores by checking the collapse of the dynamic modulus
mastercurve from measurementidhe mastercurve predicted from GAS model in some

articles.

Table4.2 Comparison between GAS Model Predicted and Measured-tssngAging
Dynamic Modulus Values: (a) Comparison with Data Points All wifemperature Range
and (b) Comparison with Some Data Points out of Temperature Range.

(a) (b)

T(‘frcn)p' Tif#ffs) R30 (psi)| STA (psi)| GAS (psi) T(‘Egp' Ti':#('esfs) R30 (psi) STA (psi)| GAS (psi)
50 0.1 | 158085 | 99480 | 165056 55 0.1 | 116014| 75130 | 129085
50 1 78489 | 50455 | 78268 55 1 58548 | 40148 | 62854
50 10 41239 | 29552 | 41376 55 10 31941 | 25012 | 34828
45 0.1 | 221598 | 137625 | 219567 40 0.1 | 316799 | 197954 | 309194
45 1 109486 | 66657 | 102245 40 1 158537 92854 | 143639
45 10 55582 | 36535 | 51496 40 10 78655 | 47656 | 69058
40 0.1 | 316717 | 197956 | 309194 20 0.1 |1234507 938028 | 2055847
40 1 158414 | 92858 | 143639 20 1 783532 | 512969 | 1547060
40 10 78646 | 47654 | 69058 20 10 | 442877| 248095 | 1014289

35 0.1 455980 | 292904 | 468046 0.1 2359980 2065319| 2815093
35 1 235589 | 136181 | 223691 1 1902140 1547356| 2552809
35 10 116492 | 66040 104095 10 1401389 1009890| 2175534

5
5
5
25 0.1 912540 | 650859 | 1286786 0 0.1 2690167| 2408587 2815093
0
0

25 1 533417 | 326905 | 782691 1 2302107 1965419| 25528089
25 10 281323 | 152396 | 408936 10 2360852 1435119| 2175534
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Figure4.4 Comparison of the mastercurves of laboratmgasured data and GAS model
prediction results.

42.2 Utilization of GAS model on WMA mixtures in PavementME

Table4.3 presents the predicted results obtained using the GAS model to predict RS9.5C
WMA Evotherm dynamic modulus values at 9 years and 0.25 inch below the surface of the
pavement. Different predicted values can be obtained by changing the aging time, and the
residual, which is the absolute value of the difference between the dynamic modulus values
of the GAS model prediction and the laboratory measurements in the logarsitale, can

be calculated. The minimum sum of error can be found by changing the aging time while
controlling the depth of the pavement. In this way, the equivalent number of years of the
GAS model prediction for lorterm oven aging conditioning can bbtained for a single

depth measurement.

Table4.4 presents the equivalent time of the GAS model for the laboratory conditioning
method for different mixtures at different depths. For the HMA mix, the equivaieatd 26
years at the surface, which is reasonable because 8 days of conditioning in the oven is
supposed to simulate field aging for around 20 years. At deeper pavement depths, the GAS
model has difficulty predicting values as high as those of the LTik3wnich indicates that

the GAS model is designed based on the theory that aging occurs only at the pavement

surface. However, for the WMA mixtures, the equivalent times for the GAS model and the
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R30 mix are much shorter than for the HMA mix. The WMA Besin and WMA Foam
times also differ. Note that, the binder used here are extracted and recovered from STA

specimens, rather than RTFO conditioned virgin binder.

Table4.3 Predicted Values from GAS Model

Temp. |Pulse Tim¢ R30 STA GAS Residual
°C S psi psi psi [log(R30}og(GAS)|
50 0.1 158085 | 99480 | 166572 0.0227
50 1 78485 50455 78925 0.0024
50 10 41239 29552 41654 0.0043
45 0.1 221598 | 137625 | 221253 0.0007
45 1 109486 | 66657 | 103001 0.0265
45 10 55582 36535 51814 0.0305
40 0.1 316717 | 197956 | 311274 0.0075
40 1 158417 | 92858 | 144631 0.0395
40 10 78646 47654 69482 0.0538
35 0.1 455980 | 292904 | 471114 0.0142
35 1 235589 | 136181 | 225325 0.0193
35 10 116497 | 66040 | 104828 0.0458
30 0.1 651957 | 438528 | 767570 0.0709
30 1 355164 | 208379 | 399205 0.0508
30 10 179063 | 97480 | 187918 0.0210

Total Erro 0.4100
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Long-term Aging.

Table4.4 GAS Model Predictions of Equivalent Number of Years for Aging for Measured

: Equivalent Time (year)
Depth (inch)
LTA3 LTAl
0 26 0
HMA 0.25 infinity 0
0.5 infinity 0
0 1.8 0.4
Evotherm 0.25 9 1
0.5 infinity 1.8
0 14 0.8
Foam 0.25 infinity 3
0.5 infinity 10

In order to investigate the efficiency of GAS model adopted irPantME for WMA

mixtures, aging process as the time increases for WMA mixtures and HMA control mixtures
were studied. Assume that for LTA3, 8 days of laboratory oven conditioning, represents 15
years aging in the field regardless of the variability ofiremmental factors; also, simply

assume that LTAL represents 5 years aging in the field. In terms of aging, the rate of aging or
the aging rate (AR) is one way to evaluate, which is the ratio of the modulus at a certain time
to the modulus at sheterm agng time. AR of the WMA mixtures and HMA mixtures are
plotted over theime. For GAS model prediction, different types of binder are used, i.e.
extracted and recovered binder from STA samples and three types of North Carolina default
binder.Figure4.5 presents the increase of aging rate from both laboratory measurement and
GAS model predictionn Figure4.5, (a) and(b) depictGAS model predicted with exacted

and recovered binder; (c) @d) describ&SAS modelpredicted with NC PG622; (e) and

(f) presentGAS modelpredicted with NC PG7#22; (g) and (h) prese@AS model
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predicted with NC 7€2. Notethat, ARL in the plots means aging rate in logarithm scale,

which can be calculated &sjuation(4.9).
‘Iog(‘E*aged )‘

os(E )

ARL= (4.9)

According toFigure4.5, by using extracted and recovered binder data in GAS model, it can
be seen that as the mixtures are different, the predicted results of GAS model are different.
The slight differences between WMA Foam and WMA Evotherm in aging can be observed,
and a$o the lower aging rate of HMA mixture can be represefitee differences between

the laboratory conditioning and GAS model cannot be ignamdit should also be noted

that the number of the years reflected at Haxis of the plots are only based @m

engineering assumptioklowever, in practicegechnicians intend to use existing North
Carolina binder data rather than extracted and recovered tested binder Begarda.5 (c)

to (h), GAS model predictiowith NC binder data are plotted. It is shown that, once the same
binder data are employed for the three mixtures, the differences among the aging rate of the
three mixtures predicted by GAS model are going to be minor. Among the binder adopted,
PG6422, PG0-22,andPG7622, it can be observed that PGZB, the virgin binder

contained in the three mixtures, has bditdravior For the case of HMA mixture, the
prediction results used PG22 binder are the closest to lab measurement; for WMA
mixture, it carkeep the trend of AR by using PG2Q in general, and also, the consistency
with HMA mixture of GAS model prediction can be kept. Therefore, while no binder are
extracted and recovered from WMA STA sample, employing North Carolina-R&Bihder

can be aralternative way.

64



AR

AR

AR

AR

—o— Evth_R30
Foam_R30
| —a— HMA_R30
-===-Evth_GAS
Foam_GAS
I - +-HMA_GAS

20

—+— Evth_R30
Foam_R30
| —=—HMA_R30
-==-Evth_GAS
Foam_GAS . -
F -+-HMA:FGA_S_ ===

0 5 10 15

Time (year)

20

—e— Evth_R30
Foam_R30

| —=— HMA_R30

-===-Evth_GAS
Foam_GAS

| - +-HMA GAS

Time (year)

—e— Evth_R30
Foam_R30
| —=—HMA_R30
-==-Evth_GAS
Foam_GAS
I = +-HMA_GAS

'ﬁ__ = =

(s)

Time (year)

20

ARL

141

ARL

1.0

ARL

141

ARL

1.0

—— Evth_R30
Foam_R30
—=— HMA__R30
— = Evth_GAS
Foam_GAS
- +-HMA_GAS

(b)

Time (year)

20

—e— Evth_R30
Foam_R30
—=— HMA_R30
— = Evth_GAS
Foam_GAS
- +-HMA_GAS

(d)

5 1I0 1‘5
Time (year)

20

—o—Evth_R30
Foam_R30
—=— HMA_R30
-~ Evth_GAS
Foam_GAS
- +-HMA GAS

0 5 10 15

Time (year)

20

—e—Evth_R30
Foam_R30
—a—HMA_R30
- = Evth_GAS
Foam_GAS
- +-HMA_GAS

(h)

5 1‘0 15
Time (year)

prediction using different binders:

20

Figure4.5 Aging rate of different mixtures from laboratory measurement and GAS model
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4.3 Permanent Deformation Prediction Study in Pavement ME

43.1 Aging Effect on Permanent Deformation Prediction for WMA Mixtures in

Pavement ME

43.1.1 Aging Effect on Permanent Strain in Pavement ME
It is demonstrated in the previous chapters that the aging behavior of WMA mixtures is
different from that of HMA conventional mixtusetherefore, the properties related directly

or indirectly to aging may change from HMA mixtures. While aging may cause the increase
of the stiffness of one mixture attie rutting depth isféected by the stiffness of mixture, it

is necessary to studyetaging effect on permanent deformation and the prediction model in

PavemenME.

Given the large number of the figures and tables in this section, all the figures and tables are
placed inAPPENDIX AandAPPENDIX B. APPENDIX A presents analysis mainly about
permanent strain, arAPPENDIX B presents analysis mainly about the permanent strain and
resilient strain ratios, which play an importaole in the rutting model in the current

PavemenME program.

FigureA.1 andFigureA.2 present the aging effects on rutting for the different test mixtures.
According to the figures, the differencegp@rmanent strain among the different aging levels
are not significant for the HMA mix, and the WMA Evotherm mixture has the second
smallest differences among all the mixtures. Statistical analysis was performed to evaluate
the differences quantitatively.llXhe experimental tests were conducted with two replicates

for each experiment, and the results of the two replicate tests were averaged if the variability
was acceptable. Note that some of the replicate data were removed based on reasonable
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engineeringudgment. Onédail t-tests with twesample equal variance were conducted for

the different treatment levels.

TableA-1, TableA-2, andTableA-3 present the walues for the-tests. Generally, the

critical p-value is 0.05; that is, if theyalue is smaller than 0.05 (normally notedds$,

then the two samples are considered to be statistically significantly different. Otherwise, the

two samples are nobaosidered to be statistically significantly differefiableA-1 andTable
A-3show that, in most of the cases, and takin
based on the figure data, the permarsémain levels of the WMA Evotherm mix and the

HMA control mix were not significantly different for the different aging levels, except at

543 and after longerm aging Level 3 conditioning, which represent an extreme pavement

condition.

Table4.5 provides representative pavement temperatures in North Carolina. The table shows
that high pavement temperatures (oves $@ccur only 2.36% of the time, even at the

surface of the pavement. Therefore, it is appropriatemnalude that the effects of aging on

the permanent deformation of the WMA Evotherm and HMA mixtures in NC pavements are
minor. In terms of the WMA Foam mixture, however, based on the statistical test results and
the figures, the aging effects cannot ¢peared for each test temperature and between each of

the two aging levels.
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Table4.5 Statistical Results of EICM Pavement Temperature (Raleigh, NC).

Frequency Depth of Pavement (inch)

Temperature (C) | O | 254 | 5.08 | 7.62 ] 10.16| 12.7 | 15.24] 17.78] 20.32] 22.86] 25.4
0-10 384 | 296 | 236 | 152 | 90 | 41 | 10 | 6 0 0 0
1020 1597 | 1610 1612 1604 | 1597 | 1583 | 1560 | 1497 | 1445 | 1400 | 1343
20-30 2686 | 2710 | 2769 | 2871 | 2934 | 3000| 3037 | 3079 | 3126 | 3189 | 3272
3040 2596 | 2711 | 2775 | 2904 | 3028 | 3147 | 3273 | 3394 | 3506 | 3586 | 3607
40-50 1183| 1174| 1155| 1073| 981 | 869 | 760 | 664 | 563 | 465 | 417
50-60 193 | 139 93 | 36 | 10 | © 0 0 0 o | o
60-70 1 | o] o] o 0 0 0 0 0 o | o
70-80 o | ool o 0 0 0 0 0 o | o

O;f;sggog‘zoe/:?" 2.23| 1.61| 1.08 | 0.42 | 0.12 | 0.00| 0.00 | 0.00 | 0.00 | 0.00 | 0.00

In terms of other factors that can affect permanent deformdtadie A-4, TableA-5, Table

A-6, FigureA.6 andto FigureA.10 show that pavement temperature contributes significantly

to rut depthFigureA.11to FigureA.15andTableA-7 to TableA-9 indicate that mixire

type is the factor that dominates the permanent deformation. The HMA mixture has lower
permanent strain levels than the WMA mixtures at any time, whereas at low aging levels, the
WMA Foam mix shows an increase in deformation. As the service time sesighe rut

depth of the WMA Evotherm mix becomes the most significant of all the mixtures.

43.1.2 Aging Effect on Strain Ratio of Permanent Strain and Resilient Strain in

PavemenME

The strain ratio of the permanent strain to the resilient strain is quitepamtant concept in
the PavemenVIE program. The rut depth is calculated based on Equétih):
e

z" =K, TN (4.10)

68



where

€, =permanent strain,

€ = resilient strain,

T =temperaturey, ,

N =number of cycles, and

K., K, K;= constants.

For the WMA Evotherm and HMA mixtuse as shown ifableB-1, TableB-3, andFigure

B.1to FigureB.5, the aging level does not affect the strain ratio significantly, which
indicates thatin terms of rutting, the accuracy of the aging prediction model that is
embedded in PavemeMiIE is not a concern when those two mixtures are used. As for the
WMA Foam mix, even thoughableB-2 shows that oftentimes the differescin the strain
ratios among the aging levels are not statistically significant, the strain ratio<at 54
however, especially the slope of the strain ratio showrabieB-4 that plays an important

role in Equatior(4.10), are different as the aging levels change. Nevertheless, as mentioned
before, 54C can be considered to be an extreme condition for pavements in NC, and thus,
theaging effect on permanent deformation for the WMA Foam mix can be ignored as well.
Therefore, it can be concluded that the aging effect on the strain ratios for the WMA and
HMA mixtures is not significant, and the aging effect on the permanent strainabat
observed for the WMA Foam mix can be taken into account by the resilient strain, which

changes as the stiffness increases with aging.

The effect of tempmture on the strainratiomsot ed 0as nfit he model ; howe
shown inTableB-4 to TableB-6 and also irFigureB.6 to FigureB.10, the differences

between the strain ratios at @and at 54C for all three mixtures are not significantly

different. Moreover, one of the explanations of the phenomenon that the strain ratic at 20

increases differently from the strain ratios at@@nd 54C is that when the test temperature
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is as lav as 20C, the mixture still remains in the viscoelastic domain rather than the
viscoplastic domain. The implication is that, if the loading history could be longer than
12,000 cycles, which does not allow full development of viscoplasticity, even@ti2®

strain ratio would eventually reach the same level as it does@tat@l 54C. Therefore, the
formula of the model should be reconsidered based on this finding; however, this effort is

beyond the scope of this project.

With regard to the effect of ixtiure type on the strain ratio, basmtTableB-7 to TableB-9
andFigureB.11to FigureB.15, the differences between the different mixtures are minor
especially at the low temperature in{log scale, which also indicates that the differences in
permanent strain among the mixtures are reflected eventually by the differences in resilient

strain.

To sum up, the aging effects on the permanent stralmedVMA Evotherm and HMA

control mixtures are not significant when the statistical results and climate of North Carolina
are taken into account. However, aging does affect permanent strain for the WMA Foam
mixture. With respect to the strain ratios ofrpanent strain and resilient strain, which are
important to the PavemeME, the aging effect is minor for all the WMA mixes and the

HMA control mix.

432 Permanent Deformation Coefficients in PavemenME

4321 Permanent Deformation Coefficients Regression Procedure

To input rutting material specific coefficients is one of the design steps RFavemenME
program because the coefficients differentiate materials and reflect the rutting resistance of
the utilized material directly. Otherwise, only ¥@umetric progrties and linear

viscoelastic properties of the material are not sufficient to predict the permanent deformation
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of pavement througiutthe design lifeAlso, the material specific coefficients should be
obtained prior to stateise local calibrationin this study, the rutting test method is TRLPD
test and the coefficients for PavemBbti are regressed based on the laboratory test results.
The prediction theoris presented irsection2.4.1and the governing eation for AC layers
are represented in Equatio@d.11).

e . .

P =K, * b *10M T4 Nk (4.11)

er
In the equation) is functioningas a laboratorjield shift factor, and whild f K

can be obtained by statése local calibrationQ hQ hQ are the material specific
coefficients.The tests methods are presented in Se@ié.1and the regression procedure

are summarized in the following context.

Note that, for the sake of laboratory experimental stadg,due to the reason that the
coefficients should be obtained prior teusture design and local calibratidhe laboratory
field shift factor0 and local calibration factotrs  Ff  should be used with value 1.
Therefore, Equatiof4.11) can be reintroduced &sjuation(4.12):

—L =K TN (4.12)

Letv Y 0, and then, it can be obtained:

o

Iogg%’ glog(A) K, log( N) (4.13
c& =

and

log(A) =log(K,) +,log(T) (4.14)

71



The first step of regression is to obtain thevalue. In order to ensure that the regression is

conducted in the secondary stage as shéigare2.9, in whichl 1—Candl 10Chave a

linear relationship, data of the last 5,000 cycletotal 12,000 loading cycles are adopted,

since none of the tested North Carolina mixtures has a tertiary flow $tagje.| —Qrersus

I T0Qurve are plotted at each corresponding temperature, and)thvegies representing
eath temperature, which ate ~ h) h) , are obtained. The final is the average of
O R PAT® . Withthe singl@ value, rather than the thrée for each
temperature, Microsoft Excel Solver numerioptimization routine was run three times for

three sets of data at the three temperatures by changihg i@ A T6C H 16C in

order to obtain the leastimsquareerror (SSE) ofl |—Crespectively, and theptimized

1 16C ,1 16C ,andl T6C can be obtained. With the three temperatures in Fahrenheit as
wellasthd 16C A 16C A 16C ,1 T0Candy in Equation(4.14) can also be obtained

by fitting. In this way, the material specific coefficief@shQ PA T @ can be calculated.

It is necessary to point out that, while the valuie§ o AT &\ are not significantly
different,alarge difference exists between  and the other two. This mighe because of
that since the tests far were conducted at relatively low temperature, 12,000 cycles are
not sufficient to allow mixtures to change from viscoelastic domain to viscoplastic domain.
However, tha) is utilized anyway for two reasons that: 1) the 2@ata are important

since the time with the relatively low pavement temperatures laagegpropotion in a day,

and 2) the final fitting results perform better with  included than withoub . The
regression procedureaskept consistent with previous work in NC State Universvigre

details and explanations could be seedaud¢ur2012). A flow chart from Jadour2012)

briefly presents the whole procedurerigure4.6
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4.3.2.2 Rutting Material Specific Coefficients for NC Mixtures

By applying the above approac¢he rutting material specific coefficients for North Carolina
mixtures are obtained based on TRLPD test restdtsle4.6 presentshe coefficients fothe

mixtures including WMA Evotherm and WMA Foam mixtuffes the future use in North

Carolina.
Table4.6 Rutting material coefients for NC mixtures
Mixture Type
WMA Evth | -0.24754| 0.513981| 0.061183
RS9.5C| WMA Foam | -0.8794 | 0.763128| 0.114194
HMA -1.92069| 1.11076| 0.17308
WMA Evth | 0.313374| 0.197491| 0.102648
RS9.5B | WMA Foam | 0.08046 | 0.329389| 0.101918
HMA -0.50618| 0.50202 | 0.116839
WMA Evth | -1.04352| 0.788562| 0.128583
RI19C | WMA Foam | 0.094325| 0.258147| 0.117736
HMA -2.63026| 1.501635| 0.151597
4.4 Fatigue Life Prediction Study for WMA Mixtures in Pavembfti

441 Introduction

In CHAPTER 2andCHAPTER 3 the fatigue properties have been evaluated in material

wise with SVECD model, which a mechanical fundamental model. However, in Pavement

ME, an empirical model initially developed by Shell Oil and Ralp Institute (MS1) is
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utilized for fatigue cracking predictiomhe mechanism can be briefly described in the

following context.

There are mainly three steps to evaluate or predidlligator cracks in the field. Firstly,

Equation(4.15) is employed to calculatie fatigue life. After knowing the dynamic

modulus of the bottom layer mixture and the critical tensile strain at the bottom bound from

the stucture response analysis, the number of cycles required to fail the pavement under the
specific traffic loading and environmental conditions can be obtaBezbndly, in order to

calcul ate the amount of fati gu€4.16 t ocoavere , Mi n e
the predicted number of cycles to failute ) to equivalent damages a summation of the

damage atlifferent combinations of traffic loading and environment conditions. Eventually,

by using the alligator cracking transfer function as shown in Equgtibr), the predicted

damage can be converted to alligator cracking as a percent of lanka aheaway, the

alligator cracking can be predicted.

él 1762*kf2 a 1 b63*kf3
N, =0.00432°C *b,, *k ,* s~ & 0 (4.19
c& - c ‘ 9
where
C=10%;
a v
M =4.84a§/—b -0.69;
GCVa +Vb
b,,, b,, b=local calibration factors; an
K., K ,, k , = material spcific fatigue coefficien
N
Damage= § —- (4.16)
i=1 fi
. & 6000 G 1
Alligator Cracking= gi_,_ oG Crvey Clog s Damagf) - 80 (4.17)

where
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C'= 2C," and

C,'= 2.40874 39.748*(1ht §*°

4.4.2 Fatigue Cracking Coefficients in PavemenME

44.2.1 Fatigue Cracking Coefficients Regression Theory

In the processf alligator cracking prediction, it can be observed that the material specific
fatigue coefficientdQ hQ AQ , are importanas well as the rutting coefficients this

study, the fatigue properties are evaluated by direct tension tesinahgredoy SVECD
model. It has been proved that the material specific coefficients regressedirfect tension
test can describe the performance of the material as well as regresséueftmam bending
fatigue testvhich wasoriginally used in the Shell or M$ model, by previous work in

NCSU (Hou 2009. Thetheory that allows the material specific fatigue coefficients to be

regresedfrom SVECD model is presented in the following.

The tests were done in direct tension controlsshead (or called control displacement)

mode. The number of cycles to failure of the tests can be accounted at the cycle that phase
angle drop rapidly. Theseudo stiffness), at the failure point and the damage paraméter,

at the failure point were extracted from th& BCD analysed data, noted @s and"Y,
respectively, and thetheycan be used as a failure criteria since they are independent to
loading mo@. Based on a series of derivation from Equaféht8) to (4.25), the relationship
between fatigue life and an given initial strain can be obtained in Eqdi%). Note that
pseudo strain is function of initial strain. In this way, the material specific coefficients can
be fitted.

a

dS 84 1dC, ., © _ 4 dC dt .,
9o_a 2 Bry2 O - 9 B
t Sezds( A ?g'*dtds( )

1-O: O

1 8C o, e
EE? D) (4.18)
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na (e 169 L
S @ 2 ( ) (q (-? 1) O itfl)ha (419)
i:lg -
c(9=1-¢ & (4.20)
dC )
E = ¢€,C,S" 1 (4.22)
dS_ds dt _dS1 4 1/ xpp Cod 1 4.22
dN dtdN dtf, F o) ns &y, (422
() o) ac Bl G 429
G _:gfred -
Stailure Negi é, 1 5 a(,.ﬁ 1 o)
= (5@ )7 gs= ) ¢ ¢ ¢ & (4.24)
Ase?) &) ey -
frea)(27) St *
Nfa”ure _ red)( fallure[17 - (425)
(a- &, 4)(C.C)"( B
4.4.2.2 Fatigue Material Specific Coefficiestor NC mixtures

With theforegoingmethod, the materigpecific fatigue coefficients are regressed and
presented iTable4.7 including WMA Foam and WMA Evotherm mixtures for the future

use
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Table4.7 Fatiguematerialcoefficientsfor NC mixtures (based on psi unit).

Mixture Type
WMA Evth | 1008.255| 7.74
RS9.5C| WMA Foam | 0.485009, 7.88 4.039
HMA 87.54228| 8.74 4.768
WMA Evth [ 2.81E13 7.5 1.916
RI19C | WMA Foam | 1.89E11| 7.68 2.3
HMA 8.65E16 | 8.94 2.333
WMA Evth | 9.53E20| 6.64 0.264
RB25B | WMA Foam | 1.82E18 7.7 1.112
HMA 1.99E19| 8.52 1.404

4.4.2.3 Application of the material specific fatigue coefficients in Paveriviat

The material specific fatigue coefficients of the tested WMA and HMA North Carolina
mixtureshave beempresented in the previouscsen. Note that, amoniipe mixture types
there are sever® coefficients with valueas smallap p 1 . However,as far as the
author is awarghe PavenentME programcan take no more than eigtigits after the
decimal pointwhen coded. Hence, tifiese values, as implemeniadquation(4.15), are

input directly into the Pavement ME prograime predicted number of cycles to failure at
each combination of traffic loading and environment condition @vbelzero, which is not
acceptableFor this reasonan adjustment methdths beenleveloped to allow the Pavement
ME programread those coefficienthat need more than eight digitsthout affecting the

final results.

When a material has a sm@l value, for exampleQ  p& p% p ¢thenQ
p& p% T @hould be inputThenthe calculatechumber of cycles to failura)() is
multiplied byp 1t in Equation(4.15), and the calculateoercentage of damagBgmagé in
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Equation(4.16) decreaseby p 1t times. The new decreased percentafggamages noted
asf% D a maognah@ following equations. In order to obtain gwrect alligator cracking
values,p Tt in the original equation should be multiplied#®amagedan Equation(4.26).
However, thismodification cannot be made directly becatiemodel is built inthe
PavemenME programand the code cannot be changed by usergeitheless, this
modification can be achieved by adjustihg input local calibration factors, AT &. It is
noted thaEquation(4.27) is equivalent to Equatiof#.26). 0 is defined in Equation
(4.28) and(4.29) andis thed value the user should inplasel on previous work aXIC
stateUniversity (JADOUN 2013, whenlocal calibration factarare applied, the original
ando are equal to 0.25, and then, the input value shouid be 6 and 0.25 fol .
Likewise, iflocal calibratios are not included in the design process, the originaindo
are equal to .0, and then, the input values for andé should be4 and 1respectively.In
addition theasphalt concretkottom cracking standard deti@n also shoulde change from
Equation (4.32) to Equation(4.33) as wellbecauséhe formula can be changed directly,

unlike the case for the builh model
6000 1

Alligator Cracking=.~ c.¢7vcs cive smomasei®®) g0 (426)
Alligator Cracking= , 6.000 . : « L (4.27)
1+ e(Cl*Cl’flo*Cz*Cz 4G CGlog (96Damage) G0
Crei* G =C* G 30 C G (4.28)
* ' * * '
L -GIGHEIE ¢ g w29
1
Clnew = Cl 5* Cg =0.25 -5*0.25 =1- (for local calibratiot (4.30)
Clnew = Q 5* C2 =1 5*1 =4 - (for default values (4.31)
_ L 13
S=113 '1 + e(7.57— 15.50g,(BOTTOM +0.000)) (432
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S=1.13 + 13

1+ e(7.57- 155-15.50g,(BOTTOM -6.0000000000001

(4.33)

Evenafter implemering this adjustment methpthe'Q values of some materials are still
smaller tharp Tt an increase dken decades. Hence, more work regedbe done in order to
implement the coefficients. In Equati¢fi15), it can be seen th& and/  are both items
that are multipliedlirectly by other itemsTherefore, users caontinue to increas® by
severadecadesind decrease simultaneously usinthe samenumber of. For examplefor
RB25B WMA Evothernmix, by applying the above methdy changingd value, theQ
valuecanbe changed from 9.5380 to 9.53E10, and user can then input 9.58steadf
9.53E20. At the same timehel  value slould be input as 1485 (without local

calibration), or any other calibrated valnereased b¥ive decades. In this wathe
Pavement ME program can capture the small matspiatific fatiguecoefficientsi.e., Q

values.

In summary, this stepgquired to implement the matersgpecificfatigue coefficients with

small'Q valuesare as follows

1. Input thed ando . If the local calibration factors are used, inguind 0.25 fod and

0 respectiely. If default valueareused input-4 and 1 respectively

2. Change th& value. Raise th® valuefor ten decades. If th@odifiedQ is larger
thanp 1t , then input this value. If the modifié@ is still smaller tharp 1 , then continue
to raise théQ value for enough decadesensurdhatthe raised value is larger than |
and at the same time, decreaseTthe valuefor the same number of decadegut the

modified Q@ andf value
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4.4.3 Moisture Effect on Fatigue Life Prediction and Development of Modification

for WMA Mixture in PavementME

4.4.3.1 Introduction

Several factors carause or accelerate the alligator cracking,taednoisture damage &n
important oneof them. Whermoisture starts to permeate and ero@epivement, it weakens
the strength of thaggregatessphalt bond (the swalled adhesion problemas well aghe
connection strength inside the fiaggregatesnatrix (FAM) andmastic (the saalled
cohesion problem). Hence, fracture may propagate eagie asphalt mixturedt is noted
that the Pavement ME program does not address the moisture effect ts on pavement
performance explicitly; rather, these effects are smeared into the calibration factors.
However, both national and local calibration astwere developed using the performance
data from HMA pavement3herefore, it is necessary to devetopthodologyto account for

different effects of moisture on WMA pavements from those on HMA pavements.

4.4.3.2 Study Method

Local calibration factors for theeaRement ME program have been developexvious work,
namely the NCDOHWY-2007%07 (Local Calibration of the MEPDG for Flexible
Pavement DesignBy running the PavememME for nearlyone thousantimesfor nearly30
pavement sectiaand a series of numeal optimizationusingcomparisos found in the
survey database, it is postulated that the local calibration factoescannt fothe moisture
effect on fatigue cracking predictisfor HMA pavementsHence, the question remains as to
whether the moisire effect camlsobetaken into account usirthe same local calibration
factorsfor WMA mixtures
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In order to answethis questionthe PavemenME wasrun with multiplepavemensections.
It was runseveral times with different materials. The materigded in eackection can be
summarized into the following categories:

1 nonrmoisture damaged HMA material without local calibration factors;

1 moisture damaged HMA material without local calibration factors;

1 nonrmoisture damaged WMA material without localilseation factorsand

1

moisture damaged WMA material without local calibration factors.

Theratio of percentage fatigue damage output fib@PavemenME using the moisture
damaged HMA material®tpercentage fatigue damage udimg nomoisturedamaged

HMA materials wasalculatel, and is noted a$ . Using a corresponding process for
WAM materialsalsowascalculated. Then, the ratio f andd wascalculated in order
to compare the susceptibility of WMA and HMA mixtures the pavement performance
predicted bythePavemenME. If 0 and0 are similar to each other, the moisture effect
on the WMA mixtures and on the HMA mixtures would not significantly differ€igLire

4.7 presents the comparison process briddlgte tha here present damage frdhe

PavemenMEi s adopted, whdgeah, Kl iwmnltioke cit merkd enrgto ,

upper limit.
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Figure4.7 Schematic flow chart showing the comparison of moisture stibiiy for
WMA and HMA mixtures in PavemeME.

In thisstudy,two types of mixtures, RB5C and RB25B, were moistycenditioned in the
laboratory and tested usidgnamic modulus tests and direct tendatigue tests. The
materiatspecific fatigue cefficients werederived usinghe same method aescribed

earlier and were input tthe PavemenME along with thedynamic modulus data.
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Table4.8 presents the materiapecificfatigue coefficients fothe masture conditioned

mixtures

Note that the pavement section information are all fi@DOT projectHWY-200707 and

none ofthe sections were designed YWIMA mixtures. The sections include thin and thick
pavements and most of them tsberal layers. Irhts study, the traffic, climate and
structuredatawere not changefilom the previous studipr those sectionsoweveronly

RS9.5C and RB25B mixtures with and without moisture damage wereTuseg).forthose
sections, the original designed mixtures evenbstituted to RS9.5C and RB25B, depending
on similarity of thosemixturesto the original mixtures. &t example, the origindRS12.5C

and S9.5Bnixtures were substituted by tRS9.5Cmixture, and RI19C and B25Biixtures

in the bottom and intermediai@yers were substituted to RB25B mixtures. Therefore, all the
sectionghat were input andun inthe Pavement MHor this study were virtuadections
becausehe aimthis study is to examine the effecttbé moisture susceptibility marious

and as reahs possible pavement structurAtso, when the moisturdamaged materialre
used as inputs to the program, t hdecausendi ti on
moisture damage wagpplied tmoughout the entire pavemesihcethe first dayof the

pavement service lif@ndAASHTO T28 moisture condition is a relatively hatshatment

This treatment was necessary because there is no way of including the damaging moisture
effect on thgpavemenperformance aa function of time in the PavemeME program.

Thus, the virtual phenomenavould not occuin the field, buthe model is nonetheless

beneficial for research into moisture susceptibility in terms of pavement structural analysis.
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Table4.8 Fatigue material coefficients for NC mixtures with moisture damage. (based on psi
unit).

Mixture Type
WMA Evth [ 0.000827 3.36
RS9.5C| WMA Foam | 0.000827 3.36

HMA 0.020587| 8.16 3.922
WMA Evth | 2.98E15 7.6 1451
RB25B | WMA Foam | 9.66E11| 7.88 2.317
HMA 4.85E18 | 9.24 2.196

4.4.3.3 Moisture Susceptibility in PavemeltE Analysis Results and Discussion
Usingthe method introdwed in last sectiorseveral random sections were selected to be
evaluated using the Pavement Mitware The analysis results are presented inligle
4.9 and for WMA Evotherm and WMA Foam mixtures, respectively

With regards to WMA Evotherm mixtures, basedl@le4.9, — in the last column has an

average ohbout 0.3and the variability is small, which meatimatthe effect of the worst
moisture conditioning on theerformance of pavementsth WMA Evotherm is only about
30% ofthat ofHMA mixtures.Therefore, it can be concludi¢hat using WMA Evotherm
mixtures in the Pavement ME program for fatigue cracking predictions in terms of moisture
damage evolution lead®nservativeoutcomesand no further modificatioto the software

program is needed tddresshe effectmoistureon fatigue performance predict&n
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Table4.9 PavemenME analysis results for WMA Evotherm mixtures.

Section Total AC 0 d
D Thicknesq Mixture Condition %Damage v 5 an —
(in.)
non-moisture 66.1
HMA X 6.701967
moisture 443
371817 4.6 5 0.297358
non-moisture 562
Evth - 1.992883
moisture 1120
non-moisture 0.0606
HMA X 5.676568
moisture 0.344
371040 5.6 - 0.33903
non-moisture 1.06
Evth - 1.924528
moisture 2.04
non-moisture 0.797
HMA - 4.629862
moisture 3.69
371352 6.6 - 0.227487
non-moisture 26.3
Evth - 1.053232
moisture 27.7
non-moisture 0.0313
HMA X 3.482428
moisture 0.109
371028 9.8 - 0.455411
non-moisture 1.28
Evth - 1.585938
moisture 2.03
non-moisture 0.0189
HMA X 4.666667
moisture 0.0882
371006 3.8 - 0.260704
non-moisture 0.674
Evth - 1.216617
moisture 0.82
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Table 4.9Pavement ME Analysis Results for WMA Evothekixtures (continued)

nor 0.0208
HMA molsture 4.855769
moisture 0.101
370802 6.9 0.23699
non-
) 0.65
Evth moisture 1.150769
moisture 0.748
non- 279
HMA moisture 12.7957
moisture 3570
370859 1.4 0.452722
non-
) 169
Evth moisture 5.792899
moisture 979
nor- 0.43
HMA moisture 8.069767
moisture 3.47
371024 4.8 0.426352
non-
) 2.86
Evth moisture 3.440559
moisture 9.84
nor 2.5
HMA moisture 6.72
moisture 16.8
371802 4.4 0.32572
non-
) 23.3
Evth molsture 2.188841
moisture 51
nor 0.761
HMA moisture 7.069645
moisture 5.38
371803 5.6 0.304154
non-
. 7.72
Evth moisture 2.150259
moisture 16.6
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Table4.10 PavemenME analysis results for WMA Foam mixtures.

Section Total AC 0 d
D Thickness| Mixture | Condition | %Damage v Dan —
(in.)
nor- 40.5
HMA moisture 7.358025
moisture 298
370801 3.8 1.202246
non-
) 156
Foam moisture 8.846154
moisture 1380
nor- 0.797
HMA moisture 4.629862
moisture 3.69
371352 6.6 1.57182
non-
) 5.95
Foam moisture 7.277311
moisture 43.3
nor 0.0313
HMA moisture 3.482428
moisture 0.109
371028 9.8 2.12005
non-
) 0.363
Foam moisture 7.38292
moisture 2.68
nor- 0.0189
HMA moisture 4.666667
moisture 0.0882
371006 3.8 o 1.69105
) 0.166
Foam moisture 7.891566
moisture 1.31
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Table 4.10Pavement ME Analysis Results for WMA Fodixtures(continued)

norr 0.0208
HMA molsture 4.855769
moisture 1.01E01
370802 6.9 o 1.448227
) 0.155
Foam moisture 7.032258
moisture 1.09
nor- 0.43
HMA moisture 8.069767
moisture 3.47
371024 4.8 2.289357
non-
) 1.18
Foam moisture 18.47458
moisture 21.8
norr 2.5
HMA moisture 6.72
moisture 16.8
371802 4.4 1.539855
non-
) 11.5
Foam moisture 10.34783
moisture 1.19E+02
non- 0.761
HMA moisture 7.069645
moisture 5.38
371803 5.6 1.320459
non-
) 3.61
Foam moisture 9.33518
moisture 33.7
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However, inTable 4.1Qwhich presents the analysis resfittisWMA Foam,— is higher

than 10, and in some casesen higher, whicindicates that th&VMA Foam mixturesare
more susceptible to moistutltanthe HMA mixtures, andhatPavement ME cannot
conservatively predict the fatigue life for the WMA Foam migtiThus, further

modificationsare needed to address this problem.

It can be observed thir all the sectionsf WMA Foam mixtures that were input in the

Pavement ME progranthed is, onaveragel.70 timeghatof O . This value, however,

cannot be used directhecausé he HAwor st ¢ o adubally occunirothedigddy | d no't
nonethelessa redution factor should be applied for the prediction of fatigue life, subject to

this investigationThe development of this reduction factor isgented in the next section

4.4.3.4 Development of a Modification for WMA Foam for Fatigue Life Prediction

in PavemenME

4.434.1 Introduction andStudy Method

Based on the analysis presented above, althibigbonservative to use WMA Evotherm

mixtures inthe PavemehME in terms ofmoisture effegtand no further modification is

needed, it istill necessary to developnaodificationfactor for WMA Foambecause it is

more susceptible to moisture than HMA mixturisvas found thatbased orthe Pavement

ME program aalysis the moisture effect on WMA Foamas average 1.7 timehatof

HMA mixtures; howeverthis value cannot batilized directlybecaus¢ hwors6 condi t i on
does not represent the actual degree of moisture damage that woulchdkeureld. If t is

postulated that AASHTO T283 moisture conditioning isshme as theventualktatus of
theactualmoisture damagéehen a process that best reflects actual moisture damage

deterioration should be figured dutlieu of applying this status from Ddyof the pavement
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service lifein the softwareEventually,a value for the moisture damage in the field that is
equivalent to the status that is based on the applying T283 from D 1 should be established.
In this section, aeduction factothat representthe average effect of moisture damage on the
fatigue life of WMA Foam mixtures ideveloped.

4.4.3.4.2 Literature Review

In order to figure out the evolution process of maistdamage in the field, a literature
review was undertakeiihe literature review is bademainly on two sourceJ.exas A&M
University (TAMU), and Delft University in Netherlan@uring therelatively early yearsf
pavement research, TAMtbncentrated on the mechanism of moisture dambg2005,
Heferet al.(2009 studied themoisture effecon mixtures usingachemical analysis, and
introduced the theory of surface energgtaluate the resistance to adhesive failMi@sad
and Hawsor{Masadet al. 20@, Howsonet al. 2007 latermeasured the surface energy of
the materials andstablishedn index using surface enerngyevaluate moisture damage
resistanceThe index is the ratio of the adhesive bendrgy under dry conditions to the
adhesive bond energy under wet conditions,iamgnoted agy’'O I¥'O s Also, dynamic
mechanical analysis (DA) tests were performed on FAM those studiesvioisture
resistance were evaluated based on the calculation of the ratio of mechanical properties under
dry conditiors to wet conditions. The meahical indices used in those studieerethe
number of cycles to failure, tldynamic shear moduluslues and the dissipated
pseudostrain energy (DPSE). Additionally, Masadl.(2007) presented a method to
measure the diffusion coefficientsater in 2008research intdhe mechanism of moisture
deterioration and indexsedto evaluate the moisture resistamaes extended furthéCaro
et al. 2008, 2008, 200&). Theseexamples of studies in thigeratureprovidea good
background fofurther study.

In 2009 an@010, researche(Spinel2009 Arambulaet al. 2010Caroet al. 201@, Caro et
al. 201m) developedh coupled micromechanical model of moisturéuced damage in
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asphalt mixtures and applied it in finite element simulati®dhis model can simulate
mechanical responswhile the moisture diffusion affects the mechanical prigin terms
of the mechanical aspethe saecalledcohesive zone mde(CZM) was adopted to simulate
adhesive deterioration afidcture of aggregatmastic interfaceln terms of moisture
deterioration, the cohesive degradation of the mastic was $adukingthe moisture
dependency of its linear viscoelastic material propeffiesnthe literatures, it can be
concluled that, irthe abovedescribed modeling methpthe moisture effestwerereflected
exclusivelyfrom the deduction of lineanacoelasic material property i.e., relaxation
modulus;the CZM model was not modifiegspeciallyfor moisture effets and the failure
criteria waskept the samedBecauseéhe criterion for damage initiaticdhat defineghe bond
strength of the adhesive zones valsen to beéhe quadratic nominal strain conditiand
becausehe nmechanical response changes accordirtbeganechanical propertiee effect

of moistureontheadhesive bonding strength and fracture properties could be described.

Based on Caro studieJosh(2008 and Spine(2009 recommended that theduction of
the relaxation modulus of dsalt mastic has linear relationship with the moisture
concentrationthis relationship also is adopted in this cont&t$o, Equation(4.34), which
is therelationship ofdynamic modulus and relaxation modulumslicates thatif the

relaxation modulus changes linearly, dynamic modulus would also change in the same way.

(4.34)

Research intonoisture damagalsowasbeingcarried out at DelfUniversityin Netherland
at almost the same time as the TAMU resedkeingoset al.(2005 2008 elaboratesnthe
mechanisra of moisture damage arsimulatedmoisture diffusionKringos et al. conducted
similar studiesn 2007(Kringoset al. 2007. In the 200&tudy, the medmical responses
undermoisture deterioratiowere modeled and simulated in finite elemgmigrams.
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't i s not e wawaf diffusion hssthowrHn Endatiofl.35) were adopted in
the studies about the moisture diffusion in asplaknks(19795 andKringoset al.(2008
presenteanethod to measure the diffusion coefficieinlike the experimental seip
developed aTAMU where the diffusion coefficients of FAM and HMA mixtures were
measuredn the Kringos studies, the mastic film wastedspeciallyin diffusion. In order to
calculate the diffusion coefficients, one of the analytical solatdmhedifferential equation
wasutilized, as shown in Equatiof®.36). The solutionis based on the assumption ttre
sheet of mastic is placéshmediatelyin the vaporand that each surface attains a
concentration valuthat correspond® the equilibrium moisture capacity for the
existing vapo pressure and remains constant afterwdfdsis assumed that the moisture
concentration above and underndhth pavement arat theirhighest since the start of the
servicelife of the pavementhen this solutiortan be used in this conteatthough it is

somewhatonservative.
HET =D Bf (4.35)

where
f = the moisture concentration;
o= time;

andO = the diffusion coefficient.

M, -1 _825 ;26(' D(2m £p%/N%) (4.36)
M, P o (2m+1)
where
0 = the total amount of vapour absorbed by sample at time t;
0 =the equilibrium sorption attained when the sorption curves reach a constant
value;

and h = the sample thickness.
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4.4.3.4.3 Development of the Modification for WMA Fodixture

In SectionO, it was foundrom thePavemenME analysis thathe average moisture
susceptibilityvalueof WMA Foammixtures is 1.7 timethat of HMA materials. However,
this valuecannot be applied directly due to the concerntthiatvalue wagbtained based on
the assumption that AASHTO T283 moisture conditioning was applied on the start of the
pavement service lifdased on the krature reviewed, a reductiontbe above value can be
performed by calculating the field valtieat is equivalento AASHTO T283derived value

The curve obtaineBquation(4.36) is plotted inFigure4.8. For thisfunction,— is noted as

a normalized moistureoncentration. The condition derived frédvdSHTO T283 is assumed

to be he final moisture condition of tigavement, and thus, in this ca8e, is the AASHTO

T283 conditioning. Likewise, AASHTO T283 caitidning is supposed to simulate the

condition in he field after a certainumber ofyears whichislen ot ed as fAl1l06, and

the time is also normalized.

Based on the literatuf@rambulaet al. 2010, the diffusion coefficienof asphalt mixtures is
2.370 mnd/h, and the average total asphalt conattgittkness is assumed 200 mm. The
area under the moisture concentration curve is 0.848 by integnatiarh is equal to the
area under red dash limeFigure4.8; thus, the value represented by the red dashdould

be considem as fieldequivalent value tthat of AASHTO T283moisture conditioning.

Also, based on thdiscussiompresented in previousection, the dynamic modulus has linear
relationship with the moisture concentration; thereforalsibcan be can be reduced by

certain value.
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Figure4.8 Schematic of the diffusion curve.

However, the field value tha equivalent to AASHTO T283 treatment still cannot be used,
because themethoddiscussed above is based ondabsumption that the pavement is a plane

sheet withthe materials having equilibrium moisture concentration on each andeths

assumption is still relativelgtringentcompared with the degree of moisture diffusion in the

field. Therefore, anotheraryat i cal sol ution for the Ficko6s |

be found

Waternormallyexists deeglownbelow the pavemerdt the beginning ahe pavemeri s
service life hencethe process ahoisturediffusion canbe simplified and modeled as the
diffusion in asemtinfinite medum. In addition, becausthe water accumulates gradually
below the subgrade, the moisture concentra@omat the boundary of the meoi canbe
assumed to grow linearly. Therefore, an analytical sewlutanbe determinedCrank 1975,

as follows

X ex
C=kt -I— fc — ] 4.3
%é Dt gr > ,— \/th exp Dt ] (4.37)
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whereerfcis a standard mathemati@rkror functiomand can be defined aBownin
Equatiors (4.38) and(4.39):

erf z= /% = exp( hz) drs (4.38)

erfcz=1 -erfz (4.39
andx is the perpendicular distance from a point in the diffusion area to the boundary. The
corresponding boundary condition of this solution can be writtén as‘Qéat x=0, and the

initial conditioncan be describealsat t= 0, C=0 when x>0.

In order to determine the field valtieat isequivalento AASHTO T283 conditioning, the
solution function is integratesb that thearea under theoncentratiorcurve is calculateth

the same wagsshownfor the analytical solution with the plane sheet assumpBased on
this analytical solution and the assumption, the field value equivalent to AASHTO T283

treatment is 0.15

According tothe literature, the dyamic moduluyaluedecreasglinearly asthe moisture
concentratiorgrows Therefore, in order to simulate the moisture effect according fieette
valug asderived, the dynamic modulwslueshouldbedecreasa by 15%from the
measurement abhe nonmasturedamagd condition to the measurement after AASHTO
T283 conditioning The failure dterionwas kept the samaccordinghe literature. Te
analysigresults are presentedTiable4.11, which shows thahe arerage value of— is
actually only 1.088, which meatisat,in the field, the moisture susceptibility of WMA Foam
mixtures is 1.088 timethatof theHMA mixtures Therefore, ® be conservative, the fatigue
life predicted for WMA Foam shdd be reduced by 1.088. For RawentME softwareusers,
the input  should be divided by 1.088. The new local calibration fadtorblorth

Carolinaarepresented in
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Table4.12, and thereductionfactor isincluded.

Table4.11 PavemenME output for WMA Foam under the equivalent moisture condition

Section Total AC 0 d
D Thicknesqd Mixture Condition %Damage v 5 an —
(in.)
non-moisture 40.5
HMA - 1.041975
moisture 42.2
370801 3.8 - 1.070452
non-moisture 156
Foam - 1.115385
moisture 174
non-moisture 0.797
HMA ; 1.070263
moisture 0.853
371352 6.6 ; 1.055265
non-moisture 5.95
Foam - 1.129412
moisture 6.72
non-moisture 0.0313
HMA ; 1.015974
moisture 0.0318
371028 9.8 - 1.136121
non-moisture 0.363
Foam - 1.15427
moisture 0.419
non-moisture 0.0189
HMA - 1.677249
moisture 0.0317
371006 3.8 - 1.127779
non-moisture 0.166
Foam - 1.891566
moisture 0.314

97



Table 4.11Pavement ME Outpdbr WMA FoamunderEquivalent Moisture Condition
(continued)

nor- 0.0208
HMA moisture 1.067308
moisture | 2.22E02
370802 6.9 om 1.063877
) 0.155
Foam moisture 1.135484
moisture 0.176
norr 0.43
HMA moisture 2.323256
moisture 0.999
371024 4.8 1.079724
non-
) 1.18
Foam moisture 2.508475
moisture 2.96
nor 2.5
HMA moisture 1.484
moisture 3.71
371802 4.4 1.048869
non-
) 11.5
Foam moisture 1.556522
moisture | 1.79E+01
norr 0.761
HMA moisture 1.681997
moisture 1.28
371803 5.6 1.123186
non-
. 3.61
Foam moisture 1.889197
moisture 6.82
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Table4.12 Final recommended local calibration factors for the alligator cracking prediction
models 6r WMA mixtures.

Parameter Recommended Value
WMA Evotherm | WMA Foam
I T m 3.5 3.21
I FH 0.72364
i To 0.6
Ci 0.24377
Cc2 0.24377
4.5 Conclusios

In this chapter, the validity of the application of WMA Foam mixtures in PavelmEmas
evaluated, and some modification for the input parameters was devbkgeztion the

laboratay test results. The conclusions in this chapter could be summarized as the following:

1. Internsof the aging prediction model in the Pavemdiit, a correct way of
applying the model was presented. fehis a temperature range to utilize the GAS
model to pedict the increase of the dynamic modulus due to aging effect. The
temperature range is 7% 275F (25° to 135C), and therefore, the dynamic

modulus curve is not valid to be drawn for the GAS model prediction results.

2. When the test results subjected®ASHTO R30aging conditioningand the
prediction results are compared for WMA and HMA mixtures, it was found that while
employing the extracted and recovered binder from the-gontaged specimens
has the best ability to capture the trend of dynanadutus increasing for GAS
model, using the RTFO conditioned virgin binder can make the prediction have a
relatively higher accuracy for both WMA and HMA mixtures.
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3. WMA mixtures doproducehigher permanent deformation than HMA. With regards
to aging effecbn rutting prediction of WMA mixtures, however, based on the
statistical analysis results, aging effect on the rutting depth of WMA Evotherm and
HMA mixtures is not significant, and only significant at extreme conditions for
WMA Foam mixture. In terms dhe strained ratio, which is the prediction of the
PavemenME based upon, aging effect is not significant. Therefore, it is valid and

conservative to use Pavem@fit to predict rutting depth of the WMA mixtures.

4. For fatigue life prediction in PavemeMtE, in the first place, a parameter input
method for the small material specific parameters was developed, which allows the
PavemenME to employ the material properties of North Carolina local materials.

5. The moisture effect on fatigue life and bottaim aacking prediction was evaluated
in this chapter. It was found that in Pavemidi for the structurevise analysis,
moisture susceptibilities of WMA Evotherm and HMA mixture are imwhile
WMA Foam mixtures are more sensitive to moisture. Based uperies of
literatures and analysis in PavemeMiE, it was found the predicted fatigue life of

WMA Foam mixtures should be reduced by a factor of 1.088.
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CHAPTER 5 SUMMARY AND CONCLUSI ONS

In this study, the properties of two types of WMA mixtucesnmonly usedh North

Carolina, WMA Foam and WMA Evotherm, were evaluated and compared with
corresponding HMA mixtures. The aging effeoh rutting performance as well as the
moisture damage effesabn the fatigue cracking properties of the WMA mixtures were
investigatedInput recommendations for the implementation of the WMA mixturtestie
Pavement ME program were developed based on the evaluation of the properties of the

WMA mixtures. The findings of the studyesummarizeds follows

5.1 Comparison between WMA and HMMixtures

Dynamic modulus tests, TRLPD tests for rutting performance, and direct tension tests for
fatigue properties were conductesingthe WMA and HMA mixturesusedin this stuly.

The conclusionsdased on comparissyareas follows

1. In terms ofstiffness, thelynamic modulusaluesof the HMA mixtureswerealways
higher tharthose ofthe two WMA mixtures. The modulualuesof the two WMA

mixturesweresimilar.

2. In terms ofrutting, the HMA mixtures exhib#&dlesspermanent deformatiaihan the
two WMA mixtures which meanshatthe HMA mixtureswere more ruttingesistant
than the two WMA mixturesith regard to the strain ratio of permanent strain to
resilient strain, the differen@mong the HMA and WMA mixturesasnot

significant.

3. Interms offatigue properties, th&/MA mixturesexhibitedlower ductility values
than the corresponding HMA mixtures. The fatigue properties of WMA Evotherm

and WMA Foamweresimilar.
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5.2

Evaluation & Aging and Moisture Effeston Mixture Properties

. Aging hal a significanteffect on the dynamic modulwaluesof the WMA mixtures.

The modulusraluesof the mixtures increaskas the aging level increaseHowever,
the differences the moduluwvaluesof the HMA mixtures between STA and LTAL

werenot significant.

. As for theaging effect on rutting, the effect on the permanent deformatitreof

WMA Foam mixturesvassignificant,butthe WMA Evotherm and HMA mixtuse
werenot sensitive to rutting in terms of permanent deformation. Furthermore,
regarding the strain ratio of tipermanent deformation to the resilient straintfar
two WMA mixtures and the HMA mixtures, the aging effeetsnot significant

according to the statistical analysis.

. With respect to the aging effect trefatigue propertiesfahe mixturesthe WMA

Foam mixturesveremore sensitive to aging thame WMA Evotherm and the HMA

mixtures.

. According to the tests results, moistdamagded to a reductiorin the dynamic

modulusvaluesof the WMA and HMA mixtures. The decreasemodulusvaluedue
to moistue was greater fo?WwWMA Foam tharfor WMA Evotherm and the HMA

mixtures.

. With regard tahe effect ofmoisture on the fatigue propertiesthe mixtures

moisture led tdessductility. WMA Evothermwastheleastsusceptible to moistuief

all the three tsted mixtures.
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5.3 Input Recommendations for the Incorporation of WMA Mixtures into

the Pavement MProgram

1. Becauseagingoccursmainlywithin the top few inches of the pavement dsdause
bottomup fatigue cracking is related to the properties of the bodigphalt concrete
layer, it is not necessary to makeéjustments to thiatigue cracking predictiagin
the Pavement ME progradue to the aging effecAlso, according t@revious
studies theeffect ofmoisture damage on rutting is minor; theref@rstudy of the

effects ofmoisture orrutting performanceasnot conducted.

2. According to the statistical analysis results,éfect ofaging onthe strain ratio in
therutting tests, whicldominategshe permanent deformation predictson the
Pavement MEis not significant. Therefore, it is not necessary to modify the input
parametersor rutting predictios when the WMA mixtures are used in the Pavement

ME analysis

3. For the fatigue predictiana 1.088 reduction factor must ineorporatedor the
fatigue life prediction othe WMA Foam mixture due to theelatively highmoisture
susceptibility of this WMA technologyfhis factor can be merged into the local

calibratiors for the WMA Foam mixtures.
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APPENDIX A TABLES AND FIGURES ABOUT AGING EFFECT
ON PERMANENT STRAIN
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FigureA.1 Comparisos of permanent strain with different aging levels in arithmetic scale.
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TableA-1 T-testResults ofPermanenttrain of WMA Evotherm for Different Aging Levels:
(a) at 2@ , (b) at 48 , and (c) at 54

(a)
Permanent Strain @ 5,000/cles_ Evth_20C
arithmetic scale log-log scale
ST L1 L3 ST L1 L3
0.000565| 0.000279 -3.55458
0.000421 -3.37622
P-values

STvs. L] L1vs.L3|L3vs. ST| STvs. L] L1vs. L3 L3vs. ST

Permanent Strain @,500Cycles_Evth 20C

arithmetic scale log-log scale
ST L1 L3 ST L1 L3
0.000659| 0.000327 -3.485
0.000487 -3.31262
P-values

STvs. L] L1vs. L3| L3vs. ST| STvs. L] L1vs. L3 L3vs. ST

Permanent Strair@ 12,000Cycles_Evth_ 20C

arithmetic scale log-log scale
ST L1 L3 ST L1 L3
0.000719| 0.000364 -3.14308| -3.43856
0.000529 -3.27673
P-values

STvs. L] L1vs. L3| L3vs. ST| STvs. L] L1vs. L3 L3vs. ST
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(b)

Permanent Strain @ 5,000ycles_Evth_ 40C

arithmetic scale

log-log scale

ST

L1

L3

ST

L1

L3

0.005859

0.004725

0.004921

-2.23215

-2.32556

-2.30798

0.004313

0.005224

0.004373

-2.36522

-2.28202

-2.35924

P-values

STvs. L1

L1vs. L3

L3vs. ST

STvs. L1

L1vs. L3

L3vs. ST

0.451673

0.234636

0.322873

0.474277

0.234352

0.33637

Permanen

t Strain @ 8,500ycles_|

Evth_4QC

arithmetic scale

log-log scal

e

ST

L1

L3

ST

L1

L3

0.006158

0.004939

0.005152

-2.21055

-2.30632

-2.28806

0.004538

0.005447

0.004618

-2.34317

-2.26383

-2.33559

P-values

STvs. L1

L1 vs. L3

L3vs. ST

STvs. L1

L1vs. L3

L3vs. ST

0.436149

0.245117

0.320744

0.458421

0.244863

0.334406

Permanent Strain @ 12,000ycles_Evth_40C

arithmetic scale

log-log scale

ST

L1

L3

ST

L1

L3

0.006346

0.005066

0.005296

-2.1975

-2.29535

-2.27605

0.004683

0.005583

0.00477

-2.32943

-2.25315

-2.32151

P-values

STvs. L1

L1vs. L3

L3 vs. ST

STvs. L1

L1vs. L3

L3 vs. ST

0.423551

0.256143

0.31801

0.445268

0.255943

0.331522
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(€)

Permanent Strain @ 5,000ycles_ Evth_54C

arithmetic scale

log-log scale

ST

L1

L3

ST

L1

L3

0.014214

0.013652

0.009605

-1.84728

-1.86481

-2.01748

0.013315

0.014835

0.009755

-1.87567

-1.82872

-2.01076

P-values

STvs. L1

L1vs. L3

L3vs. ST

STvs. L1

L1vs. L3

L3vs. ST

0.292715

0.008323

0.006116

0.293729

0.005908

0.004503

Permanent Strain @

8,500ycles_

Evth_54C

ar

ithmetic scale

log-log scal

e

ST

L1

L3

ST

L1

L3

0.01506

0.014671

0.010127

-1.82217

-1.83353

-1.99454

0.01417

0.015965

0.010334

-1.84863

-1.79682

-1.98574

P-values

STvs. L1

L1vs. L3

L3vs. ST

STvs. L1

L1vs. L3

L3vs. ST

0.232496

0.008094

0.005343

0.232848

0.00572

0.00401

Permanent Strain @ 12,000ycles_Evth 54C

arithmetic scale

log-log scale

ST

L1

L3

ST

L1

L3

0.015559

0.015307

0.010439

-1.80802

-1.81511

-1.98134

0.01468

0.01667

0.010686

-1.83328

-1.77807

-1.9712

P-values

STvs. L1

L1vs. L3

L3 vs. ST

STvs. L1

L1vs. L3

L3 vs. ST

0.198026

0.007951

0.004947

0.197741

0.005615

0.003783
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aging levels for WMA Evotherm.
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TableA-2 T-testResults of Permanent Strain of WMA Foam for Different Aging Levels: (a)

(@)

at 2@ , (b) at403 , and (c) at 54

Permanent Strain @ 5,000ycles_Foam_ 2@

arithmetic scale log-log scale
ST L1 L3 ST L1 L3
0.000642 0.000386| -3.1928 -3.41392
0.000729 0.000357| -3.13699 -3.44793
P-values
STvs. L1 L1vs. L3 L3vs. ST| STvs. L1 L1vs.B| L3vs. ST
0.010507 0.007378
Permanent Strain @ 8,500ycles_Foam_ 2@
arithmetic scale log-log scale
ST L1 L3 ST L1 L3
0.000701 0.000479| -3.15449 -3.3195
0.000815 0.000444| -3.08859 -3.35298
P-values
STwvs. L1 L1vs. L3 L3vs. ST| STvsL1 | L1vs. L3 L3 vs. ST
0.019331 0.014186
Permanent Strain @ 12,000/cles_ Foam_2@
arithmetic scale log-log scale
ST L1 L3 ST L1 L3
0.00074 0.000543| -3.13106 -3.26481
0.000863 0.000503| -3.06396 -3.2985
P-values
STwvs. L1 L1vs. L3 L3vsST | STvs. L1 L1vs. L3 L3 vs. ST
0.025282 0.01957
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(b)

Permanent Strain @ 5,000ycles_ Foam_4@C

arithmetic scale log-log scale
ST L1 L3 ST L1 L3
0.006777| 0.005043| 0.003947| -2.16899| -2.29734| -2.40375
0.005728| 0.004389 -2.24198| -2.35762
P-values
STvs. L1 L1vs. L3| L3vs. ST| STvs. L1 L1vs. L3| L3 vs. ST
0.048165 0.045576
Permanent Strain@ 8,500ycles_ Foam_4
arithmetic scale log-log scale
ST L1 L3 ST L1 L3
0.007157| 0.005277| 0.004126| -2.14526| -2.2776| -2.38444
0.0059%} | 0.004543 -2.22517| -2.34261
P-values
STvs. L1 L1vs. L3| L3vs. ST| STvs. L1 L1vs. L3| L3 vs. ST
0.042187 0.03949
Permanent Strain @ 12,000/cles_ Foam_4@
arithmetic scale log-log scale
ST L1 L3 ST L1 L3
0.007397| 0.005452| 0.004237| -2.13095| -2.26344| -2.37289
0.00608| 0.004636 -2.21607| -2.33385
P-values
STvs. L1 L1vs. L3| L3vs. ST| STvs. L1 L1vs. L3| L3 vs. ST
0.035082 0.032923
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(€)

Permanent Strain @ 5,000ycles_ Foam_54

arithmetic scale

log-log scal

e

ST

L1

L3

ST

L1

L3

0.019476

0.009797

0.008843

-1.71051

-2.0089

-2.05341

0.019902

0.009954

0.008607

-1.70111

-2.00199

-2.06516

P-values

STvs. L1

L1vs. L3

L3vs. ST

STvs. L1

L1vs. L3

L3vs. ST

0.000267

0.007415

0.000246

0.000189

0.007821

0.000226

Permanent Stran @ 8,500Cycles_ Foam_54

ar

ithmetic scale

log-log scal

e

ST

L1

L3

ST

L1

L3

0.020922

0.010369

0.009316

-1.67939

-1.98426

-2.03079

0.022294

0.010453

0.008921

-1.65181

-1.98075

-2.04958

P-values

STvs. L1

L1 vs. L3

L3vs. ST

STvs. L1

L1vs. L3

L3vsST

0.001873

0.011741

0.001625

0.000959

0.013189

0.000989

Permanent Strain @ 12,000ycles_ Foam_54

arithmetic scale

log-log scal

e

ST

L1

L3

ST

L1

L3

0.0218

0.010712

0.009592

-1.66154

-1.97012

-2.01809

0.023853

0.010752

0.009202

-1.62245

-1.9685

-2.0361

P-values

STvs. L1

L1vs. L3

L3 vs. ST

ST vs. L1| L1 vs. L3

L3 vs. ST

0.003565

0.010422

0.003

0.001776

0.011806

0.001554
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FigureA.4 Comparisos of permanent deformatidevelsamong replicatewith different

aging levels for WMA Foam.
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TableA-3 T-testResults of Permanent Strain of HMAixtures for Different Aging Levels:
(a) at 2@ , (b) at 48 , and (c) at 54

(@)

Permanent Strain @ 5@D Cycles_ HMA 20C

arithmetic scale

log-log scale

ST

L1

L3

ST

L1

L3

0.000262

0.000234

0.000226

-3.58188

-3.63153

-3.64576

0.00035

0.000342

0.00023

-3.45551

-3.46623

-3.63774

P-values

STvs. L1

L1vs. L3

L3vs. ST

STvs. L1

L1vs. L3

L3vs. ST

0.408102

0.193116

0.110207

0.399522

0.189174

0.095699

Permanent Strain @ 8,500ycles

HMA_2TC

arithmetic scale

log-log scal

e

ST

L1

L3

ST

L1

L3

0.000328

0.000294

0.000277

-3.4838

-3.53146

-3.55708

0.000425

0.000437

0.000289

-3.37119

-3.35984

-3.53957

P-values

STvs. L1

L1vs. L3

L3 vs. ST

STvs. L1

L1vs. L3

L3 vs. ST

0.453374

0.184105

0.097525

0.437943

0.178023

0.084015

Permanent

Strain @ 12,000/cles_ HMA_20C

arithmetic scale

log-log scal

e

ST

L1

L3

ST

L1

L3

0.000371

0.000341

0.000313

-3.43015

-3.46702

-3.50476

0.000481

0.000515

0.00033

-3.31766

-3.28846

-3.48208

P-values

STvs. L1

L1vs. L3

L3 vs. ST

ST vs. L1| L1 vs. L3

L3 vs. ST

0.494439

0.172632

0.099425

0.487144| 0.163697

0.086329
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(b)

Permanent Strain @ 5,000ycles_ HMA_40C

arithmetic scale

log-log scale

ST

L1

L3

ST

L1

L3

0.003005

0.00285

0.002665

-2.52213

-2.54509

-2.57429

0.003754

0.003716

0.003441

-2.42552

-2.42992

-2.46338

P-values

STvs. L1

L1vs. L3

L3vs. ST

STvs. L1

L1vs. L3

L3vs. ST

0.440949

0.364974

0.302998

0.436204

0.366461

0.301424

Permanent Strain @ 8,500ycles__

HMA_40C

arithmetic scale

log-log scal

e

ST

L1

L3

ST

L1

L3

0.003206

0.00302

0.002829

-2.4941

-2.51994

-2.54837

0.003942

0.003929

0.00364

-2.4043

-2.4057

-2.43886

P-values

STvs. L1

L1 vs. L3

L3vs. ST

STvs. L1

L1vs. L3

L3vs. ST

0.44061

0.365753

0.299537

0.434287

0.367333

0.297272

Permanent Strain @ 12,000ycles_ HMA_40C

arithmetic scale

log-log scale

ST

L1

L3

ST

L1

L3

0.003325

0.00312

0.002926

-2.47825

-2.50583

-2.53379

0.004058

0.004053

0.00375

-2.39167

-2.39218

-2.42593

P-values

STvs. L1

L1vs. L3

L3 vs. ST

STvs. L1

L1vs. L3

L3 vs. ST

0.438139

0.364059

0.293718

0.431159

0.365853

0.291386
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(€)

Permanent Strain @ 5,000ycles_ HMA_54C

arithmetic scale

log-log scée

ST

L1

L3

ST

L1

L3

0.008291

0.009425

0.007045

-2.08141

-2.02573

-2.15211

0.008385

0.007499

-2.07649

#NUM!

-2.12498

P-values

STvs. L1 L1vs. L3

L3vs. ST

ST vs. L]

L1 vs. L3

L3 vs. ST

0.022128

0.024792

Permanent

Strain @ 8,500ycles._ HMA_54C

ar

ithmetic scale

log-log scale

ST

L1

L3

ST

L1

L3

0.008981

0.009935

0.007442

-2.04666

-2.00282

-2.12832

0.008937

0.00788

-2.0488

#NUM!

-2.10348

P-values

STvs. L1 L1vs. L3

L3vs. ST

ST vs. L]

L1 vs. L3

L3 vs. ST

0.013788

0.015933

PermanentStrain @ 12,00@ycles_ HMA_54C

arithmetic scale

log-log scale

ST

L1

L3

ST

L1

L3

0.009408

0.010227

0.0077

-2.02652

-1.99024

-2.11349

0.009237

0.008103

-2.03448

#NUM!

-2.09136

P-values

ST vs. L1| L1 vs. L3

L3 vs. ST

STvs. L]

L1 vs. L3

L3 vs. ST

0.011445

0.012856
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Table A-4 T-testResults of Permanent Stréfior ShortTerm Agingof Conditioned Mixtures
at Different Test Temperatures: (a) WMA Evotherm, (b) WMA Foam, and (c) HMA

(@)

Permanent Strain @ 5,000ycles_ EVthSTA

arithmetic scale log-log scale
20C 40C 54C 20C 40 C 54C
0.005859| 0.014214 -2.23215| -1.84728
0.004313| 0.013315 -2.36522| -1.87567
P-values
20 vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20
| |
Permanent Strai @ 8,500Cycles_ Evth_STA
arithmetic scale log-log scale
20C 40C 54C 20C 40C 54C
0.006158| 0.01506 -2.21055| -1.82217
0.004538| 0.01417 -2.34317| -1.84863
P-values
20vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20

Permanent Strain @ 12,000/cles_ Evth_STA

arithmetic scale log-log scale
20C 40C 54C 20C 40C 54 C
0.006346| 0.015559 -2.1975| -1.80802
0.004683| 0.01468 -2.32943| -1.83328
P-values

20vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs.20
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(b)

Permanent Strain @ 5,000ycles_ Foam_STA

arithmetic scale log-log scale

20C 40C 54C 20C 40C 54C

0.000642| 0.006777| 0.019476| -3.1928| -2.16899| -1.71051

0.000729 0.019902| -3.13699 -1.70111

P-values

20\s.40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20

| 6.54E05 | 0.000188

Permanent Strain @ 8,500ycles Foam_STA

arithmetic scale log-log scale

20C 40 C 54C 20C 40C 54C

0.000701| 0.007157| 0.020922| -3.15449| -2.14526| -1.67939

0.000815 0.02294| -3.08859| #NUM! | -1.65181

P-values

20 vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20

| 0.000544] 0.000301

Permanent Strain @ 12,000/cles_ Foam_STA

arithmetic scale log-log scale

20C 40C 54C 20C 40C 54C

0.00074| 0.007397| 0.0218| -3.13106| -2.13095| -1.66154

0.000863 0.023853| -3.06396| #NUM! | -1.62245
P-values

20vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20

] 0.001087 0.000355
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(€)

Permanent Strain @ 5,000ycles. HMA_ STA

arithmetic scale

log-log scale

20C

40 C

54C

20C

40C

54C

0.000262

0.003005

0.008291

-3.58188

-2.52213

-2.08141

0.00035

0.003754

0.008385

-3.45551

-2.42552

-2.07649

P-values

20 vs. 40

40 vs. 54

54 vs. 20

20 vs. 40

40 vs. 54

54 vs. 20

0.007356

0.00287

3.24E05

0.002872| 0.007337

0.000962

Permanent Strain @

8,500/cles

_ HMA_STA

ar

ithmetic scale

log-log scale

20C

40 C

54C

20C

40C

54C

0.000328

0.003206

0.008981

-3.4838

-2.4941

-2.04666

0.000425

0.003942

0.008937

-3.37119

-2.4043

-2.0488

P-values

20 vs. 40

40 vs. 54

54 vs.20

20 vs. 40

40 vs. 54

54 vs. 20

0.006612

0.002328

1.93E05

0.002687

0.006142

0.000831

Permanent Strain @ 12,000/cles_ HMA_STA

ar

ithmetic scale

log-log scale

20C

40C

54C

20C

40C

54C

0.000371

0.003325

0.009408

-3.43015

-2.47825

-2.02652

0.000481

0.004058

0.009237

-3.31766

-2.39167

-2.03448

P-values

20 vs. 40

40 vs. 54

54 vs. 20

20 vs. 40

40 vs. 54

54 vs. 20

0.006328

0.002222

6.51E05

0.002833

0.005679

0.000879
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tested at different temperatures in arithmetic scale antibtpgcale.
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TableA-5 T-testResults of Permanent StrashLong-Term AgingLevel 1 Conditioned
Mixturesat Different Test Temperatures: (a) WMA Evotherm, (b) WMA Foam, and (c)
HMA

(@)

Permanent Strain @ 5,000ycles_ Evth LTAl
arithmetic scale log-log scale
20C 40C 54 C 20C 40 C 54 C
0.000565| 0.004725| 0.013652| -3.24794| -2.32556| -1.86481

0.005224| 0.014835 -2.28202| -1.82872
P-values
20vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20
Permanent Strain @ 8,500ycles_ Evth LTAl
arithmetic scale log-log scale

20C 40C 54C 20C 40 C 54C
0.000659| 0.004939| 0.014671| -3.18109| -2.30632| -1.83353

0.005447| 0.015965 -2.26383| -1.79682
P-values
20vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20
Permanent Strain @ 12,000/cles_ Evth_LTA1
arithmetic scale log-log scale

20C 40C 54°C 20C 40C 54°C

0.000719| 0.005066| 0.015307| -3.14308| -2.29535| -1.81511

0.005583| 0.01667| #NUM! | -2.25315| -1.77807
P-values

20vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20
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(b)

PermanentStrain @ 5,00@ycles_ Foam_LTAl

arithmetic scale log-log scale
20C 40C 54 C 20C 40C 54 C
0.005043| 0.009797 -2.29734| -2.0089
0.005728| 0.009954 -2.24198| -2.00199
P-values
20 vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20
| |
Permanent Strain @ 8,500ycles_ Foam_LTAl
arithmetic scale log-log scale
20C 40C 54C 20C 40C 54C
0.005277| 0.010369 -2.2776| -1.98426
0.005954| 0.010453 -2.22517| -1.98075
P-values

20 vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs.54 | 54 vs. 20

Permanent Strain @ 12,000/cles_ Foam_LTA1

arithmetic scale log-log scale
20C 40C 54C 20C 40C 54C
0.005452| 0.010712 -2.26344| -1.97012
0.00608| 0.010752 -2.21607| -1.9685
P-values
20 vs. 40| 40 vs. 54| 54 vs. 20 | 20 vs. 40| 40 vs. 54| 54 vs. 20
| |
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(€)

Permanent Strain @ 5,000ycles. HMA LTA1

arithmetic scale log-log scale

20C 40C 54C 20C 40C 54C

0.000234| 0.00285| 0.009425| -3.63153| -2.54509| -2.02573

0.000342| 0.003716 -3.46623| -2.42992| #NUM!
P-values
20vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20
0.010275 |
Permanent Strain @ 8,500ycles HMA LTA1
arithmetic scale log-log scale

20C 40 C 54C 20C 40C 54C

0.000294| 0.00302| 0.009935| -3.53146 | -2.51994| -2.00282

0.000437| 0.003929 -3.35984| -2.4057| #NUM!
P-values
20vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20
0.010594 |
Permanent Strain @ 12,000/cles_ HMA_LTA1
arithmetic scale log-log scale

20C 40C 54C 20C 40C 54C

0.000341| 0.00312| 0.010227| -3.46702| -2.50583| -1.99024

0.000515| 0.004053 -3.28846| -2.39218| #NUM!
P-values

20vs. 40| 40 vs. 54| 54 vs. 20| 20 vs. 40| 40 vs. 54| 54 vs. 20

0.010921 |
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TableA-6 T-testResults of Permanent StrashLong-Term Aging Level 3 Conditioned

(@)

HMA

Permanent Strain @ 5,000ycles  Evth LTAS

arithmetic scale

log-log scal

e

20C

40C

54C

20C

40C

54 C

0.000279

0.004921

0.009605

-3.55458

-2.30798

-2.01748

0.000421

0.004373

0.009755

-3.37622

-2.35924

-2.01076

P-values

20 vs. 40

40 vs. 54

54 vs. 20

20 vs. 40

40 vs. 54

54 vs. 20

0.002153

0.001583

6.1E05

0.003327

0.00324

0.00188

Permanen

t Stran @ 8

,500ycles

Evth_LTA3

ar

ithmetic sc

ale

log-log scal

e

20C

40 C

54C

20C

40 C

54C

0.000327

0.005152

0.010127

-3.485

-2.28806

-1.99454

0.000487

0.004618

0.010334

-3.31262

-2.33559

-1.98574

P-values

20 vs. 40

40 vs. 54

54 vs. 20

20 vs. 40

40 vs.54

54 vs. 20

0.001926

0.001429

8.86E05

0.003349

0.002799

0.001866

Permanent Strain @ 12,000/cles_ Evth_LTA3

ar

ithmetic sc

ale

log-log scal

e

20C

40C

54C

20C

40C

54C

0.000364

0.005296

0.010439

-3.43856

-2.27605

-1.98134

0.000529

0.00477

0.01086

-3.27673

-2.32151

-1.9712

P-values

20 vs. 40

40 vs. 54

54 vs. 20

20 vs. 40

40 vs. 54

54 vs. 20

0.001797

0.001376

0.000107

0.003121] 0.002587

0.001713

Mixturesat Different Test Temperatures: (a) WMA Evotherm, (b) WMA Foam, and (c)
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(b)

Permanent Strain @ 5,000ycles_ Foam_LTA3

arithmetic scale

log-log scale

20C

40C

54C

20C

40C

54 C

0.000386

0.003947

0.008843

-3.41392

-2.40375

-2.05341

0.000357

0.004389

0.008607

-3.44793

-2.35762

-2.06516

P-values

20 vs. 40

40 vs. 54

54 vs. 20

20 vs. 40

40 vs. 54

54 vs. 20

0.001695

0.001506

0.000101

0.000372

0.00272

8.6E05

Permanent Strain @ 8,50Qycles_ Foam_LTA3

arithmetic scale

log-log scale

20C

40C

54C

20C

40C

54C

0.000479

0.004126

0.009316

-3.3195

-2.38444

-2.03079

0.000444

0.004543

0.008921

-3.35298

-2.34261

-2.04958

P-values

20 vs. 40

40 vs. 54

54 vs. 20

20 vs. 40

40 vs. 54

54 vs. 20

0.001454

0.001791

0.000261

0.000379

0.002495

0.00011

Permanent

Strain @ 1

2,000/cles

Foam_LTA3

ar

ithmetic scale

log-log scal

e

20C

40 C

54C

20C

40 C

54C

0.000543

0.004237

0.009592

-3.26481

-2.37289

-2.01809

0.000503

0.004636

0.009202

-3.2985

-2.33385

-2.0361

P-values

20 vs. 40

40 vs. 54

54 vys. 20

20 vs. 40

40 vs. 54

54 vys. 20

0.001305

0.001571

0.000243

0.000385

0.002156

0.000116

135



(€)

Permanent Strain @ 5,000ycles. HMA LTA3

arithmetic scale

log-log scée

20C

40C

54C

20C

40C

54C

0.000226

0.002665

0.007045

-3.64576

-2.57429

-2.15211

0.00023

0.003441

0.007499

-3.63774

-2.46338

-2.12498

P-values

20 vs. 40

40 vs. 54

54 vs. 20

20 vs. 40

40 vs. 54

54 vs. 20

0.009163

0.005576

0.000519

0.001221

0.01M02

4.43E05

Permanent Strain @ 8,500ycles

HMA_LTA3

ar

ithmetic scale

log-log scale

20C

40 C

54C

20C

40C

54C

0.000277

0.002829

0.007442

-3.55708

-2.54837

-2.12832

0.000289

0.00364

0.00788

-3.53957

-2.43886

-2.10348

P-values

20 vs. 40

40vs. 3

54 vs. 20

20 vs. 40

40 vs. 54

54 vs. 20

0.009187

0.005338

0.000441

0.001376

0.010695

5.63E05

Permanent

Strain @ 1

2,000/cles. HMA_LTAS3

ar

ithmetic scale

log-log scal

e

20C

40C

54C

20C

40C

54C

0.000313

0.002926

0.0077

-3.50476

-2.53379

-2.11349

0.00033

0.00375

0.008103

-3.48208

-2.42593

-2.09136

P-values

20 vs. 40

40 vs. 54

54 vs. 20

20 vs. 40

40 vs. 54

54 vs. 20

0.009092

0.00498

0.000353

0.001472

0.01031

6.49E05
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TableA-7 T-testResults of Permanent Stréfor Different Mixturesat 2001C: (a) Short
Term Aging Conditioning(b) Long-Term Aging Condition Level 1and (c) LongTerm
Aging Condition Level 3

(a)
Permanent Strain @ 5,000ycles_ STA _2C
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.000642 0.000262 -3.1928 -3.58188
0.000729 0.00035 -3.13699 -3.45551
P-values
Evth vs. Foam Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.012991 0.018033
Permanent Strain @ 8,500ycles_ STA _2C
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.000701 0.000328 -3.15449 -3.4838
0.000815 0.000425 -3.08859 -3.37119
P-values
Evth vs. Foam Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.018387 0.021289
Permanent Strain @ 12,000ycles_ STA_2C
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.00074 0.000371 -3.13106 -3.43015
0.000863 0.000481 -3.06396 -3.31766
P-values
Evth vs. Foarm Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.022654 0.02591
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(b)

Permanent Strain @ 5,000ycles_ LTA1 2T

arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.000565 0.000234 -3.24794 -3.63153
0.000342 -3.46623
P-values
Evth vs. Foam| Foam vs. HMA | HMA vs. Evth | Evth vs. Foam| Foam vs. HMA | HMA vs Evth
Permanent Strain @ 8,500ycles_ LTA1 2T
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.000659 0.000294 -3.18109 -3.53146
0.000437 -3.35984
P-values
Evth vs. Foam| Foam vs. HMA | HMA vs. Evth | Evth vs. Foam| Foam vsHMA | HMA vs. Evth
Permanent Strain @ 12,000/cles_ LTA1 2C
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.000719 0.000341 -3.14308 -3.46702
0.000515 -3.28846
P-values
Evth vs. Foam| Foam vs. HMA | HMA vs. Evth | Evth vs. Bam | Foam vs. HMA | HMA vs. Evth
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(€)

Permanent Strain @ 5,000ycles_ LTA3_2C

arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.000279 0.000386| 0.000226 -3.55458 -3.41392 -3.64576
0.000421 0.000357 0.00023 -3.37622 -3.4473B -3.63774
P-values
Evth vs. Foam| Foam vs. HMA | HMA vs. Evth| Evth vs. Foam| Foam vs. HMA | HMA vs. Evth
0.397854 0.005192| 0.114216 0.37032 0.003398| 0.093443
Permanent Strain @ 8,500ycles_ LTA3 2T
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.000327 0.000479| 0.000277 -3.485 -3.3195 -3.55708
0.000487 0.000444| 0.000289 -3.31262 -3.35298 -3.53957
P-values
Evth vs. Foam| Foam vs. HMA | HMA vs. Evth | Evth vs. Foam| Foam vs. HMA | HMA vs. Evth
0.287274 0.005385| 0.130396| 0.274991 0.00392 0.11326
Permanent Strain @ 12,000/cles_ LTA3 2T
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.000364 0.000543| 0.000313 -3.43856 -3.26481 -3.50476
0.000529 0.000503 0.00033 -3.27673 -3.2985 -3.48208
P-values
Evth vs. Foam| Foam vs. HMA | HMAVvs. Evth | Evth vs. Foam| Foam vs. HMA | HMA vs. Evth
0.230449 0.005799| 0.134345 0.22746 0.004536| 0.119232
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TableA-8 T-test Resultef Permanent Straifor Different Mixturesat 401C: (a) Short
Term Aging Conditioning(b) Long-Term Aging Condition Level 1and (c) LongTerm

(@)

Aging Condition Level 3

Permanent Strain @ 5,000ycles_ STA_4CT
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.005859 0.006777 0.003005 -2.23215 -2.16899 -2.52213
0.004313 0.003754 -2.36522 -2.42552
P-values
Evth vs. Foam Foam vs. HMA HMA vs. Evth| Evth vs. Foam| Foam vs. HMA HMA vs. Evth
0.08345
Permanent Strain @ 8,500ycles_ STA_4CT
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.006158 0.007157 0.003206 -2.21055 -2.14526 -2.4941
0.004538 0.003942 -2.34317 -2.4043
P-values
Evth vs. Foam Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.082145
Permanent Strain @ 12,000ycles_ STA_4T
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.006346 0.007397 0.003325 -2.1975 -2.13095 -2.47825
0.004683 0.004058 -2.32943 -2.39167
P-values
Evth vs. Foarm Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.080906
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(b)

Permanent Strain @ 5,000ycles_ LTA1 4T

arithmetic scale log-log sale
Evth Foam HMA Evth Foam HMA
0.004725 | 0.005043 0.00285 -2.32556 -2.29734 -2.54509
0.005224 | 0.005728 | 0.003716 | -2.28202 -2.24198 -2.42992
P-values
Evth vs. Foam| Foam vs. HMA| HMA vs. Evth| Evth vs. Foam Foam vs. HMA] HMA vs. Evth
0.217295 | 0.031288 | 0.0x8611 | 0.217376 | 0.038154 | 0.048169
Permanent Strain @ 8,500ycles_ LTA1 4T
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.004939 | 0.005277 0.00302 -2.30632 -2.2776 -2.51994
0.005447 | 0.005954 | 0.003929 | -2.26383 -2.22517 -2.4057
P-values
Bvth vs. Foam| Foam vs. HMA| HMA vs. Evth| Evth vs. Foam Foam vs. HMA HMA vs. Evth
0.211669 0.03173 0.040385 | 0.211629 0.03907 0.050099
Permanent Strain @ 12,000/cles_ LTA1 4T
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.005066 | 0.005452 0.00312 -2.29535 -2.26344 -2.50583
0.005583 0.00608 0.004053 | -2.25315 -2.21607 -2.39218
P-values
Evth vs. Foam| Foam vs. HMA| HMA vs. Evth| Evth vs. Foam Foam vs. HMA HMA vs. Evth
0.195406 | 0.030314 | 0.041365 | 0.195192 | 0.038367 | 0.051102
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(€)

Pemanent Strain @ 5,00@ycles_ LTA3 4T

arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.004921 0.003947 0.002665 -2.30798 -2.40375 -2.57429
0.004373 0.004389 0.003441 -2.35924 -2.35762 -2.46338
P-values
Evth vs. Foam Foam vs. HMA HMA vs.Evth | Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.153424 0.06487 0.039201 0.152706 0.074068 0.046868
Permanent Strain @ 8,500ycles_ LTA3 4T
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.005152 0.004126 0.002829 -2.28806 -2.38444 -2.54837
0.004618 0.004543 0.00364 -2.33559 -2.34261 -2.43886
P-values
Evth vs. Foam Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.123114 0.068677 0.038402 0.122024 0.07833 0.046509
Permanent Strain @ 12,000/cles_ LTA3 4T
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.005296 0.004237 0.002926 -2.27605 -2.37289 -2.53379
0.00477 0.004636 0.00375 -2.32151 -2.33385 -2.42593
P-values
Evth vs. Foam Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.10636 0.069267 0.03708 0.105017 0.079104 0.045249
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TableA-9 T-test Resultef Permanent Straifor Different Mixturesat 54N : (a) ShortTerm
Aging Conditioning (b) Long-Term Aging Condition Level land (c) LongTerm Aging
Condition Level 3.

(@)

Permanent Strain @ 5,000ycles_ STA_5€

arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.014214 0.019476| 0.008291 -1.84728 -1.71051 -2.08141
0.013315 0.019902| 0.008385 -1.87567 -1.70111 -2.07649
P-values
Evth vs. Foam| Foam vs. HMA | HMA vs. Evth | Evth vs. Foam| Foam vs. HMA | HMA vs. Evth
0.00349 0.000184| 0.003436| 0.004549 0.000101| 0.002179
Permanent Strain @ 8,500ycles_ STA_5€
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.01506 0.020922| 0.008981 -1.82217 -1.67939 -2.04666
0.01417 0.022294| 0.008937 -1.84863 -1.65181 -2.0488
P-values
Evth vs. Foam| Foam vs. HMA | HMA vs. Evth| Evth vs. Foam| Foam vs. HMA | HMA vs. Evth
0.006698 0.001465| 0.003075| 0.006215 0.000654| 0.001942
Permanent Strain @ 12,000ycles_ STA_5€
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.015559 0.0218| 0.009408 -1.80802 -1.66154 -2.02652
0.01468 0.023853| 0.009237 -1.83328 -1.62245 -2.03448
P-values
Evth vs. Foam| Foam vs. HMA | HMA vs. Evth| Evth vs. Foam| Foam vs. HMA | HMA vs. Evth
0.010179 0.002884| 0.002959| 0.008275 0.001313 0.00198
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(b)

Permanent Strain @ 5,000ycles_ LTA1 5€

arithmetic scale

log-log scale
Evth Foam HMA Evth Foam HMA
0.013652 0.009797 0.009425 -1.86481 -2.0089 -2.02573
0.014835 0.009954 -1.82872 -2.00199| #NUM!
P-values
Evth vs. Foarm Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.009078 0.006571
Permanent Strain @ 8,500ycles_ LTA1 5€
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.014671 0.010369 0.009935 -1.83353 -1.98426 -2.00282
0.015965 0.010453 -1.79682 -1.98075| #NUM!
P-values
Evth vs. Foam Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth
0.008509 0.005964
Permanent Strain @ 12,000/cles_ LTA1 5&
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.015307 0.010712 0.010227 -1.81511 -1.97012 -1.99024
0.01667 0.010752 -1.77807 -1.9685| #NUM!
P-values
Evth vs. Foam Foam vs. HMA HMA vs. Evth| Evth vs. Foan] Foam vs. HMA HMA vs. Evth

0.008206

0.005663
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(€)

Permanent Strain @ 5,000ycles_ LTA3 4C

arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.009605| 0.008843| 0.007045| -2.01748 -2.05341| -2.15211
0.009755| 0.008607| 0.007499| -2.01076 -2.06516| -2.12498
P-values
Evth vs. Foam| Foam vs. HMA] HMA vs. Evth| Evth vs. Foam Foam vs. HMA] HMAVvs. Evth
0.010363| 0.014835| 0.004859| 0.010859| 0.016539| 0.006193
Permanent Strain @ 8,500ycles_ LTA3 5€
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.010127| 0.009316| 0.007442] -1.99454 -2.03079| -2.12832
0.010334| 0.008921 0.00788 -1.98574 -2.04958| -2.10348
P-values
Evth vs. Foam| Foam vs. HMA| HMA vs. Evth| Evth vs. Foam Foam vs. HMA HMA vs. Evth
0.018944 0.01928 0.00439| 0.020193| 0.019906/ 0.005402
Permanent Strain @ 12,000/cles_ LTA3 5&
arithmetic scale log-log scale
Evth Foam HMA Evth Foam HMA
0.010439| 0.009592 0.0077 -1.98134 -2.01809| -2.11349
0.010686| 0.009202| 0.008103 -1.9712 -2.0361| -2.09136
P-values
Evth vs. Foam| Foam vs. HMA| HMA vs. Evth| Evth vs. Foam Foam vs. HMA HMA vs. Evth
0.018498| 0.016667 0.00389 0.01947 0.01702 | 0.004591
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FigureA.15 Comparisos of permanent deformatidavelsamong replicates of different
mixtures at 54 .
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