ABSTRACT

UNDERWOOD, BENJAMIN SHANE Multiscale Constitutive Modeling of Asphalt
Concrete(Under the direction of Dr. Y. Richard Kijn

Multiscale modeling of asphalt concrete has become a popular technique for gaining
improved insight into the physical mechanidgmsta f f ect t he materi al 6s b
ultimately its performance. This type of modeling considers asphalt concrete, not as a
homogeneous mass, but rather as an assemblage of materials at different characteristic length
scales. For proper modeling these characteristic scales should be functionally definable and
should have known properties. Thus far, research in this area Hasus#d significant
attention on functionally defining what the characteristic scales within asphalt concrete
should be. Insteadnany have made assumptions on the characteristic scales and even the
characteristic behaviors of these scales with littleasupportThis research addresses these
shortcomings by directly evaluating the microstructure of the material and uses these results
to create materials of different characteristic length scales as thewiistthe asphalt
concrete miture. The olgctives of this work are to; 1) develop mechanistic models for the
linear viscoelastic (LVE) and damage behaviors in asphalt concrete at different length scales
and 2) @velop a mechanistic, mechanistic/empirical, or phenomenological formulation to
link the different length scales into a model capable of predicting the effects of
microstructural changes on the linear viscoelastic behaviors of asphalt concrete mixture, e.g.,
a microstructure association model for asphalt concrete mixture.

Throughthe microsructuralstudy it is found that asphalt concrete mixture can be
considered as a buidp of three different phases; asphalt mastic, fine aggregate matrix
(FAM), and finally the coarse aggregate particlédse asphalt mastic is found to exist as a
homogenas material throughout the mixture and FAdMd the filler content within this
material is consistent with the volumetric averaged concentration, which can be calculated

from the job mix formula. It is also found that the maximum aggregate size of thes=AM



mixture dependent, but consistent with a gradation parameter from the Baily Method of
mixture design.

Mechanistic modeling of these different length scales reveals that although many
consider asphalt concrete to be a LVE material, it is in fact ordgipWE because it shows
some tendencies that are inconsistent with LVE theory. Asphalt FAM and asphalt mastic
show similar nonlinear tendencies although the exact magnitude of the effect differs. These
tendencies can be ignored for damage modeling imtkieire and FAM scales as long as the
effects are consistently ignored, but it is found that they must be accounted for in mastic and
binder damage modeling. The viscoelastic continuum damage (VECD) model is used for
damage modeling in this research. Ta iai characterization and application of the VECD
model for cyclic testinga simplified version (S/ECD) is rigorously derived and verified.
Through the modeling efforts at each scale, various factors affecting the fundamental and
engineering propertieg aach scale are observed and documented. A microstructure
association model that accounts for particle interaction thrpbgsicechemical processes
and the effects of aggregate structuralization is developed to links the moduli at each scale.
This modelis shown tdbe capable of upscaling the mixture modulus from either the
experimentally determined mastic modulus or FAM modulus. Finally, an initial attempt at

upscaling the damage and nonlinearity phenomenon is shown.
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Chapter 1

| ntroducti on

1.1 General Statement

Pavements topped with asphalt concretkeupapproximately 90%f the paved
roadsin theUnited States and more than 99% of paved reawide USDOT 2010.
Asphalt concrete is the paving material of choice due to its availability, lower initial cost
when compared to alternatives, its ability to be used with equal success at both low volume
and high volume conditions, and its constructabilityese roadways are under ever
increasing demands to catrgffic of heavieloads and volume® recent report from the
Federal Highway Administration indicates that betw#&881 and 2008uck volumes
increased more than 33% on American highwigsl traffic volume increased by almost
30%). Over the same period of time.S. highway capacity increaséy only 5%. Worse
still, traffic over the next 20 years is projected to gawadditional 50%while apacity is
expected to continugrowing atamuch slower rate than volunfgSDOT 2010. Other
concerns exist with regards to the supply of raw materials needed for asphalt concrete
production. Between 1974 and 20051 petroleum refining capacity inased 12%vhilst
the nationatlemand for gasoline increasey62%. As a resulbf these market conditions,
petroleum refiners are under increased pressurexinmze light distillate outputyhich can
cause changes to the properties efdalphalt residugnd/or reducéhe amount of asphalt

produced (EIA 2009)in addition, new sources of petroleum such as bituminous sands and



shale oil are beginning to appear on the world market and the properties of the asphalt
derived from these sources are by and larganown.In light of these expected trends
significant amount of interest exists in improving upon current asphalt concrete pavement
technologies (both matial and structural).

The pursuit of this objeste must be qualified with modern concerns over
environmental impact and future sustainability. Pavementgsaatef two major gctors of
U.S. energy consumption; transportation and industry, which together cor&iiitef the
total energy consumed in theS. (EIA 2009) Although the market has constricted
somewhat due tthe receneconomicclimate the industryhas consistently producedore
than 500 million tons of asphalt concratrenuallyfor the past 25 yeafslansen 2009).
Industrialproduction of aphalt concrete pavements has heretofore consisted of energy
intensve processeghe fractional distillation of asphalt cement from petroleandthe
mixing, storage, transport, and placement of asphalt coradfetensume valuable resources
Under continuing pressure to improve this situation, multiple new technologies have been
introduced to the market, including mixtunegh large amounts (40% or more by mass) of
recycled or reclaimed asphalt concrete andaled warm mix technologies. Warm mix
asplalt concrete is fabricated at lower temperatures than standard hot mix asphalt concrete
whichin theoryreduces energy consumption a@avironmental emission&ther
technologies have also been introduced to mitigate these effects by leveraging theeproper
of asphalt concrete for energy collection.

The emergence of these and similar technologiesfayeat practical interest and
also havenational and internation@hplications Due tothe magnitude of the asphalt
concrete pavement network and itduehce in the daily lives of every citizen, a minor
improvement in this technologyan have a real and substantial efféas important that
these new technologié® properlyassessed to ensure thatyareactuallyresulting inreal
improvements insstainabiliy and environmental stewardshkor example, if the initial
savingsin energy andeducedenvironmerdl impacts areffset andor overcome byosses

due to poor performangcthen the material can hardly be called sustainable or



environmentallyfriendly. To make such an assessment requires tools that are capable of
accurately predicting the life of a material when it is subjectedaiowvorld conditions.
Historically, asphalt concrete materials have been modeled with empirical methods
thatgive little insight into the active physical processes. These models have proven useful for
such tasks as pavement design, which is often performed prior to@elafcsipecific
materials, because they aecurate enough to capture overall material semtis isthe
situationthatexists inthecurrent state of the practicand it is found to occur either
explicitly, as in the MechanistEmpirical Pavement Design Guide (MEPDG), or implicitly,
as in the American Association of State Highway Transpont@fficials (AASHTO) legacy
design guids
For more exacting tasks, such as optimizing mix designs for the available materials or
predicting how well new material might perform, theseapirical methods are lackingo
remedy this situatigmumerousnvestigations towards developing a truly mechanistic model
for asphalt concrete behavior have been undertaken in recent years. Much of this work has
focused on material modeling at théxtare scale, i.e., macroscale, dmaks resulted in
improvements in ta understandmof asphalt concrete behaviors. This wdrbweverhas
limited usefulnes$or tasks like mix design optimization. These macroscale models have the
capability to predict how well a given mixture will perform, but theyenot, as ofyet,
shownthe ability topredictthe best way to adjust the contents of thattureto maximize
its performanceMacroscale material modedsmply do not contain the necessary analytical
detail to comprehensivelyerform suchasks To accomplish his goal witbuch models one
must rely on phenomenological and/or empirical enhancentmtshile these efforts
represent a significant improvement to the engineering practice, the fact remains that asphalt
concrete behaviors are still dominated by the complicateaviomiy which occur at smaller
than mixture length scales. For this type of taskultiscale model is needed.
Multiscale modeling is the field of solving problethaithave important
characteristics at differestales ofength and timeThis field ofstudy haseen found to be

usefulin many other areas including physics, genetics, meteoradpgyations, biomedical,



and materials scienc® name a few. Iphysicsthe terminologyof scales used in multiscale

modelshave beenclearly defined aguantum level (electrons), molecular level (atoms),

meso or nanelevel (molecules oatomic groups), continuum levelnd device level. At

each of theskevels the mathematics that describe the important phenomenon may change,

but the important charagctstic is that the information and model outputs for any given level

become input for the neldrgestievel. In genetics, multiscale models are usesbtee and

model complex protein structures in a computationally efficient way. Meteorology uses these

methods to examine weather patterns at local, regional, and global scales. At each successive

scale the level of complexity redies, but the accuracy may nobrexamplejf the local

scale behaviors are homogenized and effectively smeared into theategadels, which are

in turnsimilarly processed to the global modelthen analytical accuracy can be maintained

Multiscale decision making ishathertype of multiscale rodelbecause it optimizecomplex

systems by dividing them intappropriate orgamational, time, or spatial units and drawing

analogies with mathematically definable physical systems. Other fields like biomedical and

materials science also use these methods to study and comprehend complex materials and

material phenomena at a levelttiganot possible with standard experimental techniques.
Multiscale modeling is becoming an increasingly popular techniguenfooving the

understanding ahe mechanisms that affect thehaviors and ultimately thgerformance of

asphalt concretéultiscale models are uséalgaininsight into the mechanics of asphalt

concrete at significantly smaller length scatemtthose presently considet®dthe

pavement materials communiffhey are also used find the interaction between these

smaller scale and the larger one$he belief in performing these tasks is thath

understandingyill lead to the development gfactical toas to aidin mix design, material

selection, and presumably pavement dedigee multiscale modeling in other disciplines,

formulations begin at characteristic lengths thatamehshorter thanhat of themixture and

thus inherently include the analytical framework necessary to premicthe mixture

responds toltanges in microstructure.



Significant attention has beenwgen to computational methodsd advances in the
use of certaitechniques such as the cohesive zone, lattice, and discrete elementhavéels
been madeHowever, much of this work has progressed with relatively little consideration
for certain keymicrostructural characteristics, how these characteristics rflagnee the
computational model resultand in some cases without explicit considerations foatieal
physics which govern the material respor&@mneof these computationatudies addes
these issuewith experimental data. lsuch studiethe experimental data should be gathered,
processed, and analyzed with appropriate generality. However, the tendency has been to treat
the assumptions made in a given computational framework asththen only gather the
material properties to suppahis point of view.

Experimental studiesvolving scaled aspects of asphalt concheteebeen
performedunder the premise of material investigatidhe goal of these investigations is to
improve theundeastandng of the materiabo that more effectivepecifications can be
developedand implemented and to gaimeinsightnecessaryo better enact certain
engineering solutiong.hese studies, and extensions thereof, have important implications in
thefield of multiscale modelsven though this goal was not a primary objective for the
researchThey provide methods and results whereby active physical processes can be better
understood and as a result improve the formulations for ctatigoal, analytial and
phenomenimgical models.

It is believed that the subject of multiscale modeling has matured to the point that a
more appropriate understanding of the microstructural configuration and physics at different
length scaleg asphalt concretis neededThis improved understanding requires an
experimental program that balances generality and considerations for multiscale model inputs.
Such investigation may involve the use of advanced techniques not traditionally used in the
field of asphalt concrete reial testing and modeling. Due to the complexity of the physical
processes involveghenonerological and/or empirical methods can be useful for

accomplishing these goals.



This work has implications on multiple engineering disciplines. The most direct
implication is on the area of sustainable infrastructure, and pavement design in particular
Solving this problem requires a comprehensive view of many different t&jaieement
engineers are involved in the material selection process and in the pederpnediction of
chosen materials, botif theseasksform the building block for a sustainaldavement
design However these tasks alone are not sufficient for the sustainable design of pavement
structuresOther disciplinesire needed to properly andmprehensively develop sustainable
pavement practiceJ hese disciplines incluggeotechnical engineers for their expertise on
how to best maximize a given sitedbds soil con
and techniques in combiningthepave nt engi neer 6s materi al mo d €
structural models, the engineering economics and optimization expertise from systems and
operations engineers, environmental engineers to quantify the effects of short atetriong
air quality and nofpoint surface pollution.

In additionto sustainability practiceshis modeling work, particularly tretudy of
asphalt concrete microstructyreas implications in the areafoll depth reclamations and
bituminoussoil stabilization. In these applicatioresphalt cement, in either a foamed or
emulsified form, is introduced ta pulverized asphalt concrete pavement or directly to a soil.
The two materials are mixed together and then allowed to cure. The performance of the final
composite product is directhglated to the characteristic dispersion pattern of the asphalt
within the composite. In other words thafoemance of full depth reclaation asphlt
concrete and of bituminowstabilized soil is directly related to thacrostructural
configuration of tle material Multiscale modeling fits into this process by providing more
accurate tooland better experimental techniques for assessing the microstructure of such
composite materials.

Other applications for portions of the work presented herein aisp ®r example
multiscale model techniques are used in the fields of biological tissues or advanced materials
models. The physics affecting these materials and thus the mechanics used to describe them,
show parallels with those used to describe asphatiretmbehavior.



Demands omll ofthenat i ondés built infrastrumeture, Db
constantly increasing even as larger funding constraints and environmental conceths limit
ability to meet current demands. As a result of this sanangineers must find ways to
maximize the performance of the current materials which are used in this infrastructure, and
explore new materials that are more sustainable. The study of multiscale models provides a
set of necessary insight, tools, andemmpental methods to both maximize current materials

and to properly examine futuomes

1.2 Defining Multiscale Modeling

In its most general form the term multiscale modeling refers to a philosojugehl
by which one views material andlevelops a modiglg strategy to predidt hat mat er i al ¢
response tageneralized inpufThe framework and topics that are covered by this general
philosophy are summarized by the schemati€igurel.1, which is specialized for the
application of multiscale modeling to asphalt and asphalt concrete studies be seen that
under thisrameworkthat many different interpretations of the specific tasks involved in
multiscale modeling can exidork falling under the topic of multiscale modeling may
include molecular dynamics at the naaad micrescale or the development of empirical
models lile those in the MEPD@Gvhich link macrescale experimental observations with in
service pavement performance. In the research study performeddoergjs given to the
scales ranging from 1o 10° meters. One might refer to this range of scales as the
materialsscales since they have been the primary focus of engineering material studies
asphalt fothe past 80 years or mofkhus a proper multiscale interpretation of the material
over this range is likely to have the most immediate impact fornds®a and practitioners
alike. Within this range of scalthe topic of multiscale modeling is more narrowlyided
into two primary areas of study; 1) mechanistic modeling at multiple charactéersgihs
and 2) understanding the microstructural ogurfation of asphalt concrete at tinaterials

scale so that the mechanistic behaviors at different length scales can be linked.
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Figurel.1l. Schematic diagram showing aspects of the general definition ofcals
modeling in asphalt concrete.

1.3 ObjectiveStatement

The objectivs of the research discussed heraia to

91 Develop mechanistic models for the lin@éscoelastic (LVE) andamage
behaviorgn asphalt concrete at different length scales and

1 Develop anechanistic, mechanistic/empirical, or phenomenological
formulationto link the different length scal@sto a model capable of predicting
the effects of microstructural changes onlthear viscoelastic and damage
behaviors of asphalt concratexture, e.g., a microstructure association model

for asphalt concrete mixture



To accomplish thesebjectivesthe research must be divided into two primary
branches of studgs shown schematically Figurel.2. These two branches are primarily
independent, but the insigigained from both are necessdrythe first branch, the
characteristic behaviors of the different length scales are studiedstlidy focuses on first
understanding the LVE behaviors and then understandirdathagebehaviorsof each
characteristic scaldVlechanistic models are needed for escdie to gain the proper insight
and have appropriate generality for applicationgréztical engineering problems. The
second branch of study focuses on finding and definimasa unitwithin asphalt concrete.

The importance of the basic unit is that it is a homogeneous unit which can, when
characterized, be used to predict the badrasdi variations in microstructure at successively
greater scales. In additiptnis unit would be the smallest scale where experimental data
would need to be gathereahdmight consist of asphalt binder, asphalt binder and filler sized
particles, or somether combination of constituent materials. Through this investigation
insight will be gained into the microstructural configuration and interactions occurring within
asphalt concrete. This insight and resulting microstructural hypotheses will guide the

dewelopment of the comprehensive multiscale formulation.
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Figurel.2. Schematic representation of overall research plan.

1.4 DissertatiorOutline

This dissertatioris divided intotendifferent chaptersalist of referencesandthree

appendicesA brief summary otach chapter is given below.

Chapter 1: Introductiorfocuses on introducing and providing context for the research topic

being pursued by the proposed research plan. This chapter also providedyttubgectives

and a broad overview of the study plan.

Chapter 2: Multiscale Modeling Literature Revigwesents the results fronligerature

reviewon the topic of multiscale modeliras it relates to asphalt concreie available
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literature isfound to focus on two different aredg experimental studies of different
characteristic length scales in asphalt concrete mixtures and 2) analytical and computational
models to relate composite material properties to constituent material properties. A

comprehensive review of both of these aspects is given.

Chapter 3: Experimental Progradescribes the material and specimen preparation methods

for this study This chapter also describes the various laboratoryttestisave been used.

Chapter 4: Evaluation of Microstructural Configuration of Asphalt Concditeusses

different studies whiclre goaled towards improving thaderstanding of the
microstructural configuration in asphalt concrete mixtures. In this chapteicrostructuria
behavior hypothesis is formulated and experimental data in support of this hypothesis and in

refutation of other hypotheses is shown.

Chapter5: Constitutive Modeling of Asphalt Mixture: Linear and Quhisiear

Viscoelasticitydiscussethe LVE behavios of asphalt mixturelhe first portion of this

chapter reviews the concept of thermorheological simplicity and how this phenomenon can
be used to create mastercurves for LVE behaviors and thus simplify analysis. Particular
attention is given in this chagtto simplesffects like asphalt and air void conteas well as
external effects such as loading levslthis chapter pertinent literature on LVE analysis of
asphalt concrete msoreviewed. Specific attention is given to the impactkatling hisbry,
stress state, anisotropy, and strain level. Data framymother experimental studies ased

for this purpose.

Chapter6: Constitutive Modeling of Asphalt Mixture: Simplified Fatiqgue Characterization

Protocoldescribes the derivation and applicatmf simplified version of a viscoelastic
continuum damage mechanics (VECD) model for the fatigue characterization of asphalt
concrete. The chapter begins with adegivation of the rigorous version of the VECD to

11



provide the necessary background forgmeplified VECD (SVECD) formulation. The
complete SYECD requires LVE characterizatipso this chapter also discussesues

relating to the particulamature of the LVE characterization protocol. Finally, the complete S
VECD test method is presented.

Chapter 7: Constitutive Modeling of Asph&lAM describeghe linear viscoelastic and

damage behaviors of asphalt FAM. Specific areas of discussion include the effect of asphalt
and air void contents, maximum aggregate size, and load levehpplieability of the

extended viscoelastic correspondence principle is also presented. Finalbmiged

characteristic behaviors, as assessed via direct tension experiments, are presented along with

the VECD model characterization results.

Chapter 8: @nstitutive Modeling of Asphallasticpresentshe results fronexperimental

characterization of asphalt mastics at different concentratigkesthe presentations in

Chapter landChapter 7 particular attention is given to the effects of asphalt and air void
contents and input levels. Existing analytical models are aloated for their predictive
capabilities of the mastic stiffening. One of these existing models is used to assess the
implications of physica&chemical interactions. Also, like Chapter 7, the extended viscoelastic
correspondence principle is assessedtsoapplicability to asphalt binder and mastic. Finally,

a form of the VECD model is derived and then characterized for different asphalt mastics and

asphalt binder.

Chapter 9: Microstructure Association Model for Asphalt Concdetscribeghe

developmenof a microstructure association moé asphalt concrete. This model utilizes
mechanical properties measured at the mastic scale to predict the properties at the mixture
and FAM scales. Attention is given to a new concept, the structuralizatiex, which links

the behaviors of asphalt mastic to those of FAM and mixture. Next, the components of this

12



association model are presented along with their physical justifications. Finally, the

predicative capabilities of this model are shown.

Chapterl0: Conclusions and Recommendatisasnmarizes the key conclusions from this

research and presents recommendations for future research
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Chapter 2

Mul ti scale Model i ng LI

2.1 Introduction

Multiscale modeling witlasphalt concretencompassasany issuesbut the
available literature can be dividedorfour maintopics 1) experimental studies with asphalt
mastics, 2) experimental studies with asphalt FAM, 3) multiscale modeling with analytical
models, and 4) multiscale modeling with computational model$ully appreciate and
understand where thercant work fits into the subject of multiscale modelinge must
have an understanding of each of these tamcsin the following sections they are
separatelyeviewed.It is also important to understand how the terms bindestic, FAM
and mixture are used in this document. In the interest of brevity the qualifyingé$eimaltis
left off each of these, but it should be understood based on preceding paragraphs that this
researcldeals exclusively with asphaltic mastics, FAM and mixuiighedefinitions of
these characteristic material length scalegyasen below and justificatiafor these

definitions are provided in subsequent sections:

1 Binderi A dark brown to blackementitiousnaterial in which the predominating
constituents & bitumens which occur in nature or are obtained in petroleum
processingASTM D8). These materials are primarily composed of hydrocarbons but,

depending on the native petroleum source may contain variouscotistituents
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including Oxygen,Nitrogen, Sulfir, and trace amounts of variooeetals (Lesueur
2009) Chemically they are described by the concentrations of saturate, aromatic,
resin, and asphaltene components.

1 Filleri The portion ofa combined aggregate bletihtpasses th&5 nm sieve(#200
sieve.

1 Fine Particle§ The aggregate particles that are larger than the filler, but smaller than
coarse aggregate particles. The delineation between coarse and fine particles is
mixture dependent, but generally happens at the 2.36 mm (#8) sevealter siges
depending on the material of interest

1 Mastici The materiathatresults from the combination of binder diikr sized
particles The exact ratio of asphalt binder to aggregate particleatisrial dependent.

1 Fine Aggregate MatrixXFAM) 1T The mateal created by combining asphalt binder,
air, filler, and fine aggregate particles with a specific gradation. For any given
mixture there may be anfinite number of FAM materials, but there is only one that
is functionally relevant and exists betweea tlvarse aggregate particles. This
functionally relevant FAM is referred to as tRealFAM or R-FAM to distinguish it
from other materials tested in this study.

1 Mixturei The material that results from the combination of graded aggregate
particles asizes p to 37.5 mn(1.5 inches), binder, air, filler and fine aggregate

particles

2.2 Experimental Studies with Asphalt Mastics

The importahinfluence ofasphalt mastic properties on the behavior of asphalt
mixture was recognized by the asphalt concretastrgl as early as 1930. Beginning in this
year and continuing until 1938, the Barber Asplaimpany conducted extensive studies on
the effects of filleroon the rheology of asphalt mastiCeraxler and Miller 1936, Traxler

1937, Traxler et al. 1937After this extensive study, it was concluded that the complications
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in predicting mastic behavior from known binder and filler characteristics were significant
and that the best way to determine how a filler might affect an asphalt concrete mixture was
to expeimentdirectly on theblendedmaterial A follow-up to this studywhich used
different materials and experimental techniquesne to the same conclusiGarden et al.
1959).Further sudies conducted over the next 50 years have shown mixed restlts as i
relates to the determination of mastic properties from only those of the filler and binder.
One issue that complicates the interpretation of this historical data is the inconsistent
manner by which filler and mastic are definatthough no formal conseus exists on tise
definitions the general agreement throughout the literature seems to be that the material that
is one characteristic scale larger than the pure asphalt binder should basatil@d mastic
General agreement also suggests that ttetieneonsists of two materials: the asphalt binder
and all of the aggregate patrticles that pass then6r 100mm sieve. In most cases these
particles are referred to simply filter -sized particlegWarden et al. 1959, Dukatz and
Anderson 1980, Kim 2@®) Zollinger 2005, Delaporte et al. 2007). It has been reported that
particles that are small enough (less thamfn) can become colloidal within an asphalt
binder, and some researchers have argued that this size is the true limit fosinadtic
partides (Tunnicliff 1962). The argument put forth is thahen thesubmicronsized
particles are blended with asphalt bindkey impart fundamentally different physical
properties to thelendthan particles sized 0rim to 75nm. However practicaly obtaning
such small particles difficult if not impossible,and thus, many researchers elect to smear
these supefine particle effects into their experimental results.
Although many researchers agree with the above stateoesise definitionsthey
differ as to the interpretation of the mastic within the asphalt concrete mixture, and
consequently, differ as to the quantity of asphalt binder they add to the filler to make mastic.
They may also differ as to how they choose to quantify the aneb@asphalt binder (by
mass concentration, by volume concentration, by mass of filler, by volume of filler, etc.).
This latter issue may cause significant confusion and should be verified carefully before

comparisons betweeatata sets are made.
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The seminbwork on the topic of filler effects in asphalt binder was performed by P. J.
Rigden in 1947. In his paper, Rigdemowsthe experimental results from a set ofcatied
mineral dustghatwere combined with tar and asphalt and tested for viscosityfetedit
volumetric concentrations. Rigden found that a mostly unique relationship exists when the
viscosity ratio (mastic to binder) is plotted against the filler concentration, which had been
normalized by the dry compacted volume of the dusts to acomuinihierent material
differences. The dry compacted volume test that Rigden introduced as a way to account for
the inherent differences in filler characteristics is still used today and is considered to be an
important index for predicting filler behaviEN 10974:2008, Faheem et al. 2010

Al t hough the results from Rigdendés study
types of experiments (Heukelom 1965), the general consensus appears to be that the original
conclusions are insufficient for explang the behaviors @l materials with sufficient
accuracy. In particular, the approach is criticized because it takes into account only
mechanical factors and indirectly suggests that physiemnical characteristics, such as
selective adsorption of thephalt binder compounds by the aggregate particles, are not
critically important. Craus et al. (1978) performed studiesguaisingle asphalt binder mixed
with materials of similar physical characteristics, but vastly different chemical ones (hydrated
lime, glass beads, granite, etc.), and showed that differences exist in the heat of reaction, that
selective adsorption may occur, and that drastically different mastic properties result. Other
researchers also have reached the same conclusions by condaiting tests on different
combinations of asphalt binder and filler (WardealefL959, Winniford 1961, Tunnicliff
1962, Anderson and Goetz 1973, Dukatz and Anderson 1980, Ishai et al. h&i8fsdk et
al. 1992, Kim 2003). The length to which each @&sthresearchers goes to explain any
observed phenomenon with physical processes alone is different. As a result, care should be
taken when reviewing the literature because many times phgisaical explanations are
used without carefully evaluating whettthe observed behaviors can be explained by

physical processes alone.
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The most enduring characteristic of the Rigden, Heukelom, and other early studies
(Warden et al. 1959, Tunnicliff 1967, Craus et al. 1978) is that those tests were conducted at
multiple blend concentrations and thus provide insight into the behaviors of mastic for a
broad range of conditions. More recently, a substantial study was conducted by Delaporte et
al. (2007) wherein 16 different mastics were created from various aggregat#ogsadaing
unraged and RTF@ged binder. The materials were tested in oscillatory shear mode over a
range of frequencies and temperatures #2&7C to 80°C, and the effect of the filler content
was quantified based on its effect on the dynamic shearlo®@a*|), the phase anglej(
and the timegemperature {T) shift factor. The researchers concluded that increases in filler
concentration had little effect on thd tshift factor, but did increase tf@*| and decrease
the d Similar results have bedound for a large number of mastics by Abbas et al. (2005)
and by other researchers for a more limited number of materials and/or conditions (Anderson
et al. 1992, Kim 2003).

Many studies have focused on only a single filler concentration in theiriggueal
programs. Anderson and Goetz (1973) studied the rheological properties of different mastics
at a filler volume concentration of 40%, but gave no explanation as to how this percentage
was determined. Anderson et al. (1992) tested various mastic@htme concentration of
0.33 which the authors nets beingepresentative of that obtained for a typical mixtoye
makingreferencdo the Anderson and Goetz studynderson et al. provide no further
indication as to how that value was determinedotigh trials with materials of various
physical properties, it can be shown that a volume concentration of 0.33 assumes that only a
portion of the total asphalt binder added to the system goes into the mastic phase and that the
remaining asphalt is absorbato the coarse aggregate particles and is used to coat some of
the aggregate patrticles. It is not certain that the aforementioned studies made such allowances
in deriving their test values. A more recent angoingstudy which is part of NCHRP-45
measures the rotational viscosity of 68 different mastics (17 fillers and 4 asphalt binders) at
135°C and at a blend ratio of 50% filler to 50% binder by mass (Faheem et al. 2010). This

blending process results in a range of volumetric filler concentratiomsZ7% to 30%. Kim

18



(2003) studied the behavior of mastics fabricated at concentrations of 5%, 10%, and 25%, but
chose only the data at 25% for the computational modelditigput providing a

comprehensive reasomith and Hesp (2000) studied the phenomesfarack pinning in

asphalt mastics by testing materials with 50% (glass beads) and 65% (ground limestone)
filler concentrationdvy volume None of the available literature reports the sensitivity of

computational multiscale models to differences inntfagerial properties of the mastic phase.

2.3 Experimental Studies with Asphalt FAM

The characteristic scale immediately smaller than that of asphalt concrete and
immediately larger than that of asphalt maétie . g > m) & knawh as=AM, a term
initially usedby Kim (2003)to define the material uséul his studies with sand asphalt.
FAM experiments have been used to stiadigue damagemoisture damage and healing in
asphalt concrete mixturesbhis scale is useid studythese phenomena becausis &rgied
that since thgoccur largely in the volumes between the coarsest aggregate patEies
performed on FAM materiakhouldprovide adirect indication of how the phenomewdl
manifest in a given asphalt concrete mixtdreis hypothesis is of case predicated on the
assumption that the FAM material in the experiment accurately represents the FAM material
as it exists in the asphalt mixtuém (2003) used FAM samples to investigateh fatigue
andhealing in asphalt concrete and was able tondjsish differences in the characteristics
of two different asphalt bindershe observed differencegreed with the accepte
engineering behaviors of tio study binders. Zollinger (2005) studied the moisture
damage phenomenaf eight different mixtues and showed a ranking in moisture damage
resistancehatagreed with independent surface energy measuren@agteloBranco et al.
(2008) also studied the fatigue characteristics of asphalt concrete mixtures by using FAM
experiments andoncludedhatsuch tests could yield useful infornatifor fatigue

behaviors of mixture.
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The most critical component for ensuring that FAM tests are appropriately conducted
and utilized for multiscale modeling purposes is that the FAM materials assembled should
replicae the length scale as it exists in the full mixture. Since it is not known exactly how
this material exists in the mixture various methods have been proposed. Kim (2003)
fabricated samples witaasphalt content of 8% by total mass. This value was chosen
somewhat based on assumptions regarding asphalt film thiokitbssasphalt concrete.
Samples were fabricated at areeage air void content of 17%oTate no published
documentaon exists regarding; thdistribution of air voids within the FAM matets, ways
that this distribution compares with similar distributions within asphalt concrete mixtures,
and the implications of potential differences betweerdisigibution of air voids for the
FAM materials versus that for asphalt concrete mixtutiesvever, simple volumetric
calculations can clearly show that 17% air voids cannot physically exist as a homogeneous
distribution. $Ibsequent improvements in the fabrication process were able to reduce this air
void content to a more reasonable level whilthatsame time making the whole fabrication
process easier (Zollinger 2005).

The sand asphalt studied by Kim (2003) included aggregate particles smaller than
1.18 mm. This size was chosen based on the availabilihestandard sancequired by
ASTM C778, which is mostly uniform and of sizes from 0.6 mm to 0.3 mm. Zollinger (2005)
followed the work of Kim and created a FAM from actual asphalt concrete mixture
gradations by taking only material finer than 1.18 mm. Other researchers have defined the
scalebelow asphalt concrete using aggregate sizes smaller than 2.3Banan¢ You 2007,

Kim et al. 2008), 2.26 mm (Valenta et al. 2010), or 2 mm (Lackner et al. 2005). The Bailey
Method, which is used for analyzing and developing aggregate gradations il esptieete

and is rooted in packing theory, providgsheenomenologicallyustified concept using the
definition of a primary control sieve (Vavrik et al. 2001). This sieve size is computed based
on the ideal aggregate diameter that would just fit inside the void space created by three of
the nominally largest sized coarse paeis touching in the most optimal arrangement. For

mixtures with a nominal maximum aggregate size (NMAS) of 9.5 mm and 12.5 mm this
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dimension is approximately 2.36 mm, and for 19.0 mm and 25.0 mm NMAS mixtures this
dimension corresponds to the 4.75 mm aiéihese definitions would suggest that for 9.5

mm and 12.5 mm mixtures the FAM material should be fabricated with aggregates that are
smaller than 2.36 mm, and for 19.0 mm and 25.0 mm mixtures the FAM should contain all of
the aggregates smaller than 4rig. Of course this concept assumes that the largest
aggregate size is ttmly one forming theaggregate skeletpand certain adjustments may

be warranted based upon direct experimental evidence.

Refinements to these blending parameters are includéd tasks of the Asphalt
Research Consortium (ARC) project, but as of yet no conclusions have been drawn.
Furthermore, no analysis has been reported in the literature that relates to the sensitivity of
the FAM properties to these blending parameters &isphalt content and air void content).

This review also shows that even thoughk®RM is defined in functional terms, i.e., the

material that exists between the coarse aggregates, no real independent verification has been
undertaken that confirms whetharrmt any of the adopted size ranges for FAM actually

exist in this state. Further, there is no evidence that the FAM parameters and rules adopted
thus far are truly representative of the material.

2.4 Analytical Models
2.4.1 Dilute and Empirical Formulations

The smplest formulations for modeling the global response of a two material blend
assume that one of the materials is in the formafisperseglobules and the other acts as a
matrix. Multiple models have been formulated from this assumpitber theoretidéy or by
making empirical adjustments to theoretically justified derivati&sstein {956 using
energy balance principles showed that the combined viscosity of a dilute suspension was
given by Equatior§2.1).

% =1 2.5, (2.1)
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In thisequation C, is thevolumetricconcentréion of the isodisperse spheréss the
viscosity of the matrix, anf is the viscosity of theomposite DeBruijn (1942 attempted
to determine the higher order terms neglected by Einstein and arrived attibeskip

givenin Equation(2.2).
h 2
ﬁ =1 2.5, 5% (2.2)

Ward and Whitmore (1950) studied the application of this equation to real particles
with dispersed but specific size distributions and concluded that for such is&teritactor
in front of the concentration could range fr@ to 3.6 Roscoe 1952 used Ward and
Whit morebés data to mathematically show that
the viscosy ratio is given by Equatio(®.3).

h, _ .25

4" (1-c) (2.3)

This equation can be shown to reduce to E
Roscoe further argues that at volume concent
eqguation is invalid, anthen goes on to show that at higher volumetric concentrations that
Equation(2.4) should be used in lieu of Equati¢®3). Roscoenotesthat Equatior(2.3)
tends toward infinity at volumetric concentrations of 100%mas Equatioii2.4) tends to
this limit at volumetric concentrations of 74%he tendency to infinity at 74% is an
important characteristic since it correags to the maximum packing fraction possible with

same sized sphericahgiicles.

h o -25
feody 1 c 0 (2.4)
h ¢ 074 =
Mooney al so generalized Einsteinds work t

concept of a crowding factor to account for the foxter particulate interactionsiponey

195]). Equation25 s u mmar i zes Mooneyb6s concept where t
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with the factork and is found to be the inverse of the maximum packing fraction (0.74 for

single sized spheres).

25,

hc 1- kG,
—e 25
h (25)

Frankel and Acrivos1967) used hydrodynamics to analyze the flow resistaficke
medium between the uniforapheres and derived Equati@6). In this equatiorC, max

represents the maximum packing fraction for the material under investigation.

ST
e 29 &/ Cumax = (2.6)
h 8 Y4

) ? Cvmax 9

Additional empirical models have also been developed such as those by Eile)s (1941
Equation(2.7), Mooney (1948), Equation(2.8), Chong et al.1971), Equation(2.9), and
Kataoka et al. (1978), Equati¢®.10), to name a fewAll of these equations are formulated
to predict the viscosity ratio of a material blend, but have also been applied to other
engineemg properties such as?| (Kim 2003, Faheem and Bahi2aD09.
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h., a 2.5C, «

@ e 27
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(2.10)

o0

h, 8 C,
F B ? %v,max

2.4.2 Micromechanical Motivated Formulations

In addition to thalilute and empirical equations abowgicromechanical modelsave
been deriveda predict the effect of rigid inclusions into a soft matibewey (19%) first
derived such a solution for the small strain elastic deformations when a single rigid inclusion
was included into a medium. This solution was then generalized to accourd &bfettt of
multiple spheres but only when included as a dilute suspension. Since simpler models existed
for adequately descr i bi hagbeetrgely igrorect Eshetby o n , De
(1957)also solved theroblem of a dilute suspension andwkd that the ratio of the
modulus of the composite to the modulus of the matrix was given by Eq(@&tidh It can

be shown that this equation reduces wHmstein function, Equatigi2.1), when the

Poi ssonds ratio of the matrix Gs ®qual to O0.
a G, o
15(1-nm)881?"@
gc -1 ¢ Sn tc, (2.11)
" 7- 51, +2(4 54;)6—”

m

Hashin (1962) derived a similar equation as Eshelby, but utilized a different
techniquanvolving variational principles and a composite sphere model. In this model the
particulate inclusions are modeled as composite spheres consisting of an inner sphere and a
surrounding sphere of specified radius. It is further assumed that the ratrooohsiing
sphere to particulat@dius is constant for all particles. The portion of the total volume that is
neither consumed by the particle nor the surrounding sphere is assumed to exist in a state of
constant stress or strain. With this assumptioartize shown that since this volume
becomes infinitesimally small through the filling process that at the limit the composite body

strain energy will approach the strain energy in these composite spheres. This aspect of the
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composite sphere metlis utilized to formulate the relationship shown in Equaiipi 2).
Equation(212)i s f ound t o cl| os el yandingdactevien seeondosdare | by 6
terms are ignored, i.e., for small concentrations, the two functions can be shown to yield the

same result.
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A third micromechanical modeif note is that of Christensen and Lo (1979). These
researchers utilized the conceptual model first described by Kerner (195§)udracal
inclusion imbedded in an infinite matrix of known properties. This conceptual model was
further modified byincluding a shell of effective and unknown properties which surdeua
the sphericainclusioncf. Figure2.1. This secalled thregphase model was then gealezed
and solved using many of the same principles employed by Kerner and subsequently by
Eshelby (1957). The final solution form can be written in the simpldrgtia form shown in
Equation(2.13).

[ marx
[77) EounaLenT Howoaeneaus

Figure2.1. Conceptual effective properties model utilized by Christensen and Lo (1979).
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Herve and Zaoui (19) generalized the work of Christensen and Lo to account for
inclusions coated with an indefini(put finite and discrete) number of layers. They referred
to this model as the+1 Phase Modelo reflect the &ct that it was more general than the
Christensen and Lo form. Like the other micromechanical based solutions;lifhase
Modelassumes that the strain energy is conserved throughout the phases. It also assumes that
stresses andisplacementare contimousacross the interface boundaries. Under simple
shear, this model reduces to solvthg same basic forin Equation(2.13), but where the
termsA, B, andC are defined diferently as shown in Equatisr{2.20) through(2.22). These
eqguations are shown following the convention of Herve and Zaoui where the sutscript
denotes the matrix material andl denotes the shell layer immediately adjacent to the
matrix layer. For example, in the case of a rigid particle coaiibda uniform film of
material A and embedded in a matrix of material B; material A would beihayer and
material B would be the layer. Additional terms needed Hguation §2.20) through(2.22)
are also defined belown these additional equatiorig refers to the radiuatthe interface
betweersubsegantlayers The index is such th&; < R, < Rz < R,. The matrix L x.1(Ry) is
theL matrix evaluated for layde+1 at its interface with laydeandL (Ry) is theL matrix for
layerk evaluated aits interfacewith layerk+1. The convention is to assidghe lowest level
to the most interior materialtven the subscriptor k is used Thus for the previous example,
the rigid particle would be assigned the index 1, material A would be assigned index 2, and
material B would be assigned indexT® determinghe radii used in these functions it is
assumed that the outer sh&ll, has a radius of unity. From this assumption the radius of the
other phases can be calculated from the respective volume concentrations. For the aggregate
phase, this radius is givéy Equation(2.27) but generally the relationship is given by
Equation(2.28).

A:4(1 -27n)(7 104])212 2‘Q7 12.n 8r21)b’z42 +

, (2.20)
12(1- ?,)(Z, -7Z,) 2Q1 2p) Z, 164 86 1 2)AZ.
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TheKer ner 6s
Halpin andKardos (197% The stadard form, shown in Equatid2.29), includes two
composite dependent constants. The firstconstant, i ncl udes
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and the geometric properties of the filler phase. The second coistquantifiesthe effect

of the particulate and matrix modulus ratio.

G, _1+ABC, (2.29)
G, 1-BC, '
where
B=_m (2.30)
Gp
— + A
G

Lewis and Nielsen (1968) amdielsen ((970)recognized that this formulation had a
weakness in that it did not account for the maximum packing fraction of the particulate
matter.Thus the modegbredicted an infinite composite modulus when the volume
concentrations approached 100% insteagaredlictng an infinite moduluas the volume
concentration approached the maximum packing fraction of the particles. It was also
recognized that tha& constant could be given in terms of the generalized Einstein coefficient,
which as discussed above is theorelycatjual to 2.5 for rigid spheres in a incompressible
medium and has been found experimentally to range between 2.1 and 3.6. The Lewis and

Nielsen modified functioms shown in Equatio(2.31).

G, _1+ABG,

C

G, 1-BYC,

m

(2.31)

where,B is givenby Equation2.30), A=mi 1,m= Ei nst ei ndsYistieef f i ci en

maximum packing function, Equati¢f.32).

1-
Y =1 ¥ wm (2.32)
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2.5 FractionalCompaction

The concept of fractional compaction evolved from empirical packing studies and
from analytical studies on the stiffening of dilute solutions. The term was, apparently, first
coined through the work of Rigden (1947), but has been ussheept by others without
specific reference to Rigdenés work or the
definition of fractional ompaction is given in Equatid@.33) and is shown schematically in

Figure2.2.

100- %/oids

* ~100- ow/oid,,. (233
where
fc = fractional compaction,
%Voids = void volume in a given material expressed as a percentage of total
volume, and
%Voidsererence = VOId volumein a given material expressed as a percentage of total

volume and determined from a separate experiment.

The concepof fractional compactiors used to normalize materials witspect to
their basic packing characteristics under some standardized corapifrt. It follows
from the hypothesis that materials of different composition behave similarly when the
internal structure is under a similar state of warticulate interactionlhe reference void
content can be chosen at any condition, buttifpgaly taken as the dry compacted density
of the material. Since the concept has been historically applied to fillers in mastics, this
compacted void content is usually that determined by the Rigden apparatus and is referred to
as the Rigden voids. Arxample could be used for the caseigid samesizedspheres
wherethe reference case would be 26% since the packing factor for such particles is 0.74.
For real materials this void content may range from 20% to 40% or more depending on the

surface texturand gradation of the material. When the maximum packing configuration is
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taken as the reference there is a strong analogy between fractional compaction and the use of
the C, to C, max ratio.

Example:
Reference _<
condition from
AASHTOT19

or EN1097

Y rorole e
Fractional Compaction
0 1 ~3
Figure2.2. Schematic representation of fractional compaction concept.

2.6 ComputationaModels

To date, much of the work on multiscale modeling of asphalt concrete has focused on
the application of computational techniquiesfact it could be said that the primary drigi
force behindnultiscale modeling with asphalt concrete aredtsaputational tools. The
most popular methods for performing this task@neesive zone modelKim 2003,Kim et
al. 2008 WRI 2010a) lattice models (Guddati et al. 2002RI1 20103, anddiscrete element
modds (Zhu 2000Abbas et al. 2009)ai and You 2007). In general, multiscale modeling in
this areaconsists of performing a series of fphase (matrix and particulate) computational
simulations wherein each successive simulatiges thenputfrom the previous simulation

as the matrix phase and increases the characteristic size of the particulate phase by some
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amount e.g., upscaling~or example, in a typical modeling scheme, the first simulation may
be performed to predithe stiffnes response of a material with asphalt binder as the matrix
phase and particles smaller thannt® as the particulate phase. The predicted properties of
this material would then become the input for the matrix phase of a scale that uses patrticles
larger tha 75nmm but smaller than 2.36 mm as the particulate phase. This process continues
until the full asphalt mixture performance is predicted. The specific levels of discretization
are dependent upon the degree of accuracy desired, the resolution of sugsiement

processes such particulate images/B scans, and thallowablecomputationakxpense
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Chapter 3

Experi ment al Program

3.1 Materials

Two dense grademhixtures consisting of granitic aggregate and unmodified asphalt
binder have been used to study and verify the multiscale characteristics of asphalt concrete.
The primary mixture is a S9.5B Superpave mixfuoen the mountain region of North
Carolina The gradation has a nomimahximum size of aggregate (NMSA) of 9.5 mm and is
typically used in North Carolina as a surface mixture on roadways with equivalgiet @xle
load s (EASLS) of between 0.3 and 3 milli@ol{ector roads and medium trafficked city
street$. The secondary mixture in this study is an 119.0C Superpave mixture, which has a
NMSA of 19.0 mm and is typically used as an intermediate coarseadways with EASLs
of 3 to 30 million primary roads, US routes, and rural intersbates

For the primary mixturehe aggregate is from the lower mountains region of North
Carolinaand is comprised mostly of Gneiss, Chlorite, and Amphibdlite blended
aggregate is highly angular with 100% crushed faces on the coarse aggregate and an
uncompacted fines void content of 50.8%. The aggregate contains tglkitieedeleterious
materia] and most of thaggregates are cubicdlhe full mixture is comprisedf five
different stockpiles; 43% 7Bl aggregate, 27% dry screenings, 29% washed screeaimgs,
1% bag house fines. Tlwembined gradation of this stockpile is showrrigure3.1; note

that the suky5 mm gradation, shown as an inset in the figure, was determined using the
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hydrometer methodiven in ASTM D422 This mixture uses a PG @2 asphalt binder from
Associated Asphalt in Inman, South CaroliAdditional mixture information is also
provided inTable3.1.

100 — T T
0.075 — Mix Gradation
80 | |
(@)] = Y
£ 60 r S g | ——Mastic /
8 CED Gradation
@ @ 60 |
o ©
N 40 / % 40
/% % 20 /
[a
20 r // 0
0.001 0.009 0.0375
/? Sieve Size (mm)
O | | | |
03 1.18 475 95 125 19.0 25.0

0.15 0.6 2.36
Sieve Size (mm)

Figure3.1. Primarymixture gradation.
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Table3.1. Summary ofPrimary MixtureProperties

Sieve Size % Passing
Total . Miscellaneous Properties
(mm) Mi Mastic
iX

25.4 100 0

190 100 Total Asphalt Content (%) 5.9
12.5 100 : 0

95 96 Mix Flat and Elongated (%) 1.6
4.75 66 Mix Fine Aggregate 508
2.36 48 Angularity (%) '
1.18 37 ,

0,

06 30 Sand Equivalency (%) 82
0.3 21 : o

015 11 Filler Compacted Voids (%) 33.2

0.075 5.8 100
Determined by ASTM D422

Filler Uncompacted Voids (%] 65.3

0.030 3.3 57 12.5 mmi 0.600mm 2.808
0.023 2.9 50 Gsp | 0.300mm- 0.075 mm 2.861
0.017 2.1 36 Filler 2.862
0.0077 1.2 21 12.5 mmi 0.600mm 2.823
0.0038 0.9 15 Gse | 0.300mm - 0.075 mm 2.877
0.0029 0.6 10 Filler 2.878
0.0013 0.4 7.0 Gp 1.033

Theaggregates for theecondary mixturarefrom thepiedmont region of Nrth
Carolinaand are Porphyritic Granitd@he blended aggregate is highly angular with 100%
crushed faces on the coarse aggregate and an uncompacted fines void cdtdit. athe
aggregate contains relatively little deleterious material, and most of the aggregates are
cubical. The full mixtue is comprised ofife different stockpiles; 23% #67 aggregatea36
78-M aggregate24.3% dry screenings,5% sand,and1.5% bag house fines. Tle®mbined
gradation of this stockpile is shownhkigure3.1. This mixture uses a PG @2 asphalt
binder fromthe NuStarterminal in Charlotte, North CarolinAdditional mixture
information is also provided ihable3.2.
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Figure3.2. Secondarynixture gradation.
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Table3.2. Summary ofSecondary Mixturéroperties

Sieve Size % Passing
Total . Miscellaneous Properties
(mm) Mi Mastic
iX

25.4 100 0

190 98 Total Asphalt Content (%) 4.5
12.5 88 : 0

95 -8 Mix Flat and Elongated (%) 0.1
4.75 51 Mix Fine Aggregate 46.4
2.36 38 Angularity (%) '
1.18 29 ,

o)

06 0 Sand Equivalency (%) 62.2
0.3 11 . o

015 70 Filler Compacted Voids (%) 38.6

0.075 5.1 100
Determined by ASTM D422

Filler Uncompacted Voids (% 71.8

0.030 3.0 59.5 19.0 mm7T 1.18 mm 2.676
0.05 2.7 53.1 Ggp | 0.600mm-0.075 mm 2.659
0.020 2.5 48.4 Filler 2.706
0.013 1.9 37.3 19.0 mm7 1.18 mm 2.704
0.0063 1.3 26.2 Gee | 0.600mm-0.075 mm 2.687
0.0(88 0.89 | 175 Filler 2.735
0.0013 0.53 | 10.3 Gy 1.0

In the subsequent sections, the procedures used to fabricate and test the materials at different
scales are presentéebhble3.3 andTable3.4 summarize théestmaterials and alspresent

the naming convention adopted for this study.

3.2 SamplePreparation
3.2.1 Mixture

Mixture specimens wegreparedn the laboratory using standard procedukam(et
al. 20093 and compacted in the Superpave Gyratory compactor to a height of 178 mm and a
diameter of 150 mntfor this research, an exception was made to the Kim et al. prodsdure

short term oven aginipe mixtures for two hours at the compaction temperature instead of
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four hours at 135°C. This change was made to maintain consistency with maximum specific
gravity measurements tak previously with these mixtures (Jadoun 20Mixture test
specimens wereored and cut from these gyratory specimens to obtain, to the degree
possible, a uniform material. The test specisiead a final diameter of 75 mmfiaal height
of 150 mm and a air void content of 4 + 0.5%.

Some nixture data presented this documet werenot gatheredy the author
following the above protocolhese data were taken from previously completed studies at
NCSU. Specific differences include the use of 135°C aging for four hours and differences in
final specimen geometry. The geomettsgd for this supplementary test data variedaaad

discussed in detail later in this chapter.
3.2.2 FAM

FAM materials with three different maximum aggregate sizes have been tested with
the primary mixture, coarse FAM {EAM), fine FAM (F-FAM), and very fine FM (VF-
FAM). The C-FAM consisted of aggregates passing the 2.36 n@nsf#ve, the FFAM was
comprised ohggregates passing the 1.18 mm (#16) siand the VFFAM included only
those aggregates passing the Gv68 (#30) sieveln the secondary mixture, ynthe FFAM
has been tested, and the reasons for this decision are discussed later in this document. Tests
have been conducted at different asphalt binder and air void contents within these limiting
maximum aggregate sizes. All thfe FAM test conditionare summarized for the S9.5B and
119.0C mixtures ifTable3.3 andTable3.4 respectivelyThe exact volumetricomposition

of these materials @iven inAppendix A
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Table3.3. Test Conditions and Designations Rnimary Mixture

Material Bngtrilcc)i Fracnonezl(ygompacno Asphl\jllgscéo(%)ant b Air Void (%)
Binder and Mastic
UA? 0 i 100 i
AAZ? 0 i 100 i
MS10 0.100 0.15 76.3 i
MS20 0.200 0.30 58.9 i
MS255 0.255 0.38 51.4 i
MS26 0.261 0.39 50.4 i
MS30 0.300 0.45 45.6 i
MS40 0.400 0.60 35.1 i
MS50’ 0.500 0.75 26.5 15
MS52° 0.520 0.78 25.0 2.8
MS55’ 0.550 0.82 22.8 4.3
3.0
4.0
MS60’ 0.600 0.90 19.5 5.5
6.7
10.4
C-FAM
FLH 0.340 1.09 8.27 9.1
FMH 0.300 1.05 9.70 9.1
FMM 0.300 1.08 9.70 6.5
FML 0.300 1.10 9.70 4.5
FHH 0.261 1.01 11.16 9.1
FHM 0.261 1.04 11.16 6.5
F-FAM
FF1 | 0.261 1.03 | 14.7 5.5
VF-FAM
VFCL 0.200 1.10 11.6 12.4
VFCL-HV 0.200 1.02 11.6 19.4
VFCM 0.26L 1.07 8.5 21.0
VFFM 0.26L 0.98 15.6 4.4
VFFH 0.320 1.02 12.2 9.5
VF-A 0.255 1.06 16.5 3.3
VF-B3 0.255 1.02 15.2 3.9
VF-B7 0.255 0.97 15.2 7.8
VF-C3 0.255 1.09 13.2 45
VF-C7 0.255 1.05 13.2 8.0
Mixture
MX1 0.255 1.13 \ 5.9 4

1 UA = unraged asphalt
2 AA = aged asphalt

% mastic samples tested with FAM geometry (12 mm x 45 mm)
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Table3.4. Test Conditions and Designations 8gcondary Mixture

Material BRESS Fractlonazlcygompactlo Asphl\jllgscéo(%)ant b Air Void (%)
Binder and Mastic
MS19AA*! 0 i 100 i
MS1910 0.100 0.16 77.5 i
MS19-20 0.200 0.33 60.5 i
MS19-309 0.309 0.50 46.2 i
MS19-40 0.400 0.65 36.6 i
MS19-50° 0.500 0.81 27.9 0.2
MS19-55° 0.550 0.87 24.1 3.2
MS19-60° 0.600 0.92 20.6 5.8
Fine FAM

FF19A0 0.309 0.96 13.1 1.9
FF19A4 0.309 0.95 13.1 3.7
FF19B5 0.309 0.99 11.7 5.0
FF19B9 0.309 0.96 11.7 8.2

Mixture
Mx19 | 1| i | 4.5 | 4.4

! AA = aged asphalt
2 mastic samples tested with FAM geometry (12 mm x 45 mm)

The FAM samples were fabricated using the basic technisedby Zollinger (2005).
In this methodapproximately 4000 g of FAM materials are mixed using a standard
laboratory planamixer, shortterm agecat the compaction temperatuoe two hoursand
compacted using the Superpave gyratory compactor (150 mm diquwdter the specimen
cools, 12 mm diameter test specimens are extracted by coring and then cut to the test height
of 45 mm using a small tile saw. In total, 24 such cores can be obtained from a single
gyratory specimen. The 24 test cores are obtaingutes different radii from the specimen
center (14 cores at a radius of 60 mm, 8 cores at a radius of 37.5 mm, and 2 cores at a radius
of 15 mm).After study of the air void distribution within the gyratory specim&nsas
foundthatthe C-FAM materialexhibiteda slight gradient across the gyratspecimen
radius but the effect was small. Nevertheless, most experiments were conducted only on the
14 outer cores to ensure consisteridyough trial and error it was found that a mostly
uniform air void dstribution could be obtaineslong thespecimen height bfabricating he

gyratory specimen to a height of 95 mm.
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The air void contents chosen for this stadlg based upon approximations and
assumptions for the air void distribution within an asphalt concrete mixture. For example, if
it is given tha% of a total mixture is aiand then if it is assumed thadt of this air exists
in the FAM phaseand thathhe RFAM in the mixture has a maximum aggregate size of 2.36
mm, then the FAM air wid should be between 7 and 9%ther assumptions regarding the
air void content of the FAM, i.e., that it holds 75%, 50%, etc. of thedataksult in varying

air void contents of the FAM samples.
3.2.3 Mastic

As defined earlier, mastic is the combination of aggregate particles finer timan 75
and asphalt binder. To quantify the volume of aggregates within the asphalt mastic a

volumetric concentration, termed the blend raBB, has been defined.

BR= Vo (3.0
V075 +\/be
where
BR = blend ratio,
Viier = Volumeof solid filler particles + volume of voids in aggregate not filled with
asphalt,
Vee = effective volume of asphalt binder.

All of the mastics used in this study were fabricated in the laboratory using either a
small handheld electric mixer (f&Rof 0.40or less) or a standard labomatglanarmixer
(for BRof 0.4 or more). In both cases, mixing was performed for 1~2 minutes until the
material was well blended and homogeneous in appearEmneenastic and bindesamples
were spread as evenly as possibte a pan and agddr two hours athe compaction
temperatur@o maintain consistency with the FAM and mixture fabrication proceAses.

aging, the materials were removed from the ovenraamixed by hand to overconany
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phaseseparation that may hawccurredluring aging Finally, samples wengoured into
sample tingor storage until testing.

For preparing test samplabhe sample tins were reheated until the mastics became
fluid, mixed again by rod stirring, and then pourea i&tmm diameter sidbne moldsThis
process worked well for materials waiBR of 0.4 or less and yieldedaximumcovariance
values (standard deviation normalized by the magnitude) of approximately 5%eat all
conditions This magnitude of covariance can be compargkeoovariance of 2% to 4%
specifiedfor asphalt bindersn ASTM D7175 Due to the fluidity of the samples, it was
assumed that all low concentration mastics contained 0% air.

Mastics with aBBRof 0.5 or more could not be poured, so a specially designed mold
was fabricated toreate é¢st ingotsvia impact compaction. Volumetric calculations were
used to compute the mass of the material needed to yield 0% air voids for the given ingot
volume(8 mm diameter by 3 mm heighf}t was not possible to confirm that the final
specimen did in fact contain 0% air, but it is likely that they did Tiog. test variability for
these higkblend ratio samples was greater than for the pure asphalt binder ahtktav
ratio mastics (covariance of approximately 13%d)first this variability wascompensated
for by tesing more specimen® or 6 versus 2 or 3 for the IolBR samples). Howevein the
end thangot sized, high blend ratio samples were discarded fiatume studies due to high
variability and a lack of adhesion tcetkesting plates. Instead, thigh concentration mastics
werefabricatedwith the same geometry as the FAM2 mm diameter by 45 mm tall). For
these sampleshatherspecially fabricated mad was filled with the praletermined mass of
mastic, heated, and then compacted by pressing with a constawfithtthis geometryand
compaction methodhe air void contents could be measured and were found to vary between
approximately 1.5% and 4% jgending upon the actuBR Trials to reduce this air void
content to 0% were not successful. For the MS60 matesial the S9.5B mixturea
systematic study of the air void effect was conducted and the study air voids ranged from 3%
to 104%.
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3.3 MechanicalTest Methods

3.3.1 Mixture

3.3.1.1 General Procedures

Mixture samples were tested using a closed loop dgysiaulic testing machine.

The experiments performed specifically for this study were tension tests and thus samples
were glued to hardened steel end plates amahted to customized fixtures (Kim et al.

20093). In each test, the especimen deformation was measured using four oose linear
variable displacement transducers (LVDTs) 90° apart, and the radial deformation was
measured using four spriragtuated L\DTs at 90° intervalgthis alignment means that the
radial LVDTs were 45from the axial LVDTs) The springactuated LVDTs were held in
placeat the specimen milleightby a specially designed jig. Load and deformation
measurements were recorded duringheast and stored for further analyg\s image of the
typical specimen satp is shown irFigure3.3.

As noted earliersupplementary data has been included indb@imenfrom tests
thatfollowed a slightly different protocol from that in the preceding paragraph. In all of these
tests, &cept impact resonance, samples were instrumented with LVDTSs. In the case of axial
and triaxial testsonly axial measurements were taken. For the biaxial tests, measurements of
the vertical and horizontal deformations were taken on both the front anthbaa the test
specimenAxial mechanical testand impact resonantestswereconducted or100 mm
diameter by 150 mrtall samples whilsindirect tensioriestswerecarried out on specimens
150 mm in diameter and 38 mm thick. The test geometriebdamtial specimens were
established based on a combined numerical and empirical experience so as to reduce the
influence of eneeffects on the measured responses (Witczak et al. 2000, Kim and Chehab
2004) whereas the indirect tension geometry was detednonensure that plane stress
conditions existed. Finally, unless otherwise noted, the experimental data presented in this
document were all gathered on asphalt concrete mixtures compacted using the Superpave

gyratory compactor and specimens compactedianainal air void content of 4153.5%.
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Figure3.3. Typical experimental setup for mixture tensile test.

3.3.1.2 Temperature and Freguency Sweep Test

One of the most direct methods for determining the LVE ptgseof any material,
and asphalt concrete in particular, is the temperature and frequencytesteamre
commonly referred to as tligynamic modulus test. In this experiment a test sample is
subjected tainusoidalor haversinusoidal loading at fixed load level and frequency, for a
fixed number of cycles, arat a fixed temperature. Testing is performed at multiple
temperatures and multiple frequencies (with rest periods in between) to compile a set of
moduli. A typical test sequence may be to condith sample tel0°C and then subject that
sample to 200 cycles of 25 Hz loading, a 5 minute rest period, 200 more cycles at 10 Hz,
another 5 minute rest period, and then repetitions of this pattern, but with varying number of
cyclic repetitions at 5, 1,.8, and 0.1 Hz. Following these cycles the temperature would be
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changed to 5°C and the process repeated until all necessary test temperatures were analyzed.
The basic process is published in st@ndard AASHTO Protocol 82

The primary materialesponse functions of interest are the axial dynamic modulus
(IE*|) and phase angl€)( Radial deformationsnay be measured and ugeccompute
Poissonds ratio as a f unct icanthenbduset te pngdietr at ur e
the mixture 6*| using standard mechanics principles (Tschoegl 1989). pedtamed on
the control mixwere conducted ai0°, 5°, 20°, 40°, and 54°C, at frequencies of 25, 10, 5, 1,
0.5, and 0.1 Hz, and with petdcpeak strain targets of approximately®@@These comol
mix tests were done in the zemgean stress (e.g., tensioampression) mode.

The comprehensive evaluation of theture characteristitVE behaviors that is
presented ilChapter Smakes use of axial, biaxial and triaxial loading modes. A summary of
all of the tests conducted as part of this comprehensive evaluation is shbabi€B.5. In
this table it should be noted that the smallest geometry samples are part of a study on the
anisotropic properties of asphalt concrete and as a result samples have been cored from
gyratory compact specimens in either the vertical (V) or horizontal (H) direction. More
details on these particular samples can be found elsewhere (Underwood et al. 2005).

When performing this tegt is important to adhere to tt&tandard Experimental
Protocol In thecase of asphalt concrete the standard protocols given by AASHTO TP 62
and TP 79 as well as the findings from Gibson (2006) suggest that as long as one maintains a
peakto-peak strain amplitude of any single test temperature and frequency combination to
betveen 50150 m eand that one maintains the total accumulated compressive strain to less
than approximately 500 ¢hat the standard is met. Howevelisithe experience of the
authorthat this protocol is not strict enough and may allow for other meahar{amage,
viscoplasticity, etc.) to becagrimportant. Instead the authmopose that the appropriate
Standard Experimental Protocol limits the total peageak strain amplitude to 5bme
and the total tensile strain amplitude to less thaB25ne. The total amount of

accumulated compressive microsteshoul be less than 150@ is not clear what the limit
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on the total accumulated tensile str&ito meet this protocol, but it should be substantially
less than 150th eand is likely on the ome of a tenth of that allowed for compressive strains,
e.g., 150m eFor this documenall experiments have met this stricter Standard Experimental

Protocol unless explicitly noted.

Table3.5. Summary of Tsts Performed for Current Styd

Temp. Confining |Geometry (d x h
Test Metho Mode °C) Freq. (Hz Pressure (kP4 (mm) References
Kim et al. 2009, Hou
Tension 75x 150 et al. 2010
Compression
P 75x90 (H) Underwood et al. 200
25, 10, 5, 75 x 90 (V)
Temperatur -10-54 0 and 500 - -
1,0.5,0.] Kim et al. 2009, Kim
and _ 100 x 150
Frequency Compression et al. 2005a
Sweep Only 75 x 90 (H)
75 % 90 (V) Underwood et al. 200
Indirect 25, 10, 5, .
Tension -10- 351, 0.5, 0.1 0 150 x 38 Kim et al. 2005a
0.05,0.01
Impact 10,000- Kweon and Kim 2006
Resonancq N/A 5-60 5,000 0 75x150 Lacroix et al. 2009
Tension | qq 10 0 75 x 150 N/A
Compression
Loading History
. Stepsind  Peakto-Peak Microstrain | Number of Cycles Pe
Loading Grou| Blocks
Repeated Block Smallest Largest Step
Stress Sweg 1 100
2 170
3 5 16 20 230 20
4 370
5 550

* H = horizontally core from gyratory specimen, V = vertically cored from gyratory specimen

Axial and Triaxial LoadingMode In the axial mode of loading a test sample is loaded along

the axial, or long axis direction. Two basic loading histories are used for such testing; 1) a
zeromaximum stress (compression only) and 2) a-peean stress (tensi@ompression)
loading. The axial load and eapecimen axial deformation are recorded and used to compute

the stress and strain magnitudes which are then used to compiat tad| phase anglé,
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Both loading modes are performed at peakeak strain amgldes of 5875 m eln the case

of the zeremean stress tegtalf of this occurs in tension and half occurs in compression so
that the Standard Experimental Protocol is met. Tests may be performed underanrall
confining pressurériaxial conditior) or at atmospheric pressure (unconfined). Typigally
tests are run for temperatures ranging fra@fC to 54°C. The most common method
utilized in practice is the zenmaximum stress mode since the zerean stress test requires
gluing the sample to endgtes. The advantage of the zenean stress test is that permanent
deformation is minimized and thus it is more likely that lir@iacoelastic limits are not
exceeded; however, as it will be shown if the zmaximum stress follows the

aforementioned Stalard Experimental Protocol this potential shortcoming can be overcome.

Indirect Tension Moddn the indirect tension (IDT) mode of loading a cylindrical test

sample 38 mm in thickness and 150 mm in diameter is compressed along its diametrical axis.
This applied compressive load induces a tensile stress along the axis perpendicular to the
loading direction thuproducinga biaxial stress state. The elastic based stress distribution for
this state of loading was derived by Hondros (1959) and extendesl ¥stoelastic problem

via the elastieviscoelastic correspondence principle (Zhang 1997 and Kim et al. 2005a). In
short, measurements are taken of the vertical and horizontal deformation on both the front
and back face and along the central axes of tmplea These measurements are combined
with those of the applied compressive force to calculate the sdgfplé |potential

limitation of this test is that at high temperatures, above approximately 35°C, the material
becomes so soft that punching sheaodeation becomes significant near the loading strips
thus compromising the reliability of the computEd|| As a result of this effect and in order

to meet the Standard Experimental Protolil, tests are only conducted to a maximum

temperature of 35°C.

3.3.1.3 Impact Resonance Tests

Another technique for measuring the LVE properties of an asphalt concrete mixture is
the impact resonance (IR) method. In this techniguest specimen is placed atop a foam
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base so that it may freely vibrate asulthat itobeysthe assumptions of a fréeee resonant
columnas defined bASTM C215 A piezaelectric accelerometer is attached to one end of
the sample while an impact is made at the other end. This impact produces longitudinal
vibrations which the accelerometer maasu The dominant frequency (resonant frequency)
can be identified through Fourier analysis of this signal and used with thesiaghlished
relationship between modulus, phase velgeithd density to compute the LVE storage
modulus,ENjThe Fourier frequency spectrum can be further analyzed by using the half
power bandwidth method to determine thevhich can in turn be combined with tEd|j

value to compute th&ft|. This test method is typically performed at multiple temperatures so
that a range off*| values can be obtained. The significance of this experiment is the
extremely low strain magnitudes to which the sample is exposed and theecbanical

nature by which theéef| is measured.

3.3.1.4 Controlled Crosshead Displacement Fatigud Tes

Thecontrolled crosshead (CX) test (sometimes referred to as a controlled actuator
displacement testyas performed tstudy the fatigue behavioof asphalt concrete and to
characterize the continuum damage fatigue mddes test protocol is performed lieu of a
true controlled orspecimen strain test becawseh a test is difficult to perform and can
easily damage the equipment if done impropényhis testa cyclic tensile crosshead
movement at some constant level is programmed into the gpadichine. Due to machine
compliance issues, the actualgpecimen strain is significantly less than the programmed
level and is not constant throughout the loading, as showigime3.4. Even though the en
specimen strain remains tensile, the stress transttics zero mean conditias the
permanent strain growth stabilizes.

Note that these tests result in a mixed mode of loading that is neottteolled stress
nor controlled strain. Some researchers have proposed systems that allow users to perform
true controlled strain tests of cylindrical specimens (Christensen and Bonag#éist 200

However, these researchers often do not allow the tesh to komplete failurenor do they
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report on the very specific details of the control process and the tggecimen responses

In this study, the CX protocol tests are performed to complete failure.

—=— Actuator —— On-Specimen
800

700
600
500
400
300
200

Microstrain

100

0.0 0.2 04 0.6 0.8 1.0
Time (s)

Figure3.4. Schematic response of CX fatigue test.

3.3.1.5 Controlled Stress Fatigue Test

Theso-called controlled stres€g) protocol(actually a controlled force experiment,
and referred to as@ntrolled stress test following the industgnvention)applies tension
only, i.e., haversine loading at a fixed level. This tension loading results in the development
of significantpermanent strain, which is shownHRigure3.5. Like the CX test, the CS
protocol is performed to gain insight into the fatigue behavior of asphalt concrete and also to
characterize the continuum damage model. Failure in these experiments is quite abrupt and
care shold be taken not to damage the measurement equipment. As such this protocol is less

desirable for fatigue characterization than the CX protocol.
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3.3.1.6 Constant Rate Tension Test

A final mixture damage protocol is the constant actuator rate tension test, or
monotaic test. In these tests, the laagimachine actuator displaces at a constant rate until
the specimen fails. Due to machine compliance issues, this test does not produce a constant
rate of orspecimen strain, but this shortcoming is overcome by ensiwaghte actual on
specimen deformatiois measuredrad used for analysis. The crosshead rates and
temperatures necessary for characterization are given elsewhere (Underwood et al. 2006), but
in general, at 5°C they are between 1 X 46d 5 x 17 ds for unmodified mixtures and 1 x

10%and 5 x 10 /efor mixtures with polymemodified binders.
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Figure3.5. Schematic response of CS fatigue test.

3.3.1.7 Repeated Strain Sweep Tests

A strain sweep experiment is one in which a test sample is loaded at a fixed frequency
and temperature, but with incrementally increasing strain levels. The strain increments are

pre-determined and usually follow either a linear or logarithmic increaseaétt of these
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increments of strain, a fixed number of cycles are applied before the next strain level occurs.
In a repeated strain sweep (RSS) experiment, a given stress sweep block is nepkiated

times, five repetitions for liis study. Following ta final loading block, the strain increments

are refigured and the process is repeated again. Each subsequent refiguring of strain
increments are considered to be a unique loading group and multiple loading groups
constitute a RSS test. The test is scharally represented ikigure3.6, and the explicit

loading history used is summarizedTiable3.5. Loading groups and loading blocks are
repeated as quickly as possible to avoid any confounding effects of healing.

: : Block 1 Block 2 Block 5

Block 2 Block 5

Time (s)

/)

i il \UM\UMM HHHH

Time (s)

Figure3.6. Repeated strain swekyading history schematic.

3.3.2 FAM and Mastic Testing

3.3.2.1 FAM General Procedures

FAM experiments were performed usingA InstrumentsAR-G2 rhreameter. Data

analysis software provided by the manufacturer was used to collect and analyze the data. In
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addition to this software standaloné.abview application was developed so that the raw
torgue and displacement data could be acquired and stored. All FAM samples were glued to
plates that were machined to match the @Rtorsional cylinder testing fixtar Samples

were glued approximately 24 hours prior to testing so that the glue would fullyAcure.

picture of the typical FAM test setup is showrFigure3.7.

AR-G2 Motor

Environmental
Chamber

Test Sample

AR-G2 Base

Figure3.7. Typical experimental setup for FAM test.

3.3.2.2 Mastic General Procedures

Mastic experiments were also performed using theG¥Rrheometer. Binder and
mastics withBRless than 0.4 were tesl usingan8 mm parallel plate geometry with a
testing gap of 2 mm. Trials at using this geometry with higproduced high variability
and questionable results. Parallel plate testing requires the developmentohgsibn
between the sample anthfes. At highBRthe asphalt content is so low that the material is
not as inherently adhesive as it is as loB®Br In each binder and mastic test with the parallel
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plate, samples were seated at a gap larger than the final test gap and allowed &o rest at
temperature of 70°C for at least 5 minutes before setting the final gap (2 mm). This period of
time allowed full adhesion to develop between the specimen and the end plates for binder
and lowBRmaterials. The adhesion for higl#&R materials appeared be sufficient, but

was noticeably less than the other materials. In addition, the inherent material stiffness at the
high BRs made trimming the sample more difficdlhe reduced adhesion, trimming

difficulties, and aforementioned difficulty in contraif void contents are believed to be the
cause for the higher variability in parallel plate testing with lH&materials As a result of

these difficulties the parallel plate geometry was abandoned foBRghaterials and

instead these materials were tested by using the torsional cylinder configuration. In this
configuration the same test preparations uise&AM samples were followed. A picture of

the typical parallel plate mastic test setup is showkigare3.8.

Environmental
Chamber

8 mm Plate
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i : \
1 i

Test Sample

AR-G2 Base
Figure3.8. Typical experimental setup for parallel plate mastic test.
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3.3.2.3 Stress or StraiBweep Test

It is often recommended that one perform a stress or strain sweep experiment to
determine the levels to which the LVE properties can be reliably determined. In this
experiment, the temperature and frequency are fixed and the input amplitudeased in a
stepwise manner,fc Figure3.9(a). At each amplitudehe {5*| value is computed and a
crossplot of |G*| versus amplitude developddis typically the case that this plot is
developed in logarithmic space, and an example is shotigume3.9(b). When theG*|
values deviate from the constant value by more than 5% then it is said that the LVE limit has

been exceeded.

@ | jog (b)
G

(AL

Tlme (s)

LVE

| Limit
log Stress or Strain Amplitude
Figure3.9. Stress/strain sweep test schematic; (a) input history and (b) response plot.

3.3.2.4 Tenperature and Frequency Sweep Tests

Temperature and frequency sweep tests on FAM and mastic were slightly different
than those performed on mixture. Like the mixture experiments, FAM and mastic tests were
conducted at a fixed temperature, but the spedfidihg history was different. In these
frequency sweep tests the strain magnitude was constant for a specific temperature and
approximately 80 cycles were applied at each frequency. There was no rest period between
frequencies. A previous internal invigsttion showed that this A@st loading history yielded
the same results as thiicter, rest period between loadingsotocol and so the Ast
protocol was adopted. This type of loading history is also the typical method used in
rheology and by otherwhen assessing the LVE properties of asphalt binder. The test
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frequencies were the same for all materials (14, 6.5, 3, 1.4, 0.65, 0.3, 0.14, and 0.1 Hz)
specific testemperatures evaluated varigsishown below. The primary material response

functions @ interestare theG*| and d

1 C-FAM = 14°,23°, 38° andBC

1 F-FAM (S9.5B) = 10°, 20°,35° and 50°C

1 F-FAM (119.0C) = 10°, 20°,35°, and B°C (or 45°C)
1 VF-FAM = 10°, 20°,35°, and 8°C

1 Binder = 10°, 16°, 19°, 25°%and40°C

1 Mastic (parallel plate) = 10°, 16°, 19°, 25°, 403nd54°C
1 Mastic (torsional cylinder)= 13°, 22°, 37°and55°C

In general the mastic tests were performed at a-frepkak strain target of
approximately 200n ewhich was determined by performing strain sweep exyats on
sparate specimens to ensure that the tests r
separate tests at strain magnitudes as high asré@fd as low as 6 evere also
performed to confirm the strain effect at both the high and low blend concentratiens.
FAM tests were performed at various pdalpeak strain magnitudes ranging fromré@o
720m eMultiple magnitudes were assessed because in trial strain sweep testing it was
observed that deviation from a const&it| [value occurred at low magnitesl of strain. In
addition, it was estimated that einthe mixture is subjected 80 peakto-peakm dhat the
strains in the FAM phase could be high#0 m eor more Kose et al. 2000, Masad et al.
2001).
3.3.2.5 Controlled Stain Fatigue Tests

Controlled straindsts were performed on mastic materials to assess the fatigue
properties and characterize a continuum damage model. Samples are subjected to a fully

reversed constant shear strain sinusoidal loading. These tests are condL@tedi4&t or
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19°C; a frequecy of 10 Hz; and variable strain magnitudesr these tests the independent

raw data acquisition is used for data analysis.

3.3.2.6 Controlled Stress Tests

Controlled stress tests were performed on both mastic and FAM materials. Two

different types of controlled stress tests are performed; a fully reversed loading and a forward
only loading. In some cases the loading history is interrupted by rest persoisef

duration. The primary purpose of these experiments is to evaluartémeled elastic
viscoelastiacorrespondence principle as it applies to FAM and mastic. However, the fully
reversed loading also used asdamagecharacterization protocol f6fAM materials. Like

the controlled strain fatigue test, these tests are performed at a fixed temperature and

frequency and the independent raw data acquisition is used for data analysis.

3.3.2.7 Constant Rate Shear Test

A limited number of onstant rate shear testere performed on both mastic and
asphalt binder. In these testtaggetconstant rate of sheatrainis applied to the sample
until a specified strain level at which pothe loading ceases. The AR is a stress based
rheometer, and so the targetgt magnitude is achieved by continually adjusting the applied
stress magnitude. Since this control is not perfeetactual achieved strain rate is not
actually constant. However, during these tasis standlone data acquisition system was
used to mnitor the actual oispecimen stress and strain response. Tests were conducted in a
cluster of three test rates starting at the fastest and going to the slowest. After each rate a 10
second rest period was applied, but the stress and strain responseoniévesoh during this

time.

3.3.2.8 Relaxation Modulus Test

A relaxation test was performed on asphalt binder and some selected asphalt mastics.
Tests were conducted a temperature of 10°@,strain magnitude of 0.02% straamd fora

periodof approximately 30 seconds. For the asphalt binder, an additional test was also
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carried out at 20°C, 0.02% strain, and for only 15 secddats was gathered with the

standalone data acquisition system for further analysis.

3.3.2.9 Direct Tension Tests

Like the monotonic testserformed on full asphalt concrete mixture, direct tension
tests were also carried out on FAM materials. The test for FAM is the same as that for the
mix except the machine configuration is different and the rates applied are slightly different.
In this studytests were only carried out at°@and at rates between 0.6902 and 0 &4A
picture of the test setp is shown irFigure3.10. The same type of machine used for
monotonic tests on mixture was also used to test these smaller geometry FAM samples.
However, when performing these tests, the actuator was controlled sntlaller servo
valve (5 gallon per minute versus 10 gallon per minute) and load cell with lower capacity
(500 Ib. versus 5000 Ib.) to ensure acceptable signal to noise fdtibke all other FAM

tests, these samples were instrumented with two LVDToappately 180 apart.

Figure3.10. Typical direct tension test setup for FAM materials
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3.4 Void Content Test Methods

For quantification of the void content and structure of the aggregate skeleton within
an aphalt concrete mixturé is important to quantify the void characteristatshe different
length scales. Some stand&dts and slightly modified standard tests are used to quantify
thesecharacteristicsin the followng sectionsthe test method$at are useth this process

are summarized.

341 Rigdends Voids Test

The Rigdenés voids test was first propose
the dry compacted voids content, e.g., Rigden voids, of mineral filler. This test method is not
standartzed in the United States butagpartof the European Union standard aggregate
assessment protocd&l 10974:2008. In this testa small sample of filler is placed into a
specially designed apparatus, thedBigdenbds a
mechanical action and the total compacted volume deternithed/oid content can be
easily foundsince the density and mass of the filler is known and the volume of the orifice in
which the sample is compacted can be calculated. The Rigdervati@sis often cited in
the literature and is typically used to denote the maximum volume packing configuration of
the filler, Cy max in the equations presentedSection2.4. Unfortunately because the test is
nota partof standard United States protocol, local vendors do not sell the apparatus and
importing one from overseas was prohibitively expensive. Instead an alternative prpcedure

which hasheen shown to give quantifiably similar values for void content was used.
3.4.2 Kerosene Test

The kerosene voids test is an alternative to the Rigden voids method. In tlas test
approximately 20 gram sample of fillerfisst placed into a hemispherical bov@ne to three
drops of kerosene is introduced to the middle of thisllusing a marked burett€hese

kerosenalropletsform a smallwetted ball. The bowl is shaken with circular movements
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until the ball no longer picks up any filler. At this point anottesv drops of kerosene are
added to the wetted bowl and the circular shaking continues. This process of building a
wetted ball continues until all of the filler has been picked up.vbheme of kerosene
needed to fily compact the filler is founttom the buretteThe compacted voids content can
be determined via EquatidB.2) since themass and density of the fillare knowrnand the

volume of added kerosens measured via the burette.

. vV
% Void, =——* —*100 (3.2)
Vk + M075
Gsbrwater
where

% Voidk = kerosene voidontent,

Vi = volume of kerosene added (mL),
Mo7s = mass of filler sample (gram),

Gsb = specific gravity of filler, and
rwaer = density of water (1 gram / céhn

The kerosene method has been reported to yield similar values to those measured by
the Rigden apparatus (Rf 0.96) Heukelom 1965Grabwoski and Wilanowicz 2008), and

for the purposes of this document are treated as equivalent to the Rigden voids.
3.4.3 Compacted Voids Content

AASHTO T 19specifies a method by which to determine the compacted voids
content of an aggregate. In this processrtainerof know or calibrated volume is first
obtained. Aggregates are then introduced todbwgainerso that it is approximately one
third full and then the aggregates are rodded 25 times. This process is repeated two more
times with the final fill being overfullAfter the final roddings complete the aggregates are

leveledto the top of the&ontainemeing careful not to unnecessarily dislodggace
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particles. The void content is thealculated by using Equati@B.3). In this testingthe ratio

of maximum aggregate size to congi dimensions gigested byAASHTO T 19 isfollowed.

T
0 ; * e Vcontainer
% Void, = T *100 (3.3)
sb

water

% Void. = dry compactedoid content,

Magg = mass of dry compacted aggregate (gram),
Veontainer = Volume of container (m),

Gsb = specific gravity ofaggregateand

rwaer = density of water@.998gram / cm).

3.4.4 Loose Voids Content

The standard method for determining the umpacted void content of aggregate is
AASHTO T 304. This protocol covers the determination for only the fine aggregates (smaller
than2.36 mm), but has been generalized for determining the void content of all aggregate
types. In the standard protocol a speenass of fine aggregate is loaded into an inverted jar
with a bottom orifice approximately 12.7 mm in diameter. The bottom of this orifice is
approximately 115 mm from the top of a calibrated container approximately 100 mL in
volume. To perform a test, user pours the sample into the inverted jar and stops the opening
with their finger. When the entire sample is loadbd user removes their finger and allows
the sample to fall into the container under onlyftrees ofgravity. After the entire sanhg
is drained the sample is leveled to the top of the containehandass determined. Equation

(3.4) is then used to compute the loose void content.

T

0 H * e Vcontainer
Yo Void, = *100 (3.4
Gy * r

S

water
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where
% Void

dry compacted void content, and

rwaer = densityof water (1 gram / cfj.

The standard method for uncompacted void content of coarse aggregates is given in
AASHTO T 326 In this protocol the same basic process used for fine aggregates is followed
with the exception that the containesed is much larger. Care is taken when pouring the
loose aggregate into the container to maintain a distance of approximately 115 mm to the top
of the container.
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Chapter 4

Eval uati on of MI crostr
oAsphalt Concrete

4.1 Introduction

As noted in the literature reviewt is important for multiscale modeling purposes that
the various material length scales assembled for experiments properly replicate the scales as
they exist in the asphalt concrete mixture. This criterion is less important in the case of
material levelssessments since in those cabesprimary goal is to rank different materials.
Material ranking is generallgss sensitive to the specific mixing parameters adopted. The
literature review clearly showed that no consensus exists as to the stateofvitlaist an
asphalt concrete mixtuand also that no direct justification for the size limit in FAM exists
In this chapter, data gathered from a series of independent studies and analyses are presented

that shed some light on this subject.

4.2 VolumetricAverageCalculationof Mastic Concentration

Volumetrically speaking there exists onlgiagle average mastic concentration for
any given asphalt concrete mixture.igtalue of this concentration is dependent upon the
gradation of the asphalt mixture, tiensities of the aggregate particles and asphalt binder,

and the absorptive characteristics of the aggregate. The steps and equations needed to

62



calculate the volumetric concentration begin with knowing the mixture gradation. From this
gradation the total ass of absorbed asphalt can be calculated using Eq(&tiprNote that

this equation assumes a total aggregate mass of 100 grams.

N N € =
Mya =8 My, =§(P Pes o & (41)
where
Mpa = total mass of absorbed asphalt in mixture (grams),
Mpai = mass of absorbed asphalt for aggregate retained oni §graens),
Pi.1 = percentage passing the sieve size immediately larger than the current sieve
size,
P; = percentage passing the current sieve size,
Gsp; = bulk-specific gravity of aggregate size
Gse; = effective specific gravity of aggregate sizand
Go = specific gravity of binder.

TheGgp values are typically reported by stockpile type and not by size, so it must be
assumed that each aggregate size within a given stockpile has thésgaalae. TheGgis
known only for the combined aggregate gradation because it must be calculated once an
asphalt concrete mixture is fabricated. Here, it is assumed that the rG@tid@Ggy is
constant for all the aggregates. Keep in mind that adfindloieGs, andGse of each stockpile
are fixed, the relative amount of each stockpile for a given aggregate size is different, and
thus, the blende@, andGscfor any given aggregate size will differ slightly.

At this point, the mass of absorbed asphak been calculated for a 100 gram
aggregate sample. To find the proper mastic concentration, the total asphalt mast must also
be found This mass can be estimated via Equaib?) because the asphalt content of the
mixture is known from the mix design, and because it is assumed that the total aggregate

mass is 100 grams.
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_ 100*%AC

= 4.2
®100- %AC 42
where
M, = total asphalt mass (grams), and

%AC = asphalt content by total mixture mass (given).

After combining Equatioid.1) and Equatior{4.2), the total effective asphalt mass,
Mpe Can be calculated by Equati@h3), and the effective asphalt volumé,, can be
calculated by Equatio@.4).

Mbe =M b -M ba (4-3)
M
Vo = 22— (4.4)
Gb * rwater

Since the total aggregate mass is assumed to be 100 gramsss of particles smaller than
75 mm (#200 sieve)Mo7s, isgiven by the percentage passing the #200 skyg,Equation
(4.5).

Mozs = Pors (4.5)

The volume of these fillesized particlesVozs, in cnt is found by dividing their masisy the
bulk density,Equation(4.6). This volume is then combined with thig. from Equation(4.4)

to find the averaggolumetric concentrationf masticfor the mix Equation(3.1).

I\/|075

Vo75 = G * r
sb,075

(4.6)

water

For thestudy mixturesit is found that the averagelumetric concentratioof the S9.5B
mixtureis 25.5%(BR= 0.255)while it is equal to 30.9%BR= 0.309)for the 119.0C mixture
It remains to be shown that this average volumetric concentration exists with little spatial

variation within the mixture, but this phenomenon will be explained in subsequent sections.
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4.3 Direct Microstructure Evaluation Studies
4.3.1 Sieved Ignition Study

4.3.1.1 Experinental Method

AASHTO test method™ 308 describes rocedurdgo determinghe asphalt content
of a mixture by subjecting a sample to extremely high temperatures so that the asphalt burns
away fromthe aggregate. This tastcommonly referred to as the igon oven testo
determineasphalt contenfA modified form of the standard ignition oven testlled asieved
ignition test, has beeatteveloped and used to investigate the composition of asphalt concrete.
For the sieved ignition tesd, sample of asphatoncrete mix is prepared the standard way
at the design asphalt conteAfterwards the sample is placed into a flat pan and stirred by
handas it coolsso that individual particles do not stick togethsrin AASHTO T 209

Once the sample has cedlcompletelyit is placed on top of 2.36mm (#8) sieve
and agitated by a laboratory &eafor five minutes. The materigdtained on the sieve is
designated as the coarse fractiamd the materighatpasses the sieve is designated as the
fine fracion. Mass measurements of these two fractions are,takdrthen the two
components are placed separately into the ignition tiveetermine thasphalt content of
each fractionAfter the asphalt has burned from the samphe material is carefully
removed from the oven, cooled, and then the masghtsare determinedo that the asphalt
content of the two fractions can be calculatadhe case of the fine fraction, a sieve analysis
is performedmmediately. Howevelefore performingsuch aranalysis on the coarse
fraction, the material is carefully separated into three different subfractions. These
subfractions are denoted asdtse 1Coarse 2, an@oarse 3. Coarse 1 consists mostly of
NMSA sized aggregat€oarse 2 cosists mostly of thaggregate size immediately smaller
than the NMSAandCoarse 3 consists of everything elééhen subdividing the coarse
fraction, apair of large tweezelis used to extract individual particles without disturbing the
surface of the pécle or other nearby particleShe postignition mass and gradation of each

of these fractions is measured. A summary of the measurements taken is shatle4rl.
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It should be noted that during the development of this exper;jenmt was taken taccount
for the amount of aggregate bewoff thatoccurred. It was founthatfor this particular
aggregate sourcthe amount of buroff was negligibde. It was also found that subjecting the
aggregates to high hedwesnot cause deterioration or a change in gradation.

Table4.1. Summary of Measurements Taken in Sieved Ignition Study

. . Measurements Taken
Fraction Sub Maximum Nominal Prelgnition | Postlgnition
Fraction |Aggregate Size (mn| g 9 Gradatiof
Mass Mass
Coarse 1] 95 p p P
Coarse | Coarse 2 4.75 . . P
mbin mbin
Coarse 3 > 36 (combined)| (combined) 3
Fine -- 1.18 P P P

4.3.1.2 Results

The sieved ignition test h&een carried out on only the S9.5B mixture drelfirst
observation madigom these tests was the visual appearance of thegrgbn sample.
Before the ignition procesi was believed that many of the particles, particularly the
coarsest particlegbecause¢hey were easiest to seejere coated with a film of asphalt binder.
These samples were black in appearance and appeared mostly uniform in foeneer,
after the ignition process it was found that in fact these aggregate particles wedendtiate
layer of finer aggregate particlasd binderFigure4.1(a) shows a photograph of a typical
coarse fraction sample before the ignition pssceas performed arkgure4.1(b) shows a
photograph of the same samptenediately after ignition. For comparison purpoB&gire
4.1(c) shows the same aggregate mix (different sample) that was only dry mixed together. In
Figure4.1(b) it can be observed that thefage texture of the poggnition samples isough
in appearancerThis rough textures a consequence dhe fines blanketoatingeach coarse
particle. It should be noted that while only the aggregates in the Coarsdractidn are
shown in this figue, the same observations hold for all sizes.
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Figure4.1l. Aggregate surface haracterisi: ( coa particles before ignition; (b) coarse
particles after ignition without disturbing; and (c) dnyxing of graded aggregates.

A closeup image of 4 randomly selected coarse aggregate particles is shown in
Figure4.2 andFigure4.3. The particles shown are all retained on the 9.5 mm dienéhe
actual particlesre not the same in the two figurésFigure4.2, the aggregate particles are
shown as they might appear before the mixing process dtdure4.3 the aggregate
particles are shown as they appear after performing the ignitioiNtastthat the aggregates
mineralogical compositiorsisuch that the aggregate color varies from translwaeite/
(quartz-like) to a mixture of black and grayhe fines blanket, whicboats the aggregates in
Figure4.3 is bound to the coarse particles. It is believed thisbond results from two
sourcesstatic bondand a hydrodynamic suction induced by the evaporation of the asphalt
cementA similar bond was found to occur when the aggregates were wetted with(@tater
similar volumetric concentrations as the asphalder caseand dried by the ignition oven
method. When the aggregate particles were individually picked from the mass and gently

shakenthe blanket did not dislodge or shed in any noticeable way. Upon dropping the
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aggregate particles froanapproximae height of six inches moderateamount of the

blanket bond was broken in random locatid@isilar amounts of material were removed

from the aggregate surface by tapping the aggregate pavithla small diameter stainless
steel rod. The strength of this bond is contrasted with that formed when only dry mixing the
aggregatedrigure4.1(c). In this casefine particlesonthe surface ofthecoarse aggregates
generally fall off with only a gentle shakehe bond between the coaesggregatand fines
blanketdoes break down by the repeated mechanical agitation of si€wnuge4.4 shows

how this sieving was capable of separating the Coarse-2asttlonfrom a sieved ignition

test sampleSince these bonds do breakdown by sievtrig still possible to individually

determine the gradations of each fraction andfsadiionfrom the sieved ignition test.

Figu reéfz.

process.
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Figure4.3. Surface characteristics of 4 randomly selected coarse aggregate after mixing and
ignition test.
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Figure4.4. Effect ofmechanical sieving on fines blanket bond; (a) before siestospup
and (b) after sieving.

Theaverageggradation of thalifferent fractions and sufvactions from the sieved
ignition tests are shown irigure4.5 along with the average total gradatifiirst, it is seen
thatthe initial fractionation of the asphalt coated particles across the 2.36 mm siev®tloes
completelyseparate the material mtoarseand FAMcomponerg In fact the coarse
fraction contais a substantial amount of FANizedparticles The FAM-sized particles had
either agglomerated during the mixing so aadteffectively as larger particlesr in the
case of the very fine particldsad adhered to the larger aggregates. The gap in the gradations
of the Coarse 1 and Coarssubfractios indicates that the fines blanket coating therse
particlesdoesnot include particles larger th&90mm or300nm (i.e., smaller than th#&30
or #50 sieve). It is believed that this gradation is a fairly accurate representation of the
material as it exists in the mixture, but the data should be biased slightly to underestimate the
largest aggregate sidsecausaet is possible that larger particlésat initially stickto the
coarse aggregatall off during the ignition process due to their sglight. Nevertheless,

this observation suggest divide at approximately the 6@@n to 300mm size and thdbor
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sizes greater than theslee effectsof the aggregate particles on the ultimate properties of the
asphalt concrete mixturaaydiffer fundamentally.

Based on the measured masses, it is found that for the study mixture the asphalt
contents of the coarsend fine fractionsire 9.1% and 4.9%espectively However as the
gradation data suggest, these percentages cannot be used alone to judge the volumetric
content of the FAM because the coarse fraction is found to contain a substantial amount of
FAM materal. Insteadthe datawill be used to help justify the hypothesis presented in
Section4.5.
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Figure4.5. Gradation okieved ignition samples
4.3.2 Digital Microscopy Study

The surface morphology of mastics at different volumetric concentrations, coated
aggregate particles, and extracted FAM material are examined to gain insight into the

characteristic mastic within an asphalt concrete mixtarthis study a simple digital
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microscope with analog zoom capabilities is utilized as showigimre4.6. This microscope
has the capability to zoom up to 2@esbut the zoom ahfocusis a single unit ands a

result the scale is not automatically computed. Instead, an approximate method was
developed to determine the size of imaged particles and this process is discussed before

presenting the experimental findings.

Figure4.6. Digital microscope used to study surface morphology of coated and uncoated
aggregate particle.

4.3.2.1 Magnification Calibration

To determine the approximate magnificatiand thus establish an approximate scal
for eachmicroscopy imagea sample of 500 Ottawaestingsand was placed beneath the
digital microscopeThis material isspecified to have round particles 100% of which pass the
#50 sieve (0.3 mm) and no more than 2% of which pass the #70 sievfh®1Thusit is
assumed that the average size of the imaged particles is 0.256 mm.

The Ottawa sand was sprinkled onto a sheet of white papdivamdicroscopic

images were taken at approximately the same magnification usia foorphological
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charaterization Three to fouindividual particles were includad each imageAn example

of one such image is shownhkigure4.7 where the individual péicles are outlined with an
artificial black line.Image J software was then used to best fit each individual particle to an
ellipse. The width and heiglinh pixels)of each ellipsevas recorded. It was then assumed
that the average longest dimensiorihase ellipses was equal to 0.256 mm, thus establishing

the approxinate real magnification (approx. 18feg and scale (551.76 pixels/mm).

Figure4.7. Example digital microscopy image of Ottawa 50/7Qdsan

4.3.2.2 Surface Morphology of Mastics

Mastic samplesvere preparetbr imaging by smearing each in a relatively thin layer
onto a piece of white papdmaging results of these samples are shiowiigure4.8 where
aclear change in the morphology with increasiotumetric concentratiors observedThe
asphalt binder is found to be glossyd smooth andariesin color from black to brown
depending on ththickness of the filmBetween the pure asphalt binder andGI29BR
shown inFigure4.8 (b), little change is evident in tigdossiness, buhesurfaceis less

smooth and more leathert aBR of 0.30the surface has lost some of the glossireasd
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discrete bumps in the suckatexture are observetihese bumps are the filler particles near
the surface. Between tiBR of 0.30 and th&R of 0.40 the material maintains glossiness, but
the surface is now more bumpy than smooth. BetwleeBR of 0.40 andhe BRof 0.50 the
materal transitions from glossy to dull with a still greater surface texture forming. Even
though this condition contains an almost equal volume of particles and binder, the material
now looks to be an agglomeration of individually coated particles insteatofiloere the
particles are floating in a matrix of asphalt. Finally, BiRequal to 0.60, clear particulate
formations are visible, and the material looks similar to a sand asphalt mixture viewed

without magnification.
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Figure48. Mircpy images of mtis with different concentrations; (a) bindeBRb)
0.20, (c)BR=0.30, (d)BR= 040, (¢)BR= 055, and (flBR= 060.
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4.3.2.3 Surface Morphology of Asphalt Coated Aggregate Particles

The surface morphology of coated coarse particles and interstitial FAM were
examined. Both types of samples were extracted from a compacted asphalt concrete
specimen, as shown Figure4.9. To extract the coarse samples, a small torch was used to
heat the area around the particle. Then, a smalttd knife was used to carefully pry the
aggregate from the specimen. Care was taken in this procesonetheat the aggregate
and thereby burn off any of the asphalt coating. Since FAM materials are generally more
sensitive to a microtorch, the mixture specimen was first heated in an oven at 60°C until soft
(approximately 2€B0 minutes). Next, an-4cto knfe was used to carefully cut the FAM
from between the coarse aggregate particles. After extraction, both the coarse particles and
the FAM were placed on a piece of white paper and images were taken with the digital

microscope.

Coarse Particle

Figure4.9. Photograph of asphalt concrete mixture showing FAM areas and coarse particles
for microscopy study.

Microscopic images of different coated coarse aggregate particles are shown in
Figure4.10. In these imaged is found that the aggregates are completely coated in a film of

material and that this film varies in thickness. Thickness variation is inferred by disren
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in the color of the coating. The underlying aggregates are white to gray in color and so areas
coated with a thinner film am@solighter in color. It cannot be determined with certainty
whether these observed areastheeresult of the particle exittion procedureor they
representeal differences in the film thickness within the compacted sample. It is noted,
however; that limited number oimages taken of uncompacted patrticles (i.e., coated sieved
ignition samples) showed a more uniform cagtin

The microscopic images show that the film that coats these coarse particles is glossy
and somewhat bumpy in texture. This description would seemingly indicate that the mastic
that exists around the coarse particles is not highly concentrated bist rdg@f very low
concentration; i.e., thBRis between 0.40 and 0.30. However, surface texture should not be
used to suggest a lower bound volumetric concentration because, as the sieved ignition
particle images show, these particles may be coatedcawtixture of asphalt binder and fine
particles (larger than 78m but smaller than 300 to 6@®n). An increase in the number of
fine particles may cause an overall reduction in glossiness and an increase in the surface
texture. Better insight into this pgibility is gained by removing the asphalt from the surface
and reexamining the morphology.

After the coarse aggregate particles were imaged, the asphalt binder was removed by
heating the particles with a torch. This process is effectively the samenasgttiie samples
in the ignition oven, but at a much smaller scale. After removing the asphalt from the coarse
aggregates, the aggregates were carefully placed onto white paper and imaged with the
digital microscope. Typical results are showirigure4.11. It is observed that a blanket of
fines coats the coarse aggregate particles. This blanket contains a gradation of fine aggregate
particles from mast sized up to approximately 6@@n (#30) or 300vm (#50) size. This

observation is similar to the one made during the sieved ignition study.
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Figure4.10. Surface morphology of various coarse aggregatgcles in a compacted

mixture.
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Figure4.11 Surface morphology of various fines blankets coatlng coarse aggregate particles.

Next, the blanket was removed from the coarse particle by tapipengartcles with
enoughforce to remove thelanket from the coarse particle. This force wasstrong
enough to breathe fines blankeapartsuggesting that the botetween this blanket and the
coarse particle was not as strong as the bonds holding thetiiag#her. The blanket was
then broken apart and imageddgtermine its compositiod hese images are shown in
Figure4.12, where it is seen thatithblanket contains particles that range in size from the
filler to #50 size stonéA different tool is usedo quantify this gradation more explicitiynd

this methods discussed in Sectich3.4

79



‘ #200 Sized (d) ’ .

Figure4.12. Variation in aggregate sizes within coarse aggregate fines blanket.

Typical findingsfrom images of the FAM materiatgse presented iRigure4.13. In
this casethe surfaces are found to be shiny, but with a more textured appearance indicative
of aBRcloser to 0.4. However, these miaals contain a higher percentage of near mastic
sized aggregatewhich could be contributing to the surface texture charigesyes of these
materials after removing the asphalt binder by mtorehing are not shown because they
provide no additionahisights from those gained by torching the coarse aggregate particles.
The agglomerations of fines generally remain together until mechanically induced to break
apart. Visually, no conclusive differences in the characteristics of these agglomerations and

the fines blanket coating the coarse particles are noted.
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Figure4.13. Surface morphology &AM materialsin a compacted mixture.

4.3.3 Scanning Electron Microscopy(SEM) Study

The digital microscopy study provides some useful qualitative morphological
comparisons between the coating in asphalt concrete mixtures and different mastic materials.
However, it does natield insight into the makeup of the aggregate coating nor the&kpa
distribution of that materiaA SEM imaging experiment has been conducted to visualize the
composition of the aggregate coatengdt o bet t er understand the mi
All scanned images were obtained using the HitaeB2@N SEM in avironmental mode.

Imaging in the environmental mode means that samples do not need to be covered in a
conductive coating. It also means that imaging is done using backscattered electrons, which
are detected with a Robinsbackscattedetector. Through &l and erroyit was found that
successful images could be gathered at a vacuum level of 140 kPa, an accelerating voltage of
20 kV, and a beam current setting of 50.

Two types of sanples were imaged using the SEivtages of an asphalt mixture
failure suface were takeandimages of thdailure surfaces of asphalt mastics at different
volumetric concentrationsAttempts to image nonfailure surfaces of the mastic samples did

not lead to consistent results due to surface contamination through handlihg &ediency
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of the asphalt binder to migrate to the surface during sample preparation. Images of the
failure surfaces, however, clearly show the internal structure with only minimal errors.

A typical result from the mixture imaging is showrFigure4.14. Images of these
failure surfaces show some fine aggregates (outlined in the figure), but show mostly binder
and fillersized patrticles (i.e., mastidlhe images also show some topological variation,
which is a result of the surface characteristics and structure of the coarse aggregates
underneath the mastic. These topological characteristics make direct invesog#tmsn
mastic composition imposs#from these images. Nevertheless, some qualitative
conclusions can be drawn by comparing the mixture failure surface images to those from the

different mastics, which are shownHkigure4.15.

Analytical Instrumentation Facility NCSU

20.0 KV EM Mag 50X

Figure4.14. SEM image of asphalt concrete failure surface.
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Analytical In:
30.0 KV

Figure4.15. SEM images oésphalt mastics at; (8R=0.10, (b)BR=0.2Q (c) BR= 0.30,
(d) BR=040, and (eBR= 050.
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The mastic images show a clear morphological evolution as the filler concentration is
increased. At the lowest concentration, 10%, a highly dispersed pattern of filler particles is
observed. At approximately 30% concentration, particle spacing is redgodatantly, and
one can imagine substantial particle interaction (although perhaps not through contact
mechanisms) occurring. This evolution continues at 40% where now it appearadhaba
insignificant amounbf particle contact is occurring. As @sult, one would expect a drastic
change in the mechanistic properties within this range of volumetric concentration, and in
fact, experimental data shown in this dissertation and presented elsewhere (Rigden 1947,
Heukelom 1965, Faheem and Bahia 2009) sttpguch a rapid change. At the 50% filler
concentration level, particle contas now clearly evident as structuring within the mastic.
Upon closer inspectigra mixturelike structuring with smaller particles filling in gaps
between larger particlesic. can be observed.

Quialitative comparisons between the imagdsigure4.14 andFigure4.15 suggest
that the mastic in the asphalt concrete mixture is of the low concentration typeBRe., a
somewhere between 0.20 and 0.30), which is consistent with the volumetric averaged
concentrationBR = 0.255). This finding provides evidence that; (a) asphalt mastic does exist
as a homogeneous phase within the asphalt mixture, and (b) the asphalt mastic can be
represented as the volumetric averaged content. However, since this evidence is qualitative, it

is not conclusive.
4.3.4 Meso-Gravimetric+SEM Study

The findings from the microscopy and SEM studies provide interesting insight into
the way that mastic exists within an asphalt concrete mixture. They also show that the
conceptual model of aggregate partiddeated in a uniform film of asphdlindermay have
certain flaws. Unfortunately, this study provides only qualitative data regarding these
microstructural configurations. Quantification of the microstructural characteristics was
achieved in the sieved igion study, but these data were gathered for a large amount of
material and provide no insight into the potential spatial variations within an asphalt concrete
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mixture. Furthermore, because the sieved ignition data were gathered for loose mix, any
microstuctural rearrangement due to compaction was not taken into account. These two
factors may be important due to the heterogeneous microstructure of asphalt concrete. To
address these shortcomings and gain more useful insight, a series @renasetric/SB

tests has been undertaken.

4.3.4.1 Experimental Method

Test samples for the megoavimetric/SEM experiments were obtained using the
same procedures that were used to extract the coarse particles and FAM materials in the
digital microscopy study. For these exp®nts, the mass of each sampizs first
determined to a high level of precision (approximately 1 %di@ms). In the case of the
coarse samples, the masses were generally around 1.0 gram (0.15 to 2 grams), whereas the
FAM samples had a typical mass®®3 grams. After determining the-astracted mass, the
asphalt was removed by placing the samples into a convestiienfurnace at a temperature
similar to that reached in the ignition oven test. A convesddigte furnace was used after it
was found hat the forcedlraft ignition oven disturbed the samples too much and produced
inconsistent results. After cooling, the masses wereaasuredo find the asphalt content of
each samplelo find the average mastic concentration in each rsastle, the fier
content must also be determin@dSEM-based analysis technique was developed for this
purpose since thmesesamples were too small for mechanical sieving.

The process of imaging the aggregate samples using the SEM was developed after
trial and erro and through consultations with SEM experts at North Carolina State
University. The process begins by first placing three separate pieces of-doigolearbon
tape (each approximately 10 mm long) ca®EM stub holder. To obtain a representative
amountof material from the burnt samples, they are first quartered on a sheet of Teflon
coated with antistatic spray. The whole sample is spread onto the Teflon sheet by quickly
flipping over a sample tin containing the material on top of the sheet. A raderiblthen
used to quarter the sample, and opposite quarters are taken as representative of the whole.

These two quarters then are combined, and if necessary, quartered again to reduce the sample
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size further. The ideal sample size is approximately-0.02 gram, and when obtained, the
sample is evenly spread onto a sheet of plain white paper. The sample stud then is stamped
over the spreadut test sample until most of the aggregate particles have adhered to the tape.
In the case of the 119.0C mix, thigsping was &wo-stepprocess. The coarsest particles in

the mesesamples for this material were so large that wheg &dhered to the tape, they
prevented the pickup of the finest particles. So when stamping the 119.0&ameptes, the
coarsesparticles were carefully pushed aside before stamping. After the finest particles had
been picked up on the stub, it wasstamped across the coarse particddterwards, the

sample stub is placed into the SEM and readied for imaging.

Through trial ancerror it was found that a consistent measure of gradation can be
obtained by taking eight different images for each of the three different pieces of carbon tape
and averaging the results. These eight images were taken so that they represent the overall
condition of the material that adheres to the particular piece of tape being scanned. After
acquiring and storing the scans, the images are processed by first removing the information
bar at the bottom of the image and any carbon tape artifacts using Adatbst@ip. Next,
the images are processed using Image J software, which has the ability to analyze images and
determine the-D characteristics of individual particles. Specific quantities of interest
include the area, the maximum caliper dimensions (Feamstader), and the minimum caliper
dimensionsFigure4.16 shows a schematic diagram of the image processing steps.

The 2D patrticle characteristics@aconverted to a-B particle gradation through
proper stereological methods and with calibration from a scanned sample of known gradation
(Pirard et al. 2004, Gupta and Yan 2p0d6is presumed that the aggregate particle volumes

V, are proportional tthe projected are@, according to;
V = xA, 4.7

where x andy are fittingfactors. This relationship is calibrated by using images scanned

from a sample of known gradatioc@d.nce known, t he palisi cl eds ef
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estimated by dividing this volume by the area. To place the aggregate particles into the

proper sievindin the following criteria have been adopted:

1. If two out of three measurements (MaxCaliper, MinCaliper,tgrate smaller than
the sieve openings, then the particle passes that size.
2. If the smallest dimension is less than the sieve diagonal openings tivenuesxt
smallest dimension, then the particle passes that size. That is, an aggregate patrticle

might pass through the sieve by aligning along the diagonal of an individual opening.

No probability functions (to account for friction or stuck particles giaample) are
associated with these criteria; whenever one or both are met, then an aggregate passes the
size of interest. The results of the calibration procedure are shdviguire4.16 (e) for the

calibration set and for three separate verification trials.
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Figure4.16. Summary of image processifay mesegravimetric study(a) raw image, (b)
removeartifacts and information bar, (cbnvertimage tobinary, (d) determin@-D particle
properties, and (e) calcula®eD distribution.
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4.3.4.2 MesaGravimetric Results

In total, 20 samples (11 coarparticlesand 9 FAM samples) have been procegsed
the primary mixtureFor eaclsamplethe asphaland filler contents were measured and used
to find the volumetric concentration of the mastic. The compiled results are sh&wguia
4.17. These data support the findings from the previous experiments that suggest mastic
exists in a low volumetric concentration form. None of the samples taken show that mastic
exists in a high volumetric concentaat form. The range lies between 20% and 36%, with
the majority of samples between 23% and 32%. Thus, it is reasonable to suggest that the
volumetrically averaged mastic concentration (accounting for absorption) is an appropriate
content for experimentatugies.

The gradation results from the coarse and FAM samples are summartigdra
4.18. To reduce clutter in this figure, only the high and lmands of the measured gradations
are shown. The gradation bands are separated based on the FAM and coarse particle samples.
The first key observation is that in both sample sets, no particles larger than 1.18 mm are
found. In addition, only 3 of the 11 sptas are found to contain sizes larger than a0
which suggests that experimental studies g primary mixturd=AM should be limited in
size to particles passing the 6@ sieve (#30 sieve). Like the sieved ignition samples,
gradations from the cose particles show that a substantial amount of Fk\d and filler
sized particles have adhered to the coarse aggregate.

89



45

Coarse Avg. ——FAMAvg. — — Vol. Avg.
g
o 30
(2]
g | 255 — — — — —
=
£
< 15
0

Coarse Samples FAM Samples

Figure4.17. Variation in volumetric concentration of filler within mastic asedetined from
mesaoegravimetric/SBM study on S9.5Bnixture.
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Figure4.18. Gradation of mesgravimetric/SEM samples fro9.58 mixture.
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The gradation of the coarse particle coatings is similar to that of the FAM samples,
and given the variability, the differences may be statistically insignificant. However, the
mean gradation of the coarse samples is slightly finer than that of the FAdesaBecause
the coarse samples contain maximum sizes that are in agreement with the FAM samples, it is
reckoned that the coatings on the coarse patrticles are an extension of the FAM that exists
between the coarse particles. The fact that the averagatigradf the coarse coatings is
slightly finer than the interparticulate samples may indicate that the FAM is not entirely
uniform and that a slight gradient exists throughout the total FAM volume. This finding may
also suggest that upscaling from the FANBse to the mixture alone may not be as
successful at yielding useful physical information as a path that upscales from mastic to FAM
to mix. Use of a single FAM in the modeling when a nonuniform FAM exists might mean
that certain mechanisms must be sredanto the modeling framework. This issue is slightly
different than any smearing that must occur due to the range in gradations within the FAM
and coarse series shownFigure4.18. In short, if the gradient issue exists, then it introduces
a systematic bias, whereas the local variation in gradation is random and can be accounted
for by using a proper homogenization procedure. Upscaling from masiid afford the
opportunity to account for this systematic bias, but it would still be necessary to quantify the
extent of the effect, which is not a trivial issue. Thus, although it is observed that the coarse
particle coating is slightly finer than the@nparticulate FAM, as a first approximation it is
reasonable to assume that the FAM is uniform throughout the mixture.

The range in gradaticendBR shown inFigure4.17 andFigure4.18 affected the
FAM mix designs evaluated the mechanical experiments discusse@hapter 7 From
Table3.3, it can be observed that a total of 10 different’RAM materials were evaluated,
andof these five were based on AR and gradation data these figuresVFCL and VFCIL:

HV (coarse gradation and IoBR at different void contents), VFCM (coarse gradation and
mediumBR), VFFM (fine gradation and mediuBR), and VFFH (fine gradation and ig

BR). A full factorial ofBRand gradation was not evaluated becaasee combinations were
impossible to fabricate. For example, a coarse gradadibrhigh BRdid not contain enough
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asphaltbinder to compact together whilst a fine gradation Vath BR material was too fluid
to handle with the gyratory compaction. The otherRAM materials were motivated by
different reasons, which are discussed in Seetibn

A follow-up experiment was initiatalith the secondary mixtute determine
whether or not the limiting size of 6@@n is consistent for all mixtures or is unique to the
9.5 mm NMSA typeMesagravimetricexpeiments were carried odor the secondary
mixture, and the results are shownRigure4.19 andFigure4.20. It should beecalledthat
the volumetrically averaged mastic content of this mixture is 30.9%. These data demonstrate
that the use of the volumetrically averaged mastic concentration is daypbthesis and
supportstis universal application to denrgeaded hot mix asphalt mixtures. It is also found

that the maximum aggregate size for the FAM materials in the 19.0 mm NMSA mixture is
1.18 mm (#16 sieve).
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Figure4.19. Variation in volumetric concentration of filler within mastic as determined from
mesaogravimetric/SEM study off19.0C mixture.
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A NMSA-dependent FAM definition is intuitive based on packing principles, i.e., the

Bailey method of gradation determinatidrarik et al. 2001) To generalize these findings

for mixtures of other NMSA, the coarse and FAM fractions for the two study mixtures are

del i neat ed

seems rational to choose the BAb define themaximum aggregate size for FAM materials

at the Bailey

met hod©ds

fi

ne

aggr e

for any gradationAggregate particles passing this sieve are considered to be part of the FAM

phase (except fillesized particles, as discussed later), and aggregate particles retained on

this siewe are considered to be part of the coarse material phase. The FAIB sieves are

summarized for different NMSA values Trable4.2.
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Figure4.20. Gradation of mesgravimetric/SEM samples fromi9.0C mixture.
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Table4.2. Summary of Maximum Aggregate Sizes for FAM for Various Mixture Types

NMSA Maximum FAM
(mm) Particle Size (mm)
37.5 2.36

25 1.18
19 1.18
12.5 0.6
9.5 0.6
4.75 0.3

4.3.5 Void Content and Distribution Study

Within an asphalt concrete mixtytbe air void is generally considered to exist either
within the FAM, between coarse aggregate particles, or between the FAM and coarse
aggregate particles. The explicit determination of this distribution is heretofore unknown.
Masad et al(2006)examinedhe asphalt concrete microstructurel@fdifferent mixtures
using Xray computedomography(CT). The air voids were idealized as circles whose
diameter was such that the area of the true air void and the circle wereald&he results
suggesthat 3 percent of the totalumber of voids in an asphalt concrete mixtaneess
than 0.61 mm. Thisdistribution, however, was based on the total number of voids and not
the total volume (or area) of void space, and thus cannot be directliiergelh addtion,
this work was based upon images that were processed so that the total calculated void
volume would match the measured void volume. The problem with such a procedure is that
the CT images have resolution limitations and therefore cannot captufé¢halvmids.

When these images are processed they are converted fromscgtayo black and white by

setting a threshold limit. By setting this threshtwdnatch the measured air void content, the

voids that are captured in the CT scans are biased teveager sizes (since voids smaller

than the resolution of the scan are smeared into the scan réudtgriginal images from
Masadods research are not avail akedeml f or revi e
Highway Administration Accelerated Load Hag (FHWA ALF) experiment are available.

These images have been processed using different threshold values and the results have been
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examinedn the basis of two criteria: (a) what threshold visually appears to match the void
boundaries and (b) what tlsteold value matches the measured void content. A typical set of
black and white converted images for different threshold values are shown, along with the
original gray scale image, Figure4.21. Based on a review of several different images it

was concluded that a threshold valu@best matched the visible air voids. This threshold

is greater than one (one is pure black) because there is sonh¢hpteegh and artifact effects
near the void space edg@sie relationship between tlst®ld value and computed air void

are shown irFigure 4.22. In this figure, measured air void values are shown as large dots and
it is seen that the calculated and measured void values match at a threshdie tvedesa

approximately 65 and®
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Figure4.21. Image conversion results with different threshold values; (a) original gray scale,

125and (f) threshold

(e)threshold =

1, (c) threshold = 10, (d) thresholtb=

(b) threshold

=200.
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Figure 4.22. Effect of threshold value on calculated void content for FHWA ALF test
materials.

Whena threshold value dfOis used, thealculatedair void content is noticeably
smaller than the measured aird@ontentThe difference between the two quantities is
believed to represent the air void volume held inffA&1. This air void cannot be explicitly
observed because of resolution limitations (0.310 mm). Equsa{#8) and(4.9) areused to
calculate the air void content of the FA@d coarse phase portions of the samples

respectively. Then, theroportion of total air voids held within the FAphaseVIF, is
calculatedvia Equation(4.10).

A%AV - %AV 100 & %AV 0
% AV - P measured scanned é‘ measuredgoo ( 48)
e 100 Weay & 100 ¥
A%AV. 100 & %AV 0
% AV - scanned v, measured 7 c 4.9
coarse 8&‘ 100 %/warse (;T 100 go ( )
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where
%AVEaMm
%AVcoarse
%AVheasured = Measured air void content of samplas percentage of total volume)

air void content of FAM phad@s percentage of total FAM volume)

air void content of coarse phage percentage of total coarse volume)

%AVscanned = air void calculated from CT scans with a threshold ofe&0percentage
of total volume)
%VEam volumetric content of FAM in total mixture, and

%Veoarse = volumetric content of coarse phasdotal mixture.

Note, that théoVeam and W/ .oarse€ach include some of the mastic phasés discussed in

Section4.5.

o

a 0
a® 0
VIF = 2AVew g Ve 100 (4.10)
100 ad, %AV, %) A 0 '
(!‘Q 100 0 measured 9

The findings from the five ALF lanes are summarize@able4.3. These images
suggest that FAM should be fabricated!s that it holds somewhere between 35% and 70%
of the total air in the mixture. This range is broad, but does provide an initial target for
experimental study with FAM materialBable4.4 presents a summary of target FAM air
void contents for different overall mixture air void contents for both a 40% and a 70% air
void distributionand for the S9.5B, 119.0C, and ALF mixtures. This table shows thairthe
void content for FAM samples must be calculated for each specific bmadisét can vary

quite substantially depending upon the specific volumetric composition of the given mixture.
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Table4.3. Air Void distribution in ALF CT Scans

Lane %Avmeasured %Avscanned %AV FAM %Avcoarse VIF
1 7.2 4.7 10.0 6.2 35.0
2 7.9 44 14.6 5.8 48.1
3 6.7 2.6 169 34 69.1
4 5.7 2.4 13.6 3.2 63.0
5 6.5 2.8 15.3 3.7 634

Table4.4. Air Void Contents for FAM Experiments for Different Materials and Air Void
Distributions

Total Mixture % Air Distributed to FAM
0% AV FHWA ALF S9.5B 119.0C

40% 70% 40% 70% 40% 70%
10 15.5 24.3 10.7 17.4 11.5 18.5
9 14.0 22.2 9.7 15.8 10.4 16.8
8 12.6 20.1 8.6 14.1 9.2 15.1
7 11.1 17.9 7.5 12.5 8.1 13.3
6 9.5 15.6 6.5 10.8 6.9 11.5
5 8.0 13.2 5.4 9.1 5.8 9.7
4 6.4 10.8 4.3 7.3 4.6 7.9
3 4.9 8.2 3.2 55 3.5 5.9
2 3.3 5.6 2.2 3.7 2.3 4.0

4.4 Strain Distributionwithin Asphalt Concrete Mixture

It is the general consensus that, rigorously speaking, the strains are not uniform
throughout an asphalt concrete mixtée{ssman et al. 199%ose et al. 2000, Masad et al.
2001, Masad and Somadevan 2002, You et al.20hk leterogeneous nature of these
materials create areas where strains may be significantly lower than the bulk, i.e., within the
aggregate particles, and areas that have strains significantly greater than the bulk, i.e., within
the binder/mastic/FAM phases.i$tact can be accounted for when developing constitutive
models of the asphalt mixture by characterizing and applying the model only to large enough
volumes that the heterogeneous strain distribution averages to a homogeneous one. This

volume is known athe representative volume element and must be explicitly accounted for
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when developing such mixre scale constitutive models (Hashin 1988)he case of

multiscale models, like the ones being discussed here, the magnitude of this inhomogeneous
strain dstribution must be known. When computational models are utilized, these strain
distributions are implicitly known, but do depend on the constitutive models chosen to
represent the different phases. In the case of analytical models, which rely on

homogenizton principles an approximate or average sense of this strain distribution should
be explicitly stated. Since the work presented in this dissertation makes use of the latter
techniquea method to estimate the strains that exist withirFéhl phase andhe mastic

phasds needed. The method adopted uses direct investigation of the asphalt concrete strain
distribution during a constant rate tension test as well as data available in the literature from a
constant rate compression test and from finite eferbasedsimulations (Masad et al. 2001).

The experimental data was gathered with a digital image correlation (DIC) technique
that allowed for the determination of point strains throughout a tested asphalt concrete
specimen. The details of this typete$ting are presented elsewhdviagad et al. 2001, Seo
2003. It should be pointed out that although the t@mmt strainis used, it is in fact an
average strain for an area with the size being a function of the resolution of the image and the
speckle pttern used on the specimen. Based on these two criteria, the DIC images shown
here allow for direct study of the FARKb-mix strains only. A typical distribution of strain
that might exist within an asphalt concrete specimen is shoiigume4.23. This figure also
shows how the strains can be smaller at locations where aggregates exist and greater where
FAM exists. Note that this example image is frartest on a notched sample. The test results
discussed here are all gathered on-notthed samples. By analyzing DIC images, similar to
those shown ifrigure4.23, the distribution oftrains has been quantified for a tension
experiment at 1% and forcompressiomoadingat40°C (Masad et al. 2001)n addition to
these DIC images, finite element simulation results completed by Masad et al. (2601) ha

also been compiled.
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Figure4.23. Image mapping between; (a) DIC strain distribution and (b) aggregate structure
(Seo 2004)

The results of these three data sets are presented as a prodstiiliiyion in Figure
4.24. The xaxis of this plot shows the ratio sfrain for any given pixeb the mixture strain
while the yaxis shows the percentage of pixalghat ratio This plot includes all of the
pixels taken in the image. Since theC3ension test was carried out at NCSU, a more
thorough study found thainly 65% of the totgpixels were in the FAM phase atithtthe
remaining 35% were in the aggregates. It was also found that these 65% showedtdst gr
strain valuesThis 65% rule has been applied to the Masad data to compute a FAM to mix
strain ratio probability distribution functioithe results are shown Kigure4.25wherenow
the xaxis shows the ratio of FAM strain to mixture strain #@nsl found that the
distributions follow a generally skewed pattefine overall mean of this distribution is
approximately seven while the median isseldo five, butvith some areas showing strain
ratios as large as 20 times. In the end there is no right decision on which strain value to adopt

as the representative value. In light of the fact that strain values can be quite large the central
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tendency tht is greater, i.e., the meansaten is adopted for modeling in this dissertation. It

is expected that these strain ratios would evolvesselifiarly as has been suggested

elsewhere so that the representative mixtammastic strain ratio (as mastiafhibeen defined

in this document) is 49, but with a value that may be as large as 400. This is a substantial
range and may mean that accurately modeling certain types of phenomenon without the use
of computational methods to explicitly account for therdistion of strains may not be

possible. For instance, in the case of damage, the onevatuatieat a strain magnitude of

400 may be the critical area that develops a crack, which then alters the strain distribution
further, which in turn leads to anotterea that fails and so fortWhen mixture simulations

are performed at very low strain levels, it may be possible that homogenization principles can
beadopted and adequately used to upscale the material. Such effects will be evaluated during
Chapter 9
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Figure4.24. Strain distribution within asphalt concrete mixture.
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Figure4.25. Strain distribution within asphalt FAM.

4.5 Microstructural HypothesiBevelopment

Experimental evidence suggests that the basic functional unit within an asphalt
concrete mixture is the mastic phase. Data from the SEM andgredmetric/SEM studies
suggest that it is reasonable to assume that this phase exists in the volumetrically averaged
sense, taking into account of course the amount of absorbed asphalt. This structure appears to
form during the mixing phase and does s®m to alter itself substantially during
compaction. The question remains as to how this mastic phase distributes itself throughout
the mixture. This question must be answered in at least an approximate way to develop the
proper FAM fabrication conditiongwo hypotheses are suggested to idealize this
distribution. In the first, the mastic is reckoned to coat only the fs#ddd particles. Then, it
is theorized that these coated particles form a mortar that coats the coarse aggregate particles
and fills inthe interstitial volumes. In the second hypothesis, the mastic is assumed to coat

both the FAMsized and coarse patrticles. Some of these fsdd coated particles then
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adhere to the coarse coated particles, whereas others agglomerate (through eitgarmixin
compaction) to form larger volumes of FAM (i.e., the interstitial materials that were sampled
in the SEM and mesgravimetric studies). This latter hypothesis would explain the reason
that the coarse samplesHigure4.18 have a finer gradation than the FAM samples.
Essentially, the coarse particles have the FAM mastic films in addition to their own mastic
film, which would systematically add mofider to the total coating and make the total
gradation finer.

The relative merits of these two hypotheses can be assessed by using the
measurements obtained from the sieved ignition tests. It is theorized that in both cases the
mastic films coat the agggate particles with a uniform thickness. Further, these aggregate
particles are idealized as spherical particles with a diameter equal to the average of the
particlebdbs two bounding sieves. The most con
thicknesss that given by the Asphalt Institut®#984). However, this method does not
provide a true film thickness, but rather the ratio of particle surface area to effective binder
volume Stanton and Hveem 1934, Campen et al. 19B8% units of this ratio amonsistent
with thickness, but the method does not actively account for the fact that aggregate particles
have a 3D shape. The errors between the ratio and the true film thickness would be
negligible if the aggregate particles were very flat. Howevel aggregate particles are
generally more spherer cubelike, and thus, the errors can be appreciable. A method to
account for this effect was proposed by Radovsk0®, and a form of this procedure is
adopted here.

The volume of asphalt mastic withéim asphalt concrete mixture must first be
calculated from the parameters given in the job mix formula. This volume is nothing more
than the total volume of effective asphalt and particles smaller tham /8alculated
previously using Equation(g¢.4) and(4.6). Explicitly, this volume is computed by Equation
(4.11), where again it is assumed that the total aggregate mass (i.e., all aggregate sizes) is 100

grams.
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Vv

mastic JMF

=V, W, (4.11)

It is assumed that the aggregate particles are coated in a uniform thickness. Based®n the t
hypotheses presented earlier, either all particles are coated or only theiEdd\particles
are coated. First, the number of particles of each size that exist in the 100 grams of aggregate

must be determined, and Equat{dti2) presents the function that allows this calculation.

P,- P
N = (Ra- R) _ (4.12)
pad, +d ¢
(Gsb,i * rwater)* Eéﬁ 12 9
where
Ni = total number of particles for the current sieve size,
d.1 = sieve size opening for the sieve size immediately larger than the current sieve
size (cm),
d = sieve size opening fdhe current sieve size (cm), and

rwaer = density of water (1 g/cih

Note that the particle size for a given sieve size is the average of that sieve size and the next
larger size, and that the particles are assumed to be spherical. The volume ohatastiats

a single particle sizeé, Vmasiic; IS given by Equatiofd.13), wheret is the thickness of the

mastic film.
Ao 3. o 3
Vmastic i = % w 2t 8 -g?gze_-l-q (413)
p = ¢

Combining Equation$4.12) and(4.13) results in the total volume of mastic that coats all the

aggregate particles, as/gn in Equatior{4.14).

Y/

mastig calc

J
= a. gN i* Vmasti;: i (414)

i=1
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To maintain volumetric consistency, the volume of mastic in Equédi@d) must be
eqgual to the valme of mastic computed from the job mix formula, Equadbhl). The film
thicknesss found by equating these two volumEst is assumed that the mastiaiformly
coats only the FAM aggregate patrticles, it is found that the average mastic film thickness is
25.23mm. If it is assumed that the mastic uniformly coats all aggregate patrticles, then this
average thickness is 22.8Mn.

Each of these two hypothessis evaluated for accuracy by using the measured values
from the sieved ignition test. The film thickness that corresponds to the two hypotheses is
used along with the other measurements taken during the sieved ignition study to predict the
guantity of fller-sized particles and the quantity of asphalt binder for each fraction. These
results are summarized in terms of the percentage of error between measured and predicted
mass inTable4.5. In this table it is seen that the second hypothesis performs better than the

first for both sieved ignition tests.

Table4.5. Errors in the Masured and Predicted Asphalt and Filler Contents for the Sieved
Ignition Tests
Test #1 Errors Test #2 Errors
Structural Hypothesis | Fine Coarse Fine Coarse
Fraction| Fraction | Fraction| Fraction
FAM Only Film 8.1 4.8 10.9 5.8
All Aggregates Film 5.7 3.5 8.6 4.7

The two hypotheses are also applied to the rges@metric samples, and the results
are plotted irFigure4.26. Here it is seen that the second hypothesis is marginally better at
predicting the asphalt content than the first hypothesis, althouglf treUR increases
substantially. A significant impvement in predictability is achieved by making the film
thickness dependent on the size of the aggregate it is coating, as given in HguEgjon
The paraneters in this equation are calculated from the sieved ignition test, and they predict
the mesegravimetric samples quite well; dfigure4.26. Howeve, due to a lack of physical

justification for such a proportional film thickness and due to the relatively small error when
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applying the uniform thickness assumption to the sieved ignition test, the simpler assumption

that mastic uniformly coats all aggege particles is adopted.

4.E-02
R?=0.54 ¢
o A
= R?=0.22 o
© 3.E-02 %
= \ YN <&
é’t’ A X A Line of Equality
I R? = 0.87
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X X
= A
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Figure4.26. Comparison of measured and predicted asphalt mass ingrasmetric
samples for different distributional hypotheses.

ad,,, + 0632
,*+d 0 (4.15)

t =0.03
c 2 =

It should be stressed that the uniform mastic film thickness assumption is made in
order toperform volumetric calculations and estimate the composition of the FAM. Direct
evidence of asphalt concrete microstructure has seemingly refuted the concept of asphalt
binder film thickness as a compositionally valid construct in asphalt mi¢Elseifi et al.

2008) Similar experimental data has not been gathered to either support or refute the concept
of a mastic film thickness, although the formal method proposdgladdvskiy2003) makes
theoretical allowances for such a case. At this time, it islgnareonstruct through which the

material is idealized and for this purpose, some data does exist to support its application. It is
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most intuitive that aggregate films (be they binder or mastic), would exist in a uniform
thickness. This idealization hasdpmethe common assumption since it was first proposed in
(Campen et al. 1959). Throughout the literature there are a few instances where researchers
have claimed that the film thickness, again if it is a proper concept, should be dependent on
the aggregatsize being coated. There are documented arguments for having film thicknesses
which decrease with the aggregate size and for having thicknesses which increase with
aggregate sizeRpberts et al. 1996, Kandhal et al. 1998 fact, Campen et al., throudhet
discussion of their paper, raise this issue and point to the need for a more fundamental study
by researchers to investigate these effects. A review of the literature shows that there appears
to be no mechanism by which one can support the notiomotHickness within a mixture
being proportional to the aggregate diameter. In truth, there is only slightly more support for
the notion of a uniform film thickness on all particles. As a result of this situation, the current
work adopts the belief that tineastic coats all particles with a uniform thickness even
though the proportional thickness argument seems to support the measured data better.
Since the mastic coats all aggregate particles equally, it is incorrect to include all of
the filler-sized pattles and all of the effective asphalt into the FAM when fabricating the
materials in the laboratory. The mastic that coats the coarse particles should be taken into
account to properly fabricate FAM samples in the laboratory. The process involves using
many of the same equations given previously and is summarized in the following steps. Note

that many of the variables have been defined earlier and are not redefined here.

1. Estimate the initial gradation of the FAM by normalizing the gradation of particles smaller
than the FAIB so that 100% passes the FAIB, as given in Equdtis).

=" 5100 (4.16)

e = initial percentage pasg) sieve size within the FAM,
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P; = percentage passing sieve sizem the job mix formula (percentage

passing in total mix gradation), and

Prais percentage passing the FAIB sieve from the job mix formula (percentage

passing in total mix gradation).
2. Determine the mass of each stockpill, in the FAM, except for the filler, by using the

job mix formula and Equatiof®.17).

M. :M (4.17)

I (Gsb,i* r

Water)
3. Estimate the number of particles of each size using Equ@tib®).

M;
d. +q
C 2

N, =

(4.18)

ol
Qo

T?
&
1008

4. Compute the volume of mastic that coats the FAM aggregates using Eq@atd&hand
(4.14). For this calculation, the film thickness is determined by assuming that the mastic
uniformly coats all the aggregate particles (e.g., 2B18Xor theS9.5B mixture).

5. Calculatethe amount of absorbed asphalt in each of the FAM particles by using Equation
4.2).

6. Calculate the total mass of filler and asphalt in the FAM by usingalene of mastic,
the volumetrically averagezbncentration%VCfrom Equation3.1), the absorbed mass
of asphalt binder, and the specific gravities of therfand matic, as given in Equations
(4.19) and(4.20).

%G

075 — m * Vmastic, calc( G sb075 r wate) (4 19)
z %VC
M g‘ 100 mastu; calc(G b* r wate) M b (420)
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7. Refigure the gradation based on the masses derived from Step 2 and the filler mass
derived from Step 6.
8. Calculate the total asphalontent.

The FAM mix design for the 9.5 mm mixture that results from following these steps
with hypothesis 2s summarized iTable4.6 while the degn for the 19.0 mm mixture is
given inTable4.7. The mechanical properties of materials, which result from the three
different hypotheses are evaluateimapter 7 The VFFAM materials which result from
the first hypothesis, i.e., all of the asphalt mastic exists in the FAM phase, are denoted as VF
A. Those resulting from Ipothesis two are \UB3 and VFB7, and finally those from the
proportional thickness hypothesis are-€B and VFC7. In the case of the 119.0C mixture,
the FF19A0 and FF19A4 stem from hypothesis one and FFBS and FF19B9 follow from
hypothesis two. Fathe 119.0C mixture, the properties of the third hypothesis are not
evaluated

Table4.6. Summary of FAM Desigfor S9.5B Mixture

SsievedSifje Sieve Size G;g';/ltion % Pjssing)
(Standard) (mm) (% Passing)
#30 0.6 100 100
#50 0.3 69.9 70.0
#100 0.15 35.2 36.7
#200 0.075 17.0 19.3
Pan 0.000 0.00 0.00
Mastic Volumetric Concentration (% 25.5
Asphalt Content of FAM (%) 15.2
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Table4.7. Summary of FAM Desigfor 119.0C Mixture

Sieve Size Sieve Size Grzgg/ltion % P:ssin )
(Standard) (mm) (% Passing) g9
#16 1.18 100.0 100.0
#30 0.6 67.3 68.1
#50 0.3 37.4 39.0
#100 0.15 21.5 23.5
#200 0.075 15.2 17.3
Pan 0.000 0.00 100.0
Mastic Volumetric Concentration (% 30.9
Asphalt Content of FAM (%) 11.6
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Chapter 5

Constitutive Model i ng
Li near dmacme@Quas/i scoel a

5.1 Introduction

For engineering design and analysis one makes certain assumptions of the mechanical
and/or engineering baviors of the materials being used and typically idealizes these
behaviors further using mathematical models. No matter how complicated these models may
be and no matter how historically developed the associated theories are, they remain
idealizations ophysical reality. History provides numerous case studies wherein the practice
of the day was found to insufficiently describe this reality and as a result structural failures
occurred. The evolution of the theory and practices of fracture mechanicsradfer o
interesting study (Sanford 2003). This imperfect match between theory and reality is one
reason that safety factors are necessary in engineering design. Other reasons may include
uncertainty in loading and environmental conditions and errors in theetloab idealizations
of structural effects; which for the purposes of tthiapterare considered separate from
theoretical errors in material models.

In many instances, theory and true material behavior can match as long as strict
experimental protocolare adhered to (for characterization) and external conditions are
appropriately limited (for application). For example in the case of steel one may characterize

the elastic modulus by performing tests at low strain levels and then treat the material as
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linear elastic in structural analysis as long as the material will not be strained beyond the
plastic limit. A protocol used for characterizing only specific characteristics of the total
material response, referred to aStandard Experimental Protogahoud be understood
and adhered to in order to make proper inferences of the true material behavior. When this
rule is followed, observed deviations from the theory should be explainable based on the
known theoretical assumptions and the physical rugkef he material of interest.

Asphalt concrete has been historically recognized as a makexiekhibits time and
temperature dependent properties, and as such it has been treaté EsiAfthe same
time that many have recognizédst naturedesign pratice has treated the material within a
linear elastic framework, which created a mix of characterization methods, guidelines, and
approximation schemes. The most popular of which was a-glzesic test method and
engineering quantity, referred to as Resilient ModulusMgr (AASHTO 1993 Barksdale et
al. 1997. TheMg s defined through analysis of the strain response of an asphalt concrete
specimen subjected torepeated diametrical loading. The goal of this test method and
quantity is to determindné effective elastic modulus for a loading histtirgtis similar to
what the material experiences under real service. Through analysis or through engineering
judgment taking into account factors such as the practicality of testing, it was decided that a
repeated loading pattern with a loading pulse of 0.1 seconds and a rest period of 0.9 seconds
met this criteria (Deacon, 1965, Schmidt 1972, Kennedy 1977). More recently the NEHRP 1
37A MEPDG has pushed the pavement community towardalsed true LVE angsis by
requiring the user to input the*| over a range of temperatures and frequencies. While the
MEPDG usage of*| remains questionable due to the reliance on layered elastic structural
models, the fact that it requires a true LVE quantity as imalitates that the pavement
community is prepared to move forward with a more fundamental treatment of asphalt
concrete.

During the development of the MEPDG and since its initial release, significant
interest on theEf*| has occurred and many papers apbrts have been published on various
aspects of the topi&/\(itczak et al. 2000, Pellinen 2001, Wen 2003, Dongre et al. 2005, Kim
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et al. 2005a, Kweon and Kim 2006, DiBenedetto et al. 2007, Motola and Uzan 2007, Uzan
and Levenberg 2007, Arambula et al. 20Q&croixet al.2008, Wagoner and Braham 2008,
Lacroix et al. 2009, Sakhaei Far et al. 20881 20103. While most of these researchers
agree that if LVE is to explain the constitutive behavior of asphalt concrete then one must
constrain themselves telatively small strains. They disagree about exactly what that small
strain value or limit should be and as a result, a comprehensive evaluation of the behaviors of
asphalt concrete in the LVE range is not complete. Complicating this evaluation is the
tendency togeneralize findings from experiments at high strain levels to describe the
constitutive behavior of asphalt concrete at small strain levels. High strain experiments
(cyclic fatigue, repeated load permanent deformation, high stress creep and recovery tests
etc.) clearly show an influence from localized factors such as preferential aggregate
orientation, potential for aggregate interaction and contact, and other microstructural factors.
However, d of these experiments violate the Standard Experimentab&yiofor LVE

because they subject the material to high levels of deformation and/or take the material to
complete failure. The temptation for many then is to generalize these experimental data to
suggest that the active mechanisms are also occurrimgnétcsint magnitudes when the

material is subjected to any external condition.

For LVE to be true for a given material one must satisfy the conditions of
homogeneity (proportionality) and superposition. That is to say a material can be considered
LVE if changes in input proportionally change the response and if the response to two
separate inputs can be summed to give the total response. In real m#tesalsonditions
are likely not met for any potential input level, but may be true, or very neaglyat certain
specific and small strain levels. The region in ststsan space where this condition is met
is referred to as the LVE region and the threshold when the condition is just exceeded is
known as the LVE threshold. In reality it is not adighreshold, but a gradient where the
material gradually transitions from LVE tmnLVE dominant. Many refer tthis norLVE
dominant region as the nlamear region, and while that is a convenient term to differentiate
the mechanical behaviors itayynotbe appropriate since nlamear has a very specific
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meaning in medmics literature. In reality, thiggion may consist of damagetire form of
microcracking, nolinear viscoelasticity, plasticity, viscoplasticity, fracture, or other
mechanismswvhich mayor may not have mathematical representations and support theories.
The Standard Experimental Protocol must be strictly follotweculy assess the LVE
behaviors of a real material, and if it is not then claims as to the LVE mechanical behavior
are suspec

The purpose dhis chapters to present a comprehensive view of the mechanical
properties of asphalt concrete when a strict adherence to a Standard Experimental Protocol is
followed. A body of evidence from various experimental studies conductedlif@rent
test methods, but which follow the Standard Experimental Protocol for linear viscoelasticity,

is shown to support this view.

5.2 LVE Mastercurves

It is an accepted fact that asphalt concrete mixtures in the LVE range are
thermorheologically simplenal thus the effects of time/frequency and temperature can be
combined into a single and simplified function. In the case of asphalt binder it is generally
accepted that thermorheological simplicity, while not necessarily rigorously accurate for all
conditions, is an accurate enough interpretation of the material properties for engineering
purposes. In light of these two facts all material scales (mixture, FAM and mastic) can be
considered to be thermorheologically simple. When such simplicity existyjtidaily the
case that a single functional curve is created, which represents the material properties over a
very broad range of external conditions, such as those characterized in the temperature and
frequency sweep tests describe®ettions3.3.1.2and3.3.2.4 Thisfunction is referred to
as a mastercurve since it covers such a large range in conditions.

The process of characterizing a mastercurve function is shown schematically here for
the case of thmixture |G*|, but applies similarly to other scales and response functions. A

mastercuwve is created by plotting thdataat each temperatues a function of frequency in
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log-log space and then horizontally shifting the dataeachtemperature to produce a single,
continuous and smoothly varying function. The amount of horizontal shifiregtjto create

such a curve is referred to as tlmetemperatureshift factor(t-T shift factor)and vaies

according taemperatureNote that upon shiftinghe xaxis is relabeled as reduced

frequency to denote that the curve was not actually developed with measurements at a single
temperature. The mathematical representation of reduced frequency is shown in Equation
(5.1). Similar efforts can bearried outn the time domairr for the frequency in Heriand

for completeness the mathematical representatiohése two parameters are shawn

Equation(5.2) and Equatiorf5.3) respectively

g = Wa; (5.1)
where
Wk = reduced frequency (rad/s),
w = test frequency (rad/s), and
ar = t-T shift factor fortest temperature.
y= (5.2)
a
where
X = reduced time (s) and
t = time (s).
fe="f*a; (5.3
where
fr = reduced frequency (Hz), and
f = test frequency (Hz).

Thecommon availability of desktop computénsit havespreadsheet optimization
tools makes this processore objectiveand oft@ easier than was heretofore possible. With

these tools, a functional forfar the mastercurve and thd tshift factor functiorcan be

116



assumea priori and the coefficients of these functions can be optimized to best match the
experimental date&Buch is the approadhkenin this researcko analyze the test resul®&he
sigmoidal model, Equatiofb.4), is adoptedo representhe mastercurvef asphalt mixture

and the second order polynomial function, EquattoB), is utilizedfor the tT shift factor

function.
b
Iog(|G *|) =a +—— (5.4
1+}ék+ doo(
where
a, b = fitting coefficients which dictate the magnitude of the mastercurve
k,g = fitting coefficients which dictate the shape and location of the mastercurve
loga, =a,(T* -T) #(T T) (55)
where
T = test temperature (°C),
Tr = reference temperature (15°C), and

a, a, = fitting coefficients.
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5.3 Experimental Support

The experimental data that is used in this chapter havecbegiledwith asphalt
concrete mixturethatrepresent a broad spectrum of material types. Onlyrivotasphalt
concrete mixtures have been included, but they do cover a range in volumetric properties
(Voids in Mineral Aggregaté/MA), Voids Filled with Asphal{VFA), Asphalt Content
(%AC), etc.), aphalt binder type (modified and unmodified), gradations (coarse and fine),
nominal maximum aggregate sizes (25 mm, 19 mm, 12.5 mm, and 9.5 mm), Recycled
Asphalt Pavement content-{%%), and aggregate type (limestone or granite). Much of the
data shown irthis chaptethas been presented elsewhere in significant detail, but has never
been combined together to support a comprehensive study of the material behavior. For this
reason, and in the interest of brevity, material details are not given. |rnstiegdnaterials
are only briefly described and references where more details can be found are provided. In
these experiments, asphalt concrete samples are subjected to varying loading conditions with

varying sample geometries indicated imable3.5.

5.4 |E*| Literature Review

Significant data has begenerate@nd used to formulate various hypotheses
regarding the mechanistic behaviofsasphalt concretesng, in essence, one orore the
experimental methods given in Sect®i.1 In the following sections some of the more
often cited and representat studies are reviewed. It is believed that many of the
conclusions from these studiesist be carefully evaluatdmcause theupporting data were
not gathered according tbe Standard Experimental Protocol as laid out above. Nevertheless,

the data isiseful as it does provide some insight into the near LVE characteristics.
5.4.1 Effect of Loading Modes

Christensen and Bonaquist (2006) suggest that the relationship between-tension

compression and compressi&t||is given by Equatio(b.6).
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|E*|. . =0.00357E 1" (5.6)

where|E*|rc is the tensiorcompression dynamic modulus in MPa d&t] s the

compression dynamic modulus in MPa. One interesting observation from this relationship is
the implication that at moduli values less tlagoproximately 19,600 MPa the tension
compressiorg*| is smaller than the compressi&i|| but above 19,600 MPa that the
tensioncompressiorg*| is the greater value. The authors do not make note of this reversal
in trend so it may be a case of extraion error andindication of thdimit in the

conditions used to characterize Equai5.6).

To establish Equatiofb.6) comparisons are drawn between &4 jalues at the
beginning of uniaxial fatigue tests (tensicompression loading) and those measured in the
compression mode at an equal temperature and frequency. Through this comparison it was
found that the tensieoompression values were significanittyver than the compression
values. However, extracting thte*| valuesfrom the beginning of a fatigue tegelds lower
than true values becausimage can occur in substantial amounts even very early in the
experimentKim et al. 2009, Hou et al. 2010and E*| is technically valid only when the
steady state has been reached, which may take 10 or more cycles. Damagesasadyon
state deformation yield lower stiffness and thus a systematically sreljleajue. It is
believed that this effect is whi actually being calibrated Bquation(5.6). In the same
report he authors notthat Equatior(5.6) yields predicted moduli values similar to those
obtained from beam fatigue experiments. Since flexural modulus is usually determined from
the initial loading cycles of a beam fatigue test it is little surghaethey would agree with
the values from the initial cycles of a tensmympression fatigue test. The fact that Equation
(5.6) suggests thaEf| from a tasionrcompression test is greater than that from a
compression test at moduli values greater than approximately 20,000 MPa may be attributed
the authors use of the Hirsch model in developing the equation. This model has been reported
to yield lower than egerimentally observed modulus values at higher stiffnesses (Sakhaei
Far et al. 2009).
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Arambula et al. (2008) performed direct tension and direct compression relaxation
experiments on asphalt concrete and concluded that the LVE relaxation modulus was
depeneént upon the direction of loading. The exact dependency was found to be mixture
dependent. However, these experiments were performed at a strain magnitudeng 200
which is much higher than the proposed Standard Experimental Protocol allows. In addition,
the authors found it necessary to use aideal height to diameter ratio (1 to 1) in the tests,
which may have contributed to some of the irregularities particularly in the case of the
tension tests.

Other researchers have also reported that the maaduks measured in tension differ
from those measured in compression (WRI 2010a). Specifically it is reported that the
compressived*| values were greater than the tengifg yalues by a factor of two to two and
a half and that the phase angles deteechin tension were much greater than those in
compression. Some concerns exist in the experimental data because of these reported phase
angles, as high as 75 degrees for the tensio
0.57 1. Both of theselmsenations tend to indicate thdamage in some form was present
during the experiments. The tension tests were performed using creep loading and the
samples tested had a 1 to 1 height to diameter ratio. This creep loading was timotegh
trial and eror, so that it produced a maximum strain of 10@To show that the creep test
did not cause damage in the sample the authors performed a controlled strain repeated
direction experiment at a target strain level oh88The number of applied cycles is not
reported, but during this test it was found that the modulus and phase angle did not change
and as a result the authors concluded that theri®@eep test caused no damage in the
specimen. This type ofevification asumes that damage, whisbcurred during the creep
test will continue to develop under the oscillatory loading. No support, or refutation of this
claim was given by the authorsdé and no concl
literature. Howeverit is not clearly described by the authors if then8@vere carried out in
tension only, tensicmompression, or compression only modes. This distinction is important

becausgas it was indicated earlighe tensile strain limitsor damage growtlre Ikely
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quite different than those in compression. With these issues and experimental irregularities in
mind it is felt that these results are affected by damage and should thus not be compared with
experiments carried out using the Standard Experimenttiddialiscussed above.

Wen(2003)performed creep tests using the axial and IDT geometries and concluded
that the material was more compliant in the IDT mdamtin the axial testn this analysis
the IDT creep compliance was calculated with a simiplifydealization instead of being
calculated with a solution that considered the full field stress distributi@uldition the
IDT test specimens were cut from the axial specimens after axial testing had been completed
and thus the IDTestsmay have ben initially damaged. Finally, the strain levels achieved in
the tests are not reported so it unclear if a reasonable strain limit was imposed.

Pellinen (2001) studied the ultrasonic technique, for determigifjgahd was not
successful in matching valsié&rom compression tests. Specimens 150 mm in diameter and
150 mm in height were tested to determine the velocity of a 54 kHz ultrasonic wave traveling
longitudinally through the sample. The data were analyzed, but because the test geometry
was not ideali.e., not a thin rod, the calculations were complex. While analytical solutions
are available to correct for the sample geometry effects, these theoretical equations were
found to be quite sensitive to Poidéfisubnds r at
to characterize and Pellinen was forced to rely on predictive equations to correct the signals.
As a result of the sensitivity, theoretical complexity, and imprecise determination of
Poissonbds ratio; Pell i ne mategeansetriaicortectientfacta. t o i d
Also complicating the interpretation was that the compresBigrnidsts were conducted at

strain magnitudes of up to 150e

5.4.2 Effect of Anisotropy

Many studies have examined the influence of-rammdom particulaterientation
within an asphalt concrete mixture &t This preferential orientation of aggregate particles
is well documented in the literature and is generally referred to as inherent, as opposed to
induced, anisotropy (Oda 1972, Tashman et al. 200amlbuk et al. (2002) used constant
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rate tension and compression tests on horizontal, vertical, and diagonal cores from gyratory
compacted specimens and concluded that no significant differences existed. However, the
aut hor s6 exper i mdnariabilityaad they ota that this situatioro coupledy
with a small number of replicates may have contributed to their results. Motola and Uzan
(2007) performed experiments by extracting 80 mm x 80 mm x 200 mm beams from field
compacted sections. Dynammodulus tests were performed on these beams at 40°C and in
various orientations. The goal of this experiment was to determine the modulus of the
material on planes oriented padeato the compaction directioiy, perpendicular to the
compaction directiofE;, and with depthE,. Since tests fdE, was only possible in the short
direction, e.g., loading was applied on one of the 200 mm x 80 mm faces and deformation
was measured on the 80 mm face, the authors testeddadE, in the same direction. Test
were also performed fdgx andE, in the long direction, loading on the 80 x 80 mm face and
deformation measurement along the 200 mm face. The authors grouped all of the short
direction experimental data together in a statistical analysis to concludieemoduli from
the three directions were not equal. They then analyzed the short and long direction tests to
conclude that the modulus measured from either the short or long direction were the same.
However, if the data is examinada slightly differet way,comparisondeing made
between individual direction&{ versusE, short,E, versusE; short,E, versusk, long, etc.)
that the hypothesis of statistical similarity cannot be rejected using the same analysis method.
This observation, coupled with the fact that the experiments may have been confounded by
factors not addressed by the authors such as air valtegtacross the thickness anesitu
aging gradients (WRI 2010c), the extremely high test variability (a coefficient of variation as
high as 35% in some cases) of the field compasaetblesand the use of a + 5@ @¢arget
experiment, calls into questidhe validity of the conclusion for the linear viscoelastic range.
Wagoner and Braham (2008) also investigated the issue of anisotropy by testing field
slabs in the horizontal and vertical direction using the IDT test geometry. In this study the
authorsconclude, based on complex modulus tests and creep compliance experiments, that

the material is anisotropic. Unfortunately the authors do not provide enough detail to
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meaningfully judge this work relative to the Standard Experimental Protocol. However, the
reported dynamic moduli ranged from 16,000 to 200 MPa at temperatures be30/&en

and 6°C. Such values are extremely low from what would be normally expected and may
indicate the existence of damage, which in itself may represent a wholly differenf type

anisotropy.

5.5 Experimental Results
5.5.1 Effect of Asphalt Content

Mixtures presented in Lee (2007) are utilized to examine the influence of asphalt
content ong*|. Lee measured th&}| andf of two mixtures at four asphalt contents
(reported as a percentagf total mass) ea@nd the results are summarily presented in
Figure5.2f or Leebds CokFgure5&3f omi Xeavdd Lsub mix. It
that Lee did not measure radial deformation during the LVE testing and thus the results are
compiled for only the axiaE[|. Also note that in these figures that asphalt contents are
shown in the plot legends. The important thing to note here is that the nslktws a
reduction in moduluas more asphalt is added, partb)af Figure5.2 andFigure5.3. From
part (c) of these figures it is found that during the increasing phase angle with decreasin
reducedrequencysegmenta higher asphalt content causes a more viscous material response.
During the decreasing phase angle with decreasing reduced fregagmegntthe results
are mixed and differ between the two mixes. Finally, in ghro{ Figure5.2 andFigure5.3

it is found that the-T shift factors functioris notconsistently sensitive to asphalt content.
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5.5.2 Effect of Air Void Content

Like asphalt content effects, the effect of air void content changes is not directly

assessed for the study mixtsignce valid historical data is available. Data for this

assessment comes from that compiled by Kim et al. (2005b). Inuldig [E*| measurements

Lsub

were taken on two different mixtures, S9.5C and 119.0C, at various air void contents in the 7

T 11% range. The resultinB*| mastercurves are shown indlog space only ifrigure5.4.

In this figure the actual air void contents of each test series is shown in the figure legend. It

is observed that air void effects change depending on the exact composition of the mixture.

Because of a lack in replicate testing data the statistical significance of the S9.5C data cannot

be assessed, but based on historical expectations it is likely that the differdfigesab.4

(a) are not statistically significant. The differences in the 119.0C datdne other handre
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likely of statistical significancelheexact cause of this differengesensitivity to air void
contentis not known but reent computational investigations suggest that the microstructural
configuration of the air void structure may play a role. Further, it can be inferred from the
known gradation of these mixes and permeability studiessivitlar North Carolina
Department bTransportationf)CDOT) mixes (Khosla and Sadasivam 2005) that the

internal pore structures of these two mixes may vary greatly.
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Figure5.4. Effect of air void changes oB*| for; (a) S9.5C mix and (#19.0 mix. (after Kim
et al. 2005b).

5.5.3 Effect of Loading Modes

5.5.3.1 Tension vs. Compression

Comparisons of th&f| from the zeremean and zermaximum stress tests are
shown inFigure5.5 for two different mixtures. Mixture 1 is a 12.5 mdMSA blend with an
overall coarse gradation, while Mixture 2 is a 9.5 MMSA blend with an overall fine
gradation. Both mixtures contairP& 7022 asphalt binder, but the source of the two asphalt
binders differ. It can be seen that for both of the study mixtures the moduli values are very
similar over the measurement range. Note that this observetids with or without
confinement stres§ he differences are found to be statistically insignificant at the 95%

confidence level, with the actual statistical significance being much higher for most test
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conditions. For comparative purposes the relationship in Equ&tigns shownin Figure

5.5 and is found to disagree significantly with the#able experimental data.

5.5.3.2 Compression versus Indirect Tension

Comparisons of th&f| from the compression only axial and IDT modes are shown
in the form of line of equality plots iRigure5.6. The data shown in this figure includes
results from 32 different asphalt concrete mixtures with diffekSA (5-25.0 mm mixes,
7-19.0mm mixes, 1312.5mm mixes, and-B.5mm mixes), gradation typéBne and
coarse), asphalt types (PG-B2, PG 7622, and PG 722), and volumetric concentrations
(%AIr, %AC, VMA, VFA, etc.). Comparisons are shown for data gathered under two
separate research projects and for temperatures-1@€ to 35°C. Althoughtiis not shown
here, statistical analysis of these results show that, aside from a few spurious temperatures
and frequencies, the modulus from IDT and compression modes are equivalent. Even though
the modulus from IDT and compression modes are statigtibalsame, it can be observed
from Figure5.6(b) that there does seem to exist a very slight tendency for the average IDT
basedH*| to be greater #n the average axial determingd||at the lowest moduli levels
(below approximately 800 MP.aA potential explanation for this behavior is found in

separate experimental data shown later in this chapter.
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5.5.3.3 Compression versus Impact Resonance

Since IR @ta is gathered at a frequerafy10,000 to 5,000 Hz, depending on the test

temperatve, and since mechanical teate constrained to 25 to 0.1 Hz, direct comparisons

130



between the two results are not possible. Instead comparisons must be thadauai.

This strategy ishteoretically equivalent to direct comparisons. IR data alone is not sufficient
for characterizing this shift factor, but it can be found from cgberces namely: 1) the shift
factor function characterized from mechanical test results and 2) the shift factor function
characterized from asphalt binder mastercurves construction. It is believed that option 1 is the
most appropriate option since thetdsts are conducted on the asphalt mixture. This method
was adopted by Kweon and Kim (2006), since they had the shift factors available, but they
recommended, based on the suggestion given in Dongre et al. (2005), using option 2 when
analyzing mixtures wit unknown shift factors. Lacroix et al. (2009) suggest using the binder
shift factor function since, practically speaking, the IR test would not be used if mechanical
tests were performed, i.e., option 1 would not be available in-aveeld application.

Further, they argue that the shift factor function from asphalt binder (in the RTFO condition)
and asphalt mixtures are similar. This argument is based on the suggestions of Kweon and
Kim, e.g., Dongre et al. (2005) and the experimental findings of DiRztoedt al. (2007). In
reality, the findings from the Dongre and DiBenedetto studies need to be generalized in order
to support this approach. Dongre et al. do not directly compare the binder and mixture shift
factors and base their conclusions on imphaaialysis, whereas the DiBenedetto findings are
limited to temperatures less than 0°C. A comprehensive comparison of the shift factor
functions for multiple asphalt binders and mixtures over a temperature rarige & 54°C

and a reference temperatufel&°C is shown irFigure5.7. The plot shown in this figure

also includes the line of equality and the functional relationship between the aspdteit bin
and asphalt mixture shift factor. This analysis shows that while the shift factors between the

two analysis methods are similar, they are quantifiably different.
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Comparisons of IR and mechanidaf || values using the mechanical test shift factors
and the asphalt binder shift factors are showrigure5.8(a) and (b) respectively. The data
gathered and presented in Lacroix et al. (2009) and Kweon and Kim (2006) are used for this
purpose. Since the binder shift factor data is not available for the Kweon and Kim paper, this
data is shown only ifigure5.8 (a). Also note that the correlation coefficient and bias
indicator (ratio of standard error to standard deviation, Se/Sy) are computed based on the
Lacrax et al. data only for consistency betwdggure5.8 (a) and (b). When using the
mixture determinedr, the IR tests are found to gi\Ee*| values geater than those measured
by mechanical tests at 5 m eThe magnitude of this discrepancy reduces when the
material is more stiff, i.e., at lower temperatures/higher frequencies. Quantification and

discussion of this difference is shown later whenRE& tests are presented.
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When the bindear values are used the agreement betwegnvplues improves

noticeably This situation can be explained by knowing that the biager closer to unity
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(log ar closer to zero), seeigure5.7, and knowing that the modulus decreases as the reduced
frequency decreases. The disagreement shoWwigure5.7 (a) does not preclude the use of

the IR test method as a reliable tool for engineering practice, just that care should be
exercised when utilizing the results. For example, Lacroix et al. (2009) have successfully
demonstrated thdy using the binder shift factor function in the analysis of IR data and

using predictive models for predicting the low modulus behavior that it is possible to produce
a better approximation of the mechanically measugdian by predictive models ae. It

would appear then that the use of the birsgexffectively cancels out the strain dependence

effect and can result in an alternative modulus measurement techimatjiances

laboratory testing requirements and current analytical capabilitisegnAtively, if one limits

the IR test temperatures to be less than approximately 40°C this effect is not very pronounced,
it is for this reason that Kweon and Kim did not note any of these effects in their analysis.
Furthermore, because the exact meclsaimeolved in the IR methodology in a miesoale

wise heterogeneous viscoelastic material are not known it cannot be stated with absolute
certainty that the observed agreement between mechanical mastercurves and IR mastercurves
constructed with the binder is not more meaningful. This situation poses an interesting

academic problenbut one that is not addressed in more detail.here

5.5.3.4 Effect of Anisotropy

Underwood et al. (2005) presented the results from an experimental study to assess

the impacts of pferred aggregate orientation on the mechanical responses, incltlinof |
asphalt concrete mixtures. During this study the researchers extracted test samples from
gyratory compacted specimens by coring the in either the vertical or horizontal directions
These test specimens were 75 mm in diameter by 90 mm in height. Photographs of both a
horizontal and vertical core are showrFigure5.9 and a préerential aggregate orientation
relative to the compaction direction can be clearly observed. Dynamic modulus tests were
performed in both the zermean and zermaximum stress modes with target péadpeak

strain amplitude between 50 andm®The overall conclusions drawn from both the
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compression and tensimmpression tests were the same and thus only the tension
compression data are showrHigure5.10. It can be seen that these experiments show no
consistent difference in horizontal and vertical c&f¢ and thus suggest no significant effect

of preferential aggregate orientation on & jalue.

Vertical Core ‘ Horizontal Core

Preferred Aggregate Orientation
Perpendicular to Compaction Direction

Figure5.9. Comparison of aggregate orientation relative to testing direction for horizontal
and vertical cores.
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5.5.3.5 Compilation of Loading Mode Effect Findings

Aggregates within an asphalt concrete sample aregratled angbined togetheby
asphaltmastic consisting of asphalt binder and very fine glagi(Elseifi et al. 2008). These
well-graded aggregates generally interact together and with the asphalt mastic to yield the
final fundamental characteristics of an asphalt concrete mixture. The degree and
manifestation of the interaction of these pagschnd the specific particle sizesich
interact to yield the observed behaviors in the small strain region are not clearly understood.
However, it is believed that during oscillatory straining below a magnitude- 65 p@akto-
peak microstrains and waitvery little accumulated mean strain that, the coarsest particles do
not interact so much so as to alter the internal load paths. This hypothesis stems from the fact
that for experimental data gathered under these conditioris*{hea|ues determined fno
tensioncompression, compression only, and indirect tension are the same. Even though the
particles do not change their interaction during this strain region, they are apparently actively
influencing the material characteristics. Differences in the nusdedlues of materials made
with the same asphalt binder, but different aggregates and with different gradations support
this claim (Kim et al. 2005a). While preferential aggregate orientation may influence this
initial interaction, it would appear thateltomponent(s) of the total asphalt concrete mixture
(binder, mastic, fine aggregate matrix, coarse skeleton, etc.) responsible for the composite
behavior, e.g.H*| of the mixture, is not influenced by these coarse particle orientations.
Perhaps this mea that at some length scale, the one actively responsible for a given
mi x t WEf|,¢hé matefial does not show a preferred aggregate orientation. The source of
the internal interaction may be mechanical and/or physhemical in nature, but regardless
of the exact cause the mechanisms are very complicated as evidenced by thevihdethat
many attempts to simulate the behavior computationally have yielded qualitative successes
most have failed in precisely matching the observed material properties (Abbas et al. 2007,
Yu 2009, WRI 2010b, WRI 2010c).
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5.5.4 Effects of External Conditions

5.5.4.1 Corfining Pressure

Subjecting an asphalt concrete specimen to aarallnd confining pressure while
simultaneously performing a temperature and frequency sweep test and compuEnj the |
by using the deviatoric stress amplitude and measured axial straimresud in a largeiE*|
values. An example of this typical experimental observation is shotigume5.11, where it
can be seen that the effectcohfining pressure are most significant when the material is
inherently softer (i.e., greater effect at high temperatures and low frequencies). Perfectly
linearelastic or lineawiscoelastic materials may display qualitatively similar results under
suchconditions and this behavior is related toc
it has been experimentally observed that thedtoigme (| ow reduced freque
ratio for asphalt concrete is close to 0.5, the magnitude of stiffeningtda@muantifiably
justified with linear theory alone. This stress state effect is reversible because it has been
observed that upon removal of the confining pressure, the modulus returns to its previous
unconfined value. The process can be repeated meuitipes without any noticeable
permanent stiffening. During the confinement process the volumetric strain may indicate a
net consolidation, e.g., reduction in void content, of approximately 0.1 to 0.2% (at 54°C and
500 kPa). This means that during an urfceed test a specimen may haveaé void content
of 4%, but when it is confined and tested the air void content may be approximately 3.8%.
However, strain measurements taken during the confinement process are less reliable due to
the rapid changes inggsure and temperature and other factors and this measured reduction
cannot be verified reliably. Nevertheless, if this degree of volume change is real it is not
nearly significant enough to account for the increase in modulus shdviguire5.11 (Kim
et al. 2005bl.acroix et al.2008).
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Figure5.11. Typical effects of confining stress state on meas|itd

The sensitivity of this stiffening to stress state changes and the magnitude to which it
occurs are both found to depend upon the microstructural arrangement of the asphalt
concrete. Such behaviors were apparently first observed by Pellinen vdemsabtly
developed a model to describe the phenomenon (Pellinen 20@dgrwoodet al. 011
also observed this phenomenon and developed their own mathematical representation of it.
The NCSU model borrows principles that have been used in describiogn$teutive
behavior of unbound granular and fine grained soils and further suggests a gené&rglized |

stress state dependence (Equatton)).
(5.7)
wheregis the bulk stresssfi+ S»o+ S33), P4 is atmospheric pressu¢100 kPa), andty, k, ks

are fitting coefficients. Interestingly the value for #aeoefficient is similar to that found for
unbound granular soils (Yau and VonQuintus 2002). Lacroix et al. (2010) utipestion
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(5.7) to characterize the behavior of different materials, including a mixture with a gravel
type aggregate structure and a gap graded aggregate structéarahthat the model was
sensitive to microstructural differences.

Equation(5.7) implies thatthe E*| determined via IDT should be greater than that
detemined from axial testing because the biaxial state of stress creates a more severe bulk
stress condition. It was shown earlier that although the experimentally obdet\edljies
from IDT and axial testing are statistically similar, there is a slightetlecy towards higher
moduli from IDT testing. Analysis of the stress distribution in an IDT sample using the
available elastic solutions along with real load levels suggests that this stress state is not so
severe as to induce substantial differenceB*ih At maximum the differences iBY|
between the two protocols based solely on the stress state effect, is expected to on the order
of 10%. This difference is similar to the mean difference for the highest temperature data
shown inFigure5.6(b), but given the experimental variability in the diia differencds

found to be statistically insignificant.

5.5.4.2 Strain Level

When asphalt concrete is subgatto incrementally increasing strain amplitudes the
|E*| is found to change, and this effect is termed strain dependence. Strain dependence is
known to exist at high strain levels and may be related to influences from damage in the form
of cracking, visceplasticity, etc. The strain dependence discussed here is not caused by any of
these mechanisms and is referred tasrange strain dependente differentiate the
potential causes. Differentiating between low range strain dependence and strain dependence
due to any of the aforementioned mechanisms is not an easy task because it is not exactly
clear when these additional mechanisms become aGither researchers attempting to
isolate the nonlinearity of asphalt concrete have utilized stta@ep tests wherein the test
frequency is fixed, but the magnitude of strain increases steadily. When the obS&fved |
deviates from a constant value ised that nonlinearity is present (WRI 2007). A similar
approach is used here to isolate the low range strain level dependence. It is likely that what is

referred to here as low range strain dependence and what others refer to as nonlinearity are
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the saméehaviors. Howevetp reduce confusion between the mechanism considered here
and nonlinear behaviors at extremely high strain magnitudes, the authors have adopted the
termslow range strain dependenard nonlinear viscoelasticity (NLVE) throughout this
document.
A summary of the results from the RSS experimgamhich has been conducted at
19°C and at 10 Hfor both the S9.5B and 119.0C and also at 40°C and 10 Hz for the 119.0C
mixture, are shown ifrigure5.12 throughFigure5.14. In theplotsof this figure a modulus
ratio is plotted on the-gxis. The numerator for this ratio is specific to the strain level within
the particular loading block being analyzed. The denominator for this ratio is constant for all
strain levels within all loading blocks and loading groups and was determined from a
seprate temperature and frequency sweep test in thenmsia stress mode. Since this
temperature and frequency sweep test was conducted with-éopgea&k strain magnitude of
nearly 60m eéhe modulus ratio at approximately 60dor the first loading blockn the first
loading group is very close to one, but it should be clearly understood that the modulus from
this particular loading block and group was explicitly used as the normalization modulus.
Figure5.12 presents the results from the first loading group of each of the RSS tests.
It can be seen that the overall influence of strain in this loading geoupe appreciable
depending on the asphalt mixture type. In the case of the S9.5B mixture thissesfaatl
but quantifiable (a factor of 1.05 to 0.95 between 20 andi@MHowever, the effect is
noticeably larger in the case of the 119.0C mixtaréactor of 1.3 to 0.95 between 20 and
100m g In each casée fact that the plots for each block are basically on top of one another
suggests that this effect is likely not a result of permanent damage to the material.
Furthermore, the smallest stramglitude of a subsequehltock begins within 43 seconds
after the end of the highest strain magnitude of the previous loading block. If damage were
used as an explanation of the observed behaviors then it would be implied that full healing
occurs within avery short period. Considering thato of theg experiments were conducted
at 19°C it isbelieved that this phenomenon is noturring When interpreting the data that

is shown inFigure5.12 the effects of signal to noise ratio must also be considered. In a
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measurement system the electronic noise in a signal is usually a fixed quantity and is related
to inherent electrical interference in the atnse and errors in the analog to digital signal
conversion process. As the magnitude of the strain response decreases the ratio of this noise
to the specimen response increases and it is important to confirm that the measured quantities
are not an artifaaf this phenomenon. This effect was assessed and found to be insignificant
for the available measurements when calculatingghe thut that it could have a more

significant influence on the phase angle. Through numerical simulations it was found that
noise in the strain signal could bias the computed phase angle and as a result Bty the |

value is considered to be a reliable quantity in these tests.
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Figure5.12. Effect of strain level orE}| in thefirst loading group of the RSS te¢&) S9.5B
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Similar results have been reported by Uzan and Levenberg)(Z0t&e researchers
performed simple strain sweep experiments on a standard asphalt concrete mixture at a single,
but unreported temperature, and at frequencies of 10, 5, and 1 Hz. Their results are shown
along with the results from the first loading gpaa this study irFigure5.12 (d). The data in
Figure5.12 (d) suggestthat the exact strain level dependence is dependent upon the
microstructural configuration of a mixture and also the experimental conditionseftome
and frequency) examined.

It is not possible with the available equipmenteliably measure th&1| at strain
magnitudes smaller than those currently considered and shdviguire5.12. However,
inferences can be made aghe smallest strain tendencies based on the findings from the IR
tests. From reduced frequency principles, it can be shown that IR tests &0fC C
represent the materials at an approximately equivalent condition as tests at 19°C and 10 Hz.
The IR testata inFigure5.8 (a) suggests a modulus ratio of approximately 1.3 (ranging
from 1.6 to 1.2) at this conditioit. is typically reported that thedsemethod imparts between
0.1 and 10n en the sample (Dyvik 2010Jhe extrapolation of the data kigure5.12 back
to 0.1 mesuggest a limiting modulus ratiof approximatelyl.1for the S9.5B mixture and
1.5 for the 119.0C mixtureBased on these values it would appear that the IR test results are
consistent with the relationship that is showifrigure5.12.

The pattern observed in this first loading group, where each loading block collapsed
into a unique curve, did not exactly repeat for the other loading groups where the maximum
strain amplitudes were progressively increasedTab&e3.5. In Figure5.13the dependence
of modulus ratimn strain amplitude is plotted for various loading blocks and loading groups.
Included with these curegds the final loading block from the first loading group. The figure
only shows results for the S9.5B mixture, but similar results are observed for the 119.0C tests.
Damage effects are observed because the value of the modulus at the lowest stratleamplitu
decreases as more loading blocks are applied, and although it is not shown in this figure, this
effect is found to steadily evolve with sequential loading blocks and loading groups.
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Figure5.13. Effectof higher strain amplitudes on observed modulus ratios (G refers to
loading group and B refers to loading block, Ex-Bllmeans loading block 1 of loading

group 1)

At larger strain values, inferences are less clear because damage mechanisms occur.
Neverheless, if it is assumed that the total cumulative damage within any given loading
block is small, an assumption that is justified based on comparisons of the modulus ratio plot
between loading blocks 4 and 5 in loading group 5, compaiB®4=igainst GEB5 in Figure
5.13, then it is possible to estimate the effect of higher strain leveksinfarred straidevel
dependence mastercurve consideringetiteemely low and high strain levels is shown in
Figure5.14, and it is seen to vary from between approximately 1.5 at the lowest strain levels
to appoximately 08 at 500m dor the 119.0C mixture and from 1.1 to 0.8 for the S9.5B
mixture Overall, the effect of temperature is found to be minor at strain amplitudes greater
than approximately 6 eAt lower values the nonlinearity is found to havess Isignificant
effect at higher temperatures. The reason for reduced strain dependence at higher
temperatures is believed to be related to the same tendency in asphalt binder and mastics

which in itself comes from the tendency for these matediehae as a Newtonian fluicta
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higher temperature#t should be emphasized that these ratios are for dintyited number

of conditions and extreme care should be followed before attempting to generalize these
ratios for other temperatures and frequencies or to generalize these effects into-the time
domain.The successful application nbn-strain dependent LVE models to predict the
stressstrain behavior of an asphalt concrete sample in thedongin would seem to

suggest that the sheitne lowrange strain dependence may be negligible (Kim et al. 1995)
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Figureb.14. Inferred broad mage strain level effect o] modulus ratio.

The existence of strain level and stress state dependence means that asphalt concrete
is not, by a rigorous mechanistic definition, LVE. These phenomenon are qualitatively
similar to what is observed at highstrain magnitudes, e.g., strain hardening, damage, etc
but differ because they appear to be immediately (within a few seconds) reversible. These
two phenomeaalso appear in the study of granular masses and may not be entirely
unexpected given simildies between asphalt concrete and such bodies. Studies of the
behavior of the materiathatexist between the coarse particles, whether this is mastic or a
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combination of mastic and some fine particles, may ultimately shed some insight into the

micromechaical factorswhich affect the macromechanical properties.

5.6 Summary

There is no debate amongst researchers that the ultimate properties (strength, ductility,
toughness, etc.) of asphalt concrete depend strongly upon certain loading factors and material
characteristics, e.g., loading direction, microstructural orientation of the particles, loading
history, etc. The temptation for many is to generalize these known behaviors to conditions
where direct experimental evidence has not been gathered. Variousnexpel programs
have been carried out by numerous researchers to better appreciate the validity and
significance of deviations to these generalizations. When interpreting this data, consideration
must be given to whether or not it was gathered by thel&tdrexperimental Protocol. In
short this concept states that for accurate quantification of thelmessi viscoelastic
properties of asphalt concrete that the input magnitudes must be small enough so that other
potential mechanisms are either not astior are active to a very small degree. For asphalt
concrete it is believed that this condition is met as long as the totatg@eakk strain
amplitude is limited to 505 m eand the total tensile strain amplitude is less thaB25me
In addition, he total amount of accumulated compressive microstrain (except that which is
due to thermal changes) should be less than 1500. By following this protocol it is found that
the E*| values measured in tensioompression modes, compression modes, and imdirec
tension modes have high degrees of statistical agreement. It is also found that the preferential
orientation of aggregate particles, what is referred to as initial or compaction induced
anisotropy, does not affect tHe*| in the case of gyratory compadtspecimens at a nominal
air void level of 4%. Data exists in the literature to refute these claims, but after review it is
found that none of those studies rigorously adhere to the Standard Experimental Protocol as
laid out above. It is believed thatailtire to strictly adhere to this protocol means that other

mechanisms may be active and contributing to the experimental measurements.
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The data presented in tldbapteralso shows ways in which asphalt concrete
behaviors deviate from the rigorous definition of LVE. Experiments performed at different
stress states and strain levels do not result in a uriipedlue. These effects occur even
though strict adherence tioet Standard Experimental Protocol as it was presented above is
followed. The fact that the tensile and compressive properties and preferred aggregate
orientation are not affecting the measured modulus when this protocol is met, but do affect
the material@sponse at slightly more severe input conditions indicates a delineation in active
mechanisms and thus the existence of a true threshold. That is to say that following this
Standard Experimental Protocol does in fact mean that one is characterizingetal mica
fundamentally different level than protoctifgtuse more severe input conditions. Owing to
the fact that the way that the material acts is fundamentally similar to a linear viscoelastic
body, but with some important deviatiomghich are moreonsistent with the mechanics of
cohesive and granular bodjésis region might be referred to as the gtesar viscoelastic
material characteristic range.

Based on strict mechanistic definitions and the above experimental dataaitsappe
that asphalt concrete is only a LVE material at extremely small strains. This situation does
not mean that LVE theory should not, or cannot be used to solveaddl engineering
problems. The strength of using LVE to describe the behavior of asphaltete can be
appreciated by comparing it to the alternatives. Linear elastic theory cannot implicitly
account for the temperature and tihependence of the material, as they can ibelimear
viscoelasticity. Nonhear theories are not desirable bessathey require experimental data
that may not reliably isolate the responsible mechanisms because other competing effects
(damage, viscoplasticity, healing, etc.) occur simultaneously. These nonlinear theories may
also be quite complex mathematically. &rasphalt concrete is not a perfectly LVE material
even at the conditions where it is typically thought of as such, one must be careful in
applying the theory. This situation is known to the industry because, as significant historical

data indicates, atigih strain levels (greater than those userd asphalt concrete is known to
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crack and permanently deform. However, this data set suggests that similar considerations

may also be necessary even at lower strain magnitudes.
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Chapter 6

Constitutive ModWI xXnhygr
Simplified Fatigue Cha

6.1 Introduction
6.1.1 Practical Continuum Damage Models

Fatigue cracking in asphalt concrete pavements is a major form of pavement distress
in the United Statesnd currently, no effective teahd analysis protocols exist that can be
easily and quickly performed by field engineers. Thigsrecoming is due in part to the
complex nature of fatigyevhich is related to both the material and structural properties of
asphalt concrete pavemeritanay also be partly due to the fact that, historically, fatigue
testing and analysis has been basetheam specimens, which cannot be readily obtained
with standard laboratory equipmemb properly understand and model fatigue cracking over
the range of conditions encountered in the field, without performing a large number of
complexexperiments, reqres a mechanistic model. This model should describe the material
response to repeated loading, particularly the phenomena of crack initiation, coalescence, and
finally propagation. Existing empirical techniques often meld these mechanisms into a
predictive scheme by developing power law relationships between some input parameter
(stress or strain) and the number of cycles to failure (Deacon et al. 1995). Another technique

that is gaining support in the asphalt community is the continuum damage model.
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Coninuum damage theories ignore specific microscale behaviors and attempt to
characterize a material using macroscale observations, i.e., the net effect of microstructural
changes otthe material integrityThe most convenient way to assess the materialrityteg
in the macro sense, is to employ the instantaneous secant modulus or to employ the theory
that is presented itnis chapterwhich is the instantaneous pseudo secant modulus. Damage,
on the other hands more difficult to quantify and generally re on macroscale
measurements combined with rigorous theoretical considerations. One such theory is
Schaperyodos work potential theory (Schapery 1
principles. Within Schaperyobs staleeadablgd) da mage
that accounts for microstructural changes in the material. Other researchers have utilized
elasticbased nonlocal continuum damage theories for this purpose (Bazant and Rijaudier
Cabot 1989, Bodin et al. 2004), while still others haweiaed that the internal state
variables are directly related to the strain history, both viscoelastic and viscoplastic, of the
material (Levenérg and Uzan 2004, Uzan and Leverth2007).

The work of Kim and Little (1990)wash e f i r st t ovis@gasticy Schape
constitutive theory for materials with distributed damage to describe the behavior of sand
asphalt under controlled strain cyclic loading. Later research using-tredlsdviscoelastic
continuum damag@/ECD) madel shows that this theory can also describe the behavior of
asphalt concrete under both controlled stress and controlled strain cyclic loading (Lee and
Kim 1998a and b). Work under the Westrack project shows that the damage characteristics of
a material ee independent of the mode of loading and can be determined using a simpler test,
such as the constant crosshead rate monotonic test (Daniel and Kim\a&fication of
thet-T superposition principle at high levels of damage is equally significanbébhet al.

2002, Underwood et al. 2006). These two findings significantly reduce the required testing
protocol while simultaneously extending the
work applies these principles to mixtures tested aFthé&/A ALF in McLean, VA

(Underwood et al. 2006), and successfully demonstrates the use of the modeling principles to
both modified and unmodified asphalt concrete mixtures.
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This most recent FHWA ALF research utilizes constant rate tests for characterization;
thisapproach is theoretically appropriate for the work potential theory formulation, but
contains certain practical constraints with regard to test machine load capacity requirements.
This issue is particularly important because the capacity of the Asphatiddterformance
Tester (AMPT), formerly known as the Simple Performance Tester (SPT), is nearly equal to
the threshold value needed for constant rate tesinge this piece of equipment will likely
become the standard asphalt mixture testing equipthanagencies utilizér their
performance testingf, is important that these continuum models are formulated in such a
way that cyclic fatigue tests can be used easily in the characterizaisoalso important
that the models are formulated withoeigh flexibility that other ancillary tests, like
temperature and frequency tests, can be performed with sufficient enough accuracy by the
AMPT equipment.

Independent efforts using pseudo stiaased models to achieve this same goal have
also shown positive results. Christensen and Bonaquist (2005) developed a version of a
simplified mechanistic model based on the approach suggested by Kim et al. (2002),
whereby simplifications are made in the calculation of pseudo strain and in the idealization of
the input conditions. These researchers used the continuum damage relationship along with
the mixture modulus angercentage of totaloids filled with asphalt talevelop a fatigue
index for guiding asphalt concrete mixture design. Kutay et al. (2008) applied a form of the
VECD model and showed that two different test protocols, controlled stress and controlled
crosshead puspull tests, yield the same damage chsrastic relationship. These
researchers also utilized the damage functions for different FHWA ALF mixtures to predict
and rank the field performance. Although all of these previous research efforts have shown
positive results, it is felt that they havertain faults in the rigor of their derivation that limit

their application.
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6.1.2 Linear Viscoelastic Characterization Protocos

A second issue that is of equal importance in this fatigue characterization procedure is
the need for a LVE characterization praibthat balances accuracy, precision, and total
amount of time. For the aforementioned practicality reasons this protocol should be
consistent with the capabilities of the AMPT equipment. Two standard protocols currently
exist for meeting this objective;ASHTO TP 79 in combination with AASHTO PP 61 and
AASHTO TP 62. The first standard method (T®/PP 6} was written specifically for the
AMPT equipment and requires substantially less time to complete than the TP 62 procedure.
The testing time reduction &complished by including fewer frequencies and eliminating
any rest period between successive frequencies. AASHTO TP 62 was conceived by the
research community over several years and is more consistent with linear viscoelastic theory.
There are other déirences as well and these are discussed in more detail later.

A potential problem with this AMPT protocol is that it does not measure data at
extremely low temperaturg¢sl0°C)and, in some cases, at extremely high temperatures. In
lieu of measuring théef | at these temperatures the AASHTO PP 61 procedure provides an
analytical technique to predict the modulus values. The procedure utilizes a predictive model
and optimization technique to determine the low and high temperature profoties|(ist
2008. Independent verification of this procedure has not been performed, nor have the
implications of potential errors on either routine analysis or advanced modeling been
assessed. One study, which examined the effects of using modulus values predicteé using th
Witczak model instead of measured values, concluded that although material level
performance models may be highly sensitive to the exact modulus values used for analysis,
pavement performance predictions that account for daily climatic variations, trakied
conditions, and other realorld factors show very little sensitivity to even large differences
in modulus valuesSchwartz 200p This finding seems to suggest that even if large
differences exist betweels*| values, the predicted pavement distrenay not change
substantially. Others have recommended the removal of the lowest temperature in the TP 62
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protocol based on concerns about test variability and some very limited pavement
performance prediction8énnert 200 However, this effort did nracomprehensively
consider the implications of the errors H°C since it did not evaluate different materials
and different structures, climates or traffic levels in the analysias also not
comprehensive because it did not assess the potentiaatigms of differences on advanced

models.

6.1.3 Chapter Objectives

There exist 7 main objectives for this chapter:

1. to show the rigorous derivation of the viscoelastic continuum damage (VECD)
model,

2. to show how this rigorous derivation can be modified tadygepractical and
simplified formulation (SVECD) for fatigue characterization with AMPT
equipment;

3. to show how existing simplified continuum damage models are flawed,;

4. to examine the analytical procedure suggested in AASHTO TP 79/PP 61 for
accuracy andibs;

5. to examine the potential effects of any errors as they relate to routine pavement
analysis;

6. to examine the potential effects of these errors on advanced material model
predictions; and

7. to make a final recommendation on the minimum testing requirtsnens-

VECD testing.

6.2 Rigorous VECD Model Formulation

Schaperybdés theory is based on el ements of

damage mechanics. A practical review of these basic theories is given in the following
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subsections. For a more rigorousaiment of the subject, the reader is referred to previous
work (Kim and Little 1990, Lee 1996, Lee and Kim 1998, Daniel 2001, Chehab et al. 2002,
Chehab et al. 200®nderwood et al. 200&nd to the work of Schaper8c¢hapery 1981,
Schapery 1990, Schapyet999.

6.2.1.1 Linear Viscoelasticity

As noted previously,.VE materials exhibit timeand temperaturdependent
behavior. That is to say, the current response is dependent on both the current input and all
past input (i.e., input history). Constitutive retaships for LVE materials are typically
expressed in the convolution integral form, as shown in Equgtidl)sand(6.2):

s =E(t -é%’d and (6.1)
! ds
e=P(t ')Ed , (6.2)

whereE(t) andD(t) are the relaxation modulus and creempliance, respectively ferm is
the integration variableY hese response functioase mathematically represented by the
Prony functions shown in Equatiq6.3) and(6.4). To determine the values of these
coefficients the method given by Underwood e(2006 is adopted.

N -t
E(t)=E -& E,e/’i (6.3)
i=1
N <} -t
D(t)=D, 4 D R ok (6.4)
izt C
where
Ep = long time or equilibrium modulys
Ei = Prony relaxation coefficients
ri = relaxation times
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Dy = glassy compliance

Di = Prony creep coefficients
ki = retardation timesand
t = time.

6.2.1.2 Continuum Damage

On the simplest level, continuum damage mechanics considers a damaged body with
some stiffness as an undamaged body with a reduced stiffness. Continuum damage theories
thus attempt to quantify two valuegrdage and effective stiffness. Further, these theories
ignore specific microscale behaviors and, instead, characterize a material using macroscale
observations, i.e., the net effect of microstructural changes on observable properties. The
most convenient gthod to assess the effective stiffness, in the macro sense, is the
instantaneous secant modulus. Damage, on the other hand, is oftentimes more difficult to
guantify and generally relies on macroscale measurements combined with rigorous
theoretical consideat i ons. For the model at hand, Scha
thermodynamic principles, is appropriate for the purpose of quantifying damage. Within
Schaperyds theory, damage i s Sthataccauntsffared by a

microstructural changes in the material.

6.2.1.3 Extended ElastiviscoelasticCorrespondence Principle

Schaperyds damage theory, or iSchaperaloddy dev e
is generalized for viscoelastic materials usingekiendectlasticviscoelastic
correspondence principle. In short, this principle states that viscoelastic problems can be
solved with elastic solutions when physical strains are replaced by pseudo strains:

1! de
ef=—rE(t - F—d . 6.5
SP ©

Here,Eris a particular reference modulus, typically taken as Bneation(6.5) is

solved using the scalled state variable formulatipBquation(6.6).
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i=1
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1
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where/hp, and /4 are internal state variables for the elastic response and for the specific

Maxwell elementj, at time stepn+1, respectively. Definitions of these variables are given

by Equationg6.7) and(6.8), respectively:

mt=E,( &* - °kand (6.7)

hi“ﬂ:e'% f +Ee%0‘"( é ). (6.8)

Using pseudo strain in place of physical strain, the constittélaéonship presented
in Equation(6.1) can be rewritten as:

s=E; 8. (6.9)

It is seen from Equatiof6.9) that a form corresponding to thaf a linear elastic material
(Hookeds Law) is taken wh e n.Motetheoretical detailse r e p |
of this concept can be found elsewheéehapery 1984)aniel 2001 Chehab 2002 In a

practical sense, pseudo strains are simmyittear viscoelastic stress respottsa particular

strain input.The most important effect of pseudo strains is seen when plotting with stress,

because any time effects arenwved from the resulting graphhis property of the stress

pseudo strain ref@nship is used in the modeling approach presented here.

The basic consideration of the continuum damage theory is that any reduction in
stiffness is related to damagde.a graphical sense this is expressed through a reduction in the
stressstrain moduls; recall that continuum damage theories typically use a secant modulus
to quantify the effect of damage.r&duction in the secant modulus iscatelated tdime
effectsfor viscoelastic materialslowever, in strespseudo strain space, time effects are
removed, and any reduction in the pseudo secant modulus (the secant modulus inthe stress

pseudo strain space) is a direct consequence of damage.
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As evidence, the results of two typical monotonic tests are preserieggire 6.1 in
both stresstrain space and stregseudo strain space. The behavior during initial loading is
shown as an inset in these figures. In stedsEn space, as seenHigure6.1 (a),
nonlinearity appears in the initial stage of loadiwbich suggests that damage commences
from the outset. However, the nonlinearity in this zone is rblandy to the time effects of
the material. When these time effects are removed, as seguir6.1 (b), damage does not
commence at the outsetlofding and, in fact, does not begin until the stress level reaches
approximately 500 kPa.
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6.2.1.4 Viscoelastic Continuum Damage Theory

The VECDmodel combines elements from the preceding sections to artive at
constitutive relationshigc=rom continuum damage, the stiffness reduction is defined by the
pseudo secd modulus (pseudo stiffnes3his quantity is typically normalized for

specimerto-specimen variability by the factdr,and denoted &S, Equation(6.10):

_ s
C_eR*I' (6.20)
As noted previously, damage is quantified

The basiequations necessary for this damage theory are:

1. the pseudo strain energy density function,

W= f(e%9) = s o e (6.11)

2. the stresgpseudo strain relationship,

WA

= () &;and (6.12)

S =

3. the damage evolution law,

= ®e ¢ (613)

ds A(S)a UWR ¢

In Equation(6.13) the importance of\(S) is in relating theSto a physical quantity.
For example, it can be shown thaSifepresents macrocrack length and if this ma@ck is
further postulated to be pemshaped and circular with a radiaisthen the function is given
by Equation(6.14). This function can be effectivelgnored with the understanding that the
resulting damage parameter is not quantifiably equivalent to a microstructural phenomenon
(crack length, crack area, etc.), but instead quabfifiedlylinked to such properties.

Removing the function also meanatltomparison of equivalent damage levels across
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materials does not yield useful material insight sincéA{l function may differ for these
materials. With this fact in mind, the damage evolution law adopted for the research
presented herein is given Bguation(6.15). Park shows how th&from Equation(6.13) and
the Sresulting Equatior(6.15) are related, and this relationship is shown in Equg6dr).

A(S) = = K _ (6.19)
(20a)

dS_& pwWt ¢

— = A

dt ge uS ¢ (6.19
. 1

SEquation 6.13 = ﬁ’b( &quation 6.15) 1? d%quation(ﬁ.li' (616)

The rate coefficienta, in Equation(6.15) does not appear in the elastic continuum
damage formulation, but is necessary for viscoelastic materials. Schapery shows how this
parameter can be related to the inherent LVE characteristics of the material and this issue
will be discussed later in regartb the SYECD model. For now it should be understood that
ais avalue that is relatetb the LVE properties of the studyaterial. To solve Equation

(6.15), Equation(6.11) is first substituted and the partial derivative simplified;
dS_& 1; 32 dC ¢
—=xp—|€ ‘e 6.1
dt & 2( ) (617

Next, theformula is recast in terms of reduced time andctiegn rule is applied so that;

(6.19)

1ta a
ads o & 2 dC
gd,_X 6 = ,g(eR) T (6.19)
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Stress and strain are measdiforevery time step and thtise pseudo sain and
henceC is known for the entire loading historfgquation(6.19) can then be solved
numerically by first discretizing the derivatives and then rearranging. Both of these steps are
performed to arrive at Equati@6.20) wherein thesubscript denotes that the calculation is

only used for the current step and is repeated for each time step.

§S=5, + P 8 () Céﬂ PLs (620

008 Qo
N'I"I—‘

Equation(6.20) is referred to as the rigorous VECD model formulation. It is best
applied to simple loddg histories, i.e., constant rate tension experiments. For the complex
loading history of a cyclic fatigue test this equation isilited because; 1) the number of
data points can be quite large for the case of cyclic loading and 2) complicatingsactiac
exist in the cyclic datavhich introduce additional errors in the damage calculdtea
Appendix Q.

The relationship between damage énd the normalized pseudo secant modud)s (
is known as the damage characteristic relationship and is a material property independent of
loading condibns Daniel 200). With these considerations, the constitutive relationships

are given by Equatio¢6.21) for stresses and Equati¢®22) for strains:

s =C(S) & and (6.21)

é 0

3 —ERnD(t - )JLd . (6.22)

In comparing Equi#on (6.22) to Equation(6.2), a striking similarity is obseed.
Equation(6.2), it is recalled, is the constitutive relationship for linear vitestecity with a
stress inputDescribed simply, the modeling apprbacses the given inpus) to determine
the inputasif no damage has occurred, and then utilizes the LVE constitutive

relationships to find the response.
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6.3 Simplified VECD Formulation
6.3.1 Materials

Five different mixtures assembled from two different aggregate gradations were used
for the development of the\XBECD formulation. The gradation and relevant mixture
information is shown ifrigure6.2 andTable6.1. The first aggregate structure is part of an
ongoing investigation at the Federal Highway AdminigtraAccelerated Load Facility
(FHWA ALF) and is a coarse 12.5 mm NMSA mixture with air voids between 3.5 and 4.5%.
Three of the mixtures that use this blend were made with polgrodified binder, and one
was made with a standard binder. The second miwa8uperpavéine 9.5 mm NMSA

mixture made with a standard PG-B2 binder and air voids between 5.5 and 6.0%.

100 — —
0.075 Y
/ /
80 f /
/
J/
o 7/
c 60
.g; //
& /
7/
20 o L .
/. ALF Mixture
yd — — S9.5mm Fine Mixture
0 1 1 1
0.3 1.18 4.75 95 125 19.0 25.0

0.15 0.6 2.36
Sieve Size (mm)

Figure6.2. Gradations for test mixtures.
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Table6.1. Relevant Study Mixtures Information

Agdgregate Mixture ID Binder %. AC (by PG Grade
Blend mix mass)
Control Unmodified 70-22
ALF CRTB Crumb Rubbe_r Term. Blen 53 76-28
SBS StyreneButadieneStyrene ' 70-28
Terpolymer Ethylene Terpolymer 70-28
S9.5mm Fine| 9.5 Fine Unmodified 5.2 64-22

6.3.2 Test Methods

The test methods performed in this study included constant crosshead fatigue,
constant stress cyclic, and constant rate tension experiments. The syetditest

conditions used are summarizedlable6.2.
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Table6.2. Cyclic Fatigue Test Summary

Initial
Material Test 'I_'est' Level (kPg Freg. Nt
Type |Designatior me (Hz2)
CS [5*CS-H° |1500/84] 4 28570
CS 19CSH |750/104| 4 1470
CS 19CSL | 250/ 32 4 16300
CX 19CX-L | --/262 4 14800
Control CX |19CX-L(2)| --/273 4 17800
CX 19CX-H | --/327 4 7900
CX 5-CX-H --/170 10 51170
CX |5-CX-H(2)| --/160 10 48190
CX 5-CX-L -- /125 10 135000
CS 5-CSH |1500/12% 4 4260
CS 19CSH |750/160, 4 710
CRTB CS 19CSL | 250/ 47 4 42480
CX 19CX-H | --/333 4 27500
CX 19CX-L | --/442 4 48760
CS 5-CSH |1500/13( 4 3110
CS 19CSH |750/220, 4 130
SBS CS 19CSL | 250/56 4 5070
CX 19CX-L | --/300 4 >12000C
CX 19CX-H | --/523 4 >90000
CS 5-CSH |1500/13( 4 4460
CS 19CSH |750/230, 4 190
Terpolyme| CS 19CSL | 250/70 4 7660
CX 19CX-L | --/428 4 >13800C
CX 19CX-H | --/579 4 75000
CS 5-CSH |1500/115 10 5900
CS 5-CSL 750/ 40 10 296450
CS 19CSH | 750/108| 10 2950
CS 19-CSL 250/ 10 105480
95Fine| CX 19CX-H | --/240 10 46389
CX | 19CX-VL | --/190 10 311170
CX |19CX-VH | --/402 10 2670
CX 5-CX-H --/ 150 10 70140
CX 5-CX-L -/ 126 10 145410

 Test temperature in degrees Celsius

P Test protocol

¢ Relative magnitude; VH = very high, H = high, L = low, VL = very low
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6.3.3 Failure in Cyclic Mode of Loading

Two criteria have been adopted to define the cycle at which data can be used in the
VECD characterization/verification process. Two different criteria are necessary because the
CS and CX tests fail in quite different patterns and because each criterioresame of the
two possible reasons that it is inappropriate to use a given test result: 1) localization of
damage at the point of a single macrocrack, or 2) the onset of additional dominating
mechanisms that are not related to microdamage. To iddmifydint of macrocrack
localization in these tests, the method suggested by Reese (1997), whereby the cycle at which
the phase angle shows a sharp decrease, is takin as

When processes other than damage mechanisms, such as viscoplasticity, begin to
hawe a significant effect, then a test can no longer be used directly for characterization.
Although at this time rigorous identification of this occurrence is not possible, it is believed
that the onset of other mechanisms is closely related to the totahtofgermanent strain
experienced by the specimen. It is known from experience that the constant crosshead rate
tests at 5°C and strain rates above 1% fb® unmodified mixtures and 1 x Tdor polymer
modified mixtures are dominated by the viscoiétadamage mechanisms (Chehab et al.

2003, Underwood et al. 2006). It is also known that for any given mjxhedests

performed at these rates show similar strain levels at the peak stress. These mixture
dependent strain levels represent a known leelw which VECD mechanisms dominate.

The cycle in the fatigue tests at which the permanent strain (backcalculated from the
measured permanent pseudo strain) exceeds this threshold is taken as the point after which
data cannot be used for VECD charactéiara

When either of these two conditions is met, failure is said to have occurred, and all
data gathered afterwards are ignored. Thus, all of the data shown in any of the subsequent
graphs represent the data prior to this failure point. It is notedahtti$ study, all of the
tests following the CX protocol failed via the first criteria whereas all of the CS tests failed

via exceeding the threshold strain values.
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6.3.4 Simplified Mechanical Modeling

Recall that the rigorous VECD model is givenEguation(6.20) and that in this
equation the variables, DC, andDxare known at each time stépfor the entire loading
history. To characterize or apply this model to cyclic data then requires that the pseudo strain,
pseudo stiffness, and damage are calculated and tracked for the entire loading history. An
average test with 30,000 cycles to failarel 100 data points per cycle (to gain good cycle
pulse definition and avoid computational irregularities) would then require the analysis of
3,000,000 data points. Although this task is not impossible with modern computers, it is
cumbersome even usingwaaced computational schemes. Further, experimental difficulties,
such as data storage and electrical interference (noise and phase distortion), can lead to
significant errors. The simplifications suggested here are implemented to alleviate these
shortcomngs.

These simplified models can be separated into two main approaches, complete pseudo
strain calculation and simplified pseudo strain calculation. The advantage of the first
approach is that it provides a very accurate calculation of the pseudo sdgaiitude and
tracks any permanent pseudo strain during the test. The primaryathsage of this
approach is that, even with the efficiencies of the state variable formuldétiakes time to
perform all of the necessary calculations. The primary adgarof the second approach is
computational speed, and the disadvantages are the potential errors in pseudo strain,
particularly early in the test when the material state changes rapidly, as well as the inability
to track any permanent pseudo strain thay evolve. In the following sections, both
approaches are reviewed, and a final method that takes advantage of the benefits of each is
proposed and verified.

In the literature reviewed here, different definitions and variables have been used to
representhe same quantity. To avoid confusion, a common set of variables has been defined
and is summarized iRigure6.3 for the CS and CX tests at an arai cycle,i. Note from

this figure the presence of two pseudo stiffness terms, a total pseuddnasaihvalued)
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and a cyclic magnitudbased valueR). The mathematical definition of each is given in
Equationg6.23) and(6.24), respectively. The relationship between these two pseudo
stiffness values can be found graphically frieigure6.3, but is also given in Equatid6.25).
The rigorously defined pseudo stiffne€s,is approximately the same Bsexcept thaF is
defined as a single quantity for a given cycle whereas for theoreticalrigidirevolve
during a cycle. Note in each equation the presence of the faattrich accounts for
specimerto-specimen variability. This factor is determined by finding the initial slope (up to
approximately 500 kPa of stress) of the stgssudo strain plot. This level is high enough
not to be significantly affected by data noiset bhot so high that damage becomes
significant. This value typically has a range of 0.9 ~ Lt.it.determined by performing
simple linear regression up to the load level where insignificant damage occurs,
approximately 500 kPa.

~ S $

C= Ota — fa 6.23
&1 (e B ©2

S 5

F=—2% = 6.24

e;ta*l (en?_ E)*l ( )
R -
c=pf & (6.25)

It is alsoimportant to recognize th#te four pseudo strains the above equatiorase

definedas
&n = the absolute pseudo strain at the peak;
e%,ta = the pseudo strain tension amplitude;
€0pp = the peakio-peak pseudo strain amplitude; and
&s = the permanent pseudo strain.
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Figure6.3. Schematic view of the stress, pseudo strain and pseudo stiffness definitions used
in the simplified and rigorous modeling approaches.

6.3.4.1 Defining Alpha

The power a, in Equation(6.13) is found, through theoretical arguments that use the
macrocracking phenomenon, to relate to linear viscoelastic time dependence (Schapery 1990).
Motivated by earlier work on this subject (Lee and Kig®8 Darnel and Kim 2002, Chehab
et al. 2003, Underwood et al. 2006), here the maximum absolute value of-tbg kigpe of
the relaxation modulusy, is taken to represent the linear viscoelastic response. According to
the theory, i f t fyeandialiresstressaate@onstahtyt@eclin+d,e e ne
but if the fracture process zone size and fracture energy are constaa ttién. A review
of the literature shows that different researchers have used diftevialges. Lee and Kim
(1998 suggesthat it is most appropriate to uge= 1/mfor the type of CS tests that are
performed in this current study, aad= 1/m+ 1 for the CX tests. This approach is supported
by the work of Daniel and Kim (2002) that uses the constant failure stress agy @iteria
for the CX tests. It is also supported by the studies of Kim and Chehab (2004) and

Underwood et al. (2006) that use-Gfe tests and = 1/m. Therefore, and based on these
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previous efforts, this study usas= 1/m+ 1 for the CX tests, and = 1l/mfor the CS tests.

No attempt is made in this work to calibrate these relationships further.

6.3.4.2 ldentification of Tensile Loading Time

To quickly analyze the cyclic data in the simplified mechanics model, it is important
to identify the actual time thatgiven cycle is under tensile loading. This time is important
because it is assumed that fatigue damage occurs only under such conditions. To determine
this time, it is assumed that regardless of the input condition the following analytical function

is descriptive of the stress history of any given cycle for the tests used in this study:

—L=(b <oy W))—— (6.26)

wheresy, is the tension stress amplitudde b term, defined by Equatiof®.27), is a factor
that allows direct quantification of the duration that a given stress history is tensile. In
Equation(6.27), (Speayi is the largest value within cyclend(svaiey)i is the smallest value

within cyclei.

b. _ (5 peak)i +( S/alley)i
i +‘ ‘i/alley‘i

(6.27)

‘5 peak

Whenb = 1, the entirestress (and therefore the pseudo strain minus permanent
pseudo strain) history for the given cycle is tensile; wher0, half of the history is tensile;
and whenb = -1, the entire history is compressive. This last condition is notfoseahy of
the tests in this study. It can be shown that the times during the load pulse at which tensile
loading begins and ends for any given cycle are, in terms of the coeffigiant] the
loading frequencyw,

1
4 =508 (b)

and (6.28)
w
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. 2p-cos'( ) 6.29

' w
Similarly, the times during the load pulse when the load is equal to half of the

ultimate peak value are given by

X _p+cosi( 4 and (6.30)
2w

x =Pcos’( (6.31)
2w

Depending on the particular assumption used in the damage model, either the times in
Equationg6.28) and(6.29) are used or the times in Equatiq6s80) and(6.31) are used.

6.3.4.3 Simplified Mechanics ModeNCSU

In total, three methods have been developedath Carolina State University

(NCSU)for simplified mechanics analysithese methods are referred to as Methods,A
andC. The main trait thaheyshare is thathe pseudacstrain is calculated using rigorous
mathematics for the entire loading history, i.e., Equaitds).

Also common amongst the three methods is the calculation of damage during the first
load path. Because significant damage can occur along this load path, and because the first
load path is essentially tharse as a constant rate loading, the rigorous calculation shown in
Equation(6.5) is used. After this time, however, the simplified calculation method is used.

For lack of clearer descriptive terms, the early portion of the damage calculation is referred to
as thetransient calculatiorand the remaining calculations as tyelic calculations These
definitions are shown mathematically in Equat{6:32), where it should be understotitht

X, refers to the reduced pulse time.

_\.e.dS’ransient X¢ )S

dS=j
|' dS:ycIic X > ’b/

(6.32)
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The final commonality of these methods is the definition of the speeioren
specimen correction factdr,defined earlier. Note that all of the simplified models ba
reduced to a soalledcommon formshown in Equatiof6.33), where the variablRis a
form adjustment factor and is methddpendent. The subscripis only a plackolder to
represent the respective method and to designate the value of th&kfastorethod

dependent.

d%yclic,k = éa;%_lz(e(ia)z D 9 *( /X i_)%Jra* ( R) (633)

Method A The firstattempt at simplification begins with the previous formulation proposed
by Daniel and Kim (2002), shown in Equati@34).
R)z C %+a ax, }éa

|
ds:yclic = _Z(em O 0 * 0 (634)

vO?B Qo

The factorM represents the portion of the pellduring which damage grows. For the
particular tests performed by the researchers who developed Eqéa2i#nthis portion was
approximately one quarter of the totahtling pulse time and, thud,was taken as 4. Noting
that the total pulse time i&(2p), and using the definition of stress shown in Equaifid2o),

the factorM can now be rigorously calculated using Equat®85).

_ 18 cos'(b)
29 P

1
o (6.35)

The additional consequence of this fadtbis that it implies that pseudo stiffness
decreases linearly within a cycle and ignores the fact that the value of the pseudo strain
charges throughout the loading cycle. The assumption of linearly reducing the pseudo
stiffness is supported through the rigorous mechanical modeling techKiguarid Chehab
2004,Underwood et al. 2006) and is retained in Method A. To validate this assumption
damage growth is restricted to conditions under which the stress is between the peak value
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and half of the peak value (on both the loading and unloading sides). This assumption is

shown schematically iRigure6.4.

C

cycle i ~ C

ty Complete Solution:

cycleil*M

R

O C (observed)

‘\ ‘PO
777777 C d . t ‘\‘ pre
(assumed variation) /\ 5'5 e ; O
o /
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"5 i

da 2 M

‘
t,/M .
p

Figure6.4. Schematic of effect d¥l factor ondC/dt used in calculations.

The major difference between the method of Daniel and Kim and Method A is that
Method A takes into account the tiraarying nature of the pseudo strain in a mathematically
rigorous way. This rigorous analysis evaluates the way that Eqéii) interprets
damage growth within a cycle, Equatif@36), and then equates it tesamplified function,

Equation(6.37).

N é° 2 +a
.oa | 2 DC (/5
DSNithin cycle rigorous @. % E(eeR)i DX O * 'E (636)
i=1 =
2 4 2 }/ a
a | gr)2 = G ax, ¢
DSNi in cyc e \€n * Q \ CQe ween peaksO * 6 (637)
thin cycle A g 2( ) A t peak 9 SEI‘W 0
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& ¥= e;m ?(( re- Fet( ) (6:39)
a1 N e ST CIs
= Y £ (x 0" En 6.39

In these equations the effective pseudo strain is defined by Eq(@88hand the
factor Q is defined by Equatidq6.39). The rate of change @fin Equation(6.36) can be
approximated by assuming a linear change within the cycle, Eqyé#th. Then, the
changean time between the discrete points can be found in terivkaofd the number of

data points within the analysis rangg from Equation6.41).

DR
E - betweeen peakg. M (640)
Dx X
X,
Dy =P (6.41)
M * N

Substituting these relationships into Equaii6:36), collecting termsand noting that
the effective pseudo strain histos/}(x), is given by Equatio6.38), the factorQ for
Method A,Qa, can be shown to equal Equati@39).

Although the damage formulation in Equati@®B7) is presented for a single dg¢it
is not necessary to compute the damage in each individual cycle. As long @sahd dx
terms are taken consistently, Equat{6@2) can be used to compute thexdaye growth

between cyclé and cyclg.

o _ _ a+a oy }éa
0S,.., %es(a") (G, © g el (642
¢ T ¢ bt

Equation(6.37) can be recast into the common form given in Equg6d8) using
the relationstp betweenC and F (Equatioi6.25)). By this substitution it can be shown that
the form adjustment factor is given by Equat{63) where the initial and final times for
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the summation are taken from Equati¢®i80) and(6.31). For most mixtures, this value
ranges from 0.6 to 0.7 for the CX tests and 0.6 to 1.4 for the CS tests. From these equations it
is found that in order to utilize Method A, the pseudo strain amplitudéhargermanent

pseudo strain must be known for each cycle.
a1l Ne 2., @da e’ bé*l
== 4 g f(Xj agr (6.43)
c j=1 Ota +

Method B A slightly different version of Method A can be derived using only the cyclic
pseudo strain to compute the energy and thus the damage. This is the approach fiyggested
Lee and Kim (199Band is different from the previous approach, only if taer@mnent

pseudo strain is significant. The functional form is shown in Equéidb).

N eé | eR 12 DC %ﬂa
DSNithin cycle rigorous @i % EW (ee )i a 8 K (644)
&
: L oay
DSNithin cycle B :ZE IE(emR)( é -SR%* Q E’; C k!gtween peakﬁ % O (645)
e¥( ¥=( - Net() %> d) (6.46)

To solve forQg, the approach shown in Equatiofts36) to (6.39) is used with
Equation(6.45) instead of Equatio(6.37), and Equatior6.44) instead of Equatio(6.36). It
is noted that the effective pseudo strain is now given by Equ@i®). With these changes,
the resultingQ factor for Method B is found to be

1+a
~ a

a1 N e 2/, g0, 6
Qs—geﬁia:lg(f(xi)) 8o (erF:_ E’) (647
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To give Equatior{6.45) in the common form, the same relationship betweeandF
used in Method AEquation(6.25), is applied, and it is found that for MethBdthe
adjustment factor is given by Equati(@48).

A1 N e 2 AL B
— 1 f(x. 2 Em X 6.48
RB ﬁqiaﬂ (XJ)) H—(: ;egz.ta 9 ( )

This relationship is equivalent to that of Method A, if the permanent pseudo strain is
negligible; when this is not the case, Method B shows a reduced sensitivity to the permanent
pseudo strain. The reason these differing derivations are found in theuligeis that the data
used to develop the theory behind Method A were mostly CX test results. Conversely, both
CS and CX tests were included in the experimental program udszeand Kim (1998

Method C The third method assumes that all the effe€damage are shown through a
reduction of the cyclic pseudo stiffnefs,This assumption does not mean that damage
affects only the cyclic pseudo stiffness, but simply that this pseudo stiffness wholly reflects
damage effects. The form adjustment fatborthis methodRg, is found by assuming that

Equation(6.50) can be used to simplify the more rigorous Equa@h9).

A L eeiC G

DS _”c'? > (eF) S 0 d. (6.49)
o I an,

oS fo 5 (d) g 8 (# KK (650

e -k

S 6.51
pS@—I$ (6.51
gives
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X

f o

d x= o (ng B : B, x3 . (6.52)

? B °

Finally, if it assumed that within a cycf@F / i€x@arly constant and if it is recalled that the

B L ()
%Z(E)HS

1o

effective pseudo strain history is given by Equat@#n6), then
2a XL 2a 2a
(€fa) *AF( N " d > g™+ -xf Ka (653
which simplifies to

x))za* d .. (6.54)

The implication of assuming th&F / i©n@arly constant is netplored in this study.
However, in the context of fatigue where failure often requires thousands to millions of
cycles, it is felt that such an assumption is valid.
It can be shown that for the common form, Riector for Method CRc, is equal to
K; raised to a power that is a functionafas shown in Equatiof®.55), where the times for
the integral in this equation are defined by Equat{6r3) and(6.29). The values for this
adjustment factor are approximately equal to @orthe CX tests and 0.70 for the CS tests
for most mixtures. In contrast to Methods A and B, Method C requires that only the pseudo
strain amplitude and the loading functiéfx), are known.
X e

R = Ze—*n(f (x)* *dxg (6.55)

6.3.4.4 Simplified Mechanics ModeFHWA

The principal difference between the FHWA method of analysis and the methods

derived at NCSU ithe use of a simplified methodology of calculating the pseudo strain. The
simplification is shown in Equatiof®.56), where|E*| ve is the linear viscoelastic dynamic
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modulus defined from aeparate test, i.e., AASTHO TP, &hd is specific to the temperature
and frequency of the fatigue test under consideratibis. simplification is heretofore

referred to as thseteadystate assumptiobecause it is theoretically accurate for the condition
of zeromean stress steadyate conditions (Ferry 1961, Tschoegl 1989).

=& |E* |LVE (659

For the FHWA method, the pseudo strain is computed based ofigppalik values,
and is denoted by a comma subscipt, Thus, this method assumes that the total energy,
tension, and comprs®n lead to damage growth. Although the FHWA method uses the term
Cin its derivation, this variable is changed®ohere for clarity. Although not shown here,
note that~* andF in the common function (Equatid6.33)) are very similar and differ only
due to slight errors in the steadtate assumption and the definitionsfo&ndl. F* is
defined by
S E*
F* = RO""IE |EL| |N* - (6.57)

0 pp LVE

where E*|y is not the theoretically accurate*| at cycleN, but is instead the ratio of stress

and strain at cycldl. The termE is defined by

8@5 )
ce (} u e +
ae ax 0 g e 1
. |E~k| %&’% fg l:l e% ))ﬂ-'
S ' 4_°c°5 ’ (6.59)
|E |LVE |E |LVE

Like thel factor, Eis meant to account for specimtmspecimen variability.

However, because in theattye dynamic modulus canno¢ defined for a single cycle, tHe
term also includes transient effects that inherently make its range, 0.61 ~ 4ta¢ ¢Kal.
2008), much wider than that typically found fq0.9 ~ 1.1). Although the CS protocol
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followed by Kutay et al. was not the same as the one used in this research the same definition
proposed by these researchersdpire., a = 1/m, is univesally applied.
In the FHWA method, damage is expected to grow by:

(&) ) é( B (6.59)

A comparison of the common form in Equatid683) and(6.59) shows that their
differences are fouiold:

1 Use ofF* versusF,;

1 Lack of form adjustment factor in Equati@®59);

1 Use of peako-peak values in Equatiqe.59) and tensioramplitude values in

Equation(6.33); and

1 Differences in specimeto-specimen normalization factors in the tequations.

6.3.4.5 Application of Models

Theoretical arguments may be made for each of the aforementioned equations. The

guestion arises as to which best describes the global behavior of asphalt concrete. To answer
this question, the tests listedTable6.2 have been processed using each of the four methods.
In addition, for each of the tests the damage characteristic curve is known from constant
crosshead rattests. The methodology that best collapses etelayclic and cyclieto-
monotonic damage characteristic curves is the most desirable for describing the behavior of
asphalt concrete.

Typical results from the characterization using the first four methogl shown for
the Control mixture ifFigure6.5 (a-d). It is seen from this figure that the two methods that
explicitly consider permanent pseudasir(Methods A and B) show the worst collapse, not
only between methods (CS with CX) but also within each method (CS with CS or CX with
CX). When permanent pseudo strain is not considered, i.e., in Method C and the FHWA

method, a good collapse occurs betwerotocols (CS with CS and CX with CX). It should
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be understood that these differences in collapse are not related to the fact that the FHWA
method simplifies the calculation of pseudo strain because Method C extracts the pseudo
strain amplitude from thegorous calculation of pseudo strain. Instead these differences are
related to the errors associated with including permanent pseudo strain energy directly in the
computation of damage. Furthermore, Method C, which adjusts for thevgirpieg nature
of the loading input and also considers damage growth only under tensile loading, shows a
good collapse between cyclic and monotonic loading.

Not all mixtures show such a good collapse, and the worst case scenario of the
mixtures considered, CRTB, is showrFigure6.6 (a-d). It should also be observed that for
this mixture, errors associated with the inclusion of permanent pseudo strain are greater than
with the Control mixture. These observations suggest that microdamage does wholly exhibit
itself through a reductiomithe cyclic pseudo stiffness.

FromFigure6.5 (d) andFigure6.6 (d) it is seen that the FHWA method does a good
job collapsing the individual protocols (CS with CS and CX with CX), but does not
successfully collapse the two protocols together, nor does it collapse with the monotonic
curve. The cawsof the lack of collapse between fatigue protocols is the use oct@ppaiak
values in Equatiof6.59). This assumption implies that if the loading includes both tension
and compression, the energy absorbed in both directions is responsible for damage growth.
The authors believe, but cannot provide conclusive experimental proof to the effect, that this
assumption is erroneous f or taeasdarhagdrelaingtoncr et e
the fatigue process occurs, at least to a high degree of approximation, only during tensile
loading. Damage may occur during compression, but this damage is not believed to be
directly related to the fatigue response of the mdtéiders (Kutay et al. 2008) may not
have come to this conclusion because these researchers us@dlpuashtrolled stress and
controlled crosshead testing, which have similar loading histories even though one is
controlled stress and the other is coléd crosshead. The reason for a lack of collapse of
either of these curves using the monotonic data is due to the lack of the form adjustment

factor,R.
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Figure6.5. Comparson of model methodologies fdg) ControtMethod A,(b) Contrd-
Method B,(c) ControtMethod C,and () ControtFHWA method.
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Figure6.6. Comparison of model metlologies for{a) CRTBMethod A,(b) CRTB-
Method B,(c) CRTB-Method C,and @) CRTB-FHWA method.

6.3.4.6 Sensitivity of Existing Approaches to Alpha Definition

The data shown above kigure6.5 andFigure6.6 have been analyzed multiple times
with the two different accepted definitions®fo gain visual insight into the effect that this
term has on the collapse of the vasanethods. This type of numerical analysis is necessary
since the implication of a unit changedns dependent on the value @ftself and on the
pseudo energy occurring for any given test. Both the Control and CRTB mixture data are
examined to fully understand the complex effect thhtis on the analysis results. The
results of this analysis are showrFigure6.7 throughFigure6.10. For the analysis shown
in Figure6.7 andFigure6.9, a is equal to Ihfor all tests. For the analysis shownkigure

6.8 andFigure6.10 a is equal to Ith+ 1 for all tests.
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Figure6.7. Comparison of model methodologies for the Control mixture ugindl/m; (a)
Method A,(b) Method B,(c) Method C, andd) FHWA method.
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Figure6.8. Comparison of model methodologies for the Control mixture ugindl/m + 1;
(a) Method A,(b) Method B,(c) Method C, andd) FHWA method.

Figure6.9. Comparison of model methodologies for the CRTB mixture ugirdL/im; (a)

Method C andb) FHWA method.
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