ABSTRACT
NASCIMENTO, LUIS ALBERTO HERRMANN DOlImplementation and Validation of the

Viscoelastic Continuum Damage Theory for Asphalt Mixture and Pavement Analysis in
Brazil. (Under the direction of Dr. Y. Richard Kim).

This dissertation presents the impkartation and validation of the viscoelastic
continuum damage (VECD) model for asphalt mixture and pavement analysis in Brazil. It
proposes a simulated damagefatigue cracked area transfer function for the layered
viscoelastic continuum damage (LVECDpgram framework and defines the model
framewor kés fatigue cracking pr ebdsedcdesigpn er r o
solutions in Brazil.

The research is divided into three main steps: (i) implementation of the simplified
viscoelastic continum damage (/ECD) model in Brazil (Petrobras) for asphalt mixture
characterization, (ii) validation of the LVECD model approach for pavement analysis based
on field performance observations, and defining a local simulated damarpgecked area
transfer function for the Fundao Projéctavementestsections in Rio de Janeiro, RJ, and
(iii) validation of the Fundao project local transfer function to be used througnazit for
asphalt pavement fatigue cracking predictidrased orfield performance obseations of
the National MEPDG Proje@itpavementestsections, thereby validating the proposed
frameworkés prediction capability.

For the first step, the-BECD test protocol, which uses controled-specimen
strain modeof-loading, was successfully irlgmented at the Petrobras and utsed
characterize Brazilian asphalt mixtures that are composed of a wide range of asphalt binders.

This research verified that the\&CD model coupled with th&" failure criterion is



accurate for fatigue life predictios$ Brazilian asphalt mixtures, even when very different
asphalt binders are used. Also, the applicability of the load amplitude sweep (LAS) test for
the fatigue characterization of the asphalt binders was checked, and the effects of different
asphalt bindes on the fatigue damage properties of the asphalt mixtures was investigated.
The LAS test results, modeled according to VECD theory, presented a strong correlation
with the asphalt mixturesd fatigue perfor man
In the second step, the\&ECD test protool was used to characterize the asphalt
mixtures used in the 27 selected Fundao project test sections and subjected to real traffic
loading. Thus, the asphalt mixture properties, pavement structure data, traffic loading, and
climate were input into the LMED program for pavement fatigue cracking performance
simulations. The simulation results showed good agreement with thelisttved
distresses. Then, a damage shift approach, based on the initial simulated damage growth rate,
was introduced in order mbtain a unique relationship between the LVESIDulated
shifted damage and the pavemehserved fatigue cracked areas. This correlation was fitted
to a power form function and defined as #veragededuceddamageto-cracked area
transfer function
Thelast step consisted of using treeragededuced damagm-cracked area transfer
function that was developed in the Fundao project to predict pavement fatigue cracking in 17
National MEPDG project test sections. The procedures for the material chagicterand
pavement data gathering adopted in this step are similar to those used for the Fundao project
simulations. This research verified that the transfer function defined for the Fundao project
sections can be used for the fatigue performance prewatioa wide range of pavements all

over Brazil, as the predicted and observed cracked areas for the National MEPDG pavements



presented good agreement, following the same trends found for the Fundao project pavement
sites.

Based on the prediction errorseienined for all 44 pavement test sections (Fundao
and National MEPDG test sections), the propo
determined so that reliabillyased solutions can be applied for flexible pavement ddsign.
was concluded thabhe poposed LVECD program framework has very good fatigue cracking

prediction capability.
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CHAPTER 1. INTRODUCTION

1.1.BACKGROUND

Fatigue cracking ithemajor distress in asphalt concrete pavemenBrazil. This
phenomenon has a complex natilvat is related to both the material and structural
characteristics of asphalbncrete pavements. Currently in Brazil, the available tests and
analysis protocols are not reliable for the accurate prediction of the fatigue performance of
asphalt mixtures and pavements. Many Brazilian researchers have proposed different test
methodsand specimen geometries for fatigue damage characterization, such as the bending
beam, indirect tension, trapezoidal tests, etc. Typically, the results of these tests, at a single
temperature, are fitted to power law fatigue curves (Woéhler curves) anavitbesimplified
pavement layered elastic analysis for performance prediction. In this regard, different
empirical approaches have been taken by Brazilian pavement engineers, but without any
validation or carefully defined laboratetg-field transfer funtions.

A fatigue performance model that can be used effectively in pavement design and
preservation must have two main components: (i) a fatigue damage growth relationship that
describes how damage grows as a function of loading frequency, temperatloaddeuel,
and (ii) a failure criterion that can be used to define the fatigue life of asphalt concrete
(Sabouri and Kim 2014). Thus, to properly understand and model fatigue cracking over the
range of conditions encountered in the field without perfognai large number of
experiments, it is essential to employ mechanistic models for material characterization and

pavement analysis. These models should describe the material and pavement responses to



repeated loading, particularly the process of crackihglérwood et al. 2009an addition,
these mechanistic models should be incorporated into a pavement analysis framework, which
in turn should be validated for engineering applications through extensive comparisons
between predicted and fiettbserved pedrmance, in order to develop a proper simulated
damageo-cr acked area transfer function and to
prediction capability.
Viscoelastic continuum damage (VECD) theory has been used successfully for
asphalt mixture characteaton in the United States. This mechanistic approaakes use
of fundamental material properties to characterize the behavior of asphalt concrete
effectively under a wide range of conditiaising an efficient, simplified laboratory test
program.The keyfeature of the VECD model is the damage characteristic curve, which is a
material property that is independent of test conditions. This property, with proper
implementation into the pavement analysis framework, can be used to predict the fatigue
damage obsphalt layers over the range of conditions encountered in the field (Kim 2009).
Researchers at North Carolina State University have implemented the VECD model
into a layered VECD analysis framework, referred to asayered viscoelastic continuum
damaye (LVECD) program (Eslaminia et al. 2012). This tbes shown potential to be used
as a reliable performance prediction appraaotiserves as the basis for thederal
Hi ghway Ad miFHWAJ@PsrfotmanceRaated pecifications fotot-Mix
Asphalt (HMA-PRS). Currently, the LVECD programbeing verified using field

performance results obtainédm various pavements in thénited Statesind other



countriegPark 2013), but so far, no transfer function has been defined for using this tool for

aghalt pavement fatigue cracking predictions.

1.2.OBJECTIVES

The objectives of this research project are:

1 to implement the VECD model for the characterization of Brazilian asphalt mixtures
and validate the modeling approach for mixtures composed of a wideaasgghalt
binders;

1 to check the applicability of the load amplitude sweep (LAS) test for the fatigue
characterization of asphalt binders and investigate the effects of different asphalt
binders on the linear viscoelastic (LVE) and fatigue damage prepeiftasphalt
mixtures;

1 to simulate the fatigue performance of Brazilian asphalt pavement test sections under
real traffic loading using the analysis framework that is based on the VECD model
(i.e., the LVECD program); and

1 to validate and calibrate the L\ZID program for pavement fatigue performance
analysis, using properly defined simulated darragfatigue cracked area transfer

functions, for asphalt pavement reliabitthased design solutions in Brazil.



CHAPTER 2. THEORETICAL BACKGROU ND

The main goal of this @pter is to present the theories aodceptfound in the
literature that areeeded for tis researcleffort. Becausene ofthe researchoakis the
implementation of th& ECD modelin Brazil, including pavement analyses and field
validation,the maintopics of the literature review are:

1 thetheoretical background dhe VECD and SVECD modelsand

1 pavement performance analyand experiencassing theLVECD program.

2.1.VISCOELASTIC CONTINU UM DAMAGE (VECD) MODEL

According to Hou et al. (2010)avious laloratory testing methods and models have
been developed to assess the fatigue performance of HMA. One of the most popular testing
methods is the flexural bending test, also known as the beam fatigue test, which measures the
fatigue life of a compacted asphlbeam subjected to repeated flexural bending. The standard
procedure for the beam fatigue test is described in the AASHB@1Tstandard, and was
adopted by researchers at the University of California Berkeley under the Strategic Highway
Research Progra(®HRP) Project A003A (Tangella et al. 1990; Tayebali et al. 1995}her
techniquessohave been proposed, such as trapezoidal fategiiemg(EN 1269724; Rowe
1993, direct tensiortesting(Raithby and Sterling 197 2andindirect tensioresting(Roque
and Buttlar 1992Buttlar and Roque 1994; Nascimento et al. 2010

In addition tothe differenttesting protocols, analysis methadso differ The
simplest andas a resujtthe most common technique involves performing many fatigue tests

and fitting the results to a swalled fatigue law, which is essentially a power law type



relationship wherein the effeadf strain or stress level and material propertieefiodulus
for example) on cycles to failure are modeleidy et al. 201 This is the bsic model form
used in théNational Cooperative Highway Research ProgralBiRP) 1-37A Mechanistie
Empirical Pavement Design Guide (MEPDG). However, otbeearchexr have analyzed test
resultsusingenergybased method<arpenter and Shen 2006; Shen @adpenter 2007
fracture mechanic@Vajidzadehet al. 1971; Salam 1971; Monistmith and Salam 1,973
thermomechanical damage concepisndstrom et al. 1994; Bodigt al.2004n), and
continuum damage mechani&oglin et al. 2004b; Bazéand PjaudiefCabot1989; Kim

and Little 1990; Lee and Kim 1998a; Lee and Kim 1998b, Daniel and Kim; 20f)2et al.
201Q Babadopulos 2014; Nascimento et al. 2014

Thecontinuum damage mechanicased modelasused in the work presented in
thisdissertationThe VECD modemakes use of fundamental material properties to
characterize the behavior of asphalt concedfiectivelyusing an efficient, simplified
laboratory test program. This approach is particularly useful because, alaGghtheory
itself is somewhatomplicated it is amenable to simplifying assumptions that only slightly
reduce the predictive capabilities, but greatly improve the rostshbility (Hou et al.

2010)

Hou et al. (2010have describethe VECD modé svolution its history starts with
Kimand Littl e who successfully applied Schaper
theory for materials with distributed damage to sand asphalt under cyclic lodmgr{d
Little 1990). Later, Lee and Kim further developed the VECD model to prove tha ibe

applied to asphalt concrete under both contrediieelss and controllestrain cyclic loading



(Lee and Kim 19984d;ee and Kim 1998 Subsequent work by Daniel and Kim showed that
the damage characteristics of asphalt concrete are material propedtiesn be determined
using a simplified procedure, such as the constant crosshead rate monotonic direct tension
test ODaniel and Kim 200 Chehab et al. showed that the titemperature superposition (t
TS) principle can b eVErangegmhtge damdge levefs, vehichmat er i a
helps reduce the required testing time significar@ligghab et al. 2002; Chehab et al. 2003

In work by Underwood et al., these principlesre appliedo mixtures tested at the Federal
Highway Administration Acceletad Load Facility (FHWA ALF) in McLean, VAandthe
applicability of VECD modeling principles to both modified and unmodified asphalt concrete
mixtureswas demonstrate@lso, the fatigue resistance ranking of the ALF mixtures using
the VECD modeWassucessfully predicteqUnderwood et al. 200&jnderwood et al.

2009).

The VECD modethat isbased on the constant crosshead rate monotonic test has
some practical shortcomings. One is that the model characterization requires constant
crosshead rate testirgnd the peak load level necessary to perform such a test is close to the
load capacity of the Asphalt Material Performance Tester (AMPT). Tthegmportant to
havea model that not onlig applicable forcyclic fatigue test data, but also can be
charaterized quickly and easily using such tests. Different researchers have worked on
developing a simplified mechanistic model. Christensen and Bonaquist developed a model
based on the simplified pseudo stiffness calculation approach suggested by Kim et al.
(Christensen and Bonaquist 200then later developed another simplified matiat was

capable of more easily accepting AMPT output défaristensen and Bonaquist 2009



Kutay et al. applied a simplified form of the VECD model to both contredtesssand
controlledcrosshead (CX) pushull tests Kutay et al. 2008 However, these modeling
approaches all have limited applications due to certain faults in the rigor of the theoretical
application. Underwood et al. proposed a more rigorously accuratéf@chmodel that has
been able to correct the deficiencies in the other modaldgrwood et al. 2009a;
Underwood et al. 2009b; Underwood et al. 2009c).

The most recent work has been dbgeSabouri and Kim (2034vho used the VECD
model forasphalimixture characterization and proposefhguefailure criterion based on
the rate of release of the pseudo strain end®fy (vhich is independent of the modé
loading and temperatur€his failure criterion requires characterization tests at only a single
temperature and a single mealeloading, thereby significantly reducing the costs associated

with testing.

2.1.1.VECDTheory

Continuum damage theories ignore specific microscale behaviors and attempt to
characterize a material using macroscale observaiienshe net effect of microstructural
changes on observable properties. The most convenient way to assess material integrity, in
the macro sense, is to employ the instantaneous secant modulus or to employ the theory that
is usedin this paper, whiclnvolvesthe instantaneous pseudo secant modulus. Damage, on
the other hand, is oftentimes more difficult to quantify and generally relies on macroscale
measurements combined with rigorous theoretical considerations. One such theory is

Schaper y o0 sial thwory (Schapery 198}, which is based on thermodynamic



principlesinSchaperyodés theory, damage i sS¢thatanti fi e
accounts for microstructural changes in the material. Other researchers have utilized elastic
based nolocal continuum damage theories for this purpose (Bazant and Pij@atiet
1989 Bodin et al. 2004)whereasstill others have assumed that the internal state variables
are relatedlirectlyto the strain history, both viscoelastic and viscoplastidi@htaterial
(Levenburg and Uzan 200dzan and Levenburg 2007).

The VECD model is built on threeainconcepts(i) the elastieviscoelastic
correspondence principle based on pseudo sifBifiof modeling the viscoelastic behavior
of the material(ii) the continuum damage mechar@sed work potential theory for
modeling the effects of microcracks on global constitutive behgamai(iii ) the tTS
principle with growing damage to inclutlee combinedeffects of time/rate and temperature.
In order to explain VECDheorymore fully, these concepts are described in the next

sections

2.1.1.1.ElasticViscoelastic Correspondence Principle

The stressstrain relationships for many viscoelastic miadercan be represented by
elasticlike equations through the use ofcaledpseudovariables This simplifying feature
enables a class of extended correspondence principles to be established and applied to linear
as well as some nonlinear analyses setoelastic deformation and fracture behavior
(Schapery 1984). Using these correspondence principles, one can obtain viscoelastic

solutions from their elastic counterparts through a simple conversion procedure (Kim 2009).



The usual Laplace transforbasedcorrespondence principle is limited tVE
behavior with timevarying boundary conditions, whereas the correspondence prinitiptes
arebased on pseudariables are applicable to bdtielinear and nonlinear behavior of a
class of viscoelastic matersalith stationary or timeependent boundary conditions. Also,
thecorrespondence principlé® not require a transform inversion step to obtain the
viscoelastic solutions but rather requires a convolution intdgséis much easier to handle

than the inersion step. Consider a streggin equation for LVE materials,

de

=NnElx-¢t)—dt
s (x )dz‘

D

1)
where

& andU= stress and strain tensprs

E(t) = the relaxation modulus matrix

3= reduced timeand

U= the integration variable.

Equation(1) can be written as:

S =Ege
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if XMis defined as

de
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E
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I

(3)
whereEg is the reference modulus, which is a constant and has thedsa®esiors as the

relaxation modulus. The usefulness of Equafi)ns that a correspondence can be found



with the linear elasticteessstrain relationship. That is, Equati(®) takes the form of elastic
stressstrain equations even though they are actually viscoelastic-strassequations. The
pseudo strain is referred to &@lf Eris equal to onén Equation(3), the pseudcstrainis
simply theLVE stress response to a particular strain input (Kim 2009).

The power of pseudo strain can be sedagurel andFigure2. Figurel shows the
stressstrain behavior for controlled t r ess cycl i ¢ | oalkdVEmggewi t hi n
(such as for a complex modulus test). Because the material is being testeéy i igsge,
no damage is indied and the hysteretic behavior and accumulating strain are due to
viscoelasticity onlyFigure2 shows the same stress data plotted against the calculated pseudo
strains. All of the cycles collapse to a single line with a slopelofEk= 1.0). The use of
pseudastrain essentially accounts for the viscoelasticity of the material and allows for the

separate characterization of damage within the specimen.

30
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Figurel. Stressstrain behavior for controllestress cyclic loading within the material’s LVE
range
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Figure2. Stresspseudastrain behavior for controllestress cyclic loading within the
material’s LVE range

2.1.1.2.Work Potential Theory

In continuum damage mechanics, the damageg ban be viewed as a
homogeneous continuum on a macroscopic scale, amfféotof the damage typicallig
reflected in terms ahereduction in stiffness or strength of the material (Kim 2009). The
state of damage can be quantified by a set of paessneften referred to asternal state
variablesor damage parameteiia the context of thermodynamics of irreversible processes.
The growth of damage is governed by an appropriate damage evolution law. The stiffness of
thematerial, vihich varies with theextent ofthedamage, is determined as a function of the
internal state variables by fitting the theoretical model to available experimental data.

The mechanical behavior of an elastic medium with constant material properties (i.e.,
without damage growth)suallycanbe described using an appropriate thermodynamic

potential (e.g., Helmholtz free energy for isothermal processes and Gibbs free energy for

11



isentropic processes). These potentials are point functions of thermodynamic state variables.
When thermbeffects are not considered, bakte Helmholtz free energy and Gibbs free
energy potentials are identifiedso-calledstrain energyand represent the energy stored in
the systenthatis algebraically equal to the work done in the system by exterrdhhfpa
However, when damage occurs due to external loading, the work done in the body is not
storedentirelyas strain energlyecaus@art of it is consumedherebycausing damage to the
body. The amount of energy required to produce a gaveountof damaye is expressed as a
function oftheinternal state variables. The total wahlat isinput to the body during the
processes in which damage occurs depends, in general, on the path of loading. However, it
has been observed that, for certain processesiochwlamageccurs the work input is
independent of the path of loading (Schapery 1987; Lamborn and Schapery 1988, 1993).
Based on these concepts, Schapery (1990) developed a theory using the
thermodynamics of irreversible processes to describe the meahbehavior of elastic
composite materials with growing damage. The following three fundamental elements
compriseSchaper§ work potential theory

1) Strain energy density function

W =Wl|e,
(es,) @
2) Stressstrain relationship
AW
de ®)
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3) Damage evolution law:

dw _ dw,

ds, ds, (6)

wherell andUarethe stress and strain tensors, respectiv@lyaretheinternal state variables

andWs=Wy(Sy) is the dissipated energiyatisd ue t o structural changes
elastieviscoelastic correspondence principle andtetype damagevolution law (Schapery

1984 and 199CPark et al. 1996), the physical strdihis replaced with pseudstrain, ¥, to

include the effect of viscoelasticity. The use of psestdain as defined in Equati@B)

accounts for all thedreditary effects of the material through the convolution integral. Thus,

the strain energy density functidtvi= W(U, S, transforms to the pseudtrain energy

density function:
WR =WF(e?, s,) (7)

However, the elastigiscoelastic corrggndence principle cannot be used to
transform the elastic damage evolution law to use with viscoelastic materials, because both
the available force fahegrowth ofS,, and the resistance against the growtB.oh the
damage evolution law are radepement for most viscoelastic materials (Park et al. 1996).
Therefore, the following formwhich issimilar to power law crack growth lanis used to

describe the damage evolution in a viscoelastic material:

& =

Q
=
Pl
-ODOY,

(8)

vO&PdSDo
o
D3
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where & is thedamage evolution rat¥)? is the pseudo strain energy density function, and

amis the material constant. According to Park et al. (1996), the comgtambased ohVE
fracture mechanics. In many viscoelastic crack growth problems, the crack speestiedov
by thea™ power inthepseudcenergy release rate, inwhiehi s r el ated to the
creep or relaxation properties. For exampglg= 1+1h, where n = logE(t)/log(t) at times
depending othecrack speed, was shown by Schapery (1975)ufoler.
In the case of asphalt mixture VECD characterization, according to Underwood et al.
(20099, the poweran, is related to the lofpg slope of the relaxation modulus,and is
dependent upon the type of test used in characterizing the modeioRotonic or CX tests,
am= 1+ 1. For controlleestress tests in eithapushpull or pulkpull configuration.an, =

1/n. It is important to mention that some equationthis dissertation refdo a, as simplya.

2.1.1.3.Determination of the Damage Paramég&r

The methodhat is selectetb solve the damage evolution law in Equati8his a
matter of preference and, as such, two solutions are hereby proposed. The first, proposed by
Park et al. (1996), transforms the original equaticantintegrated forrgndassumes and
defines a new parameié Equation(9) presents, in discrete form, theethod proposed by

Park et al.

1
SN
€c¢c a=

S 9)

whered is given by Equatio(10):
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._1)(9R)2t5 (10)

Lee and Kim (1998a, b) sd proposed a solution that utilizes the chain rule and
makes no assumptisnegardinga. Theyconducteduniaxial tensile cyclic loading tests with
various load amplitudes to study the mechanical behavior of asphalt cohcdmage
inducedtesting, thg observed that the slope of the stigs®udo strain loop decreases as
loading continues in both controlletiress and controllestrain tesd. Figure3illustrates the

changein the slope of the stregseudo strain loop for typicahiaxial cyclic damage

inducedtesing.
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Figure3. Typical input and responses for:a@ntrolledstress (CS) uniaxial cyclic te@hput
vs. time) b) CS (stress vs. pseudo strai))controlledcrosshead (CX) uniaxial cycltest
(input vs. time)and d) CX (stress vs. pseudo strgldipnderwood et al. 20GH
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The change in the slopé the looprepresents the reduction in the stiffness of the
material as damage accumulates. To represent the change in slope, Lee and 8 (199

used the secant pseudo stiffné&ssdefined as:

el (11)
where &7 is the pseudstrain and(,, which comes from the experimental data, is the stress

thatcorrespondtoe®. In modeling, Lee (1996) found it necessary to noizeahe pseudo

stiffness by the initial pseudo stiffne$sto account for sampfl®-sample variation. The

normalized pseudo stiffnegs, is then

| (12)

Figure4 shows typical charesgin theC versus nmber of cycles foacontrolled

strainuniaxial cyclic damagéducing testat 20°C.
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Figure4. Example otthangen pseudo stiffnes<]) versus number of cycles in a typical
controlledstrain uniaxial cyclic damageducing tesat 20°C (Nascimento 2@1

The uniaxial constitutive equations for linear elastic BY# materials with and
without damageare usefuto show how the more complex models evdlfrem the simpler

ones as follows:

Elastic body without damage:
s =Eqe (13
Elastic body with damage:

s =C(s,)e (14

Viscoelastic body without damage:

s =E.ef (15

17



Viscoelastic body with damage:

s =C(s,)e? (16)
whereEris a consint andC(S,) is a function otheinternal state variables (ISVY)S, that
represent the changing stiffness of the material due to microstiLitangessuch as
accumulating damage. In EquatidiB), EristheY o un g 6 s morespondenceisA ¢
seen between the elastic and viscoelastic constitutive equations; that is, the viscoelastic
eguations take the same form as the elastic, ni#gspseudacstrain replacing physical strain,
as aforementioned.

It must be observed that for thaiaxial case, the work functiob\{) is given by

Equation(17):

rR_| R )2
W _Ecl(g)(em) (17)

s =IC(9)e} (18)

To characterize the functid@y in Equation(18), the damage evolution law (Equation
(8)) and experimental data are used. With the measured stresses and calculated pseudo
strains the C; values can be determinadingEquation(12). To find the dependence Gf

on S, the values 0§, must be obtainedsingEquation(8). However, the current form of this
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equation is not suitable for findirfg, because it requires prior knowledge of €€S))
function through Equatio(17).
Lee (1996) used the chain rule in Equati{®$) to eliminateS, from the righthand

side of the evolution equation and obtaireaplicit expression fo§;, as shown in Equation

(20).
dc_dc dt
dS dt ds (19

y 20

Both functions C, and eF, are dependent upon timieand thusa numerical

approximation can be usedtivihe measured data to obtaspas a function of time:

a

1

S()=a.g (e (.- C -t )e o

The relationship betwedd, andS, can then be found by performing regression on
the data. The most common functions used for fitting this relationship are ghown

Equationq22) and(23).

(22

c(s)=€" 29

whereC,q, C11, C12, @, andb are the regression constants.
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Daniel and Kim (2002) studied the relationship betweéne damage paramet&) (
and the normalized pseudbffness C) under varying loading conditions. The most
significant finding from their study is that a unique damage characteristic relationship exists
betweenC andS regardless of loading type (monaotc versus cyclic), loading rate, and
stress/strain amplitude. In addition, the application ot{h® principle with growing
damage to th€ versusSrelationships at varying temperatures yields the same damage
characteristic curve in the reduced tinsale(Chehab et al. 2002The only condition that
must be met in order to produce the damage characteristic relationship is that the test
temperature and load rate combination must be such that only the elastic and viscoelastic
behavior prevail with negiible, if any, viscoplasticity.

Figure5 to Figure7 show the orspecimen controlledtrain uniaxial cyclic damage
testresults obtained faa styrenebutadienestyrene §BS polymermodified asphalt
mixture, with a nominal maximum aggregate size (NMAS) oftd®m. Theuniaxialtesting
wasconductecat 10Hz and 20€. Figure5 andFigure6 indicatethatbothSandC have
different paths when they are analyzederms & the number of cycles for different inputs
(strain amplitudes). However, whéhandSare plotted in the same spgéégure?), the
curves derivedrom thedifferenttestscollapsevery well. This examples typical of the
VECD concet andexplains thathe relationship betwedd andSis definitely a fundamental

material propertythis relationships referred to as théamage characteristic curve
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Figure5. Damage paramete®)(versus number of cycles fon-specimen controlledtrain
uniaxial cyclic damage testigth different inputs (Nascimento 2014)
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Figure6. Pseudo stiffnes<) versus number of cycles fon-specimen controlledtrain
uniaxial cyclic damage testingith different inputs (Nascimento 2014)
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Figure7. Pseudo stiffnes<) versus damage paramet8y ¢haracteristic curve®r on-
specimen controlledtrain uniaxial cyclic damage testingth different inputs (Nascimento
2014)

2.1.1.4.PseuddStrain Calculation(}

The first step in this characterization process is the calculatithe pfeudo strain. In
previous work, Equatio(B8) wassolved using linear piecewise technique, as shown in
Equation(24). Such a technigualthough fundamentally sound, is profoundly inefficient
when analyzing large amounts of data. The source of the inefficiency lies in the need to
analyze all the time steps that precede the time step of interest, thus resultiranenéiafly
increasingheanalysis time fotheincreagddata. To overcome this shooiming a method
commonly used in computational mechanics, the state variable appsoatilived

(Underwood 2006)
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r_1éu deg de, de, .o
e ER8nE(t z‘)d dt+q E(t- t)d dr +.. +mn1E(t [)dz‘ ¥

(24)

The goal of thestate variable approach is to transform the process of convolution into
an algebraic operation. Theoretical details of state variable techniques can be found in Simo
and Hughes (1998). In a physical sense, though, the state variable approach assajnle a var
to each Maxwell element in the Prony representation of the relaxation modulus. This variable
then tracks the behavior, or state, of the given element throughout |¢&lditerwood
2006) Thealgebraicdormulation commonly used for the pseudo straltalation is shown

in Equation(25):

n+1 n+l+ .rl’l /7-”+1g
o U (29

wheredp andd; are internal state variables for the elastic response and for the specific
Maxwell elementj, at time stepp+1, respectively. Definitions dhese variables are given

by Equationg26) and(27), respectively:

hn+1 — Eu ( n+l 0) (26)

Dt -
p=e i e (e @) 27
whereE., E;, and}; are the relaxation modulus fitting coefficiefitsm the Prony
representation.e., theelastic modulus, modulus of tif Maxwell elementand relaxation

time, respectivelyEquation(25) is a remarkably efficient solution technique for pseudo

strain calculation. Fatomparative pyposes, a data set ob@0 points requires
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approximately 100 secondsdaalyze using Equatidi24), but it requires only 1.5 seconds if

analyzed by Equatiof25) (Underwood 2006)

2.1.2.Simplified Viscoelastic Continn DamagégS-VECD) Model

According to Underwood et al. (2089independent efforts using pseudo strain
based models tobtain the asphathixturedamage characteristic curkiave shown positive
results. Christensen and Bonaquist (2005) developed a vefsaosimplified mechanistic
model based on the approach suggested by Kim et al. (2002), whereby simplifications are
made in the calculation dfie pseudo strain and in the idealization of the input conditions.
Christensen and Bonaquisted the continuurdamage relationship along with the mixture
modulusvaluesand voids filled with asphalt (VFA) to develop 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 testqiocols, controllegtress an€X pushpull tests, yield the
same damage characteristic relationsKiptay et al.also utilized the damage functions for
different FHWA ALF mixtures to predict and rank thid x t Gietd @pesférmance.

Although all of thee previous research efforts have shown positive results,
Underwood et al. (20@) relatedthat these effortshave certain faults in the rigor of their
derivation that limit their applicatiodhus,Underwood et al. (2009a¢viewedthe
simplified pseudo sdin-based continuum damage models disgussed theiimitations in
terms of rigorBased on their findings, @ew modelwasthen suggested that takes advantage
of the strengths of these existing approaches while remaining mostly rigorously valid. This

improved simplified continuum damage model prosigenore complete and accurate
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application ofthe continuum damaggpproachThis models explained based on the work
done by Underwood et al. (2009a) and Underwood et al. (2012), in the following pasagrap
The rigorous modeling approattat isbased on Equatior8), (12), and(21)
requires that pseudo strain, pseudo stiffnasd damage are calculated for the entire loading
history, which is an easy task for the constant crosshead rate test (monotonic test). However,
applying this rigorous model to cyclic tests, which can easily have over 10 million data
points, is computationally cumbersome, even using modern techniques.
The simplification procesproposed by Underwood et al. (2008&grts with the
pseudo strain calculation. Assuming that fatigue damage accumulates only under the tensile

loading condition, the pseudo strain tension amplitggle, is calculated. Instead of ngi the

convolution integral to computle pseudo strain, a substantial simplification is made by
assuming a steaeltate condition. In such a condition the pseudo strain can be rigorously
computed as the product thie strain and dynamic modulus (at tieerperature and

frequency commensurate with the test under investigation). This assumption was first
proposed by Kim et al. (2003) for analyzing asphalt binder and mastic, but has also been
found to introduce only very minor errors when applied to aspbatirete (Kutay et al.

2008; Underwood et al. 2009a; Underwood et al. 2009b).

2.1.2.1.Pseudo Stiffness Definition for the Simplified Approach

Figure8 introduces a set of variables used in the simplified formulation for

controlledstress andCX uniaxialtesting analysisThis figure indicateshe presence of two

pseudo stiffness termatotal pseudo straibased valu¢C ) and a cyclic magnitudeased
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value C*). The mathematical definition of each is given in Equati@8s and (29),
respectively. The relationship between these two pseudo stiffness values can be found
graphically fromFigure8, but is also given in EquatiqB0). The rigorously defined pseudo
stiffness,C, is approximately the same @%, except thaC* is defined as a single quantity
for a given cyclewhereas for theoretical rig&@ will evolve during a cycléUnderwood et

al. 2009a)Note in each equation the peese of the factot, which accounts for ggimen

to-specimen variability, as aforementioned.

Controlled Stress Testing Controlled Crosshead Testing

s C* s

SO,ta

'
1 sO,ta - SO,pp
'

| 5 &

eRs e[;m eqo,ta:eRO,pp_>| é?

Figure8. Schematic view of the stress, pseudo sti@mad pseudo stiffness definitions used in
the simplified and rigorous modieg approachefJnderwood et al. 2009a)

C_: - So,ta — SOta
R R R
ef*1 (&R, +el)x1 (28)
C* — sO,ta -, SO,ta‘
ETI P 29
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= (30)

It is important to define the four pseudo strains showkFigare8:

the @wplute pseudo strain at the peak,

e, =

ef, = the psedo strain tension amplitude,

ef,, = the peako-peak pseudo strain amplituded
e = the permanent pseudo strain.

2.1.2.2.Loading TimeAssociatedvith DamageGrowthin the Simplified Approach

In order toanalyzethe cyclic data in the simplified mechanics modeickly, it is
important to identify the actual time that a giveycle is under tensile loading aatsowhen
the damage is growinduringthis tensile loadingThe first attempt at simplification begins
with the previous formulation proposed by Daniel and Kim (2002), shown in Eqiafipn

_a l(Rry —6%+3*5Xp &{m
dS,gic —Ee E(em) DC9 éﬁﬁ (31)

The factorM represents the portion of the pulse during which damage grows. For the
particular tests péarmed by the researchers who developed EquéBiby, this portion was
approximately one quarter of the total loading pulse time and, Mhugs taken as 4. Niog
that the total pulse time %/(2"), and using the definition of stress shown in Equat3a),

the factorM can be rigorously calculated using Equai{g4).

27



0 =5 cogm)) L

S O,ta (32)

where¥ is the angular frequency abds a factor that allows direct quantification of the

duration that a given stress history is tensitmbtained from Equatio(83).

(.S‘ peak)i + (5 valley)i

+|s

bi =
‘S Pea‘li

(33

valley

i
Note that vnenb = 1, the entire stress (and therefore theyao strain minus

permanent pseudo strain) history for the given cycle is tensile; fvheéh half of the history

is tensile and wherb = -1, the entire history is compressive. This last condition is not used

for any of the tests in this study.

cos*(b)
p

1_14
M 28
¢

[-QD0Or

(34)

The additional consequence oéflactorM is that it implies that pseudo
stiffness decreases linearly within a cycle and ignores the fact that the value of the pseudo
strain changes throughout the loading cycle. The assungidtiorear redution of the
pseudo stiffness is supported through the rigorous mechanical modeling technique
(Underwood et al. 2006, Kim and Chehab 2004) and is retairted simplified analysis
protocol To validate this assumption, damage growth igiotstl to conditions under which
the stress is between the peak value and half of the peak value (on both the loading and

unloading sides)This assumption is shown schematicallyrigure9.
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In other words, the time during thealdting pulse when the damage growth begs (
is when half of the ultimate tensile peak value during the loading side is achieved, and the
damage growth finishesr| when half of the ultimate tensile peak value during the unloading
side is reached again, as showikigure9. Both times can be determined analytically using

Equationq35) and(36).

C

cyclei ~

C

cyclg il 4 M

&R Complete Solution:
O C (observed) o %,,a
Al 2 dC
ffffff C (assumed variation) S= (eR (t)) * o ¢ *dt

0

Complete Solution:
a1, m2dC &, t,
= 0
&)

da 2 ™

t/M

)

Figure9. Schematic of effect d¥l factor on «C/dt used inthe simplifiedcalculations
(Underwoal et al. 2009a)

2w (39)
_p  p-cos’(b)
X = W+ 2w (36)
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2.1.2.3.Simplified Approach Formulation

The simplified approach fahedamage calculation in uniaxial cyclic testing is
divided irto two steps. Because significant damage acalang the first load path (from
zero to the first load peak), and considering that the first load path is essentially the same as
constant rate (monotoniading the rigorous calculation shown in Equat(@i) is used.
After this time, however, the simplified calculation method is applied to the cyclicFtata.
lack of clearer descriptive terms, the early portion of the damage calculation is redersed
thetransient calculatiorand the remaining calculation as thylic calculation(Underwood
et al. 2009a)These definitions are shown mathematically in EqudBa) where it should

benotedthats; refers to the reduced pulse time.

ed ransien X ¢ X
dsS=j Sransn i
de:ycIic X >Xp (37)

In the cyclic calculatio, the pseudo stratension amplitudés computedoreciselyor

the steadystate assumption using Equati@8), proposed by Kutay et al. (2008)

r\_ 1 b+l N
(eO,ta)_E_R > ((eo,pp)i|E |LVE) (39

wherefé,ppis thepeakto-peak strain ampglde andg*|.vei s t h e Lviadyeamical 6 s
modulus athetest conditios (frequency and temperatur&quation(38) showsthat the
permanent pseudo strain is not considered in the cyclic damage calculation in the presented

approach.
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This simplified approaclkalso assumes that Equati@®) can be used to simplify the

more rigorous Equatiof21) for the cyclic damage calculation.

a

~

(6. c; 87 (D, Jiva (K, )roe (39)

(0S,0.) =

vOEBQJc
N

In comparson toEquation(21), Equation(39) replaces the absolute pseudo strafn
with the pseudo strain tension amplitugle , pseudo stiffnes§ with thecycle-based value

C*, and the time steft; T ti.1) with thereduced pulse time interved g: This simplified

calculation implicitly assumes that pseudo strain is some constant value within a cycle, which
is not necessarily so. This flaw is corrected by adding an adjustment factehich is a
rigorously defined paramet#rat isdependenon the time history of loadind(3), only. Note

that theadjustment factor ikquation(39) is based on the factdd proposed by Daniel and

Kim (2002) However, Underwood et al. (2009alind that Equatiof41) can be used to

simplify the more rigorous Equatiqd0):

xia | 2 pCOﬂ

DS=R'& ~(erf E=8 *dx

| & 2( 7) LS 2 (40)
- rRve g . N

DS_? E(eo,ta) U_Q (Xf - Xn) K, (41)

Setting Equatiorg41) equal to Equatiofd0) and noting that
KC GHC
uS — uS (42
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gives

ey

v

*dx =

il

- oooxm

| 2 UC @
E(eOta) “U_g *(Xf - X)* Kl

vO&BSDo
vO&BSDo

(43

If it is assumed that within a cyck@%sis nearly constanand if it is recalled from

Underwood et al. (2009a) that the effective pseudo stediis given by Ejuation(45),

then

i v ! (44)
ef()=(eh- &) fl)=elax 1x) 5
which simplifies to
K=o A () ax "

In the simplified approach, the pseudo stiffn&€3%) (s normalized using théynamic
modulus ratidDMR). Previousefforts used the initial slope of the strgg®udo strain curve
to define a different normalization parameteiThe DMR is defined as shown in Equation
(47). In this equation|E*|.ve is theLVE dynamic modulus of the material at the particular
temperature and frequency of the tesid it is found by interpolation of thE*| mastercurve,
which has been determineda separate experiment. Before eanfaxial cyclicfatigue test

a fingerprinttestis performed wherein the sample is subjected to very lowdaamging
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strain amplitude. The modulus measured in this fingerprint test is denoEEd@s}rin. The
DMR values typically range between 1.1 and 8uygesting specimen-specimen
variability of approximately +10 percentwhich is the sameariability suggested by the
previousl factor.

E

DMR= fingerpint

*

(47)

LVE

Based on the presented concepts and definitions, the simplified viscoelastic

continuum damage model-{&CD) formulationcan besummarizedy the following

eqguations:
e _ 1 ¢ e
] } eR_E_RmE( X- )%—td t ¢x o
e =] 48
A 1 b+l
’II‘(e(ia)cyclei :E_R : 2 (( @pp)i |E*|LVE) X %
é ~_ S
I PRV d
C= 49
AL PR “9
f 2€f, 3 DMR
e & DMR; qy2 . 67 :
,:\ (daransient)timestep j: &E} 2 (eR)] Dl 0; ( Pj}{ ? X P(
dS=j . ' (50
i & DMR, 5 2 . &4 . .
,{:(d%ydic)cyclei :é‘% 2 (e(sta) Q 9 s I\p ‘6‘8 K :}é X p
where
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Sopp

dsS

Dx
DN,
K1

DMR

pseudo strain,

strain,

LVE relaxation modulus,

integration term,

reduced time,

reduced pulse time,

peakto-peak strain magnitude (cyespecific),

pseudo strain tension amplitude (cysfeecific),

peakto-peak stress magnitude (cydpecific),

load form factor, Equatio(83),

increment of damage growth during calculation step,

finite differencebetween thé& values at consecutive time stg@sdj-1,
finite difference between the values at cyclesandi-DN,

finite difference betweesat consecutive time stepandj-1,
number of cycles between calculation stepgsHercydic portion,
loading shape factor, Equati¢fo),

dynamic modulus ratio, Equati¢a7), and

damage evolution rate.
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Xp = a (52
where

t = time,

tp = pulse time, and

ar = time-temperature shift factor from LVE characterization.

2.1.3.Failure Criteria

A failure criterioncan be used to defirtbe applicable regions associated with
continuum damage theory and indicates the occurrence of fracture. In engineherifailure
criterionisi mport ant because it characterizes a mi
parameterit val uati ng t he mifakgueuwcraekidgiHHoweven, mostt y t o r e ¢
continuum damagemodels cannot predict failure automaligawhich means that certain
external criteria mudie appliedZhang 2012)

Damage and effective stiffness are the two essential, interrelated parameters in
continuum damage models. Hence, the development of a failure criterion starts with the
simplestassumption thad givenmaterial fails at a critical damage state, or at an equivalent
critical stiffness value. However, asphalt concrete is a highly heterogeneous arahtime
temperaturalependent material; therefore, it is not easy to define a uahatiffnessbased
criterion for different asphalt mixtures across different temperatures.

As discussed in detail by Zhang et al. (2013), the traditional fatigue failure criterion,

which defines failure as the peducesto50at whi ch
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percenff its initial value does not provide consistent predictions for fatigue Ofe the

otherhandjte approach proposed by Reese (1997) 1|
behavior and defines failure as {heak valuef the phaseragle. This approach seems to

predict the fatigue life, or the cragktiation, verywell The pr obl em wjth Rece
however s that most continuum damage models, including the VECD model, are not able to
predict the variation in the phase angtel also its drofSabouri and Kim 2014Hou (2009)

develogda failure envelope through experimental observations of difféterih Carolina
asphaltmixturesat various temperatures this approachhe pseudo stiffness value at

failure, which is thgoseudo stiffnesef the materiaht the point where the phase angle drops

as shown irFigurel0, is expresseds a function of reducddequency andNMAS. Figurell

shows the experimental observatiortted pseudo stiffness value at failurersusthe

reduced frequency obtained by Hou (2009) for the studied mixtures.
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Figure10. Phase angle peak illustration: fatigue life definition (Nascimento et al. 2014)
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Figurell Experimentabbservation of pseudo stiffness valae failureversusreduced
frequency(Hou 2009)

FromFigurell, it is noted that the pseudo stiffness value at failurg) increases

with the reduced frequendig). This finding has a physical meanitggcause theigher the
reduced frequengyhelower the temperature and more brittle the material. Based on these

results, Hou (2009) proposéte failure functiorshownin Equation(53):

c _gb- fy<001

" La(log(f,)- log(0.01)+b- 0.01¢ f, <10 (53
where
a=-0.0044NMAS)+0.12 (54)

_€0.26- non- RAP
10.30- RAP (59)
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Althoughthis failurecriterionhas a phyigal meaningand the reduced frequency

dependent faction considers the temperature effectcn it is notasuitablecriteriondue to

the high variability shown in the experimental déteaddition the sensitivity of the
proposed failure envelope with regardatiditionalmixtures alsavould need to behecked
(Zhang 2012)

According to Sabouri and Kim (2014), many othesearcherBaveproposed
different approachet® determindatigue failure criteafor asphalt mixturesvan Dijk and
Visser (197) and Van Dijk (1972%tudied failure crites basedn so-calleddissipated
energy which quantifies the enerdlyat isconsumedhroughouthe test and relasét to the
final fatigue life.However, his methods not adequatdecaus¢he energy dissipain is not
dueonly to the damage, as the viscodlasiamping angblastic deformation also dissipate
energy.

In order to separate the viscoelastic energy from the damage, Ghuzlan and Carpenter
(2000) introduced theoncept ofatio of dissipated energy chan{fDEC),which assunes
that viscoelastic dampg does not evolve significanttgroughouthe loading historyThe
RDEC concept alsovas used by Shen and Carpenter (2005) who identifsédble region
when the RDEC is plotted versus the number of cycles, as shdviguire 12. This stable

regionis referred to as thglateau valug¢PV).
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Figurel2. RDEC versus number of cycles during contreltedsshead uniaxial cyclic
loading (Zhang 2012)

Even though the PV demonstrates a strong correlation withutinder of cycles at
failure, Bhasin et al. (2009) applied it for fine aggregate matrix characterization and
concludedhat this approach is dependent onrniedeof-loading

Research also has been conducted usingaheept otissipated pseudo strain
energy(DPSE)in whichthe correspondence principle is used to separate the damage energy
dissipation from the&iscoelastic damping. According to Sabouri and Kim (20#¥8 DPSE
approach haproblemsrelated to the proper determination of the triseeelatic phase
angle and to the differentiation of behavior between nonlinear viscoelasticity and damage.
Moreover, Bhasin et al. (2009) also studied this approach and concluded that it is dependent

on modeof-loading
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Zhang el al. (2013) introduced a new yd@ energy measure that describes the rate of
damage dissipation and can be applied using #4&SD model.This methodthe so-called

GR approach, is based on the release of the maximum amount of stored pseudo strain energy

througloutthe loading historyThis storedmaximum pseudo energy corresponds tqoiek

pseudo strain in cyclic loading, as showrrigure13, and can be calculated as:

(\Nn?ax )i = % (S ) (eﬁax )i = % (5 ota )i (egta )i (56)

where

(W, ), = maximum stored pseudo strain energy at ciycle
(S e ). = maximum stress at cycle

(e?,) = maximum pseudo strain at cydle

(50). = Stress amplitude at cydleand

(ef.) = pseudo strain tensile amplitude at cyicle

Using the relationship between stress and pseudo strain expressed in dégation

the maximum stored pseudo strain at cydan be rewritten as:

W) =%(C* ) (eg.) (57)

As s evident fromEquation(57), as the damage accumulates and the applied
magnitude of the pseudo straimmsintained the material loses the maximum stored pseudo

strain energy due to the reduction in the pseudo stiffi@$sThe difference between the
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current stored maximum pseudo strain energy and the corresponding undamageeggte
(C* = 1)is definedby Zhang et al. (2013) as th&al released pseudo strain eneigyd

denoted agyR. This term is representdxy theshaded triangular areafilgurel3and is

givenin Equation(58).

6NCR )i = % ( -C )i (e(ia ).2 (58

Equation(58) showsthat thew? is a continuum damage pseudo strain energy leas

thatdepends on the external loading and the material ilsetbrding to Zhang et al. (2013)

thew} pathduringthe CX uniaxial fatigue testan be divided ito three regions, as shown in
Figure14 (a). Analyzing the rate ofy® (Figurel4 (b)), a stable regiois evident in which

this rate of released pseudo strain per cycle is constant. This cahgpans definedby

Zhang et al. (2013s G} (Figurel14 (b)). In their work, the authors found a very good
correlation between the® andthe number of cycles at failure for different mixtures tested

at various temperatures.
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Later, Sabouri and Kim (2014) evaluated tg¢ failure criterion for different modes
of loadingbeyond the CXincluding controlleebn-specimerstrain (COSyandcontrolled
stresqCS).Their results are sk in Figurel5, where it can be seen that ¢ approach
works very well forthe CX and CS modes, but the failure line for the COS nutmbsnot
collapse on the lines for the other modes. TBadouri and Kim (2014)oncluded thathte

GZ approach is dependent on thedeof-loading
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Figurel5. g% versus\; results for different modes of loading (Sabouri and Ribd4)

Sabouri and Kim (2014) compared tv¢ paths of the two CX and COS testgich

resultedn about the same number of cycles to failure. They observenhttiet CX case
more energy is released at the end of the loading history when the matesaig its
structural integrity rapidly. In the COS case, where the specimen experiencestammstan

specimen strain from the beginning of the test, more energy is released at th& busset.
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Sabouri and Kim (2014)roposed a new approach based on the pseudo strain energy releas

thatis able to capture the effect of the whole loading histbingrefore,they definecanew
term G, as the rate of change of the averaged released pseudo strain energy (per cycle)

throughout the entire history of the teStuation(59) definesG®as:

Nt
R
WR ﬁNC
GR=—¢ =0 _ (59
Nf Nf

Sabouri an&Kim (2014)applied theG" approacho the same tesgirotoco| asshown

in Figure15. They found that the relationship G* versusthe number of cycles to failure
(Ns) not onlyis very strong (higiiR-squared valuedpr all cases, butlso thatthe lines of the
CX, CS, and COS modes collapse very weig(re16). Thus, they concluded that the
characteristic curve derived frotine G® approach is independent of both temperature and

modeof-loading
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According to Sabouri and Kim (2014), the advantage of usisgliaracteristic

relationshipis that once the & ECD model parameters and tB€ versus\; linesare

obtained (they are obtained from the same test set), these results can be applied to predict the
fatigue life for any other loading condition. Using this proced8adouri and Kim (2014)
thencompared the predictéd with the measurebl; obtaina experimentally from the drop

in phase angléigurel7). As can be obserddrom Figurel7, most predictions have small
prediction errorsSabouri and Kim (2014eported that the maximum error percentage is

between 3Qpercentand 40percent butthatit only happens in a very few casasthe

average of the absolute prediction errors for all the tests is only aroymatcehi which is a

very good finding considering tleampleto-sample variability found frm conventional

fatigue testing.
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2.2.PAVEMENT PERFORMANCE ANALYSIS USING THE V ECD

MODEL

Asphalt concrete pavement is a coexpstructureghat isformed by multiple layers of
different material@ndis subjected to many combinations of traffic loading and various
environmental conditiong\sphalt concrete pavementase of the largest infrastructure
components in the worléndits design, construction, conservatj@nd rehabilitation
demand the expenditure of many resources, including financial and natural loeresore,
therealistic prediction ohpavemerd bngterm service life is one of the most challenging
tasks forpavemenengineergKim et al. 2009)

Many factors affect the performance of asphalt concrete, including time (i.e., rate of

loading, loading time, rest period), temperature, stress statigof-loading aging, and
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moisture As such differentempiricaland mechanistiempirical modeland analysis
frameworkshave been developed in order to predict asphalt concrete respodse such
complexin-service conditions.

The MEPDG, developed under NCHRP proje@7A (NCHRP2004), isarecent
example of statef-the-practice for asphalt pavement evaluatidrusesa traditional
approactto this evaluatiopwhich is divided intdwo steps: pavement response prediction
and pavement performance prediction. Basicétiythe first stepthe MEPDGappliesa
multilayered elastic analysisased procedutte computehestresses and strains at critical
pointsin a pavemenstructure Then, for the second analysis stepese outputs amgugged
into specific damage models for performance predistiBoth analysis €ps aregerformed
for the different periods of the pavemeénrdervice life,asthe MEPDG is integratedith a
climatic module and also takes into account traffic loading spectra, seasonality, and hourly
distribution.

However, several weaknesseshis tralitional approacitmave been foundrhe
damage evolution in complex structures and new materials sometimes is not captured
properly by the mechanistempirical modelsnherent of the MEPDG~or example,
different combinations of layermaterial typesandthicknesses in perpetual pavements
make it difficult to predict the failure mechanisaxcuratelyusing conventional HMA
performance prediction models and pavement respaosgels(Kim 2009) Also, the
pavement materials industry frequently introduces asphalt binder modifiers, alternative
aggregatesourcesand variousecycled materials, wdse performance usually is not well

representedsingtraditional models.
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Another shotomingof theM E P D GwWosstep approach is the medéloading
dependency afhostof theinherentperformance models. These modetredeveloped
using results obtained from laboratory tektstwereconductedinderspecific conditions of
loading Becausehe available twestep procedures cannot discerniimdeof-loadingin a
mechanistic mannesuchanalysis can resuit unreliable performance predictign
Moreover,the mechanistiempirical laboratory test protocolere designetb simulate
specific boundary conditions of pavement structures rather than to ctpgtuerdamatal
properties of the material§herefore numeroudestsarerequiredto cover the wide range of
pavement contions, which makes characterizatiofithe material@xpensive and time
consuming.

According to Kim (2009), the lack of computing povileatis needed to calculatbe
damage evolution for the entire life of the pavenveas thanitial shortcoming thatorced
earlier researchers to develop the{step approach for pavement analyais opposed ta
more realistic onstep integrated approadfortunately improvements in computing power
and numerical techniques now allpavemenmodeling engineers to implement more
powerful analysis frameworks to predict the pavement performance directlyifeom
integratedanalysisresults Such arintegratedmodel is referredo asa mechanistic approach
and combines the HMA material models and the pavement responses.rivoties way,
predictiors of the pavement responses and damage in the HMA layers can be raadaré
realistic mannemrovided thaproper constitutive models are usedandem with

appropriate damage models.
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In short, giverthe weaknesses tfemodels associated with th&o-step approach,
and giverthe current availability of enhanced computational techniques (and hardware) and
the pwer of theaforementione? ECD mode] now theVECD modelcanbe used

successfullyfor pavemenperformancenalysis.

2.2.1.TheVECD-FEP++ Program

Kim et al. (2009) reportethe applicationof the VECD model to a finite element
package to predict pavemenspenss. First, based on the work of othekirfterhoelzland
Schapery004),Kim et al. (2009upgraded the continuum damage formulatiomake ita
more rigorous modellheyassumed that the material is isotropic when undamaged and that
the growth of denage under loading leads to local transverse isotropy (i.e., the material has a
local axis of symmetry oriented the maximum principal stress direction). YHermulated
thar framework for the axisymmetric case liutan easily be extendedttoree dinensions

Based orthe work potential theory and making use of viscoeldsdizture mechanics
and the correspondence princifém et al. (2009xhowed that the pseudo energy function
(W) can be written in terms of the pseudo ssairthe principal a8, asshown inEquation

(60).

wr =Ll ] + e} 2asde + Ade)] ©
and

evR = elRl + 6';2 + ‘93R3 (61)
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(62)

(63
where ef, €, and e} are the principal pseudo strawgh the axis of isotropy oriented
along direction 3asobtained from the pseudo strains along the global axis using tensor
transformationThe LVE pseudo strains along the global axis are calculated from the strains
along the global axis using Equatid@$), (26), and(27).
The factorsAi1, Az, A1z, andAge arethe stiffness terms related to the damage

function,C(9), as follows:

_1e 2(1+n)e
Aa= 98C(S)+ el )l (64)
N S
° & " 20+n)y (65

(66)

° 2
2(1+n)Y (67)

where

n= Poissonds ratio of the materi al
C(9 = the damage characteristic functiand

S=the damage parameter.
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Applying the correspondence principle to Equa(8) providesthe following
constitutive relationship:

HWE

Si = uer (69

which gives the stresses as the following equations:

a 1,0 a 1.0
511:?—0&1' gpizgﬁ'? +g¥\2' gAzzgﬁc?' A\sees (69)
522:29911' 1-AlzgevR"'{%‘912' }Azzg)ﬁge"'p\sees

o 3 = C 3 = (70
sa=88 2 A B +88, + 2 A, 80
339132; 9232+d 72)

The stresses along the global axis are then obtained by standard stress transformation
andfrom the orientation of therincipalaxis with respect to the global axi:-om Equations

(8) and(60) the damage evolution function becomes
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where theanalytical form of thelamage functiol€(S) is usedasshown in Equation23).
Kim et al. (2009) implemented this formulation into fhrete element program
FEP++, developed by thidorth Carolina State Universitgsearchheam for general

nonlinear dynamical systems analydJiee program required several modifications in order
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to be ushul for routine pavement modeling. After all thedifications, the prograwas
customized for pavement analysisdcalledthe VECD-FEP++

One important modificatiothat wasnade by the modeling team was the
implementatiorof a finite element mesh generation methodolmgycorporatespecial
elementghatcouldreduce the computational coststloé pavemenanalysis and still model
the problem with specified accura@ynother significant enhancement over the earlier
capabilities othe FEP++ was the ability to perform quasilinear analysis. ithggovanent
wasparticularly beneficial in the context of pavement analysis because the VECD material
model is quasilinear. By using a quasilinear solver instead of a nonlinear one, the analysis
time wasreduced by almost half.

In order tofacilitatethe data iputs tothe VECD-FEP++, a graphic user interface
(preprocessor) was introducedo the program. The motivation behind this tool was to
provide the user with a simplified and intuitive interface for pavement analysis. The tool can
be used either to run dwgsis directly or to generate the input files. It also has visualization
capabilities to view the mesh discretization, which makes it easy for the user to verify the
input data for the analys{&im et al. 2009) However, for visualization of the pavement
analysis resulighe authorsised an external postprocessor.

After theseimprovementsvere implementedKim et al. (2009) used théECD-

FEP++ to perfornthreedimensional (3Dganalysis to study the effects of temperature,
material, and wheel speedingFHWA ALF pavementsTablel presentshe pavement

properties and the loading used in their study.
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Tablel. Pavement properties and loading usesimulations by Kim et al. (2009)

gigth ofasphalt concrete @) 46 cm
Pavement length 296.5 cm
AC material Control mixture and SB#&odified
Subgrade type and stiffness Infinite subgrade, 86 MP
Ambient surface temperature Winter:-5°C; Summer: 38°C
Loads
Contact pressure 758 kPal
Load area 19.65 cm by 179 cm
Wheel speed 13.41 m/s and 26.82 m

Analysis was performed at representative temperatures for winter and stonmer
simulate the effects of temperatufide temperature distribution across éisphalt layer
depth was found from simulationsingthe Enhanced Integrated Climatic Model (EICM).
For these simulations, a typical pavement cgesgion was used with the Raleigh, NC
climatological databasét is important to mention th&tim et al. (2009)eportedonly the
pavement response analyssuts without growing damagé.he effects of temperature,
material, and wheel speed were found to be in accordance with the expected results. The
pavement showed an increased viscous response with increased temperature and decreased
speed. The simulationssal showed lower strains with lower temperatures, increased wheel
speed, and stiffer asphalt concrete material, as expé&otahples of their results can be
seen inFigurel8 andFigurel9, where thdransversetrains are compared for the different
asphalimixtures(Control and SBSnodified). In theseexample, the responses were

simulated under summer conditions and a wheel speed of 26.82 m/s was applied.
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Figures 18 and 1%hew thatthe strainvaluesare higherfor the SBSmodified
mixture than for the Control mixture. Also, the region of maximum tension at the bottom of
the layeris shown to benuch larger for the SB81odified pavement than for the Control
pavementandthearea of influence on the surface of the pavensdatgerfor theSBS
modified pavement than for the Control paveméngeneral,he SBSmodified pavement
deformed more than the Contpvementandsoits area of influencés largerthan that of

the Gntrol pavementiue tothelower stiffnessralue of the SBSnodified mix
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Underwood et al. (2Bb) used the VECEFEP++ for pavemerperformance
predictiors usingthe FHWA ALF pavementsTheseFHWA ALF pavement testsicluded
twelve lanes of different asplhaoncrete mixtures tested for both fatigue and rutting
performanceinder HVS loadingSections with both 166hm and 15amm thick asphalt
concrete layera/ereincludedin the tess. Each asphalt concrete layer sxbbn top of 560
mm (thin asphalt layerg)r 510 mm (thick asphalt layers) crushed aggregate base, which,
in turn,was placean top of an AASHTO A4 subgradef-ortheseALF tess, the pavement
wasloaded with a 425/64R22.5 (supsngle) tire moving at 17 km/ha load of 73.8 kN,
contact presure of 827 kPa, and acontrolledtemperature of 19°C. During ALF testing,
the percentage of cracked afe® % c r a c\kasnmbasaredatagyylar intervalsutay et
al. 2008) The1l00-mm thick asphalt layexdlanes that contagdthe control mixtue, SBS
modified mixture, crumb rubber terminal ble(@RTB) mixture, and ethylene terpolymer
mixturewerestudiedby Underwood et al. (2009b)

TheLVE characterizationf the ALF asphalt mixturesvasaccomplished usinthe
dynamic modulus test accordingtte standard protocédund inAASHTO TP 62. The
results ofthesetess were used to obtain the LVE relaxation modulus (Prony series form).
For the purpose of damage characterizatibrderwood et al. (2009ban CX uniaxial cyclic
fatigue tess, and theresults were modeled according to th¥EBCD modelapproach to
obtain the damage characteristic cur@es§. S).

Regardinghe pavement simulatisin the VECDFEP++, Underwood et al. (26b)
useda simplified modeling scheme. In short, ttvie-stepschene takes advantage of the 3D

analysisn the VECDFEP++ that is capable of predicting the viscoelastic response under a
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moving load. Then, the viscoelastic response, which is the tensile strain at the bottom of the
asphalt layer, becomes an input for tR¢EBCD modelto predict fatigue performancé&he
unbound materialgereassumed to be linear elastic, and the subgrade mateees

considered to be elastic and sanifinite.

Figure20 presents amparisons of the fatigue perfoamce results between the
FHWA ALF measurements artde VECD-FEP++simplified approaclsimulations Failure
in the ALF experiments defined as the cycle at which pércentof the lane has cracked
(Kutay et al. 2008)Forthe simulationsUnderwood et al(2009b)assumed thdailure
occurswhenevethe materialeaches a pseudo stiffnasdue(C) of 0.25 It has been noted
that certain problems relating to the distribution of hydrated éintealso problems witte
density throughout theerpolymer testane may have affected the ALF test resufistéy et
al. 200§. Therefore, two comparisons are showirigure20: one that includetgerpolymer
and one that does not inclutpolymerUnderwood et al. (2009kepncluded thathe
correlation betweethe measured and predicted failsrgasquite good, particularly when

the tepolymer lanevasnot considered, even though only three lanes were used.
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Figure20. VECD-FEP++simplified approaclpredicions versusmeasured fatigue lifeor
FHWA ALF pavements (Underwood et al.(8b)

Later, Underwood et al. (2012) used 2D axisymmattegratedanalysis in the
VECD-FEP++to simulate the same FHWA ALF pavemer@smparisons of the fatigue
performance results tveeen thdFHWA ALF measurements anle 2D axisymmetric
VECD-FEP++ simulations are shownkigure21. As before failure in the ALF
experimentsvasdefined as the cycle at which percentof the lane hd cracked Again,
very gaod correlatiorwasfoundbetween the predicted and observed failudesvever, the
simplified approach used in 2009 and the later integgtpdoach taken in 201&d to
different relationshipf terms ofpavement performance. For tharliersimplified approach,
the simulated failureok longerto occurthanthe observed failures, as opposed to the
integrated approach, where the simulated failocesirred earlierThus, more field
experiments should h@erformed an@valuate in order to define the Isésimulation

approachand also th appropriate transfer function for predicting crackedsarepavement
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Figure21. 2D axisymmetric VECBFEP++ predictioaversus measured fatigue life of

FHWA ALF pavements (Underwood et al.12)

Kim et al. (2008) used the VEGBEP++ for simulatioausingKorea Expressway

Corporation (KEC) test roaskctions Thistestsiteis a 7.7km two-lane highway consisting

of 25 Portland cement concrete (PCC) pavement sectiori¥agphalt concretesstions,

and includeshreebridges andwo geotechnical structureshe variables considered in this

Kim et al. (2008xstudy for asphalt concrete pavementsesurface layer type, base layer

type, base layer thickness, and sublayer propeftresasphalmixture characterization

protocol (LVE and VECDpropertiesthat was used for this studysimilarto the procedure

reported by Underwood et al. (20§)9However, the VECDnodelcharacterization was

performedasa constant crosshead uniaxianotonictension test instead afCX uniaxial

cyclic fatigue testHowever, loth of thesemodes of loadingprovided the same damage

characteristic cungg(C vs. S).
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Regarding the simulation approagsingthe VECD-FEP++,the asphalt layers were
modeled using the CD model (viscoelastic with damage), and the unbound materials were
assumed to be linear elastic. The simulations waneed outat a constant temperature of
19°C,anda moving load was simulated by applying afetond haversine loading pulse
followed by a 0.9second rest period. The load level and contact pressure applied were 73.8
kN and 827 kPa, respectively, which are identical values to those used in the FHWA ALF
experimend (Underwood et al. 2012).

Becauseno information was availablegardinghe number of load repetitions, the
simulationswere runup to one million cyclegptimized bythe quasilinear extrapolation
approach implemented in the program. This approach takes advantage of the fact that damage
grows in a generally linear slope witspect to material integritg, at high damage levels.

In this caseKim et al. (2008used theso-calleddamage area factdo) for quantifying the
results obtained from the simulatiofifie camage aretactorwascalculated by determining

the percentagyofthetotal nodes from the load center to 0.5 m in the horizontal direction

and from the pavement surface to the bottom of the asphalt concrete layer in the vertical
directioni that haveC values below 0.25. This value Gfgenerally corresponds thea point

at which strains localize and the material fails in constant rate characterization tests (Kim et
al. 2008).

Figure22 presents a comparison btetresults othe KEC test roacsimulationsand
the field observation#\ corsistent link betweethe simulationresultsandthe measured in

service field performands evident even though the correlatiappearscattered.
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It should be taken into account thatddsimulations were natonducted based on
actual pavement loadir(theloadingwas assumed to ts&milarto theloading in theFHWA
ALF testg, the temperature effect was not smeredproperly, and the failure criteria
assumed( = 0.25) may nohaverepreserdgdthe actual crack localization in the asphalt
concrete as the asphathixturesshowvariableC values at failureAlso, Kim et al. (2008)
reportedoroblemswi t h  temterackegd ara@observatiosin the field as well ashefact
that thefield damage level wasw (less than 10% dhecracked area).

Baek et al. (2012) investigated the effects of aginthefatigue performancef
asphalt pavemestin order to cheacterize the aging propertiestbe studyasphalimixtures,
samples were conditioned at four different aging levels according to AASHTO R30
specificatiors, with theexceptiorthat four different longerm aging times were used (0, 2, 4,

and 8 days). Theamples obtainefr each aging level were characterized in terms of
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dynamic modulus and-BECD protocos, using the same method as Underwood et al.
(200%). Based on their finding8aek et al. (2012)proposed a model for predicting the LVE
and VECD propsies in terms of aging level.

Becauséhe time scale used for the matetalel aging model correspoad
physically only to that used for the top layer of a real pavement-seat®n, Baek et al.
(2012) coupled their model to the principthat undelie the Global Aging System (GAS),
first proposed by Mirza and Witczak (1995), in order to predict the effective agingntime
relationshipto other depthsThe effective time is determined by finding, for some physical
time and depth, the time that givbe same viscosityf the bindeasat the pavement
surface. A flow chart of the structural aging model, including the equiviscosity concept as

well as the plot of effective time versus depth for a typical simulation, is shokgure23.
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Figure23. Structural aging model conceptual map proposed by Baek et al. (2012)

63



This aging submodel was implemented into the VECHEP++ for integrated fully
mechanistic simulationhe simulatedpavement structurwasa 3G-mm thick asphalt
concrete layer ovesemtinfinite subgradeA typical unmodified HMAmix was
characterized and used as the concrete laperthe elastic moduluslueof the subgrade
was assumed to be 83 MRRavement temperatupeofiles wereobtained from the EICM
(similarto theUnderwood et al. 20@8study) for two regions Tallahassee, Floricand
Laramie, Wyominyto represent relatively hot and cold climatespectively

The temperatures viad in accordance with time and depth withire givenasphalt
concretdayer.A moving loadwassimulated by applying a Gdecond haversine loading
pulse with a magnitude of 40 kN and contact pressure of 689 kPa on the pavement surface,
followed by 62.2 seconds rest Forthe simulationsa singe year run was performed, but
the input material properties correspedtb either the uraged properties (denotedlds
Aging) or the 20yearaged properties (denotedAging).

Table2 presentshie damagecontour plotsobtainedfor theoneyear simulatios. In
these contours, the areas with a gsagle value closest to white corresponth&heavily
damaged areas, i.e., where sioecalledcondition indexCl) values are close to zefbhe

concept behind th€l is presented ikquation(73).
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Table2. VECD-FEP++ simulation results showing the aging effect in Florida and Wyoming
pavements (Baek et al. 2012)
Conditions FL

No Aging

Aging

Baek etal. (2012)concluded that aging affextthe pavement damage growth
negatively, especially at the asphalt layer surface, as can be obsefaddeip. Also, the
effects of agingire shown to bmore significant in the warmer cleite pavement (Florida)
than in the colder climate pavement (Wyoming)

It is important to mention thday using the VECBDFEP++ the authors could evaluate
the damage distribution and aging effects in a mechanistic manner. The climate, loading, and
material poperties could be taken into accouardso,the results shown imable2 illustrate
the robustness dlhe fully mechanistic pavement analysged in tandem witbontinuum
damage theory, as opposed to typical simulatibastkemechanistieempirical approaches.
However, the simulationgerformedby Baek et al. (2012) were natn for real pavements.
Therefore, further simulations of real pavements, with observedextaoka, should be
performedn order to validate and chliate this approach, regardlegsts mechanistic

framework.
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Baek (2010nlsoused the VECEFEP++to model thdop-down cracking of asphalt
concrete pavements in a realistic manner. In order to improve the simulations, Baek
incorporated additional suimodels to account for the effects of healing, thermal stress,
visooplasticity andmodeof-loading The aging suimodel was applied similgras theBaek
et al. (2012ppproach describgareviously.Each submodelconsideredy Baek has its own
complexity(and simplifications) and details about them and how they were integrated in
the VECDFEP++ can be founkly referencindnis original work. However, it is important to
describenow Baek overcame thgroblem ofvariation of the pseudstiffness at failure@) in
order to quantify the cracking predicteomade by thesimulations.

A scaled parameteoy Cl, defined by Equatiof73), was computed for each element
in the pavement structure to interpret the loss in material integrithi&equation indicates,
theCl is a variable that ranges from 0 to 1, with O being failure according to the material
pseudastiffness at failurdéor the actual temperatu(see Equationg3), (54), and(55)), and

1 representing a completely intact body.

Ci - Cf [
C| - v
Cintact - Cf i (73)
where
Cl = the condition index,

Cintact = the intact pseudo stiffness value,
Ci = pseudacstiffness at instant and

Ci; = failure pseudo dfness at instant
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After implementinghe submodels into the VECHBFEP++,Baek (2010ronducteda
systematic evaluation iavestigatehetop-down crackingnechanism$y analyzinghree
different regions (FL, DC, and WY), thin (101.6 mm) and thick (80vm) asphalt layers,
ALF Control and ALF SBS mixtures, and three subgrade support conditions (weak,
moderate, and strong), totaling 36 cagekad level of 40 kN andontact pressure of 689
kPaalsowere considereth the simulations.

Baek (2010ppplied theCl concept througbut all the simulations andssumed
failure as the moment when any element reache@lhalue of O or until 20 years had been
simulatedNo averagd damage wasomputedFigure24 throughFigure26 show the
simulatedCl| contoursat failurethat werefound by Baek (2010)rhe naming convention
used for the different simulatioesuls presentedn Figure24 throughFigure26is by letter
and in he following orderasphalt layer thicknesthick (T) or thin (t); nixture type ALF
Control (C) or ALF SBS (S); ansubgradesupport condition, weak (W) or moderate (M) or
strong (S). For exampleG-W indicates a thin pavement with an ALF Contraktuare layer

over a weak supportingubgrade.
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Figure24. SimulatedCl contours at failure for thin pavements (Baek 2010)
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Figure25. SimulatedCl contours at failure for thick pavemengd_F Control (Baek2010)
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Figure26. SimulatedCl contours at failure for thick paver;eanit;_::z SBS (Baek 2010)

In Figure24 throughFigure26, the cumulative number of months to failure and the
correponding month are shown below each contour. According to Baek (2010), one finding
thatcan bederived from the month at failure is that most casesddiliring the cold season,

i.e., from October to February. Failure during the cold season was ¢ausest caseby a
combination of low healing potential, thermal damage, and a high failure criterion. Also, the
contours of the four cases that failed during warm manttisatethat the damageas

highly concentrated at the top and load edligine pavemeniBaek 2010)

Even thougtBaek (2010notedthat the failuresireassociatedvith the effects of the
combinedsubmodes, it is important tanote that such failurpatterrs were only possible
because th€1 was useasthedamage evolution parameter, wéhe pseudo stiffness at

failure changes aketemperature variehus,thecolder the weathethehigher the pseudo
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stiffnessvalueat failure so failurein the winteroccurs moreeadilythan in summern
general, more damage at both the top aritbboof the pavement was observed in the case
of a coldclimate, thin structure, weak support layer, and the use of the Control mixture. It
was also found thahethin pavements terd to fail at the bottom of the pavement, whereas
thethick pavements teledto show a higher concentration of damage at the top of the
pavement and eventually turrtartop-down cracking

Baek 0s ifdicatethatthegy&CD model can descrilb@p-down crackingn a
mechanistic manner, which confirmsh e  mpower fordgphalt mixture and pavement
analysgs. However all the simulations and results regardiog-down crackingvere not

validated through field observations.

2.2.2.LayeredViscoelastic Continuum Damag@eVECD)Analysis Program

According to Eslaminia et al. (2012he 3D finite element method (3D FEM) is a
powerful tool for pavement response and performance asadfysl iscapableof predicting
pavemenbehaviorsubjected to a moving loadihe 3D FEM is able to take into account the
viscoelasticity and nonlinearitgf pavement layers for pavement response analysis, where
damage models can bembinedn order to predict theffects ofcracking in a fully
mechanistic mannéaspresentedn Section2.2.1). However, the 3D FEM demands a
significantamount oftcomputational effort, whichanmake the 3D FEM pavement
performance simulati@prohibitively expensive and timeonsuming.

In order to overcome this analysis limitation, more practical approaches often are used

to predict pavement plermancejncludingthe twostep method, where layered elastic
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analysismethodsare used and the pavement is idealized as a layered elastic system under
stationary axisymmetric loawy. However,as aforementionedhese simpler approachean
lead to inacarate responseatue tothe many factorghat arerelatedto materialbehaviorand
loading complexities.

Takingthese issueimto accountlayered viscoelastic moviAgad analysis (LVEMA)
has been employdd improve the pavement responsésth LVEMA, viscoelasticity and
the moving load effects are handled efficiently with the help of Fourier transforms
(Siddharthan et al. 2000; Eslaminia et al. 20E¥en though LVEMA is more appealing
thanlayered elastic analysier pavement stress analysisstill cannot capturéhe stress
redistribution effectshat aredue to damage

Eslaminia et al. (2012) introduced an accelerated analysis framework, based on
LVEMA, to predict pavement responses and performance ¥t@&p theory. This
frameworkwasemployedio aeatea program the so-calledlayered viscoelastic continuum
damaggLVECD)program.In order to make the proper optimizations, many assumptions
regarding the pavementstructure and material properties as well as thernahtraffic
variations were mad&@hese assumptions are listed below, exactly as presented by Eslaminia
et al. (2012):

1 The pavement length (in the traffic direction) and width are both large compared to
the size of the tire and pavement thickness. Thus, if the effects of fatigue/outting
thematerial properties/pavement structure are ignored, the pavement can be
approximated as an infinite layered system where the material properties vary only in

terms of depth.
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Temperature variation is captured only in terms of pavement depth essslimed to

be constant over the entire plane that corresponds to a given depth, because the
temperature variation along the length of the pavement is not significant, and the
material properties are assumed to be isotropic on the plane perpendicular to the
depth direction.

The pavement temperature profile (across the pavement depth) is assumed to be
cyclic within a period of one year. Although the yearly variations can be modeled
with a corresponding increase in computational cost, the variation is ndicsigni

given that the stress redistribution effects due to damage are not considered in this
analysis.

Temperature variations are captured using hourly data. Although-grameed

thermal variation can be captured, it is unnecessary given the approratate of

the analysis.

The traffic load is idealized as a cyclic load with a constant shape (tire footprint) and
speed.

Traffic loading varies by second(s), whereas temperature varies by hour(s). The
temperature profile and the resulting effects on théenal properesare assumed to

be fixed for the traffic analysis of a given segment.

Despite the nonlinear nature of the base and subgrade, they are idealized as linear
elastic materials, because the effects of nonlinearity are not significant cortgpared

the approximations inherent in the modeling of traffic and temperature variations.
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Considering theeassumptions, the basic idea is to divide the pavemeraridbysis
into different stages, with each stage characterized by monthly variationsp@rédune. The
typical length of a life stage is between two weeks and a few months, depending on the
desired level of accuracy. The yearly variations in temperature are igtfargdhe division
into stages is restricted to the first year of pavemesntdifid the pavement responses during
that period are assumed to repeat for the remainder of the pavement life. In addition, each life
stage is divided further into analysis segments, where an analysis segment is assumed to have
a constant temperatupeofile as well as a constant traffic load level and frequency
(Eslaminia et al. 2012Y his framework is illustrated iRigure27.

Based on this timscale separation, the LVECD program reduces the pavement
response analysis from rindins of cycles to only a few dozen runs (Eslaminia 2013). Then,
the stresstrain computations are performed using a Fourier trangbased layered
structure analysis, whiatfficiently captures the effects of the viscoelasticity of the pavement
materia) the temperature (thermal stress and changes in viscoelastic properties), and the

moving nature of the traffic load
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Figure27. Scheme of the LVECD program framework for pavement performance
analysis (Eslaminia et al. 20012)e pavement responses obtained through the first step are
the input datdéhat are usetb predict the fatigue cracking and rutting performance of the
asphalt layer using the VEC&nd shift model (Subramanian et al. 201Ghoi et al. 2012
Choi and Kim 2013)iespectively. Therefore, the LVECD prograises théwo-step

approachor pavement performance analysis in a mechanistic malhngenmmportant to note
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that the pavement rutting predictiapproachs notwithin the scope of this researchus its
theay and formulatiorarenot described irthis document.

Eslaminia et al. (2012) compared the LVE@igramresponses with those obtained
from the 3DMove tool, which is a viscoelastic pavement analysis program devehbtrex
University of NevadaFor conparison, a thretayer systenwas assumed,0.16 cm for the
asphalt layer, 20.32 cm for the base, and 460 cm for the subgrade. The material in the asphalt
layer 5 a SBSmodified mixture at 25C. Througloutthe simulatios, the pavement was
subjected to aircular load of 40 kN and tire pressure of 758 kPa, moving with a constant
speed of 26.82 m/&rom the response comparis@mown inFigure28 andFigure29,
Eslaminia et al. (2012)oncluded that the\ ECD program formulation is accurate for

viscoelastic systems.
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Figure28. Surface vertical displacement response comparison between L@EQEamand
3D-Move (Eslaminieet al.2012)
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Figure29. Stres history at the bottom of the asphalt layer response comparison between
LVECD programand 3DMove (Eslaminieet al.2012)
With regard tahe fatigue damage calculation, the LVECD program uses an
improved nonlinear extrapolation technique. First, tngvaalent damage increment is
determined for given life stagdy combiningthe damage increments of @alle segment$n

thestageand using theveighted averagof thedamage incremesfor each segment.

Therefore, the combined damage increment is egpdem Equatiori74) (Eslaminia 2014)

segments

AN DC,(Cy)
DCComb: I seg.;_ments (74)
an

whereN; is thenumber of load cycles in each segment.

Then, the nonlinear extrapolation candeseomplishedby solvingthefollowing

ordinary differental equation
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HCA pCg
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HC _ D _MSc KBS+
Comb ° A
N G, &, 1C, g (79
IS € KS =
whereCy and$S, arethe pseudo stiffness and damage paramsetethe beginning of the life

stage respectively. Assuming the damage characteristic curve as Eq(Z8)pBEslaminia

(2014) simplifiedthe above formulation into

C AC o
8

Q
N = DCComté%_o : )8 (76)

This improved nonlinear extrapolation helps the LVECD program to predict the
damage in the asphalt layer rapidly, evemfdlions of load cyclesFor the damage
guantificdion, the LVECD progranusesthe same approaches as those used by the VECD
FEP++,i.e.,pseudo stiffnesseductionand theCl. Additionally, themodeof-loading

independentailure criterion proposed by Sabouri and Kim (20i4)ich isbased on the

changeof the averaged released pseudo strain en&gy, (vas implemented into the

program In thisway, for eacHife stage(month) the cycles to failureN:.stagd and the ratio

NstagdNr-stage WhereNsiageiS the number of load cycles appliédringthelife stage are

computedThis ratio can be understood as the fatigue life copsomwithin agivenstage

Then, using Miner6s Law, (NNjisactumulatethy f at i gue |
summing theéNsiagdNr.siageValues obtained throught the varioupavement life stage$he

total fatigue life consumption ratid\{N;) thenis processedor all thenodesits values vary

between 0 and br undamaged and totally damaged, respectively.
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Park (2013) used the LVECD program to investigatectheses o€racking in asphalt
concrete pavement in North Carolitris work combinedield investigatiois, laboratory
experimentaisingfield-extracted materiabnd pavement simulatienAfter the rigorous
field investigation program, Park validated 19 pavemees ddranalysis.Then,Park tested
theasphalt mixture cores from all the validated sitssigthe SVECD model Taking into
account the size of theores aneémployingthe protocol proposed by Kutay et al. (2Q09)
Park used small geometry samples obthiinem the field corefor themechanical test
Figure30 shows the proceduresed by Parkor fabricating specimens from field cores

whereit can beseenthat samples from differemsphaliayers werebtained

-
) _

Figure30. Specimen fabrication from field corgsa) cored samm from inservice pavement
(b) cut layers (c) side coring and cutting for mechanical tesisd (d)dimensions of test
samplegPark 2013)

25mm x 5S0mm x 100mm

I

) $38mmx100mm (d)

Through theesimulations, Park2013) quantified pavement cracking using the
pseudo stiffness reduction approach. Based on the rakeltapability of the LVECD
programto capture crack initiation locatiorflsottomup cracking,top-down crackingor

both simultaneous)yandthe propagtionpropensity compared to the observationthef
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field cores and the field condition survey ofgervice pavementsas verified Overall, the
agreement rate between the field core observations anddedtition surveyesultsand the
predicted LVECDsimulation resultsvasabout 78ercentin terms ofcrack propensity and
damage severityark (2013xoncluded thathe LVECD-based mechanistic approacdm be
used as a performance prediction model for pavement design and maintenancehatpl can
maintenance engineers to create eeffective rehabilitation strategies for projdevel
pavement management systgAark 2013)

Two exampl eompaosbn bBhaeettie Sirulatiors and fieldobservatios
are shown irFigure31throughFigure34. These examples weohoserto present here
becausehe simulatiors exactly matchhe field performance-igure31 shows the simulation
resuls for highway NG24 wheregop-down crackingvas observedindFigure32 presents
the field cores obtained fromighsite whichillustrate this distressFigure33 shows the
simulation results obtained for highway U8, where bottorup cracking vas verified. The
field coresextractedrom this site are presentedfigure34, where the high level of damage

in the bottom layer islealty evident

79



After 1 year

Depth (inch)

After 5 years

Depth {inch)

1
4 08 -06 -04 -02 0 02 04 06 08 1
X (feet)

“ovor ¢ V4 1 d
i After 10 years g%ég-g

Depth (inch)

After 20 years

Depth (inch)

4 08 -06 -04 -02 0 02 04 06 08 1
X (feet)

Figure31 Damage contours obtained from LVE@mDgramsimulatiors for highway NG
24: topdown cracking (Park 2013)
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Figure32. Field coresxtractedrom highway NG24: topdown cracking (Park 2013)
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Figure33. Damage contours obtained from LVE@Bgramsimulatiors for highway US
74: bottomup cracking (Park 2013)
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Figure34. Field coresxtractedrom highway US74: bottomup cracking (Park 2013)

Althoughthe results presented by Park (2013) show good agreement béteeen
LVECD programsimulatiors and the field performanceyo pointsshould be made
regarding his analysis. First, the VE@ibdelinputs usedn the simulations were obtained
from in-service samplethat hadsomelevel ofdamage, aging, moisture damage, atieer
field effects which vared for the different sitesAlso, it is unknown when the cracking
process starte@®ased orthesefactors clearlyit would becumbersoméo define goroper
transferfunctionthat couldconvertthe simulated darmmgeinto 6 pcentcracked are@based

onPar ks dat abase.
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CHAPTER 3. BRAZILIAN PAVEMENT S ITES USED IN THE

RESEARCH

3.1.OVERVIEW

A pavement analysis tool can waidatedby checking whether itpredictionresults
represent the pavement responses orHmizever, neithetrander functions nor analysis
errors are necesdigrdefinedin the validation procesbecause th#ocus is mainly to verify
if the analysis result:atchthe expected ones in a general trend. Data from pavement
accelerated load facilitiesuchas the aformentioned FHWAALF, as well as data from real
scale pavement sites can be used for syhipose However, the calibration concept is
more extensive and objectitlean the validation procesas itencompasses direct
comparison between the predictedmisses and the observed omethe field where a
transfer function (or calibration function) and its respective prediction errors should be
determined under specified conditiofitwus, the calibration work requires the performance
observatios of reatscale pavement sites subjected to real traffic loagiragder to be useful
for real pavement analysis.

In this regardtheidentification ofpavement sitethat can providgood observed
distress information igery important fothe calibration (orvalidation) of a pavement
performance prediction algorithm, suchtlas LVECD programldeally, hefirst stepin the
calibrationprocess is to predict the paventemamageisingasconstructednaterials and

pavement propertie3 hen,the predicted damage comparedo the observed pavement
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performance throughout the pavementiliferder todevelopatransfer functiorthatrelates
thesimulation result$o the observed pavement distressOnce the transfer function is
defined, the error betweehe predicted and observetistresses an independent set of
pavement sectionsanbe determinedyhich thereby verifiesvhether the framewoik s
accuracy is satisfactory or ndttthe prediction errors angithin an acceptable range for
engineering purposed,dan be assumed that the framewalks beewalidatel and calibrated
successfully

Hence the sites used for pavement analgsisbrationmust have appropriate
performance datthat can b@btained systematically and periodically, as weihatude
enaighcomponenmaterialsthat can bgathered during constructidor mechanical testing
Also, construction anth-servicedatg suchas quality control information and traffic cognt
areimportant forthe calibration

To aid the efforts to calibrate tMEPDG, AASHTO (201M) publishedts Guide for
the MEPDG Local CalibrationAccording to theAASHTO guide, some conditions must be
metin order toachieveproper local calibratiorirst, a minimum number of pavement
segments should be included in the aalilon effort so that the results are statistically
meaningful. The recommended minimum number of pavement segments for fatigue cracking
calibration is 30 (AASHTO 20X). Moreover, the selected segments should have at least
three condition afervations oveaneight to tenyear period and encompass a wide range of
conditiors. For example, in the case of fatigue damage, the pavement segments selected for

calibrationshould have a wide rangee.,low, medium, and high, af p e r ccaekedtarea
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Based onhliese concepts and conditioas, experimentaitein Brazil composed of
manypavementest sections waselected fothis research studp validate theeVECD
programandto developa propeisimulateddamageto-cracked area transfer functiorhis
siteof pavement test sectionsriferred to athe FundaoProject Pavement Test Sectiqos
s i mp | Bundadcorbjecd i rdissertatioand islocaedin Rio de JaneirdRJ.

In addition tothe Fundao projecgnothelimportant research projeistunderwg in
Brazil to developa nationaMEPDG specifically for Brazil; it is referred to as tRational
MEPDG project For this Brazilian MEPD@roject pavement test sections have been
constructed and monitored all over the country in order to create a paysrmienmance
database fovalidation and calibration dheNationalMEPDG. As such all the available
NationalMEPDG project test sections were selecteduse invalidating the damagw®-
cracked area transfer functitmatwas determined frorthe Funda project test sections.

The Fundao project test sections as well as the NatMBRIDG projectest sections

are described in the next two sections.

3.2.FUNDAO PROJECT PAVEMENT SITES

The Fundaoprojectbeganatthe end of 2005 and theresult of a partnergh
between the Petrobras Research and Development Center (CENPES) and the Federal
University of Rio de Janeiro (UFRJ). The main objective of this partneistupsethe
university campusoadwaydo evaluate emerging asphalt paving technologies
invedigatingactualpavement test sectioriBhat is, he idea behind this projetto make

useof the campusoadwaypavement rehabilitatioprogramfor reatscale testingf different
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asphalt pavingolutions The advantages ofsingtheseroadwaysas expamentalpavement

sites are listed below

T

The CENPES research facilities adlves the UFRJ Pavement Laboratory lmeated
onthe university campus. Thus, theoximity of the research teata the test sections
facilitatesthe monitoring othe site constiction and field evaluation

The campusoadwaypavements have different structural conditions and are
subjected twvariabletraffic levels. Hence, the same paving solutian lze
implementedat differentlocationsin order to check its performanaedervarious
conditions. hus, his pavement site is alsoitablefor the LVECD program
validationbecausehe samepplied pavingolutioncanpresendifferentfatigue
damage levelall at once.

The same contractor was hiredpaveall thetest sectionsT herefore the same
asphalt plantouldbe used throughout the project. In addition, due to the good
relationshipthatdeveloped between the contractor and the project team, the
researcherg/ereable to work directlyn quality controlthroughouthe pavemen
rehabilitationprocess

Theexten of the campus mairoadwaysystem is about5lkm, and the traffidor
most locations haa relativelyconstant speedvhichis ideal for the tests demanded
by the project

Many industries wittdiversifiedactivities ardocatedon campus. So, the traffic
loading pattermncludes variousieavy vehicleswhich issimilar to manytypical

roadwayloadingpatterrs in Brazil.
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TheFundaoprojecthasaboutll kmof test sectionghat were constructefidom 2005
to 20L1. During ths time,differentpavingsolutions were implementeWith regard tahe
asphalt concretg/pes used in the test sectigral of them are densgraded with NMAS
valuesof 19.1 mm, 12.5 mm and 9.5 mmdesigned according to AASFD M 323
specificatiors. Threeaggregate sours@andseveraldifferent asphalt bindemsereused
includingbio-asphaltNo reclaimed asphalt pavement (RAP) mixtuereused in the
project.In addition toasphaliconcretesolutions, many test sectiotigat aresubjected to low
andmedium traffic levelhave beemehabilitatedusingvarioussurfacetreatmentechniques
suchaschip seas, slurry sea, and microsurfacingdowever, giverthatthe study okurface
treatmentss beyondthe scope of this research, skeehabilitationefforts are notdescribed
in this document

Figure35 showsamap of thdJFRJcampts, with the Fundaatest sectiosoutlined in

red

Test sections

Figure35. Map of the UFRJ campus illustrating thendagprojectpavement test sections
(Nascimento et al. 2009)
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3.2.1.Initial Pavement Condition Survey

All of the current Fundao test sections wawastructeds a part of a pavement
rehabilitation schemé he method of pavement rehabilitation utess far inthe projecis
asphalt overlaydescribed latein this dissetatioph Beforeconstruction of theéest sections
(i.e., pavement rehabilitation), an initial pavement condition surveyomaductedn order
to characterizéhe structural behavior as well #se serviceality of theFundaoproject
pavemerd Threeprospectivdield investigationavereconducted as part of the survey and
involved (i) nondestructive deflection tefNDTSs), (ii) inspection wells, and (iiiground
penetrating radaiGPR)scanning

Because fdihg weight deflectometgWD) equipment was not available durithg
first survey period, an automatized Benkelman beam wasinisatly for the deflection
measurement&n 80-kN singleaxle loadwith tire pressure of 550 kReas usedas
specified bythe Brazilian standard DNIT 133/20ME. Three inspection wells wedkigin
order toinvestigatehe pavement layer thicksses, to identify the materigipes, and to
extractthe different layer materials féurtherlaboratory characterization.

Consideing that only three inspection welgerenot sufficient to characterizéhe
pavement siteandconsideringalsothe destructive naturef the wells a GPRsurveywas
conductedo determine the pavement layer thickmssis anextensiveand nondestructive
manner For this work the three inspection welind pavement deflectiongere useds
referencefor the GPRcalibration,which wasespeciallyusefulbecausehe GPR scans could
also be used to compatee layematerial conditioato theconditions of hereference

inspection well§Lopes et al. 2009Motta and Fritzen 2006, 2009
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It is important to note that tHeundaagproject pavement site has distance marks every
20 metergmarked ad ,  B45)¢sothatall the pavement datzorrelatewith these lgation
marks For example, the 10@arkcorresponds to the 2 klocation Figure36 presents the
maximum deflection values measuiadhe initial surveyBecausenostof the pavement
sectionshave three lanes, it is importantrteention that the values shownkigure36 were

obtained from the central lane.
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Pavement marks
Figure36. Maximum deflections in the central lane, determined during the initial survey

usingthe Benkelman beam
Althoughthe Benkelman beamethodis not useful for mechanistic pavement
analysis (Huang 2004), from the data showRigure36it is easy to observe that the
pavement sit@ structual conditionsvary atthe different locations. Fa@axample, between
the 125 and 20tharksthe maximum deflection values are aroundr@@ x 0.01 mm, which
represena very good structural condition. On the other hand, between the 60@ndhik

the values are around 18mx 0.01 mm, which represemeakpavementn terms of
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structural behavioiTherefore, the same overlay solution apptetoth locations probably
will behave differently.

Lopes et al. (2009) applied the cumulative difference approach (AASHBQ for
defining homogeneous pavemengiserns in terms of structural behavior. Thersing GPR
and inspection well da@nd assuming that each homogensegmentas the same
pavement structurg¢hese researachatefined the average thickness of the layers for the
homogeneous genents Using thisapproach, Lopes et al. (2009) identified 1gmsents
whose locations and layer thicknesses are showahie3 andFigure37. Note that the
asphalt layer thicknesses shown are those obtained just beféientia® projecpavement

rehabilitationbegan

Table3. Homogeneous pavemenigseentlocations and layer thicknesses

Homogeneous Location, Thickness, cm

seyments marks Asphalt Granular Granular
layer base subbase

1 Oto 21 7 23 29

2 63 to 68 11 24 18

3 68 to 89 5 19 19

4 90to 120 6 16 36

5 126 to 158 6 15 39

6 158 to 236 8 10 25

7 352 to B2 6 15 13

8 391 to 417 6 14 40

9 425 to 450 6 18 40

10 462 to 512 12 38 24

11 513 to 545 10 42 23
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Layers thicknesses, cm
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Figure37. Homogeneous pavemengseents thicknesses of the layers

Two roughnessndiceswereemployedusingthe pavement site serviceability survey
data thelnternationaRoughnes$ndex(IRI) and theGlobal Gravity Index (GGl). The IRI
values weraletemined using a laser profilometer according to the ASTM E k&@édard
andthe GGI valuedetermination followedhe Brazilian standard DNIT PRO 006. This
secondsurvey method is compatrleto thePavemenConditionindex (FCI) proposed by
Shain and Kohn(1979 andtakes into account different types of distressewvell as their
severity and frequendgp order to grade the pavement condition from O (perfect condition) to
values higher than 160 (very bad conditidfigure38 shows the distribution of the
pavemensite conditiors according to the IRl and GGl classificatiealues that were
determined during the initial survegndTable4 presentshe criteriaused for the pavement

condition classificatiomccording to Pinto and Preussler (2002).
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Figure38. Pavement condition classification based on IRl and &les

Table4. Pavement classification critafor IRl and GGI (Pinto and Preuss2002)

Pavement Ranges
condition IRI, m/km GGl
Very good <1.9 071 20
Good 191 2.7 207 40
Medium 2.71 3.5 4071 80
Bad 3.51T 4.6 8071 160
Very bad >4.6 >160

Theserviceability resultshown inFigure38indicatethatprior to the pavement
rehabilitation the most common conditicatsthe Fundao test s#tevere bad and very bad.
Also, boththe IRI and GGlvaluesare in agreement regarding the pavement classification.

can benotedfrom the GGI inventoryhatthe main dstressin the Fundao project pavements
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is bottomup fatigue crackingwith a wide range ofracking sevety levelsfound in the

pavements. On the other hand,sngnificantrutting was observed.

3.2.2.Traffic

Figure39 shows thenourly traffic distributionfor the Fundao project pavement site
The tiaffic has three peaks at 8 AM, noon, and 5 Betausehe university campus and

local industries reduce their activitiegernight the traffic level before 5 AM and after 8 PM

is vary low.

10

Distribution, %

012345678 91011121314151617181920212223
Time of the day, h

Figure39. Fundao project pavement sitbourly traffic distribution

The pavement sisaretraffic-loadedmostlyby buses, light trucks, and medium
trucks. Other types of heavy vehicles also loadonementdut notin anintensemanner
Thelocal average daily truck traffic (ADTTatthe beginning of the projeetasabout 1500.

However, this traffic levelvasnot applied equallgtall the site locations arttiusis
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distributed within the site based on cartdistributiors. In addition, and considering that
most locations have three lanes, this traffformationalsoincludeslane distributios, and it
has been observed that most trucksel inthe central lane (abo80% depending on the
location).Taking these distributions into account, the tralficel survey wvasconductedht
manysitelocations sdhatthe propetraffic load levelcouldbe considereébr each
pavement analysis.

In order to convert all the traffic loathtainto equivalent singlaxle loads (ESALS)
theUnited States ArmZorp of EngineerfUSACE)equivalermy factors were used.
Althoughthe AASHTO factors are widelysed inthe United Statest is important to note
that theUSACE factorswerechoserfor this researclecause they airrently dilized by
mostBraziliandepartments of transportatioD@Ts) (Pinto and Preussler 200Experience
has shown that the number of ESALSs obtainsiigUSACE factors is abodbur timesthat
calculatedusingthe AASHTO factors (Pinto and Preuss 2002).

Theannualnumber of ESALs determinextthe beginning of the projeetasused to
predict thecurrenttraffic level by applying a yearlsate of trafficgrowth of threepercent
(this growth raténas beenconfirmed by additional simplified traéf surveys)and the proper

distributionfactorsobservedrom the field surves.

3.2.3.Climate

The climate data presented hereereobtainedirom the Weather Spark website
(2014) which gathes informationfrom a weather statioimstalledat the Rio de Jara

International Airport, located near tRendao project pavement sitéhecity of Rio de
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Janeirdhas a tropical savanna climate with dry wint€ser the course of year, the
temperature typically varies from 17°C to 33°C and is rarely below 15°6o2e88°C, and
the average annual temperature4%2 Figure40 shows the daily average low (blue) and
high (red) temperatusavith percentile bandsriner band from 28to 75" percentile, outer

band from 18 to 90" percentie).
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Figure40. Daily average low andigh emperaturefor Rio de Janeiro International Airport

(Weather Spark 2014)

The warm season lasts from January to March with an aveadgéddh temperature
above 32€, andthe coldseason lasts from May to October with an averagg tigh
temperature below 28> The median cloud cover ranges fromp&scentpartly cloudy) to
67 percent(partly cloudy). The sky is cloudiest June and clearest April. The clearer

pars of the year begin around Octoh@ndthe cloudier pagof the year begin around May.
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The probabilityof precipitation at this location varies throughout the year.
Precipitation is most likelpy the end oAugust, occurring in 7@ercentof days.
Precipitation $ least likely around March, occurring in gércentof days.Figure41 shows
the fraction of days in which various types of precipitation are obse®rast.the entire year,

the most common forms of precipitation are thunderstohght rain, and moderate rain.

light rain thunderstorms light rain
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Figure4l. Fractiors ofdays in which various types of precipitation are obsefoe®io de
Janeiro International Airpo(WWeather Spark 2014)

Snow is exceptionally unlikely to fall at aniyne during the year at this locatiorhe
relative humidity typically ranges from 4frcent(comfortable) to 9bercent(very humid)
over the course of the year, rarely dropping below&gentcomfortable) and reaching as
high as 9%ercentvery humd). The air is driest around April, at which time the relative
humidity drops below 5@ercentmildly humid) three days out of foult is most humid

around the end of August, exceedingp&rcent(very humid) three days out of four.
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Finally, during the gar typical wind speeds vary from 0 m/s to 8 m/s (calm to
moderate breeze), rarely exceeding 10 m/s (fresh bréagaje42 presentstie average

daily minimum (red), maximum (green), and average (black) wind spaddpercentie

bands
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Figure42. Average daily minimum, maximum, and average wind spiedRio de Janeiro
International Airport (Weather Spark 2014)
The highest average wind speed of 5 m/s (gentle breeze) occurs around wpeh6,
the average daily maximum wind speed is 8 m/s (moderate breeze). The lowest average wind

speed of 3 m/s (light breeze) occurs around June 28, at which time the average daily

maximum wind speed is 6 m/s (moderate breeze).
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3.2.4.Pavement Test Sections

As aforementined, all the current Fundao test sections wenstructeds part ok
pavement rehabilitation process. The method of pavement rehabilitatioacutseth the
projectis asphalt overlayfour different overlay techniques were used, whose differenees ar
related to the manner of powerlay pavement preparation, as folsw

1 Preparation 1 (partial milling): partial cold milling down to the last two centimeters

of the old asphalt layer, followed by localized repair of severe alligator cracking
areas, if tkey exist, and tack coat application

1 Preparation 2 (full milling): full old asphalt layer cold milling down to the top of

the granular base layer, followed by base recompaction and prime coat application
1 Preparation 3 (partial milling + SAM): preparatibhollowed by the application of

astressabsorbing membran&AM). The SAM, in this case, is a very flexible and

low modulus singldayer chip seal, prepared with a polyrmeodified emulsion

and the same aggregate source as used in the asphalt clayerste

1 Preparation 4 (no milling): no milling. The asphalt overlay is applied directly on the

old pavement surface, after the tack coat application

1 Preparation 5 (only SAM}Yhe SAMis applieddirectly ontothe old pavement

surface.
Figure43illustrates the different asphalt overlay techniques used in the Fundao
project,andFigure44 throughFigure46 showexamples othe preoverlay pavement

surfaces foPreparations 1, 2, arg] respectively.
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Figure44. Fundao project asphlt overlay over a eluadllled asphalt surface
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Figure45. Fundao project full milling preverlay exampe: image of the granular base just
before its recompaction

Figure46. Fundao projcparial milling plus SAM powerlay surface example

Most of the Rindaopavemensections have three lanes, where the paving solution is
exactly the same from the beginning to the &@uahsidering that the traffic level varies for
the different lanes, eadanewould need tdbeanalyzed separatelidowever, the heavy
traffic is concentratednostlyin the central laneafound80% of total traffic), where
pavement damage is noticeabiore concentratetthan in the other two laneBaseal on this

observationand also considering that few Fundao pavement sections have orgnes,
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only the mostraffic-loaded lanevaschoserfor analysisfor all the Fundao pavement
sectionsThus,for a givenFundagpavement section, the masiffic-loadedlane isdefined
asthetest sectionlt is important to note that some test sectiocould not be validated for
pavement analysis due to problewigh the data, field restrictions, or constructmariability
according to the quality control plan.

The length of the test sect®wary according to the location, solution, pavement
structual homogeneitytraffic loading variation (speed and number of ESAbsdue to any
otherspecificsite conditios. However, nosttest section lengtarein the rangef 60 mto
200 m.

Table5 presentghe asphalmixturesusedin the test sectionsonsideredn this
study The table shows that many different asphalt mixtures are used in the Fundao project,
and they are subjected to real traffic loading. In the next chapter (Chapter 4), these materials
are described more fulljsome mixtures shown ifiable5 were applied at various site
locations, so they have been tested under different conditions (overlay technique, pavement
structure and/or traffic level).

Table6 shows tle 27 test sectiong the Fundao project that are considered for this
study.The table shows that the overlay thicknesses vary from 44 mm to 110 mm. In addition,

some overlays are composed of two different asphalt mixtures.
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Table5. Asphaltmixturesusedin the Fundao project

Asphaltmixture ID BinderID Aggzg%é;rerys)ourc Nﬂi%?t:g%
50/70 12.5 mm AC 50/70Fundao Sepetiba 12.5mm
50/70 191 mm AC 50/70Fundao Sepetiba 19.1mm
30/45 12.5 mm AC 30/45Fundao Sepetiba 12.5mm
30/45 19.1 mm AC 30/45Fundao Sepetiba 19.1 mm

RA-TB 19.1 mm Rubber asphalt Sepetiba 19.1 mm
Fundao
Syn 19.1 mm Syrlitl:\ne(;:oBR Vigne 19.1 mm
Bio 19.1 mm Bio-asphalt Fundaq SepetibEEMASA 19.1 mm
60/85 9.5 mm PMA 60/85Fundao| Sepetisd EMASA 9.5 mm
60/85 19.1 mm PMA 60/85Fundao| SepetibEEMASA 19.1 mm
65/90 19.1 mm PMA 65/90 Fundad Sepetiba 19.1 mm
Elvaloy 19.1 mm Elvaloy Fundao Sepetiba 19.1 mm (b)

* The asphalt mixtures and bindeare describedhore fullyin Chapter 4

Table6. Fundao project test sectioognsidered in this study

Homogeneous
Test sectiorf  pavement Over_lay : Overlay .

technique | thicknesgfrom Asphalt mixture

D segment (Figure43) cores) mm

(Table3)

1 3 1 55 30/45 19.1 mm
4 4 1 54 30/45 19.1 mm
7 4 3 59 30/45 19.1 mm
11 5 1 55 30/45 19.1 mm
51* 30/45 19.1 mrh
19 10 2 59+* 65/90 19.1 mnt
34 10 1 58 30/45 19.1 mm
37 8 1 52 30/4512.5 mm
40 8 5 59 30/4512.5 mm
43 8 4 50 30/4512.5 mm
45 8 1 51 50/7012.5 mm
46 8 4 51 30/4512.5 mm
47 8 5 50 30/4512.5 mm

* top layer; ** bottom layer
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Table 6(Continued)

Homogeneous
Test sectiorl  pavement Over!ay : Overlay .
technique | thickness (from| Asphalt mixture
D segment (Figure43) cores), mm
(Table3) '
48 6 1 50 50/70 19.1 mm
50 6 1 52 50/70 19.1 mm
55 6 3 52 30/45 19.1 mm
58 9 1 54 RA-TB 19.1 mm
60 9 1 54 RA-TB 19.1 mm
63 9 1 103 30/45 19.1 mm
65 9 3 74 30/45 19.1 mm
67 9 1 67 30/45 19.1 mm
70 9 4 44 RA-TB 19.1 mm
73 6 1 60 Elvaloy 19.1 mm
75 6 1 60 Elvaloy19.1 mm
86 7 1 50 Bio 19.1 mm
50* Bio 19.1 mnt
88 1 ! 40 60/85 9.5 mm**
89 1 1 70 Syn 19.1 mm
60* 60/85 19.1 mrh
93 ! 1 40* 60/85 9.5 mnt

* top layer; ** bottom layer

3.2.5.Pavementest SectiolConditionSurveys

In order toassessghe inservice pavement performance of the Fundao test sections,
the followingfield evaluatios weremadeperiodicallyatthe site
1 Nondestructive deflection testing
1 Pavement distress mapping
1 IRI, surface texture and rutting depth measumstaken using daser
profilometer

1 Asphalt sample coring
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The PetrobraKuab FWD becameavailable for tis researctprojectonly in 2011
therefae, only three deflection evaluatiorfs 2011, 2012, and 2018puld bemadeusing
this equipmentThe deflectionsveredetermined using a load level of 40 kN aitb0-mm
diameter loanohg plate.

Six surveys fopavement distress mappihgve been condwsd so far 007, 2009,
2010, 2011, 2012, and 2013 he pavement distress evaluatioveremadeby visual
inspection, where two people walkon the pavement in order to identify and locate the
distressedt is important to point out that the distressesselocatedusingtwo-meter
resolutionin the longitudinal direction of the lan&ransversallythese distresses were
located athree positionstheleft wheetpath, center, or right whepkth That is every 20 m
(onemark length) the test sectimlanes)werevirtually divided into 30 cellsso the
distressesorrelatewith these cellgFigure4?). If a given distress is larger than the cell size
in any directionthenit is attributedto the multiple cellswhere it islocatal. On the other
hand, if the distress is smaller than dmecell size, it is attributed only to the cell where it is

predominantlyjlocated.

20m

Mark i Mark i+1

Pavement ] ; : o |
lane ! L Traffic direction

Mapping cell

Figure47. Distress allocation scheme
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This approach was adopted in this resedtghtothe largeextentof the pavement
site (11 km)whichtherebyprovidedtheresearchera/ith a safe, practicabndrelatively
accurate method for distress mappiegpeciallygiven thatthe test sections are under real
traffic loading.In addition thefaster the survewas conductedhe shorterwasthe time of
theroadwayclosing

The most important distressnsideredn this research is fatigue cracking.
Consideringhe thickness of the asphalt layers and the field observatmmstlybottomup
fatigue crackingvas observedh the Fundao project pavement test sectibloge that top
down crackingarelyhasbeenobserved in BrazilAlso, giventhat some test sections are
overlays over old asphalt layers, whimbuldbe cracked, some crank maybe caused (or
accelerated) by theeflective processlhis hypothesis must be considered througgtihe
pavemenanalysis.

In order to quantify théatigue cracked areg@lligator cracks)an approach based on
thedistress mappingchemeshown inFigure47 was usedFirst, if anysize of fatigue
cracked areas attributed to a given cethe cellis alwaysconsideredo be100percent
cracked.Then,thecracked area of thetal test section i®btainedusing thefollowing

equaton:

CA= Ncracked3 100

Ntotal (77)

whereCA s the cracked argzercentage of the test sectidfackeqiS the number ofracked

cells, andNtg is thetotal number of cells contained in the test section.
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The FWD data (basinsyereused in the paveent analysiso obtainelastic moduls
valuesof the granular layers and subgrdmebackcalculationA comparison of the average
maximum deflectioaof all thetest sectionsubjected to real traffic loadirgatheredrom
the different surveys is shown Figure48. It can be notethat the deflectiomeasuremest
did not chang significantlyovertime. This finding is importarttecause it indicates that the
pavement structural conditioatso did not changgignificantly. Of couse the deflection
datashould be observed for each test section individuadyjust in terms othevariation
associateavith time, but also to check the uniformity of the structural behavimughout
thegiventest sectionFigure48indicatesthat the average maximum deflecsabtained in
the last survewre slightlylowerthanthose obtained from the earlier surveli®wever, this
lastsurvey wasonducted ilNovember, that is, during tHall seasonwhereashe previas
surveys wereonductedduringthe summer seaspwhen the weather is warmer (dégure
40). Therefore, this small reductiam deflectionvalues maybedue tothe temperature
variation,asno temperature corrections were apgto the FWD data.Moreover Figure49
presentshe average maximum deflections of each test se@gbout five locationshow

considerableleflectionvariation whichalsohelps to reduce the overall average.
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Figure49. Average maximum deflections of each test section

Table7 shows the perceages ofatiguecracked aremdetermined for the test
sections. Note that the fatigue cracked sraagefrom zero to D0 percentfor the different

locationsin the last surveySeptember 2013)
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The laser profilometer survey data as well as the asphalt sample core results are not
shown herein, because they were not used directly for the pavement analysis throughout this
study, which focuses on fatigue damage.

More information about the Fundao pavement site surveys and pavement materials

can be found in Motta and Fritzen (2006, 2088d Nascimento et al. (2009).

Table7. Percent cracked ar@af the Fundao project test sections

sgft?;n December June December| November| October | September
D 2007 2009 2010 2011 2012 2013
1 0 0.4 5.4 1.9 3.5 15.4
4 7.3 18.7 65.2 61.6 85.5 93.2
7 4.2 87.5 65 37.5 100 100
11 0 0 3.1 6.7 12.8 30
19 0 1.3 6.7 - 0.7 6.7
34 0 0 12.04 - 31.9 41.9
37 0 5.8 45 77.5 83.3 80.8
40 0 0 0 0 0 0
43 0 0 2.5 6.7 10 40
45 0 2.5 30 65.8 65.8 91.7
46 0 0 0.8 0.6 18.9 24.4
47 0 0 0 0 0 0.0
48 0 0 0 0 0 0.3
50 0 0 0 0 0 0
55 0 0 0 0 8.7 30.4
58 0 0 0 0 2.7 22.7
60 0 0 100 85 51.7 55
63 0 0 0 0 0 0
65 0 0 0 0 0 0
67 0 1.2 - 9.7 24.4 59.8
70 0 1.3 3.3 1.3 3.3 11.3
73 - 1.1 55 4.4 14.1 49.6
75 - 0 0 0 0 0
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Table 7 (Continud)

S-er;?(tm December June December| November| October | September
D 2007 2009 2010 2011 2012 2013
86 - - 0 0 0 1.4
88 - - 0 0 0 3.3
89" - - - 0.3 0.7 8.0
93 : : 0 0 0 0

* Test section 89: cracked area on February 2015 = 29.0%

3.3.NATIONAL MEPDG PROJE CT PAVEMENT SITES

The National MEPDG project & partnershigmongCENPES universities and the
Infra-structure National Department (DNIT)at was created tevelopthe Brazilian
MEPDG. In order to accomplisthis task, the project is divided in two masteps: i
creatinga longtermpavement performance database andléijninga computational
framework for pavement response and performance analgiatedusingall the available
pavement performanaatabasgin Brazil (Fundao and NationMEPDG projects)

The first step goalbasicallyis to constructisphalt pavement test sectiofioaer
the country and monitor their performance. In this regante 2010Quniversities from
differentBrazilianregionshave workedn cooperation with locagencies and DOTSs in
order to implementhar local pavement test sectiorSo far 35nationalpavement test
sectionshave beeronstructed and monitoredndthis number is expected to increase to at
least 5Gby 2017.

Based on the Fundao project expece and considering that many people would be

needed to workn datacollectionfor the National projecta project guide was written in
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order to standardize the test methods, field surveys, and all other important procedures for
material and pavement euvationwithin the National MEPDG projecthereforethe data
format provided byhe Nationalproject is similar to the Fundao project databhagerms of
outlining similar procedures.

The second stepf the National MEPDG project the main subject ohts
dissertationas the Fundao and National MEPDG projédttabases are being medgn
order to validat&/ECD theory for pavement analysis in Braly definingan appropriate
damageto-cracked area transfer functiddowever, it is important to mentiahatthe
National MEPDG project is a loAgrmresearctproject asother pavement analysis
approaches are under investigation in Brazil and perfoermance data for tieational
pavement test sectioase expectetb betheincludedin thenext fewyeas. Moreover other
distressefn addition toasphalt mixture fatigue cracking should be includetich would
incorporatefor examplerutting analysisfor asphalt, granulaand other layergailure of
Portlandcementtreated materiaJsand chip sealgrformance models.

For this study, only 17 test sections out of thes@&ionscould beused becausd 2
of the35 sectionsre chip seal projects on low traffiolumeroadway and, thereforgare
not suitable for this researcdmdthe other sixest £ctionsdo not have data and materials
availableyet TheNational MEPDG projegbavement test section sites considered in this
studyarelocated at the following

1 Federal Univesity of Santa Maria (UFSM): two sites
1 Federal University of Rio Grande do SUIFRGS): one site

1 University of Sao Paul@JSP) two sites
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1 CCRNova DutraConcessiorfND): ten sites

1 Federal University of Santa Catarina (UFSC): two sites

3.3.1.Pavementest Sections

TheselectedNational test sections are composétew (6) andoverlay rehéilitated
(11) pavementsand theirasphalt layer thicknesses vdrgm 40 mm to 200 mnThe test
sections are distributed over thigezilianstates: Rio Grande do Sul (RS), Santa Catarina
(SC), and Sao Paulo (SP), which repregent a zSouthéaisd Sobeast regiondt is
important to mention thahe pavement structural layeo$ the Nationatest sections are
composednly of granular materials and graded stabilized soils. No chessiahllized
materialssuchas Portland cemeitteated basesye ugdin anyof the selectetllational test
sectionpavementayers.

Table8 presents the 17 National test sectisakectedor this study and’able9

shows the new asphaltixtures used in the test sections.

Table8. National MEPDG project pavement test sections

Test s . : Nevvspaha

| D Location| Constructi oll ayérn ck
mm

UFSM Santa Mar. Overlay, n 50
UFSM SaatMari a, New pavem 70
UFRGS Porto Al edg New pavem 50
USP ¢ Ri beir«o P New pavem 40
USP | Ri beir«o P New pavem 40
ND 1| Aparecida d| Overl ay, pa 140
ND 2| Aparecida df Overl al, mph 200
ND 3| Aparecida df Overlay, pa 140
ND 4| Aparecida d| Overl ay, pa 200
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Table 8 (Continued)

Test s , Nevuspahe

| D Location| Constructi oll ayérn ck
mm
ND 5| Aparecida 8 Overlay, pa 200
ND 6| Aparecida df Overlay, pa 200
ND 7| Aparecida df Overlay, pa 140
ND 8| Aparecida df Overlay, pa 140
ND 9| Aparecida df Overl ay,I| Ipial 200
ND 1( Aparecida df Overlay, pa 140
UFSC Ararangu8 New pavem 150

114 t

UFSC Ararangu8 New pavem 5 6 (b(o

Table9. Asphalt mixtures used in the National MEPDG projectdestions

Test sectig Asphalt mixture 1D
UFSM 1 UFSH®™MO0/270
UFSM 3 UFSH™MO0/17 0
UFRGS 2 UFR@®/ 85
USP 4 UuseBo/ 70
USP 5 USBO/ 45
ND 1 ND15/ 25
ND 2 ND15/ 25
ND 3 ND15/ 25
ND 4 ND15/ 25
ND 5 ND HIM
ND 6 ND HIM
ND 7 ND HIM
ND 8 N DH M2
ND 9 ND HM
ND 10 ND HM
UFSC 2 UFSE0/ 70

UF S80 /(7t0o
UFsSc 3 UFSC R(A (pb)

* The asphalt mixtures and binders are describeate fullyin Chapter 4
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Figure50 and Figures1 present the pavement structures of the National test sections
used in this research and indicate that these test sections incorporate a wide range of
pavement structures.

Figure50 shows that all of the test sections but UFSM 1 are new pavements. From
this figure it can be noted that thewn pavements have different asphalt layer, base, and sub
basethicknesses. Note that thest section UFRGS 2 has a thick sand layer, which was
placed for drainage purposes. The UFSM 1 test section is a rehabilitation project, where the
overlay was appliedver the full old asphalt layer (without any milling).

Figure51 presents all the Nova Dutra test section pavement structures, all of which
consist of overlay rehabilitation projects. For all the Nova Dutra test sections tspblalt
layers were partially milled before placement of the overlay. Note that the overlaythicknesses
are 140 mm or 200 mm, and the old asphalt layer milling depth is the same as the overlay
thickness. Test sections from ND 1 to ND 4 have the same owashdnalt mixture (ND
15/25), and test sections ND 5, ND 6, and ND 6 also have the same mixture (ND HM 1),
whereas test sections ND 8, ND 9, and ND 10 were rehabilitated using the asphalt mixture

ND HM 2.
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Layers thicknesses, cm

120 - |

UFSM1 UFSM3 UFRGS2 USP4 USP5 UFSC2 UFSC3
I Subgrade # Sand layer ® Granular sub-base
Soil-aggregate base mGranular base m Qld asphalt layer

m New asphalt layer 2  mNew asphalt layer 1
Figure50. NationalMEPDG project test section pavement structures
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40

60

Layers thicknesses, cm

120 T T T T T T T T T
ND1 ND2 ND3 ND4 NDS5 ND6 ND7 ND8 ND9 ND10

Il Subgrade B Granular base m Old asphalt layer
B New asphalt layer 2 ®New asphalt layer 1

Figure51. National MEPDG project test section pavement structures/a Dutra sites
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3.3.2.Traffic

Table10 presents the National test section traféedlsfor the firstin-serviceyearas
well as the date when tmeadswereopenedo traffic. Similarly asthe casdor the Fundao
project test sections, the USACE equivalency factors weretasmhvertall the traffic

loadsto ESALSs.

Table10. National test section traffic leveiar the first inservice yeaand date of traffic

opening
Test secti ESALs(first year) Traffic loadingopening
UFSM 1 4 . BO5 December 2
UFSM 3 8.H®5 May 2013
UFRGS 2 7.6H506 Oc t o02b0elrl
USP 4 1. BO5 June 201
USP 5 1. BO5 June 201
ND 1 2. 566 September
ND 2 2. 566 September
ND 3 2. 566 September
ND 4 2. 566 September
ND 5 2. 566 September
ND 6 2. 566 September
ND 7 2. 566 Setpe mber 2
ND 8 2. 566 September
ND 9 2. 566 September
ND 10 2. 566 September
UFSC 2 1.B887 July 201
UFSC 3 1.B887 July 201

Tablel0also shows that the National test sections were loaded filearange of
traffic levels. For example, the load level for the UFSC pavement sites is about 100 times

that of the USP pavement sites. It is important to mention that the UFSC sites are located on

115



an i mportant highway, BR hirdhgibntoothbriSauth connect s
American countries.

The hourly traffic distributioaweredetermined only for the UFSM and U &#3t
sectionsFigure52 presents @ompaison ofthe hourly traffic distributiosobtained forhese
Nationalsites withthose forthe Fundagroject The figure indicates that the hourly traffic
distributions for the different pavement sites are very similar. Based on this observation, and
considering the recommendations of the Brazilian Traffic Studies Manbdl (2006), the
traffic hourly distributions for the UFRGS, Nova Dutra, and UFSC pavement sites are also

assumed to be similar to those of the Fundao project for pavement analysis.

12 mUFSM 1
UFSM 3
mUSP 4 and USP 5
® Fundao project
x® 8 L
c
o)
5
2
17
a 4 |
0

012345678 91011121314151617181920212223
Time of the day, h

Figure52. Comparison ohourly traffic digributions for pavement test sections
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3.3.3.Climate

Rio Grande do Sul pavement sites:

The climate data presented har@ereobtainedfrom the Weather Spark website
(2014), whichpresentsnformationgatheredrom a weather station installed at thalgado
Filho International Airport (Porto Alegr&kS) The Porto Alegre, RS weather data were
compared to the Santa Maria, RS data and it was concluded that both climates are quite
similar. Thus, it is assumed that Porto Alegre, RS and Santa MRBiaveeffectively the
same weathezonditions which is reasonable for pavement analpsigposesAccording to
Port o méathe staidnslatéthe temperature typically varies fr@hC to 3°C and is
rarely below3°C or above34°C. Figure57 shows the daily average low (blue) and high (red)
temperaturgwith percentile bandsr(ner band from 28to 75" percentile, outer band from

10" to 90" percentilg.

Warm cold Warm
35°C |
Jan 30
. 307C Mar 28 Maov 23
30°C "‘"""-""_\.-u.,\zaoc zaocf

it /
25°C \\\‘Tay:z?
21°C Jul 17
™ X /*\MJ

\

e oy L= ==
1B°B\ —~aee
15°C ]
\ ]
10°C e——
9°C

Jan  Feb  Mar  Apr May Jun  Jul  Aug Sep Oct  Mov  Dec
Figure53. Daily average low and high temperatufer Porto Alegre, R§Weather Spark
2014)

117



The warm season lasts from January to March with an average daily high temperature
above28°C, andthe cold season lasts from May to October with an average daily high
temperature belowl2C. The median cloud coveanges fron63 percent(partly cloudy) to
79 percent(partly cloudy). The sky is cloudiest Septembeand clearesin DecemberThe
clearer part of the year begins arolNmvembeywhereadhe cloudier part of the year begins
around MayThe probabilityof precipitation at this location varies throughout the year.
Precipitation is most likelin February occurring ind6 perceniof days. Precipitation is least

likely around Mg, occurring in37 percentof days.

Sao Paulo pavement sites:
The climate datanesented hereiwere obtainedfrom a weather station installed at
theLeite LopesAirport (Ribeirao PretpSP. TheRibeirao PretpSPweather data were
compared tahose ofAparecida do NorteéSPin a similar way as fathe Rio Grande do Sul
pavement sitas. It was concludedgain hat both climates are quite similar. Thus, it is
assumed thdioth cities have about the same clim#&tecording toRibeirao Pretd s we at her
station datathe temperature typically varies frdf3°C to 33°C and is rarely below1°C or
above36°C. Figure54 shows the daily average low (blue) and high (red) temperatures with
percentile bandsr{ner band from 28to 75" percentile, outer band from @ 9d"

percentilg.
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Figure54. Daily average low and high temperaturesRdreirao PretpSP(Weather Spark
2014)

The warm season lasts from January to March with an average daily high temperature
above32°C, andthe cold season lasts from May to October with an averagehulgiiy
temperature below@C. The median cloud cover ranges frdmpercentpartly cloudy) to
87 percent(partly cloudy). The sky is cloudiest Januaryand clearesin July. The clearer
part of the year begins arouAgril, whereaghe cloudier part ofte year begins around
SeptemberThe probabilityof precipitation at this location varies throughout the year.

Precipitation is most likelyn Januaryoccurring in69 percentof days. Precipitation is least

likely aroundJuly, occurring inl12 percentof days.

Santa Catarina pavement sites:
The climate data presented here®reobtained from a weather station installed at

the ForquinhinhaAirport (Criciumg SO), as it is the closesteatherstation to the UFSC
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pavement sites (Ararangua, SBgcording toCriciumad s we at heyrthest ati on da
temperature typically varies fro@°C to 3L°C and is rarely below°C or above34°C.
Figure55 shows the daily average low (blue) and high (red) temperatures with percentile

bands inner bandrom 25" to 75" percentile, outer band from “l@o 90" percentil@.
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Figure55. Daily average low and high temperaturesGaciuma RS (Weather Spark 2014)
The warm season lasts from January to March with an averdgéida temperature
above 28°Cwhereaghe cold season lasts from May to October with an average daily high
temperature below 21°@he median cloud cover ranges fr@hpercentpartly cloudy) to
81 percent(partly cloudy). The sky is cloudiest Julyand clearesin May. The clearer part
of the year begins arourdlgust whereaghe cloudier part of the year begins arodnde.
The probabilityof precipitation at this location varies throughout the yBagcipitation is
most likelyin Februaryoccuring in 51 percentof days. Precipitation is least likely around

October occurring in30 percentof days.
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As a general overview, it can be observed thaRio Grande do Sul and Santa
Catarina pavement sites haimilar climates,and thathe Sao Paulogvement siteand

Fundao pavement test st@so have similar climates

3.3.4.Pavementest Section Condition Surveys

In order to assess the-service pavement performance of the National MEPDG
projecttest sections, all the field evaluatiomere conduci@periodically, similarly as for the
Fundao project test sections. It is important to mention that thesNiaVement distress
mapping, and all other field survey®re conductedssimilarly as possible to the Fundao
project procedures.

As aforementionedhe most important distress considered in this research is fatigue
cracking. Considering the thickness of the asphalt layers and the field observations, mostly
bottomup fatigue cracking has been observed in the National test sections. Also, taking into
account that some test sections are overlays over old asphalt layerscouitchave
existing cracksit should be mentioned that some crackimgybe caused by the reflective
process. Therefore, this hypothesis must be consideredhléter pavementralysis.Table
11 shows the perceagies of théatigue cracked area determined for the test sections.

The laser profilometer survey data as well as the asphalt sample coring results are not
shown herein, because they were not usexttly for the pavement analysis in this study,
which focuses on fatigue damage. More information about the National MEPDG project

pavement site surveys and pavement materials can be found in the partial reports of the
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ongoing projects that are parttbfs research: Specht et al. (2014), Ceratti and Nunes (2013),

Bernucci and Vasconcellos (2014), Tonial (2013), Chacur (2013), and Trichés (2015).

Tablell &ercent cracked ar@af the National MEPDGproject test sections

Test gction 1D % Cracked area
UFSM January 2013 June 2013 January 204 | July 2014 | January 205
0.9 12.7 21.8 22.4 32.9
UESM 4 Janua(t)ry 2015
UERGS Novem;)er 2014
May 2015

USP 4 0

USP 5 0

ND 1 9.0

ND 2 3.0

ND 3 4.8

ND 4 12.5

ND 5 19.0

ND 6 5.9

ND 7 10.0

ND 8 0.0

ND 9 0.0

ND 10 0.0

July 2014

UFSC | 20.0¢
UFSC ] 0

* Due to fatigue cracking, one yeafterthe roadway waepened to traffi@a slurry sealas placeaver the
UFSC 2 test section. Based on pictures amdvaluations of aimilar pavement sectiahat wasconstructed
just beforethis test section, 20% cracked areassume(Trichés 2015)
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CHAPTER 4. MATERIALS AND TEST METHODS FOR

ASPHALT MIXTURE CHAR ACTERIZATION

4.1. MATERIALS

This study is divided intdireemain steps: (i) the-¥ECD model implementation for
asphaltmixture characterizatiom Brazil, in particularatthe CENPES (ii) validation of the
LVECD model approach for pavement analysis based on field performance obseraatibons,
defining a local simulated damatecradked area transfer function for the Fundao Project
Pavemeri testsections in Rio de Janeiro, Rahd (iii) validation of the Fundao project local
transfer function to be used widely throughout Brazil for asphalt pavement fatigue cracking
predictionspasel onfield performance observations of the National MEPBGecH s
pavementestsections

Thus, the asphaihixturesselected for this researalsoaredivided into hree
groups. The first group is composaithine asphalimixturesdesigned with the sae
aggregate source and gradation, but using various Brazilian asphalt binders. These asphalt
mixturesare not associateslith any asphalt pavemerntecausehe objective of their
characterization is to implement the/&CD protocolin Brazil and also toealuate the
effects of the asphalt binder on timeixtures fatigue performance.

The secon@nd third groupsrecomposeaf the elevenasphaltmixturespresented
inTablel6 andthe ten asphalt mixtures presented able19. All these mixtures arpart of

thefield testingin the Funda@nd National MEPD@rojecs, respectivelyas

123



aforementioned. Thushe main objective aheir characterizatiors to obtain the LVE and
VECD properties needed for the gavent simulatiosusingthe LVECD program, whose
prediceddamage results are compared toftbkel-observed fatigudamage in order to

validateand calibratehis pavement analysieamework.

4.1.1.SVECD ModellmplementatiorStudyAsphaltMixtures

The nine aphaltmixturesused in the implementation study were designed with the
same aggregate source and gradaibe. aggregate wasbtained fronVigne Quarry,
located inNova Iguacu, Rio de Janeiro. Tlsigeniticaggregate source is commonly used for
asphaltmixture production inthe city ofRio de Janeirdt has good qualityin terms of
strengthandparticleshape and mesall the Brazilian specification requirements as well as
the AASHTO M 323 standardThe19.1 mm NMAS gradation $ shown inFigure56 and

Tablel12.
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m Control points
——Designed gradation

——Maximum density line

0.00 1.00 2.00 3.00 4.00 5.00
Sieve size, mm, raised to 0.45 power

Figure56. Gradation distribution chafbr the S-VECD modelimplementation studgsphalt
mixtures

Table12. Gradation distributionf the S-VECD modelimplementatiorstudyasphalt

mixtures
Sieve size, mm % Passing

254 100.0
19.1 99.4
12.5 88.5
9.5 82.9
4.75 50.0
2.36 39.1
1.18 26.8
0.59 17.1
0.30 10.4
0.15 7.0
0.075 5.4
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Nine asphalt binders were chosen for thgESCD modelimplementation study:

three unmodified binders with different penetration grades (50/70, 30/45, and 15/25), and six

totally different modified binders, as presented able13.

Tablel3. Binders chosen fahe S-VECD implementation study asphaitixtures

Asphalt . e Performance Grad

MixtEre D BinderID Modification (AASHTO M 320)
50/70 AC 50/70 No 64-16
30/45 AC 30/45 No 70-16
15/25 AC 15/25 No 76-16
60/85 PMA 60/85* SBSpolymer 70-22
HM High moduus Specialchemicalpackage 82-16
PPA PPA Poliphosforic acid 70-16

Crumb rubberi terminal

RA-TB Rubber asphalt blending 70-22
HIMA HIMA Kratoni HIMA polymer 82-XX
Elvaloy Elvaloy Elvaloy polymer 70-22

* penetration grade; *minimum softening poimihimum elastic reovery(ASTM D 36/ASTM D 6084

The asphalimixturedesignis in accordance witAASHTO M 323, which assunes

design ESALSAASHTO) in the rangef 3 to 30 million Ngesof 100 gyrations)Becausall

the studymixtureshave the same gration, and based on previous experience (Martins

2012) where it was found thtte desigrbinder contenfor a given bindediffers at most

+0.2 percentfrom the group averaggesignbinder contenfgroup of mixtures with the same

aggregate and gradatigm)was decided to use the sadesignbinder content for all the

mixtures except for the RATB mix, becausét containscrumb rubberwhich affects the

designbinder content significantlyThis choicdo use the same binder content for all the

mixtureswas madealsobecause it allows a straightforward comparison between the kinders

performanceinderexactlythe same conditios
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The AC 50/70 binder was used for thexturedesign It wasdesignedvith an
optimum binder content of 5ggercenfor all themixtures except for the RATB mix, whose

design binder content is 6p@rcent

4.1.2.Fundao Project AsphaMixtures

Theelevenasphalimixturesused in thé=undao projecivere designed witthree
aggregate soureeThe aggregate from the Sepetiba Quavagthe only aggregatesed
initially. Then later (2010)aggregate from therkasaQuarry(only the screeningsyere
alsointroduced in the projechecausédt wasno longer possibleo use thescreeningsrom
the Sepetiba Quarroththe Sepetiba and fBasaquarries are located in tloéty of Rio de
Janeiro, and their aggregasgdypical granite used for asphalt concrpteduction in the ity
and surrounding areas

The aggregate from the Vigne Quaftlye sameasused inthe implementation study)
wasusedonly for mixture Syn 19.1 mmwhichis aspecial case where no asphalt binder was
used in the mixture. Instead, the Synthetic BR binder was employed, whicle&s @sin
based product developed for colopal’zemenmixture applications. Thushe VigneQuarry
was chosen only for this purposeconsideration ofhevisual appeal and good qualiythe
mixture

For the Sepetibaggregatethree different gradationsith 19.1 mm and 12.5 mm
NMAS were designedor the SepetibatBasaaggregate (coarse f@ons from Sepetiba and
screenings from iBasg, two gradations 019.1 mm and 9.5 mMIMAS wereused For the

Vigne aggregateonly 19.1 mmNMAS wasused in the desigiable14 shows these
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gradationdistributiors, andFigure57 throughFigure59 present thgradationcharts

respectivelyfor the19.1 mm, 12.5 mm, and 9.5 mm NMAS gradations.

Tablel14. Gradation distribution of theundao projecasphalimixtures

Sj . % Passing
|er\:]em5|ze, Sepetiba Sepetiba/Emasa Vigne
19.1mm | 12.5mm [19.1 mm (b) 19.2 mm | 9.5mm | 19.1 mm
254 100.0 100.0 100.0 100.0 100.0 99.5
19.1 97.4 99.1 96.5 95.8 100.0 94.6
12.5 79.2 92.9 82.8 82.6 100.0 76.0
9.5 72.6 89.0 76.1 64.6 98.1 66.6
4.75 54.5 54.4 50.8 46.5 74.6 45.9
2.36 37.7 31.5 39.2 31.6 50.9 26.1
1.18 29.9 24.9 30.6 25.1 40.0 20.2
0.59 22.4 18.6 23.1 18.6 29.2 15.7
0.30 14.7 12.2 16.1 134 20.7 12.3
0.15 8.2 6.8 9.4 7.9 11.9 9.0
0.075 3.9 3.2 4.7 4.3 6.3 6.1
100
80 |
2 60 f
&
& | m Control paints
< 40 ——Maximum density line
° ——19.1 mm Sepetiba
20 —19.1 mm (b) Sepetiba
——19.1 mm Sepetiba/Emasa
—19.1 mm Vigne
0 1 1 1
0.00 1.00 2.00 3.00 4.00 5.00

Sieve size, mm, raised to 0.45 power

Figure57. Gradation distribution chafor the 19.1 mm NMAS Fundao project asphalt
mixtures

128



100 L

80
=]
c 60 |
= [}
n
o
< 40 .
n m Control points
20 ——Maximum density line
—12.5 mm Sepetiba
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0.00 1.00 2.00 3.00 4.00

Sieve size, mm, raised to 0.45 power

Figure58. Gradation distribution chaftb_r the 12.5 mm NMAS Fundao project asphalt
mixtures
Theeightbinders used in the asphalt mixtures in the Fundao prajegiresented in
Table15. The Fundao project asphalt mixture design is in accordance with AASHTO M 323
for most mixtures, assuming the design ESALs (AASH in the range of 3 to 30 million
(NgesOf 100 gyrations). The asphalt mixture with the binder PMA 60/85 Fundao and the 9.5
mm NMAS gradation (Sepetiba/Emasa aggregate) was designed especially for fatigue
resistance (bottom layer), so in this case, 5@tgyns were applied for the mixture design,
where all the parameters for design ESALSs lower than 0.3 million (AASHTO M 323) were
applied. The rubber asphalt mixture was designed for 4.0 percent air void content, using the
Marshall apparatus (75 blows) tead of the gyratory compactor.

Table16 presents all the asphalt mixtures used in the Fundao project test sections.
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Figure59. Gradation distribution chafor the 9.5 mm NMAS Fundaproject asphalt
mixture

Tablel5. Bindersused in the Fundao project aspimaiktures

. . Performance Grad
BinderID Modification (AASHTO M 320)
AC 50/7C Fundao No 64-16
AC 30/45 Fundao No 70-16
PMA 65/90* .
Fundao SBSpolymer(conventional) 70-22
Rubber asphalt Crumb rubbei terminal blending 64-22
Fundao
Synthetic BR Funda| Resinbased (no asphaltenes) 5816
Bio-asphalt Fundag Biomass 70-16
PMA 60/85* :
Fundao SBS polymer (conventional) 70-22
Elvaloy Fundao Elvaloy polyner 70-22

* penetration grade; *minimum softening point/minimum elastiwrery (ASTM D 36/ASTM D 608%
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Tablel6. Fundao projedest sectiorasphalimixtures

Asphaltmixture , Aggregate Gradatian Binder Mixture
BinderID source )
ID NMAS, mm| content, %| design
(Quarry)
AC 50/70 . a
50/70 12.5 mm Fundao Sepetiba | 12.5mm 5.5 Nges= 100
AC 50/70 . a
50/70 191 mm Fundao Sepetiba | 19.1mm 5.0 Nges= 100
30/45 125 mm | AC30M45 | gonetiba| 12.5mm 55 | Nyes= 100
Fundao
30/45 19.1 mm | AC30M45 | gonetiba| 191 mm 50 | Nyes= 100
Fundao
65/90 19.1 mm | FMAGY0 | oo notina| 191 mm 50 | Nyes= 100
Fundao
RA-TB 19.1 mm Rubber asphal Sepetiba | 191 mm 54 75 blows
Fundao
Synthetic BR : _
Syn 19.1 mm Fundao Vigne 191 mm 4.9 Nges= 100
. Bio-asphat Sepetiba _
Bio 19.1 mm Fundao EMASA 191 mm 4.6 Nges= 100
PMA 60/85 | Sepetiba _
60/85 9.5 mm Fundao EMASA 9.5 mm 7.3 Nges= 50
PMA 60/85 | Sepetiba _
60/85 19.1 mm Fundao EMASA 19.1 mm 4.7 Nges= 100
Elvaloy 19.1 mm| Elvaloy Fundag Sepetiba | 19.1 mm (b) 4.6 Nges= 100

The Syn 19.1 mmmixtureis a yellow material. As aforementioned, it is compasied

clear aggregate (Vigne) and clear synthetic binder. But it is also important to n@te that

yellow pigment(powder)was addedo this material2% of total massjluring the mixing

4.1.3.National MEPDG Project Asphalt Mixtures

The NationaMEPDG project asphalt mixturesere designedostlyaccording tadhe

Brazilian specification DNIT 031/2006, which is based on the Marshall apparatus specimen

compactionHowever, all the Nova Otra pavement siteixtures(ND 15/25, ND HM 1, and
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ND HM 2) and the UFSC 50/7@ixturewere designed according AASHTO M 323,
assuming design ESAL&AASHTO) in the range of 3 to 30 millioNgesof 100 gyrations).

Theaggregates used in the mixtufesm the UFSMUFRGS, USP, and UFSC
pavement sitearebasalticin origin, andthe Nova Dutraaggregate igranitic. Both asphalt
mixtures usedh the UFSM pavement sgé@recomposed oAC 50/70neat binderwhich is
atypical PG 6422 productusedin Rio Grande do Sustate These mixtures have the same
aggregate source, but were designed with different gradalibadJFRGS 60/85 mixture
usesa SBSmodified binder (PMA 60/85) PG 7P2, which is supposed to provide superior
performancen terms ofbothfatigue crackingresistanceand ruttingresistance

The USP pavement site mixtures &ely similar, with thesame aggregas®ource
and gradation. The difference between these materials is the tyipdaastheyhave
different penetration graded net produ&C 30/45PG 7016) for the USP 30/4Bnixture
and AC 50/7QPG 6422) for the USP 50/7mixture Note that loth binders are widely used
in S&o0 Paulo state.

Regarding the asphalt mixturesedatthe Nova Dutra pavement sfehe ND 15/25
mix is composedof low penetration graded binder (AC 15/25), which provides high stiffness
to the mixture (PG 746). The ND HM 1 and ND HM mixturesalsoarecomposeaf low
penetration graded bind@?G 8216), buthave beerhemically modifiedo improve
performane. It is important to note that the main difference between mixtures ND HM 1 and
ND HM 2 is the binder contenthe ND HM 2 mixwas designed witthe higher binder
content, so it is expected avea better fatigue lifgfatigue resistancahan theND HM 1

mixture.
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Both UFSC pavemersite asphalt mixturebave the same aggregate source and

gradation.The UFSC 50/7@nixtureis composed aiin AC 50/7Meat binde(PG 6422),

andthe UFSC RAmixtureuses a terminal blending rubber asphalt.

Tablel17 presents the gradation distributsfor the National project asphalt mixtures.

Thetwo Nova Dutra mixturgradationgresent significandifferences between the desggh

and asbuilt conditions Thus, thevalues shown iTablel17, only for the Nova Dutra

mixtures, are tbse obtaineduringthetest sectiorctonstructionFigure60 andFigure61

present the gradation charts tbe mixtures designed according te Brazilian

specificatiors andthe AASHTO standard19.1 mm NMAS), respectively.

Tablel7. Gradation distributiofor the National MEPDG project asphalt mixtures

% Passing
Sieve size, UESM | UESM | UFRGS USP 30/45 ND ND HM 1 UFSC
MM | 5050 1| 50/70 2| 60/85 | 2Nd USP | 4555 | @Nd ND | 50/70 and
50/70 HM 2* | UFSC RA
254 100.0 | 100.0 100.0 100.0 100.0 100.0 100.0
19.1 100.0 | 99.7 | 100.0 100.0 | 100.0| 100.0 100.0
12.5 87.8 | 89.8 | 915 94.2 80.4 | 832 77.0
9.5 839 | 862 | 826 85.4 62.8 | 722 64.3
4.75 541 | 685 | 553 55.0 327 | 346 42.9
2.36 - - - - 17.4 | 207 28.4
2.00 347 | 388 | 378 35.4 - - -
1.18 - - - - 14.8 | 145 18.2
0.59 125 | 122 13.0
0.42 150 | 169 | 159 13.5 - - -
0.30 - - - - 10.0 9.9 10.2
0.18 8.9 9.5 10.3 8.5 - - -
0.15 - - - - 7.0 7.3 8.6
0.075 6.8 5.9 6.9 6.0 4.1 4.4 7.3

* The asbuilt gradations are reported for these asphalt mixtures
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Figure60. Gradation distribution chafor the National project asphalt mixtures designed
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Figure61. Gradation distribution chaftr the National project asphalt mixtures designed
according to the AASHTO M 32&andard

Figure6lindicateghat the grad#on distribution of mixtures ND HM 1 and ND HM
2 is slightly below the minimum limit at one control point (2.36 mm 9ieVkisflaw is due

to the gradatiochang thatoccurred in the screeningfter themix design. Note that theD
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15/25asphalt mixtue gradation igairly closeto the minimum control point (also at 2.36 mm
sieve),becaus¢he same aggregateasused in this nxture, andthe gradatioapresented for
the Nova Dutra mixtures are thelasilt ones, as aforementioned.

Thebindess and theasphalt mixtures used the National MEPDG project are

presented iTablel8andTablel19, respectively.

Table18. Binders used in thdational MEPDGproject

. e Performance Grade

Binder ID Modification (AASHTO M 320)
*AC 50/70UFSM 1 No 64-22
*AC 50/70UFSM 2 No 64-22
** PMA 60/85UFRGS SBS polymer (conventional) 70-22
*AC 30/45USP No 70-16
*AC50/70USP No 64-22
*AC 15/25ND No 76-16
HM ND Especial chemical package 82-16
*AC 50/70UFSC No 64-22

RA-TB UFSC Crumb rubberi terminal blending -

* penetration grade; *minimum softening point/minimum elastiwrery (ASTM D 36/ASTM D 6087

It is important to mention that the ND HM 1 and ND HM 2 asphalt mixtures were
designd with target air void contents Bieslower than 4.0 percent. These mixtures have a
stiff binder with high viscosity, so the research team decided to target their air void contents
as low as 3.5 percent and 2.7 percent, respectively, in ordertoincrbase as phal t mi x

binder contents to improve their fatigue performance (resistance).
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Table19. Asphalt mixtures used in thi¢ational MEPDG project

Asphalt . Aggregate Gradation Binder Mixture
mixture 1D BinderID source NMAS, mm | content, %| design
(Quarry)
UFSM 50/70 1| AC 50/70UFSM 1 Della 19.1 6.9 75 blows
UFSM 50/70 2| AC 50/70UFSM 2 Della 19.1 6.2 75 blows
PMA 60/85 75 blows
UFRGS 60/85 UERGS TRS 125 4.7

USP 30/45 AC 30/45USP | Jardinopolis 12.5 4.8 75 blows
USP 50/70 AC UUS§P5O/7O Jardinopolis 12.5 4.7 75 blows
ND 15/25 AC 15/25ND Aparecida 19.1 4.8 Nges= 100
ND HM 1 HM ND Aparecida 19.1 4.7 Nges= 100
ND HM 2 HM ND Aparecida 19.1 5.2 75 blows
UFSC 50/70 | AC 50/70UFSC | Ararangua 19.1 4.2 Nges= 100
UFSC RA RA-TB UFSC | Ararangua 19.1 5.4 75 blows

4.2.TEST METHODS

This section presentee methodologiethat were used to assess and anatygd VE

and damageXVECD) properties oftheasphalt concrete mixtures.

4.2.1.Linear Viscoelasticl(VE) Characterization Mdtodology

LVE materials, as asphalt concrete, present-teme temperaturdependent
behavior. Therefore, tivecurrent response is dependent on both the current input and all past
input. Constitutive relationships for LVE materials typicalhgexpressedh the convolution

integral form(Park and Shapery 1999), as shown in Equa{ié8sand(79).

de
Elx-t)—dt
be-2) 5

S =

Se¥

(78)
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(79

whereE(3) andD(3) are the relaxation modulus and creep compliarespectively, andis
the reduced timeéAccording to Ashouri (2014), these LVE propertiesfaeguently difficult
to obtain throughime domain testingHowever, the LVE properties can be measun the
frequencydomainusingthe complex modulus. Theoretical considerations of the complex
modulus can be found elsewhere (Chehab 2002). In short, the complex modulus provides the
constitutive relationship between the stress and strain amplitudenaterial loaded in a
steadystatecyclic sinusoidal manneErom the complex modulus, which is a frequency
dependent property, it is possible to obta{s) andD(3) by interconversiof{Chehab 2002)
Ashouri (2014) listed the following advantages of assessing LVE properties from the
complex modulus
1 The long loading time required to assess the-tiegendent material properties in the
time domain may actlly damage the specimen and lead to incorrect values. The
cyclic complex modulus test can cover a wide range of conditions without inducing
damage in the specimen.
1 Itis difficult to obtain the relaxation modulus and creep compliance experimentally at
very short times. However, through the usehtefcomplex modulus andVE theory,
short time values of these properties can be calculated.
1 Small amounts of viscoelasticity can be measured more accurately using the complex

modulus test than using creep or xel@on tests.
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1 The modulus or compliance measured in the cyclic test can be used directly in the
analysis of the dynamic response of structures to cyclic and transient loading.
Forthis research, the complex modulus tgasused to obtain the relaxation

modulus, which is needed for both the/&CD characterizatioijpseudo strain calculation)
and pavement simulatiotxy the LVECD programThe interconversion methaged to
obtain the relaxation modulwsluesin this study utilizes an exact technique that
incorporates the storage modulus in Equat80). Thestorage modulus, when expressed in
terms of reduced angular frequengy), can be expressed using the Prony series

representation given in Equati@il) (Park and Schapery 1999)

E' (1) =|E" () * sin(F (i) (80)
T owlrE,

E'(ng) = E. +a1WR§r—2+1 81)

where

Es = elastic modulus,

Yr = reduced angular frequency

Ei = modulusof i" Maxwell element (fitting coefficient), and

i = relaxation time (fitting codicient).

Usingthe theory of viscoelasticity, Park and Schapery (1889¢shown that the

Prony representation of the relaxation modulus is given by Equ@&®&pn

E()=E, +4 Ee "

i=1

(82)
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Therefore, from the complexadulus test, the storage modulus is calculated by
Equation(80) and then fitledto the Prony representation (Equat{84)) by using the
collocation method (Park and Schapery 1999, Schapery 1961). Tifieients determined

from this process are then used in Equatgf) to find the relaxation modulus directly.

4.2.2.Dynamic Modulus Test

The dynamic modulutestis a temperature and frequency sweep test generally used
for the compex modulus assessment of asphailttures In thistest a test sample is
subjected to sinusoidal loading dixed load level and frequendgr acertainnumber of
cyclesat aconstantemperature. Testing is performed at multiple temperatures and
frequencies to compile a set of modalvaluesThe primary material response functions of
interest are the axial dynamic modull&|) and phase angle€)

Forthis researchthe dynamic modulus testvere conductedased on the AASHTO
T 342standardUnderwad (2011) pointed out that the petakpeak strain amplitudiémit
between 50re and150 e, asprescribedn this standard at any temperature and frequency
combination is not strict enough and may allow for other mechanisms (damage,
viscoplasticity, etq.to become importanBased orJ n d e r wexpedebcshe propose
that the appropriate limfor total peakto-peak strain amplitudis 50 e to 75me. Thus, this
stricter limit suggested by Underwood (201islyisedin thisresearch

In this study, uniaxl compressiomlynamic modulus testvereconductedat three
temperaturesas recommended by tRASHTO PP 61standard4°C, 20C, and 40°C for

PG 64XX and PG 76XX binders For stiffer mixturessuchasthose prepared with AC
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15/25asphalt binderand hgh modulusralues(implementation study), an additional test
temperature (54€) was introducedAt each temperatuysix frequenciesveretested: 25, 10,
5,1, 0.5,and 0.1 Hz.

A servehydraulic MTS machine, model 81@as usedor these testsThe on
speimen deformationvasmeasured usintyvo extersometersupplied by MTS model
632.1194 with knife edges. The extensometersreattached to the specimen 180° apart
using a set oélastic strips, as shown kigure62. The gauge legthusedfor measuring the
axial deformation is 100 mnespitethe high cost of the MTS extensometelnss &ccurate
simpleapproacHor on-specimen deformation measurensatispensesvith the use of glued
targetsand it haseen usee@asily and succelsly for Petrobras andt North Carolina State

Universityfor this type ofasphalimixture characterizatiofiNascimento et al. 2014)

Figure62. Knife edge extensometers attached to a specimen

Asphalt concrete in the LVE rangeknown to be thermorheologically simple and, as

such, the effects of frequency and temperature can be combined into a joint parameter,
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referred to aseduced frequendlyf,), through the timeéemperature shift factoef) using

Equation(83).

fo=f3a, (83)

In a practical overviewthis behavior allows for the horizontal shifting of the
isothermal dynamic modulus curviesform a single curve,e.,the mastercurve, for
describing the constitutive behavioragphalt concrete over ade range of reduced

frequencies, as shown kgure63.
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Figure63. Horizontal shifting of sothermal dynamic modulus curvies a typical mixture

The timetemperature sftifactor is the amount of horizontal shift, in log scéfeat is
required to create the continuaugstecurve The amount of shifting is dependent on the

temperaturef interestas shown irFigure64 (Ashouri 2014).
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Figure64. Log shift factor function for a typical mixter(reference temperature of £1)°

In this research, the mastercuwasfittedto a sigmoidal functional form, Equation
(84), and the relationship betwetre shift factor and temperatusasfittedto a second
order polynomiafunction, Equatior{85). Thus, using the Solver function in Microsoft
Excel, both the sigmoidal coefficients and thealdidpm shift factorscould be optimized to
minimize the error between Equati(8¥) and the logarithm of the measured data.
Iog‘ E*‘ —a+

1
1+ ed+g*|og|i fr (84)

|Og(aT):alT2+azT+a3 (85)
wherea, b, d, g, a1, &, andas are the fitting coefficients anflis the temperature inC. With

the coefficients of Equatior(84) and(85), it is then possible, through Equati88), to find

the modulus at any temperature and frequency combmati
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The same sigmoidal functiand procedurean beused to determine the mastercurve
of the storage modulu€() usingthe same experimental data. Therefore, the relaxation
modulus E(3), wasobtained through the approach desdiimethe previous sectipi.e.,

Equationg80), (81), and(82).

4.2.3.SVECDModel FatigueCharacterization

Hou et al. (2010joundthat a true controlledtrain test¢ontrolledon-specimen
strain or COS)using cylindrical specimens is difficult to run and can damage the test
equipment if improperly performe@theruniaxial fatiguecharacterization tests include the
constant rate tension t€stonotonic) the controlleeensile stressnly cyclic test (putpull
controlledstress test), the controllédnsioncompression stress cyclic test (pymshil
controlledstress testland theCX (actuator)est

According to Underwood et al. (2B} the CX test method is preferrbgt many
researcherbecause the cstant rate test requires a higher load capacity test machine, the
pull-pull experiment can introduce significant viscoplastic material resposseé both
controlledstres§CS) protocols can fail rapidly and damage the measurement equipment if
extreme ca¥ is not taken

However,due to system (machine and specimaplianceestrictionsthe CX test
alsopresents viscoplastic deformatiomgh loading which can affecthefatiguedamage
characterizationespecially when the asphatixtureis soft anddr the test temperature is
relativelyhigh. Figure3 (c) illustrates the viscoplastic strama CX uniaxial fatigue test.

Experience has shown that many aspimakturespresent considerable viscoplastic stiain
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CX testng attemperaturearound20°C. So, it is recommendétatthe CXtestshould be
run atslightly lowertemperaturesn order to avoictonsiderableiscoplastic effectsn the
material damage characterizati@ut the lower the test temperaturthe shorter thelamage
characteristic curveqvs.S), which is a reflection athe brittleness of the material

Based on theroblems associatetith the CX and CS testlescribed above, the
authod experience witlCOSasphalimixturetesting, and the availability otaurate and
low noise MTS extensometeiia proper COS uniaxial testing, thsphalimixture S-VECD
modelcharacterization protocaolsed inthis researclvas conductethroughtheuse ofCOS
uniaxial fatigue tegtg.

The main advantage of using the COS te that no viscoplastmn-specimerstrains
(along the gauge length)e observethroughouthe loading even for sofmixturesand/or
relatively high temperatureslso, it is eag andstraightforwardo set the target inplgvel
(peakto-peak onrspecimen strain amplitudeip the COStest as opposed to the CX tdsdt
usesan actuator displacemeit obtainan estimatd uncontrolledon-specimen strain.

With regard to personnshfety and machine protection, for the COS tést
machin® srossheadéight is seto a level where thactuatod displacemenis physically
limited. That isdespitethe syster@ kgical limits, the actuatdr physicalmaximum
displacement from the top of the mounted speciméehe loading direction is at most 7 mm.
Thus,the machindandthe extensometerand the operator are relatively protecteal

matter what may occur duringe test or during thelacemenof the specimen
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The test machine and the extensometers used for the uniaxial cyclic fatigue test are
similar to those ued for the dynamic modulus testeviously describedhe test is divided
into two steps: fingerprint loading and fatigue damage loading.

Fingerprint loadingvasrun initially to obtain the data for trspecimed dynamic
modulus determinationnderfatigue testonditiors (10 Hz)so the DMR for the curremest
can be calculatelater. Forthis stepzeromean tensioitompressiorfCOSsinusoidal loading
(80 cycles)was appliedwith peakto-peak amplitude of 66e (LVE region) After the
fingerprint loading, the specimamasallowed to rest until the especimerstrainsignab
stabilized. Then, the fatjue damage loading ste@s begun

Forthe fatigue damage step, sinusoidal loadih§j0 Hz tensileon-specimerstrain
only, wasapplied at fixed on-specimen strain amplitudas shown ifrigure65. The phase
angle evolution graptvasmonitored, so whethep h a s e sharpgdeces@ssasnoticed
(Figurel0), the fatigue testvasconsideredinished and the number of cyclesthie phase

angl e 6s vpasdefined asaHe takure poindbr number of cycles to failu(@l).
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Figure65. Tensile orspecimen strakonly input (400nme) andsteadystateload output for
typical COS uniaxial fatigue testO Hz,from cycle 1900 to 1905
Figure65 indicatesthat even for tensile especimen strakonly input, thesteady
stateoutput isatensioncompressiomoad with b (Equation(33)) around zeroThe results

obtainedfor eachCOS uniaxial fatigue testereprocessed using tregmplified approach

formulation presented in Equations (48), (49), and (50). Also, for each test, the rate of change

of the averaged released pseudarsteaergy G°) was determinedccording to Equation
(59). Usually, four samplesveretestedfor the SVECD asphalimixture characterization.
Therefore, the averadelamage characteristic curve ys. S) wasfitted in bothanalytica

forms expressed in Equatiof®2) and(23), whereaghe failure relationshipgould bedefined

by plotting G® versusi\;.
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4.2.4.Test Specimen Fabrication

The MLPC BBMAX 80 French mixer (BBMAX) was employeakrflaboratory
asphaltmixture production This equipment is designed for highly homogeneous specimen

fabrication, in accordance with the European standard EN 1266Higure66).

A‘mlpc

e
BBMAX 80

Figure66. M‘L BBMAX 80 French mixer illustration

After the mixing process (120 seconds), dsphalimixture samplesverecarefully
batchednto pans for shofterm oven conditioning. This conditioning processs performed
in accordance witAASHTO R 30 for two hours ahe compaction temperaturd@he author

observedhatthe BBMAX -producedmixturesconditionedn this manneexhibitedsimilar
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properties athe plantproducednixtures Also, it is important to mention that this short
term oven conditioning procedure is spedifigy the Brazilian standaidBR 15785.

After the shorterm conditioning periodyoththe dynamic moduluand the SYECD
fatigue test samplaserecompacted in the Superpave gyratory compactor.

The dynamic modulus specimenerecompacted to a height of @%nm and a
diameter of 100 mnBecause these dimensions represiaafinal dynamic modulus
specimen geometry, neither coring nor cuttivasneeded Robinette an®illiams (2006)
compared thelynamic modulusestresults of specimens obtained through frscedure
with thoseobtained fom specimens fabricatad accordance withAASHTO T 342 which
recommends thapecimensrecompacted to a height of 170 mm and a diameter of 150 mm,
thencut and cored ta height ofLl50 mm andh diameter o100 mm.Robirette and Williams
(2006)found out that the dynamic modulualuesmeasuredby both processesresimilar.

The SVECD fatigue test specimemgereoriginally compacted to a height @70 mm
and a diameter of 10@im, then cut to a height of 130 mfRigure67a). It is important to
note that arX-ray microtomography study wasnductedNascimento et al. 2014) order
to compare the air void distributiom specimens obtainagsingthis procedure with those
obtained according to t®ASHTO T 342recommendatias) but originally compacted to a
height of 178 mmOnly one 19.1 mm NMAS mixture was used for this investigation. It was
verifiedthat the vertical air void distribution, especially at the middle of the specw@an,
more homogeraus in the specimens prepared in accordance with the procedure used in this
research. Regarding the horizontal air void distribution, the specimens fabricated as

suggested by th®ASHTO standardgresented a slightly small variation.
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After cutting the samples weredried and thie densitesweremeasuredUsually, he
target air void contesfor boththedynamic modulus test anlde S-VECD fatigue tesfinal
specimensvere5.5percent: 0.5percent This air void content target is commonly used for
dense sphalt mixtures designed at 48rcentair void content When the designed air void
contentwasother than 4.@ercent the difference between the designed air void level and 4.0
percentwasused to define thinal test specimeis newair void contenttarget. For example,
if a given asphalt mixturerasdesigned at 5.percentair void content the final test
specimed air void contentwas6.5 percentt 0.5percent

In the case of th&-VECD fatigue tesspecimes, after the air void contentvere
chedked,theyweredried andglued tothe steel end platens usistpw-setting steel putty and

a special gluing jig to eliminate any eccentrigiygure67b, o).

(©)
Figure67. (a) SVECD fatigue tesspecimen(b) end platesandgluing jig, and(c) specimen
ready for fatigue testing
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CHAPTER 5. RESULTS AND ANALYSIS

5.1.SVECD MODEL IMPLEMENTATION STUDY

The SVECD modelprotocol for asphalt miareanalysis requirethe
characterization df VE and damage propertiesingdynamic modulusnd uniaxial fatigue
tess, respectivelyThe main objectives of the BECD modelimplementation studgreto
check whether the testethodsusedin this research arguitablefor sucha purposeandto
verify themodets applicabilityto Brazilian asphalt miture characterizatioim terms of
fatigue damagdn addition,becausehe asphalt mitures usedn this study have the same
aggregate and gradation, the asphalt binder eoh theenaixures performance dboththe

material and pavement levelan be investigated

5.1.1.LVE Characterization

Three dynamic modulus testereperformed for each miyreto obtain theLVE
propertiesTheresultswerethen averagetb procesgshe mastercurves for the reference
temperéure (Tgr) of 20°C. Table20 presents the fitting coefficients for tHe*| mastercurves
andtheshift factor functions, as defined by Equati¢@4) and(85), respectively.

Figure68 throughFigure70 show the asphalt mixture mastercurves in sleigiand
log-log scales, and the phase angle versus reduced frequency, respectively. The results shown
in these figures indicate thateth.VE responses of the mixtures vary significantly when the
asphalt binders change. For example, the dynamic modulus value at 10 Hz and 20°C for the

stiffest asphalt mixture (15/25) is 16,880 MPa, which is higher than two times the value of
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the softer aspdt mixture modulus (60/85). The phase angle differences are also large; for

these mixtures at the same conditions, the values are 6.5° and 17.2°, respectively.

Table20. Implementation study asphalt mixtures: mastercurves artdattiér function
fitting coefficients

Sigmoidalfunction coefficients, Shift factor polynomial

Asphalt |E*| in MPa function coefficients
mixture ID a b d g ay 5 2
50/70 0.489 | 3.921 | 1.537 | 0.569 | 0.0014 | -0.1919| 3.2788
30/45 0.475 | 3.933 | 1.828 | 0.514 | 0.0011 | -0.1868| 3.2849
15/25 -1.346 | 5.857 | 2.747 | 0.406 | 0.0008 | -0.1752| 3.1654
60/85 -0.071| 4515 | 1.609 | 0.377 | 0.0015 | -0.2064| 3.5409
HM -0.163 | 4.624 | 2.218 | 0.385 | 0.0010| -0.1889| 3.3814
PPA -0.454 | 4.887 | 1.898 | 0.487 | 0.0013| -0.1884| 3.2319
RA-TB -2.965 | 7.404 | 2.331 | 0.376 | 0.0012| -0.1863| 3.2392
HIMA 0.3666 | 4.0815| 1.8805| 0.3982| 0.0014 | -0.2017| 3.4939
Elvaloy -0.068 | 4.646 | 1.661 | 0.354 | 0.0007 | -0.1734| 3.2057

It is important to mention that the asphalt bindeC 15/25 is an unmodified low

penetration grade product, adly used for high modulus asphaiixtures, which explains
this difference Also, the mastercurves have different slopes, which affect theirtisgtysio
temperature and/or loading time variations. The 5@iQure, for examplewhich is
prepared wittatypical unmodified binder, is stiffer than the 60f8%ture at high reduced
frequencies (low temperatures)nereasat low frequencies (high temperaturds)
unmodifiedmixtureis softer.This difference is explained by the SB&lymer malification

of the mixtur® 60/85 asphalt binder.
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Figure68. Implementation study asphafixture mastercurves in serdog scale Tr = 20C
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Figure69. Implementation study asphatixture mastercures in loglog scale Tr = 20C
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Figure70. Implementation study asphatiixture phase anglegr = 20°C

As describedn the test methods chapi&hapterd), the dynamic modulus and phase
angle datavereused to obtain the laxation modulusK(3)) values Table21 andTable22
present theelaxation modulu®rony representatiditting coefficients The fitting process
wasaccomplishedising retardation timegj from 2.0 x10° seconds to 2.0 x 1bseconds,
in onedecadencrementsTable23 shows the damage ratio exponemtsdbtained from the
relaxation modulus logpg slopen, from the relationshige = 1+1/h, as suggested by

Underwood et al20099.

153



Table21. Implementation study asphalt mixtgreelaxation modulus Prony representation

fitting coefficients (a)

Ei, kPa

bin S 50/70 30/45 15/25 60/85 HM
20E+10 | 3.68E+02 | 1.02E+03 | 1.22E+03 | 2.11E+03 | 3.91E+03
20E+09 | 3.25E+02 | B.00E+02 | 117E+03 | 1.33E+03 | 2.91E+03
20E+08 | 6.25E+02 | 1.50E+03 | 2.83E+03 | 2.40E+03 | 5.83E+03
20E+07 | 1.23E+03 | 2.95E+03 | 7.85E+03 | 4.62E+03 | 1.28E04
20E+06 | 2.54E+03 | 6.28E+03 | 2.48E+04 | 9.65E+03 | 3.08E+04
20E+05 | 5.62E+03 | 1.49E+04 | 8.44E+04 | 2.21E+04 | 8.01E+04
20E+04 | 1.40E+04 | 4.06E+04 | 2.81E+05 | 5.45E+04 | 2.13E+05
20E+03 | 4.08E+04 | 1.25E+05 | 8.09E+05 | 1.40E+05 | 5.39E+05
20E+02 | 1.40E+05 | 4.02E+05 | 1.83E+06 | 3.53E+05 | 1.19E+06
20E+01 | 5.15E+05 | 1.16E+06 | 3.12E+06 | 8.08E+05 | 2.18E+06
20E+00 | 1.63E+06 | 2.56E+06 | 4.02E+06 | 1.58E+06 | 3.16E+06
20E-01 | 3.50E+06 | 3.85E+06 | 4.23E+06 | 2.51E+06 | 3.75E+06
20E-02 | 4.76E+06 | 4.32E+06 | 3.84E+06 | 3.21E+06 | 3.86E+06
20E-03 | 4.98E+06 | 4.14E+06 | 3.14E+06 | 3.61E+06 | 3.50E+06
20E-04 | 4.16E+06 | 3.44E+06 | 2.38E+06 | 3.56E+06 | 2.91E+06
20E-05 | 3.04E+06 | 2.62E+06 | 1.72E+06 | 3.19E+06 | 2.27E+06
20E-06 | 2.03E+06 | 1.87E+06 | 1.20E+06 | 2.66E+06 | 1.69E+06
20E-07 | 1.29E+06 | 1.29E+06 | 8.18E+05 | 2.11E+06 | 1.23E+06
20E-08 | 7.97E+05 | 8.62E+05 | 5.51E+05 | 1.61E+06 | 8.67E+05
20E-09 | 4.82E+05 | 5.68E+05 | 3.67E+05 | 1.19E+06 | 6.05E+05
20E-10 | 6.61E+05 | 9.35E+05 | 6.29E+05 | 2.49E+06 | 1.13E+06

E. 1.02E+04 | 8.41E+03 | 7.52E+02 | 3.00E+03 | 4.02E+03
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Table22. Implementatia study asphalt mixtugerelaxation modulus Prony representation
fitting coefficients D)

Ei, kPa

b S PPA RA-TB HIMA Elvaloy
2.0E+10 3.88E+02 2 18E+02 3.56E+03 3.35E+03
2.0E+09 3.01E+02 1.86E+02 2 44E+03 2 13E+03
2.0E+08 5 72E+02 4.17E+02 4.62E+03 3.92E+03
2. 0E+07 1.16E+03 1.07E+03 9.46E+03 7.74E+03
2.0E+06 2 60E+03 3.16E+03 2 12E+04 1.66E+04
2.0E+05 6.67E+03 1.06E+04 5. 16E+04 3.85E+04
2. 0E+04 2.02E+04 3.85E+04 1.32E+05 9.45E+04
2.0E+03 7.05E+04 1.37E+05 3.38E+05 2 36E+05
2. 0E+02 2 61E+05 4.26E+05 7.94E+05 5 61E+05
2. 0E+01 8.60E+05 1.07E+06 1.59E+06 1.20E+06
2.0E+00 2 15E+06 2 06E+06 2 61E+06 2 19E+06
2.0E-01 3.67E+06 3.03E+06 3.43E+06 3.29E+06
2.0E-02 4.48E+06 3.58E+06 3.75E+06 411E+06
2.0E-03 4.49E+06 3.66E+06 3.62E+06 4.64E+06
2.0E-04 3.82E+06 3.33E+06 3.15E+06 4.71E+06
2.0E-05 2.93E+06 2 79E+06 2 54E+06 4.40E+06
2.0E-06 2 10E+06 2 20E+06 1.94E+06 3.87E+06
2.0E-07 1.44E+06 1.66E+06 1.43E+06 3.24E+06
2.0E-08 9.56E+05 1.22E+06 1.03E+06 2 62E+06
2.0E-09 6.24E+05 8.80E+05 7 24E+05 2 06E+06
2.0E-10 1.00E+06 1.74E+06 1.38E+06 4.92E+06

E. 2 22E+03 1.49E+02 5 19E+03 4.01E+03
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Table23. Implementation study asphalt mixtardamage ratio exponents)(

Asphalt mixture

ID 4
50/70 2.94
30/45 3.13
15/25 2.%
60/85 3.55
HM 3.47
PPA 2.87
RA-TB 2.83
HIMA 3.56
Elvaloy 3.61

5.1.2.SVECDModel Fatigue Characterization

The SVECD characterization results are presented in two blocks: (i) the asphalt
mixtures tested atarious temperatures and (ii) the aaplmixtures tested only at 2G°

For the multipletemperature ¥YECD characterizatiarthree mixtures were chosen:
PPA, RATB, and HIMA. These materials were chosen because they have totally different
binders, as the PPA is aemdodified, the RATB is crumb rubbemodified, and thé&dIMA is
highly polymermodified. Forthe SVECD characterization of thiae PPA mixturefive
fatigue tests wereonductedthree at 20°C and two at Z5°The same number of testas
conductedor the RATB samples, howevgthree at R°C and two at 18C. Finally,three
fatigue tests wereonductedor the HIMA mixture, o at 20°C and only one at 1G°Table
24 presents the strain amplitudes (itgyuand the number of cyclésfailure (\y) for these

tests.
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Table24. Fatigue testing datar PPA, RATB, and HIMA mixtures

Asphalt Specimen S.train Test temperature, Ni, cycles
mixture 1D amplitude me °C ’
13 400 20 3515
14 350 20 8925
PPA 16 298 20 22755
17 402 25 11755
18 453 25 7255
03 299 15 4355
05 226 15 60055
RA-TB 06 302 20 6005
08 203 20 50205
09 402 20 2755
09 400 20 30005
HIMA 10 397 15 3005
12 453 20 6805

Figure71throughFigure74 show the damage chataristic curvegC vs. S) obtained
at multiple temperatures auifferentstrain amplitude$or the PPA, RATB, and HIMA
asphalt mixturedt can be noted that the damage characteristic curves obtaitied at
different conditions collapse very well forethhree asphalt mixtureghe asphalt rubber
mixture (RATB) presend slightly scattered results, but it can be observed that this
dispersion is not relatetd the temperaturdoecausehe averageédamage curves at 15°C and

20°C collapse quite wellaspresentedn Figure73.
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Figure71 PPA asphalt mixture damage characteristic cuii4gs 20°C
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Figure72. RA-TB asphalt mixture damage characteristic curvgs 20°C

158



OAverage 15°C
OAverage 20°C
02 r
0 | | | | |
0 20000 40000 60000 80000 100000 120000

S
Figure73. RA-TB asphalt mixture average damage characteristic curkes20°C

>sp09 20°C
0s | 1sp 10 15°C
Osp12 20°C
06 r
o M.
04 - e,
0.2 r
0 | | |
0 50000 100000 150000 200000

S
Figure74. HIMA asphalt mixture damage characteristic cuylgss 20°C
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In this researcithe G*-basedatigue failure criterion proposed by Sabeamid Kim
(2014)wasused for asphalt mixture and pavement areslySherefore, it is importariat
this approachvas evaluated for itspplicability for Brazilian materials as well &3 the test
methods used irhis researchFigure 75 throughFigure 77 presenthe G® versus\; failure
envelopsfor the PPA, RATB, and HIMA asphalt mixturesrespectivelyAnalyzing the
fatigue failure lines based dne G~ it is possible to conclude that the approach proposed by
Sabouri and Kin{2014)hasworked properly for theeBrazilian asphalt mitures It is noted
thatfor all the failureenvelopestheG" correlates highlyvith theN; (very highR-squared

values), even whethe test temperatures are differé€ri°C, 20°C, and 25°C)
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Figure75. PPA asphalt mixtureS® versus\; failure envelope Tg = 20°C
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Figure76. RA-TB asphalt mixtureG~ versus\; failure envelope Tg = 20°C
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Figure77. HIMA asphalt mixtureG~ versus\; failure envelope Tg = 20°C
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Table25 presents the averagidamage characteristic curves and®3dailure
envelopeaegression coefficienter all the asphalt mixtures analyzedthe SVECD model
implementation studyTable13). The damage characteristic curve coefficients are those
obtained for the power analytical form presented in Equ#figy) andthe G® failure

envelopesverefitted to thefollowing analytical form:
Gt =U3N," (86)

whered andgparethefitting coefficients.
Figure78 andFigure79 show the averagl damage characteristic curves and@fe
failure envelopedor the implementatiostudy asphalt mixtures.

Table25. Implementation study asphalt mixtaraverage damage characteristic curves and
G failure envelopeegression cefficients

Asphalt Cvs.S G"

Mixture 1D Cio Cu Ci2 U D
50/70 1.0 0.000233 0.718 1092217 -1.214
30/45 1.0 | 0.0000966 0.765 19845560 | -1.430
15/25 1.0 | 0.00000247| 1.030 10710956 | -1.287
60/85 1.0 0.000977 0.570 3037431 -1.230

HM 1.0 0.000152 0.685 6240899 -1.304
PPA 1.0 0.000496 0.618 7085778 -1.304
RA-TB 1.0 0.000551 0.626 8436557 -1.378
HIMA 1.0 0.000611 0.573 1574402 -1.045
Elvaloy 1.0 0.000261 0.669 1953944 -1.195
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Figure78. Implementation study asphalt mixtaraverage damage characteristic curves
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Figure79. Implementation study asphalt mixtur& versus\; failure envelopesTg = 20°C
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Figure78 andFigure79indicatethat the asphalt binders affect the damage of the
asphalt mixturestor example,ite HIMA mixture exhibitsthe uppemostGF failure
envelopeandthethird damage curven the vertical positionOn the other hand, the
unmodified 50/70 mixture presetiothof its curves at the lowest positiofihis observation
can be an indicator goodandbadfatigue performance, respectively.

However, as shown iRigure68 andFigure69, the asphalt mixes present very
different LVE behavior, which also affects tthi@mageanalysispecauseéhe damage
parameter$) depends on both the pseudo strai &nd the damage exponea)(
Considering thaBis used for the material integrity predictsg(C) and consequently fahe
G- determinationthe best way to assess the matdeiagl fatigue performance is through

fatigue test simulatia) as presented in the next section.

5.1.3.SVECDModelFatigue Test Simulations

Sabouri and Kim (2014) showed that th& 5CD model coupledvith the G® failure
criterion isanaccuratenethodfor predicting the fatigue life of asphalt mixtunesder
different loading conditionf€emperature, frequencyodeof-loading etc.) In order to
check the modél accuracy for the Brazilian materials and tegthods useth this study,
the experimental fatigutestresults {y) of the three mixture@PA, RATB, and HIMA)
tested at multiple temperatures are compareetatigueresultsobtainedthrough the S
VECD modelsimulatiors using theG" failure crierion.

Becausehe fatigue testised in this studis the COStest andconsideringhat the

on-specimen strain amplitude is practically constant throughout the tefdtithe
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experimental results us@dthe simulations are the averdgm-specimen tain, the

averagd b (it is practically constantoo), and\:. Thus, the orspecimen straineeded to

reachthe experimental; can bebackcalculate@asily usinghe S-VECD modelsimulatiors.
Figure80 andFigure81 presat compaisons ofthe experimental and predicted-on

specimen strain®ased orthe simulation results presented, it is concluded that the approach

used in this research for damage characterization and fatigue life prediction is accurate. The

average erroof theon-specimen straipredictionss 2.1percentand the error range 6.0

percento 15.9percent The maximum prediction error was obtained for a RAmixture

test, which was expected due to Hvattered5-VECD testresults found for this mateli

(Figure72).
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Figure80. Comparison betweerxperimental and predicted @pecimen strains versi
for the PPA, RATB, and HIMA asphalt mixtures
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Figure81. Comparison b&teen experimental and predictedspecimen strains for the PPA,
RA-TB, and HIMA asphalt mixtures

In order to compare the fatigue life (matete@tel) of the implementation study
asphalt mixtures, simulations weten at threetemperatures: 18, 20°C, and 25T. The
simulations wereun using controlleestrain mo@-of-loadingat 10 Hz, and) was assumed to
be-0.08,whichis the averagkexperimentalalue. Thisb valuewas assumed because it
allows a simple comparisdo be maddetween the simulations 20°C and the respective
expeimental results (fatigue cunmmparison)similar conditionswereused in these cases.
Figure82 throughFigure84 show the results of the fatigue life simulatidosall the

implementation stugdmixtures at 15C, 20°C, and 25C, respectively.
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Figure82. Implementation study asphalt mixturésigue life simulatiosat 15°C and 10 Hz
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Figure83. Implementation studgsphalt mixturedatigue life simulatios at 20°C and 10 Hz
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Figure84. Implementation study asphalt mixturéstigue life simulatios at 25°C and 10 Hz

It can be noted th#he asphalt binder playn importantole in themixturess fatigue
life. Comparing the worst and the best mixtaiethe material level the fatigue life
difference between these mixtures can be as large as 100dapesading on the
temperature and strain amplitudéne HIMA mixtureexhibitedthe besperformance at the
three temperatures, which was expected because this product is highly polgdiged. In
addition, it has been noticed that HIMA mixtueedibit superioin-service fatigue
performance.

The temperature also affects the asphalt megufatigue life. Observing the
simulation results, in generdhe fatigue life increases as the temperature increases for the
temperature rangd5°C to 25°C)onsideredn the simulationsHowever,some mixtures
aremoresensitiveto the temperature vation than otherg=or example, at 2%, the 15/25

mixture exhibitedthe worst performarecof the group. However, at X5°this mixture
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performedbetter tharthe others as the 50/70 mixtureecamehe worstperforming mixture
In order to better illusate this behavioiiigure85 throughFigure87 present comparisons of
the fatigue life simulatiomesultsat different temperatures for the 50/80/45,and 15/25
mixtures respectivelylt can be obserd that the fatigue lifenvelopes of the 50/7hd
30/45mixtures move up as the temperature increasess @gpected for this temperature
range. On the other hand, th&/25 mixture fatigue envelopes move down as the temperature
increasesvithin the sane temperatureange, whichhasnot beencommonlyobservedThis
behaviorcan beexplainedby the combination othe LVE and damageroperties of the
asphalt mixtures. In the casetbé 15/25 mixturé¢very high modulusalue), as the
temperature increasé®m 15°C to D°C, thedissipation modulu§E'") increases
significantly, as shown irFigure88. Thus, moreviscousenergy is dissipatednd
consequentlythe damage energy dissipatioereasestoo. On the other handof the 5070
and 30/45mixtures (andthe other mixturestoo), the E'" decreases or almost does not change
asthe temperature varies from 15°C to @§Figure88), so thedecreasinglastic component
(E") domnatesthe damage variation in thismperature rang@gigure89).

In addition, it can be noted that bdtie 50/70 and 30/45 mixturesxhibitedthe
biggest jump in thie fatigue envelopgwhen the temperatukeas increasettom 20T to
25°C,whereador the 15/25mixture this jump occurretvhen theemperature decreate
from 20°C to 15C. Figure88indicateghat these points are relatedthe E" variation.Also,
the 50/70 mixtur@ppears to bmore sensive to therise intemperature #in the 30/45

mixture.Becausdoth mixtureshowsimilar E" trend, this observation can be explained by
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thesharper downwardlopeof the E' versus temperature cureghibitedby the 50/70

mixture (Figure89).
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Figure85. 50/70 mixture fatigue life simulatigrat 10 Hz and different temperatures
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Figure86. 30/45 mixture fatigue life simulatiaat 10 Hz and different temperatures
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Figure87. 15/25 nixture fatigue life simulatiogat 10 Hz and different temperatures
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Figure88. E™" at 10 Hzversus temperature for the 50/80/45,and 15/25sphalt mixtures
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Figure89. E” at 10 Hzversus temperata for the 50/70, 30/45, and 15/@Sphalt mixtures

Figure90 presents thé& valuesfor an strain amplitude of 3Q@eand 10 Hz at
multiple temperaturegbtainedvia S-VECD simulatiors, for the 50/70, 30/45, and 15/25

mixtures
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Figure90. Nsat 300me and10 Hz at different temperaturés the 50/70, 30/45, and 15/25
asphalt mixtures

Figure90indicatesthat at temperatures below Z5thefatigue life of thel5/25
mixtureincreases afe temperature decreases for tsulation condition (10 Hz}or the
50/70 and 30/45 mixturgand the other mixturegoo), this critical pointoccursonly at
temperatures arourat below10°C.These finding matchthe results presentéd Figure82
throughFigure84.

Mom and Barra (2013) characterized the fatigue behavior of artugtestiffness
Brazilian asphalt mixture prepared with a binder sintdghe one used in the 15/25 mixe
This mixturehasa 19.1 mm NMASwith adesigned binder conteat 5.7 percent For
fatigue characterizatiodMom and Barra (2013pllowed the French standard AFNOR NF P

98-261-1, which tests the asphalt mixture using trapezoidal geomettgrcontrdled-strain
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sinusoidal loading &5 Hz They ran the test set tavo temperatures, 10°and 30C. The

fatiguelife envelopes obtained by Mom and Barra (2013) are shoWwigure91.
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Figure9l. Fatiguelife envelope®f the high stiffness mixture characterized by Mom and
Barra (2013)

Figure91 showsthat the fatigue failure envelope obtained@tC ishigherthanthat
obtained aB0°C. This finding is in accordance witha 15/25 mixturé&-VECD simulation
resultspresented previously.

Thus, he SVECD model coupleavith the G® failure criterionwas able tgredict the
complexfatiguebehavior of the 15/25 asphalt mixture at different temperaftom fatigue
testscondudedat only 20<C. This finding reinforces the moded sapabilityto combine the
LVE and damage properties with th&$ principlewith growing damage to predict the

asphalt mixure®behaviorin terms offatiguelife.

174



From the results and analygigesentd in this section, it is possible to conclude that
the test methodserein describednd the SYECD model areppropriatdor Brazilian
asphalt mixture characterizatiadote that Mom and Barra (2013) spent about four months
characterizing the higétiffnessmixture, whereasising the SYECD modelprotocol it takes
no more than five days to fabricate the samples and to run all the dynamic modulus and
uniaxialfatigue tests.

In the next sectigrthefatigue performance of theodelimplementation study s

aghalt mixturess ranked and compared to tperformance of thasphalt binders.

5.1.4.Effect ofBinder Type on Asphalt Mixture Fatigue Performance

Taking into account that the implementatgindy asphalt mixtures hatlee same
aggregate and gradation distrilout as well as similar binder content (only the-RB
mixture hadifferentbinder content), it isvorthwhileto compare théatigue performance of
theasphalt mixtureslirectly tothe bindempropertiesin this regard, the asphalt binder fatigue
characteration wasconducted using tHeear amplitude sweefh AS) test at 19C, in
accordance with the provisiordASHTO TP 101standard This testincorporatesin
oscillatory strain sweeghatconsiss of linearly increasinghe strain from 0.Jpercento 30
percenteffective strain amplitude at a constant frequency of 10 Hz over the course of 310
secondgSafaei et al. 2014Althoughthe LAStestis not asimple test that allows for typical
fracture analysis, it is successful at producing damage at anrateeleate andherefore,
canstill beconsidered useful for damage resistance characterization for practical

specificationgHintz and Bahia 2013) hus, he VECD modelwasused to analyize theAS
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data (Hintz et al. 2011) in order poedictthe asphalbinderfatigue life atthree strain

amplitudes (1.25%, 2.5%, and 5.0%)

The failure criterioradoptedor the LAS binder testis based on the approach
proposed by Hintz and Bahia (2013), where the apparent reducpseudo stiffness is used
to estimae the crack growtfa). The minimum crack growth rateda/dN prior to the rapid
increase in the crack growth rate coincides withctiaek length &) where loading resistance
beginsand therdecreases rapidly (as illustrdte Figure92). Thus, tls critical crack length
(&) is consideredo be areasonable failure criterion (Hintz and Bahia 204:/3)can beused
for the VECDmodelpredictions becausé¢he pseudo stiffness at this pointfined aghe

pseudo stiffness atifare (C;). Note that the asphalt binder fatigue simulasiere runat 10

Hz under controllegtrainmodeof-loading
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Figure92. da/dN versusa for typical LAS test at 1€

176



Figure93 shows the fajue envelopes (obtaineta VECD modelsimulatiors) of the
implementaion study asphalt binders at ©andFigure94 presents thecrack lengtls at
failure (a;). Note that the rubber asphhblhder fatigue results are not showecausé¢he data
obtained in the LAS test for this sampleenot reliable, probably due to tipeesence of

crumb rubber patrticles.
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Figure93. Implementation study asphainhders fatigue envelopes at 19°

Comparing théinder®fatigue envelopes with the asphalt mixt@resf at i gu e
envelopess not a straightforward task. The fatigue envelope sltpabke binders and
mixturesvary and alsgresent different trends. Therefore, it is cumbersome to make a direct
comparisorbetween thé\; values becausegepending on the strain amplitudes chosen for
the analysisthe relationship betweeghebinder andhemixture, as welhstheir respective

ranking positios, can change significantly
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Figure94. Implementation study asphalt bindecsack length at failureaf) at 19C

Considering the results obtained in this study, it is propthednindexreferred to
as thefatigue area facto(FAF) should be usefbr fatigue performance ranking and
comparson oftheasphalt binders and mixtures. The Faspresentshe aredhat islimited
by the fatigue envelope, in ldgg scale, between two strain amplitudges and eng as
shown inFigure95. In the case otheasphalt mixtues, the strain amplitude range chosen for
analysis is that commonly found at the bottom of the asphalt, lagsed onypical
pavement analysis Brazil, this range is betweetr00 e and 200ne for strong and weak
pavemery, respectivelyThus,from a smplified point of view the highetthe FAF,thebetter
theasphalt mixture fatigue lifeends to batthe material level.

For the asphalt binder FAF calculatgthe strain amplitude limitwere chosen

based on the asphalt mixture strains. Accordingrtddowood (2011 Xhe average relative
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strain values between scales will change depending upon various rugpgedent
properties, but a good rule of thumb for carrying out experiments ithélainder has a
strain valueghat isabout 12 timesthat ofthe mixture Thereforethe strain valuesg, and
ang choserfor the asphalt binder FAF calculateare 1.25ercentand 2.5ercent

respectively.

Eend \

FAF

Eini

Log strain amplitude, microstrain

Log N; @ 19°C

Figure95. Fatigue area factor (FAF) graphical representation

Table26 presend the FAFandas valuesat 19T, andFigure96 compares tese
results.Note that the FAFs are denoted as RA#ad FAFR for asphalt mixtures and asphalt
binders, respectivelfigure96 indicateshatthe FAFRy and FAF valuesrelatevery well.
Only the AC 30/45 datareslightly ousidethe trend. The binder parameteSAFg anday,

have an excellent relationshipyt FAFg corelates betrto mixture performancelable27
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presents thenplementation study asphalt mixtureéankingsasdetermined fronthe FAFy,

FAFg, anda;.
Table26. FAFs andas valuesat 19T
Binders ID a, mm FAFy (mixtures) | FAFg (binder)
AC 5070 0.74 1.62 1.22
AC 30/45 1.12 1.64 1.43
AC 15/25 0.46 1.64 1.18
PMA 60/85 1.33 2.09 1.59
High modulus 1.05 1.89 1.52
PPA 0.87 1.83 1.27
RA-TB - 1.68 -
HIMA 1.68 2.82 1.91
Elvaloy 0.83 1.86 1.35
3.0
25 r
20
£
L
L 15 E
©
1.0
0.5
0.0
Q © o s 3 2 o
S LK é@o N Ny %@‘h
O &

Figure96. Comparisorof FAFs anda; valuesat 19T
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andas , controlledstrain

Table27. Implementation studysphalt mixturesrankings determined from FAf FAFg,

Ranking position Ranking criterion

af FAFv FAFg
1 HIMA HIMA HIMA
2 60/85 60/8 60/85
3 30/45 HM HM
4 HM Elvaloy 30/45
5 PPA PPA Elvaloy
6 Elvaloy 30/45 PPA
7 50/70 15/25 50/70
8 15/25 50/70 15/25

The RATB mixture is noincludedin Table27 because it does not have good binder
data, as aforemepted. However, its ramki position according to the FAfcriterion is just
belowthat ofthe PPA mixture.

FromTable27, it is concluded that #best fatigue performaneader controlled
strainatthe material levelwasobtainedfor the HIMA and 60/83nixtures(polymer
modified materials)TheHM and Elvaloymixtures showrelativegood performance
whereaghe 50/70 and 15/2ixturesare alwaystthe bottom offable27. Comparing the
ranking positiongstablished from thEAF, andFAFg criteria, and excluding the 30/45
mixture data, the classificatiorsultsareabout the same. The only differencéasthe
50/70 and 15/25 mixtureblowever,these materials present very similar B4practically a
technical tie) In addition,excluding the 30/4%nixture dataagainand considering the similar
performance ahematerial level of the 50/70 and 15/25 mixtures,ah&iterion also ranks
the materialsvell, but in this case thgositions of theElvaloy ard PPA mixtures are

exchanged when compared to the otflassificatiors.
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The classifications presentedTiable27 do nottake into account the asphalt
mixturedstiffnessvalues ther behavior at temperatures other thaf,%nd the
combination othe mixture®properties with pavement structure, climate, and tradécling
These variablesan significantlyaffectthe asphalt mixturedin-service performance

especially because tlsamplegpresent very different LVE properti¢stiffnessvalues.

5.2.FUNDAO PROJECT PAVEM ENT SIMULATION S

5.2.1.Asphalt Mixture Characterization

The LVE and SVECD properties of the Fundao project asphalt mixtures were
obtainedand analyzeth asimilar manner as for thrmodelimplementation study asphalt
mixtures.Table28 presents the fitting coefficients for tHe*| mastercurves and the shift
factor functions, as defined by Equati¢B4) and(85), respectivelyFigure97 through
Figure102presenthe asphalt mixture mastercurves in séogiand loglog scales, and the

phase angles versus reduced frequency, respectively.
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Table28. Fundagprgect asphalt mixturesnastercurves and shift factor function fitting

coefficients

Asphalt

Sigmoidalfunction coefficients,
|E*| in MPa

Shift factor polynomial
function coefficients

mixture 1D

b

d

a

a

as

50/70 12.5 mm

1.1200

3.2900

1.4300

0.6720

0.00049

-0.1420

2.6400

50/70 191 mm

1.0800

3.3400

1.4200

0.6640

0.00101

-0.1730

3.0500

30/45 12.5 mm

-0.5960

5.0700

2.0700

0.5030

0.00135

-0.2000

3.4600

30/45 19.1 mm

-0.1850

4.6300

2.1800

0.5450

0.00100

-0.1820

3.2400

65/90 19.1 mm

1.1900

3.2900

0.9130

0.5100

0.00121

-0.1780

3.0800

RA-TB
19.1 mm

0.8890

3.4500

1.2300

0.5920

0.00066

-0.1440

2.6100

Syn 19.1 mm

1.7538

2.5737

1.5320

0.7262

0.0014

-0.2046

3.5221

Bio 19.1 mm

-0.6688

5.1645

2.0589

0.4491

0.0014

-0.2083

3.6192

60/85 9.5 mm

1.1678

3.1696

0.9391

0.5308

0.0011

-0.1765

3.0994

60/85 19.1 mm

1.1310

3.2904

1.2670

0.5247

0.0010

-0.1675

2.9617

Elvaloy 19.1

mm

-1.4326

6.0081

2.1468

0.4093

0.0015

-0.2025

3.4495

30000

25000

20000

——50/70 12.5 mm

- —= 50/70 19.1 mm
——30/45 12.5 mm

| ——30/4519.1 mm
65/90 19.1 mm
—=—RA-TB 19.1 mm

1.E-01
Reduced frequency, Hz

1.E+02 1.E+05

Figure97. Fundao projecasphalt mixturesnastercwes in semiog scale Tr = 20°C (a)
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—+=—S3yn 19.1 mm
25000 | —=—Bio 19.1 mm
—<—60/85 9.5 mm
20000 } —=-60/8519.1 mm
E ——Elvaloy 19.1 mm
= 15000 |-
fu
10000
5000
0 e
1.E-04 1.E-01 1.E+02 1.E+05

Reduced frequency, Hz

Figure98. Fundao project asphalt mixturesastercurves in seAng scale Tg = 20°C (b)
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——30/45 19.1 mm
——65/90 19.1 mm
—<-RA-TB19.1 mm

100 ' !
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Figure 99. Fundao projecasphalt mixturesmastercurves in lofpg scale Tr = 20°C (a)
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Figure 100. Fundao project asphalt mixturesastercurves in letpg scale Tr = 20°C (b)
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Figure1l01l Fundao projecasphalt mixturesphase anglegg = 20C (a)
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Figure102 Fundao project asphalt mixturggase anglegg = 20°C (b)

Table29 andTable30 present the relaxation modulus Prony representatiomgfitti

coefficients andTable31 shows the damage ratio exponeras (

Table29. Fundao projecasphalt mixturesrelaxation modulus Prony representation fitting
coefficients(a)

i, S

= kPa

50/70
12.5 mm

50/70
19.1 mm

30/45
12.5 mm

30/45
19.1 mm

65/90
19.1 mm

RA-TB
19.1 mm

2.0E+10

2.32E+02

2.38E+02

3.43E+02

3.31E+02

1.17E+03

3.35E+02

2.0E+09

2.50E+02

2.47E+02

2.81E+02

2.88E+02

8.49E+02

2.91E+02

2.0E+08

5.21E+02

5.10E+@

5.45E+02

5.73E+02

1.50E+03

5.52E+02

2.0E+07

1.10E+03

1.06E+03

1.14E+03

1.22E+03

2.69E+03

1.07E+03

2.0E+06

2.38E+03

2.28E+03

2.63E+03

2.92E+03

5.02E+03

2.15E+03

2.0E+05

5.39E+03

5.13E+03

7.09E+03

8.17E+03

9.89E+03

4.61E+03

2.0E+04

1.33E+04

1.26E+04

2.29E+04

2.78E+04

2.11E+04

1.09E+04

2.0E+03

3.75E+04

3.59E+04

8.68E+04

1.13E+05

4.98E+04

2.97E+04

2.0E+02

1.28E+05

1.24E+05

3.46E+05

4.70E+05

1.31E+05

9.49E+04

2.0E+01

5.10E+05

4.95E+05

1.18E+06

1.58E+06

3.66E+05

3.34E+05

2.0E+00

1.85E+06

1.80E+06

2.90E+406

3.60E+06

1.06E+06

1.08E+06
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Table 29 (Continued)

E, kPa

}Ji, S 50/70 50/70 30/45 30/45 65/90 RA-TB

12.5 mm 19.1 mm 12.5 mm 19.1 mm 19.1 mm | 19.1 mm

2.0E-01 | 4.22E+06| 4.16E+06 | 4.46E+06| 4.89E+06 | 2.24E+06 | 2.54E+06
2.0E-02 | 5.64E+06| 5.62E+06 | 5.03E+06| 5.07E+06 | 3.84E+06 | 3.82E+06
2.0E-03 | 5.46E+06| 5.59E+06 | 4.93E+06| 4.48E+06 | 5.06E+06 | 4.42E+06
2.0E-04 | 4.12E+06| 4.34E+06 | 4.22E+06| 3.50E+06 | 5.36E+06 | 4.02E+06
2.0E-05 | 2.70E+06| 2.92E+06 | 3.33E+06| 2.53E+06 | 4.78E+06 | 3.13E+06
2.0E-06 | 1.63E+06| 1.81E+06 | 2.47E+06| 1.75E+06 | 3.78E+06 | 2.20E+06
2.0E-07 | 9.39E+05| 1.07E+06 | 1.77E+06| 1.17E+06 | 2.75E+06 | 1.45E+06
2.0E-08 | 5.28E+05| 6.14E+05 | 1.23E+06| 7.64E+05 | 1.90E+06 | 9.25E+05
2.0E-09 | 2.93E+05| 3.48E+05 | 8.46E+05| 4.94E+05 | 1.27E+06 | 5.75E+05
2.0E-10 | 3.48E+05| 4.20E+05 | 1.51E+06| 7.86E+® | 2.06E+06 | 8.51E+05
E. 2.22E+04| 1.86E+04 | 2.20E+03| 2.52E+03 | 2.22E+04 | 1.06E+04

Table30. Fundao projecasphalt mixturesrelaxation modulus Prony representation fitting

coefficients(b)
E, kPa
0S| Syn19.1 mm| Bio 19.1 mm| 60/85 9.5 mm| ©0/8519.1 | Elvaloy19.1
mm mm
2.0E+10| A455E+02 | 5.97E+02 | 7.60E+02 | 1.23E+03 | 4.86E+02
2.0E+09| 5.32E+02 | 4.54E+02 | 5.95E+02 | 9.56E+02 | 3.77E+02
20E+08| 1.16E+03 | 8.85E+02 | 1.08E+03 | 1.74E+03 | 7.76E+02
20E+07| 2.55E+03 | 1.00E+03 | 1.98E+03 | B3.23E+03 | 1.79E+03
20E+06| 5.66E+03 | 4.50E+03 | 3.75E+03 | 6.27E+03 | 4.74E+03
20E+05| 1.30E+04 | 1.20E+04 | 7.44E+03 | 1.29E+04 | 1.45E+04
20E+04| 3.15E+04 | 4.14E+04 | 1.59E+04 | 2.02E+04 | 4.95E+04
20E+03| B8.48E+04 | 1.45E+05 | 3.74E+04 | 7.40E+04 | 1.75E+05
20E+02| 2.63E+05 | 4.86E+05 | O9.87E+04 | 2.08E+05 | 5.69E+05
20E+01| B8.86E+05 | 1.36E+06 | 2.82E+05 | 5.99E+05 | 1.51E+06
20E+00| 2.68E+06 | 2.85E+06 | 8.10E+05 | 1.61E+06 | 3.05E+06
20E-01 | 4.35E+06 | 4.17E+06 | 1.83E+06 | 3.02E+06 | 4.52E+06
20E-02 | 4.81E+06 | A4.73E+06 | 3.11E+06 | 4.31E+06 | 5.23E+06
20E-03 | 3.77E+06 | A4.75E+® | 3.86E+06 | 4.68E+06 | 5.39E+06
20E-04 | 2.41E+06 | A4.21E+06 | 3.68E+06 | 4.13E+06 | 4.93E+06
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Table 30(Continued)

E, kPa
0S| syn 19.1 mm| Bio 19.1 mm | 60/85 9.5 mm ©0/8519.1 | Elvaloy 19.1
mm mm

20E05 | 1.39E+06 | 3.46E+06 | 2.91E+06 | 3.16E+06 | 4.18E+06
20E06 | 7.52E+05 | 2.69E+06 | 2.03E+06 | 2.20E+06 | 3.35E-+06
20E07 | 3.96E+05 | 2.00E+06 | 1.32E+06 | 1.45E+06 | 2.58E+06
20E08 | 205E+05 | 1.46E+06 | 8.16E+05 | 9.18E+05 | 1.93E+06
20E-09 | 1.06E+05 | 1.04E+06 | 4.92E+05 | 5.70E+05 | 1.41E+06
20E-10 | 1.07E+05 | 2.02E+06 | 6.61E+05 | 8.17E+05 | 2.93E+06

E. 8.07E+04 | 1.63E+03 | 2.25E+04 | 2.39E+04 | 6.69E+02

Table31. Fundao projecasplalt mixtures damage ratio exponents)(

Asphalt mixture ID a
50/70 12.5 mm 2.88
50/70 191 mm 2.86
30/45 12.5 mm 2.77
30/45 19.1 mm 2.71
65/90 19.1 mm 3.43

RA-TB 19.1 mm 2.71
Syn 19.1 mm 3.23
Bio 19.1 mm 2.92
60/85 9.5 mm 3.41

60/85 19.1 mm 3.3

Elvaloy 19.1 mm 2.89

Considering the ECD modelprotocol validation discussead the Section5.1, the
S-VECD modeltess of the Fundao project asphalt mixtuwesre performeanly at 20C.
Table32 presents the averagidamage characteristic curves and®3dailure

envelope regression coefficients the Fundao proje@sphalt mixturesFigure103through
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Figure106show the averagkedamageharacteristic curves and tB& failure envelopes of

theFundao projecasphalt mixturesrespectively

Table32. Fundao projecasphalt mixturesaveragd damage characteristic curves @&t
failure envelope regression coefficisn

Asphalt Cvs.S G"
mixtures ID Cio Cu1 Ci2 U D
50/70 12.5 mm| 1.0 0.00008 0.807 5064581 -1.360
50/70 191 mm | 1.0 0.000154 0.758 1587412 -1.214
30/4512.5mm| 1.0 0.000089 0.787 2988891 -1.288
30/4519.1 mm| 1.0 0.000071 0.812 4673062 -1.348

65/9019.1 mm| 1.0 0.001530 0.528 3709564 -1.211

RA-TB 19.1
mm

Syn19.1mm | 1.0 0.000626 0.617 20749123 -1.430
Bio 19.1 mm 1.0 0.000148 0.754 4862885 -1.332
60/859.5mm| 1.0 0.00499 0.42 13637499 -1.291

60/8519.1 mm| 1.0 0.002140 0.500 24110196 -1.412

Elvaloy 19.1
mm

1.0 0.000907 0.599 6120075 -1.359

1.0 0.000083 0.780 4460400 -1.331
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Figure103 Fundao projecasphalt mixturesaveragd damage characteristic cury@g =
20°C (a)
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Figure104 Fundao mject asphalt mixturesveragd damage characteristic cury@s =
20°C (b)
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Figure105 Fundao projecasphalt mixturesG" versus\; failure envelopesTs = 20°C (a)
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Figure106 Fundao projectsphalt mixturesG~ versus failure envelopesTg = 20°C (b)

In order to comparbriefly the fatigue lifeunder controlleestrainof the Fundao

project asphalt mixtures, test simulations weireat 20°Conly underthe same conditions
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(10 Hz anh=-0.08) that weradoptedor the implementation study test simulatioRgyure

107andFigure108show thefatigue envelopes obtained

In a general overview, the Fundao project mixtures preparediveithC 30/45

asphalt binder presented the highest dynamic modulus values, especially the 19.1 mm NMAS

mixture. The Elvaloy 19.1 mm mixture also presented high stiffness values. On the other

hand, the mixtures fabricated with rubber asphalt and potymoelified binders, PMA 60/85

and PMA 65/90, mainly the 60/85 9.5 mm asphalt mixture, showed the lowest stiffness

values. In addition to its polymenodified binder, the 60/85 9.5 mm asphalt mixtuas a

fine gradation (9.5 mm NMAS), and itesis 50 gyratios, which provides a soft material.

-

000

——50/70 12.5 mm
——30/45 12.5 mm
65/90 19.1 mm

Strain amplitude, microstrain

—=—50/70 1.1 mm

—=—RA-TB 19.1 mm

30/45 19.1 mm

100 :
1.0E+01 1.0E+03

N; @ 20°C

1.0E+05

1.0E+07 1.0E+09

Figurel07. Fundao projecasphalt mixturedfatigue life simulatiosat 20T and 10 HZa)
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Figure108 Fundao project asphalt mixturdatigue life simulatios at 20°C and 10 Hz (b)

Regarding the fatigue damage behaab20C, the 60/85 9.5 mmand 65/90 19.1
mm asphalt mixtureshowedthe best performansatthe material leveunder controlled
strain as expectedrhe rubber asphalt material alswowed exdéent fatigue resistance
especially when compared to the unmodified mixtures. Both AC 50/70 mixtures seem to
have about the same fatigue behawdrereaghe 30/45 19.1 mm mixturexhibitedthe
worst performancelhe Elvaloy 19.1 mnmixture alsoshowedpoor controlledstrainfatigue
behavior.

The mixtures fabricated with the basphalt and the reslased bindeexhibited
fatigue behaviothat wascomparablégo that ofthe unmodified mixturesalthoughtheresin
basedmixture showedbettercontrolledstrain fatigueperformancehan the bieasphalt

mixture
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Note that for theeomparison of th&undao project mixturédatigue behaviqrthe
FAF approactwas not taken, becauiee fatigue envelopgeresentedimilar slopes.

In sum, the Fundao project asphaliktures present a wide rangeldfE properties
and damage characteristics. Such differences in asphalt mixture behavior are desirable in this
research, as theyakethevalidation and calibration of the LVECD program framework

more robustor pavement péormance analysis.

5.2.2.Fundao Project Test Sectiorfsatigue Damage Simulatign

Initially, four Fundao project test sectiomnsre chosen for the pavement simulasion
usingthe LVECD programThe idea behind choosirsfew test sections fdheinitial
analyss wasto explore and define tHeestmethod for capturingavementiamage fronthe
simulatiors, and therno applythat method fothe remaining-undao project test section
simulations.

The test sectionselectednitially wereconstructedluringthe firstsemester of 2007
andpresentediifferent levels o p e r ccaekedtareaduring the last surveyable33and
Table34 present the test sectiotieat werechosen for the initial analysand their traffic
levels, respectivelyandFigure109andFigurel10show the e t e s tfatiguedcpt & rocnesnét

cracked are@evolutionandtheaverage deflectionasirs), respectively.
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Table33. Fundao projedest sectionshosen foinitial pavementnalysis

. Homogeneous Overlay
Test sectior : Overlay .
D pavement segmel te_chnlque thickness. mm Asphalt mixture
(Table3) (Figure43) '

51 30/45 19.1 mm
19 10 2 59 65/90 19.1 mm
34 10 1 58 30/45 19.1 mm
37 8 1 52 30/4512.5 mm
40 8 5 59 30/4512.5 mm

Table34. Initial test sectiongraffic level, number ofESALs (USACE)

Test section ID Numk_)er ofESALs Traffic yearly growth Traffic speed, km/h
(first year) rate, %
19 7.28E+05 3.0 60
34 1.11E+06 3.0 60
37 1.18E+06 3.0 40
40 1.39E+06 3.0 60
100
TS 19
—=-TS 34
80 r _ 1537
= TS 40
S 60 -
©
i=]
<]
E40 :
)
20 r
0 —ahe ! —
0.0E+00 5.0E+06 1.0E+07
ESALs

Figurel109. Initial Fundaaest sectiondatigued p e rccaekedtarezevolution
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FromTable33andTable34it is possible to observe that tbleosertest sections
were rehabilitatedisingdifferenttechniques (full milling, partial milling, and SAM) and
asphalt mixtures. In addition, the yearly traffic level (first yé&ageen tovary from
7.28E+05 to 1.36E+06 ESAL$heo p e rccaekedtare@evolutiors shown inFigure109
were obtained from the field survey détable7). For very high damage levels (>70%), the
0 p e rccaekedtarea  d e t drommiliefield dbservatioa become somevhatscattered

A comparison ofhe cracked areas with theftéction basinsshown inFigure110
indicates thaT'S 37, which has the most cracked aredso presents the weakpavement
structure. On the other hand, TS 40, which has the st&na#ic loading, is not cracked.
Although TS 40 exhibitaabout the same structural behaasiTS 19 and TS 34, its
rehabilitation techniqudoes not include millinghe old asphalt layeso the pavement
responses are differefthicker asphalt layer)n addition to theseonstructiorrelated
aspects, the overlay asphalt mixttoeTS 40exhibitedslightly betterfatigueresistanceéhan
the asphalt laysmuusedontop of TS 19 and TS 34he SAM layerapplied on TS 4@ppears
to haveprevenedthe old asphalt layer crack®m propagang upwad, which isnottrue,
becausehe results shown later supporetidea that thigood behavior is related to the
pavement responsassociateavith the mixture propertiedMoreover, the TS 19 overlayas
applied on the top of the base layer, without alyoshcked asphalt layenderneathand
even spTS 19showssomecracked aregabout 7%).

The backcalculation approach was taken to obtain the elastic modulus values of the
base, sulbbase, and subgrade pavement layers. In this approach, the averag®ddfbesins

and the layer thicknesses that are associated with the known material properties are used as

196



input for the analysis. For this task, the BAKFAA 2.0.0.0 program was employed, which
performs backcalculation of layer moduli using layered elasttyais and a downhill
multidimensional simplex minimization method. The function minimized is the sum of the
squares of the differences between the measured vertical pavement surface deflections and

the vertical pavement surface deflections that were otedpusing layered elastic analysis

(FAA 2012).
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Figurel1Q Initial Fundao tessectionsaveragaleflectionbasingFWD)

In order to standardize the backcalculatiand based on the autbosxperiencethe
new asphalt layanitial moduluswasassumed as thE*| value obtained at 10 Hz and &)°
the old asphalt layanodulusinitial valuewas assumeds3,000 MPaand the SAMayer

wasassumeastheold asphalt layeras theold asphalt layebecamel.5 cm thickein this

case

197



Giventhat the hourly temperature ddta Brazil areunavailable, théiami, FL
climate databasie the EICMwas usedo define the hourlyemperaturevariation inthe
Fundao projegbavementshroughout the year. The Miamimate dataverechoserbecause
therecorded temperature averages are very similar to fbo&o de Janeiro. For example,
over the course of a year, Mi €8 Csandine mper at u
Rio de Janeirat varies from 17°C to 3¥. Other climaic factors are also relatively similar
when both climates are compared. Thus, using
simulatiors in Rio de Janeiro iareasonablehoice Howeverfor the LVECDprogram
simulatiors, the Miami temperature datgereshiftedsix monthsin order to synchronize
themwith the seasain Brazil

The traffic loading input used for the LVEQiogramanalysiswasthe number of
ESALs(Table34.), obtained from the USACE equivalent factorssaggested by the
Brazilian pavement design guide (DNIT 200®&)affic speed alsaasconsideredNo
monthly adjustment factomsereapplied and the hourly truck distributiomsedis shown in
Figure39. The axle load is 80 kN and thiee pressure adopted is 800 kPa vatiectangular
area shape (length/width ratio of 1.5714).

For the LVECDprogrampavement simulatia)the new asphalt laygoverlag)
wereconsidered viscoelastic with damagad theproperties are those presented able28
(only the temperature shift factor function coefficientable29, Table31, andTable32.

All the remaining layers, including the old asphalt layars considered linear elastand
their propertiesvere determined based backcalculationNeither thermal stress nor healing

wasconsideredn the Fundao project pavemefatigue analysis.
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The simulation time used for the Fundaojpct analysis is 15 years. The LVECD
program divides the climatic history into three daily time segments to capture the variation in
temperatures throughout the day. Séaaily timesegmerg are 5:0012:00, 12:0019:00,
and 19:005:00. Theclimatic history is provided ate averagehourly temperatures during
a given time over a monthand this process is repeated for the first 12 months of analysis.
The program then calculates the stress and se&gponses for the traffic loading for each
daily segment, totaling 36 daily segments throughout the first year. The stress and strain
responses afenstored and used to predict subsequent years in the desighthie
pavementThis method assumes tlthe stress response does not change significantly as
damage increases in order to reduce the simulation(Liazgoix 2012 Eslaminia et al.

2012) Therefore, the Hyear simulation is divided into 540 segments.

The pavement responses obtained for eagimsat are then used for the fatigue
analysisusingthe VECD model coupledith the GR failure criterion.Thus,throughout the
simulation timeboth the pseudo stiffnes8)(and tha\/N; ratio are computedt many
differentpointswithin the asphalt layeThe N/N; ratio is obtained from thé failure
criterion using Mrangefrolm® toll,ammdamaget andtetally al u e
damaged, respectivelin order to quantify the asphalt layatiguedamage in this study, the
N/N; ratio values underneathd loaded areaereaveragedThe average is computéor a
grid of 110 points with 10 pointsequally distributedn the horizontal direction from the
centerof loading(0 cm)to 32.85 cm, and ILpointsin the vertical direction, from the bottom

of the aphalt layer to the surface, equatligtributed,as shown irFigure111
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The advantage of using this averaging approach for damage computation is the direct
consideration of the stress distribution throughout the asphalt layeg dibe damage
analysis, which includes the #igavement contact stresseggurel12presents the averaged

damage versus time data, as simulated using the LVECD program for the initial test sections.

Average N/N;

Subgrade

Figurelll Grid of 110 points considered in the averatgmagecalculation(N/Ny)
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Figurell2 Averagel damage versus tingatasimulated in the LVECD programrundao
project initial test sections
Considering that th&S 19 overlay has two different asphalt layerss important to
note that the averagelamageshown for this test section refers only to thedsphaltayer,
becausehe bottom layer (polymemodified mixture)was notdamagd significantlyin the
simuations, as can be observedkigure113
Figurel13throughFigurell6presenthedamage contours at 60 montbsthe test
sectionsGiventhat the averagedamagencreasedapidly in the TS 3Bimulatiors, the
damage contosmat six monthsalso are presentddr this caseFigure117 shows thalamage

color scalausedin thecontours.
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TS 40
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Figurell6 TS 40: damage contouas 60 monthsN/N;
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Figurell7. Damage color scale

Comparing the averagelamage evolutions with thie p e r ccaekedtareds
presented ifrigure109, the test sections with higher averdgemageraluespresent higher
percentages afracked aresas well The damage contour of TS 1Rigure113 shows that
only the top asphalt layexhibiteddamage, which is more pronoundadhe upper part of
this layer. This findingnachesthe fieldobservatios and is in accordance with the mixt&se
characteristicshecausehe top layer is the 30/45 19.1 mm mixtupedrfatigue
performance) and the bottdayeris the 65/90 19.1 mm mixturgdry goodfatigue
performance)However,the pavement responses affect this danpadtern too (Baek 2010)
Figure118shows a core sample obtained from TS 19, whergldoyn cracking can be

observed.
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Figurel18 Core sample obtained from TS, where togdown cracking can be observed

The damage contours of TS 34 and TS 37 suggest that the crackiege sections
wasnot causednly by the damagatthe bottonof theasphaliayer (bottomup cracking)
astheupper partlsoshows ahighdamage levelbi-directional cracking)TS 37 and TS 40
have the same overlay asphalt mixture (30/45 12.5 mm), but the damagespéttenthe
asphalt layesaretotally different. Considering that these test sections have about the same
traffic loadingbut differentpavemenstructural behaviorHigure110), it can be concluded
that the damage at the top of the layer is highly influenced by the padestemnttureIn
sum, based on the damage contour patterns obtoradheinitial simulations the
averagd damage proposed in this studirqurel111) seems to b@ppropriate for capturing
the damage level within the asphalt layer, as opposed tgical traditionalapproacks

that use the damadgvel onlyat the bottom of the asphalt layer.
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5.2.3.Defining Damagéo-Cracked Area Transfer Functien

Figurel19andFigure120show the relationship between the avedadgmageN/Ny)
and thepavement 6 grcentcrackedare&in arithmetic and sebg scales, respectively
Note that the averagelamage implicitlycontains the asphalt mixture properties, traffic
level, pavement structure, climasnd all other LVECD program inputSherefore, the
averagd damage curve shown Figurel19shouldcorrelate all the simulation variables
with the pavement performance observed in the figlg (e r ccaekedtared.

The best scenario for the averaged damage and cracked area correfetiamsn
Figurel19andFigure120would be the collapse of all the curves, which would indicate that
the averaged damage and O6percent cracked

scenario isiot true for the results presented.
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Figurel119 Fundao project initial test sectiorcsacked area versus averdglamagen
arithmetic scale
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Figure120. Fundao project initial test sectiortsacked area versus averabgamage in

semtlog scale

However, omparing the data presentedrigure112andFigure120, the damage
level at the pointvhen the test sections start the fatigue cracking psoicereases as the
averagd damagegrowthrate increase.his finding can hava physical meaning(i) it can
be caused by the effects of the stress redistribdii@to damagevhich are not considered
in the simulations and catiffer according tahe averagd damage growth rate, or (ii) for
lower averagd damage growth ratethe aging effect on the asphalt layer is more severe
therebyreducing the material damage toleran¢as shown bysafaeiet al. (2014).
Moreover,as shown irFigurel19andFigure120, the curves have about the same shape.

Based on theeobservations, it seems that ihdial averagd damage versus cracked

area curves can be shifted horizontally, using some damage growtanatde, in order to
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obtainauniquerelationship betweetine cracked area and shifted damagleus, two
averagd damage growthateindicesare defined in this study: (e timein the simulation
when the averagiedamage is 0.35, in montk§, 35) and(ii) the secant rate between twelve
monthsand one monthn terms ofaveragd damage per montfiR;».;). Note that the
averagd damage level of 0.38ccursat very different times for the initial test sections.

Figurel21shows ascheme othe calculations fobothdamage growthateindices
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Average damage, N/N;

0 1 1
o Toss 60 120 180
Time, months

Figure1l21l Scheme ofly3sandRy2; calculatiors

In order to check theorrelationbetween the simulated damage levehatbeginning
of crackingand thedamage growth ratedex valuesthe simulated damage levels at 10
percentbf thecracked areaN/N: @ 10%) of the initial test sections are plotted venigiss
andRy2.; in Figurel22andFigurel23 respectivelylt is important to mention thainty the

datafor test sections 19, 34, and 37 are shdvatausd'S 40 hasiot cracked yetAlso, each
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test section had its cracked area versus avedayaagecurve fitted to a power form
function(Figure124), so theN/N; at 10 percentcould bedeterminedanalytically Because
TS 19 eracked arean the last survey was 6percenttheN/N; at 10 percentfor this test

section was obtained by extrapolation using its fitted powetifumc

08 r

N/N; @ 10% of cracked area

0 1 1 !
0 20 40 60 80 100

Ty.35, months

Figurel22 Fundao project initial test sectioresreragel damage level at 20 of cracked
area versu3o.ss
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Figurel23 Fundao project initial test sectiorasreragel damage level at 10% ofacked
area versuBy

The resultgpresentedn Figure1l22andFigure123showthat a strongorrelation
should exisbetween thaveragd damage when the field fatigue cracking starts and the
initial damage growth rate ied values That is,the morethe simulated damage grows in the

beginning, thanoredamagenccursoncecracking starts.
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Figurel24. Fundao project initial test sectiorsacked area versus averdgamagecurve

fitting in semtlog scale
Based on the initial Fundao project test section findings aforementioned, the same
procedure was appligd analyzehe 27 Fundao project test sectiofgure125andFigure
126show the averagiedamage versus tinmirves ofall the Fundao projectest sectionsas
obtained from the LVECD program simulat®frigure127 providesthelabeling symbols
usedfor the test sectionshownin Figurel25andFigure126as well as for the other Fundao

test section data presentaterin this chapter.
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Figurel25 Fundao project test sections: (apeagel damage versusme simulated in the
LVECD program(a)
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Figurel26. Fundao project test sections: (b) averaged damage versus time simulated in the
LVECD program(b)
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Figurel27. Test section symbols uséat the data presented igurel25andFigure126
(and elsewhere in thidissertiation

Considering thathe TS 19,TS 88, andTS 93 overlays have two different asphalt
layers, it is important to nothat the averagedamage shown for ése test sectioarefers
only to the top asphalt layeastheir bottom layes (polymermodified mixtureswerenot
damagsd significantlyin the simulations.

Figurel28andFigure129show thecorrelatiors between the averadelamage N/Ny)
and the cracked arem arithmetic and serog scales, respectively, for dle Fundao
project test sectionn Figurel28andFigure129it can be noted that the correlation
between the cracked area and avedaz@nage is not unique, as already pointed out for the
initial test sections. Fromigure125 Figure126 andFigurel28§ it can beverified that the
damage level when the test sections start the fatigue cracking process increases as the
averagd damage growth rate increasesiich issimilarto thatobserved for the initial test
sections.

Thus,following the same procedure used for the initial test sections, the simulated
damage levels at Jfiercentof thecracked area for alhefatigue crackg in theFundao test

sections are plotted versligssandRy21 in Figure130andFigure13l, respectively. Note
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thatthe Fundao project has 27 test sectitmtwereusedin this study however Figure130
andFigurel3lpresent only 17 data pointsecause 0 test sectionsavenot cracked yet or

present very lovd p e rccaekedtaresh
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Figurel128. All Fundao project test sectiongacked area versus averdglmagen
arithmetic scale
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Figure129 All Fundao project test sections: cracked area versus averaged darseuwe in
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Figurel130. All fatigue-cracked Fundao project test sectioneragel damage level at 10%

cracked area versusg zs
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