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ABSTRACT

A combined laboratory and field study was undertaken to investigate the
performance characteristics of some Hot Mix Asphalt (HMA) mixes that are commonly
used by Oklahoma Department of Transportation (ODOT). Four different types of loose
HMA mixes collected from three project sites. namely, Davis, Tar Creek and Oklahoma
City (OKC) were examined with a series of laboratory testing, namely resilient modulus
(Mg), APA rut, fatigue and permeability. Field cores were retrieved from the sites and
laboratory tests, namely, resilient modulus, APA rut and seismic modulus were
performed. Field non-destructive tests were also performed in this study

“The laboratory resilient modulus tests were performed with varying stress level and
at three selected temperatures, namely 5°C, 25°C and 40°C, as recommended in the
ASTM D 4123 test methods. The test results indicate that the resilient modulus is a
function of applied stress and temperature. Also, the results showed that the resilient
modulus values vary with mix properties. namely binder content, binder type, air voids.
percentage passing No. 200 sieve, among others. In reviewing the results, the laboratory
Davis specimens resulted in the highest average resilient modulus values, followed by the
OKC specimens, the Tar Creek base mix specimen, and then the Tar Creck surface mix

specimen, in general, for all three temperatures. The resilient moduli of the field cores

were comparatively lower than that of laboratory specimens. This is due to the
differences in compaction represented by laboratory gyratory compaction and field
compaction, and the resulting differences in mix properties of the specimens. A model to
predict resilient modulus of HMA from the stress ratio, temperature and aforementioned

specific mix properties was developed. The model was tested for its fitting as well as

xiii



predicting capabilities. APA rut test results showed that the Tar Creck mixes are
susceptible to rutting potential. Comparatively lower rut depths were obtained for the
Davis and the OKC mixes. The difference in specific mix properties, namely, binder
content, air voids and percentage passing No. 200 sieve were identified as the reason for
this changes.

A model was developed to predict the rutting potential with these varying mix
propertics. Attempts were made to correlate APA rut depths with resilient moduli. APA
rut depths at 2000 and 8000 repeated cycles were correlated with the My values at three
selected temperatures (5°C, 25°C and 40°C) and three specific stress ratios (0.20, 0.35
and 0.50). Scattered R-squared values were obtained for the correlation of cach
aforementioned parameters. This may be due to the differences between resilient modulus
and APA rut testing parameters and mechanisms. Rutting is expected to oceur at high
temperatures and with a large number of load repetitions (due to plastic flow and other
mechanisms), whereas resilient modulus should present stress-strain properties of HMA

under c;

ic loading at intermediate temperatures and lower loading cycles.

‘The laboratory seismic modulus test showed that the seismic modulus values were 6
to 10 times higher than the My values with different stress ratios. This is due to the
differences in strain level and strain rates involved in these two test methods. The back-
caleulated modulus from Falling Weight Deflectometer (FWD) data showed that the
Davis results are well comparable with that of laboratory Mg values. Significant scatter
was observed for similar comparison for the Tar Creek and the OKC sites. It is expected

that the predictive models and the comparison between laboratory and field modulus



results will be a helpful tool for implementing the Superpave mix design and the 2002

AASHTO design guide.



CHAPTER 1
INTRODUCTION
1.1 Introduction

Pavement design and evaluation for construction and rehabilitation purposes require
a careful evaluation of a number of factors including material properties, traffic
characteristics and environmental conditions, among others. Undoubtedly, material
properties are one of the most significant factors in the structural design and performance
of pavements (Barksdale et al.. 1997). Existing pavement design procedures, namely,
AASHTO (1993) and the Asphalt Institute (AI) recognize the resilient modulus (Mg) as
the primary mechanistic property to evaluate the performance of pavement materials
under vehicular loading and environmental conditions. Specifically, these design methods
require the evaluation of My of Hot Mix Asphalt (HMA) with temperature as well as the
Mg of subgrade soil with moisture. In the new AASHTO 2002 design guide, the dynamic
modulus is used to characterize the HMA mixes and the My to characterize the subgrade
soil behavior.

With the movement toward the new mechanical-empirical (M-E) based design
procedure (AASHTO 2002 Design Guide), predictive equations have been developed to
estimate the dynamic modulus of the HMA layer as a function of propertics such as mix
type. aggregate structure, binder specification, compacted mixture volumetric, and mix
temperature (Crovetti et al., 2005). Studies have been performed to correlate the resilient

modulus with the dynamic modulus of HMA. For example, Loulizi et al. (2006)

conducted a study that compared resilient modulus and dynamic modulus for two types

of HMA mixes. typically used by the Virginia Department of Transportation (VDOT). A



strong relationship was observed in that study between the dynamic modulus performed
at 5 Hz and the resilient modulus performed with a loading time of 0.03 sec. Another
study by Crovetti et al. (2005) reported that the laboratory test equipment and procedures
for determining the dynamic modulus of HMA mixtures are still in the development
stage. That study also noted that a regression model that correlates My of HMA mixes
with temperature will be a good comparative measure for their dynamic modulus
counterpart.

In addition to the aforementioned studies, the current dynamic modulus protocol
(ASTM D 3497) calls for the axial compression testing of HMA specimens having a
diameter of 100 mm (4 in) and a height of 150 mm (6 in). Performing dynamic modulus
tests may be quite a difficult task in the case of field cores, since it s often impossible to
obtain this size specimen from actual pavements (Kim et al., 2004). Thus, the advantage
of the current protocol for indirect tension (IDT) resilient modulus test, ASTM D 4123
appears to be more appropriate and relatively simple for the evaluation of existing HMA
pavements by performing the test on field cores (Kim et al. 2004). As such, it is
reasonable to utilize standardized equipment and procedures for measuring the Mg of

HMA mixtures. The present study pertains to this topic.

1.2. Resilient Modulus

It is well known that most paving materials are not elastic but experience some
permanent deformation afier each load application. However, if the load is rapid and/or
small compared to the strength of the material and is repeated for a large number of

eyeles, the deformation under cach load repetition is almost completely recoverable



(Huang, 2004). The elastic modulus corresponding to the recoverable strain under the

repeated load is known as resilient modulus, Mg. Mathematically, My is defined as:

M, Ly
where 0 is applied deviator stress and ¢, is recoverable (resilient) strain.
Several studies (see e.g.. Brown and Foo. 1989; Almudaiheem and Al- ugair, 1991;

Al and Lobez, 1996; Katicha, 2003; Tarefder, 2003; Tarefder and Zaman, 2003; Crovetii
etal, 2005) have highlighted the importance of resilient modulus and have evaluated the
My with temperature and mix properties. Although several procedures have been used by
those studies and others to determine the resilient modulus. only one procedure has been
standardized by ASTM (ASTM D 4123). The test consists of a haversine-shaped cyclic

load pulse applied in the vertical diametric plane of a cylindrical specimen through a

loading strip. The resultant recoverable horizontal deformation measured by a surface-
gage-point mounted linear variable differential transducer (LVDT) and the applied load
are used to calculate the resilient modulus. Consequently, the ASTM D 4123 test

procedure is used herein to evaluate the resilient modulus of selected HMA mixes.

1.3. Rutting Effect on HMA Pavements

Permanent deformation is one of the most important types of load-associated
distresses occurring in a flexible pavement system (Huang. 2004). It is associated with
rutting in the wheel path, which develops gradually as the number of load repetitions
increases. Rutting in HMA pavements has been a major problem nation-wide for many
years. It is becoming a greater problem especially with greater wheel loads and higher

ire pressure. Rutting normally appears as longitudinal depressions in the wheel paths,



accompanied by small upheavals to the side (Figure 1.1)'. The width and depth of the
rutting profile is highly dependent upon the pavement structure (layer thickness and
quality of materials), traffic composition and quantity, as well as the environmental
condition at the site. Studies have been conducted (see e.g.. Collins et al. 195;
Christopher et al.. 1999; Choubane et al.. 2000: Kandhal, 2002) to relate laboratory
asphalt pavement analyzer (APA) rut depths to actual field rutting. A study by Srinivasan
(2004) evaluated the indirect tensile (IDT) strength to identify HMA rutting potential. A
strong correlation between IDT strength and APA rutting potential was observed in that
study. A different study by Anderson et al. (2002) examined the relationship of
Superpave gyratory compaction-related properties to HMA rutting behavior. It was
concluded that the testing temperature and the air voids have a significant effect on the
HMA rutting potential. In particular, the rut depth decreased with an increase in air voids
and an increase in testing temperature, and these variables are therefore believed 1o be
key factors that affect rutting potential.

Two types of strain are developed in HMA pavements under repeated traffic
loading. One is the clastic strain which is completely recoverable under cach loading

cycle, and it is related to the stiffness or modulus of the HMA material. The other strain

is the plastic strain, which accumulates with repeated loading cycles and is related to

permanent deformation (rutting). It is logical to question if an HMA mix with high
resilient modulus exhibits low rut potential and vise versa. In a broader sense, one may
question if rutting potential could be correlated with resilient modulus of HMA mixes. So
far, no systematic studies have been undertaken to answer these questions. This is partly

because the field of resilient modulus testing for HMA materials is largely unexplored

* Figures are presented at the end of each chapter




Limited studies have been conducted to examine correlations between rutting potential
and resilient modulus (see e.g.. Brown and Cross, 1989; Tarefder, 2003; Tarefder and
Zaman, 2003; Bhasin et al., 2003). Brown and Cross (1989) reported that there is no good
corelation (R-squared = 0.01) between HMA layer rutting and indirect tension resilient
modulus. Their study concluded that there is no reason to expect a good relationship

between these parameters since rutting is due to compressive stress and resilient modulus

test measures tensile properties of the HMA mixes. Tarefder (2003) and Tarefder and
Zaman (2003) conducted a study to correlate APA rut depth at 8000 loading cycles with
the cyclic indirect tension resilient modulus at three different temperatures (0°C. 23°C
and 40°C). The highest R-squared value obtained for the regression equation relating
rutting and resilient modulus at 40°C was 0.27. Overall, a poor correlation was obtained

for cach test temperature. The reason stated for this poor correlation was the mechanistic

differences (stress level, strain, temperature. loading cycles. mechanisms, etc.) between

ect tension resilient

resilient modulus and APA rut. Their study also noted that if in
modulus test is performed at a higher temperature it would be interesting to see whether
the correlation between resilient modulus and APA rut improves.

In the present study, a series of resilient modulus and APA rut tests are conducted
for selective HMA mixes that are commonly used in Oklahoma. Results are organized as
resilient modulus at different stress levels and different temperatures and the APA rut

laboratory data are then used to examine if

values at different loading cycles. The:

rutting potential could be correlated with resilient modulus by different combinations of

stress level. temperature and loadi



1.4, Problem Statement

Material properties have been recognized as one of the most vital factors in the
structural design and performance of HMA pavements (see ¢.g.. Barksdale et al., 1997).
The 1986 and 1993 AASHTO design guides have highlighted the importance of
pavement materials and have recognized the resilient modulus of each layer as the most
vital parameter in the design. Asphalt materials are considered as one of the most
complicated groups among the six groups classified in the new pavement design guide
(PDG) namely, asphalt materials, PCC materials, chemically stabilized materials, non-
stabilized granular materials, subgrade soils, and bedrock. This is due to the fact that the

HMA mix behavior can be heavily influenced by temperature, stres

level and mix type.
Currently, Oklahoma Department of Transportation (ODOT) does not have any data base
for resilient modulus even for the most widely used HMA mixes. Therefore, generating a
data base for HMA mix behavior with respect to the aforementioned influencing factors

and finding correlations between resilient modulus and APA rut can have positive

impacts on the transportation community’s continued effort to implement the Superpave
mix design and the 2002 AASHTO design guide.

Non-Destructive Testing (NDT) of pavements has made substantial progress during
the past two decades (sce e.g.. Abdallah et al., 2001; Nazarian etal., 2004; Shalaby et al.,

2004). The newer pavement design and rehabilitation selection methods increasingly use

non-destructive testing procedures for structural evaluation (Abdallah et al., 2001). With

the rapid advancement of hardware and software technology, non-destructive testing
instrumentation and data analysis techniques are being continually improved. Most
algorithms currently used to determine the remaining life of pavements rely on stiffess

parameters determined from NDT devices. One major area of continual improvement is



the reliable and rapid extraction of stiffness parameters from nondestructive field data
Therefore, combining non-destructive and laboratory test data can provide a wealth of
information not available from a single device. More specifically, integrating data from
both the laboratory destructive tests and field non-destructive test methods may yield
more robust, consistent and accurate modulus profiles. Therefore, a correlation between
laboratory resilient modulus and back-calculated modulus from non-destructive field tests.
is expected to be a helpful tool for implementation of the new AASHTO 2002 pavement

design guide.

. Hypothesis and Objectives

‘The main hypotheses of this study are:

1. The indirect tension resilient modulus of HMA mixes s a function of applied stress.
temperature, and materials and mix properties.

2. The HMA performance characteristics, namely, APA rut, fatigue and permeability are
dependent on materials and mix properties.

3. The indirect tension resilient modulus may be correlated with APA rut depth.

4. Indirect tension resilient modulus can be correlated with back-calculated modulus

from field tests.

“To verify these hypotheses, laboratory and field tests were conducted in the present

study on four different HMA mixes collected from three different sites. Specific
objectives of the current study are given below
1. Determine the cyclic indirect tension resilient modulus of laboratory specimens and

field cores at different stress levels and different temperatures.



2.

Correlate the My values with specific mix properties, namely air voids, binder
content, specific gravity and percentage passing No. 200 sieve and test parameters.

namely temperature and applied stress.

Determine the rutting, fatigue cycles and permeability of loose HMA mixes collected
from selected field sites and compacted in the laboratory. Correlate results with

selected material and mix properties. namely air voids. binder content, specific

gravity and percentage passing No. 200 sieve.

4. Examine correlations. if any. between resilient modulus and APA rut depth.

5. Determine the modulus of field cores using a non-destructive technique, namely
laboratory seismic modulus test. Compare the seismic modulus values with the
resilient modulus values from cyclic indirect tension test.

6. Determine the modulus of HMA layer using a non-destructive technique namely,
Speciral Analysis of Surface Waves (SASW) test. Compare the SASW modulus
values with the back-caleulated modulus values from Falling Weight Deflectometer
(FWD) tests.

7. Determine back-calculated modulus of the HMA layer from FWD data for all three
sites, and compare the laboratory resilient modulus from field cores with the
corresponding FWD modulus

1.6. Thesis Format

This thesis

based on a laboratory and field study for selective HMA mixes that
are commonly used by Oklahoma Department of Transportation (ODOT). The
performance characteristics tests (resilient modulus, APA rut, fatigue and permeability)

of these selected HMA mixes were performed by a series of laboratory tests for




laboratory and field compacted (i.c.. core) HMA specimens. A series of non-destructive
field tests were also performed in this study.
To document the results obtained from the present study, this thesis is divided into

five chapters. Chapter 1 i

an introduction to the research subject with pertinent
background information. This chapter also presents the problem statement and objectives
of this study. Chapter 2 presents the literature review on resilient modulus, APA rut,
fatigue and permeability testing. Factors affecting the resilient modulus and APA rut

results are also dis

ussed. A literature review on laboratory and field non-destructive
testing techniques for the evaluation of elastic modulus is also presented. In Chapter 3,

the laboratory experimental methodology used in th

study i

outlined. This chapter

includes a section on material sources and their properties. A detailed test matrix of this
study is also presented. Further, experimental methodology for non-destructive testing in
the field is presented. Chapter 4 is devoted to the discussion of the test results obtained

from both laboratory and field test programs. Chapter 5 presents the conclusions of this

study and recommendations for future studies



Figure 1.1: A Photographic View of Field Rutting



CHAPTER 2
LITERATURE REVIEW
2.1. General
“This chapter provides an overview of the previous studies on HMA performance

characteristics by laboratory and field tes

on on the

g. It also presents a brief discus
performance of chat material in HMA pavements. Non-destructive testing techniques are

also discussed because of their relevance (o the present study

2.2. Cyclic Indirect Tension Resilient Modulus Test

“The modulus of HMA has been presented in the literature in several different forms
including dynamic modulus, stiffness and resilient modulus (Mg) in both compression
and tension. The My is more appropriate for use in multi-layer elastic theories, as
reported by Huang (2004). Therefore, the measurement of Mg of HMA material has been

the subject of considerable rescarch. It has been determined by two approaches: (1)

predict the My using physical and mechanical properties of the mixture using available
correlations, and (2) determine the resilient modulus by laboratory testing.

The Mg measurement by an indirect tension test is considered most promising in
terms of repeatability compared 10 the evaluation of resilient modulus from triaxial
testing (Barksdale et al., 1997; Tarefder et al, 2004). A pavement layer is generally

believed to exhibit anisotropy in which radial properties are constant in all directions but

are different from properties in the vertical direction. Due to the anisotropy of HMA
mixes, the resultant discrepancy in resilient modulus between diametral testing and
triaxial testing can be quite pronounced. Wallace and Monismith (1986) carried out tests
on HMA cores faken from San Diego test road. It was shown that as a result of placement

and compaction efforts, the material was about twice as stiff in the radial direction
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compared to the vertical direction. An HMA layer of typical thickness was subjected (0 a
bending action, which s primarily resisted by the radial rather than the vertical stiffness

of the HMA layer. Therefore, for vertical cores taken from an actual pavement, the

diametral test or flexural bending test should give a more relevant assessment of the
stiffness of the HMA layer than tests performed in the vertical direction (Barksdale et al.,
1997). The main advantage of the test is its failure to completely simulate the stress

conditions encountered in practice. The diametral test is believed to simulate the tensile

g in the bottom of the HMA layer reasonably well. This test has
additional advantages since thin cores can be tested, which permits additional
measurements over the depths of thick HMA layers (Barksdale et al., 1997).

Originally indirect tension tests were used to measure rupture strain in concrete
(Blakey and Beresford, 1955). They were thereafier adapted to determine the elastic
properties (Young's modulus (E) and Poisson’s ratio (v)) of HMA (Wright, 1955:
Hondros, 1959). Kennedy and Hudson (1968) first suggested the use of indirect tension
test for stabilized materials, while Schmidt (1972) used the test to determine the resilient
modulus of HMA. Since then, indirect tension testing has become the main setup selected
by most engineers for evaluation of resilient moduli of HMA (Brown and Foo, 1989). A
summary of resilient modulus tests conducted by different researchers and associations is
presented in Table 2.1.%

2.3. Factors Affecting Indirect Tension Resilient Modulus
Several factors affect the results of resilient modulus testing. Applied load, test

temperature and air voids are among the important factors. A number of studies (see ¢.g.,

* Tables are presented at the end of each chapter



Brown and Foo, 1989; Almudaiheem and Al-Sugair, 1991 Ali and Lobez, 1996; Katicha,
2003; Tarefder, 2003) have been conducted on resilient modulus by varying these factors,

as discussed below.

2.3.1. Effect of Loading

‘The repeated-load indirect tension test for determining resilient modulus of HMA
mixes is conducted by applying compressive cyelic load using a haversine shaped pulse.

The load is applied vertically in the vertical diametral plane of a cylindrical specimen.

The applied cyclic load and resulting recoverable horizontal deflection of the specimen
are measured and, with an assumed Poisson’s ratio corresponding to test temperature, is
used to calculate Mg. The test procedure is described in the ASTM D 4123, As
recommended by ASTM D 4123, the load magnitude should range from 10 to 50% of the
indirect tensile strength of the specimen

Almudaiheem and Al-Sugair (1991) used a load ranging from 10 to 30% of the
indirect tensile strength of a specimen. The upper limit was reduced from the 0%
indirect tensile strength, as recommended by ASTM D 4123, to 30% to ensure the stress.

within the samples did not exceed the elastic range. Also, three different binder contents

were used to see if the change in My is affected by the percentage of binder in the mix.
The study suggested that a larger load (closer to 50% of the indirect tensile strength of the
specimen) should be used in the test because it yields a smaller resilient modulus value,
which in tum results in a more conservative design. It also reported that this is

particularly important for mixes with a lower binder content

To analyze the effect of stress level on resilient modulus, Brown and Foo (1989)

performed a study on laboratory prepared specimens and field cores. In that study a linear



model was developed to predict resilient modulus at a stress ratio (applied stress divided
by indirect tensile strength) of 15%. To evaluate the effect of stress level on Mg, the
resulting modulus ratio defined as (Mg/Predicted Mg at 15% stress ratio) of each
specimen tested was plotted against the percentage of applied stress corresponding to

tensile strength of the specimen. It was concluded that the amount of stres

applied to the
sample during testing has significant effect on the measured resilient modulus. The study
also recommended characterization of HMA mixes at a stress ratio of 15%. The
following linear model was reported from the study involving combined field and

laboratory specimens:

0.0238X +1.36 @n

where ¥ is the modulus ratio and .X is the stress ratio (in percentage). From the model it
was reported that a change in stress from 15% to 10% of tensile strength at 25°C will

increase the measured My by approximately 12

2.3.2. Effect of Temperature

The resilient modulus of HMA decreases significantly with increasing temperature
(see e.g., Bonnaure et al., 1982; Roque and Buttlar, 1992; Barksdale et al., 1997; Katicha,

2003; Tarefder and Zaman, 2004). Asphalt binders are highly sensitive to temperature,

which affects the resilient and

cous properties as well as aging characte
binder (Shalaby et al., 2004).
A correlation between resilient modulus and temperature was reported by Katicha

(2003). It was found that the resilient modulus decreases with increasing temperature, and

it best represented by an exponential model shown below

Mg=ae’" @2)



where a and B are model parameters. An R-squared value of 0.97 was reported for this
model. It was also reported that the model parameters @ and f are functions of binder and
mix properties. Also, it developed a relationship for @ and B with respect to bulk specific

gravity, air voids, binder content and fine to binder ratio. This current studs

slightly
different than the study by Katicha (2003). The resilient modulus of HMA mixes are
correlated with stress ratio, and the model parameters are reported as a function of
temperature and material properties.

Ali and Lobez (1996) found that the back-calculated HMA layers® elastic modulus
could be well correlated (R-squared = 0.72) to the layer temperature based on data
collected at site 48SA (SHRP No. 481077) located at southbound lanes on U.S. Highway

287 in Texas. The following model was reported in that study:

= gomavsir e
where T is temperature in °C at a point 25 mm below the pavement surface, and E
represents elastic modulus in MPa. Another study by Salem (2004) reported that the
HMA modulus could be related to the pavement temperature with an exponential
function in the form:

E=Kee*' 24
where 7 is pavement temperature in °C and K, and K, are model parameters. An R-

squared value of 0.8 was obtained in that study.

2.3.3. Effect of Air Voids

nce have shown that specimens

Both literature and exp compacted using

gyratory compactors tend to have a non-uniform air void distribution along both the

diameter and the height (Harvey et al., 1994). To obtain a uniform air void distribution
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within a specimen, the final test specimen should be cored and cut off the top and bottom
parts of the gyratory compacted sample (Chehab et al., 2000).
A brief preliminary study was conducted by Chehab et al. (2000) on cylinders 75

mm in diameter cored from both 100 mm and 150 mm

ameter specimens to compare
their air void distribution. This study revealed that in the case of 100 mm compacted
specimens, sections in the middle of the 75 mm core had higher air void content than
those at the top and bottom. This distribution was opposite to that found in 75 mm
diameter cores taken from 150 mm diameter specimens. This finding and the fact that the

Superpave gyratory compactor (SGC) had been originally designed for compacting 150

mm diameter specimens suggest that 100 mm diameter specimens are not being
compacted as effectively as those having 150 mm diameter.

Tarefder (2003) performed triaxial and diametral resilient modulus tests for
Superpave gyratory compacted samples. In that study it was reported that the air voids of
12.1% and 8.6% show slightly lower triaxial resilient modulus than those of the samples
with 4.2% and 4.7% air voids. It was also reported that the air voids have higher

influence on the diametral resilient modulus values than that of triaxil resilient modulus

values. The study recommended that the resilient modulus samples be cored from the 150
mm diameter SGC sample to 100 mm diameter core to reduce the density gradient in the

final specimen

Loulizi et al. (2005) conducted a study to compare the resilient modulus and

dynamic modulus of HMA as material properties for flexible pavement design. Two
types of mixes (surface mix (SM-9.5A) and base mix (BM-25.0)) were prepared for that

study, according to Superpave mix design. The study reported that the mix type did not



have any significant effect (p-value of 0.637 > 0.05) even though there are major
differences between the two mixes, especially in the void content (2.6% difference in the

void content between two mixes).

2.4. Permanent Deformation or Rutting

Permanent deformation or rutting is one of the main failure mechanisms in HMA

pavements. Total permanent deformation at the surface

s the accumulation of permanent
deformation in all of the HMA and unbound layers in the pavement system (AASHTO,
2002). Excessive permanent deformation can oceur in mixtures that lack adequate
stiffness and/or strength at high temperatures. Significant rutting oceurs during hot
weather, when the surface of flexible pavements can reach a temperature of 60°C or

igher. Furthermore, this mode of distress is also associated with relatively high traffic

levels: the greater the number of vehicles and greater the proportion of heavy trucks. the
greater the potential for permanent deformation (Srinivasan, 2004; Christensen et al.,

2000). Rutting normally appears as longitudinal depression in the wheel paths

accompanied by small upheavals to the sides. The width and depth of the rutting profile is
highly dependent upon the pavement structure (layer thickness and quality). traffic matrix
and quantity as well as the environment at the design site (AASHTO, 2002). In the
transverse profile, rutting along the wheel path modifies drainage characteristics and

reduces runoff capability. Water can accumulate in traffic lanes, creating conditions for

se and unsafe traffic

hydroplaning of vehicles, reducing skid resistance of the surface cou
conditions.
Numerous studies have been conducted to compare results of APA rut testing to

actual field performance. Most of these studies have been able to relate APA rut depths to



actual field rutting (see e.

Collins etal., 1995; Christopher et al., 1999; Choubane et al.,
2000; Kandhal, 2002). A joint study by the FHWA and WesTrack evaluated the APA
results to predict rutting performance on mixtures placed at full scale pavement (Williams
etal., 1999). Data from 10 test sections from WesTrack exhibited a strong correlation (R-
squared = 0.91) between APA and field rutting.

Srinivasan (2004) conducted a study to evaluate ITD strength to identify HMA
rutting potential. The objective of that research was to study if rutting potential can be
evaluated with equipment readily available to state highway agencies. In that study,
rutting potential was evaluated with the Asphalt Pavement Analyzer (APA). The
parameters that were evaluated as independent variables include the IDT strength,

volumetric parameters, compaction slope, and the compacted aggregate resistance. IDT

strength was measured using the Marshall Stabilometer with a split tensile head and with
the samples at 60°C. The main factors included in that experiment were binder type,
binder content, sand content, nominal maximum aggregate size and gradation. The study
reported that the analysis of variance demonstrated significant effects of all the main

factors and their interactions on rutting potential. Further, a strong correlation ( red

= 0.78) between rutting potential and indirect tensile strength as measured with the

s technically similar

stabilometer was obtained in that study. In the present study. which i
1o the study by Srinivasan (2004). the rutting potential is correlated with resilient
modulus and the resilient modulus correlated with stress ratio (applied stress / tensile
strength).

Asworth (2003) performed a study about the key factors that affect rutting potential

in samples prepared with materials from New Brunswick, Canada. Four variables that are



believed to play an active role in permanent deformation performance were therefore

examined in that study. The variables included in that study were test temperature, air

voids, aggregate source and course aggregate content. The study suggested that air voids
and test temperature are key factors that affect rutting potential. The course aggregate
content was also identified as a key factor, but it was reported that it did not exhibit
predictable results. The study therefore suggested a need for a larger sample size and
further testing. In the present study, in addition to the aforementioned variables, the
specific gravity of binder, specific gravity of aggregate and percentage fines are included

as key factors that affect rutting potential

2.5. Non-destructive Testing Techniques
Non-Destructive Testing (NDT) of pavements has made substantial progress during

the past two decades (see e.g.. Abdallah et al., 2001; Nazarian et al., 2004; Shalaby et al.,

2004). Most algorithms currently used to determine the remaining life of pavements rely
on stiffhiess parameters determined from NDT devices. One major area of continual
improvement is the reliable and rapid extraction of stiffness parameters from
nondestructive field data. Two of the most common NDT methods used are the
deflection-based method and seismic-based method (Bandara et al., 2004). The Falling

Weight Deflectometer (FWD) is currently the most common structural evaluation tool for

the deflection-based NDT method (Abdallah et al.. 2001). Deflection bowls are used to
back calculate the modulus profiles of pavements using the inverse theory. The Spectral
Analysis of Surface Waves (SASW) is one of the most common seismic based methods

of NDT (Abdallah et al., 2001). In the SASW method, time records obtained with



vibration sensors are used to obtain an experimental dispersion curve, which, through an
inversion procedure, provides an estimate of the elastic modulus profile of the pavement
To determine pavement layer thickness and moduli by SASW method, Nazarian ct
al. (1988) performed a field study at the Pavement Test Facility of Texas A&M
University in Bryan. The SASW test was performed at nine sites, and the primary
objective of that study was to evaluate the effectiveness of the SASW method in
determining thickness of various layers of different materials comprising the pavement
systems and to study moduli variations in similar materials at carefully controlled
pavement sites. The study concluded that the overall. moduli and thicknesses determined
by the SASW tests seem very reasonable. The study also reported that the comparison of
modulus values from the SASW and FWD tests at the same sites show several general

points. Also, moduli of the top pavement layer exhibit less scatter in SASW tests than in

FWD tests because of the higher sensitivity of the SASW method to properties. One of
the conclusions made in that study was that the moduli obtained by the two methods

compare well when the predominant pavement layers are thick and stiff. In such cases

both tests are performed in the linear rang
Shalaby et al. (2004) performed a study to compare back-calculated modulus and

ient modulus of HMA mix

laboratory es. Eight test sites were constructed for the

study by using two types of HMA mixes that are commonly used in Manitoba, Canada.

From the FWD field analysis and indirect tensile laboratory testing of the field cores, the
following conclusions were made: (1) laboratory stiffness modulus values were
considerably lower than FWD back-calculated values, and (2) laboratory results

underestimate the stiffness compared with FWD results. Their study also reported that



there are no standardized test procedures and no consensus on various fest parameters,
Therefore, the resilient modulus values can vary greatly depending on the selected mix

design and test methods.

2.6. Fatigue Cracking

Fatigue cracking in HMA mixtures is a primary cause of failure, along with rutting,
thermal cracking and moisture damage. Fatigue cracking is the phenomenon of fracture
under repeated or fluctuating stress having a maximum stress value less than the tensile
strength of the material (Roberts et al., 1996; Healow, 1998). An understanding of the
fatigue behavior of a HMA mixture is required to improve its design and performance.
However, accurate prediction and evaluation of fatigue damage is a difficult task because
HMA mixture typically demonstrate inelastic behavior and are composed of irregularly
shaped and randomly oriented ageregate particles (Kim et al.. 2006). This type of failure
generally oceurs when the pavement has been stressed to the limit of its fatigue life by
repetitive axle load applications.

Fatigue resistance is closely related to compacted air voids (see e.g., Finn and Epps,

1980; Huber and Heiman, 1987; Kandhal et al., 1991). HMA with relatively low density
(high air voids) has low cohesion and tends to lose aggregate rather easily. Where
pockets of segregation oceur and fine aggregate is absent, stress from traffic and weather

tends to strip the binder, leaving the aggregate particles relatively frec to break away

r voids will effectively reduce fatigue life

in compacted a

Generally speaking, an increas

is less resistant o the cumulative effects of repeated loading

as the compacted mi:
(Healow, 1998). Finn and Epps (1980) quantified the adverse effects of inadequate

compaction on fatigue life and show that a 1% increase in air voids may reduce the



fatigue life of HMA by the order of 35%. Epps and Monismith (1972) explained the two
primary factors contributing to maximum fatigue resistance in HMA: binder content and
air void content. Binder content is limited on the high side by stability requirements
during mix design, and the optimum binder content should approach this upper limit
Adequate compaction during construction will leave the HMA layer at design density
with void content approaching 4% from the high side. In order to develop more effective

analytical design methods for pavemen

. increased knowledge of material properties as
well as deterioration mechanisms. such as fatigue cracking as a performance test, is very

important.

2.7. Permeability of HMA

Permeability of HMA continues to generate considerable interest in the asphalt

materials, design and construction community. It is generally agreed that excess moisture

in HMA pavements is potentially detrimental to pavement performance because of such
phenomena as stripping in the HMA mixture and softening or weakening in underlying

unbound layers. Developing an ability to measure the flow of water through HMA layer

is not a new topic (Cruz, 2000). In recent years, however, a number of new test methods
for measuring the permeability of HMA have been developed (or refined) for both
laboratory and field (in-place) applications (Colley et al., 2001; Prowell et al., 2002;
Brandon et al., 2004; Hall, 2004). Most laboratory-based methods for estimating the
permeability of HMA feature cither a constant-head or a falling-head type test
(Kanitpong et al., 2003; Mohammad et al., 2003)

McWilliams (1986) observed that the size and shape of the void structure of hot-

mix asphalt mixtures depends on the aggregate gradation, compaction effort, and the



amount of the mineral filler or fine sand. The binder content, shape, and texture of the
aggregate also have an influence on the void characteristics in a HMA mixture. Other
researchers (Choubane et al.. 1998: Huang et al., 1999; Cooley and Brown. 2000;
Maupin, 2000) reported that the air void content, aggregate nominal maximum size and
mixture gradation are the major factors that influence the permeability of HMA mixtures.
Among these, air void is the most critical factor in the permeability of a hot-mix asphalt
mixture.

Kantipong et al. (2002) performed a study to evaluate the permeability of HMA

es prepared by using the aggregates from different sources. The study reported that

the aggregate source s shown to have a significant effect on the permeability. Aggregate

shape affects size of voids, shape, and connectivity of voids. and hence, directly

influences the permeability.

2.8. Performance of Chat in Flexible Pavements
Numerous waste materials result from manufacturing operations, service industries,
o

sewage treatment plants, households, and mining. Legislation has been enacted in recent

years to either mandate the use of some waste materials in road construction or to
examine the feasibility of such usage (Kandhal, 1996). The use of waste materials in hot
mix asphalt for pavement application has always been an attractive choice for the asphalt
industry. A waste material that can be casily incorporated in hot mix asphalt and that will
provide a better performing pavement has been an important subject among the pavement
designers and engineers for a long time.

The Tri-State Mining District in northeast Oklahoma, southcast Kansas and

southwest Missouri was the site of substantial zinc and lead ore extraction since the late



18" century. This activity in Oklahoma resulted in a total of approximately165 million
tons of chat (i... chert fragments) of which about 75 million tons s currently stockpiled
in large quantities on the surface of the Tar Creek Superfund Site (Wahnee et al., 2000;
Hughes, 2002; Wasiuddin et al., 2005; Teredesai et al., 2005 Teredesai, 2005; Wasiuddin
et al., 2006a; Wasiuddin et al., 2006b). A systematic study was conducted by Wasiuddin
et al. (2005) to develop HMA mix designs that would incorporate raw chat in HMA for
base course and surface course applications in an environmentally safe manner. A total of
six mix designs were pursued in that study with different percentages of raw chat. Three

surface mixes with 40%, 60% and 80% chat and three base mixes with 40%, 50% and

S tests were

70% raw chat in the mix were prepared and performance character
performed. The study concluded that the use of raw chat in hot mix asphalt showed great
potential for both surface course and base course applications by meeting the Superpave
‘mix design requirements. These designs also met the performance test requirements for a

surface mix, as specified by ODOT in its standards and specification. Wasiuddin et al.

(2005) also concluded that the use of raw chat in hot mix asphalt is a promising effort and

as much as 80% and 50% raw chat can be used in an S5 type Superpave surface mix and

S3 type Superpave base mix, respectively. as far as the engineering properties are

concerned.
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Table 2.1: Summary of Resilient Modulus Testing Literature Review

Reference

Load Level

Temperatures

Pulse

Mg Value Used

Model Used or

Comparison

ASTM D 4123,
(1982)

10 t0 50% of ITS

5,25,and 40 °C

Haversine
Load Duration: 0.1
sec

Frequency:
1Hz

133 t0

Average My at
5,25, and 40 °C

Brown and Foo
(1989)

10, 15, and 20 %
of ITS.

4,25, and 40 °C

Haversine
Load Duration: 0.1

sec
Frequency: 1 Hz

Average My at
4,25.and 40 °C

Linear Model:
Modulus ratio wrt
15% stress () vs.

| Zhou et al.. (1992)
(

strength for test
temperatures of

(42,73, and 95 °F

s
Frequency: 1 Hz

(Values shall be
within 15% of
average)

% of stress (X)
0238X+136

Hossain etal., Load between 90 | 77 and 104 °F Haversine Average Mg at_ | Compare with
(1992) 10120 Ib, with Load Duration: 0.1 | 77.and 104 °F | FWD test results

majority around 10 0.4 sec (ASTM D4123)

100 Ib. Frequency: 0.

0.5.and 1Hz -

SHRP P07 (Nov | 30, 15, 5% of 41.77.and 104 °F | Haversine Four of the last
1992) indirect tensile Load Duration: 0.1 | five cycles used

| Haversine
| Load Duration: 0.1

ec
requency: 0.33 to
Hz

1

Average My at
42.73.and 95

Compare with
FWD test results

P
(ASTM D4123) ‘



Table 2.1 (Cont’d): Summary of Resilient Modulus Testing Literature Review (Cont’d)

Katicha (2003) Load appliedina [ 5,25, and 40 °C | Haversine Average of last | Temperature Model
way to limit the Load Duration: 0.1 five cycles M =ae’
strain between 150 and 0.3 sec used (Values | "7
and 500 Frequency: 1 Hz shall be within | 4 — 0 164
microstrains. 5% of any two
loading cycles)
Tarefder (2003) Triaxial M Test: | 0,25,and 40 °C | Haversine “Triaxial and
2010 30 psi Load Duration: 0.1 sec Diametral My
Indirect Tensile Frequency: 1 Hz - comparison
My Test: 25 10 35 Used in Rut
psi (1010 40 % of correlation model
ITS)
Shalaby et al., (2004) | Varies 10and 25°C Haversine Four of the last | Compare with FWD
Load Duration: 0.3 sec | five cycles back-calculated test
Frequency: 1 Hz used (Values | results

shall be within
15% of
average)




CHAPTER 3
RESEARCH APPROACH
3.1 General
This chapter presents the research approach adopted in this study. The sources of
materials, sample preparation, laboratory test procedures and field test procedures are
outlined in the following sections. A test matrix with number of specimens tested in each
laboratory test is included in Table 3.1. Table 3.2 shows the different non-destructive

field tests performed at cach site.

3.2. Sources of Materials

‘The main objective of this study was to examine the performance characteristics of
selected HMA that are typically used in Oklahoma. Behavior of chat-asphalt used in the
Tar Creek test road project was also evaluated. In the process of achieving this objective
four different asphalt mixes were collected from three different project sites (refer to

1) Davis (HW # 7, Davis, OK); (2) OKC (Eastern Ave., Oklahoma City,

Figure 3

OK): and (3) Tar Creek (Test Road Project. Miami, OK). Bulk HMA mixes were
collected from field during pavement construction. as shown in Figure 3.2. These bulk
mixes were used to prepare specimens in the laboratory. Field cores were also retrieved

from each project site for laboratory testing. Base HMA mixes were collected from all

three project sites. In addition to base mix, surface mix was also collected from the Tar

Creek site. Also, in terms of materials, the Tar Creek project site contains Chat material
in the HMA mix. A summary of mix properties for the collected loose HMA mixes is
shown in Table 3.3. Additional information on the asphalt mixes is presented in the

design sheets attached in Appendix A.



3.3. Laboratory Testing

Laboratory tests included in this study are resilient modulus (Mg), APA rut, fatigue
and permeability. Two types of specimens were prepared in the laboratory: (1) cylindrical
specimens and (2) beam specimens. Cylindrical specimens were compacted using a
Superpave Gyratory Compactor (SGC) and then tested for My, indirect tensile (IDT)
strength, APA rut, and permeability. The Asphalt Vibratory Compactor (AVC) was used
to compact beam specimens for the fatigue test. The field specimens consisted of two
sets: Set | consisted of specimens having a diameter of 100 mm (4 in): and Set 2
consisted of specimens having a diameter of 150 mm (6 in). Figure 3.3 shows a

photographic view of coring a specimen in the field. Specimens in Set 1 were tested for

Mg and IDT strength, while specimens in Set 2 were only tested for APA rut. The field

cores from the Davis site were also tested for laboratory seismic modulus.

1. Cyclic Indirect Tension Resilient Modulus Test

The resilient modulus is a measure of the elastic modulus of a linear visco-elsatic
material at a given stress state (Huang, 2004). It is mathematically defined as the applied
deviator stress () divided by the recoverable (resilient) strain (z,) that occurs when the

ation 1.1). According to Brown et al

applied load is removed from the test specimen
(1989). the ASTM D 4123 testing protocol suffers from the lack of accuracy and
precision. Therefore, the expression for evaluating diametral or indirect tension My, as
derived by Tarefder (2003), is used in this study. The derivation below is reproduced
from Tarefder (2003), with the final expression for My corrected.

If a plastic disk or cylinder is loaded diametrically, as shown in Figure 3.5, from the

it is possible to determine the elastic modulus of the material. It can

theory of elas
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be shown that this load gives rise to a uniform tensile stress along the horizontal
diametral plane of the cylinder (Timeshenko and Goodier, 1970). The expression for the
total normal stress on the vertical plane,  and the total normal stress on the horizontal

plane, g, can be expressed as follows:

2p[,led’x? 6
md|  (d? +4x7)?
i 47d4 32
(d? +4x%)*

where

P = applied load,

x = distance from the origin along the abscissa (horizontal),
= distance from the origin along the ordinate (vertical).

1 = thickness of the cylinder, and

d = diameter of the cylinder.

Assuming plane stress condition and elastic behavior, the expression for the horizontal

strain, & can be given as:

(33

where

E s,

0. = stress along z-direction, which is zero, and
v = Poisson’s ratio.

Under short duration dynamic loads on a viscous material such as hot mix asphalt,

the viscous effects are generally small and the apparent Young's modulus (E) is



frequently referred as the resilient modulus (Mg) (Tarefder, 2003). By substituting o, and

0, from Equation (3.3), the following expression can be obtained

2P [ (4d'v -16d°x*
O 2 | Gt ol G RS 149
Mpntd | (d* +4x°)?
‘The total horizontal deformation, 4 is given by:
(dg 12)
Ah= [edx 33
43 13)

where d is the gauge length of the horizontal LVDT. By substituting &and integrating
between the limits of gauge length, the following expression can be abtained and used to

caleulate the Mg of a HMA specimen in tension.

5 : s d
(3+v)dd, +(1-v) d;ﬂd(dwd;)mn’(;’]

Mhxtd & +d:

(3.6)

In this testing approach, the diametral vertical load. and deformation along vertical
and lateral directions are measured using two LVDTs. Each LVDT has a stroke length of
2.54 mm (0.1 in). The My value is determined from the deviatoric stress and recoverable
horizontal deformation. An assumed Poisson’s ratio values of 0.2, 0.35, and 0.5 were

used for test temperatures of 5°C (41°F), 25°C (77°F) and 40°C (104°F), respectively. as

suggested by Barksdale et al. (1997) and the SHRP Protocol P07 (SHRP. 1992). The
Poisson’s ratio of each specimen was evaluated from the test results as the ratio of the

measured lateral and vertical deformations.



3.3.1.1. Sample Preparation for Mg Testing

Both laboratory prepared eylindrical specimens and field cores of 100 mm (4 in)
diameter and 75 mm (3 in) height were used in the testing program. In order to get
laboratory prepared test specimens. the following steps were followed. as described in the

ASTM D 4123 test method.

st, the theoretical maximun specific gravity (G test for

each asphalt

xes was performed on reference samples in accordance with the
AASHTO T 209-04 test method. Then the loose HMA mix was heated in an oven for
approximately two hours at a temperature of 149°C (300°F). The heated loose mix was
then compacted in a 150 mm (6-in) diameter cylindrical mold and a height of

approximately 100 mm (4 in) using a Superpave gyratory compactor. In order to obtai

specimens of specific height (75 mm or 3in), as shown in Figure 3.4, both ends of the

SGC compacted specimens were trimmed using a heavy duty asphalt saw (Figure 3.6).

After trimming, the remaining part was cored using a heavy duty asphalt coring machine,
as shown in Figure 3.7.

Field cores were extracted from the field by using a 100 mm (4 in) coring rig. The
final test specimens of 75 mm (3 in) thickness were prepared in the laboratory by

trimming both ends of the specimen using a heavy duty asphalt saw. For both laboratory

prepared specimens and field cores, the bulk specific gravity (Gps) was evaluated by

using the CoreL ok sealing method, in accordance with OHD L-45 test method

3.3.1.2. My Test Procedure

The Mg test procedure consisted of applying six stress sequences, as listed in Table

shaped load pulse having a duration of

3.4. Each test sequence consisted of a havers

0.1 sec and a rest period of 0.9 sec. An electro-hydraulic test system manufactured by



Material Testing System (MTS) was used 1o load the specimen. The load-deformation
response was recorded for 50" and the last 5 cycles of each stress sequence by using a
computer-controlled FlexTest SE Test Controller (sce Figure 3.8). The FlexTest SE
digital servo-controller from MTS is made up of a powerful array of reliable. flexible and
easy-to-use controllers designed to address the full spectrum of material and component
testing needs (MTS, 2005). Basic capabilities include station configuration editing, the
creation of up to four parameters sets per configuration, auto-zeroing, control mode
switching with hydraulics on, and adaptive control. The controller provides a self-
contained, single-channel control. and can be linked to other controllers for multi-channel
testing.

‘Table 3.4 shows the number of loading cycles used in each sequence. A 22.2 kN (5
kips) load cell was used for samples at 40°C (104°F) and a 97.9 kN (22 kips) load cell
was used for samples at 5°C (41°F) and 25°C (77°F) temperatures. The vertical and

horizontal deformations were measured by two LVTDs having a stroke length of 2.54

mm (0.1 in), attached in the diametrically perpendicular direction of one face of the
specimen, as shown in Figure 3.9. A gauge length of approximately 80 mm (3.15 in) was

used to mount the LVDTs on one face of the specimen. My tests were conducted within a

temperature chamber, as shown in the Figure 3.10. The samples were kept in the

temperature chamber for a time period of 18 to 24 hours for the specimen to reach and
maintain the required test temperature. A set of four samples were prepared for test at
cach temperatures (5°C, 25°C. and 40°C). One sample was tested for indirect tensile
strength and other three samples were tested for resilient modulus at each temperature.

The applied stress level was chosen according to the tensile strength of the sample of



cach set. A load corresponding to 0.10 stress ratio (applied s

ss divided by tensile
strength) was used for the conditioning sequence. For the remaining five sequences, a
starting load at the first sequence corresponding to a stress ratio of 0.20 was used and a
0.10 stress ratio increment in each subsequent sequence was applied. In order to make
full contact between specimen and loading strip, 10% of the peak applicd load was used
as the seating load in each loading cycle. The resilient modulus was calculated from the
average recoverable deflection and average load from the last five cycles of each
sequence. A sample of the MTS test software and a tutorial explaining “How to Run
Indirect Tensile Resilient Modulus Test™ and “How to Run Indirect Tensile Strength

Test”, developed by the author, are attached in Appendix B.

33.13. Accuracy of Deflection Value in My Caleulation

The accuracy of deflection measurement in My calculation depends on the
resolution of the data acquisition system and LVDTs. In the current study, using £2.54
mm (¢ 0.1 in) LVDTs and 16-bit data acquisition. the resolution of the measured
displacement was 0.2/2'® = 3 x 10 in. The expected displacement for HMA specimen is
generally between 25.4 x 10™ (10™ in) to 25.4 x 107 (107 in). So, the deviation of

10/10™and 3 x 1010”

displacement or maximum relative error was in the range of

(3% - 0.3%). Based on this calculation, the possible error associated with the Mg

calculation considered negligible.

2. APA Rut Test
The Asphalt Pavement Analyzer (APA) is a multi-functional Loaded Wheel Tester

that has been successfully used for evaluating permanent deformation (rutting), fatigue



cracking and moisture susceptibility of HMA mixes (Kandhal and Malli

. 1999). The
APA has the capability of testing both rectangular and cylindrical specimens. A typical

APA rut test uses three beam specimens or six cylindrical specimens

ach beam
specimen is 75 mm (3 in) tall, 125 mm (S in) wide and 300 mm (12 in) long (see Figure
3.12). Each cylindrical specimen is 150 mm (6 in) in diameter and 75 mm (3 in) in

height. Both SGC samples and field cores can be tested. In this stud;

ix SGC eylindrical

specimens from each mix and six field cores from each site were used for laboratory rut
testing. Laboratory cylindrical specimens were compacted from each loose HMA mix
type. The weight of the loose mix was chosen to obtain 7% air voids, in accordance with
the OHD L-43 test method. The compacted specimens were kept overnight at room
temperature and then bulk specific gravity tests were performed in accordance with the
OHD L-45 test method. Subscquently, the compacted specimens were placed in the
molds, as shown in Figure 3.11 and preconditioned at 64°C (147.2°F) for a minimum of 6
hours, inside the APA test chamber. This was done by switching on APA chamber and

setting the duration of it time. Following ing, the desired

vertical wheel load (445 N or 100 Ibs) was applied and the hose pressure was st at 690

accordance with

KPa (100 psi). The APA was allowed to run for 8000 loading cycles
the OHD L-43 test method. The rut depth was measured as a function of load cycles by

the automated rut depth measuring system. Manual measurements were taken by digital

measuring gauge as a check on the automatic system rut depth measurement. The average

rut depths of six specimens (three sets) were reported as the rut depth of the mixture, as

recommended by the OHD L-43 test method.



3.33. Fatigue Test

Fatigue failure generally oceurs when a pavement is stressed to the limit of

s
fatigue life by repetitive axle load applications. Fatigue cracking is often associated with
Toads that are too heavy for the pavement structure or more repetitions of a given load are
imposed than provided for in the design. Fatigue cracking is generally considered to be
more of a structural problem than just a material problem (Brown et al., 2001). It is
usually caused by a number of pavement factors that oceur simultancously. In addition to
repeated heavy loads, poor sub-grade drainage can contribute o high deflections in a
pavement. which is also one of the principal causes of fatigue cracking.

The Asphalt Pavement Analyzer (APA) is capable of testing fatigue life of asphalt

specimens. Fatigue cracking resistance of HMA can be determined by subjecting beam
specimens 1o a repeated wheel loads and contact pressures. The automated data

n system in APA plots the vertical deformation of the beam from which the

evaluated. In this study. a set of three 125 mm x 300 mm x 75 mm (5 in x
12in x 3 in) beam specimens were prepared from each type of HMA mix. The weight of

void of 7 + 1% in these specimens. The

loose mix was chosen so as to get a targeted
compacted specimens were kept over night at room temperature and then bulk specific
gravity test (Gyy) was performed in accordance with the AASHTO T166 test method.
The APA wheels were calibrated by using a pre-calibrated load cell to a 1113 £ 45 N
(250 + 1 1b) load and the cycle counter was preset to 50,000 eycles. Then the specimens
were placed in the testing molds, as shown in Figure 3.12, and secured in the APA
sample tray. The temperature of the APA was set to the test temperature (20°C) and the

specimens were allowed to condition at the test temperature for one hour before starting



the test. The APA was started and allowed to run for the preset number of cycles. The

APA stop automatically at the end of the test cyele or when all three beams have failed in
fatigue. After the APA stopped. the number of cycles completed for each specimen was

recorded from the test data sheet and reported as the fatigue life of the HMA mix.

3.3.4. Permeability Test

It is generally agreed that excess moistures in HMA pavements is potentially
detrimental to pavement performance because of phenomena such as stripping in the
HMA layers and sofiening or weakening in underlying unbound layers. Most laboratory-
based methods for estimating permeability of HMA feature either a constant head or a
falling head type test (c.g.. Kantipong, et al.. 2003; Mohammad, et al., 2003). In this

study, a relatively simple laboratory method involving a falling head device. shown in

Figure 3.13 and manufactured by Karol-Warner, was used according to the OHD L-44

test method. Two specimens having 150 mm (6 in) diameter and 75 mm (3 in) height

were prepared using the Superpave Gyratory Compactor for each type of HMA mix. The
weight of loose mix was chosen so as to obtain a target air void of 7 + 1%. The
compacted samples were kept overnight at room temperature and then bulk specific
gravity (G test was performed in accordance with the OHD 145 test method. Then the
permeability test was performed. as described in the OHD L-44 test method. The time
taken for the meniscus of water to drop in the graduated cylinder from the initial timing
mark (65-cm) to lower timing mark (0-cm) was recorded to nearest 0.1 second. The test
was performed three times for each specimen and the lowest time was recorded. For
samples having a test time approaching 30 min during the first run without the water

level reaching the lower timing mark, the water level at 30 min was recorded and then the



test was performed one more time. The coefficient of permeability (k) was calculated by

using the following equation (OHD L-44, 2003),

aL  (h
k=% %o 67
At [h,]
where

coefficient of permeability, cm/s

inside cross-sectional area of the buret, cm’

average thickness of the test specimen, cm

= average cross-sectional area of the test specimen, cm’
1 = elapsed time between hy and hy, sec

initial head across the test specimen, cm

final head across the test specimen, cm

C = temperature correction for viscosity of water

For the permeability calculation, the mark and the time record which results in the
highest coefficient of permeability was used and reported as the permeability of that

HMA specimen.

3.3.5 Laboratory Seismic Modulus Test
The laboratory seismic modulus test was performed on field cores from the Davis
site. The test consisted of placing an accelerometer at one end of the specimen and
tapping the other end with a hammer having a load cell attached to it, as shown in Figure
3.14. Both the accelerometer and hammer are connected to a data acquisition system that

is connected to a portable computer. A software developed by Khanna (2006) was used to

cquire and process the time records from the accelerometer and the load cell. The
response measured with the accelerometer contains an oscillation that corresponds to the

standing wave energy trapped within the specimen (Nazarian et al., 2003; Teredesai,

2003).



The frequency of oscillation was determined by transforming the two signals

(acceleration and load) into frequency domain using the Fast-Fourier Transform (FFT)

technique and then normalizing the acceleration amplitude with the load amplitude. The

variation of normalized amplitude as a function of frequency, which is called transfer

function, contains peaks that correspond to the oscillation of the standing waves. A
typical plot of the transfer function is shown in Figure 3.15. The transfer function in
Figure 3.15 shows two distinct peaks. The first peak corresponds to shear resonance (),

while the second peak corresponds to longitudinal resonance (7). Knowing the resonant

frequency (f,, Hz), mass density (y/g (Ib/in’)/(in/s), and the length of the specimen (/
inches), the laboratory seismic modulus (Es. psi) could be determined using the following

equation (Nazarian et al., 2003):

38
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3.4. Field Tes

g

A non-destructive field test, called Falling Weight Deflectometer (FWD) test. was
performed at all three pavement sites. In addition to FWD test. Ground Penetrating Radar
(GPR) test and Spectral Analysis of Surface Wave (SASW) test were performed at the

Tar Creck site.
3.4.1. Falling Weight Deflectometer Test

Falling Weight Deflectometer (FWD) is one of the most popular equipment for
pavement deflection measurement and evaluation of existing pavement  structures
(Abdallah et al.. 2001). The impulse load is generated by a falling mass from one or more

predetermined heights that typically last for 25 to 30 ms. The resulting load pulse is
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transmiltted to the pavement as a half sine wave (Bandara and Briggs, 2004). The FWD
test was conducted in accordance with the ASTM D 4694 test standard. The peak
deflections and load magnitude are captured, reported and automatically stored in the
system.

Figure 3.16 shows the FWD device used at the Tar Creek site. The test consisted of
applying two different loads: one 44.5 kN (10 kip) and the other 80 kN (18 kip), falling

from two different heights of 100 mm (4 in) and 396 mm (15.6 in). respectively. Each

load is impounded five times at each location. Figure 3.17 shows the FWD device used in
the Davis and the OKC sites. This equipment used three different loads (40 kN (9 kip), 53
KN (12 kip). and 80 kN (I8 kip)) falling four times per load at each location from a

constant height, The resulting load pulse is transmitied to the pavement as a half sine

wave. A time-history plot of a typical FWD load pulse is shown in Figure 3.18. The pe
deflections and load magnitude were captured, reported and automatically stored by the
system. Deflections were measured with seven velocity transducers (sensors) that are
mounted on a bar, as shown in Figure 3.19. They are automatically lowered to the
pavement surface during testing. One transducer is located in the center of the loading

plate and others are spaced at 0, 0.2, 0.3, 0.5, 0.6, 0.9 and 1.5 m (0, 8, 12, 18, 24, 36 and

60 in.) from the center, as recommended by the Federal Highway Administration. The
resulting deflections form a "basin" whose depth and shape were used to calculate the

material properties (moduli (Exyo)) of the constituent pavement layers (Bandara and

Briggs, 2004). The results of the FWD tests were processed using a compute program,
Modulus 5.0, developed by Liu et al. (2000). The results of the FWD tests are discussed

in Chapter 4.



3.4.2. Ground Penetrating Radar (GPR)
A Ground Penetrating Radar (GPR) technique was used to determine the

thicknesses of the pavement structure, specifically, the AC layer and the stabilized base

course. GPR is a pulse-echo method for measuring pavement layer thicknesses (USDOT,
2005a). It works like an ultrasound device, but uses radio waves rather than sound waves
10 pencirate the pavement (USDOT, 2005a). Antennas mounted on a moving truck are

used to transmit short pulses of radio wave energy into the pavement, as show

Figure
3.20. As this energy travels down through the pavement structure, echoes are created at

boundaries of

issimilar materials (such as the asphalt-base interface). The arrival time

and strength of these echoes can be used to calculate pavement layer thickness

(Teredesai, 2005; Nazarian et al., 2006). Figure 3.21 shows a typical transmitted radio

wave and a reflected wave. It is important to note that GPR is one of the most rapid
techniques for data collection, among all the geophysical methods in terms of both wave
propagation and sampling rates (scans/second) (USDOT, 2005b). A GPR analysis can be

performed at walking or slow driving speeds for QA assessments and condition

ssments of a pavement structure (Teredesai, 2005). Results of the GPR tests
performed at the Tar Creek site are discussed in Chapter 4.
3.4.3 Spectral Analysis of Surface Waves (SASW)

Spectral Analysis of Surface Waves (SASW) is a non-destructive field test to
evaluate the modulus of different layers in a pavement. It can also be used to determine
the profile of a pavement structure. This method of seismic testing developed for
determining small strain Young’s modulus profiles at a pavement site and small strain

shear modulus profile at a soil site (Nazarian, et al., 1988; Teredesai, 2005). The method



is based on the dispersive characteristic of Rayleigh waves when traveling through a
layered medium (Geovision, 2004). The SASW test is performed on the surface, allowing
for less costly measurements than with traditional borehole methods (Bandara and
Briggs, 2004).

SASW tests were performed at three selected locations on the Tar Creek site. The
test consisted of striking the surface of a pavement with a hammer and recording the
resultant stress wave-time histories using two receivers (geophones) at known offsets or

known distances.

igure 3.21 shows a photographic view of a SASW test in progress. It
is important to note that different sizes of hammers were used for different source-
receiver geometries so that different wavelengths are achieved. Also, spacing between the

receivers was varied to sample different pavement layers. The wave arrival

stories at
different spacing were analyzed to determine the pavement layer thicknesses and moduli
(Nazarian et al.. 1988). Once the shear wave velocity profiles are determined. shear and

Young's modulus (modulus of elasticity) of the materials (Essu) are calculated through

the use of mathematical equations. The equations are incorporated in the WinSASW, a
computer program developed at the University of Texas at Austin (Joh, 1996). This
software was used in this study to evaluate the aforementioned properties. Figure 3.23

shows the positions of sources (hammer) and re

ivers (accelerometer and geophones)

used to perform the SASW test. The results of the SASW tests are discussed in Chapter 4.
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Table 3.1: Test Matrix for Laboratory Tests Conducted
Project  Mix Type/ Number of Specimens for Laboratory Test
site Field Core  Resilient  APA Rut  APA Fatigue  Perm So
Modulus Modulus
Tar Creek 9 6 3 2
9 6 3 2
6 6 - - -
Davis Base Mix 9 6 3 2 -
Cores 6 6 - : 19
OKC Base Mix 8 6 3 2
Cores 6 6 -
Total S5 2 12 i 19
able 3.2: Test Matrix for Non-Destructive Field Tests
Project eld Non-Destructive Tests
Site FWD SASW GPR
Tar Creek v V v
Davis v - -
OKC 3 - -
FWD - Falling W

SASW - Spectral Analysis of Surface Waves
GPR - Ground Penetr:




Table 3.3: Summary of Mix Properties for the Collected Loose HMA Mixes

Project Mix Type Aggregate Binder AC
Site Type Type (%)
— Lime Stone with
Tar Creek ace Mix (S5) PG 64-22 OK 69
80% raw chat
Lime Stone with
Base Mix (S3) PG 6422 0K 56
50% raw chat
Davis Base Mix (S2) Lime Stone PG 6422 OK 45
OKC Base Mix (S2) Lime Stone PG 64-22 0K

Table 3.4: Number of Loading Cycle Used in Each Stress Sequence

200
100
100
100
100
100

Number of



Notes: 1. Davis (HW #7, Davis, OK); 2. OKC (
(Test Road Project, Miami, OK)
Figure 3.1: Location of Project Sites

m Ave., Oklahoma City, OK); and 3. Tar Creek

Figure 3.2: Collection of Loose HMA Mix from the Tar Creck Site



Figure 3.3: Field Asphalt Coring Machine
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Figure 3.4: Cyclic Indirect Tension Resilient Modulus Test Specimen
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Figure 3.7: Heavy Duty Laboratory Coring Machine

System

Figure 3.8: Computer Controlled MTS Digital Data Acquisition System
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Figure 3.11: APA Rut Sample Mold and Molds Secured in the Sample Tray
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Figure 3.14: Laboratory Seismic Test Setup
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Figure 3.16: FWD Device Used in the Tar Creek Site
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Figure 3.18: Typical Force Output from a FWD Test (Bandara and Briggs, 2004)
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Figure 3.19: Typical FWD Location of Loading Plate and Deflection Sensors
(Bandara and Briggs, 2004)



Figure 3.20: The GPR Equipment USed at Tar Creek Site

GPR Antenna
Reflected
Waves
Transmitted
Waves
Asphat Layer
Base Layer

Pavement Stucture

Figure 3.21: Principle of GPR (after USDOT, 2005b)



Figure 3.22: A Photographic View of a SASW Test

Tegends?2

A1, R - Accoleromerers
51,52 Sources for Acceleromerers.

3
® - Locaron for Receiver
u he Source

G1,G2- Geophones.
SG1, SG2 - Sources for Geophones

Figure 3.23: Plan View of the SASW Test Setup



CHAPTER 4

RESULTS AND DISH

4.1. General

The laboratory and field test results are presented and discussed in details in this

chapter. It consists of two sections. The first section presents the test results for the
laboratory prepared specimens and field cores. The second section presents the field test
results namely, Falling Weight Deflectometer (FWD) and Spectral Analysis of Surface

Waves (SASW).

4.2, Laboratory tests

The laboratory results for eyclic indirect tension resilient modulus test, APA rut
test, fatigue test and permeability test along with the laboratory seismic modulus test are

presented and discussed in the following sections

4.2.1. Cyclic Indirect Tension Resilient Modulus Test
The cyelic indirect tension resilient modulus (M) test was performed in this study

to evaluate the variation of modulus of HMA mixes with stre

ratio, temperature and

specific mix properties. namely, air voids, binder content, specific gravity and aggregate

sizes. As mentioned in Chapter 3. specimens were tested for three different test

temperatures, namely, 5°C, 25°C and 40°C (i.c.. 41°F, 77°F and 104°F), as recommended

by the ASTM D 4123 test method.

4.2.1.1. Variation of My with Stress Ratio
Previous studies (Hossain et al.. 1992: Zhou et al., 1992; Shalaby ct al.. 1997: Tarefder.

2003; Tarefder and Zaman, 2003) were undertaken to evaluate the variation of resilient

modulus of HMA mixes with test temperature, air voids. binder content and binder grade.

*



among others. The resilient modulus values were generally evaluated at only one specific
stress level. Tarefder (2003) and Tarefder and Zaman (2003) reported the resilient
modulus at a specific stress level between 10% and 40% of the indirect tensile strength
(ITS). In a similar study. Hossain et al. (1992) used an average load of 445 N (100 Ib) to
caleulate the resilient modulus of HMA pavement cores. In these studies, no atiempts
were made to examine the variation of My with stress level

A study by Barksdale et al. (1997) noted that the modulus of HMA mixes, at a
temperature higher than 25°C, is highly influenced by the stress state. In that study, it
was also reported that SHRP P07 recommended the evaluation of resilient modulus at

different stress levels, namely, 5%, 15% and 30% of the indirect tensile strength. The

tests were performed at three different temperatures 5°C. 25°C and 40°C (i.e.. 41°F, 77°F
and 104°F). Another study by Brown and Foo (1989) stated that the stress applied to the
specimen has significant effect on the My value. In that study. the resilient modulus tests
were conducted in accordance with the ASTM D 4123 test method. Specimens were
subjected to stress levels corresponding to 10%, 15% and 20% of indirect tensile
strength.

In the present study. the variations of resilient moduli under various stress levels

were examined. The resilient modulus values for different stress ratios (applied

stress/indirect tensile strength), at different temperatures, for all the mixes are

summarized in Tables 4.1 through 4.7. It is evident that the resilient modulus. in general.
decreases with the increase in stress ratio. For example, the Mg value of Tar Creek base

specimen (TC-B-M-6) at 25°C (77°F) exhibited a decrease from approximately 3861

0 ksi) to 3068 MPa (445 ksi) as the stress ratio increased from 0.21 t0 0.35. The




variation of My values with the stress ratio for the Davis base mix specimens tested at
5°C, 25°C and 40°C (i.e., 41°C, 77°F and 104°F) are graphically illustrated in Figures 4.1
through 4.3. As depicted in these figures, the My values decreased with the stress ratio.
For example, The My values decreased approximately 17% as the stress ratio increased
from 0.30 to 0.50 for specimens tested at 5°C (41°F). The resilient modulus exhibited a
similar behavior with stress ratio at temperatures 25°C (77°F) and 40°C (104°F). Also.
the OKC base mix exhibited the same behavior with the stress ratio, as can be seen from
Table 4.6. A similar trend has been reported in the literature. For example. Brown and
Foo (1989) reported that the resilient modulus exhibited a decrease with the increase in
the stress ratio. Almudaiheem and Al-Sugair (1991) reported a decrease in resilient
modulus with increasing stress ratio from approximately 10% to 30%. Also, Boudreau et
al. (1992) reported that the resilient modulus depends on the percentages of indirect
tensile stress applied.

It has been recognized that the state of stress and deformations at any location
within a pavement structure, due to traffic loading, is a function of moduli (Witczak,

2000). Also, the modulus, in turn, is a function of the state of the stress. As a result, a

predictive model correlating Mg with state of stress is expected to be beneficial to
pavement design. These models may also be useful in the finite element analysis of

pavements. Thus. it was decided to evaluate the performance of three potential models in

predicting Mg of HMA mixes with the stress ratio, R. The following three models were

evaluated:

Lincar Model: Mg =4 + BR @1
Semi-Log Model: Mg = A B or  log (Mg = log (4) + R log (B) “2)
Log-Log Model: Mg =AR®  or  log (Mg = log (4) + Blog (R) “3



where, "A" and "B" are model parameters that were evaluated from test data. Fach model
was then used to predict the resilient modulus values of the 53 test specimens. It is
important to note that, other studies have used some of those models. For example,
Brown and Foo (1989) used a similar linear model to correlate resilient modulus with
stress ratio. Results showed that My values decreased approximately 12% as the stress
ratio increased from 10% to 15%, for samples tested at 25°C (77°F). In Huang (2004).
the dynamic modulus in of HMA mixes under flexural stress was predicted using a

similar semi-log model. It was reported, in that study, that the dynamic stiffness modulus

decre: an increase in dynamic load magnitude, due to relatively large strain in the
flexural test.

‘Tables 4.8 through 4.16 show the model parameters and the R-squared values for all
the mixes, using the aforementioned models. The R-squared value, also known as
coefficient of determination, was used to compare the relative performance of each model

in predicting the resilient modulus of HMA with stress ratio. A frequency plot for the

coefficient of determination (R-squared) for each regression model was generated,

as
shown in Figures 4.4 through 4.6, From Figures 4.4 and 4.5. one can see that 47 out of
53 R-squared values for the linear and semi-log models varied between 0.7 and 1.0.
Comparatively, the log-log model revealed a total of 41 out of 53 R-squared values
varying between 0.7 and 1.0. The R-squared value was the only indicator used here to
evaluate the performance of these models. In view of these results, the linear and semi-
log models were considered better in predicting the My values than the log-log model.

Although both models revealed high R-squared values, only the semi-log model was used

subsequently to determine the resilient modulus at specific stress ratios, namely, 0.20,



0.35and 0.50. These stress levels were used since they fall within the range specified by
the ASTM D 4123, The resilient modulus at those specific stress ratios were used to

evaluate the performance of the four selected mixes in the subsequent sections

4.2.1.2. M Values at Selected Stress Ratios

The Mg values for the laboratory mixes at the aforementioned stress ratios, i.e..

0.20, 0.35 and 0.50, are summarized in Table 4.17 and graphically illustrated in Figures
4.7 through 4.12. In comparing these results, laboratory Davis specimens resulted in the
highest average resilient modulus values, followed by the OKC specimens, the Tar Creek

base mix specimens, and then the Tar Creek

rface mix specimens, in general. For
example, the average My value of the Davis specimens (Iaboratory compacted) at a
temperature of 25°C (77°F) and a stress ratio of 0.20 is approximately 26%, 39% and
74% higher than the corresponding values of the OKC base, the Tar Creek base and the

Tar Creek surface specimens, respectively. as shown in Figure 4.8, The corresponding

average My values are 9,811 MPa (1423 ksi) for the Davis base, 7,288 MPa (1057 k:
for the OKC base, 5,992 MPa (869 ksi) for the Tar Creek base and 2.565 MPa (372 ksi)
for the Tar Creek surface specimens. From Figure 4.7 through Figure 4.12, it is clear that
the Davis mix would perform better compared to all the other mixes. While the OKC
base, the Tar creek base are expected, based on this resilient modulus values, to have the

similar performance. The Tar Creek surface mix appears o have the lowest performance

compared to the other mixes. The difference in Mg values is believed to be due to the

difference in the specific mix properties, namely, binder content, binder grade, air voids,

nominal maximum aggregate size (NMAS) and percentage of fines, among others. A

summary of the mix properties is presented in Table 4.18. Attempts have been made to
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evaluate the effect of each individual property on the behavior of resilient modulus values
of these mixes, as discussed in the following sections. Also. a regression model depicting

the combined effect of these properties was developed.

4.2.1.3. Effect of Binder Content on Resi

ient Modulus.

Figure 4.13 shows the variation of resilient modulus with the binder contents for
laboratory compacted specimens. It is evident that the highest resilient modulus
corresponds to specimens with a binder content of 4.5%. Specimens with a higher binder
contents exhibited lower My values, as shown in Figure 4.13. As also depicted in this
figure, the resilient modulus of specimens with a binder content of 4.3% have a lower
resilient modulus values than the corresponding values at a binder content of 4.5%. A
similar qualitative trend was also obtained for field cores, as shown in Figure 4.14. For
example, an increase in My value for the Davis cores ( binder content 4.3%) than the
OKC cores ( binder content 4.5%) and a decrease in My value for the Tar Creek cores
(binder content 5.6%) than the Davis cores (binder content 4.5%) are seen,

nt modulus as the binder content increased from 4.3% to 4.

The increase in r¢

could be attributed to the fact that a slight increase in binder content increases the binder

film thickness between aggregate particles, thereby. an increased proportion of asphalt

acts to resist the applied stress and thus increase the resilient modulus. A similar

explanation was given by Tarefder (2003). A decrease in resilient modulus as the binder
content increased beyond 4.5% would be attributed to the fact that additional asphalt
(more than the optimum binder content) would increase the binder film thickness

and decreas

the internal friction of the aggregate, thus

between particles excessivel

making the HMA specimen to undergo a large strain with applied load. Materials can



flow laterally due to the loss of aggregate interlock (Roberts et al., 1996), thus reducing
resilient modulus values. It s also worth noting that the difference in resilient modulus
(increase or decrease) due to the binder content may be attributed to other properties

previously listed, because other mix properties are not identical. The effect of various

binder contents on the same mix, by fixing the other properties. was not addressed in this

study. A future study may be undertaken to address this issue.

4.2.1.4. Effect of Air Voids on Resilient Modulus

Figure 4.15 and Figure 4.16 show the variation of resilient modulus values with air
voids for the laboratory specimens and field cores. respectively. Results showed that no
specific trend s evident between the resilient modulus and the air voids. This is
consistent for all three temperatures. For example. laboratory specimen with air voids of

6.4% has an average resilient modulus higher than the corresponding values of laboratory

specimen with 6.3%. 6.7% and 8.0% air voids. Also, laboratory specimens with air voids

of 6.3% have a lower Mg value than the laboratory specimen with 6.7% air voids and a
higher Mg value than the laboratory specimen with 8.0% air voids. The range of air void
variation within the laboratory specimens are lower (6.0% to 8.0%) in this study.
Therefore, a study with changing air voids within a comparatively higher range, keeping

other variables unchanged, would give a clear conclusion for the effect of air voids on

ilient modulus.

A trend was observed for resilient modulus between the laboratory specimens and

field cores. As one can sce from Table 4.19, the laboratory resilient modulus valu

s due 1o the fact

ive specimens. This i

higher than that of field cores except for some select

that the field core densities are lower than those of the laboratory prepared specimens



Difference in compaction imparted by a laboratory gyratory compactor and a vibratory
compactor in the field compaction is the primary reason for this variation. Table 4.19
shows that My of laboratory specimens could be as high as 76% of the field cores.
Therefore, we can conelude that the increasing air voids (decreasing density) significantly
decreases the resilient modulus values. This suggests that homogeneity is more

successfully achieved for specimens compacted in the laboratory than for field core.

which can vary depending upon the compaction quality. This is consistent with the study
by Katicha (2003). The present study showed that densities of the field cores are much
lower than those of laboratory prepared specimens. therefore, the average resilient
modulus of field core is lower than that of laboratory prepared specimens. Also, the
present study showed that the predicted resilient moduli decrease with increasing void
ratios. Similar conclusions were made by Croveti et al. (2005). That study reported that

the resilient modulus values decrease at a given temperature, as the percent air voids

increase.

4.2.1.5. Efffect of Aggregate Sizes on Resilient Modulus

. With regard to the NMAS of the aforementioned mixes, the OKC and the Tar

Creck base mixes, with an NMAS of 25 mm (1 in). were coarser than the Davis and the

Tar Creek surface mixes. The NMAS was 19 mm (% in) for the Davis mix and 12.5 mm
(% in) for the Tar Creek surface mix. A study by Mindess et al. (2002) reported that the
larger the NMAS, the higher the strength. However, in this study, the effect of aggregate
size on resilient modulus is not clear and could not be adequately investigated. This is

due to the fact that the Davis base mix with a NMAS of 19 mm (% in), which is less than



the NMAS (25 mm (1 in)) of the Tar Creek base and the OKC base mixes, exhibited o
higher resilient modulus values

‘The percentage of aggregate passing No. 200 sieve for the Tar Creek surface mix
and the Davis base mix were higher and are 6.0% and 5.9%. respectively. as shown in
Figure 4.17 and Figure 4.18. These values for the Tar Creek base mix and the OKC mix
are comparatively lower and are approximately 4.9% and 4.7% respectively. But, the
resilient modulus for the Tar Creek surface mix specimens is lower than the Davis mi
specimens followed by the OKC mix and the Tar Creck base mix specimens. A study by
Crovetti et al. (2005) reported that the resilient modulus increases at a given temperature,
as the aggregate passing No. 200 sieve increases. In the present study, no clear trend
could be identified for variation in resilient modulus with percentage fines. This may be

attributed to the change in other mix propertis.

4.2.1.6. Variation of My with Temperature

The variation of resilient modulus values with temperature for all the mixes is

presented in Table 4.17 and graphically illustrated in Figures 4.19 through Figures 4.23

The resilient modulus decreased significantly with increasing in temperature for all

mixes. For example, resilient modulus (at stress ratio 0.35) decreases from 11,935 MPa
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10 1,103 MPa (160 ksi) as the temperature increased from 5°C to 40°C (41°F
to 104°F) for the Tar Creek base mix. The Davis specimens exhibited a decrease in Mg
values from 15.410 MPa (2235 ksi) to 3,172 MPa (460 ksi) as the temperature varied
from 5°C to 40°C (41°F to 104°F). It is an indication that the variation in My, values, due
to temperature, varied from one mix to another. A similar behavior for HMA mixes has

been reported in previous studies. For example. Katicha (2003) reported that the resilient



modulus decreases with increasing temperature and the variation can be best represented
by an exponential model. as was discussed in Chapter 2. A decrease in My values with an
increase in temperature was also reported by Tarefder (2003) and by Tarefder and Zaman

(2003

The performance of each mix due to temperature was examined. Figure 4.24 shows
the average percentage reduction (PR) in Mg for all the laboratory specimens and field
cores. As depicted in Figure 4.24, the average percentage reductions in MR for laboratory
specimens are 87% for the Tar Creck base, and the Davis and the OKC base mixes. For
the Tar Creek surface mix, the percent reduction is 89%. For the field cores the average
percentage reduction for the Tar Creek and the Davis cores are §7% and for the OKC
cores the reduction is 93%. A similar percentage reduction for different HMA mixes has

been reported in the literature (Salem, 2004; Katicha, 2003; and Ali and Lobez, 1996).

For example, Katicha (2003) reported that the percentage reduction due to temperature
varied between 78% and 90%. Based on these results, it may be concluded that the Tar
Creek surface mix was more susceptible to temperature than the other mixes, if the
percent reduction in My ought 10 be used as an indicator of temperature susceptibility. It
is believed that the temperature susceptibility of the HMA specimens may be attributed to
the binder content in the mixes. since the Tar Creek surface mix has the higher binder

content compared to the other mixes.

4.2.1.7. A Model to Predict Resilient Modulus

From the aforementioned results, it is evident that resilient modulus varies with
stress level, temperature, material properties and mix properties. This is consistent with

Katicha (2003) that the difference in measured resilient modulus is believed to be due to



the difference in properties of various mixes. namely. air voids. binder content. specific
gravity of materials and percentage fines. To this end, it was decided to develop a
general model correlating resilient modulus with stress ratio, temperature and
aforementioned specific mix properties. The employed semi-log model (Equation 4.6)

sents the resilient

includes two model parameters ("A" and "B"). The parameter "A" reps

represents the sensitivity of resilient modulus

‘modulus at a stress ratio of zero, while

0 stress ratio changes. These model parameters were correlated with temperature,
material properties and specific mix properties, namely air voids, binder content, specific
gravity and percentage fines. The actual model parameters "A" and "B". shown in Tables
411 through 413, were used to develop a general model as a function of the
aforementioned properties. The SAS statistical software was used for this purpose. The
stepwise method at a level of 0.15 was used in developing model for "A” and "B". The
stepwise method consists of entering or removing one variable at a time in the regression

model, to attain a better R-squared value. The employed stepwise method showed that

the model parameter "A" was related to temperature, percentage of air voids. percentage

of binder content and percentage of material passing No. 200 sieve. Parameter "B" wi

found to be only related to temperature and percentage air voids. The relationships for

predicied model parameters "A" and "B" are presented in Equations 4.9 and 4.10.

respectively.

A =3048.96-23.12 T - 148.36 A, - 280.39 AC + 443.04 N2go 44
B~ 0803-0010T +0.053 A, (43)
where,
T = temperature,
1, = air voids. in %,
AC = binder content, in %, and



m = aggregate passing No. 200 sieve, in %
‘The analysis of variance (ANOVA) of this predicted model parameter yields an F value

of 35.1 and an R-squared value of 0.75 with a P, value less than 0.0001, for parameter

Parameter "B" model had an F-value of 38.4 and R-squared value of 0.61 with a P,

less than 0.0001. which indicates that the model is considered statistically significant in

predicting the variation of model parameters with aforementioned specific mix

properties. A comparison between the calculated and the predicted model parameters

and "B" are summarized in Table 4.20 and illustrated in Figure 4.25 and Figure 4.26.

From Figure 4.25, the predicted "A" can be correlated with the measured "A" with a
straight line regression having a slope of approximately 1.0 and an R-squared value of

0.75. orrelated with a line of slope 1.002 and an

For parameter "B the predicted "B" is

R-squared value of 0.6, as shown in Figure 4.26. Thus, the proposed model to predict the

resilient modulus with other engineering properties can be expressed as follows:
My = (304896 - 23.12 T - 148.36 A, - 280.39 AC + 443.04 Nzoa) X (0.803 - 0.010 T +

0.05

) 46)
From the developed regression model. it is evident that My values of HMA mixes

depends on the temperature, air voids, binder content and percentage passing No. 200

sieve. The sensitivity of each variable was checked with by increasing each variable by

nce value shown in Table 4.21. It is evident that the

20% with respect to the re
temperature and percentage passing No. 200 sieve are more sensitive variables than the
others. A decrease of 34% and an increase of 33% were obtained for the variables

temperature and percentage passing No. 200 sieve, respectively



Finally, the proposed model was used to estimate resilient modulus. The average
resilient modulus was compared to the calculated values for all the mixes. The Mg values
were plotted with the caleulated My values shown in Figure 4.27. As a result, the

predicted My can be correlated with the corresponding actual values with a straight line

regression having a slope of approximately 0.98 (fairly close to 1.0) and an R-squared
value of 0.84. It is an indication that such a model could be a good indicator in making

performance predictions of My due to the variation of stress level, temperature, material

properties and mix properties.

4.2.2. APA Rut Test

The APA rut test results for laboratory prepared and field cores are shown in Table

4.22. A total of 42 specimens were tested in this study and the reported APA rut values
correspond to 8000 loading cycles. The APA rut values with number of loading cycles
are graphically shown in Appendix C. From the test results for all three HMA base mixes

it is evident that the Tar Creek base mix showed a high rut value of 4.9 mm (0.2 in) for

specimens with an average air void of 7.0%. Comparatively. the OKC and the Davis base
mixes exhibited lower rut values. The average rut value for specimens from the Davis

2.7 mm (0.1 in) with a standard deviation of 0.4 mm (0.02 in). As for the OKC

mix wi

ise mix, the average value was 2.4 mm (0.1 in) with a standard deviation of 0.05 mm
(0.002 in). The average air voids for the Davis and the OKC specimens was
approximately 7.0%. For all these base mixes, the rut values are less than the Oklahoma
Department of Transportation (ODOT) design rut requirement (5 mm or 0.2 in). Only one
surface mix (i.e., the Tar Creek surface mix) was tested in this study for APA rut. An

average rut value of 7.6 mm (0.3 in) was obtained for the Tar Creck surface mix with an
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average air void of 7.9%. From Table 4.22, one can see that the Tar Creek cores with an
average air void 8.0% had a higher rut depth of 9.5 mm (0.4 in), followed by the OKC
cores 5.6 mm (0.2 in) and then the Davis cores 3.1 mm (0.1 in). Consequently, one can
conclude that the Tar Creek mixes are more susceptible to rutting potential than the OKC

and the Davis mixes

4.2.2.1. Effect of Binder Content on Rut Depth
The binder contents varied from one mix to another. Among the base mixes, the Tar
Creek base mix had a 5.6%, which is higher than the binder content used for the Davis

(4.5%) and the OKC (4.3%) HMA base mixes. El

nating the affect of other properties
such as air voids, specific gravity and percentage fines. one can conclude that a higher
binder content produces a larger rut depth. This is also true for the Tar Creek surface mix
with a binder content of 6.9%, which gives comparatively higher rut depths than the other
mixes. This is consistent with Roberts et al. (1996) that a high binder content is expected
10 produce higher rut depth. It is due to the fact that an increase in binder content would

increase the binder film thickness between particles and would decrease the internal

n of the aggregate. Thus, making the mix tender and more susceptible to rutting.
because materials can flow laterally due to the loss of aggregate interlock (Roberts et al.,
1996). Similar obscrvations were also reported by Tarefder (2003), Tarefder and Zaman
(2003) and Wasiuddin et al. (2003). Wasiuddin et al. (2006) reported in a study that a
trial blend for a base mix with 70% chat material has high rut value due to the higher
binder content used in the mix. This is consistent with the current study, the Tar Creek
surface mix contained a higher chat percentage (80%) than the Tar Creek base mix

(50%). The binder content used in the Tar Creek surface mix was higher than that in the



Tar Creek base mix. The increased binder content led to increased rut depths in the

surface mix specimens. The reason for the higher binder content in the Tar Creek surf

‘mix could be attributed to the higher amount of Na in the mix requiring more to coat the
aggregate. However. Nay is not the only factor, the overall gradation is also an effective

factor for higher binder content in the Tar Creek surface mix. Specifically. although the

200 value for the Tar Creek surface mix and the Davis base mix are approximately same
(6.0% and 5.9%, respectively), overall the Tar Creek surface mix is finer than the other

three mixes, as can be seen from Figure A.1 in Appendix A.

4.2.2.2. Effect of Air Voids on Rut Depth

From the present study, effects of air voids on the rut depth could not be identified

nce the laboratory prepared specimens were compacted at average air voids

approximately of 7+1 %, as recommended in the OHD L-43 test method. Due to limited
scope of this study. no attempts were made to investigate the variation of rut depths with

specimens varied between 6% to 8%. In

varying air voids. The air voids of the laboratory

a similar study by Tarefder (2003) and by Tarefder et al. (2003) reported that there is no

ignificant effect on rut depth for the specimens air voids varying between 6% to 8%.

But, the air voids of the Tar Creek cores varied between 6.9% to 9.6%. Therefore. if we

compare the rut depth of the Tar Creek laboratory specimens with the Tar Creek filed

cores, we can observe that the rut depths are reduced with decreasing air voids. This is
due to the fact that specimens having smaller air voids create a more homogeneous

sed stiffness

binder-aggregate structure. Therefore, reduced air voids can lead to incre

and reduced rut potential of HMA mixes.
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4.2.2.3. Effect of Percentage Fines on Rut Depth

The varia

jon of rut depth with percentage fines in mixes could not be clearly

examined in this study. For example. the percentage fi

(passing No. 200 sieve) for the
Davis base mix and the Tar Creek surface mix are approximately the same (5.9% and
6.0%, respectively). However, the average rut depth of the Tar Creek surface mix

specimens is higher (7.6 mm, ic.

3 in) than the average rut depth of the Davis base mix

specimens (2.7 mm, i.e., 0.1 in). Also, the Tar Creek base mix specimens with percentage

passing No. 200 sieve of 4.9%, exhibited an average rut depth of 4.9 mm (0.2 in), which
is higher than the Davis base mix specimens but lower than the Tar Creek surface mix
specimens. This may be attributed to the variation of other mix properties in these mixes.

Therefore. no clear conclusions could be drawn with respect to the effect of percentage

es on the rutting potential. A study by Teng (1998) reported that the increase in

percentage fines reduces excess binder in the HMA mixes, consequently reduces the rut

depth. Overall, the present study support this observation

4.2.2.4. General Model to Predict Rutting Potential

Based on the aforementioned results, it was de

ded to develop a regres

correlating rutting potential with specific mix properties, namely, air voids, binder

content and percentage fines. The stepwise method at a 0.15 level was used for this

purpose. The following rut model was developed
Log (Rut) = 0.676 + 0.179 AC - 0.178 Naoo “.7)
where:
Rut = rut depth, in mm,

AC = binder content, in %, and
N = aggregate passing No. 200 sieve, in %.
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The ANOVA of this model yield an F value of 11.6 with a P, of less than 0.0006 and an

R-squared value of 0.56, which indicates that the model may be considered stat

cally

significant in predicting the variation of rut depth with specific mix propertics, namely

binder content and percentage fines. From this model, it is clear that the increasing binder

content increases the rut depth and an increase in percentage fines decreases the rut

depth. This observation is consistent with the observation reported by Tarefder (2003).
Tarefder and Zaman (2003) and Teng (1998). Binder content is the only common
variable in the rut models reported by Tarefder (2003) and Tarefder and Zaman (2003)
and the rut model developed here. The other properties. namely. air voids and specific

gravity were not included in this model due to statistical insignificance in the model.

Table 4.23 shows a summary of measured and predicted rut depths. A comparison

between the predicted rut depths and the actual rut depths is illustrated in Figure 4.28.

4.2.3. Correlations between My and APA Rut
The average rut depths of the six specimens tested from each laboratory specimens

", 25°C and 40°C

and field cores were correlated with the Mg values at temperatures

(

.. 41°F, 77°F and 104°F). The average value of My at three stress levels (R = 0.20,
0.35 and 0.50) were used 1o develop a model correlating My and rut depth. A linear
model similar to the one employed by Tarefder (2003) and Tarefder and Zaman (2003)
was used. The models were developed using Mg values at different stress ratios and
temperatures with the APA rut depths at different numbers of loading cycles, namely
2000 and 8000. as shown in Table 4.24. The linear models along with coefficient of

determination (R-squared) are shown in the Table 4.25 and are graphically illustrated in

Figures 4.29 through 4.34. From Table 4.25, comparatively a high R-squared value of



0.72 was obtained for rut at 2000 loading cycles and My at 40°C (104°F) and a stress
ratio of 0.50. A low R-squared value of 0.54 was obtained for rut at 2000 loading cycles
and Mg at 5°C (41°F) and a stress ratio of 0.20. The obtained R-squared values for
different temperature and stress levels for My and different loading cycles for rut depth
did not show a clear trend. This may be due to the testing parameters and mechanisms
involved in these two types of testing. Rutting is expected to oceur at high temperatures
and with large number of load repetitions. whereas modulus should present stress-strain
properties of HMA mixes at intermediate temperatures and lower loading cycles

(Tarefder, 2003; Tarefder and Zaman, 2003). Also, rutting measures the consolidation

and plastic flow characteristics of HMA mixes under repeated loading, whereas resilient
modulus represents the elastic stress-strain  behavior under cyclic loading. These
differences in test parameter and different mechanisms result in different correlation
coefficients. This is also evident from the study by Brown and Cross (1989). Tarefder
(2003), Tarefder and Zaman (2003) and Bhasin et al. (2005).

Brown and Cross (1989) reported that there is no good relation (R-squared = 0.01)
between HMA rutting and indirect tension resilient modulus. That study also noted that
there is no reason 1o expect a good relationship to exist between these parameters since
rutting is due to compressive stress and resilient modulus test measures tensile properties
of the HMA mixes, Tarefder (2003) and Tarefder and Zaman (2003) conducted a study to
correlate APA rut at 8000 loading cycles with the indirect tension resilient modulus at
three temperatures (0°C, 23°C and  40°C). The highest R-squared value of 0.27 was
obtained for the regression equation relating rutting and resilient modulus at 40°C.

Overall, a poor correlation was obtained for each test temperature. The reason stated for
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this poor correlation was the mechanistic differences (stress level, strain, temperature,
loading cycles etc.) between modulus and rut tests. But, comparatively high R-squared
values were obtained in the present study. This may be due to the stress levels used in the
resilient modulus testing between these two studies. A stress level of 20 psi to 30 psi was
used by Tarefder (2003) and Tarefder and Zaman (2003). while in the present study the

stress level varied between 20 psi to 150 psi.

4.2.4. APA Fatigue Test
A total of 12 beam specimens (3 specimens from each HMA mix) were tested for
APA fatigue. The results are summarized in Table 4.26. From the number of fatigue

shown in Table 4.26, it is evident that both the Tar Creek surface and base mixes

show a high fatigue cycle of approximately 49,000. Comparatively, the Davis and the
OKC mixes exhibited lower fatigue cycles of approximately 20,000 and 27000,
respectively. The results indicate that the Tar Creek specimens exhibited a greater fatiguc

resistance than the Davis and the OKC specimens. This can possibly be attributed to

many factors such as air voids. aggregate type and binder content, among others,
Higher binder contents will result in a mix having a greater tendency to deform

clastically (or at least deform) rather than fracturing under repeated load. The optimum

. should be high enough to prevent exc

binder content, as determined by mix desig: ive

fatigue cracking. The use of an asphalt binder with a lower stiffness will increase a
mixture’s fatigue life by providing greater flexibility (Roberts et al., 1996). However, the

potential for rutting must also be considered in the selection of the asphalt binder amount.

A study by Buchanan (2000) reported that increasing effective binder content is the most

likely influential factor in greater fatigue resistance of a granite-HMA mix. In the present



study, a similar observation can be made for both the Tar creck base and surface mixes.
The effective asphalt content used in these mixes was higher compared to the Davis and
the OKC mixes. Therefore a greater fatigue resistance was observed for both the Tar
Creek base and surface mixes. A study by Kun et al. (2006) reported that fatigue failure
under repeated loading is due to a combination of several mechanisms, among which

damage growth, relaxation due to viscoelasticity. and healing of micro cracks play an

essential role. The increase in the binder content helps healing of micro cracks. This

also evident from the present study, the increase in binder content in the Tar Creek mixes

increased the fatigue life. A separate study by Tangella et al. (1990) reported that the

binder content has a significant effect on the fatigue life of HMA mixes. According to
that study. the optimum binder content to obtain maximum fatigue life is generally higher
than the design based on rutting considerations.

In the present study. it was decided to develop a statistical model to evaluate the

namely

effect of specific mix properties ir voids. binder content, specific gravity and

percentage fines on the fatigue resistance of HMA mixes. A stepwise method was

employed at a 0.15 level. The final model obtained from this effort is given below

Ny = 826568 - 3371 Ay~ 279230 Gy - 3234

“8)
where:

Ny = number of fatigue cycles,

A, =air voids, in %,

G, = specific gravity of aggregate, and

N = aggregate passing No. 200 sieve, in %.

The predicted model yields an R-squared value of 0.98 and an F value of 148.2 with a P,
less than 0.001, which indicates that the predicted model is considered statistically

significant. The predicted and calculated fatigue cycles for cach specimen tested are



shown in Table 4.27. Figure 4.35 shows the predicted fatigue cycles from the model
against the calculated fatigue cycles. It can be seen from the model that increasing air

voids, specific gravity of aggregate and aggregate passing No. 200 sieve reduce the

number of fatigue cycles s

ce these all variables have a negative coefficient in the
model. Inadequate compaction results in increased air voids and subsequently reduced

stiffness of HMA specimens (Hughes, 1989). Therefore, the higher the air voids the

lower the number of fatigue cycles. This is also evident from the study by Harrigan et al.
(2002). That study reported that a 1% increase in air voids will results in a 10% decrease

in fatigue life. An increase in percentage fines reduces the effectiveness of the binder in

the HMA mixes. therefore it reduces the fatigue life of HMA pavements. This is
consistent with the study by Teng (1998). It was reported by Teng (1998) that at low dust
10 binder ratio values, additional fines act as an asphalt binder extender. and causes the

fatigue performance to decline.

4.2.5. Permeability Test

The permeability test results for all mixes are summarized in Table 4.28. All the

mixes exhibited the permeability values below the maximum design permeability of 125

x 107 cm/s (49 x 10 in/s), as recommended by ODOT. Among the different type of
mixes, the Tar Creek surface mix and the OKC base mix showed higher permeability

values. The average permeability value for the Tar Creek surface mix was 10.8 x 10°

em/s (4.3 x 10 in/s). This value is consistent with similar values reported by Wasiuddin

et al. (2005). That study reported a permeability value of 12.0 x10° cmvs (4.7 x 107 in/s)

for a similar type of HMA specimen. The OKC base mix showed an aver bility

ige perm

value of 14.8 x 10 cm/s (5.8 x 10 in/s). which is higher than the corresponding value of



the Tar Creek surface mix. Comparatively. the Tar Creek base and the Davis base mixes
showed a lower permeability values of approximately 2.4 x 10 cm/s (0.9 x 10 in/s) and

3.0 x 10 env/s (1.2 x 10 in/s), respectiv

Itis evident that the gradations of the mixes
and the amount of interconnected and opened air voids are the key factors that affect the
permeability. The gradation curves for all four HMA mixes are shown in Appendix A
along with the mix design sheets. From the lower portion of the gradation curve (the
portion representing percentage passing of the smaller particles with size less than 1 mm)
the OKC mix is of coarser gradation, followed by the Tar Creek surface, the Davis and
the Tar Creek base mixes. Therefore, the permeability values of the OKC base mix and
the Tar Creek surface mix are greater than the Davis and the Tar Creek base mixes.

From the results, shown in Table 428, even a slight change in air voids,
approximately 1% in the Tar Creek surface mix and the OKC base mix. changes the
permeability values approximately by 50%. Therefore, it is evident that the air voids is

one of the key factors affec

g the permeability of HMA mixes. It is evident that the size

of air voids increase, the potential for interconnected air voids also increases. This is also
evident from the study by Mallick et al. (2003) that a slight change in air voids causes a
major change in permeability. Mallick et al. (2003) also reported that mixes with larger
NMAS mixes have more potential to be permeable. But, it depends on whether a

gradation is fine or coarse graded for a given NMAS. The combination of larger NMAS

and less fine aggregate to fill the air voids likely results in coarse graded mixes having

more interconnected voids. This factor is consistent with the results obtained from the

present study. The percentage fines in the Tar Creek surfag nd the OKC base

mix

mixes are comparatively lower than the Davis base mix and the Tar Creek base mix. This

il



leads 10 an increase in interconnected open air voids in the specimens and it eventually
increases the permeability values.

A statistical model was developed to correlate the permeability with specific mix
properties, namely air voids, binder content, specific gravity and percentage fines using

the stepwise method. The developed model is shown below:

prea = 8.10 + 5.4¢

=745 Nowo 49
where:

permeability. in 10 cm/s,

= air voids, in %, an

aggregate passing No. 200 sieve, in %.

As expected, the air voids and percentage passing No. 200 sieve are well correlated

with the permeability with an R-squared value of 0.96. From the developed model, it is

clear that an increase in air voids increase the permeability, as expected. Also, lesser the

amount of Nay particles in the mix. higher the permeability. This is consistent with the

factors discussed previously. The ANOVA of this statistical model yields an F value of

55.3 with a P, less than 0.0004, which indicates that the model is considered statistically
significant in predicting the variation of permeability with mix properties, namely air
voids and percentage fines. Table 4.29 shows a comparison between the predicted and
calculated permeability values. Also, a comparison between the predicted and obtained
permeability is illustrated in Figure 4.36. From this figure, it is evident that the values are
close to the 45° line. which indicates that such a model could be a good indicator in

making performance prediction of laboratory permeability due to the aforementioned

specific mix propertics.



4.2.6. Laboratory Seismic Modulus Test

Nineteen field cores from the Davi

site were tested for laboratory seismic modulus
test. A total of three hits were performed on each specimen resulting in 57 modulus

values. Figure 4.37 shows the Fast Fourier Transform (FFT) generated transfer fun

ion
for a selective hit on Core #1. The graph shows two clearly visible peaks. The first peak
corresponds o shear resonance frequency, while the second peak corresponds to the
longitudinal resonance frequency. These peaks were identified in accordance with the
procedure described by Nazarian et al. (2003). The resonant frequency corresponding to

the second peak was used for the calculation of seismic modulus (Eg), usi

¢ Equation 3.8.
A summary of the frequency and the seismic modulus values obtained from three hits on
each specimen is presented in Table 430 and graphically illustrated in Figure 4.38.
Statistical analysis was performed to identify possible outliers using the box plot and

whiskers method (McClave et

2001). Eight values out of 57 were identified as
outliers, as shown in Figures 4.38 and 4.39. The outliers were removed from the final
results, Figure 4.39 shows the final plot of average seismic modulus for each core. The
seismic modulus values varied between 41,368 MPa (6,000 ksi) and 68,947 MPa (10,000
ksi) with an average value of 58,336 MPa (8.461 ksi) and a standard deviation of 7,177
MPa (1041 ksi). This gives a coefficient of variance (CV) of 12%. Nazarian et al. (2002)
noted that the seismic modulus is more sensitive to the aggregate skeleton and to the
grain-to-grain contact between aggregates. Even for a same type of mix. the seismic
modulus is dependent on how the aggregates particles and air voids are distributed inside
the specimen.

Only the Davis cores were tested for laboratory seismic modulus because of limited

scope of this study, since the specimen dimensions are restricted for this type of tests. Bai
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et al. (2004) reported that typically a heightdiameter (H/D) ratio of 2 or greater is
recommended for this test. In order to obtain a H/D ratio of 2 for a 100 mm (4 in)
specimen. the HMA thickness should be at least 200 mm (8 in). But, the HMA lifi

thicknesses for the Tar Creck and the OKC sites are approximately 100 mm (4 in)

o
this end. there are no results available to compare the seismic modulus for different HMA

mixes.

4.2.7. Relative Comparison between My and Ex

out of the nineteen Davis cores were tested for both seismic modulus and the

laboratory My In order to compare the seismic modulus and My the Mg values at room
temperature approximately 25°C or 77°F and different stress ratios (R = 0.20, 0.35 and
0.50) were used. A summary of the seismic modulus and the corresponding Mg is
presented in Table 4.31. An average seismic modulus value of 61,537 MPa (8925 ksi)

ent of variance of 9% was

with a standard deviation of 5688 MPa (825 ksi) and a coet

obtained for the six selected cores. The Es values are 6 to 8 times higher than the Mg

values at a stress ratio of 0.20, 7 to 9 times higher than the My at a stress ratio of 0.35 and

910 10 higher than the My at a stress ratio of 0.50. No studies. to the author’s knowledge.
and the laboratory My for

have addressed the difference between the seismic modulus

HMA materials. A study by Nazarian et al. (2003) reported that the seismic modulus of
sub-grade materials is approximately 10 times higher than that of laboratory triaxial
resilient modulus. The difference between the laboratory Mg and Es could be attributed to
the fact that strain level and strain rate involved in these two tests are different. The
seismic modulus s a low strain modulus, measured at a high strain rate, whereas, resilient

modulus is comparatively a larger strain modulus (Nazarian et al.. 2003).



4.3. Field Non-Destructive Tests
The results of non-destructive field tests namely, Falling Weight Deflectometer
(FWD). Spectral Analysis of Surface Waves (SASW) and Ground Penctrating Radar

(GPR) are presented and discussed in the following sections.

43.1. Falling Weight Deflectometer Test

FWD tests were performed at selected sections in the Davis and the OKC sites and
all sections of the Tar Creek site. A commercially available software, Modulus 5.0,
developed by Liu et al. (2000). was used to determine the back-calculated modulus of
HMA layers. The overall FWD back-calculated moduli for the Tar Creek sites are
presented in Table 432 and graphically illustrated in Figure 441 along with the
pavement sections. The modulus values vary between 689 MPa (100 ksi) and 2.413 MPa
(350 ksi) with an average value of 1,400 MPa (203 ksi) and a standard deviation (SD) of
490 MPa (71 ksi). From Table 4.32, it can be observed that the modulus obtained from

FWD data (Egwp) for section TS-1 was approximately 1,751 MPa (254 ksi) (with a SD of

approximately 283 MPa i.c.. 41 ksi), 1,255 MPa (182 ksi) for section TS-2 (with a SD of

D of

approximately 310 MPa i.e., 45 841 MPa (122 ksi) for section TS-3 (with

approximately 186 MPa i.e.. 27 ksi) and 1,668 MPa (242 ksi) for section TS-4 (with a SD

of approximately 538 MPa i.¢., 78 ksi)

Table 4.33 presents the Erwp results for the Davis site. The results are also plotted
along with the pavement length in Figure 4.42. The values are varying between
approximately 2,758 MPa to 4,481 MPa (400 ksi to 650 ksi) with an average value of

3.378 MPa (490 ksi) and a SD of 62 MPa (9 ksi).



The FWD test results for the OKC site is presented in the Table 4.34. Figure 4.43
shows the variation of modulus along the pavement length. The values vary between 552
MPa (80 ksi) and 6.895 MPa (1000 ksi). Inconsistently high values were obtained in three
locations at 42.4 m (139 ft). 100.6 m (330 ft) and 122.8 m (403 ft) from the south end.
This was possibly due to the surface irregularities and debris at the site due to the
construction work. Therefore, these three values were removed. The resulting average
was of 3,875 MPa (562 ksi), with a SD of 1.889 MPa (274 ksi).

From the aformentioned results, it is evident that the Tar Creek site show

comparatively lower FWD back-calculated modulus than the Davis and the OKC sites

This is consistent with the laboratory indirect tension test. As a result, one can conclude

that the Davis mix is expected to perform better than the OKC, followed by the Tar Creek

mixes.

4.3.2. Relative Comparison between My and Epwp

Field cores were retrieved from locations where FWD tests were performed.

Resilient modulus tests were conducted on these cores. Since My tests were performed at
different stress levels and at different temperatures, it was decided to calculate the Mg
values at three stress ratios (0.20, 035 and 0.50) from the developed semi-log model by
using the model parameters corresponding to the FWD test temperature. The results are
summarized in Tables 4.35 through 4.37 for the Davis, the Tar Creek and the OKC sites,

respectively. From Table 4.35, the results for the Davis site compare well. The ratio of

laboratory Mg at R=0.2 to FWD modulus at a load of 40 kN (9 kip) is approximately one

(0.92 to 1.09) with an R-squared value of 0.67, as shown in Figure 4.44. This is

consistent with the observation by Hossain et al. (1992) who reported that the average



ratio of laboratory moduli to back-calculated moduli varied between 1.10 and 1.22. The

Tar Creek and the OKC sites r

on the other hand. show a scattered behavior.
Various factors could lead to such behavior including pavement thickness. The HMA
thicknesses for both the Tar Creek and the OKC sites are 100 mm (4 in), while the HMA

thickness for the Davis

267 mm (10.5 in). It is evident from the study by Teredesai
(2005) that a thickness less than 150 mm (6 in) may produce unreliable back-calculated

modulus.

4.3.3. Spectral Analysis of Surface Waves (SASW) test
SASW tests were only performed at three selected locations at the Tar Creek site. A

summary of the test results is presented in Table 4.38. Results showed that the HMA base

layer modulus is higher than the surface layer modulus. This is consistent with the
indirect tension My test results which show higher modulus values for the base mix.
From Table 438, it can be observed that the section TS-2 showed a comparatively high

Esasw value, approximately 8,618 MPa (1.250 ksi) for the surface mix and 9.308 MPa

(1.350 ksi) for the base mix. While section TS-1 and TS-4 showed approximately same

SASW modulus, 4.895 MPa (710 ksi) and 4.275 MPa (620 ksi) for the surface mix and
6.412 MPa (930 ksi) and 5,309 MPa (770 ksi) for the base mix, respectively.

A comparison of both FWD and SASW field moduli are presented in Table 4.39.

The results show that Esxs is approximately 4 times higher at section TS-4 and 6 times

er at section TS-2 than the Egwp. This is consistent with the study by Nazarian et al

(1988) who reported that the moduli of HMA layer obtained from FWD data exhibit, in
general, greater variation than those of SASW test data. Nazarian et al. (1988) also

reported that the difference is due to the lack of sensitivity of the FWD test method to the
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stiffness of the top thin layer, while the SASW method is quite sensitive in this region.
Further. Nazarian et al (1988) reported that the strain level is an important factor in this
variation of test results. Moduli from SASW tests are low-strain moduli. On the other
hand. moduli back-calculated from FWD deflection basins may contain manifestations of

nonlinear behavior induced by the heavy loads imparted to the pavement surface.

434, Ground Penetrating Radar (GPR) test

Ground Penetrating Radar (GPR) test was performed in the Tar Creek site. This test
was performed only to determine the thickness profile of the pavement. The results
obtained from both the south and the north lanes are shown graphically in Figure 4.45
and Figure 4.46, respectively. The layer thicknesses calculated from the GPR data depend
on the dielectric constant of the medium. For relatively similar mixes, the GPR data does

not differentiate the HMA surface and base layers (Roddis et al., 199:

. At the Tar Creek

. relatively similar HMA mixes were used for the surface and base course. Therefore,
the results shown in these figures represent the combined HMA layer thickness. The

thickness profile of the south lane varies between 100 mm (4 in) to 150 mm (6 in). while

that of the north lane varies between 100 mm (4 in) to 140 mm (5.5 in). By

mbining
both south and north lanes, the average thicknesses of HMA layers were found to be 11.8

mm (4.7 in). 147.3 mm (5.8 in). 124.5 mm (4.9 in) and 119.4 mm (4.7 in) for sections

1, TS-2, TS-3 and TS-4, respectively. The design thickness for section TS-3 was 12:

mm (5.0 in). while for the remaining sections (TS-1, and TS-4) the design thickness
was 100 mm (4 in). From these results. it can be concluded that the thicknesses of the

HMA layer obtained from the GPR data were fairly consistent and comparable o the



respective design thicknesses. Only section TS-

showed a high variation. This may be
due to the inconsistencies of thickness profile during construction.

The HMA thickness profile of the Tar Creek site was also obtained from the SASW

analysis. The results are included in Table 4.38. From the thickness

s reported in this

table, other than the HMA base thickness of section TS-2, the thickness values of cach

layer in sections TS-2, TS-4 and TS-1 compared favorably with the SASW results.



Table 4.1: Measured My for Tar Creek Base Mix Laboratory Specimens

Mix/Care Specimen Temp Stress Measured
Type D (&5} Ratio M (hsi)
TCBMR9 ar 021 1506
028
036
041
TC-B-MR-10 a 019
026 1611
032 1614
038 1531
042
TCB-MR-TT a 019
025

TCB-MRG 7

b

k1 TCB-MR-T 77

2

H TC-B-MR-S 7
TCB-MR-13 104
TCB-MR-14 103

104




vot 6UNSDL

| SUNSDL

vol LANSDL

= — i
il
u z
w ANSIL
9UNSDL
SAN
PANSOL
(o) ar adiy
paanswaly duiay wwpads sy

SudAAG IONEIOE] NI IEJANS o241 A1 I, 10§ MIy PAARSEIIN 1 AGEL,



Table 4.3: Measured My for Tar Creek Cores
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Table 4.4: Measured My, for Davis Base Mix Laboratory Specimens

MivCore  Specimen Temp Stress Measured
Type ) [50) M (ksi)
DMR9 a1 3322
3093
D-MR-12 a
D-MR- 14 o
DMRG 77
H
4] DMRS 7
8 DMRT2 77
D-MRTS 104
D-MR-16 104
DMR-17 103




Table 4.5: Measured )

MiiCore  Specimen  Temp St
Type » n Ratio
D-C-MR-3 41 023
031
039
047
0
fxave i 029
038
048
059
Erav 7 01
¢ bowmea 7
MRS o7
040 216
) 190
e o1 28

90



Table 4.6: Measured My for OKC Base Mix Laboratory Specimens

Mix/Core Specimen Temp Stress Measured
Ty n 23} Ratio
OKC-MRS a 021
032

0.40

047

n 052

OKC-MR-6 a 025

OKC-MR-1 77 020

OKC-MR2 77 019

OKC-MR-S 7 021

OKC Base Mix

OKC-MR-T 104 027

104 016

" OKC-MR9
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Table 4.7: Measured My for OKC Cores

Miv/Core Specimen Temp Stress Measured
Type D P Ratio
OKC-C-MR3 a

a
7

Q
Z OKC-C-MR2 7
104
OKC-C-MR-6 104

92



Table 4.8: Linear Model Parameters for Tar Creek Specimens (Mg = A + BR)

VO cipet> Temp D A 0 Woard

E I T T = —

5 ois 9 ose

: 1699 6639 090

3 m o wiss 0w
= 1051.8 -13138
2 -13180
9 104 1079
E G662
-167.7
i Ji669
E 14
.J w67
& ” 4523
2 o
% 043
3 104 2165
e ato
2084
. i )
5 3346
5 ” 22
865
5§ o aisaama
L | TC-C-MR-6 237.5 12

Table 4.9: Linear Model Parameters for Davis Specimens (Mg = A + BR)

M';(;';" Sample D Temp(°F) A B Resquared
DAMRS T G190 w60 095
DMR-12 2129 113 098
z DMR-14 3325 524 097
3 DAMRG 7 16670 9698 093
2 D-MR-8 20140 12696 1.00
£ DMRT2 16043 16426 087
] DMR-1S 4 as9 252 098
DMR-16 7667 -10405 095
4552 0w
=7 5147 079
7290 095
1294 09
099
096
D-CMR6 5383 097




Table 4. 10: Linear Model Parameters for OKC Specimens (M = A + BR)

WCT  mpkl> TempOB A B Roguere

TSR o3

v 13132 050
= ” 1206.7 097
r 1009.8 099
= 1288 093
g 0 sis 090
2 37192 098
5352 098

EIR T e T —

B8 el Lo
8 7 818 8985 09
': 607.6 -318.1 0.96
o 104 2414 -343.3 0.98
OKCC MRS 2012459 0w

Table 4.11: Sei

Log Model Parameters for Tar Creek Specimens (Mg = A BY)

VNGO ample > Temp(H A B Required
TC-BMRD s 56 059 ]
s TC-B-MR-10 17088 076 055
= TC-B-MR-11 16854 063 0.89
g 2 7914 0.19 098
5 1631 01s 100
g TC-B-MR-$ 13060 020 092
% TC-B-MR-13 2
= TC-B-MR-14
M

& 2
S 40
P s
S 2
. “




Table 4.12: Semi-Log Model Parameters for Day

Specimens (Mg

ABY

Miv/Core

et Sampleld  TempeH A B Resquared
D-MRD B 063 05 756
D-MR-12 207 054 097
H D-MR-14 35607 061 097
P D-MR-6 2 18013 042 090
& 2609 037 100
z 26989 007 076
& P 6576 007 094
10738 005 088
5123 030 089
H 17699 072 079
3 1598 147 096
S 25 1466.0 023 094
2 7820 047 098
& 10 300 03 094
386027 095

Table 4.13: Semi-Log Model Parameters for OKC Specimens (Mg

ABY

VCOT gD TonpCh A B Rt
SRS T o
! Bar e
= 25 13806 0.16
F] 1506 014
= 2 14194 0.10
2 OKC-MR-7 40 1062 001
< OKC-MR-8 406.5
w1 o
i 5 1681.1 0.64
s msioom o im
L 3 wbr o oo
g oreomm o7 on ow
£ Oiowns  w @i om ow
oRe-CARS 765 oo __on




Table 4.14: Log-Log Model Parameters for Tar Creck Specimens (My, = ARY)

METS  onge>  Temth A 5 R
TCBMRD a 2199 015 07

s 4332 007 044
H 12559 013 081
2 7 852 043 096
b 301 sl 099
£ w4 00 0388
T 104 9.9 030 065
= 1236 038 065
1735 022 045

a 1694 004 021

g 14gs 009 049
3 12345 010 066
& b 3875 030 091
2 369.7 029 079
¥ CSMR3 2620 -041 094
S TC-S-MR-7 104 666 0.62 088
B TCSMRS 989 042 082
i TC-S-MR-9 7 053 081
5 TC-C-MR-3 a 13655 003 008
= TC-C-MR4 855 016 092
S tcomra 7w 05 om
g TC-C-MR-2 4033 050 069
2 TCC-MR-S 104 89 062 087
- TC-C-MR-6 896 054 081

Table 4.15: Log-Log Model Parameters for Davis S

pecimens (My =

VNG sampeid Tempen A B Required
iR E R YT R N T
DMR-12 o8 0%
& D-MR-14 098
: DMRG n o2
g MRS 100
. D-MR-T2 067
H 104 088
080
o4
T 070
09
L = 087
o 093
i 104 087
090

9




Table 4.16: Log-Log Model Parameters for OKC Specimens (My = AR")
MG sampetn ey ch B Requrd
OKCMRS 0 7909 008 01
= OKC-MR-6 19755 018 07
= OKC-MR-1 n 056 088
] OKC-MR2 0356 091
2 OKC-MR-3 073 080
g OKC-MR-T 104 174 093
2 OKC-MR§ 039 090
OKC-MR-9 069 098
OKC-C: W 015 099
-0.09 099
7 063 088
024 099
104 162 090
137 093
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Table 4.20: Measured and Predicted Model Parameters

MixType  SpecimenID  Temp(°F) A (%4)  Aveswed Buieowes  Ares_ Bris

ar 59 76 0 w070
g a 58 9 0m s o7
= a s1 s 0s 119 06
5 ki 63 791 0.19 1058 036
- i 6 e 015 om0
i m 63 1 o; s 036
S 104 72 B oa 0 o
- 104 o8 65 03 39 on

04 70 w0 ois w0 _on
y m o7 am os o o
H 4 67 416 072 1708 074
H a1 6.7 1543 0.72 1708 0.74
£ m o ™ o as s
i n o6 s 04 ws os
3 m 99 e om0 oss
5 104 9 2w oas moom
K 104 74 m 03w o

10 75 s 02w ois

it Se a6 osi a2 0@

a o m om0 om
E a 67 a0 oel 29 om
3 n so om0 o e 0x
2 77 49 2261 037 1894 029
£ 7 62 2699 007 1701 036
H 104 78 658 007 89 017

104 6 M oos  om on

103 65 s o _m_ow

at 75 ez Lie 18 0
4 80 e i 1w o8
- 7 5.1 1381 0.16 1389 030
n 53 mst o1s s 03l
2 7 61 W om0 120 03
g 108 2 w6 o0 4 om
& 104 8.1 407 0.20 319 0.19

104 o5 ws o s _ow
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Table 4.20: Measured and Predicted Model Parameters (Cont’d)

MixType  Specimen 1D Temp CF) _ Av(%)  Averwes Buowes  Av
2 14

T TC-CMRS a 92 1436 094 1460
& 4 109 0 1o
M ” 77 020 50
& 7 79 02 82
y 104 86 024 9
£ 103 59 03 s
3l 52 072 2088
] 4 104 147 110
] 7 78 03l
£ 7 83 07 1w
2 104 57 033 1151
104 60 027 1106
a 56 06 247
] a 53 o 20
§ 7 75 02 1033
g ” 50 oss
] 104 51 764
104 53 735 oo

Aps = 3048.96 - 23,12 T~ 148.36 A4, 280.39 AC + 443.04 Ny

3.
Bypey = 0.803-0.010 T+ 0.053 4,

Table 4.21: Sensitivity Check for Mg Model by Changing Each Variable by 20%

Ran Temmeraure (UL N Neaoosiae  Mu ChanesorM
®) TOH AL AOL®)  Nue () (ki) )
0200 7700 700 400 500 1104+ 2

024 770 70 40 50 1065

020 924 70 40 50 73 4
020 770 84 40 50 963 3

020 770 70 48 50 917 -7
020 ) 70 40 60 1474 33

My = (3048.96 - 23.12 T~ 148.36 A, - 280.39 AC + 443.04 Now) X (0.803 - 0.010 T + 0.053 4"

* - Reference Value
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Table 4.23: Predicted Rut Depth from Material and Mix propertic

i i [T— Ruty,oq

Mix Type Sample 1D s e
Tar Creek Base | 34 695
2 61 695

3 51 695
Tar Creek Surface 1 79 638
2 77 638
3 7.1 638
Tar Creek Cores 1 83 695
2 85 695
3 16 695
Davis Base 1 29 270
2 22 270
3 29 270
Davis Cores. 1 24 270
2 34 270

3 35 270
OKC Base 1 24 406
2 25 406
3 24 406
OKC Cores 1 63 406
2 53 406
3 53 406

Log (Rutyed) = 0.676 + 0.179 AC - 0.178 Nooy (Resquared = 0.56)
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Table 4.24: Predicted Mg and APA Rut Depth at 2000 and 8000 Loading Cycles

Mix/  Rutye Rty _ Mg (ksi) at 419F My (ksi) at 77°F_ My (ksi) at 104°F

Core  (mm)  (mm) R R R
Type 00 035 oS0 020 035 0s o 03 oso
TCB 3.1 48 1827 1731 1640 869 745 159 17
TCS 46 76 1610 1540 1473 372 339 61 46
TCC 55 97 1310 1293 1277 708 627 0 32
DB L5 27 2342 234 2132 142 1202 460 338
DC 19 31 190 1932 1904 1218 1082 36 290

OKCB 15 25 1748 1690 1634 1057 890 27 161

OKCC 39 56 2007 1893 1786 844 745 24 134

Table 4.25: Models for Predicted My and Rut Depth at 2000 and 8000 Loading

yeles
My Test Stress
em Rut - Mg Model Resquared
Temperature o a

o Rz (mm) — -0.0036 My (ko) 7 9.70 0,54
- Rutyoeo (mm) = -0.0065 My (ksi) + 17.02 061
Rityor (mm) =-0.0040 My (ksi) + 1024 0.58

a 035
Ratyon (mm) = -0.0072 My (ksi) + 17.62 0.64
5o R () = 00045 M k) £ 1070 0.62
Rty (mm) = 0.0079 My (ksi) + 18.46 0.6
. R0 (mim) = 0.0039 My (0 + 675 071
- Rutspg (mm) = -0.0063 Mg (ksi) + 1103 0.65
Rty (mm) = -0.0046 MR (ksi) + 683 0.69

7 035
Rty (mm) = -0.0075 My (ksi) + 1117 063
= R0 (mim) = 0.0053 My (ksi) + 687 0.66

05
Rutyoo (mm) = -0.0087 My (ksi) + 1125 0.60
7 Rt (mim) = 0.0052 My (ksi) + 485 062

20
Rty (mm) = 0.0089 My (ksi) + 808 063
Ruty (mm) = -0.0079 My (ksi) <496 068

104 035
Rty (mm) = 0.0134 My (ksi) + 820 0.67
Rt (mm) = 0.0117 My (ksi) + 501 072

050
Rty (mm) = 0.0104 My (ksi) + 825 0.68




Table 4.26: APA Fatigue Results

APA Fatigue

Hor
Sample  Air Voids  #of Cycles Sample  Air Voids  Cycles
D (%) n (%)

“Tar Creek Base Mix “Tar Creek Surface Mix
TC-B-F-1 96 47,440 105 48,080
TC-BF2 89 49,920 100 47,520
TC-B-F-3 86 49,680 108 49,920

OKC Base Mix
16,240 OKC-B-F-1 84
2320 KC-B-F 82 .
D-B-F-3 109 16,240 OKC-B-F-3 82 26960

Table 4. 27: Measured and Predicted Fatigue Cycles

MixType  Sample  Noca  Now  Norw
(%)

600 46852
600 49211

‘Tar Creek Base

S 630° 600 302227
Tar Creck Surface 490 48493

Davis Base

OKC Base
470
4.70

N ot = 826568 - 3370 (Resquared = 0.98)
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Table 4.28: Permeability Test Results

Permeability
Sample  Air Voids  Permeability Sample  Air Voids  Permeability
n (%) (0% cmls) D (%) (0° emls)
“Tar Creek Base Mix “Tar Creek Surface Mix
TC-B-P-1 66 2315 s 74 1351
65 2422 csP2 66 810
Davis Base Mix OKC Base Mix
D-p-1 69 3.385 OKCP1 68 187
D-p2 70 1993 oKcP2 77 1779

Table 4.29: Comparison of Measured and Predicted Permeability Values

Mix Type Sample kewe m«:
- aotemy OO
Tar Creck Base | 2315 132
2 242 08
Tar Creck Surface | 13510 13.606
2 100 o1
Davis Base 1 3385 32
2 1995 4260
OKC Base 1 1870 11749
2 1779 16682
Ko =810+ 548 4, 715N, (Resquared = 0.96)
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Table 4.3

Laboratory Seismic Modulus Test Results for Davis Cores

Core Diameter  Height WD Weight  MassDensity  Hit  Frequency FEygume
H(n) Ratio  qp) in3) (i #
10557 26 13457 0000265 1
10557 13457 0000265 2
10,557 13457 0000265 3
9909 25 12702 0.000265 1
9.909 12702 0.000265 -
9.909 12702 0000265 3
9612 24 11902 0000256 1
9612 1902 0000256 2
95612 1902 0000256 3
9820 25 1268 0.000267 T
9820 1268 0.000267 2
9.820 1268 0.000267 £
9940 17 2814 0.000266 1
9940 2814 0000266 2
9.940 2814 0.000266 3
10465 26 13306 0000263 I
10.465 13306 0.000263 2
10465 13306 0000263 3
10235 26 1321 0.000267 1
10235 1321 0000267 2
10235 1321 0.000267 E
9860 25 12625 0000265 1
9.860 12623 0.000265 2
9.860 12623 0.000265 3
10343 26 13319 0000267 1
10343 13319 0.000267 2
10343 13319 0.000267 3
10600 18 30071 0000266 1
10.600 30071 0000266 2 900
10.600 30071 0.000266 3o
10085 17 28443 0000264 T 9asl
10,083 2443 0.000264 2 9087
10083 28443 0000264 ER A1)
984 25 1268 0.000267 I
9.824 1268 0.000267 2 865t
9.824 1268 0.000267 3 10314 10973
0679 27 1362 0026- 1005 1007
10679 1362 0000264 2 9419 10678
10679 1362 0000264 3 een 1L
0137 25 1315 0.000268 T 9067 9059
10137 1315 0.000268 2 93l 918
10.137 1315 0000268 39995 11009
10665 18 30058 0000263 T 8268 8192
10,665 30058 0000263 2 848 8sn2
10,665 30058 0000263 3 808 7878




Table 4.30: Laboratory Seismic Modulus Test Results for Da

Cores (Cont’d)

16 5935 9830 17 0.000267 T 8332 715
16 5935 9.830 0.000267 2 9803 9906
16 5935 9.830 0.000267 3
17 5940 10050 17 0000263 1
17 5940 10050 0000263 2
175940 10050 0000263 3
18 4001 9760 24 0.000269 1
18 4001 9.760 0.000269 2
18 4001 9.760 0.000269 3
19 5935 10350 17 0.000267 1
19 5935 10350 0.000267 2
19 5935 10350 0.000267 3 11,001
Table 4.31: Seismic Modulus and Predicted Mg for the Davis Cores
Sample 1D Core Es (ki Predicted My (ksi). (Ratio, Ey/My
ID_Ave SDCV(%)  R=020 R=035 R=050
L8772 100 100 (1) 996 (8) 901 ©)
308141 969 119 966 (8) 890 (9) 820 (10)
9 9130 621 68 1243 () 1099 (8) 972 9)
6 9765 464 48 1194 (8) 1065 (9) 950 (10)
128850 1839 208 1422 (6) 1205 (1) 1020 (9)
18 9836 409 42 1400 (7) 1194 (8) 1018 (10)
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Table 4.32: FWD Back-Calculated Moduli for Tar Creek Si

Section  Dist. From Eyup o HMA Layer G Average Sl Dev.
D EatEnd _ EatBond __ WestBomd _ (ks (ksi)
kp  18kp 10kp 18kip
2 0 157 165 182 I
moos - 2
o s s 10 128
& 132 18 - ;
= 98 20 1900 191
H s s .
Z 5 - 2w
w6 157 - -
2 -6 st
: T TR 78
LTI -
= s )
& a1 w3 - 5
< = - s el
- oo - -
@ . S s
ETERE TR -
. S e
% 27 - 54 o
- - a0 s
o 22 - -
: = 192
= 27 20 -
£ 5 <26 s
£ 8 29 - -
3 DT s s
w -
" Y
E T -
- T T1)
= T % 9 2 B
9 100 -
- - T
& 138143 - S
s . - s
g w1 - -
Z . - e
95 o1 - -
~ a5 s

* - Fiéld cores weré retrieved at this locations and preformed laboratory My test
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Table 4.33: FWD Back-Calculated Moduli for Davis Site

Dist. From __ Epyp of HMA Layer (ksi)

East End Load

1) 9kip 12kip _I5kip

50° 554 543 526

100 387 400 421

150+ 64 60 628
468 534
602 579
a7 a20
487 497
3 438
464 467
a2 531
447 459

Std. Dev.= 9ksi
* - Field cores were retrieved at his locations and preformed laboratory My test

Table 4.34: FWD Back-Caleulated Moduli for OKC Site

Dist. From Erwp of HMA Layer

2 Load
— (@ 9kp 12kip 18kip
890 684 74
21 322 384
1726 1686 1714
152 04 329
1Mo
618 31 1053
a0 28 246
325 288 287
810 760 81
08 88 815
92 85 942
a2 s a8
8 91 01
504 687 699
a4 450
537 436 63

Average - 562 kst
Std. Dev.= 274 ksi
* - Field cores were retrieved at this locations and preformed laboratory My test
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Table 4.35: Comparison of Modulus from FWD Test and My by Semi-Log Model

(Davis Site)
Modulus from FWD Test My at FWD Test Temperature
9kip  12kip R=020 035
543 604 524
487 521 447
602 36 462
464 476 407
7 449 382

Table 4.36: Comparison of Modulus from FWD Test and My by Semi-Log Model

(Tar Creek Site)
Modulus from FWD Test My at FWD Test Temperature
10 kip 18 kip 020 R-035
323 390 399 354
19 191 504 453
353 » 399 354
150 161 504 453
242 = 475 426

Table 4.37: Comparison of Modulus from FWD Test and Mg by Semi-Log Model

Modulus from FWD Test My at FWD Test Temperature
9 kip 12kip 15 kip R=020  R=035 R-050
325 288 287 61 375 306
1892 3004 3296 445 360 201
928 888 845 461 306
032 853 942 445 360 291
1747 1777 1740 461 375 306
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Table 4.38: Moduli and HMA Thicknesses from SASW Test for Tar Creek Site

Layer Modulus, Depth (in)
Profile 152 TS2 1S4 1S
HMA Surface 12575 6175 707.5 144 144 144
HMA Base 13500 7725 9300 48 24 24

Table 4.39: Comparison of FWD and SASW Moduli for Tar Creek Site

Lacation Exwo (ksi) v (ksi)
n Load Avg Surface  Base Ave

10 kip 18 kip
8(TS-4) 180 161 m 7 695
38(182) 198 21 210 1350 1304
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Figure 4.1: Variation of My with Stress Ratio (Davis specimen at 41°F)
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Figure 4.3: Variation of My with Stress Ratio (Davis specimen at 104°F)
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Figure 4.7: Variation of My with Stress Ratio for Laboratory specimen at T = 41°F
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Figure 4.9: Variation of My with Stress Ratio for Laboratory specimen at T = 104°F
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Figure 4.10: Variation of Mg with Stress Ratio for Field Cores at T = 41°F
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Figure 4.11: Variation of My with Stress Ratio for Field Cores at T =77°F
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Figure 4.12: Variation of My with Stress Ratio for Field Cores at T = 104°F

n7



2500

2 2000
T
£ 1500 Q'
] 877F
3 1000 @ 100F
H
H
£ 50
&

0

45 56
Binder Content (%)

Figure 4.13: Variation of My with Binder Content (Laboratory Specimens)
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Figure 4.14: Variation of Mg with Binder Content (Field Cores)

(TCB-Tar Creek base mix, TCS-Tar Creck suface Mix, TCC-Tar Creek core, DB-Davs base M

DC-Davis core, OKCB-OKC base mix, OKCC-OKC core)
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Figure 4.17: Variation of Mg with Percentage Passing No. 200 Sieve (Laboratory
pecimens)
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Figure 4.18: Variation of My with Percentage Passing No. 200 Sieve (Field Cores)

(TCB-Tar Creck base mix. TCS-Tar Creck surface Mix, TCC-Tar Creek core, DB-Davis base M,

DC-Davs core, OKCEB-OKC base mix, OKCC-OKC core)
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Figure 4.19: Variation of Mg with Temperature for Laboratory specimens at R = 0.20
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Figure 4.20: Variation of My with Temperature for Laboratory specimens at R = 0.35

(TCB-Tar reck base mix, TCS-Tar Creck surface mix, DB-Davi basc mix, OKCB-OKC base mix)
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Figure 4.21: Variation of Mg with Temperature for Laboratory specimens at R = 0.50
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Figure 4.22: Variation of My with Temperature at R = 0.35 (Laboratory Specimens)

(TCB-Tar reck base mi. TCS-Tar reck surface Mix, TCC-Tar Creek coe, DB-Davis base M,

DC-Davis core, OKCB-OKC base mix, OKCC-OKC core)
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Figure 4.23: Variation of My with Temperature at R = 0.35 (Field Cores)
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Figure 4.24: Average Decrease of Mg when Temperature increases from 41°F to 104°F

(TCB-Tar Creek base mix, TCS-Tar Creek suface Mix, TCC-Tar Ceck core, DB-Davis base Mix
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Figure 4.25: Calculated and Predicted Model Parameter A for Power Model
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Figure 4.26: Calculated and Predicted Model Parameter B for Power Model

[Byea = 0.803-0.010 T+ 0.053 4, (R-squared = 0.61))



Figure 427: Caleulated and Predicted My from Power Model (Mg = A BY)
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Figure 4.28: Calculated and Predicted Rut Depths

[Log (Rutpeg) = 0.676 + 0,179 AC - 0.178 (Resquared = 0.56)]
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Figure 4.29: Variation of Rut Depth at 2000 Cycles with My at R = 0.20 and
T=77F
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Figure 4.30: Variation of Rut Depth at 2000 Cycles with Mg at R = 0.35 and
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Figure 4.31: Variation of Rut Depth at 2000 Cycles with My at R =
T=77F
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Figure 4.32: Variation of Rut Depth at 8000 Cycles with My at R = 0.20 and
T=77F
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Figure 4.37: FFT generated Transfer Function for NDT Results (Core # 1; Hit # 2)
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Figure 4.38: Laboratory Seismic Modulus for Davis Cores
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Figure 4.39: Box Plot for Seismic Modulus for Davis Cores (57 Observations)
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Figure 4.42: FWD Back-calculated Modulus for Davis Site
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CHAPTER S
CONCLUSIONS AND RECOMMENDATIONS
5.1. Conclusions

The main objective of this study was to evaluate the performance characteristics

(indirect tension resilient modulus (M), APA rut, APA fatigue and permeability) of the
selected HMA mixes and correlate them with test parameters (stress ratio and
temperature) and specific mix properties (air voids, binder content and aggregate
percentage passing No. 200 sieve). In order to achieve this objective, four loose HMA
mixes were collected from three project sites, namely Davis, Tar Creek and OKC. Field
cores were also retrieved from the three sites for laboratory testing. The Mg test was
performed with varying stress ratios ranging from 0.15 to 070 and three test
temperatures, namely 5°C, 25°C and 40°C (i.e., 41°F, 77°F and 104°F). In addition, non-
destructive tests were performed in the laboratory (seismic modulus, Es) and field (falling
weight deflectometer (Erw). spectral analysis of surface waves (Esxsw) and ground
penctrating radar) and the results were compared with the laboratory resilient modulus

is of

results, whenever possible. From the laboratory and field test results, and the analy
data presented in the preceding chapters. the following conclusions can be drawn:
1. The test results suggest that the indirect tension resilient modulus depends on the

applied load (stress ratio) and temperature. Based on the test results, the resilient

modulus decreases with increase in stress level and temperature.
2. From the four HMA mixes tested for indirect tensile resilient modulus, the Davis

base mix performs better than the OKC base mix followed by the Tar Creek base

and surface mixes. An average resilient modulus value at a stress ratio 0.20 and a



test temperature of 25°C (77°F) are 9.811 MPa (1423 ksi) for the Davis base, 7.288
MPa (1057 ksi) for the OKC base. 5.992 MPa (869 ksi) for the Tar Creck base and
2,565 MPa (372 ksi) for the Tar Creck surface specimens. Based on the results of
four mixes used in this study, the specific mix properties. namely air voids. binder
content, specific gravity of aggregates and sizes of aggregates were identified as the
affective factors in the test results

A statistically significant model for resilient modulus with test parameters (stress
ratio and temperature), specific mix properties (air voids, binder content and

aggregate percentage passing No. 200 sieve) was developed. The resilient modulus

correlates well with siress ratio and the model parameters "A" and "B" in the semi-
log model. The parameter "A" depends on temperature, air voids, binder content
and aggregate percentage passing No. 200 sieve, while the parameter "B" depends
on temperature and air voids only.

The APA rut results suggest that the Tar Creek mixes are more susceptible to

rutting. An average rut depth of the Tar Creck surface mix is 7.6 mm (0.3 in) and

that of the base mix is 4.9 mm (0.2 in). The Davis and the OKC base mixes exhibit
a lower rutting potential among the mixes. An average rut depth of the Davis base
mix is 2.7 mm (0.1 in) and that of the OKC base mix is 2.4 mm (0.1 in). The APA
test results for field cores also suggest that the Tar Creek mixes are more
susceptible to rutting. The average rut depths are 9.5 mm (0.4 in). 5.6 mm (0.2 in)
and 3.1 mm (0.1 in), respectively. for the Tar Creek. the OKC and the Davis cores.
‘The correlations based on the limited results show that the rut depth are functions of

binder content and aggregate percentage passing No. 200 sieve.
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Test Results from this limited study show that resilient modulus may be correlated
with APA rut depths. A comparatively high R-squared value of 0.72 was obtained
for rut at 2000 loading cyeles and laboratory Mg at 40°C (104°F) and a stress ratio
of 0.50. However, this correlation may not be applicable to other mixes because it
depends on associated test parameters and mechanisms.

The APA fatigue results indicate that the Tar Creek specimens have a greater
fatigue resistance than the Davis and the OKC mixes. The fatigue cycles for the Tar
Creek base and surface mixes are approximately 49.000. On the other hand, the

fatigue s for the Davis and the OKC mixes are 20,000 and 27,000,

respectively. The difference in number of fatigue cycles for different HMA mixes
suggest that the fatigue resistance for HMA mixes depends on specific mix
properties. Based on the four different HMA mixes tested in this study, the number
of fatigue cycles can be correlated with air voids, specific gravity of aggregates and
aggregate percentage passing No. 200 sieve.

Among the different types of mixes, the Tar Creek surface mix and the OKC base
mix have higher permeability values. The average permeability value for the Tar
Creek surface mix is 10.8 x 10 em/s (4.3 x 10° in/s) and that of the OKC base mix
is 14.8 x 10 cmvs (5.8 x 107 in/s). The Tar Creek base and the Davis base mixes
show lower permeability values of approximately 2.4 x 10 emv/s (0.9 x 10 in/s)
and 3.0 x 10 em/s (1.2 x 10 in/s), respectively. Based on the permeability values
of four HMA mixes tested in this study. there is a strong correlation of permeability

with air voids and aggregate percentage passing No. 200 sieve.
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Laboratory seismic modulus (Es) of the Davis cores ranges between 41,368 MPa
(6.000 ksi) and 68,947 MPa (10,000 ksi) with an average value of 58.336 MPa
(8,461 ksi) and a standard deviation of 7,177 MPa (1,041 ksi). Six of the Davis
cores tested for both resilient modulus and seismic modulus at room temperature of
approximately 25°C (77°F) suggest that the Es values are 6 o 8 times higher than
the My values at a stress ratio of 0.20, 7 to 9 times higher than the My at a stress
ratio of 0.35, and 9 to 10 higher than the Mg at a stress ratio of 0.50.

The average FWD back-caleulated modulus for the Tar Creek site is approximately
1,751 MPa (254 ksi) for section TS-1, 1.255 MPa (182 ksi) for section -2, 841
MPa (122 ksi) for section TS-3, and 1668 MPa (242 ksi) for section TS-4. The
average Epwp values for the Davis and the OKC sites are approximately 3.378 MPa
(490 ksi) and 3.875 MPa (562 ksi). respectively. The test results suggest that the

laboratory My at a stress ratio of 0.20 and Ejwp at a load of 40 kN (9 kip) are

almost equal for the Davis site. On the other hand, the Tar Creek and the OKC sites
show a scattered behavior with compared to laboratory My values.

The SASW modulus for section TS-2 of the Tar Creek site is approximately 8.618
MPa (1.250 ksi) for the surface layer and 9,308 MPa (1,350 ksi) for the base layer.
‘The corresponding values for sections TS-1 and TS-4 are 4,895 MPa (710 ksi) and
4,275 MPa (620 ksi) for the surface layer and 6,412 MPa (930 ksi) and 5,309 MPa
(770 ksi) for the base layer, respectively. Overall, the results show that Esasw is
approximately 4 times higher at section TS-4 and 6 times higher at section TS-2

than the corresponding Ery values.
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The HMA layer thicknesses obtained from the GPR data are fairly consistent and
close to the respective design thicknesses. Only the section TS-2 show a high

vari

5.2. Recommendations

Based on this study, the following recommendations are made for future studics:
Since the 2002 AASHTO design guide use dynamic modulus to characterize the
HMA mixes. A study correlating dynamic modulus with stress ratio, temperature
and mix properties is recommended. Such a study will be useful for the
implementation of the 2002 AASHTO Pavement Design Guide.

A correlation between resilient modulus and dynamic modulus will also be useful
for the HMA mixes used in this study. It is recommended that such a study be
undertaken.

The number of HMA mixes should be increased to get a better data base. Also, a
systematic study with changing mix properties will be more useful to identify the
factors affecting the performance characteristics of HMA mixes.

‘The resilient modulus test should be performed at higher temperatures (for example,
64°C, ic.. 147°F, equivalent to rut test temperature) to establish correlations
between My and APA rut

FWD tests could be performed on pavements with layer thicknesses over 150 mm
(6 in) in order to get a better correlation between resilient moduli of laboratory

specimens and field cores.
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APPENDIX A: Mix Design Sheets

Sheet A.1: Mix Design Sheet for Tar Creek Base Mix
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Sheet A.2: Mix Design Sheet for Tar Creek Surface Mix
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APPENDIX B: Test Procedures by MTS FlexTest Controller
1. Run Indirect Tension My Test for Asphalt

Start >> Program >> MTS Flex Test >> Station Manager

In the open station window select as shown below

File Name: ProportionAIR w-external LVDT.cfg

Parameter Sets: M Asphalt Tension Test (Calibration and tuning of pulse are sets in this
parameter)

=10l x|
x
Fiename:  [ProportionAIR wextermal LVDT cig Open
Fies of e [Condiguration Fies “clg) = Cancel
ParameterSels: Intefock Chain
 Inteock 1
-
In the menu Go to Application >> Multipurpose Testware
You can see the following MPT tool bar
Open ‘Specimen Options Reset
Procedure  Editor Editor Procedure  Exit
\MP‘[ = = / / o
ST EEECE
New Specimen  Procedure  Toggle Execute/
Specimen  Log Editor Edit Mode
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File Name: MR Asphalt Tension.000

Click Specimen Editor >> Set Specimen Directory path: C:\ftse\mpt\Specimens\MR
Asphalt Tension

Click New Specimen and give specimen Name: for ¢.. D-MR-2
Then Click Toggle Execute/Edit Mode and lock it.
Check Exclusive Control under Stations Controls

¥ Excusive Contio

Then Click the Reset Button in the following window
Click the HSM 1 to High Power

Then Click HPU to Low Power and Then High Power
(Now the Hydraulic system will start)

| Interlock 1 Reset

Progiam 1 Reset/Overide

HPU: ,:
HSM 1 I:
i

All:

Power Low

Power High

Power High

Now you can see the Station Manager Window as follows
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L e —
R (e

=10jx|

oo =] 9]

Power
Tofur Hin
et o

oo o
Name Current ‘Station Limkts:

| inedock 1 Resst |

Progam 1 _ Reset/Overide.

e =l

HsM 1

Al

Then Click Program Run button o start the test

During the test to see the load pulse and deflection curve Clic
0ol bar, a Scope window will open, you can change
forms

in the main
equired setting to see a better wave
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2. Indirect Tensile Strength Test

Open MPT Procedure Editor
‘Then open the file <Indirect Tensile Strength.000>

R
Tsay GKumgl
B [ T =
o fimeen i
Right click BB
Select Open Table

=lojx|
Type Name Stat Interrupt
== [Grows 51t [
o

Group s done when|Data Done

Double Click Z , and in each tab Command, Channels. and General fill the following
values
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™ DoNol Updsle Courers
¥ Relaive EndLovel
Channet Gl ~IH

Contiol Mode: Displacement -

Relative End Level 0.75000 fin} >
il
e

Close this 7RSI
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Then go to

=lalx|
Name stat et
B [ [Grow st [

& p= [ [

And Double Click28 . and in each tab BEQUSH0m| Sgnels| Destinaton| Outut Unds | Genersi| gy
\he fcllowing values
=Iolx|

Reausition|Servs | Destnation| Outt s | Gererl |

| Sample Rate: ¥ 23631 Hz

[Continuous Sanping ~

auisiton Para S TE|
Bignaisi| Destinaton | Output Unds | General |

L

jéwm |
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=lolx|
Acistion| Sonol | Bestinaion oups s | Geners|
B Size: e
DataHeader: e Tt S
Destaton [Urerspocimddoatie =]
UserDataFie: AT
Bufer Type: |Linear k.2

I~ Wike First Data Header Only

2 05101 ncasionporameta =T
‘Acauistion| Signas | Destination| | Genersi|
UAS:  ENGSETSM - U.S. Engineering Units{smal)

" Cument Unit Assignment Set

& Other Unit Assignment Set

Select Othes. Edt

Execute Process: fi Timels)

Counter Type: [Nore ~

Counter Labet

Then close this window

Then go to Procedure window and Double Click JEO] i i cach 14 Action e Geperal

fill the following values
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=Ioix
i Gererl|

Adtior: [Program Stop. -
¥ LogMessage As Information ~
Message: -

Newe: I —
7 Process Enabled

Execute Process: [ Timets)

Courter Type: Nore ~

Comertabet [

“This program for Indirect Tensile Strength test was developed by the author.
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Rut Depth (mm)

Rut Depth (mm

APPENDIX C: APA Rut Results
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No. of Cycles

Figure C.1: APA Rut with Number of Cycles for Tar Creek Surface Mix

0 1000 2000 3000 4000 5000 6000 7000 8000
No. of Cycles
o Left - Middie o Right

Figure C.2: APA Rut with Number of Cycles for Tar Creek Base Mix
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0 100 2000 3000 4000 500 6000 7000
No. of Cycles
o Let «Midde & Right

Figure C.3: APA Rut with Number of Cycles for Tar Creek Cores

1000 2000 3000 4000 5000 6000 7000
No of Cycles
o Len - Middie « Right

Figure C.4: APA Rut with Number of Cycles for Davis Base Mix
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Rut Depth (mm)

0 1000 2000 3000 4000 5000 6000 7000
Number of Cycles

“Len - Middie « Right

Figure C.5: APA Rut with Number of Cycles for Davis Cores
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Figure C.6: APA Rut with Number of Cycles for OKC Base Mix
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Rut Depth (mm)
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Figure C.7: APA Rut with Number of Cycles for OKC Cores
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APPENDIX D: Model Verification

The developed model for APA rut was verified with the test data reported by

previous studies. Specifically, the APA rut results used here were taken from the studies
by Tarefder (2003) and Wasiuddin et al. (2005). The APA rut depths from these studics
and the caleulated rut depths from the model developed in the present study are presented
in Figure D.1. In view of this figure, it is evident that the model over predicts the rut
depth compared to the results reported by Tarefder (2003) and Wasiuddin et al. (2005).
‘This may be due to the lack of factors included in this model. As mentioned previously in
Chapter 4, additional material and mix properties, such as nominal maximum aggregate
size and binder type were not examined in the present study. Only PG 64-22 binder was
used in all four mixes. However, Tarefder (2003) and Wasiuddin et al. (2005) used
different types of binders, as shown in Table D.1. To verify the present model further, it

is recommended that additional comparisons be made.
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Table D.1: Rut Depths from Literature and Developed Model

MixID PG Grade AC Naso. Rut et

Tiertwre_ tiod

2 ww mww e m 5

S sMe0  PG70-28 68 57 14 7.6

T sM80  PG70-28 70 60 18 73
£ oBw0 pee2  s0 49 69
2 w0 rGee2  sa 57 49 42
Z Bwn0 Poee2 68 a7 72 14
1 PG 64-22 46 45 28 50

oo a5 42 14 o

R i .

z 4 PG 70-28 49 47 1.9 52

e 2 3
E 6 bomm a1 as 2 50
B s w4 19 3
8 PG 64-22 63 57 32 6.2

o ko s s 3 4

10 PG 70-28 45 53 20 35
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Rut Depth from the Developped Model

o 2 4 6 8 10 2
Rut Depth from the Literature

Figure D.1: Comparison of Rut Depths from Literature and Developed Model
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