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One of the key elements of mechanistic-empirical§Mlexible pavement
design is the characterization of material propsrtOne material property in particular,
the dynamic modulus of HMA, E*, influences tensteain levels, therefore it is
necessary to investigate this property to succkbggiedict fatigue cracking.

E* can be determined directly by laboratory tegtm it can be estimated using
predictive equations as a function of mixture prtips. The more recently developed
M-E design program, the Mechanistic-Empirical PagatriDesign Guide (MEPDG),
offers both methods to characterize E*.

An investigation into the Witczak 1-37A and the ¥¢@k 1-40D E* predictive

equations, both utilized by the MEPDG and anotkeently developed predictive

\Y



equation, the Hirsch model, was completed. Compasisvere drawn with E*
laboratory results for mixtures constructed as phtihe National Center for Asphalt
Technology’s (NCAT) 2006 Test Track structural stu@ihe investigation revealed that
the Hirsch E* model most accurately predicted mess&* values, while the Witczak
1-40D overpredicted values and the Witczak 1-37Aedainconsistently.

To validate and optimize M-E designs it is necessalink pavement
performance to material properties. The field patars that influence E*, load duration
and temperature, and the field parameter that & aftected by E*, tensile strain, were
measured under varying speeds and temperatures BCQAT Test Track. These
measurements enabled comparisons with the MEPDIgsesarocedure. In comparing
load durations, it was found that those determimethe MEPDG were nearly 70%
greater than those measured in the field. Theskdogations enabled the computation
of E* of each HMA layer, and the prediction of &tr&n a layered elastic program.
Strains estimated from both load duration methélERDG and measured) closely
replicated each other; however they poorly repiidahose strains found in the field,
indicating the inaccuracy of the time-frequencytieinship currently used in the
MEPDG.

It is suggested that State DOT'’s wishing to sumglet laboratory E* testing
while utilizing the MEPDG for design, substitutétmatory results required for a level
one design with predictions from the Hirsch modtak not recommended that the
MEPDG be used as a primary design method untihéuntefinement of the time-
frequency relationship, and further investigatiotoithe accuracy of the pavement
distresses can be completed.
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CHAPTER ONE

INTRODUCTION
1.1BACKGROUND

In a mechanistic-empirical (M-E) framework for pawent design, four major

inputs are utilized to predict pavement responsdsuttimately pavement performance
enabling the selection of a cross-section meehiegpecified requirements. M-E design
enables the mechanical properties of the selectdrials to be used in conjunction
with empirical performance information and site divions (traffic and climate), as
shown in Figure 1.1. Inputs include an initial paemt structure, climatic data, traffic
volume and weight distributions, and material prtipe of the hot mix asphalt (HMA),
base and subgrade materials. These inputs are¢apeedict the pavement’s responses,
stress @) and straing), at critical locations through mechanical anaySiuch
predictions may be made with the aid of layeredtelanalysis (LEA) or finite element
models. Historical performance data help createrate transfer functions used to
estimate the number of loads to failure given tteglgted pavement responses for
comparison to failure criteria. Recently, one spedi-E design program, the
Mechanistic-Empirical Pavement Design Guide (MEPD&9 come to the forefront of
design, sparking interest among state Departméntsaasportation (DOTSs) for
implementation as their primary design method. Suphogram should be validated

under field conditions to determine its benefitd anitability to state DOTSs.
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FIGURE 1.1 M-E Pavement Design Framework.

In M-E pavement design, accurate representationatérial characteristics is
imperative to a successful and reliable design. @mparticular is the HMA dynamic
modulus, E*. E* helps to define the viscoelastituna of HMA by quantifying the
effects of temperature and frequency on stiffnegkeudynamic loading. This is

necessary to accurately predict the in-situ pavémesponses to varying speeds, and
1



temperatures throughout the pavement’s cross-sediocan be determined in the
laboratory through the AASHTO TP-62 procedure @ai be predicted by one of many
E* predictive models, the three most recent inelgdHirsch, Witczak 1-37A, and
Witczak 1-40D (Bari and Witczak, 2006) (Christens¢ial., 2003). To predict E* from
one of these three models, no laboratory testinggsired beyond viscosity testing,
determination of gradation information and rudinaeptvolumetric testing. At the
highest degree of complexity for design, the MEPIRizes E* laboratory test results,
and for lower levels of design, it utilizes onetloé Witczak equations (Eres, 1999).
Equipment to run E* testing is costly ($75,000-$8@) (FHWA, 2009) and many state
DOTs do not currently have such equipment. For gtanthe Alabama DOT (ALDOT)
currently operates without such equipment singenbt needed for their current design
framework. However, a pooled fund study, “Implenagioin of the Asphalt Mixture
Performance Tester (AMPT) for Superpave Validati¢g8iudy No. TPF-5(178))
launched by the FHWA in 2008 makes this technologye economical for state
transportation agencies (FHWA, 2009). As stateseroplate implementing the
MEPDG, it is necessary to assess the accuracyeatthsed Witczak model, as well as
the original Witczak and Hirsch models in estimgtir in comparison to laboratory E*
test results for a range of mix types.

Although E* can be measured directly in the labamgtit is very difficult to
accurately measure it in the field. However, knagke of E* is imperative in
developing relationships between pavement respamdenaterial properties. Given the
difficulty of direct measurements, focus shouldpbeced on the factors that influence
changes in E*. Due to the viscoelastic nature ofA{lthe dynamic modulus is heavily

2



influenced by three factors: rate of loading, terapge, and depth within the pavement
structure (Eres, 2003). Temperature and pavemgxtl @ee relatively easy parameters
to measure in the field. Rate of loading on theeotrand is much more difficult to
guantify in the field. In the laboratory, rate oflling can be correlated to the applied
testing frequency. During lab testing, controllagd measuring rate of loading is a
simple task, but in the field it is much more ardsidlue to the shape of the loading
waveforms transmitted throughout the pavement. Bszaf the complexity in
measuring frequency, some design procedures singglya fixed value such as the
Asphalt Institute which assumes a value of 10Haréigss of the conditions (Asphalt
Institute, 1999). The MEPDG however, uses an iteFgirocess to compute the time of
loading that relies on E* of each HMA layer, tenmadare, depth in pavement and
modulus of subgrade (Eres, 2003). From this contimutafrequency is then computed
(Eres, 2003). It should be noted that as a reétitti® iterative process, E* is ultimately
computed for each HMA layer. Although frequencypat a measurable parameter, load
duration is. It is therefore necessary that the IER load duration procedure be
validated with field data to assess its accuracy.

Material properties significantly influence paverhesponses. In particular, one
such pavement response, tensile strain, is signifiz dependent on E* (Eres, 2003).
Tensile strain at the bottom of the HMA layersfisngportance in designing a pavement
that is resistant to fatigue (bottom-up) crackifigus, for a reliable pavement design it
would be ideal to develop relationships betweeld irreasured E* and field measured
tensile strain. Although E* cannot be accurateBasured in the field, the factors
influencing it can be directly measured. Thus,treteships can be drawn between these

3



factors and the field-measured tensile strain. Hafately, the design procedure
investigated in this analysis (MEPDG) fails to auttptrain levels. However, tensile
strain can be computed through external mechaarellysis using layered elastic
analysis for a given pavement structure and knaaffic¢ loads. To assess the viability
of the MEPDG as a pavement design method, it isssary that the MEPDG be

evaluated with respect to the effect of load doraind E* values on tensile strain.

1.2 OBJECTIVES
Given the onset of the MEPDG as a powerful paveémesign tool that may be
implemented as a primary design method for roadwaaysng state DOTSs, the
following objectives were established to assessdtefits:
1. Evaluate the Witczak 1-37A, Witczak 1-40D, and Elir&* predictive models
for general use HMA mixtures in the southeasteritddrStates.
2. Evaluate the MEPDG’s procedure for determinatiotiroé of loading for use in
estimating E* values and strain levels.
3. Make recommendations for use by state DOTSs pettioecharacterizing E* in

design procedures.

1.3 SCOPE

To meet the above objectives, a laboratory invastg was completed on test
sections from the 2006 structural study as patti@National Center for Asphalt
Technology’s (NCAT) Test Track. E* testing was cdeted on HMA mixtures
included in that study, following the AASHTO TP-pfcedure for HMA dynamic

modulus testing. Three models, the Witczak 1-3R&#czak 1-40D and Hirsch models

4



were used to compute E* from gradation, binderasidmetric data of the same
mixtures tested in the laboratory. Comparisonsevdeawn to assess the quality of the
MEPDG’s analysis and for recommendations to std

One of the test sections in the 2006 structuralystsection N9, was selected for
further field investigation. For this section, regsion analyses were completed on
laboratory E* test results to determine the in-pldgnamic modulus of the HMA layers
under live traffic loading. The deep cross-sectbN9 allowed for instrumentation at
various depths within the HMA, thus enabling théemion of extensive data pertaining
to temperature and strain with depth. Field tgstias completed on this section over a
one month period in the spring of 2007, in whicke ltraffic was applied at a range of
speeds. At various depths within N9's pavemenicstire, longitudinal tensile strains
and in-situ pavement temperatures were captureadn Eine captured longitudinal strain
traces at multiple depths, strain values and I@gadurations were measured. From
these measurements, regression analyses were teddocuantify tensile strain and
load duration. Using the load durations computgtdith the MEPDG and the model
developed in this analysis, E* was computed udiegégression equation based on
laboratory test results. The effect of the E* eatids on tensile strain were then assessed
and conclusions were drawn regarding pavement nsgpas a function of material

properties and the use of the MEPDG.

1.4 ORGANIZATION OF THESIS
A literature review in Chapter Two details aspadtsiMA dynamic modulus,
including the definition, procedure for laborateegting, means to estimate, and its use

in the MEPDG. Additionally, the literature revies éxtended to a discussion of factors
5



affecting load duration and strain. Both field dabloratory testing were completed for
this investigation. Chapter Three discusses thaldeif the test facility, the NCAT Test
Track, utilized to complete the field testing. Cteagg=our includes the details of the
laboratory testing to determine E* for the mixesstoucted in 2006 and the comparison
of the three E* models with laboratory results. gtiea Five describes the conditions of
the field testing on section N9. Results of thédftesting are discussed, as well as the
analysis of the effect of vehicle speed, pavemamiperature, and depth on load
durations and strain levels. Chapter Six evaludiesMEPDG's use of E* in its design
procedure. Contained in this chapter are compagisoth field measurements for load
durations computed using the MEPDG procedure aathdevels resulting from the
MEPDG'’s load duration computation. Chapter Severclales the aspects of this
investigation, and provides recommendations t@ $@Ts for characterizing E* in an

M-E design framework.



CHAPTER TWO
LITERATURE REVIEW

2.1 INTRODUCTION

In an M-E framework, accurate material charactéorais vital in successfully
predicting pavement responses and ultimately pameperformance. The difficulty in
accurately characterizing HMA material properties In the viscoelastic nature of
HMA. One such material property, dynamic modulusitfA (E*), reflects the time
and temperature dependency of HMA. This materiaperty is the ratio of stress to
strain of the mixture, and thus influences the oesp under loading. Therefore, a
complete understanding of this material property igs1contributing factors is necessary
to accurately characterize it for use in structdesgign procedures. The factors affecting
and the methods to determine dynamic modulus atleefiuinvestigated through
previous literature discussed in the following fdi®ns. Additionally, given that
dynamic modulus cannot be measured directly ifidhe, literature on the factors

affecting dynamic modulus that are measurable laceiavestigated.

2.2 E* DEFINED

The viscoelastic nature of HMA can be characterimgohrt by its dynamic
modulus. The dynamic modulus is a measure of théldVesistance to deformation
under sinusoidal loading. It is the absolute vatithe complex modulus. The complex
modulus consists of two parts, the real part, wiggresents elastic stiffness, and the
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imaginary part, representing the internal dampihthe materials (Huang, 1993). The
dynamic modulus is determined from the maximum iappdtress and peak recoverable
axial strain, described by Equation 2-1 (Huang,3)98 should be noted that although
dynamic modulus is the absolute value of complexungs, it is denoted from this point

forward in this thesis, simply by E*.

2 2
E* = \/[&cosqu + [@sinan =% (2-1)
‘90 ‘90 ‘90
where:

E* = dynamic Modulus (psi)

Op = stress amplitude (p¥i

€0 = strain amplitude(g)

¢ = phase angle (radians)
The phase angle describes the lag in the indudetisrain relative to the applied
compressive stress, illustrated in Figure 2.1 (Hud993), where the sinusoidal stress
pulse is defined by angular velocity, and time, t. This phase lag illustrates the time-
dependency of HMA. Due to time-frequency relatiopshit can further be stated that
HMA is dependent on the loading frequency. Thidlustrated by the equations
defining the sinusoidal loading (stress) and thesoidal response (strain) in Figure 2.1.
The stress pulse and resulting strain pulse atedfined by the angular frequency,
which is in turn a function of loading frequendjystrated by Equation 2-2.
« =27k (2-2)

where:

w = angular frequency (rad/sec)
8



f = loading frequency (Hz)

Stress Gos inwt

CVi\A WA
VARV

Strain EGSiTl (wt-b)

[\ \J

FIGURE 2.1 Phase Lag between Sinusoidal Stress atrluced Strain (Huang,
1993).

HMA is not only frequency-dependent, it is also pamature dependent. Laboratory
testing of E* revealed that varying the HMA tempara results in different magnitudes
of recoverable strain and thus, varied dynamic md@Boennaure et al., 1977).
2.2.1 E* Defined in the Laboratory

Previous laboratory testing of E* consisted ofjgoint bending test, in which
trapezoidal specimens were loaded under sinusotmapressive stress (Bonnaure et al.,
1977). From the 2-point bending test developedtoell Laboratories, the stiffness
modulus (E*) could be determined in two ways. FiEstcould be determined from a
simple calculation using the measured applied farcethe measured displacement at
the free end of the specimen. The second methbziedtimeasured strain and the
applied stress to calculate E*. By testing multiplxes at three frequencies (4, 40, and

50Hz) and three temperatures (-15, 9, arfRC3Bonnaure et al. found that loading time



and temperature were “significant parameters ferbnding strains of asphalt mixes
since, under standard service conditions the sg8may vary from 1,400 to 6,000,000
psi (1977).” It was reported that increasing thragerature or loading time resulted in a
decrease in stiffness, defined by E* (1977). Furtteze, Bonnaure et al. discovered that
an equivalency among these two factors existedh that E* curves from different
temperatures and frequencies could be superimgosedreferred to as time-
temperature superposition), enabling a master dorbe created for a reference
temperature (1977). Master curves have since beeouseful tool to translate
laboratory results to one reference temperaturis, @sne in the MEPDG.

Laboratory testing has since evolved with the AS3pécification, “D3497-79
(2003) Standard Test Method for Dynamic Modulugsphalt Mixtures” (2003). This
method requires the application of a haversine cesgive stress pulse to a cylindrical
specimen at three temperatures, 41, 77, antF1@4$ well as three frequencies, 1, 4, and
16 Hz. The sinusoidal load is applied to the speaifior a minimum of 30 seconds, but
not to exceed 45 seconds. Strain gages bonded toithheight of the specimen
measure axial strain from which the dynamic modidumputed as the ratio of axial
stress to recoverable axial strain.

The most recent and widely used laboratory tesEfdas the AASHTO TP62-07
standard method (2007). Again a cylindrical speaciniseused, to which haversine axial
compressive stress is applied at a given temperanual frequency. Five temperatures,
14, 40, 70, 100, and 190 and six frequencies, 0.1, 0.5, 1.0, 5, 10, anH2&re
specified for testing. Linear variable differentiednsformers (LVDT) are mounted as a
minimum in two locations to measure axial deform@tifrom which recoverable strain
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is calculated. Dynamic modulus is defined in thisgedure as the ratio of the stress
magnitude to average strain magnitude. Furthernpbr&se angle computations are
outlined in this procedure.

2.2.2 Factors Affecting E*

Dynamic modulus has been sufficiently proven talependent on two
parameters: temperature and frequency. The dedredgaamic modulus with an
increase in temperature and decrease in loadiagdrey has been consistently reported
by researchers for many years (e.g., Bonnaure,et97; Flintsch et al., 2007;
Tashman and Elangovan, 2007; Mohammad et al., 200@king at the test specimen
itself, it is evident that there are many paransetieat may present variability in the
dynamic modulus. HMA has two main components: aggpeeand binder. Each
component has numerous properties which influelne@verall response of the mixture.
Thus, it is only logical that the properties of k@omponent may further influence
dynamic modulus.

This sentiment was echoed in research findingiseaVirginia Tech
Transportation Institute (VTTI) (Flintsch et alQ@7). Dynamic modulus tests produced
different master curves for the various mixturesed, causing Flintsch and colleagues
to conclude that “the dynamic modulus test is sa@sto variation in the mix
properties” (Flintsch et al., 2007). In recent sgsé conducted for the Washington State
Department of Transportation (WSDOT) different nsixeere found to possess
statistically significantly different dynamic mod¢Tashman and Elangovan, 2007).
The objective of this study was to determine typiyaamic moduli values for their
Superpave mixes as well as the sensitivity to moperties. Seven job mix formulas
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(JMF) were investigated with aggregates of difféetgpe and source. Dynamic modulus
tests were completed using the Asphalt Performdhggire Tester (AMPT), formerly
the Simple Performance Tester (SPT) from which erasirves were created, illustrated
in Figure 2.2. Although variations in dynamic madumére evident in Figure 2.2,
statistical measures (Type | p-value) confirmed twvaerall the seven different
Superpave mixtures were significantly differentgflianan and Elangovan, 2007).
Comparing the mixes side-by-side, using a Tukeywae comparison, the results
shown indicated that only some mixes were signitigadifferent than others (presented
in bold font) (Tashman and Elangovan, 2007). Beedlisse mixtures were tested using
the same procedure, AASHTO TP-62-03 (e.g. samedratyres and frequencies), the
differences in the aggregate properties, as weaheaslifferences in asphalt properties

may account for the variations in dynamic moduli.
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FIGURE 2.2 E* Master Curves by JMF (Tashman and Ehngovan, 2007).

12



2.2.2.1Effect of Aggregate Properties

Previous investigations into dynamic moduli revddlegat some aggregate
properties are more influential than others. Atubey simplest level, the amount of
aggregate significantly influences the mix desigd ds performance. Likewise,
Bonnaure and colleagues found that the percerggregate by volume also influences
the stiffness (dynamic modulus) of the mix (Bonmeaetr al., 1977). The percent by
volume of air voids was also observed to influetheestiffness of the mix (Bonnaure et
al., 1977). Research for WSDOT into aggregate dgiaafound that small variations
(x2% from the JMF) in the percent passing the #280esdid not consistently show
significant differences in the dynamic modulusta# mix (Tashman and Elangovan,
2007). A look into asphalt mixtures in Louisianaealed that nominal maximum
aggregate size (NMAS) contributed to variationdynamic moduli (Mohammad et al.,
2007). Shown in Figure 2.3, is the trend of inciegslynamic moduli among mixes
with higher NMAS. Mixes with a 25mm NMAS were foutmbe associated with higher
dynamic moduli than those mixes with a 19mm or ARbNMAS within each mixture
category. Mohammad and colleagues attributed térsltto the stronger stone-to-stone

contact among larger aggregates (Mohammad etC4l7)2
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FIGURE 2.3 E* and E*/sind for Louisiana Asphalt Mixtures (Mohammad et al.,
2007).

The effect of confining pressure was investigatggart of a larger investigation
into dynamic moduli of HMA mixtures in Tennesseaiéiig et al., 2007). At higher
temperatures the effect of aggregate propertieswaas significant, causing the
dynamic moduli to increase with confining pressi@. more rounded aggregate such
as gravel, confining pressure was more influettiahe improvement of dynamic
moduli. From this, Huang and colleagues concludatithe effect of confining pressure
on dynamic moduli was “dependent on the role ofreggte structures in asphalt
mixtures” (Huang et al., 2007).

Aggregate interactions were found to also influetheephase angle associated to
the dynamic moduli. In research conducted at Vphhse angles were found to
increase up to a certain frequency, and beyondrigiency, phase angles began to
decrease for a temperature of WOQFlintsch et al., 2007). Whereas at dBB(hase
angles consistently increased with increased fregjas. “The predominant effect of

aggregate interlock” was credited for the obsevelgavior (Flintsch et al., 2007).
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In addition to aggregate gradation, shape, armtantion, the type of aggregate
was also found to contribute to variations in dyr@amodulus values of asphalt
mixtures. Research at the Florida Department ohgpartation (FDOT) was conducted
on several mixes in which the binder type remaicmustant, while aggregate properties
varied (Ping and Xiao, 2007). Because the bindae tyas consistent among all mixes,
the differences in HMA stiffness were attributedhe different aggregate types (Ping
and Xiao, 2007). Asphalt mixtures containing eitheanite or RAP were found to be
stiffer (higher E*) than the limestone mixturesn@iand Xiao, 2007).
2.2.2.2Effect of Binder Properties

Some properties associated with the asphalt binsiedt in HMA mixtures have
been found to influence the dynamic modulus vallibs. PG grade of an asphalt binder
is related to its performance under certain tentpegaanges. Higher graded binders are
generally stiffer to prevent deformation under Wetther conditions. The stiffer binder
would likely contribute to the overall stiffnesstbie mix. Findings from Huang and his
associates were consistent with this, as an inen@agynamic moduli was observed as
the PG grade progressed from PG 64-22 to PG 70-P&t72-22 for a given
temperature (Huang et al., 2007). However for teteht type of aggregate (gravel
rather than limestone), they found the trend waensed, such that the dynamic moduli

decreased with an increase in binder grade, showigure 2.4.
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FIGURE 2.4 Dynamic Modulus Results for Gravel at 0°C (Huang et al., 2007).

Further investigation on the Tennessee plant predlutixes revealed that the
asphalt content was influencing the stiffness efrtix as well (Huang et al., 2007). The
mixes containing gravel had different asphalt cots#dor each binder grade used, and
overall higher binder contents than the limestoimeem It was found that the lower
dynamic moduli values were associated with higlsehalt contents, leading them to
conclude that small variations in binder contefilenced the dynamic modulus values
(Huang et al., 2007). The sensitivity of the dynamiodulus to asphalt content found in
Tennessee mixes was consistent with findings atl\(Flintsch et al., 2007). By
comparing mixes of the same type, Flintsch etlab Bound that the mix with the
highest asphalt content exhibited the lowest dynanodulus (2007). The findings by
both these researchers reiterate those from ezsarch by Bonnaure et al., in which
sensitivity to the percent of bitumen, the hardradgte bitumen and the temperature
susceptibility of the bitumen in the mix were rejeor(1977).

Reclaimed asphalt pavement (RAP) is often usedixesracross the country to
reduce costs. Using RAP in a mixture reduces theuaitrof new binder required in the
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mix because of the contributing asphalt conterthefRAP. The aged binder (and
therefore higher binder stiffness) from the RAP besn credited with contributing to

higher dynamic modulus for Louisiana HMA mixturééahammad et al., 2007).

2.3 PREDICTING E* FROM OTHER PARAMETERS

Although E* can be determined in the laboratorys time-consuming and
requires expensive specialized equipment and apdraining. As a result, the
development of equations to predict E* strictlynfronix properties have been attempted
for many decades. The predictive models, accortdirRari and Witczak (2006),
developed in the last 60 years are as listed ieTah.

TABLE 2.1 List of E* Predictive Models (Bari and Witczak, 2006)

Model No. E* Predictive Model  Year (Published)
1 Van der Poel Model 1954
2 Bonnaure Model 1977
3 Shook and Kallas’ Models 1969
4 Witczak’s Early Model, 1972 1972
5 Witczak and Shook’s Model 1978
6 Witczak’s 1981 Model 1981
7 Witczak, Miller and Uzan’s Model 1983
8 Witczak and Akhter’'s Models 1984
9 Witczak, Leahy, Caves and Uzan's Models 1989

10 Witczak and Fonseca’'s Model 1996
11 Andrei, Witczak and Mirza’s Revised Model 1999
12  Hirsch Model of Christensen, Pellinen and Bonaquist 2003

Although not the first attempt to model E*, in 19B@nnaure et al. developed a
nomograph to model E* as a function of the volurhthe binder, the volume of the
mineral aggregate and stiffness modulus of thedsimdFigure 2.5 (1977). This
nomograph is commonly referred to as the Shell graph, as it was developed for
Shell International Petroleum. Additionally, frolmetsame findings, Bonnaure et al.,
developed a computer program, Module, to predetstiffness modulus (dynamic

modulus) of the mix using the following equatiod9717):
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1.342100-V,)

B, =1082- V. v, (2-3)
/3, = 80+0.00568/, +0.0002135/; (2-4)
B;= 06'09(%{—?] (2-5)
B, =0.7582 B, - 3,) (2-6)
For 5 x 16 N/m?* < §, < 10 N/n,

logs, =%(Iogsn—8)+%|logsn—8|+,82 (2-7)
For 10 N/m* < S, < 3 x 16 N/n,

logS,, =B, + B, +2.09594, - B, — 5,)(logS, —9) (2-8)

where:

Sn, = stiffness modulus of the mix (dynamic modulusjni®)

Vg = percent volume of aggregate (%)

V}, = percent volume of binder (%)

S, = stiffness modulus of the bitumen (NJm

The Asphalt Institute (A.l.) developed a methoddesign in which the dynamic
modulus is determined from the following equaticas presented in Huang's Pavement

Analysis and Design textbook (1993):

|E*| =100000%10% (2-9)
B:= B, +0.0000053, - 0.001893, f ** (2-10)
B, = BT (2-12)
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B, = 0553833+ 0.028829P,;, f ') -~ 0.03476/, +0.070377 +0.931757f °%"*

(2-12)
B, =0.483/, (2-13)
B =1.3+0.498250g f (2-14)
A=295082(P, )71 (2-15)

where:

E* = dynamic modulus (psi)

f = loading frequency (Hz)

T = temperature’F)

V= volume of air voids (%)

A = asphalt viscosity at 7B, or use equation 2-15 (1poise)

Poo0 = percentage by weight of aggregate passing thefsieve (%)

Vp = volume of bitumen (%)

Prrr = penetration at PF
While the equations developed for Module and th@ograph (Bonnaure et al., 1977)
incorporate the volume of all of the aggregate Atieequations utilize only the volume
of the fines (percent passing the No. 200 sievies Ihdicates possible dependency on
the percent of fines, which is contrary to laborat@sults in the WSDOT study that
found small variations indgo did not significantly affect the dynamic modulig@hman
and Elangovan, 2007). Although both consider thregye of bitumen in the mix, the
A.l. equations also incorporate the viscosity @& bHitumen as well as the temperature of

the bitumen. Furthermore, the A.l. equations wilzading frequency as a factor in the
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determination of the dynamic modulus of the mixhaligh loading frequency is used
to compute E*, it is assumed to be 10 Hz for thie design charts (Huang, 1993).

Since, the development of the A.l. method and agtst E* predictive model,
there have been many more models developed toesuppl laboratory testing. Over
the last sixty years, these models have prograsg#uke factors used to determine E*
and the overall accuracy of the models. The threstmecent models include the
Andrei, Witczak and Mirza’s Revised Model (199%k tHirsch Model of Christensen,
Pellinen and Bonaquist (2003), and the new rewsgsion of the Witczak E*
predictive model (2006). Each of the three is dised in more detail below.
2.3.1 Andrei, Witczak and Mirza’s Revised Model (Wiczak 1-37A Model)

The Andrei, Witczak and Mirza’s revised model wlaseloped in 1999 (called
the Witczak 1-37A model from this point forward$, @n update to the previous E*
predictive equation, by Witczak and Fonseca in 1@g&irei et al., 1999). The previous
model considered the binder properties by meatiseohsphalt viscosity, and effective
asphalt content. The model also includes the |lgpfteguency as a variable. Other
parameters included air voids, and aggregate dgoadimformation. Laboratory E* test
results were used to re-calibrate the previous iogéhe addition of various mix
properties. This was done by establishing a nealdate consisting of 56 additional
mixes, 34 of which were composed of modified asphiaders, for a total of 1,320 new
data points. While the new database had E* testtsefor only 5 different aggregate
gradations, it had a much wider range of viscogtiyes, as 5 temperatures were tested
for the 20 binders. By combining the new databaitke the database used to develop the
previous model, a re-calibration of the previousdelavas completed, with the revised
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model listed below in Equation 2-16 (Bari and Wakz2006). As shown in Equation 2-
16, the same factors as used for the previous nveele utilized for the revised
predictive equation. It should be noted that theag¢ign listed in Equation 2-16 was
reported by Bari and Witczak in the most recentudioent regarding the revised
Witczak E* predictive equations and it appears thatsixth coefficient is contrary to
other sources. The coefficient, listed below as0822”, is contrary to the “-0.08022"
reported by Andrei et al. (1999) as well as in ott@mparative studies (Dongre et al.,
2005; Ping and Xiao, 2007). Given that this wasniwst recent resource by one of the
developers of the model and that the differenceegigible, the -0.0822 coefficient was

taken as the correct value.

V
log E* = =125+ 0.0290,,, — 0.001§ 0,,,)* — 0.00280, — 0.058/, - 0.0822—="

beff +Va

, 3872-00021p, +0.0049,, - 0.000017;,)° + 0.00550,,

1 + g(~0:603313-03133510g( )-039353209(7))

(2-16)
where:
E* = dynamic modulus of mix, 2@si
n = viscosity of binder, 10poise
f = loading frequency, Hz
P200= % passing #200 sieve
P4 = cumulative % retained on #4 sieve
p3s = cumulative % retained on 3/8 in. sieve

P34 = cumulative % retained on 3/4 in. sieve
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V, = air voids, % by volume

Vyeit = effective binder content, % by volume
For use in this model (Andrei et al., 1999), thecwesity of the binder is determined by a
linear relationship between log-log viscosity aad temperature, illustrated by
Equations 2-17 (Bari and Witczak, 2006). In plaitihe log-log of the viscosity versus
the log of temperature, the slope of the line esghrameter VTS, and the intercept is A.
If viscosity information is not obtainable, visctystan be determined by the
relationship with the binder shear complex modalnd binder phase angle, shown in
Equation 2-18 (Bari and Witczak, 2006).
loglogn = A+VTSlogT, (2-17)

where:

n = viscosity of binder, centipoise (cP)

A, VTS = regression parameters

Tr = temperaturéRankine

|Gb *| 1 4.8628
SR 2-18
d 10 (sindbj ( )

Where:

Gy* = dynamic shear modulus of binder, psi

O, = phase angle of /5 degrees
In comparing this model with previous predictivaiations, it is evident that it is much
more detailed in terms of both aggregate and bioderposition of the mix. Similar to
the A.l. equations (Huang, 1993), the Witczak 1-3iédel requires the percent of

fines, air voids, and loading frequency. Like tlpg&ions behind the Shell nomograph
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(Bonnaure et al., 1977), this model also utilizes gtiffness of the binder, in terms of
the shear complex modulus used to determine tlwesity. Rather than considering the
percent binder as does the previous equationsyibditel makes use of the effective
binder content, incorporating the ability of theyeggate to absorb the binder.
Additionally, the Witczak 1-37A model requires maletailed gradation information
beyond the percent of fines needed by previoustemsa
2.3.1.1Accuracy of the Witczak 1-37A Model

This model was developed through regression aeslyased on the measured
dynamic moduli of mixtures ranging in gradatiormoth sand-asphalt mixtures to dense-
graded mixes,” asphalt cements, both conventiomédinaodified, and their degree of
aging (Andrei et al., 1999). A coefficient of detenation of 0.886 in arithmetic space
and 0.941 in logarithmic space was reported fomtibelel (Andrei et al., 1999).
Although the model proved to accurately predictEievalues from the database, it is
necessary to determine its ability to predict E*dther gradation and binder variations
not included in the database, before suggestingsggylobally. Several comparison
studies have been completed to assess the quilitisanodel, with various results.

Comparisons were drawn from AMPT laboratory Etitesconducted by the
FHWA mobile laboratory with calculated E* values the properties of the specimens
tested (Dongre et al., 2005). For each measurect yvtiree E* values were calculated
given the same conditions (temperature and freq)exscthe measured values; varying
only the binder information for the three differegfing scenarios. The three different
aged conditions were the original, rolling thimfibven (RTFO), and pressure aging
vessel (PAV). Five different mixes, composed ofrfdifferent binders (PG 64-22, PG
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58-28, PG 64-28, and PG 70-22) were tested innkiesstigation. From this study, it
was reported that the Witczak 1-37A model using @ Bged binder most closely
estimated the measured E* values among the thexe@mditions (Dongre et al.,
2005). Furthermore, the Witczak 1-37A model wasitbto overestimate E* for the
specimens tested at moduli values below 125,00(Qusigre et al., 2005). Causes for
overpredictions of E* were assumed to be associatgdthe A and VTS parameters
(Dongre et al., 2005). Originally those parameteese developed prior to Superpave
specifications, however, Dongre utilized G* resualtgl the associated phase angles to
determine viscosity, through Equation 2-18, andttiting this difference as a potential
cause for overprediction (2005). The A and VTS pwaters were also credited for the
decreased precision {R 0.88) of this model when applied to an expanttdbase
which added 5,820 data points to the databasetasgdate the Witczak 1-37A model
(Bari and Witczak, 2006). Furthermore, Bari and &¥@k stated “The inherent problem
with the ASTM Ai-VTSi relationship is that it do@®t consider the effect of loading
frequency (or time) on the stiffness of the bindsz!f (2006).”

The overestimation of E* at lower moduli valuesagpd by Dongre and his
associates (Dongre et al., 2005), was echoedéenilatestigations. In a comparison
study on Louisiana asphalt mixtures, the WitczédZ & model generally
underestimated the measured values, except atdngberatures and/or low frequencies
(Mohammad et al., 2007). At these lower measureddtfes, the model was found to
overpredict dynamic moduli values for the thirt&uperpave mixtures tested
(Mohammad et al., 2007). Although Dongre et aloregd overprediction for the mixes
tested at moduli values of 125,000 psi and lesafifand colleagues observed
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overprediction across the board, with the overmtezh more significant at 500,000 psi
and lower (Azari et al., 2007). In a comparisordgtat the VTTI, the Witczak 1-37A
was found to overestimate measured values in spstances, with a predicted value
reported nearly twice the measured value (Flinetcd., 2007). Wide ranges were
reported for the ratio of predicted to measuredde’each of the eleven mixes
investigated; the minimum and maximum ratios asted in Table 2.2 for each mix
(Flintsch et al., 2007). Overestimating low dynammoduli values could present
potential design failures as higher strains refsath low moduli, thereby causing
premature distresses. Thus, the repeated obseveggrediction of dynamic moduli at
low frequency and high temperatures is a pointooicern.

TABLE 2.2 Minimum and Maximum Values for the Ratio of Predicted to

Measured E* (Flintsch et al., 2007)
Rato | SM1 SM2 SM3 M1 M2 M3 IM4 BM1 BM2 BM3 BM4
Min| 054 058 075 060 060 048 064 054 052 045 0.68
Max | 090 1.07 156 090 101 075 124 080 190 0.84 1.05

A study on Louisiana asphalt mixtures was complatedshich measured E*
values of various mixtures were compared with mtedi values from the Witczak 1-
37A model (Mohammad et al., 2007). The thirteentares tested included Superpave
mixes designed for high, medium and low volume sp&MA mixes, and Marshall
mixes. Three types of binder were used: PG 76-261,/0-22M and PG 64-22, of
which the first two were modified. Aggregate stuwres varied with NMAS ranging
from 12.5 mm to 25.0 mm, and various amounts of RA&Re used in the mixtures.
Mohammad et al. reported generally good agreenetmtden measured and predicted

values, with coefficients of determination gredbtem 0.90 in logarithmic space (2007).
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However, it should be noted that logarithmic speae be deceiving and the goodness of
fit for arithmetic space was not reported.

As mentioned previously, Mohammad and colleagugsrted sensitivity to
NMAS in laboratory tests. The Witczak 1-37A modebeexhibited sensitivity to
NMAS as it produced more accurate predictionsdoger NMAS. For the 12.5, 19.0,
and 25 mm NMAS mixtures, the predicted modulus feasd to be 0.75, 0.93 and 1.01
of the measured values, respectively (Mohammad,&GD7).

In addition to aggregate gradation, aggregate waealso found to influence
the accuracy of the prediction using Witczak’s B3iodel. In a study conducted on
Florida DOT mixes, twenty Superpave mixes contgrhree different aggregate types
were investigated using the same binder in alhefrhixes (Ping and Xiao, 2007). For
mixes containing granite or RAP material, the prede equation was found to be
conservative, as the measured values were slightlgrestimated (Ping and Xiao,
2007). Predicted values for mixes containing limestmaterials fell above the line of
equality when compared with measured values, itidiga slight overprediction for
this aggregate type (Ping and Xiao, 2007).

2.3.2 Hirsch Model for Estimating HMA Modulus

The Hirsch model for estimating HMA modulus is &&®n a law of mixtures
for composite materials (Christensen et al., 2008 law of mixtures, called the
Hirsch model, was developed by T.J. Hirsch in tBé0ks and combines phases of a
material by the arrangement of its elements (Gémstn et al., 2003). The elements of a
material may be in parallel or series arrangemim. Hirsch model allows for the
prediction of a material property (commonly the miod) of a composite material from
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the sum of the same material property of two seéparases of the material, shown in

Equation 2-19 in parallel, and Equation 2-20 ineser

E. =v,E +V,E, (2-19)
1/E,=v,/E +Vv,IE, (2-20)
where:

E. = modulus of the composite material

V1, V2 = the volume fraction of a given phase

E;, E; = moduli of each phase
In applying the Hirsch model to HMA, Christenseraktdeveloped a model to predict
the modulus of HMA, E*, from the shear modulustaé binder, G*, and volumetric
properties of the mix (2003).

This model was developed in part to meet the divjes of the NCHRP Projects
9-25 and 9-31 for Superpave requirements, anddtyaethe effects of air voids, voids
in mineral aggregate (VMA) and other volumetricgedies on E* (Christensen et al.,
2003). According to Christensen, the Hirsch modas$ welected for application to HMA
because “asphalt concrete tends to behave likaes smmposite at high temperature,
but more like a parallel composite at low tempeed(2003).” The resulting model for
estimating HMA modulus is for “a simple three-phagstem of aggregate, asphalt
binder, and air voids (Christensen et al., 200Bh& aggregate phase in the parallel
portion of the model represents that portion ofdggregate particles in intimate contact
with each other, termed aggregate contact volurméCRristensen et al., 2003).
Temperature dependency of HMA is partially représgy Pc, such that high values

of Pc are related to mixtures with high stiffneed atrength, typical at low
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temperatures, whereas low values of Pc represetitires with low strength and
stiffness, typical at high temperatures (Christareteal., 2003). A database consisting
of 18 different mixtures, with 8 different bindearsd 5 different gradations was utilized
in the development of the model, as presented uaton 2-21 (Christensen et al.,
2003). In addition to a predictive equation for Bh equation to predict the phase angle

was also developed, although it is not presenteel he

B = p{4,zoqoo@(1_mj+q@| (LVMAH
mix 100 b 10’000

-1
(1 Po) 1-(VWMA/100) ,  VMA
4,200000  3VFAG*|

(2-21)

where:

VFAx3G*
e |b]

VMA

VFAx3G*
550+ (wj

VMA

Pc =

where:

| E* | mix = dynamic modulus, psi

VMA = voids in mineral aggregate, %

VFA = voids in aggregate filled with mastic, %
VFA = 100*(VMA-V »)/VMA
V4, = air voids, %

| G* | b= dynamic shear modulus of binder, psi
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In comparison with the Witczak 1-37A predictive atjan, and other previous
models, this model is much simpler, requiring ahisee parameters (G*, VMA and
VFA). Rather than incorporating frequency and terapge directly into the Hirsch
predictive equation, they are inherent to the shezdulus of the binder. Also, the need
to translate viscosity data to shear modulus miahted, which not only simplifies the
equation but is also intuitive given the Superp@edormance Grading system for
which G* testing is conducted. This could possibly redag®ers highlighted by Dongre
and colleagues in their evaluation of the Witcz7A model (2005).
2.3.2.1Accuracy of Hirsch Model

The database used to develop the Hirsch predistoadel captured a wide range
of measured E* values (183 to 20,900 MPa) fromtesiperatures of -9, 4, 21, 38, and
54°C, but only two frequencies, 0.1 and 5 Hz (Chris&net al., 2003). Although the
database reflected various conditions, it lacketthénrobustness of the test mixes. The
range of air voids leaned towards the high endhefspectrum, with only 5.6% air voids
(Christensen et al, 2003) tested at the low end.chefficient of determination of the
model was reported as 98.2% (in log space) fonthasured E* values in the database
(Christensen et al., 2003).

Christensen also applied the Hirsch predictive rhtmmixes used in a
sensitivity study by Witczak, as well as companiagults with measured values and
predictions made by Witczak’s 1-37A predictive epra(2003). These comparisons
revealed that the Hirsch model resulted in a stahdaor of 41%, a slight improvement

over the standard error for the Witczak 1-37A madel5% (Christensen et al., 2003).
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In a comparison study conducted by Dongre anddsea@ates, findings similar
to Christensen’s were reported, in which predicibg the Hirsch model for E* were
closer to the laboratory measured values than thieesicted by the Witczak 1-37A
model (Dongre et al., 2005). Dongre observed thatall the Hirsch model showed a
slight improvement over the Witczak 1-37A modelie values of 0.96 and 0.92
respectively, and 5, (where Sis standard error and, 8 standard deviation) values of
0.192 and 0.284 respectively in logarithmic scal@g). Witczak and colleagues
applied the Hirsch model first to their smallergamal database of 206 data points and
second to the expanded database of 7400 data (p0@8). An excellent goodness of
fit, R? = 0.98 in logarithmic scales, was reported whaslieg to the first database
(Witczak et al., 2006). However, when applied te skecond, the Hirsch model did not
accurately predict the E* values, returning a dogfht of determination of 0.61 in
logarithmic scale and 0.23 in arithmetic scale @aak et al., 2006).

2.3.3 Newly Revised Witczak Model

Upon the expansion of the database used to entlamogiginal Witczak
predictive model, resulting in the Witczak 1-37Aded Witczak discovered a decrease
in accuracy of the 1-37A model (2006). As a resfithis decrease,R= 0.88 compared
to R? = 0.94 for the development of the 1-37A modeles model was developed from
the expanded database, called the Witczak 1-408igtree equation from this point

forward. The 1-40D model is presented in Equati#22
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665— 0.0320,,, + 0.0027,0,,,)° +0.011p,
log E* = -0.349+ o.7540c3b *|‘°'°°52)x -0.00010,)? + 0.006p,, — 0.00014 p,, )

V,
- 008V, - 1.06{L]
Va +Vbeff

V,
256+ 003V, + 0.71{\/“1“/] +0.0120,, - 0.00010,,)> - 001p,,

a+ beff

+
1+ e(—o.7814—0.5785|og\Gb*\+o.8834|og5,,)

(2-22)
where:

E* = dynamic modulus of mix, psi

| Gp* | = dynamic shear modulus of binder, psi

P200 = % passing #200 sieve

P4 = cumulative % retained on #4 sieve

p3s = cumulative % retained on 3/8 in. sieve

P34 = cumulative % retained on 3/4 in. sieve

V4 = air voids, % by volume

Veit = effective binder content

The combined database used to develop the 1-4Gi2Ine@panded the mix
properties and incorporated various aging conditiocluding short-term oven aging,
laboratory aging, plant aging, and field aging @¥&k et al., 2006). This was an
improvement from the previous database that indwiddy un-aged laboratory blended

mixes. Discrepancies in the accuracy of the 1-3bd@hfor the combined database
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were believed to be due to the representationferiesds of the binder and extrapolation
of the model beyond the initial range of varial{M&tczak et al., 2006).

The 1-37A model requires viscosity by means ofARéTS relationship shown
in Equation 2-17, however, this relationship, asc@hk states, “does not consider the
effect of loading frequency (or time) on the st#és of the binder itself (2006).” This
was accounted for in the 1-40D model by replachegviscosity by means of the A-
VTS relationship with a direct input of the compkhxear modulus of the binder,*G
which “can more effectively take care of the binderology with changing temperature
and loading rate (Witczak et al., 2006).” Furthereydhe associated binder phase angle,
Oy, Was also incorporated into the new model. Sintdahe 1-37A model, the 1-40D
model also makes use of aggregate gradation, ais veffective binder volume, voids
in mineral aggregate, and voids filled with asplalpredict E*.
2.3.3.1Accuracy of the Witczak 1-40D Model

The database which enabled the development ditezak 1-40D predictive
equation used 7400 data points from 346 mixes, funch a coefficient of
determination of 0.90 was reported in logarithnuals, and 0.80 in arithmetic scale
(Witczak et al., 2006). This was an improvementrdakie 1-37A model for the same
database, as was the ratio of standard errornoatd deviation (Se/Sy) which was
reported for the 1-40D model as 0.32 in logarithedale and 0.45 in arithmetic scale
(Witczak et al., 2006). In looking at the coeffitie of determination, it is evident that
the 1-40D model (R= 0.90) offers a slight improvement over the 1-37iadel (R =
0.88) for the wide range of mix properties, inchglvarying binder types and aging

conditions tested.
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Both the 1-37A and 1-40D Witczak equations wer@wated for pavements at
the FHWA's Accelerated Loading Facility (ALF) (Azaat al., 2007). Both equations
were found to be good predictors of the measureddliifes contained in the study. The
1-40D model, however, returned a slightly highegfGioient of determination, 0.936 (in
logarithmic scale) than the 1-37A model, which preet an Rof 0.917 (also in
logarithmic scale) (Azari et al., 2007). Althoudtistreiterates the improvement reported
by Witczak (2006), the overestimation at low modwalues reported in numerous
evaluations of the 1-37A model (Dongre et al., 2006hammad et al., 2007; Azari et

al, 2007) was not improved by the 1-40D model mstudy completed by Azari (2007).

2.4 E* IN THE MECHANISTIC-EMPIRICAL PAVEMENT DESIGN  GUIDE

The MEPDG offers three levels of design which apahdent on the user’s
available data and desired accuracy of the de€ige.significant difference in the three
levels of design is the determination of the dyramodulus. Upon the determination of
E*, a master curve is created at a reference teatyperof 70F. The degree of
complexity required for material property inputgistated by the level of design
chosen. A brief description of the methods toneate E* at each level is listed in
Chapter Two of Part Two of the Guide for the MEPP&sented in Table 2.3 (ARA
Inc., 2004). At the highest level of complexityyé one requires laboratory E* and G*
results. At levels two and three, laboratory tesuits for E* are replaced by the
estimation of E* from either the 1-37A or 1-40D \#ak predictive equation. At the
current stage of development of the MEPDG, the oaerselect which E* predictive
model is run. However, this is likely to changehe future, given the improvement of

the 1-40D model over the 1-37A model.
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TABLE 2.3 Asphalt Dynamic Modulus (E*) Estimation at Different Hierarchical
Input Levels for New and Reconstruction Design (ARAnNc., 2004)
Input level  Description
1 e Conduct E* (dynamic modulus) laboratory test (NCHRP 1-28A) at loading
frequencies and temperatures of interest for the given mixture
» Conduct binder complex shear modulus (G*) and phase angle (d) testing on
the proposed asphalt binder (AASHTO T315) at w= 1.59 Hz (10 rad/s) over a
range of temperatures.
» From binder test data estimate Ai-VTSi for mix-compaction temperature.
» Develop master curve for the asphalt mixture that accurately defines the time-
temperature dependency including aging.
2 » No E* laboratory test required.
» Use E* predictive equation.
» Conduct G*-6 on the proposed asphalt binder (AASHTO T315) at w= 1.59 Hz
(10 rad/s) over a range of temperatures. The binder viscosity of stiffness can
also be estimated using conventional asphalt test data such as Ring and Ball
Softening Point, absolute and kinematic viscosities, or using the Brookfield
viscometer.
» Develop Ai-VTSi for mix-compaction temperature.
» Develop master curve for asphalt mixture that accurately defines the time-
temperature dependency including aging.
3 * No E* laboratory testing required.
» Use E* predictive equation.
» Use typical Ai-VTS — values provided in the Design Guide software based on
PG viscosity, or penetration grade of the binder.
» Develop master curve for asphalt mixture that accurately defines the time-
temperature dependency including aging.

For a level one design, E* laboratory testing ninestompleted for a range of
frequencies and temperatures. G* testing on RTF&a+&gnder must also be completed,
however, at a fixed loading frequency of 1.59 Hzd@ange of temperatures. The
recommended temperatures and frequencies for thstseare listed in Table 2.4.
TABLE 2.4 Recommended Frequencies and Temperaturder E* and G*, at Level

One Design (ARA Inc., 2004)
Mixture E* and 8  Binder G* and

Temperature (°F) 0.1 Hz 1Hz 10 Hz 25 Hz 9, 1.59 Hz
10 X X X X

40 X X X X X

55 X

70 X X X X X

85 X

100 X X X X X

115 X

130 X X X X X




In Table 2.3, the A-VTS relationship is mentionsdaarequirement for a level one
design, as well as levels two and three. The A-Va8I&ionship is described by
Equation 2-17 and characterizes the effect of teatpee on viscosity for a particular
binder. It is used mainly in a level one desigodmplete the master curve. To obtain
viscosity, conventional binder testing can be catgal, as listed in Table 2.5, or
Equation 2-18 can be used to conveyt Bst results (at f = 1.59 Hz) to viscosity. Once
viscosity is obtained the A-VTS relationship isabed through a linear regression on
the viscosity-temperature data, allowing the deteation of viscosity at any
temperature.

TABLE 2.5 Conventional Binder Tests to Achieve Visasity (ARA Inc., 2004)

Test Temp, °C Conversion to Viscosity, Poise
Penetration 15 See Equation 2-23
Penetration 25 See Equation 2-23
Brookfield Viscosity 60 None
Brookfield Viscosity 80 None
Brookfield Viscosity 100 None
Brookfield Viscosity 121.1 None
Brookfield Viscosity 135 None
Brookfield Viscosity 176 None
Softening Point  Measured 13,000Poise
Absolute Viscosity 60 None
Kinematic Viscosity 135 Value x 0.948
logn =10.5012- 2.2601log(Pen) + 0.003890g(Pen)? (2-23)

where:

n = viscosity, Poise

Pen = penetration for 100 g, 5 sec loading, mm/10

A level two design uses one of the two models pnesly discussed to estimate
E*, requiring volumetric properties, gradation infaation and depending on which
model is selected, either G* testing or viscositsting. For the Witczak 1-37A model,

viscosity is required and can be obtained in tmeesmanner as described above for a
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level one design. Although G* testing (at f = 1198) can be used for the Witczak 1-
37A model, it is not required. For a level two dgsusing the Witczak 1-40D model,
G* testing is necessary. Rather than testing edeal loading frequency, G* testing must
be completed for a range of frequencies and tertypesa

A level three design also utilizes volumetric pnd@s, and gradation
information, however no laboratory testing is reqdi If the user selects the Witczak 1-
37A model to estimate E*, viscosity values areneated from typical temperature-
viscosity relationships, programmed into the MEPBSB the selected binder grade.
Similarly, the Witczak 1-40D E* model selects tyqli€&G* values from the temperature-

viscosity relationship for the binder grade.

2.5 FACTORS AFFECTING LOAD DURATION AND STRAIN

It is known from laboratory testing that HMA modaslis frequency and
temperature dependent. In the field the dynamicutusdof HMA characterizes how a
particular mixture is likely to respond to a moviegd under varying pavement
temperatures. Neither E* nor frequency can be nreddlirectly in the field; however
time of loading is measurable. Due to time-freqyeamtationships, time significantly
influences the HMA stiffness, and therefore shdagdnvestigated. Pavement responses
under moving loads are heavily dependent on the HivbAlulus. From the defining
equation (2-1) for E*, it is evident that strainnsersely influenced by E*. Therefore, it
is important that the factors affecting strain le¢adled in order to better understand the

factors affecting E*.
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2.5.1 Load Duration

Historically, time of loading has been defined lither a stress pulse or a strain
pulse and found to be dependent on speed and ddptiugh the use of finite element
and elastic layer theory, Barksdale estimated llapes and length of compressive stress
pulses under a rolling wheel load (Barksdale, 19[A#&)concluded that compressive
stress pulse durations are a function of pavemeptihdand vehicle speed and could be
characterized by either a sinusoidal or triangpldse for vehicle speeds up to 45 mph
depending on the depth within the pavement. Furtherstigation by Brown extended
Barksdale’s research to stress pulses in threetatins, using again elastic layered
theory and sinusoidal curves to estimate the leafifuch pulses (Brown, 1973). From
this research Brown developed Equation 2-24, shahthe loading time represents the
average pulse times of the three orthogonal stseseetical, radial, and tangential)
which resulted in a loading time equal to 0.48 8rtieat of Barksdale’s.
log (t) = 0.5d — 0.2 — 0.94log(v) (2-24)

where:

d = depth (m)

v = vehicle speed (km/hr)

Measuring load durations in the field has presentedlenges in defining the
boundaries of the load pulse. More recent resdaydtoulizi et al. at the Virginia Smart
Road facility characterized the effects of speegtil and temperature on measured
vertical compressive stress pulse times (2002sePdlirations were measured for truck
speeds ranging from 8 km/h (5 mph) to 72 km/h (4 )rat various pavement depths.
Similar testing conducted at a later date was @met@mperature comparisons, resulting
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in maximum in-situ temperature differences betwesih dates of 13°€ (55.8F) and
6.8°C (44.2°F) for the two pavement types investigated. Duthédack of symmetry

in the stress pulses, the loading time was takdre tiovice the time of the rising
normalized vertical compressive stress pulse bégjnat a normalized stress of 0.01
(Loulizi et al., 2002). Loulizi et al. concludedattnormalized compressive stress pulse
durations generally increased with depth and welaged to vehicle speed by a power
function (2002). For the conditions tested, no igant relationship with temperature
was determined (Loulizi et al., 2002).

In 2008, Garcia and Thompson utilized strain putseseasure the loading
times, reporting that load durations for strainsgsglwere also influenced primarily by
load speed and pavement thickness (2008). A triafid simulator, the Advanced
Transportation Loading Assembly (ATLAS), was emgdyo apply loads with no
lateral displacement under a single tire inflated 10 psi (Garcia and Thompson, 2008).
For the strain measurements recorded during ATLeS8rtg, the longitudinal and
transverse strain pulses were of different shapegsiring two different definitions for
strain pulse duration. In the longitudinal direati®t was taken to be the time that the
pavement experienced only tensile strain, where#sei transverse direction, it was
taken to be twice the rising portion (in the temségion) of the pulse using the unloaded
condition as a reference point.

ATLAS testing was conducted at very low speedsph,ne mph, and 10 mph
for loads ranging from 5-11 kips. Load duration s\@aments were taken at various
depths in the pavement; however in-situ pavemenpégatures were not considered.
Generally speaking, pulse durations were founad¢oease with depth and decrease with
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speed, consistent with prior research on stresepylGarcia and Thompson, 2008).
Specifically, in the longitudinal direction, loadimurations were compared with
Ullidtz’'s method for calculating loading times frovertical stress pulses (Garcia and
Thompson, 2008). As presented by Garcia and Thomplse method outlined by
Ullidtz is described in Equations 2-25 and 2-260@0 From this comparison it was
found that for the conditions tested, the Ullidtethod very accurately estimated the
measured strain pulse times, over estimating meddangitudinal strain pulse
durations by only 2.21% (Garcia and Thompson, 2008)
Ly =200+2z (2-25)
where:
Lk = effective length (mm)

z = actual depth (mm)

(= et (2-26)

where:

t = time of loading

L = effective length (mm)

v = vehicle speed

The newly-developed Mechanistic-Empirical Pavenizggign Guide (MEPDG)
considers depth, vehicle speed and temperatuheiddtermination of loading time
(ARA Inc., 2003). The MEPDG assumes the time ofling to be the duration of a
haversine stress pulse (ARA Inc., 2003). The methdglined by the MEPDG is similar

to the method of Ullidtz as described by Garcia @hdmpson (2008), in that an
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effective length, Lg, of the load pulse is calculated as a functiothefdepth, and that
time is then a function of the effective length amethicle speed. However, the MEPDG
uses effective depth e to compute kg by considering the modulus of each layer as
well as the thickness of each layer above the mdintterest. Additionally, the MEPDG
takes into account the actual contact radius oafigied load. Given that the HMA
modulus is frequency and temperature dependenthahthe MEPDG calculates time
of loading ultimately as a function of the HMA mdds, the process is an iterative one.
The MEPDG procedure for calculating load durat®described in greater detail in
Chapter 6.

2.5.2 Strain

Pavement responses, specifically tensile straimpeadifficult to characterize
due to the viscoelastic nature of HMA. Becausdas¥iscous properties, HMA
responses are time-dependent, such that as aslagqblied, a response is not
immediately induced throughout the pavement. Adddily, it is dependent on
temperature, causing increased flexibility undermaex temperatures and increased
stiffness under colder temperatures. The predichiodel becomes increasingly
complex when the pavement is under dynamic loadingh as the loading that occurs
with live traffic.

Researchers and engineers have characterizectitheseemperature
relationships both theoretically and through phgismeasurement. Although developing
a temperature-strain relationship was not the pyragea of investigation in Mateos and
Snyder’s validation of a response model from therdsota Road Research
(Mn/ROAD) test facility, a trend of increasing stravith increasing pavement
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temperatures was illustrated in their findings 20®bservations from the National
Center for Asphalt Technology (NCAT) Test Track dagported that an increase in
temperature has resulted in an increase in hoattensile strain. This relationship was
found to be well-modeled by a power function of thiel-depth pavement temperature
(Priest and Timm, 2006).

Investigations at the PACCAR Technical Center thmeffects of vehicle speed
on strain have revealed a reduction in tensilerstiéth increasing speed (Chatti et al.,
1996). For tensile strain in the longitudinal diren at the bottom of the HMA layer, a
maximum reduction of 30-40% was reported as velsipeds were increased from
creeping motion to 64 km/h (Chatti et al., 1996igarly, transverse strain at the
bottom of the HMA layer was also reported to deseeaith speed, although not as
significantly (Chatti et al., 1996). Mateos and 8ery(2002) also recorded a decrease in
tensile strains in both the transverse and longialdlirection with changes in vehicle

speed.

2.6 SUMMARY

HMA is a viscoelastic material that responds défety to varying conditions.
When a load is applied to HMA, the response, stiainot immediately induced, but
rather a time lag exists between the applied stredsnduced strain. The dynamic
modulus, E*, characterizes this viscoelasticitytigh its dependency on frequency and
temperature. E* is defined as the ratio of peakverable stress to peak recoverable
strain when HMA is under sinusoidal loading. Thieawe been numerous laboratory
tests developed over the years to determine thandignmodulus of HMA, the most

recent and commonly used is the AASHTO TP 62-0D720
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Although it has been established that the dynanadulus is frequency and
temperature dependent, laboratory testing has shizatriE* is also influenced by mix
properties. Aggregate properties such as the typggregate, NMAS, air voids and
aggregate interactions were found to influence Edrthermore, the binder grade,
asphalt content, and RAP content were reportedisilouting parameters as well.

There have been numerous attempts over the Jagtysiars with varying
degrees of success to develop a means to predsttEdut conducting an E*
laboratory test. Nomographs and predictive equati@ve been developed using
gradation information, volumetric and binder prdjgerto estimate E*. The three most
recently developed equations include the Witcz&¢A-E* predictive model, the
Hirsch E* predictive model, and the Witczak 1-40BDgdtedictive model. The accuracy
of the 1-37A model has been reported to vary aniiid\S, and aggregate type. The
Hirsch E* model was found to be an improvement dkierl-37A model for some
databases, but was found to be poor for the datalsesd to create the 1-40D model.
Both the 1-37A and 1-40D were reported to overptef at low moduli values.

E* is an important parameter that is essentialciturate pavement designs. The
method to determine E* varies among the levelsesfigh in the MEPDG. The
hierarchical levels of design (1-3) dictate theeextof required material properties.
Levels two and three are particularly useful testh&tate DOTs which do not have E*
laboratory equipment because E* laboratory resuktssupplemented with E*
predictions. At the most complex level, level oladoratory test results for E* and G*
are required. At levels two and three the user sggct which model, the Witczak 1-
37A or the Witczak 1-40D, is employed to estimatdrBm mix properties. At level
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two, design gradation information and volumetriogerties are required regardless of
which model is selected. If the 1-37A model is s&dd, G* testing at a frequency of
1.59 Hz or viscosity testing is required. For thé0D model G* testing at a range of
frequencies and temperatures is necessary. Aeatleee design only gradation and
volumetric information is required as the neces&amger information is selected based
on typical temperature-viscosity relationshipstfee selected binder grade.

It is important to be able to link field perfornawith material properties to
further refine the accuracy of M-E pavement deskfpwever, E* cannot be measured
in the field. However, two important parameters banmeasured: time of loading and
strain. Understanding these parameters under \gacginditions may lend insight into
how E* is characterized under field conditions. Sienstrain has been found to increase
under high temperatures and decrease with an seiaavehicle speed. Load durations
are influenced by vehicle speed, as well as depthd pavement. Load durations have
been measured by stress and strain pulses, althtbadWEPDG considers it to be

characterized by a haversine stress pulse.
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CHAPTER THREE
TEST FACILITY

3.1 INTRODUCTION

The National Center for Asphalt Technology at Aubuniversity has a full-
scale test facility for the evaluation of flexilgjavements under live traffic. The test
facility is located in Opelika, Alabama, and cotsisf a 1.7 mile oval test track, with
applied traffic similar to open access highwaysgseal trucks and human drivers.
The Test Track has enabled its sponsors, statersgras of Transportation (DOT)
from the Southeast region and beyond, the Fedeghiay Administration (FHWA)
and other contributors from the industry to collaie on advancing HMA technology
through the construction and evaluation of flexipde&yements in an accelerated
pavement testing framework. The Test Track is atsef of 46 200-ft pavement
sections with varying cross-sections. Some sest@ve embedded instrumentation for
the evaluation of pavement response and Mechadtistigirical analysis. Three
complete testing cycles have been completed igghes 2002, 2005, and 2008
respectively. For this investigation, only datanfrthe third cycle, constructed in 2006
and completed in 2008, were utilized, focusing amythose test sections that were

newly constructed in the 2006 Test Track structstadly.
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3.2 2006 STRUCTURAL STUDY

Assessments of the first two test cycles highlightee sponsors’ need for further
investigation into structural pavement responsen(iij 2008). To address this need, the
third test cycle (2006-2008) included 11 test smdias part of the structural study. The
11 test sections were equipped with embedded msintation to capture pavement
response under live loading. Of the 11 sectiams, (N3, N4, N5, N6, and N7) were left
in place from the 2003-2006 test cycle to contiaualuation under additional traffic,
and six sections (N1, N2, N8, N9, N10, and S11)ewewly constructed with
embedded instrumentation in 2006 (Timm, 2008). idaoidally, N5 was milled and
inlaid with 2 inches of HMA to correct previous tdpwn cracking in the section.
Under normal testing operations, pavement respomees captured on a weekly basis
throughout the testing cycle for analysis. Als@ slurface performance of each test

section was monitored on a weekly basis.

3.3 PAVEMENT CROSS-SECTIONS

Each of the 11 test sections was designed bas#tondividual sponsor’s need
and common practices. As a result, the crossesextiaried by the HMA mixtures and
unbound materials utilized in the structures. Tiwss-sections of each are shown in
Figure 3.1, labeled by its associated sponsor drether it was left in place from the
2003-2006 test cycle or newly constructed in 2006.

One commonality among the test sections was ttad lotboound material used
to construct the sections. All 11 pavement sectiditiged the local soil at the Test

Track, referred to as “Track soil,” which is clds=i as an AASHTO A-4(0) soil
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containing large cobbles and stones (Timm, 20@Xcluding section N8 and N9, all of
the test sections utilized this material as a cartgzhsubgrade. Sections N8 and N9
instead used a compacted soft subgrade materigbpoot the uncompacted Track soil
(not shown in Figure 3.1) and the compacted Tradkas a base material. The soft
subgrade material was imported from Seale, Alabantshad a high clay content which
closely replicates subgrade materials typicallyoeimtered in Oklahoma. A Limerock
base quarried in Florida and typically used byRlwida DOT was placed in sections
N1 and N2. The Granite base used in sections NaNJ S11 was quarried in
Columbus, Georgia, and is typically utilized by ADD for road construction in the
Southeastern part of Alabama. Section N10 usedsaddri Type 5 base material.
Laboratory testing and backcalculation was conalioteeach of the unbound materials
to determine the resilient modulusgMs a function of the state of stress (Taylor,

2008). Discussion of these results appears in ©€h&ux of this thesis.
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FIGURE 3.1 2006 Test Track Structural Study Test 8ctions (Timm, 2008).
seven sections, N1, N2, N3, N5, N6, N7, and S1lleyed a PG 67-22 unmodified

binder. The PG 76-22 binder used in the HMA layersections N2, N4, N5, and S11
was modified with styrene-butadiene-styrene (SBH8j(n, 2008). The surface course
of N7 also used a PG 76-22; however it was a stoakix asphalt (SMA) mix. PG 76-

28 binder was used in sections N8 and N9 in thiaseircourse SMA and in the second
Although the binder type was common to both layérs bottom layer was designed for

only 2% air voids, referred to as a “rich bottorayér. Lastly, the PG 70-22 binder was

mixes by varying aggregate gradations, air voidd, l@inder contents. HMA layers in
used for one HMA layer in section N10. As-builoperties of each layer were

HMA layers. These sections used PG 64



recorded, as well as the designed properties.thieosections constructed in 2006,
including the top layer of section N5, binder tegtwvas completed to determine the
dynamic shear modulus, G*, and viscosity valueddid@hally, laboratory tests were
completed to determine the dynamic modulus, EthefHMA layers. As mentioned
previously, only the datasets from the newly cardtgd 2006 sections and the top lift in
N5 were utilized for this investigation. Detailedormation about these laboratory test

results is discussed in Chapter Four of this thesis

3.4 INSTRUMENTATION

In order to characterize pavement response, msintation was embedded
within each section at the time of constructiomviting extensive information on
temperature, stress and strain within the strustuEambedded within each of the 11
sections was at a minimum, one pair of earth presseils, twelve strain gages, and
four temperature probes. Based on the researelctolgs of the corresponding
sponsors, some sections included more extensitreinentation. Figures 3.2, 3.3, and
3.4 illustrate the arrangement of the pressure egltl strain gages for the various

sections, though this investigation focused prityamn Section N9 (Figure 3.4).
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FIGURE 3.2 Location of Gages, Sections N1-N6, N&,10, S11 (Timm, 2008).
Strain gages were installed to capture the indteesile strain in both the
longitudinal and transverse directions. Regardbéske year of construction, 2003 or
2006, the same type of gage was consistent. Téesgaere purchased from
Construction Technologies Laboratories, Inc. (CT)ey were designed for most
pavement cross-sections with a maximum range &0y, well within typical strain
magnitudes experienced in most pavement crosmasdflimm, 2008). A strain gage
array, gages 1-12, was installed in each of theogecat the bottom of the HMA layer.
The gages were installed in groups of three byctoe, oriented either longitudinally or
transversely. Within a group, one gage was aligmiéal the centerline of the outside
wheel path, and the remaining two were offset &orthht and left of the outside wheel

path. Doing so helped to account for wheel wanalwing the best hit to be captured.
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Two groups each of strain gages were installedth the longitudinal and transverse
directions to create redundancy in the system.

Figure 3.2 illustrates the configuration of gafgssections N1-N6, N8, N10
and S11. Additional strain gages, gages 18-21 wstalled in section N7 at a depth of
5 inches, located along the centerline of the datsiheel path atop the gages installed
at the bottom of the HMA layers, as shown in FigBu® Carrying this idea further,
Section N9 included twelve strain gages in additmthe gage array at the bottom of
the HMA layers. The additional twelve were ingdlin groups of four along the
centerline of the outside wheel paths at varioyghde downstream from the three by
four gage array, illustrated in Figure 3.4. Witlisch array, two each longitudinal and
transverse gages were installed inline with theidatwheel path. Gages 16-19 were
installed at the bottom of the fourth HMA layer (@4 inches), gages 20-23 were placed
at the bottom of the third HMA lift, 8.76 inchesegeand lastly, gages 24-27 were
placed at the bottom of the second HMA lift, 6.80hes deep. These depths were

determined using surveying equipment.
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Temperature probes were installed at various depithén the structure,
creating a complete temperature profile for eadn.densistency, Campbell-Scientific
model 108 temperature thermistors were installeétiensections constructed in both
2003 and 2006. Four thermistors were placed asiamaim in each section, as listed in
Table 3.1. Sections N3-N7 (those left in place fittven 2003-2006 cycle) were installed
at consistent depths, regardless of the crossesetiiowever, for the sections
constructed in 2006, one thermistor each was iestal the surface, mid-depth and
bottom of the HMA layer and three inches into thedlayer (Timm, 2008). Section N9
employed additional thermistors, installed at teptts listed in Table 3.2, which
provided a much more detailed view of the tempeeatpadients experienced.

53



TABLE 3.1 Location of Thermistors
Depth of Probe, inches

Section T1 T2 T3 T4
N1 0.0 3.7 7.4 10.4
N2 0.0 35 7.0 10.0
N3 0.0 2.0 4.0 10.0
N4 0.0 2.0 4.0 10.0
N5 0.0 2.0 4.0 10.0
N6 0.0 2.0 4.0 10.0
N7 0.0 2.0 4.0 10.0
N8 0.0 5.0 10.0 13.0
N9 0.0 7.2 14.4 17.4

N10 0.0 3.9 7.7 10.7
S11 0.0 3.8 7.6 10.6

TABLE 3.2 Location of Additional Probes in SectionN9
Probe Depth, in.

T5 0.0
T6 1.0
T7 2.0
T8 3.7
T9 5.4
T10 6.9
T11 8.4
T12 9.6
T13 10.8
T14 12.4
T15 141
T16 171
3.5 TRAFFIC

Live traffic was applied at the Test Track on dydiaasis. Heavy trucks were
operated by truck drivers for 16-hours a day, Ssdayveek, totaling nearly 10 million
Equivalent Single Axle Loads (ESALS) in the 3-y&ssting cycle. The trucks had
approximately a 12-kip steer axle, 40-kip tandeme aand 5 trailing 20-kip single axles.
The Test Track operates five different trucks wtité following axle spacing and axle

weights listed in Tables 3.3 and 3.4.
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TABLE 3.3 Spacing Between Axles (Taylor, 2008)

Distance Between Axles (ft)

Front Rear
Truck# Steer Tandem Tandem Single4 Single5 Single 6 Single 7  Single 8
1 0.0 13.6 4.3 18.7 11.2 20.0 11.2 20.0
2 0.0 13.6 4.3 171 17.0 17.0 17.0 17.0
3 0.0 13.6 4.3 171 17.0 17.0 17.0 17.0
4 0.0 13.6 4.3 171 17.0 17.0 17.0 17.0
5 0.0 13.6 4.3 14.8 12.4 17.2 11.0 17.2

TABLE 3.4 Axle Weight by Truck (Taylor, 2008)
Axle Weights (Ib)
Front Rear
Truck# Steer Tandem Tandem Single4 Single5 Single 6 Single 7  Single 8
1 9,400 20,850 20,200 20,500 20,850 20,950 21,000 20,200
2 11,200 20,100 19,700 20,650 20,800 20,650 20,750 21,250
3 11,300 20,500 19,900 20,500 20,500 21,000 20,650 21,100
4 11,550 21,200 19,300 21,000 21,050 21,000 20,750 20,800
5 11,450 20,900 19,400 20,100 20,450 21,000 20,050 20,650

3.6 DATA ACQUISITION

Wireless data transmission was utilized in the6208st Track structural study to
transmit pavement response measurements. Howatarywere collected through hard-
connection at roadside data acquisition enclosiuesg the 2003-2006 testing cycle.
For consistency the same data acquisition deviegs wtilized in both the sections from
the 2003-2006 testing cycle and those construct@®06. To do so meant upgrading
the left-in-place sections with new devices to niketneeds of the 2006 wireless
system. This enabled safe data acquisition wirgléssm an enclosed building away
from the track and live traffic, which was a sigeéint improvement given the frequency
of data collection. For normal operations, dataenmilected on each of the structural
sections on a weekly basis. Weekly data colleatmmsisted of recording the in-situ
pavement temperatures and strain responses umdergasses of live traffic. As

mentioned previously, an additional field study wasducted utilizing section N9. To
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do so, data was collected on four different testslaver a one month testing period.
For this testing strain responses were measureer @ndariety of speeds, rather than at
the normal 45 mph. The details of the N9 field stigation are discussed in more detail

in Chapter Five of this thesis.

3.7 SUMMARY

This chapter served in describing the test facilihe test facility encompasses
the application of live traffic over 46 differenayement cross-sections on a 1.7 mile test
track. Approximately 10 million ESALs were applieih the five 132-kip trucks
operated at the Test Track. Eleven of the 46 tagtians were included in the 2006 Test
Track structural study which utilized embeddedrunsientation to record pavement
responses at various critical locations withinracture. On a weekly basis strain and
stress data were collected from these sectionsghrthe use of data acquisition devices
and wireless transmittal. Laboratory testing wasdtmted on the sections constructed
in 2006 as well as the top lift of N5 which wasletl and inlaid in 2006. Testing
included G*, E*, and viscosity testing. Also, dédi as-built information regarding the
volumetric properties of each section was recorddsing those datasets for these six
sections (plus N5 top lift), further analysis wasnpleted on the accuracy of E* models.
Additional analysis was completed on the relatigméletween E* and pavement

response, as discussed in Chapters Five and Six.
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CHAPTER FOUR
LAB INVESTIGATION

4.1 INTRODUCTION

There are three levels of design that one cansghttom when using the
MEPDG for flexible pavement design (ARA Inc., 200@ne significant difference in
the three levels of design is how the dynamic maslof HMA is computed and
therefore the degree of complexity required forerat property inputs. Level one is the
most complex degree of design, requiring laboratesy results for both mixture
dynamic modulus (E*) and binder shear modulugXGHowever, dynamic modulus
laboratory testing is time consuming and expendgiterefore, it is likely that many
state DOTs will opt to use levels two or three gesvhich do not require E* test
results, but rather estimate E* from predictiveaeuns. The required material property
inputs for these levels are minimal and are pararag¢hat are typically measured as part
of a specification. Level two, the second most clexpesign, utilizes either the 1-37A
or the 1-40D Witczak Predictive E* equation (at thecretion of the user) as a function
of binder information, gradation information, artther volumetric information. Level
three, the least complex of the three designsialBpes either the 1-40D or thel-37A
Witczak Predictive E* equation, however laboratbnyder test results are not required.
Interestingly, when using the MEPDG, the desigresimply presented with the option

of running either equation, but no guidance toiaithis decision.
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Although the MEPDG utilizes the Witczak equatiam#s determination of E*,
there are many other equations that have beenajmakbver the years to predict E*
from similar properties. One such model, the HirB&tpredictive model was developed
in 2003 as a response to the objectives of the NEBH25 and 9-31 projects
(Christensen et al., 2003). It is among the mastmdy developed models used to
predict E* from mix properties. Although the Hirsel predictive model is not
currently used in the MEPDG, it should be evaluatedffer comparisons with the
MEPDG methods and to determine the most effectiediptive model for pavement
designers.

Due to the lack of finances and means to runatiffilaboratory tests, there is a
need to validate the MEPDG'’s procedure in calcntpi* at the two lowest levels of
design. To evaluate the accuracy of these twaydssthree E* predictive equations
were analyzed and compared with E* laboratoryresitlts. E* testing on the mixtures
in the newly-constructed 2006 Test Track structstadly formed the basis of this

investigation.

4.2 MODELS TO DETERMINE E*

Three E* predictive equations were utilized toesssthe accuracy of the
MEPDG, both Witczak equations contained withinphegram and a third equation, the
Hirsch model for estimating E*. As part of the NCPIR-37A project, a predictive
model for E* was developed utilizing rudimentaryxnmformation including basic
binder test results to be included in the MEPDGri(Bad Witczak, 2006). An initial
model was developed in 1996 by Witczak and Fonsemaever it was quickly updated,

expanding the dataset and re-calibrating the mddhes. model, updated by Witczak and
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Andrei, was implemented for use in both levels amad three of the MEPDG in 1999
(Bari and Witczak, 2006). To alleviate confusidristmodel will be referred to as the
Witczak 1-37A E* predictive equation, given thawias developed under the NCHRP 1-
37A project. In 2005, a third Witczak equation wdaseloped under the NCHRP 1-40D
initiative which again updated Witczak’s E* prediet equation (Bari and Witczak,
2006). This third equation, termed here as the ¥8kc-40D E* predictive equation,
was implemented in the MEPDG version 1.0 allowimg tiser to select between the 1-
37A and 1-40D equation for use in level two an@é¢hdesign. However, the user is
heeded that the 1-40D equation has not yet be@&mady calibrated.

Aside from the 1-37A and 1-40D equations, theneeli@een many other E*
predictive equations developed over the years.d@tige more recent models is the
Hirsch E* predictive model developed in 2003 (Ctamsen et al., 2003). In meeting the
objectives of this thesis, the two Witczak modetdedded within the MEPDG, the
Witczak 1-37A and the Witczak 1-40D E* predictivguations were analyzed as well as
the Hirsch E* predictive model.

The information required for each model is listed able 4.1. As mentioned
previously, the level of complexity of the matemabperty inputs varies among the
three models. Two of the three requirg® @sting, while only one requires the phase
angle associated withy,& It is worthy of noting that while both the Wrak models
incorporate the gradation of the mix, the Hirschdelaloes not. In fact, the Hirsch

model relies only on four properties of the mix.
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TABLE 4.1 Material Property Requirements by Model
Information Witczak (1-37A) Witczak (1-40D) Hirsch

Gradation:
P200 Pass. X X
P4 ret. X X
Psg ret. X X
P34 ret. X X
VMA X
Va X X X
VFA X
Vet X X
f X
n X
Gp* X X
Oy X

4.2.1 Witczak 1-37A E* Predictive Equation

The original Witczak model was developed in 199®. Witczak and his
colleagues using 149 unaged HMA mixtures (Bari @fittzak, 2006). The binder types
utilized in the mixtures were conventional bindendy (i.e., unmodified), which
severely limits the use of this model. This equati@s revised in 1999, by expanding
the dataset and deriving an equation that moreratsy fit a wider range of gradations,
binder stiffness and air voids (Andrei et al., 1p9%e revised equation, the Witczak 1-
37A E* predictive equation (Bari and Witczak, 200i&ted in Equation 4-1, is a
function of gradation of the aggregate, air voefgctive binder content, viscosity of

the binder, and loading frequency:

V,
log E* = —125+ 0.0290,,, — 0.001§ 0,,,)> — 0.00280, — 0.058/, — 0.0822—>"__

beff+a

, 3872-0.0021p, +0.0040,, - 0.000017,,)° +0.00550,

1 + g(~060331303133510g(f)-039353209(7))

(4-1)
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where:

E* = dynamic modulus of mix, £Qsi

n = viscosity of binder, 10poise

f = loading frequency, Hz

P200 = % passing #200 sieve

P4 = cumulative % retained on #4 sieve

p3s = cumulative % retained on 3/8 in. sieve

P34 = cumulative % retained on 3/4 in. sieve

V4 = air voids, % by volume

Vett = effective binder content
Equation 4-1 is currently used for a level two dasn the MEPDG (ARA Inc., 2004).
It is also employed for the level three design wité use of typical viscosity values of
the binder based on the binder grading (ARA In@04). The viscosity can be
determined by conventional binder tests or fronym@adhic shear modulus (€ test.
When using the 3 to determine viscosity, 3 and its associated phase angle must be
measured at a variety of temperatures for a loaeguency of 1.59 Hz or 10 rad/sec,
from which Equation 2-18 is employed to calculatxwesity (ARA Inc., 2004). The
loading frequency for @ testing should not be confused with the loadiregifiencies
required for the 1-37A model, as the loading fretes selected for the model are
typical of an E* laboratory test (0.1, 1, 10, 25, ldix.). Viscosity can also be determined

from conventional binder tests: Penetration, Safigi®oint, Absolute Viscosity,
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Kinematic Viscosity or Brookfield Viscosity. Howewsome require a conversion to
achieve a viscosity in Poise.
4.2.2 Witczak 1-40D E* Predictive Equation

The Witczak 1-37A E* predictive model was revise@006, again expanding
the dataset beyond the original model, using d 6§t346 HMA mixes to calibrate the
model (Bari and Witczak, 2006). One important difece to note between the 1-37A
E* predictive model and the 1-40D E* predictive nebis the replacement of the
viscosity and loading frequency parameters withdyreamic shear modulus of the
binder, G*, and its associated phase an@lg,as shown in Equation 4-2 (Bari and

Witczak, 2006):

665 0.0320,9, + 0.0027 0,,)° + 0.011p0,
log E* = -0.349+ 0.7540@b *|‘°'°°52)x ~0.000%p,)? +0.006p,, — 0.00014 ;)

V,
- 008V, - 1.06($j
Va +Vbeff

V,

256+ 003V, + 071 — > |+0.0120,, - 0.000%p,,) - 0010,
Va +Vbeff

(-0.7814-0.5785l0g| G, *|+0.8834l0g J, )

+

1+e
(4-2)
where:
E* = dynamic modulus of mix, psi
| Go* | = dynamic shear modulus of binder, psi
P200= % passing #200 sieve
p4 = cumulative % retained on #4 sieve

Psg = cumulative % retained on 3/8 in. sieve
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P34 = cumulative % retained on 3/4 in. sieve

V4 = air voids, % by volume

Veit = effective binder content

& = phase angle of binder associated W}i@* |, degrees
This newly established Witczak equation (Bari andicak, 2006), the Witczak 1-40D
E* Predictive equation was implemented in the MEPibuse in level two and three
design. As mentioned previously, the user has piiem of selecting the 1-37A or the 1-
40D model for design. At a level three design, ¢gbi5,* and &, values are estimated
within the program depending on the selected goddiee binder. Although the loading
frequency parameter has been omitted in the newemtbe time and temperature
dependency of dynamic modulus is characterizedsya@d d,. Witczak and colleagues
attempt to define the time-frequency relationshepdito characterize,Gand dy,
however, the relationships are unclear and inctergishroughout the document (Bari
and Witczak, 2006). Therefore, it is assumed thatidading frequency used in’G
testing is equivalent to loading frequency for mhizture modulus test, E*.
4.2.3 Hirsch E* Predictive Model

The Hirsch E* predictive equation is similar t@ tWitczak equations in that it
also utilizes volumetric information and,"daboratory test results. However, this model
requires only two volumetric properties: VMA and Afas a function of Y The Hirsch
E* model was developed based on the law of mix{akse referred to as the Hirsch
model, for composite materials (Christensen e28I03). The Hirsch E* predictive

equation for asphalt mixtures, as developed bystdmisen and his colleagues is:
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[EX| = Pc[4,2oqooc(1_Mj+qG*| (wj}r
" 100 o\~ 10,000

-1
(1-Pc) 1-(vmA/100),  VMA
4,200000  VFAG*|

where:
VFAx3G*
20 q |b
VMA
Pc=
VFAx3G*
ss0s | VFAX3G7, )
VMA
(4-3)
where:

| E* | mix = dynamic modulus, psi
VMA = voids in mineral aggregate, %
VFA = voids in aggregate filled with mastic, %
VFA = 100*(VMA-V »)/VMA
V, = air voids, %
| G* | b= dynamic shear modulus of binder, psi
Just as in the 1-40D model, the time and temperatependency of E* is characterized
in the Hirsch E* predictive model by,& According to Christensen, the,G'should be
at the same temperature and loading time seleotati¢é mixture modulus, and in
consistent units (Christensen et al., 2003).” Rty ¢valuation, it was assumed that the
frequency-time relationship is consistent for b@tf and E* tests such that a selected
frequency applies the load for the same time imegitest. Therefore, the loading

frequencies and temperatures selected associatiedyyiwere the same as those from
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the measured E* values, which enabled a direct emisyn of predicted to measured E*

values.

4.3 TESTING PROTOCOL

To complete the dynamic modulus testing for eauljue mix listed, the testing
protocol outlined by AASHTO TP 62-07 was followesiASHTO, 2007). An Asphalt
Mixture Performance Tester (AMPT), formerly calkb@ Simple Performance Testing
machine (SPT), shown in Figure 4.1, was utilizedgply haversine compressive
loading for a range of frequencies and temperatt@sthis investigation E* results at

three temperatures, 40, 70, and°Eand seven frequencies, 0.5, 1, 2, 5, 10, 202&nd

Hz were obtained.

FIGURE 4.1 The AMPT Machine and Close-up of Specien.

Viscosity was obtained for the various bindersigghe Brookfield Viscometer.

The test procedure was in compliance with the ASI2983-04a (ASTM, 2004). The
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binders were aged in a Rolling Thin-Film Oven (RTE@Qd Brookfield viscosities were
obtained at two temperatures, 135 and®@65

Dynamic shear modulus,G testing, in accordance with AASHTO T 315-06
(AASHTO, 2006), was also conducted on RTFO ageddssusing a Dynamic Shear
Rheometer (DSR). Although testing was conductddwattemperatures, 4, 21, 37.8,
and 54.4C (40, 70, 100, and 13B), results at4C (4°F) were inconsistent and
unreliable due to the inability to maintain a camgttemperature and thus excluded from
the analysis. A frequency sweep, in which thirtdequencies (0.1, 0.2, 0.3, 0.4, 0.6,
1.0, 1.6, 2.5, 4.0, 6.3, 10.0, 15.9, and 25 Hz)evegplied, was completed at each of the

four temperatures.

4.4 MIXTURES TESTED

E* laboratory testing was completed for the mikesach section constructed in
2006 as part of the structural study. The mixegsstigated are described in Table 4.2,
listed by the section and layer in which it wascpld Four different mix types were
incorporated in the investigation including Supemaixes (super), stone matrix
asphalt mixes (SMA), and a rich bottom layer (RBEdch mixture is described by a
unique mix number and unique binder number. Thdajran information acquired from
as-built records (quality control laboratory test$ime of construction), as well as the
nominal maximum aggregate size (NMAS) for each mirnber is listed in Table 4.3.
The air voids associated to the specimens prodiacdetr testing were used to predict
E* following each of the models, enabling a direaimparison to measured E*. Using
the maximum specific gravity of the mix (Gmm) reded in quality control as-builts,

the bulk specific gravity of the mix (Gmb) was baekculated for each specimen tested
66



using the associated air voids. The remaining veluaproperties, voids filled with
asphalt (VFA), voids in mineral aggregate (VMA)daaffective binder content (w)
were calculated using the Gmb of each specimenthenkinown bulk specific gravity of
the aggregate (Gsb), and percent aggregate (fs)Jjuality control as-builts. The
VMA of the specimens tested ranged from 13.14%lt@ 2%, the VFA ranged from
48.67% to 65.15%, and the air voids were betweerabé&o3.6%. Due to the large
number of data points, these individual, specinmeeetic data (\, VMA, VFA) are not
listed. As shown in Table 4.2, a total of ten umieuixes were evaluated, however,
some unique mixes were used in multiple pavemeetsa Associated with a unique
binder number is the performance grade (PG), viscaad G* test results (including
phase angle value§,); these values are listed for each binder in Ta#ld through
4.12. A total of nine binders were used in the HMxyers investigated, and similar to
the uniqgue mix number, some unique binders werd usmultiple pavement layers.
For this evaluation a Brookfield viscometer wasdusedetermine the viscosity
of various binders at 135 and P65 After the test temperatures were converted to
°Rankine, Equation 2-17 was utilized to extrapolaseosity for the temperatures (40,
70, and 10€F) at which E* testing was completed. Viscositywes were not obtained
for unique binder #4, which was contained only mque mix #7. From these data the
dynamic moduli of the mixes, aside from mix #7, evpredicted for the 1-37A E*
predictive model at three temperatures and se\airlg frequencies. 5 and &, values
were obtained at multiple temperatures and fregesnklowever, to compare
laboratory E* values with E* predictions from eitiibe Hirsch or 1-40D E* predictive

models, the loading frequencies and test tempa&sfor G* must equal those used in
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the E* laboratory test. As a result, the 1-40D Hirdch E* predictive models were
evaluated at two temperatures, 70 and’EQ@nd three frequencies, 1, 10, and 25 Hz.
TABLE 4.2 HMA Mixes by Section and Layer

Unique  Unique
Section Layer Sponsor Mix Type Binder Binder # Mix #

N1 1 FL Super 67-22 1 1
N1 2 FL Super 67-22 1 1
N1 3 FL Super 67-22 14 2
N2 1 FL Super 76-22 2A 3
N2 2 FL Super 76-22 2A 3
N2 3 FL Super 67-22 14 2
N8 1 OK SMA 76-28 3 4
N8 2 OK Super 76-28 3 5
N8 3 OK Super 64-22 4A 6
N8 4 OK RBL 64-22 4 7
N9 1 OK SMA 76-28 3 4
N9 2 OK Super 76-28 3 5
N9 3 OK Super 64-22 4A 6
N9 4 OK Super 64-22 4A 6
N9 5 OK RBL 64-22 4 7
N10 1 MO Super 70-22 5 8A
N10 3 MO Super 64-22 6 9
S11 1 AL Super 76-22 13 28A
S11 3 AL Super 67-22 14 2
S11 4 AL Super 67-22 14 2

TABLE 4.3 Gradation Information by Mix #
Unique Unique p200 % p4 % p38 % P34 % NMAS
Mix # Binder# passing retained retained retained (mm)

1 1 8.79 39.61 16.44 0.00 12.5

2 14 5.48 45.82 25.19 4.47 19

3 2A 8.10 38.61 16.62 0.00 12.5

4 3 10.71 68.55 28.62 0.00 12.5

5 3 6.90 34.80 19.53 4.71 19

6 4A 6.90 36.31 21.13 5.48 19

7 4 10.51 39.93 13.68 0.00 12.5

9 6 6.28 51.79 25.60 1.81 19
8A 5 5.40 47.71 16.83 0.79 12.5
28A 13 8.59 13.98 0.10 0.00 9.5
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TABLE 4.4 Binder Information (Section N1)

Unique Binder # Temp, F Frequency, Hz G* psi Delta,® Viscosity, cP
1 40 - - - 44,720,000,000
1 70 1 246.64 5549 623,700,000
1 70 10 520.55 56.86 623,700,000
1 70 25 473.71 58.09 623,700,000
1 100 1 2461 62.77 21,870,000
1 100 10 91.80 61.25 21,870,000
1 100 25 138.46 60.05 21,870,000

TABLE 4.5 Binder Information (Section N2)

Unique Binder # Temp, °F Frequency, Hz G* psi  Delta, © Viscosity, cP
2A 40 - - - 1.553E+11
2A 70 1 261.73 55.64 2,068,000,000
2A 70 10 565.94 57.48 2,068,000,000
2A 70 25 590.01 58.21 2,068,000,000
2A 100 1 2971 59.78 68,120,000
2A 100 10 103.04 59.91 68,120,000
2A 100 25 156.75 58.73 68,120,000

TABLE 4.6 Binder Information (Sections N8 & N9)

Unique Binder # Temp (F) Frequency, Hz G* psi  Delta, 0| Viscosity, cP
3 40 - - - 3.527E+11
3 70 1 325.09 53.89 4,147,000,000
3 70 10 667.87 55.76 4,147,000,000
3 70 25 692.95 54.5 4,147,000,000
3 100 1 38.69 57.81 123,500,000
3 100 10 129.85 56.28 123,500,000
3 100 25 207.21 49.12 123,500,000

TABLE 4.7 Binder Information (Section N8 & N9)

Unique Binder # Temp (F) Frequency, Hz G* psi Delta, ° Viscosity, cP
4 40 - - - -
4 70 25 123221 45094 -
4 100 25 17777 5869 -

TABLE 4.8 Binder Information (Sections N8 & N9)

Unique Binder # Temp (F) Frequency, Hz G*, psi Delta, © Viscosity, cP
4A 40 - - . 595,100,000
4A 70 1 251.43 56.12 28,820,000
4A 70 10 560.86 57.4 28,820,000
4A 70 25 581.59 58.07 28,820,000
4A 100 1 2487 63.06 2,506,000
4A 100 10  94.93 61.08 2,506,000
4A 100 25 148.19 59.04 2,506,000

69



TABLE 4.9 Binder Information (Section N10)
Unique Binder # Temp (F) Frequency,Hz G*psi Delta,® Viscosity, cP

5 40 - - - 11,950,000,000
5 70 1 284.925 60.01 257,400,000
5 70 10 641.48 61.22 257,400,000
5 70 25 619.15 62.04 257,400,000
5 100 1 2378 65.96 12,290,000
5 100 10 100.166 65.18 12,290,000
5 100 25 158.775 63.4 12,290,000

TABLE 4.10 Binder Information (Section N10)
Unique Binder # Temp (F) Frequency, Hz  G*psi Delta, ° Viscosity, cP

6 40 - - . 26,150,000,000
6 70 1 24548 56.16 431,700,000
6 70 10 555.64 57.42 431,700,000
6 70 25 577.68 5817 431,700,000
6 100 1 2381 62.74 17,060,000
6 100 10 9251 61.12 17,060,000
6 100 25 14480 59.35 17,060,000

TABLE 4.11 Binder Information (Section S11)
Unique Binder # Temp (F) Frequency, Hz G*psi Delta, °| Viscosity, cP

13 40 - - . 306,100,000
13 70 o5 573.19 goo7 26,720,000
13 100 25 133.34 5937 3,530,000

TABLE 4.12 Binder Information (Section S11)
Unique Binder # Temp (F) Frequency, Hz  G*,psi Delta, ° Viscosity, cP

14 40 . . . 76,590,000,000
14 70 1 25824 5568 936,600,000
14 70 10 571.01 57.03 936,600,000
14 70 25 585.80 57.89  936,600,0009
14 100 1 2629 62.13 29,800,000
14 100 10 98.96 60.59 29,800,000
14 100 25 15254 59.11 29,800,000

4.5 RESULTS AND DISCUSSION

In following Equation 4-1 to evaluate the Witczal81A E* model, 644 data
points were produced from mixture properties oheiadividual specimen. The values
were plotted against the laboratory measured logdhifes in Figure 4.2. For the

Witczak 1-40D and Hirsch E* models, 177 data powse evaluated for each, again
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using individual mix properties of the specimeng arere plotted against measured log
E* values in Figure 4.2. Ideally, all points wodddl along the line of equality, but this
clearly is not the case. Upon visual inspectiopait be concluded that overall the 1-
40D E* model consistently overpredicts the measweddes, with 99% of the data
points lying above the line of equality. While thes a large amount of scatter in the
data, the 1-37A E* model generally follows the lofeequality, with data points both
above and below this line. Similarly, the Hirschiabddel also generally follows this
line, although there is much less scatter in thieda. Some of the scatter evident in this
plot may be related to inherent errors in measueadaes, as E* laboratory testing is not

a flawless test and has limitations, particulatiigh frequencies.

Evaluation of E* Models on Structural Test Track Se  ctions
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FIGURE 4.2 Comparison of Predicted E* to Measured* by Predictive Models.
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Attaching a linear regression equation indicates precisely the modeled
values are linearly related to the measured valodeg space. Some researchers (Bari
and Witczak, 2006; Dongre et al., 2005, Andreilgtl®99, Christensen et al, 2003;
Azari et al., 2007; Mohammad et al., 2007) havealuke coefficient of determination
from this relationship as an indication of the gyadf the model. Inset in Figure 4.2 are
the sample sizes, linear regression equations ssutiated coefficients of determination
in log scale for each model evaluated. All threedels produced predictions that
correlated well to the measured values by a linglationship. The Hirsch E* model
produced the highesRalue, 0.88 in log scale, while the Witczak 1-40@duced the
lowest, 0.74 in log scale. This is contrary to poesg findings in which the 1-40D model
was found to be an improvement over both the Hiesah1-37A model (Bari and
Witczak, 2006; Azari et al., 2007). All three mtgjel-37A, 1-40D, and Hirsch,
returned significantly lower Rvalues than reported in their development, 0.9440,
and 0.982 in log scale, respectively (Andrei andcak, 1999; Bari and Witczak, 2006,
Christensen et al., 2003). Although these modelg Weind to linearly correlate very
well with the measured values used to create thieey, may not be applicable to
mixtures not included in their original databa3dis is of concern since the purpose of
these equations is to provide a reasonable estimatiE* without having to run the E*
test.

The coefficient of determination is a measure of lppecisely the linear
regression equation matches the data. For the nhodel accurate, the linear regression

equation should be as close to y = x as posshueetore the slope and intercepts of the

12



regression equations should also be investigatsole™.13 lists the linear regression
coefficients and goodness of fit in arithmetic sdalr each of the models.

TABLE 4.13 Linear Regression Coefficients for EactModel

Model Slope  Intercept (psi) R®
Witczak 1-37A 0.90 48,623 0.66
Hirsch 0.64 125,416 0.80
Witczak 1-40D 1.25 447,561 0.60

According to these lines of best fit, the WitczaR7A has the smallest difference in
slopes from the line of equality, deviating abadve line by only 12.22%. Additionally,
the y-intercept is the smallest of the three madétsvever, indicated by the’Rnd
Figure 4.2, the 1-37A E* model does not consisyeptedict the measured values
accurately. The Hirsch model is more consisternt tha Witczak 1-40D model,
however, the slope for the Hirsch model deviatesifone the most. In looking at
Figure 4.2, the data for both the Hirsch and 1-#@@lels appear to level out,
approaching a slope close to zero at intermediai@sared moduli values (725,000-
1,400,000 psi) and at lower moduli values (100,280;000 psi). When the data are
plotted in arithmetic scale, this trend at intermézland low moduli values is more
predominant in the Hirsch model (shown in Figui® 4han the 1-40D model (Figure

4.4), which may explain the large deviation in glédppm the line of equality.
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Evaluation of E* Models on Structural Test Track Se
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Given that both of these models follow this trend atilize G*, such inconsistencies
could be related to the use of*@alues. This could indicate errors in’Gest results at
high frequencies and the low end of the temperatnge, 78F. Similar to E* testing,
Gp* testing also has limitations, particularly at hifyjequencies. Although, testing errors
may exist, no obvious errors were noted duringrtgsthus, this trend may also be due
in part to the use of &in the development of these two models. Tabl& 4ists the
percentage of E* values that are underpredicteith&yHirsch model for each of the
frequencies and temperatures used for the comparigs the frequency increases for
either temperature, the percent of predicted Eéeslthat are less than its measured
counterpart increases. This trend is contrarpéatime-dependency of HMA, such that
increases in frequency should result in higher &tigs. Additionally, at the higher
temperature, 10F, the percent of values underpredicted at 10 &nd2are less than at
the lower temperature. The number of E* values énatunder predicted by the Hirsch
model are greatest at a temperature 8F@hd 25 Hz. In general, it appears that the
Hirsch E* model predicts the measured values masirately and precisely for lower
dynamic moduli (250,000-725,000 psi).

TABLE 4.14 Percent of Total E* Values Underprediced by Hirsch Model

Frequency 70°F 100°F
1Hz 5% 6%

10 Hz 12% 8%

25 Hz 18% 10%

Consistent with previous research (Azari et alQ7)Qthe 1-40D E* model
grossly overpredicts dynamic moduli at low valudsol are characterized by high

temperatures and/or low frequencies. To furtheestigate this trend, the ratio of
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predicted to measured E* values was calculateadnuency and temperature. Table
4.15 lists the minimum, maximum and average ratios.

TABLE 4.15 Ratio of Predicted to Measured E* for Wtczak 1-40D E* Model

70°F 100°F

Frequency Min Max Avg Min Max Avg
1Hz 1.5 45 2.7 1.9 5.6 3.2

10 Hz 1.3 3.2 2.0 1.6 4.3 2.6

25 Hz 0.9 3.3 1.7 14 4.3 25

Of the 177 data points, only one underpredictsrirasured value, by just 2%,
corresponding to a ratio of 0.9. At the highestpgerature (100) and lowest
frequency (1 Hz) which corresponded to low measureduli; the 1-40D model
produces dynamic moduli 3.2 times greater, on aeeradable 4.15 reveals that at a low
frequency (1 Hz) and a high temperature ¢E)@he model overpredicts the greatest
among test frequencies and temperatures, reitgrptevious findings. At the minimum,
the 1-40D model overpredicts by 1.9 times at loggérencies (1 Hz) and high
temperatures (108). Similarly, among the three frequencies testexhantermediate
temperature, 70F, the model results in predictédegadrastically greater than the
corresponding measured values.

The models were further analyzed by mixture patarsemixture type, binder
type, gradation, and NMAS. Initially three mixtusges were included in the
evaluation: SMA, Superpave, and RBL. The RBL migtwas excluded from further
analysis, due to the lack of viscosity values far associated binder and the small
sample size (only six data points) for the Hirsnd &4-40D predictive models. Despite
the small sample sizes for SMA mixtures, the tretidsussed earlier were not found to

be independent of mixture type, illustrated by Fegu4.5 and 4.6.
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E* Models Evaluated for SMA Mixes
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FIGURE 4.5 Comparison of Measured E* to Predictede* for SMA Mixes.
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As was found earlier, the 1-37A model is largelgttgred about the line of equality,
neither consistently over nor underpredicting EfieTL.-40D model was found to return
E* values much larger than those measured in th@#tory. The Hirsch model
generally follows the unity line for both mixturdsgure 4.6 again illustrates the
leveling out of the data for both the 1-40D andsklir models.

Similar to the evaluation of mixture types, meadureoduli were plotted against
predicted values for each of the five binder tyjpetuded in the study. Comparisons

were plotted for two binder types, PG 64-22 and/&8 in Figures 4.7 and 4.8,

respectively.

E* Models Evaluated for PG 64-22
3,000,000
o 1-37A
® 1-40D
2,500,000 {|
A Hirsch
LI |
~ 2,000,000 -
%)
e
il = _u
5 1,500,000 n o M e
S - .
3 1,000,000 " e 0’.00 ¢
o SR Fopm 42 PR YRS
LT é,“Z% M A A .
500,000 - 1O RS Qe
—— ¢y Y %% o o
S X I XR A
O T T T T T
0 500,000 1,000,000 1,500,000 2,000,000 2,500,000 3,000,000
Measured E* (psi)

FIGURE 4.7 Comparison of Measured E* to Predictede* for Mixes with PG 64-
22 Binder.
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E* Models Evaluated for PG 76-28
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FIGURE 4.8 Comparison of Measured E* to Predictede* for Mixes with PG 76-
28 Binder.

The same general trends discussed previously vgaia avident: large scatter in the 1-
37A predictions, overestimation by the 1-40D modal fairly accurate predictions by
the Hirsch model. Although not shown, the Witcza®7A model improved for binder
types PG 67-22 and PG 70-22, predicting E* mostiiately, while the other two
models preformed in accordance with previously aittends. However, for these two
binder types only one mixture each was represeiiteetefore, it was concluded that
binder types have no discernible affect on E* prealins for the three models evaluated.
Plotting measured moduli against predicted maoidulcoarse and fine mixes
showed that the same trends existed regardlese gfradation of the mixture. Likewise
for NMAS, the same trends spotted in Figure 4.2evexhibited no matter the NMAS.

Although mixture properties such as binder sheaduhws, and gradation (percent
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retained or passing specific sieves) inherentljérfice model predictions, no
relationship between model accuracy and binder typmarseness of the aggregate was

found to exist.

4.6 SUMMARY

Three E* predictive models were evaluated for asphixtures from the
southeastern region. The dynamic moduli of tered#ifit HMA mixtures from the 2006
Test Track were measured in the laboratory and aoedpwith moduli predicted by the
1-37A, 1-40-D, and Hirsch E* predictive models.|Baling the Witczak 1-37A E*
model, E* was estimated for three temperatures{@0and 10fF) and seven
frequencies (0.1, 1, 2, 5, 10, 20, and 25 Hz). BS wlso estimated using the Witczak 1-
40D and Hirsch E* predictive models for two temperas (70, and 106) and three

frequencies (1, 10, 25 Hz). The findings from thesmparisons are summarized below:

The Witczak 1-37A E* model was found to be unrdiabith a large amount of

scatter.

* The Hirsch E* model was found to be the most peenigdel, with the highest

coefficient of determination, 0.707 in log scalel&n766 in arithmetic scale.

* The Witczak 1-40D E* model consistently overpresliet particularly for low

dynamic moduli.

* The Hirsch E* model is most accurate at low dynamaxiuli values (250,000-

700,000 psi).
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» At an intermediate test temperature®)) both the Witczak 1-40D E* and

Hirsch E* models flatten out, thus misrepresenthmgtime-dependency of E*.

» Mixture parameters, such as mixture type, bindee tgradation (coarse/fine) or
NMAS of the mix were not found to significantly inénce the accuracy of E*

predictions by any of the three models.

At the current state of the MEPDG, Witczak E* patidie equations, 1-40D and 1-37A,
are employed to determine dynamic modulus givenmelric, gradation and binder
properties of a mixtures. In applying these motielen mixtures included in the 2006
Test Track Structural study, neither model consibeestimated laboratory dynamic
moduli values to a high degree of accuracy. Bechotiethe 1-37A and 1-40D models
were found to be unreliable and the 1-40D modejdyroverpredicts dynamic modulus,
it is recommended that the Hirsch E* model be uteshould be used with caution
however, as discrepancies at lower temperaturésahnigher frequencies were

observed.
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CHAPTER FIVE
FIELD DATA

5.1 INTRODUCTION

Further investigation into E* was conducted thioagfield experiment. Section
N9 was utilized to explore various factors on strand loading duration. As mentioned
previously, load duration ultimately affects E*; Etturn influences tensile strain
levels. Since E* cannot be measured in the figdidrs affecting it such as temperature,
and load duration at various depths were measuréeruive traffic at the Test Track.

Strain levels were also recorded to evaluate tfeztsfof temperature and velocity.

5.2 TESTING

In order to understand E* in the field, a bettederstanding of pavement
responses was necessary. Section N9 was selectedltf@r investigation given its
deep HMA cross-section and multiple strain gagesdbus depths. Field testing was
conducted in the spring of 2007, on four separgedates over the course of a one
month testing period. A minimum of four speeds wested on any given test day,
ranging from 15 mph to 55 mph. On the first twoedatApril 6 and 10, 2007, testing
was completed for five speeds: 15, 25, 35, 45,5nohph. Testing at the highest speed,
55 mph, was abandoned for the last two dates, Rprdnd May 2, 2007, for safety
reasons, as the Test Track was designed for onhgptb Live traffic was applied to the
section in three passes of each truck, followirgyfihdings of previous research at the
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Test Track, enabling the best hit to be detectethbynstrumentation (Timm, 2006). As
mentioned previously, live traffic was applied witie heavy trucks employed by the
Test Track, composed of a steer axle, tandem axidize trailing single axles. A
minimum of four trucks traveled over the sectiorath speed tested. The in-situ
pavement temperatures were recorded, enabling pleterevaluation of strain

measurements and load durations for a variety @édpand temperatures.

5.3 STRAIN RESPONSES

Strain measurements were evaluated to determineffénets of temperature and
speed on tensile strain to give a broader undatstgrof E*. Tensile strain
measurements were analyzed for the strain induciw dottom of the HMA layers,
13.9 inches deep, as this is the most criticaltiondor tensile strain and the prevention
of fatigue cracking. Measurements were recorddzbth the longitudinal and transverse
directions by gages 1-12, as discussed in ChaptexeT The layout of these twelve
gages is displayed in the inset of Figure 5.1. Tenapires were recorded at the surface
(T1), mid-depth (T2) and bottom (T3) of the HMA &yalso illustrated in Figure 5.1.
Temperature probes were also embedded within ebbA lldyer, as described in
Chapter Three, Table 3.2. From these measurenmsateonships were analyzed for

tensile strain with temperature and speed.

83



0
11 7Aisip7h§|7t §Er§i7ni(37qugiei o ~ SMA @ Thermistor 7
Plan View (2.16"
2 - i owpP - - e
3 |cL T
[ 6.00"
4 +- i Deep }— B -- PG 76_28 77777777
5 |- i T B R
|
R I -
c ! "
7 - | Direction of 3'76 H - T2 ® |---PG64-22 @ -—-—-—----
f:_. : Travel eer H
o g | _ (276
'3} |
a |
97 ||
! PG 64-22
10 1 ! (2.28")
114 |1
124 |1 PG 64-22
: Rich Bottom
13 | (2.88")
i e S
|
15 :

FIGURE 5.1 Cross-section of N9.
5.3.1 Definition of Strain

To analyze the effect of temperature and speddmsile strain, the recorded
strain pulses were first evaluated. Figure 5.3ftates the longitudinal strain induced
under a single axle of a moving load. It was fotimat as the load approached the strain
gage, compressive strain was experienced firstaaride HMA layers began to bend
under loading, the strain pulse transitioned ih®tensile realm. At the peak of the
strain pulse, the HMA layers experienced maximunsite straing; max at which time
the load was directly over or nearly directly otteg strain gage. Figure 5.2 reveals that

the tensile strain lessened as the load movedduaivay from the gage, eventually
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transitioning into compressive strag, again before it returned to the baseline strain

level.
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FIGURE 5.2 Longitudinal Strain Pulse.

Strain induced in the transverse direction washdlglifferent than in the
longitudinal direction, displayed in Figure 5.3 or entire truck pass. The HMA layers
experienced only tensile strain in the transvenseton. As the truck approached the
gage, the strain went directly into tension. Asltreel was directly or nearly directly
atop the gage, maximum tensile strain was induceka transverse direction just as it
was in the longitudinal. However, once the load etbpast the gage, the strain
remained in tension until it returned and remaiaethe baseline strain level. Since the
maximum tensile strain values are most criticayttvere utilized to evaluate the effects
of temperature and speed on tensile strain undenang load. It was found that the

maximum tensile strain levels in the transversedtion were notably less than that in
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the longitudinal direction, consistent with prevsaesearch at the Test Track (Timm
and Priest, 2008). To account for wheel wander;lllest hit” among the truck passes
was used for each condition tested. The “bestvitS considered the maximum tensile
strain value recorded among all of the strain gagesgiven direction, for a given date,
speed and axle type. Using the best hit approheteffect of temperature and speed on
tensile strain in both directions were first analyseparately. After individual
relationships were developed, the combined effefctsmperature and speed on tensile

strain were quantified.
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FIGURE 5.3 Transverse Strain Pulse.
5.3.2 Effect of Speed on Tensile Strain
The tensile strains determined from the bestpgptr@ach were investigated to

determine the effects of speed on tensile straiheabottom of the HMA layers. To
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determine the relationship between speed and éesisdin, strain values in each
direction were plotted by speed for each axle t¥gure 5.4 plots the tensile strain
values in the longitudinal direction for a singldea For the first two dates, April 6, and
April 10, 2007 the induced longitudinal strain d=gses with an increase in speed. The
same trend exists for the last two dates; howekerstrain decreased at a greater rate
than on the first two dates for each increase @edpThis trend was investigated further
in Figure 5.5 which plots the rate of change (lbgee of each regression line) of the
tensile strain with the mid-depth pavement tempeeatrom Figure 5.4. The average
mid-depth pavement temperature for each datetesllis Table 5.1. This plot reveals
that at high mid-depth temperatures vehicle speddaed the longitudinal strain at a
greater rate. Therefore, at warmer temperaturdscleespeed has a greater effect on the
tensile strain at the bottom of the HMA than adesltemperatures. This was to be
expected since warmer temperatures induce a gngaterlastic behavior from the
HMA which would therefore increase the impact ofileée speed.

TABLE 5.1 Average Mid-Depth Temperatures by Date
Date Avg. Temperature

4/6/2007 63.9°F
4/10/2007 70.8°F
4/25/2007 89.0°F

5/2/2007 99.0°F
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Longitudinal Strain at Single Axle by Vehicle Speed
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Plots were developed for all three axle types ohedirection, from which it was
found that regardless of direction or axle typedame general trend existed: increasing
the vehicle speed resulted in a decrease in testsdim levels at the bottom of the HMA.
By completing a regression analysis on the datseedgame evident that the longitudinal
strain was proportional to the natural logarithnileff speed of the applied load,
modeled by Equation 5-1. The coefficient of detemtion, corresponding to the trend
line for each axle type on each test date revaakdEquation 5-1 models the
relationship for longitudinal strain very well, uehing R values ranging from 0.80 to
0.99 with ten of the twelve Rralues greater than 0.90. The same trends existed

strains under each axle type in the transverseteire again returning relatively high

R? values.
& =alnv+b (5-1)
where:

& = tensile straingg)

v = vehicle speed of applied load (mph)

a, b = regression coefficients
5.3.3 Effect of Temperature on Tensile Strain

A broad range of in-situ pavement temperaturegwearorded during the one
month testing period, with surface temperaturegiranfrom 78F to 12GF. This
enabled a robust analysis of the relationship betvwensile strain and pavement
temperature. During testing, pavement temperafuoes each of the sixteen

temperature probes were recorded at the onsestoigeeach new speed. As to be
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expected, the temperatures throughout the struotgeeas the experiment progressed
from the start in April to the termination in Ma4lso, temperature gradients were
observed in which the surface temperatures of$paalt concrete were significantly
higher than temperatures at the bottom of the ttrec

In determining the effect of temperature on straiwas necessary to select one
of the sixteen thermistors embedded within thecstine for analysis. A regression
analysis was completed for thermistors T1-T3 whuffered a complete temperature
profile of the HMA layers. Recorded temperaturesrfreach of the probes were plotted
against the resulting strain values in each divaatinder the steer axle for all speeds
tested. Attaching a trend line to each allowedafeomparison of accuracy among the
three probes via Rvalues. From this it was found that the tempeestuecorded at the
mid-depth by thermistor T2 resulted in consistehtlyh R values. This follows the
findings of a previous investigation at the Tesackrwhich reported mid-depth
temperatures as the best predictor of strain (Paies Timm, 2006). From this, the mid-
depth pavement temperatures were selected fontigsas of the effect of temperature
on tensile strain at the bottom of the HMA. Therage mid-depth temperatures are
listed in Table 5.1.

Plots were developed for tensile strain and migttl@avement temperature in
each direction, longitudinal and transverse, amet&h axle type at the various speeds
tested. Figure 5.6 displays the temperature-sted@tionship in the longitudinal

direction under a single axle.
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FIGURE 5.6 Effect of Temperature on Longitudinal Srain.

From this plot it is evident that an increase imltdepth pavement temperature causes a
significant increase in tensile strain, a relattopghat can be described by an
exponential function. In Figure 5.6 the equationtfe trend line generated by Excel is
displayed for a vehicle speed of 15 mph which tees a very high Rvalue indicating
that an equation of the form listed in Equation i5-2 very good fit for these data.
Although only the regression equation arfdvRlue for 15mph is displayed, thé R
values for the relationships at the other threedpeavere also very high, ranging from
0.961-0.985. Likewise, plots for temperature-strailationships under the steer axle and
tandem axle also illustrated very close fits withexponential function described by
Equation 5-2. Similarly, in the transverse direstishown by Figure 5.7 (for a single

axle), the temperature-strain relationship waseatiostted by the same exponential

91



function regardless of axle type. Given the coesigy high R values, it was concluded
that Equation 5-2 most accurately describes th@éeature-strain relationship in both
directions for all axle types.
g =ce” (5-2)
where:
& = Tensile strain (micro strain)
T = Mid-depth Temperature (°F)
e = the base of natural logarithm

c, d = regression coefficients
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FIGURE 5.7 Effect of Temperature on Transverse Stin.
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5.3.4 Combined Effects of Speed and Temperature drensile Strain

Although the effects of speed and temperature Wetanvestigated separately,
their effects are not independent of each othertddiee fact that HMA is a material for
which properties are temperature and time-dependéstinvestigations into the effects
of speed and temperature revealed that tensili@ strdirectly proportional to the
natural logarithm of the vehicle speed and direptlyportional to the exponential
function of temperature. Furthermore, it was fotimat the highest strain levels, critical
for design, were experienced under slow vehicledpand high mid-depth pavement
temperatures. To quantify this combined effectabdt a regression analysis software
program, was utilized to generate regression egusfrom the recorded data. DataFit
allows the user to enter forms of regression equoatnot built into Excel. The program
then iterates through possible coefficients anadksi¢he validity of the user defined
equation by calculating the correlation to the juled data. From this program,
Equation 5-3 was selected to represent the effexpieed and temperature on
longitudinal strain at the bottom of the HMA lay€18.9 inches deep). The equation of
the form listed in Equation 5-3 was selected beeduigearly combined the individual
effects of speed and temperature (Equations 5-b&t)dwith regression coefficients
that were statistically significant, and it resdlia high coefficients of determination. It
was found that axle type (assuming all axles wiganh category were of approximately
the same weight) influenced strain values; theeefegression equations of the form
listed in Equation 5-3 were developed for each axpe as well as each direction,
longitudinal and transverse. The regression caefits for each axle type are listed in
Table 5.2. As Table 5.2 illustrates, these equatiary closely fit the measured data.
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Figure 5.8 also exhibits the accuracy of theseasggon equations as the measured data

points for a single axle in the longitudinal ditectlay in close proximity to the line of

equality.
g =flnv+e? +h (5-3)
where:

& = tensile strain at the bottom of the HMA (13.9 ifp€)
v = vehicle speed (mph)

T = mid-depth pavement temperature (°F)

e = base of natural logarithm

f, g, h = regression coefficients

TABLE 5.2 Regression Coefficients by Axle Type anDirection of Strain
Regression Coefficients

Gauge Orientation Axle Type f h [ R?
Longitudinal Steer -24.25 0.047 108.81 0.955
Longitudinal Tandem  -34.67 0.051 172.93 0.970
Longitudinal Single  -40.57 0.053 206.67 0.983

Transverse Steer -19.70 0.050 101.40 0.986

Transverse Tandem -15.05 0.500 112,57 0.971
Transverse Single -16.23 0.051 102.18 0.986
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Longitudinal Strain under Single Axle
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FIGURE 5.8 Calculated vs. Measured Strain.

The above equations were derived for the N9 teticseand allow for the
prediction of tensile strain under a variety of ditions. This is useful in comparing to
critical strain levels essential to perpetual pagendesign. Also, quantifying the effects
of temperature and speed on tensile strain alloviufdher investigation into the

material property that ultimately affects such msges, E*.

5.4 LOAD DURATION

It is necessary to characterize E* under fielddtbons to validate mechanistic-
empirical design procedures such as the MEPDG.Has been established through
laboratory testing that the HMA stiffness is depamicon temperature and frequency.

However, frequency cannot be measured or contrdiledtly in the field. Given that
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frequency is inversely proportional to the timdazding, focus has been placed on
modeling load duration in the field. It has beetablshed by previous researchers that
time of loading varies with pavement depth and dletspeed (Barksdale, 1971).
Additionally, given the viscoelastic nature of HMiAs expected that load duration also
varies with temperature. Thus, further investigatias been conducted in modeling
load durations in the field under various tempeaegudepths and speeds.

5.4.1 Definition of Load Duration

Previous researchers such as Barksdale, Brown anizLet al., have utilized
stress pulses to model time of loading with speetidepth (Barksdale, 1971; Brown,
1973; Loulizi et al., 2002). Stress pulses areroftethe haversine waveform, with
distinguishable termination points. Although strpatses enable a fairly easy
measurement of load duration at the bottom of thEAHsuch time corresponds to a
response that is not critical. The critical resgoat the bottom of the HMA layer that is
absolutely imperative to one of the most severgeatises, fatigue cracking, is tensile
strain. Therefore, to evaluate the effect of vehgpeed, pavement thickness and
temperature on load duration, the time of loadirag wefined by the strain pulses
recorded by the embedded strain gages.

Strain pulses in each direction were describedgares 5.2 and 5.3 in which
strain levels were plotted in time. As previousbtted, strain levels were most critical in
the longitudinal direction, therefore only load dtions from longitudinal strain pulses
were examined. The strain pulses experienced srettperiment were very similar to
those described by Garcia and Thompson (20083. ektident from their research
(Garcia and Thompson, 2008) as well as Figurea®d?.3 that strain pulses are not of
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a defined waveform, making the task of measurirdyrandeling load duration more
complicated. Given that the strain values asymgaditi approach the baseline strain,
and the cyclical noise inherent in the signals ifficult to define a distinct begin and
end of the loading phase of the strain pulse. Aigiothe pavement is loaded from the
point it deviates from the baseline strain to tbapin which it returns to the baseline
strain, it is difficult to determine exactly whettee points of deviation and return are
located. This is especially true when the strailsgpexperienced excessive noise or was
located at shallow depths where gages were mosgtiserto vibrations and/or were
nearing the neutral axis of the pavement that egpees no tensile strain. Due to these
difficulties, the definition of load pulse duratioiescribed by Garcia and Thompson
(2008) was adopted. Figure 5.2 illustrates thisnitedn, as the strain pulse duration was
taken as the time that the HMA was experiencing terisile strain. Using this
definition of strain pulse duration, the duratiemsre measured for each of the eight
axles (1 steer axle, 2 axles in the tandem axlepgamd each of the 5 trailing single
axles) using the baseline as a reference pointtatd the point at which the strain pulse
crossed into the tensile realm. It should be nttatthe axles in the tandem axle group
were considered separate axles when the traceedrtiss baseline strain level in
between the two axles. Therefore a total of eighirs pulse durations were measured
for each truck.

As discussed in Chapter Three, and shown in Figurglongitudinal strain
gages were embedded at four depths within the panter®.0, 8.8, 11.0, and 13.9
inches. At shallow depths the gages were moretsentd vibrations, creating noisy
traces that in some cases made termination pditie draces completely
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undistinguishable. Additionally, strain pulses netsal at 6.0 inches deep illustrated that
the strain was mostly compressive, indicating thatas above the neutral axis. At
depths above the neutral axis, the strain levelperdominately compressive, whereas,
deeper in the structure, the strain is predomigdégisile. Strain levels diminish to zero
at the neutral axis, making it difficult to measstein levels when in close proximity to
the neutral axis. Thus, strain pulses recorded theaneutral axis were small
(approximately 2Qe compressive), but exhibited primarily compressivais, as
shown in Figure 5.9. In the figure there is a limawn to help distinguish where the
baseline is approximately located, and the smatlarhof strain that is in the tensile
realm (above the baseline). As it might be expecatezhsuring tensile load duration
from a trace similar to that in Figure 5.9 is ngampossible, therefore strain pulse
durations were only measured from gages locat8®BatL1.0 and 13.9 inches deep
where the signal was more discernible.

The effects of speed, depth and temperature oim gtudse duration were
characterized first individually. From the indivaduelationships, the combined effect
of these three factors on load duration was thamacherized to provide a means to

predict the load duration for any set of conditions

98



0.04 -

Baselin

W-TTension WA‘

Voltage (V)

=
=
=1

| iCompression |
I MJ J |

-0.08 -

i | i i ' | ' ' '
14 14.2 144 146 162 164 158 168 16

148 15
Time (sec)

FIGURE 5.9 Strain Pulse Near Neutral Axis.

5.4.2 Effect of Depth on Strain Pulse Duration

To determine the general relationship betweernnspnase duration and depth,
measured strain pulse durations were plotted appgaue depth. Figure 5.10 displays
the expected trend of increasing duration witheased depth for a single axle at 35
mph. The same trend was also observed for theinergaaxle types and speeds tested.
Attaching a line of best fit and its associatedesgion equation and coefficient of
determination showed that the strain pulse duras@function of the natural logarithm
of the gage depth, described by Equation 5-4 fadé types and speeds. Although
only the equation for the data measured on Apr20®7 is shown, data measured on the
remaining dates also illustrated close fitting eiures, with similarly high Rvalues.
t = jIn(h) +k (5-4)

where:

t = strain pulse load duration (sec)

h = depth (in)
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J, kK = regression coefficients

In looking at Figure 5.10, if the trend lines werdended linearly towards the x-
axis, it is evident that at some depth the strailsgodurations would reach zero. This is
an indication that the neutral axis has been rahahd at the x-intercept zero tensile
strain exists. Therefore, at depths shallower tharx-intercept, only compressive strain
is experienced. Also, it should be noted that thetercept is not the same for each date

tested, which may be an indication that temperatusefactor.

Strain Pulse Load Duration by Depth (Single Axle at 35mph)
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FIGURE 5.10 Strain Pulse Duration by Gage Depth.
5.4.3 Effect of Speed on Strain Pulse Duration

The relationship between speed and strain puisgidn was determined by
plotting measured strain pulse durations againsicleespeed. Rather than using the
target speeds of the trucks, the actual vehicledpas calculated from the known

distance between gages and the times at whichlarpagsed over the gages. This was
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done to ensure an accurate relationship. Figure displays the strain pulse durations
with vehicle speed at a gage depth of 11.0 incbea &ingle axle. As was found with
strain levels, increasing vehicle speed resultetkoreased strain pulse durations. It was
found that by attaching a trend line that the stpailse duration is related to the vehicle
speed by a power function of the form listed in &tpn 5-5. Although only the
regression equation for the first test date is shdwguation 5-5 was found to represent
the remaining dates with very higlf Ralues. Furthermore, plots at the remaining gage
depths showed that Equation 5-5 represents thieorethip between strain pulse
duration and speed regardless of axle type and deyutb.
t=Iv" (5-5)

where:

t = strain pulse load duration (sec)

v = vehicle speed (mph)

[, m = regression coefficients
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FIGURE 5.11 Effect of Speed on Strain Pulse Duratn.
5.4.4 Effect of Temperature on Strain Pulse Duratin

The effect of pavement temperature on strain pdisation was assessed by
developing plots for each axle type. To be consistgth the evaluation of field
measured strain levels, the mid-depth pavementeeatyres were utilized for this
analysis as well. Figure 5.12 shows that at theobobf the HMA layers, the strain
pulse duration decreases slowly with an increagauement temperature. A power
function is shown to fit the data very well foraaget vehicle speed of 45 mph. The
remaining target speeds can also be fitted witbveep function of the same form;
however the correlations to the measured datagateti by the Rvalues, are not as
close (at 15 mph, %= 0.71). This was also the case for the remaigage depths. It is

evident however; that there is a definite trenthalgh it might be slight, that the strain
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pulse duration decreases with an increase in npthdeavement temperature. This
trend was evident regardless of axle type or depthe pavement, and can be described
by a power function. Therefore, the power functielationship shown in Equation 5-5

was utilized to characterize strain pulse duratuith temperature (rather than speed).

Load Pulse Duration at bottom of Pavement by Mid-de  pth
Pavement Temperature For Single Axle
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FIGURE 5.12 Effect of Temperature on Strain Pulsé®uration.
5.4.5 Modeling Strain Pulse Duration for Field Condtions

Once the individual effects of depth, speed antpberature were evaluated for
the measured strain pulse durations, the combifiect ®f all three variables was
guantified. A model was developed using DataFadoount for all three variables by
pooling all strain pulse duration measurementsrodgss of axle type. The resulting

model is listed in Equation 5-6 and is a linear boration of the previous relationships,
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listed in Equations 5-4 and 5-5. The same procesgaa discussed in section 5.3.4 to
determine the most appropriate model was agaiovi@d, in which multiple models

were first defined, then based on the statistiogpat by DataFit, a final model was

selected:
t=ninh+vP +T%+r (5-6)
where:

t = strain pulse load duration (sec)

h = depth (in)

v = vehicle speed (mph)

T = mid-depth temperaturéR)

n, p, g, r = regression coefficients
Equation 5-6 was selected for its strong correte(if value of 83.74%) to the
measured data which is displayed in Figure 5.13e e measured data clustered
around the line of equality in Figure 5.13. Additatly, each of the regression
coefficients was found to be statistically sigrafit, evident by the reported p-value,
also shown in Figure 5.13.

In Equation 5-6, coefficient “n” adjusts for HMA pia. As previously
discussed, increased depth translates to incréeaediuration, and therefore a positive
coefficient is logical. It was found that increagivehicle speed resulted in decreased
load duration, which is accurately representediérhodel by a negative exponent,
coefficient “p”. Similarly, increases in mid-dep#mperature induced shorter load

durations which are explained by a negative exppreefficient “q,” in the model.
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Using equations of the same form listed in Equalied) individual models were
developed by axle type: steer, tandem, and sigiall improvements in correlation to
the measured data were found, withvglues of 88.83%, 87.62%, and 86.34%
respectively. The improvements were slight, andetioee do not suggest that the load
duration is heavily dependent on axle type.

By developing a model for strain pulse duratiomdsnction of depth, speed and
temperature, predictions can be made for the NS&xgion for a set of given
conditions. Furthermore, such a model also enafdegarisons to be drawn with load

durations computed by mechanistic-empirical depigitedures, specifically the

MEPDG.
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5.5 SUMMARY

A field investigation into strain levels and straiulse durations was completed
on section N9 at the NCAT Test Track. Strain palaees were recorded by strain gages
embedded at multiple depths under live trafficaiaus speeds and temperatures. From
the recorded strain pulse traces the strain latdlse bottom of the HMA layers were
evaluated to quantify the effect of speed, and tFatpre on tensile strain. The strain
pulse durations were determined from the recorchemes and utilized to model the
effect of pavement depth, vehicle speed, and tesmtyner.

It was found that tensile strain levels at thedoatof the HMA layers are most
influenced by mid-depth pavement temperatures. ileesigsain was found to be a
function of the natural logarithm of vehicle speed the exponent of mid-depth
pavement temperature. Given the varying weightb®fixle groups, the tensile strain
levels were found to be heavily dependent on axle.tAdditionally, tensile strains in
the longitudinal direction were more significanaththose in the transverse direction.
Given these findings, models were developed seggrir tensile strain in the
longitudinal and transverse directions to accoantehicle speed, and mid-depth
pavement temperature. Furthermore, a model forl¢éestsain in each direction was
developed for each axle type, tallying six models.

Strain pulse durations were defined by the tinae the HMA layers experienced
only tensile strain under dynamic loading. Fromréerded longitudinal strain pulse
traces, the durations were measured and relatibdete variables: pavement depth,
vehicle speed, and mid-depth pavement temperdtweas found that strain pulse
durations increase with the natural logarithm ofgmaent depth, and decrease with a

106



power function of vehicle speed and pavement teatpe. Unlike, strain levels, strain
pulse durations were not found to be heavily depehdn axle type. One model was
developed to account for critical strain pulse tiores.

Although the models developed are specific forNBetest section, it offers a
field-measured data set by which to make compasisomestablished pavement design
procedures that estimate strain levels and loadtidms. Specifically, comparisons can
be made between pavement responses predictedibyvanethods of computing
material properties and the field-measurementanRhese comparisons, conclusions
can be made on methods of computing material ptiegeparticularly E*, and the

guality of these design procedures.
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CHAPTER SIX
MEPDG EVALUATION
6.1 INTRODUCTION
It is imperative that the quality of the MEPDG deluated in first
characterizing material properties and secondesighing against critical distresses,
such as fatigue cracking. The mechanism behinguatcracking, as mentioned
previously, is tensile strain at the bottom of HMA. To evaluate the quality of the
MEPDG, both a field investigation and an investigainto the internal workings of the
MEPDG are necessary. The field investigation waspieted, and results were
discussed in Chapter Five regarding the factoesctffg tensile strain at the bottom of
the HMA and load durations at various points ingtrecture. Following the completion
of the field investigation, the next step in vatidg the MEPDG was to follow its
procedure to compute load duration which in tunm loa used to assess E* predictions
and ultimately strain predictions. E* values arenpoted en route to computing load
durations in the method prescribed by the MEPDGndJthese load durations and E*
values computed by the MEPDG, results were compattdfield measurements and

evaluated to determine its usefulness as a desgghanism for state DOTSs.

6.2 EVALUATION OF MEPDG LOAD DURATION PROCEDURE
In characterizing the material property, E*, of ANayers, the MEPDG
considers two factors to be the most importantpenmature and rate of loading (Eres,
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2003). The temperature is determined internallywwithe program from an enhanced
integrated climatic model (EICM) which is calibrdtfor different regions from
historical data (Eres, 2003). The rate of loadhmyyever, is much more complex, due to
its direct relationship with time of loading whiahinfluenced by vehicle speed, axle
configuration, and properties of the pavement stinec(Eres, 2003). Thus, to evaluate
the quality of E* estimates, it is necessary teetaldetailed look into the procedure to
determine the time of loading, as defined by thePFDE.
6.2.1 MEPDG Load Duration Procedure

The MEPDG uses an iterative procedure to comphgtdéoad duration under
dynamic loading, shown conceptually in Figure @lie MEPDG assumes the load
duration as the length of time for one completeehsine stress pulse in the longitudinal
direction for an applied load (Eres, 2003). Indoling the MEPDG procedure, the load
duration is heavily dependent on the pavement tstreicWithin the procedure, the
pavement structure is transformed following Odernisaiiansformation procedure for
layered systems (Eres, 2003). In doing so, thehheifgeach layer is transformed into an
effective height based on the ratio of the modolugat layer to the modulus of the
subgrade and the layer height. The effective hsigheach layer are used to compute
the effective depth, &£, of the stress pulse given any point within thacture. The
effective depth is the sum of the effective heigiftthe layers above the point in
interest, plus the effective height of the layerewhsaid point resides. Figure 6.1 shows
a two layer system in which the point of interasai the mid-point of the bottom layer.
To compute the effective depth, the modulus of ¢4lglA layer is required; however,
the modulus of each HMA layer is a function of timee of loading. Since, the time of
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FIGURE 6.1 MEPDG Load Duration Procedure (Eres, 203).
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loading has yet to be computed, it must be assuniglly from which rate of loading
is then computed.

In addition to the pavement structure, the timeatling is dependent on the
axle configuration. Configurations are taken intea@unt in the computation of the
effective length of the stress pulse. Figure 8ukitates the effective length for a single
axle in which the effective length of the strestspus a function of the contact radius,
&, and effective depth. This illustrates the assumnghat the stress pulse is distributed
throughout the pavement structure at a 45 degrgle &#om the edge of the contact at
the surface (Eres, 2003). This assumption is hwldlf axle types. For tandem, tridem,
and quad axles, the axle spacing must be knowstrmine the amount of overlap at
the effective depth. Further discussion on axlesypther than single axles are excluded
because in the field, strain pulses under the tarmdes did not exhibit overlap at the
deepest point measured (13.92 inches), and werefdhe treated as two single axles.

Vehicle speed is taken into account in the deteatron of time of loading.
Shown in Figure 6.1, load duration is inverselygmdional to the vehicle speed and
directly proportional to the effective length oktktress pulse. Given that this is an
iterative process, and that E* is dependent on tifleading, the resulting load duration
must be used in the time-frequency relationshipeip compute E*. The entire
procedure must be repeated several times untilhA modulus of each layer has
converged.

6.2.2 N9 E* Regression Analysis

In order to follow the MEPDG procedure, a meansdiimate E* from

temperature and loading frequency must first balbdished. It is prescribed in the
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method that the frequency is inversely proportidodalme, as described by Equation 6-

1 (Eres, 2003).

f=2 (6-1)

where:

f = loading frequency (Hz)

t = time of loading (sec)
The MEPDG uses one of three methods to determingeEthe construction of a master
curve, in which the method depends on the seldetesd of complexity in design. In
two of the three methods an equation is utilizedampute E* from various volumetric
properties and binder information. For the most plex level of design, the MEPDG
requires E* laboratory test results to construetrttaster curve. E* laboratory testing
was completed for the N9 section, at three tempexatlO, 70, and 10U, and seven
frequencies: 0.5, 1, 2, 5, 10, 20, and 25Hz. Etirigavas discussed in more detail in
Chapter Four. Given that the majority of the terapnes experienced in the field were
within the range tested in the laboratory, a regjogsanalysis was completed to develop
a model to determine E* for each of the HMA layer&9. The model, shown in
Equation 6-2, was selected based on the very lagfficients of determination, and
significance of each regression coefficient. Tdblelists the coefficients for the
regression equation by the HMA lift, as well as tloefficient of determination.
Although the p-values are not listed, all coefiitiewere found to be significant with a
p-value of less than 0.0001. It should be notetttit@HMA lifts are numbered from the

top down, with number one being the surface layerthermore, the regression
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coefficients for lifts three and four are the sdmeause they were constructed of the

same mix.
E*=ab' f°
where:

E* = dynamic modulus of HMA (psi)

T = Temperature®F)

f = loading frequency (Hz)

a, b, c = regression coefficients

TABLE 6.1 E* Regression Coefficients by Lift

HMA Lift Type  Thickness (in) a b c R
1 SMA 2.16 3,445,000 0.9719 0.1551 0.97
2 76-28 3.84 4,546,000 0.9712 0.1464 0.98
3 64-22 2.76 4,637,000 0.9740 0.1313 0.97
4 64-22 2.28 4,637,000 0.9740 0.1313 0.97
5 Rich Bottom 2.88 3,342,000 0.9692 0.1734 0.99

6.2.3 Load Duration Computation

(6-2)

To draw direct comparisons with the field measuoed durations, the MEPDG

method for computing was followed, utilizing theaek same conditions as experienced

in the field. For each time of loading measured,ltad duration was calculated for the

same gage depth, pavement temperatures, and vepesd. To compute the E* of the

necessary layers, in-situ pavement temperaturesded by probes T7, T9, T11, T13

and T15 were employed. Probes in each layer wdreamsistently located at the mid-

point of the layer, therefore, probes located dlts¢he gage depth were used, and

hence the selection of the aforementioned probesleT6.2 lists the depth of the
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embedded temperature probes used for this anahgsigsell as the associated pavement
layer.

TABLE 6.2 Location of Temperature Probes
Temperature Probe Depth (in)  Lift

T7 2.02 1
T9 541 2
T11 8.38 3
T13 10.81 4
T15 14.08 5

To compute E*, an initial loading time was requitedletermine the loading
frequency through Equation 6-1, for use in Equa@ieéh The seed value for time of
loading was calculated following the equation depeld by Brown (1973):
log (t) = 0.5d — 0.2 — 0.94log(v) (6-3)

where:

d = depth (m)

v = vehicle speed (km/hr)

According to Brown, the loading time should be &arage of the stress pulses in all
three directions: vertical, radial, and tangengabwn, 1973). As illustrated in Equation
6-3, Brown found that the time of loading was aciion of the depth within the
pavement and the vehicle speed. The vehicle spdedlated from the known axle
spacing and time at which the axle passed a gageitiyized in the application of
Equation 6-3. From this calculation an initial HM#@odulus of each layer was
determined. Due to the iterative process useddMBPDG, any shortcomings of this
equation are quickly resolved by successive itenatiand in reality any value could be

used.
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The calculated HMA modulus was then used to comanteffective depth of

the stress pulse at the gage depth according &s,(E003):

Z, :Z(h\/Ei}hn\/EE (6-4)

where:

h, = height of the bottom layer (at depth in question

h; = height of layer i (above the bottom layer)

E; = Dynamic modulus of layer i (psi)

Esc = Modulus of subgrade (psi)

E, = Dynamic modulus of bottom layer (psi)
The average modulus of the underlying Track sdigsade was utilized for use in
Equation 6-4. As described in Chapter Three, thestl&ture consisted of 39.2 inches
of soft Seale subgrade sandwiched between twodafeFrack soil, an 8.4-inch base,
and a deep subgrade. Backcalculation revealedl@erynoduli values for the Track soill
as a base material, inconsistent with laboratastjrig (Taylor, 2008). It was likely due
to the soft Seale subgrade. Due to the fact tleaStale subgrade layer was thin relative
to the deep underlying layer of the Track soiyas elected to use the resilient modulus
of the Track soil subgrade. To remain on the coradere side, the average resilient
modulus value of 28,335 psi found in the labora{@rgylor, 2008) was used rather than
the larger resilient modulus found in the fieldaiagh backcalculation.

Once the effective depth was computed, the effedtingth of the stress pulse
was calculated for each time of loading measurée. &ffective load duration was
calculated using Equation 6-5, given the desirgadtdeithin the pavement structure.
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The contact radius was calculated for each tinaguhe known axle weights for each

truck (Table 3-4) and a tire pressure of 100 pse L was calculated for only one of

the tire loads on each axle, such that, for a siagle, the axle weight was considered to

be equally distributed over 4 tires, resultinganif equal radii, of which only one was

selected for the computation.

L, =2(a, +Zy) (6-5)
where:

L. = effective length of load pulse (in.)

a = radius of tire contact area (in.)

Lastly, the time of loading was calculated follogriBquation 6-6, using the
calculated vehicle speed. Once the load duratiancaiculated, it was used to compute
frequency to begin the second iteration. The fioatl duration was taken once the
HMA modulus of each layer converged. For this itigegion a total of nine iterations
were completed, although the moduli convergedeadiiion seven. An example of the
convergence is shown in Figure 6.2.

Leff
17.6v,

(6-6)

where:
t = duration of stress pulse (sec)

Vs = vehicle speed (mph)
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FIGURE 6.2 Example of E* Convergence.
6.2.4 Load Duration Comparisons

The load durations computed by the aforementicME&®DG procedure were
compared with the strain pulse durations measuedglthe field investigation. A
direct comparison could be drawn because the éetdlitions (in-situ temperatures,
calculated vehicle speed, and gage depth) for emasured time of loading were
utilized to calculate a corresponding time of leagihrough the MEPDG procedure.
Figure 6.3 illustrates the difference in the meadwand calculated load durations for all
gage depths, by plotting measured versus theok@iEzPDG). It is evident that the
MEPDG procedure consistently over-predicts the lbations as every data point on
the plot is above the line of equality. Attachingegression equation to the data,
illustrates that this over-prediction is approxiglpat68% greater than the measured load

durations. It should be noted that the measuredi do@ations represent the tensile strain
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pulse durations in the longitudinal direction, vehihe theoretical durations represent the
duration of stress pulses in the longitudinal dicecassumed to be at 45 degree angles
to the horizontal. These differences may accouptit for the over-prediction by the
MEPDG procedure. However, it should be expectetlibtier agreement exists

regardless of strain or stress measurements.
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FIGURE 6.3 Measured Load Duration Versus Theoretial.

6.3 Effect of MEPDG Load Duration Calculations

It is imperative that the MEPDG be evaluated oralisity to characterize
material properties because material propertiethyrinfluence pavement responses
and ultimately pavement performance. As noted presly, one such property, E*,
significantly influences tensile strain. Furthermaensile strain at the bottom of the
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HMA is the controlling factor for the developmeritfatigue cracking. The MEPDG
determines E* en route to computing load duratimoih of which are dependent on each
other. To assess the accuracy of the MEPDG, deraats were predicted from these

values using layered elastic analysis for compangith strain values determined in the

field, following Figure 6.4.

E*

[ -

Pavement Structure Pavement Response,
Predicted

VS.

Pavement Response,
Measurec

FIGURE 6.4 Evaluation of MEPDG by Pavement Respores

6.3.1 Strain Predictions Based on MEPDG Load Duratins
The MEPDG neither outputs strains levels, nor is@ocess used to compute
strain discussed in the associated appendicesefbineyto assess the E* values

computed through the method for determining loagtion, strain values must be
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predicted by another means. In this case, laydesti@analysis, specifically the
software program WESLEA for Windows (version 3\W03s utilized.

WESLEA is capable of computing pavement responsagaqed a few material
properties of each layer: modulus, Poisson’s raimal, layer height. The program is
however limited to only three HMA layers atop adé&syer and subgrade. Additionally,
the program requires that axle configurations dadd, as well as tire load. Using
layered elastic theory and the user defined inagement responses at critical
locations are predicted.

To use WESLEA, the eight-layered pavement streadfiN9 was converted to a
five-layered structure. Doing so required thathleehts and material properties of three
layers of HMA be transformed into one, and the Kr&oil base layer be combined with
the Seale Subgrade layer. In order to do so, krdyel®f the aforementioned properties
of each of the eight layers were required. Thusymatation of the HMA modulus of
each layer was necessary. First, a set of conditi@as selected, listed in Table 6.3. To
simplify the procedure, the in-situ pavement terapees at all depths were considered
equal. This eliminated the need to model the teatpez gradient across the five HMA
layers in the N9 structure. Using these condititims MEPDG’s method for
determination of time of loading was followed, &scribed previously, again using the

E* regression equations listed in Equation 6-2 &able 6.1.
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TABLE 6.3 Conditions for Strain Predictions
Speed, mph Temp, °F

15 60
15 80
15 110
25 60
25 80
25 110
45 60
45 80
45 110

Because tensile strain at the bottom of the HM#griiscal to fatigue cracking, only load
durations at the bottom of the HMA (13.9 inchesyeweomputed. To ensure accuracy,
nine iterations were completed, from which the tasy E* values were used to

describe each HMA layer, listed in Table 6.4. Aligh the exact calculated values are

listed in this table, much less precision exists.

TABLE 6.4 Computed E* Values for N9 HMA Layers

Speed

(mph) Temp (°F) E;*(psi) Ey*(psi) Es*(psi) E,*(psi) Es* (psi)
15 60 968,585 1,058,003 1,169,592 1,129,741 614,110
15 80 554,358 601,895 705,472 681,703 337,579
15 110 239,461 257,795 330,112 319,260 137,448
25 60 1,046,470 1,136,962 1,247,353 1,204,823 668,494
25 80 599,042 646,893 752,429 727,048 367,496
25 110 258,830 277,125 352,129 340,529 149,646
45 60 1,143,832 1,235,113 1,343,234 1,297,401 737,049
45 80 654,912 702,834 810,331 782,961 405,212
45 110 283,055 301,160 379,280 366,757 165,026

Next, three HMA layers of the structure were tfanmsed into one layer,
illustrated by Figure 6.5. The first layer, a stonatrix-asphalt (SMA) mix, with PG 76-
28 binder and the fifth, a rich bottom layer desigiior 2% air voids and composed of
PG 64-22 binder, were left as independent layeestduheir uniqueness. The second,
third and fourth HMA layers were combined into oGéven that the third and fourth

layers were constructed of the same mix, combithiege two was logical. The second
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lift was also combined with this pair because tiMAdmoduli for the varying

conditions were very similar to those in the thardd fourth layers and because they
were all standard mixes. The HMA modulus of thedfarmed second layer was
calculated using a weighted average dependentyen height, described by Equation 6-
6. The resulting HMA moduli of the transformed sture are listed in Table 6.5; again

much less precision in these values exists.

-5

where:

Er* = HMA Modulus of Transformed layer
E.* = HMA Modulus of " layer

h, = height of ' layer

Original N9 Structure Transformed N9 Structure

R ae [ ERE R

PG 64-22, Eg*, 2.76" Combined E ,*, 8.88"

PG 64-22, E,*, 2.28"

[N

FIGURE 6.5 Transformation of Structure for Use inWESLEA.
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TABLE 6.5 HMA Moduli for Transformed N9 Structure

SpeedTemp

(mph) (°F) hi(in.)  E* (psi) hp(in.) E*r(psi) hs(in.) E*; (psi)
15 60 2.16 968,585 8.88 1,111,105 2.88 614,110
15 80 2.16 554,358 8.88 654,579  2.88 337,579
15 110 2.16 239,461 8.88 296,053 2.88 137,448
25 60 2.16 1,046,470 8.88 1,188,697 2.88 668,494
25 80 2.16 599,042 8.88 700,275 2.88 367,496
25 110 2.16 258,830 8.88 316,716  2.88 149,646
45 60 2.16 1,143,832 8.88 1,284,711  2.88 737,049
45 80 2.16 654,912 8.88 756,818 2.88 405,212
45 110 2.16 283,055 8.88 342,283 2.88 165,026

Next, the Track soil base layer was combined withS$eale soil subgrade layer,
to create a transformed base layer 47.6 inchek. thieese unbound materials were
characterized in the laboratory through a previausstigation at the Test Track
(Taylor, 2008). From this investigation the stresssitive resilient moduli were found
to be described by Equation 6-7 (Taylor, 2008). associated regression coefficients

for each material are listed in Table 6.6.

I(2 k3
7] g
Mg =k pa[p—aj [p—ij (6-7)

where:

Mg = resilient modulus of unbound material
Pa = atmospheric pressure = 14.696 psi

0 = bulk stress, psi

0g4 = deviatoric stress, psi

ki, ko, ks = regression coefficients

TABLE 6.6 Regression Coefficients for MR (Taylor,2008)
Unbound Material kq K, ks
Seale Subgrade 225.09 0.3598 -0.7551
Track Soil  1095.43 0.5930 -0.4727
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The resilient modulus is dependent on the statesre$s within each layer. The state of
stress within the base layer and subgrade laydugteer dependent on the ability of the
HMA layers above to disperse the applied load. &toee, the properties of the
transformed HMA layers, listed in Table 6.5 weredign WESLEA to determine the
induced stresses in the transformed base layesu#mgrade layer. Induced stressgs,
oy, ando,, were used to determine the states of stress,gtngks and deviatoric stress,
for each layer independently. Through an iterapikecess the Mof the transformed
base layer and Track soil subgrade layer were méated.

To complete this iterative process, the b@lkand deviatoricdy) stresses were

further defined by Equations 6-8 and 6-9.

0 =0,+0,+03 (6-8)
Oy =01 -03 (6-9
where:

0, = total axial stress, psi

0, 03 = confining pressure, psi
The total axial stresgy, is the sum of the principal stressy, in the vertical direction
and the induced stress in the vertical direct@ynas determined from WESLEA. In this

case, the principal vertical stress is due to thextmurden stress of the overlying layers,

computed by Equation 6-10.
0, =iy +y,h, +..+ yh ) /1728 (6-10)
where:

O1p = principal vertical stress, psi
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yi = unit weight of {' layer, pcf

hi = height of {' layer, in.
The critical location where induced stresses weedipted in WESLEA for the
determination of the basedwvas the mid-point of the base layer (37.7 inchesgpil
directly beneath the tire load. For the subgragegtht critical location was the interface
of the base and subgrade layers (61.5 inches dasp)directly beneath the tire load. To
determine the principal vertical stress for eitlager the unit weight of the base layer
was required. Previous laboratory investigatiomgtie 2006 Test Track reported a
value of 126.9 pcf (Timm, 2008). The unit weighteaich HMA layer was the product
of the bulk specific gravity, &, in the field and the unit weight of water. Theqaant
compaction of the laboratory determined maximunctigegravity, Gnm, was recorded
during construction. From this, the bulk specifiexgty and unit weight of each HMA
layer were computed using Equation 6-11 and theegdlisted in Table 6.7. To ensure
accuracy, the properties of all five HMA layerdie original N9 pavement structure
were used to compute the vertical principal stfesgach the base and subgrade layer.
Yoo = YuGo (6-11)

where:

Vmb = bulk unit weight of layer, pcf

Yw = unit weight of water, pcf = 62.4

Gmp = bulk specific gravity = %fam * Gmm
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TABLE 6.7 Unit Weight by HMA Layer (Timm, 2008)
Lift  %Gum Gmm Gmb  Ymp (pPCf)
1 93 2.397 2.229 139.1
2 92.9 2496 2.319 144.7
3 95.1 2503 2.380 148.5
4
5

939 2507 2.354 146.9
94.4 2424  2.288 142.8

The confining pressures, andaos, were equivalent due to the defined critical
location, directly beneath the tire load, and tbsuaption that the materials were
homogenous and isotropic. Confining pressure ihéurdefined as the summation of
the horizontal principal stressg,, and the induced horizontal stresg, determined in
WESLEA. The horizontal principal stress is dependaenthe at-rest lateral earth
pressure, and was computed using Equation 6-12.

0,5, =Ko01, (6-12)
where:

O3p = horizontal principal stress, psi

ko = coefficient of at rest lateral earth pressure

01p = Vertical principal stress, psi (see EquatiorD-1
The coefficient of at rest lateral earth presskigeis dependent on the angle of internal
friction of the soil. Using Equation 6-13 to com@ug, the angle of internal friction was
assumed to be 4@o be consistent with the previous investigatiaio ithe
characteristics of these unbound materials (Tagio0g).

k, =1-sing (6-13)
where:

¢ = angle of internal friction, assumed to bé& 40
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To begin the iterative process of determiningréslient modulus of each base
and subgrade layer, an initialgdWalue of each was assumed. Again referring ta prio
research (Taylor, 2008) conducted on the unbourtédnmats used at the Test Track, the
initial values were selected based on represemtatates of stress. For a stress state
with 25 psi of bulk stress and 7 psi of deviatatiess, the resilient modulus of the
transformed base layer was approximately 6,50QT@silor, 2008). The transformed
base layer was a combination of both the Trackasall Seale subgrade, therefore a
slightly higher value of 10,000 psi was selecteddoount for the much stiffer Track
soil. At the same state of stress used to seledbdise layer, the pvalue for the Track
soil was approximated at 30,000 psi.

Once the initial values were selected, thedflthe base layer was determined
first. Using the HMA properties from the originaBM8-layer structure, the vertical and
horizontal principal stresses were computed. TieamgMWESLEA, and the
aforementioned seed values of the base and subgh@dmaximum stresses induced at
the mid-point of the 47.6 inch deep transformeceddager were predicted. Table 6.8
lists the defined properties necessary to comphet@nalysis in WESLEA. It should be
noted that to simplify the analysis, it was assuthed the pavement was under the load
of a 20,000 Ib single axle with single tires. Adaliially the layer heights for each HMA
layer are shown in Figure 6.5 for the original stame. The base layer height used was

the height of the transformed base layer, 47.6aaaeep, also shown in Figure 6.5.
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TABLE 6.8 Properties Defined for WESLEA

Property Value

Poisson’s Ratio — HMA 0.35

Poisson’s Ratio — Transformed Base 0.45
Poisson’s Ratio — Subgrade 0.45

Slip 1: Full adhesion

Axle Steer

Tire Load 10,000 Ib

Tire Pressure 100 psi

The resulting stresses,, oy, ando,, found at the mid-point of the base layer werethe
used to compute the bulk and deviatoric stresges Ehese values, the resilient
modulus of the transformed base layer was compiitewughout the process, the
resilient modulus of the subgrade was kept consta80,000 psi. The new base layer
resilient modulus was then substituted into WESItBAeplace the initial seed value,
starting the second iteration. This process wasategl until the resilient modulus of the
transformed base layer converged (about 4 itergtidfollowing this process the
resilient moduli of the transformed base layer determined for the nine conditions
listed in Table 6.3.

The same iterative process was also employedtéordme the M values for the
subgrade layer. The final Mvalues for the base layer were kept constant ierahening
the resilient moduli values of the subgrade layetar the varying conditions. The final
Mg values for the base and subgrade layers are list€able 6-9 for each condition.

TABLE 6.9 Final Resilient Moduli Values
Speed (mph) Temp (°F) Base Mg (psi) Subgrade Mg (psi)

15 60 9,253 25,301
15 80 8,825 25,615
15 110 8,154 26,082
25 60 9,282 25,254
25 80 8,869 25,569
25 110 8,223 25,993
45 60 9,349 25,227
45 80 8,947 25,498
45 110 8,294 25,969
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Once, the moduli of each layer in the transformsiedcture (Tables 6.9 and 6.5)
were established, WESLEA was again employed tonaséi pavement responses. The
properties defined in Table 6.8 were once agaid;usawvever, the analysis was
completed for a 20,000 Ib single axle with duagirwhich thereby reduced the tire load
to 5,000 Ibs. The maximum tensile strain was seteatnong two critical locations at
the bottom of the HMA (13.9 inches deep). The fofsthe two critical locations was
directly beneath the center of the outside tirelJ@and the second was located directly
beneath the edge of the outside tire load, 6.7esdrom the center of the tire. The
resulting maximum strain values are listed in Ta&bl® for the nine conditions
investigated.

TABLE 6.10 Tensile Strain Based on MEPDG Load Duraons

Temp
Speed (mph) (°F) & (uE)
15 60 50.95
15 80 77.8
15 110 158.01
25 60 47.82
25 80 76.23
25 110 149.07
45 60 44.41
45 80 70.94

45 110 139.35

6.3.2 Strain Predictions Based on Field-Modeled LakDuration
To assess the ability of the MEPDG to estimatedhgirain levels experienced in
the field, two comparisons were drawn. The firssw@aacomparison with the strain levels

resulting from load durations modeled after fieldasurements. A procedure similar to
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the procedure previously discussed for strain ptegis from MEPDG load durations
was used, with the only difference being the meamgiantify load duration.

First, the load durations were calculated at tik-alepth of each of the five
original HMA layers following Equation 5-6. This egtion represents the load duration
for tensile strain pulses at various points inHMA layers of the N9 pavement
structure. However, as was noted in Chapter Fius gquation results in negative
values for pavement depths less than the deptietodutral axis. This is an indication
that the strain pulses are compressive in natueeathe neutral axis. Depending on the
conditions (speed and temperature), load duratiers found to be negative as deep as
the mid-point of the third HMA layer. The load dtioams at the mid-point of each HMA
layer were necessary to compute the HMA moduldsviehg the regression equation
listed in Equation 6-2. Time of loading cannot legative, and if only tensile strain
durations were used, some HMA moduli values wo@@éro. Thus, in order to
calculate the HMA moduli, some assumptions aboelinduced strain pulses were
necessary.

It was assumed that above the neutral axis thealriesponse was compressive
strain. At the surface the tensile strain can Ise@ed to be equal to zero, and it is
assumed that the amount of tensile strain slowdyeiases with pavement depth.
However, regardless of the amount of tensile stthmpavement is still under loading
and a strain pulse is still induced. Based on thisas assumed that strain pulses were a
function of the depth, vehicle speed and in-sitagerature regardless of the depth
relative to the neutral axis. To further investegtdte trends, Equation 5-6 was used to
describe the load durations at the mid-point ofie HMA layers for a speed of 45
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mph and in-situ temperatures equal t8F6 he results were plotted in Figure 6.6.
Although negative, the strain pulse durations tiearsurface of the pavement were
found to be longer than the durations near theobotThe strain pulse durations
illustrated account for the time that the pavenvess in its dominant strain mode only,
either compressive or tensile. As discussed in &n&ve, measuring the duration of
an entire pulse, which included the strain reversah compressive to tensile or vice
versa, was nearly impossible. Thus, in measuriagitivation of only the dominant
strain mode (relative to the neutral axis), Equabet does so accurately. Thus, it was
assumed that Equation 5-6 appropriately modeleihgbulse duration for either
compressive or tensile strain as long as the atesellue of the duration is taken.
Equation 5-6 is rewritten in Equation 6-14, takintp account these assumptions,
allowing the strain pulse duration to be calculataghrdless of the dominant strain

mode.

t=[0.1181n h+y %7 +T 7% ~1.7241 (6-14)

The HMA moduli were calculated for the five lay@fsthe original N9 pavement
structure following Equation 6-2 from the regressamalysis on the laboratory-
determined E* values. The strain pulse durationsewsed to determine frequency
following the assumption that they are inverselypartional, described by Equation 6-
1. After the HMA moduli were determined, the resili moduli of the transformed base
and subgrade layers were determined following émeesiterative procedure previously
discussed. In following this iterative proceduteyas necessary to transform the

original structure into a five-layered structure évaluation in WESLEA. Equation 6-6
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was again employed to transform the previouslyrddateed HMA moduli values for the
transformed structure shown in Figure 6.5. The mafuhe transformed layers are

listed in Table 6.11.
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FIGURE 6.6 Field Modeled Strain Pulse Duration a#5 mph and 6C°F.

TABLE 6.11 Moduli of Layers in Transformed Structure from Field Modeled
Load Durations

Speed (mph) Temp (°F) E*; (psi)  E*»r (psi) E*; (psi) Base Mg (psi) Subgrade Mg (psi)

15 60 844,846 1,393,909 718,772 9,304 24,522
15 80 470,434 921,451 391,194 8,927 24,909
15 110 196,955 353,125 156,270 8,227 25,562
25 60 817,700 1,388,683 752,887 9,304 22,894
25 80 456,549 793,798 412,233 8,902 24,958
25 110 191,614 355,927 166,099 8,243 25,562
45 60 793,979 1,428,555 808,598 9,327 24,553
45 80 444,203 885,195 448,899 8,961 24,894
45 110 186,787 362,866 185,070 8,258 25,593

Next, the moduli values of the transformed streetwere input in WESLEA to

predict the tensile strain at the bottom of thegmagnt. The critical locations were
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exactly as defined for the analysis of strain f&RDG load durations. Just as was the
case for the previous analysis, the values listéfable 6.8 were defined in WESLEA,
with the exception of the axle configuration ané toad. Rather then using a 20,000 Ib
steer axle, a 20,000 Ib single axle was used wigréhe strain values. The maximum
tensile strains at the bottom of the HMA were pecesti from WESLEA and are listed in
Table 6.12.

TABLE 6.12 Tensile Strain Based on Field Modeled Lad Durations
Speed (mph) Temp (°F) & (pe)

15 60 45.15
15 80 69.05
15 110 145.44
25 60 44.78
25 80 72.31
25 110 142.92
45 60 43.24
45 80 67.61
45 110 137.82

6.3.3 Strain Predictions Based on Field Modeled Terle Strain

The second comparison with the strain predictiarestd the MEPDG load
durations was drawn with the strain values predittem measured tensile strain. In
Chapter Five Equation 5-3 was developed to chataetthe tensile strain at the bottom
of the HMA layers for varying vehicle speed andsitu pavement temperatures. For a
single axle in the longitudinal direction, the diegeed equation is re-written in Equation
6-15. For the nine conditions listed in Table @&, tensile strain at the bottom of the

HMA was directly computed with results listed inbl@6.13.

g, =—-4057Inv+e*® +20667 (6-15)
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TABLE 6.13 Tensile Strain Based on Field Modeleadike Strain
Speed (mph) Temp (°F) & (ug)

15 60 120.98
15 80 166.72
15 110 440.55
25 60 100.26
25 80 145.99
25 110 419.83
45 60 76.41
45 80 122.14
45 110 395.98

6.3.4 Comparison among Strain Predictions

Comparisons were drawn among the three aforemmeattimmethods to predict
strain for the evaluation of the MEPDG’s methoddetermining load duration. The
first comparison was drawn between the strain ptedifrom the MEPDG load duration
method and the strain predicted from the field nhedistrain pulse duration. Shown in
Figure 6.7 are the strain predictions by tempeesaind speed.

The process to predict strain in both cases watia, aside from the method
to determine load duration, t. Both load duratiomputations produced strains that
increased with temperature and decreased with spegrdistent with findings in the
field investigation. Strain predictions as a resdilthe method prescribed by the
MEPDG (labeled “MEPDG t” in Figure 6.7) were slighhigher than the predictions

resulting from the load durations modeled afteldfimeasurements (labeled “Modeled

t).
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FIGURE 6.7 Predicted Strains by Temperature and Seed.

Over-prediction of load duration, as was found wite MEPDG method, would
be expected to result in lower E* values, due #itiverse relationship with frequency
and time, and the direct relationship between Ef faequency. This was found to be
the case, in looking at Equation 6-2, and the teguE* values in Tables 6.5 and 6.10,
E* decreases with longer load durations. IllustlateTables 6.5 and 6.10, E* values
were greater for surface mixes where the MEPDGnetéid shorter load durations than
Equation 5-6. Further down in the pavement stracthr values were lower where load
durations were over-predicted by the MEPDG. Althotlie MEPDG grossly over-
predicted load duration deeper in the pavementivelto the model developed from
field measurements, the E* values were not as lgriedituenced. E* values in the
bottom layer of the transformed structure diffebgdonly 20,000-100,000 psi,

approximately. The higher strain predictions fa@a MEPDG determination of load
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durations could be attributed to the fact that Blues were overall found to be lower
than those based on the field measured model éor doiration.

Strain was also estimated utilizing the regressiguiation (6-15) developed in
Chapter Five, characterizing tensile strain atabggom of the HMA by speed and
temperature. Figure 6.8 displays the strains sitedlan WESLEA from both the
MEPDG computed load durations, and the model fretd imeasured load durations
compared with the results from Equation 6-14. Tiueleted strains resulted from a
regression analysis in which Equation 6-14 fittieasured strain values very well with
a coefficient of determination of 0.983. The higheagd-depth pavement temperature
recorded during the field investigation was 99 &t which a strain of 30& was
recorded at 15 mph, shown in Figure 5.6. Basedhisnthe strain predicted from the
regression equation may be slightly higher thareetgal. This maybe an indication of
the limits of the equation, as 1°His outside the range of measured mid-depth
temperatures. But overall, the strain values irfigld have been shown to be most

accurately predicted by Equation 6-15.
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FIGURE 6.8 Simulated Strains Compared with ModeledStrains.

It is evident that the two strain simulations thate based on load durations
underpredict the strain likely to be experiencethatconditions investigated. Looking
at the results of all three strain predictions able 6.14, these simulations are nearly
half of those predicted by the regression equalitwe. strain based on MEPDG load
durations were closest to those from Equation 6aith, percent differences ranging
from 42% to 65%. Although these two simulationsineed relatively close values,
neither represented values likely to occur in telelfunder these conditions. Both
simulations utilized the same procedure aside fiteerdetermination of load duration.

The large discrepancies in the strain predictietetive to Equation 6-14 may
not be a result of the load duration calculatidiiee MEPDG overpredicted the load
durations measured in the field. As discussederatbnger load durations lead to lower

E* values and ultimately higher strain values. Aligh this was the case, the gross
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overprediction of load duration only resulted irast values that were at best 58% of
those based on measured values. The other simulaéie based on field measured load
durations and still resulted in strain estimates tere a fraction of those modeled from
field measured strain. Some of these errors mayresult of the assumption that the
regression equation for load durations could bdiegpo pavement depths less than the
neutral axis. However, following this assumptiosuéed in longer load durations at
shallower depths which then produced higher stralnes. Therefore, it is unlikely that
either procedure to determine load duration wasmhgr cause for the gross under-
predictions of tensile strain levels.

TABLE 6.14 Resulting Strain Predictions

Based on Load Durations
Speed Temp  MEPDG't Modeledt Modeled

(mph) (°F) & (1e) & (1e) & (1e)
15 60 50.95 4515  120.98
15 80 77.8 69.05  166.72
15 110 158.01 145.44  440.55
25 60 47.82 4478 100.26
25 80 76.23 7231 145.99
25 110 149.07 142.92  419.83
45 60 44.41 43.24 76.41
45 80 70.94 67.61  122.14
45 110 139.35 137.82  395.98

Both simulations did however use the same E* respesanalysis to predict
HMA moduli from load durations. In computing E* footh load duration methods, the
time-frequency relationship (f = 1/t) was utilizé®legardless of how load duration was
computed, it was found that the resulting strais waarly half of the strain determined
from field measurements. Since the time-frequeetationship was consistent among
strain predictions from load durations, it is pbtsithat the large differences between

measured strain and predicted strain are a rektiltsotime-frequency relationship. In
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order for the MEPDG to construct a master curvenfie* laboratory results, both cold
and warm temperatures are required. It is difficolbbtain accurate and reliable results
at such extreme temperatures. Due to the lacktafatahese extreme temperatures, the
regression equation developed from the resultsitkeat obtained was used instead. The
coefficients of determination for Equation 6-2 weesy high (0.97-0.99) suggesting
that it may be an acceptable alternative to a mast®e. However, given that Equation
6-2 was used in both the simulations that retupwa correlation to modeled strains
from field measurements, it is a possible sourceradr. Equation 6-2 was a product of
the temperature in the layer in question. Althougthe simulations, it was assumed
that a temperature gradient did not exist, anddhaayers experienced the same
temperature. The strain values modeled from fiedd$nrements however were
dependent on mid-depth pavement temperature. Teigailure to account for a
temperature gradient may have also contributedgdaw strain values in both
simulations. Also, the maximum temperature,°Flthat was investigated was®E0

beyond the highest temperature tested in the l&dmgra

6.4 SUMMARY

The MEPDG’s method for computing load duration wagstigated relative to
field measured load durations. Additionally, théeefs of such computations were
assessed based on strain predictions. The strdilpad durations measured in the field
investigation of test section N9 were used for cangon and evaluation of the
MEPDG.

First, the method prescribed by the MEPDG fordbmeputation of load duration

was followed. The MEPDG method is an iterative prhae to determine the time of
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loading modeled by a haversine stress pulse dependevehicle speed, depth in the
pavement and HMA moduli. Although the MEPDG constista master curve to
characterize E*, it was elected to use E* labosatest results to develop a regression
equation for each mix in the N9 test section. Tésulting equations were a function of
loading frequency and in-situ pavement temperafline.use of a regression equation
seemed appropriate given the very high coefficiehtdetermination (0.97-0.99) and the
temperatures experienced in the field were almbsgtithin the range tested in the
laboratory. The procedure was completed for thetesame conditions at which
measurements were made in the field enabling atdianparison. The resulting load
durations were found to over-predict measuredrsralse durations by approximately
68%. The difference in load duration definition veited as a possible cause for the
gross over-prediction. The durations measuredarfigid were of strain pulses in
tensile strain only. However, regardless of whe#itezss or strain was measured, a
better correlation should be expected.

A set of conditions were defined, representativiie conditions experienced in
the field, to assess how the MEPDG load duratidfesi@d strain levels. The MEPDG
itself does not output strain predictions direcllizerefore, strain levels at the bottom of
the HMA were predicted using a separate layerestielanalysis program, WESLEA.
To utilize WESLEA, the 8-layered structure of N9saeansformed into a 5-layer
structure, in which the three middle HMA layers veombined into one, and the Track
soil base layer was combined with the Seale suledeaekr. Using the regression
equation developed for field measured strain pdisations, strain predictions were
also made through WESLEA for the same conditiorsteansformed structure. Both
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simulations resulted in very similar tensile straatues, in which the maximum absolute
difference was found to be 12.5¢. Further comparisons were made with strain
calculated directly from vehicle speed and tempeeatising the regression equation
developed from field measured tensile strain abthttom of the HMA under a single
axle. The strain simulated from the MEPDG load tares did display the expected
trend of increased strain with an increase in ldachtion. However, the strain levels
poorly replicated the strain calculated from thgression equation, with simulated
levels at best 58% of the calculated levels. OVatatas found that the over-prediction
of the load durations by the MEPDG did not resulamn over-prediction of strain levels.
Contrary to theory, the elongated durations grosaljer estimated the strain levels in
the field. Such large differences in predictedisteand strain determined from field

measurements could indicate that the time-frequegleyionship utilized is inaccurate.
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CHAPTER SEVEN
CONCLUSIONS AND RECOMMENDATIONS

7.1SUMMARY

This thesis investigated the viscoelastic naturnddf in an M-E pavement
design framework, specifically the MEPDG, by meahE* predictive equations and
measurable pavement responses under field consliffameet the objectives set forth
in Chapter One of this thesis, a literature reweas first completed on E* laboratory
test procedures and results, E* predictive equstilmad durations and tensile strain. An
evaluation of three E* predictive equations, thédaak 1-37A, the Witczak 1-40D, and
the Hirsch, was completed for HMA mixes from th&®@ est Track structural study. A
field study was also conducted for one pavemeriisem the Test Track structural
study, in which vehicle speeds were varied fronbb5nph and varying pavement
temperatures were recorded. During the field sthdyizontal tensile strain pulses were
recorded at multiple depths within the HMA layangluding the most critical point, the
bottom of the HMA. The recorded strain pulses ee@laln evaluation of tensile strain at
the bottom of the HMA, as well as an evaluatiostodin pulse durations at various
depths. The MEPDG prescribed method for determiloag duration was followed to
offer comparisons with field measured strain pualseations. Furthermore, field-
measured and MEPDG load durations were utilizqarédict E* and ultimately tensile

strain at the bottom of the HMA using a layeredsttaanalysis program. These
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strains were then compared with measured strdias,linking the time-element of E*
to pavement response. Findings from these evahstee further summarized in the

following section.

7.2CONCLUSIONS
7.2.1 Evaluation of E* Predictive Equations

To determine the most appropriate E* predictive etdor HMA mixtures of the
2006 Test Track structural study, three equatiomevanalyzed: the Witczak 1-37A, the
Witczak 1-40D and the Hirsch E* predictive moddlee dynamic moduli of these
mixtures were determined in the laboratory at sdkemuencies and three temperatures.

Following the Witczak 1-37A model, E* was estimafedthree temperatures
(40, 70, and 10%) and seven frequencies (0.1, 1, 2, 5, 10, 202andz). E* was also
estimated using the Witczak 1-40D and Hirsch Edmteve models for two
temperatures (70, and 1) and three frequencies (1, 10, 25 Hz). In conmggttie
predicted dynamic moduli to measured dynamic matdwas found that the Hirsch
model predicted E* most accurately. The WitczakiR3nodel was the least precise for
the mixtures tested, with large amounts of scaitegither side of the line of equality.
The Witczak 1-40D model consistently grossly owsimeated measured E* values by at
most 5.6 times the measured values. When plottathstgneasured E* values, it was
found that both the Witczak 1-40D and the Hirscldeis flattened out at extreme
values, rather than increasing with frequency dgsfltk measured values. Therefore,
neither model accurately captured the time-dependehHMA at the extremes.
However, this trend was more predominant in the¢tirmodel at moduli values

predicted at 78. Despite this flaw, the Hirsh model consistehibtyered around the
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line of equality, producing the highest coeffici@tdetermination (0.707 in log scale)
of the three models for its associated linear i=giom equation. Furthermore, the Hirsch
model was very accurate for low moduli values (260;700,000 psi). Due to the large
scatter resulting from the Witczak 1-37A predicipand gross over predictions made
by the Witczak 1-40D model, the Hirsch model is ithest accurate and reliable
predictive equation for the HMA mixtures evaluated.

The effect of mixture parameters on the accuradh@imodels was investigated
as well. Plots were developed comparing measuretuinio predicted moduli for each
mixture type, binder type, grade, and NMAS includethe study. It was found that
although these parameters influence the magnitbideeasured and predicted moduli,
none of these parameters were found to signifigaitect the accuracy of the
predictions made by these three models.

7.2.2 Evaluation of Field Measured Strain and Strai Pulse Durations

One pavement section at the Test Track was sdléate field study in which
live traffic was applied to the N9 test sectioraahinimum of four different speeds (15,
25, 35, 45, and 55 mph) on four test dates. Duhegesting, embedded strain gages
captured horizontal strain pulses at four depthdanbmperature probes recorded in-
situ pavement temperatures. From these measureteestke strain at the bottom of the
HMA was characterized by mid-depth temperature\agidcle speed. Additionally,
strain pulse durations were characterized by laydrdepth temperature, vehicle speed,
and pavement depth.

Tensile strains were found to vary by directiod amle type, with the highest
strains recorded in the longitudinal direction amdler single axles. In characterizing
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tensile strain at the bottom of the HMA, it wasHtiduo be a function of the natural
logarithm of vehicle speed and the exponent ohtigedepth temperature.

Strain pulse durations were defined by the timehich the pavement was in
tensile strain when under dynamic loading. Strails durations were characterized
based on measurements at 8.76”, 11.04” and 13&2j th the HMA structure.
Increases in vehicle speed resulted in shortemanh giulse durations, while load
durations elongated deeper in the pavement. Asdejpdh pavement layer temperatures

increased, the strain pulses were found to shamteangth.

7.2.3 Evaluation of the MEPDG’s Method for Determinng Load Duration

The MEPDG’s method for computing load duration wa®stigated relative to
field measured load durations. Additionally, théeefs of such computations on strain
predictions were assessed. The strain and loadiahsaneasured in the field for test
section N9 were used for comparison and evaluatiaghe MEPDG.

The iterative procedure outlined in the MEPDGtfar determination of load
duration of a haversine stress pulse was followeddnditions identical to those in the
field investigation. Comparing the load durationsnputed by the MEPDG and the
measured strain pulse durations in the field, & feaund that the MEPDG load durations
were approximately 68% greater than those measurtbe field.

For a set of given conditions, load durations weleulated by the MEPDG and
by the model developed from field measured straisgdurations, from which E* was
calculated. Since the MEPDG does not output astwain predictions, a separate

layered elastic analysis program, WESLEA was engaldp predict strain at the bottom
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of the HMA for both load duration procedures. Ingaring these strain predictions it
was found that despite the 68% difference in loachtions, there was little difference in
strain levels. The maximum absolute difference lbetwthese strain predictions was
only 12.57ue. Both procedures exhibited the expected trendakiased strain with an
increase in load duration.

For the same set of conditions, tensile strain eegsputed by the regression
equation developed from measured tensile stram fie field investigation. When
compared with the strains simulated in WESLEA figfBPDG load durations and load
durations based on field measurements, strains&stil from field measurements were
nearly double the simulated strains. It should dieah that the strains simulated in
WESLEA from either definition of load duration wetependent on the time-frequency
relationship. It can be concluded from these figdithat it is not the definition of load
duration that is most influential in predictingastr from E*, but rather the relationship

between load duration and frequency.

7.3 RECOMMENDATIONS

For the State DOTs from which the mixtures heogiginated, the Hirsch E*
model may be used to predict E* in the absence* ¢hltoratory testing. However, it
should be used with caution given the discreparforsd at high frequencies and
moderate temperatures. If the MEPDG is being wiilifor design, Hirsch E* model
estimates may be substituted in a Level One ddergaboratory E* results, following
extrapolation to colder temperatures. Furthermibtee MEPDG is to be used in its

current format it is recommended that calibratiercompleted both regionally and
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nationally for the Witczak 1-40D model prior to itementation of the software
program as the primary design tool.

Given the advancement in pavement design and Igbeisa towards
mechanistic-empirical pavement design, charactegittie viscoelastic nature of HMA
is imperative to successful designs. Thereforegdas the comparisons of load
duration, it is recommended that further investmatn defining the load duration
throughout the HMA be completed. Due to the undén&tion of strain from either
load duration definition, it is suggested that tihee-frequency relationship is inaccurate
and thus needs further refinement. Lastly, at threeoit state of the MEPDG, the output
is in the form of pavement distresses which aréipted from estimated strain levels.
Findings from this thesis identified the possibheler estimation of strain based on
procedures outlined within the MEPDG,; therefordHar investigation into the accuracy
of the predicted distresses should be completesb,Alirther refinement of the strain
predictions, possibly by accurately characterizimgtime-frequency relationship,

should be completed before implementation of tlegy@m for design purposes.
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