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EXECUTIVE SUMMARY

Material characterization provides basic and essential information for pavement design
and the evaluation of hot mix asphalt (HMA). With the current trend of developing mechanistic
flexible pavement design and more reliable design procedures, accurate characterization of HMA
properties is needed. NCHRP Project 1-37A considers the dynamic modulus (|[E*|) master curve
a design parameter in the AASHTO 2002 Mechanistic-Empirical Pavement Design Guide
(MEPDG). NCHRP Project 9-19 (Witczak et al., 2002a), Superpave Support and Performance
Models Management recommends simple performance tests (SPTs), including |[E*|, flow number
(Fn), and flow time (Fr), to complement the Superpave volumetric mixture design method and
ensure reliable mixture performance over a wide range of traffic and climatic conditions. In
current mechanistic design methods used by the Alaska Department of Transportation and Public
Facilities (ADOT&PF), resilient modulus (MR) is used to characterize HMA instead of |[E*|,
though research indicates that |[E*| provides better characterization of HMA than Mg because it
provides full characterization of the mix over temperature and loading frequencies. However, no
systematic study has been conducted to create a catalog of SPT data and correlations between
SPTs and HMA performance for typical Alaskan HMA mixtures.

This study focused on the accurate characterization of an Alaskan HMA mixture using an
asphalt mixture performance tester (AMPT) and asphalt pavement analyzer (APA). The AMPT
was used to conduct SPTs (dynamic modulus [E*|, flow number Fx, and flow time Fr tests). The
APA was used to measure the rutting resistance of the same HMA. Loose asphalt mixtures were
collected from 21 projects in 3 regions of ADOT&PF: the Northern region (10), the Central
region (9), and the Southeast region (2). Details of each job mix formula (JMF) being used in the
projects were obtained. Binder rheology testing results, which are essential inputs for |E*|
predictive models, were also collected. The collected information included viscosity at 135°C
measured by a rotational viscometer, dynamic shear modulus (G*) and phase angle measured by
a dynamic shear rheometer (DSR), flexural creep stiffness and m-value measured by a bending
beam rheometer (BBR), and softening point. The collected mixtures were re-heated, mixed, and
compacted using a gyratory compactor (SGC) in the laboratory. The SPTs were performed on
specimens that were 100 mm in diameter and 150 mm in height. The target air voids of testing
specimens were the design air voids of each project, about 4%. The |E*| test was performed over
8 loading frequencies (i.e., 25, 20, 10, 5, 2, 1, 0.5, and 0.1 Hz) and 4 temperatures (i.e., 4.4, 21.1,
37.8, and 54°C) according to AASHTO T342-11. The Fx and Fr tests were performed at a
temperature of 54°C. The APA testing samples were manufactured using SGC at the University
of Alaska Fairbanks laboratory, and the tests were performed by the University of Tennessee.
Cylindrical specimens 6 in. (150 mm) in diameter and 3 in. (75 mm) in height were compacted
by the SGC, and the air void content was controlled at 7%. The APA tests were conducted in
accordance with procedures specified in AASHTO T340-10. The fabricated specimens were
placed in the testing chamber and conditioned to 58°C, which was the testing temperature. The



tubes were pressurized to 100 psi, and the wheel load was 100 1b. The rutting depth
measurements were obtained at a seating load of 10 cycles and intermediate loadings of 25, 4000,
and 8000 cycles.

Dynamic modulus was measured at 4 temperatures and 8 frequencies for 19 asphalt
mixtures collected from 3 ADOT&PF regions. The testing results and master curve coefficients
for each mixture are listed in Appendix A. The predictive models of |[E*| (i.e., Witczak model —
based, modified Witczak model — G* based, and Hirsch model) were verified at two levels
corresponding to input Levels 2 and 3, as specified in the MEPDG. Level 2 verification was only
performed at the temperature upper bound of asphalt binder performance grade (PG) due to
available data.

Generally, the original Witczak model over-predicted |[E*|, and the modified Witczak
model and Hirsch model predicted similar moduli for all JMF. At Level 3 input, the most
accurate estimations of |[E*| were obtained from the Witczak model (1 based), and the correlation
between predicted values and measured [E*| had an R? of 0.8435. The modified Witczak model
(G* based) and Hirsch model had an R? of 0.8166 and 0.7894, respectively. However, none of
the three models accurately predicted |E*| at high temperature. Measured |E*| varied in a wider
range than predicted values, indicating that the predictive models are relatively insensitive to
changes in HMA volumetric properties, especially the Hirsch model, which approximately
predicts the same |[E*| for all mixtures at temperature of higher end in the PG. The modified
Witczak model (G* based) is recommended for estimating |[E*| of hot mix asphalt when
measured G* of binder is available, and the Witczak model (1 based) is recommended when the
default inputs of a binder are used.

The results obtained from flow tests indicate that confining pressure greatly increases Fx
and Fr. To accomplish a confined flow test within 10,000 loading cycle/second, the confining
pressure must be far less than 137 kPa or the compressive stress must be increased. The results
also indicated that Fx correlates well with the mix design method and PG. Hot mix asphalt
designed by the Superpave method had a higher Fn due to the higher compaction effort applied
during specimen fabrication. The mixture with coarse aggregate gradation had a higher Fx.

Measured rutting depths from APA tests showed that 11 out of 21 mixtures had a final
rutting depth of less than 6 mm. The M mixture had the lowest rutting depth, followed by FIA,
GPP, PSG, AIA, GGB, FIA64, CH, DH, PW, and HNS. Findings show that mixtures with a
higher high-temperature grade and dust/asphalt ratio tend to have lower rutting depth or higher
rutting resistance. Correlations between Fn/Fr and rutting depth obtained from APA tests were
statistically analyzed. Flow number correlated to rutting depth better than Fr, as indicated by a
higher R? value. Higher rutting depth tends to correlate with lower Fx and Fr. When Fx was
greater than 400 or Fr was greater than 40, the asphalt mixture had good rutting resistance, as
indicated by a rutting depth less than 5 mm. However, when Fn was less than 400 or Fr was less
than 40, the results were mixed. Rutting depth of such mixes ranged between 3 and 13 mm.
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CHAPTER 1 INTRODUCTION

Material characterization provides basic and essential information for pavement design
and the evaluation of hot mix asphalt (HMA). This study focused on the accurate
characterization of Alaskan HMA mixes using an asphalt mixture performance tester (AMPT)
and an asphalt pavement analyzer (APA). The tests performed using the AMPT included
dynamic modulus (|E*|), flow number (Fx), and flow time (Fr) tests. The APA was used to
measure the rutting resistance of HMA. A catalog of |E*| for typical Alaskan HMA mixtures is
provided, and the prediction models of [E*| are verified. Correlations between the AMPT results
(I[E*|, Fn, and Fr) and the rutting depths obtained from the APA have been statistically analyzed
as well.

1.1 Problem Statement

With the current trend of developing mechanistic flexible pavement design and more
reliable design procedures, accurate characterization of HMA properties is needed. NCHRP
Project 1-37A (ARA, Inc. 2004) considers the dynamic modulus (|E*|) master curve a design
parameter in the Mechanistic-Empirical Pavement Design Guide (MEPDG). NCHRP Project 9-
19 (Witczak et al. 2002a), Superpave Support and Performance Models Management,
recommends simple performance tests (SPTs) including |E*|, Fn, and Fr tests, to complement the
Superpave volumetric mixture design method and ensure reliable mixture performance over a
wide range of traffic and climatic conditions.

Many states have been using SPTs in the evaluation of their HMA mixtures to determine
if the performance tests and the MEPDG are ready for implementation by owners/agencies
(Pellinen, 2001; Witczak et al., 2002a; Kim et al., 2004; Bhasin et al., 2005; Mohammad et al.,
2005; Obulareddy, 2006; Williams et al., 2007). The objectives of these studies were to develop
a catalog for |E*| inputs in the MEPDG, provide state departments of transportation (DOTs)
familiarity with the proposed |[E*| parameter, and generate information on performance of
selected HMA mixtures using the new tests. Increased effort is anticipated when those SPTs are
implemented at a state level.

In the current Alaska Department of Transportation and Public Facilities (ADOT&PF)
mechanistic design methods, resilient modulus (MR) instead of |[E*| is used to characterize HMA,
though research has indicated that |E*| provides better characterization of HMA than Mg because

it provides full characterization of the mix over temperature and loading frequencies (Loulizi et
al., 2006).

Simple performance tests were conducted in two completed research projects sponsored
by ADOT&PF to evaluate the rutting performance of Alaskan HMA mixtures (Ahmed, 2007;
Liu and Connor, 2008) and the performance of warm mix asphalt. (Liu et al., 2011; Liu and Li,
2012). However, no systematic study has been conducted to obtain a catalog of SPT data and



correlations between SPTs and HMA rutting performance for typical Alaskan HMA mixtures.
Hence, the development of a catalog of |[E*| values for mixture types typically used in Alaska is
essential for the State of Alaska’s own pavement design guide or for future implementation of
the MEPDG.

An evaluation of the applicability of current test procedures and the equipment used for
measuring HMA mix properties, with particular emphasis on |[E*| is needed, as well as a
comparison of results from SPTs with other established performance tests. The ADOT&PF
should be provided with the proposed |E*| parameters and information on the performance of
selected HMA mixtures in new projects, as well as feedback on the practical issues associated
with future implementation of new test procedures.

1.2 Objectives

To provide the accurate characterization of HMA for both pavement design and
performance evaluation, the main objectives of this project are to

1) establish a catalog of |E*| test results for typical Alaskan HMA mixtures,

2) evaluate the correlations between SPT results ([E*|, Fn, Fr by AMPT) and HMA
performance (rutting tests by APA), and

3) assess the ability of the original Witczak, modified Witczak, and Hirsch models in
|[E*| prediction for Alaskan asphalt mixtures.

1.3 Research Methodology

The following major tasks were accomplished to achieve the objectives of this study:
o Task 1: Literature Review

o« Task?2: Development of AMPT Testing Plan

o Task3: Materials Collection, Specimens Fabrication, and Performance Tests
o Task4: DataProcessing and Analyses

e Task5:  Project Summary and Recommendations

Task 1: Literature Review

The purpose of this task is to review the existing and current efforts in characterization of
HMA mixtures using the AMPT and APA. This task was accomplished through a critical review
of technical literature and research in progress. The detailed literature review is described in
Chapter 2.

Task 2: Development of AMPT Testing Plan

Under this task, a HMA characterization testing plan was developed based on discussions
between the research team, the technical advisory committee for this project, and professionals
from the Statewide and Regional Materials Sections of ADOT&PF. The testing plan identified
asphalt paving projects from different regions of Alaska considering factors such as mix design



method (such as Marshall design or Superpave design), aggregate source, aggregate
gradation/nominal maximum aggregate size (NMAS), asphalt source, asphalt grade, and asphalt
content. The details are presented in Chapter 3.

Task 3: Materials Collection, Specimens Fabrication, and Performance Tests

Loose HMA mixtures were collected from 21 paving projects and delivered to the
University of Alaska Fairbanks (UAF) laboratory. Details of the materials and job mix formula
(JMF) being used in the project construction and associated test data were obtained as well.

These mixtures were then re-heated, mixed, and compacted using the gyratory compactor
(SGC) in the laboratory. Laboratory mixture characterization tests include |E*| tests at various
temperatures and frequencies (according to AASHTO TP62-07 [2008]) and Fn, Fr, and APA
tests (according to AASHTO TP63-09). The APA tests were performed by the University of
Tennessee. Volumetric properties of mixtures (e.g., air voids and voids in the mineral aggregate
[VMA]) were verified before the tests. The experimental details are summarized in Chapter 3.

Task 4: Data Processing and Analyses

A catalog of dynamic moduli for typical Alaskan HMA mixtures from the three regions
was synthesized. Measured moduli of various HMA collected in this study were used to evaluate
the suitability of the Witczak and Hirsch predictive models. Statistical analyses were conducted
to investigate the effects of the different mixture variables on the SPTs. The correlations between
SPT results and HMA rutting performance measured by APA tests were evaluated as well. The
testing results and data analysis are presented in Chapter 4.

Task 5: Project Summary and Recommendations

Based on Tasks 1 through 4, research results and findings were summarized. A catalog of
dynamic moduli for typical Alaskan HMA mixtures from the three regions and reliable |E*|
predictive models were developed. Comments as well as recommendations for future work are
presented in Chapter 5.



CHAPTER 2 LITERATURE REVIEW

This chapter summarizes the findings and conclusions from previous studies in the area
of HMA characterization, SPTs (i.e. [E*|, flow number and flow time) and their testing methods,
influencing factors, and predictive models for |[E*|.

Since pavement design methods have migrated from the empirical design method (e.g.,
the AASHTO guide, version 1972—-1993) to the mechanistic-empirical design method (e.g.,
MEPDG), modern HMA characterization should be based on a fundamental mechanistic
property that can be used to evaluate HMA performance and provide material input for the
mechanistic-empirical pavement design (ARA, 2004).

2.1 Characterization of HMA

Hot mix asphalt characterization is the measurement and analysis of the response of
HMA to load, deformation, and/or environmental conditions (Brown et al., 2009). The results
provide valuable information for evaluating material performance, understanding HMA behavior,
providing essential input values for pavement design, and use in construction quality assurance.

The early HMA characterization tests were mostly empirical testing methods, based on
empirical correlation between testing results and material performance. These tests include the
Marshall stability test, the Hveem stabilometer test, and various loaded wheel tests. The Marshall
stability test was an empirical strength measure of HMA developed in the 1940s. The Marshall
test is a part of the Marshall mix design method, currently used by ADOT&PF. During the test, a
compressive load is applied to a cylindrical specimen 4 in. in diameter and 2.5 in. in height along
the diametrical direction through a semicircular testing head. The test is performed at 60°C to
simulate the most critical field condition. Marshall stability is defined as the maximum load
carried by the specimen. The total vertical deformation of the specimen at maximum deformation,
which is defined as flow index or flow value, is also recorded. Marshall stability is primarily
affected by the asphalt binder viscosity at 60°C and internal friction of the aggregate.

Hveem stability was developed as an empirical measure of the internal friction within a
mixture. The specimen is compacted by a kneading compactor, and its final dimension is 4 in. in
diameter and 2.5 in. in height. During testing, a vertical axial load is applied to a specimen with
confining pressure at 60°C. The stability is calculated according to Eq. 2.1, and the value varies
in the range of 0 to 100. Hveem stability is a part of the Hveem mix design method, with a
required value of stability of 40 to 55 to be a qualified HMA (Vallerga and Lovering, 1985).

22.2
S == m (21)
Py—Pp :
where

S = stability value,
P, = horizontal pressure for corresponding Pv in psi (or kPa),
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D = displacement of specimen, and
P, = vertical pressure (typically the 400 psi (2800 kPa) being applied when the vertical load is
5000 Ibf (22.3 kN).

Generally, the stabilities obtained from Marshall and Hveem tests are used to determine
the optimum asphalt contents during mix design procedures. These stabilities are neither based
on fundamental engineering properties nor correlation with field performance, such as permanent
deformation (Brown et al., 2004) and the potential of fatigue cracking (Kandhal and Parker,
1998).

Rutting is the permanent deformation of pavement under the wheel path and is
considered a primary pavement distress. Currently, the most widely used standardized laboratory
test to characterize rutting resistance is the loaded wheel test (LWT), which measures the rutting
potential of HMA by applying a moving wheel load to the surface of an asphalt mixture sample.
Many types of LWT equipment are available: the Georgia Loaded Wheel Tester (GLWT), the
Asphalt Pavement Analyzer (APA), the Superfos Construction Rut Tester, the Hamburg Wheel
Tracking Device (HWTD), the Purdue University Laboratory Wheel Tracking Device
(PURWheel), and the French Pavement Rutting Tester (FPRT) (Cooley et al., 2004). Among
these LWTs, the APA is a modification of the GLWT (Kandhal and Cooley, 2003). The APA
features controllable wheel load and contact pressure that are representative of actual field
conditions and, thus, has been widely used by many DOTs and transportation agencies in the U.S.
An AASHTO test specification (T340-10) has been developed for testing rutting potential of
asphalt mixtures by using the APA. Stuart and Izzo (1995) reported that the loaded wheel testers
provided a very good relationship between the binder property of G*/sin 6 and rutting
susceptibility. The FPRT and HWTD provided reasonably good relationships with binder
properties. Williams and Prowel (1999) compared three accelerated laboratory loaded wheel
devices—the APA, FPRT, and HWTD—with full-scale pavement performance under controlled
conditions. Results of the three laboratory rutting testers show high correlations with the field
test measurements.

The primary limitation of empirical tests (e.g., the Marshall stability test, the Hveem
stabilometer, and LWTs) is that the parameters obtained from the tests are not based on
fundamental mechanical principles and cannot be directly incorporated into pavement design. As
conditions beyond the scope of existing material and pavement structure, the confidence of their
correlations to the pavement performance would be weakened. Modern HMA characterization
methods are moving toward mechanistic-based testing methods, such as the Superpave shear test,
|E*| test, creep test, and indirect tensile test. Among these mechanistic-based testing methods,
|[E*|, flow time, and flow number tests have been recently adopted as SPTs in the NCHRP 9-19
project.



2.2 Simple Performance Test

The Superpave mix design method has been adopted nationwide. However, the design
method is only based on volumetric properties, and no characterization test can be used to
evaluate the field performance of designed HMA. Based on observations obtained from the
WesTrack (NCHRP 9-7), the Superpave volumetric mixture design method alone is not
sufficient to ensure reliable mixture performance over a wide range of materials, traffic, and
climatic conditions (Cominsky et al., 1998). By contrast, strength tests have been available for
the empirical Marshall and Hveem mix design methods for a long time. The paving industry was
expecting a simple “push-pull” type testing method to complement the Superpave volumetric
mix design method. NCHRP Project 9-19, Superpave Support and Performance Models
Management, recommended three candidate SPTs, defined as a test method (or methods) that
accurately and reliably measures a mixture response characteristic or parameter that is highly
correlated to the occurrence of pavement distress over a diverse range of traffic and climatic
conditions (Witczak et al., 2002a). The study indicated that rutting and fatigue cracking were the
primary concerns among all pavement distresses and proposed three SPTs, including Fr, Fn, and
|[E*|. Later, an asphalt mixture performance tester (AMPT, previously simple performance tester)
was developed under the NCHRP Project 9-29, Refining the Simple Performance Tester for Use
in Routine Practice (Bonaquist, 2008), which packed all technologies into a user-friendly testing
system and greatly facilitated and popularized the SPT.

Dynamic Modulus

The MEPDG uses |[E*| of HMA in structural analysis to calculate the stresses, strains, and
displacements of flexible pavement under various loading and climate conditions. Dynamic
modulus can also be used as an indicator of the resistance of asphalt mixture to pavement distress,
such as rutting and fatigue cracking. Therefore, |[E*| has been included in the SPTs and
recommended as a performance test to complement the Superpave volumetric mix design
procedure. Using |E*| is also considered a promising approach for integrating mix design with
pavement design, which has been a long-term goal pursued by pavement engineers for decades
(Witczak et al., 2002b).

Dynamic modulus (|[E*|) is the absolute value of complex modulus (E*), which is a
complex number and defines the relationship between stress and strain under sinusoidal loading
for linear viscoelastic materials (Brown et al., 2009). Dynamic modulus is determined by
applying sinusoidal loads to a specimen while measuring the deformation. Then |[E*| is calculated
by dividing the stress amplitude by the strain amplitude (Eq. 2.2).

IEE %o

& (2.2)
where
|[E*| = dynamic modulus, MPa,



Go = peak-to-peak stress amplitude, MPa, and
€0 = peak-to-peak strain amplitude.

To take into account the time-temperature dependence of |E*|, usually the test is
performed at four temperatures (i.e., 4°C, 21°C, 37°C, and 54°C) and at least 6 frequencies (i.e.,
0.1, 0.5, 1.0, 5, 10, and 25 Hz) (AASHTO TP62). Using the principle of time-temperature
superposition, a master curve is constructed by shifting the data at various temperatures to the
reference temperature (usually 21°C) with respect to time until the curves merge into a single
smooth function (Brown, 2009).

Flow Time (Fr) and Flow Number (Fn)

Within the asphalt concrete layer, the development of pavement rut can be divided into
two phases (Kaloush and Witczak, 2002). The first phase is due to the accumulation of vertical
deformation, and a part of the rut in this phase is caused by post-construction densification. The
second phase is due to lateral movement within the asphalt mixture caused by shear force. This
phase is more critical to the stability of mixture and leads to excessive rutting depth. Flow
number (Fn) and flow time (Fr) tests were developed to capture the threshold of this shear plastic
movement.

It was found through uniaxial compression tests that the relationship between loading
time (or the number of load repetitions) and creep compliance includes three distinct stages: the
primary, secondary, and tertiary stages, as shown in Figure 2.1 (Kaloush and Witczak, 2002;
Zhou et al., 2004). The primary stage is a period of rapid strain accumulation at the beginning of
the test, followed by the secondary stage, which is identifiable by a constant accumulated strain
rate. As the secondary stage continues and the pavement structure breaks down, a jump to the
tertiary stage eventually occurs, marked by an increase in strain rate. The point at which the
permanent strain rate is at its minimum and tertiary flow begins is noted as the Fr for the static
uniaxial compression test or Fy for the repeated load uniaxial compression test.
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Figure 2.1 Creep compliance vs. time

Various models were developed to fit the data measured during Fx and Fr tests and
improve the reliability of calculation. Through laboratory test results and field observation, Zhou
et al. (2004) concluded that existing models are limited to characterizing only the primary stage.
A new three-stage model was proposed to describe all three stages, and an algorithm was
established to determine the model parameters from typical laboratory data. Biligiri et al. (2007)
analyzed 300 Fy test data files from more than 40 mixtures in a wide range of test temperatures
and several stress levels and found that previous modeling techniques for determining the Fx,
which used a polynomial model-fitting approach, worked well for most conventional asphalt
mixtures but not for rubber-modified asphalt mixtures. A new comprehensive mathematical
model was recommended to determine Fn accurately. Dongre et al. (2009) found that algorithms
currently used in the AMPT to determine Fn were extremely sensitive to noise in the data and
identified erroneous Fx results, especially for modified mixes. A Francken model-based
algorithm was proposed to fit Fx data, and the robustness of the new model was verified using
data obtained from field projects. It was also found that steady-state slope and slope at 2% strain
correlated well with Fy, and this correlation indicated that these slopes might be robust indicators
of rut resistance. The instability of the calculation algorithm due to data noise was also reported
by Goh et al. (2011). Based on results from 122 Fy tests, a stepwise method was used to
overcome variations in testing data, and deformation rate was used to estimate Fx based on
strong correlation between them. Bhasin et al. (2005) suggested that the sensitivity of Fr and Fn
tests could be improved by (a) selecting the appropriate temperature and stress levels for the
mixes being compared and (b) comparing mixes that have similar properties other than a broad
range that can be used in APA tests.



2.3 Testing Method
Dynamic Modulus (|[E*|)

The most widely used testing method for measuring |[E*| is the uniaxial compression test,
which theoretically produces a uniform compressive stress in the testing specimen (AASHTO
T342-11, previously TP62). During the test, a uniaxial sinusoidal compression load is applied to
a 100 mm diameter and 150 mm tall cored, cylindrical specimen with a continuous haversine
wave form under a strain controlled mode. The test is performed over a range of loading
frequencies (25, 20, 10, 5, 2, 1, 0.5, and 0.1 Hz) and four temperatures (4.4, 21.1, 37.8, and
54°C). Dynamic modulus is calculated according to Eq. 2.2.

Dynamic modulus can also be measured using the indirect tensile (IDT) test. The
analytical solution to calculating |[E*| under IDT mode was proposed by Kim et al. (2004). The
IDT testing method was also used by Oscarsson (2011). A great advantage to using an IDT test is
that |[E*| can be directly measured on field cores. Tran and Hall (2006) recommend using four
affixed measurement instruments (such as LVDT) and two replicate specimens for E* testing.
During the uniaxial compression tests, confining pressure can be applied to specimens. Sotil et al.
(2004) found that unconfined and confined |E*| tests showed a linear relationship with the
applied bulk stress and were almost parallel regardless of the confinement level. Based on this
observation, a reduced confined |[E*| test protocol that only required one (or two) confined test(s)
was proposed.

Flow Time (Fr) and Flow Number (FN)

Typically, flow tests are performed by applying a uniaxial compressive load to a 100 mm
(4 in.) diameter, 150 mm (6 in.) tall cored, cylindrical specimen at a temperature of 54°C. For Fr
testing, static compressive load is applied for a maximum of 10,000 seconds or until a
deformation of 50,000 microstrain is reached. For Fy testing, the compressive load is applied in
haversine form with a loading time of 0.1 seconds and a rest duration of 0.9 seconds for a
maximum of 10,000 cycles or until a deformation of 50,000 microstrain is reached. The Fn and
Fr tests can also be performed in confined conditions, and findings have shown that the rate of
permanent deformation obtained from confined repeated load tests best simulates the rate of
deformation that occurs in the field (Kaloush and Witczak, 2002). A study was performed to
develop guidelines for the selection of the equivalent deviator pulse characteristics used for Fy
testing that best simulates the conditions encountered in pavement under traffic loads (Hajj et al.,
2010). Prediction equations for estimating anticipated deviator pulse duration as a function of
pavement temperature and vehicle speed were developed. In addition, ranges for the amplitude
of the triaxial deviator and confinement stresses as a function of pavement stiffness properties
and traffic speeds were provided.



2.4 Evaluation and Influencing Factors
Dynamic Modulus ([E*|)

Many states have been using SPTs to evaluate their HMA mixtures in determining if this
technology is ready for implementation by owners/agencies. Pellinen (2001) evaluated a total of
thirty mixtures from MnRoad (Minnesota), ALF (Virginia), and WesTrack (Nevada) test sites to
demonstrate that |E*| (stiffness) could be used as a performance indicator to complement the
Superpave volumetric mix design system. Studies showed that |[E*| testing results correlate well
with rutting in field pavements, and [E*| appears to have potential as a simple performance test
for fatigue cracking (Witczak et al., 2002c; Zhou and Scullion, 2003; Bhasin et al., 2005;
Mohammad et al., 2005; Apeagyei, 2011). Also mentioned was that caution must be taken in
interpreting the rut susceptibility of mixes based on the E* parameters, especially when
evaluating mixtures containing polymer-modified asphalts (Bhasin et al., 2005). Loulizi et al.
(2006) conducted a comparison of resilient modulus (Mgr) and |[E*| of HMA as material
properties for flexible pavement design. Their results showed that the |[E*| test provides a better
characterization of HMA than the Mr test because it provides full characterization of the mix
over temperature and loading frequencies.

Dynamic modulus was also used to evaluate the moisture susceptibility of HMA by
comparing the [E*| of specimens before and after moisture conditioning (Solaimanian et al., 2006;
Nadkarni et al., 2009; Bausano and Williams, 2009). The results indicated that |[E*| can be used
to discriminate between good and poor performance in terms of resistance to stripping and
moisture susceptibility. The advantages of using |[E*| rather than the traditional indirect tensile
strength ratio are that the test can be performed on the same specimen, and the effects of
hydraulic loading developed by pore pressure in the mixture are simulated during the test.

It has been reported that traffic level, nominal maximum aggregate size, and air void are
significant factors influencing the E* of HMA (Mohammad et al., 2005; Mohammad et al., 2006;
Obulareddy, 2006; Williams et al., 2007; Tashman and Elangovan, 2008). Dynamic modulus
increases as traffic levels increase and air voids decrease. Binder content has a greater impact on
E* than aggregate angularity. Increasing asphalt binder content by 0.3% would lead to increasing
the |E*| at intermediate and high temperature. Similar observations were also reported by Kim
and King (2005), who reported that the binder variables (i.e., the source, performance grade and
content) have a much more significant effect on [E*| than the aggregate variables. Dynamic
modulus is also affected by the overall density of testing specimens. It was found that an increase
in 1.5% density can increase |E*| by 15% (Blankenship and Anderson, 2010).

Within Alaska, Ahmed (2007) used the GLWT and SPTs to examine the effect of
optimized mix design on the improvement of rutting resistance of Anchorage HMA mixtures.
Liu and Connor (2008) compared results of |E*| and Fx using the simple performance tester for
five HMA mixtures, aimed at providing economic and effective solutions to address rutting
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problems occurring at the Barrow airport. Simple performance tests were also used to evaluate
the performance of warm mix asphalt for Alaskan conditions (Liu et al., 2011; Liu and Li, 2012);
however, no systematic study has been done to obtain a catalog of SPTs data and correlations
between SPTs and HMA rutting performance for typical Alaskan HMA mixtures.

Flow Time and Flow Number

Flow number (Fy) is effective in detecting the difference between mixtures, and
accumulated microstrain at Fx was more effective in comparing the quality of specimens within
a specific mixture (Zhou and Scullion, 2003; Mohammad et al., 2005; Mohammad et al., 2006;
Williams et al., 2007; Bonaquist, 2009). The Fy test identified the effects of both asphalt cement
and aggregate in the rutting resistance of mixtures (Huang et al., 2008). Flow number and
Hamburg test results correlated fairly well (Bhasin et al., 2005; Mohammad et al., 2005;
Mohammad et al., 2006). Archilla and Diaz (2008) suggested that besides |E*|, either permanent
deformation model parameters or permanent deformation tests, such as the Fx test, should be
included in modeling the permanent deformation of asphalt pavement in the MEPDG. The Fn
test can be used to investigate moisture susceptibility of HMA by comparing results obtained on
specimens in saturated conditions and unconditioned specimens in a dry test environment
(Bausano et al., 2006).

The Fx test was found to be sensitive to binder stiffness, mixture stiffness, mixture
volumetric properties, aggregate gradation, traffic level, NMAS, gradation type (dense vs. open),
and amount of recycled asphalt pavement (RAP) (Williams et al., 2007; Apeagyei and
Diefenderfer, 2011). Higher traffic level and lower air void content lead to greater Fny of HMA. It
was found that specimens with higher density yielded improved Fn (Mogawer et al., 2011), and
an increase in 1.5% density can increase Fx by 34% (Blankenship and Anderson, 2010).

2.5 Modeling

At both federal and states levels, efforts have been made to develop the |E*| database and
predictive models. Of all published predictive models, five that have been used and discussed
most were selected and reviewed: (1) the original Witczak model, (2) the modified Witczak
model, (3) the Hirsch model, (4) the Al-Khateeb model, and (5) the artificial neural networks
model (Fonseca and Witczak, 1996; ARA, 2004; Bari and Witczak, 2006; Christensen et al.,
2003; Al-Khateeb et al., 2006; Ceylan et al., 2008; Kim et al., 2011). Hot mix asphalt volumetric
properties and binder properties were included in these models to predict |[E*|. The newly
develop artificial neural networks model also allows users to calculate |[E*| based on Mr results
obtained from an IDT test.

1. Witczak |E*| predictive model (Fonseca and Witczak 1996)

The original Witczak |[E*| predictive model was developed based on 1430 test data points
from 149 un-aged laboratory-blended HMA mixtures that contained only conventional binders
(Fonseca and Witczak, 1996). During the NCHRP 1-37A project, the model was revised based
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on nonlinear regression analysis and a database that contained 2750 data points (ARA, 2004).
The model is expressed by Eq. 2.3. The input parameters of this model contain the percentage
passing #200, retained on #4, retained on %", and retained on %" sieves, HMA volumetric
properties, loading frequency, and binder viscosity.

logo|E *| = ~1.249937 +0.02923 p,, —0.001767(py,)* —0.002841p, —0.05809V,
, 3-871977-0.0021p, +0.003958p, , ~0.000017(p, ;)* +0.00547 p, ,

.
—0.0082208 —

Vi V. 1+exp(—0.603313-0.31335log,, / —0.3935321og,, 77)
(2.3)

where

p20 = percentage of aggregate passing #200 sieve,

D4 = percentage of aggregate retained on #4 sieve,

D% = percentage of aggregate retained on %" (9.56 mm) sieve,

D% = percentage of aggregate retained on %" (19.01 mm) sieve,

Va = percentage of air voids (by volume of mix),

Veey = percentage of effective asphalt content (by volume of mix),
f = loading frequency (hertz), and

n = binder viscosity at temperature of interest (10° P =10° Pas).

By comparing the predicted value and laboratory measured E*, Mohammad et al. (2005)
and Dongre et al. (2005) found that the Witczak equation predicted E* of mixture properties with
reasonable reliability. The predicted values were higher than measured values at high
temperatures and low loading frequencies (Azari et al., 2007; Gedafa et al., 2009). The original
Witczak predictive equation is based on regression analysis. Therefore, extrapolation beyond the
calibration database should be restricted. It has also been pointed out that the model relies on
other models to translate the currently used |G*| measurement into binder viscosity (Bari, 2005).
Other researchers also noted the need for improved sensitivity to volumetrics, such as the
percentage of voids in the mineral aggregate (VMA), the percentage of voids filled with asphalt
(VFA), asphalt concrete (AC) percentage, and air void (Va) (Dongre et al., 2005).

2. Modified Witczak |E*| predictive model (|G*| based) (Bari and Witczak, 2006)

Instead of binder viscosity parameter 1, the modified Witczak model uses binder
dynamic shear modulus |G*| (Eq. 2.4), which is used in the current PG binder grade system. A
larger database (346 mixtures with 7400 data points) was used for regression data analysis, and
the correlation between measured and predicted |E*| improved to 0.87 (R?). However, the
modified model does not significantly improve over-prediction at higher temperature and lower
loading frequency. The binder phase angle is predicted using an empirical equation (R = 0.83).
This equation is one of two options for Level 3 analysis in the most current MEPDG program.
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(2.4)
where
|G*|» = dynamic shear modulus of rolling thin film oven (RTFO)-aged asphalt binder (pounds
per square inch), and
Op = binder phase angle associated with |G*|; (degrees).

3. Hirsch model (Christensen et al. 2003)

Based on the parallel model of mixtures law, Christensen et al. (2003) examined four
different models and chose the model that incorporated binder modulus, VMA, and VFA as the
final model listed in Eq. 2.5 to Eq. 2.7

VMA VFAxVMA 1-P
E¥ =P|4.2 l-—— * <
E¥ { , oo,ooo[ 100 j+3|G |b( 10,000 H+ TG00, A (2.5)
4,200,000 3G *, (VFA)
¢ =-21(logP,)* —55log P, (2.6)
(20+3|G #, (VFA) [(VMA))™* .
© 650+ (3|G ¥, (VFA) VMA)) " @7
where
|E*,, = dynamic modulus of HMA (pounds per square inch),
(0] = phase angle of HMA, and
Pc = aggregate contact volume.

This model provides accurate results in the simplest form; it provides a reasonable
prediction (Dongre et al., 2005) and shows slightly better statistical predictions than either of the
Witczak models (Mohammad et al., 2005). One advantage of this model is the empirical phase
angle equation, which can be used to convert |[E*| to the relaxation modulus or creep compliance.
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However, the predicted values were also greater than measured values at low loading frequencies
and high temperature (Mohammad et al., 2005).

4. Al-Khateeb model ( Al-Khateeb et al., 2006)

The Al-Khateeb model was also developed based on the law of mixtures for composite
materials, as shown in Eq. 2.8 In this model, the different material phases (aggregate, asphalt
binder, and air) are considered to exist in parallel. The model could be viewed as a simpler
interpretation of the Hirsch model. Compared with the Hirsch model, its advantage is accuracy at
high temperature and low loading frequency. However, this model does not include factors such
as air void and binder content, which are considered very important in determining the |[E*| of
HMA.

_ 90 +10,000(G * /VMA))
|E*|m:3(100 ij[( +10,000(G ¥, /VMA)) 64, 03

100 )| 1,100+ (900G *, /vasa))

where
|G*|¢ = dynamic shear modulus of asphalt binder at the glassy state (assumed to be 145,000 psi
(999,050 kPa).

5. Artificial Neural Networks (ANN) based model (Ceylan et al., 2008, Kim et al., 2011)

Other than the traditional regression approach, recent studies developed new |E*|
predictive models based on artificial neural networks (ANNs). The primary advantage of this
approach over statistical regression is that the functional form of the relationship is not needed
before the analysis. Considering that many variables affect |E*| values and their interactions, the
ANN technique captures complicated nonlinear relationships between |E*| and other mixture
variables better than regression analysis.

The ANN model contains a mapping ANN architecture (Figure 2.2) and is based on
supervised learning. In the developed network, the learning method used is a feed forward
backpropagation, which is one of the best known types of ANN models. By multiplying input
parameters and weight factors such as Wj; or Qj;, the notes at hidden layers are obtained. Then,
based on the output function, the predicted value and the error between predicted and actual
output value are calculated. Based on the error, weight factors would be updated until the system
achieves required accuracy. The sigmoidal function was chosen as the transfer function. The
actual forms of sigmoidal function and ANN architecture used by different research teams are
different.
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Figure 2.2 ANN architecture (Ceylan et al., 2008)

2

- m_l (2.9)

S

where
1) = sigmoidal function.

The overall ANN models developed by Kim et al. (2011) contained five sub-models
(Figure 2.3). Based on the available information, the user could choose the appropriate predictive
model. Comparisons between the ANN models and the closed-form models showed that, overall,
the ANN models provide better predictability than do any of the closed-form solutions and are
more sensitive to input parameters. However, an ANN model could contain more than hundreds
of factors (coefficients), and the structure of function would be hard to explain.
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Figure 2.3 Modulus prediction model decision tree (Kim et al., 2011)
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CHAPTER 3 EXPERIMENTAL DESIGN

This chapter describes the experimental details of this research, including mix collection,
specimen fabrication, and laboratory tests. The main objectives of these tests were to establish a
property database of typical HMA (i.e., |[E*|, Fx, Fr, and rutting depth) used in Alaska and to
assess the applicability of currently used predictive models of [E*|.

3.1 Material Collection

Loose asphalt mixtures were collected from 21 projects in 3 regions of ADOT&PF,
including 10 from the Northern region, 9 from the Central region, and 2 from the Southeast
region. Figure 3.1 shows the 21 project locations. All the samples were collected by ADOT&PF
staff during summer time from year 2009 to 2010 and stored in testing facilities at UAF.

Figure 3.1 Project locations

These collected mixes covered a wide range of HMA mixtures used in Alaska. Table 3.1
is a summary of project information, and Table 3.2 shows the job mix formula (JMF) details
including binder grade and content, volumetrics, and gradation. Among the 21 mixes, 4 were
designed by the Superpave method and 17 were designed by the Marshall method. Crumb rubber
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modified mixtures were used in 2 projects (East Dowling Road and Glenn Highway-Hiland to

Eklutna Resurfacing projects). Abbreviations of each project, used consistently throughout this
report, are listed in Table 3.1.

Table 3.1 Summary of project information

No . .. . Mix Design
) Project Abbreviation Region Method Other
1 AIA runway 7R _25L Rehabilitation AlA Central SuperPave
2 Chena Hot Springs Rd MP 24-56 CH Northern Marshall
3 Chena Hot Springs CH2 Northern Marshall
4 Fairbanks Cowles Street Upgrade CcO Northern Marshall
. . Crumb
5 f{isct)lr?owhng Road Extension and D Central Marshall Rubber
' HMA
Dalton Hwy. MP 175-197
6 Rehabilitation DH Northern Marshall
7 FIA Runway 1L_19R stage 3 (52-34) FIA Northern Marshall
8 FIA Runway 1L _19R stage 3 (64-34) FIA64 Northern Marshall
9 G!enn Hwy MP 92-97 Cascade to GCH Central Marshall
Hicks Creek
10 (C)}_linsn Hwy: Gambell to airport MP GGB Central SuperPave
e Crumb
11 glenrrlf;{vi:ly. Hiland to Eklutna GH Central Marshall Rubber
esurfacing HMA
Glenn Hwy MP 3442,
12 Parks to Palmer Resurfacing GPP Central SuperPave
13 | HNS Ferry Terminal to Union Street HNS Southeast Marshall
Minnesota Dr. Resurfacing:
14 International Airport Rd to 13th M Central SuperPave
Parks Hwy MP 287-305
15 Rehabilitation N Northern Marshall
16 Richardson Hwy North Pole NPI Northern Marshall
Interchange
17 | Old Glenn Hwy: MP 11.5-18 OGP Central Marshall
PSG Mitkof Hwy-Scow Bay
18 to Crystal Lake Hatchery PSG Southeast Marshall
19 | Palmer/Wasilla PW Central Marshall
20 | Alaska Hwy MP 1267-1314 TOK Northern Marshall
21 | Unalakleet Airport Paving UNK Northern Marshall

As shown in Table 3.2, the most commonly used binders among the projects evaluated
were PG 52-28 (seven projects) and PG 64-34 (nine projects). Among these binders, the highest
temperature end of PG was 64°C; the lowest end of PG was -40°C for the Dalton Highway
project (DH). The binder contents were between 5.0% and 6.0% except for two crumb rubber
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modified mixes, which had binder contents of 7.0% for the East Dowling Road (D) project and
6.7% for the Glenn Highway Hiland to Eklutna project (GH). The design air voids were between
3.0% and 4.1%. The exact design air voids for the FIA and FIA64 paving projects were not
specified in the JMF. Instead, a range of 2.8% to 4.2% was listed in the JMF. For specimen
fabrication and evaluation purposes, an averaged VIM value of 3.5% was used, as shown in
Table 3.2. The VMASs ranged from 13.6% to 17.0% except for the crumb rubber modified HMA,
which had VMAs of about 22%. Collected mixtures had the same nominal maximum aggregate
size (NMAS) of '4". The gradations are illustrated in Figure 3.2, where it can be seen that the
gradation of most material was near the maximum density line. The crumb rubber modified
HMA had a coarser gradation; for example, the East Dowling Road project (D) had a percentage
passing of 54% at ¥s" sieve size, which was the lowest among all collected HMAs.

Binder rheological testing results were also obtained from ADOT&PF. The binder
rheological properties are essential inputs for the |[E*| predictive models. The collected
information included viscosity at 135°C measured by rotational viscometer, dynamic shear
modulus and phase angle measured by a dynamic shear rheometer (DSR), flexural creep stiffness
and m-value measured by the bending beam rheometer (BBR), and softening point. The testing
temperatures of DSR and BBR tests were determined based on the PG of each binder according
to the AASHTO M 320. However, not all rheological properties were available. The softening
points were only obtained from FIA64 and NPI projects. The collected rheological properties are
summarized in Table 3.3.
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Figure 3.2 Summary of gradations

21



Table 3.3 Summary of binder rheology testing results

Viscosity Softening
No. | Mix | PG @135°C DSR (Original) DSR (RTFO) DSR (PAV) BBR point
(Pas) (°F)
o | T (o | M| o [ T Tso | m

1 ATA | 64-34 2.002 1.47 45.7 3.73 51.5 n/a n/a n/a n/a n/a
2 CH 52-28 0.196 1.68 87.9 3.14 86.5 4612.50 55.6 196.8 | 0.35625 n/a
3 CH2 | 52-28 0.196 1.68 87.9 3.14 86.5 4612.50 55.6 196.8 | 0.35625 n/a
4 CO 52-28 0.225 1.60 84.9 3.10 83.1 3550.00 57.1 173.0 | 0.37600 n/a
5 D 64-34 1.840 1.55 43.4 1.68 50.2 n/a n/a n/a n/a n/a
6 DH 52-40 0.670 1.84 55.2 2.82 533 916.92 59.6 170.5 | 0.62692 n/a
7 FIA 52-34 0.469 2.33 69.8 4.24 68.7 3964.00 53.6 259.8 | 0.33150 n/a

8 | FIA64 | 64-34 0.734 1.68 55.5 2.75 58.6 2162.65 57.6 225.5 | 0.34587 176.7
9 GCH | 52-28 0.173 1.36 88.1 2.56 86.9 n/a n/a n/a n/a n/a
10 | GGB | 64-34 1.162 1.45 60.2 2.08 63.1 n/a n/a n/a n/a n/a
11 GH 64-34 1.591 1.38 46.6 1.80 52.6 n/a n/a n/a n/a n/a
12 GPP | 64-34 1.543 1.35 56.9 1.89 62.3 n/a n/a n/a n/a n/a
13 HNS | 58-28 0.440 1.72 (G* sind) 3.54 (G* sind) 3374.00 (G* sind) 210.2 | 0.31689 n/a
14 M 64-34 1272 1.49 59.6 2.15 63.4 n/a n/a n/a n/a n/a
15 N 52-34 0.528 2.29 67.8 3.79 67.5 2425.00 59.3 244.7 | 0.35250 n/a

16 NPI | 64-34 1.204 1.51 46.8 2.13 50.1 1176.67 59.6 207.8 | 0.34750 180.2
17 OGP | 52-28 0.174 1.38 88.1 2.59 86.9 n/a n/a n/a n/a n/a
18 PSG | 58-29 0.433 2.00 76.0 4.13 73.2 3355.60 | (G*sind) | 226.0 | 0.30100 n/a
19 PW 64-34 1.584 1.33 47.6 1.92 52.9 n/a n/a n/a n/a n/a
20 | TOK | 52-28 0.196 1.61 88.4 3.14 86.7 4692.50 63.5 197.3 | 0.36525 n/a
21 UNK | 52-28 0.198 1.63 87.6 3.43 85.6 4400.00 52.6 186.0 | 0.35025 n/a

3.2 Dynamic Modulus Test

The |[E*| and phase angle of compacted HMA specimens were determined over a range of
temperatures and loading frequencies. The testing results were used to develop a database of |[E*|
for typical HMAs used in Alaska and to evaluate the appropriateness of currently used predictive
models for local application.

3.2.1 Testing Apparatus

Dynamic modulus tests were performed using the AMPT, which is a fully integrated
package specifically designed for |[E*|, Fn, and Fr tests. The AMPT is a computer-controlled
hydraulic testing system capable of applying cyclic/static loading over a range of temperatures
and frequencies/time on the compacted HMA specimen. The machine consists of a triaxial cell,
an environmental chamber, a hydraulic actuator and pump, a temperature-control unit, and a
data-acquisition system (Figure 3.3). The triaxial test cell is mounted on the top left of the unit.
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For |[E*| tests, the deformation is measured by three LVDTs attached on the side of the specimens.
An external compressed air supply is required to apply confining pressure (in this study, the
confining pressure was not used for |[E*| tests) and to raise and lower the triaxial cell. The
integrated data-acquisition and analysis software automatically process measurements and
calculate |[E*| at each loading frequency.

Figure 3.3 Setup of the AMPT.

3.2.2 Specimen Fabrication

The |[E*| tests were performed on specimens 100 mm in diameter and 150 mm in height.
Collected loose mixtures were re-heated to 135°C. The mix was then put into the mold and
compacted in the SGC. The specimens were compacted to a height of about 180 mm, and
trimmed and cored to the required size. Figure 3.4 shows the cutting and coring machine that was
used. Figure 3.5 shows the final specimen, cut and cored from a SGC compacted raw specimen.
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Figure 3.4 Cutting and coring machine

Figure 3.5 Final specimen after cutting and coring

The target air voids of testing specimens were the design air voids of each project,
generally about 4%. Trial compactions were conducted for each mixture to determine the number
of gyrations at which the target air voids could be achieved. A loose mixture of 7200 g was used
for trial compaction. This amount was estimated based on design air voids, maximum specific
gravity of loose mixture, and raw specimen size (150 mm in diameter and 180 mm in height).
The weight of loose mixture for the final compaction was corrected after the number of gyrations
was determined. The trial compaction was performed in height control mode to reach a 179 mm
height. During compaction, the number of gyrations and the height of specimen were recorded.

24



The height of specimen was used to estimate the bulk specific gravity of compacted specimens
after each increment in number of gyrations (Eq. 3.1). After trial compaction, the specimen was
cut and cored into the required size (100 mm in diameter and 150 mm in height). The bulk
specific gravity of the specimen was measured and used to calculate the correction factor (Eq.
3.2). The estimated bulk specific gravity was corrected based on the obtained correction factor
(Eq. 3.3). Figure 3.6 illustrates the estimated and corrected bulk specific gravity during
compaction, using a mixture from the Chena Hot Springs Rd. MP 24-56 (CH) project as an
example.

Finally, the air void was estimated using Eq. 3.4 and plotted versus number of gyrations,
as shown in Figure 3.7. The number of gyrations was determined based on the design air void. In
this example, the target air void was 3.9% and the corresponding number of gyrations was
determined to be 27.

4w
2
Gmb,Estimated = D jﬂ (3 1)
Vi
G
F = mb.Measured (3.2)
mb,Estimated ,F
Gmb,Corre('ted = F ) Gmb,Esrimaled (3'3)
_ Gmb,Corrected
VTMestimated - (1 - G—) : 100 (34)
where,

Gumb.esiimatea  €stimated bulk specific gravity,
Gumb.measured measured bulk specific gravity,
Gumb.correcied  corrected bulk specific gravity,
weight of specimen, g,
diameter of specimen, 15 cm,
height of specimen, cm,
density of water, g/cm?,
correction factor

TI T O S

VT Mestimated  €Stimated air void, %, and
Gom maximum specific gravity of loose HMA, g/cm®.
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Figure 3.6 Estimated and corrected Gmp during the compaction process
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Figure 3.7 Determined target number of gyrations

The average air voids of HMA specimens are listed in Table 3.4, which shows that
almost all air voids were within the range of £0.4% of the target design air voids.
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The fabrication of crumb rubber modified HMA was not successful. Due to the strong
expansion caused by crumb rubber, the specimens collapsed immediately after extruding from
the mold.

Table 3.4 Air voids of testing specimens

Mix Design VIM (%) Measured VIM (%)
AIA 3.6 2.7
CH 3.9 3.9
CH2 4.1 4.2
CO 4.0 3.9
D 3.0 n/a
DH 3.2 3.1
FIA 3.5 3.2
FIA64 3.5 3.6
GCH 4.0 3.8
GGB 3.8 3.9
GH 3.8 n/a
GPP 4.0 4.1
HNS 3.0 33
M 3.8 3.6
N 3.5 3.8
NPI 4.0 3.9
OGP 3.8 34
PSG 3.8 3.8
PW 4.0 3.9
TOK 3.9 3.9
UNK 3.5 3.6

3.2.3 |E*| Testing Procedure

The |E*| test was performed over eight loading frequencies (i.e., 25, 20, 10, 5,2, 1, 0.5,
and 0.1 Hz) and four temperatures (4.4, 21.1, 37.8, and 54°C) according to AASHTO T342-11
(2011).

Prior to testing, specimen diameter and height were measured and recorded. Three LVDT
holding brackets were installed on the specimen before testing. Figure 3.8 shows the apparatus
used to glue the mounting studs on the specimen, where the mounting racks were installed. The
distance between two vertical mounting studs was 101.6 mm. The apparatus ensures the
precision of LVDT installation.
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Figure 3.8 LVDT attachment apparatus

The test was started at the lowest temperature (4°C / 40°F), followed by increasingly
higher temperatures (21°C / 70°F, 37°C / 100°F and 54°C / 130°F), because less damage was
induced at lower testing temperatures. The specimen was conditioned in a temperature chamber
overnight (minimum 4 hours) for the test performed at 4°C. The conditioning time was reduced
to 3, 2, and 1 hours for testing performed at 21°C, 37°C, and 54°C, respectively. Two hundred
sinusoidal loading cycles were applied for each frequency. The integrated |E*| test software
automatically collected measurements and calculated |[E*|.

3.3 Flow Number (F~) and Flow Time (Fr) Tests

Flow number and flow time tests were performed to evaluate the rutting resistance of
HMA. The developed database of Fx and Fr was used to evaluate the correlation between flow
tests and the APA-measured rutting depth.

3.3.1 Testing Apparatus

Flow number and flow time tests were performed using the AMPT, but without attached
LVDTs. The integrated flow test software was used for testing process control, data acquisition,
and calculation (Figure 3.9).
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Figure 3.9 AMPT for flow test

3.3.2 Specimen Fabrication

The shape and size of the specimen used for Fx and Fr tests are same as the shape and
size used for [E*|. Thus, the specimen fabrication process was also the same. In addition, the Fy
test was performed on the same specimen used for the |[E*| test after the last loading sequence of
the |E*| test at 54°C, because |E*| is considered a non-destructive test. The Fr test was performed
using a new specimen.

3.3.3 Fx Procedure

During the Fy test, a repeated uniaxial compressive load is applied to a cored cylindrical
specimen. The compressive load is applied in haversine form with a loading time of 0.1 seconds
and a rest duration of 0.9 seconds, for a maximum of 10,000 cycles or until a deformation of
50,000 microstrain is reached. The specimens were tested at a temperature of 54°C. Permanent
deformations are measured internally by the displacement of the load frame. Previous studies
indicated that confined flow tests more closely match field conditions (Brown et al., 2009). In
this study, confining pressure was applied for the Parks Highway (N) and the Anchorage
International Airport paving projects (AIA). According to Roberts et al. (1996) and Bonaquist
(2008), the confining pressure was selected to be 137 kPa (20 psi). However, specimens tested
under confining pressures did not fail during the 10,000 cycles (second) of loading time, and the
correct Fx and Fr could not be calculated. For the rest of the 17 mixes, confining pressure was
not applied.

The Fr test is similar to the Fx test; however, instead of the repeated compressive load, a
static compressive load is used. The loading process was terminated at a maximum of 10,000
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seconds, or when a deformation of 50,000 microstrain was reached. Data acquisition and
calculation were performed automatically by the integrated flow testing software. Figure 3.10
shows specimens before and after the flow test.

Figure 3.10 Specimens before and after the flow test

3.4 Rutting Test

Rutting is the permanent deformation of pavement along the wheel path; it can be defined
as the accumulation of small amounts of unrecoverable strain resulting from applied wheel loads
to the pavement. Rutting is usually caused by the consolidation or plastic flow, or both, of
asphalt mixture under wheel loads (Brown et al., 2009). Rutting not only decreases the service
life of pavement, but also creates a safety problem for motorists. Generally, rutting in excess of
0.25 in. (6 mm) is considered to be a hydroplaning safety hazard by state DOTs (Jacksona and
Baldwina, 2000). The Long-term Pavement Performance (LTPP) manual suggests that rutting
depths between 6 mm and 12 mm are considered moderate severity, and any rutting depth greater
than 12 mm is considered high severity.

An asphalt pavement analyzer (APA) was used to evaluate the rutting susceptibility of
the 21 HMAs and to develop a database of rutting depth to identify the most critical factors and
their influencing potential. In addition, the correlation between rutting depth and Fx/Fr was
investigated.

3.4.1 Testing Apparatus

Figure 3.11 shows the APA used to evaluate the rutting susceptibility of the mixtures.
The original version of the APA was the Georgia Loaded Wheel Tester (GLWT), developed
during the mid-1980s through a cooperative research study between the Georgia DOT and the
Georgia Institute of Technology. The APA (a modification of the GLWT) was first manufactured
in 1996 by Pavement Technology, Inc. The APA follows a similar rut-testing procedure as the
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GLWT and features controllable wheel load and contact pressure that are representative of actual
field conditions; thus, it has been widely used by many DOTs and transportation agencies in the
U.S. A wheel is loaded onto a pressurized linear hose and tracked back and forth over a testing
sample to induce rutting (Kandhal and Cooley, 2003). The tests were conducted according to
AASHTO test standard T340-10.

(a) APA (b) Sample in the tester
Figure 3.11 APA rutting susceptibility test

3.4.2 Specimen Fabrication

Cylindrical specimens 6 in. (150 mm) in diameter and 3 in. (75 mm) in height were
compacted by the SGC for the APA rutting test. The air void content was controlled at 7%. Prior
to testing, the air voids content of the samples were measured in accordance with AASHTO
standards T166 and T329. The air voids results obtained by UAF and UTK (University of
Tennessee) are summarized in Table 3.5, which shows that the air voids were around 7%.
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Table 3.5 Air voids of testing specimens

Project ID | Sample ID Air Voids, UAF (%) Air Voids, UTK (%) Deviation (%)
1 7.3 7.3 0.56
2 7.4 7.5 2.08
AlA 3 7.3 7.2 1.12
4 7.4 7.6 2.62
1 6.8 N/A N/A
2 6.7 N/A N/A
CH 3 6.5 N/A N/A
4 6.5 N/A N/A
1 7.4 7.2 2.96
2 7.4 6.7 9.95
CH2 3 6.7 5.4 18.24
4 7 6.5 6.69
1 7.2 7.1 1.3
2 7.4 7.3 1.37
€O 3 7.4 7.4 0.04
4 7.1 6.9 2.54
1 7.7 8.3 8.36
D 2 7.7 8.6 11.66
3 6.3 6.8 8.04
4 7.4 8.2 9.73
1 6.8 6.7 0.45
2 7 6.7 3.94
DH 3 7.1 6.7 6.54
4 7.1 6.9 3.53
1 7.1 N/A N/A
2 6.7 N/A N/A
FIA 3 7.1 N/A N/A
4 7.2 N/A N/A
1 7.4 7.6 2.51
2 7.5 7.3 2.63
FIA64 3 7.4 7.5 1.02
4 7.3 7.1 1.96
1 7.2 7.1 1.72
2 7.1 7.2 1.6
GCH 3 6.7 6.7 0.54
4 6.7 6.6 1.32
1 6.9 7.3 6.31
2 7.1 7.5 5.35
GGB 3 7.4 7.7 3.99
4 6.8 6.9 1.99
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Project ID | Sample ID Air Voids, UAF (%) Air Voids, UTK (%) Deviation (%)
1 9.2 9.2 0.84
2 9 8.8 1.9
GH 3 9 8.7 3.14
4 9 9.1 0.9
1 6.9 6.9 0.27
2 6.9 6.7 1.95
GPP 3 7.2 7.3 0.49
4 6.8 6.6 2.64
1 6.7 6.6 1.76
2 6.7 6.7 1.16
HNS 3 7 6.5 7.02
4 6.5 7.1 9.74
1 7.2 6.9 4.04
M 2 6.7 6.8 2.02
3 6.9 6.9 0.17
4 6.8 6.9 2.03
1 7.4 7.2 2.74
N 2 7.5 7.6 0.94
3 6.5 6.3 3.35
4 6.6 6.6 0.53
1 6.8 6.6 3.48
2 7.1 6.7 5.09
NPI 3 7.1 6.9 2.74
4 6.9 6.7 3.04
1 7.4 7.4 0.78
2 7.1 7.1 0.37
OGP 3 7.1 7 0.8
4 6.9 7 0.26
1 7.1 7.1 0.49
2 7.5 7.5 0.83
TOK 3 7.1 6.8 4.53
4 7 6.9 1.91
1 7.2 7.8 8.18
2 7.5 7.6 1.3
UNK 3 7.3 6.6 9.2
4 7.2 6.3 12.28
1 7.4 N/A N/A
2 7.1 N/A N/A
PW 3 7.2 N/A N/A
4 7.1 N/A N/A

33




3.4.3 APA Procedure

All APA tests were conducted in accordance with procedures specified in the AASHTO
T340-10. The fabricated specimens were placed in the testing chamber and conditioned to 120°F
(58°C), which is the testing temperature. The tubes were pressurized to 100 psi, and the wheel
load was 100 Ib. The test consisted of oscillating the loaded grooved wheel over a pressurized
rubber hose that rested on the test specimen up to 8000 times (Bhasin et al., 2005). One full
back-and-forth motion is considered one loading cycle. The test frequency is 1 Hz. Rutting depth
measurements were obtained at a seating load of 10 cycles and intermediate loadings of 25, 4000,
and 8000 cycles.

Four specimens were tested for each mixture. As shown in Figure 3.12, samples No. 1
and 2 were placed on the left wheel track, and samples No. 3 and 4 were placed on the center
wheel track of the APA. Data from each pair were recorded to one channel. Figure 3.13 shows a
typical rut depth versus loading cycle curve. The rut depth measured at the 8000 cycle was used
to evaluate the rutting resistance of HMA.

(a) Samples before testing (b) Samples after testing

Figure 3.12 APA samples before and after rutting test (58°C)
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Figure 3.13 Rut depth vs. loading cycle, APA test
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CHAPTER 4 TEST RESULTS AND DATA ANALYSIS

Testing results are presented and analyzed in this chapter. The SPT tests including [E*|,
Fn, and Fr tests were performed on 19 HMA mixtures. The APA tests were performed on all 21
mixtures. The |[E*| master curves were constructed from measured |E*|, and optimization
techniques were applied during the process. Predictive models were verified at two levels, which
correspond to input Level 2 and Level 3 specified in the MEPDG. In Level 2, the [E*| was
calculated based on both measured binder and mix volumetric properties. In Level 3, the |E*| was
calculated based on mix volumetric properties and default binder properties, which were
determined according to the binder’s PG. The results of flow tests and APA tests were
summarized, and the effects of potential influencing factors were analyzed. The correlations
between measured rutting depth and Fn/Fr were investigated.

4.1 Dynamic Modulus Test
4.1.1 Dynamic Modulus

The |[E*| test was performed over eight loading frequencies (i.e., 25, 20, 10, 5, 2, 1, 0.5,
and 0.1 Hz) and four temperatures (i.e., 4, 21.1, 37.8, and 54°C). Three replicates were tested for
each mixture, and the results were the average of the three. Figures 4.1 to 4.4 present |[E*| at four
different temperatures. Each figure contains |[E*| measured on compacted HMA for nineteen
sources at eight frequencies. The values were plotted in the logarithm scale. Generally, |[E*|
increases as loading frequency increases and temperature drops. At 4°C, |E*| was in the range of
20,000 to 2000 MPa. The highest modulus was observed on material collected from the Old
Glenn Highway paving project (OGP); the lowest modulus was observed at the Palmer-Wasilla
Highway project (PW). At 21°C, the range of |E*| was 9000 to 200 MPa, and the modulus
decreased to the range of 1000 to 30 MPa at 54°C. The detailed testing results of [E*| at eight
loading frequencies and four temperatures for nineteen mixtures are summarized in Appendix A.
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Figure 4.1 Summary of dynamic modulus at 4°C

Figure 4.2 Summary of dynamic modulus at 21°C
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Figure 4.3 Summary of dynamic modulus at 37°C

Figure 4.4 Summary of dynamic modulus at 54°C
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4.1.2 Master Curves

The rheological properties of HMA mixtures, such as |[E*|, depend on both temperature
and loading frequency. It has been found that the time-temperature superposition principle can be
applied to an asphalt mixture, since asphalt is a linear viscoelastic material, which means that the
modulus measured at the higher temperature and lower loading frequency is equal to the one
measured at the lower temperature and higher frequency. Therefore, usually, the [E*| of HMA 1is
characterized over a wide range of loading time or frequency (10 to 10* s or Hz). However, due
to the practical limitation of the machine’s capacity, the loading frequency applied during a test
only goes up to 25 Hz. This limited range of loading frequency is extended by using the time-
temperature superposition principle. The |[E*| values measured over a range of temperatures and
loading frequencies can be shifted with respect to frequency/time axis to form a smooth S-shape
curve at a reference temperature (usually 20°C). This curve is called master curve of |[E*|. The
|[E*| master curve is used in the MEPDG for structural analysis and to account for temperature
and frequency effects of asphalt mixtures at all analysis levels.

Figure 4.5 uses the data from mixture collected from the Minnesota Dr. Resurfacing
Project (M) as an example to illustrate the process of developing a master curve. Dynamic
modulus, measured at four temperatures and eight frequencies, is plotted in log-log scale (Figure
4.5a). Each individual curve represented |E*| measured at a single temperature over eight
frequencies. The curve obtained at 20°C was selected as the reference curve, and other individual
curves were shifted along the time axis to merge with the reference curve and to form a single
smooth curve (Figure 4.5b). A shift factor was used to characterize the amount of horizontal shift,
and it was calculated by Eq. 4.1. The shift factor is a function of temperature (Eq. 4.2). After
shift factors at four temperatures are determined, the coefficients a, b, and ¢ can be obtained
through regression. Once the master curve is constructed (Figure 4.5¢), a sigmoidal function (Eq.
4.3) can be used to mathematically describe it (Pellinen and Witczak 2002).
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where

a(T) = shift factor as a function of temperature,
f = loading frequency, Hz,
Ir = reduced loading frequency at a reference temperature of 20°C, Hz,
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T = temperature, °C,
|E*| = dynamic modulus of HMA, MPa, and
o, a, B, % a, b, c =regression constants.

The optimization technique was used to determine the regression constants o, a, 3, y, and
shift factors at the same time using the least square method. Then the shift factors were fitted
using Eq. 4.2. The final master curve function consists of seven coefficients—o, a, 3, v, a, b, c—
which are the same as the coefficients used in MEPDG. Figure 4.6 summarizes the master curve
of the HMA collected from 19 projects. The individual master curves and coefficients for each
mix are summarized in Appendix A.
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Figure 4.5 Example of developing a master curve (Minnesota Dr. resurfacing, M)
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Figure 4.6 Summary of master curves (20°C reference temperature)

4.1.3 Phase Angle

The phase angle, ¢, is the angle by which strain lags behind stress; it represents the
viscous properties of the material being evaluated. A pure elastic material has a 0° phase angle,
which means that no lag occurs between strain and stress, and a purely viscous material exhibits
a 90° lag. The mathematical expression of phase angle is expressed by Eq. 4.4.

t.
@=—-360 (4.4)
t
p
where
ti = time lag between peaks of stress and strain, s, and
tp = time of loading cycle, s.

The phase angle measured during |E*| tests for all materials are plotted against loading
frequency in Figures 4.7 to 4.10 at four temperatures (i.e., 4, 21, 37, 54°C). Generally, the phase
angle ranged between 9° and 50°. At 4° and 21°C, the phase angle decreased as loading
frequency increased. However, at 37° and 54°C, the trend reversed, showing that phase angle
increased as loading frequency increased. The results are consistent with the findings reported by
previous studies (Pellinen and Witczak, 2002; Zhang, 2005; Obulareddy, 2006). At lower
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temperature (e.g., lower than 37°C), the phase angle of asphalt mixtures is primarily affected by
the asphalt binder. As a type of viscoelastic material, the asphalt binder exhibits a more elastic
response under higher loading frequencies. At higher temperature, the effect of asphalt binder on
the overall behavior of HMA becomes insignificant. The increase of loading frequency amplifies
the effect of asphalt binder and, therefore, leads to the increase of phase angle.

Figure 4.7 Summary of phase angle at 4°C
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Figure 4.8 Summary of phase angle at 21°C

Figure 4.9 Summary of phase angle at 37°C
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Figure 4.10 Summary of phase angle at 54°C

The effect of temperature on phase angle is illustrated in Figure 4.11. The phase angles
measured at 1 Hz loading frequency were plotted versus temperature for all materials collected.
The plot exhibited a parabolic shape, and the maximum values of phase angle were expected to
be in the range of 21° and 37°C based on the trend observed in Figure 4.11. As mentioned before,
the phase angle of the asphalt mixtures is primarily affected by the asphalt binder at lower
temperature. Under the same loading frequency, as temperature increases, the asphalt binder
becomes more viscous, which leads to the increase of phase angle on both asphalt binder and
HMA. At the higher temperature, the behavior of HMA is dominated by aggregate properties,
such as skeleton and angularity. The decrease of phase angle as temperature increases indicates
that the effects of asphalt binder on the overall behavior of HMA become insignificant.
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Figure 4.11 Phase angle at four temperatures (1 Hz loading frequency)

Following the same procedure used for [E*|, a master curve can be constructed for phase
angle. Figure 4.12 shows the phase angle master curves of all mixes investigated in this study at
the reference temperature of 20°C. The master curves also exhibited a parabolic shape and the
maximum value of phase angle was observed when the loading frequency ranged from 0.1 to 1
Hz.
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Figure 4.12 Summary of phase angle master curve for Alaska mixes
(reference temperature 20°C)

4.1.4 Verification of Predictive Models

According to the MEPDG, there are three input levels for [E*|. Level 1 uses measured
|[E*|. Levels 2 and 3 use predicted |[E*|. In Level 2, |[E*| is calculated based on both measured
binder and mix volumetric properties, and in Level 3, [E*| is calculated based on mix volumetric
properties and default binder properties, which are determined according to the binder PG. In this
study, three predictive models were verified at both Levels 2 and 3.

Level 2 Model Verification

The Level 2 model verifications were performed for the original Witczak model (Eq. 2.3),
modified Witczak model (Eq. 2.4), and Hirsch model (Eq. 2.5). At Level 2, all predictive models
require rheological properties measured on short-term (RTFO) aged binder and HMA volumetric
properties. The required data inputs for each predictive model are summarized in Table 4.1. The
original Witczak model requires laboratory-measured viscosity (1). Since this parameter is no
longer a routine measurement for the PG binder grading system, a conversion (Eq. 4.5) is used to
transfer |G*| and 0 to viscosity (1) (ARA, Inc., 2004). This equation can be applied for G* and
d obtained from the DSR test conducted at a 10 Hz loading frequency. The modified Witczak
model requires G* and o , and the Hirsch model requires G*. The available rheological
properties are listed in Table 4.2 for each project (except the HNS project). In the HNS project,
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the DSR testing results were reported in the value of G*-sind. Therefore, the viscosity cannot be

converted by using Eq. 4.5.

G * 1 4.8628
=—(—)" 4.5
=70 CSing) (4.3)
where
n = viscosity, cP, (Pa.s)
G* = binder complex shear modulus, Pa, and
) = binder phase angle, degree.
Table 4.1 Required inputs for |E*| predictive models at Level 2
Required Inputs
Parameters Description Units Original Modified Hirsch
Witczak Witczak !
6
n Binder Viscosity Pi)(i)se N,
Binder f Loading Rate Hz N,
Properties * Dynamic Shear .
G Modulus pst v v
) Phase Angle Degree N,
Effective Binder o
Vel | Content by Volume % v v
Va Air Void Content % N, N,
VMA Voids in Mineral o J
Aggregate
Voids filled with o
VEA Asphalt % v
Mix Volumetric Cumulative Percent o J N
Properties P% | Retained on %" Sieve °
Cumulative Percent
P¥% Retained on 34" % v N
Sieve
Cumulative Percent o
P4 Retained on #4 Sieve 7 v v
P t Passing #200.
0200 ercen s?:ileng o J J
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Table 4.2 Summary of binder rheological properties

No. | Mix PG Temperature DSR (RTFO) Converted 1
' °C) |G*| (KPa) | Phase Angle (degree) (10°P)
1 ATA 64-34 64 3.73 51.5 1.23E-02
2 CH 52-28 52 3.14 86.5 3.17E-03
3 CH2 | 52-28 52 3.14 86.5 3.17E-03
4 CcO 52-28 52 3.10 83.1 3.21E-03
5 D 64-34 64 1.68 50.2 6.06E-03
6 DH 52-40 52 2.82 533 8.27E-03
7 FIA 52-34 52 4.24 68.7 5.99E-03
8 FIA64 | 64-34 64 2.75 58.6 5.95E-03
9 GCH | 52-28 52 2.56 86.9 2.58E-03
10 | GGB | 64-34 64 2.08 63.1 3.64E-03
11 GH 64-34 64 1.80 52.6 5.52E-03
12 GPP 64-34 64 1.89 62.3 3.42E-03
13 HNS | 58-28 58 3.54 (G* sind) n/a
14 M 64-34 64 2.15 63.4 3.71E-03
15 N 52-34 52 3.79 67.5 5.58E-03
16 NPI 64-34 64 2.13 50.1 7.74E-03
17 OGP | 52-28 52 2.59 86.9 2.61E-03
18 PSG | 58-28 58 4.13 73.2 5.11E-03
19 PW 64-34 64 1.92 52.9 5.78E-03
20 TOK | 52-28 52 3.14 86.7 3.17E-03
21 UNK | 52-28 52 343 85.6 3.48E-03

The original Witczak model (Eq. 2.3) can be used to calculate the |[E*| of HMA at various
temperatures and loading frequencies. The effects of temperature and loading frequency are
represented by the parameter of viscosity (1) and frequency (f) in Eq. 2.3. The viscosity at
various temperatures is calculated based on the ASTM viscosity temperature relationship defined
by Eq. 4.6 (ASTM D341, ARA, Inc., 2004). The MEPDG requires viscosity (n) (or G* and d)
measured at a minimum of three temperatures to calculate the regression constants A and VTS.
However, in routine practice, G* and 0 are only measured at the temperature at the higher end of
PG. Therefore, the verification of the original Witczak model was only performed at
temperatures specified in the high end of PG at 10 Hz loading frequency. Based on the measured
binder viscosity and mix volumetric properties listed in Table 3.2, predicted and measured |[E*|
are plotted in Figure 4.13. It can be seen that, generally, at higher temperature, the modified
Witczak model over-predicts [E*|. The measured moduli varied from 100 to 500 MPa, whereas
the predicted values ranged from 350 to 700 MPa.

loglogn = A+ VTS logT, (4.6)
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where
Tr = temperature (in Rankine at which the viscosity was estimated), and
A, VTS = regression parameters
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Figure 4.13 Predicted vs. measured |[E*| for all mixes (original Witczak model, Level 2)

Following the same strategy, verification of Level 2 input was also performed for the modified
Witczak model (Eq. 2.4). The predicted values were based on measured G* and J at
temperatures at the higher end of PG at a loading frequency of 10 Hz. As specified in the
modified Witczak model, the frequencies between shear mode and compression mode were
converted by Eq. 4.7. Predicted and measured |[E*| are plotted in Figure 4.14. Predicted |[E*| is
scattered on both sides of the equality line. The scattered data of predicted |E*| with varied mix
volumetric and binder rheological properties are in a data band between 500 and 800 MPa.
Meanwhile, measured |[E*| is in a wide range from 200 to 1200 MPa, indicating that the
predictive model is not sensitive to change in the mix volumetric or binder rheological properties.

s = (4.7)
2

where

fs = loading frequency in shear mode, Hz, and

fe = loading frequency in compression mode, Hz.
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Figure 4.14 Predicted vs. measured |[E*| for all mixes (modified Witczak model, Level 2)

The Hirsch model only contains three parameters: VFA, VMA, and |G*|, (see Eq. 2.5 to
2.7). Predicted and measured |E*| are illustrated in Figure 4.15. The predicted |[E*| was about 250
MPa for all mixtures. The data band of predicted |E*| was even narrower compared with the
modified Witczak model. The measured moduli varied from 100 to 550 MPa, while the predicted
values consistently equaled approximately 250 MPa regardless of material properties. Compared
with the modified Witczak model, the Hirsch model was even more insensitive to volumetric and
rheological properties.
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Figure 4.15 Predicted vs. measured |[E*| for all mixes (Hirsch model, Level 2)

Verification of Level 3 Inputs

The verification of Level 3 was conducted using measured mix volumetric properties and
default rheological properties, the estimation based on the PG of the binder. Table 4.3
summarizes the required inputs for each model. In the original Witczak model, the viscosity was
calculated according to the ASTM viscosity temperature relationship (Eq. 4.6) (ASTM D341,
ARA, Inc., 2004). Instead of using calculated A and VTS based on regression analysis for Level
2 verification, the default values of A and VTS for the RTFO aged binder based on PG were
used, as listed in Table 4.4. The table includes all binder grades investigated in this study, and
these default values were recommended by MEPDG. The parameter VTS represents the
temperature sensitivity of the asphalt binder. As the span between the higher and lower end of
PG increases, the absolute value of VTS decreases. The parameter A is the intercept. As the low
end of PG decreases, the value of A decreases. The mix volumetric properties are listed in Table

3.2.
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Table 4.3 Required inputs for [E*| predictive models at Level 3

Required Inputs
Parameters Description Units | Original Modified Hirsch
Witczak Witczak
Bmde'r PG Binder Grade ~ ~ V E
Properties

Effective Binder 0

Vool | Content by Volume 7 v v

Va Air Void Content % N, N,

VMA Voids in Mineral o J
Aggregate
Voids filled with 0
VEA Asphalt 7 v
Mix Volumetric Cumulative Percent o J J
Properties P Retained on 34" Sieve °
Cumulative Percent
P% Retained on 34" % v N,
Sieve

Cumulative Percent 0

P4 Retained on #4 Sieve & Y v

0200 Percent I;eil:ileng #200. o, J J

* The Hirsch model does not contain a predictive model for G* based on the binder’s PG. The G* predictive model

integrated in the modified Witczak model was used to calculate the G* as an input for Hirsch model.

Table 4.4 Defaults values of A and VTS based on asphalt PG (ARA, Inc., 2004)

PG A VTS
52-28 11.84 -4.012
58-28 11.01 -3.701
52-34 10.707 -3.602
52-40 9.496 -3.164
64-34 9.461 -3.134

Figure 4.16 illustrates measured |E*| versus predicted |E*| by the original Witczak model.
The results show that the predicted |[E*| obtained from the original Witczak model is close to
measured moduli in a wide range of temperature and frequency. The correlation between
measured and predicted values (R?) was 0.84. The regressed trend line indicated that generally,
the model overestimates |E*| at higher temperatures and lower loading frequencies and
underestimates [E*| at lower temperatures and higher loading frequencies. The observation is
consistent with previous studies reported by Mohammad et al. (2005), Dongre et al. (2005), and
Ceylan et al. (2008). Appendix B includes individual mix results.
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Figure 4.16 Predicted vs. measured |[E*| for all mixes (original Witczak model, Level 3)

The modified Witczak models use a |G*|,-based prediction methodology. |G*|y and 0 are
the primary parameters used to characterize the rheological properties of the asphalt binder in the
PG system. In the Level 3 verification, |G*|, and d are estimated using Eqs. 4.8 to 4.12. The |G*|»
can be calculated based on viscosity, shear loading frequency, and 6 (Eq. 4.8), and 0 is calculated
from shear loading frequency, viscosity, and adjusted A' and VTS' (Eq. 4.9). The A" and VTS'
are adjusted for shear loading frequency.

|Gb *| =0.005 lf‘snfsj‘ (Sl-n5b)7.154270.49z9f;+0.021 1/, 4.8)

5, =90+ (~7.3146 - 2.6162V'TS") xlog(f, x 1, ;) +(0.1124+0.2029VTS" xlog(f, 17, ;)° (4.9)
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loglogrn, , = A'+ VTS logT, (4.10)

A'=0.9699 1. 4 4.11)
VTS =0.9668 £, ““7VTS (4.12)
where
Is = shear loading frequency,
nsr = viscosity at reference shear loading frequency and temperature, cP,
A’ = adjusted A (adjusted for loading frequency), and

VTS' = adjusted VTS (adjusted for loading frequency).

The |[E*| values predicted by the modified Witczak model for Level 3 are plotted in
Figure 4.17 versus the measured |E*|. The overall correlation (R?) between measured and
predicted values was 0.81, which is slightly lower than that of the original Witczak model. This
observation is consistent with the findings of previous studies that the modified Witczak model
does not improve the accuracy of the prediction (Garcia and Thompson, 2007; Kim et al., 2011).
The model overestimated |[E*| as indicated by the trend line, especially for lower frequencies and
higher temperatures.
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Figure 4.17 Predicted vs. measured |[E*| (modified Witczak model, Level 3)

A comparison between the two versions of Witczak models was also made. See
Appendix C for detailed mix results. The predicted values by two models are plotted in Figure
4.18. The figure shows a great linear correlation between the two models as indicated by the R?
0f 0.96. The |E*|s obtained from the original Witczak model had a better correlation with
measured values (R>=0.845) than those from the modified Witczak model (R>=0.8166) The |E*|s
estimated using the modified Witczak model were greater than the values obtained from the
original Witczak model at the higher and lower end of the correlation curve. However, the
advantage of using the modified Witczak model is that the modified model is a G*-based model,
and G* is currently used in the binder PG system.
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Figure 4.18 Predicted vs. measured |[E*| (original vs. modified Witczak model, Level 3)

The Level 3 verification was also conducted for the Hirsch model. The |G*| of the asphalt
binder was estimated using equations provided in the modified Witczak model (Egs. 4.1 to 4.15).
The results are summarized in Figure 4.19. Similar results were reported by Dongre et al. (2005)
and Garcia and Thompson (2007). The R? of correlation between measured and predicted
log(|E*|) was 0.79—TIlower than that of both versions of Witczak models. The model
underestimated |[E*| at higher loading frequency and lower temperature, and overestimated |[E*| at
lower frequency and higher temperature. In addition, a wide, flat bottom line can be observed

from Figure 4.19, indicating a minimum value existed in the Hirsch model. Appendix D contains
detailed mix results.
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Figure 4.19 Predicted vs. measured |[E*| (Hirsch model, Level 3)

Error Analysis for Level 3 Predictions

Error analysis was performed for verification of Level 3. The error was defined as the
difference between the log value of predicted and measured |[E*|, as shown in Eq. 4.13. The
effects of variables in the predictive equations, such as |G*|, 6, Va, VMA, etc., on the errors were
investigated. The effects were graphically examined by plotting errors against parameters. The
error plots were also made for log(f), Va, Vuetr, and percentage passing the 3" and #4 sieves. The
error plots are summarized in Appendix E. Figure 4.20 illustrates the errors versus log(n) and
percentage passing the #200 sieve for the original Witczak model. Figure 4.20b shows that as the
percentage passing the #200 sieve increased, the error decreased.

Error =log(Predicted _|E *) —log(Measured _|E *) (4.13)
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Figure 4.20 Error analysis for original Witczak model — Level 3
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A regression analysis was conducted to statistically examine the significance of influence
on error caused by each variable. To avoid multicollinearity during the regression, which would
cause considerable bias in determining the significance of the individual variable, correlations
between variables were examined; the results are listed in Table 4.5. The results indicate that the
percentages passing the %" sieve and #4 sieve were highly correlated to each other (R*=0.76).

Therefore, the percentage passing the %" sieve was eliminated, and the final linear regression

model is expressed by Eq. 4.14.

Table 4.5 Correlations among variables used in the predictive models

log(7) log(f) Va Vpeff P P4 P#200
log(n) 1.0000
log(f) 0.0000 1.0000
Va -0.0077 0.0000 1.0000
Vet 0.0627 0.0000 0.2638 1.0000
P 0.0753 0.0000 -0.3119 0.3581 1.0000
P4 0.0403 0.0000 -0.3805 0.2239 0.7595 1.0000
P#200 -0.0805 0.0000 -0.3321 -0.3198 -0.3215 -0.0365 1.0000
Error = A+ B-log(n)+C-log(f)+D-V,+E-V,, +F-P,,+G- P, +6 (4.14)

The regression analysis was conducted at a 95% confidence level, and the results are
summarized in Table 4.6. The P-value is used to determine if the variable has an effect on the

errors of [E*|. In a 95% confidence level analysis, a P-value that is smaller than 0.05 means that,
the associated variable has an effect; that is, the coefficient of the associated variable does not
equal “zero.” Note in Table 4.6 that all the P-values are much smaller than 0.05, indicating that
all the variables had effects on the errors of |[E*|. The coefficient of variable (does not include the
intercept) is the slop associated with the variable, and the bigger value indicates the greater effect.
The coefficients listed in Table 4.6 show that air void content and percentage passing the #200
sieve had the greatest effects among all variables.

Table 4.6 Summary of regression analysis (original Witczak model) — Level 3

Coefficients P-value Lower 95% Upper 95%
Intercept 2.3299 4.2121E-18 1.8190 2.8409
log(n) -0.0382 2.5592E-11 -0.0492 -0.0272
log(f) -0.0642 1.8875E-07 -0.0881 -0.0403
Va -0.2816 4.3458E-12 -0.3599 -0.2034
Vet 0.0439 7.4129E-04 0.0185 0.0693
Pia -0.0134 2.2958E-07 -0.0185 -0.0084
P#200 -0.1907 3.6748E-45 -0.2151 -0.1664
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Using the same methodology, error analysis was performed for the modified Witczak
model Level 3. The effects of variables (i.e., log(G*), Va, Vuerr, and percentage passing the ¥s",
#4, and #200 sieves) were investigated. Figure 4.21 shows the plot of error versus log(G*) and
percentage passing the #200 sieve. The error plots for Va, Veesr, and percentage passing the %"
and #4 sieves are summarized in Appendix E. Figure 4.21a shows that as log(G*) increased, the
variation of error decreased. Figure 4.21b shows that as the percentage passing the #200 sieve
decreased the error decreased and moves from a positive domain to a negative domain.

The model used for regression analysis is expressed by Eq. 4.15. The variable of
percentage passing the %" sieve was eliminated to avoid the multicollinearity, which causes basis
on judging the significance of variables. The results are summarized in Table 4.7. All the P-
values are smaller than 0.05, indicating that all variables affect the error of prediction. Among all
variables, the log(d) mostly influences the error indicated by the greatest value of coefficient.

Error = A+ B-1log(G*)+C-log(6)+ D -V, +E -V, +F -P,, + G- Py, + 6 (4.15)

1
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a) Error vs. log(G#*)
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Figure 4.21 Error analysis for the modified Witczak model

Table 4.7 Summary of regression analysis (modified Witczak model) — Level 3

Coefficients P-value Lower 95% Upper 95%
Intercept 3.8363 6.2696E-24 3.1212 4.5515
log (G*) -0.0496 1.3786E-07 -0.0678 -0.0313
Log(9) -0.8691 2.6257E-11 -1.1203 -0.6178
Va -0.2514 5.5038E-09 -0.3348 -0.1679
Vet 0.0424 2.1749E-03 0.0154 0.0695
p #4 -0.0079 4.0316E-03 -0.0133 -0.0025
p #200 -0.1981 2.7801E-43 -0.2241 -0.1721

The error plot of log(G*) for the Hirsch model Level 3 is shown in Figure 4.22. The
variation of error reduced as log(G*) increased. The error plots of VMA and VFA are listed in
Appendix E. The regression equation used for error in the Hirsch model is shown in Eq. 4.16.
The findings (Table 4.8) obtained from regression analysis confirmed the observation from
graphical analysis, that variables did not have any obvious effects on the error. The P-value of
the VFA indicated that VFA is not a significant factor for the error of prediction. Even though
the P-values of log(G*) and VMA were smaller than 0.05, the absolute values of associated
coefficients were close to “zero,” indicating weak effects.
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Error = A+ B-log(G*)+ C-VFA+ D -VMA+ 6

(4.16)

1
2
=
-1.5
-3 -2 0 2 3 5
log(G*)
Figure 4.22 Error analysis for Hirsh model (error vs. log(G*)) — Level 3
Table 4.8 Summary of regression analysis (Hirsch model) — Level 3
Coefficients P-value Lower 95% Upper 95%
Intercept -0.6538 2.9442E-01 -1.8777 0.5700
log (G*) -0.0602 9.8229E-12 -0.0771 -0.0432
VFA -0.0040 6.3387E-01 -0.0205 0.0125
VMA 0.0603 7.8433E-04 0.0252 0.0953

4.2 Flow Number (F~) and Flow Time (Fr) Tests

The Fn and Fr tests were performed to evaluate the rutting resistance of HMA collected
from 19 sources. The testing results were also used to investigate the correlations between Fn/Fr
and rutting depth measured from an APA. The correlation analysis is presented at the end of this

chapter.

Flow number and flow time tests can be performed with or without confining pressure.
The application of confining pressure simulates the real stress conditions of field pavement, and
the results correlate to field distress observation better than the non-confined flow test (Brown et
al., 2009). In this study, confined flow tests were performed on 2 mixes: the Anchorage
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International Airport project (AIA) and the Parks Highway project (N). However, specimens
tested under confining pressures did not fail (break) during the 10,000 cycles (second) of loading
time, and the correct Fx and Fr could not be calculated. The remaining 17 mixes were tested
without confining pressure.

Figure 4.23 presents the Fr of unconfined tests. The results were grouped according to
the mix design method; the Frs of most mixes were less than 50. The maximum Fr was observed
for mixtures collected from the Dalton Highway project (DH in the figure). The results of Fn
tests are plotted in Figure 4.24. Flow numbers of mixtures designed according to the Marshall
method were less than 400 and among these mixtures. Maximum Fns were also obtained from
the Dalton Highway project (DH in the figure). Flow numbers of mixtures designed according to
the Superpave method clearly were higher than the mixtures designed by the Marshall method.
During the mix design process, a higher compaction effort was used in the Superpave mix design.
Based on the specimen fabrication experience from this study, approximately 20 SGC gyrations
provided the same compaction effort as produced by 75 Marshall hammer blows. In other words,
for the same asphalt mixture, 20 SGC gyrations and 75 Marshall hammer blows produced
specimens with the same bulk specific gravity (Gmp) and air voids. During the Superpave mix
design, 75 gyrations were applied for each specimen. High compaction effort leads to better
rutting resistance.
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Figure 4.23 Summary of flow time (unconfined test)
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Figure 4.24 Summary of flow number (unconfined test)

Statistical analysis was performed to investigate the influencing factors of Fn/Fr. The
potential influencing factors considered were design method, higher end of PG (PG H), lower
end of PG (PG L), binder content, air voids, VFA, VMA, and gradation. The correlation between
each potential factor and Fx was calculated. The correlation is represented by a value between -
100% and 100%. A higher positive value indicates a stronger positive correlation; a lower
negative value indicates a stronger negative correlation. The correlations between potential
influencing factors and Fr are summarized in Figure 4.25. The plot indicated that temperature at
the low end of PG correlated well with Fr, the correlation was about 70%. A good correlation
was also observed on VFA with the value of 50%.

The correlations between potential influencing factors and Fn are summarized in Figure
4.26. The results indicate that Fx correlates well with the mix design method and temperatures at
the higher and lower end of the PG. In addition, Fx negatively correlates with the percentage
passing of all sieve sizes, but the corelation is not strong. The lower percentage passing of sieves
means a coarser gradation. This might indicate that mixtures with coarse gradation would have

higher Fx.
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Figure 4.25 Correlations between influencing factors and flow time
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Figure 4.26 Correlations between influencing factors and flow number
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4.3 Laboratory Rutting Test

Figure 4.27 shows the APA rutting depth test results of different mixtures. Note that 11
out of 21 mixtures had a final rutting depth of less than 6 mm. The M mixture had the lowest
rutting depth, followed by FIA, GPP, PSG, AIA, GGB, F1A64, CH, DH, PW, and HNS.

14

12

—
<

#s]

Rutting Depth (mm)

&Cb (.300@5»

Project

Figure 4.27 APA rutting depth test results for different mixtures

The binder and aggregate gradation information of those mixtures collected from the
plant were used for influence analysis. The multiple regression model, as shown in Eq. 4.17, was
built to analyze the influence of different factors (X;) on rutting depth (Y). The parameters were
estimated by the ordinal least square method.

Y=p8 +B8X++BX ++BX +& (4.17)
where
Bo, B1, ---, Pi, ..., Px = partial regression coefficients or estimates of the regression parameters, i

is the magnitude and direction change in response with each one-unit
increase in predictor 7, provided other predictors are held constant.

€ = random error term.
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The data were examined to select potential representative independent variables. Figure
4.28 shows the scatter plot of the aggregate gradation data. Note that there are two groups of
correlations among the passing percentages of different sieves. One group is the correlation
among the sieves that ranged from 2" to #50. The other group is the correlation among #100,
#200, and the dust-to-asphalt ratio. Thus, two variables—the passing percent of ’2" and the dust-
to-asphalt ratio—were included in the multiple regression analysis as indicators of aggregate
gradation. The passing percent of /2" indicates the skeleton of the aggregate gradation, whereas
the dust-to-asphalt ratio indicates the mineral filler content.
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Figure 4.28 Scatter plots of aggregate gradation data of the mixtures

Figure 4.29 show the scatter plot of other potential factors. Note that clear correlations
exist among the binder content, VFA and VMA. In addition, VFA and VMA also correlate with
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VA and a passing percent of /2" sieve. The VFA, VA, and VMA were not included in the
multiple regression analysis. In total, seven independent variables were included in the multiple
regression analysis. Figure 4.30 shows the distribution of the dependent and independent
variables.
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Figure 4.29 Scatter plots of other independent variables
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Figure 4.30 Distribution of the dependent and independent variables

Figure 4.31 shows the multiple model including all seven factors. The partial #-test results

are presented to show the significance of each predictor by testing the significant increase in
explained variation by adding that predictor to the reduced model. The null hypothesis of the

partial 7-tests is Ho: Bi =0 | Bo, P1, ..

o Pi-1, Pirt, -
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that the probability of getting this result by chance is less than 5%. Note that not all the factors
were significant. Potential significant factors included the binder’s PG, dust-to-asphalt ratio, and
percentage passing the 2" sieve, whose p-values were lower or close to 0.05. The insignificant
factors were then dropped to build a new model. As the number of factors in the model changed,
the p-values of each factor changed. After several trials, a final model with only significant
factors was built, as shown in Figure 4.32.
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Term Estimate Std Error t Ratio P value
Intercept 8.1761484 14.27938 0.57 0.5877
VM -122.0665 99.10601 -1.23 0.2641
Rubber[N] -0.558544 1.674627 -0.33 0.7501
PG H -0.247498 0.068585 -3.61 0.0112*%
PGL -0.375704 0.078147 -4.81 0.0030*
Binder Content (%) 2.1315183 1.235229 1.73 0.1352
Dust/Asphalt Ratio -3.105986 1.352835 -2.30 0.0614*
Design[M] 0.7740454 0.54671 1.42 0.2066
2% 0.3022412 0.072972 4.14 0.0061*

Figure 4.31 Multiple regression model for rut depth with all factors

Figure 4.32 includes the predictor profiler of the model, which shows the predicted
response as one predictor is changed while the others are held constant, and thus the influence of
each predictor on the response can be clearly illustrated. It can be seen that the high temperature
grade of the binder and the dust/asphalt ratio were significant factors for the rutting resistance of
those mixtures. The low temperature grade of the binder, incorporating crumb rubber, different
design method (Marshall vs. Superpave), binder content, and percentage passing the '4" sieve,
was not significant. Mixtures with higher high-temperature grade and dust-to-asphalt ratios
showed a tendency to have lower rutting depth or higher rutting resistance.
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Figure 4.32 Multiple regression model for rut depth with only significant factors

4.4 Correlation between Flow Time (Number) and APA Rutting Depth

In the plot of cumulative permanent strain versus the number of loading cycles from the
SPT test, the “flow number” is the cycle number at which tertiary flow starts. In a typical
relationship between the calculated total compliance and loading time from a triaxial static creep
test, the “flow time” is defined as the starting time of tertiary deformation (Witczak et al., 2002b).
The flow time indicates the beginning of shear deformation under constant volume (Bhasin et al.,
2004). Figures 4.33 and 4.34 show the relationship between the test results of rutting resistance
and the test results of Fx and Fr. Note that Fy correlated to rutting depth better than Frdid, as
indicated by a higher R? value. Generally, higher rutting depth correlates with lower Fx and Fr,
indicating lower rutting resistance. In addition, when Fn was greater than 400 or Fr was greater



than 40, the asphalt mixture would have good rutting resistance indicated by a rutting depth less
than 5 mm. However, when Fx was less than 400 or Fr was less than 40, the results were mixed.
Such mixes would have a wide range of rutting depth, between 3 and 13 mm.
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Figure 4.33 Relationship between flow number and rutting depth
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Figure 4.34 Relationship between flow time and rutting depth
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CHAPTER 5 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary

The focus of this study was the characterization of an Alaskan HMA mixture using the
asphalt mixture performance tester (AMPT). Simple performance tests (SPT) were performed on
19 asphalt mixtures using the AMPT. Rutting depths were measured for 21 asphalt mixtures
using the asphalt pavement analyzer (APA). This chapter presents the conclusions obtained from
laboratory tests and data analysis, as well as recommendations

Conclusions

The dynamic modulus (|[E*|) was measured according to AASHTO TP62 at 4
temperatures and 8 frequencies for 19 asphalt mixtures collected from 3 ADOT&PF regions.
Optimization techniques were applied to develop the master curve for each mixture. Testing
results and master curve coefficients for each mixture are listed in Appendix A.

Predictive models for [E*| (i.e., Witczak model — n based, modified Witczak model — G*
based, and Hirsch model) were verified at Levels 2 and 3, as specified in the MEPDG. Because
the rheological binder information collected was limited, Level 2 verifications were only
performed for [E*| at a single reference temperature and loading frequency. The high temperature
end of the performance grade (PG) was selected as the reference temperature for measuring G*.
The reference frequency was determined according to DSR testing at 10 Hz frequency. None of
the three models accurately predicted |E*| at high temperature. Measured |[E*|s vary in a wider
range than predicted values, indicating that predictive models are relatively insensitive to the
changes of HMA volumetric properties, especially the Hirsch model, which approximately
predicts the same |[E*| for all mixtures at temperatures in the higher end of the PG (Figure 4.11).
The Witczak model (1 based) over-predicts |[E*| at high temperature in most instances (Figure
4.9). Among the three predictive models, the modified Witczak model (G* based) provided the
most accurate estimation of |E*| at Level 2 input.

At Level 3 input, the most accurate estimations of |E*| were obtained from the original
Witczak model (n based), and the correlation between predicted values and measured |[E*| had a
R? 0f 0.8435. The modified Witczak model (G* based) and Hirsch model have R* values of
0.8166 and 0.7894, respectively.

The results obtained from flow tests indicated that confining pressure greatly increased
Fx and Fr. To accomplish a confined flow test within 10,000 loading cycles/second, the
confining pressure needs to be much less than 137 kPa or the compressive stress needs to be
increased. The results also indicated that Fy correlates well with the mix design method and PG.
Hot mix asphalt designed by the Superpave mix method had higher Fx values due to the higher
compaction effort applied during specimen fabrication. Mixtures with coarse aggregate gradation
had higher Fx values.
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Measured rutting depths from APA tests at 58°C showed that 11 out of 21 mixtures had a
final rutting depth of less than 6 mm. The M mixture had the lowest rutting depth, followed by
FIA, GPP, PSG, AIA, GGB, FIA64, CH, DH, PW, and HNS. Through statistical analysis, it was
found that the high temperature grade of the binder and the dust/asphalt ratio were significant
factors in the rutting resistance of the asphalt mixtures investigated. Mixtures with higher high-
temperature grades and dust/asphalt ratios tend to have lower rutting depth or higher rutting
resistance.

Correlations between the Fn/Fr and rutting depth obtained from APA tests were
statistically analyzed as well. Flow number correlates with rutting depth better than Fr does, as
indicated by a higher R? value. Generally, higher rutting depth correlates with lower Fx and Fr.
In addition, when Fy is greater than 400 or when Fr is greater than 40, the asphalt mixture has
good rutting resistance, as indicated by a rutting depth less than 5 mm. However, when Fy is less
than 400 or when Fr is less than 40, the results are mixed. Such mixes had a wide range of
rutting depth, between 3 and 13 mm.

Recommendations

A preliminary local database was developed, which contains measured |[E*| and
regression coefficients of the master curve for typical Alaskan HMA mixtures. The database can
be used for further implementation of |E*| into an Alaskan flexible pavement design or adoption
of the MEPDG. If measured G* is available for Level 2 input, the modified Witczak model (G*
based) is recommended for predicting |[E*| of the asphalt mixture in the MEPDG. If default
inputs of binder properties, which are based on PG, are used (Level 3 input according to the
MEPDGQG), the Witczak model (n based) is recommended.

Alternatively, if any mixture collected in this study is close to the mixture that will be
used in a future paving project, field engineers could directly choose a measured |[E*| or master
curve coefficient from the Appendix. The input can be implemented through Level 1 input in the
MEPDG.

To increase rutting resistance, the Superpave mix design method and a binder that has a
higher high-temperature grade are recommended. Additional cautions should be taken when
using a higher dust/asphalt ratio and coarse gradation to increase rutting resistance, because
extreme values would sacrifice the water susceptibility and cracking resistance of HMA. Flow
number is recommended when characterizing the rutting resistance of HMA among SPTs,
because Fx has a higher correlation to rutting depth than Frhas. However, when Fx is less than
400, the indication of rutting resistance becomes insignificant.
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APPENDIX A: Summary of |[E*| and Master Curve

Master curve

a
1 + P +loelfe)

10g10|E *| =0+

S :f(aT2 + bT + C)

Where:

|E* = Dynamic modulus of HMA, MPa,

Ir = Reduced loading frequency at reference temperature of 20°C, Hz,
f = Loading frequency, Hz, and

o,ap yabc = Regression constants.
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Figure A.1 Optimized Master Curve
(Project: FIA Runway 1L_19R stage 3 (64-34))
Table A.1 Summary of Measured |[E*| and Master curve Coefficients
(Project: FIA Runway 1L 19R stage 3 (64-34))
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 14678 14176 12815 11575 10005 8837 7803 5675
21 5630 5339 4490 3748 2902 2367 1910 1092
37 1981 1736 1335 1121 943 710 527 262
54 797 729 530 378 237 175 134 80
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) a B Y a b c B <)
3.75909E+ | -9.88409E- | 4.31771E- | -1.02307E- 1.64006E- - 0.9976
6.32140E-01 00 o1 o1 3 o1 3.054(2)5E+0 0.99794 4
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Figure A.2 Optimized Master Curve
(Project: FIA Runway 1L_19R stage 3 (52-34))
Table A.2 Summary of Measured |[E*| and Master curve Coefficients
(Project: FIA Runway 1L 19R stage 3 (52-34))
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 12067 11479 9981 8585 6913 5781 4763 2853
21 3693 3434 2648 2008 1354 994 731 365
37 860 764 548 395 251 191 150 95
54 285 251 183 134 90 77 66 51
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) a B Y a b ¢ B <)
1.32356E+00 3.00269E+ | -2.34476E- 6.16108E- -8.29047E- 1.42623E- 2.60062E+0 | 099943 0.9988
00 01 01 04 01 0 1
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Figure A.3 Optimized Master Curve
(Project: Project: Chena Hot Springs Rd, MD-1)
Table A.3 Summary of Measured |[E*| and Master curve Coefficients
(Project: Chena Hot Springs Rd, MD-1)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 16443 16165 14404 12787 10745 9277 7896 5099
21 5521 5181 4094 3147 2132 1538 1095 491
37 1269 1105 755 507 297 210 154 90
54 382 324 223 153 95 76 64 48
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) o B Y a b c ) )
3.08184E+ | -5.02978E- | 6.91294E- | -1.04618E- | 1.57244E- ' 0.9975
1.26214E+00 00 o1 o1 03 o1 2.810(7)1E+O 0.99917 0
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Figure A.4 Optimized Master Curve
(Project: Chena Hot Springs Rd MD-3)
Table A.4 Summary of Measured |[E*| and Master curve Coefficients
(Project: Chena Hot Springs Rd MD-3)
Measured Dynamic Modulus (Mpa)
Temg%r;‘t“re 25 Hz 20 Hz 10 Hz 5 Hz 2Hz | Hz 0.5Hz | 0.1Hz
4 15545 15541 14620 13745 12572 11444 10861 9012
21 8992 8702 7792 6947 5902 5179 4519 3157
37 4145 3977 3374 2845 2224 1828 1489 865
54 1544 1459 1151 891 613 464 351 187
Master Curve Coefficients R2 R2
S o B y a b ¢ (Logarithmic) (Arithmetic)
6.32140E-01 3.68417E+00 | -1.64125E+00 | 4.17929E-01 | -6.98378E-04 | 1.56302E-01 | 1 o iop o0 | 0.99939 | 0.99826
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Figure A.5 Optimized Master Curve
(Project: Fairbanks Cowles Street Upgrade)
Table A.5 Summary of Measured |[E*| and Master curve Coefficients
(Project: Fairbanks Cowles Street Upgrade)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 17411 16884 15223 13585 11465 9929 8496 5584
21 5783 5437 4330 3346 2264 1617 1128 466
37 1296 1141 767 503 284 185 125 60
54 288 254 173 117 70 53 43 31
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
3 o B Y a b c ) )
L02628E+00 | 3-31607E+ | -6.43023E- | 7.04611E- | -9.83274E- | 1.55817E- | , chemar o | (9993 | 0-9964
00 01 01 04 01 0 1
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Figure A.6 Optimized Master Curve
(Project: Dalton Hwy. MP 175-197 Rehabilitation)
Table A.6 Summary of Measured |[E*| and Master curve Coefficients
(Project: Dalton Hwy. MP 175-197 Rehabilitation)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 10081 9697 8636 7646 6459 5654 4935 3573
21 3890 3688 3105 2616 2070 1740 1466 959
37 1497 1417 1161 952 721 600 499 324
54 615 578 468 377 277 234 198 138
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) o B Y a b c ) )
3.93672E+ | -5.96808E- | 2.87615E- | -7.10035E- 1.47593E- _ 0.9999
7.06449E-01 00 o1 o1 04 o1 2.794g7E+0 0.99973 0
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Figure A.7 Optimized Master Curve
(Project: Glen Why MP 92-97 Cascade to Hicks Creek)
Table A.7 Summary of Measured |[E*| and Master curve Coefficients
(Project: Glen Why MP 92-97 Cascade to Hicks Creek)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 14794 14408 13132 11867 10231 9043 7909 5573
21 6319 5978 4976 4073 3035 2373 1818 905
37 1798 1649 1203 852 522 360 250 117
54 492 439 309 216 136 102 81 53
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
3 o B Y a b c ) )
3.17159E+ | -9.09684E- | 6.28708E- | -8.10628E- | 1.46638E- ' 0.9970
1.10977E+00 00 o1 o1 04 o1 2.66738E+0 0.99931 0
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Figure A.8 Optimized Master Curve
(Project: Glenn Highway Gambell to airport MP 0-1.5)
Table A.8 Summary of Measured |[E*| and Master curve Coefficients
(Project: Glenn Highway Gambell to airport MP 0-1.5)
Measured Dynamic Modulus (Mpa)
Temg%r;““re 25 Hz 20 Hz 10 Hz 5 Hz 2Hz | Hz 0.5Hz | 0.1Hz
4 12827 12501 11414 10329 8930 7910 6923 4889
21 4945 4658 3855 3155 2361 1865 1456 785
37 1651 1529 1172 883 595 444 334 119
54 448 413 311 231 157 123 100 65
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
3 o B Y a b c ) )
L 16608E+00 | 3-09460E+ | -7.49970E- | 5.65058E- | -8.90361E- | 1.53629E- | ,¢onicr o | ( gogn3 | 0-9984
00 01 01 04 01 0 3
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Figure A.9 Optimized Master Curve
(Project HNS Ferry Terminal to Union Street)
Table A.9 Summary of Measured |[E*| and Master curve Coefficients
(Project HNS Ferry Terminal to Union Street)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 9662 9274 8115 7024 5701 4806 4013 2559
21 3033 2830 2254 1789 1310 1045 842 516
37 933 857 675 532 386 317 262 171
54 322 298 237 189 138 117 100 71
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
3 o B Y a b c ) )
4.17165E+ | -2.51985E- | 3.04215E- | -6.80722E- 1.45492E- . 0.9986
6.89061E-01 00 o1 o1 04 o1 2.776(1)5E+0 0.99945 4
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Figure A.10 Optimized Master Curve
(Project: Minnesota Dr Resurfacing: Int'l Airport Rd to 13th)
Table A.10 Summary of Measured |[E*| and Master curve Coefficients
(Project: Minnesota Dr Resurfacing: Int'l Airport Rd to 13th)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 11648 11594 10602 9567 8034 7164 6228 4079
21 5146 4840 3993 3243 2396 1863 1431 748
37 1550 1416 1055 780 517 389 299 175
54 413 366 272 204 138 114 96 71
Master Curve Coefficients R? R2
(Logarithmi (Arithmeti
) v} B Y a b c ) )
1.40356E-+00 2.84657E+0 | -6.42023E- | 5.93089E- | -5.17571E- 1.31174E- 2.50647E+0 | 099964 0.9996
0 01 01 04 01 0 4
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Figure A.11 Optimized Master Curve
(Project: Rich Hwy North Pole Interchange)
Table A.11 Summary of Measured |[E*| and Master curve Coefficients
(Project: Rich Hwy North Pole Interchange)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 9383 8993 7767 6608 5196 4240 3398 1883
21 2463 2259 1686 1238 803 582 426 220
37 556 484 350 252 163 128 103 69
54 191 168 125 95 67 59 52 39
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
3 o B Y a b c ) )
3.46885E+ | -1.35457E- | 5.00471E- | -9.28423E- 1.48969E- ; 0.9961
1.03731E+00 00 0 o1 04 o1 2.697(3)9E+0 0.99888 s
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Figure A.12 Optimized Master Curve
(Project: Old Glenn Hwy.: MP 11.5-18)
Table A.12 Summary of Measured |[E*| and Master curve Coefficients
(Project: Old Glenn Hwy.: MP 11.5-18)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 18105 17823 16653 15507 13994 12839 11701 | 9160
21 8464 8139 7078 6103 4927 4144 3441 2085
37 2361 2226 1739 1332 906 670 493 241
54 795 720 511 354 218 156 116 68
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) o B Y a b c ) By
6.32205E.01 | 3TA0TE+ || 1 Sop o | 486128E- | -1O04493E- | L79727E- | oo ocn ol (90906 | 0-9981
00 0 01 03 01 0 7
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Figure A.13 Optimized Master Curve
(Project: Palmer-Wasilla Highway Phase II)
Table A.13 Summary of Measured |[E*| and Master curve Coefficients
(Project: Palmer-Wasilla Highway Phase 1)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 8469 8138 7040 6018 4791 3962 3236 1965
21 2677 2476 1903 1442 972 722 540 283
37 626 559 415 308 207 165 134 90
54 293 263 201 156 107 93 81 60
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) o B Y a b c ) )
7 98974E-01 3.95363E+ | -1.08345E- | 3.77080E- | -1.07451E- 1.55375E- 2.66838F+0 | 099756 0.9914
00 01 01 03 01 0 1
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Figure A.14 Optimized Master Curve
(Project: Unalakleet Airport Paving)
Table A.14 Summary of Measured |[E*| and Master curve Coefficients
(Project: Unalakleet Airport Paving)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 14039 13662 12495 11348 9878 8808 7790 5681
21 6954 6672 5714 4822 3757 3046 2428 1336
37 2088 1938 1466 1092 725 540 409 230
54 766 684 500 365 241 192 156 106
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) o B Y a b c ) )
1.42146E+00 2.85842E+ | -9.44290E- | 5.83819E- | -6.97673E- 1.40284E- 2.50281F+0 | 0.99946 0.9982
00 01 01 04 01 0 5
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Figure A.15 Optimized Master Curve
(Project: Glenn Highway MP 34-42, parks to Palmer Resurf.)
Table A.15 Summary of Measured |[E*| and Master curve Coefficients
(Project: Glenn Highway MP 34-42, parks to Palmer Resurf.)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 11815 11548 10353 9174 7585 6610 5642 3589
21 4565 4278 3455 2749 1980 1516 1151 595
37 1274 1155 852 626 411 310 239 143
54 362 320 237 176 119 99 84 63
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) o B Y a b c ) )
2.94491E+ | -5.01107E- | 5.81627E- | -6.01926E- | 1.34246E- - 0.9995
1.34579E+00 00 ol ol o4 o1 2.546(5)2E+O 0.99956 p
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Figure A.16 Optimized Master Curve
(Project: Alaska Hwy MP 1267-1314)
Table A.16 Summary of Measured |[E*| and Master curve Coefficients
(Project: Alaska Hwy MP 1267-1314)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 16476 16005 14388 12747 10624 9066 7593 4680
21 4971 4610 3534 2614 1660 1136 767 309
37 847 705 475 314 183 130 97 60
54 279 222 156 115 76 68 60 48
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) o B Y a b c ) )
1.42688E+00 2.87628E+ | -2.48362E- 8.15648E- -1.20508E- 1.65208E- 2.87224F+0 | 099917 0.9969
00 01 01 03 01 0 1
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Figure A.17 Optimized Master Curve
(Project: AIA runway 7R _25L Rehab.)
Table A.17 Summary of Measured |[E*| and Master curve Coefficients
(Project: AIA runway 7R_25L Rehab.)
Measured Dynamic Modulus (Mpa)
Temperature (°C) 25 Hz 20 Hz 10 Hz 5Hz 2 Hz 1 Hz 0.5 Hz 0.1 Hz
4 17482 17285 14650 12552 10119 8419 6874 4032
21 4278 3915 2949 2201 1499 1149 908 592
37 1112 1008 767 599 449 386 339 270
54 419 382 312 261 208 192 177 153
Master Curve Coefficients R? R2
8 o 13 ’\{ a b c (Logarithmic) (Arithmetic)
1.73424E+00 2.78934E+00 | 0.00000E+00 | 4.93006E-01 | -1.24991E-03 | 1.83278E-01 | -3.36018E+00 | 0.99593 | 0.98680
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Figure A.18 Optimized Master Curve
(Project: Parks Hwy MP 287-305 Rehab.)
Table A.18 Summary of Measured |[E*| and Master curve Coefficients
(Project: Parks Hwy MP 287-305 Rehab.)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 11947 11647 10461 9300 7844 6816 5858 3869
21 4394 4177 3401 2727 1981 1535 1178 601
37 1273 1167 869 637 413 303 224 118
54 353 319 232 167 109 88 72 49
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) o B Y a b c ) )
1.07428E-+00 3.21272E+ | -6.46898E- 5.51805E- -7.42798E- 1.43955E- 2.69956E+0 | 0.99962 0.9991
00 01 01 04 01 0 5
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Figure A.19 Optimized Master Curve
(Project: PSG Mitkof Highway-Scow Bay to Crystal Lake Hatchery)
Table A.19 Summary of Measured |[E*| and Master curve Coefficients
(Project: PSG Mitkof Highway-Scow Bay to Crystal Lake Hatchery)
Measured Dynamic Modulus (Mpa)
Temperature
(°C) 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5Hz | 0.1 Hz
4 16111 16032 14660 13320 11611 10365 9168 6699
21 6781 6467 5450 4529 3465 2781 2220 1280
37 2403 2228 1722 1324 925 725 583 376
54 838 759 583 453 323 279 244 189
Master Curve Coefficients R? R?
(Logarithmi (Arithmeti
) o B Y a b c ) )
873105400 | 24907T1E+ | -5.30918E- | 5.7S000E- | -8.49495E- | 1.53562E- | , cootor o | 99945 | 0-9992
00 01 01 04 01 0 5
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APPENDIX B: Predicted |[E*| Based on Original Witczak Model

Dynamic Modulus (MPa) .
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

b) Measured |E*| vs. Predicted |[E*|

Figure B.1 Summary of Predicted |E*| based on Original Witczak Model
(Project: FIA Runway 1L 19R stage 3 (64-34))
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

b) Measured |E*| vs. Predicted [E*|

Figure B.2 Summary of Predicted |E*| based on Original Witczak Model
(Project: FIA Runway 1L _19R stage 3 (52-34))
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Dynamic Modulus (MPa) .
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Figure B.3 Summary of Predicted |E*| based on Original Witczak Model

(Project: Chena Hot Springs Rd, MD-1)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

Predicted |[E*| (MPa) .
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Figure B.4 Summary of Predicted |E*| based on Original Witczak Model

(Project: Chena Hot Springs Rd MD-3)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

Predicted |E*| (MPa) .

1.E+05

1.E+04 A

1.E+03 ~

1.E+02 -

1.E+01

y=0.5655x
R?>=0.9953

T T T
1.E+01 1.E+02 1.E+03 1.E+04

Measured [E*| (MPa)

1.E+05
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Figure B.5 Summary of Predicted |E*| based on Original Witczak Model

(Project: Fairbanks Cowles Street Upgrade)
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Dynamic Modulus (MPa) .
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Figure B.6 Summary of Predicted |E*| based on Original Witczak Model

(Project: Dalton Hwy. MP 175-197 Rehabil
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

b) Measured |E*| vs. Predicted [E*|

Figure B.7 Summary of Predicted |E*| based on Original Witczak Model
(Project: Glen Why MP 92-97 Cascade to Hicks Creek)
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Dynamic Modulus (MPa) .
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Figure B.8 Summary of Predicted |E*| based on Original Witczak Model
(Project: Glenn Highway Gambell to airport MP 0-1.5)
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Dynamic Modulus (MPa) .
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Figure B.9 Summary of Predicted |E*| based on Original Witczak Model
(Project HNS Ferry Terminal to Union Street)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

Predicted |E*| (MPa) .
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Figure B.10 Summary of Predicted |E*| based on Original Witczak Model
(Project: Minnesota Dr Resurfacing: Int'l Airport Rd to 13th)
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Dynamic Modulus (MPa) .
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Figure B.11 Summary of Predicted |E*| based on Original Witczak Model
(Project: Rich Hwy North Pole Interchange)
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Figure B.12 Summary of Predicted |E*| based on Original Witczak Model
(Project: Old Glenn Hwy.: MP 11.5-18)
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Dynamic Modulus (MPa) .
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Figure B.13 Summary of Predicted |E*| based on Original Witczak Model
(Project: Palmer-Wasilla Highway Phase 1)
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Dynamic Modulus (MPa) .
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Figure B.14 Summary of Predicted |E*| based on Original Witczak Model

(Project: Unalakleet Airport Paving)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

b) Measured |E*| vs. Predicted [E*|

Figure B.15 Summary of Predicted |E*| based on Original Witczak Model
(Project: Glenn Highway MP 34-42, parks to Palmer Resurf.)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

b) Measured |E*| vs. Predicted [E*|

Figure B.16 Summary of Predicted |E*| based on Original Witczak Model
(Project: Alaska Hwy MP 1267-1314)
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Dynamic Modulus (MPa) .
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Figure B.17 Summary of Predicted |E*| based on Original Witczak Model

(Project: AIA runway 7R _25L Rehab.
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

b) Measured |E*| vs. Predicted [E*|

Figure B.18 Summary of Predicted |E*| based on Original Witczak Model
(Project: Parks Hwy MP 287-305 Rehab.)
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Figure B.19 Summary of Predicted |E*| based on Original Witczak Model
(Project: PSG Mitkof Highway-Scow Bay to Crystal Lake Hatchery)
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APPENDIX C: Predicted |E*| Based on Modified Witczak Model
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Figure C.1 Summary of Predicted |E*| based on Modified Witczak Model
(Project: FIA Runway 1L 19R stage 3 (64-34))
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Figure C.2 Summary of Predicted |[E*| based on Modified Witczak Model
(Project: FIA Runway 1L 19R stage 3 (52-34))
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Figure C.3 Summary of Predicted |[E*| based on Modified Witczak Model
(Project: Chena Hot Springs Rd, MD-1)
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Figure C.4 Summary of Predicted |[E*| based on Modified Witczak Model
(Project: Chena Hot Springs Rd MD-3)
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Figure C.5 Summary of Predicted |[E*| based on Modified Witczak Model
(Project: Fairbanks Cowles Street Upgrade)
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Figure C.6 Summary of Predicted |[E*| based on Modified Witczak Model
(Project: Dalton Hwy. MP 175-197 Rehabilitation)
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Figure C.7 Summary of Predicted |[E*| based on Modified Witczak Model
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Figure C.8 Summary of Predicted |[E*| based on Modified Witczak Model
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Figure C.9 Summary of Predicted |[E*| based on Modified Witczak Model
(Project HNS Ferry Terminal to Union Street)
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Figure C.10 Summary of Predicted |E*| based on Modified Witczak Model

(Project: Minnesota Dr Resurfacing: Int'l Airport Rd to 13th)
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Figure C.11 Summary of Predicted |E*| based on Modified Witczak Model
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Figure C.12 Summary of Predicted |E*| based on Modified Witczak Model
(Project: Old Glenn Hwy.: MP 11.5-18)
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Figure C.14 Summary of Predicted |E*| based on Modified Witczak Model
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Figure C.15 Summary of Predicted |E*| based on Modified Witczak Model

(Project: Glenn Highway MP 34-42, parks to Palmer Resurf.)
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Figure C.16 Summary of Predicted |E*| based on Modified Witczak Model

(Project: Alaska Hwy MP 1267-1314)

136




1.E+05

A A A a 2 22
1.E+04 R A A . 3 s
~ o © . ®
QCS <& ﬁ a oo
3 E+03 . e G
)
3 ] = “
= i N
he]
§ E+02
é A4C ;
i ¢21C |
g;EJFOl m37C
A 54 C ;
__APredictionat4C
1.E+00 ‘ ‘
1.E-01 1.E+00 1.E+01 1.E+02
Frequency (Hz)

a) Measured and Predicted |[E*| at Different Temperature and Frequency

1.E+05 ,
. 1.E+04 -
‘<
=¥
=S
m 1.LE+03 -
=
&
[&]
£
& LE+02 -
y = 1.4402x
R2=0.9074
1.E+01 ! ! ‘
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Measured [E*| (MPa)
b) Measured |E*| vs. Predicted |[E*|
Figure C.17 Summary of Predicted |E*| based on Modified Witczak Model

(Project: AIA runway 7R_25L Rehab.)
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Figure C.18 Summary of Predicted |E*| based on Modified Witczak Model
(Project: Parks Hwy MP 287-305 Rehab.)
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Figure C.19 Summary of Predicted |E*| based on Modified Witczak Model
(Project: PSG Mitkof Highway-Scow Bay to Crystal Lake Hatchery)
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APPENDIX D: Predicted |E*| Based on Hirsch Model

a) Measured and Predicted |[E*| at Different Temperature and Frequency
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Figure D.1 Summary of Predicted |E*| based on Hirsch Model

(Project: FIA Runway 1L 19R stage 3 (64-34))
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Figure D.2 Summary of Predicted |E*| based on Hirsch Model
(Project: FIA Runway 1L 19R stage 3 (52-34))
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Figure D.3 Summary of Predicted |E*| based on Hirsch Model

(Project: Chena Hot Springs Rd, MD-1)
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Figure D.4 Summary of Predicted |E*| based on Hirsch Model

(Project: Chena Hot Springs Rd MD-3)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency
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Figure D.5 Summary of Predicted |E*| based on Hirsch Model
(Project: Fairbanks Cowles Street Upgrade)
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Figure D.6 Summary of Predicted |E*| based on Hirsch Model
(Project: Dalton Hwy. MP 175-197 Rehabilitation)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency
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Figure D.7 Summary of Predicted |E*| based on Hirsch Model
(Project: Glen Why MP 92-97 Cascade to Hicks Creek)
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Figure D.8 Summary of Predicted |E*| based on Hirsch Model
(Project: Glenn Highway Gambell to airport MP 0-1.5)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency

1.E+05 Yy
. 1.E+04 -
=
[a W)
=
*E 1.E+03 -
o]
3
3}
2
E 1.E+02 -
y=0.6531x
R2=0.961
1.E+01

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Measured [E*| (MPa)
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Figure D.9 Summary of Predicted |E*| based on Hirsch Model
(Project HNS Ferry Terminal to Union Street)
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Figure D.10 Summary of Predicted |[E*| based on Hirsch Model
(Project: Minnesota Dr Resurfacing: Int'l Airport Rd to 13th)
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Figure D.11 Summary of Predicted |[E*| based on Hirsch Model

(Project: Rich Hwy North Pole Interchange)
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Figure D.12 Summary of Predicted |[E*| based on Hirsch Model

(Project: Old Glenn Hwy.: MP 11.5-18)
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Figure D.13 Summary of Predicted |[E*| based on Hirsch Model
(Project: Palmer-Wasilla Highway Phase 1)

152




a) Measured and Predicted |[E*| at Different Temperature and Frequency
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Figure D.14 Summary of Predicted |[E*| based on Hirsch Model
(Project: Unalakleet Airport Paving)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency
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b) Measured |E*| vs. Predicted |[E*|

Figure D.15 Summary of Predicted |[E*| based on Hirsch Model
(Project: Glenn Highway MP 34-42, parks to Palmer Resurf.)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency
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Figure D.16 Summary of Predicted |[E*| based on Hirsch Model
(Project: Alaska Hwy MP 1267-1314)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency
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Figure D.17 Summary of Predicted |[E*| based on Hirsch Model
(Project: AIA runway 7R_25L Rehab.)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency
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Figure D.18 Summary of Predicted |[E*| based on Hirsch Model
(Project: Parks Hwy MP 287-305 Rehab.)
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a) Measured and Predicted |[E*| at Different Temperature and Frequency
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Figure D.19 Summary of Predicted |[E*| based on Hirsch Model
(Project: PSG Mitkof Highway-Scow Bay to Crystal Lake Hatchery)
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APPENDIX E: Error Analysis for Predictive Models at Level 3
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Figure E.1 Error Analyses for Original Witczak Model (1)
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Figure E.2 Error Analyses for Original Witczak Model (/)
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Figure E.3 Error Analyses for Original Witczak Model (Va)
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Figure E.4 Error Analyses for Original Witczak Model (Vierr)
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Figure E.5 Error Analyses for Original Witczak Model (p200)

Error

0.8

0.6

0.4

0.2

# 0NN

L 2 4

4N &
L o XK . 2 X X4

35 4 45 5 5.5 6 6.5
p #200

Figure E.6 Error Analyses for Original Witczak Model (p200)
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Figure E.7 Error Analysis for Modified Witczak Model (G*)
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Figure E.8 Error Analysis for Modified Witczak Model ([)
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Figure E.9 Error Analysis for Modified Witczak Model (Va)
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Figure E.10 Error Analysis for Modified Witczak Model (Vbeft)
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Figure E.11 Error Analysis for Modified Witczak Model (p%s)
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Figure E.12 Error Analysis for Modified Witczak Model (p#4)
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Figure E.13 Error Analysis for Modified Witczak Model (p200)
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Figure E.14 Error Analysis for Hirsch Model (G*)
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Figure E.15 Error Analysis for Hirsch Model (VMA)
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Figure E.16 Error Analysis for Hirsch Model (VFA)
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