ABSTRACT

JEONG JAEHOON Construction Variability of Asphalt Mixtures and Its Impact on Pavement
Performance(Under the direction of DIY. Richard Kim).

Asphalt pavement is one of the major infrastructures in the United States. An important
task for state highway agencies and departments of transportsat@ansure pavement
longevity. In order to enhance pavement quality, the quality ofthetfisphalimixture and
pavement construction is important. Within this context, the variabilttyestsphalt mixture and
construction levels that occurrddringactualfield paving projectsvasinvestigated in this
study to determinghe effects of thevariability on pavement performancBecausgavement
performance iglifficult to predictbasedsolelyonthe currenguality assurance&)A) process,
measured QA databtainedfrom the current QA process and mixture performance test results
were usedo develop tod, i.e..theindexvolumetrics relationship (IVRand performance
volumetrics relationship (PVRlor pavement performance predict®oihe IVR issimpler than
the PVR in terms dfhe performance indicegsedto predict pavement performanicased ornn-
place volumetric parameters (VM#and VFAp). This study compared IVRs and PVRs in terms
of their performance prediction ability and trenssingessential factors.

Several field paving projects (in Maine, Ontario, North Carolina, and Maryland) were
employedfor this study. The relevant agencies used their current QA process to obtain measured
QA data. The variability at the mixture and construction levels was investigated based on these
data, and the results indicate that significantly more variability wasdf at the construction
level than the mixture level. With regard to performance testing, two types of mixtures, plant
mixed, labcompacted (PMLC) and lammixed, labcompactedLMLC), were acquired from the
projects. Next, IVRs and PVRs were developedgishe LMLC and PMLC mixtures. For the

PMLC mixtures, the IVRs and PVRs were developed based on the mixture and construction



variability for each field project. For the LMLC mixtures, the IVRs and PVRs were developed
by creating two gradations and targgtivinder and air void contents to make four different
volumetric conditions. For the IVRs, both balanced mix design plus (BMD+) test methods
(including dynamic modulus, cyclic fatigue, and stress sweep rutting tests) and BMD tests
(Ilinois Flexibility Index Test, IDEALCT, Hamburg Wheel Track Test) were employed. The
BMD+ tests were employed also for the PVR development.

The IVRs and PVRs were developed by linear regression and improved using four
constraints to correct the sensitivity trends in terms of binder content-phataair void
content. The developed IVRs and PVRs were verified using verification sampleertoide
whether or not the functions could predict pavement performance. Finally, the pavement
performance of the field projects was predicted using the verified IVRs and PR&Bsnportant
factors thataffect pavement performaneereinvestigated basewh the predicted field

performance
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CHAPTER 1. INTRODUCTION

1.1.Research Background and Needs

Asphalt pavement isne ofthe major infrastructurbuilding blocksin America The
United States has more than 2.7 million miles of paved roads and highways, & d4hose
roadwaysare surfaced with asphafsphalt pavements are easy to maintain, quick to construct,
and provide a safe, smooth, quiet ri@@empared to other pavemedppes, asphalt pavements
provide thehighestlevel of drivability at the most economical pridée United States has
approximately3,500 asphalt plants, at leaseam every congressional district. Each year, these
plants produce a total about 400 mllon tons of asphalt pavement material worth in excess of
$30 billion. The industry supports employment for more than 400,000 Americans in the asphalt
production, aggregate production, and road construction sect@ddition to thanassivesize
of thisindustry,asphalt pavememelatesdirectlyt o p e o p | e .GAsphalt paveimgnt | i v e s
roadways allowpeopleto travelfrom theirhomes to workplaceschools places of worship, and
shopsandto haveaccesgo medical careandemergency assistanddyving without pavemenis
difficult to imagine andno one doubtthatbetter performing pavemeswilladdtop e op | e & s
quality of life.

Thus, & important task fostatehighway agenesand departments of transportation
(DOTs)is to ensure that pavements are properly constructed so that they will perform well over
their intended service lif@heprocesshatagentesand DOTsuseto achieve this tasis
referred to agjuality assurance (QAdlefined asfi A | | those planned and sy
necessary to provide confidence that a product or facility will perform satisfactorily in s@rvice
Simply stated when productsneet QArequirementsn terms ofboththe asphaltmixtureandthe

pavementonstrudbon, the pavemerghoutl perform satisfactorily asxpectedHowever,many



asphalt pavemesfail earlierthan thé intendeddesign Ife, eventhough theymet therelevant
QA specificationsSuchfailure cancauseanincreasen the numbepnf unsafepavemerd for
drivers thereby increasing safety risks and diminishing quality of fiiethermorethe early
deterioraibn of pavementseads tcextrafinancial burdenfor state highway agenciessit
necessitateepair andehabilitaion of roadways In this contextreliableperformance
predictiors for newly constructed pavemerdrecritical in orderfor agencieand DOTg0
manage thie pavement netwosddby improvingthe evaluaion of constructed pavemesand
anticipaing any necessargctiorsin advance.

Current QAprocesssdealmostlywith acceptanceguality characteristics (AQCS)e.,
theair void contentat Nyes binder contentyoids in mineral aggregaté/(MA ), in-placedensity,
thicknessandsmoothnessf the pavementixture Some ofthesemeasurabl&QCs areusedto
determingpay adjustmerg for contracbrs.Because the prediction of field pavement
performance hasatbeen easy work anmdanyvariablesmustbe considered toonductthis task
properly, one majordrawback otturrentQA protocolsis the lackof dependability oturrent
pavemenperformance predictiomethod. If performancepredictiors of newly constructed
pavemerd couldbean integralpart of the current Qfrocessthen highway agencidsmcluding
DOTs)could realizesignificantbenefits.First, the agenciesvould be able t@pend their budgets
in amorereasonablenannerIf the pavement ipredictedto performworsethanit should then
theageng would payless than the contrad priceto contractos based on the predicted
performanceln this way the agencxansavemoneyanduseit for otherpurposs, such as
pavement rehabilitation taskSecondreliablepavement perfanance predictioswill lead to
improvemend intheoverallquality ofthe pavementAs pavement performance is strongly

related to the quality dioththe mixture andhe constructiorof the pavementontractorsvould



beexpected t@nhancédoththar mixture productionand construction efforts, whickould
result inenhanceghavement performance as welliagproveddriver safety and satisfaction
As part ofaperformanceelated specificatia(PRS) project,His dissertatiormainly
describes comprehensivprocedure to develgperformance predictiofunctiors, theso-called
indexvolumetrics relationship (IVRand performancgolumetrics relationship (PVRD predict
pavemenperformanceausing planimixed and labcompacted (PMLC) ahlab-mixed and lab
compacted (LMLC) mixtureandto evaluatehe performance afeverafield projects using the
developed functiomn ThelVR uses thesame concesthe performancesolumetrics
relationship PVR) (Wang et al2019, butthe IVRwasdevelopedisingmeasureddQCs and
differentperformance teshdices.Using the developed functisrthe impacts othe variabiliy
thatoccuss atboththe mixture and construction lewstiuring pavingprojecs can beevaluated

more effectively than in current practice

1.2.Objectives
Thegoalof the studydescribed in this dissertati@gmto developprediction functios from
several performance tedig using two different mixture types (LMLC and PMLGbtained
from field projectsThe developegrediction functionsre used tpredict the pavements
performance andvaluate thémpacs of mixture andconstruction variabilit on pavement
performanceThis goalis accomplished by meeting the followiobjectives
1. Investigate the mixture and construction variabtiitgt hasoccurred inseveral
pavingprojects.
2. Develop and verifyperformance predictiofunctionrs for the individualpaving
projeck using volumetric properties and performasaefour corners oPMLC

mixtures and LMLC mixtures.



3. Evaluate the effects of mixture and construction variabilitthepavement
performancéased omeasuregberformancevaluesandvalues predictettom the

developederformance prediction functions

1.3. Terms

Various terms arased throughout this dissertation. The following list defines these terms.
AMPT: Asphalt Mixture Performance Tester.

AQCs: Acceptancguality characteristics. AQCs are the final acceptasr¢teriaof the product
measured byhe state highway agencyypically, AQCs are binder content, air vazdntentat
the number of design gyrationsdéy, voids filled with mineral aggregat®MA ) atthe Nges
voids filled with asphalt\(FA) atthe Nges gradation, andn-place density.

BMD: Balancedmix design.

BMD performancedesing: This testprotocolincludesthelllinois Flexibility Index Test (1FIT),
the Indirect Tensile Asphalt Cracking TeREAL -CT), andtheHamburg Wheel Track (HWT)
test.

IVR: Index-volumetricsrelationship.

LMLC: Lab-mixed,lab-compated.LMLC mixture properties can be changed because the
mixtured somponentgan be controllech the lab

Sample: The asphalt mixture sample obtained from tiasdtsfrom each field project.

PMLC: Plantmixed, lab-compactedPMLC mixture properties cannot be changed because the
mixture alreadyhasbeenproduced in a plant.

BMD+: Balancednix designbased on the suite of AMPT performance tests

BMD+ performanceéesing: Performance testonductedising anrAMPT. This test protocol

includeshedynamic modulus test, cyclic fatigue test, and stress sweep rutting (SSR) test.



PVR: Performancevolumetricsrelationship.

QA: Quality assurance.

1.4.Dissertation Organization

Eightchapters are presented in tHissertatiorand are organizeaisfollows:

Chapter LINTRODUCTION. Theintroductionpresentshe research backgrouadd
needs, objectivegeneral termased inthestudy, and a bri ef description
organization

Chapter 2LITERATURE REVIEW. This chaptediscussegrevious work regardinthe
PVR and justify usage dahelVR.

Chapter 3ATEST METHODS AND PERFORMANCETESTINDICES. This chapter
providesgeneraldescriptionf performance tes@ndcorrespondingerformanceestindices

Chapted: MATERIALS AND FIELD PROJECT. This chaptedescribes several field
projects andhe materialssampledrom the projects.It also provides a summary of measured
field project variability.

Chapter 5DEVELOPMENT AND VERIFICATION OF PLANFMIXED LAB-
COMPACTEDPERFORMANCE PREDICTION FUNCTIONS his chaptedescribeghe
procedurdollowedto developand verifythe performance prediction functismisingthe
acquiredPMLC mixtures.

Chapter 6DEVELOPMENT AND VERIFICATION OFLAB-MIXED LAB -
COMPACTEDPERFORMANCE PREDICTION FUNCTIONSThis chapterdescribeghe
procedurdollowedto develop and verify thperformance prediction functionsing the

acquired LMLC mixture.



Chapter 7INVESTIGATION OF PERFORMANCE PREDICTION FUNCTIONS his
chapter mostly deals with tlevestigation of the developguerformance prediction functions
The sign conventions for the coefficients of the functions are investigated and sensitivity analysis
in terms of the binder content andpface air voidcontentis conducted.

Chapter 8: IMPROVEMENT OF PERFORMANCEREDICTION FUNCTIONS This
chaptersuggests a way to improve the issues found for the developed performance prediction
functions in terms of the sensitivity analysis. The developed performance prediction functions
are improved using the constraints to correcréasonableness of the fuiocts.

Chapter9: EVALUATION OF CONSTRUCTION VARIABILITY. This chapter
presents the pavement performance prediction resulisdierdual paving projed using the
developedand improvederformanceprediction functions

Chapterl0: SUMMARY AND CONCLUSIONS This chapteprovides a summary of

the primary conclusions of the study.



CHAPTER 2. LITERATURE REVIEW

2.1. Effects of Air Void Content and Binder Content on Laboratory Performance Test

Results

Thebinder contenéind inplacedensity (inplaceair void contentareimportant factors
to represent mixturkevel and constructiothevel variability, respectivelyMany state highway
agencies measubmth factordor their QA processsandmostagenciesise inrplace densityo
determingpayment adjustmesifor contractorsThus, the two factors are critical to ensure the
guality of pavement performance. In the field, however, pavement deteriagadlidficult to
explainbasednly onthese two factorbecaussuchdeteriordion depends on multiplactors
For example, lmen pavement has low-place densityhigh air void content)the oxidation
effect will bemorecritical thanfor pavementsvith high in-place densityOverall, oxidation
accelerates damage and the aging process of the pavéisentheair voidsin low-density
pavementsllow waterto penetrateandthe trapped water indusadditional damage to the
pavementDue totheseinterconnecteghavement deterioration mechansim the field this
dissertatiorfocuses on laboratoryperformanceess to detectthe impact okach factoon
pavement performance. In this conteke literature reviewdescribes thewvestigatedeffects of
air void content and binder content on laboratory performance test résigtiollowing
subchapterprovide abrief introductionto thevariouslaboratory performance taesinddiscuss

performance indetendsfor both air void content and binder content.

2.1.1.Direct tension cyclic fatigue test
The direct tension cyclic fatigue test is an actuator displacecoertolled test that
applies repeated cyclic loadings to a test specimen until the specimen fails. The test results

include applied stress valuesgpecimen axial strain responses, amdrtimber of cycles to



failure and are used to calibrate the coefficieisesdin the simplified viscoelastic continuum
damage (S/ECD) model. The S/ECD model allows the prediction of the fatigue damage
evolution in a mixture under moving traffic loads ardlistic climate conditions using
FlexPAVE™,

Direct tension cyclic fatigue tests are conducted at 3°C below the temperature at the
averageperformance gradé’Q), e.g., 18°C when the mixture contains PG2@4binder. The
dynamic modulus fingerprint test conducted prior to the fatigue test to estimate the modulus
value at the test temperature. The strain level for the fatigue test is obtained from Table X1 in
AASHTO TP 133 based on the fingerprint test results.

The major outputs dhedirect tension yclic fatigue test are the damage characteristic
curve, also known as thmeaterial integrity C) versus damagé) curve, andhe pseudo energy
based failure criterion, designated% as shown ifFigure2.1 (a) and (b), respectivelffhe
damage characteristic curve represents the fundamental relationship betare®for asphalt
mixtures.DRis defined as the average reduction in pseudo stiffness up to faildise
determined as the ratio of the sum ofQ)Lto failure to the number of cycles to failure, which is
the slope of the linear relationship showrigure2.1 (b) (Wang and Kim 2017). Both the
damage characteristic curve @d@failure criterionare independent of temperature, frequency,
and mode of loading. Combined with lineasaoelastic properties, the damage characteristic
curve can be used to predict how fatigue damage grows in asphalt mixtures as fatigue loading
continues, and thBR criterion determines the moment of failufdese properties also can be
used in a pavemestructural analysis model to predict the fatigue performance of asphalt

pavements.
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Figure 2.1 Major outputs from direct tension cyclic fatigue test: (a) damage characteristic
curve and (b) pseudo energyased failure criterion.

Lastly, cyclic fatigue test results can be used to determine a fatigue index par&pgter,
whichr epr esents the effects of a material 6s
is a measure of the amountfafigue damage the material can tolerate under loading (FHWA
2019).Higher Spp values indicate better fatigue resistance of the mixgigeire2.2 shows
examples of how different mixture factors aff&€gt, values. Note thafpp values are calculated
using the climatic PG, not the mixture PG. The climatici®@aded from FlexMATV by
selecting the locatiorfNote: Table2.2 provides a summary of threshold and traffic levelS:gf

values.)

mo d
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Figure 2.2 Effects of mixture factors on fatigue index parameterSqpp: (a) effects of
aggregate gradation (b) effects of binder contentand (c) effects of air void content.
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2.1.2.1llinois flexibility index test (1-FIT)
The FFIT is used to determine the cracking resistaroperties of Mode 1 (the opening
mode in fracture mechanics) for asphalt mixtures at intermediate test temperatures. This test uses
semicircular bending beam test specimens that have a notch that is parallel to the direction of the
load application. Theata analysis procedure determines the fracture en€pgr{d post peak
slope (n) of the loadload line displacement (LLD) curve, as showrrigure2.3. The fracture
energy is calculated by dividing the work of fracture (the area under the LLD curve) by the
ligament area (the product of the ligament length and the thickness of the spetimeesippe
(m) to calculate théexibility index (FI) valueis a slope at an inflection point after the peak load
on the LLD curve. These parameters are used to demalepto predict the fracture resistance
of an asphalt mixture at the intermediate terapure (AASHTO TP 124 2018). The higher the

Fl value, the better the fatigue resistance.
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Figure 2.3 Example of loadload line displacement curve.

The FFIT is conducted following AGHTO TP 124. Four semicircular test specimens 50
mm £ 1 mm in height with a notch 1.5 mm = 0.1 mm at the center are obtained from a gyratory
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compacted specimen (150m diameter, 16nm height). The four test specimens are
considered a set for each casesigle test temperature of 25 and loading rate of 50 mm/min
are applied to the different mixtures.

A study conducted by the lllinois Center for Transportation in 2017 (ICT, 2017) found
that theF| value increases when the mixture has a high binder damtémcludes a modified
binder for heavy traffic (PG 5884, PG 64E34, and PG 7@2), as presented Figure2.4. On
the other hand, the figure shoviiat the mixture with more asphalt binder replacement (ABR)
(PG 643822 with 39.8% ABR) has the greatest cracking potential.
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© 2017 FHWAICT-17-012 Report
Figure 2.4 Flexibility index trends with mixture factors.

A study conducted at Penn State University (Pennsylvania Asphalt Pavement Association
2018)found thatFlexibility Index I) valuesincreaseas the air void content increasdghe
same binder content. Tlsame trends found at different bindelPGs. Figure2.5 shows the
measuredF| values with air void contenvbtained fronthe studyconductedat PennState

University (2018)
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Figure 2.5 Flexibility index trends with air void content.

2.1.3.IDEAL -CT

The IDEAL-CT is used to measure asphailkiure cracking resistance at an intermediate
temperature. The main test concept and procedure are similar to those-BFfthbut the
specimen geometry is different. The IDEALT uses gyratorgompacted cylinders with a
diameter of 150 mm £ 2 mm andiget of 62 mm £ 1 mm, with no cutting, gluing, or notching
required. The performance index val@d,ndex IS calculated from the failure energy, the post
peak slope of the loadisplacement curve, and deformation tolerance at 75% of the peak load, as
shown in Figure2.6. The higher th€Tingex value, the better the cracking resistance. The

minimum of three specimens at the target air void content of + 0.5% is required.
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Figure 2.6 Load versus loadline displacement curve.

Figure2.7 presents the results of a study conducted by the Texas A&M Transportation
Institute, i.e., the National Cooperative Highway Research Program (NCHRP) Innovations
Deserving Exploratory AnalysigDEA) Program Project 19%igure2.7 (a), (b), (c), and (d)
showCTindex trends with mixture factors, i.e., RAP or reclaimed asphalt shingles (RAS), binder
type, binde content, and aging conditions, respectively. THgdex vValue decreases when the
mixture has more RAP or RAS or the mixture baes more aged. The (dex value increases
with the inclusion of modified binder or a higher binder conteigfure2.8 presentstte effects
of air void contenton CTinoex valuesfoundby Zhou et al(2005) Like theFI values the

CTinoex Valuesincrease wittanincreasean air void content.
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Figure 2.7 CTindex trends with mixture factors: (a) RAP/RAS, (b) binder type, (c) binder
content, and (d) aging conditions.

Plant Virgin Mix with PG70-22: OAC=6.3%

© 2005 Zhou eal.
Figure 2.8 Air void effect on CTinpex.

2.1.4.Four-point bending test

The four-point bending test is used to evaluate the fatrggestancef asphalt mixture
pavement layers under repeated traffic loadirigetest applies repeated flexural bending until
the specimeffails. Three replicates ainasphalt mixture beam specimen e¥quired,and the
mixtured sominal maximum aggregate sig¢MAS) should be less than 19 mithe required
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dimensions of the test sperenare380mm+ 6 mm in length, 5@hm+ 6 mm in height, and 63

mm+ 6 mm in width Failure is defined as the point at which gwenof the specimeh stiffness

andnumber ofload cyclegeaches thenaximum as shown irfrigure2.9.
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Figure 2.9 Stiffness and loading cycles of foupoint bending test.

Fakhri and Tavasso(@2009 investigatedhe effect of air void content and binder

contentusingfour-point bending test resujtasshown inFigure2.10. The figureshows the

relationship betweeasphalt mixturdatigue lifeandbothair void contenaind binder contenAs

shown,thechangdn air void contentfrom 4% to 6% witithesame binder conteatthe same

micro strain levelleads to a reduction e fatigue lifefor all the specimensAlso, a1%

increase irthebinder content at the same 4% air void coni@shown tancreasehefatigue

life for all the testedpecimens.
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Figure 2.10 Effect of air void content on fatigue life.

Harvey et al. (1995) conducted a study to investigateffieet of air void content and
binder content ofatigue perfomanceby conductingthe flexural bending test. The study set
differentexperimentatonditions, including two test specimen air void content levels (4 to 6%
and 7 to 9%), four binder contents (4.0, 4.5, 5.0, and 5&8d}wo strain levels (150 and 300
microstrain). Figure 2.11 and Figure 2.12 exhibit the measured fatigue life values with different
air void content at varied binder content under two strain levels. In each figure, it can be seen
that the fatigue life of the mixture decreases as the arinoreasesin each subfigure, the
slopes become steeper as the binder content increases. This indicates that the fatigue life at the
same air void content increas®s binder content increas@he same trends were found at two
strainlevels. Thereforehoth kinds of literature found the same trends in the effects of air void

content and binder content.
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Figure 2.11 Effect of binder and air-void contents on laboratory fatigue life (150
microstrain).
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Figure 2.12 Effect of binder and air-void contents on laboratory fatigue life 800
microstrain).

2.1.5.0verlay test

The overlaytestis used taletermineanasphalt mixturés susceptibilityto fatigue or
reflective crackindy measuringhe number of cycles to failure. Thegerlay test employs an
electrehydraulictest machingpictured in Figure 2.11hat applies repeated direct tension loads
to the specimernlhetest specimeis glued to two platen®ne platen is fixedndthe other

platencanmove horizontally to create tensional straecording toTxDOT Specifications

19



(Tex-205F and Tex241-F), the diameter ofthe overlaytest specimen is 150 mm and the height
is 115mm+ 5 mm.The test procedure is conducted cyclically using a triangular, displacement
controlled waveform. The test temperature is 25°C (77°Rrawycle timeis 10 seconds (5
seconds loading, 5 secosdnloading).Specimen failure is defined as 93% reductidithe

initial load.

© 2019 Bennert et al.
Figure 2.13 Overlay tester.

Zhou and Sculliorf2013) investigatedhe effects of binder contensingthe overlay test
Figure2.14 presents theresults, which indicatéhata higher number of cyclesorrelates with

the mixtur® s g birder toatent at the same target air void content.
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Figure 2.14 Binder effect onoverlay testresults.

The sam&hou and Scullion (2Q3) studyalsoinvestigatedhe effect ofair void content
on reflective crackingising overlay test resultSigure2.15indicates thaa higher air void
contentleads tabetter reflective cracking resistan@dou and Scullion (2013) explaihis
phenomenoms follows: e redution in air void content mieesthe specimen denser and
strongerThat is, aspecimen withalower air void content would hahigher stiffnesyvalue
andgreaterstrength, which is goofbr rutting resisance However, thermal reflective cracking
that issimulated by the overlay testeeatesa different scenario. the drop intemperature is
kept constant, the denser mixture wathigher modulusaluewill experience greaté¢hermal
stress. Inversely, althoudhe strengthof the specimers less the thermal stregkat isinduced
within the specimen with higher air void content will bkess too. When the thermal stretbsat
is induced within a specimen ggeateithan its strength, cracig will occur. Whether or not a
specimen withalower ar void content is resistant to thermal reflective crackmgsdepends on
both its stiffness and strengfBhou and Scullion 2013Jror this reasorZhou and Scullion

(2013) foundthatdrawinga general conclusion regarding #féectof air void contenton
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thermal reflective cracking difficult andrecommendhatthe air void effecshould be

consideredn acaseby-casebasis
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Figure 2.15 Air void effect on overlay testresults.
2.1.6.Fatigue response test
Tangella et al. (1990) evaluated test procedures for measuring the fatigue response of
asphalt paving mixtures and summarized the factors that influence fatigue response. The
literature employed the two fatigue testing modes, i.e., contrstleds modefdoading and
controlledstrain mode of loading. The mixture factors on the asphalt mixture fatigue
performance were investigated accordingly. For the mixture factors affecting fatigue
performance, the two factors, i.e., asphalt binder content and aicamtieint, are selected as the
critical factors. Table 2.1 summarizes the factors affecting the asphalt mixture fatigue response
referred from the literature. The literature concluded that air void content is an important factor
affecting the fatigue life foan asphalt mixture and should be as small as possible (but not less
than the minimum limit of 3 percent) to obtain the greatest fatigue life. Also, the literature

concluded that the engineer could control the binder content, which has a significardretfex
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fatigue life. The optimum asphalt content to obtain a maximum life is generally higher than the
design required.

Table 2.1 Factors Affecting the Stiffness and Fatigue Response of Asphalt Mixture
(Tangella et al. 1990)

Effect of Change in Factor
Factor Cf';an?e n On Fatigue Life in | On Fatigue Life in
actor On Stiffness Controlled-Stress | Controlled-Strain
Mode of Testing Mode of Testing
Asphalt Increase Increase Increase Increase
Content
Alr Void Decrease Increase Increase Increase
Content

2.1.7.Stress sweep rutting (SSR) test

The SSR test measures the permanent deformation characteristics of an asphalt mixture
as a function of deviatoric stress, loading time, and temperature, whattaatie with pavement
depth. The results from four SSR tests, two from each of the low and high temperatures, can be
used to develop the permanent deformasioift model. The shift model not only describes the
permanent deformation behavior of an asphattume at the material level, biitalso allows
engineers to incorporate the permanent deformation material properties into a pavement
structural analysis model to predict the ldegn rutting performance of pavements.

SSR tests are conducted at two testperatures and under the constant confining
pressure of 69 kPa (10 psiith three 206cycle loading blocks for each of three deviatoric
stress levels. The load pulse is 0.4 second for each cycle and the rest period is 1.6 seconds for the
low-temperatte test and 3.6 seconds for the higmperature test. The test temperatures are

determined according to AASHTO TP 134 and depend on the geographic location where the
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mixture would be used. The AMPT applies confining pressure to the test specimensdor an h
prior to SSR testing. The test automatically begins after an hour of confinement.

A rutting index parametethe RSI, is based on the permanent deformatiuift model
that is characterized by the SSR test (Ghanbari et al. 2020). The RSl is the average permanent
strain and is defined as the ratio of the permanent deformation in an asphalt layer to the thickness
of that layer at the end of a-3@ar pavement senadife with 30 million 18kip standard axle
load repetitions for a standard structure. The RSI value is presented as a percentage. A mixture
with a lower RSI value has greater resistance to rutiiigure2.16 (a) and (b) respectively
present the effects of two mixture factorspiace density and binder content, on RSI values.
Table2.2 provides a summary of RSI threshold values for different traffic levels, presented as

millions of equivalent singlaxle loads (ESALS).
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© 2020 International Journal of Pavement Engineering
Figure 2.16 Effects of mixture factors on rutting strain index (RSI) values: (a) inplace air
void content and (b) binder content.
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Table 2.2 Threshold Values for Sqppand Rutting Strain Index (RSI)

Traffic (Million o - : . :
ESALS) Limits Limits Tier Designation
Less than 10 Sepp> 8 RSI<12 Standard S
Between 10 and 30  Sypp> 24 RSI< 4 Heavy H
Greater than 30 Sapp> 30 RSI<?2 Very Heavy V
Greater than 30 an(
slow traffic Sepp> 36 RSI<1 Extremely Heavy E

Note: ESAL is equivalent single axle load.

2.1.8.Hamburg wheel track (HWT) test

The Hamburg wheel track HWH) est i s used to evaluate asp!
rutting and moisture susceptibility. Specifically, this test determinggsrémeature failure
susceptibility of asphalt mixtures that is due to weakness in the aggregate structure, inadequate
binder stiffness, or moisture damage, and other factors such as inadequate adhesion among the
asphalt binder aggregate patrticles.

A study canductedby Yin et al. (2020) found that the rut depth at 20,000 cycles of HWT
testing correlates with 17 corresponding sections of measured field rut depths, as shown in
Figure2.17 (Yin et al. 2020). Although the correlation is not strong wifk af less than 0.6, the
corrected rut depth (CRD) measured from HWT test at least shows an increasing trend with the
higher field rut depth values. Considering that field data typically have many uncertain variables,

this correlation supports using HWT tesrrformance index values.
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Figure 2.17. Correlation of Hamburg Wheel Track test index values to field rut depths.

Four 156mm diameter test specimens with-eng to 4mm edge cut were grouped in
pairs to represent a sample. The test specimens were imraeteedarget temperatuneater
for 45 min for preconditioning and the test was ended when the number of eadbed 20,000
or the rut depth reached 20 mm. According to AASHTO T 324, the performance index (rut

depth, mm) value is the average rut depth for the five middle deformation locations, as shown in

Figure2.18.

Omm 23 mm 46 mm :69 mm 92 mm 115 mm138 mm161 mm:184 mm207 mm230 mm
P 4 P 4 P 4 P 4 P 4 P 4

Figure 2.18. Five middle deformation locations for Hamburg Wheel Track test.
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Chen(2018)investigatedhe effect of air void contentsingHWT test resultsTwo
mixtures (9.5mmNMAS and 12.5mm NMAS) were fabricated at differenumbers ofjyration
compactioranddesignate@sS1, S2, and S3 fahe 9.5mm mixture, and S4, S5, and S6 foe
12.5mmmixture. The numbebf passes ahe10-mm rut depthwasmeasuredrigure2.19
shows that themixtureswith higher gyration numbemsohadmore fighernumbers of passes

indicatingthat mixtures with dow air void content tend to have better ruttiegistance

Sample name NMAS (mm) Compaction gyrations
S1 9.5 25
S2 50
S3 75
S4 12.5 25
S5 50
S6 75
5000 1599
= 3988 4066 4119
4000 Ei'i
|
3500 | 3304 N 2 93 .
3000 n )
7 L]
% 2500 el 0
K = .
= 2000 \\\ k ; . .
1500 | [ 9.5 mm mixtures 12.5 mm mixtures

N N -
SN \ & &

1 S3 S4 S5 S6
Samples

w

© 2018 Chen et al.
Figure 2.19 Number of passes omixtures with three gyration compactionsfor two
different mixtures

Beecroft and Peth(015)investigatedhe effecs of air void contentisingHWT tess.
Theymeasured the rut deggtht 20,000 cycles for Servopac gyrat@gmpaced samplesFigure
2.20shows that the measured rut depihcrease as thar void content increases for the

Servopag@yratorycompactedlaboratoryfabricated specimens.
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Figure 2.20 Air void effect on HWT test results.

The binder effect of HWT results was fouinda study conducted ennert and Cooley
(2014). The study conducted HWT tassingtwo mixtures(NMAS 9.5 mm and 12.5 mnwith
two different binder contentt the same aiwroid contentlin the literaturethenumber of cycles
to 12.5 mnof rutting for both mixtures becoraéwer as the binder content incregses shown
in Figure2.21 andFigure2.22. Note that the 06+0ptdé condition
thanthed Opt 6 c Thisdearlyindates that the rutting performanafegthe asphalt

mixturebecomes worse as the binder content increases.
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Figure 2.21 Binder effect onHWT test results for 9.5 mm mix.
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Figure 2.22 Binder effect onHWT test results for 12.5 mm mix
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2.1.9.Asphalt pavement analyzer(APA) test

Theasphalt pavement analyz&RA) is a wheelracking device that has gained
credibility in the asphalt industry and with several state ageridiesAPA is a multfunctional
loaded wheel devicand cammeasure rutting susceptibility, fatigue crackiagd moisture
susceptibility of asphalt mixtuseTest specimenwith different geometrigd.e., cylindrical
(150-mm diameter and #B1m thicknessand beam specime00-mm x 300mm X 75mm
thick) can be usetbr APA tess. Typically, 8,000 repetitionfor stroke} are applied to the
specimen. Contagiressure up to 1,378 kPa (200 psi) can be generated, but tyfhealbntact
pressure of 690 kPa (100 psi) is used.

Howard et al. (2013vestigatedhe effect of air void contemn APA test resultsas
shown inFigure2.23 wherethe rut depth values at 8,000 cyatésSuperpave gyratory

compacted specimeBM-SGC)increase as the air void contentrieases

10
z * PM-SGC
E 1 © PM-FC o
z 81 — Linear (PM-SGC)
z ° |
E &
Lot} 4
S 6
= +
= 4 | .
z . y=032x+ 1.1
g ¢ R2=0.73
S 5k . =0.7:
= *
=

Vo (%)

© 2013 Howard et al.
Figure 2.23 APA test results with different air void contents.

Lundy and Sandovabil (2004)investigated theffect ofbindercontent usingAPA test

results Figure2.24 showsthe APA test results when using different bindeisR@dcontents.
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For PG 6422, the rut depth values increase when the binder content increases. FeRB,GNED
rut depth valuesary at differentbinder conterst For PG 7622, the rut depth value at 6.7% of
thebinder content slightly increaseompared to @ rut depth at 5.7% binder contefhus, the
binder content induseanincreasen rut depth for PG 622 binder, but the effect is diminished

when the PG ienhanced

OPG 64-22
BEPG 70-22
OPG 76-22

Rut Depth, mm
L

5.7 6.2 6.7

Binder Content, %

© 2014 Lundy and Sandovail

Figure 2.24 Effect of binder type and binder contentfor APA test results.

2.1.10.Predictive performance equationdn NCHRP Report 455 (WesTrack)

Theeffects ofair void content and binder conteare discusseith NCHRP Report 455
(NCHRP 2002 that presentfatigue and rutting prediction models, sholere asEquatiors
(1.1) and(1.2), respectivelyNote that Equatiofil.1) wasused for fine mixegn theNCHRP
study. The report presents/o additionalequations for fingplus mixes and coarse mixes
respectively Theformatsof two equationsfor fine-plus and coarse mixes and Equat{bd) are
the samdut the coefficient valuesire different The effects of air void content and binder

content are inferreffom theEquationg1.1) and(1.2). For example,ttefatigueequation,
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Equation(1.1), shows thathenumber of cycles to failuré\f) will decrease whethe air void
content Vair) increaseshowever, theNs will increase wheithe asphalt contenP§sy) increass.
Thus, the fatigue life will increase when the air void content decreases or the binder content
increases. The rutting equatjdiquation (1.2)shows thatherut depth RD) will increase when
Vair increases oPaspincreaseswhichindicates that ruttingvill increase when the air void
content or the binder content increase

INN, = 27.0265 0.143¢, ©.4148  4.6894) (1.1)

where

Nt = number of cycles to failurgatigue life),
Vair = air void content, percent,

Pasp= asphalt content, percent,

T=maximum tensile strain.

IN(RD) = 6.1651 ©.30991INESAL) ©.00294305°  +
0.0688276,,2- 0.0657808,, ©,, +0.6004%e plus ) -

asp

1.59167¢oarsey} 2.35276(eplace )+ 0.21327 InESAL )(coarse
0.140386 InESAL )(replace)

(1.2)

where

RD=rut depth in mm,

P20o= percent passing No. 2Geve

fine, plus, coarsereplace= variableshattake the value of unity in the finplus, coarse, or
replacement mixes if the expression is used for one of these mixes. Otherwise, they have a zero

value.
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2.1.11.Summary

Table2.3 presentsan overall summary dhe effecs of air void and binder content on the
laboratory test resultsf the reviewedstudies found in the literatussd the interpretation of the
NCHRP Report 45%atigue and rutting equationSix different fatigue performandest results
andthe fatiguepredictive equatioffEquation(1.1)) did not have unanimous air void effect on the
fatigue performancddowever,most studies reviewed support the trend that a high air void
content correlates with poor fatigue resistarid¢es laboratory test results wewmanimous with
regard tahe effect ofbinder content on fatiguesistanceAll the studies reviewecbncluded
thatanasphalt mixture will have better fatiguesistancevhen the binder contergincreasd.
With regard tdaboratoryrutting performanceéestresults all thereviewedstudies drewthe same

conclusions for both air void content and binder content.
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Table 2.3 Effect of Air Void Content and Binder Content on Laboratory Performance Test

Results Obtainedfrom Literature Review

Performance | Performance
Change Change
Performance Performance Mode When When
Test Index Air Void Binder
Content Content
Increases Increases
Direct Tension
Cyclic Fatigue Spp Cyclic Worse Better
Test
I-FIT FI Monotonic Better Better
IDEAL-CT CTinpeEx Monotonic Better Better
FourPoint | Number of Cycls .
Bending Test to Failure Cyclic Worse Better
Overlay Test Number (_)nycIes Cyclic Unclear Better
to Failure
Fatigue N/A Monotqnlc Worse Better
Response Tes /Cyclic
Stress Sweep
Rutting RSI Repeated Worse Worse
Test
Hamburg
Wheel Track Rut Depth Repeated Worse Worse
Test
APA Test Rut Depth Repeated Worse Worse
NCHRP Fatigue N/A Worse Better
Report 455
(WesTrack) Rutting N/A Worse Worse

Note: Fl is Flexibility IndexRSI is Rutting Strain Index, APA is Asphalt Pavement Analyzer.

2.2.Performance Testing

Giventheeffects ofair void content and bindeontent on pavement performandest
Chapter2.2 describes thperformance testsonductedn this study andhe essential components
that are required to predict pavement performance: three BMD+ performance tests, three BMD
performance testperformance indices, and analysis software programspédifi@ermance tests

and simulations are focused on the two major asphalt pavement distress types, fatigue cracking
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and rutting, because state highway agencies have identified these distress typéssaarial

second distress types, respectively, that need to be addressed most urgently, according to the
results of a survey conducted by the National Center for Asphalt Technology (NCAT) in 2018
(NCAT 2018). In this study, the BMD+ performance testsenmmducted using an IPC Global
AMPT manufactured by the CONTROLS Group. For the BMD performance tests, the MTS 810
was used to conduct theéFITs. TestQuip and SmarTrack¥r manufactured by Instrotek, were

used to conduct the IDEACT and HWT, respectivg

2.2.1.BMD+ performance testing

In order to determine pavement responses under certain conditions, which include the
pavement 6s structure, climate, and traffic
stress and strain in the various simulated Ryea model must be defined, and this relationship
should be as similar as possible to the relationship between theiaditaktress and strain in a
real pavemenBecause asphalt concrete is a viscoelastoplastic material, the actual pavement
respone ha elastic, plastic, and viscous or tinw ratedependent components asadlependent
on a variety of factors, such as temperature, load level, loading time, and stress/strain level. In
this sense, mixturspecific properties are essential for acaipgivementesponse analysis.
BMD+ testing allows such mixturgpecific behavior to be characterized in the lab prior to
software simulations and analyses in order to determine the material properties and eventually
the pavement performance.

As aforementiaed, the threBMD+ performance testhatconstitute the basis for the
performance simulatiorerethe dynamic modulus test, direct tension cyclic fatigue testthend
stress sweep rutting SR test. TheethreeBMD+ tests employ cylindrical specimenistawo

specimen geometries: small (88n diameter and 11Gm height) for the dynamic modulus test
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and cyclic fatigue test and large (180n diameter and 15Gm height) for the SSR test in
accordance witlhmerican Association of State Highway and TranspamaDfficials

(AASHTO) specifications. For the dynamic modulus and cyclic fatigue tests, the minimum
requirement is three smallindrical test specimens for each test. For the SSB te&t large
cylindrical specimens should be used for each of two ¢eatpre tests (lowemperature and
high-temperature tests)herefore, six gyratorgompacted specimens are needed to complete
one set of BMD+ testinglable2.4 andFigure2.25 provide summaries of the BMD+ testing
requirements.

Table 2.4 BMD+ Testing Requirements

Specimen , AASHTO Number of Number of Test
Testing Gyratory- :
Geometry Standard Specimens
Compacted Samples

Large Sample

Cylindrical Preparation R 83 N/A N/A
Large Stress 2 (Low temp.)

Cylindrical | Sweep Rutting TP 134 4 2 (High temp.)
Small Sample

Cylindrical Preparation PP 99 N/A N/A
Small Dynamic

Cylindrical Modulus TP 132 1 3
Small . :

Cylindrical Cyclic Fatigue TP 133 1 3
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Figure 2.25 Test specimens required for BMD+ testing.

The software programs utilized in this study, FlexM®¥ersion 21 (which includes
FlexMAT™ Cracking and FlexMAT" Rutting) and FlexPAVE" version 1.1 both were
developed by a NCSU research team.

TheBMD+ test results are input to FlexMAY for mixture-level analysis. The two
Microsoft Excetbased data analis software packages, FlexMAT Cracking and FlexMAT™
Rutting, are used to characterize performance models using data files generated by the AMPT.
FlexMAT™ Cracking analyzeboththe dynamic moduluandcyclic fatigue test results. From
the dynamic modus data, FlexMAT" Cracking determines the tintemperature shift factsr
and Prony series model coefficients. The dynamic modulus analysis results are integrated with
the cyclic fatigue test results to determine the damage characteristic cug fahere
criterion, and th&,pp index parameter. In addition, this template can be used to ptieelict
fatigue life at any strain amplitude, temperature, and loading frequency of interest. The
FlexMAT™ Rutting template calculates the permanent deformatifhmodel parameters as

well as the RSI parameter.
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FlexPAVE™ employs viscoelastic continuum damage (VECD) theory to account for the
effects of loading rate and temperature on pavement responses and distress mechanisms.
FlexPAVE™ allows the simulation of pavement structures that consist of asphalt concrete and
unbaund materials. Each asphalt concrete layer can be assigned various material properties by
inputting the output files that are generated from FlexMAT astly, project location, traffic
conditions, and design vehicle configurations can be assigned fgivéreproject. Climatic
conditions are determined using Enhanced Integrated Climatic N©liE\1) databased on the
project location.

The major output from FlexPAVE simulations is pavement performance predictions,
which are provided in the form of damagercentage% damaggandasphalt concrete rut depth
(cm) over the design life of the pavementt&lthat, at the time of this writing, fully verified
transfer functions are not available for FlexPAVYEHowever, the simulated distresata
obtained fronFlexPAVE™ show a good relationship between simul@edamagend field
measured cracking and between simulatedlepthand fieldmeasured total rut depth, sisown
in Figure2.26 andFigure2.27, respectively (Wang et al. 2021). Note that NCAT, KEC, MIT
RAP, MnRoadDriving, MnRoadPassing stands for the field test sections in NCAT (The
National Center for Asphalt Technology), KEC (Korean Express Corporation), Manitoba

(Canada), and Minnesota, respectively.
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Figure 2.27 Relationship between predicted asphalt concrete (AC) rut depth and field
measured total rut depth.

2.2.2.BMD performance testing

In addition to the BMD+ performance tests, this study included BMD performance tests
as part of the IVR development. BMD testing was implemented to prove the broadly applicable
ability of the IVR to predict performance and to avoid the possibility of biased el umti
single BMD+ testing. The-FIT and the IDEAL-CT were conducted as part of the BMD testing
for cracking and the HWT test was conducted for rutting.

For the }FIT, the test procedure follows AASHTO TP 124S/artSCB test device,
manufactured by Ingttek Inc., was mounted to an MTS machine to implerntentest. Fortte
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IDEAL-CT, thetest was conducted bgllowing ASTM D8225anda standalone machine,
manufactured by TESTQUMWas usedFor the HWT test, the test followed AASHTO T 324 and
Tex-242-F. The entire test procedure follows AASHTO T 324, but the test temperature of 50°C
was selected based on T242-F because this temperature is widely used by many researchers.
The SmarTrack! machine manufactured by Instrotiekc was used for thelWT test.

For the performance index calculations, th
FIT(IL-SsCB) and Bal anced Mi x Design Analysis Tool
(Gr) and post peak slopa) of the LLD curve and the FI values obtdhfrom the conducted

tests. This software can dewnloaded ahttps://ict.illinois.edu/For the CTnpex, thevalue that

was automatically calculated liye tesimachinewas usedThe HWT test performance index
values were derived directly from the performance tester.
2.2.3.Summary o BMD+ and BMD performanceindices

Table2.5 andTable2.6 provide the summary and equations of the performance index
used in this study, respectively.

Table 2.5 Summary of Performance Indices

Test Category | Test Standard Penl‘;)(rjrreljnce Description
Direct | pyp+ | AASHTO TP Higher Supp value, better
Tension : Sapp : i
. Testing 133 fatigue resistance
Cyclic Test
Stress Ruttin
Sweep BMD+ AASHTO TP ting Lower RSI value, better
: : Strain Index : )
Rutting Testing 134 rutting resistance
T (RSI)
est
I-EIT BMD AASHTO TP Flexibility Higher FI value, better
Testing 124 Index (FI) fatigue resistance
BMD Higher CTingex value,
IDEAL-CT Testing ASTM D 8225 CTindex betterfatigue resistance
HWT Test BMI_D AASHTO T 324 Rut depth Lower rut_depth _value,
Testing (mm) better rutting resistance
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Table 2.6 Equations for Performance Index

Test Equation for Performance Index Parameter
U: Damage gr
_ L ok 1 ar. Shift factor
Direct a o (g)g DR: Failure criteria
Tension S = 1000%-1 C, C11, Ciz: Coefficients for damage
Cyclic app ~ i characteristic curve
Test ‘E ‘ ‘E‘ : Dynamic modulus at
reference temperature (°C) (kP&
Stress
Sweep ,
Rutting Different for layers N/A
Test
Gr: Fracture energy (Joules/n
G, m: Absolute value of the pepeak
I-FIT A
lul slope (N/mm)
A: 0.01
Gr: Failure energy (Joulesfin
‘mm‘: Absolute value of the post
IDEAL - or _t o G, 1@ peak slope m% (N/m)
CT Index &5 D m,| |, : Displacement at 75% the pe;
load after the peak (mm)
D: Specimen diameter (mm)
t: Specimen thickness (mm)
Hr\évs-l; Measured rut depth (mnby testing machine N/A

2.3.Performance-Volumetrics Relationship (PVR)

A North Carolina State University (NCSU) research team conducted research to develop

thePVR function (Wanget al.2019). The underlying concept of the PVR is that the performance

of an asphalt mixture under any volumetric conditions can be predictedtingtidhe asphalt

mixture atonly a few selected volumetric conditiorihen, the relationship between the

mi xXtur eods

perfor mance

and

the volumetric

conditions are representbg two parameters, the4placevoids in mineral aggregat® A p)

and inplace voids filled with asphalV/EAp).
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These twovolumetricparametersare calculated using the properties of each sample

according to Equati@(1.3) to (1.5). Note that these equations are taken from Superpave mix

design, Superpave Series.qSR2) (Asphalt Institue 1996). Note also that4place air void

content {a,p) in the equations refer to the target air void content of-falaicated specimen.

(100_ Va,IP ) 3G’mm P

VMA, =100 5 5100

where

VMA p = in-placevoids in mineral aggregate

Va,p = in-placeair void content,

Gmm= theoretical maximum density of the asphalt mixture,
Ps= aggregate contenpércenage by total mass of mixtyreand

Gsb= bulk specific gravity of the aggregate

Equation(1.3) can be rephrased becomeEquation(1.4).

100- V,

VMA, =100 — 2

(100 VMA)

where

Va = air void percentage of the specimen atdbsign compaction levelNgey, and

VMA =voids in mineral aggregatd the design compaction levégés).

—_ Va,IP
VFA, =100 WA 20C

P
where

VFAp=in-placevoidsfilled with asphalt

(1.3)

(1.4)

(1.5)
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2.3.1.Four corners

As a first step to developing the PVR, the mixture must have several different volumetric

conditions in terms 0¥MA p andVFAr. Theprevious stug by Wang et al(2019)suggests

that four volumetric conditions are sufficient to develop the PVR for a given mixture. These four

volumetric conditions are referréda s

other within the quadrangulaange of the volumetric conditions. The four corners should be

6four corner sbob

due

t

(0]

t hei

selected at the widest points within the range of volumetric conditions in order to capture the

performance of the mixture at any given volumetric conditsrshown irFigure2.28.

80
@ Four Corners

70 | w

N
@

40

- N
N
Y N <
S ~
S N
S N

— N
S 60 ~
N
N
<(E / S X S @
L % ~
> 50 r In-Place S - N et
Density N G 4 4
@’

Binder T
N Content

Finer for Fine Gradation &
Coarser for Coarse Gradation

30
12 14

16 18 20
VMA, (%)

Figure 2.28 Changes in inplace voids in mineral aggregate\(MA p) and in-place voids
filled with asphalt (VFAr) as a function of mixture properties.

According

specific patterns when the-ptace density, binder content, and aggregate gradation change.

t 20Mpthre gh@arsyessntthéMiAye andVFA p values show

When the inplace density vale becomes higher (the air void content becomes lower), the

volumetric coordinates move in the ttgdt direction, as shown iyeblue dashed lines

Figure2.29. When the binder content is increased or the aggregate gradation becomes coarser,

the volumetric coordinates move in the4aght direction, as shown by the red solid lines and

green double lines, respectively. Note that the volumetric catetirare based on the Bailey
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method in which the aggregate gradation is represented in terms of coarse aggregate loose unit
weight (CALUW), asshown inFigure2.29. From the CALUW of 90 that divides the figeaded

and coars@raded gradations, the VMA and CALUW show a parabolic relationship in which the
VMA decreases and increases as the CALUW changes. Before this point, the VMA increases
when theCALUW decreases (finer for fine gradat®nAfter this point, the VMA increases

when the CALUW increases (coarser for coarse gradat{éwrilio et al. 2005).

High

FINE fraction - LESS Compactable

VMA
or
Voids
COARSE fraction - MORE

FINE fraction - MORE

Low

50 60 70 80 90 100 110 120

% Coarse Aggregate (CA) Loose Unit Weight (Volume of CA)

Figure 2.29 VMA change with CALUW of fine -graded or coarsegraded mixtures based on
Bailey method.

The selected four corners are used to develop the PVR using a linear regression model
that is based on the relationship between the two volumetric parameters and the pavement
performance indicatorgercentage oflamageor % damageand permanent deformation)
obtained from FlexPAVE" simulations FlexPAVE™ is software developed at NCSU for the
pavement performance simulationdascriptionof this software isntroducedn Chapter2.2.1
Two equations are used far damageandasphalt concretedAC) rut depth (permanent

deformation), i.e., Equatior{4.6) and(1.7), respectively.

%damage a *VMA 4 VFA < (1.6)

AC Rut Deptlf my= a3 VMA +b ¥EA | .7
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where
ar, br, andds = the fitting coefficients fof4 damagend

a, br, andd: = the fitting coefficients foAC rut depth

2.3.2.Previousresearch

In Wang@ previous researcf2019) the PVR concept was applied to three different
LMLC mixtures(SM12.5, RS9.5Bvith 30%reclaimed asphalt pavemeRAP), andMaine
12.5with 20% RAB and the deeloped PVR were verified Figure2.30 presents @omparison
of thepredicted performanagbtained usinghe PVR andhe performanceimulatedoy
FlexPAVE™M. As shown the predicted and simulated pavement performaests arelose to
the line of equalitywhichindicates that the PVR functiamanpredict pavement performance

well.
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Figure 2.30 Prediction results obtained from calibrated PVR function: (a) and (b) SM12.5
mixture, (c) and (d) RS9.5B 30%RAP mixture, and (e) and (f)Maine 12.520% RAP
mixture (Wang 2019)

2.4. Performance-Related Specificatiors (PRS) Protocol

According tothe TFRS InterimReport 2020PRS areatype of QA specificationrPRS
use AQCghat arerelated to fundamental engineering properties that are then input into models
to predict performanc@lFRS InterimReport2020). At this stage, the developed PVR plays a
major role to predict performantased orthe measured AQC3he reporistates thastate

highway agencieshouldestablish targets for measured AQCs and then incorpoagiteables
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based on the modeled performance difference between-tomsisucted and adesigned targets
for the AQCYTFRS InterimReport2020) Based orthis recommendationthe PVRcan be
considered to basignificantlyimportant function in the PRS concdgacausehe predicted
performancebtainedfrom the PVRdirectly affecs paymento contractors

An assumption behind the PVR concept is that users sheelthe simulation software
FlexPAVE™ to yield the pavement performanessults However, implementing FlexPAVE
software may not bavailablein certaincircumstancese.,long simulation completion timgue
tot h e c o mppaedsiegrsesdnd therefore, the TFRS Interim Report suggests eight
feasibleprotocols to implement PR8Vithin the eight protocols, Protocol 1 is the simplest
pathway According to the reporBrotocol 1 requires miniai changes to curremstate highway
agencyspecifcations.The BMD+ tesing andtwo index parameter&:pp andthe rutting strain
index RSI) determined by FlexMAT, are useanly for mix design approvappand RSI are
the performance test indices of cyclic fatigue and stress sweep rutting tests (introduced in
Chapter®.1.1and2.1.6), respectively, and high&ppand lower RSIndicatebetter fatigue and
rutting resistancelhese twoindex parameter&pp and the RSItan be used in conjunction with
or to replae the volumetric propgegsc r i t eri a. The agencydesnareonvent
followed (TFRS InterimReport2020)

Based on these facsd considerationshis study focusion developindgothIVR and
PVR for severalsphalimixturesto predict pavement performanaadcomparedhe VR to the
PVR. The IVR isusing not onlySpp andthe RSI butalsoother performanceestindices i.e.,the
flexibility index (FI) from thel-FIT, the CTingexfrom IDEAL-CT, andrut depth fronthe HWT

test To dosq, several PMLC mixtures weelected as candidate mixtyraad then eventually
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a LMLC mixturealsowas usegdasrecommended biPRS protocolThe two types of mixtures

(PMLC and LMLC)weresampled from paving projects.

2.5.Index-Volumetrics Relationship (IVR)

The IVRis based othe same concepssthe PVR. The only difference betwetremis
that the IVR is developed froperformanceestindicesinstead opavement performanc&he
PVR functionis developed using two volumetgparametersyMA » andVFAp) andthe
simulatedpavemenperformanceesults obtaineffom FlexPAVE™ are describeih terms of%
damageandasphalt concretpermanent deformatiofAC rut depth) Becausd=lexPAVE™
needsadditionalrequirements such as couipr with good processing speddie, and
informationfor pavement performana@mulatiors under certain climate and traffeonditions
during the design life, the PVR may not be an ideal fundtonertain usersThe IVRfunction
wasestablished usinthe saméwo volumetric paramete¥ MA ip andVFAp) as the PVRbut
involvesperformance indicemstead of simulated performandéwus,amajor advantage of the
IVR is its simplicity compared to the PVRifferent from theway pavemenperformances
determinedmost performanceestindex valuesare determinedutomaticallyby the
performance testing machinight after the testare completedr by simplyloading the test
resultsinto analysis softwaraVithin this context this studyattemps to establistand verifythe
IVR. Equationq1.8) and(1.9) define theformat of the IVRin terms of a fatigue index and

rutting index, respectively

Fatiguelndex a 3VMA 4 VEA (1.8)

Rutting Index a 3VMA 4 VEA ( (1.9

r r
where

as, br, andds = the fitting coefficients foFatigue Indexand
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a,, br, andd: = the fitting coefficients foRutting Index
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CHAPTER 3. MATERIALS AND FIELD PROJECT S

3.1.Introduction

This chapter describes the mixtdeyel and constructictevel variabilityfound in actual
field paving projects. The field projects are part of PRS shadow projects funded by the Federal
Highway Administration (FHWA) that have been implemented by severalrsthteay
agenciesn conjunction withNCSUresearcherdn this chapter, the entire procedure from
project selection through construction variability measurements is described chronologically.
Thefive field paving projectsliscussed in this chaptare Iacated inMaine, Ontario (Canada),
North Carolingtwo projects) and Maryland.

3.2.Field Project Sampling

3.2.1.Project selection

A field pavingprojectshould beselected based on a few critical conditions. First, the
project must use a mixture that is part of amivae pavement project (e.g., not used in ramps,
shoulders, aprons, intersections turning lanes) because norainline pavemestare difficult
for FlexPAVE™ to simulatedue to uncertain inputs such as traffic volume, speed(Nute
that atthe time the field projedwereselectedthe IVR concept was nabnsidered Second,
the project should be large enowsiththat the mixtures placed over multiple days to generate
the variability that naturally occuis large projectsThe field projectsalected for this study met
these criteria.
3.2.2.Material sampling method

Once the field project is selected, ten samples fr@mixture are acquired following
AASHTO T 168 because ten samples are considered sufficient to provide meaningful variability

atboththe mixture and construction levels. Note that the number of samples can vary based on
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each project. The samples are obtdifrem different truck loads over the construction period.

For example, if a single asphalt layer is planned to be constructed over three days, the first three
samples are obtained @ray 1, four samples are obtained@ay 2, and the remaining three

sampes are obtained dday 3. Note that the number of samples acquired in one day can be
adjusted based on the construction schedul e.
name(or ID), which isdesignated aaletterand number, i.e., Mix A, A-2to A-10.Figure3.1

presenta schematic example of material sampling. Approximately 400 Ib of asphalt mixture
samples must be acquired from each truck load and th@metitsamples should be stored in a

sealed container and kept in a temperatargrolled room (not above 77°F) to prevent oxidation

and aging. Note that the amount of each sarf#tlé Ib)is calculated based on AQC tests (80 Ib)
andBMD+ performance testd20 Ib) with a safety factor of two. For the field density
measurements, the ten trucks and the locations where the ten samples are paved must be tracked

usingthe truck and station numbers.

A Field Project

Subgrade

Figure 3.1 Schematic of material sampling.
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3.3.General Mixture Information

Forthefive paving projectsnvestigated in this studyive different mixtures were

collected from four different location¥able3.1 provides a summary ofi¢ general information

for the collected mixtures

Table 3.1 Information for Study Mixtures

NMAS Binder RAP Traffic
Location Layer (mm) Grade | Content | Content Level Note
(%) (%) (ESAL)
. Includes
Maine Surface 12.5 Fine 5.6 20 10Mto 30 modified
graded M :
binder
Ontaro | giface | 125 | SMA | 57 0 N/A SMA
(Canada)
North Fine 3Mto 30
Carolina Surface 9.5 graded 5.8 40 M N/A
Nort_h Intermediateg 19.0 Fine 4.6 30 All N/A
Carolina graded
Maryland | Surface | 12.5 |SO2€l 44 19 | O3M0O3 1 A
graded M

Note: NMAS is nominal maximum aggregate size; RAP is reclaimed asphalt pavement; ESAL is equivalent single

axle load; SMA isstone matrix asphalé A1 | 6

3.4. Construction Variability

The relevantransportatiorageng conducted the acceptance testing arplate density

means

t hat

t he

mi xtur e

i s

(in-place air voiccontenj measurement®r each collected samplga its particularQA test

protocol Eachof the followingsulchaptes describes thenixture and construction variabyit

based on the QA test resudiisdprovides a comparison tie QA test resultandrelevant

mixture specificabnsfor each field paving projecthetwo parametergair void content V,, at

theNgesand VMA atthe Ngeg from the QA testsverecalculatedusingEquatiors (2.1) and(2.2),

respectivelyNote that the binder conteaweremeasured followinghei ndi vi du all

method.Also note thatll cases used the saimealk specific gravity fomggregatéGsy) for the

VMA calculation,exceptfor thetwo North Carolinacasa (intermediate and surface mixtures)
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The correctedsp values providedby the North Carolindepartmenbf Transportation
(NCDOT) were used for the North Carolioases. Chapter3.4.3includesthe detaik of corrected
Ge.

V, =100 Cm” O
G

mm

2.1)

where

Va= air void percentage of the specimen atdasign compaction levelNgey,
Gmm= theoretical maximum density of the asphalt mixtare]

Gmb=bulk specific gravity

3
VMA=100 m” K 2.2)

sb

where
Ps= aggregate content, percageby total mass of mixture, and
Gsb= bulk specific gravity of aggregate
3.4.1.Maine case

Table3.2 provides a summary of th@A test resultsneasuredby the MaineDepartment
of Transportation (MaineDOTgnd the mixture specification limits.

Table3.3 shows the measured gradations ofrthieture samplesTypically, two or three
samples were acquireal a day with the sampling procedutasing 11 daysexceptfor the first

sample The &qured samples all met the mixture specification limits.
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Table 3.2 Results of Acceptance Testing and Specification Lingt Maine

Sample Samplin Samole Binder | Air Void VMA In-Place
Oor dgr DaF;e 9 le Content | (%) at (%) at | Air Void
(%) Ndes Ndes (%)
1 8/9/2017 159352 5.3 4.7 15.5 3.5
2 9/18/2017 159353 55 45 16.4 4.0
3 9/21/2017 159354 57 3.5 16.2 6.9
4 9/21/2017 159355 5.2 4.4 15.9 5.4
5 9/22/2017 159356 53 4.7 16.3 51
6 9/22/2017 159357 5.5 4.3 16.5 4.7
7 9/23/2017 159358 53 4.6 16.4 4.6
8 9/26/2017 159359 5.5 4.3 16.1 3.2
9 9/29/2017 159360 5.9 3.9 16.8 7.5
10 9/29/2017 159361 5.9 4.7 17.3 7.1
11 9/29/2017 159362 5.8 4.4 17.0 5.2
Average 5.5 4.4 16.4 5.2
Min.
Target 5.6 4.0 15.0 N/A
Specification Limis 5.26.0 2.55.5 '\1/!”0 92.597.5
Evaluation Met Criterig) 100% 100% 100% 100%
Coefficient of Variance (%) 4.6 8.5 3.1 27.6
Note:Min. is minimum.
Table 3.3 Measured Gradations: Maine
- 5 .
Ssliez\;e Target Sample % Passing
0,
(mm) (%) 1 2 3 4 5 6 7 8 9 10 11
19.0 100 100 | 100 | 100| 100 | 100| 100 | 100 | 100 | 100 | 100 | 100
12.5 99 99 99 | 99 | 99 | 99 | 97 99 | 100 | 99 99 98
9.5 85 89 82 | 83| 79 | 715 | 77 79 83 85 87 80
475 59 59 57 | 58 | 54 | 52 | 56 57 58 63 64 58
2.36 40 39 39 | 41| 37 | 36 | 40 40 41 42 43 40
1.18 28 27 27 | 28 | 26 | 25 | 28 28 29 28 30 28
0.60 19 18 18 | 19 | 17 | 17 | 19 18 20 18 20 19
0.30 11 11 11 | 10 | 10 9 10 10 11 11 11 10
0.15 7 6 6 6 6 5 6 6 6 6 6 6
0.075 5.0 42| 40 | 39|38 |36| 40| 43| 37| 47| 45| 41
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Figure3.2 shows the mixture and construction variability chronologically based on the
QA test resultsThehorizontallines in each figure represehe target values. Note that the
vertical dotted lines separate the sampling dates. Overall, the measurana@idtted around
the target valueaand some chronological trends axedent In Figure3.2 (a), for example, the
binder content of Sample 1 was measured as 5.3%, which is 0.3% lower than the target. This
outcomeresultedn the higher air voicdtontent of 4.7%at the NqyesOf the first samplewhich is
0.7% hgher than the target. Therefore, the tmig producer attempted to increase the binder
content of Sample 2 and the air veohtentat the Ngesdecreased from 4.7% to 4o&rcent
When Sample 306s binder c¢ont ecortentavtheNqgsdroppede a s e d
to 3.5percent The 1% dropn air void contentat the Ngesfrom Sample 2 to Sample 3 alsanbe
explainedby the gradation. The gradation of Sample 3 is finer than the gradation of Sample 2.
Thus, the higher binder content and fineadgation of Sample 2 compared to Sample 3 support
this significant dropn air void contentatthe Nges From Sample 3 t8ample4, the air void
contentat the Ngesjumpedto 0.9%due tothe decreasm bindercontentand coarser gradation of
Sample 4 compared to SampldBased orthese observations, the three paraméters/oid
content, binder content, and gradatiol®arly affect each othém terms ofmixture-level
variability, andthe correlation between thenbier content and air voiwbntent at thé&gesshows
theopposite trend, as presentedrigure3.2 (e). Anothernoteworthyphenomenois that the
two samples (Sam@e and 4) which wereproducedon thesame dateshowthe significant
differencein binder content of 0.percent Figure3.3 shows the measured gradations of eleven

samplesThe gradationsleviatefrom the target gradation batewithin the control points.
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Figure 3.3 Measured gradations of eleven sampleand target gradation: Maine.

Because MaineDOtised the sam@sp value employedh thejob mix formula JMF) to
calculate he VMA at the Nges the chang& VMA at the Ngeswith the measured gradation,
binder content, and air void contentla Ngesis difficult to understandNote thatthe VMA at
theNgesis a functio of binder content (related @m, andPs), aggregate gradation (related to
Gsb), and air voiccontentat the Nges(related toGme), as shown in Equatiof2.2). The measured
VMA valuesof the collected sampleare all above the minimum threshold value.

With regard taconstructiodlevel variability, the irplace air void contestvaly
significantly from 3.5% to 7.percentBecausdield densiy valuesare the result of many field
variables thaare difficultto measure duringproject, i.e., compaction crew variabyli air
temperature, mixture temperatuetc.,investigatingconstructionlevel variabilityusingcertain
factorsis difficult. Compared to mixturéevel variability, constructiosevel variability is the

more variableparametem terms ofthe coefficiert of variancgCOV) (seeTable3.2).
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3.4.2.0ntario case

Measured QAest resultsvere collected from the Ontario Ministry of Transportation
(MTO). Table3.4 andTable3.5 provide summaries dhe measure@A parameterand
gradations, respectivelfen samples were acquired ofige days Typically,two to four

samples were collected in a day.

Table 3.4 Results of Acceptance Testing and Specification Linst Ontario

sample | samolina | samole Binder | Air Void VMA In-Place
Or dgr DaF'Ze g IDp Content | (%) at (%) at | Air Void
(%) Ndes Ndes (%)
1 8/27/2017| 5-1 5.9 1.6 16.2 3.9
2 8/27/2017| 5-2 5.9 1.9 16.4 4.0
3 8/28/2017| 5-3 6.2 2.1 17.4 3.8
4 8/29/2017| 54 6.0 1.8 16.8 3.4
5 8/29/2017| 55 5.6 1.9 16.0 3.1
6 8/30/2017| 56 58 1.5 16.2 4.7
7 8/30/2017| 57 5.7 2.2 16.5 4.3
8 8/30/2017| 5-8 58 2.9 17.2 4.3
9 8/30/2017| 59 58 3.9 17.8 4.9
10 8/31/2017| 5-10 5.7 2.3 16.4 5.1
Average 5.8 2.2 16.7 4.2
Target Min.
g 57 4.0 175 N/A
Specification Limis 5362 | 2555 | 16-18 | 2.0-7.0
Evaluation (Me(Criterig) 100% 20% 10% 100%
Coefficient of Variance (%) 2.9 32.8 3.6 15.7

Note:Min. is minimum.
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Table 3.5 Measured Gradations: Ontario

. 5 .
Slgve Target Sample % Passing
Size

om| @ | 1|23 )4]5]|6|7|8]|09]10

19.0 | 100 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
125 | 97.3 | 96.8 | 97.6]95.5| 96.7] 96.9]| 95.2| 96.1| 95.9| 94.6| 96.1
9.5 736 | 742 |77.4|71.2|74.2|73.7]71.8|70.8|72.3|70.1| 74.4
4.75 | 31.7 33 |33.9/30.9/31.8/33.2|33.3|31.6/31.9| 31 | 32.7
2.36 | 23.2 | 24.4 124.0|122.8|22.9|23.5|24.2| 23.5|22.4| 22.0| 23.8
118 | 19.2 | 19.2|189/18.1/18.1|18.6/19.1|185|17.6/17.1] 18.9
060 | 16.0 | 16.1 |15.9/15.4|15.5/15.8|16.3|15.7/14.9/14.4] 16.0
030 | 141 | 142 14.0/13.7/13.7/13.8/14.4|/13.9/13.2|12.6]| 14.2
015 ] 126 | 125|12.3]12.3]12.2112.2/129|124|11.7/11.1| 12.6
0.075] 9.7 98 1 99]99]98]95]10.21 99|94 ] 89100

Figure3.4 presentplotsof the mixture and construction variability based on the
measured QA test results and target valbggire 3.4 (a) shows thathe binder conterfor the
first sampling daySampls 1 and 2) was measureti0.2% higher than the target val@@n the
second day (Sample 3), the binder content increased up tq &28own irFigure3.4 (b).
However the air voidcontentattheNgess | i ght ly i ncreased from
gradatiorhad becomeoarser thaonthe first day thus the air voidcontentat the Ngeswas still
significantly lower than the target value. @ third day, the gradatiohad becomslightly
finer, and the binder content decreasemtethanon thesecond dayBecauséhe finer gradation
andthelower binder content conflietl witheach other for the air void contenttla¢ Nges the
resulantair void contentsat the Ngeswere lower compared those on theecond dayAfter the
fourth day, the binder contehaid becomstableand aligned wittihe target. However, the air
void contentat the Ngesshowedanincreasing trend untthefourth sanpling day because the
gradations of the samples thefourth dayhad becomeoarsenover time Thecoarser

gradations from Sample 6 to Sample 9 under similar binder cemésuoitedn the increasing
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trend oftheair void contentsatthe Nges As a resul only 20% oftheair void contentsat the Nges
met the mixture specification limit.

Like the Maine case, thMTO calculatedhe VMA at the Ngesusing the sam€sy, value
from the JMF-thus the VMA atthe Ngescould not be investigatag@asonablyHowever, as
shown inFigure3.4 (c), all the VMA atNgesvalues wereneasuredslower than the threshold
value, ecept for Sample 9vhichmight be associated with the low air vaiontentat the Nges
The measured #place air voiccontentf thetenOntariosamples were not as variediashe

Maine case and were within the acceptable range.
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close to the targegradationand deviatenly slightly fromeach other. Note that the control

points and restricted zone of this mixture weoé specified in the mixture specifications.
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Figure 3.5 Measured gradations of ten samples and target gradation: Ontario.

3.4.3.North Carolina case gurface mixture)

Unlike the Maine and Ontario cases, the sampling proceduretopkvo daysfor this
North Carolina caséue to the short samplirtgne, analysis of dayby-day changes wasot an
easy taskFive mixturesample that wereproducedn the sameday exhibitedvarying trends
whichindicates that the quality contrpiocess undertakdsy the planproducemwas difficult in
term of maintainingongstency of thebinder contenas well agnaintaining production
proficiency Table3.6 andFigure3.6 present the results of QA tests conducted by the NCDOT
for ten samples of a surface ®RSC mixture and able3.7 andFigure3.7 present the measured
gradations.

The measured air void contentdfa Ngesfluctuated For some significantly changed air

void contens atthe Nges the valueof Sample 2 droppecharkedlycompared to Sample 1, even
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though the binder content decreased for Sample 2 because the gradation of $eufdech
shifted dowrandthus is showro beclose to the maximum density linéor Sample 3, the
binder content lihbeen increased, but the air vaiohtentatthe Ngesincreased due tie
gradation of Sample, 3vhichis shown to baignificantlyfar away from the maximum density
line. Onthesecond day, the air vombntentatthe Ngesof Sample 7 increasedarkedly
compared tahat ofSample 6. Thisutcome als@s due to the gradation of Samplé&ing far
from the maximum density lin@ith alower binder content compared to Samplé&. Sanple
8, the gradation is slightfigrtheraway from the maximum density line than Sample 7, but the
binder content has significantly increased. Thius air voidcontentat the Ngesof Sample 8 has
decreaseffom that ofSample 7In short the North Carolina surfacmixture case show
reasonable trends terms ofbinder content, air void contentthe Nqes and gradation.

Unlike the Maine and Ontario casés NCDOT useccorrectedGsy valuesto calculate
theVMA at the Nges The correctedsy valueis calculated using Equati¢B.2) (NCDOT Quality
ManagemenBystemManual 2020)Note thathe @lculatedGse valuein Equatian (3.2) is
derivedfrom anactual sampleThus, the VMAvaluesat the Ngesfor theNorth Carolinasurface
mixture case hava strongrelationship with the gradation. The minimum VMAt@€ Ngesis
related to the gradation that is closest to the maximum densit{Siameple 2) When the
gradationis fartheraway from the maximum density line, the VMAthe Ngesincreases

Themixturefactorsarein theacceptableange excepfforSa mp | e 2 éomtentat r
theNges Similar tothe previoustwo casesliscussedMaine and OntarigQ)thein-place air void
contents variegignificantlyfrom 4.9% to 8.8%and two samples (Sangsl2 and 7) exceeded
the acceptable rangke terms ofvariability, the constructiotevel variability showea higher

COV than the mixturdevel variability.
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Table 3.6 Results of Acceptance Testing and Specification Lingt North Carolina Surface

Mixture

Sample | samplin Sample Binder | Air Void VMA In-Place

or dg’r Daﬁe 9 IDp Content | (%)at | (%)at | AirVoid
(%) Ndes Ndes (%)
1 3/20/2019| RS9.51 5.8 2.6 15.5 6.8
2 3/20/2019| RS9.52 5.6 1.7 14.3 8.5
3 3/20/2019| RS9.53 6.1 2.3 15.9 6.5
4 3/20/2019| RS9.54 5.9 2.4 15.5 5.8
5 3/20/2019| RS9.55 6.0 2.7 16.1 5.7
6 3/22/2019| RS9.56 5.9 2.2 15.4 7.5
7 3/22/2019| RS9.57 5.8 2.9 15.8 8.8
8 3/22/2019| RS9.58 6.2 2.4 16.2 6.5
9 3/22/2019| RS9.59 6.0 2.6 15.9 4.9
10 3/22/2019 | RS9.510 6.1 2.5 16.1 5.2
Average 5.9 2.4 15.7 6.6
Target 5.8 4.0 16.3 N/A

Specification '
o 5.1-6.5 2-6 Min. 15.3| Max 8.0
Limits

Evaluation (Me Criterig 100% 9% 9% 80%
Coefficient of Variance (%) 3.0 13.4 35 19.9

Note:Min. is minimum.

Table 3.7 Measured Gradations: North Carolina SurfaceMixture

Ssliez\;e Target Sample % Passing
(%) 1 2 3 4 5 6 7 8 9 10
(mm)
19.0 | 100 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
12.5 | 100 100 | 99 | 100|100 | 100 | 100 | 99 | 100 | 100 | 100
9.5 97 98 95 | 98 | 99 | 99 | 98 | 97 | 98 | 98 | 98
4.75 73 78 71|80 | 78 | 79| 77| 78|81 ]| 79| 79
2.36 55 57 52 | 59 | 57 | 58 | 57 | 59 | 60 | 60 | 60
1.18 40 44 | 40 | 45 | 43 | 44 | 44 | 46 | 46 | 46 | 46
0.60 29 33 | 30| 34| 32| 3| 34|36 | 3| 35| 34
0.30 19 22 21 | 23 | 21 | 23 | 23 | 25 | 24 | 24 | 24
0.15 10 13 12 | 14 | 12 | 14 | 14 | 15 | 14 | 14 | 14
0.075]| 5.6 73 1 69|77 68|76|77|81|81|77| 79
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Figure 3.6 Mixture and construction variability: North Carolina surface mix.
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Figure 3.7 Measured gradations of ten samples and target gradation: North Carolina
surfacemix.

3.4.4.North Carolina case(intermediate mixture)

The NCDOT conducted QA test§ seven intermediate mixture samplasdescribedn
Table3.8. Table3.9 presents the measured gradatidvete that the production of North
Carolina intermediate mix was ceased due to the mixture issue aftetiaglthe seventh
mixture sampleOnthefirst day, the planietthetargetbinder contentor Sample 1, but the
binder contentvasincreasedor Sample 2Becauséhe three samples producedtbefirst day
had similar gradatios, theincreasedinder contenimadetheair void contentsat the Ngesof
Sample 2 and 3decreaseTlo increase the air voidontentsat the Nqes the overallbinder
contentsvere reducedn the second dayplthoughSampls 4 and 6 have finer gradations than
Sampls 5 and 7, the lowest binder content of Sample 6 resulted in the highest aiprtedtat
the Nges

Like theNorth Carolina surfacmix case, he VMA valuesat the Ngeswere calculated

using the correcte@spvaluesusing Equatior{3.2) and showan increasing trend as the corrected
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Gsb values increasd&.he inplace air void contents were under the maxinaatepablelimit.
Constructionlevel variability showg a higherCOV than mixturdevel variability.

Table 3.8 Results of Acceptance Testing and Specification Lingt North Carolina

Intermediate Mixture

Sample | Sampling | Sample Binder | Air Void VMA In-PIa_ce
Order Date D Content | (%) at (%) at Air Void
(%) Ndes Ndes (%)
1 3/11/2019| RI19.01 4.6 3.9 13.9 3.8
2 3/11/2019| RI19.02 4.8 3.1 13.6 4.9
3 3/11/2019| RI19.03 4.7 2.7 13.0 4.3
4 3/12/2019| RI19.04 4.6 3.8 13.7 6.3
5 3/12/2019| RI19.05 4.5 3.5 13.2 5.7
6 3/12/2019| RI19.06 4.1 4.7 13.5 5.7
7 3/12/2019| RI19.07 4.6 3.4 13.3 7.7
Average 4.6 3.6 13.5 5.5
Target 4.6 4.0 14.6 N/A
Specification Limis 3.95.5 2-6 Min 13.6 | Max 8.0
Evaluation (MeCriteria) 100% 100% 100% 100%
Coefficient of Variance (%) 4.9 17.8 2.3 23.8

Note:Min. is minimum.

Table 3.9 Measured Gradations: North Carolina Intermediate Mixture

Sieve Sample % Passing

Sive | Target

my | ) 1 | 2|3 |4|5]|6]7
25.0 | 100 | 100 [ 100|100 100 100 100 100
100 98 | 98 [100| 98 | 98 | 94 | 98 | 96
125| 84 | 90 | 90| 91| 89 | 85 | 91 | 83
95 | 75 | 81 [ 8180 79| 74| 81| 76
475| 52 | 55 | 56| 56| 54 | 51| 51| 51
236 | 38 | 42 | 42| 43| 41| 39| 37 | 37
118 31 | 33 | 33| 34| 33|30 28| 29
060 | 24 | 26 | 26| 26| 25 | 23| 22 | 22
030| 15 | 18 [ 18] 19| 18 | 16| 15 | 15
0.15| 8 10 111111 ][10] 9 | 9
0.075| 4.6 | 56 | 53|59 545248 4.6
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Figure 3.8 Mixture and construction variability: North Carolina intermediate mix.
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Figure 3.9 Measured gradations of ten samples and target gradation: North Carolina
intermediate mix.

3.4.5.Maryland case

The MarylandDOT carried out QA testsf ten mixture sample§able3.10 provides a
summary othe result@andTable3.11 provides a summary of tlgradationsTwo samples were
collectedin a dayandthetotal samplingprocedure tookwo weeksGenerally the binder

contents otheten samplesariedslightly from the target.
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Table 3.10 Results of Acceptance Testing and Specification Linst Maryland

Sample | Sampin Sample Binder | Air Void VMA In-Place
Oor dgr Date 9 IDp Content | (%) at (%) at | Air Void
(%) Ndes Ndes (%)
1 12/21/2020] 410027 4.6 4.8 15.7 7.3
2 12/21/2020] 410028 4.4 5.3 15.3 6.6
3 12/22/2020] 410029 4.6 4.5 15.1 5.2
4 12/22/2020] 410030 4.5 5.1 15.8 9.1
5 12/23/2020] 410031 4.6 3.8 14.6 7.1
6 12/23/2020] 410032 4.7 3.9 15.1 6.2
7 12/28/2020| 410033 4.6 3.6 14.6 9.8
8 12/28/2020| 410034 45 4.3 14.4 7.2
9 1/5/2021 | 410037 4.6 4.0 14.2 8.0
10 1/5/2021 | 410038 4.5 4.2 14.7 10.8
Average 4.6 4.4 15.0 7.7
Target 4.6 4.0 14.5 N/A
Specification Limis 4250 | 2852 |13.315.7| 3.08.0
Evaluation (MeCriteria) 100% 9% 100% 70%
Coefficient of Variance (%) 2.0 12.9 3.6 22.4
Note: Min. is minimum.
Table 3.11 Measured Gradations: Maryland
. 5 .
Ssliez\;e Target Sample % Passing
(%) 1 2 3 4 5 6 7 8 9 10
(mm)
19.0| 100 | 100 | 100|100 | 100| 100 | 100 | 100 | 100 | 100 | 100
12.5 98 95 | 94 | 96 | 94 | 97 | 95 | 91 | 97 | 98 | 97
9.5 87 83 | 79| 83 | 8 | 88| 93| 78 | 87 | 87 | 85
4.75 55 45 | 39 | 43 | 42 | 48 | 53 | 42 | 45 | 43 | 42
2.36 34 34 | 30| 32|32 |3 |36 |30 ] 31|31 ]| 30
1.18 25 27 | 24 | 26 | 24 | 26 | 27 | 24 | 24 | 23 | 23
0.60 18 20 | 18| 19 | 18 | 19 | 20 | 18 | 18 | 17 | 17
0.30 11 13 11 | 12 | 11| 12 | 13 | 12 | 12 | 11 11
0.15 7 9 7 7 7 8 8 7 7 7 7
0.075| 4.7 48 | 44149 |45 (5150|4546 | 43| 44
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With achange in binder content, the air void content alNfaegenerallychanged in the
opposite direction, similar to the Maine and North Carolina intermediate mix cases, as shown in
Figure3.10(a), (b), and (e), respectively. The significantadno air voidcontentat the Nges
between Samp#et and 5 iddue tothefiner gradation of Sample Gompared t&ample 4 and the
binder content of Sampleldeing0.14% higher thathat ofSample 4. However, the maximum
and minimum air voictontentsat the Nges(Samplas 2 and 7)occurredunder similar gradatian
with 0.15% binder content difference. Tloigtcomeindicates that the coarggaded mixture
may havegreatemixture-level variability than the fingraded mixturewith no clear reason in
terms of he binder content, air void content, and gradat8@tause MrylandDOT usedthe
sameGsp vValue from the JMF to calculate the VMA valueshatNqes regardless of gradation
variability, the VMA values werdifficult to investigatan this studyusingonly themixture-
level factors (binder content, air vazdntentatthe Nges and gradation). The averageplace air
void contenfor theten samples w&a7.7% and threesamplesexceeded th8% maximum
tolerance. The measured gradations presentegjure3.11 are generally coarser than the target,

exceptfor one cas¢Sample 6).
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Figure 3.11 Measured gradations of ten samples and target gradatioMaryland .

3.4.6.Summary

Based on théve cass presentedhe air voidcontentat the Ngesis stronglyrelated to the
binder content and gradatidn.other wordsthe consistency dhebinder contentrad gradation
of a mixcan minimizemixture-level variability. Constructionlevel variability, which is
representedly in-place air void content, shathe highest COV for all cases excépt Ontario
case Forthe mixturelevel variability, the air voictcontentat the Ngesshows the highest COV for
all casesTable3.12 presents aummary othe COVs atthe mixture and construction leveisr

the five mixture cases
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Table 3.12 Summary of Variability of Quality AssuranceTest Results

Coefficient of Variance
. Air
Binder . VMA In-Place
Case Content a\t/ﬂj at Nges | Air Void
es
(%) o | @ | )
Maine 4.6 8.5 3.1 27.6
Ontario 2.9 32.8 3.6 15.7
North Carolina 3.0 13.4 35 19.9
Surface
North Carolina 4.9 17.8 23 23.8
Intermediate
Maryland 2.0 12.9 3.6 22.4




CHAPTER 4. DEVELOPMENT AND VERIFICATION OF PLANT-MIX ED LAB -

COMPACTED PREDICTION FUNCTIONS

4.1.Introduction

In most states, volumetric theory is appliedhe current design specifications aQd\
processes faasphalimixtures and pavementahichimplies that volumetric properties are
related to pavement performandée majorvolumetric properties that many statesinvolve
severalfactorsthat arerelated tdbothmixtures and constructiopractice In other wordsthe
mixture and construction quality determine the pavement performidoeesver,correlatingthe
individual mixture-level and constructictevel factorsto pavement performanae difficult.
Thereforethis study and previous studgonducted byVanget al.(2019 use twoin-place
volumetric parameters/(MA ip and VFAp) to integratehe mixture and construction factors.
Multiple AQC parameters, i.e., VMA, VFA, air void contentNats % Gmmetc., are taken into
account in the two #place volumetric grametersin anotheliteratureby Coree and Hislgphe
VMA is considered to be the most important mix design parartteeaffects the durability of
the asphaltic concrete mix. High VMA values allow enough asphalt to be incorporated into the
mix to ob&in maximum durability without the mix flushing (Coree and Hislop 19883%ed on
these facts, this study usedb in-placevolumetric parameterse., VMA p and VFAp, which
were therused to develop thgerformance prediction functionsquatiors (1.4) and(1.5) are
usedrespectivelyto calcuatethe VMA p and VFAp usingmeasureanixture-level and
constructiorlevel factors

This chapter describes tpeocedure fothe performance prediction function
developmenthat employedPMLC mixtures obtained frorfour paving projectsi.e., Maine,

Ontario, and North Carolin@urface and intermediate mixtureBased on theariability at the
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mixture andconstructiorlevels four cornersamplesand verificationrsamples werselected.
The selected samples were performatested and thepredction functionswere developedihe
developedunctionswere verified using the test resuttstheverification samples.
4.2.Plant-Mix ed Lab-CompactedFour Corners

As mentioned, irorder todevelop therediction functionsamples for the four corners
and \erification purposesnustbe selectedThec oIl | ect ed mi x t (discessesha mp|l e s 0
Chapter3.4) should beconverted to then-placevolumetricparametersvMA p and VFAp,
using Equatioa(1.4) and(1.5), respectivelyThe Maine case idiscussedhere as
representative examptd sample selectiarFigure4.1 shows plots ofttein-place volumetric
parametersf the Maine caswith mixture specification limits ithe volumetric domain and
Table4.1 provides a summary dofie numerical values.

Table4.2 shows he mixture specification lins that wereconverted to the volumetric
parametes using themixturelimits specifiedin Table3.2 usingEquationg1.4) and(1.5). Note
that the maximum VMA athe Nqesis determinedvithin the ranges of the binder content, air
void contentat Nges andGsp using Equatior2.2) until the VFA at the Ngesis satisfied if no

maximum VMA atNqesis specified in the mixture specification limits.

100
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80 o

70 Eé:'
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40
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Figure 4.1 Construction samples in volumetric domain: Maine case.
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Table 4.1 Converted Volumetric Parameters: Maine Case

Sample ID In-Place VMA In-Place VFA
(%) (%)
159352 14.4 75.8
159353 16.0 74.9
159354 19.2 64.0
159355 16.8 67.8
159356 16.7 69.4
159357 16.8 72.1
159358 16.4 72.0
159359 15.1 78.9
159360 19.9 62.3
159361 19.4 63.4
159362 18.1 68.6

Table 4.2 Converted Mixture Specification Limits: Maine Case

V'me:‘t Air Void 'Ar;;F\)/';‘ae In-Place VMA | In-Place VFA
ooy | ANaes(8) | o0 (%) (%)
15 55 75 168 55.4
15 55 50 14.6 65.6
15 55 25 123 79.7
168 2.0 75 198 62.2
16.8 2.0 50 17.7 71.7
16.8 2.0 25 155 83.9
18.7 25 75 22.9 67.2
18.7 25 50 20.8 75.9
18.7 25 25 18.7 86.6

Next, samples were selectéal the four corners to develop theediction functions
Figure4.2 presents théhreesamplesi.e., 159352, 159360, and 1593@ich were selected
from the eleven samplassedfor the four cornersThese samples were selected dudéa
farthestlocationsfrom each othewhen than-placeair void contents change in the volumetric
domain.By changing the iplace air void contentsithin the mixture specification limifghe

t hr ee s ampiteadnates smbve imihe tépft direction as shown irFigure4.3.
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Figure 4.2 Three samplesselectedfor the four corners: Maine case.
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Figure 4.3 Volumetric coordinate changes by iaplace air void content changesMaine case.

An experimental plan for thieur cornerssamplesvasdeterminedn orderto compact

Sample 159352 at two different air void conteBt§5% and 7.5%, Sample 159360 at 2.5%, and

Sample 159361 at 7.5% develop therediction functionsTo verify thedevelopedrediction

functions several samples were selected and corepatthesamein-place air void contents.

These samplesre referred tasdverification samplesin this studyNote that the Maine case

has additional verification sampldstwerenot compacted at the-fplace air void contents.
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Figure4.4 shows the schematic plan for the four corners and verification sarmplas4.3

provides a summarnyf the experimental plafor the Maine castor BMD+ testing.
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Figure 4.4 Schematicexperimental plan: Maine examplecase.

Table 4.3 Experimental Plan: Maine Case(BMD+ Tesing Example)

Sample Purpose _Test Target _In-Place
Air Void Content (%) | Air Void Content (%)
159352A Four Corners 7.5 3.5
15932-B Four Corners 3.5 3.5
159353 Verification 4.0 4.0
159354A ExtraVerification 5.0 6.9
159354B ExtraVerification 6.0 6.9
159355 ExtraVerification 2.5 5.4
159358 Verification 4.6 4.6
159360 Four Corners 2.5 7.5
159361 Four Corners 7.5 7.1
159362 Verification 5.7 5.7

Using the same methas for the Maine casexperimental plans fdroththe BMD+ and

BMD tesing of the otherpavingprojects were determineBigure4.5 to Figure4.8 present the

schematic experimental plans fdl casesNote thatfull sets of BMD+ andBMD performance

tests were not completed fitre Maine and Ontario casd able4.4 throughTable4.6 present

numericalsummaiesof the experimental plans fafl casesn terms of the test typ&lote that
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most BMD teshg wasconducted athetarget air void conteraf 7.0%following the test

standardsindthe samplesvereused as verification samples.
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Figure 4.5 Experimental plan for Maine case(BMD+ Testing).
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Figure 4.6 Experimental plan for Ontario case (a) BMD+ testing and (b) HWT .
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Table 4.4 Experimental Plan: BMD+ Testing

Sample Tgrget Air
Case Void Content Purpose
ID
(%)
159352A 7.5 Four Corners
159352B 3.5 Four Corners
159353 4.0 Verification
159354A 5.0 Verification
Maine 159354B 6.0 Ver?ﬂcat?on
159355 2.5 Verification
159358 4.6 Verification
159360 2.5 Four Corners
159361 7.5 Four Corners
159362 5.7 Verification
5-1-A 3.9 Verification
5-1-B 2.9 Verification
5-2 6.5 Four Corners
Ontario 5-6 2.5 Four Corners
5-7 2.5 Four Corners
5-8 4.3 Verification
5-10 7.5 Four Corners
RS9.5C1 2.5 Four Corners
RS9.5G2 8.5 Verification
North RS9.5G3 7.5 Four Corners
Carolina RS9.5CG4 5.8 Verification
Surface RS9.5CG7 7.5 Four Corners
RS9.5CG9 4.9 Verification
RS9.5C10 4.0 Four Corners
RI119.0G1 3.8 Verification
RI19.0G2 4.0 Four Corners
North R119.0G3 7.5 Four Corners
Carolina RI19.0G4 6.3 Verification
Intermediate| RI19.0G5 5.7 Verification
RI119.0G6-1 2.5 Four Corners
R119.0G6-2 7.5 Four Corners
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Table 4.5 Experimental Plan: |-FIT

Sample Tgrget Air
Case Void Content Purpose
ID
(%)

RS9.5C1-A 2.5 Four Corners
RS9.5C1-B 7.0 Verification
RS9.5C2-A 8.5 Verification

h RS9.5C2-B 7.0 Four Corners
Clzfcgltina RS9.5CG4-A 5.8 Ver?f?cat?on
Surface RS9.5C4-B 7.0 Verification
RS9.5CG9-A 4.9 Verification

RS9.5CG9-B 7.0 Four Corners

RS9.5C10-A 2.5 Four Corners
RS9.5C10-B 4.0 Verification

RI119.0CG1-A 3.8 Four Corners
RI119.0G1-B 7.0 Verification

RI19.0G2-A 4.0 Four Corners

North R119.0G2-B 7.0 Four Corners
Carolina RI119.0G4-A 6.3 Verification
Intermediate| RI119.0G4-B 7.0 Verification
RI119.0G5-A 5.7 Verification

RI119.0CG5-B 7.0 Four Corners
RI119.0G6-B 5.8 Verification

84



Table 4.6. Experimental Plan: HWT Test

Sample Tgrget Air
Case Void Content Purpose
ID
(%)
5-1-A 7.0 Verification
5-1-B 3.9 Verification
5-2 7.0 Four Corners
5-6-A 7.0 Verification
Ontario 5-6-B 2.5 Four Corners
57 7.0 Four Corners
5-8-A 7.0 Verification
5-8-B 4.3 Verification
5-10-A 2.5 Four Corners
5-10-B 55 Verification
RS9.5C1-A 2.5 Four Corners
RS9.5C1-B 7.0 Verification
RS9.5G2-A 8.5 Verification
RS9.5CG2-B 7.0 Four Corners
RS9.5C3-A 7.5 Four Corners
RS9.5C3-B 7.0 Verification
North RS9.5C4-A 5.8 Verification
Carolina RS9.5CG4-B 7.0 Verification
Surface RS9.5G7-A 7.5 Verification
RS9.5C7-B 7.0 Verification
RS9.5CG9-A 4.9 Verification
RS9.5CG9-B 7.0 Verification
RS9.5C10-A 2.5 Four Corners
RS9.5C10-B 7.0 Verification
RS9.5C10-C 4.0 Verification
RI19.0CG1-A 3.8 Verification
RI19.0G1-B 7.0 Verification
RI119.0G2-A 4.0 Four Corners
RI119.0G2-B 7.0 Four Corners
RI19.0G3-A 7.5 Verification
North RI119.0G3-B 7.0 Verification
Carolina RI119.0CG4-A 6.3 Verification
Intermediate| RI19.0G4-B 7.0 Verification
RI19.0CG5-A 5.7 Verification
RI19.0G5-B 7.0 Verification
RI119.0CG6-A 4.0 Four Corners
R119.0G6-B 7.5 Four Corners
R119.0G6-C 7.0 Verification
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4.3. Plant-Mix ed Lab-CompactedMi xture Fabrication

TheBMD+ and BMD performance tests were condudiaded on the determined
experimental plans for tHeur paving project¢Maine, Ontario and two North Carolindor the
Maine case, the BMD tasg did not happen. Fahe Ontario case, onlthe HWT test was
condwctedfor the BMD tesing. For the two North Carolina cases, BMD+ and BMD
performance were complete@rior tothe performance tasg, all PMLC mixture samples were
homogenized to avoid material segregatiimen, he test specimens were fabricatethair
appropriate geometwja anair void study.
4.3.1.Mixture homogenization

Material homogenization should be implemented iirshe sample fafication proces$o
minimize mixture segregation. The reasonifomogenizations that the samplesreacquired
from several different locations the mixturepile in the truck, even though theyesampled
from the same truck load@he criticalcomponenof the homogenization process is dividing the
large volume ofhe mixture into smaller unitfiest specimen siz&hile maintaininga similar
proportion offine andcoarseaggregate particles. The maximum amount of material required for
each homogenizatn process is 200 |b. That is, if seven samples are used to develop and verify
the prediction functionthen seven homogenization processes should be carried out. The
homogenization process conducted for this study is as follows:

1. Placethe solidstate mixtire samples into-§allon metal buckets. If the mixture

samples do not fit into the buckesea mixing pan or aggregate pan.

2. Place lids on the buckets. For pans, use another pan as a lid.
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. Preheatnoven. The target oven temperature i8S ®werthan the compaction
temperature; for example, if the compaction temperature RC14i@an theoven
temperature for homogenization is ¥G0

. When the oven reaches the target tempergplaeethe metal buckets containing the
mixtures into the oveand heat foonehour. Also place a metal rake in the oven.

. After an hour, remove the lids and keep the buckets in the oven for an additional hour
without the lids. Then, remove the buckets from the oven.

. While the mixtures are heating, prepare three hiretees tohouse the divided

mixtures. For convenience purposes, here the metal boxes are referred to as Box A,
Box B, and Box C. Box A contains four meditsized metal boxes. Box B has a

sliding plate. Box C contains twelgenallsizedmetal boxes. Box B placed on top

of Box C as a set. When the sliding plate is removed from Box B, the mixtuge fall
into the twelve small boxes. For the 2B80homogenization procedsyo setsof Box

B and Box C are needed.

. Apply an asphalt release agentthe inside o#ll the metal boxe80 minutes before
removing the mixtures from the oven

. Take the metal buckets out of the oven and pour the mixture into the center of Box A.
The mixture will separate by gravity into the four medisized boxes. For

convenience, the folboxes in Box A are referred to as Medium Boxes 1, 2, 34and
clockwise.

. For the first metal bucket, potlre contents dMedium Boxes 1 and 3 into the first

set of Boxes B and C, and pdbe contents ofledium Boxes 2 and 4 into the

second set of Boxdé® and C. For the second metal bucketirthe contents of
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Medium Boxes 2 and 4 into the first set of Boxes B and Gpandthe contents of
Medium Boxes 1 and 3 into the second set of Boxes B and C. Thenixtioees
from thetwo buckets are consideraalbe well blended together.
10. Level off the mixtures evenly using the heated steel rake and remove the metal sliding
plate from Box B. The mixtures atleusdivided intothetwelve small boxes for the
first and second sets.
11.Randomly choose three or four dhimxes from Box C and pour the mixtsriato a
cloth bag. The number of small boxes for one cloth bag can differ in terms of the total
amount of the mixture. The mixture in one cloth bag would be used to fabricate a
gyratorycompacted sample.
12.1f four budkets need to be blended, follow this Step No. 12 instead of Step No. 9.
Placethe contents dMedium Boxes 1, 2, 3, and 4 from the first metal bucket into
Boxes B1, B-2, B-3, and B4, respectively. Place Medium Boxes 2, 3, 4, and 1 from
the second metaligket into Boxes BL, B-2, B-3, and B4, respectively. Place
Medium Boxes 3, 4, 1, and 2 from the third metal bucket into Box&sHs2, B-3,
and B4. Place Medium Boxes 4, 1, 2, and 3 from the fourth metal bucket into Boxes
B-1, B-2, B-3, and B4. By ushg two Box Cs, the mixtures in the four Box Bs will be
separated.
4.3.2.Air void study
Once the homogenization process for a sansgiempleted, an air void study
conducted prior to test specimen fabrication to determine the mass of the mixture in order to
achi eve the target test specimends aifor void co

any new mixture or new specimen geometry. Within the obtained samples, a randomly selected
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samples used for the representative air void study of the mixtureed byratorycompacted
samplesarefabricated at three different target air void contents to build a relationship between
the mass and test specimen air vandtens. Thethreetarget air void contentd/) in Equation

(3.1) are recommended as 3%, 5%, and 7%, aexperimentaplanfor four cornergequires

both low and high target air void contents. The air voidystutilizes 1006mm diameter and 150
mm tall specimens. The target mass for the air void study sansgakulated using Equation
(3.1) in accordance ith AASHTO R 83. Note that 18mis used as parameter H because the
target gyratorycompacted specimen is 180 mm. The air void measurement method (either the
vacuum method or saturated surfatg method) is selected to be the same method that the

relevantagency uses.

é,].OO' Nat +F) %

Mass=
& 100 Y

G, P76.7147 H (3.1)

where
Mass= the estimated mass of thexture that is needed to prepare a test specimen to the target
air void content,
Vat = the target air void content for the test specimen,
Gmm= the maximum specific gravity of the mixture,
H = the height of the gyratory sample (cm), and
F = the air void djustment factor: 1.0 for fingraded and 1.5 for coargeaded mixtures.
Figure4.9 presents an example of air void study results and indicates thaetdsered

test specimen air void contents a@othl masshavea linear relationship.
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Figure 4.9 Example of air void study results.

The air void study reswdfor large geometry specimens (100n diameter and 50-mm
heigh) wereapplied in this study to achieve the target air void contents for the small geometry
specimens (38mdiameterx 110mm heigh). In addition, the developed relationship shown in
Figure4.9 was applied for the specimen fabrication of the other sarfiolesthe same mixture.
The same air void study method was applied for all case studies.
4.3.3.Test specimerfabrication and air void content measuremensg

The tesspecimens foprediction functiordevelopment were fabricated following
AASHTO R 83 and PP 99 based on &x@erimentaplans described iG@hapter4.2 The
gyratorycompacted specimens were cored and cut to the proper sizes for each performance test.
Table4.7 provides a summary tfiegeneral information regarding test specimen fabrication and
air void measurements. Note that the air void contents were measured using the relevant
agency 0 slable48plowdds.a summary ofi¢ measured air void conteffids thethree

casedor theBMD+ tests
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Table4.9 andTable4.10 present theneasured air void contents fibve I-FIT and HWT

test, respectivelyNote thatthe measured air void contents are the averaged values of the test

specimengsised ineach performance test. The tolerance of the air void contents from the target is

set as = 0.%, excepftfor the FFIT (which is+1.0% according to test standadNote that

Sample 51-B for the Ontario case presentedliable4.8 is an additionatample that wassed

for the dynamic modulus and direct tension cyclic fatigue tests only.

Table 4.7 General Information Regarding Specimen Fabrication and Air Void

Measurements
. . Air Void
Case Mixture M_:_xtu(rae 'I(':e ?:]np;a;:ilorr; C(?r/;ator%/ " Measurement
yp P u pacto Method
HMA
. 12.5 o Vacuum
Maine (fine- PMLC 145°C Servopac Method
graded)
. SMA o
Ontario 125 PMLC 150°C Servopac SSD Method
North
Carolina RS9.5C PMLC 138°C Pine SSD Method
(Surfacé
North
Carolina RI19.0C PMLC 138°C Pine SSD Method
(Intermediatg

Note:PMLC is plantmixed, labcompactedSSD is saturated surface dry.
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Table 4.8 Measured Air Void Contents for BMD+ Tests

Target Alr Dynamic | Cyclic

Sample Void Y y SSR

Case D Content Purpose | Modulus | Fatigue (%)

(%) (%)
(%)

159352A 7.5 Four Corners 7.2 7.2 7.5

159352B 3.5 Four Cornerg 3.3 2.9 3.3

159353 4.0 Verification 4.3 4.4 3.7

159354A 5.0 Verification 5.1 4.6 5.2

Maine 159354B 6.0 Ver?f?cat?on 5.8 5.8 6.0
159355 2.5 Verification 2.3 2.2 2.3

159358 4.6 Verification 4.7 4.7 4.3

159360 2.5 Four Corners 2.4 2.5 2.2

159361 7.5 Four Corners 7.6 7.6 7.6

159362 5.7 Verification 5.8 5.8 5.9

5-1-A 3.9 Verification 3.6 3.7 3.7

5-1-B 2.9 Verification 2.9 3.1 N/A

5-2 6.5 Four Corners 6.9 6.7 6.8

Ontario 5-6 2.5 Four Corners 2.5 2.1 2.3
5-7 2.5 Four Corners 2.7 2.6 2.5

5-8 4.3 Verification 4.5 4.3 4.4

5-10 7.5 Four Corners 7.4 7.6 7.9

RS9.5C1 2.5 FourCorners 2.4 2.4 2.3

RS9.5G2 8.5 Verification 8.4 8.6 8.4

North RS9.5G3 7.5 Four Corners 7.5 7.3 7.9
Carolina RS9.5C4 5.8 Verification 5.6 5.6 55
Surface RS9.5CG7 7.5 Four Cornerg 7.9 7.4 7.6
RS9.5C9 4.9 Verification 4.7 5.0 4.8

RS9.5C10 4.0 Four Corners 3.5 3.7 3.5

RI119.0G1 3.8 Verification 3.9 3.6 3.8

RI119.0CG2 4.0 Four Corners 4.5 4.0 4.4

North RI119.0CG3 7.5 Four Corners 7.6 7.5 7.9
Carolina RI119.0G4 6.3 Verification 6.7 6.4 6.7
Intermediate| RI19.0G5 57 Verification 5.6 6.1 5.8
RI19.0G6-1 2.5 Four Corners 2.4 2.5 2.1

RI119.0G6-2 7.5 Four Corners 7.2 7.2 7.4
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Table 4.9 Measured Air Void Contentsfor |-FIT

Sample Tgrget Air Air Void

Case D Purpose Void Content | Content
(%) (%)

RS9.5C1-A | Four Corners 2.5 2.0

RS9.5C1-B | Verification 7.0 7.2
RS9.5CG2-A | Verification 8.5 8.0

North RS9.5C2-B | Four Corners 7.0 6.8
Ca?czltina RS9.5CG4-A Ver?f@cat@on 5.8 6.0
Surface RS9.5C4-B Ver!f!cat!on 7.0 7.2
RS9.5G9-A | Verification 4.9 4.9
RS9.5C9-B | Four Corners 7.0 7.2

RS9.5C10-A | Four Corners 2.5 2.2
RS9.5G10-B | Verification 4.0 4.1
RI19.0CG1-A | Four Corners 3.8 3.8

RI119.0G1-B | Verification 7.0 6.7
RI19.0G2-A | Four Corners 4.0 4.3

North RI119.0G2-B | Four Corners 7.0 7.5
Carolina RI119.0G4-A | Verification 6.3 6.5
Intermediate | RI19.0G4-B | Verification 7.0 7.2
RI119.0G5-A | Verification 5.7 6.1
RI119.0CG5-B | Four Corners 7.0 6.8

R119.0G6-B | Verification 7.0 5.8
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Table 4.10 Measured Air Void Contents for HWT Test

Sample Tgrget Air Air Void

Case D Purpose Void Content | Content
(%) (%)
5-1-A Verification 7.0 6.9
5-1-B Verification 3.9 3.7
52 Four Corners 7.0 7.1
5-6-A Verification 7.0 6.6
Ontario 5-6-B Four Corners 2.5 2.0
5-7 Four Corners 7.0 7.1
5-8-A Verification 7.0 7.1
5-8-B Verification 4.3 4.4
5-10-A Four Corners 2.5 2.3
5-10-B Verification 55 5.3
RS9.5C1-A | FourCorners 2.5 2.3
RS9.5C1-B | Verification 7.0 7.3
RS9.5CG2-A | Verification 8.5 8.5
RS9.5G2-B | Verification 7.0 7.2
RS9.5C3-A | Four Corners 7.5 7.7
RS9.5CG3-B | Verification 7.0 7.3
North RS9.5G4-A | Verification 5.8 5.8
Carolina RS9.5C4-B | Verification 7.0 6.9
Surface RS9.5CG7-A | Four Corners 7.5 7.7
RS9.5CG7-B | Verification 7.0 7.3
RS9.5G9-A | Verification 4.9 4.9
RS9.5G9-B | Verification 7.0 7.5
RS9.5C10-A | Four Corners 2.5 2.7
RS9.5G10-B | Verification 7.0 7.5
RS9.5CG10-C | Verification 4.0 4.0
RI119.0G1-A | Verification 3.8 3.7
RI19.0G1-B | Verification 7.0 6.7
RI19.0G2-A | Four Corners 4.0 4.3
RI119.0G2-B | Four Corners 7.0 7.4
RI119.0G3-A | Verification 7.5 7.6
North RI119.0G3-B | Verification 7.0 7.3
Carolina R119.0G4-A | Verification 6.3 6.3
Intermediate | R119.0G4-B | Verification 7.0 7.4
RI119.0G5-A | Verification 57 5.2
RI119.0G5-B | Verification 7.0 6.7
RI19.0G6-A | Four Corners 4.0 4.1
RI119.0CG6-B | Four Corners 7.5 7.3
R119.0G6-C | Verification 7.0 6.8
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4.4.Plant-Mix ed Lab-CompactedBMD+ Performance Test

4.4.1.BMD+ performance test resultg(index)

TheBMD+ tests were conducted based on the experimental plan shdwbled.8. The
test methods and temperature selection foBM®+ performance tests are presente@ivapter
2.1 Table4.11 provides a summary tfie test temperatures used for BMD+ tesing.

Table 4.11 Test Temperatures Used foBMD+ Performance Tests

Dynamic Modulus | Cyclic Fatigue | Stress Sweep

Case Test Test Rutting Test
Maine 4°C, 20°C, and 40°0  15°C ﬁ?gvaﬁ e
Ontario | 4°C, 20°C, and 40°d  18°C ﬁ?gvaﬁ o e
No(réhug:ég"”a 4°C, 20°C, and 40°0  18°C ﬁ?gvaﬁ e
o a4 avc maiwd  we | Lo 2

The test resultebtainedirom theBMD+ tests were analyzed using FlexMRT
Cracking and Rutting v. 2.Eigure4.10 presents a comparison tie dynamic modulusest
resultsof the samples testedtaelow (2.5%) and high (7.5%) air void content$e fitted
mastercurvegeneratedrom FlexMAT™ Crackingare comparetased on the test resullie
samples with lower air void conterghow higher dynamic modulwsiluesthanthe samples with
higher air void contestatall temperatureslhe Ontario and North Carolina surface mixtures
have high modulus valuesvhen testedt 4°C and 20°Qespectivelyput the Maine mixture tsa
the highstmodulusvaluesat 40°C.Becausehe Maine mixtureontairs modified binderand
20% RAR this resulis understandabland reasonabl&lote that the Ontario mixtur@so
containsmodified bindeut not RAP. The test resultare not comparable for the cyclic fatigue

and SSR tests due to the different test temperatures
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Figure 4.10 Comparison of dynamic modulus mastercurveat low and high air void
contents.

Table 4.12 provides a summary oflahe primaryoutpus, i.e., Alpha,DR, Sypp, andthe
RSlvaluesgenerated from FlexMAT. For the performance indiceS:fp andthe RSI), the
climate data werpulledfrom Bangor (ME), Buffalo (NY), and Raleigh (NC) fthre Maine,

Ontario, ancbothNorth Carolinacasesrespectivelyvia FlexMAT™.,



Table 4.12 Major Output sfrom BMD+ Testing

Target
Binder Air

Case Salrgple Purp. | Content Void | Alpha | DR | Sap (Ro/f)l

(%) Content

(%)

159352A F.C. 5.3 7.5 3.63 | 0.64| 27.7| 3.1
159352B F.C. 5.3 3.5 3.93 |0.65]| 32.2] 1.9
159353 Veri. 5.5 4.0 3.58 | 0.62| 33.7| 2.3
159354A Veri. 5.7 5.0 3.84 1061 22.7| 2.5
Maine 159354B Ver?. 5.7 6.0 3.84 |1 0.64| 30.2| 2.9
159355 Veri. 5.2 2.5 3.92 10.62| 28.6| 1.8
159358 Veri. 5.3 4.6 3.67 |0.66|42.1| 2.4
159360 F.C. 5.9 2.5 3.80 | 0.67| 36.3| 1.9
159361 F.C. 5.9 7.5 3.63 | 0.64| 30.1| 3.3
159362 Veri. 5.8 5.7 3.59 | 0.64| 36.8| 2.8
5-1-A Veri. 5.9 3.9 3.46 | 0.75| 34.4| 5.3
5-1-B Veri. 5.9 2.9 3.30 | 0.75| 36.6 | N/A
5-2 F.C. 5.9 6.5 3.36 | 0.72| 25.5| 6.5
Ontario 5-6 F.C. 5.8 2.5 3.46 | 0.75| 37.3| 4.4
5-7 F.C. 5.7 2.5 3.64 | 0.73| 33.4| 4.0
5-8 Veri. 5.8 4.3 3.55 | 0.75| 33.3| 4.3
5-10 F.C. 57 7.5 3.19 | 0.72| 25.0| 8.1
RS9.5C1 F.C. 5.8 2.5 3.45 | 0.62| 284 | 25
RS9.5C2 Veri. 5.6 8.5 3.35 | 0.63| 21.3| 24.6
North RS9.5CG3 F.C. 6.1 7.5 3.32 | 0.63| 23.5| 16.2
Carolina RS9.5G4 Veri. 5.9 5.8 3.34 | 0.66]| 28.8| 7.5
Surface RS9.5C7 F.C. 5.8 7.5 3.28 | 0.64| 22.7| 15.9
RS9.5C9 Veri. 6.0 4.9 3.30 | 0.64| 26.6| 6.1
RS9.5CG10 F.C. 6.1 4.0 3.37 | 0.66]| 30.4| 6.8
RI119.0G1 Veri. 4.6 3.8 3.18 | 0.43| 10.9| 1.2
R119.0G2 F.C. 4.8 4.0 3.09 |046|13.1| 1.7
North R119.0G3 F.C. 4.7 7.5 3.15 1041 6.9 | 4.1
Carolina R119.0G4 Veri. 4.6 6.3 3.19 1|044| 94 | 2.1
Intermediate | RI19.0G5 Veri. 4.5 57 3.10 | 0.44| 11.3| 2.7
RI119.0G6-1 F.C. 4.1 2.5 3.45 | 0.55]16.5| 1.0
RI119.0G6-2 F.C. 4.1 7.5 3.38 | 0.59| 10.6| 2.3

Note: Purp. is purposé.C. is four corners; Veri. is verification
Figure4.11 andFigure4.12 presents plots for th&pp index and RSI, respectiveliyn
terms of air void content dnindicate thechanges in the performancendex valueswith theair

void content For theSypp index, the values generallye shown talecreasasthe air void
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content increase excepftfor a few points othe Maine case. This trend maksense because the
higher air voidcontentallows the mixture to hawamoreroom to be distressed under the traffic
load.For the RSIthe values oéll the mixtures show increasing trends as the air void content

increases. This trend is also intuitivandexpected
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Figure 4.11 Syppindex valuechanges with test specimen air void content.
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Figure 4.12 RSl value changes with test specimen air void content.

TheBMD+ performance inelx values fothe Syppindex and RSI alswere plottedn
terms ofbinder content, as presentedrigure4.13 andFigure4.14, respectivelyForafair
comparison, the samples tested at the same air void conenetsisedExceptfor the North
Carolinaintermediatanixture, theSypp valuesare shown tancrease as the binder content
increass. This trend is expected because the higher binder content makes the mixture more
ductile, thugprovidingthe mixturewith more fatigue resistanc&he RSI values increase when

the binder content increasigecause the higher binder content makes the mixture softer.
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Figure 4.13 Sgpp index valuechanges with binder content.

20
@ Maine AV at 7.5%
18 I ¢ Maine AV at 2.5%
16 | @ Ontario AV _at 2.5% e ©
@ North Carolina RS9.5C AV at 7.5%
S14 A North Carolina RI19.0C AV at 7.5%
012
4
B 10 |
>
S g
o L
=
6 -
4 | A ’
¢ ®
2t A o
0 1 1 1 1 1 1
3 3.5 4 4.5 5 5.5 6 6.5
Binder Content (%)

Figure 4.14 RSl value changes with binder content.

Overall, theBMD+ performance indicesn PMLC mixtureshow reasonable trends with
the major mixture factors:or thefatigueperformance ranking the Maine and Ontario mixtures
showbetterfatigue resistance than theo North Carolina mixturesvithin asimilar air void

content rage.Forthe North Carolina mixtures, the surface mix (RS9.8@ws greaterfatigue
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resistance than the intermediate mix (RI119.0®esemixturerankings areunderstandable

becauséMaindDOT andthe MTOused modifiedindess in their mixesand surface migs

usualy havegreaterfatigue resistance than the underlying layEws. the rutting performance

rankings, the Maine and North Carolina intermediate mixtures show the best matsiistance

The North Carolina surface mixture shotlve worst ruttingesistancgand the rutting

significantlyincreased when the mixturedanair void contenhigherthan 70 percent

Table2.2 presentshie mixturesvaluatedisingthe Sypp and RSkthreshold valuesThe

mixture samples tested at% target air voiccontentwere considered for this evaluation

becausehe mix design target air vobntent forall thetested mixtures is gercentNote that

the target air voig¢ontent forOntario sample B is 4.3%instead of 4.0%but the measured air

void contentsof this sampldor the cyclic fatigue and SSR testsre in the tolerance rangé

4.0%, which is 3.5% to 4.5%, as shownTiable4.8. Table4.13 presents th&affic designatios

of the mixtures based on the performancex@sults

Table 4.13 Sspp Index and RSI Values forMixture Designation

Mix Fatigue Rutting Final
Sample DeS|gn Traffic
Case Traffic . . RSI . . . .
ID Sapp | Designation Designation| Designation
Level (%)
(ESAL)
(ESAL)
10M 7 30 v H H
Maine 159353 M 33.7 (Very 2.3 (Heavy) (A0M i
Heavy) y 30 M)
Vv s S
Ontario 5-8 N/A 33.3 (Very 4.3 (Less than
Heavy) (Standard) 10 M)
North " \% S
Carolina R?deC 3 MI\/Il 30 30.4 (Very 6.8 (Staﬁ dard) (Less than
Surface Heavy) 10 M)
North \% S
Carolina RIl_S;.OC All 131 (Staﬁdard) 1.7 (Very (Less than
Intermedia¢ Heavy) 10 M)
Note:6 Al | 6 means that the mix is appropriate for

101

any

and



Based on the performance exdvaluesthe mixtures show betterackingresistance than
rutting resistance, excefar the North Carolinantermediatemixture. The North Carolna
RS9.5C mixture's designatialvesnot match the mix design traffic level. For the Maine case,
the designation and mix desigrerematcted The Ontario and North Carolina intermediate
mixturesare designated as Standard mixtures based on the perforinaiwes.Note thatthe
Ontario mixture does not hagamix design traffic level and the North Carolina intermediate
mixture is intendedor useat any andll traffic levek according to the mix design.
4.4.2.BMD+ performance test results(performance simulation)

The output data from FlexMAT were used for the FlexPAVE 1.1 simulations. The
simulation conditions, i.e., pavement structural information, climatic data, and traffic data, were
input to FlexPAVEM together with the performance test results to simulate pavement
performance. The simulation conditions were olgdifrom the pavement and mixture designs
provided by the relevant agency.

All the FlexPAVEM simulations were based on 20 years of design life and a new
pavement. The pavement structures and modulus values for the unbound materials were provided
by the rebvant agencies. Note that FlexPAVEdefault values were used for soitemsif the
information was not been provideBecause FlexPAVE' simulations provide a singhé
damagevalue for allthe asphalt layers together at a certain time %théamagevaluesfor the
AC layershould be recalculatatitwo or more AC layers are input in the simulatidine
recalculation is conductedbed on the reference area of each AC layer, as illustrafeglire
4.15. For the% damageealculation procedure, FlexPAVE uses two overlapping triangles to
form a reference ardhat can consider the damage evolutibne top inverted triangle has a

170-cm wide base that iptated at the top of the surface layer and a vertex that is located at the
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bottom of the bottom asphalt layer. The 420 wide base of the second triangle is located at the

bottom of the bottom asphalt layer and its vertex is positioned at the surfac@-ldyeA 2018)

170 cm

Top Layer
) [

\ /

Intermediate Layer

\
[\

Bottom Layer

[\

- 120 cm -

Source: FHWA

© 2018 Federal Highway Administration
Figure 4.15 Reference areas used for percentage of damageé lamage calculations.

Using the reference area method, the simul@ggathmagen the AC surface at the design
life was recalculated based on the AC surface reference area. For the Ontario case, the NC19.0C
mixture (at 4% air void content) was used as the reference AC intetenkdiar because this
mat erial 6s property was the closest to that o
the North Carolina case, the RI119:@Cnixturesamplewas used as a reference AC intermediate
layer and the RS9.5C mixturesamplewas used as a reference AC surface layer. These two
mixture samples were selected based on thgitace air void contents (7.5% for RS9:-3@nd

6.5% for R119.0e4), which were close to the average AC surface and intermediplaca air
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void contents (D% and 6.2%, respectively) of mixtures used in North Carolina in 2Gige

4.14 provides a summary of the input values used for FlexPA\&imulations.

Table 4.14 Input Values for FlexPAVE™ Simulations

. . : , NC NC
Field Project Maine Ontario Surface Intermediate
AC 41in. 1.6in. 1.675in. .

Surface (Test (Test (Test (é S(.397 g C|;n7.)
(Modulus) Results) Results) Results) )
AC 2in. 4in 4in.
Intermediate N/A (NC ' (Test
(Modulus) RI119.0C) (RI19.0G4) Results)
e 12 in. 32in. 10in. 10 in.
(Elastic (206,840 (200,000 (50,000 (50,000
Modulus) kPa) kPa) kPa) kPa)
Subgrade 150 in. 150 in. 150 in. 150 in.
(Elastic (68,948 (30,000 (61,205 (61,205
Modulus) kPa) kPa) kPa) kPa)

. Bangor, Buffalo, Raleigh, Raleigh,
Climate ME NY NC NC
Design 10 M 5M 16.4 M 16.4 M
Traffic ESALs ESALs ESALs ESALs
Traffic
Growth 0% 2% 2.4% 2.4%

Rate

Note: AC isasphalt concrete and ESAL is equivalent single axle load.

Table4.15 provides a summary of the FlexPAWEsimulation results with the iplace

volumetricparameters
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Table 4.15 Simulated Performancesof PMLC Mixtures

Sample Fatigue Rutting
Case D Use | VMAr | VFAP % VMAr | VFAP | ACRD
(%) (%) | Dam. | (%) (%) (mm)
52A F.C 17.7 59.4 14.2 18.0 58.3 1.7
52B F.C 13.9 79.2 10.2 14.3 76.9 1.0
60 F.C 15.6 84.0 10.5 15.3 85.7 1.0
61 F.C 19.8 61.6 14.1 19.8 61.6 1.7
ME 53 Ver!. 16.3 73.0 12.6 15.7 76.4 1.3
54A Veri. | 17.2 73.2 14.0 17.7 70.6 1.2
54B Veri. 18.2 68.1 11.3 18.4 67.3 1.5
55 Veri. | 14.0 84.2 10.8 14.1 83.6 0.9
58 Veri. | 16.5 715 11.0 16.1 73.4 1.3
62 Veri. | 18.2 68.2 12.2 18.3 67.8 1.6
5-2 F.C 20.5 67.4 16.2 20.6 67.0 14
5-6 F.C 16.7 87.5 15.0 16.9 86.4 0.9
5-7 F.C 16.8 84.5 14.6 16.7 85.0 0.8
ON 5-10 F.C 21.0 63.8 17.9 21.2 62.8 1.6
5-1A Veri. 17.9 79.4 15.1 17.9 79.4 1.0
5-1B Veri. | 174 82.2 16.1 N/A N/A N/A
5-8 Veri. | 18.3 76.6 15.2 18.4 76.1 0.9
1 F.C 15.3 84.3 0.3 15.2 84.9 0.7
3 F.C 20.2 63.7 0.9 20.7 62.0 3.6
NG 7 F.C 19.7 62.5 1.4 19.9 61.6 3.7
Sur. 10 F.Q 17.1 78.4 0.4 17.0 79.2 1.7
2 Veri. | 20.3 57.8 1.1 20.2 58.2 5.4
4 Veri. | 18.2 69.5 0.6 18.2 69.7 1.9
9 Veri. | 18.0 72.2 0.7 17.8 73.1 1.6
2 F.C 14.6 70.9 22.7 14.8 70.0 1.6
3 F.C 17.3 56.7 25.8 17.6 554 3.3
NC 6-A F.C 11.5 78.0 15.3 11.2 80.9 1.1
Int. 6-B F.C 15.6 54.9 21.2 16.0 53.6 2.4
1 Veri. | 13.6 73.6 20.3 13.8 72.3 1.2
4 Veri. | 16.1 59.9 22.2 16.3 58.8 2.1
5 Veri. | 155 60.9 20.6 15.3 62.1 2.3

Note: ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC Int. is North Carolina intermediate; MD
is Maryland; F.C. is four corners; Veri. is verification; % Danfdslamagdrom FlexPAVEM; AC RD is asphalt
concrete rut depth determinedrind-lexPAVEM.

Figure4.16 presents a comparison of the performance indices and simulated
performance. The RSI and AC rut depth values obtained fronPRME™ show vastly stronger

correlations than th&ppand% damagevalues. In particular, the Maine case shows little
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correlation. Based on this observation, the overall trends for the PVRs for AC rut depth would be
expected not tdiffer from the RSI IVR, but the PVRs fd¥o damagevould be expected to
differ from theSypp IVRs because the same volumeparametersvould be used for the PVR

development.
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N (@] e ©
&
E y =-0.1526x + 16.97
5t y =-0.098x + 3.2979
R2=0.7531
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¢ Ontario
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ONC Intermediate
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Figure 4.16 Comparison of measured performance index values and performance
simulated by FlexPAVE™: (a) Sqpp and % damageb) RSI and AC rut depth.
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4.5. Plant-Mix ed Lab-CompactedBMD Performance Tess

TheBMD performance testwere implemented based on the experimenalgpshown
in Table4.9 andTable4.10for the FFIT and HWT test, respectivelin accordance witkhe test
standard, the FFIT and HWTtest were conducted at Z5and 50C, respectivelyNote that the
HWT test temperature was determiriemin the Tex-242-F method. As mentioned earlier, 50°C
is the widely used test temperature for HWTitegtTable4.16 andTable4.17 present the
results of thé-FIT and HWTtests with theorrespondingerformance indices i.ghe Fland
rut depth respectivelyNote that theut depthfor the HWT test is the average rut depth of the
five middle deformation location$9 mm, 92 mm, 115 mm, 138 mm, and 161 mm), as shown in
Figure2.18, andthel et t e r enbth8s8 in Table4.p7andicates stripping.

Table 4.16 Performance IndexValuesfrom |-FIT

Sample Tqrget Air
Case Purpose Void Content | FI
ID
(%)
RS9.5C1-A | Four Corners 2.5 1.4
RS9.5C1-B Verification 7.0 2.8
RS9.5G2-A Verification 8.5 4.4
h RS9.5C2-B | Four Corners 7.0 3.6
Cgtr)(;}ina RS9.5CG4-A Ver?f!cat?on 5.8 3.3
Surface RS9.5G4-B Ver!f!cat!on 7.0 3.3
RS9.5CG9-A Verification 4.9 3.1
RS9.5G9-B | Four Corners 7.0 4.2
RS9.5C10-A | Four Corners 2.5 2.3
RS9.5G10-B | Verification 4.0 2.9
R119.0G1-A | Four Corners 3.8 0.9
RI119.0G1-B | Verification 7.0 2.4
RI119.0G2-A | Four Corners 4.0 1.3
North RI19.0G2-B | Four Corners 7.0 3.1
Carolina R119.0G4-A | Verification 6.3 2.5
Intermediate | RI19.0G4-B | Verification 7.0 2.6
RI119.0G5-A | Verification 57 2.4
RI19.0G5-B | Four Corners 7.0 3.1
RI119.0G6-B | Verification 5.8 2.3
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Table 4.17 Performance IndexValuesfrom HWT Test

Target Air
Case SaIrSpIe Purpose Void Content Ru(tmDrﬁ)p th
(%)
5-1-A Verification 7.0 4.2
5-1-B Verification 3.9 3.0
52 Four Corners 7.0 4.2
5-6-A Verification 7.0 40
Ontario 5-6-B Four Corners 2.5 1.8
57 Four Corners 7.0 3.6
5-8-A Verification 7.0 3.7
5-8-B Verification 4.3 2.5
5-10-A Four Corners 2.5 1.8
5-10-B Verification 55 3.3
RS9.5C1-A Four Corners 2.5 1.4
RS9.5C1-B Verification 7.0 4.3
RS9.5G2-A | Verification (S) 8.5 17.8
RS9.5C2-B Four Corners 7.0 54
RS9.5C3-A Four Corners 7.5 7.0
RS9.5G3-B | Verification (S) 7.0 12.8
North RS9.5CG4-A | Verification (S) 5.8 10.6
Carolina RS9.5G4-B | Verification (S) 7.0 12.2
Surface RS9.5CG7-A | Verification (S) 7.5 12.5
RS9.5C7-B Verification 7.0 6.0
RS9.5CG9-A Verification 4.9 4.6
RS9.5G9-B | Verification (S) 7.0 12.5
RS9.5C10-A Four Corners 2.5 2.0
RS9.5C10-B Verification 7.0 7.8
RS9.5C10-C Verification 4.0 3.4
RI19.0G1-A Verification 3.8 1.6
RI119.0CG1-B Verification 7.0 2.8
RI19.0G2-A FourCorners 4.0 2.3
RI119.0G2-B Four Corners 7.0 3.8
RI119.0G3-A Verification 7.5 4.0
North RI119.0CG3-B Verification 7.0 4.4
Carolina RI19.0G4-A Verification 6.3 2.2
Intermediate | R119.0G4-B Verification 7.0 3.2
RI19.0G5-A Verification 5.7 2.2
RI119.0G5-B Verification 7.0 3.3
RI119.0G6-A Four Corners 4.0 1.3
RI119.0G6-B Four Corners 7.5 2.5
R119.0G6-C Verification 7.0 2.6

Note: (S) in the Sample ID column is stripping.
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To see the change theBMD performancendex valuesvith the important mixture
factors first theBMD performancendex valuesvere plottechgainstheair void contentFigure
4.17 shows that th&1 valuesof bothNorth Carolinamixturesincreasd whenthetest specimen
air void content increadeThis trends counterintuitivebecause theixture withthe higher air
void contenshould havereaterfatigue suscefdility . This trend can be also observed in
another research (Batiefslvarez et al. 2019)-or this reason, thEl may notbeanidealindex
for QA purposesf the ageng considesin-place densityasa QA item.Figure4.18 shows that
therut depthindex values increadeavith anincreasean air void contentThis trendis expected
because the mixture witnhigher air voidcontenthas more roonfor rutting to occurNote that
severainstances o$trippingwerefound for the North Carolina surface mixture samples with

high binder content or 7% air void content.
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Figure 4.17 Flexibility index changewith test specimen air voidcontent
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Figure 4.18 Rut depth change with specimen air voicdtontent.

Second, lte BMD performance inelx valuesat 7% air void contenvere plottecagainst
the binder conteptisshownin Figure4.19 andFigure4.20for the FI and rut depth index,
respectivelyThe Flvaluesare shown tancrease when the binder content increashbis trend
makes sense because thereductile mixture witha higher birder content hagreaterfatigue
resistanceTherut depthindex valueslsoare shown tincrease as the binder content increase
This trend is also reasonalilecausé¢he higher binder content makes the mixture softer.the
North Carolina surface miwte, stripping occurred for the samples vattelatively higher

binder content.
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Figure 4.19 Flexibility index changewith binder content.
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Figure 4.20 Rut depth index change with binder content

Based orthese observations, tiké doesnot show a reasonable trend with the air void

content, but it shosanintuitive trend withregard tdbinder content. Theut depthindexshows

reasonable trends terms ofboth air void content and binder content.
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According toa FHWA ICT-15-017 report (ICT, 2015), threshold valus be usetb
evaluate mixtureom a BMD point of viewusing performance indicekh this study, lhe
evaluaton was conducted only for samples tested at 7% forthethFIT and HWT testFigure
4.21 schematially presents theesults ofthe mixture evaluatiorthat was based ahe BMD
performance indicesf 7% air void conterdind the thresholdaluesandTable4.18 summarizes
the evaluation resultdlote that the threshold valsiesedarespecificallyfor the State of Illinois
becausehe State of North Carolina does not have BMD performance indeghbié values
Thus,this studydid not fully consider thgethreshold valuefor application tahe North
Carolina mixtures, buheyat leastcan serve aan alternave way toevaluate the mixtures
approximatelyusing the BMDperformance teshdices The threshold valuassed forllinois
divide the mixture types into four categori€k) Stiff and Brittle,(2) Stiff and Flexible(3) Soft
and Flexible, an@4) Soft and Unstablehen theFl value is 8andthe rut depth i4€2.5mm.

Each category can lefinedas follows:
1. Stiff and Brittle: Low cracking resistance (brittle) and high rutting resistance (stiff).
2. Stiff and Flexible: Low cracking potential (flexible) and good rutting resistance
(stiff).
3. Soft and Flexible: Sufficientracking resistance (flexible) and high rutting potential
(soft).

4. Soft and Unstable: Lowracking and rutting resistance.
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Figure 4.21 Mixture evaluation using lllinois BMD threshold values.

Table 4.18 Flexibility Index and Rut Depth Index Values for Mixture Designations

Sample Rut .
Case D Fl Depth Evaluation
(mm)

North RS9.5C1-B 2.8 4.5 Stiff andBrittle
Ca‘r’ghna RS9.5G2-B | 3.6 6.3 Stiff andBrittle
Suface RS9.5C4-B 3.3 13.9 SoftandUnstable
RS9.5G9-B 4.2 14.1 SoftandUnstable
RI19.0G1-B 2.4 3.1 Stiff andBrittle

North RI119.0G2-B 3.1 4.3 Stiff andBrittle
Carolina R119.0G4-B 2.6 3.5 Stiff andBrittle
Intermediate | R119.0G5-B 3.1 3.7 Stiff andBrittle
R119.0G6-B 2.3 3.0 Stiff andBrittle

Based onhie mixturedesignatios derivedfrom thelllinois threshold values, the North
Carolina RS9.5C mixture mesignatecs StiffandBrittle and Soft and Unstabl&hese
descriptionsndicate that the mixture has low fatigue cracking resistandencertan rutting
resistancelor the North Carolinantermediatemixture, the mixturés designateds Stiff and
Brittle, whichindicatesthatthe mixture has low fatigue cracking resistance but high rutting
resistanceTable4.19 compares mixture evaluation from b&MD+ and BMD performance

tests. Note that the mixture evaluation frBMD+ performanceests used the mixture samples
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tested at 7.5% air void content (Sample 7 for surfacéun@and Sample 2 for intermediate
mixture, shown inTable 4.12) to compare téhe mixture evaluation from BMPerformance

tests determined using the mixture samples tested at 7.0% air void cSirteathe North

Carolina surface mix does not have a clear evaluation for the rutting performance, it is hard to
compare the mixture eluation results from botBMD+ and BMD performanceests.For the

North Carolinantermediate mixture, the mixture evaluation from bBMD+ and BMD
performanceests indicate that the mixture has higher rutting resistance.

Table 4.19 Comparison of Mixture Evaluation from BMD+ and BMD Testing

Case Mixture Evaluation Mixture Evaluation
from BMD testing from BMD+ testing
North Stiff andBrittle )

. Betterfatigue
Carolina Or resistance
Surface SoftandUnstable

North .
Carolina Stiff andBrittle Bettgr rutting
; resistance
Intermediate

4.6.Index Comparison of Plant-Mix ed Lab-CompactedBMD+ and BMD Performance

TestResults

The performancéestindex valueobtainedrom bothBMD+ and BMDperformance
tess werecomparedn this study To ensureafair comparison, the performance exdvalues
that weregenerated fronthe same target air void contents weised.Figure4.22 andFigure
4.23 present the comparison results tloe fatigue indicesind rutting indicesespectivelyThe
Syppand Flvalues obtaineffom boththe BMD+ and BMDtesing show opposite trengsvhich
is expected due to the opposite tienbservedor the air void contents shown kigure4.11

andFigure4.17. TheRSI and rut deptbbtainedirom bothsets oftests show the same trends.
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Figure 4.23 Comparison of PMLC RSI andrut depth index values
4.7.Development ofl ndex Volumetrics Relationships for Plant-Mix ed Lab-Compacted
Mixtures
As statedn Chapter4.1, thein-placevolumetric parameters (VMAand VFAp) are

important topavement performandeecause they serveitdegrae the primaryfactorsthat are

115



generatedt both thamixture and construction lev&lThis chaptedescribes thealculaton of
thein-place volumetric parametebased on the measured AQCs (representing several factors
generatect themixture level) and test specimen air vomhtentqrepresenting iplace air void
contens at theconstruction level)Next, the major parameters thfe AQCsareplottedagainst
thein-placevolumetric parametert® see thecorrelations The measuregherformancendices
alsoarecorrelated to then-placevolumetric parameters-inally, the IVRsaredevelopednd

verified using the verification sample test results.

4.7.1.Relationship between AQG and in-placevolumetric parameters

Equatiors (1.4) and(1.5) utilize threeAQC:s, i.e., theair void contentat the Nges the n-
place air void content, artle VMA at the Ngesto calculatehe VMA p and VFAp. Forthe
calculation olVMA at Nges three parameters, i.daulk specific gravity of compacted mixture
(Gmp), aggregate contefPs), andbulk specific gravity of aggrega{€sy) are usedas shown in
Equation(2.2).

A lessonlearnedirom MaineDOT,the MTQ, the NCDOT, and the MrylandDOT is that
theseagenciesexcept for the NCDOTyse the sam@&sp valuethat isspecified in the JIMF to
calculate their QA test resulfBhus, theGsp valuethat is usedo calculatehe VMA at the Nges
alsoshould beemployedfrom the IMF andis unchangeabldrecallthat the NCDOT uses
correctedGsy for its QA tests as shown irEquation(3.2), butavariable that affestthe
calculation ofthe correctedGsp is the binder contentvhichlikewise affectsthe calculation of
Calculated Ge The other factor@Mix Design Gy andMix Design G¢) that are usetbr the
correctedGsy calculation are employed from the JIMF

Calculated G,* Mix DesignG

Corrected G, = Mix Design G

(3.2)

where
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Calculated Ge= calculated value from actual sample,
Mix Design Gp = a value frontheoriginal mix design,
Mix Design Ge= a value frontheoriginal mix desgn.

The Gmp andPs are functioms of the binder contenPs is directly affected by the binder
content. Théinder conter@ sffect on theGmp value can beleterminedrom the Gair void
content alNgeHequation Equation(2.1). The QA test samples have the same target mass for
each mixturethus the air void content dhe Ngesis afunction ofGmmandGmb. The binder
content affects th&mmvalues and>mb. Therefore, the factoithat affectthe calculation of then-
placevolumetric parameters atiee binder content anthein-place air void contentith these
factsin mind, Figure4.24 presentglots of the relationshipbetweerbinder content and iplace
air void contentn terms ofthe volumetric parametefsr all four caseg{Maine, Ontario, and
North Carolina surface and intermediate mixturésy each case, the relationshiggtween the
binder content and the volumetric parameters are relatively weakahtsshbetween the in
place air void contents and the volumetricgo@eters.The reason for this outconmethateach
mixture's measured binder content range is significantly smaller thanphecaair void
content range, adiscussedn Chapter3.4. Therefore, the volumetric parameters of the PMLC
mixture samples amaorestrongly related to the iplace air void content thao the binder

content.
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Figure 4.24 Relationships betweerbinder content and in-place air void contentin terms of
volumetric parameters. (2) VMA r vs. Binder content, (b) VFAp vs. Binder content, (c)
VMA p vs. AVip, and (d) VFAPR vs. AVip.

4.7.2.Relationship between prformance indexvaluesand volumetric parameters

This sulchapterdeals with the relationships between the measured performaroe ind
valuesandthein-placevolumetricparametersFigure4.25to Figure4.28 show the relationship
between thén-placevolumetricparameterandindividual performance inex valuedor all the
tested PMLC sample$able4.20to Table4.22 presenthe numerical values difie volumetric
parameters and performariodices

Figure4.25 shows thathe Sppindexvalues decrease when the VMAIncreases and
increase as the VRAIncreases, except for the Maine case. The overall trends are understandable
because most of the samples in the same mixture have similar binder<butelitferent air
void contens. In other words, the air void contdmdsa greater impaain the VMAp and VFAp

calculationghan the binder conterdsindicatedin Figure4.24. Becausdigher air void contents
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lead to higher VMAp valuesthe fatigue resistance sidulecrease as the air void content
increases. The VFAincreases as the air void content decreases due to the similar binder
content. Therefore, the fatigue resistance should increasaniitbreasen theVFAp. This
trend makes sense because thedrigt-Ap valuemeansa higher binder percentagéth a
certainair void contenf making the mixture more ductile.
For the Maine case, the relationship betwibe,,pindexvaluesand volumetric
parametersloesnot show clear trends duettte weak relationship betweehe Sypp valuesand
test specimen air void content showrrigure4.11. A possiblereason ér the weak relationship
is that the mixtureontainsmodified binder to increaseemi x t ur e 6 Becausehef f ne s s .
mixture was designed to be usedhicold region, the mixture shoulek stiffenoughto reduce
the effect of the air void conteah thefatigue performance. The effect of modified binder usage
can be confirmed by comparing the performance inddxesat 2.5% and 7.5% air void
contents, as presentedliable4.29in Chapted.7.3 The Maine mixture shosthe lowest
percentage dfifferencebetweerthelow and hidn air void contents, indicating that the mixture
is less sensitiveo air void content than the other mixtur@glditional analysis for the Maine
casebds issue is descr i beSypindexasmgthealynamdc medulush t h e

values, Alpla, shift factor,DR, C11, and Gzin Chapter4.7.3
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Figure 4.25 Sqapp performance indexvaluesand volumetric parameters.
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Figure4.26 shows thathe RSlvaluesincrease athe VMA p increases and decrease as
theVFAp increases for all caseBhistrend makes sense because the higher air void content
resulsin the higher VMAp, whichallowsmore roomfor deformatiorby traffic loadng.
However, the RSI trend with VRAshows the counterintuitivetrend. The reasonable trend
would bethat the RSlalueshould increase as the VirAncreases becauséigher VFAvalue
typically implies amixture witha higher binder content, whickould be a softer mixture. In
fact, the VFA can increaseheneither the air void content or the binder content incredses.
this study useé PMLC mixture samples, the VFA values are driveore significantlyby the air
void content than the binder content. Thigcomeis a limitation of theuse ofPMLC mixtures.
Therefore, the higher VRAcorresponds tower RSI values due to the lower tgpecimen air

void content.
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Figure 4.26 RSI performanceindex valuesand volumetric parameters.
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Figure4.27 shows thathe FI valuesand volumetric parameteexhibit opposite trend&

those ofthe Sppindex TheFl value increasewhen the VMAr increase and decreasavhen

the VFAp increass. Based on general intuition, tRétrendsfor both volumetrigparameters are

not reasonable. It is hard to accept that the migtdiaéigue resistance improves when the

mixture has a high voidontentin terms of the VMAp because the relationship betweenFkhe

valuesand test specimen air void cont¢mtesentedn Figure4.17) indicatesthat theF| value

increases as the air void content increases. As stated earlier, gnailovoid content causes

higher VFAprvalues mderasimilar binder content. Therefore, thRevaluedecreases as the

VFA|p increases.
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Figure 4.27 FI performance index valuesand volumetric parameters
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Figure4.28 shows that th&rends for theut depth indexalueswith the volumetric

parameterare similar to those dhe RSI(Figure4.26) for the sameeasons agiven forthe RSI

trends
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Figure 4.28 Rut depth performance index values and volumetrigparameters

124



Table4.20to Table4.22 presenthe numerical values of performance indices and

volumetricparameters

Table 4.20 Volumetric Parameterand Results oBMD+ Performance Tests

sample Fatigue Rutting
Case D Purpose VMA p | VFAP s VMA r | VFAIP | RSI
(%) (%) Pl () (%) | (%)
159352A Four Corners| 17.7 594 | 27.7| 18.0 58.3 | 3.1
159352B Four Corners| 13.9 79.2 | 32.2| 14.3 769 | 1.9
159360 Four Corners| 15.6 84.0 | 36.3| 15.3 85.7 | 1.9
159361 Four Corners| 19.8 61.6 | 30.1| 19.8 61.6 | 3.3
Maine 159353 Ver?f@cat@on 16.3 73.0 | 33.7| 15.7 76.4 | 2.3
159354A Verification 172 73.2 | 22.7| 17.7 70.6 | 2.5
159354B Verification 18.2 68.1 | 30.2| 184 67.3 | 2.9
159355 Verification 14.0 84.2 | 28.6| 14.1 83.6 | 1.8
159358 Verification 16.5 715 [42.1| 16.1 734 | 2.4
159362 Verification 18.2 68.2 | 36.8| 18.3 67.8 | 2.8
5-2 Four Corners| 20.5 67.4 | 25.5| 20.6 67.0 | 6.5
5-6 Four Corners| 16.7 87.5 | 37.3| 16.9 86.4 | 4.4
5-7 Four Corners| 16.8 845 |33.4| 16.7 85.0 | 4.0
Ontario 5-10 Four Corners| 21.0 63.8 | 25.0| 21.2 62.8 | 8.1
51A Verification 17.9 79.4 | 34.4| 17.9 79.4 | 5.3
51B Verification 17.4 82.2 | 36.6] N/A N/A | N/A
5-8 Verification 18.3 76.6 | 33.3| 18.4 76.1 | 4.3
RS9.5CG1 FourCorners| 15.3 84.3 | 28.4| 15.2 849 | 25
RS9.5G3 Four Corners| 20.2 63.7 | 23.5| 20.7 62.0 | 16.2
North RS9.5C7 Four Corners| 19.7 625 | 22.7| 19.9 61.6 | 15.9
Carolina RS9.5C10 | Four Corners| 17.1 78.4 | 30.4| 17.0 79.2 | 6.8
Surface RS9.5G2 Verification 20.3 57.8 | 21.3| 20.2 58.2 | 24.6
RS9.5G4 Verification 18.2 69.5 | 28.8| 18.2 69.7 | 7.5
RS9.5CG9 Verification 18.0 72.2 | 26.6| 17.8 73.1 | 6.1
R119.0G2 Four Corners| 14.6 709 | 13.1| 148 70.0 | 1.7
RI19.0G3 Four Corners| 17.3 56.7 | 6.9 17.6 554 | 4.1
North RI19.0G6-A | Four Corners| 11.5 78.0 |16.5| 11.2 809 | 1.0
Carolina | RI19.0G6-B | Four Corners| 15.6 549 |10.6| 16.0 536 | 2.3
Intermediate RI119.0G1 Verification 13.6 73.6 |10.9| 13.8 723 | 1.2
R119.0G4 Verification 16.1 599 | 94 16.3 58.8 | 2.1
RI19.0G5 Verification 15.5 60.9 | 11.3| 15.3 62.1 | 2.7
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Table 4.21 Volumetric Parameterand Results of FFIT

Case SaIrSpIe Purpose V%I /':S ® V(EA)AS'P FI
RS9.5C1-A Four Corners| 15.0 86.6 | 1.4
RS9.5C2-B FourCorners| 18.8 63.6 | 3.6
RS9.5C9-B Four Corners| 19.9 63.8 | 4.2
North RS9.5C10-A Four .Cor.ners 15.8 86.1 | 2.3
Carolina RS9.5C1-B Ver!f!cat!on 19.5 63.2 | 2.8
Surface RS9.5CG2-A Ver!f!cat!on 19.8 595 | 4.4
RS9.5C4-A Verification 18.6 67.8 | 3.3
RS9.5C4-B Verification 19.6 63.4 | 3.3
RS9.5C9-A Verification 17.9 72.4 | 3.1
RS9.5C10-B | Verification 17.4 76.7 | 2.9
RI19.0G1-A | Four Corners| 13.8 72.4 | 0.9
RI19.0G2-A | Four Corners| 14.7 70.7 | 1.3
RI119.0G2-B | Four Corners| 17.5 57.1 | 3.1
North R119.0G5-B | Four Corners| 16.1 58.1 | 3.1
Carolina RI119.0G1-B Verification 16.4 59.3 | 2.4
Intermediate | RI19.0G4-A Verification 16.2 595 | 25
R119.0CG4-B Verification 16.7 571 | 2.6
RI19.0G5-A Verification 15.5 60.9 | 24
RI19.0G6-A Verification 14.5 60.2 | 2.3
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Table 4.22 Volumetric Parameterand Results of HWT Test

Sample VMA i | VFA P | Rut Depth
Case le Purpose (%) (%) (mm;D
5-2 Four Corners| 20.9 65.9 4.2
5-6-B Four Corners| 16.7 88.0 1.8
5-7 Four Corners| 20.7 65.4 3.6
5-10-A Four Corners| 16.4 86.3 1.8
Ontario 5-1-B Ver?ﬁcat?on 17.9 79.6 3.0
5-8-B Verification 18.5 76.0 2.5
5-10-B Verification 19.0 72.1 3.3
5-1-A Verification 20.7 66.6 4.2
5-6-A Verification 20.6 67.9 4.0
5-8-A Verification 20.7 65.8 3.7
9.5G1-A Four Corners| 15.3 84.6 1.4
9.5G2-B Four Corners| 19.1 62.2 54
9.5G3-A Four Corners| 20.5 62.6 7.0
9.5G10-A Four Corners| 16.2 83.7 2.0
9.5CG1-B Verification 19.6 62.6 4.3
9.5G2-A (S) | Verification 20.2 58.1 17.8
North 9.5G3-B (S) | Verification 20.2 64.0 12.8
Carolina 9.5G4-A (S) | Verification 18.4 68.7 10.6
Surface 9.5G4-B (S) | Verification 19.4 64.3 12.2
9.5G7-A (S) | Verification 20.0 61.3 12.5
9.5G7-B Verification 19.6 62.9 6.0
9.5G9-A Verification 17.9 72.7 4.6
9.5G9-B (S) | Verification 20.1 62.8 12.5
9.5G10-B Verification 20.4 63.4 7.8
9.5G10-C Verification 17.4 76.9 3.4
19.0G2-A Four Corners| 14.7 70.5 2.3
19.0G2-B Four Corners| 17.5 57.5 3.8
19.0G6-A Four Corners| 13.0 68.2 1.3
19.0G6-B Four Corners| 15.9 53.9 2.5
19.0G1-A Verification 13.7 73.3 1.6
North 19.0G1-B Verification 16.4 59.0 2.8
Carolina 19.0G3-A Verification 17.4 56.2 4.0
Intermediate| 19.0G3-B Verification 17.1 57.4 4.4
19.0G4-A Verification 16.2 59.5 2.2
19.0G4-B Verification 16.9 56.2 3.2
19.0G5-A Verification 14.7 64.8 2.2
19.055-B Verification 16.0 58.5 3.3
19.056-C Verification 15.4 55.8 2.6

Note: (S) in the Sample ID columis stripping.
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4.7.3.Index-volumetrics relationship developmentand verification

The IVRs were developed using the volumep@zameterand performance indicdsr
the four corners for all mixture$heregression functiom Microsoft Excel was usefr the
IVR developmentTable4.23 provides a summary dfiedeveloped IVRs for athe PMLC
mixtures and performance tessults For the IVR coefficients, atheruttingrelatedlVRs (RSI
andrut depthindeX) showa positive sigrfor coefficienta anda combinationof positive and
negativesignsfor coefficientb. The North Carolina intermediate mixture skarelativelylow
R? valueof 0.8for theRSI IVR. The reason for this result is tithe measured RSlaluesof the
four corners had relatively wealdinear correlationswith thein-place volumetric parameters
compared to the other casas shown ifrigure4.29. Figure4.25 throughFigure4.28 showthe
correlations betweethe performance ineix valuesand volumetric parameters thie other
mixtures.Fromtheseobservatios, thealignment of the irplace volumetric parameters with the
performance index valuésclearlyimportantto the establishment ofwaell-calibrated 1VRby
the regressiarThe fatigue IVRs &ppandFIl) show positive sigafor coefficiens b for all cases,
exceptfor the North Carolinantermediate mixturéor the FI IVR The coefficienta for all cases
showed positive signsut the North Carolina intermediate mixture showed negative sign

coefficientb for bothSppand FI IVRs.Chapter6.2.1discusses thesggn conventioa
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Table 4.23 Developed IVRs: PMLC Samples

Case Index a b d R?

Maine Sepp 0.913 | 0.431 | -14.334 | 0.99
Ontario Spp 2.798 | 1.036 | -100.739| 0.98

NC Surface Sapp 2.614 | 0.857 | -82.957 | 0.89
NC Intermediate Sepp -1.441 | 0.045 | 30.101 | 0.96
NC Surface FI 0.720 | 0.034 | -12.225| 0.99
NC Intermediate FI -0.019 | -0.146 | 11.798 | 0.99
Maine RSI 0.169 | -0.029| 1.765 | 0.99
Ontario RSI 0.332 | -0.089| 6.381 | 0.94

NC Surface RSI 0.968 | -0.365| 18.948 | 0.99
NC Intermediate RSI 0.556 | 0.028 | -7.824 | 0.80
Ontario Rutdepth(mm) | 0.718 | 0.045 | -13.933| 0.98

NC Surface Rutdepth(mm) | 0.969 | -0.027 | -11.351 | 0.99
NC Intermediate| Rutdepth(mm) | 0.655 | 0.036 | -9.782 | 0.98
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Figure 4.29 Relationship between measured RSI (%Yyaluesand in-place volumetric
parameters North Carolina intermediate mixture.

To verify whether the developed IVRs can predict the performanes valuesvell or
not, theperformancendex valuesvere predicted by inputting the volumetric parametdues in
the corresponding IVRand compang themto the measured iec valuesTable4.24to Table
4.27 presenthe measured and predicted performancexnaluesvith thepercentage of error
(% Error) between the measurement and préalictor each performance indgbe., Sepp, Fl,
RSI, and rut depthespectivelyFigure4.30 andFigure4.31 presenctomparisos of theBMD+

and BMD performance testsults respectively
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Table 4.24 Measured and PredictedSapp INd ex Values

Case Sample Purpose Measured | Predicted %
1D Sapp Sapp Error
159352A | Four Corners 27.7 27.4 1.0
159352B | Four Corners 32.2 32.5 0.9
159360 | FourCorners 36.3 36.1 0.7
159361 | Four Corners 30.1 30.3 0.9
Four Cornerd\verage 0.9
Maine 159353 Ver?f!cat?on 33.7 32.0 4.9
159354A | Verification 22.7 32.9 445
159354B | Verification 30.2 31.6 49
159355 | Verification 28.6 34.7 21.2
159358 | Verification 42.1 31.5 25.1
159362 | Verification 36.8 31.7 14.0
Verification Average 191
5-2 Four Corners 25.5 26.6 4.1
5-6 Four Corners 37.3 36.7 15
57 Four Corners 33.4 33.8 1.3
5-10 Four Corners 25.0 24.1 3.8
Ontario Four Cornerd\verage 2.7
51A Verification 34.4 31.7 7.6
51B Verification 36.6 33.2 9.2
5-8 Verification 33.3 29.9 10.2
Verification Average 9.0
1 Four Corners 28.4 29.4 3.4
3 Four Corners 23.5 24.6 4.6
7 FourCorners 22.7 22.1 2.8
North 10 Four Corners 30.4 29.0 4.6
Carolina Four Corner\verage 3.9
Surface 2 Verification 21.3 19.6 8.0
4 Verification 28.8 24.3 15.8
9 Verification 26.6 25.9 2.4
Verification Average 8.7
2 Four Corners 13.1 12.2 6.8
3 Four Corners 6.9 7.8 12.1
6-A Four Corners 16.5 17.0 3.4
North 6-B Four Corners 10.6 10.1 4.7
Carolina Four Corners\verage 6.8
Intermediate 1 Verification 10.9 13.8 27.2
4 Verification 9.4 9.7 3.2
5 Verification 11.3 10.5 6.6
Verification Average 12.3
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Table 4.25 Measured and PredictedFl Index Values

Case Sample Purpose Measured | Predicted %
ID Fl FI Error
RS9.5C1-A Four Corners 1.4 1.5 10.1
RS9.5C2-B Four Corners 3.6 3.5 2.7
RS9.5C9-B Four Corners 4.2 4.3 2.5
RS9.5CG10-A | Four Corners 2.3 2.1 6.4
North Fou_r_Co_rnersAverage 5.4
Carolina RS9.5C1-B Ver!f!cat!on 2.8 4.0 39.8
Surface RS9.5C2-A Ver!f!cat!on 4.4 4.1 8.1
RS9.5C4-A Verification 3.3 3.5 6.3
RS9.5CG4-B Verification 3.3 4.1 23.2
RS9.5CG9-A Verification 3.1 3.2 2.0
RS9.5CG10-B | Verification 2.9 3.0 2.3
Verification Average 13.6
R119.0G1-A | Four Corners 0.9 1.0 8.6
RI119.0G2-A | Four Corners 1.3 1.2 6.6
RI19.0G2-B | Four Corners 3.1 3.2 1.3
R119.0G5-B | Four Corners 3.1 3.0 1.0
North Four Cornerd\verage 4.4
Carolina RI19.0G1-B Verification 2.4 2.9 18.9
Intermediate | RI119.0G4-A Verification 2.5 2.8 13.0
RI119.0G4-B Verification 2.6 3.2 24.2
RI19.0G5-A Verification 2.4 2.6 8.1
RI119.0G6-A Verification 2.3 2.8 21.8
Verification Average 17.2
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Table 4.26 Measured and PredictedRSI Index Values

Sample Measured | Predicted %
Case D Purpose RSI RSI Error
(%) (%)
159352A FourCorners 3.1 3.1 0.9
159352B Four Corners 1.9 1.9 1.3
159360 Four Corners 1.9 1.8 1.1
159361 Four Cornerg 3.3 3.3 0.7
Four Corners\verage 1.0
Maine 159353 Ver?f?cat?on 2.3 2.2 6.5
159354A Verification 2.5 2.7 5.8
159354B Verification 2.9 2.9 0.5
159355 Verification 1.8 1.7 7.3
159358 Verification 2.4 2.3 3.1
159362 Verification 2.8 2.9 3.2
Verification Average 4.4
5-2 Four Cornerg 6.5 7.1 8.8
5-6 Four Corners 4.4 4.2 6.6
5-7 Four Cornerg 4.0 4.2 51
5-10 Four Cornerg 8.1 7.6 5.9
Ontario Four Cornerd\verage 6.6
51A Verification 5.3 5.1 3.1
51B Verification N/A N/A N/A
5-8 Verification 4.3 5.6 29.9
Verification Average 16.5
RS9.5C1 Four Corners 2.5 2.7 8.5
RS9.5C3 Four Cornerg 16.2 16.4 1.3
RS9.5G7 Four Corners 15.9 15.7 0.8
North RS9.5C10 | Four Corners 6.8 6.5 4.2
Carolina Four Cornerg\verage 3.7
Surface RS9.5CG2 Verification 24.6 172 30.0
RS9.5C4 Verification 7.5 111 47.8
RS9.5CG9 Verification 6.1 95 54.1
Verification Average 44.0
RI19.0G2 Four Cornerg 1.7 2.4 40.9
RI119.0CG3 Four Cornerg 4.1 3.5 14.5
R119.0G6-A | Four Corners 1.0 0.6 36.6
North RI119.0G6-B | Four Cornersg 2.3 2.5 12.4
Carolina Four Cornerdf\verage 26.1
Intermediate| RI19.0G1 Verification 1.2 1.9 56.9
R119.0G4 Verification 2.1 2.9 34.6
R119.0G5 Verification 2.7 2.4 11.6
Verification Average 34.3
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Table 4.27 Measured and PredictedRut Depth Index Values

Sample Measured | Predicted %
Case Purpose Rut Depth | Rut Depth
ID Error
(mm) (mm)
5-2 Four Corners| 4.2 4.0 4.2
5-6-B Four Corners 1.8 1.9 54
57 Four Corners 3.6 3.8 4.9
5-10-A Four Corners| 1.8 1.7 5.7
Four Corner#\verage 5.0
Ontario 5-1-B Ver?ﬁcat?on 3.0 2.5 18.5
5-8-B Verification 2.5 2.7 7.9
5-10-B Verification 3.3 2.9 9.6
5-1-A Verification 4.2 3.9 7.0
5-6-A Verification 4.0 3.9 4.1
5-8-A Verification 3.7 3.9 4.6
Verification Average 8.6
9.5G1-A | Four Corners 1.4 1.2 13.0
9.5G2-B | Four Corners 5.4 5.5 1.7
9.5G3-A | Four Corners 7.0 6.9 14
9.5G10-A | Four Corners 2.0 2.1 9.6
Four Corner#\verage 6.4
9.5G1-B Verification 4.3 6.0 39.9
9.5G2-A Verification 17.8 6.7 62.5
North 9.5G3-B Verification 12.8 6.5 49.1
Ca‘r’cﬁina 9.5G4-A | Verification | 10.6 4.7 56.3
Surface 9.5G4-B Ver!f!cat!on 12.2 5.7 53.0
9.5G7-A Verification 12.5 6.4 49.1
9.5G7-B Verification 6.0 6.0 0.6
9.5G9-A Verification 4.6 4.0 13.2
9.5G9-B Verification 12.5 6.5 48.2
9.5G10-B | Verification 7.8 6.7 14.3
9.5G10-C | Verification 3.4 3.5 2.7
Verification Average(With stripping) 35.4
Verification Average (No stripping) 14.2
19.0G2-A | Four Corners 2.3 2.3 5.1
19.0G2-B | Four Corners 3.8 3.8 2.9
19.0G6-A | Four Corners 1.3 1.3 8.2
19.0G6-B | Four Corners 2.5 2.5 4.1
North
Carolina Fo_u_r C_ornerd\verage 5.1
Intermediate 19.0G1-A Ver!f!cat!on 1.6 1.6 18.1
19.0G1-B | Verification 2.8 2.8 13.2
19.0G3-A | Verification 4.0 4.0 8.9
19.0G3-B | Verification 4.4 4.4 20.8
19.0G4-A | Verification 2.2 2.2 33.2
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Table 4.27 (continued)

19.0G4-B | Verification 3.2 3.2 54

North 19.0G5-A | Verification 2.2 2.2 1.9
Carolina 19.055-B | Verification 3.3 3.3 14.9
Intermediate | 19.056-C | Verification 2.6 2.6 10.2
Verification Average 14.1
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Figure 4.30Measured and predicted performance indx values BMD+ testing.
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Figure 4.31 Measured and predicted performance indx values BMD testing.

FromTable4.24to Table4.27, the % Error betweethe measured and predicted

performance inelx values fothe four cornersloesnot exceed 10%or boththe BMD+ and

BMD performance testesults exceptfor the North Carolina intermediate mixturRSI case

This outcomeindicates that the four corners are calibratedl with the volumetrigparameters
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and performancendex valuesising the regressionethod as long ashe peformanceindex
valuesand the irplace volumetric parametensvegoodlinearity. As mentioned, th& of the
developedRSIIVR of the North Carolina intermediate mixtusgthe lowesbf all the study
mixturesdue to the relative weak linearity betwdbe RSl valuesand inplace volumetric
parametersThus the % Errorfor thefour cornerss thehighestof all the mixturesForthe

fatigue indices $pp andFl), the % Errowvaluesfor all the verificationmixturesamplesre less

than 20percent For the rutting indices (RSI and rut depth index), the % Error for rut depth does
not excee®5 percent. Note that several instances of stripping occurred during the HWT test of
the North Carolina surface mixture, dwn inFigure4.18 andTable4.22. Because the IVRs

for the rut depth index were developed using only-stoipped samples, the IVR could not
reasonably predict the samples that had strip@iagle4.27 shows that the % Error, including

all the North Carolina surface mixture samples, is 35.4%, but is 14.2% without the stripped
samplesFigure4.32 shows that the stripped samples are significantly off from the line of
equality. The RSI shows the highest % Error among the four indices. The % Error of the Maine
and Ontario cases does not exceed 2%bboth North Carolina mixtures shaelatively

greater % Error than the Maine and Ontario cases.
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Figure 4.32 Measured and predicted rut depth index values with stripped samples: North
Carolina surface mixture.

Overall, the developed IVRs were able to predict the performance index values well,
except for the&spp values of the Maine mixture and RSI values of both North Carolina mixtures.
Table4.28 shows that the average % Error for each performance index for all cases does not

exceed 25 percent.

Table 4.28 Percentage of Errorfor Verification Samples: IVRs for PMLC Mixtures

Case Sapp RSI FI Ru(tmDrﬁf th
Maine 191 4.4 N/A N/A
Ontario 9.0 16.5 N/A 8.6
North
Carolina 8.7 44.0 13.6 14.2
Surface
North
Carolina 12.3 34.3 17.2 14.1
Intermediate
Average 12.3 24.8 154 11.4

For theSpp of Maine casegall the Sypp valuesof the Maine casevere predictedo be
around 30 to 3becausehe measureypp valuesin the Maine casdo not have a strongnd

clearrelationship with thén-placevolumetric parameters, as showrFigure4.25. A main
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reason for thweak relationshifs thoughtto bethe modified binder usag@asexplained in
Chapter4.7.2 TheMaine mixture withthe modified bindelis believed to havemade the
mi xXturebds fatigue resistancesihtermisoftieanwidt i ve t

content The Sippindex is calculatedsing Alpha, shift factogar), DR, Ci1, Ci2, and dynamic

modulus(‘E*‘) at reference temperatuf®/ang2019) Note that @ and G: are the coefficierst

of power function for damage characteristic curves. Note also that the reference temperature of
dynamic modulus is 21°C for all casesThe values ofttese parameteeseobtained from
FlexMAT™ Cracking. In order tdigure out which parameter causess sensitivity ofhe Spp

index ofthe Maine casén terms of the air void contenbmpared to the other cast®

correlations of parameters ftire Sypp calculation to the air void content waneestigated and

shownin Figure4.33.

139



4.1 3

39 | @ o o y =-0.0487x + 3.9743 (b)
' S L 4 ® R2 = 0.4445 25 PP S VY Z— Qoo +®
37 | y = 0.0135x + 2.3813
2t R2=0.4716
35 )
g . f‘z =0.4643 c1s | y =-0.0015x + 1.1442
2 © R2=0.0211
31 + A ..... ........................ I ]
. y =-0.0477x + 3.626 1} . i
] ® Mamg y =-0.0376x + 3.455 .o * Malne_ y =-0.0035x + 0.41’720'0002" +0.4174
29 rmo Re=0.4185 ont R2=0.0127
® Ontario R2=0.2161 05 m Ontario R2=0.7266 =0U.
7 | ®NCRS9.5C 5 1 @ONC RSB - @p @ @i f e °
ANC RI19.0C ANC RI19.0C
2.5 ‘ ‘ 0 ‘ ‘ ‘ ‘
0 2 4 6 8 10 0 2 4 6 8 10
Air Void Content (%) Air Void Content (%)
0.018 0.55
d y =0.0032x + 0.4689
o6 | (9 y =0.0008x +0.0082 ® os| @ RE=01301 o A
0.014 | R2=0.5545 .- PO S ment A
B ous | A y =9.0026x + 0.431p
oo12 F m - Q.. 2=0.
................. 0 gy g R? = 0.2949
[ Hm 04 | ¢ W OTTEVeeNmL @
Loorf B y =0.0006x +0.0023 ., O
Ob.008 | By -0.0004x +0.0032 R?=08717 O | SR RS
R2=0.6138 ey | =
0000 fomaine o oo @ #0000 oo g | eMaine y=0.0017x 03637 ¥ TO0047% 0444
0004 | BONtario @@ A R2=0.0967 m Ontario R2=0.1179 -v
0002 | @ NC RS9.5 — A P 025 | ®NC RS9.5C
P T ANC RI19.0C A ANC RI19.0C
0 ‘ ‘ ‘ ‘ 0.2 ‘
0 2 4 6 8 10 0 2 4 6 8 10
Air Void Content (%) Air Void Content (%)
0.8 0.0051x + 0.761L 10,000,000
y =-0. X . A — y
075t () mgE.mm_ R? = 0.6031 o000000 - () y =-662011x + 1E+0
7 =--5a +.000.000 | i R2=0.744
07 . R ‘yA:—512448x + 8E+06
0.65 - e.2..20.% P Y— 7,000,000 - T R2=0.9161
oS A ¢ ®
06 | . 0611 064778 86,000,000 | A
=-0. X+ 0.
% 055 a7 ~ g— 3E05x +0.6397 | & 5,000,000 |
R2=0.0135 > o
R2 = 205 ¥ .. ®
o5+ & 4,000,000 I R
0.45 | & Maine A aaT 3,000,000 | & Maine” :'3621f27x + 7E+06
& Ontario A - 000000 | EONAri0 R2=0.5875 y=-287212x + 6E+06
04 =-0. X+ 0. s s - =
ONCRSOSC ' .o @ NC RS9.5C R2=0.8128
035 [ ANC RI19.0C ' 1,000,000 | A NC RI19.0C
0.3 ‘ ‘ 0 ‘ ‘ ‘ ‘
0 2 4 6 8 10 0 2 4 6 8 10
Air Void Content (%) Air Void Content (%)

Figure 4.33 Correlations of parameters for Sapp calculation to air void content.

Figure4.33 shows thatheAlpha, &, C11, Ci2, andDR of the Maine caselo not show

significantdifferencescompared to the other case®wever, the dynamic moduIlQFE* ) a the

reference temperature thfe Maine case showed significintess correlations than other cases.
This can behoughtthat theMaine mixture is noassensitiveto the temperaturasthe other

mixturesshowedbecause of thesage of thenodified binder aspresenteaarlier inFigure4.10.
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In addition,the dynamic moduluatthereference temperaturethe only denominator of th&pp
calculation Due to tle less sensitivity of dynamic modulus, t&gp valueswereless sensitive to
the volumetric parameterghich are mainly driven bthe air void contenBesidesthe Maine
mixtureshowed theeastrutting performancesensitivityin terms ofthe air void contenfTable
4.29 presens the % difference othe measuregherformance indesat low and high air void
contentsNote that the %lifferencewas calculated using the average vahiethe Sippand RSI

if there ardwo valuesareat thesame target air voidontens. The Maine mixture showed the
least % differencéor both Syppand RSlat low and high air void contentsie to the usage of the
modified binderThe North Carolina intermediate xtireand surface mixire showed the
highest %difference atppand RSI, respectively.

Table 4.29 Performance Index % Error between Low and High Air Void Contents

Target Air
c Sample \E/Joid Soapp RSI I?)SI
ase ID Content | >#° | % (%) N
Difference Difference
(%)
159355 2.5 28.6 1.8
. 159360 2.5 36.3 1.9
Maine 159352A 75 277 7 31 54.0
159361 7.5 30.1 3.3
5-6 2.5 37.3 4.4
Ontario 5-7 2.5 33.4 34.1 4.0 63.2
5-10 7.5 25.0 8.1
North RS9.5C1 2.5 28.4 2.5
Carolina RS9.5C3 7.5 23.5 20.7 16.2 145.8
Surface RS9.5CG7 7.5 22.7 15.9
North RI119.0G6-1 2.5 16.5 1.0
Carolina RI119.0G3 7.5 6.9 61.4 4.1 103.6
Intermediate | R119.0G6-2 7.5 10.6 2.3

The PVR of% damagewas developed for the Maine case to come up with a solution
when the IVR does not work due to the volumetric insensitiVitye procedure of the PVR

development foall cases including/laine case is described Ghapter4.8.2
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4.8.Development of PerformanceVolumetrics Relationshipfor Plant-Mix ed Lab-
Compacted Mixtures
This chapter describes the correlations between the simulated perforiognces
FlexPAVE™ and inplacevolumetric parameters thatecalculated in Chaptet.7.1 The PVRs

are developed and verified using the verification sample test results.

4.8.1.Relationship between simlated performance values and volumetric parameters

Figure4.34 andFigure4.35 present the simulated pavement performance results with the
in-place volumetriparametes for all cases in terms &b damagend volumetrigparameters
andAC rut depth and volumetrigarametersrespectively.

Except for North Carol i nad&sdamagdFigurehdddi at e |
(h)), all the simulate@ damageand AC rut depth results have strong relationships and the same
trends with inplace volumetriparametersThe% damageand AC rut depth values increased as
the VMAp increased andatreased as the ViAncreased, which makes sense. For North
Carol inabés i %danageesuts, the relatidnship between ViIF&alues is
relatively weaker than the other PMLC mixture ca§#$APTER 6describes the sensitivity

analysis results induced by this weak relationship.
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4.8.2.Performancevolumetrics relationship development and verification

Based on the obtained pavement performance simulation results aneiraiu

parametes, the PVRs fofour cases were developed using the same method used to develop the

IVRs as explained i€hapter4.7.3 Table4.30 presents theoefficients of thaleveloped PVRs

for four cases.
Table 4.30 Developed PVRs forFour Cases
Case Mixture Index a b d R?

Maine PMLC % damage | 0.306 | -0.121 | 15.722 | 0.99
Ontario PMLC % damage | 0.081 | -0.096 | 21.709 | 0.98

NC Surface PMLC % damage | -0.413| -0.131| 17.673 | 0.98
NC Intermediate| PMLC % damage | 2.977 | 0.304 | -42.461 | 0.99
Maine PMLC | ACrutdepth | 0.060 | -0.020| 1.697 | 0.99
Ontario PMLC | ACrutdepth | 0.127 | -0.005| -0.843 | 0.98

NC Surface PMLC | ACrutdepth | 0.135 | -0.095| 6.806 | 0.99
NC Intermediatef PMLC | ACrutdepth | 0.250 | -0.017| -0.498 | 0.88

Table4.31 provides a summary of the pavement performance simuigtétexPAVEM

and the pavement performance predicted by the PVRs with the percentage &b &rar,
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Table 4.31 Simulated and Predicted Performances for Four Cases

Case Sample Use % damage AC rut depth

ID Sim. | Pred. | % Error | Sim. | Pred. | % Error

52A FC | 14.2 | 13.9 1.7 1.7 1.6 0.8

52B FC | 10.2 | 104 2.3 1.0 1.1 1.1

60 FC | 10.5 | 10.3 2.0 1.0 0.9 0.9

61 FC | 14.1 | 143 15 1.7 1.7 0.6

Average 1.9 Average 0.9

ME 53 Ver. | 126 | 11.9 5.8 1.3 1.1 11.0

54A | Ver. | 140 ] 121 13.3 1.2 1.4 11.1

54B Ver. | 11.3 | 13.0 14.9 1.5 1.5 1.2

55 Ver. | 10.8 | 9.8 9.2 0.9 0.9 3.0

58 Ver. | 11.0 | 12.1 9.8 1.3 1.2 7.7

62 Ver. | 12.2 | 13.0 7.1 1.6 1.5 7.3

Average 10.0 Average 6.9

5-2 FC | 16.2 | 16.9 4.3 14 14 4.0

5-6 FC | 15.0 | 14.7 2.4 0.9 0.9 3.2

5-7 FC | 146 | 149 2.0 0.8 0.9 2.4

5-10 FC | 17.9 | 17.3 3.5 1.6 1.5 3.0

ON Average 3.1 Average 3.2

5-1A | Ver. | 15.1 | 155 2.6 1.0 1.0 0.2

5-1B | Ver. | 16.1 | 15.2 5.5 N/A | N/A N/A

5-8 Ver. | 15.2 | 15.8 4.1 0.9 1.1 26.1

Average 4.1 Average 13.2

1 FC 0.3 0.3 22.8 0.7 0.8 13.0

3 FC 0.9 1.0 7.2 3.6 3.7 2.5

7 FC 1.4 1.4 2.8 3.7 3.7 1.5

NC 10 FC 0.4 0.3 19.8 1.7 1.6 7.3

Suface Average 13.1 Average 6.1

2 Ver. | 1.1 1.7 64.5 5.4 4.0 25.9

4 Ver. | 0.6 1.0 83.8 1.9 2.6 39.0

9 Ver. | 0.7 0.8 18.7 1.6 2.3 45.7

Average 55.7 Average 36.9

2 FC | 22.7 | 22.6 0.3 1.6 2.0 23.3

3 FC | 25.8 | 26.2 1.3 3.3 2.9 10.0

6-A FC | 15.3 | 15.6 1.6 1.1 0.9 18.6

NC 6-B FC | 21.2 | 20.7 2.4 2.4 2.6 6.4

Intermed. Average 1.4 Average 14.6

1 Ver. | 20.3 | 20.5 0.5 1.2 1.7 40.5

4 Ver. | 22.2 | 23.6 6.0 2.1 2.6 21.7

5 Ver. | 20.6 | 22.2 7.9 2.3 2.2 4.6

Average 4.8 Average 22.3

Note: ME is Maine; ON is Ontario; NC Intermed. is North Carolina intermediate; FC is four corners; Veri. is
verification; Sim. is simulated from FlexPAVE; Pred. is predicted from PVR.
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Figure4.36 andFigure4.37 present the developed PVRs that were verified using the

verification samples fo¥o damageand AC rut depth, respectively.
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Figure 4.37 Simulated and predictedAC rut depth from PVRs: (a) Maine, (b) Ontario, (c)
North Carolina surface, and (d) North Carolina intermediate.

Overall, the comparison between simulated and predicted performance is not excessively
different from the performance index comparison based on the INfesaveragéo Errorfor
the four corners for all cases did not exceed 15 perthat damagevalue for the North
Carolina surface mixture show much higher avefaderrorvalues for the verification samples
than the rest of the casddis isbecause theumerical values of the simulatée damagevere
smaller than for the other cases. The simulétedthmagef the North Carolina surface mixture
was from 0.3 to 1.4SinceFlexPAVE™ version 1.1 does not have an asphalt pavement aging
model that can be applied to pavement simulations, the most damage occurs at the bottom of the

asphalt layer, which is the AC intermediate layer in this case.
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The Maine% damagecase is noteworthy. Threeasured,pindex values of the Maine
case werénsensitive to the volumetrigarameterslue to the usage of polymerodified bindes
(described irChapterd.7.3. However the develope# damagd’VR showed better results than
the Spp IVR. The verification samples are reasonably positioned along with the line of equality
in Figure4.36 (a). Because th# damagevalues obtained from FlexPAVE simulations are the
integrated results of various factors, including pavement structure, climate, and traffic, the
resultant simulated performance is not directly affected by the modifiedrbiBdsed on this
example, the study suggests that the PVR that is based on pavement performance simulated by

FlexPAVE'™M may be a better predictor than the IVR for polysmardified mixtures.
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CHAPTER 5. DEVELOPMENT AND VERIFICA TION OF LAB-MIXED LAB -

COMPACTED PERFORMANCE PREDICTION FUNCTIONS

5.1.Intr oduction

As describedn Chapter3.], the field projects are part tife PRS shadow projects funded
by the FHWA Becausehe PRS protocalltimatelyrequires developingrediction functios
using LMLC mixtureinstead of PMLGnixture this chapter focuserainly onthe process to
developprediction functios f or L MLC mi x tLMECelVRsGoe f erLiMedC tPo/ Ras D
using the Maryland mixturand verifies the developgmtediction functionsisingcollected
PMLC samplesNote thathe other casgdlaine, Ontario, and North Carolinepuld not be
usedto develop LMLC IVRs becaugbe LMLC mixtureswere not collectedtthe sampling
stage
5.2.Four Corners Development

The overall procedure to develtqur cornerdor LMLC IVR sis basedn a threestep
process.

1. Collect the material properties

2. Determine the four corners

3. Conduct performance tests and calibratepgréormance predictiofunctiors.
5.2.1.Maryland mix design

Table5.1 provides assummay of the mix designinformationacquired fronthe Maryland
Department of Transportatidtate Highway AdministratiarNote thatTable3.11 andFigure

3.11 presentlie combined gradatisrand allthe PMLC sample gradatiorfer Maryland
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Table 5.1 Maryland Mix Design

Layer Surface
NMAS 12.5
Grade CoarseGraded
Stockpile #7 #8 #10 | Sand| FineRAP
(Proportion) 22% | 39% | 12% | 8% 19%
Binder Content (%) 4.6
Target Air Void (%) 4.0
Gmm 2.695
Combined Gsp 2.887
Effective Gse 2.923
VMA (%) 14.5
VFA (%) 72.6
Traffic Level (ESAL) 0.3Mto3M
N Design 65

Note:NMAS is nominal maximum aggregate si@&;mis maximum theoretical specific gravit@g, is aggregate
bulk specific gravityGseis aggregate effective specific grayityMA is voids in mineral aggregate; VFA is voids
filled with asphalt; ESAL is equivalent sing#xle load

5.2.2.Collection of material properties

As a first step, the material properties should be collected before developing the four

corners.Table5.2 provides a list of ta required material propertibefore deeloping the four

corners.

Table 5.2 Material Properties Required Before Developing Four Corners

Virgin Aggregate for

Each Stockpile RAP Binder Mixture

1 Gradation from wet sieve

analysis (AASHTO T 27)| 11 A99regate
1 Loose unit weighand { Binder content

rodded unit weight : .

(AASHTO T 19) g%'g)SHTO T g specific |7 sfglt‘l're‘}'g'?e%i'\)‘('“"
1 Bulk specific gravity § Binderspecific gravity desigEaX

(Gsb), % absorption or Vit

apparent specific gravity q gl\g/laxirzum

of fine and coarse

aggregateGsa)
(AASHTO T 84 and T 85)

specific gravity

(Gmm)
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The material properties were measui@tbwing AASHTO test standards. For binder
specific gravity, 1.03 was useBiable5.3 andTable5.4 provide summaries ohemeasured
gradatios of each stockpil®ebtainedfrom wet sieve analysis and measured matedkimetric
properties, respectively. Note tlthe RAP gradation was measureingthe ignition oven
method The bured RAP aggregatearticleswerewashedand dried before conducting the sieve
analysis. Note that th8sp value ofthe Fine RAP was backcalculated usiagombiration of the
Gsb value from the JMF and the measuf&gvalues of four aggregate stockpiles.

Table 5.3 Gradations from Wet Sieve Analysis: Maryland Mixture

Sieve (mm) % Passing -
#7 #8 #10 Sand Fine RAP
19.0 100 100 100 100 100
12.5 60 100 100 100 99
9.5 30 91 100 100 95
4.75 17 19 100 99 65
2.36 10 3 82 96 44
1.18 8 3 57 89 33
0.6 6 2 40 60 25
0.3 5 2 25 11 18
0.15 4 2 14 1 12
0.075 3.4 1.6 7.1 0.5 8.7
Table 5.4 Measured Material Properties: Maryland Mixture
Stockpile Loosg Unit Roddgd Unit | Bulk .Specific % . A£§:£§E:t
Weight Weight Gravity (Gsp) | Absorption Gravity (Ges)
#7 1641.1 1809.4 2.938 0.6 2.992
#8 1504.8 1669.3 2.923 0.9 3.000
#10 1729.6 1909.7 2.925 0.6 2.977
Sand 1544.1 1663.0 2.591 0.5 2.625
FineRAP N/A N/A 2.871 N/A N/A
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5.2.3.Determination of four corners

The first step to develapg the four corners 0 determingwo aggregate gradations.
The two gradations wittwo binder contergandtwo in-place air void conteawill setthe four
corners in then-placevolumetric domairbased on the volumetric moveméamterms of
gradation, binder content, and air void comthownin Figure2.28. The differencen theVMA
at NgesOf two gradationss recommended to lgreater than 1.5% to create a reasonable four
cornerssetup. Based on thisscommendatiorseveral attemptaere maddo create the two
gradationsTheinitial trial wasconductedising the Bailey meth@desoarse aggregate loose unit
weight(CALUW) concept (Aurilio et al. 2005) According to the Bailey method, the Maryland
mi xXturebdbs combined gradation is defined as
gradation. By placing CALUW 11 themiddle the two gradations were developeitially to
targe CALUW 104 and CALUW 120Table5.5 andTable5.6 respectively presetihe stockpile
proportiors andtwo combined initiagradationsof CALUW 104 and CALUW 120andFigure

5.1 presentshe gradations

Table 5.5 Initial Two Gradations (CALUW 104 and CALUW 120): Stockpile Roportion

Stockpile Proportion
CALUW #7 #8 #10 Sand Fine-RAP
104 22 33 20 6 19
120 22 44 5 10 19
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Table 5.6 Initial Two Gradations (CALUW 104 and CALUW 120)

Sieve (mm)| CALUW 104 | CALUW 120
19.0 100 100
12.5 91 91
95 81 80
4.75 48 39
2.36 34 26
1.18 26 21
0.6 18 15
0.3 11 8
0.15 7 5
0.075 4.4 3.5
100 O —0
9 | ,D/
' 4
80 | ,/I
70 |
(@)}
[
@ 60 |
@
@ 50 |
o
o 40 |
()
[a

30 r

20

10 r

075153 ¢ 118 236 4.75 95 125 19
Sieve Size, mm, Raised to 0.45 Power

—e- CALUW 104 —eo- CALUW 120

Figure 5.1 Two initial gradations of Maryland mix.

Two replicates okachgradation were fabricated #hie Nges andthen he VMA atNges
wasmeasured. Note thattidar yl and DOT St at e HQAgdstw@egmeAd mi ni s
target masswhich is5,259 g was usedor the replicatdabrication The initial binder content

was estimated using Equatiphl). The components of Equati¢fl) were obtained from
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Equationg4.2) through(4.7). Table5.7 provides a summary of theeasured properties of the

replicates.

3
Gb (Vbe -lvba) q_oo

PTG M W) W, “y

where

Ppi = initial trial asphalt content percentage (by mass of mix) of the binder,

Gnv = specific gravity of the binder,

Ws = mass of aggregate for 1 émf mix in grams, using Equatid#.2),

Vbe = Volume of effective binder calculated using Equat46), and

Vba = volume of absorbed binder, émm? of mix calculated using Equati¢d.7).

=E0 42
G G

where

Ps = percentage of aggregate (assumed to be 95%)

Va = volume of air voids (assumed to be 0.04/cm? of mix),

Po = percentage of bindéassumed to be 5.0%gnd

Gse = effectivespecific gravity of aggregate blend calculated using EquédiGh

G,=G,, 0.8(G,, 6,) 4.3

where
Gsa = apparenspecific gravity of aggregate blend calculated using Eqnéi4) and

Gsb = bulk specific gravity of aggregate blend calculated using Equédidh
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where

(4.9

BWr = blend ratio okth aggregate stockpile by total aggregate weight obtdined Equation

(4.2), %,

Gsa = apparenspecific gravity okth aggregate stockpile

k = 1, l,and ¢,
| = number of stockpilethat includeRAP.
|
3 BW-
Gsb = gl BWk (45)
k=1 (35bk
where
Gst< = bulk specific gravity okth aggregate stockpile.
V,. =0.176 -0.0675log{IMAS (4.6)
P3(@1-V,)., 1
V= @)y (11 @47
(i+ PS) Gsb Gse
Gb Gse
Table 5.7 Measured Properties ofTwo Initial Gradations
Air Av
Binder Height | _VOId | unix | VMA
CALUW | Replicate | Content | Gmm (m%) Content at N Difference
(%) at Nges (% ;es (%)
(%) ’
104 1 4.7 2.713| 118.3 4.8 14.8
104 2 4.7 2.713| 118.3 4.5 ' 04
120 1 4.7 2.687 | 119.9 4.7 15.2 '
120 2 4.7 2.687 | 120.0 4.6 '
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Thetwo initial gradations show 0.4% averagéifferencein VMA, which is smaller than
1.5percentDue tothe percentage beingwerthanthe VMA differencerequirementthe two
gradations were rejectddr the four cornersThereforeanotherattemptwas madéo modify the
gradationgo attain a greater difference YAiMA.

In orderto modify thegradations, the Bailey principle wapplied Generakules from
the Bailey principlanust be followedvhencreaing the gradations (Aurilio edl. 2005).Table
5.8 summarizes the rules of the Bailey principle.

Table 5.8 General Rules of Bailey Principle

: . Expected
Rule Factor Fix Adjustment VMA Change
4% increase | Approx. 1%
1 PCS (2.36 mm) N/A (finer) decrease
' N/A 4% decrease| Approx. 1%
(coarser) increase
2 Largest coarse fraction| PCS Finer Decrease
(12.5mm and9.5 mm) | PCS Coarser Increase
3 Small coarse fraction | PCS Finer Increase
(4.75 mm) PCS Coarser Decrease
: . PCS Coarser Increase
4 Overall fine fraction PCS Finer Decrease
. PCS | Increase (1%)| Decrease (1%
P 2
° assing 200 PCS | Decrease (1%) Increase (1%)

Note: PCS is primary control sieve.

Basedot he Bail ey pr i nGALUW 1840nss npdifiecets GALUW O | e s
by makingthe gradation finer to yieldlarge VMA difference.Table5.9 andTable5.10 present
themodified stockpile percentagand gradations, respectiveljhe stockpile paentage of
CALUW 120 alsowasmodified by increasinghe sandstockpile but decreasinge#10
stockpile due to thimited amount omaterial. The materials were collected based on the
percentage of each stockpile specified in the Jb#eaus¢hesetwo gradations were not

considered ahesampling stage. In the JMF, the percentagbe#f10stockpile is 12%as
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shown inTable5.1, but CALUW 97uses30% ofthe#10stodpile. Therefore, to avoid material
shortage, the percentagetioé#10stockpile of CALUW 120 was lowerednd the percentage of
the sandastockpile was increaseHowever, CALUW 120 kept almosthe sameoverall

gradation Fromthis point the modified CALUW 120 iseferred to a€ALUW 120B.Figure

5.2 presents a comparison of thewly createdCALUW 97 and CALUW 120Bo thetwo initial
gradations. Accaling to the Bailey principle, CALUW gradation 1R@s expected to have
higher VMA valuethanthe CALUW 97 gradation because four rules (1, 2, 4, anddiyatethat
the VMA of the CALUW 120B gradation will increase, whilRule 3 indica¢sthat the VMAof

the CALUW 120 gradation will decrease.

Table 5.9 Modified Two Gradations (CALUW 97 and CALUW 120B): Stockpile

Percentage
Stockpile Percentage
CALUW #7 #8 #10 Sand Fine-RAP
97 9 39 30 3 19
120B 22 44 2 13 19

Table 5.10 Modified Two Gradations (CALUW 97 and CALUW 120B)

Sieve (mm)| CALUW 97 | CALUW 120B
19.0 100 100
12.5 96 91
9.5 89 80
4.75 54 39
2.36 38 26
1.18 28 22
0.6 20 16
0.3 13 7
0.15 8 5

0.075 4.7 3.3
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Figure 5.2 Modified two gradationscompared to initial two gradations

Two replicates were fabricatedingthe modified gradationsThetotal mass othe
replicates was decreased fromZs9 g to 5150 g because thdaryland DOT State Highway
Administrationused 5,150 g for the target mass of mix desgpecimensAlso, the height of
CALUW 120 wasmeasureds 119.9 mm and 120 mmtheinitial trial, which is presented in
Table5.7. Note that the allowable height @amix design specimen is 11Bm+ 5 mm based on
the Superpave mix design. To avexteedinghe maximum higher toleranceg total mass of
5,150 g was considered a more reasonable mass 2&6& & Table5.11 summarizes the

measuremestfor theCALUW 97 and CALUW 128 conditions
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Table 5.11 Measured Properties ofModified Two Gradations

. Air Avg
_ Binder Height Void VMA _VMA
CALUW | Replicate | Content | Gmm (mm) Content at Nees Difference
(%) at Ndes (%) (%)
(%)
97 1 4.7 2.713| 117.2 5.7 16.1
97 2 4.7 2.713| 116.4 5.8 ' 17
1208 1 4.7 2.686 | 116.4 3.9 14.4 '
1208 2 4.7 2.686 | 117.6 4.1 '

Note: Gmmis maximum theoretical specific gravity

The measured VMA difference tife twomodifiedgradationsvas1.7%, which is
greater than 1.percent Therefore, these two gradations were usethe four corners.

As a next step, the optimum binder contee¢dedo achieve 3% and 5% air void
contens at Ngeswas found by adding binder contertf 1% and 1.5%0 CALUW 97 and dding
0.5%to CALUW 120B. Table5.12 presents theneasured air void contents of the initial and
adjusted binder contents thie two modified gradationsFigure5.3 shows hecorrelatiors
betweerthebinder contents analr void contents dllses Based on these relationssjighe binder
contentdor both gradationsould bedeterminedFor CALUW 97, the binder contents were
selected as 5.5% and 4.9% for 3% and 5% air void conteNtgsatespectively. For CALUW
120B, the binder contents were selected as 5.1% and 4.3% for 3% and 5% air void contents at
Naes respectively.

Table 5.12 Measured Properties of Adjusted Binder Contents for Selected Two Gradations

Binder Air Void Content
CALUW Content | Gmm at Ndes

(%) (%)

97 4.7 2.713 5.8

97 5.7 2.667 2.3

97 6.2 2.645 1.0
120B 4.7 2.686 4.0
120B 5.2 2.664 2.8
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Figure 5.3 Measured air void contents at various binder contents.

Finally, two target irplace air void contents (target test specimen air void contets)
requiredfor each gradation and binder contemtompleteghefour cornersThe Maryland
LMLC prediction functionswill be verified using PMLQOnixture samples thatverefabricated at
the same irplace air void contentsbtainedfrom theQA test resultsAs presented ifable3.10,
themeasuredn-place air void contents dfie collected ten Maryland mixture sampke® inthe
range ob% to 11percent Therefore, the target4place air void contents (target test specimen
air void contents) wergelectedo 3% and percentTable5.13 provides a summary ofie
determinedmixture conditiongor four cornersalong with theselectedarget inplace air void

contens. Figure5.4 shows theexpectedour corners in the #place volumetric domain
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Table 5.13 Properties of DeterminedLMLC Mixture Four Corners

Target Test
Binder Specimen Expected| Expected
Condition CALUW | Content Air Void VMA p VFAP
(%) Content (%) (%)
(%)
CALUW 97-33 97 5.5 3.0 15.6 80.8
CALUW 97-57 97 4.9 7.0 17.7 60.5
CALUW 120B-37 120 5.1 3.0 14.4 79.2
CALUW 120B-57 120 4.3 7.0 16.1 56.6
85
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\ \
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In-Place VMA (%)

Figure 5.4. Determined four corners forMaryland LMLC.

5.3.Lab-Mixed L ab-CompactedMixture Fabrication
The same fabrication process that was used for the PMLC mixture was applied for the
other PMLC mixture projects (Maine, Ontario, and North Carolina), as described in Chapter
4.3.3 For LMLC mixture fabrication, the procedu
some details were modified by followiTage t he M

5.14 presents a summary of the fabrication procedure for the LMLC and PMLC mixtures.
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Table 5.14 Fabrication Process of Maryland LMLC and PMLC Mixtures

Mixture Aggregate Blndgr RAP Short—lTerm Compaction
Heating Heating Aging
149°C 152°C 149°C 149C
LMLC (Overnight)| (2 hours) | (0.5hour) (4 hours) 149°C
PMLC N/A N/A N/A N/A 149C

5.3.1.BMD+ air void study

The air void study was conducted using the CALUW387conditions. The initial mass

for three different target air void contents of the gyratmynpacted specimen (150 mm

diameterand180 mm height) were determined based on the volumetric calculatiantbsin

target air void contenGmm test specimen diameter, and test specimen height. Note that the air

void study used the large geometry specimen (100 mm diaareté60 mm height)Table5.15

andFigure5.5 present the air void study results. The performance test specimens for the four

corners were fabricated using the air void study results for CALUAB397

Table 5.15 Air Void Study Results for Maryland CALUW 97-33 Condition

Target Target Bulk Meagureo] Bulk Meas.ured_ Large
Specimen Mass Air Void Air Void Air Void
Content Content Content
©) (%) (%) (%)
1 8166.2 4.0 2.3 1.1
2 7996.0 6.0 4.0 2.4
3 7825.9 8.0 6.1 4.8
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Figure 5.5. Air void study results for Maryland CALUW 97-33 condition.
5.3.2.BMD air void study

Theair void study for the BMD performance tests was conducted usingettedfor
the BMD+ tests described @hapter0. The total target mass of tepecimen was basically
calculated using the volumetric parameters (target air void co@gtiest specimen diameter,
and test specimen height) and adjusted using the air void study results of the BMD+ mixture.
Note that the BMD performance tests fostmixture are IDEALECT for fatigue and the HWT
test for rutting.
5.4.Lab-Mix ed Lab-CompactedBMD+ Performance Tests

Based on the determined four corners, lBMD+ and BMD performance tests were
conducted. The LMLC mixture wassedto develophe four cornersand the PMLC mixture
samplesvereused toverify the developed IVR from the LMLC mixture.
5.4.1.BMD + performance test results (index)

Based on the determined fowrners described i@hapters.2.3 the experimental plan
for BMD+ testing was developed. To verify the developeztliction functiongrom the LMLC

mixture four cornes, PMLC mixture samples were usétgure5.6 (a) and (b) are plots of the
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LMLC mixture for the four corners and PMLC mixture samples in the volumetric domain,

determired by cyclic fatigue testing and SSR testing, respectively. Three PMLC mixture samples

were fabricated at the correspondingplace air void contents and five PMLC mixture samples

were fabricated at fixed air void contents, i.e., 5% for the cyclic fategteand 6.5% for the

SSR test.
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Figure 5.6 Determined LMLC four corners and PMLC mixture samples for BMD+ testing

in volumetric domain: (a) cyclic fatigue and (b) SSR.

Table5.16 presents a summary of the BMD+ performance test results for the four

corners.
Table 5.16 Maryland LMLC Mixture BMD+ Performance Test Results
Cyclic Fatigue SSR
Condition | Alpha \/Ac;ird s, VMA r | VFAP \//Agird RSI | VMA p | VFA P
pp 0 0 0 0 o
%) O6) | 6) | g |6 | (0) | (%)

CQA;‘;J;N 348 | 34 |159| 16.0 78.6 29 | 1.8 | 155 81.3
CQA;‘g;N 357 | 7.2 |119| 179 59.6 75 | 19 18.1 58.7
CALUW
120B-33 3.12 27 |145| 14.1 81.1 2.7 2.2 14.1 80.9
CALUW
120B-57 328 | 6.6 |12.9| 15.7 58.3 71 | 19| 16.2 56.2
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As described earlier, the developed IVRs based on the LMLC mixture test results were

verified using PMLC mixture sampleBable5.17 shows the experimental plan of thMB+

performance tests for the PMLC mixture samples. Five mixture samples were tested at the air

void content of 5% for the cyclic fatigue test and 6.5% for the SSR test, and three mixture

samples out of five were tested afpilace air void contents. Thivé mixture samples tested at

5% and 6.5% air void content were used to determine the binder content effeckgf tmel

RSI parameters

Table 5.17 Experimental Plan of Maryland PMLC Mixture Samples

Cyclic Fatigue
. In-Place Air Test SSRTes_,t
Binder . . Target Air
Sample Void Content Target Air .
Content (%) . Void Content

(%) Void Content (%)
(%) °
410029 4.6 5.2 5.0 6.5
410030 4.5 9.1 5.0 6.5
410032 4.7 6.2 5.0 6.5
410034 45 7.2 5.0 6.5
410038 4.5 10.8 5.0 6.5
410029B 4.6 5.2 5.2 5.2
410030B 4.5 9.1 9.1 9.1
410034B 45 6.2 6.2 6.2

Table5.18 provides a summary of tHBMD+ performance test results and volumetric

parametersf the PMLC mixture samples.
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Table 5.18 Maryland PMLC Mixt ure Samples BMD+ Performance Results

Cyclic Fatigue SSR

Sample | Alpha \ﬁ;ird o |VMAR| VFAR | RS \fc:ird VMA i | VFAR

o S o) | e | o6 || | o9
410029 | 323 | 4.8 | 145| 154 | 688 | 48 | 68 | 171 | 605
410030 | 3.30 | 51 | 125 157 | 679 | 49 | 69 | 173 | 604
410032 | 3.40 | 4.9 | 13.9] 160 | 693 | 2.9 | 66 | 174 | 624
410034 | 332 | 55 |11.7] 154 | 645 | 40 | 6.7 | 165 | 59.6
410038 | 3.23 | 49 |13.0| 153 | 67.7 | 34 | 62 | 165 | 62.2
4100298 | 3.23 | 53 | 13.4| 158 | 666 | 34 | 54 | 159 | 66.1
410030B | 3.25 | 9.0 | 11.5| 19.2 | 533 | 68 | 9.6 | 19.7 | 515
410034B | 3.20 | 7.1 | 12.3| 169 | 57.7 | 41 | 7.3 | 171 | 571

As described it€haptes 2.1.1and2.1.6 theSyppindexvalues are expected itacreas,

and the RSl indexalues a@ expected tocreaseas the binder contemicreases at the same

target air void contents. TI8ppindex valueshow the expected trend with binder content, as

shown inFigure5.7. However,the RSI index values do not show a clear trend assthgndex

values show. The RSI ¢ie Sample 410034 was measured lotiemn the expected valugince

the measured gradation thie Sample 410034 is significantly off from the measured gradations

of other samples shown kigure3.11, the performance index may be affected by the gradation

difference Exceping the Sample 410034, the RSI index values show the expected trend with

binder content.
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Figure 5.7 Relationship between BMD+ performance index values and binder contents at
same target air void contents for Maryland PMLC mixture.

Also, theSppindex values are expected to decrease, and RSI values are expected to
increase as the air void content insesmFigure5.8 exhibits the change in the BMD+

performance index values with the air void contents.
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Figure 5.8 Relationship between BMD+ performance index values and air void contents of
Maryland PMLC mixture.
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5.4.2.BMD+ performance test results (performance simulation)

The FlexMATM 1.1 simulation was conducted for tharyland case using the output

data from FlexMATM. Thesimulation was implemented using the same procedure as shown in

Chapter4.4.2 The simulation conditions were obtained from the pavement and mixture designs

provided by the relevant agencihe FlexPAVEM simulation wvasbased on 20 years of design

life and a new pavementable5.19 summarizes the simulation conditions.

Table 5.19 Input Values for FlexPAVE™ Simulations

Field Project Maryland
AC Surface 6 in.
(Modulus) (TestResults)

AC Intermediate
(Modulus) N/A
AC Base 8in.
(Elastic Modulus) (20,684 kPa)
Subgrade 150 in
(Elastic Modulus) (1,586 kPa)
Climate Salisbury, MD
Design Traffic 0.88M ESALs
Traffic Growth Rate 0%

Note: AC is asphalt concrete and ESAle@uivalent single axle load

Table5.20 presents the summary of FlexPAWEsimulation resultincludingthe6 4 7 6

conditionswith the inplace volumetriparametersNote thathed 4 7 6

Chapters.7.1

conditions
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Table 5.20 Simulated Performancesof Maryland Mixture

Sample Fatigue Rutting
Case D Use | VMAr | VFAP % VMAr | VFAP | ACRD
(%) (%) | Dam. | (%) (%) (mm)
97-33 FC 16.0 78.6 8.2 15.5 81.3 0.9
97-57 FC 17.9 59.6 11.8 18.1 58.7 0.9
120B-33 FC 14.1 81.1 12.3 14.1 80.9 1.0
120B57 | FC 15.7 58.3 13.7 16.2 56.2 1.0
97-47 FC N/A N/A N/A 18.1 63.2 1.4
120B-47 | FC N/A N/A N/A 17.0 58.9 1.5
MD 29 Ver. 154 68.8 11.3 17.1 60.5 2.2
30 Ver. 15.7 67.9 12.2 17.3 60.4 2.3
32 Ver. 16.0 69.3 10.8 17.4 62.4 1.6
34 Ver. 15.4 64.5 12.2 16.5 59.6 2.0
38 Ver. 15.3 67.7 12.0 16.5 62.2 1.8
29B Ver. 15.8 66.6 12.1 15.9 66.1 1.6
30B Ver. 19.2 53.3 15.1 19.7 51.5 3.1
34B Ver. 16.9 57.7 14.4 17.1 57.1 2.1

Note: MD is Maryland; FC is four corners; Ver. is verification; % D#&s#b damagedrom FlexPAVEM; AC RD is
asphalt concrete rut depth determined fifelexPAVE™.

Figure5.9 shows a comparison of the performance indices and simulated perforfieance

LMLC mixture four corners an@MLC mixtureverification sampled.ike the other cases in

Chapter4.4.2 the RSI and AC rut depth values obtained from FlexPRV&how stronger

correlations than th&pp and% damagevalues.
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Figure 5.9 Comparison of measured performance index values and performance simulated
by FlexPAVE™: (a) Sapp and % damaggb) RSI and AC rut depth.

5.5.Lab-Mix ed Lab-Compacted BMD Performance Tests

The BMD testilg was conducted based on the determined LMLC mixture four corners

and PMLC mixture samples, the same as for the BMD+ testiggre5.10 shows the

determined four comrs for both the LMLC mixture and BMD experimental plans in the

volumetric domain. For the BMD testing, the six PMLC mixture samples were fabricated at the

corresponding iplace air void contentdote that the IDEAECT was conducted as a BMD

fatigue tesinstead of 4FIT.
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Figure 5.10 Determined LMLC mixture four corners and PMLC mixture samples for
BMD testing in volumetric domain: (a) IDEAL -CT and (b) HWT test.
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Table5.21 andTable5.22 summarize the BMD performance test results for the LMLC
mixture four corners and PMLC mixte samples, respectively. The PMLC mixture samples
were fabricated at the correspondingplace air void contents.

Table 5.21 Maryland LMLC Mixture BMD Performance Test Results

IDEAL -CT Hamburg Wheel Track Test
Condition Ai_r Ai_r Rut
Void | CTindex | VMA P | VFAR | Void | Depth | VMAr | VFAP
(%) (%) | (mm)

CALUW97-33 | 3.5 27.2 16.0 78.3 3.2 151 15.8 79.7
CALUW 97-57 | 6.5 87.1 17.3 62.2 7.1 2.60 17.8 60.2
CALUW 12033 | 3.2 34.1 14.6 78.0 2.7 1.01 14.1 81.0
CALUW 12057| 7.4 33.4 16.4 55.2 7.8 2.16 16.8 53.7

Table 5.22 Maryland PMLC Mixture Samples BMD Performance Test Results

IDEAL -CT Hamburg Wheel Track
Test
Sample Air Air Rut
Void | CTindex | VMA P | VFAR | Void | Depth | VMAr | VFAP
(%) (%) | (mm)
410029 5.4 109.6 16.2 66.4 5.2 3.73 16.0 67.4
410030 9.1 225.7 19.5 53.2 9.5 9.18 19.8 52.1
410032 6.2 715 16.8 63.3 6.5 4.34 17.2 61.8
410033 9.7 219.4 19.3 49.9 9.4 7.42 19.0 50.6
410034 7.4 181.9 17.3 57.1 7.1 4.64 17.0 58.2
410038 10.4 217.1 19.7 47.1 11.1 | 8.42 20.3 45.4

Figure5.11 shows the relationship between the BMD performance index values and air
void contents of the PMLC mixture samples. Both sets of index values increase as the air void
content increases. TI&Tinpex Shows the same trend as the Fl index showngare4.17. This
counterintuitive phenomenon is an inherent issue for monotonic fatigue tests. Thus, this trend
was expected, and ti@Tinpex does not seem to be a reasonable performance index for QA
purposes. For rut depth, the trend makes sense because the specimen with the higher air void

content is susceptible to permanent deformation.

172



250 10

CT Ind
(] ndex .% 19
ARut Depth (mm) LN
200 | {8 2
* A 17 &
g £
Z 150 16 &
5 8
© =
9] 15 5
5 A o
0 (C) A he]
© 100 A 14 @
{13 §
@ =
50 | {12
{11
O 1 1 1 1 1 0
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Air Void Content (%)

Figure 5.11 Relationship between BMD performance index values and air void contents of
Maryland PMLC mixture.

5.6.Index Comparison ofLab-Mix ed Lab-CompactedBMD+ and BMD Performance Test
Results
The performance test index values obtdifrem both BMD+ and BMD performance
tests were compared. For a fair comparison, the performance index values that were generated
from the same target air void contents were uBgplire5.12 preserg the comparison results for
thefatigue indicesand rutting indicegespectively. Th&pp andCTinpex values obtained from
both theBMD+ and BMD tesihg show opposite trengsvhich is expected due to the opposite
trendsobserved for the air void contents. The RSI and rut depth obtained from both sets of tests

show the same trends.
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5.7.Development ofindex Volumetrics Relationshipfor Lab-Mixed and Lab-Compacted

performance indicesrecompared to the #place volumetric parameters. Finally, the IVRs were

Mixture

Using the same procedure for PMLC mixtures, as shown in Chagiehe measured

developed and verifiedsing the verification samples.

5.7.1.Relationship between performance index values and volumetric parameters

In Figure5.13, the performance index values are plotted with thglae volumetric

parameters. Th&ppindex value decreases as the VMiicreases, but increases as the WWFA

increases. This trend is already seehRigure4.25. Generally, the RSI index value increases as

the VMAp increase and decreases as the ¥l#reasesThis trend also was earlier shown in

Figure4.26. However, the relationship between the RSI values apthite volumetric

parameters for the LMLC mixture four corners does not show the clear trends that the PMLC

mixture shows. This outcome is due to biweder content and air void content offset at CAK

97-57 and CALUW 120B57 conditions. Both conditions have lower binder contents and higher
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contents make the mixture have worse fatigue resistance, but tfeey each other out with

regard to rutting resistance because the mixture becomes less soft with the low binder content

and simultaneously has more room for rutting with a high air void content. Due to the offset,

therefore, the RSI of the LMLC four cornetisl not show a strong as a relationship asbe

showed in terms of the volumetparameters
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Figure 5.13 Relationships between BMD+ performance index values and volumetric
parametersof Maryland LMLC and PMLC mixtures.

Given these results, additional SSR tests of the LMLC mixture four corners were

considered; only SSR tests were conducted due to the limited amount of raw component
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have a higher binder content and air void con
both gradations. The reasonfornotirg t he 63706 condition i s that

condition do not cover the PMLC verification samples in the volumetric domain, as shown in

Figure5.14.
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Figure 5.14 LMLC mixture four corners and PMLC mixture samples for SSR tests in
volumetric domain at condition 37.

Figure5.15pr esent s t he LMLC mixture four corner :
condition for the SSR test plotted under volumgtacameters Compar ed t o t he 063

the new four corners stillbwer some PMLC mixture samples in the volumetric domain.
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Figure 5.15 LMLC mixture four corners and PMLC mixture samples for SSR tests in
volumetric domain at condition 47.

Table5.23 summarizes the properties of the modified LMLC mixture four corners at the
0476 condition and the SSR test results.

Table 5.23 Properties of Modified LMLC Mixture Four Corners

Binder Measured
" Air RSI | VMA p VFA P
Condition CALUW Cog]tent Void (%) (%) (%)
SO (7D

CALUW 97-33 97 55 2.9 1.8 15.5 81.3
CALUW 97-47 97 5.2 6.7 2.8 18.1 63.2
CALUW 120B-33 120 51 2.7 2.2 14.1 80.9
CALUW 120B-47 120 4.7 7.0 26 17.0 58.9

Si n c e O6¢onhdaiondorboth gradations have higher binder content and the same
target air void content t h acondttidnéor both gradatens L ML C
showed higher RStondtianlvalles t han the 057

Figure5.16 presents plots of the BMD performance index values from both thed_ML

and PMLC mixtures with the volumetnmarametersThe CTinpex vValues increase as the VA

177



increases and decrease as the ¥Wihifreaseskigure4.27 also shows thigrend. Because the
VMA pincreases as the air void content increaseCTheex values increase as the VA
increases, as expected. The rut depth index values increase as theindwases and decrease
as the VFAp increases. The same trend also camlbserved ifrigure4.28. However, the

overall slopes between the LMLC mixture four corners and PMLC samples do not look similar.
Generally, the PMLC mixture samplgspear to be more sensitive to the volumegtacameters
than the LMLC mixture four corners. For t8&npex, the CALUW 9757 condition, which has

a lower binder content but higher air void content than CALUWB3,Ahe values are higher

than for the CALUWO7-33 condition due to the inherent air void content issue associated with
CTinoex. The two conditions for the coarser gradation (CALUW 120B) exhibit sif@ilaipex
values due to this offset effect. For the rut depth index, similar to the RSI of the LMLC mixture
four corners explaineéarlier, the offset effect of the binder content and air void content led to

these volumetriénsensitive results.
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Figure 5.16 Relationships between BMD performance index values and volumetric
parametersof Maryland LMLC and PMLC mixtures: (a), (b) IDEAL -CT and (c), (d)
HWT test.

5.7.2.Index-volumetrics relationship developmentand verification

The IVRs were developed based on the volumeairametes and test results tifie
LMLC mixturefour corners using the same methwsed for thd®MLC mixtureVRs discussed
in Chapter4.7.3 Table5.24 presents a summary of tdeveloped IVRs for botBMD+ and

BMD testirg.

Table 5.24 Developed IVRsfor Maryland LMLC Mixture

Index a b d R2
Sipp 0.048 | 0.132 3.827 0.76
RSI -0.099 | -0.004 | 3.810 | 0.56
CTindex 18.742| 0.300 | -276.591| 0.46
Rut depth (mm)| 0.376 | -0.009 | -3.621 | 0.98
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Usingthedeveloped IVRs, the performance index valoasld bepredicted and
compared to theneasured performance index values for @YD+ and BMD tess. Table5.25
throughTable5.28 providesummares ofthe numerical comparison with Eror, andFigure
5.17 plots the comparis@n

Table 5.25 Measured and PredictedSapp Valuesfor Maryland Case

Sample Purpose Measured | Predicted %
ID Sapp Sapp Error
97-33 Four Corners 15.9 15.0 5.8
97-57 Four Corners 11.9 12.6 5.8
120B-33 | Four Corners 14.5 15.3 54
120B-37 | Four Corners 12.9 12.3 4.3
Average 5.3
410029 | Verification 14.5 13.7 5.7
410030 | Verification 12.5 13.6 8.5
410032 | Verification 13.9 13.8 1.2
410034 | Verification 11.7 13.1 12.6
410038 | Verification 13.0 13.5 4.1
410029B | Verification 13.4 13.4 0.1
410030B | Verification 11.5 11.8 2.4
410034B | Verification 12.3 12.3 0.3
Average 4.4

Table 5.26 Measured and PredictedRSI Valuesfor Maryland Case

Sample Purpose Measured | Predicted %

ID RSI RSI Error
97-33 Four Corners 1.8 2.0 6.5
97-57 Four Corners 1.9 1.8 4.3
120B-33 | Four Corners 2.2 2.1 5.2
120B-37 | Four Corners 1.9 2.0 3.9
Average 5.0
410029 Verification 4.8 1.9 60.7
410030 Verification 4.9 1.9 62.1
410032 Verification 2.9 1.8 36.7
410034 | Verification 4.0 2.0 50.8
410038 Verification 3.4 1.9 43.0
410029B | Verification 3.4 2.0 41.5
410030B | Verification 6.8 1.7 75.5
410034B | Verification 4.1 19 53.8
Average 530
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Table 5.27 Measured and PredictedCTinoex Valuesfor Maryland Case

Sample Purpose Measured | Predicted %
ID CTINDEX CTiNDEX Error
97-33 Four Corners 27.2 47.4 74.2
97-57 Four Corners 87.1 66.1 24.1
120B-33 | Four Corners 34.1 20.1 41.1
120B-37 | Four Corners 33.4 48.2 44.4
Average 46.0
410029 | Verification 109.6 46.7 57.4
410030 | Verification 225.7 105.0 53.5
410032 | Verification 71.5 58.0 18.9
410033 | Verification 219.4 99.7 54.6
410034 | Verification 181.9 64.0 64.8
410038 | Verification 217.1 107.0 50.7
Average 50.0

Table 5.28 Measured and Predicted Rut Depth Index Value$or

Maryland Case

Sample Purpose Measured | Predicted %
ID Rut Depth | Rut Depth | Error
97-33 Four Corners 1.51 1.59 5.9
97-57 Four Corners 2.60 2.51 3.4
120B-33 | Four Corners 1.01 0.95 6.3
120B-37 | FourCorners 2.16 2.22 2.9
Average 4.6
410029 | Verification 3.73 1.78 52.4
410030 | Verification 9.18 3.36 63.4
410032 | Verification 4.34 2.27 47.7
410033 | Verification 7.42 3.08 58.4
410034 | Verification 4.64 2.23 51.9
410038 | Verification 8.42 3.61 57.2
Average 55.2
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Figure 5.17 Measured and predicted performance index valuetor Maryland case (a) Sapp,
(b) RSI, (c)CTinpex, and (d) rut depth.

In Figure5.17 (a), the predicte&pp values of the verification samples are positioned

along the line of equality. The verification samples that wenedatied at the same-jlace air

void contents are almost on the line of equality. The average % Error®fghvalues is 5.3%

for four corners and 4.4% for the verification sampldgerefore, the IVR developed from the

LMLC mixture is verified for theSpp index.

However, the other performance indicksnotprovidesimilar accuracy aghe Sipp

index.The average %rror of the RSI andrut depth index fothefour corners did not exceed

5%, buttheaverage % Error faheverification samplegxceeded 50%or both indicesForthe

CTinoex, the average %rror for boththefour corners and verificatiosamplesxceeded 40

percent The primary reasofor this inaccuracy isnostlydue to theoffseteffect, as described in
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Chapters.7.1 At the 6 55@ondition because the bindeontenteffect and air void effect offset
each other, the RSI amtWT test ut depthindex valuesre not differenenough tdorm
reasonable IVR. For theCTinpex, thevaluesincrease as the air voabntentincreases, as
proved inFigure5.11. The low binder content, which causes I8Winpex values,andthe high
air void contentwhich causes hig€@Tinoex values at théb76condition offset each other
Therefore, thé Sdondition for IDEAL-CT and botithe SSR and HWT testtould notgenerate
high enough performance index values to cover the PMLC verification sagrap&swnin the
volumetricparameterin Figure5.6 andFigure5.10. To solve this problem, th&76condition
should havédnadhigherperformance index valudsan the current four corners.

Table5.29 preserd the developed IVRf @306anddi76conditions for the RSI indeand
verificationwith PMLC samplesTable5.30 andFigure5.18 comparemeasured and predicted
RSI from modified IVR numerically andsematically.

Table 5.29 Developed IVRsfor Modified Maryland Four Corners

Index a b d R2
RSI -0.023 | -0.035| 5.252 0.82
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Table 5.30 Measured and PredictedModified RSI Valuesfor Modified Maryland LMLC

IVR
Sample Purpose Measured | Predicted %
ID RSI RSI Error
97-33 FourCorners 1.8 2.0 9.5
97-47 Four Corners 2.8 2.6 5.6
120B-33 | Four Corners 2.2 2.1 6.7
120B-47 | Four Corners 2.6 2.8 4.8
Average 6.7
410029 | Verification 4.8 2.7 43.3
410030 | Verification 4.9 2.7 44.8
410032 Verification 2.9 2.6 9.4
410034 | Verification 4.0 2.8 30.3
410038 | Verification 3.4 2.7 21.6
410029B | Verification 3.4 2.5 24.9
410030B | Verification 6.8 3.0 56.2
410034B | Verification 4.1 2.8 31.1
Average 32.7
10
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Figure 5.18 Measured and predicted RSI valuesrom modified Maryland LMLC IVR.

As the binder content fahed 4b@ondition for both gradations increased, the accuracy of
thelVR slightly improved compared to theitial IVR. The average % Error dhefour corners
increasd from 5.0% to 6.7%, buheaverage % Error dheverification samples decreased from

53.8 to 33.8 percent he additional testat thedd76conditiondid not seem t@enerate different
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enough RSI values to develapeasonable IVR. Tik observatiorcasts doubt on the
fundamental differenca rutting performance between LMLC and PMLC mixturBlserefore
the RSlvaluesof both LMLC and PMLQOmixturesat thesameaggregate gradation, binder
content, and volumetrigarametersverecomparedo investigate the difference betweébe

LMLC and PMLS mixturesas discussed i@hapters.9.

5.8.Development of PerformanceVolumetrics Relationship for Lab-Mix ed Lab-
Compacted Mixtures
This chapter describes the correlations between the simulated performance from
FlexPAVE™ and inplacevolumetricparametersThe PVRs are developed and verified using

the verification samples.

5.8.1.Relationship between simulated performance values and volumetric parameters
Figure5.19 presents the simulated pavement performance results with-pieci
volumetricparametergor LMLC four corners and PMLC verification samples. Plhalamage
and AC rut depth values increase as the \iMAcrease andecrease as the VIFAncreases.
These trends were earlier showrFigure4.34 andFigure4.35. For the% damagethe
correlations betweeiMA p and VFAp becomeslightly weaker thathe Sppindexbecause the
simulated performance went through an additional procethe&lexPAVE™ simulationwith
many environmental factorBor the AC rut depththe relationships with iplace volumetric
parameter$or the LMLC mixture four cornerdo now show clear trends due to the offset effect

as described in Chapt®&r7.2
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Figure 5.19 Simulated performance and volumetricparameters: (a) % damageand VMA p,
(b) % damageand VFAp, (c) ACrut depth and VMA p, and (d) ACrut depth and VFAIp.

5.8.2.Performance-volumetrics relationship development and verification

Based on the obtained pavement performance simulation results and volumetric

parametersthe PVRs foMarylandcase were developed using the same method used to develop

thelVRsasshownin Chapter5.7.2 Table5.31 presents theoefficients of thaleveloped PVRs

including the 6476 condition.
Table 5.31 Developed PVRs foiMaryland Case
Case Mixture Index a b d R?
Maryland LMLC % damage | -1.400| -0.230| 49.761 | 0.81
(g"3a;{:3”§7) LMLC | AC rutdepth | -0.068 | -0.006 | 2.506 | 0.91
(2”3""%'32% LMLC | AC rutdepth | -0.044 | -0.029| 3.954 | 0.98
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Table5.32 andTable5.33 provide summaesof the pavement performance simulalsd
FlexPAVE™M and the pavement performance predicted by the FRsboth @3band&76and
@36and&76conditions, respectivelfrigure5.20 presents the developed PVRs that were
verified using the verification samples fdardamageand AC rut depth, respectivelyhe
average % Error for the four corners did not exceed 15 pdaredit damageand AC rut depth
One verification saple (410030B) foPo damagas significantly off the line due to its high-in
place air void contenOverall, the comparison between simulated and predi¢étddmages
not excessively different from the performance index comparison based on theoiMie AC
rut depth, the PVR shows the poor prediction accuracy. The same reason for this outcome that
was pointed out for the IVRs in Chap&e7.2The PVR i ncluding of the
better prediction accuracy, but the % Error of verification samplgsnerally higher than 20
percent.

Table 5.32 Simulated and Predicted Performances foMaryland Case 33 and 57

Conditions
Sample % damage AC rut depth

Case ID Use Sim. | Pred. % Sim. Pred. %
Error Error

97-33 FC 8.2 9.3 13.2 0.9 0.9 2.6

97-57 FC 11.8 11.0 6.8 0.9 0.9 1.7

120B-33 | FC 12.3 11.3 7.5 1.0 1.0 2.2

120B-57 | FC 13.7 14.3 4.7 1.0 1.0 1.4
Average 8.1 Average 2.0
29 Ver. 11.3 12.4 9.6 2.2 1.0 55.9
MD 30 Ver. 12.2 12.1 0.5 2.3 0.9 59.9
32 Ver. 10.8 11.5 6.3 1.6 0.9 41.3
34 Ver. 12.2 13.3 9.3 2.0 1.0 48.7
38 Ver. 12.0 12.7 5.8 1.8 1.0 46.5
29B Ver. 12.1 12.3 1.8 1.6 1.0 35.9
30B Ver. 15.1 10.6 29.6 3.1 0.8 72.8
34B Ver. 14.4 12.8 11.4 2.1 1.0 53.7
Average 9.3 Average 51.8
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Table 5.33 Simulated and PredictedAC rut depth valuesfor Maryland Case: 33 and 47

Conditions
AC rut depth
Sample

Case IDp Use | simu. | pred. | _ 2
Error

97-33 FC 0.9 0.9 4.1

97-47 FC 1.4 1.3 2.4

120B-33 | FC 1.0 1.0 3.0

120B-47 | FC 1.5 1.5 1.8
Average 2.8
29 Ver. 2.2 1.5 32.2
MD 30 Ver. 2.3 1.5 37.8
32 Ver. 1.6 1.4 10.8
34 Ver. 2.0 1.5 22.3
38 Ver. 1.8 1.4 21.6
29B Ver. 1.6 1.4 12.9
30B Ver. 3.1 1.6 47.6
34B Ver. 2.1 1.6 26.0
Average 26.4

Note: MD isMaryland; FC is four corners; Ver. is verification; Sim. is simulated from FlexPXyYEred. is

predicted from PVR.
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Figure 5.20 Measured and predicted performance values for Maryland Casga) %
damage (b) AC rut depth (836and &76conditions), and (c) ACrut depth (B836and 6476
conditions)

5.9. Comparison of Rutting Performance betweenLab-Mixed Lab-Compactedand Plant-
Mixed L ab-CompactedMixtures
In order tocomparehefundamentadifferences betweemé rutting performancef the
LMLC and PMLCmixtures the LMLC mixtureshould imitateone of the PMLGnixture
samplesin terms of gradation, binder content, and specimen air void coifitedbso, the
PMLC mixture sample 410029 was selectdgingthe combinedgradation of PMLC sample
410029measuredby the Maryland DOT, th gradation waseproducedvith the measured

gradation of each stockpilesingMicrosoft Excel SolverFirst, another sample, PMLC 410030,
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wasrandomly selectednd two replicate were placed in thignition oven Then,wash sieve

analysis was conductessing theburned mixture to verify the reliability stheMa r y | an d

QA measurementis terms of the binder content andmbined gradation of thaixture sample

Table5.34 shows theesults oftheignition oven test and wash sieve analysis compared to the

QA measurementisbtainedoy the Maryland DOTFigure5.21 plots the gradations frothe

wash sieve analysis and QA measuremtEmtPMLC sample 41003(-able5.34 andFigure

5.21 show that the binder content and gradations measured by the Maryland DOT and NCSU are

nat significantly different. Thus, the QA measurements obtained by the Maryland DOT are

considered reliable.

Table 5.34 Comparison of Mixture Sample Binder Content and % PassingMeasured by
Maryland DOT and NCSU

30 |

20 |

10

.075.15.3 6

1.18

2.36

4.75

95 125

Sieve Size, mm, Raised to 0.45 Power

19

—e—410030 (Agency measured) —=—410030 (Avg. after ignition)

Measured | Binder % Passing
by Content| 19.0| 125| 95| 4.75| 236 | 1.18| 0.6 | 0.3 | 0.15]| 0.075
Maryland | 4.50% | 100 94 82 42 32 24 18 11 7 4.5
NCSU 4.82% | 100 95 82 44 33 25 19 11 7 4.7
Difference| g3 | o | 2 | o | 2 | 1| 1 | 1] 0| 0] o2
(%)
100
90
80
0770-
; 60
[o]
& 50 |
8 w0}
&

Figure 5.21 Comparison of gradationsmeasuredby Maryland DOT and NCSU.

190

DOTO ¢



Table5.35 presentstte stockpile proportioa requiredo reproducehe PMLC sample
410029gradation Figure5.22 compares the reproduced gradasitmthe gradatiomof PMLC
sample 41002¢neauredby the Maryland DOT.

Table 5.35 Stockpile Proportion of Reproduced Gradatiors to Imitate PMLC Sample

410029
_ Stockpile Proportion (%)
Gradation 47 | #8 | #10 | sand | F-RAP
Mix Design 22 39 12 8 19
Imitation 16 42 12 10 19
100
90
80 |
o 70
% 60
§ 50 |
- 30
20 |
10
0

075.15.3 6 1.18 2.36 4.75 9.5 125 19

Sieve Size, mm, Raised to 0.45 Power
—e-410029 —e—LMLC Mimic 410029

Figure 5.22 Reproduced gradationcompared to imitate PMLC sample 410029.

Usingthe reproduced gradation, the SSR test specimens were fabricaéab.36
presents a summary of tB&R test resultf®r thereproduced gradaticendcomparisorto the
SSR test results of PML&ample410029

Table 5.36 Maryland LMLC Mixture BMD+ Performance Test Results

Sample AverageAir Void (%) RSI (%)
PMLC Sample 410029 6.8 4.79
Imitated PMLCSample410029 6.2 1.76

The measured average air void content of PMLC sample 410029/i8.6% higher than

the average air void contenttbieimitated specimendfutthe RSI values are significantly
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different. Figure5.23 shows the difference between both testsach test temperatuddthough
the gradationslo not match perfectjythis difference is tosignificantto imputethe gradation
difference Therefae, inherentdifferencesetween the LMLC and PML@iixturesmay exist

thathave not beenaptured

9000 30000
8000 | PMLC Sample 410029 LT PMLC Sample 410029 HT

Imitated 410029 LT 25000 r e Imitate 410029 HT
£ 7000

3 6000 |
5
< 5000 |
5 4000 |
]
£ 3000 |
@
o 2000 |
5000
1000 |; (a) (b)

O L L L L L L O L L L L L L
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Cycle Cycle

20000

15000

10000

Permanent Microstrain

Figure 5.23 Comparison of SSR test results between PMLC sample 410029 and imitated
sample410029.

The NCHRPReport 81§ Mohammad et al. 201&yasconsulted to investigatbe
differences betweerthe LMLC and PMLC mixturesThis report mainlygescribes the factors
tha affectthe volumetric and mechanical propertigisplantproduced and laboratogroduced
mixtures with two different types of compactions (field and laboratofe report concludes
that the effect of procedsased factors (return of baghouse finetayen specimen fabrication,
aggregate absorption, aggregate hardness, and stockpile moisture content) on the volumetric and
mechanical propertias not as pronounced as originally hypothesiZgakcifically, the report
points out that procesbased facts do not have a significant effect on the differencethe
mechanical properties among tlant-producedield-compacted ¢ P, plantproducedab-
compacted 0O P, Bndllab-producedab-compacted ¢ L mixture typesNote that the
mechanical properties in this report include the loadeeel test (LWT) rut depth, axial

dynamic modulus, and indirect tensile test dynamic modulus. However, the LWin tiaga
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reportshow thathe LL mixture had better ruttingsistancehanthe PL mixture.Tale 5.37

preserg acomparison ofhe LWT resultsfrom ten differem mixturesfor thethreetypes of

mixture (PF, PL, and LL)The average shifor LL/PL is 1.0 until 10,000 cycle&ut the shift

factor decreaskto 0.8 from 15,000 cycles. Therefore, tte mixture showedbetter rutting

resistancehan the PLmixture which is the same trend shown for the study MarylavidiC

and PMLC mixtures

Table 5.37 Comparison of LWT Results From NCHRP Report 818

. Average

Comparison No. of Passes Shift
1,000 1.0

5,000 1.0

LL/PL 10,000 1.0
15,000 0.8

20,000 0.8

1,000 0.8

5,000 0.8

LL/PF 10,000 0.7
15,000 0.7

20,000 0.7

1,000 0.8

5,000 0.7

PL/PF 10,000 0.7
15,000 0.7

20,000 0.9
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CHAPTER 6. INVESTIGATION OF PERFORMANCE PREDICTION FUNCTIONS

6.1. Introduction

This chapteinvegigatesthedeveloped performance prediction functions (IVRs and
PVRSs) First, thesigns of coefficient of developed prediction functi@nsinvestigatedThe
ideal signs for prediction functions are suggedikt, the sensitivity analysis for prediction
functionsin terms of the binder content andptace air void contens conductedo see how
these factors affeg@erformance prediction results.
6.2. Sign Conventions of Prediction Functions

To understand the developed prediction functions wedl sign conventions of the
prediction functions should be investigated. This subchagéews the sign conventions of
IVRs and PVRs in terms of binder content amgblaceair void content.
6.2.1.Sign corventions of ndex-volumetrics relationship

Table6.1 shows that the IVRs of all mixtures do not have consistent coefficient signs for
the same distress typdote thatthe IVR equations are shown in Equati¢hs8) and(1.9). To
determine the correct IVR sign conventionstfar IVRs, the two changeable and representative
factors, i.e., the binder content anepiace air void contenshould be investigatdoecause
these two factors are related to the calculatioth@fn-place volumetric parameters (VMAand

VFAp). Thus,determining how these two factors affect the volumetric parameters is important.
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Table 6.1 Sign Conventionsof Developed IVRs

Sign of Sign of

Case Index Coefficienta | Coefficientb
Maine Sapp Positive Positive
Ontario Sepp Positive Positive
North Carolina Surface Sepp Positive Positive
North Carolina Intermediate Spp Negative Positive
Maryland Sepp Positive Positive
North Carolina Surface Fl Positive Positive
North Carolinantermediate Fl Negative Negative
Maryland CTiNDEX Positive Positive
Maine RSI Positive Negative
Ontario RSI Positive Negative
North Carolina Surface RSI Positive Negative
North Carolinantermediate RSI Positive Positive
Maryland RSI Negative Negative
Ontario Rutdepth Positive Positive
North Carolina Surface Rutdepth Positive Negative
North Carolina Intermediat Rutdepth Positive Positive
Maryland Rutdepth Positive Negative

With regard to the binder content dxl) effect

and(2.2) should be recalled. For this investigation, éiggregate gradation and theref@sgis
assumed to be unchangeable, as mentioned earlieGhfdecreases when the binder content
increases under the same gradatibgure6.1 shows that this relationship is supported by the

measuredsmmand binder contents dfi¢ collected QA measurements.
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Figure 6.1 Relationship between measure®mm values and binder contents of collected
PMLC mixture samples.

A decrease ifmmcauses a decreaseGin at the same target air void conteas per
Equation(2.1). As a result, the increased binder conteatls to alecreasén GmpandPs and
cause an ncrease in the VMA at a constadbd, as per Equatio(2.2). The increasen VMA
that isdue to the increasa binder content eventuallgads to arncreasan the VMA p, based
on Equation(1.4). TheVFAp increase whenthe VMA p increasesas pelEquation(1.5). Note
that the inplace air void content is assumed to be a constant value in order to consider only the
effect of the binder conterfable6.2 provides a summary of the effects of thedercontenton
the volumetric parameterA.lower binder content resdin lowerVMA p andVFAp values.
Next, based on Equatidf.4), the inplace air void content directly affects the VMAThe
VMA p increases when the-place air void contdrincreases. Unlike the binder content,
however, the increase in-place air void content causes a decrease in thapy&écording to

Equation(1.5). By contrast, a decrease in thepilace air void content causes a decrease in the
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VMA p and an increase in the VipATable6.2al so provi des a summary

effect on the volumetric parameters.

Table 6.2 Effects of Binder Content and In-Place Air Void Content on Volumetric

Parameters
VMA p VFA P
Case (%) (%)
Binder Content Increase Increase | Increase
Binder Content Decrease Decrease| Decrease
In-Place Air Void Content Increasq Increase | Decrease
In-Place Air Void Content Decreas| Decrease| Increase

Once the effects of these two factors (binder content and air void content) on the
volumetric parameters are understood, their effects on pavement performance in terms of the
coefficientsd signs shoul d e nitrewne sOtsi ged tf eedc.t
performance, fatigue resistance is thought to improve with a higher binder content, but the
opposite is expected for rutting resistance. A mixture with a higher binder content has more
ductility to resist repeated traffic loamj (fatigue), but the mixture becomes softer
simultaneously and thus may have poor resistance to permanent deformation (rutting). With
regard to the effect of the-jplace air void content on pavement performance, a mixture with a
higher air void content il exhibit poor resistance to both fatigue cracking and rutting because
the mixture that contains more air voids will be more easily damaged and deformed under traffic
loading. Therefore, fatigue and rutting show opposite trends in terms of binder daritdre

same trend in terms of-place air void contenfable6.3 provides a summary of the results of

this investigation.
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Table 6.3 Effects of Binder Content and In-Place Air Void Content on Pavement
Performance (Fatigue and Rutting)

Changing Factor Fatigue Rutting
Performance | Performance
Binder Content Increase Increase Decrease
Binder ContenDecrease Decrease Increase
In-Place Air Void Content Increasq¢ Decrease Decrease
In-Place Air Void Content Decreas  Increase Increase

Looking atTable6.2 andTable6.3 together, the ideal signs for coefficieatandb for

the Sypp, rutting indices and FI (CTnpoex) can be derived, as presented able6.4 andTable

6.5, respectively.

Table 6.4 Ideal Signs for IVR Coefficients for Sapp Index

Factor Increase/Decrease VMA p VFA P Flﬁtcllgel:(e
Increase Increase Increase Increase
. Decrease Decrease Decrease Decrease
BinderContent — —
. . Coefficienta Coefficientb
IVR Coefficient Sign — — N/A
Positive Positive
Factor Increase/Decrease VMA p VFAp Flig%lj(e
Increase Increase Decrease Decrease
In-Place Decrease Decrease Increase Increase
Air Void Content IVR Coefficient Sign Coefﬁmgnta Coefflgl_entb N/A
Negative Positive
Ideal IVR Coefficient Sign Both Positive N/A
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Table 6.5 Ideal Signs for IVR Coefficients for Rutting Index andFI and CT inpex

Factor Increase/Decrease VMA p VFA P ng:jtg]xg
Increase Increase Increase Increase
. Decrease Decrease Decrease Decrease
Binder Content — —
. . Coefficienta | Coefficientb
IVR Coefficient Sign — — N/A
Positive Positive
Factor Increase/Decrease VMA p VFA P ﬁﬁgg]xg
Increase Increase Decrease Increase
In-Place Decrease Decrease Increase Decrease
Air Void Content IVR Coefficient Sign Coefﬂqenta Coefﬂugntb N/A
Positive Negative
Ideal IVR Coefficient Sign Positive Both N/A

The ideal sign for the coefficient of tig,p IVR can be either positive or negative for the
VMA coefficient (coefficienta) and positive for the VFA coefficient (coefficielot For theFl
(CTinbex) andrutting IVR, the ideal sign is positive for the VMA coefficienénd either
positive or negativéor the VFA coefficienb. Note thatthe FI(CTinpex) increases as either air
void content or binder content increasethe rutting index doghusFI (CTinoex) has the same
ideal sign as the rutting indeRased on this information, the signs of thefioents of the
developed IVRs iMable6.1arealli deal , except for the North
Fland t he Mar yl aFordhe Nartlx Gawlmaidtesme&ichel mixtutlee FI IVRhas
negative signs for both the VM#Aand VFAp coefficientsand itdid not follow the rutting
i n d eign@mvemstions neitheFor the Maryland mixture, it has negative sign for the VIMA
coefficient. These cases would be good exammptesee what happens if the signs of IVR
coefficients do not follow the ideal sign conventions.

As a spoiler, one lessorofn Chapter6.3is that the ideal sign conventions do not always
generate reasonable trends. In other words, not only the IVR sign conventions, but also the

numericalratio of two coefficients can affect the performance predictiofidare6.2 (b), the
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North Carolina intermediate mixture showed oppadSiggtrend for the binder content sensitivity
analysis. Th&pp value decreased, as the binder content increased evBpghéR of this
mixture followed the ideal sign conventions. This is because that the coefficialute is
significantly smaller thathe coefficienta. TheSypp IVR coefficients of Maine, Ontario, and
North Carolina surface showed that the numerical value of coeffeisrttvo to three times
larger than the numerical value of coefficienHowever, théspp IVR coefficient of North
Carolina intermediate showed that the numerical value of coeffigisr32 times larger than the
value of coefficienb by the absolute value comparison. For this case, the predicted performance
can be almost solely determined by coeffici@nthe increae of binder content causes the
increase of both VMA& and VFAp, shown inTable6.2. That is why the significantly higher
coefficientain negative sign, which is related to VMAreduced the predictelpp value.For

the Maryland case, although the VMAign did not follow the ideal sign conventions, the ratio
is even smaller than Thus,the sensitivity analysigesultsshowed reasonabteends for both
binder content and iplace air void contenfable6.6 summarizes the ratio of IVR coefficients
for Sppindex.

Table 6.6 Ratio of IVR Coefficient Valuesfor Sapp INdex

Case Coeffipignt al
Coefficientb
Maine 2.1
Ontario 2.7
North Carolina Surface 3.0
North Carolina Intermediate 32.0
Maryland 0.36

As a conclusion, this study suggests the ideal sign conventi&gs,dRSI, Fl, and Rut
Depth IVRs. However, the sign conventions do not always guarantee the reasonable trends of

predicted performance with the binder content anglace air void content. There is a
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possibility if onecoefficient is numericallynuchlargerthanthe othercoefficient, the

performance prediction can be somehigtortedeven they have proper signs.

6.2.2.Sign conventions of prformance-volumetrics relationship

Like thelVRs, the ideal coefficient sign conventions also were investigated for the PVRs.

Based on the same principle that was applied to the sign conventions for th&#R€.7 and

Table6.8 present the ideal sign conventions for the PVR&4atamageand AC rut depth,

respectively.
Table 6.7 Ideal PVR Coefficient Signs for% damage
Factor Increase/Decrease VMA ip VFA P % damage
Increase Increase Increase Decrease
. Decrease Decrease Decrease Increase
Binder Content — =
. . Coefficienta Coefficientb
IVR Coefficient Sign - . N/A
Negative Negative
Factor Increase/Decrease VMA ip VFA P % damage
Increase Increase Decrease Increase
In-Place Decrease Decrease Increase Decrease
Air Void Content IVR Coefficient Sign Coefflt_:llenta Coefflcpntb N/A
Positive Negative
Ideal PVR Coefficient Sign Both Negative N/A
Table 6.8 Ideal PVR Coefficient Signs for ACrut depth
Factor Increase/Decrease VMA p VFA P AC rut
depth
Increase Increase Increase Increase
) Decrease Decrease Decrease Decrease
Binder Content — —
. . Coefficienta Coefficientb
IVR Coefficient Sign — — N/A
Positive Positive
AC rut
Factor Increase/Decrease VMA p VFA P
depth
Increase Increase Decrease Increase
In-Place Decrease Decrease Increase Decrease
Air Void Content IVR Coefficient Sign Coeffu_:l_enta Coefﬂmgntb N/A
Positive Negative
Ideal PVR Coefficient Sign Positive Both N/A
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Based on the investigated ideal coefficient sign conventiaise6.9 presents a
summary of the evaluated PVR coefficient signs. Excepsfdiamagdor the North Caolina
intermediate layer and the AC rut depth ttoe Maryland(@3b6and& 76conditions) all the other
cases had ideal PVR sign conventiddete thatChaptes 6.4.4and6.4.7describe the issue
regarding théo damageand AC rut deptloutcomes for théNorth Carolina intermediat@ixture
and the Marylandnixture, respectively.

Table 6.9 Evaluation of Developed PVR Coefficient Signs

Mix AC rut

Case Type % damage depth

Maine PMLC Ideal Ideal

Ontario PMLC Ideal Ideal

NC Surface PMLC Ideal Ideal

NC Intermediate| PMLC Non-ldeal Ideal
Maryland LMLC Ideal Nonldeal

6.3. Sensitivity Analysis of Prediction Functions

The sensitivity of the air void and binder contents to performance predietams
evaluated using the developkahctions The sensitivity analysis was conducted by inputting
VMA p and VFAp values to the developed IVRs. The volumetric parameters wendataid by
fixing oneparameteundera certain volumevhile changing the othgrarametersEquatiors
(1.3) and(1.5) were usedo calculate the VFA and VFAp volumetric parameters, respectively.
Table6.11through Table6.14 show the changen the VMAp and VFApr when the irplace air
void content or binderantentwaschangedvithin the relevant mixture specificatigrshown in
Table6.10, and show the resultant predicted performancexnaluesand performancealues
Note that the PVR df h &0andat76conditions of the Maryland for RSl and AC rut depth is

used.The necessaryaluesfor the sensitivity analysiare obtained from the mix design or job
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mix formula Notealsothat the change @&mmvalues with the bider content change was
estimated using Equatida.8). TheGseVvalues to calculat&mmvalues were obtained from

Equation(4.9). TheGp value is assumed to be 1.03.

Gy = 50— 4.8
N (48)

o

[
(]
o

Where

Gmm= maximum specific gravity of paving mixture (no air voids),
Pmm= percent by mass of total loose mixture = 100,

Ps = aggregate content,

Py = asphalt content,

Gse = effective specific gravity of aggregate

Gpv = specific gravity of asphalt.

P -P

G, == 4.9
I:)mm _ Pb ( )
Gmm Gb
Table 6.10 Sensitivity Analysis Range
Factor Maine Ontario Nort_h Maryland
Carolina
Binder Target + 0.4%| Targett 0.4% | JMF = 0.4% | Target + 0.4%
Content (%) T o - -
In-Place o o 0 0 0 0
Air Void Content (%) 5+ 2.5% 2% to 7% Max 8% 3% to 8%

Note: JMFis job mix formula.
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Table 6.11 In-Place Air Void Content Sensitivity of IVRs to Predicted Performance

Predicted Performance
In-Place Binder | AV Index
. Air Void at | VMAwr | VFAP

Mixture Content Rut
Content (%) Ndes | (%) (%) Soop RSI FI | Depth
(%) (%) (%) (mm)

2.5 5.6 4.0 15.4 83.8 358 | 1.9 | NJA | N/A

3.5 5.6 4.0 16.3 78.5 344 | 2.2 | NJA | N/A

Maine 4.5 5.6 4.0 17.1 73.7 33.1| 25 | N/A N/A
55 5.6 4.0 18.0 69.5 320 | 2.8 | NJA | N/A

6.5 5.6 4.0 18.9 65.6 31.2 | 3.0 | NJA | N/A

7.5 5.6 4.0 19.7 62.0 304 | 3.3 | NJA | N/A

2.0 57 4.0 16.3 87.7 35.8 | 3.8 | N/A 1.7

3.0 5.7 4.0 17.2 82.5 328 | 4.6 | N/A 2.1

Ontario 4.0 57 4.0 18.0 77.8 30.3 | 5.3 | N/A 2.5
50 5.7 4.0 18.9 73.5 28.2 | 59 | N/A 2.9

6.0 57 4.0 19.7 69.6 26.6 | 6.6 | N/A 3.3

7.0 5.7 4.0 20.6 66.0 252 7.1 | N/A 3.8

3.0 5.8 4.0 17.3 82.6 330 | 55 3.0 3.2

North 4.0 5.8 4.0 18.1 77.9 311 | 8.0 35 4.1
Carolina 50 5.8 4.0 19.0 73.6 29.7 | 104 | 4.0 50
Surface 6.0 5.8 4.0 19.8 69.7 286 | 12.7| 4.4 6.0
7.0 5.8 4.0 20.7 66.1 27.7 | 148 | 4.9 6.9

8.0 5.8 4.0 21.5 62.8 27.1 | 169 | 54 7.8

3.0 4.6 4.0 13.6 77.9 141 | 1.9 0.0 1.9

North 4.0 4.6 4.0 14.5 72.4 125 | 2.2 1.0 2.3
Cafcsltina 5.0 46 | 40| 154 | 675 | 11.0] 26 | 1.7 | 27
Intermediat 6.0 4.6 4.0 16.3 63.1 95 3.0 2.3 3.2
7.0 4.6 4.0 17.2 59.2 8.1 3.4 2.9 3.6

8.0 4.6 4.0 18.0 55.7 6.6 3.8 3.4 4.1

3.0 4.6 4.0 13.6 78.0 148 | 2.2 2.0 0.8

4.0 4.6 4.0 14.5 72.4 141 | 2.4 | 17.0 1.2

Maryland 50 4.6 4.0 15.4 67.5 135 | 25 | 32.3 1.6
6.0 4.6 4.0 16.3 63.2 13.0| 2.6 | 47.6 1.9

7.0 4.6 4.0 17.2 59.3 125 | 28 | 63.2| 2.3

8.0 4.6 4.0 18.1 55.7 12.1| 29 | 788 | 2.7
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Table 6.12 Binder Content Sensitivity of IVRs to Predicted Performance

Predicted Performance
In-Place Binder | A Index
. Air Void at | VMAwr | VFAP

Mixture Content Rut
Content (%) Ndes| (%) (%) S, RSI FI | Depth
(%) (%) | (%) (mm)

5.0 5.2 4.0 16.7 70.1 | 31.1| 25 | N/A | N/A

5.0 5.4 4.0 17.1 70.8 | 319 | 2.6 | N/A | N/A

Maine 5.0 5.6 4.0 17.6 71.5 325 | 2.6 | N/A N/A
5.0 5.8 4.0 18.0 722 | 33.2| 2.7 | N/A | N/A

5.0 6.0 4.0 18.4 72.8 | 339 | 2.7 | N/JA | N/A

5.0 5.3 4.0 17.7 71.7 | 23.1| 5.7 | N/A 2.0

5.0 55 4.0 18.1 72.4 251 | 5.8 | N/A 2.3

Ontario 5.0 5.7 4.0 18.6 73.1 27.0| 59 | N/A 2.7
5.0 5.9 4.0 19.0 73.7 | 289 | 6.0 | N/A 3.0

5.0 6.1 4.0 19.5 74.3 | 308 | 6.1 | N/A 3.4

7.0 5.1 4.0 19.3 63.7 | 220 | 144 | 3.8 5.6

North 7.0 54 4.0 19.9 64.8 245 | 145 | 4.3 6.2
Carolina 7.0 5.7 4.0 20.5 65.8 | 26.9 | 148 | 4.8 6.7
Surface 7.0 6.0 4.0 21.1 66.8 | 29.3 | 15.0| 5.2 7.3
7.0 6.5 4.0 22.0 68.2 | 33.1| 154 | 6.0 8.2

7.0 3.9 4.0 16.5 57.6 89 | 3.0 | 31 3.1

North 7.0 4.3 4.0 17.4 59.7 7.8 3.5 2.8 3.7
Carolina 7.0 4.7 4.0 18.2 61.5 6.7 | 40 | 25 4.4
Intermediate 7.0 5.1 4.0 19.0 63.2 56 | 45 2.2 5.0
7.0 5.5 4.0 19.8 64.7 45 | 5.0 | 2.0 5.5

5.5 4.2 4.0 21.6 745 | 147 | 2.1 | 788 | 3.8

55 4.4 4.0 22.0 75.0 148 | 2.1 |150.8| 4.0

Maryland 5.5 4.6 4.0 22.4 75.4 | 149 | 2.1 |1659| 4.1
5.5 4.8 4.0 22.8 759 | 150 | 2.0 |173.3| 4.3

5.5 5.0 4.0 23.2 76.3 | 151 | 2.0 |180.8| 4.4
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Table 6.13 In-Place Air Void Content Sensitivity of PVRs to Predicted Performance

In- Predicted
quce Binder AV Performance
Mixture A'.r Content at | VMA®r | VFAR AC rut
void (%) Ndes| (%) (%) % damage| depth
Content (%)
(%) (mm)
2.5 5.6 4.0 15.4 83.8 10.3 1.0
3.5 5.6 4.0 16.3 78.5 11.2 1.1
Maine 45 5.6 4.0 17.1 73.7 12.0 1.3
55 5.6 4.0 18.0 69.5 12.8 1.4
6.5 5.6 4.0 18.9 65.6 13.5 1.6
7.5 5.6 4.0 19.7 62.0 14.2 1.7
2.0 57 4.0 16.3 87.7 14.6 0.8
3.0 5.7 4.0 17.2 82.5 15.2 0.9
Ontario 4.0 5.7 4.0 18.0 77.8 15.7 11
50 57 4.0 18.9 73.5 16.2 1.2
6.0 5.7 4.0 19.7 69.6 16.6 1.3
7.0 57 4.0 20.6 66.0 17.0 1.4
3.0 5.8 4.0 17.3 82.6 0.0 1.3
North 4.0 5.8 4.0 18.1 77.9 0.0 1.9
Caforltina 5.0 58 | 40| 190 | 73.6 0.2 24
Surface 6.0 5.8 4.0 19.8 69.7 0.4 2.9
7.0 5.8 4.0 20.7 66.1 0.5 3.3
8.0 5.8 4.0 21.5 62.8 0.6 3.8
3.0 4.6 4.0 13.6 77.9 21.7 1.5
North 4.0 4.6 4.0 14.5 72.4 22.6 1.9
Ca‘r’;hna 5.0 46 | 40| 154 | 67.5 23.8 2.2
Intermediat 6.0 4.6 4.0 16.3 63.1 25.1 2.5
7.0 4.6 4.0 17.2 59.2 26.6 2.8
8.0 4.6 4.0 18.0 55.7 28.2 3.0
3.0 4.6 4.0 13.6 78.0 12.7 11
4.0 4.6 4.0 14.5 72.4 12.8 1.2
Maryland 5.0 4.6 4.0 15.4 67.5 12.7 1.3
6.0 4.6 4.0 16.3 63.2 12.4 1.4
7.0 4.6 4.0 17.2 59.3 12.1 1.5
8.0 4.6 4.0 18.1 55.7 11.6 1.6
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Table 6.14 Binder Content Sensitivity of PVRs to Predicted Performance

In- Predicted
quce Binder AV Performance
Mixture A'.r Content at | VMA®r | VFAR AC rut
void (%) Ndes| (%) (%) % damage| depth
Content (%)
(%) (mm)
5.0 5.2 40| 16.7 70.1 12.3 1.3
5.0 5.4 40| 171 70.8 12.4 1.3
Maine 5.0 5.6 40| 17.6 71.5 12.4 1.4
5.0 5.8 40| 18.0 72.2 12.5 1.4
5.0 6.0 40| 184 72.8 12.5 1.4
5.0 5.3 40| 17.7 71.7 16.2 1.1
5.0 55 40| 18.1 72.4 16.2 1.1
Ontario 5.0 5.7 40| 18.6 73.1 16.2 1.2
5.0 5.9 40| 19.0 73.7 16.2 1.2
5.0 6.1 40| 195 74.3 16.1 1.3
7.0 5.1 40| 19.3 63.7 1.4 3.4
North 7.0 5.4 40| 199 64.8 1.0 3.3
Carolina 7.0 57 40| 20.5 65.8 0.6 3.3
Surface 7.0 6.0 40| 211 66.8 0.2 3.3
7.0 6.5 40| 22.0 68.2 0.0 3.3
7.0 3.9 40| 16.5 57.6 24.2 2.6
North 7.0 4.3 40| 174 59.7 27.3 2.8
Carolina 7.0 4.7 40| 18.2 61.5 30.4 3.0
Intermediatel 7.0 5.1 40| 19.0 63.2 33.3 3.2
7.0 5.5 40| 19.8 64.7 36.2 3.3
55 4.2 40| 21.6 74.5 2.3 0.9
55 4.4 40| 22.0 75.0 1.7 0.8
Maryland 5.5 4.6 40| 224 75.4 1.0 0.8
55 4.8 40| 22.8 75.9 0.4 0.8
55 5.0 40| 23.2 76.3 0.0 0.7
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6.3.1.Ssppand % damage

Figure6.2 andFigure6.3 show the iaplace air void content and binder content
sensitivity results t&ppindex am % damagerespectivelyWith regard to the sensitivity of the
in-place air void content to tH&pp index, the five mixtures showed similar sensitivitjate that
the sensitiveness of the sensitivity analysis is determined by the difference between the
maximum and minimunof themeasured performance index values within the four corners. The
in-place air void contents showed reasonable trends witGghimdex. With regard to the
sensitivity of the binder content to tBgypindex, the North Carolina siace and Ontario mixture
showed relatively high sensitivity. However, the North Carolina intermediate mixture showed
the opposite trend. This phenomenomxplained in Chaptes.4.

The% damagencreases as the-place air void content increases, except for the
Maryland case. The Maryland is surprising because the Mar@#gpshowed reasonable trends
for both inplace air void content and binder content. The reason for this outcome is ttoought
be the weighted coefficieatof the Marylan® damageéPVR. This issue is dealt with in
Chapter6.4. With regard to the sensitivity of the bindmntent td» damagethe Maine and
North Carolina intermediate mixtures showedorrecttrends compared to the othefhiese

issues aralsoaddressed in Chaptér4.

208



(o2}
o
(o]
o

¢ Maine (a) & Maine (b)
m Ontario @ Ontario
50 I @North Carolina RS9.5C 50 I g North Carolina RS9.5C
A North Carolina RI19.0C A North Carolina RI19.0C
.40 X Maryland 240 |+ XMaryland
& Uj% y = 3.418x + 13.39 y= 9.5’425)( 27.409
o il o o @
P
g% & g 30 LA B
3 y=-21069x+39307 -l 8 e
T, | y =-1.1554x + 35.898 a5 | @™ y=7.9859%x18.673
y =-0.5448x + 16.336 y =0.3798x + 13.156
................................. MoK XK
P % KX .......... Kerreveennas X KoK
10 A 10 A
Aop Ap
Dop
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ \ \ \ ! !
1 2 3 4 5 6 7 8 9 3 35 4 45 5 5.5 6 6.5 7
In-Place Air Void Content (%) Binder Content (%)

Figure 6.2 In-place air void content sensitivity and binder content sensitivity t&app index.

40 60
& Maine (a) & Maine (b)
35 | mOntario 50 | m Ontario
@ North Carolina RS9.5C @ North Carolina RS9.5C

® 30 | aNorth Carolina RI19.0C © A North Carolina RI19.0C
2 % Maryland A A > 40 | xMaryland
E 25 — £ o
S A A y = 0.4867x + 13.685 T 30 A
= 20 S A
k5 B 2 A y =-0.1297x + 16.926
(] 6 L
5 15 2 -
3 3 y=02313x +11.133 S8 & E &
a P X X = 10 D2 2R 2L 2R

10 @ y =0.7913x + 8.3922 o | y=-3.2428x + 15.956

y =-0.2256x + 13.624 y =-1.2474x + 7.7327
5 0 . . XX‘X\V Ry LI e W
y =0.1637x0.6729 35 4 45 5 55 6 6.5 7
0 ) ® oY .Q Y Yo, Q 10
1 2 3 4 5 6 7 8 9 Binder Content (%)

In-Place Air Void Content (%)

Figure 6.3 In-place air void content sensitivity and binder content sensitivity t86 damage

6.3.2.RSI, AC rut depth, and rut depth

Figure6.4 andFigure6.5 present plots of the change in predicted rutting performance
indices and AC rut depth as a function opiace air void content and binder content,
respectiely. With regard to the two rutting indices, the North Carolina surface mixtures had
higher inplace air void content sensitivity. Except Maryland RSI, all the rutting indices showed
reasonable trends with thehace air void content and binder content.

For the AC rut depth, the North Carolina surface mixture had high#aae air void

content sensitivity, but showed incorrect trend with the binder content. The Maryland case also
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showed counterintuitive trends with the binder conf€nése issues areldresedin Chapter

6.4.
30 30
* Maine‘ @) * Maine. (b)
25 | EOntario 25 @ Ontario
@ North Carolina RS9.5C @ North Carolina RS9.5C
g 20 | ANorth Carolina RI19.0C S| 2 North Carolina R119.0C
= =2.2673%1.0789 | =
@ X Maryland Y o 2 *Maryland y = 0.7295x + 10.617
S = P
% 15 .’ % 15 @ @ @@ )
E ._ g
£10 | y=02741x+ 12489 @ Y=0.6600x+2381¢ 2,
o y= 0-3.713X +0.763 y = 1.2727%1.9942 y = 0.42809x + 3.4325
T v~ me
5 L g . m = y = 0.1359x + 1.80 5 | y=-0.1218x + 2.6256 n-RpEEa
B e QR AT A y =0.2576x + 1.196
.....x:»»,Q,..,x,........*.m’.u..* ........ SN XK PP
0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 35 4 45 5 5.5 6 6.5 7
In-Place Air Void Content (%) Binder Content (%)
10 10
@ Ontario W Ontario
~ 9t = d
€ ° @ North Carolina RS9.5C = 0.9324x + 0.3745 ©) E ° @ North Carolina RS9.5C @)
E 8 | aNorth Carolina RI19.0C y=0. X+ 0. e = 8 A North Carolina RI19.0c Y = 1.8355% 3.7469_.._....
E 7 | XMaryland P 2 7 | xMaryland =2
a @
a a .
= 6 @ 5 6
5 e & @ A
x o V=0.4217x+0.6524 5
E 5t £ y =0.7191x + 0.8079.-4
= -~y = 0.4197x + 0.8194 = K
T 4t ._,.. . ......... A I 4 X‘X
. TS . o o
§ 3+ .1::¢::1z:1l AAAAA X % 3 "“ y= 1'5147X2'7718."-"-
22t x X B 2 -
o X y=o03764x03356 | & y = 1.7365% 7.2285
0 1 1 1 1 O 1 1 1 1 1 1 1
1 5 6 7 8 9 35 4 45 5 55 6 6.5 7

In-Place Air Void Content (%)

Binder Content (%)

Figure 6.4 In-place air void content sensitivity and binder content sensitivity(a), (b) RSI
and (c), (d) rut depth.
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6.3.3.FI and CTinpex

Figure6.6 shows the irplace air void content and binder contesnistivity results to Fl
and CTinoex. The two North Carolina mixtures showed similar sensitivity to the Fl index in
terms of the implace air void content. However, the North Carolina intermediate mixture had
counterintuitive trends with the binder contehlis phenomenon is addressed in Chafpitér

With regard to the Ciipex, the Maryland mixture showed reasonable trends with tpdaice air

void content and bindeontent.
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Figure 6.6 In-place air void content sensitivity and binder content sensitivity: (a), (b) FI
and (c), (d) CTinpex.

6.4. Summary and Investigation of Issues

Table6.15 summarizes the sign conventions and trend evaluations of all developed
prediction functios. There are eight cases that showed unreasosab#gtivitytrends with
either inplace air void cotent and binder conterdmong the eight cases, there are four cases
showing unreasonable sensitivity trends even they have ideal sign convertierefore, this
subchapter addresses the reason for the counterintuitive trends of the prediction ftorctions

individual cases.
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Table 6.15 Sign Conventions of IVRs for PMLC Mixtures and Performance Prediction

Trends
ACC(_)rdance With_ In-Place Air _
Case Per. Idea] Slgn Conver!tlpns Void Content Binder
Coefficient | Coefficient Content Trend
a b Trend
Maine Sepp Yes Yes Reasonable Reasonable
Ontario Sepp Yes Yes Reasonable Reasonable
NC Sur. Sapp Yes Yes Reasonable | Reasonable
NC Inter. Spp Yes Yes Reasonable | Unreasonable
Maryland Sapp Yes Yes Reasonable | Reasonable
NC Sur. Fl Yes Yes Reasonable Reasonable
NC Inter. Fl No Yes Reasonable | Unreasonable
Maryland | CTinpex Yes Yes Reasonable | Reasonable
Maine RSI Yes Yes Reasonable Reasonable
Ontario RSI Yes Yes Reasonable Reasonable
NC Sur. RSI Yes Yes Reasonable Reasonable
NC Inter. RSI Yes Yes Reasonable Reasonable
Maryland RSI No Yes Reasonable | Unreasonable
Ontario | Rut depth Yes Yes Reasonable | Reasonable
NC Sur. | Rut depth Yes Yes Reasonable | Reasonable
NC Inter. | Rut depth Yes Yes Reasonable Reasonable
Maryland | Rut depth Yes Yes Reasonable | Reasonable
Maine % damage Yes Yes Reasonable | Unreasonable
Ontario | % damage Yes Yes Reasonable | Reasonable
NC Sur. | % damage Yes Yes Reasonable Reasonable
NC Inter. | % damage Yes No Reasonable | Unreasonable
Maryland | % damage Yes Yes Unreasonablg Reasonable
Maine AC-RD Yes Yes Reasonable Reasonable
Ontario AC-RD Yes Yes Reasonable Reasonable
NC Sur. AC-RD Yes Yes Reasonable | Unreasonable
NC Inter. | AC-RD Yes Yes Reasonable Reasonable
Maryland | AC-RD No Yes Reasonable | Unreasonable

Note:Per. is performance; ARD is AC rut depthNC Sur and NC Inter. ar&lorth Carolina surfacand
intermediate mixtures, respectively.

6.4.1.North Carolina surface AC rut depth PVR

TheAC rut depth PVR of the North Carolina surface mix showed opposite trends with
the binder content, as shownRigure6.5( b ) .

ideal sign conventions, as summarized able6.12, the developed PVR resulted in a decreasing

Al t hough

t he
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trend of AC rut deyht values as the binder content increa$able4.30 shows that all the PMLC

mi xXturesd AC rut depth PVRs have fohteeNerthme si g
Carolina surface case, coefficidnis significantly lower compared to the other cases. Because

the VFAp increases as the binder content increases, the relatively low coefficenid cause

lower predicted AC rut depths as the bindertenhincreases. The reason for this issue may stem

from the reversed AC rut depth simulation results from two corners of the four corners at the

same target air void content (7.5%gble 4.12 shows that Sample 3 has 0.3% higher binder

content than Sample Aowever,Table4.15 shows that the simulated AC rut depth value (3.6

mm) for Sample 3 is lower than that (3.7 mm)$@ample 7. Although the difference in AC rut

depth is only 0.1 mm, this difference nonethe
of the numericaValues of thesimulated AC rut depth are relatively lower than for the simulated

% damageNote thafTable 4.12 shows that the RSI values of the two samples exhihiecor

trends with the binder content. As the FlexPAVYBimulations use not only performance index

values but also several other factors, i.e., pavement structure, climate, andheaffiason for

the reversed trend is not easy to pinpoint. Thus, thisstigation was focused on ways to

improve this problem rather than on the difference between the performance index values and

simulation results.

6.4.2.Maine % damagePVR

The% damagdor the Maine PVR has an opposite trend with the binder content, even
thoughthe coefficient signs of the PVR meet the ideal sign conventions. The reason for the
opposite trend is that the absolute value of coeffi@astoo much higher than coefficieint
even with the right sign conventions. Because both the ¥id VFAp increase as the binder

content increases, the numerically higher positive value of coeffeidain coefficienb makes
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the resultan% damagencrease. This result may stem from the reversed trend be®veen
damageand binder content at the same targevaid contents of the four corneiable 4.12

shows that Sample 1593%2has a lower measur&p, value than Sample 159361, and Sample
159352B has a lower measuré&d,, value than Sample 159360. These measurements make
sense because Splm 159352A and 159352 have lower binder contents than Sample 159361
and 159360 at similar target air void contents, which are 7.5% and 2.5%, respectively. Note that
the measured air void contents for both 159B52.9%) and 159360 (2.5%) are similas,

shown inTable4.8, even they have different target air void contents. Because of these
reasonable trends, tlg,p VR could have an intuitive trend in terms of der sensitivity, as
presented ifrigure6.3. However,Table4.15 shows the reveestrends between simulatéd
damageand binder content of 159382 and 159360. The simulaté damagef Sample

159360 is higher than Sample 159352ven though Sample 159360 has a higher binder content
at the similar target air void content. Thus, theoagted problem in terms & damageof the

PVR is thought to stem from this reversed trend.

6.4.3.North Carolina intermediate Sqapp IVR

With regard to th&pp of the North Carolina Intermediate mixtuthe case shows the
opposite trend with the binder content sensitivity analysis results shdviguire6.2 The reason
for this opposite trend is the significantly @ifént numerical values of between coefficients
andb. Coefficientais much higher than coefficiebt This issue may be related to the opposite
trend between the measui®@gp value and binder content at the same target air void (7.5%), as
shown inFigure4.13. In Figure4.13, only the North Carolina intermediate mixture case sheows
decreasing trend for ti&pp value as the binder content increases. In fact, the differer&gpin

values between the two samples is significihe reason for this opposite trend may stem from
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the issue of mixture samples, not solely from the bindatent. The gradation also could be

associated with this issue because the gradations of two mixture samples (Sample 3 and Sample
6-2) were measured differently, as showrrigure6.7. The®o passingof the two gradations is

similar up to 9.5 mm, but then began to deviate®Apassing4 . 75 mm, Sampl e 606s
is located close to the maximum density line, whichaatdis that the mixture is denser than

Sample 3Figure2.2 (a) shows that th&ppvalue increases as the mixture becomes denser.

Thus, the measureilpp value of Sampl&-B could be higher than that of Sample 3, even though

Sample 6 has a lower binder content than Sample 3.
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Figure 6.7 Two measured gradations of North Carolina intermediate mixture case for
Sample 3 and Sample 6.

6.4.4.North Carolina intermediate % damagePVR

The binder content sensitivity analysis results showkigare6.3 (b) indicate that the
PVR for the North Carolina intermediate mixture in term%caflamages unable to reasonably
predict performance. The predict&ldamagencreased as the binder content increadedve

all, the Noth Carolina intermediate mixtufé damageé”VR did not follow the ideal sign
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conventions, as presentedTiable6.12. The reason for this phenomenon may be the san as f

the North Carolina intermedia&pp IVR discussed irfChapter6.4.3 That is, because the

meanings o&pp and% damageare opposites, the reason would be the opposite asGhealhter
6.4.3explained that the two North Carolina intermediate layer mixture samples (Sample 3 and
Sample6-2) have the same target air void content. Sample 3 has a higher binder content, but the
simulated% damagef Sample 3 is higher than Sampl2 6The reason for this outcome may be
due to the gradation difference, as showRigure6.7. Because of the difference in gradations,

the relationship between the simulatédlamageand inplace VFA of the four corners is

weaker than for the other project cases, as showigure4.34 (h).

6.4.5.North Carolina intermediate FI IVR

The North Carolina intermediate mixture FI IVR showed the opposite FI trends of binder
content sensitivityThe FI IVR did not follow the ideal sign conventions, as showreiple
6.12. The reason for this IVR issue is thought to be the irrational test results between terg corn
at high air void content of the four cornefable4.21 shows that Sample RI119.6&B and
RI19.0G5-B have the same measured Fl values, but Sample REBB@as 14% higher
VMA p than Sample RI19.06-B. Specifically, Sample RI119.02-B has both a higher binder
content and average measured test specimen air void content than Sample-8R9.0C
Considering the difference in binder content and test specimen aicomtient, R119.0€2-B
should have a higher FI value. Because these two samples have higher Fl values than the other
two cornersatlow air void content, the IVR could work, but lacks accuracy in terms of binder

content sensitivity.
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6.4.6.Maryland % damagePVR

The Maryland% damage”VR was refined to address the opposite trend d¥the
damagepredicted from the PVR in terms ofplace air void content sensitivitifigure6.3 (a)
shows that the predictéd damagelecreases when thejitace air void content increases. The
reason for this phenomenon is thought to be the relationship between the siftutiethge
and the volumetric conditions. Note that the Maryland case usddMhC mixture with
different gradations, binder contents, and air void contermgegfior the four corners, so it is not
reasonable to compare two samples in terms of one factor to find a reason for the unreasonable
trend.Figure6.8 shows the simulateth damageand inplace volumetric conditions. Compared
to the other cases, as showrkigure4.34, the relationship shown Figure6.8 (a) between
simulated% damagend inplace VMA is significantly weaker. The relationship became worse
comparedo theSypp values showin Figure5.13 (a) because the simulatéddamagdor the
CALUW 97-33 condition was significantly low due to its high meas@&ggvalue. So, although
the correlation between hidghpp values and lowbo damaeis reasonable, the reason the
simulated% damagef CALUW 97-33 is relatively low is difficult to pinpoint because the

FlexPAVE™ simulations use many environmental factors to yield the res@atamage
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Figure 6.8 Relationship between simulate® damageand volumetric conditions of
Maryland mixture case.

6.4.7.Maryland RSI IVR and AC rut depth PVR

The Maryland mixture RSI IVR and AC rut depth PVR showed the opposite trends of
binder contentensitivity. Most of all,the coefficienta (VMA ip) of both prediction functiondid
notfall into the ideal sign conventions Trable6.12. Because the VMA and VFAp increase as
the binder content increases, both negative signs of coeffecardb lead to the decrease of the
RSI and AC rut depthl'o understand the phenomenon wilg IVR index was compared to the
rut depth index from the HWT testigure6.9 presents both rutting indices of four corners with
the VMAp. While the measured rut depth values from HWT test hagaodlinearity for both
gradations, the linearity of the measured RSuieslis relatively weakihere was an attempy
manipulating the dat@® decrease thiewer RSIvalue of CALUW 120B from 2.2% to 1.5%or
the stronger linearity with VM#, as shown ifrigure6.10. The PVR is developed using the
manipulated RSI valyes shown inTable6.16, andcould see the coefficieatfalls into the
ideal sign comentions.This addresses the issuetbé AC rut depth PVR as wellhereforethe
issue ofboth prediction functions stem from the weak linearity of the four cornerghath

VMA p.
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Table 6.16 Developed PVRs with Manipulated RSI Value

a b

d

R2

0.220 | -0.022

0.171

0.99
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6.4.8.Summary

Table6.17 summarizes thevestigated reasons for teensitivity analysis issues the
developed performance prediction functiamserms of then-place air void conterdr the
binder content.

Table 6.17 Reasondor Sensitivity Analysis Issues

Prediction .
. Issue with Reason
Function
AC rutdepthPVR Reversed AC rut depth simulation resul
of North Carolina Binder content from two corners of the four corners at t
surface same target air void content.
% damagPVR _ Reversed trend betweéh damagemd
: Binder content binder content at the same target air vo
of Maine
contents of the four corners.
Spp IVR of North Opposite trend between the measutgd
Carolina Binder content value and binder content at the same ta
intermediate air void content
% damage”’VR Opposite trend between the simulat%ed
of North Carolina Binder content damagevalue and binder content at the
intermediate same target air voidontent
FIIVR of_North . Irrational test results between two corne
Carolina Binder content S
. . at high & void content of the four corners
intermediate
% damage’VR In-place air void content Significantly weak relationship betweer
of Maryland b simulated damagend VMAp.
RSl IVR and AC . Weak linearity between RSI and AGt
rut depthPVR of Binder content
depthto VMA p.
Maryland
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CHAPTER 7. IMPROVEMENT OF PERFORMANCE PREDICTION FUNCTIONS

7.1.Introduction

In theprevious chapteione lesson is that the developed prediction functions in the ideal
sign conventions do not alwagsarantee the reasonable performance predifrbomthe in
place air void content and binder contsensitivity analysisThis isdue tothe significant
differencebetweerthe VMAp and VFAp coefficients stenmming from the reasonableness of the
performance of theour comners. Thus, this chapter introduces the metilody to improve the
prediction functions that have issues wa#nsitivity analysis resulta terms of the irplace air
void content and binder conteiiable7.1 presents a list of these problemadrediction
functions Except for the Marylanéo damagecase, althe prediction functionkave issues with

the binder cotent.

Table 7.1 List of IVRs and PVRs with Issues

Case Mixture | Index / Performance Issue with

NC Surface PMLC AC rut depth Binder contensensitivity
Maine PMLC % damage Binder content sensitivity
NC Intermediate] PMLC Sipp Binder content sensitivity
NC Intermediate] PMLC % damage Binder content sensitivity
NC Intermediate] PMLC FI Binder content sensitivity
Maryland LMLC % damage Air void contentsensitivity

Maryland LMLC RSI Binder contensensitivity
Maryland LMLC AC rut depth Binder content sensitivity

7.2.lmprovement Method

The initial prediction functions for all cases were developed using the regression function
of Microsoft Excel with the measured performances and volumetric parameters of the four
corners.Therefore, the reasonableness of the prediction functions islgireleted to the
precision andiccuracy of the measured performance and volumetric prop@itiesolumetric
properties and performance characteristics of mixtures at the four corners carry uncertainties due
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to component material variability arekperimetal errors. If the difference in volumetric
properties and performance characteristics are not large enough to overcome the uncertainties at
the four corners, the resulting prediction functions can yield unreasonable trends in terms of
mixture factorsin addition the developed functigrare in the format of the best regression
resutsBecause the best regression results do not
logic, thepredictionfunctionsmaynot always yield rational trends in terms loé ffactors, i.e.,
binder content and iplace air void content. This chapter describes attempts to refine the
coefficients of the developed prediction functions using the Solver function of Microsoft Excel
with several constrainte overcome these issues

The basic idea it enforcethe coefficiens a, b, and intercept valuesf the developed
prediction functiongo makethe functiors have reasonable sensitivity analysis trends for beth in
place air void content and binder contasing constraints in the Solver functidrne objective
of the Solver functiors set as the average % Error between measured and predicted
performance of for corners and minimizghe objectivgaverage % Errof)y changing the
coefficienta, b, and intercepvith the constraintsThere are two different types of constraints
thatare usedThefirst constraintypeis the slope valuesf the predicted perfanance and in
place air void content arttle predicted performance abithder contentsas shown in Chapter
6.3 The £condconstraint type ishe R? value of each slope

From previous chapters, there are reasonable predicted performance trends in terms of the
in-place air void content and binder contesetreinvestigatedFor theSppindex, the index
values are expected to increase as the bindeembinicrease or the4place air void content
decreased:or the% damagethedamagevalues are expected to increase as the binder content

decreases or the-place air void content increasé®r the Fl, CTupex, and rutting
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performancs, the values arexpected to increase as the binder contemease®r the inplace
air void increasesrhus, the slopeonstraintdetween th@redicted performancandthein-
place air void content dhebinder content are forced to follow the correspondeagsonable
trends.

Next, thelinearity ofrelationship between the performance and the binder comgent
investigatedSince he relationship between the performance arglace air void content was
found to be linear from the measured performativ®ughFigure4.11, Figure4.12, Figure
4.17, andFigure4.18, the relationship between the performance and binder content should be
investigatel to see whether or notdhrelationship is lineafl here was a studyonducted by the
FHWA (FHWA 2021) regarding the performance evaluation for the 21 volumetric conditions
consisting of different gradations, binder contents, and targe#aae air void content&:rom the
study,thelinear relationshipbetween the fatigue and rutting performanwéh the binder

contens at the same gradation andptace air void conterwere found as shown ifrigure7.1.
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Figure 7.1 Linear relationships between performance and binder content(a) % damage
and binder content and (b) AC rut depth and binder conént.

To determine reasonabiR values, the different?? values were input as constraints to

determineany changes irsensitivity trendsindprediction accuracyBecausdhe IVRs and PVRs
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with reasonable sensitivity trendsterms ofboth in-place air void content and binder content
will changeslightly due tothe slope constraints, the eight cases that are describddpier6.4
were employed to determine reasond®ealues. Note that the Maryland RSI IVR and AGt
depth PVR were not included this analysisiue to the offset effedR? values ranging from 0.6
to 0.95 were triedand the prediction accuraoy boththefour corners and verification samples
were calculated. Becauastronglinear relationship is prefezd, the starting value d® was set
as6> = 0.64 Note that the North Carolina FI IVR case was not includedusectneR? valueof
the issued sensitivity trend tife VR became higher than 0.95 when Rfeconstraint waset as
0 = 0.6a Thus, the prediction accuracytbe North Carolina FI IVR did not change when
inputting differentR2 values.

Figure7.2 presents the shapekthe curves fothe sensitivity analysis resulfsr thefive
cases when th&? constraintsarechange from 0.6 to 0.95Table7.2 presents a summary tife
curveshaps and % Erroffor thefour corners and verification samples toefive casesThe
five cases have parabolhaped curves unfi® is 6 = 0.82 However, the parabolishaped
curvesbecomdinearonce theR? valueis 6 = 0.93 Giventhe validity ofthe performance
prediction function, the parabolghapecturves in thesensitivity analysis results are hard to
accept. Thus, 0.9 and 0.95 are consideretesptabld?? values. However, whercomparingthe
suns of the% Error valuesit R? 6 = 0.9and6 = 0.95) the sum othe% Error valuesvhenR?

i s =0.9%is thesame or less thaR?i s =©.98 Thus,theR?0 f =0.95is selected as the

R? constrainffor the slopes oboth thebinder content and iplace air void content
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Figure 7.2 Curve shapes of sensitivity analysis results with differenR? constraints.
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Table 7.2 Prediction Accuracy with Multiple R? Valuesof Sensitivity Slopes

Case R? 6=0.60 | 6=0.70|06>08|6=0%| J oo
Curve Shape Parabolic | Parabolic| Parabolic| Linear | Linear
% Error,
Maine Four Corners 20 20 20 20 2.1
0, o)
% damage % Error, 9.2 9.2 9.2 9.2 9.1
Verification
Sum of % Error 11.2 11.2 11.2 11.2 11.2
Curve Shape Parabolic | Parabolic| Parabolic| Linear | Linear
% Error,
NC Surface Four Corners 2.5 2.5 2.5 2.5 2.5
0
AC rut depth %o Error, 3.4 | 364 | 377 | 365 | 364
Verification
Sum of % Error 38.9 38.9 40.2 39 38.9
Curve Shape Parabolic | Parabolic| Parabolic| Linear | Linear
0
NC % Error, 10.8 8.8 8.8 8.8 9.0
: Four Corners
Intermediate % Error
Spp Verification 14.8 135 18.2 18.8 18.6
Sum of % Error 25.6 22.3 27 27.6 27.6
Curve Shape Parabolic | Parabolic| Parabolic| Linear | Linear
% Error,
NC Four Cormners 9.1 9.2 9.3 8.9 9.2
Intermediate % Error
% damage 0 =1Toh 6.9 6.7 6.9 10.5 9
Verification
Sum of % Error 16 15.9 16.2 194 18.2
Curve Shape Parabolic | Parabolic| Parabolic| Linear | Linear
% Error,
Maryland Four Corners 73 73 71 71 6.9
0, 0
% damage o Error, 6.6 6.5 7 6 5.9
Verification
Sum of % Error 13.9 13.8 14.1 13.1 12.8

Table7.3 summarizes the constraints for the Solver function to improve the developed

prediction functions.
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Table 7.3 Four Constraints for Performance

Peformance Constraints
Sensitivity slope with ifplace air void content <=0
S, R? of sensitivity slope with implace air void conten{ >=0.95
PP Sensitivity slope with binder content >=0
R? of sensitivity slope with binder content >=0.95
Sensitivity slope with ifplace air void content >=0
% damage R? of sensitivity slope with irpla_lce air void conten{ > =0.95
Sensitivity slope with binder content <=0
R? of sensitivity slope with binder content >=0.95
Sensitivity slope with ifplace air void content > =0
FI, CTinoex, | R2 of sensitivity slope with isplace air void conten{ > = 0.95
and Rutting Sensitivity slope with binder content > =0
R? of sensitivity slope with binder content >=0.95

7.3.Improv ed Performance Prediction Functions

The initially developed prediction functions are improved using the constraints specified
in Table7.3. Table7.4 summarizeshe coefficients ofthe improved prediction functions in terms
of the performance type$he coefficientsa andb of all improved function$ollow the ideal sign
conventionsFor theSpp IVR, the ideal sign can be either positive or negative for the coefficient
a (VMA p coefficient) and positive for the coefficield{VFAp coefficient). For the rutting and
FI (CTinoex) IVR, the ideal sign is positive for the coefficienand either posive and negative
for the coefficienb. Theinitial prediction functionsvith reasonable sensitivity analysis trends
for both inplace air void and binder contents slightly differ from the initial functibluge that

the & 76conditions othe Maryland @se were used to develop RSI IVR and W€depthPVR.
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Table 7.4 Coefficients of thelmproved Prediction Functions

Case Mixture | Performance a b d
Maine PMLC Spp 0.870 | 0.436 | -14.072
Ontario PMLC Sapp 2.797 | 1.031 | -100.739
NC Surface PMLC Sipp 2.738 | 0.823 | -82.950
NC Intermediate; PMLC Spp -0.418 | 0.337 -4.950
Maryland LMLC Sapp 0.030 | 0.127 3.791
Maine PMLC RSI 0.167 | -0.028 1.740
Ontario PMLC RSI 0.278 | -0.078| 6.024
NC Surface PMLC RSI 0.968 | -0.367 | 18.948
NC Intermediate; PMLC RSI 0.466 | 0.039 -7.320
Maryland LMLC RSI 0.067 | -0.012 2.216
NC Surface PMLC Fl 0.775 | 0.035 | -13.255
NC Intermediate; PMLC Fl 0.480 | -0.027 | -3.787
Maryland LMLC CTiNDEX 8.573 | -0.076 | -103.385
Ontario PMLC Rut depth 0.718 | 0.044 | -13.933

NC Surface PMLC Rut depth 0.207 | -0.084 | 4.715
NC Intermediate] PMLC Rut depth 0.619 | 0.039 | -9.400

Maryland LMLC Rut depth 0.377 | -0.008| -3.621
Maine PMLC % damage | 0.126 | -0.143 | 20.455
Ontario PMLC % damage | 0.080 | -0.100| 21.709

NC Surface PMLC % damage | -0.407 | -0.133| 17.674
NC Intermediate] PMLC % damage | 0.406 | -0.327| 36.174

Maryland LMLC % damage | -0.764 | -0.240| 39.716
Maine PMLC | ACrutdepth | 0.061 | -0.020| 1.700
Ontario PMLC | ACrutdepth | 0.125 | -0.004 | -0.866

NC Surface PMLC | ACrutdepth | 0.942 | -0.025| -10.874
NC Intermediatef PMLC | ACrutdepth | 0.252 | -0.015| -0.476
Maryland LMLC AC rutdepth | 0.069 | -0.014| 1.052

7.3.1.Sensitivity analysis of prediction functions

Thesensitivity analysis in terms ttiein-place air void conterthe binder contenwas
conductedusing the improved prediction functiofts all cases using the same method as
described in Chaptér.3. Figure7.3 andFigure7.4 present the predicted performance with the
in-place air void content and binder content, respectivéig.improved prediction functions
havereasonable trends with bothmtace air void content and binder content for all cadese

that the icreasing FI (Cikpex) trend as the iplace air void content increases is considered to
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be a reasonable trend because it is the actual trehdef (CTinoex) indexwith respect to the
air void contentTable7.5 andTable7.6 summarize the absoluteimberchangeof theslopefor
all casedrom initial to improved prediction functions terms of the ifplace air void sensitivity
and binder content sensitivity, respively. Although it is hard to compare the slope chafigm
initial and improved functions due to the different numerical scale for each individual
performance index and simulated performanioe averallsensitivity for both factors did not
significanty changeexcept for the cases that the sign of slope is changed with improved
prediction functionMost of the cases showed less than 0.4 of the absolute slope change except
for the binder sensitivity 6% damagd®VR of Maryland. Thiss because the coéffentsa of %
damagePVR is somewhathanged due tthe signof slopeof the air void sensitivityvas
changedFor the CTnpex, the absolute slope changes are 7.39 for tpdeice air void content
and 20.77 for the binder content. However, these numbers are not sigrififtb@rumerical

scale of theCTinpex values are considereas shown irmmable5.21 andTable5.22.

230



60

PredictedS,,,
w Iy a
o o o

N
o

=
o

PredictedFI
w

w
o

N
o

Predicted% damage
= N
[$)] o

10

¢ Maine (a)
@ Ontario

@ North Carolina RS9.5C

A North Carolina RI119.0C

X Maryland

y =-1.138x + 38.404

= ........ )

— Tl )|
y =-2.0847x + 38.804 y =-0.9154x + 34.536
4 y =-0.5366x + 15.605

y =-1.8688x + 20.967

2 3 4 5 6 7 8 9

In-Place Air Void Content (%)

@ North Carolina RS9.5C (FI) .)-((C)
A North Carolina R119.0C (FI) T
[ X Maryland (CTINDEX) . |

o X

y = 0.5227x + 1.431g"" 1
y = 7.9735x% 16.474 A ,

7y =0.6407%1.5852
2 3 4 5 6 7 8 9

In-Place Air Void Content (%)
¢ Maine (e)
@ Ontario

@ North Carolina RS9.5C
A North Carolina RI19.0C

X Maryland
y =1.8134x + 11.02

AT y =0.5006x + 13.35

y =0.7309x + 8.6747
y =0.3843x + 9.6317

y =0.176x%0.7511
@ . . ........... .

[&)] = = N N w w B S al
o o o o o (5 o (&) o
Predicted C[ipex

o

N

2 3 4 5 6 7 8 9

In-Place Air Void Content (%)

30

25

20

15

10

PredictedRSI (%)

10

o ©

Predicted Rut Depth (mm)

N W A~ OO N

) w &

PredictedAC Rut Depth (mm)
=

¢ Maine (b)
@ Ontario

@ North Carolina RS9.5C

A North Carolina R119.0C

X Maryland

y = 2.2765%1.3145

)
y =0.2685x + 1.2802 @y =0.5782x+ 25803
o y = 0.2434x + 1.254

LT e o]
B w2 01101x0+ 1.8659

.....x,,‘......x,..‘..,,x..,.-ocmwm. X
2 3 4 5 6 7 8 9
In-Place Air Void Content (%)
@ Ontario @

@ North Carolina RS9.5C

ANorth Carolina RI19.0c Y = 0.9041x + 0-5804.

o
@ y=03779x + 0.893]
@ y=04241x+0.7128
, A
° Uil \. XX
........ :
ool ...
—— P " "
w X 7 y =0.373x0.2644
2 3 4 5 : : 8 |
In-Place Air Void Content (%)
& Maine (f)
m Ontario

@ North Carolina RS9.5C

A North Carolina RI119.0C @
y = 0.5098x 0.1507._,.-"

A

X Maryland

y = 0.1251x + 0.4944
y = 0.1259x + 0.5285

2 3 4 5 6 7 8 9
In-Place Air Void Content (%)
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Figure 7.4 Binder content sensitivity of improved prediction functions: (a)Sapp (b) RSI (c)
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Table 7.5 Absolute Number of SlopeChangeof In-Place Air Void Content Sensitivityfrom
Initial to Improved Prediction Functions

Fl Rut % AC rut

Case Sepp | RS (CTinoex) | Depth | damage| depth
Maine 0.06 | 0.01 N/A N/A 0.06 0.00
Ontario 0.02 | 0.08 N/A 0.00 0.01 0.00

NC surface 0.24 | 0.01 0.04 0.03 0.01 0.02

NC intermediate | 0.38 | 0.13 0.02 0.04 0.51 0.01
Maryland (Coex) | 0.01 | 0.02 7.39 0.00 | 0.61 0.05

Table 7.6 Absolute Number of Slope Changeof Binder Content Sensitivity from Initial to
Improved Prediction Functions

Fl Rut % AC rut

Case Sepp | RS (CTinoex) | Depth | damage| depth

Maine 0.07 | 0.00 N/A N/A 0.46 0.00
Ontario 0.02 | 0.06 N/A 0.00 0.01 0.00

NC surface 0.13 | 0.01 0.11 0.05 0.01 0.18

NC intermediate 341 | 0.14 1.56 0.06 8.11 0.01
Maryland(CTinoex) | 0.05 | 0.23 20.77 0.00 1.23 0.25

7.3.2.Verification of improved prediction functions

Theprediction accuracy of the improved prediction functiengerified using the same
methodsappliedfor theinitial prediction functionsFigure7.5 throughFigure7.10 present the
verification results of the improved prediction functiohable7.7 to Table7.10 show the
measured and predictpérformance values with the percentage of error between the

measurement and prediction.
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Table 7.7 Measuredand Predicted Sqpp and RSI values from Improved IVRs

Sapp RSI (%)
Sample

Case IDp Use Meas. | Pred. % Meas. Pred. %
Error Error

52A FC 27.7 27.2 1.7 3.1 3.1 1.2

52B FC 32.2 32.6 1.2 1.9 1.9 2.1

60 FC 36.3 36.1 0.6 1.9 1.9 0.0

61 FC 30.1 30.1 0.0 3.3 3.3 04

Average 0.9 Average 0.9

ME 53 Ver. 33.7 32.0 5.0 2.3 2.2 6.1
54A Ver. 22.7 32.8 44.1 2.5 2.7 5.9

54B Ver. 30.2 31.5 4.4 2.9 2.9 0.4

55 Ver. 28.6 34.8 21.6 1.8 1.7 6.2

58 Ver. 42.1 31.5 25.2 2.4 2.3 2.8

62 Ver. 36.8 31.5 14.4 2.8 2.9 3.1

Average 19.1 Average 4.1

5-2 FC 25.5 26.2 2.7 6.5 6.5 0.1
5-6 FC 37.3 36.2 2.7 4.4 4.0 11.1

5-7 FC 334 334 0.0 4.0 4.0 0.0
5-10 FC 25.0 23.7 5.1 8.1 7.0 13.7

ON Average 2.6 Average 6.2
5-1A Ver. 34.4 31.3 8.9 5.3 4.8 9.1

5-1B Ver. 36.6 32.8 104 N/A N/A N/A
5-8 Ver. 33.3 29.5 11.4 4.3 5.2 21.2
Average 10.2 Average 15.1

1 FC 284 28.4 0.0 2.5 2.5 0.0

3 FC 23.5 24.9 6.1 16.2 16.2 0.3

7 FC 22.7 22.4 1.4 15.9 15.6 1.8

NC 10 FC 30.4 28.5 6.4 6.8 6.3 7.2
Surf. Average 3.5 Average 2.3
2 Ver. 21.3 20.1 54 24.6 17.1 30.6
4 Ver. 28.8 24.2 16.1 7.5 10.9 45.5
9 Ver. 26.6 25.7 3.3 6.1 9.3 51.1
Average 8.3 Average 42.4
2 FC 13.1 12.9 2.1 1.7 2.3 36.5
3 FC 6.9 7.0 0.1 4.1 3.0 26.3

6-A FC 16.5 16.5 0.0 1.0 1.0 0.0

NC 6-B FC 10.6 7.0 334 2.3 2.2 3.3
Inter. Average 8.9 Average 16.5
1 Ver. 10.9 14.2 30.7 1.2 1.9 60.0
4 Ver. 9.4 8.6 8.8 2.1 2.6 19.0
5 Ver. 11.3 9.1 19.1 2.7 2.2 19.0
Average 19.6 Average 32.7
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Table 7.7 (continued)

97-33 FC 15.9 14.3 10.6 1.8 2.3 23.8
97-57 (47) FC 11.9 11.9 0.0 2.8 2.7 3.1
120B-33 FC 14.5 14.5 0.3 2.2 2.2 1.0
120B-57 (47) | FC 12.9 11.7 9.2 2.6 2.6 0.0
Average 5.0 Average 7.0

29 Ver. 14.5 13.0 10.5 4.8 2.6 45.0

MD 30 Ver. 12.5 12.9 3.0 4.9 2.6 46.1
32 Ver. 13.9 13.1 6.2 2.9 2.6 9.7

34 Ver. 11.7 12.4 6.8 4.0 2.6 34.4

38 Ver. 13.0 12.9 1.2 3.4 2.6 24.6
29B Ver. 134 12.7 5.3 3.4 2.5 26.6
30B Ver. 11.5 11.1 3.5 6.8 2.9 57.1
34B Ver. 12.3 11.6 5.1 4.1 2.7 35.2
Average 5.2 Average 34.8

Note:ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC Inter. is North Carolina intermediate; FC
is four cornersVeri. is verification; Meas. is measured performance index; Pred. is predicted from IVR.
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Table 7.8 Measured and Predicted FlI (CTinoex) values from Improved IVRs

Sample FI (CT inpEX)

Case ID Use Meas. | Pred. %
Error

1-A FC 1.4 1.4 0.0

2-B FC 3.6 3.5 1.2

9-B FC 4.2 4.4 5.2
10-A FC 2.3 2.1 10.5

Average 4.2
NC 1-B Ver. 2.8 4.0 43.0
Surf. 2-A Ver. 4.4 4.2 57
4-A Ver. 3.3 3.6 7.7
4-B Ver. 3.3 4.2 26.3

9-A Ver. 3.1 3.2 2.3

10-B Ver. 2.9 3.0 1.9
Average 14.5

1-A FC 0.9 0.9 0.0

2-A FC 1.3 1.4 4.1

2-B FC 3.1 3.1 0.0
5B FC 3.1 2.4 21.5

NC Average 6.4
Inter. 1-B Ver. 2.4 2.5 3.9
4-A Ver. 2.5 2.4 4.7

4-B Ver. 2.6 2.7 6.6
5-A Ver. 2.4 2.0 16.8
6-A Ver. 2.3 1.6 31.7
Average 12.7

97-33 FC 27.2 28.1 3.2
97-57 FC 87.1 40.1 54.0
120B-33 FC 34.1 15.6 54.1
120B-57 FC 33.4 33.4 0.0
Average 27.8
MD 29 Ver. | 109.6 | 30.3 72.4
30 Ver. | 225.7 | 59.8 73.5
32 Ver. 71.5 36.1 49.5
33 Ver. | 219.4 | 58.1 73.5
34 Ver. | 181.9 | 40.2 77.9
38 Ver. | 217.1 | 62.0 71.4
Average 69.7

Note: ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC Inter. is North Carolina intermediate; FC
is four corners; Veri. is verification; Meas. is measysedormance index; Pred. is predicted from IVR.
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Table 7.9 Measured and Predicted Rut depthvalues from Improved IVRs

Sample Rut depth (mm)

Case ID Use Meas. | Pred. i
Error

5-2 FC 4.2 3.9 6.0

5-6-B FC 1.8 1.8 0.0

5-7 FC 3.6 3.8 2.8
5-10-A FC 1.8 1.6 11.1

Average 5.0

ON 5-1-A Ver. 4.2 3.8 8.9
5-1-B Ver. 3.0 2.4 21.5

5-6-A Ver. 4.0 3.8 6.1

5-8-A Ver. 3.7 3.8 2.5

5-8-B Ver. 2.5 2.6 4.4
5-10-B Ver. 3.3 2.9 12.1

Average 9.2

1-A FC 14 14 0.0

2-B FC 5.4 5.5 2.5

3-A FC 7.0 6.9 1.3
10-A FC 2.0 2.3 17.4

Average 5.3
1-B Ver. 4.3 6.0 40.7

7-B Ver. 6.0 6.0 0.1
9-A Ver. 4.6 4.1 11.2
NC 10-B Ver. 7.8 6.7 14.2
Surf. 10-C Ver. 3.4 3.6 6.0
2-A (S) Ver. | 17.8 6.7 62.4
3-B (S) Ver. | 12.8 6.5 49.0
4-A (S) Ver. | 10.6 4.7 55.6
4-B (S) Ver. | 12.2 5.8 52.7
7-A (S) Ver. | 125 6.4 49.0
9-B (S) Ver. | 125 6.5 48.0
Average (with stripping) 35.3
Average (without stripping) 14.4

2-A FC 2.3 2.5 7.3

2-B FC 3.8 3.7 5.0

6-A FC 1.3 1.3 0.0

NC 6-B FC 2.5 2.5 2.7
Inter. Average 3.8
1-A Ver. 1.6 1.9 24.2
1-B Ver. 2.8 3.1 11.7
3-A Ver. 4.0 3.6 11.0
3-B Ver. 4.4 3.4 22.3
4-A Ver. 2.2 2.9 31.8
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Table 7.9 (continued)

4-B Ver. 3.2 3.3 3.3

NC 5-A Ver. 2.2 2.2 0.3
Inter. 5B Ver. 3.3 2.8 15.7
6-C Ver. 2.6 2.3 10.8

Average 14.6

97-33 FC 1.5 1.7 10.1

97-57 FC 2.6 2.6 15

120B-33 FC 1.0 1.0 0.0
120B-57 FC 2.2 2.3 4.9
Average 4.1

MD 29 Ver. 3.7 1.8 50.9
30 Ver. 9.2 3.4 62.9

32 Ver. 4.3 2.3 46.6

33 Ver. 7.4 3.1 57.9

34 Ver. 4.6 2.3 50.9

38 Ver. 8.4 3.6 56.7

Average 54.3

Note: ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC IntBioiith Carolina intermediate; FC
is four corners; Veri. is verification; Meas. is measured performance index; Pred. is predicted from IVR.
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Table 7.10 Simulated and Predicted% damageand AC rut depth Values from Improved

PVRs
% damage AC rut depth (mm)
Sample

Case IDp Use Meas. | Pred. % Meas. Pred. %
Error Error

52A FC 14.2 14.2 0.0 1.7 1.7 0.1

52B FC 10.2 10.9 7.1 1.0 1.1 1.9

60 FC 10.5 10.4 1.2 1.0 1.0 0.0

61 FC 14.1 14.1 0.1 1.7 1.7 1.3

Average 2.1 Average 0.8
ME 53 Ver. 12.6 12.0 4.3 1.3 1.2 10.3
54A Ver. 14.0 12.1 13.1 1.2 1.4 12.0

54B Ver. 11.3 13.0 14.5 15 15 1.9

55 Ver. 10.8 10.1 5.8 0.9 0.9 2.1

58 Ver. 11.0 12.3 11.5 1.3 1.2 7.0

62 Ver. 12.2 13.0 6.8 1.6 1.5 6.6

Average 9.3 Average 6.7

5-2 FC 16.2 16.6 2.8 1.4 1.4 1.2

5-6 FC 15.0 14.3 4.5 0.9 0.9 54

5-7 FC 14.6 14.6 0.0 0.8 0.8 0.0

5-10 FC 17.9 17.0 4.8 1.6 1.5 5.7

ON Average 3.0 Average 3.1
5-1A Ver. 15.1 15.2 0.7 1.0 1.0 2.3
5-1B Ver. 16.1 14.9 7.3 N/A N/A N/A
5-8 Ver. 15.2 15.6 2.3 0.9 1.1 22.8
Average 3.5 Average 12.6

1 FC 0.3 0.3 0.0 0.7 0.7 0.0

3 FC 0.9 1.0 8.3 3.6 3.8 4.1

7 FC 1.4 1.4 2.1 3.7 3.7 15

NC 10 FC 0.4 0.3 28.1 1.7 1.6 8.9
Surf. Average 9.6 Average 3.6
2 Ver. 1.1 1.8 66.6 54 4.0 26.2
4 Ver. 0.6 1.0 81.6 1.9 2.6 37.0
9 Ver. 0.7 0.8 15.9 1.6 2.2 43.5
Average 54.7 Average 35.6
2 FC 22.7 18.9 16.7 1.6 2.2 35.1

3 FC 25.8 24.6 4.7 3.3 3.1 4.8

6-A FC 15.3 15.3 0.0 1.1 1.1 0.0
NC 6-B FC 21.2 24.5 15.5 2.4 2.7 13.1
Inter. Average 9.2 Average 13.3
1 Ver. 20.3 17.6 13.5 1.2 1.9 56.5
4 Ver. 22.2 23.1 3.8 2.1 2.7 29.9

5 Ver. 20.6 22.5 9.5 2.3 2.4 2.9
Average 9.0 Average 29.7

245



Table 7.10 (continued)

97-33 FC 8.2 8.6 5.0 0.9 0.9 3.8
97-57 (47) FC 11.8 11.7 0.5 1.4 1.4 0.0
120B-33 FC 12.3 9.4 22.9 1.0 0.9 18.8
120B-57 (47) | FC 13.7 13.7 0.0 1.5 1.4 8.3
Average 7.1 Average 7.7

29 Ver. 11.3 114 1.2 2.2 1.4 37.5

MD 30 Ver. 12.2 11.4 6.5 2.3 1.4 41.8
32 Ver. 10.8 10.9 0.8 1.6 1.3 14.3

34 Ver. 12.2 12.4 2.0 2.0 1.3 32.6

38 Ver. 12.0 11.7 2.4 1.8 1.3 30.7
29B Ver. 12.1 11.6 3.7 1.6 1.2 24.0
30B Ver. 15.1 12.2 18.8 3.1 1.7 46.0
34B Ver. 14.4 12.9 10.5 2.1 1.4 34.1
Average 5.7 Average 32.6

Note: ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC Inter. is North Carolina intermediate; FC
is four corners; Veri. is verification; Meas. is measured performance index; Pred. is predicteyRom

Overall, the predictioraccuracy of the improved prediction functions does not differ
from the initial functionss can be seen frolable7.11. Table7.11 compares the % Error
between the initial and improved prediction functions for each case and shows the change of %
Error of improvedunctions compared to the initial functiori$ie negative change of &ror
means that the prediction accuracy is enhanced from initial to improved functions. The positive
change of %&rror means the prediction accuracy is decreased from initial to improved functions.
The negative and positive chan@é$o Error are shaded with blue and red coliorable7.11
to aid the visual comparisprespectively. By applying the improved functio¥sErroris

improved15 out of 18 casedser four corners and3 out of 18 cases for the verificatisamples.
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Table 7.11 % Error Comparison of Initial and Improved Prediction Functions

% Error of % Error of
Case Performance Initigl Improyed Changeof % Error
Functions Functions
FC Veri. FC | Veri. FC Veri.
Sapp 0.9 19.1 09 | 191 0 0
RSI 1 4.4 0.9 4.1 -0.1 -0.3
Maine Fl N/A N/A N/A | N/A N/A N/A
Rut depth N/A N/A N/A N/A N/A N/A
% damage | 1.9 10 2.1 9.3 0.2 -0.7
AC rutdepth | 0.9 6.9 0.8 6.7 -0.1 -0.2
Sapp 2.7 9 2.6 | 10.2 -0.1 1.2
RSI 6.6 16.5 6.2 | 15.1 -0.4 -1.4
Ontario Fl N/A N/A N/A N/A N/A N/A
Rut depth 5 8.6 5 9.2 0 0.6
% damage | 3.1 4.1 3 3.5 -0.1 -0.6
AC rutdepth | 3.2 13.2 3.1 | 126 -0.1 -0.6
Sapp 3.9 8.7 3.5 8.3 -0.4 -0.4
RSI 3.7 44 23 | 424 -1.4 -1.6
NC FI 5.4 13.6 42 | 145 -1.2 0.9
Surface Rut depth 6.4 14.2 53 | 144 -1.1 0.2
% damage | 13.1 55.7 9.6 | 54.7 -3.5 -1
AC rutdepth | 6.1 36.9 3.6 | 35.6 -2.5 -1.3
Sapp 6.8 12.3 8.9 | 19.6 2.1 7.3
RSI 26.1 34.3 16.5| 32.7 -9.6 -1.6
NC Inter Fl 4.4 17.2 6.4 12.7 2 -4.5
' Rutdepth 5.1 14.1 3.8 | 146 -1.3 0.5
% damage | 14 4.8 9.2 9 7.8 4.2
AC rutdepth | 14.6 22.3 13.3 | 29.7 -1.3 7.4
Sapp 5.3 4.4 5 5.2 -0.3 0.8
RSI 5 53 7 34.8 2 -18.2
CTinpEx 46 50 27.8 | 69.7 -18.2 19.7
Maryland =\t depth | 4.6 | 552 | 41 | 543 | -05 0.9
% damage 8.1 9.3 7.1 5.7 -1 -3.6
AC rutdepth | 2.8 26.4 7.7 | 32.6 4.9 6.2

Note:NC Inter. is North Carolina intermediate; FC is four corners; Veri. is verification.

For the North Carolina intermediate mixture, one of the four corn&ggdnd Fl is
slightly off from the line of equality. For the Fl index, the % Error of the verification samples is
decreased as compensation. However, the % Er®pghdex verification samples is increased.

This indicates that the initially develop&gp IVR from the regression has the best prediction
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accuracy. The effort enforcing the init&p IVR to have reasonable sensitivity trends with the
binder content anith-place air void content led to the3%lowered prediction accuradyut it

still could predictther e r i f i ¢ a t performarceareapohabhgeld Since the Solver

function is used to polish the prediction functions to have reasonableness ratliecréssing

the prediction accuracy, the extra performance tests are recommended for this case to enhance
the reasonableness of the four corners at the testing stage, as explained in6Chapiée

prediction accuracy of the North Carolina intermed¥atdamages also4.2%decreased due to

the same reason of tig,p [IVR case because 8y, and the% damagere relatedThe

veri ficatproemdisatmpdresréesul ts are still acceptat
accuracy became worddote that théo damages generated from the many integrated factors
from FlexPAVEM simulation. For the Maryland mixture, one of the four cornef% afamage

is off from the line of equality. To compensate for it, one of the verification samples that was off
from the line of equality from the initial function moved closer to the lineqofality. Lastly, the
improved functions could not increase the prediction accuracy for the R&be& Tand Rut

depth of the Maryland case.

7.4.Summary

The initial predictionfunctions exhibited the best regression results only between the
volumetricparaméersand the performance results of the four cornersinikial functions
occasionally had opposigensitivity analysisrends with the ifplace air void content or the
binder content due to the contradictory test resuiltbe four corners.e., higler measure&pp
values of the mixture sample with less binder content at the sample air void content. However,
the initialfunctions could be improved using the Solver function in Microsoft Exceltivgh

constrains to induce the prediction function tave reasonable trends with botkpiace air void
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content and binder contey doing so, 83% of % Error of the four cornared72% of % Error
of theverification sampleare enhanced from the initial prediction functions alhthe
improved functions could have reasonable prediction ability for both factors.

The improveds damagedPVR for the North Carolina intermediate mixture case lost
prediction accuracy due to counterintuitive test results generated fréipgiredex and
integrated simulation results with many factors from FlexPAN/®ithin the four corners. For
this case, extra performance tests are recommended to enhance the reasonableness within the
four cornersTheinitial prediction functions that did not have good praditaccuracydue to
the offset effecbetween irplace air void content and binder content at two different gradations
described in Chaptér.7.1and fundamental tference between PMLC and LMLEbuld notbe
remarkedlyimprovedby the Solver function.

Lastly, hecorrelations betweetoefficienta andb obtainedfrom boththeinitial and
improved functionsverecomparedFigure?7.11 shows thanho relationshipsverefoundfor both

coefficientsfor all theperformanceesults
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Figure 7.11 Correlations between coefficienta and b for all performance results.

7.5. Step-by-Step Procedurefor IVR/PVR Development

functio

This Chapter7.5describes thetepby-stepprocedurausedto develop the IVR/PVR

nsusing the Soler function.

1. Develop the prediction functions (IVR and PVR) usingfthe cornersn-place

volumetric conditions and measured performance test resallisear regression.

2. Obtain coefficierd a andb and intercept values from the lineagression.
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3. Calculate the % Error betwedime measured and predictpdvemenperformance
(either performance inddrr IVR and simulated performanéar PVR) of the four
cornersand average the % Error values.
4. Conduct sensitivity analysdf the predictegpavemenperformancen terms of
binder content and iplace air void contenf he sensitivity analysishowsthe
changeof predicted performanaghenbinder content or kplace air void content
changewhile the other factors are fixeHor example, the MA p and VFAp values
changguseEquationg1.4) and(1.5)) when inplace air void conterthangeswhile
the other factors for the calculation of VMANd VFAp remain the same. Set the in
place air void content rangee.,3% to 8%with a 1% interval For the reasonable
range of inplace air void content,ttegency ds qual i tys managemer
recommended teefer. Then, he changdVMA p and VFAp valueswith the1%
interval ofthe inplace air void conterare input into the developguiediction
functionin Step 1 to predict the corresponding performanoetain the slope of the
linear function between the predicted performaradeesand inplace air void
contensusingt he Exc el command, use 0=Slope(Col u
Col umn of Se n Rdpeaitheisamg analysis forahe hindler content to see
the binder content sensitivity to the performaand obtain the slope of linear
function between the predicted performance values and binder cquisants
Equationq1.3), (1.5), (4.8), and(4.9)).

5. Obtain theR? valuesfor in-place air void content and binder content from the

Yy

sensitivity analysis conductéiStep4For t he Excel command, u
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of Predicted performanc€o | umn of Se nNow, twoRPvatugsartact or ) o
obtained.
6. Openthe Solver functiomn Microsoft Excelandassigna cell of the average % Error
calculated irStep 3 agheobjective Thecell for the average % Error should be
linkedto coefficientsa andb andtheinterceptobtainedfrom the initial performance
functiondeveloped irtep 2.
7.Minimize the objective by clicking O0Minbé
8. Select the coefficients andb and intercept values obtained in Stepiied B y
Changing Var i Sobvértunct®e.l | sé i n the
9. Add thetwo slopes obtained froi®tep 5 and select aeasonablequaity signfor
each slopeSeeTable7.3 for the reasonable eqitglsign for each performance index
and perfomancetestresult
10. Add the twoR? values of the two slopes obtained fr&ep6 and select the equs
s i g n =aumeriéabnumbér For the numerical, 0.95 is recommendeded on

theinformation presenteith Chapter7.2
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CHAPTER 8. EVALUATION OF CONSTRUCTION VARIABILITY

8.1.Introduction

This chaptediscusseshe performance predictisiof field pavingprojects using the

developedrediction functionsThe inplace volumetriparametersverecalculated from

measured QA datay the relevant agen@ndtheninput to the developefiinctionsto predict

the field performance.

8.2.In-place volumetric parameters

The inplace volumetriparametersverecalculatedusingEquatiors (1.4) and(1.5).

Table8.1 presents th@A measurements and calculategblace volumetriparameters

Table 8.1 Calculated In-Place Volumetric Parameters

. Air In-Place| In- In-

Field Sanmple CB(')?]?:; t Void \?(}//(l)')a‘ Air Place | Place
Project ID (%) (%) at Ng Void |VMA | VFA
at Naes =l (%) (%) | (%)

159352 5.3 4.7 15.5 3.5 145 | 75.8

159353 5.5 4.5 16.4 4.0 16.0 | 75.0

159354 5.7 3.5 16.2 6.9 19.1 | 64.0

159355 5.2 4.4 15.9 5.4 16.8 | 67.8

159356 5.3 4.7 16.3 5.1 16.6 | 69.3

Maine 159357 5.5 4.3 16.5 4.7 16.9 | 72.1
159358 5.3 4.6 16.4 4.6 16.4 | 71.9

159359 5.5 4.3 16.1 3.2 15.1 | 78.8

159360 5.9 3.9 16.8 7.5 19.9 | 62.4

159361 5.9 4.7 17.3 7.1 19.4 | 63.3

159362 5.8 4.4 17.0 5.2 18.1 | 68.6

5-1 5.9 1.6 16.2 3.9 18.1 | 784

5-2 5.9 1.9 16.4 4.0 18.2 | 78.1

5-3 6.2 2.1 17.4 3.8 18.9 | 80.1

5-4 6.0 1.8 16.8 3.4 18.2 | 81.0

Ontario 5-5 5.6 1.9 16.0 3.1 17.0 | 82.1
5-6 58 1.5 16.2 4.7 189 | 754

5-7 5.7 2.2 16.5 4.3 18.3 | 76.2

5-8 5.8 2.9 17.2 4.3 184 | 76.3

5-9 5.8 3.9 17.8 4.9 18.8 | 73.6

5-10 5.7 2.3 16.4 5.1 18.8 | 72.9
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Table 8.1 (continued)

RS9.51 5.8 2.6 155 6.8 19.2| 64.5
RS9.52 5.6 1.7 14.3 8.5 20.2] 57.9
RS9.53 6.1 2.3 15.9 6.5 19.5| 66.7
RS9.54 5.9 2.4 155 5.8 18.5| 68.6

C'ifgltiﬁa RS955 | 6.0 27 | 161 | 57 |186]| 69.4
e | 'Rs9.56 | 5.9 22 | 154 | 75 |200| 625

RS9.57 5.8 2.9 15.8 8.8 209] 57.9
RS9.58 6.2 2.4 16.2 6.5 19.8| 67.1
RS9.59 6.0 2.6 15.9 4.9 179 72.7
RS9.510 6.1 2.5 16.1 5.2 18.4 | 71.7
RI19.01 4.6 3.9 13.9 3.8 13.8| 72.5
RI19.02 4.8 3.1 13.6 4.9 15.2| 67.8
North RI119.03 4.7 2.7 13.0 4.3 14.4| 70.2
Carolina | RI19.04 4.6 3.8 13.7 6.3 15.9] 60.5
Intermediate RI19.05 4.5 3.5 13.2 5.7 15.2| 62.4
RI119.0-6 4.1 4.7 13.5 5.7 14.4| 60.4
RI19.0-7 4.6 3.4 13.3 7.7 17.2] 55.2
410027 4.6 4.8 15.7 7.3 17.9| 59.3
410028 4.4 5.3 15.3 6.6 16.5| 60.0
410029 4.6 4.5 15.1 5.2 15.7| 67.0
410030 4.5 5.1 15.8 9.1 19.4| 52.7
410031 4.6 3.8 14.6 7.1 17.5| 59.5
410032 4.7 3.9 15.1 6.2 17.1| 63.7
410033 4.6 3.6 14.6 9.8 20.1] 511
410034 4.5 4.3 14.4 7.2 17.0| 57.5
410037 4.6 4.0 14.2 8.0 17.8| 54.8
410038 4.5 4.2 14.7 10.8 20.6 | 47.3

Maryland

8.3.Field paving project performance predicted by IVR s

The performancef field projectswaspredicted using the developed IVBisownin
Table4.23, Table5.24, andTable5.29. Note that thex76conditions were used for the RSI and
AC rut depthof the Marylandcase Specifically, he pavement performancetbe Maine,
Ontario, and North Carolini@eld projectswere predicted using the IVRsesentedn Table4.23
andthe Marylandprojectused the IVRgresentedn Table5.24 andTable5.29. Table8.2is a
summary oftie predicted performance of #ile projecs with the binder contents and-place

air void contents
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Table 8.2 Predicted Performance of Field ProjectdJsing IVRs

Predicted Performance

. Binder | In-Place

Field Sample : . FI Rut
Project ID C(zg}t)e nt A'r((}//())ld Sapp (R:,/S)I (Maryland: | Depth
0 ° ° CTinoex) | (mm)

159352 5.3 3.5 31.6| 2.0 N/A N/A

159353 5.5 4.0 32.6| 2.3 N/A N/A

159354 5.7 6.9 30.5] 3.1 N/A N/A

159355 5.2 5.4 30.1] 2.6 N/A N/A

159356 5.3 5.1 30.7| 2.5 N/A N/A

Maine 159357 5.5 4.7 32.1| 2.5 N/A N/A
159358 5.3 4.6 315| 24 N/A N/A

159359 5.5 3.2 33.5| 2.0 N/A N/A

159360 5.9 7.5 30.5| 3.3 N/A N/A

159361 5.9 7.1 30.4| 3.2 N/A N/A

159362 5.8 5.2 31.6| 2.8 N/A N/A

5-1 5.9 3.9 30.8] 4.9 N/A 2.5

5-2 5.9 4.0 30.8| 5.0 N/A 2.6

5-3 6.2 3.8 34.7| 5.0 N/A 3.1

5-4 6.0 3.4 33.6| 4.7 N/A 2.6

Ontario 55 5.6 3.1 31.5| 4.3 N/A 1.8
5-6 5.8 4.7 29.9| 54 N/A 2.9

57 57 4.3 29.0| 5.1 N/A 2.5

5-8 5.8 4.3 29.4| 5.2 N/A 2.6

5-9 5.8 4.9 27.6| 5.5 N/A 2.7

5-10 5.7 5.1 27.2| 5.5 N/A 2.8

RS9.51 5.8 6.8 22.6| 13.8 3.9 5.5

RS9.52 5.6 8.5 20.0] 17.2 4.4 6.7

RS9.53 6.1 6.5 25.4] 13.3 4.2 5.8

North RS9.54 5.9 5.8 24.21 11.6 3.5 4.8
Carolina RS9.55 6.0 5.7 25.2] 115 3.6 4.9
Surface RS9.56 5.9 7.5 23.2| 15.3 4.4 6.4
RS9.57 5.8 8.8 22.0]17.9 5.0 7.4

RS9.58 6.2 6.5 26.4| 13.4 4.4 6.0

RS9.59 6.0 4.9 26.0| 9.6 3.2 4.2

RS9.510 6.1 5.2 26.5| 10.4 3.5 4.6

RI119.0-1 4.6 3.8 13.7] 1.9 0.9 2.0

RI119.02 4.8 4.9 11.6| 2.4 1.7 2.7

North R119.03 4.7 4.3 12.7] 2.1 1.3 2.3
Carolina RI119.04 4.6 6.3 88| 24 2.3 2.8
Intermediate | RI19.05 4.5 5.7 9.8 | 2.2 1.8 2.4
RI19.0-6 4.1 57 94 | 1.7 1.5 1.9

RI119.07 4.6 7.7 6.5 | 2.8 3.0 3.4
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Table 8.2 (continued)

410027 4.6 7.3 11.9| 2.7 45.5 2.6
410028 4.4 6.6 13.5| 2.6 33.1 2.1
410029 4.6 5.2 12.3] 25 26.4 1.7
410030 4.5 9.1 10.5| 2.9 58.6 3.2
Maryland 410031 4.6 7.1 11.4] 2.7 42.2 2.5
410032 4.7 6.2 11.9] 2.6 38.6 2.3
410033 4.6 9.8 10.3]| 2.9 64.6 3.5
410034 4.5 7.2 111 2.7 37.8 2.3
410037 4.6 8.0 10.8| 2.7 45.0 2.6
410038 4.5 10.8 98 | 3.0 69.4 3.7

Figure8.1 to Figure8.8 plot the predicted performance indices with thelisce air void
contents and Hplace bnder contents for each performance index. Note that thgdeds is in
place air void content or binder content and righkis presents the predicted performance index
values.

Generally, the predicte8ppindex values show opposite trends with thplace air void
contents. In other words, the pavement fatigue performance can be predicted better when the
pavement has undergone a better compaction effort. These trends make sense and emphasize the
importance of pavement compactidine prediction trets ofthetwo IVRs do notook
significantly different. For the North Carolina intermediate mixture, the predi&ggvalues
from the initial and improved IVRs are relatively different from the other cases. The improved
IVR showed more reasonable prettintresultsat samplel9-6 because the improved IVR has a
reasonable trend with the binder content. The predigigdalue slightly decreases at sample 6
when the binder content is decreased from saffpeto samplel9-6, as shown ifrigure8.5,
at the same nplace air void content. In contrast, the initial IVR predicts thaBhevalue

increases adamplel9-6 compared tgamplel9-5.
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Figure 8.1 Predicted Sapp values with in-place air void contents: (a) Maine, (b) Ontario, (c)
North Carolina surface, (d) North Carolina intermediate, and (e) Maryland mixtures.

Figure8.2 presents plots of theredicted rutting performance in terms of the RSI values
of all the fields with the inplace air void contents. The predicted field rutting performance shows
the same trends with the air void contents. These trends are intuitive because mixtures with a
higher inplace air void content are more susceptible to rutting; thus, ittareasamples with

higher inplace air void contents show higher RSI values. This observation once again highlights

257



the importance of the compaction efforts, similar toSgindex resultsThe prediction trends

of thetwo IVRs do not shova significart difference.
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Figure 8.2 Predicted RSI values with in-place air void contents: (a) Maine, (b) Ontario, (c)
North Carolina surface, (d) North Carolina intermediate, and (e) Maryland mixtures.

Figure8.3 presents the predicted field fatigue performance in terms of FI @Ie®ex
for the Maryland mixture)vith in-place air void content3.he predicted F{CTinpex) values

correlate well withthewp | ace air void contents. This trend
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resistance improves when theglace air void content increases, which is opposite to the
common understanding of the effect of air voids on pavepraoking. Therefore, it can be
concluded that the IVR concept works well with th ®Tinpex), but a fundamental problem is
evident when using the FECTinpex) to capture the effect of iplace density on crackinghe
prediction trends ahetwo IVRs ae generally similar, but the North Carolina intermediate case
shows the more reasonable prediction re$rdta the improved IVRThe predicted FI value
decreaseat sample 6 due tadecrease of the binder contabsamplel9-6, as shown ifrigure

8.7, while the initial IVR predict anincrease of Fat samplel9-6.
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Figure 8.3 Predicted FI (CTinoex) values within-place air void contents: (a) North
Carolina surface, (b) North Carolina intermediate, and (c) Maryland mixtures.

Figure8.4 shows the predicted pavement rutting perfance in terms of rut depth index

values with irplace air void content3.he general trends for the predicted pavement rutting
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performance using the rut depth index values are similar to the RSI trends shagur&8.2.
The pavement rutting resistance improves when tpdaice air void content decreases. This
trend makes sens€he two IVRsdo not showa significant differencen the predicted

performance trends.
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Figure 8.4 Predicted Rut depth values with inplace air void contents: (a) Ontario, (b)
North Carolina surface, (c¢) North Carolina intermediate, and (d) Maryland mixtures.

To see the effect of the-place binder content on field pavement performance, the
predictedfield performance in terms of tt&ppindex values was plotted with theptace binder
contents, as shown Figure8.5. Generally, the predicted fatigue performahas a similar trend
with the binder content. The predict8gy values increase and decrease as the binder content
increases and decreasdswever, he predictedpp values are shown to decrease when the

binder content is increased at sample 159354eoMaine case. The reason for this outcome is
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that sample 159354 has a higkpilace air void content, as shownHigure8.1. Because the

range of the binder content ttughout the mixture samples is notably narrower than the range of
in-place air void contents for all field projects, as shown in Ch&pethe prelicted field

fatigue performance is heavily driven by theplace air void contentés earlier mentioned, the
improved IVR of the North Carolina intermediate case shows reasonable pr&iigtedues

compared to the initial IVR.
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Figure 8.5 Predicted Sqpp values with in-place binder contents: (a) Maine, (b) Ontario, (c)

North Carolina surface, (d) North Carolina intermediate, and (e) Maryland mixtures.

Figure8.6 presents the predicted rutting performareggardingRSI values with the in
place binder contents. The predicted field rutting performance typically exhibits similar trends
with thein-place binder content. The field rutting performance can be predicted better when the
in-place binder contents are lower. For the North Carolina surface mixture project, some points

have high predicted RSI values (samples?X.8.57) even though thesamples have low
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binder contents. The reason for this outcome is that tpkage air void contents of these

samples are significantly higher than for the other samples, as shéwguia8.2. Therefore,

the effect of iAplace air void content is stronger than the effect gflate binder content on the
pavement 6s rutting perf or maiplace biereontents t he nar
compared to that of the-place air void contents for all field project$e two IVRs do not

showa significant differencen the predicted performance trends.
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Figure 8.6 Predicted RSI values with in-place binder contents: (a) Maine, (b) Ontario, (c)
North Carolina surface, (d) North Carolina intermediate, and (e) Maryland mixtures.

Figure8.7 presets the predicted fatigue performance in terms airieél Cinoex values
plotted with the irplace binder contents. Some mixture samples for each project show similar
trends between the-place binder contents and predicted Fl values, but others did rantdaec
the predicted FI values are driven by thelace air void content, as shownHRigure8.3. Thus,

the inplace binder contents somehow affect the predicted Fésahut most of the predicted FlI
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values were determined by theptace air void contenté&\s described earlier for the predicted
FI and Cnpex valuesthe North Carolina intermediate case shows the more reasonable

prediction results from the improved V&R sample 1%.
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Figure 8.7 Predicted FI (CTinpex) values with in-place binder contents: (a) North Carolina
surface, (b) North Carolina intermediate, and (c) Maryland mixtures.

Lastly, Figure8.8 presents the field rutting performance in terms of AC rut depth values
plotted with the irplace binder contents. The predicted RSI values show similar tnétidihe
variation in inplace binder contents, except for the two samples of the North Carolina surface
mixture project (9.8 and 9.57). As described earlier for the predicted RSI values, tipdaice
air void contents of these two samples are religtivigher than the others, which resulted in the
higher RSI values of these two samples even though they have relatively low binder contents.

The two IVRs do not shoasignificant differencen the predicted performance trends.
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Figure 8.8 Predicted Rut depth values with inplacebinder contents: (a) Ontario, (b) North
Carolina surface, (c) North Carolina intermediate, and (d) Maryland mixtures.

8.4.Field paving project performance prediced by PVRs

Next, he performane of thefield projectswaspredicted using the developP¥Rs
describedn Table4.30 andTable5.30. Table8.3 is a summary of thpredictedpavement
performance of allhe projects with the binder contents anepiiace air void contentdlote that

the6 476 condi t ithe AGrut deptimredicBoaoflthefMaryland project
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Table 8.3 Predicted Performance of Field ProjectdJsing PVRs

Predicted

Field Sample Binder | In-Place AC

Project ID Content | Air Void % damage | rut depth
(%) (%)

(mm)

159352 5.3 3.5 11.4 1.1

159353 55 4.0 11.7 1.2

159354 5.7 6.9 13.7 1.6

159355 5.2 54 12.9 1.4

159356 5.3 5.1 12.6 1.4

Maine 159357 55 4.7 12.2 1.3

159358 5.3 4.6 12.2 1.3

159359 55 3.2 11.1 1.1

159360 5.9 7.5 14.0 1.7

159361 5.9 7.1 13.8 1.6

159362 5.8 5.2 12.9 1.5

51 5.9 3.9 15.4 1.0

5-2 5.9 4.0 15.4 1.1

5-3 6.2 3.8 15.2 1.1

5-4 6.0 3.4 15.1 1.0

Ontario 55 5.6 3.1 14.9 0.9

5-6 5.8 4.7 15.7 1.2

5-7 5.7 4.3 15.6 1.1

5-8 5.8 4.3 15.6 1.1

5-9 5.8 4.9 15.9 1.1

5-10 5.7 5.1 16.0 1.2

RS9.51 5.8 6.8 1.3 3.2

RS9.52 5.6 8.5 1.8 4.0

RS9.53 6.1 6.5 0.9 3.1

North RS9.54 5.9 5.8 1.0 2.8

Carolina RS9.55 6.0 5.7 0.9 2.7

Surface RS9.56 5.9 7.5 1.3 3.6

RS9.57 5.8 8.8 1.5 4.2

RS9.58 6.2 6.5 0.7 3.2

RS9.59 6.0 4.9 0.7 2.3

RS9.510 6.1 5.2 0.7 2.5

RI19.01 4.6 3.8 18.0 1.9

RI119.0-2 4.8 4.9 20.2 2.3

North RI19.03 4.7 4.3 19.0 2.1

Carolina R119.04 4.6 6.3 22.8 2.6

Intermediate| RI19.05 4.5 57 21.9 2.4

RI19.06 4.1 5.7 22.2 2.2

RI119.07 4.6 7.7 25.1 3.0
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Table 8.3 (continued)

410027 4.6 7.3 11.8 1.4
410028 4.4 6.6 12.7 1.3
410029 4.6 5.2 11.6 1.2
410030 4.5 9.1 12.2 1.6
Maryland 410031 4.6 7.1 12.0 1.4
410032 4.7 6.2 11.3 13
410033 4.6 9.8 12.1 1.7
410034 4.5 7.2 12.9 1.4
410037 4.6 8.0 12.9 15
410038 4.5 10.8 12.6 1.8

Figure8.9 shows the predicte® damagevith the inplace air void contents for each
field paving projectThe general trends 86 damagdollow the changes in #place air void
content. The two PVRs do not show significant differemcehe predicted performance trends,
except for the Maryland case. The improved PVR of the Maryland case ahaevereasonable
trend with the irplace airvoid content compared to the initial PV&ince the improved PVR
has arintuitive trendwith the inplace air void content sensitivity, the predic®dlamageat
sample 410030 is increased with the increase of tpéace air void content. Thaedicted%
damageat 410034 increasas the iaplace air void content decreaskie to the significant

decrease of binder content at sample 410034.
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Figure 8.9 Predicted % damagevalues with in-place air void contens: (a) Maine, (b)
Ontario, (c) North Carolina surface, (d) North Carolina intermediate, and (e) Maryland
mixtures.

Figure8.10 presents the predicted AC rut depth values with tkgane air void
contents; all cases show reasonable trends with thkace air void content3he two PVRs did

not show a significant differende performance trends.
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Figure 8.10 Predicted AC rut depth (mm) values with in-place air void contents: (a) Maine,
(b) Ontario, (c) North Carolina surface, (d) North Carolina intermediate, and (e) Maryland
mixtures.

8.5.Summary
Overall, thepredicted performandeom improved prediction functionsith air void
contentds reasonabléor all casesAs the irplace air void content increasehe predicted field

performancebecoms worsefor bothfatigue and ruttingexceptin the case athe Fland
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CTinoex due toits inherentproblem of representing the effecttbé air void contenbn cracking
The IVRsarenot inferior tothe PVR in terms of theability to predictperformanceHowever,
thefield predicted performarmchas aelativelyweaker correlation with #place binder content
because the iplace air void conterttasa significantly greateimpact onperformance
prediction. One lessottearnedfrom theseresultsis that pavement should bigjorousy
compacted t@roducebetter performance.

With this context, bcausall the predicted field performanaesultsshowedreasonable
trends with the irplace air voiccontens, Table8.4 shows the minimum and maximum values
thein-place air void contents artlde percentagdifference ofthe correspondingredictel
performanceo see the constructidavel variability and its impact on pavement performance
Note that the RSI, GNpex, rut depth, and AQut depthof the Maryland case are excluded
because the functions were not verified due to the offset affieictundamental difference
between the LMLC and PMLQ he percentagélifferencebetweerthe minimum and maximum
in-placeair void conterd for all the projectsis greater thad5%, indicatingsignificantly high
constructioAlevel variability. Since the Oratrio caseshowsthe least percentage difference for
the inplace air void content, it shows the minimum percentage differenedl foerformancs,
except forthe Sypp index.For the Spp index, the minimum percentage difference is found at the
Maine case becausize Maine Sypp IVR is not sensitiveo the volumetrigparameterslue to the
use ofmodified binder, as explained @hapter4.7.3 The average percentage differenoall
predictedperformances argigher than 30% due to the-ilace air void difference in a same

project.
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Table 8.4 Minimum and Maxmimum Air Void Content sand Predicted Performance

Materials In-Place
Field Air Void Content
for four

Project . % RSI | Rut % | AC
) corners | Min. | Max. Diff Sepp Fl (%) | depth| dam | RD
Maine PMLC 3.2 | 75 | 80.4] 105 | N/A | 49.0| N/A | 23.6 | 445
Ontario PMLC 3.1 | 51 488|241 N/A | 249]| 506 | 68 | 264
NC Sur. PMLC 49 | 88 | 56.9|27.8| 440 | 60.4| 554 | 89.9| 57.5
NC Inter. PMLC 3.8 | 7.7 | 67.8| 71.6 | 107.0| 48.3| 57.6 | 32.6 | 45.8
Maryland | LMLC 5.2 | 10.8| 70.0| 31.8| N/A | N/A | N/A | 13.4| N/A

Average 64.8| 33.2| 755 | 45.7| 545 | 33.3| 43.6

Note: NC Sur. is North Carolina Surfad¢C Inter. is North Carolina intermediafdin. is minimum Max. is
maximum % Diff. is percentagélifference % dam.is percentage alamageand AC RD is AQut depth

% Difference of Predicted Performance

Overall, the predicted field performance was directly affected by the variability of
constructiodlevel efforts. The binder content effect was relatively less than thiade air void
content effect due tthe small range of change. This outcome indicates that plant producers
control the binder content of mixturesasonablyvell, but the agency should pay attention to in

place density.
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CHAPTER 9. SUMMARY AND CONCLUSIONS

This dissertation mainlfocuses ortheinvestigation ofvariability thatoccurred during
the field paving projects ardescribesnethod to predict thgpavemenperformancsusing
functions secalled indexvolumetrics relationship (IVR) and performamogumetrics
relationship (PVR) using plamhixed and lalcompacted (PMLC) and lamixed and lab
compacted (LMLC) mixtures.

Several field paving projects (Maine, Ontario, North Carolina, and Maryland) were
employed for this study. The mixtulevel and constructictevel variability were found in
actua field paving projectsand the two types of mixtures (PMLC for Maine, Ontaaiod North
Carolina, and both LMLC and PMLC for Maryland) were acquired from the projects. For the
mixture-level variability, three components i.e., air void\aés binder catent, and gradation
werecloselycorrelatedThe constructiodevel variability (inplace air void content) showed the
highest COV for most cases compared to the mixteirel variability.

The IVRs were developed f&MD+ testing (cyclic fatigue test and stress sweep rutting
test) and BMD testing {FIT, IDEAL-CT, and HWT) and PVRs were developedBdiD+
testing for both PMLC and LMLC mixtureMost PMLC IVRs and PVRs could predict the
pavement performance well, dLMLC IDEAL-CT IVR, both RSI and HWT rut deptiVRs,
and ACrut depth PVRcould not predict the reasonable pavement performances theoffset
effect within the four cornerand fundamental difference between LMLC and PMTLEe
initially predictedfunctionsdeveloped from the regressishowed reasonable trends with the in
place air voiccontentrather than the binder contdrgcause the performance of the mixture
samples was not sometimes reasonable witdifferentbinder content at the same target air

void within the four cornersTherefore, e initial prediction functionareimproved bythe
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Solver function witifour constrains. By doing so, all the improved functions could have
reasonablsensitivitytrends with both factors and maintained predictioauracyexcept forthe
Sppand% damageof theNorth Carolina Intermediate case due to the counterintuitive trend
within the four cornersAlthough he extrgperformance tesimayimprove the counterintuitive
trend within the four corners for bettarediction accuragyit was not executed because the
mixtures have been stored almost three years

Finally, the pavement performance of field projegtspredicted using botimitial and
improvedpredictionfunctions The predicted performang&om improved functionshowed
reasonable trends with thefiface air void conterand binder contenbut obviouslythe impact
of the inplace air void content seemed higher.

Based on the vdred IVRs and PVRsthe importance of the constructitevel
variability is emphasizetb the pavement performanc@ompared to the mixtudevel
variability, the relatively higher constructidevel variability can cause significantly inconsistent
pavemehperformance more th&80% difference in the same projetheagencyis
recommendetb paymoreattention to the pavement density when paving to enhance the
pavement performance.

The following summarizes the conclusions of this dissertation:

1 FromQA measurements by the relevant agencies, the air void conteni\atdise
closelyrelated to the bigler content and gradation. The consistency of the binder content
and gradation of a mix seems to be key factors to minimize mibduet variability.

1 The inplace air void content has the highest COV compared to the migttek
variability for all casegxcept the Ontario case. This indicates that the constrtletieh

variability is more varied than the mixtukevel variability in most case

274



The Spp, RSI, andHWT Rut depth index shosdreasonable air void and binder content
trends. However, HICTinpex) index shoved counterintuitive trend with air void content.

At the same air void content, the comparison betviagyrand FI(CTinpex) indices

showed opposite trends at the same air void content. However, the comparison between
RSI and Rut depth showglde same trends.

The volumetric parameters (VMA and VFA) are important to pavement performance
because they serve to integrate the primary factors that are generated at both the mixture
and construction levels.

The binder content and air void content e factors affecting the calculationiot

place volumetric parametergNIA i and VFAp) due to the unchangealBy,in the

same target mass of QA test samples.

In-place volumetric parameters (VM#and VFAp) haveastronger relationship with the
in-place air void content because the range of binder content is smaller than the range of
in-place air void content within the collected mixture samples.

The PMLC IVRs were developed for both BMD+ and BMD performance test indices.

The developed PMLC IVRsould reasonably predict the performance indices. The %
Error between the measured and predicted performance index values for the four corners
did not exceed 10% for both BMD+ and BMD performance test results, except for the
North Carolina intermediate niixre RSI case. For the fatigue indic&gand Fl), the
average % Errevalues for all the verification samples are less than 20 percent. For the
rutting indices (RSI and Rut depth index), the average % Error for all the verification

samples did not exed 25 percent.
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Maine mixture used a polymer modifiechderand has a 20% RARhe dynamic
modulusvalueswerenot sensitive to the temperature. Since the dynamic modulus value
is the only denominator to calculate thgp, theSyppvalues were less sensé to the
volumetric parameters than other mixtures. Due to this reasoAMhE IVR accuracy

of theMaine case was not as good as the other cases.

The PMLC PVR were developed for BMD+ performance te€serall verification
between simulatefimeasured) and predicted performance from the PVR function was not
excessively different from the IVR functiohhe % damagd’VR of Maine case showed
better verification results than ti&g, IVR of Maine case. Thus, PVRay provide a

better prediction aeracy than IVRfor the polymemmodified mixture.

TheMaryland materials allowed the development of the I'dRd PVRausing the

LMLC mixtures at four cornerd.he Maryland PMLC mixture samples were used to
verify the developetVRs and PVRSrom the LMLC mkture. TheSyppindex was

verified well. However, the RSI, GNpex, and Rut depth index did not verify due to the
offseteffectbetweerin-placeair void content and binder content at two different
gradations

For the Maryland casehe¢ modified LMLC fourc or ner s b yoconditphta ci ng
0 4Hdondition were tried to increase RSI index values to make a reasonable IVR.
However, the IVR developed from the modified LMLC four corners geneoatiyd

slightly better prediction results.

For theMaryland case hteextraSSR test was conducted using the imitated LMLC
mixture to one PMLC mixture sampie seehe fundamental difference between LMLC

and PMLC mixturesThe imitated LMLC mixture showed significantly better rutting
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resistance than theM.C mixture sample. Similar results were found fritmleNCHRP

818 report.

The ideal sign conventions for the IVBRsd PVRswvere determined. Most developed
functionsfollowed the ideal sign conventions except for the North Carolina intermediate
Fl indexandMarylandRSI index

Some initially developed IVRs and PVRs showed counterintuitive trends with-the in
place air voidor binder contents due to the reasonableness of the four cauehsas a
reversed measured performance trend in different binder d¢smtethe same target air
void content.

Since the initial prediction functions are the outcomes of the best regrehlsion,
prediction functions wereefinedusingthe Microsoft ExceBolver function by adding

four constrains. The improved functions everatly showed reasonable trends with both
in-place air void content and binder conteartall casesBy using the improved

functions, 83% of four corners and 72% of verification samples showed the increased
prediction accuracy in terms of % Error.

The paement performances for the field paving projects were predicted using the
improvedlVRs and PVRs for all caseAll predicted fieldpavemenperformances have
reasonable trends with thefiace air void contents

Predicted fielgpavemenperformances have weaker correlations with thglace binder
contents. This is due to the smaller range of thg@ae binder contents thémat ofthe

in-place air void content for all field projects.
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1 The inplace air void content is demonstrated agygvortant factoin the pavement
performancesThe pavement performance could be different more 30&in a single
project due to the wplace air void content difference.

1 The IVRs and PVRs could predict the performance well if the four corners have
ressonable relationshipsith each other. Also, the IVR could predict the performance as
good as the PVR could.

1 BothIVR and PVR require performance tests. However, the two funatiamée used
for different purposesSince the IVRusesa mixture performancendex and does not
require the FlexPAVE simulation, the functioiis simplified to be developed and
focuses on the mixtulevel performance itselfOn the other handhe PVR uses
pavement lifesimulated from FlexPAVE' with the projectspecificconditions, i.e.,
structure, traffic, climatdraffic speed etcTherefore, the PVR can be used for the PRS
and pay factors become more reliable when the pavement life is predicted rather than the

mixture performance index.
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CHAPTER 10. FUTURE WORK
This study found issuancerningperformance prediction functiomghenusing LMLC
mixtures verified by PMLC mixture. Due to the offset effect within the LMLC four corners and
the fundamental difference between LMLC and PMLC mixuilee prediction accuracy of the
IVRs forthe CTinpex, RSI,andRutdepth, and PVRfor AC rut depthwas notgood In order to
addresghe issues found in ithstudy, the followingopics forfuture workare suggested.

1 The conditions for the LMLC four coensshould bemodified The 830and&76
conditions workreasonably welfor S;pp and% damagebut these two conditions hasa
offset effect between the binder content anglace air void content for Gloex, RSI,
rut depth, and ACQut depth Thus,for fatigueevaluations, thé836and&®76conditions
can be keptbut ruttingevaluationswill requiredifferent conditions to develapccurate
prediction functions.

1 The fundamental differende therutting performancéetween LMLC and PMLC
mixturesneeds to bevestigatedisingother mixtures. For the Maryland case, the
mixturewas acoarsegraded mixture. Thus, the difference betwtel MLC and
PMLC mixtures needs to be investigategsinga fine-graded mixtureAlso, mixtures
with different RAP contestor no RAPwould beworth exploring toseekimproved

results.
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Performance Test Results

Table A.1 Dynamic Modulus TestResults

APPENDIX

. Frequency | Temp Dynamic Phase
Case Sample | Specimen (H2) °C) Modulus | Angle
(MPa) | (Degrees)

Maine 159352 1 25 4 11,937 12.0
Maine 159352 1 10 4 10,601 13.3
Maine 159352 1 1 4 7,344 17.7
Maine 159352 1 0.1 4 4,530 23.5
Maine 159352 1 25 20 5,183 24.0
Maine 159352 1 10 20 4,116 26.2
Maine 159352 1 1 20 2,058 32.1
Maine 159352 1 0.1 20 920 35.6
Maine 159352 1 25 40 1,286 35.3
Maine 159352 1 10 40 834 36.9
Maine 159352 1 1 40 333 34.5
Maine 159352 1 0.1 40 159 29.8
Maine 159352 2 25 4 12,109 11.4
Maine 159352 2 10 4 10,791 12.6
Maine 159352 2 1 4 7,550 16.9
Maine 159352 2 0.1 4 4,708 22.6
Maine 159352 2 25 20 5,222 23.7
Maine 159352 2 10 20 4,147 26.2
Maine 159352 2 1 20 2,073 32.5
Maine 159352 2 0.1 20 928 36.3
Maine 159352 2 25 40 1,252 37.1
Maine 159352 2 10 40 805 38.9
Maine 159352 2 1 40 315 36.9
Maine 159352 2 0.1 40 148 30.8
Maine 159352 3 25 4 12,490 11.9
Maine 159352 3 10 4 11,076 13.2
Maine 159352 3 1 4 7,638 18.0
Maine 159352 3 0.1 4 4,669 24.0
Maine 159352 3 25 20 5,345 24.4
Maine 159352 3 10 20 4,222 26.7
Maine 159352 3 1 20 2,067 32.7
Maine 159352 3 0.1 20 890 36.3
Maine 159352 3 25 40 1,081 38.8
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Table A.1 (continued)

Maine 159352 3 10 40 686 39.8
Maine 159352 3 1 40 274 36.1
Maine 159352 3 0.1 40 141 30.1
Maine 159352B 1 25 4 15,240 11.2
Maine 159352B 1 10 4 13,612 12.4
Maine 159352B 1 1 4 9,556 16.7
Maine 159352B 1 0.1 4 6,057 22.2
Maine 159352B 1 25 20 6,867 22.8
Maine 159352B 1 10 20 5,548 24.8
Maine 159352B 1 1 20 2,882 30.4
Maine 159352B 1 0.1 20 1,340 33.7
Maine 159352B 1 25 40 1,819 34.5
Maine 159352B 1 10 40 1,297 33.8
Maine 159352B 1 1 40 577 29.7
Maine 159352B 1 0.1 40 320 23.4
Maine 159352B 2 25 4 14,921 11.4
Maine 159352B 2 10 4 13,340 12.7
Maine 159352B 2 1 4 9,437 17.0
Maine 159352B 2 0.1 4 5,957 22.7
Maine 159352B 2 25 20 6,804 23.0
Maine 159352B 2 10 20 5,456 25.4
Maine 159352B 2 1 20 2,798 31.5
Maine 159352B 2 0.1 20 1,265 35.0
Maine 159352B 2 25 40 1,762 35.1
Maine 159352B 2 10 40 1,247 34.3
Maine 159352B 2 1 40 533 30.2
Maine 159352B 2 0.1 40 294 22.8
Maine 159352B 3 25 4 15,687 11.2
Maine 159352B 3 10 4 14,024 12.4
Maine 159352B 3 1 4 9,914 16.7
Maine 159352B 3 0.1 4 6,300 22.4
Maine 159352B 3 25 20 7,119 22.9
Maine 159352B 3 10 20 5,719 25.2
Maine 159352B 3 1 20 2,957 31.2
Maine 159352B 3 0.1 20 1,348 34.8
Maine 159352B 3 25 40 1,897 34.7
Maine 159352B 3 10 40 1,344 34.1
Maine 159352B 3 1 40 583 30.4
Maine 159352B 3 0.1 40 310 24.2
Maine 159353 1 10 20 6,935 23.9
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Table A.1 (continued)

Maine 159353 1 1 20 3,567 30.5
Maine 159353 1 0.1 20 1,629 34.0
Maine 159353 1 10 40 1,531 34.3
Maine 159353 1 1 40 600 33.2
Maine 159353 1 0.1 40 262 29.7
Maine 159353 1 10 4 15,638 11.8
Maine 159353 1 1 4 11,076 16.2
Maine 159353 1 0.1 4 7,157 21.5
Maine 159353 2 10 20 6,370 23.8
Maine 159353 2 1 20 3,282 30.4
Maine 159353 2 0.1 20 1,516 34.0
Maine 159353 2 10 40 1,368 34.2
Maine 159353 2 1 40 536 33.6
Maine 159353 2 0.1 40 244 30.0
Maine 159353 2 10 4 15,226 11.4
Maine 159353 2 1 4 10,973 15.4
Maine 159353 2 0.1 4 7,137 20.7
Maine 159353 3 10 20 5,919 23.8
Maine 159353 3 1 20 2,992 30.7
Maine 159353 3 0.1 20 1,347 34.7
Maine 159353 3 10 40 1,251 34.6
Maine 159353 3 1 40 461 34.5
Maine 159353 3 0.1 40 192 31.3
Maine 159353 3 10 4 14,621 11.4
Maine 159353 3 1 4 10,438 15.5
Maine 159353 3 0.1 4 6,726 21.0
Maine 159354 1 25 4 13,621 11.6
Maine 159354 1 10 4 12,137 12.7
Maine 159354 1 1 4 8,516 17.1
Maine 159354 1 0.1 4 5,338 22.9
Maine 159354 1 25 20 6,105 22.7
Maine 159354 1 10 20 4,919 25.0
Maine 159354 1 1 20 2,524 31.1
Maine 159354 1 0.1 20 1,143 35.1
Maine 159354 1 25 40 1,632 35.3
Maine 159354 1 10 40 1,152 34.9
Maine 159354 1 1 40 478 31.9
Maine 159354 1 0.1 40 241 25.7
Maine 159354 2 25 4 14,333 11.3
Maine 159354 2 10 4 12,786 12.4
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Table A.1 (continued)

Maine 159354 2 1 4 9,032 16.7
Maine 159354 2 0.1 4 5,729 22.5
Maine 159354 2 25 20 6,547 22.5
Maine 159354 2 10 20 5,275 24.7
Maine 159354 2 1 20 2,747 30.8
Maine 159354 2 0.1 20 1,263 34.8
Maine 159354 2 25 40 1,767 34.2
Maine 159354 2 10 40 1,251 33.7
Maine 159354 2 1 40 527 30.7
Maine 159354 2 0.1 40 261 25.3
Maine 159354 3 25 4 14,136 11.7
Maine 159354 3 10 4 12,555 13.0
Maine 159354 3 1 4 8,694 17.8
Maine 159354 3 0.1 4 5,344 24.1
Maine 159354 3 25 20 6,192 24.0
Maine 159354 3 10 20 4,926 26.4
Maine 159354 3 1 20 2,458 32.8
Maine 159354 3 0.1 20 1,082 36.5
Maine 159354 3 25 40 1,624 35.4
Maine 159354 3 10 40 1,153 34.4
Maine 159354 3 1 40 499 29.8
Maine 159354 3 0.1 40 277 23.5
Maine 159354B 1 25 4 12,701 11.7
Maine 159354B 1 10 4 11,317 13.0
Maine 159354B 1 1 4 7,840 17.5
Maine 159354B 1 0.1 4 4,848 23.4
Maine 159354B 1 25 20 5,653 23.3
Maine 159354B 1 10 20 4514 25.6
Maine 159354B 1 1 20 2,283 31.7
Maine 159354B 1 0.1 20 1,028 34.6
Maine 159354B 1 25 40 1,339 35.9
Maine 159354B 1 10 40 935 35.0
Maine 159354B 1 1 40 397 30.6
Maine 159354B 1 0.1 40 217 23.4
Maine 159354B 2 25 4 12,340 12.0
Maine 159354B 2 10 4 10,937 13.3
Maine 159354B 2 1 4 7,539 17.9
Maine 159354B 2 0.1 4 4,619 24.0
Maine 159354B 2 25 20 5,418 23.7
Maine 159354B 2 10 20 4,312 26.0
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Table A.1 (continued)

Maine 159354B 2 1 20 2,161 32.1
Maine 159354B 2 0.1 20 944 35.8
Maine 159354B 2 25 40 1,352 35.5
Maine 159354B 2 10 40 936 34.6
Maine 159354B 2 1 40 394 30.0
Maine 159354B 2 0.1 40 216 23.0
Maine 159354B 3 25 4 13,762 10.9
Maine 159354B 3 10 4 12,322 12.1
Maine 159354B 3 1 4 8,721 16.5
Maine 159354B 3 0.1 4 5,483 22.5
Maine 159354B 3 25 20 6,072 23.3
Maine 159354B 3 10 20 4,852 25.7
Maine 159354B 3 1 20 2,459 31.9
Maine 159354B 3 0.1 20 1,110 35.4
Maine 159354B 3 25 40 1,548 35.0
Maine 159354B 3 10 40 1,098 34.1
Maine 159354B 3 1 40 467 29.9
Maine 159354B 3 0.1 40 256 23.0
Maine 159355 1 25 4 16,658 10.6
Maine 159355 1 10 4 14,971 11.8
Maine 159355 1 1 4 10,779 16.0
Maine 159355 1 0.1 4 6,992 21.3
Maine 159355 1 25 20 7,944 21.6
Maine 159355 1 10 20 6,473 23.6
Maine 159355 1 1 20 3,474 28.8
Maine 159355 1 0.1 20 1,670 31.5
Maine 159355 1 25 40 2,160 34.0
Maine 159355 1 10 40 1,525 34.1
Maine 159355 1 1 40 654 31.9
Maine 159355 1 0.1 40 321 27.7
Maine 159355 2 25 4 16,622 10.9
Maine 159355 2 10 4 14,926 12.0
Maine 159355 2 1 4 10,691 16.2
Maine 159355 2 0.1 4 6,911 21.5
Maine 159355 2 25 20 7,914 21.8
Maine 159355 2 10 20 6,411 23.9
Maine 159355 2 1 20 3,411 29.5
Maine 159355 2 0.1 20 1,615 32.3
Maine 159355 2 25 40 2,085 34.4
Maine 159355 2 10 40 1,464 34.4
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Table A.1 (continued)

Maine 159355 2 1 40 620 31.7
Maine 159355 2 0.1 40 305 27.3
Maine 159355 3 25 4 16,123 11.2
Maine 159355 3 10 4 14,439 12.4
Maine 159355 3 1 4 10,217 16.6
Maine 159355 3 0.1 4 6,523 21.9
Maine 159355 3 25 20 7,426 22.4
Maine 159355 3 10 20 5,998 24.3
Maine 159355 3 1 20 3,161 29.3
Maine 159355 3 0.1 20 1,513 31.5
Maine 159355 3 25 40 1,938 34.8
Maine 159355 3 10 40 1,362 34.8
Maine 159355 3 1 40 580 32.3
Maine 159355 3 0.1 40 303 26.5
Maine 159358 1 10 20 7,039 20.8
Maine 159358 1 1 20 3,937 27.0
Maine 159358 1 0.1 20 1,964 31.5
Maine 159358 1 10 40 1,724 32.5
Maine 159358 1 1 40 703 33.2
Maine 159358 1 0.1 40 316 30.4
Maine 159358 1 10 4 14,772 10.5
Maine 159358 1 1 4 10,947 13.9
Maine 159358 1 0.1 4 7,510 18.1
Maine 159358 2 10 20 6,784 22.0
Maine 159358 2 1 20 3,665 28.5
Maine 159358 2 0.1 20 1,768 32.5
Maine 159358 2 10 40 1,524 34.5
Maine 159358 2 1 40 601 35.0
Maine 159358 2 0.1 40 266 31.4
Maine 159358 2 10 4 15,183 10.6
Maine 159358 2 1 4 11,232 14.1
Maine 159358 2 0.1 4 7,652 18.8
Maine 159358 3 10 20 6,543 21.6
Maine 159358 3 1 20 3,588 27.7
Maine 159358 3 0.1 20 1,764 31.9
Maine 159358 3 10 40 1,469 33.7
Maine 159358 3 1 40 576 34.6
Maine 159358 3 0.1 40 255 31.6
Maine 159358 3 10 4 14,312 10.7
Maine 159358 3 1 4 10,584 14.1
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Maine 159358 3 0.1 4 7,245 18.6
Maine 159360 1 25 4 16,532 10.7
Maine 159360 1 10 4 14,878 11.9
Maine 159360 1 1 4 10,668 16.1
Maine 159360 1 0.1 4 6,878 21.4
Maine 159360 1 25 20 7,808 21.7
Maine 159360 1 10 20 6,331 23.8
Maine 159360 1 1 20 3,383 29.1
Maine 159360 1 0.1 20 1,602 32.0
Maine 159360 1 25 40 1,988 35.2
Maine 159360 1 10 40 1,382 35.5
Maine 159360 1 1 40 565 32.8
Maine 159360 1 0.1 40 269 28.3
Maine 159360 2 25 4 14,580 11.7
Maine 159360 2 10 4 12,977 13.0
Maine 159360 2 1 4 9,035 17.5
Maine 159360 2 0.1 4 5,640 23.4
Maine 159360 2 25 20 6,516 23.6
Maine 159360 2 10 20 5,197 26.0
Maine 159360 2 1 20 2,619 32.1
Maine 159360 2 0.1 20 1,166 35.7
Maine 159360 2 25 40 1,602 36.2
Maine 159360 2 10 40 1,089 36.8
Maine 159360 2 1 40 440 33.9
Maine 159360 2 0.1 40 219 28.5
Maine 159360 3 25 4 15,446 11.3
Maine 159360 3 10 4 13,803 12.6
Maine 159360 3 1 4 9,707 16.9
Maine 159360 3 0.1 4 6,146 22.4
Maine 159360 3 25 20 7,102 22.4
Maine 159360 3 10 20 5,723 24.4
Maine 159360 3 1 20 3,005 29.6
Maine 159360 3 0.1 20 1,414 32.2
Maine 159360 3 25 40 1,767 35.4
Maine 159360 3 10 40 1,227 35.6
Maine 159360 3 1 40 511 33.0
Maine 159360 3 0.1 40 260 27.5
Maine 159361 1 25 4 12,039 11.3
Maine 159361 1 10 4 10,763 12.5
Maine 159361 1 1 4 7,572 16.9
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Maine 159361 1 0.1 4 4,794 22.3
Maine 159361 1 25 20 5,371 23.1
Maine 159361 1 10 20 4,298 25.3
Maine 159361 1 1 20 2,205 31.0
Maine 159361 1 0.1 20 1,014 34.6
Maine 159361 1 25 40 1,279 36.2
Maine 159361 1 10 40 867 36.6
Maine 159361 1 1 40 344 34.8
Maine 159361 1 0.1 40 156 28.5
Maine 159361 2 25 4 13,237 10.5
Maine 159361 2 10 4 11,870 11.7
Maine 159361 2 1 4 8,532 15.7
Maine 159361 2 0.1 4 5,512 21.1
Maine 159361 2 25 20 5,904 22.2
Maine 159361 2 10 20 4,748 24.5
Maine 159361 2 1 20 2,477 30.5
Maine 159361 2 0.1 20 1,158 34.0
Maine 159361 2 25 40 1,458 35.3
Maine 159361 2 10 40 986 36.0
Maine 159361 2 1 40 381 34.7
Maine 159361 2 0.1 40 165 31.3
Maine 159361 3 25 4 12,551 11.0
Maine 159361 3 10 4 11,243 12.1
Maine 159361 3 1 4 7,992 16.2
Maine 159361 3 0.1 4 5,114 21.5
Maine 159361 3 25 20 5,534 22.5
Maine 159361 3 10 20 4,450 24.6
Maine 159361 3 1 20 2,310 30.2
Maine 159361 3 0.1 20 1,069 33.7
Maine 159361 3 25 40 1,332 35.7
Maine 159361 3 10 40 903 36.6
Maine 159361 3 1 40 360 34.8
Maine 159361 3 0.1 40 164 30.7
Maine 159362 1 10 40 1,261 31.9
Maine 159362 1 1 40 486 31.5
Maine 159362 1 0.1 40 226 27.2
Maine 159362 1 10 20 5,965 23.3
Maine 159362 1 1 20 3,105 29.9
Maine 159362 1 0.1 20 1,464 33.8
Maine 159362 1 10 4 13,723 11.8
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Maine 159362 1 1 4 9,842 15.8
Maine 159362 1 0.1 4 6,375 21.1
Maine 159362 2 10 40 1,272 31.9
Maine 159362 2 1 40 483 31.8
Maine 159362 2 0.1 40 207 28.8
Maine 159362 2 10 20 5,635 23.3
Maine 159362 2 1 20 2,901 30.1
Maine 159362 2 0.1 20 1,343 34.4
Maine 159362 2 10 4 13,359 11.7
Maine 159362 2 1 4 9,522 15.7
Maine 159362 2 0.1 4 6,176 20.9
Maine 159362 3 10 40 1,346 32.4
Maine 159362 3 1 40 521 325
Maine 159362 3 0.1 40 221 30.3
Maine 159362 3 10 20 5,774 23.9
Maine 159362 3 1 20 2,920 30.9
Maine 159362 3 0.1 20 1,319 35.3
Maine 159362 3 10 4 14,088 115
Maine 159362 3 1 4 10,080 15.7
Maine 159362 3 0.1 4 6,503 21.1
Ontario 51 1 10 20 5,359 26.1
Ontario 51 1 1 20 2,671 31.1
Ontario 51 1 0.1 20 1,162 33.2
Ontario 51 1 10 40 1,165 34.0
Ontario 51 1 1 40 425 334
Ontario 51 1 0.1 40 175 32.4
Ontario 51 1 10 4 13,612 13.5
Ontario 51 1 1 4 9,282 17.9
Ontario 51 1 0.1 4 5,718 22.9
Ontario 51 2 10 20 5,222 26.9
Ontario 51 2 1 20 2,557 32.0
Ontario 51 2 0.1 20 1,090 34.3
Ontario 51 2 10 40 1,066 33.6
Ontario 5-1 2 1 40 383 32.9
Ontario 51 2 0.1 40 164 31.4
Ontario 51 2 10 4 13,932 13.7
Ontario 51 2 1 4 9,439 18.4
Ontario 51 2 0.1 4 5,740 23.7
Ontario 51 3 10 20 5,405 26.4
Ontario 51 3 1 20 2,658 31.2
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Ontario 51 3 0.1 20 1,151 33.3
Ontario 51 3 10 40 1,119 33.0
Ontario 51 3 1 40 398 32.8
Ontario 51 3 0.1 40 170 30.7
Ontario 51 3 10 4 14,325 13.8
Ontario 51 3 1 4 9,745 18.2
Ontario 51 3 0.1 4 5,987 23.1
Ontario 5-1B 1 10 40 1,348 34.9
Ontario 5-1B 1 1 40 473 35.2
Ontario 5-1B 1 0.1 40 183 34.1
Ontario 5-1B 1 10 4 15,274 12.6
Ontario 5-1B 1 1 4 10,623 17.2
Ontario 5-1B 1 0.1 4 6,663 22.0
Ontario 5-1B 1 10 20 6,473 24.5
Ontario 5-1B 1 1 20 3,352 30.1
Ontario 5-1B 1 0.1 20 1,522 32.8
Ontario 5-1B 2 10 20 5,769 25.4
Ontario 5-1B 2 1 20 2,933 30.1
Ontario 5-1B 2 0.1 20 1,326 32.1
Ontario 5-1B 2 10 40 1,222 34.6
Ontario 5-1B 2 1 40 436 35.0
Ontario 5-1B 2 0.1 40 180 33.8
Ontario 5-1B 2 10 4 14,404 13.7
Ontario 5-1B 2 1 4 9,900 17.7
Ontario 5-1B 2 0.1 4 6,228 22.1
Ontario 5-1B 3 10 20 5,912 25.3
Ontario 5-1B 3 1 20 3,026 30.1
Ontario 5-1B 3 0.1 20 1,356 32.3
Ontario 5-1B 3 10 40 1,294 33.5
Ontario 5-1B 3 1 40 455 33.2
Ontario 5-1B 3 0.1 40 172 32.3
Ontario 5-1B 3 10 4 15,137 13.1
Ontario 5-1B 3 1 4 10,507 17.0
Ontario 5-1B 3 0.1 4 6,711 21.5
Ontario 5-2 1 10 20 4,431 27.3
Ontario 5-2 1 1 20 2,121 32.7
Ontario 5-2 1 0.1 20 876 35.4
Ontario 5-2 1 10 40 920 35.2
Ontario 5-2 1 1 40 322 34.5
Ontario 5-2 1 0.1 40 150 30.8
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Ontario 5-2 1 10 4 11,270 14.8
Ontario 52 1 1 4 7,458 19.8
Ontario 5-2 1 0.1 4 4,461 25.3
Ontario 5-2 2 10 20 4,363 27.1
Ontario 5-2 2 1 20 2,108 32.6
Ontario 5-2 2 0.1 20 873 36.0
Ontario 5-2 2 10 40 983 32.4
Ontario 5-2 2 1 40 339 32.7
Ontario 5-2 2 0.1 40 148 29.8
Ontario 5-2 2 10 4 11,333 14.3
Ontario 5-2 2 1 4 7,603 19.1
Ontario 5-2 2 0.1 4 4,546 24.9
Ontario 5-2 3 10 20 4,401 27.2
Ontario 5-2 3 1 20 2,095 32.7
Ontario 5-2 3 0.1 20 848 35.3
Ontario 5-2 3 10 40 901 33.1
Ontario 5-2 3 1 40 291 33.4
Ontario 5-2 3 0.1 40 106 33.0
Ontario 5-2 3 10 4 11,825 14.0
Ontario 5-2 3 1 4 7,971 18.7
Ontario 5-2 3 0.1 4 4,791 24.3
Ontario 5-6 1 10 20 5,828 25.8
Ontario 5-6 1 1 20 2,910 315
Ontario 5-6 1 0.1 20 1,253 34.4
Ontario 5-6 1 10 40 1,217 34.6
Ontario 5-6 1 1 40 443 33.8
Ontario 5-6 1 0.1 40 187 31.1
Ontario 5-6 1 10 4 13,738 14.2
Ontario 5-6 1 1 4 9,172 18.9
Ontario 5-6 1 0.1 4 5,602 24.1
Ontario 5-6 2 10 20 5,664 26.7
Ontario 5-6 2 1 20 2,773 32.7
Ontario 5-6 2 0.1 20 1,164 35.8
Ontario 5-6 2 10 40 1,210 34.9
Ontario 5-6 2 1 40 426 34.4
Ontario 5-6 2 0.1 40 175 32.3
Ontario 5-6 2 10 4 14,496 13.8
Ontario 5-6 2 1 4 9,895 18.4
Ontario 5-6 2 0.1 4 6,004 23.9
Ontario 5-6 3 10 20 5,908 26.1
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Ontario 5-6 3 1 20 2,948 31.4
Ontario 5-6 3 0.1 20 1,295 34.0
Ontario 5-6 3 10 40 1,284 335
Ontario 5-6 3 1 40 476 32.3
Ontario 5-6 3 0.1 40 208 30.2
Ontario 5-6 3 10 4 15,098 13.5
Ontario 5-6 3 1 4 10,394 18.0
Ontario 5-6 3 0.1 4 6,392 23.3
Ontario 5-7 1 10 20 6,605 24.7
Ontario 5-7 1 1 20 3,429 29.9
Ontario 57 1 0.1 20 1,563 32.2
Ontario 5-7 1 10 40 1,503 33.1
Ontario 57 1 1 40 607 31.2
Ontario 5-7 1 0.1 40 288 26.9
Ontario 57 1 10 4 14,766 13.7
Ontario 57 1 1 4 10,258 18.0
Ontario 5-7 1 0.1 4 6,533 22.7
Ontario 57 2 10 20 6,303 25.4
Ontario 57 2 1 20 3,191 30.3
Ontario 57 2 0.1 20 1,433 32.3
Ontario 5-7 2 10 40 1,272 34.2
Ontario 5-7 2 1 40 478 32.4
Ontario 57 2 0.1 40 207 30.9
Ontario 5-7 2 10 4 15,086 13.7
Ontario 57 2 1 4 10,398 18.0
Ontario 57 2 0.1 4 6,478 23.0
Ontario 57 3 10 20 5,689 25.9
Ontario 57 3 1 20 2,839 31.3
Ontario 5-7 3 0.1 20 1,253 33.4
Ontario 57 3 10 40 1,206 33.9
Ontario 5-7 3 1 40 464 32.7
Ontario 57 3 0.1 40 204 29.9
Ontario 5-7 3 10 4 14,578 135
Ontario 5-7 3 1 4 10,090 17.7
Ontario 57 3 0.1 4 6,312 22.5
Ontario 5-8 1 10 20 5,819 24.8
Ontario 5-8 1 1 20 3,000 30.3
Ontario 5-8 1 0.1 20 1,344 33.5
Ontario 5-8 1 10 40 1,345 31.6
Ontario 5-8 1 1 40 519 29.8
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Ontario 5-8 1 0.1 40 210 29.6
Ontario 5-8 1 10 4 13,708 13.3
Ontario 5-8 1 1 4 9,461 17.5
Ontario 5-8 1 0.1 4 5,955 22.2
Ontario 5-8 2 10 20 5,953 25.0
Ontario 5-8 2 1 20 3,076 30.3
Ontario 5-8 2 0.1 20 1,375 33.2
Ontario 5-8 2 10 40 1,416 31.8
Ontario 5-8 2 1 40 545 30.2
Ontario 5-8 2 0.1 40 226 28.4
Ontario 5-8 2 10 4 14,700 12.8
Ontario 5-8 2 1 4 10,269 16.8
Ontario 5-8 2 0.1 4 6,541 21.7
Ontario 5-8 3 10 20 6,055 25.9
Ontario 5-8 3 1 20 3,045 31.3
Ontario 5-8 3 0.1 20 1,344 34.1
Ontario 5-8 3 10 40 1,374 33.2
Ontario 5-8 3 1 40 537 31.5
Ontario 5-8 3 0.1 40 232 28.6
Ontario 5-8 3 10 4 15,364 13.1
Ontario 5-8 3 1 4 10,707 17.4
Ontario 5-8 3 0.1 4 6,684 22.8
Ontario 5-10 1 10 40 986 31.7
Ontario 5-10 1 1 40 328 31.9
Ontario 5-10 1 0.1 40 130 29.8
Ontario 5-10 1 10 4 10,688 14.6
Ontario 5-10 1 1 4 7,162 19.6
Ontario 5-10 1 0.1 4 4,276 25.2
Ontario 5-10 1 10 20 4,297 26.4
Ontario 5-10 1 1 20 2,124 31.0
Ontario 5-10 1 0.1 20 905 32.8
Ontario 5-10 2 10 40 1,090 33.2
Ontario 5-10 2 1 40 353 33.7
Ontario 5-10 2 0.1 40 123 33.3
Ontario 5-10 2 10 4 13,207 13.4
Ontario 5-10 2 1 4 9,060 18.0
Ontario 5-10 2 0.1 4 5,566 23.7
Ontario 5-10 2 10 20 4,482 27.3
Ontario 5-10 2 1 20 2,159 31.6
Ontario 5-10 2 0.1 20 929 33.0
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Ontario 5-10 3 10 20 4,621 27.2

Ontario 5-10 3 1 20 2,213 33.2

Ontario 5-10 3 0.1 20 908 36.7

Ontario 5-10 3 10 4 12,596 13.7

Ontario 5-10 3 1 4 8,529 18.5

Ontario 5-10 3 0.1 4 5,115 24.4

Ontario 5-10 3 10 40 993 335

Ontario 5-10 3 1 40 324 34.4

Ontario 5-10 3 0.1 40 131 32.5
NC Surface 1 1 10 20 8,222 17.1
NC Surface 1 1 1 20 5,191 21.7
NC Surface 1 1 0.1 20 2,980 26.7
NC Surface 1 1 10 40 2,405 31.1
NC Surface 1 1 1 40 1,099 34.5
NC Surface 1 1 0.1 40 474 34.8
NC Surface 1 1 10 4 15,713 8.9
NC Surface 1 1 1 4 12,305 11.0
NC Surface 1 1 0.1 4 9,217 13.8
NC Surface 1 2 10 20 7,952 17.7
NC Surface 1 2 1 20 4,916 22.7
NC Surface 1 2 0.1 20 2,764 27.8
NC Surface 1 2 10 40 2,091 32.7
NC Surface 1 2 1 40 899 36.0
NC Surface 1 2 0.1 40 353 36.8
NC Surface 1 2 10 4 15,603 9.4
NC Surface 1 2 1 4 12,186 11.4
NC Surface 1 2 0.1 4 9,095 14.0
NC Surface 1 3 10 20 7,581 17.9
NC Surface 1 3 1 20 4,693 23.0
NC Surface 1 3 0.1 20 2,625 28.2
NC Surface 1 3 10 40 1,997 32.6
NC Surface 1 3 1 40 868 35.4
NC Surface 1 3 0.1 40 360 35.2
NC Surface 1 3 10 4 15,399 9.2
NC Surface 1 3 1 4 12,035 11.0
NC Surface 1 3 0.1 4 9,025 13.6
NC Surface 2 1 10 20 5,082 19.4
NC Surface 2 1 1 20 3,003 24.5
NC Surface 2 1 0.1 20 1,603 29.3
NC Surface 2 1 10 40 1,123 33.3

297



Table A.1 (continued)

NC Surface 2 1 1 40 449 35.2
NC Surface 2 1 0.1 40 182 34.2
NC Surface 2 1 10 4 10,487 10.8
NC Surface 2 1 1 4 7,851 13.3
NC Surface 2 1 0.1 4 5,631 16.5
NC Surface 2 2 10 20 4,867 20.0
NC Surface 2 2 1 20 2,835 24.9
NC Surface 2 2 0.1 20 1,516 29.6
NC Surface 2 2 10 40 1,138 33.3
NC Surface 2 2 1 40 448 35.5
NC Surface 2 2 0.1 40 174 35.5
NC Surface 2 2 10 4 10,447 10.6
NC Surface 2 2 1 4 7,812 12.9
NC Surface 2 2 0.1 4 5,524 16.3
NC Surface 2 3 10 20 4,603 20.5
NC Surface 2 3 1 20 2,652 25.6
NC Surface 2 3 0.1 20 1,389 30.2
NC Surface 2 3 10 40 1,056 33.3
NC Surface 2 3 1 40 412 35.9
NC Surface 2 3 0.1 40 165 35.4
NC Surface 2 3 10 4 10,231 10.8
NC Surface 2 3 1 4 7,638 13.2
NC Surface 2 3 0.1 4 5,394 16.5
NC Surface 3 1 10 20 4,789 20.2
NC Surface 3 1 1 20 2,794 25.0
NC Surface 3 1 0.1 20 1,482 29.5
NC Surface 3 1 10 40 1,183 33.1
NC Surface 3 1 1 40 459 36.0
NC Surface 3 1 0.1 40 179 35.8
NC Surface 3 1 10 4 10,820 10.0
NC Surface 3 1 1 4 8,181 12.1
NC Surface 3 1 0.1 4 5,847 15.3
NC Surface 3 2 10 20 4,797 20.0
NC Surface 3 2 1 20 2,779 25.2
NC Surface 3 2 0.1 20 1,464 30.1
NC Surface 3 2 10 40 1,144 33.1
NC Surface 3 2 1 40 443 35.7
NC Surface 3 2 0.1 40 170 35.7
NC Surface 3 2 10 4 10,384 10.9
NC Surface 3 2 1 4 7,783 13.0
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NC Surface 3 2 0.1 4 5,528 16.1
NC Surface 3 3 10 40 1,200 33.2
NC Surface 3 3 1 40 482 35.6
NC Surface 3 3 0.1 40 203 34.8
NC Surface 3 3 10 4 10,756 10.4
NC Surface 3 3 1 4 8,124 12.6
NC Surface 3 3 0.1 4 5,793 15.8
NC Surface 4 1 10 20 5,642 20.2
NC Surface 4 1 1 20 3,320 24.9
NC Surface 4 1 0.1 20 1,787 29.5
NC Surface 4 1 10 40 1,612 32.9
NC Surface 4 1 1 40 686 35.9
NC Surface 4 1 0.1 40 276 36.2
NC Surface 4 1 10 4 11,965 10.2
NC Surface 4 1 1 4 9,026 12.6
NC Surface 4 1 0.1 4 6,486 15.8
NC Surface 4 2 10 20 5,455 19.8
NC Surface 4 2 1 20 3,192 25.0
NC Surface 4 2 0.1 20 1,703 29.9
NC Surface 4 2 10 40 1,422 33.6
NC Surface 4 2 1 40 576 36.4
NC Surface 4 2 0.1 40 223 36.7
NC Surface 4 2 10 4 11,790 10.4
NC Surface 4 2 1 4 8,937 12.6
NC Surface 4 2 0.1 4 6,453 15.7
NC Surface 4 3 10 20 5,383 19.8
NC Surface 4 3 1 20 3,156 24.9
NC Surface 4 3 0.1 20 1,690 29.8
NC Surface 4 3 10 40 1,337 33.0
NC Surface 4 3 1 40 543 35.7
NC Surface 4 3 0.1 40 218 35.7
NC Surface 4 3 10 4 11,555 10.4
NC Surface 4 3 1 4 8,706 12.7
NC Surface 4 3 0.1 4 6,294 15.8
NC Surface 7 1 10 20 4,942 19.9
NC Surface 7 1 1 20 2,931 23.6
NC Surface 7 1 0.1 20 1,576 26.9
NC Surface 7 1 10 40 1,254 31.6
NC Surface 7 1 1 40 519 335
NC Surface 7 1 0.1 40 212 33.2
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NC Surface 7 1 10 4 10,814 10.7
NC Surface 7 1 1 4 8,161 13.1
NC Surface 7 1 0.1 4 5,825 16.1
NC Surface 7 2 10 40 1,155 324
NC Surface 7 2 1 40 449 34.8
NC Surface 7 2 0.1 40 172 35.2
NC Surface 7 2 10 4 10,945 10.5
NC Surface 7 2 1 4 8,175 13.0
NC Surface 7 2 0.1 4 5,760 16.4
NC Surface 7 2 10 20 4,698 21.2
NC Surface 7 2 1 20 2,693 26.2
NC Surface 7 2 0.1 20 1,429 30.3
NC Surface 7 3 10 40 1,151 324
NC Surface 7 3 1 40 457 35.0
NC Surface 7 3 0.1 40 175 355
NC Surface 7 3 10 4 10,492 10.8
NC Surface 7 3 1 4 7,863 13.2
NC Surface 7 3 0.1 4 5,525 16.5
NC Surface 7 3 10 20 4,614 21.0
NC Surface 7 3 1 20 2,636 26.1
NC Surface 7 3 0.1 20 1,379 30.5
NC Surface 9 1 10 20 5,951 19.4
NC Surface 9 1 1 20 3,480 24.8
NC Surface 9 1 0.1 20 1,851 29.9
NC Surface 9 1 10 40 1,441 335
NC Surface 9 1 1 40 574 36.3
NC Surface 9 1 0.1 40 220 36.4
NC Surface 9 1 10 4 12,613 10.2
NC Surface 9 1 1 4 9,552 12.6
NC Surface 9 1 0.1 4 6,880 15.7
NC Surface 9 2 10 20 5,873 19.7
NC Surface 9 2 1 20 3,429 25.2
NC Surface 9 2 0.1 20 1,809 30.4
NC Surface 9 2 10 40 1,463 33.3
NC Surface 9 2 1 40 595 35.6
NC Surface 9 2 0.1 40 240 34.6
NC Surface 9 2 10 4 12,413 10.3
NC Surface 9 2 1 4 9,360 12.6
NC Surface 9 2 0.1 4 6,694 15.9
NC Surface 9 3 10 20 6,036 19.2
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NC Surface 9 3 1 20 3,574 24.5
NC Surface 9 3 0.1 20 1,908 29.6
NC Surface 9 3 10 40 1,464 34.1
NC Surface 9 3 1 40 581 37.1
NC Surface 9 3 0.1 40 220 37.2
NC Surface 9 3 10 4 12,504 10.3
NC Surface 9 3 1 4 9,499 125
NC Surface 9 3 0.1 4 6,908 15.6
NC Surface 10 1 10 20 7,357 17.7
NC Surface 10 1 1 20 4,488 22.8
NC Surface 10 1 0.1 20 2,500 28.1
NC Surface 10 1 10 40 2,106 31.9
NC Surface 10 1 1 40 925 35.3
NC Surface 10 1 0.1 40 361 36.4
NC Surface 10 1 10 4 14,530 9.7
NC Surface 10 1 1 4 11,117 11.7
NC Surface 10 1 0.1 4 8,142 14.3
NC Surface 10 2 10 20 7,155 18.3
NC Surface 10 2 1 20 4,353 23.4
NC Surface 10 2 0.1 20 2,423 28.5
NC Surface 10 2 10 40 1,947 32.3
NC Surface 10 2 1 40 839 35.5
NC Surface 10 2 0.1 40 338 35.6
NC Surface 10 2 10 4 14,264 9.8
NC Surface 10 2 1 4 10,997 11.8
NC Surface 10 2 0.1 4 8,148 14.7
NC Surface 10 3 10 20 7,059 18.1
NC Surface 10 3 1 20 4,276 23.4
NC Surface 10 3 0.1 20 2,353 28.7
NC Surface 10 3 10 40 1,869 32.6
NC Surface 10 3 1 40 795 35.4
NC Surface 10 3 0.1 40 316 35.1
NC Surface 10 3 10 4 14,302 9.4
NC Surface 10 3 1 4 10,997 11.6
NC Surface 10 3 0.1 4 8,127 14.4
NC Intermediate 1 1 10 40 2,827 33.3
NC Intermediate 1 1 1 40 1,167 36.7
NC Intermediate 1 1 0.1 40 436 35.5
NC Intermediate 1 1 10 4 18,260 8.4
NC Intermediate 1 1 1 4 14,489 10.9
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NC Intermediate 1 1 0.1 4 10,799 14.7
NC Intermediate 1 1 10 20 9,989 16.7
NC Intermediate 1 1 1 20 6,267 23.0
NC Intermediate 1 1 0.1 20 3,425 29.6
NC Intermediate 1 2 10 40 2,926 32.4
NC Intermediate 1 2 1 40 1,202 35.4
NC Intermediate 1 2 0.1 40 424 34.9
NC Intermediate 1 2 10 4 18,562 7.8
NC Intermediate 1 2 1 4 14,886 10.2
NC Intermediate 1 2 0.1 4 11,247 13.9
NC Intermediate 1 2 10 20 10,208 16.6
NC Intermediate 1 2 1 20 6,393 22.8
NC Intermediate 1 2 0.1 20 3,475 30.0
NC Intermediate 1 3 10 40 2,834 334
NC Intermediate 1 3 1 40 1,145 36.4
NC Intermediate 1 3 0.1 40 400 35.7
NC Intermediate 1 3 10 4 19,231 7.9
NC Intermediate 1 3 1 4 15,415 10.3
NC Intermediate 1 3 0.1 4 11,628 14.0
NC Intermediate 1 3 10 20 10,467 16.6
NC Intermediate 1 3 1 20 6,582 22.9
NC Intermediate 1 3 0.1 20 3,591 29.8
NC Intermediate 2 1 10 40 2,348 32.7
NC Intermediate 2 1 1 40 929 35.2
NC Intermediate 2 1 0.1 40 318 35.0
NC Intermediate 2 1 10 4 16,224 8.7
NC Intermediate 2 1 1 4 12,796 11.2
NC Intermediate 2 1 0.1 4 9,526 14.9
NC Intermediate 2 1 10 20 8,735 17.4
NC Intermediate 2 1 1 20 5,425 23.1
NC Intermediate 2 1 0.1 20 2,900 29.2
NC Intermediate 2 2 10 40 2,372 33.9
NC Intermediate 2 2 1 40 946 36.1
NC Intermediate 2 2 0.1 40 355 34.0
NC Intermediate 2 2 10 4 16,503 8.8
NC Intermediate 2 2 1 4 12,987 11.4
NC Intermediate 2 2 0.1 4 9,663 15.4
NC Intermediate 2 2 10 20 8,728 17.8
NC Intermediate 2 2 1 20 5,328 24.3
NC Intermediate 2 2 0.1 20 2,799 31.4
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Table A.1 (continued)

NC Intermediate 2 3 10 40 2,305 33.7
NC Intermediate 2 3 1 40 890 36.6
NC Intermediate 2 3 0.1 40 296 36.8
NC Intermediate 2 3 10 4 16,597 8.5
NC Intermediate 2 3 1 4 13,052 11.1
NC Intermediate 2 3 0.1 4 9,636 15.1
NC Intermediate 2 3 10 20 8,833 17.5
NC Intermediate 2 3 1 20 5,384 24.2
NC Intermediate 2 3 0.1 20 2,822 31.6
NC Intermediate 3 1 10 20 6,702 19.4
NC Intermediate 3 1 1 20 3,896 26.2
NC Intermediate 3 1 0.1 20 1,951 33.1
NC Intermediate 3 1 10 40 1,699 33.0
NC Intermediate 3 1 1 40 649 34.4
NC Intermediate 3 1 0.1 40 225 34.0
NC Intermediate 3 1 10 4 12,938 9.8
NC Intermediate 3 1 1 4 9,873 13.0
NC Intermediate 3 1 0.1 4 7,007 17.5
NC Intermediate 3 2 10 20 6,598 19.7
NC Intermediate 3 2 1 20 3,856 26.6
NC Intermediate 3 2 0.1 20 1,941 33.3
NC Intermediate 3 2 10 40 1,652 35.7
NC Intermediate 3 2 1 40 594 38.5
NC Intermediate 3 2 0.1 40 202 36.8
NC Intermediate 3 2 10 4 13,487 9.4
NC Intermediate 3 2 1 4 10,415 12.4
NC Intermediate 3 2 0.1 4 7,479 16.9
NC Intermediate 3 3 10 20 6,464 19.1
NC Intermediate 3 3 1 20 3,826 25.8
NC Intermediate 3 3 0.1 20 1,946 32.6
NC Intermediate 3 3 10 40 1,592 34.1
NC Intermediate 3 3 1 40 597 35.7
NC Intermediate 3 3 0.1 40 211 33.8
NC Intermediate 3 3 10 4 12,674 8.9
NC Intermediate 3 3 1 4 9,938 11.7
NC Intermediate 3 3 0.1 4 7,206 16.1
NC Intermediate 4 1 10 20 8,318 18.0
NC Intermediate 4 1 1 20 4,999 24.4
NC Intermediate 4 1 0.1 20 2,654 31.1
NC Intermediate 4 1 10 40 2,453 31.7
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Table A.1 (continued)

NC Intermediate 4 1 1 40 1,014 34.1
NC Intermediate 4 1 0.1 40 386 32.8
NC Intermediate 4 1 10 4 15,919 9.3
NC Intermediate 4 1 1 4 12,185 12.2
NC Intermediate 4 1 0.1 4 8,831 16.2
NC Intermediate 4 2 10 20 7,735 18.2
NC Intermediate 4 2 1 20 4,656 24.6
NC Intermediate 4 2 0.1 20 2,437 31.3
NC Intermediate 4 2 10 40 1,948 34.0
NC Intermediate 4 2 1 40 760 36.6
NC Intermediate 4 2 0.1 40 267 35.8
NC Intermediate 4 2 10 4 14,776 9.5
NC Intermediate 4 2 1 4 11,406 12.0
NC Intermediate 4 2 0.1 4 8,272 15.8
NC Intermediate 4 3 10 20 7,965 18.6
NC Intermediate 4 3 1 20 4,746 25.1
NC Intermediate 4 3 0.1 20 2,455 31.9
NC Intermediate 4 3 10 40 1,992 34.5
NC Intermediate 4 3 1 40 766 37.0
NC Intermediate 4 3 0.1 40 262 36.1
NC Intermediate 4 3 10 4 15,641 9.0
NC Intermediate 4 3 1 4 12,096 11.8
NC Intermediate 4 3 0.1 4 8,710 15.9
NC Intermediate 5 1 10 20 8,799 18.3
NC Intermediate 5 1 1 20 5,266 25.1
NC Intermediate 5 1 0.1 20 2,724 31.8
NC Intermediate 5 1 10 40 2,284 34.6
NC Intermediate 5 1 1 40 875 36.9
NC Intermediate 5 1 0.1 40 292 35.8
NC Intermediate 5 1 10 4 17,194 8.8
NC Intermediate 5 1 1 4 13,452 115
NC Intermediate 5 1 0.1 4 9,843 15.6
NC Intermediate 5 2 10 20 8,573 18.7
NC Intermediate 5 2 1 20 5,093 25.3
NC Intermediate 5 2 0.1 20 2,612 32.1
NC Intermediate 5 2 10 40 2,185 34.5
NC Intermediate 5 2 1 40 829 36.6
NC Intermediate 5 2 0.1 40 280 35.1
NC Intermediate 5 2 10 4 16,972 8.8
NC Intermediate 5 2 1 4 13,192 11.7
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Table A.1 (continued)

NC Intermediate 5 2 0.1 4 9,573 15.8
NC Intermediate 5 3 10 20 8,454 18.5
NC Intermediate 5 3 1 20 5,031 25.3
NC Intermediate 5 3 0.1 20 2,577 32.4
NC Intermediate 5 3 10 40 2,189 34.6
NC Intermediate 5 3 1 40 836 36.8
NC Intermediate 5 3 0.1 40 286 35.4
NC Intermediate 5 3 10 4 16,144 9.2
NC Intermediate 5 3 1 4 12,474 12.2
NC Intermediate 5 3 0.1 4 9,028 16.3
NC Intermediate 6-1 1 10 20 9,455 17.5
NC Intermediate 6-1 1 1 20 5,899 22.5
NC Intermediate 6-1 1 0.1 20 3,365 27.4
NC Intermediate 6-1 1 10 40 2,745 31.9
NC Intermediate 6-1 1 1 40 1,242 34.7
NC Intermediate 6-1 1 0.1 40 517 34.3
NC Intermediate 6-1 1 10 4 16,630 9.6
NC Intermediate 6-1 1 1 4 12,737 12.2
NC Intermediate 6-1 1 0.1 4 9,399 15.5
NC Intermediate 6-1 2 10 4 18,368 8.8
NC Intermediate 6-1 2 1 4 14,485 11.1
NC Intermediate 6-1 2 0.1 4 10,857 14.1
NC Intermediate 6-1 2 10 20 9,623 16.9
NC Intermediate 6-1 2 1 20 6,075 22.3
NC Intermediate 6-1 2 0.1 20 3,525 27.4
NC Intermediate 6-1 2 10 40 2,876 31.4
NC Intermediate 6-1 2 1 40 1,305 34.0
NC Intermediate 6-1 2 0.1 40 548 33.6
NC Intermediate 6-1 2 10 4 18,333 8.6
NC Intermediate 6-1 2 1 4 14,538 10.5
NC Intermediate 6-1 2 0.1 4 11,014 13.6
NC Intermediate 6-1 3 10 20 9,267 17.8
NC Intermediate 6-1 3 1 20 5,775 22.8
NC Intermediate 6-1 3 0.1 20 3,340 27.4
NC Intermediate 6-1 3 10 40 2,713 31.4
NC Intermediate 6-1 3 1 40 1,236 34.1
NC Intermediate 6-1 3 0.1 40 503 34.0
NC Intermediate 6-1 3 10 4 18,477 8.7
NC Intermediate 6-1 3 1 4 14,688 10.7
NC Intermediate 6-1 3 0.1 4 11,120 135
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Table A.1 (continued)

NC Intermediate 6-2 1 10 20 5,421 20.8
NC Intermediate 6-2 1 1 20 3,118 26.0
NC Intermediate 6-2 1 0.1 20 1,688 30.1
NC Intermediate 6-2 1 10 40 1,568 32.3
NC Intermediate 6-2 1 1 40 652 34.4
NC Intermediate 6-2 1 0.1 40 246 35.0
NC Intermediate 6-2 1 10 4 11,968 10.6
NC Intermediate 6-2 1 1 4 8,930 13.2
NC Intermediate 6-2 1 0.1 4 6,331 16.7
NC Intermediate 6-2 2 10 20 5,658 20.6
NC Intermediate 6-2 2 1 20 3,276 25.9
NC Intermediate 6-2 2 0.1 20 1,758 30.5
NC Intermediate 6-2 2 10 40 1,582 325
NC Intermediate 6-2 2 1 40 651 34.8
NC Intermediate 6-2 2 0.1 40 246 34.8
NC Intermediate 6-2 2 10 4 11,094 11.4
NC Intermediate 6-2 2 1 4 8,226 14.3
NC Intermediate 6-2 2 0.1 4 5,878 17.8
NC Intermediate 6-2 3 10 20 5,452 20.0
NC Intermediate 6-2 3 1 20 3,192 25.1
NC Intermediate 6-2 3 0.1 20 1,748 29.3
NC Intermediate 6-2 3 10 40 1,616 30.7
NC Intermediate 6-2 3 1 40 714 32.3
NC Intermediate 6-2 3 0.1 40 320 31.1
NC Intermediate 6-2 3 10 4 11,357 10.4
NC Intermediate 6-2 3 1 4 8,521 13.1
NC Intermediate 6-2 3 0.1 4 6,062 16.4
Maryland 97-33 1 10 40 2,821 30.2
Maryland 97-33 1 1 40 1,224 31.7
Maryland 97-33 1 0.1 40 508 30.7
Maryland 97-33 1 10 20 10,519 16.6
Maryland 97-33 1 1 20 6,642 21.8
Maryland 97-33 1 0.1 20 3,676 27.2
Maryland 97-33 1 10 4 19,300 8.4
Maryland 97-33 1 1 4 15,239 10.8
Maryland 97-33 1 0.1 4 11,321 14.2
Maryland 97-33 2 10 40 2,573 31.3
Maryland 97-33 2 1 40 1,083 33.0
Maryland 97-33 2 0.1 40 430 31.6
Maryland 97-33 2 10 20 9,670 17.7
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Table A.1 (continued)

Maryland 97-33 2 1 20 5,944 23.1
Maryland 97-33 2 0.1 20 3,203 28.5
Maryland 97-33 2 10 4 18,964 8.8

Maryland 97-33 2 1 4 14,788 11.3
Maryland 97-33 2 0.1 4 10,820 14.7
Maryland 97-33 3 10 40 2,474 31.6
Maryland 97-33 3 1 40 1,040 33.1
Maryland 97-33 3 0.1 40 428 31.3
Maryland 97-33 3 10 20 9,443 18.2
Maryland 97-33 3 1 20 5,697 23.9
Maryland 97-33 3 0.1 20 3,022 29.4
Maryland 97-33 3 10 4 19,061 8.8

Maryland 97-33 3 1 4 14,788 11.4
Maryland 97-33 3 0.1 4 10,764 14.9
Maryland 97-57 1 10 20 9,393 15.8
Maryland 97-57 1 1 20 6,042 20.9
Maryland 97-57 1 0.1 20 3,456 26.6
Maryland 97-57 1 10 40 2,761 30.2
Maryland 97-57 1 1 40 1,250 33.6
Maryland 97-57 1 0.1 40 521 33.6
Maryland 97-57 1 10 4 17,478 8.0

Maryland 97-57 1 1 4 13,946 10.2
Maryland 97-57 1 0.1 4 10,631 13.0
Maryland 97-57 2 10 20 9,060 16.7
Maryland 97-57 2 1 20 5,712 22.0
Maryland 97-57 2 0.1 20 3,239 27.7
Maryland 97-57 2 10 40 2,675 30.1
Maryland 97-57 2 1 40 1,227 32.9
Maryland 97-57 2 0.1 40 532 32.4
Maryland 97-57 2 10 4 18,071 7.9

Maryland 97-57 2 1 4 14,460 10.0
Maryland 97-57 2 0.1 4 10,971 13.1
Maryland 97-57 3 10 20 8,683 16.5
Maryland 97-57 3 1 20 5,504 21.5
Maryland 97-57 3 0.1 20 3,115 27.0
Maryland 97-57 3 10 40 2,521 29.9
Maryland 97-57 3 1 40 1,139 32.9
Maryland 97-57 3 0.1 40 490 324
Maryland 97-57 3 10 4 17,130 7.9

Maryland 97-57 3 1 4 13,770 9.9
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Table A.1 (continued)

Maryland 97-57 3 0.1 4 10,456 12.8
Maryland 120B-33 1 10 20 7,755 20.8
Maryland 120B-33 1 1 20 4,336 27.1
Maryland 120B-33 1 0.1 20 2,091 32.0
Maryland 120B-33 1 10 40 1,852 35.7
Maryland 120B-33 1 1 40 678 37.7
Maryland 120B-33 1 0.1 40 230 35.7
Maryland 120B-33 1 10 4 17,672 9.4

Maryland 120B-33 1 1 4 13,466 12.5
Maryland 120B-33 1 0.1 4 9,406 17.0
Maryland 120B-33 2 10 20 9,562 19.1
Maryland 120B-33 2 1 20 5,555 25.4
Maryland 120B-33 2 0.1 20 2,758 31.3
Maryland 120B-33 2 10 40 2,372 34.5
Maryland 120B-33 2 1 40 901 36.5
Maryland 120B-33 2 0.1 40 313 34.5
Maryland 120B-33 2 10 4 19,283 9.6

Maryland 120B-33 2 1 4 14,705 12.7
Maryland 120B-33 2 0.1 4 10,342 17.0
Maryland 120B-33 3 10 20 8,186 21.5
Maryland 120B-33 3 1 20 4,490 28.0
Maryland 120B-33 3 0.1 20 2,132 32.8
Maryland 120B-33 3 10 40 2,243 34.5
Maryland 120B-33 3 1 40 836 36.0
Maryland 120B-33 3 0.1 40 291 33.4
Maryland 120B-33 3 10 4 19,461 9.5

Maryland 120B-33 3 1 4 14,827 12.6
Maryland 120B-33 3 0.1 4 10,352 17.1
Maryland 120B-57 1 10 20 9,767 17.3
Maryland 120B-57 1 1 20 5,977 23.3
Maryland 120B-57 1 0.1 20 3,172 29.8
Maryland 120B-57 1 10 40 2,784 315
Maryland 120B-57 1 1 40 1,158 34.1
Maryland 120B-57 1 0.1 40 418 34.2
Maryland 120B-57 1 10 4 18,368 8.5

Maryland 120B-57 1 1 4 14,439 11.4
Maryland 120B-57 1 0.1 4 10,521 15.5
Maryland 120B-57 2 10 20 8,738 18.3
Maryland 120B-57 2 1 20 5,244 24.2
Maryland 120B-57 2 0.1 20 2,736 30.3
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Table A.1 (continued)

Maryland 120B-57 2 10 40 2,263 33.3
Maryland 120B-57 2 1 40 918 35.6
Maryland 120B-57 2 0.1 40 355 33.6
Maryland 120B-57 2 10 4 17,672 8.5

Maryland 120B-57 2 1 4 13,866 11.3
Maryland 120B-57 2 0.1 4 10,080 15.2
Maryland 120B-57 3 10 20 8,538 17.9
Maryland 120B-57 3 1 20 5,165 23.8
Maryland 120B-57 3 0.1 20 2,729 29.9
Maryland 120B-57 3 10 40 2,201 33.1
Maryland 120B-57 3 1 40 888 36.0
Maryland 120B-57 3 0.1 40 329 35.1
Maryland 120B-57 3 10 4 17,252 8.4

Maryland 120B-57 3 1 4 13,574 11.0
Maryland 120B-57 3 0.1 4 9,937 14.7
Maryland 410029 1 10 40 1,821 34.7
Maryland 410029 1 1 40 632 33.9
Maryland 410029 1 0.1 40 231 30.4
Maryland 410029 1 10 20 7,453 22.0
Maryland 410029 1 1 20 4,019 29.3
Maryland 410029 1 0.1 20 1,804 35.4
Maryland 410029 1 10 4 16,625 10.2
Maryland 410029 1 1 4 12,354 13.9
Maryland 410029 1 0.1 4 8,327 19.2
Maryland 410029 2 10 40 1,705 35.3
Maryland 410029 2 1 40 579 35.9
Maryland 410029 2 0.1 40 212 32.5
Maryland 410029 2 10 20 7,974 21.5
Maryland 410029 2 1 20 4,356 28.9
Maryland 410029 2 0.1 20 1,977 35.3
Maryland 410029 2 10 4 17,190 10.4
Maryland 410029 2 1 4 12,840 13.9
Maryland 410029 2 0.1 4 8,658 19.2
Maryland 410029 3 10 40 1,676 35.2
Maryland 410029 3 1 40 584 35.0
Maryland 410029 3 0.1 40 211 32.8
Maryland 410029 3 10 20 8,012 21.1
Maryland 410029 3 1 20 4,405 28.3
Maryland 410029 3 0.1 20 2,048 34.0
Maryland 410029 3 10 4 17,852 9.9
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Table A.1 (continued)

Maryland 410029 3 1 4 13,530 13.4
Maryland 410029 3 0.1 4 9,301 18.3
Maryland 410030 1 10 40 1,575 36.3
Maryland 410030 1 1 40 517 37.0
Maryland 410030 1 0.1 40 207 31.5
Maryland 410030 1 10 20 7,631 22.1
Maryland 410030 1 1 20 4,093 29.7
Maryland 410030 1 0.1 20 1,825 36.0
Maryland 410030 1 10 4 16,720 10.1
Maryland 410030 1 1 4 12,483 14.0
Maryland 410030 1 0.1 4 8,364 19.5
Maryland 410030 2 10 40 1,677 35.1
Maryland 410030 2 1 40 577 34.7
Maryland 410030 2 0.1 40 234 29.9
Maryland 410030 2 10 20 7,811 21.7
Maryland 410030 2 1 20 4,262 29.0
Maryland 410030 2 0.1 20 1,943 34.8
Maryland 410030 2 10 4 17,399 9.9

Maryland 410030 2 1 4 12,998 13.4
Maryland 410030 2 0.1 4 8,756 18.8
Maryland 410030 3 10 20 8,221 20.4
Maryland 410030 3 1 20 4,602 27.5
Maryland 410030 3 0.1 20 2,162 33.4
Maryland 410030 3 10 40 1,770 36.6
Maryland 410030 3 1 40 615 37.0
Maryland 410030 3 0.1 40 226 32.4
Maryland 410030 3 10 4 16,547 10.5
Maryland 410030 3 1 4 12,267 14.2
Maryland 410030 3 0.1 4 8,297 19.4
Maryland 410032 1 10 20 8,585 20.1
Maryland 410032 1 1 20 4,890 26.7
Maryland 410032 1 0.1 20 2,384 32.5
Maryland 410032 1 10 40 1,879 35.0
Maryland 410032 1 1 40 692 34.8
Maryland 410032 1 0.1 40 272 30.6
Maryland 410032 1 10 4 17,961 9.6

Maryland 410032 1 1 4 13,602 12.9
Maryland 410032 1 0.1 4 9,522 17.5
Maryland 410032 2 10 20 8,197 20.0
Maryland 410032 2 1 20 4,635 27.0
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Table A.1 (continued)

Maryland 410032 2 0.1 20 2,254 33.1
Maryland 410032 2 10 40 1,805 35.8
Maryland 410032 2 1 40 663 35.8
Maryland 410032 2 0.1 40 246 32.9
Maryland 410032 2 10 4 17,611 9.5
Maryland 410032 2 1 4 13,312 12.7
Maryland 410032 2 0.1 4 9,249 17.3
Maryland 410032 3 10 20 8,344 20.3
Maryland 410032 3 1 20 4,739 27.2
Maryland 410032 3 0.1 20 2,309 33.1
Maryland 410032 3 10 40 1,887 35.3
Maryland 410032 3 1 40 707 35.1
Maryland 410032 3 0.1 40 289 30.8
Maryland 410032 3 10 4 17,449 9.6
Maryland 410032 3 1 4 13,253 13.0
Maryland 410032 3 0.1 4 9,219 17.8
Maryland 410034 1 10 20 8,886 19.8
Maryland 410034 1 1 20 5,058 26.7
Maryland 410034 1 0.1 20 2,430 33.5
Maryland 410034 1 10 40 1,896 37.2
Maryland 410034 1 1 40 699 37.7
Maryland 410034 1 0.1 40 257 33.3
Maryland 410034 1 10 4 17,948 9.8
Maryland 410034 1 1 4 13,437 13.3
Maryland 410034 1 0.1 4 9,247 18.1
Maryland 410034 2 10 20 8,492 20.2
Maryland 410034 2 1 20 4,839 27.2
Maryland 410034 2 0.1 20 2,349 34.0
Maryland 410034 2 10 40 1,839 36.8
Maryland 410034 2 1 40 656 38.0
Maryland 410034 2 0.1 40 247 33.7
Maryland 410034 2 10 4 17,836 9.5
Maryland 410034 2 1 4 13,581 12.7
Maryland 410034 2 0.1 4 9,517 17.3
Maryland 410034 3 10 20 8,485 20.4
Maryland 410034 3 1 20 4,812 27.3
Maryland 410034 3 0.1 20 2,332 33.3
Maryland 410034 3 10 40 1,829 36.6
Maryland 410034 3 1 40 643 37.3
Maryland 410034 3 0.1 40 253 32.5
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Table A.1 (continued)

Maryland 410034 3 10 4 18,171 9.2
Maryland 410034 3 1 4 13,932 12.5
Maryland 410034 3 0.1 4 9,800 17.0
Maryland 410038 1 10 20 7,654 21.9
Maryland 410038 1 1 20 4,130 29.6
Maryland 410038 1 0.1 20 1,873 36.0
Maryland 410038 1 10 40 1,579 36.8
Maryland 410038 1 1 40 531 36.3
Maryland 410038 1 0.1 40 165 33.1
Maryland 410038 1 10 4 16,774 10.3
Maryland 410038 1 1 4 12,410 14.2
Maryland 410038 1 0.1 4 8,297 19.7
Maryland 410038 2 10 20 7,823 21.7
Maryland 410038 2 1 20 4,233 29.1
Maryland 410038 2 0.1 20 1,911 35.5
Maryland 410038 2 10 40 1,579 37.7
Maryland 410038 2 1 40 540 37.0
Maryland 410038 2 0.1 40 225 30.2
Maryland 410038 2 10 4 16,142 10.9
Maryland 410038 2 1 4 11,808 14.9
Maryland 410038 2 0.1 4 7,801 20.6
Maryland 410038 3 10 20 7,750 21.4
Maryland 410038 3 1 20 4,253 28.8
Maryland 410038 3 0.1 20 1,961 35.0
Maryland 410038 3 10 40 1,597 37.4
Maryland 410038 3 1 40 545 37.2
Maryland 410038 3 0.1 40 194 32.4
Maryland 410038 3 10 4 16,832 10.0
Maryland 410038 3 1 4 12,541 13.9
Maryland 410038 3 0.1 4 8,442 19.6
Maryland 410029B 1 10 40 1,821 34.7
Maryland 410029B 1 1 40 632 33.9
Maryland 410029B 1 0.1 40 231 30.4
Maryland 410029B 1 10 20 7,453 22.0
Maryland 410029B 1 1 20 4,019 29.3
Maryland 4100298B 1 0.1 20 1,804 35.4
Maryland 410029B 1 10 4 16,625 10.2
Maryland 410029B 1 1 4 12,354 13.9
Maryland 410029B 1 0.1 4 8,327 19.2
Maryland 410029B 2 10 40 1,705 35.3
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Table A.1 (continued)

Maryland 410029B 2 1 40 579 35.9
Maryland 410029B 2 0.1 40 212 32.5
Maryland 410029B 2 10 20 7,974 21.5
Maryland 410029B 2 1 20 4,356 28.9
Maryland 410029B 2 0.1 20 1,977 35.3
Maryland 410029B 2 10 4 17,190 10.4
Maryland 410029B 2 1 4 12,840 13.9
Maryland 410029B 2 0.1 4 8,658 19.2
Maryland 410029B 3 10 40 1,676 35.2
Maryland 4100298B 3 1 40 584 35.0
Maryland 410029B 3 0.1 40 211 32.8
Maryland 410029B 3 10 20 8,012 21.1
Maryland 410029B 3 1 20 4,405 28.3
Maryland 410029B 3 0.1 20 2,048 34.0
Maryland 410029B 3 10 4 17,852 9.9

Maryland 410029B 3 1 4 13,530 13.4
Maryland 410029B 3 0.1 4 9,301 18.3
Maryland 410030B 1 10 20 5,159 23.1
Maryland 410030B 1 1 20 2,689 30.4
Maryland 410030B 1 0.1 20 1,157 36.5
Maryland 410030B 1 10 40 824 38.8
Maryland 410030B 1 1 40 249 39.0
Maryland 410030B 1 0.1 40 121 36.8
Maryland 410030B 1 10 4 11,799 11.2
Maryland 410030B 1 1 4 8,578 15.2
Maryland 410030B 1 0.1 4 5,609 20.7
Maryland 410030B 2 10 20 5,164 23.4
Maryland 410030B 2 1 20 2,670 31.1
Maryland 410030B 2 0.1 20 1,146 37.5
Maryland 410030B 2 10 40 872 39.6
Maryland 410030B 2 1 40 260 40.3
Maryland 410030B 2 0.1 40 117 31.0
Maryland 410030B 2 10 4 12,274 10.7
Maryland 410030B 2 1 4 9,038 14.5
Maryland 410030B 2 0.1 4 5,949 20.0
Maryland 410030B 3 10 40 953 39.7
Maryland 410030B 3 1 40 277 40.2
Maryland 410030B 3 0.1 40 115 32.1
Maryland 410030B 3 10 20 5,595 23.3
Maryland 410030B 3 1 20 2,890 30.9
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Table A.1 (continued)

Maryland 410030B 3 0.1 20 1,246 37.4
Maryland 410030B 3 10 4 13,234 10.5
Maryland 410030B 3 1 4 9,746 14.5
Maryland 410030B 3 0.1 4 6,455 20.0
Maryland 410034B 1 10 20 7,201 20.7
Maryland 410034B 1 1 20 4,036 27.8
Maryland 410034B 1 0.1 20 1,919 34.3
Maryland 410034B 1 10 40 1,439 36.3
Maryland 410034B 1 1 40 494 36.3
Maryland 410034B 1 0.1 40 177 32.9
Maryland 410034B 1 10 4 15,039 9.9
Maryland 410034B 1 1 4 11,321 13.3
Maryland 410034B 1 0.1 4 7,815 18.3
Maryland 410034B 2 10 20 7,393 21.2
Maryland 410034B 2 1 20 4,076 28.5
Maryland 410034B 2 0.1 20 1,909 34.7
Maryland 410034B 2 10 40 1,479 38.3
Maryland 410034B 2 1 40 481 39.4
Maryland 410034B 2 0.1 40 185 34.1
Maryland 410034B 2 10 4 16,148 9.7
Maryland 410034B 2 1 4 12,183 13.2
Maryland 410034B 2 0.1 4 8,353 18.4
Maryland 410034B 3 10 20 6,799 21.7
Maryland 410034B 3 1 20 3,680 29.4
Maryland 410034B 3 0.1 20 1,661 36.4
Maryland 410034B 3 10 40 1,408 36.9
Maryland 410034B 3 1 40 468 37.7
Maryland 410034B 3 0.1 40 168 35.5
Maryland 410034B 3 10 4 15,240 10.0
Maryland 410034B 3 1 4 11,442 13.5
Maryland 410034B 3 0.1 4 7,843 18.6
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Table A.2 Cyclic Fatigue Test Results

Input
Case Sample | Specimen| Nt DR Strain Sapp
(L

Maine 159352 1 9,030 | 0.66 500 29.4
Maine 159352 2 7,560 | 0.62 525 26.4
Maine 159352 3 19,400| 0.63 450 27.4
Maine 159352B 1 8,930 | 0.63 500 315
Maine 159352B 2 21,880| 0.67 475 34.1
Maine 159352B 3 9,430 | 0.64 525 31.1
Maine 159353 1 10,420| 0.67 450 41.9
Maine 159353 2 14,570| 0.60 400 31.0
Maine 159353 3 2,820 | 0.59 500 28.6
Maine 159354 1 4,490 | 0.61 500 23.8
Maine 159354 2 68,480| 0.60 475 18.5
Maine 159354 3 10,830| 0.61 450 25.3
Maine 159354B 1 10,800| 0.59 500 24.4
Maine 159354B 2 10,580| 0.68 525 36.3
Maine 159355 1 5,040 | 0.60 500 27.0
Maine 159355 2 2,230 | 0.60 550 26.5
Maine 159355 3 12,150| 0.66 450 32.8
Maine 159358 1 8,610 | 0.66 490 43.5
Maine 159358 2 25,970| 0.63 370 36.7
Maine 159358 3 4,460 | 0.68 520 46.2
Maine 159360 1 19,600| 0.68 500 39.4
Maine 159360 2 8,730 | 0.66 525 33.6
Maine 159360 3 24,360| 0.67 450 36.0
Maine 159361 1 11,030| 0.63 500 29.0
Maine 159361 2 16,520 | 0.65 525 32.3
Maine 159361 3 38,220| 0.63 450 28.9
Maine 159362 1 4,610 | 0.62 490 34.1
Maine 159362 2 10,500| 0.67 460 40.8
Maine 159362 3 35,120| 0.65 430 38.4
Maine 159362 4 15,570| 0.63 430 34.2
Ontario 5-1 1 5900 | 0.71 590 27.8
Ontario 5-1 2 32,030 0.79 590 40.9
Ontario 5-1 3 14,530 0.75 590 34.9
Ontario 5-1B 1 21,270| 0.76 530 38.4
Ontario 5-1B 2 19,650| 0.72 510 30.7
Ontario 5-1B 3 39,810| 0.76 510 40.8
Ontario 5-2 1 30,050, 0.73 510 26.2
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Table A.2 (continued)

Ontario 5-2 2 13,810| 0.70 510 25.0
Ontario 52 3 29,740 0.73 510 25.3
Ontario 5-6 1 18,020| 0.76 560 40.9
Ontario 5-6 2 18,820| 0.75 560 35.5
Ontario 5-6 3 12,370| 0.74 560 35.0
Ontario 57 1 17,970| 0.74 560 33.9
Ontario 57 2 9,500 0.71 560 28.7
Ontario 57 3 36,590 0.75 530 37.3
Ontario 5-8 1 14,200| 0.73 560 29.3
Ontario 5-8 2 28,990| 0.76 560 35.0
Ontario 5-8 3 17,740 0.77 560 35.7
Ontario 5-10 1 18,250| 0.70 510 21.6
Ontario 5-10 2 44,790 0.71 490 26.5
Ontario 5-10 3 24,120 0.75 510 27.2

NC Surface 1 1 23,690| 0.63 450 30.4
NC Surface 1 2 28,330| 0.64 470 31.4
NC Surface 1 3 19,850| 0.58 490 23.8
NC Surface 2 1 7,710 | 0.65 660 23.2
NC Surface 2 2 6,780 | 0.64 660 22.3
NC Surface 2 3 2,130 | 0.60 660 18.5
NC Surface 3 1 6,880 | 0.59 620 18.0
NC Surface 3 2 12,060| 0.70 620 325
NC Surface 3 3 3,470 | 0.61 620 20.4
NC Surface 4 1 10,640| 0.66 590 29.3
NC Surface 4 2 14,800 0.68 590 334
NC Surface 4 3 6,340 | 0.62 590 24.0
NC Surface 7 1 5,310 | 0.63 620 21.5
NC Surface 7 2 9,460 | 0.66 620 25.0
NC Surface 7 3 4,110 0.64 620 21.8
NC Surface 9 1 13,390| 0.67 560 28.3
NC Surface 9 2 15,370| 0.67 560 30.3
NC Surface 9 3 6,700 | 0.59 560 21.5
NC Surface 10 1 16,860 | 0.64 530 27.5
NC Surface 10 2 27,410| 0.66 510 31.2
NC Surface 10 3 29,070| 0.68 510 32.7
NC Intermediate 1 1 4,230 0.47 390 13.1
NC Intermediate 1 2 6,420 0.41 320 9.5
NC Intermediate 1 3 11,400 0.42 320 10.1
NC Intermediate 2 1 28,260 0.43 350 11.9
NC Intermediate 2 2 17,520 0.48 350 14.5
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Table A.2 (continued)

NC Intermediate 3 1 3,400 0.44 380 8.2
NC Intermediate 3 2 13,460 0.42 310 7.1
NC Intermediate 3 3 7,310 0.36 310 5.6
NC Intermediate 4 1 2,050 0.49 350 9.9
NC Intermediate 4 2 30,280| 0.40 310 8.3
NC Intermediate 4 3 14,310| 0.44 300 9.8
NC Intermediate 5 1 12,370| 0.43 330 10.6
NC Intermediate 5 2 10,860 0.46 330 11.8
NC Intermediate 5 3 18,720| 0.44 330 115
NC Intermediate 6-1 1 6,260 | 0.50 350 13.6
NC Intermediate 6-1 2 3,130 | 0.58 440 18.7
NC Intermediate 6-1 3 2,970 | 0.57 410 17.3
NC Intermediate 6-2 1 2,040 | 0.59 390 10.7
NC Intermediate 6-2 2 16,730| 0.55 320 10.5
Maryland 97-33 1 34,940| 0.49 300 16.3
Maryland 97-33 2 24,740| 0.51 320 18.5
Maryland 97-33 3 8,260 | 0.46 320 13.1
Maryland 97-57 1 3,530 | 0.46 340 11.9
Maryland 97-57 2 14,310| 0.46 300 11.9
Maryland 97-57 3 5370 | 0.45 300 12.0
Maryland 120B-33 1 10,560| 0.57 300 18.6
Maryland 120B-33 2 9,690 | 0.46 300 12.5
Maryland 120B-33 3 10,180| 0.47 300 12.8
Maryland 120B-57 1 6,640 | 0.50 300 13.0
Maryland 120B-57 2 5,550 | 0.53 300 13.4
Maryland 120B-57 3 3,970 | 0.49 300 12.2
Maryland 410029 1 40,950 0.50 280 12.7
Maryland 410029 2 27,200| 0.51 280 14.7
Maryland 410029 3 35,300 0.52 280 16.1
Maryland 410030 1 28,620| 0.51 280 13.5
Maryland 410030 2 16,600| 0.51 280 12.8
Maryland 410030 3 13,990 0.49 280 115
Maryland 410032 1 22,160| 0.52 280 13.7
Maryland 410032 2 24,680| 0.52 280 14.9
Maryland 410032 3 32,030| 0.51 280 13.5
Maryland 410034 1 24,300 0.48 280 12.9
Maryland 410034 2 18,440| 0.48 280 11.2
Maryland 410034 3 12,500| 0.46 280 10.9
Maryland 410038 1 12,690 0.46 280 10.5
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Table A.2 (continued)

Maryland 410038 2 16,810 0.48 280 11.4
Maryland 410038 3 61,040, 0.54 280 17.2
Maryland 410029B 1 24,430| 0.51 280 13.5
Maryland 410029B 2 16,100| 0.47 280 11.3
Maryland 410029B 3 25,060 0.53 280 15.5
Maryland 410030B 1 20,470| 0.53 300 12.2
Maryland 410030B 2 25,710 0.52 300 12.7
Maryland 410030B 3 14,270| 0.50 300 9.7
Maryland 410034B 1 11,540| 0.48 290 10.4
Maryland 410034B 2 14,870| 0.52 290 12.9
Maryland 410034B 3 23,450| 0.53 290 13.6
Table A3 |-FIT Results
Max
Case Sample| Specimen IZI?S()J' St(rgggth Er(?\f/xrze) Slope FI
NC Surface 1-A 1 5.8 111.1 1,711 14.5 1.2
NC Surface 1-A 2 5.7 110.7 1,669 11.8 1.4
NC Surface 1-A 3 5.6 108.0 1,822 10.8 1.7
NC Surface 1-A 4 54 106.2 1,583 11.9 1.3
NC Surface 1-B 1 3.4 67.3 1,260 5.6 2.3
NC Surface 1-B 2 3.5 67.4 1,378 4.2 3.3
NC Surface 1-B 3 3.3 65.9 4.7 2.1
NC Surface 1-B 4 3.6 73.6 1,626 4.4 3.7
NC Surface 2-A 1 2.9 56.1 1,182 4.1 2.9
NC Surface 2-A 2 2.7 51.8 1,435 2.4 6.1
NC Surface 2-A 3 2.9 55.8 1,428 2.9 4.9
NC Surface 2-A 4 2.9 56.2 1,295 3.4 3.9
NC Surface 2-B 1 3.2 59.7 1,263 3.9 3.2
NC Surface 2-B 2 3.6 67.3 1,386 4.7 3.0
NC Surface 2-B 3 3.0 60.5 1,354 3.7 3.7
NC Surface 2-B 4 3.2 64.7 1,908 4.3 4.5
NC Surface 4-A 1 4.0 75.7 1,744 4.4 4.0
NC Surface 4-A 2 2.9 57.6 1,330 3.4 4.0
NC Surface 4-A 3 3.7 72.3 1,726 4.1 2.4
NC Surface 4-A 4 3.9 77.8 1,601 5.7 2.8
NC Surface 4-B 1 3.7 70.1 1,611 4.6 3.5
NC Surface 4-B 2 3.5 66.3 1,605 4.2 3.8
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Table A.3 (continued)

NC Surface 4-B 3 3.5 66.7 1,286 5.3 2.4
NC Surface 4-B 4 3.6 70.2 1,531 4.3 3.5
NC Surface 9-A 1 3.7 71.6 1,360 4.9 2.8
NC Surface 9-A 2 4.0 74.7 1,717 4.3 4.0
NC Surface 9-A 3 3.9 72.5 1,607 4.5 3.6
NC Surface 9-A 4 4.1 78.3 1,396 6.5 2.1
NC Surface 9-B 1 3.1 59.5 1,435 3.2 4.5
NC Surface 9-B 2 3.3 62.1 1,377 4.6 3.0
NC Surface 9-B 3 2.9 56.2 1,397 2.9 4.9
NC Surface 9-B 4 3.3 63.3 1,856 4.4 4.2
NC Surface 10-A 1 4.8 94.4 1,860 6.6 2.8
NC Surface 10-A 2 51 97.6 1,867 7.5 2.5
NC Surface 10-A 3 4.9 96.7 1,756 8.4 2.1
NC Surface 10-A 4 51 99.5 1,889 10.8 1.8
NC Surface 10-B 1 4.1 79.0 1,804 5.2 3.4
NC Surface 10-B 2 4.1 80.5 1,500 6.3 2.4
NC Intermediate| 1-A 1 6.3 120.9 1,903 16.4 1.2
NC Intermediate| 1-A 2 5.7 111.4 1,566 17.9 0.9
NC Intermediate| 1-A 3 6.0 112.4 1,508 18.8 0.8
NC Intermediate| 1-A 4 6.1 113.8 1,601 19.6 0.8
NC Intermediate| 1-B 1 4.3 80.8 1,748 4.8 3.7
NC Intermediate| 1-B 2 4.2 76.3 1,397 6.9 2.0
NC Intermediate| 1-B 3 3.6 69.9 834 5.3 1.6
NC Intermediate| 1-B 4 4.2 77.0 1,562 6.7 2.3
NC Intermediate| 2-A 1 5.5 105.8 1,818 9.4 1.9
NC Intermediate| 2-A 2 5.9 113.2 1,665 17.4 1.0
NC Intermediate| 2-A 3 5.3 103.1 1,533 9.0 1.7
NC Intermediate| 2-A 4 6.2 118.7 1,471 22.5 0.7
NC Intermediate| 2-B 1 3.7 72.9 1,798 4.8 3.7
NC Intermediate| 2-B 2 4.1 81.3 1,596 6.7 2.4
NC Intermediate| 2-B 3 3.6 69.3 1,666 4.9 3.4
NC Intermediate| 2-B 4 4.1 79.0 1,604 55 2.9
NC Intermediate| 4-A 1 4.8 93.0 1,803 7.0 2.6
NC Intermediate| 4-A 2 4.7 89.9 1,882 6.2 3.0
NC Intermediate| 4-A 3 4.8 90.2 1,672 8.1 2.1
NC Intermediate| 4-A 4 4.5 86.7 1,495 6.3 2.4
NC Intermediate| 4-B 1 4.6 86.5 1,815 6.0 3.1
NC Intermediate| 4-B 2 4.2 80.1 1,459 6.6 2.2
NC Intermediate| 4-B 3 4.4 84.0 1,685 54 3.1
NC Intermediate| 4-B 4 4.1 78.9 1,362 7.4 1.8
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Table A.3 (continued)

NC Intermediate| 5-A 1 5.0 96.1 1,798 10.5 1.7
NC Intermediate| 5-A 2 5.3 98.6 1,805 8.9 2.0
NC Intermediate| 5-A 3 4.6 87.5 1,817 5.5 3.3
NC Intermediate| 5-A 4 4.9 93.3 1,789 6.7 2.7
NC Intermediate| 5-B 1 4.4 84.0 1,972 4.4 4.5
NC Intermediate| 5-B 2 3.9 77.7 1,521 5.4 2.8
NC Intermediate| 5-B 3 4.0 76.6 1,384 5.6 2.5
NC Intermediate| 5-B 4 4.2 80.9 1,462 5.9 2.5
NC Intermediate| 6-B 1 3.2 63.5 1,185 4.3 2.8
NC Intermediate| 6-B 2 3.6 70.9 1,297 5.6 2.3
NC Intermediate| 6-B 3 3.4 66.0 1,200 6.5 1.8
NC Intermediate| 6-B 4 3.7 70.8 1,401 6.6 2.1
Table A.4 IDEAL -CT Results
Case | Sample| Specimen| CTinpex
Maryland | 410029 1 120.5
Maryland | 410029 2 100.6
Maryland| 410029 3 107.8
Maryland | 410030 1 208.5
Maryland | 410030 2 247
Maryland | 410030 3 221.7
Maryland| 410032 1 77.3
Maryland | 410032 2 83.1
Maryland | 410032 3 76
Maryland | 410033 1 225.1
Maryland | 410033 2 236.9
Maryland| 410033 3 196.3
Maryland | 410034 1 192.6
Maryland | 410034 2 192.8
Maryland | 410034 3 160.2
Maryland| 410038 1 245.7
Maryland| 410038 2 175.4
Maryland| 410038 3 230.2
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